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StellingenStellingen behorende bij het proefschrift 
"Fatty"Fatty acid ̂ -oxidation in Saccharomyces cerevisiae: 

newnew insights with implications for human diseases" 
CarloCarlo van Roermund, 26 juni 2002 

1.. De peroxisomale membraan is impermeabel 
voorr NADH, NADPH en acetyl-CoA (dit 
proefschrift). proefschrift). 

2.. De bewering dat de peroxisomale verbranding 
vann vetzuren onafhankelijk is van carnitine 
(Mannaertss et al, 1980) is onjuist (dit 
proefschrift). . 

3.. Het ontbreken van Pex11 p in de peroxisomale 
membraann verstoort de midden langketen 
vetzuurr (MCFA) verbranding in gist (dit 
proefschrift). proefschrift). 

4.. Het verschill in CoA stoichiometrie tijdens de 
peroxisomaleperoxisomale verbranding van oleaat en 
octanoaat,, suggereert een verschil in regulatie. 

5.. Hoewel peroxisomale membranen 
ondoorlaatbaarr zijn voor protonen, blijft deze 
diffuuss voor vrije vetzuren. 

6.. De belangrijkste factor die meespeelt in het 
transportt van vetzuren over de peroxisomale 
membraann is haar oplosbaarheid. 



7.. In tegenstellin g tot human e peroxisome n 
bevatte nn gis t peroxisome n geen carnitin e 
octanoyltransferas ee (Cotp) , waardoo r ze 
vetzure nn volledi g tot acetyl-Co A respectievelij k 
propionoyl-Co AA unit s kunne n verbranden . 

8.. Als de politie k zaak is van de politie k dan gaat 
dee politie k ten onder . Als onderzoe k zaak is van 
politie kk dan gaat onderzoe k ten onder . Als 
onderzoe kk zaak is van onderzoe k dan gaat 
onderzoe kk leven . 

9.. De bevindin g dat tusse n Beverwij k en Corus 
"Dee Binnenduinrand "  het enige gebied in 
Nederlan dd is waar de vogelstan d beperk t is tot 
slecht ss meeuw en kauw is onjuis t (Aanvullinge n 
MERR Westelijk e Randweg , 1999). 

10.. Als in het MER aantoonbaa r de zaken eenzijdi g 
worde nn belich t en/of mooie r voorgestel d worde n 
dann ze in werkelijkhei d zijn dan moet het 
betreffend ee projec t gestop t worden . 

11.. Volgen s voetballer s dien t een hocke y wedstrij d 
tee worde n gekenschets t als één lang 
fluitsignaal . . 

12.. De rest van je leven begin t op dit moment . 
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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. 

13 3 
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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). 

14 4 



GeneralGeneral introduction 

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). 

15 5 
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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 

16 6 
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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) 
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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). 
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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. . 

27 7 





1 1 ChapterChapter 2 

Thee membrane of peroxisomes in Saccharomyces cerevisiae is 
impermeablee to NAD(H) and acetyl-CoA under in vivo 

conditions. . 

Vann Roermund, C.W.T., Elgersma, Y., Singh, N., Wanders, R.J.A. and Tabak, 
H.F.(1995). . 

EMBOJ.EMBOJ. 14:3480-3486. 



Thee membran e of peroxisome s in Saccharomyces 
cerevisiaecerevisiae  is impermeabl e to NAD(H) and acetyl-Co A 
unde rr  in  vivo  condition s 

Carloo W.T.van Roermund , Ype Elgersma 1, 
Neenaa Singh 2, Ronal d J .A. Wander s and 
Henkk F.Tabak13 

Departmentss of Clinical Biochemistry and Pediatrics, Academic 
Medicall  Centre, University of Amsterdam, Meibergdreef 9, 
11055 AZ Amsterdam, 'Department of Biochemistry, RCSlater 
Institute,, University of Amsterdam, Meibergdreef 15, 
11055 AZ Amsterdam, The Netherlands and institut e of Pathology, 
Casee Western Reserve University, Cleveland, OH 44106, USA 

Correspondingg author 

C.W.T.vann Roermund, Y.Elgersma and N.Singh should be considered 
ass equal first authors 

Wee investigated how NADH generated durin g peroxiso-
mall  p-oxidation is reoxidized to NAD+ and how the 
endd product of p-oxidation, acetyl-CoA, is transported 
fromm peroxisomes to mitochondria in Saccharomyces 
cerevisiae.cerevisiae. Disruption of the peroxisomal malate dehy-
drogenasee 3 gene {MDH3) resulted in impaired fi-
oxidationn capacity as measured in intact cells, whereas 
p-oxidationn was perfectly normal in cell lysates. In 
addition,, mrfA3-disrupted cells were unable to grow 
onn oleate whereas growth on other  non-fermentable 
carbonn sources was normal, suggesting that MDH 3 is 
involvedd in the reoxidation of NADH generated durin g 
fattyy acid p-oxidation rather  than functioning as part 
off  the glyoxylate cycle. To study the transport of acetyl 
unitss from peroxisomes, we disrupted the peroxisomal 
citrat ee synthase gene (CIT2). The lack of phenotype of 
thee cit2 mutant indicated the presence of an alternative 
pathwayy for  transport of acetyl units, formed by the 
carnitin ee acetyltransferase protein (YCAT). Disruption 
off  both the CIT2 and YCAT gene blocked the P-
oxidationn in intact cells, but not in lysates. Our  data 
stronglyy suggest that the peroxisomal membrane is 
impermeablee to NAD(H) and acetyl-CoA in vivo, and 
predictt  the existence of metabolite carrier s in the 
peroxisomall  membrane to shuttle metabolites from 
peroxisomess to cytoplasm and vice versa. 
KeyKey words: P-oxidation/camitine acetyltransferase/citrate 
synthase/glyoxylatee cycle/malate dehydrogenase 

Introductio n n 

Peroxisomess are essential subcellular organelles involved 
inn a variety of metabolic processes. Their importance is 
underlinedd by the recognition of an increasing number of 
inheritedd diseases in man in which one or more peroxiso-
mall  functions is impaired (Wanders et ai, 1988; Moser, 
1991;; Van den Bosch et ai, 1992). 

Forr most of the enzymatic pathways delineated so far, 
peroxisomess are dependent on efficient communication 
withh the remainder of the cell. For instance, the first two 

stepss of die biosynthesis of ether-linked phospholipids in 
mammaliann cells take place in peroxisomes while synthesis 
iss completed in the endoplasmic reticulum. This involves 
exportt of the intermediate alkyl-dihydroxyacetone 
phosphatee across the single membrane bounding the per-
oxisomee (Van den Bosch et al., 1992). A related micro-
body-likee organelle, the glycosome of trypanosomes, 
containss the major part of the glycolytic pathway, implying 
thatt dihydroxyacetone phosphate, glycerol-3-phosphate, 
3-phosphoglyceratee and cofactors should be able to pass 
thee glycosomal membrane (Opperdoes and Borst, 1977). 
However,, how transfer of such metabolites across the 
peroxisomall  membrane takes place is still a matter of 
debatee (reviewed by Borst, 1989). One school of thought 
iss that peroxisomes are freely permeable to low molecular 
weightt compounds. This was concluded from the behavi-
ourr of peroxisomes upon equilibrium density gradient 
centrifugationn in sucrose and the finding that several 
enzymess such as D-amino acid oxidase, glycolate oxidase 
andd urate oxidase failed to exhibit structure-linked latency 
(dee Duve and Baudhuin, 1966). Direct permeability meas-
urementss using patch clamp analysis provided evidence 
inn favour of this concept (Van Veldhoven et ai, 1987). 
Thee other opinion holds that this permeability observed 
inin vitro is a result of their isolation and that peroxisomes 
inin vivo are closed compartments. This concept finds 
supportt by the observation that peroxisomes in Hansenula 
polymorphapolymorpha have an acidic interior which implies restricted 
permeabilityy of the peroxisomal membrane toward protons 
(Nicolayy et ai, 1987; Waterham et ai, 1990). In addition, 
thee observed latency of glycosomal enzymes suggests a 
permeabilityy barrier for phosphorylated substrates and 
cofactorss involved in trypanosomal glycolysis (Opperdoes 
andd Borst, 1977). 

AA solution to overcome a membrane barrier is to use 
shuttle-systems,, as in mitochondria (reviewed by Walker 
andd Runswick, 1993). Here, transport of reducing equiva-
lentss from the cytosol to mitochondria is mediated by the 
glycerol-3-phosphate/dihydroxyacetonee phosphate shuttle 
(Zebee et ai, 1959) or the malate/aspartate shuttle (Borst, 
1963),, whereas the transport of acetyl-CoA is mediated 
byy an acetylcarnitine shuttle (Bieber, 1988). If similar 
shuttless are operative in peroxisomes it predicts the 
existencee of a set of specific enzymes that participate in 
thesee exchange processes. 

Heree we have re-investigated the issue of peroxisome 
permeabilityy using a genetic approach to study how 
thee end products of the P-oxidation of fatty acids in 
SaccharomycesSaccharomyces cerevisiae, acetyl-CoA and reducing 
equivalentss (NADH), leave the peroxisome for further 
metabolismm in the cytosol and mitochondria. Our results 
indicatee that peroxisomes are impermeable to these com-
poundss and that specific shuttles are required to facilitate 
transportt across the peroxisomal membrane. 
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Fig.. 1. Subcellular location of malate dehydrogenase in S.cerevisiae. An organellar pellet was obtained by subcellular fractionation of oleate-grown 
cellss and used for density gradient centrifugation on Nycodenz. Fraction 1 presents the bottom fraction, fraction 20 the top fraction. Succinate 
dehydrogenasee and 3-hydroxyacyl-CoA dehydrogenase were measured as mitochondrial and peroxisomal markers, respectively. (A) Gradient of wild-
typee cells; (B) gradient of Amdh3 cells. 

Result s s 

MalateMalate  dehydrogenase  3 is  present  in 
peroxisomes peroxisomes 
Transportt of reducing equivalents from cytosol to mito-
chondriaa in higher eukaryotes, has long been known to be 
mediatedd by the glycerol-3-phosphate/dihydroxyacetone 
phosphatee shuttle and the malate/aspartate shuttle. In 
analogyy to the latter shuttle, a candidate enzyme for the 
reoxidationn of NADH in peroxisomes of S.cerevisiae is 
thee malate dehydrogenase enzyme (MDH). Earlier studies 
havee revealed the existence of three MDH isozymes in 
S.cerevisiaeS.cerevisiae (McAllister and Thompson, 1987; Minard 
andd McAllister-Henn, 1991; Steffan and McAllister-Henn, 
1992).. The C-terminus of MDH3 ends in SKL (Steffan 
andd McAllister-Henn, 1992) which is an established 
peroxisomall  targeting signal (PTS) (Gould et al., 1989). 
However,, the presence of MDH3 in peroxisomes has not, 
ass yet, been demonstrated. 

Wee disrupted the MDH3 gene and tested whether this 
resultedd in the absence of malate dehydrogenase in the 
peroxisomall  fractions. Therefore, cells were grown in 
aa medium containing oleate, a well-known inducer of 
peroxisomes,, followed by subcellular fractionation and 
densityy gradient centrifugation of the organellar pellet. 
Thee results presented in Figure 1 show good resolution 
betweenn peroxisomes and mitochondria as exemplified by 
thee distinct profiles of activity of succinate dehydrogenase 
(aa mitochondrial marker) and 3-hydroxyacyl-CoA dehy-
drogenasee (a peroxisomal marker). Importantly, malate 
dehydrogenasee activity showed a bimodal distribution 
profilee coinciding with the peroxisomal and mitochondrial 
fractionss in wild-type cells (Figure 1A). No peroxisomal 
MDHH activity was observed in the Amdh3 cells (Figure 
IB),, indicating that the MDH3 gene encodes the peroxiso-
mall  malate dehydrogenase. 

Iff  peroxisomal MDH is involved in reoxidation of 
intraperoxisomall  NADH, one would expect induction of 
activityy by oleate since oleate is known to induce the 
peroxisomall  p-oxidation capacity and thus the production 
off  NADH many-fold. Northern blot analysis indeed 

1 22 3 4 

MDH3 MDH3 

Actin Actin 

Fig.. 2. Northern-blot analysis of MDH3 expression. Cells were grown 
onn medium containing glucose (1), glycerol (2), oleate (3) or acetate 
(4)) as sole carbon source. Total RNA (10 ug) was used for each lane 
off  the agarose gel. After blotting onto nitrocellulose, the filters were 
probedd with the radiolabelled MDH3 gene or with the actin gene as a 
control. . 

showedd profound induction of MDH3 mRNA by growth 
onn oleate, whereas expression of the actin gene (used as 
aa control) is almost constant under the various growth 
conditionss (Figure 2). The observed induction of MDH3 
iss very similar to that found for the p-oxidation enzymes. 

MDH3MDH3 is  essential  for  growth  on oleate 
Too investigate a role for peroxisomal malate dehydro-
genasee in reoxidation of intraperoxisomal NADH, the 
growthh rates of wild-type and Amdh3 strains were com-
paredd on plates containing either oleate, acetate, ethanol 
orr glycerol as the sole carbon source. Growth of Amdh3 
cellss on acetate, ethanol or glycerol was unaffected (not 
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Fig.. 3. Growth of wild-type cells and mutant cells on oleate medium. 
(A)) Growth on a plate containing minimal oleate medium. The pas21 
mutantt (disturbed in the assembly of peroxisomes) is used as control 
forr no growth. (B) Growth curves of wild-type and mutant strains on 
richh oleate medium. The strains shown are: wild-type cells ( + ), 
AmdhjAmdhj cells (A), Acii2 cells (O), Aycal cells (D) and Aeir2/&ycat cells 
(O).. As a control, wild-type cells were grown on the same medium 
withoutt Tween/oleate (dashed line). 

shown),, but growth on oleate was strongly impaired 
(Figuree 3), suggesting that peroxisomal malate dehydro-
genasee is not taking part in the glyoxylate cycle, but is 
involvedd in the P-oxidation of fatty acids. 

Too ascertain whether the inability to grow on oleate is 
causedd directly by a block in peroxisomal P-oxidation, we 
studiedd the oxidation of a l- l4C-labelled fatty acid 
(octanoicc acid) in control and Amdh3 mutant cells. As 
shownn in Figure 4, oxidation of [l- ,4C]octanoic acid was 
stronglyy impaired in the intact Amdh3 cells. Importantly, 
fattyy acid oxidation was normal in Amdh3 cell-free lysates 
inn which the membrane barriers of the different intra-
cellularr organelles were absent and NAD+ was present in 
excess.. The rates of fatty acid oxidation represent the sum 
off  [14C]COi and water-soluble material after extraction of 

thee fatty acid. This gives a much better estimate of fatty 
acidd oxidation than the amount of [ l4C]C02 alone, since 
onlyy part of the acetyl-CoA produced during P-oxidation 
iss converted into C02 (Veerkamp et al., 1986). The results 
off  Figure 4 suggest that the impairment in fatty acid P-
oxidationn in Amdh3 intact cells is caused solely by the 
absencee of peroxisomal malate dehydrogenase, and not 
byy reduced induction or activity of the enzymes involved 
directlyy in P-oxidation, which include acyl-CoA oxidase, 
enoyl-CoAA hydratase, 3-hydroxyacyl-CoA dehydrogenase 
andd 3-ketoacyl-CoA thiolase. 

AccumulationAccumulation  of  3-hydroxyacyl-CoA  intermediates 
inin  the Amdh3  mutant 
Iff  in vivo the block in P-oxidation is indeed due to the 
inabilityy to reoxidize peroxisomal NADH in the absence 
off  MDH3, this should be reflected in the accumulation of 
thee 3-hydroxyacyl-CoA ester in the Amdh3 cells but not 
inn control cells. We tested this notion in the experiment 
depictedd in Figure 5. Oleate-induced wild-type and Amdh3 
cellss were incubated for 0, 30 or 60 min with radiolabelled 
fattyy acid. The various labelled acyl-CoA esters, including 
thee acyl-CoA ester itself and the a,P-unsaturated, 3-
hydroxy-- and 3-ketoacyl-CoA esters, were extracted and 
separatedd on thin layer plates. The results show that 
significantt levels of the 3-hydroxyacyl-CoA ester were 
foundd only in Amdh3 cells incubated with radiolabelled 
fattyy acid for 30 or 60 min (Figure 5). The observed 
accumulationn of the 3-hydroxyacyl-CoA intermediate in 
thee Amdh3 mutant suggests again that MDH3 participates 
inn a redox shuttle rather than in the glyoxylate cycle. 

RemovalRemoval  of  acetyl-CoA  from  peroxisomes 
Acetyl-CoAA is the end product of the p-oxidation of 
straight-chainn fatty acids in yeast. An important function 
off  the glyoxylate cycle is the condensation of two C2 
unitss (acetyl-CoA) to succinate, thereby enabling the cell 
too form C4 carbon skeletons from C2 units. In addition, 
iff  peroxisomes are impermeable for (acetyl-) CoA, this 
cyclee is also important for releasing the CoA for continuing 
cycless of p-oxidation and for facilitating the transport of 
carbonn units across the peroxisomal membrane. 

Too test whether peroxisomes are. indeed impermeable 
forr acetyl-CoA, we tested the effect on P-oxidation by 
disruptingg the peroxisomal citrate synthase (CIT2) gene 
(Lewinn et ai, 1990). Growth on oleate and oxidation of 
[l- l4C]octanoicc acid were investigated as described above 
forr the Amdh3 mutant. The results depicted in Figure 6 
(secondd bar) show that oxidation of octanoate was normal 
inn cells deficient in peroxisomal citrate synthase. Moreover, 
growthh on oleate was indistinguishable from wild-type 
cellss (Figure 3). However, since growth of Acit2 cells is 
almostt normal on ethanol and acetate as well (not shown), 
thesee results strongly suggest the existence of an efficient 
bypasss that can compensate for the loss of peroxisomal 
citratee synthase. 

Onee possible bypass route would be the conversion of 
acetyl-CoAA into acetylcarnitine via carnitine acetyltrans-
ferasee (CAT) which is known to be present in mitochondria 
andd peroxisomes in higher eukaryotes and yeast (Markwell 
etal,etal, 1973, 1976; Markwell and Bieber, 1976; Kawamoto 
etet ai, 1978; accompanying paper, Elgersma el ai, 1995). 
Thee acetylcarnitine formed in peroxisomes might sub-
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Fig.. 4. Octanoic acid fi-oxidation in oleate-induced wild-type cells and Amdh3 cells. (A) p-oxidation in intact cells; (B) P-oxidation in cell lysates. 
[l- l4C]octanoicc acid oxidation is expressed as the sum of [14C]C02 and water-soluble |3-oxidation products produced. 
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Fig.. S. TLC analysis of the '4C-labelled products derived from fatty 
acidd oxidation in wild-type cells and Amdhl cells. The products 
formedd were analysed after incubating cells 0. 30 and 60 min with 
[l-'4C]palmitate.. The right-hand panel shows a marker lane of 
[l- l4C|3-hydroxypalmitoyll  CoA. 

sequentlyy be transported to mitochondria where it could 
bee further oxidized to C02 in the Krebs cycle. However, 
inn the absence of the CIT2 protein, the citrate (or isocitrate) 
formedd in mitochondria may also be retrieved for net 
synthesiss of carbon skeletons in the glyoxylate cycle, as 
depictedd in Figure 7. The possibility that peroxisomal and 
mitochondriall  citrate synthase may be able to take over 
eachh other's function has earlier been suggested for 
S.cerevisiaeS.cerevisiae based on gene deletion studies (Kispal et al, 
1988),, and for the ethylamine-grown yeast Trichosporon 
cutaneumcutaneum based on the enzymatic contents of peroxisomes 
(Veenhuiss et al, 1986). 

Elgersmaa et al. (1995) demonstrated in the accompany-
ingg paper that carnitine acetyltransferase is indeed present 
inn peroxisomes and mitochondria of oleate-grown S.cerevi-
siae.siae. Both enzymes are encoded by the same gene, YCAT. 
Figuree 6 shows that deletion of the YCAT gene results in 
aa slight decrease in [ l- l4C]octanoic acid oxidation in intact 
cellss (Figure 6A, third bar) and in cell lysates (Figure 6B, 
thirdd bar). However, the growth rate on oleate appeared 

nott to be affected (Figure 3). Furthermore, growth on 
ethanoll  and acetate was normal (not shown). However, 
whenn we disrupted both the CIT2 gene and the YCAT 
gene,, the cells could no longer grow on oleate (Figure 3). 
Sincee the Acit2/ycat cells were also unable to grow on 
ethanoll  and acetate (not shown) we conclude that the 
YCATT protein is indeed indispensable for the net synthesis 
off  C4 carbon units in case the CÏT2 gene is deleted. 

Sincee the YCAT gene disruption results in the absence 
off  both the peroxisomal and mitochondrial carnitine acetyl-
transferasee protein (Elgersma et al, 1995) the observed 
inabilityy of Acit2/ycat cells to grow on oleate may be 
causedd exclusively by the impermeability of mitochondria 
towardss acetyl-CoA. To investigate directly the permeab-
ilit yy properties of the peroxisomal membrane towards 
acetyl-CoAA we investigated the ability of the Acit2/ycat 
doublee mutant to (3-oxidize fatty acids as described above 
forr the Amdh3 mutant. Indeed, similar to what we found 
forr the Amdh3 mutant, the P-oxidation was practically 
blockedd in intact Acit2/ycat mutant cells, whereas the (3-
oxidationn capacity was hardly affected in cell lysates in 
whichh the membrane barriers are lost (compare Figure 6A 
withh B, fourth bar). This strongly suggests that there are 
onlyy two pathways for the export of acetyl-CoA from 
peroxisomes;; either via conversion into glyoxylate cycle 
intermediatess or via conversion into acetylcarnitine. Con-
sequently,, blocking both pathways leads to the accumula-
tionn of peroxisomal acetyl-CoA, which depletes the 
peroxisomess from free CoA for continued P-oxidation or 
inhibitss the P-oxidation enzymes by product inhibition 
(Hovikk and Osmundsen, 1989). 

Discussio n n 
Wee have used a novel approach to obtain information on 
thee permeability properties of peroxisomes in the yeast 
S.cerevisiae.S.cerevisiae. This is based on disruption of specific genes 
encodingg proteins involved in the preparatory steps for 
thee transport of metabolites generated from fatty acid P-
oxidationn across the peroxisomal membrane. We first 
concentratedd on peroxisomal malate dehydrogenase 
(MDH3)) which was recently cloned and sequenced by the 
groupp of McAllister-Henn (Steffan and McAllister-Henn, 
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Fig.. 6. Octanoic acid P-oxidation in oleate-induced wild-type and mutant ceils. (A) P-oxidation in intact ceils; (B) P-oxidation in cell lysales. 
[l- l4C]octanoicc acid oxidation was measured as the sum of [l4C]C02 and water-soluble material produced. The bars represent wild-type cells (I), 
Acit2Acit2 cells (2), Aycat cells (3) and Acit2/Aycal cells (4). 

Fatl yy  «eld» 

T T 
Fatt yy  acylCo A Malate 

< ^ N A 0 0 

NAOH H 
.. ^ I MDH3 

Oxaloacetat ee <t£-

Acetyl-Co AA + 

Acetyl-Co AA + 

Carnitin ee -

CATT ^ 
Acetylcarnitin ee — 

Acetyl-Co AA +

Oxaloacetat ee «^ 

CIT22 ^ 
Citrat ee ^ -

ACOO xy 

Isocitrat e e 
i i 

ICL11 ["* * Succinat e 

Glyoxylat ee ,£-

Malatee ' 

—— Carnitin e ^ ~ 

^ ^^  Acetylcarnitin e ^— 

-?

Isocitrat e e 
i i 

ICL11 h*?* Succinat e 
V V 

Glyoxylate e 

CO. . 

CO O 

'2*"77 TCA A 
) 2 < JJ Cycle I 

M M 
—ii  Carnitin e + Acetyl-Co A 

^^  CAT 

-^Acetylcarnitin e e 

Citrat e e 
Oxaloacetat e e 

Malate e 

t t 
>> Fumarat e 

Peroxisom e e Cytoso l l Mitochondrio n n 

Fig.. 7. Model for the reoxidation of intraperoxisomal NADH and the pathways for the transport of acetyl-CoA. Our results do not rule out that other 
metabolitess than malate and oxaloacetate are shuttled between peroxisome and cytosol. Since the presence of aconitase and isocitrate lyase in 
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indicatee the supposed retrieval pathway of mitochondrial citrate or isocitrate for use in the glyoxylate cycle in case the C1T2 gene has been deleted. 
MDH3,, malate dehydrogenase 3: CAT, carnitine acetyltransferase; CIT2. peroxisomal citrate synthase; ACO, aconitase; ICL, isocitrate lyase; MLS, 
malatee synthase. 

1992).. Earlier studies (McAllister and Thompson, 1987; 
Minardd and McAllister-Henn, 1991) had identified a 
mitochondriall  (MDH1) and cytosolic malate dehydro-
genasee (MDH2). Based on the presence of a serine-
leucine-lysinee (SKL) tripeptide at the C-terminus, the 
MDH33 isoenzyme was speculated to be located in peroxi-
somess (Steffan and McAllister-Henn, 1992). Our results 
indicatee that this is indeed the case. Disruption of the 
MDH3MDH3 gene led to the total absence of MDH activity in 

peroxisomes,, and to complete impairment of growth on 
mediumm containing oleate as the sole carbon source due 
too a peroxisomal P-oxidation deficiency. In cell lysates 
wheree reoxidation of NAD+ is not required since this 
cofactorr is present in the reaction medium, fatty acid 
oxidationn was completely normal. These data strongly 
suggestt that the peroxisomal membrane is impermeable 
too NAD(H) in vivo, and that malate dehydrogenase is 
involvedd in regeneration of intraperoxisomal NAD+. In 
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suchh a shuttle mechanism malate dehydrogenase catalyses 
thee reduction of oxaloacetate to malate with concomitant 
formationn of NAD+ from NADH, followed by the shuttling 
off  malate versus oxaloacetate across the peroxisomal 
membrane.. We cannot exclude other shuttles, for example, 
aa malate/aspartate shuttle system. Such a shuttle would 
requiree the presence of aspartate aminotransferase protein 
inn peroxisomes, which converts aspartate into oxaloacetate. 
Wee are currently investigating whether this protein is 
indeedd present in peroxisomes of S.cerevisiae. 

Thee finding that tsmdhi cells are not impaired in growth 
onn C2 carbon sources suggests that this enzyme does not 
participatee in the glyoxylate cycle. Moreover, the enzyme 
wouldd then have to operate in two directions in the same 
compartment,, which is obviously impossible. Indications 
thatt the kinetic parameters of glyoxysomal malate dehydro-
genasee are unfavourable to its participation in the glyoxyl-
atee cycle of plant glyoxysomes were earlier reported by 
Mettlerr and Beevers (1980). The consequence of these 
findingss is that malate produced by the glyoxylate cycle 
iss transported out of the peroxisome followed by retro-
conversionn to oxaloacetate in the cytosol (via MDH2) or 
thee mitochondria (via MDH1) (Figure 7). 

Thee results described in this paper also provide new 
informationn on the way in which acetyl-CoA is transported 
fromm the interior of the peroxisome to mitochondria for 
furtherr metabolism in the Krebs cycle. It was a surprise 
too observe that disrupting the CIT2 gene for peroxisomal 
citratee synthase did not lead to a deficiency to grow on 
oleatee or C2 compounds such as acetate or ethanol. 
Sincee assimilation of C2 compounds requires a functional 
glyoxylatee cycle, this suggests that citrate or isocitrate 
fromm mitochondria can reach the cytoplasm (or even the 
peroxisomes)) as has been proposed earlier (Veenhuis et al., 
1986;; Kispal et al., 1988). Our results indicate that the 
carnitinee acetyltransferase protein is essential for this 
bypasss (Figure 7). 

Thee finding that intact cells with either the CTT2 or the 
YCATYCAT gene disruption have almost normal capacity to 
oxidizee fatty acids whereas ^-oxidation is blocked when 
bothh genes are disrupted, indicates that there are only two 
wayss in which acetyl-CoA can leave the peroxisome: via 
conversionn into glyoxylate cycle intermediates or via 
conversionn into acetylcarnitine by carnitine acetyltrans-
ferase.. Consequently, since p-oxidation is virtually normal 
inn cell-free lysates of bcitlfycat cells (where the membrane 
barrierss are absent), we conclude that acetyl-CoA (or CoA 
itself)) cannot freely pass the peroxisomal membrane. 

Itt has been notoriously difficult to establish whether all 
glyoxylatee cycle enzymes are located in peroxisomes of 
S.cerevisiae.S.cerevisiae. The presence of isocitrate lyase and aconitase 
inn peroxisomes is still a matter of debate, as indicated in 
Figuree 7. However, these uncertainties do not compromise 
thee implication we propose here with regard to the 
impermeabilityy of the peroxisomal membrane to NAD(H) 
andd acetyl-CoA. The enzymes of the pVoxidation pathway 
thatt produce these compounds and the enzymes that 
takee care of the preparatory steps in removal of these 
compoundss from peroxisomes (MDH3, CIT2, MLS1 and 
YCAT)) are all localized in peroxisomes beyond any doubt. 
Onee of the predictions of our results is that, in analogy with 
mitochondria,, the peroxisomal membrane must contain a 

varietyy of different transport-proteins such as carnitine/ 
acetylcarnitinee carriers and dicarboxylate carriers. 

Material ss  and method s 

YeastYeast  strains  and culture  conditions 
Alll  the gene disruptions used for this study were made in the S.cerevisiae 
strainn BJ1991 (MATa, leu2, trpl, ura3-251, prbl-1122, pep4-3). Yeast 
transformantss were selected and grown on minimal medium containing 
0.67%% yeast nitrogen base without amino acids (YNB-WOXDIFCO), 
2%% glucose and amino acids (20 u,g/ml) as needed. The liquid media 
usedd for growing cells for RNA isolations, growth curves or subcellular 
fractionationn contained 0.5% potassium phosphate buffer, pH 6.0, 0.3% 
yeastt extract, 0.5% peptone, and 2% glucose, or 2% glycerol, or 2% K-
acetate,, or 0.12% oleic acid/0.2% Tween-40 as carbon source. Before 
shiftingg to one of these media, cells were grown on minimal 0.3% 
glucosee medium for at least 24 h. For RNA isolations, the cultures were 
inoculatedd at such a density that they reached OD ô = 0.7-1.0 after 
~I55 h. Oleic acid plates contained 0.1% oleic acid/0.4% Tween-40, 
0.67%% yeast nitrogen base without amino acids (YNB-WOXDIFCO), 
0.1%% yeast extract (DIFCO) and amino acids (20 fig/ml) as needed. 

CloningCloning procedures 
Standardd DNA techniques were carried out as described (Sambrook 
elel at.. 1989). The yeast MDH3 gene was amplified using two oligonucleo-
tidee primers corresponding to regions of non-homology with MDHI and 
MDH2.MDH2. Oligonucleotide sequence from the 5' end of the gene was (5'-
TTTGAATTCAAGCATAAAACAATCAAGG-3') .. The oligonucleotide 
sequencee from the 3' end of the gene was (5'-GGATCCGATATGAGT-
CAAGATACAAAGG-3').. A S.cerevisiae genomic DNA library was 
usedd as a template in a polymerase chain reaction (PCR) using the above 
twoo primers. The PCR reaction was carried out using 0.5 jig of template 
DNA,, 167 ug/ml oligonucleotides, 10 mM dNTPs, 0.5 units of Taq 
polymerasee (Boehringer Mannheim), 1.5 mM MgCl2, 10 mM Tris-HCl, 
pHH 8.4, 50 mM KC1 and 0.01% BSA in a total volume of 50 uJ. The 
annealingg temperature was 55°C. A 1.2 kb EcoRl-BamHl fragment was 
obtainedd and subcloned into the multiple cloning site of pUC19. The 
EcoRV-NcolEcoRV-Ncol fragment containing 600 bp of the MDH3 open reading 
framee was replaced using blunt ended cloning, with a 2.2 kb fragment 
off  the LEU2 gene. Linearized plasmid DNA with the disrupted MDH3 
genee was used to transform a haploid wild-type strain BJ1991. Leu4 

transformantss were confirmed for disruption of the chromosomal MDH3 
locuss by analysing the PCR product obtained on chromosomal DNA 
withh the same primers as used earlier to amplify the gene. 

Thee Cm gene deletion was made by isolating genomic DNA of 
PSY42-dr22 cells (Leu2-2. Ieu2-112, lys2-801. C1T2::URA3) (kindly 
providedd by A.Shyan and R.Butow). This was used as template for PCR 
withh the OT2 primers (5'-GGATCCATGACAGTTCCTTATCTA-3') and 
(5'-CrATAGTTTGCTTTCAATGTT-3').. The resulting PCR fragment 
wass used to transform BJ1991 cells, and ura+ transformants were 
selectedd for integration in the CIT2 gene by PCR analysis. 

Thee YCAT gene was amplified from genomic DNA using the 5' CAT-
AA primer (5'-TTTGAATTCGAGAACTCTCTCAAAC-3') and the 3' 
CAT-BB primer (5-TTTCTGCAGCGTAAGCCCTTTTTTCTCCC-3) 
oligonucleotides.. The annealing temperature used for the PCR reaction 
wass 55°C. The resulting 2.1 kb EcoRl-Pstl fragment was subcloned 
intoo pUC19 (pEL72). The major part of the open reading frame was 
deleted,, by replacing the Acc\-Bg[2 fragment (containing 1281 bp of 
thee CAT open reading frame) by the LEU2 gene (pEL78). This plasmid 
wass used to transform wild-type cells (BJ199I) and Acit2 (PSY142) 
cells,, Leu+ transformants were selected for integration in the KOI/" gene 
byy PCR analysis. 

SubcellularSubcellular  fractionation  and Nycodenz  gradients 
Subcellularr fractionations were performed as described (Van der Leij 
eiei a/., 1992). Organellar pellets were used for continuous 16-35% 
Nycodenzz gradients (12 ml), with a cushion of 1 ml 42% Nycodenz 
dissolvedd in 5 mM MES, pH 6.0. 1 mM EDTA, 1 mM KCI and 8.5% 
sucrose.. The sealed tubes were centrifuged for 2.5 h in a vertical rotor 
(MSEE 8X35) at 19 000 r.p.m. (29 000 g) at 4°C. 

p-oxidationp-oxidation  measurements 
Oleate-grownn cells were washed with water and «suspended in phos-
phate-bufferedd saline (PBS), to OD^n = 2.5. Aliquots of 20 ul of cell 
suspensionn were used for fatty acid p-oxidation measurements in 200 j i l 
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mediumm containing PBS plus 10 nM [l- l4C]palmitaie or [l-14C]-
octanoate.. Reactions were allowed to proceed for 6 or 12 rain at 30°C, 
followedd by termination of reactions by adding 100 fxl ofl .3 M perchloric 
acid.. Radiolabelled COj was trapped overnight in 500 fxl of 2 M NaOH. 
Thee ,4C-labelled J? oxidation products were subsequently collected after 
extractingg the acidified material with chlorofomi/methanoVheptane as 
describedd before (Heikoop et al, 1990) and quantified in a liquid 
scintillationn counter. Fatty acid ^-oxidation activities were also measured 
inn cell-free lysates prepared by lysing protoplasts in a medium containing 
0.1%% Triton X-100. 5 mM MOPS, pH 7.4, I mM EDTA and 1 mM 
PMSF.. The cell-free extract was subsequently incubated in reaction 
mediumm containing the following components: 150 mM Tris-HCl, pH 
8.5,, 5 mM ATP, 5 mM MgCl2, 2 mM NaCN, 100 u;M FAD, I mM 
NAD,, 1 mM CoASH, 0.005% (w/v) Triton X-100, 1 mU/mll  acyl-CoA 
synthetasee (Boehringer Mannheim) and 10 fiM [l- l4C]palmitate or 
[l-14C]octanoate.. Reactions were allowed to proceed for 6 or 12 min, 
followedd by quantification of [l4C]CC>2 and 14C-labelled B-oxidation 
productss as described above. 

IdentificationIdentification  of  acyl-CoA  intermediates 
Inn order to identify the nature of the acyl-CoA esters acrumulating in 
mutantt cells, oleate-induced intact cells were incubated with 10 nM 
[l- l4C]palmitatee as described above, for 30 or 60 min. Reactions were 
terminatedd by 100 Jil 1.3 M perchloric acid. In order to hydrolyse all 
CoA-esterss 100 |il of 2 M NaOH was subsequently added and the 
mixturee was incubated at 50°C for 30 min. This was followed by 
additionn of 10 |il of 0.5 M H2S04 and 75 u.1 of sodium acetate buffer, 
pHH 6.0. If required, pH was adjusted to 4.0. The fatty acids were then 
extractedd with methanol/chloroform/heptane as described above. The 
lowerr layer was collected, washed and taken to dryness under N2. The 
residuee was taken up in acetone, followed by chromatography on TLC 
usingg conditions as described by Bremer and Wojtczak (1972), with die 
exceptionn that benzene was replaced by toluene. After running, the plate 
wass dried and subjected to autoradiography. The recovery of fatty 
acidd derivatives during extraction and solvent evaporation, acetone 
solubilizationn and TLC chromatography were checked by determining 
thee recovery of [t-l4C]palmitoyl-CoA and enzymatically synthesized 
enoyl-CoAA esters and 3-hydroxyacyl-CoA esters prepared from 
il- ,4C|palmitoyl-CoA.. Recoveries were >95%. 

Radioactivelyy labelled [l- l4C]3-hydroxypalmitoyl CoA was synthe-
sizedd enzymatically by incubating 10 |iM [l-14C]palmitate for 10 min 
withh 50 U/ml crotonase (Sigma Co., St Louis, USA) and 10 U/ml acyl-
CoAA oxidase (Sigma) in a reaction medium as described above. Further 
handlingg of the samples was as described above for the identification of 
acyl-CoAA intermediates. 

EnzymeEnzyme assays 
Malatee dehydrogenase activity was measured as the oxaloacctate-depend-
entt rate of NADH oxidation (A^o nm) in assay mixture' containing 
455 mM K3P04, pH 7.4, 0.12 mM NADH, and 0.33 mM oxaloacetate 
(Steffann and McAllister-Henn, 1992). 3-hydroxyacyl-CoA dehydro-
genasee activities were measured on a Cobas-Fara centrifugal analyser 
byy following the 3-keto-octanoyl-CoA-dependent rate of NADH con-
sumptionn at 340 nm (Wanders et ui, 1990). Succinate dehydrogenase 
wass measured according to a recently described method (Munujos et al, 
1993).. Protein concentrations were determined by the bicinchoninic acid 
methodd (Smith et al., 1985). 
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Thee p-oxidation of saturated fatty acids in Saccharo-
mycesmyces cerevisiae is confined exclusively to the peroxi-
somall  compartment of the cell. Processing of mono-
andd polyunsaturated fatty acids with the double bond 
att  an even position requires, in addition to the basic 
^-oxidationn machinery, the contribution of the 
NADPH-dependentt  enzyme 2,4-dienoyl-CoA reduc-
tase.. Here we show by biochemical cell fractionation 
studiess that this enzyme is a typical constituent of 
peroxisomes.. As a consequence, the p-oxidation of 
mono-- and polyunsaturated fatty acids with double 
bondss at even positions requires stoichiometric 
amountss of intraperoxisomal NADPH. We suggest that 
NADP-dependentt  isocitrate dehydrogenase isoenzymes 
functionn in an NADP redox shuttle across the peroxi-
somall  membrane to keep intraperoxisomal NADP 
reduced.. This is based on the finding of a thir d NADP-
dependentt  isocitrate dehydrogenase isoenzyme, Idp3p, 
nextt  to the already known mitochondrial and cytosolic 
isoenzymes,, which turned out to be present in the 
peroxisomall  matrix . Our  proposal is strongly supported 
byy the observation that peroxisomal Idp3p is essential 
forr  growth on the unsaturated fatty acids arachidonic, 
linoleicc and petroselinic acid, which require 2,4-dien-
oyl-CoAA reductase activity. On the other  hand, growth 
onn oleate which does not require 2,4-dienoyl-CoA 
reductase,, and NADPH is completely normal in 
Aidp3Aidp3 cells. 
Keywords:Keywords: 2,4-dienoyl-CoA reductase/isocitrate 
dehydrogenase/P-oxidation/polyunsaturatedd fatty acids/ 
redoxx shuttle 

Introductio n n 

Peroxisomess are essential subcellular organelles involved 
inn a variety of metabolic processes. Their importance is 
underlinedd by the identification of an increasing number 
off  inherited diseases in man in which one or more 
peroxisomall  functions are impaired (Moser, 1991; Van 
denn Bosch et al, 1992; Wanders et al, 1995). 

Onee of the main functions of peroxisomes is the 
degradationn of fatty acids. In vertebrate cells, this takes 
placee not only in peroxisomes but also in mitochondria. 

Long-chainn fatty acids are oxidized in mitochondria 
whereass very-long-chain fatty acids are shortened in 
peroxisomess and oxidized to completion in mitochondria. 
Inn principle, P-oxidation in mitochondria and peroxisomes 
proceedss via the same mechanism, involving sequential 
stepss of dehydrogenation, hydratation, a second dehydro-
genationn and thiolytic cleavage. In the case of die oxidation 
off  mono- and polyunsaturated fatty acids, auxiliary enzyme 
activitiess are required to remove me double bonds. 
NADPH-dependentt 2,4-dienoyl-CoA reductases (EC 
1.3.1.34)) and the A3-c«-A2-franj-enoyl-CoA isomerases 
(ECC 5.3.3.8) play an essential role in the removal of 
doublee bonds. Indeed, it is now clear that A3-cis-A2-trans-
enoyl-CoAA isomerase activity is involved in die removal 
off  double bonds at uneven positions whereas an NADPH-
dependentt 2,4-dienoyl-CoA reductase is required to 
removee double bonds at even positions (Hiltunen, 1991; 
Osmundsenefa/.,, 1991; Schulz, 1991; Kunsmetal, 1995). 

Inn yeast, fatty acid p-oxidation is restricted to peroxi-
somess (Kunau et al, 1988). The fact that yeasts like 
SaccharomycesSaccharomyces cerevisiae and Candida tropicalis are able 
too grow on different types of fatty acids including saturated 
andd monounsaturated fatty acids (Hettema et al, 1996,) 
andd polyunsaturated fatty acids (Dommes et al, 1983), 
impliess that S.cerevisiae and C.tropicalis have die capacity 
too remove double bonds in fatty acids. 

Onn the basis of me Escherichia coli amino acid sequence 
off  NADPH-dependent 2,4-dienoyl-CoA reductase, we 
havee identified a reading frame in die S.cerevisiae database 
showingg high amino acid similarity with the E.coli enzyme. 
Thee encoded S.cerevisiae protein contains a C-terminal 
peroxisomall  targeting signal (PTS1). We have now found 
matt peroxisomes of S.cerevisiae indeed contain NADPH-
dependentt 2,4-dienoyl-CoA reductase activity. In addition, 
wee discovered a new NADP-dependent isocitrate dehydro-
genasee isoenzyme, which is confined to peroxisomes. 
Basedd on the finding that cells lacking this peroxisomal 
enzymee fail to oxidize mono- and polyunsaturated fatty 
acidss widi double bonds at the even position, we propose 
thatt the cytosolic and peroxisomal NADP-dependent iso-
citratee dehydrogenases function in a redox shuttle to 
replenishh NADPH consumed in die dienoyl-CoA reductase 
reactionn required for P-oxidation of polyunsaturated fatty 
acids.. The implications of this work wim respect to 
diee recent demonstration of the impermeability of the 
peroxisomall  membrane for small molecules wil l be dis-
cussed. . 

Result s s 

GrowthGrowth  of  S.cerevisiae  on unsaturated  fatty  acids 
asas sole  carbon  source 
AA favourite carbon source to induce peroxisome prolifer-
ationn in S.cerevisiae is oleate, a monounsaturated fatty 
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33 cycles of p-oxidation 

11 Enoyl-CoA isomerase 
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Fig.. 1. Overview of P-oxidation of oleoyl-CoA (C18:l), petroselinoyl-CoA (C18:l), Unoleoyl-CoA (C18:2) and docosahexaenoyl-CoA (C22:6) in 
S.cerevisiaeS.cerevisiae (modified after Schulz, 1991). The basic enzymatic steps of P-oxidation (dehydrogenation/oxidation, hydratation, dehydrogenation, 
A*-cis-AA*-cis-A22-trans--trans- enoyl-CoA isomerase and thiolytic cleavage) are sufficient for the oxidation of saturated fatty acids and monounsaturated fatty acids 
withh the double bond at the uneven position. An additional enzyme is required for mono- and polyunsaturated fatty acids with the double bond at the 
evenn position to prepare them for 3-oxidation: NADPH-dependent 2,4-dienoyl-CoA reductase. 

acidd with the single double bond at the 9th position. Oleate 
cann be oxidized by the general P-oxidation machinery 
comprisedd of acyl-CoA oxidase, multifunctional protein 
(2-enoyl-CoAA hydratase, 3-hydroxyacyl-CoA dehydro-
genasee and 3-hydroxyacyl-CoA epimerase), 3-ketoacyl-
CoAA thiolase and A3-c/j-A2-?rani-enoyl-CoA isomerase 
(Figuree 1). An additional enzyme is required for the 
P-oxidationn of mono- and polyunsaturated fatty acids with 
thee double bond at an even position: NADPH-dependent 
2,4-dienoyl-CoAA reductase (Figure 1). To study whether 
S.cerevisiaeS.cerevisiae contains NADPH-dependent 2,4-dienoyl-CoA 
reductasee activity, we have tested whether S.cerevisiae 
couldd use various kinds of fatty acids for growth. Indeed 
S.cerevisiaeS.cerevisiae was able to grow on mono- and polyunsatur-
atedd fatty acids with double bonds at even positions, such 
ass (6) petroselinic acid (C18:1), (9,12) linoleic acid (C18:2) 
andd (5,8,11,14) arachidonic acid (C20:4), implying the 
presencee of NADPH-dependent 2,4-dienoyl-CoA reduct-
asee activity (Figure 1 and experiment not shown). 

NADPH-dependentNADPH-dependent  2,4-dienoyl-CoA  reductase  is  a 
peroxisomalperoxisomal  enzyme 
Too determine the subcellular localization of NADPH-
dependentt 2,4-dienoyl-CoA reductase in S.cerevisiae, we 
measuredd the P-oxidation of oleic and docosahexaenoic 
acidd (C22:6) (Figure 2) using an organellar fraction 
preparedd by differential centrifugation of a cell-free homo-
genate.. To this end, I4C-radiolabelled oleate and docosa-

hexaenoicc acid were incubated with the organellar fraction 
inn the presence or absence of NADPH. Oleate was 
degradedd efficiently in the absence of NADPH while 
p-oxidationn of docosahexaenoic acid was almost fully 
dependentt on the presence of NADPH (Figure 2A). 
Virtuallyy all docosahexaenoic acid oxidation activity was 
locatedd in the organellar fraction prepared from wild-type 
cellss (not shown). Subsequent studies showed that all 
2,4-dienoyl-CoAA reductase activity was present in the 
organellarr pellet fraction (Figure 2B). Fractionation of the 
organellarr pellet fraction by density gradient centrifugation 
showedd that 2,4-dienoyl-CoA reductase activity was found 
att the density characteristic of peroxisomes (Figure 2C). 
Uponn fractionation of a homogenate prepared from &pex5 
mutantt cells, deficient in the PTS1 receptor, virtually all 
reductasee activity was present in the supernatant fraction. 
Thiss mislocalization suggests that NADPH-dependent 2,4-
dienoyl-CoAA reductase is a PTS1-containing protein. 

Therefore,, we conclude that peroxisomes contain 
NADPH-dependentt 2,4-dienoyl-CoA reductase activity, 
whichh implies that intraperoxisomal NADPH is required 
forr the function of the reductase. 

NADP-specificNADP-specific  isocitrate  dehydrogenases 
Previouslyy we have shown that the peroxisomal membrane 
iss impermeable to small molecules such as NAD(H) (Van 
Roermundd et aL, 1995). The P-oxidation of petroselinic 
acidd and docosahexaenoic acid requires stoichiometric 
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Fig.. 3. NADP-dependent isocitrate dehydrogenase activity was 
measuredd in total homogenates of cells grown on either glucose 
(Glu)-,, glycerol (Gly)-, oleate (Ole)- or docosahexaenoic acid 
(Dha)-containingg media. 

brane,, is that the peroxisomal membrane contains trans-
porterss which are involved in a redox shuttling process. 
Thee demonstration that rat liver peroxisomes contain 
NADP-dependentt isocitrate dehydrogenase focused our 
attentionn on this group of cellular isoenzymes (Leighton 
etet al, 1968). 

> > 
o o 
< < 

22 4 6 6 to 12 

Fractio n n 

Fig.. 2. Localization of NADPH-dependent 2,4-dienoyl-CoA reductase 
activityy in peroxisomes and its involvement in docosahexaenoic acid 
P-oxidationn (22:6) in S.cerevisiae. (A) fj-oxidation of oleic (O) and 
docosahexaenoicc acid (  D ) using an organellar pellet fraction 
preparedd by differential centrifugation of wild-type (O D ) or A/bx/ 

)) (disturbed in the acyl-CoA oxidase) cell free homogenates (see 
Materialss and methods) and without NADPH . (B) Subcellular 
distributionn of the NADPH-dependent 2,4-dienoyl-CoA reductase in 
oleate-inducedd wild-type and ApexS (deficient in the PTS1 receptor) 
cells.. After centifugation, the homogenates (H), pellets (P) and 
supernatantss (S) were assayed for activity. (C) Nycodenz density 
gradientt of the organellar pellet from wild-type cells. Fraction 1 
correspondss to the bottom fraction, while fraction 12 reflects the top 
fraction.. Succinate dehydrogenase (SucDH) ) (mitochondrial 
marker).. 3-hydroxyacyl-CoA dehydrogenase (3-HAD) ) 
(peroxisomall  marker) and NADPH-dependent 2,4-dienoyl-CoA 
reductasee (black bars) were measured in the fractions. 

amountss of NADPH (Figure 1). This raises the question 
off  by which mechanism NADP is reduced to NADPH. 
Thee most plausible explanation, based on analogy with 
transportt processes across the mitochondrial inner mem-

NADP-dependentNADP-dependent  isocitrate  dehydrogenase  activity 
isis  induced  by growth  on fatty  acids 
Yeastt was grown on glucose (repression of peroxisomes), 
glyceroll  (derepression of peroxisomes) or oleate (induction 
off  peroxisomes), and total NADP-dependent isocitrate 
dehydrogenasee activity was measured. Growth on three 
carbonn sources, including docosahexaenoic acid (C22:6), 
ledd to enhanced levels of activity compared with glucose-
grownn cells (Figure 3). 

Too date, two genes coding for NADP-dependent iso-
citratee dehydrogenase enzymes have been reported in 
S.cerevisiae.S.cerevisiae. The first one, originally described by Hasel-
beckk and McAllister-Henn (1990), encodes mitochondrial 
Idplp,, whereas the second one codes for cytosolic Idp2p 
(Loftuss et al., 1994; Zhao and McAllister-Henn, 1996). 
Too make an inventory of genes that are strongly expressed 
byy growing yeast on oleate as sole carbon source, we 
appliedd serial analysis of gene expression (SAGE) 
(Velculescuu et al, 1995; Kal, 1997). Among the tags 
thatt were encountered frequently, one was derived from 
YNL009w,, a gene with high homology to IDP1 and IDP2, 
knownn as YDL066w and YLR174w in the yeast genome 
database,, here called IDP3. Amino acid sequence com-
parisonn revealed strong similarity, with the exception of 
thee amino- and carboxy-terminal ends (Figure 4). Idplp 
hass an N-terminal extension which functions as a mito-
chondriall  targeting signal (MTS) (Haselbeck and 
McAllister-Henn,, 1990). Idp3p lacks this pre-sequence 
butt has nine additional amino acids at the C-terminus. 
Thee last three amino acids, CKL, comprise a putative 
PTS11 conforming to the PTS1 consensus motif established 
forr S.cerevisiae (Elgersma et al., 1996). Cytoplasmic 
Idp2pp lacks both the MTS and PTS1 motifs (Figure 4). 

Inspectionn of the 5'-regions upstream of the IDP1, 2 
andd 3 genes revealed the presence of putative oleate 
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11 60 
Idplpp MSMLSRRLFS TSRLAAFSKI KVKQPWELD GDEKTRIIWD KIKKKFTLIL PYLDVDLKYY 
Idp2pp M TKI KVANPrVEMD GDEQTRIIWS FNQDK..LVL PYLDVDLKYY 
Idp3pp M SKI KWHPIVEMD GDEQTRVIWK LIKEK..LIL PYLDVDLKYY 

611 120 
Idplpp DLSVESRDAT SDKITQDAAE AIKKYGVGIK CATITPDEAR VKEFNLFTHK MWKSPNGTIR 
Idp2pp DLSVEYRDQT NDQVTVDSAT ATLKYRVAVK CATITPDEAR VEEFHL..KK MWKSPNGTIR 
Idp3pp DLSIQERDRT NDQVTKDSSY ATLKYGVAVK CATITPDEAR MKEFNL..KE MWKSPNGTIR 

1211 180 
Idplpp NILGGTVFRE PIVIPRIPRL VPRWEKPIII GRHAHGDQYK ATDTLIPFTG PGSLELVYKP 
Idp2pp NILGGTVFRE PIIIPRIPRL VPQWEKPIII GRHAFGDQYK ATDVIVP..E EGELRLVYKS 
Idp3pp NILGGTVFRE PIIIPKIPRL VPHWEKPIII GRHAFGDQYR ATDIKIK..K AGKLRLQFSS 

1811 240 
Idplpp SDPTTAQPQT LKVYDY.KGS GVAMAMYNTD ESIEGFAHSS FKLAIDKKLF TNLFLSTKNT 
Idp2pp KSGT..HDVD LKVFDYPEHG GVAMMMYNNT DSIEGFAKAS FELAIERKL. .PLYSTTKNT 
Idp3pp DDGK. . ENID LKVYEFPKSG GIAMAMFNTN DSIKGFAKAS FELALKRKL. . PLFFTTKNT 

2411 300 
Idplpp ILKKYDGRFK DIFQEVYEAQ YKSKFEQLGI HYEHRLIDDM VAQMIKSKGG FTFIMALKNY 
Idp2pp ILKKYDGKFK DVFEAMYLEV IKRSLESLGI WYEHRLIDDM VAQMLKSKGG ..YIMAMKNY 
Idp3pp ILKNYDNQFK QIFDNLFDKE YKEKFQALKI TYEHRLIDDM VAQMLKSKGG ..FIIAKKNY 

3011 360 
Idplpp DGDVQSDIVA QGFGSLGLMT SILVTPDGKT FESEAAHGTV TRHYRXYQKG EFTETSTNSI 
Idp2pp DGDVESDIVA QGFGSLGLMT SVLITPDGKT FESDRAHGTV TRHLTDYDKG R..ETSTNSI 
Idp3pp DGDVQSDIVA QGFGSLGLMT SILITPDGKT FESEAAHGTV TRHFRKHQRG E. .ETSTNSI 

3611 420 
Idplpp ASIFAWSRGL LKRGELDNTP ALCKFANILE SATLNTVQQD GIMTKDLALA CGFTNNERSA 
Idp2pp ASIFAWTRGI IQRGKLDNTP DWKFGQILE SATVNTVQED GIMTKDLALI LG..KSERSA 
Idp3pp ASIFAWTRAI IQRGKLDNTD DVIKFGNLLE KATLDTVQVG GKMTKDLALM LG..KTNRSS 

4211 452 
Idplpp YVTTEEFLDA VEKRLQKEIK SIE 
Idp2pp YVTTEEFIDA VESRLKKEFE AAA 
Idp3pp YVTTEEFIDE VAKRLQNMKL SSNEDKKGMC KL 

Fig.. 4. Alignment of the mitochondrial (Idplp) , cytosolic (Idp2p) and peroxisomal NADP-dependent isocitrate dehydrogenase (ldp3p) amino acid 
sequences.. Idpl p has an N-tenninal mitochondrial targeting signal (MTS). Idp3p contains a nine-amino-acid C-termmal extension with a type 1 
peroxisomall  targeting signal (PTSl). 

responsee elements (OREs) both in IDP2 and in IDP3, but 
nott  in IDP1. These OREs are found in a number  of oleate-
induciblee yeast genes including the genes coding for 
thee ^-oxidation enzymes, suggesting that cytosolic and 
peroxisomall  isocitrate dehydrogenase may be functionally 
linkedd to fatty acid ^-oxidation. 

CarbonCarbon  source-dependent  regulation  of  IDP2 and 
IDP3IDP3 genes 
Expressionn of genes coding for  a variety of different 
peroxisomall  proteins is dependent on the carbon source. 
Glucosee strongly represses transcription, whereas non-
fermentablee sources like glycerol and ethanol derepress 
transcription .. In addition, fatty acids strongly induce 
transcriptionn of genes encoding peroxisomal proteins. We 
analysedd the transcriptional regulation of the IDP2 and 
IDP3IDP3 genes using the luciferase reporter  gene driven 
byy the 1DP2 or  IDP3 promoter. Wild-typ e cells were 
transformedd with the reporter  constructs and cultured on 
glucose,, glycerol or  oleate media. Cell extracts were 
assayedd for  luciferase activity. The results (Figure 5) 
showedd that expression of both IDP2 and IDP3 genes 
wass repressed by glucose. The IDP2 gene was strongly 
inducedd by both glycerol and oleate. The IDP3 gene was 
derepressedd by glycerol and fully induced by oleate, 
whichh resembles the expression of other  genes coding for 
peroxisomall  ^-oxidation enzymes. 

Oleatee induction is exerted via the transcription factors 
Pip2pp and Oaf lp which bind as a heterodimer  to the ORE 
inn promotors of genes encoding peroxisomal proteins (Luo 
etet ai, 1996; Rottensteiner  et al, 1996). Analyses of both 
thee IDP2 and IDP3 promoter  reporter  constructs revealed 
thatt  regulation of IDP2 expression occurs independently of 
Pip2p,, in contrast to IDP3 expression. These experiments 
illustrat ee that expression of IDP3 parallels that of other 
p-oxidationn enzymes whereas expression of IDP2 is regu-
latedd by an alternative mechanism. 

NADP-dependentNADP-dependent  isocitrate  dehydrogenase  activity 
isis  present  in  peroxisomes,  mitochondria  and 
cytosol cytosol 
Too study the subcellular  localization of the NADP-depend-
entt  isocitrate dehydrogenase activity in S.cerevisiae, a 
homogenatee of oleate-grown cells was first  subjected to 
differentiall  centrifugation (Figure 6A). Most of the activity 
wass found in the cytosolic fraction. The organellar  fraction 
wass fractionated further  by density gradient centrifugation 
onn Nycodenz. Figure 6B shows good separation of per-
oxisomess and mitochondria as monitored by the distribu-
tionn of 3-hydroxyacyl-CoA dehydrogenase (peroxisomes) 
andd succinate dehydrogenase (mitochondria). A bimodal 
activityy profil e was found for  isocitrate dehydrogenase, 
withh activity in peroxisomes and mitochondria, although 

41 1 



IDP3 3 Glucose e 

Glycerol l 

Oleate e 

W T T A P i p 2 2 

B B 

Glycerol l 

Oleate e 

WT T A P i p 2 2 

Fig.. 5. Idp3p expression is regulated in parallel with peroxisomal 
(3-oxidationn enzymes. Wild-type and Apip2 cells were transformed 
withh the reporter constructs, cultured on glucose, glycerol and oleate 
andd assayed for luciferase activity. Expression of the 1DP3 gene was 
dependentt on Pip2p while oleate induction of the IDP2 gene was 
independentt of Pip2p. 

mostt isocitrate dehydrogenase activity was found to be 
presentt in the mitochondrial fractions. 

Furtherr evidence for the presence of isocitrate dehydro-
genasee activity in peroxisomes came from experiments 
inn which we studied the subcellular localization of an 
enzymaticallyy active NH-tagged version of Idp3p. Figure 
6CC shows that ~25% of the total isocitrate dehydrogenase 
activityy in control cells transformed with a construct 
expressingg NH-Idp3p is present in the peroxisomal frac-
tions.. In addition, immunoblot analysis showed (Figure 
6D)) that >90% of the NH-tagged version of ldp3p 
iss present in the peroxisomal fractions. Furthermore, 
disruptionn of the IDP3 gene resulted in a deficiency of the 
peroxisomall  NADP-dependent isocitrate dehydrogenase. 
Takenn together, these results indicate that NADP-depend-
entt isocitrate dehydrogenase activity is located in three 
differentt compartments of the cell: cytoplasm, mitochon-
driaa and peroxisomes, and that the peroxisomal NADP-
dependentt isocitrate dehydrogenase activity is due to 
Idp3p. . 

Idp3pIdp3p  is  a peroxisomal  matrix  protein  and its 
importimport  is  PTS1 dependent 
Too confirm the presence of Idp3p inside peroxisomes, we 
performedd immunoelectron microscopy of oleate-induced 
cellss expressing the NH-tagged version of Idp3p from a 
singlee copy plasmid. Figure 7A shows clear labelling of 

Fig.. 6. Subcellular localization of Idp3p in oleate-grown cells of 
S.cerevisiae.S.cerevisiae. (A) Subcellular fractionation of wild-type cells. 
Comparablee volumes of homogenate (H), pellet (P) and supernatant 
(S)) were used for measurements of catalase (CAT)-, phosphoglucose 
isomerasee (PGI)- and NADP-dependent isocitrate dehydrogenase (IDP) 
activities.. Percentage activity is the relative amount of activity in each 
fractionn compared with the total amount of activity, which was present 
inn the homogenate. Nycodenz density gradient of the organellar pellet 
obtainedd from wild-type cells (B) or wild-type cells transformed with 
thee NH-Idp3p construct (C) (expressed under control of the CTA1 
promoter).. Fraction 1 corresponds to the bottom fraction, while 
fractionn 14 reflects the top fraction. Succinate dehydrogenase (SucDH) 

,, used as mitochondria] marker, 3-hydroxyacyl-CoA dehydrogenase 
(3-HAD)) , used as peroxisomal marker, and isocitrate 
dehydrogenasee (IDP) (black bars) were measured in the fractions. 
NH-taggedd Idp3p (D) was detected by immunoblotting using the NH 
antibody.. The expressed constructs were under the control of the CTA1 
promoter.. More than 90% of the NH-tagged version of Idp3p was 
foundd to be present in peroxisomes. 

thee peroxisomal matrix. In the same experiment, we used 
NH-Idp2pp as a cytosolic control (Figure 7B). More than 
95%% of the Idp3p gold particles were found to be present 
inn peroxisomes and most of the labelling of Idp2p gold 
particless was localized in the cytosol and the nucleus. 

Thee tagged protein also enabled us to study which 
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Fig.. 7. Electron microscopical analysis of wild-type cells expressing 
(A)) NH-Idp3p and (B) NH-Idp2p. Cryosections of ceils grown on 
oleatee were labelled using the NH antiserum and immunogold particles 
conjugatedd with protein A. (P) Peroxisome; (M) mitochondria; 
(N)) nucleus. Bar = 0.2 um. 

importt pathway is followed by Idp3p. For this purpose, 
wee used two mutants with a differential defect in protein 
importt at the level of either the PTS1 (Apex5 mutant) or 
PTS22 (Apex7 mutant) receptor (Van der Leij et al., 1993; 
Marziochh et al., 1994; Zhang et al., 1995). Import of NH-
Idp3pp was normal in Apex7 cells, but blocked in Apex5 
cellss (Figure 8). These results indicate that the import of 
NH-Idp3pp protein into peroxisomes is mediated via the 
PTS11 import pathway as expected on the basis of the 
predictedd PTS1 (see Figure 4). 

TheThe IDP3 gene is  essential  for  growth  on 
arachidonic,arachidonic,  linoleic  and petroselinic  acid,  but  not 
oleicoleic  acid 
Inn order to investigate the presumed role of peroxisomal 
Idp3pp in the reduction of NADP to NADPH within 
peroxisomes,, growth rates of wild-type and Aidp3 cells 
weree compared on various media (Figure 9). 

Growthh of Aidp3 cells on glucose, acetate, glycerol or 
oleatee was unaffected (not shown). However, growth on 
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Fig.. 8. Import of NH-ldp3p-, PTS-1 (3HAD)- and PTS2 (3-ketoacyl-
CoAA thiolase)-containing proteins in wild-type, Apex5 and &pex7 cells. 
Subcellularr fractionations of wild-type, Apex5 and Apex7 cells 
expressingg NH-Idp3p grown on oleate medium. The 30 000 g pellet 
fractionn (P) represents the organellar fraction, whereas the supernatant 
(S)) fraction represents the cytosoiic fraction. (H) represents the 
homogenatee before the high-speed spin. Comparable volumes were 
layeredd in every lane. NH-Idp3p and thiolase were detected by 
Westernn blot analysis. 3-hydroxyacyl-CoA dehydrogenase (3HAD) 
activityy was measured as described in Materials and methods. 

linoleicc and petroselinic acid was strongly impaired. These 
resultss suggest that peroxisomal NADP-dependent iso-
citratee dehydrogenase is not required for oleate 
P-oxidation,, but is required for P-oxidation of arachidonic, 
linoleicc and petroselinic acid. Importantly, oxidation of 
thee latter three fatty acids requires the active participation 
off  2,4-dienoyl-CoA reductase in contrast to the P-oxidation 
off  oleic acid. 

Too ascertain whether the growth defect on mono- or 
polyunsaturatedd fatty acids with double bonds at even 
positionss really resulted from an impaired degradation of 
thesee fatty acids, we studied the oxidation of 
[l- I4C]docosahexaenoicc acid (C22:6) in wild-type and 
Aidp3Aidp3 cells. As shown in Figure 10A, oxidation of 
[1-[1-1414C](4,7,10,13,16,19)C](4,7,10,13,16,19) docosahexaenoic acid was 
stronglyy impaired in the Aidp3 cells but rescued after 
introductionn of NH-tagged Idp3p (Figure 10A, lane 3). 
Importantly,, docosahexaenoic acid (C22:6) P-oxidation 
wass normal in the organellar fraction of Aidp3 cells in 
whichh the membrane barriers of the different intracellular 
organelless were disrupted by addition of detergent and 
NADD and NADPH were added in excess (Figure 10B). 
Figuree 10 suggests that the impaired P-oxidation of poly-
unsaturatedd fatty acids is caused by the absence of 
peroxisomall  NADP-dependent isocitrate dehydrogenase, 
andd not by reduced induction or activity of enzymes 
directlyy involved in polyunsaturated fatty acid P-oxidation, 
comprisingg acyl-CoA oxidase, enoyl-CoA hydratase, 
3-hydroxyacyl-CoAA dehydrogenase, 3-ketoacyl-CoA 
thiolase,, A3-c«-A2-rrani-enoyl-CoA isomerase and 2,4-
dienoyl-CoAA reductase. 

AccumulationAccumulation  of  (2,4,7,10,13,16,19) dienoyl-CoA 
intermediatesintermediates  in  \idp3  cells 
Iff  the block in p-oxidation of (4,7,10,13,16,19) docosa-
hexaenoicc acid (C22:6) is indeed caused by the inability 
too reduce peroxisomal NADP to NADPH as a result of 
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Fig.. 9. Growth of wild-type and mutant cells on oleate (A), linoleic 
acidd (B) and petroselinic acid (C). The strains shown are: wild-type 
cellss (wt), Aidp3 cells and Afoxl cells (disturbed in the acyl-CoA 
oxidase). . 

thee absence of Idp3p, this should be reflected in the 
accumulationn of the substrate of the 2,4 dienoyl-CoA 
reductasee reaction, i.e. (2,4,7,10,13,16,19) dienoyl-CoA 
esterr (C22:7) in the AidpS cells, but not in wild-type cells 
(Figuree 1). We tested this in the experiment depicted in 
Figuree 11. Oleate-induced wild-type and AidpS cells were 
incubatedd for 30 and 60 min with 14C-radiolabelled fatty 
acid.. Labelled acyl-CoA esters were extracted and separ-
atedd on thin-layer plates. The results show oxidation of 
docosahexaenoicc acid (C22:6) in wild-type cells whereas 
oxidationn is impaired in the Aidp3 cells. Furthermore, there 
wass accumulation of (2,4,7,10,13,16,19) docosaheptaenoic 
acidd (C22:7), the dehydrogenation product of docosa-
hexaenoicc acid as catalysed by acyl-CoA oxidase, in AidpS 
cellss but not in wild-type cells. The identity of the C22:7 
compoundd was verified by enzymatic synthesis of C22:7-
CoAA from C22:6-CoA (lane M). The observed accumula-
tionn of 0.21:1 intermediate in Aidp3 cells supports our 
hypothesiss that Idp3p provides the NADPH required for 
thee reductase step inside the peroxisomes (Schulz et al, 
1991).. The nature of the additional band observed in 

Fig.. 10. P-oxidation of docosahexaenoic acid in oleate-induced 
wild-typee and mutant cells. (A) Docosahexaenoic acid (J-oxidation in 
oleate-inducedd wild-type cells (wt), Aidp3 cells and Aidp3+ cells 
whichh are transformed with an NH-1DP3 construct expressed under the 
controll  of the CTAl promoter, and as negative controls Apexó cells 
(disturbedd in the assembly of peroxisomes) and Afoxl cells (disturbed 
inn the acyl-CoA oxidase). (B) Docosahexaenoic acid p-oxidation in an 
organellarr pellet fraction of wild-type (wt) and Aidp3 cells in which 
thee membrane barriers of the different intracellular organelles were 
absentt and NAD and NADPH were added in excess (see Materials 
andd methods). 

Aidp3Aidp3 cells at 30 and 60 min incubation is presently 
unknown. . 

Discussion n 
p-oxidationn of fatty acids in mammalian cells is dependent 
onn a complex enzymatic machinery that is divided over 
twoo cellular compartments: mitochondria and per-
oxisomes,, with the cytoplasm functioning as an inter-
mediatee between them. This complexity arises from the 
structurall  variety of different fatty acids encountered in 
naturee and in the cell and from the requirement for efficient 
communicationn and cross-regulation between mitochon-
driaa and peroxisomes. The presence of p-oxidation in two 
differentt organelles is reflected in the structural and 
enzymaticc differences of the enzymes involved. For 
instance,, the first oxidation step is catalysed by a dehydro-
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Fig.. 11. Accumulation of 2,4-dienoyl-CoA ester (C22:7) during 
P-oxidationn of docosahexaenoic acid (C22:6). TLC analysis of 
l4C-labelledd product derived from docosahexaenoic acid (C22:6) 
fj-oxidationn in wild-type (wt) and &idp3 cells. The products formed 
weree analysed after incubation for 0, 30 and 60 min with 
docosahexaenoicc acid (C22:6). Lane M corresponds to an incubation 
too which acyl-CoA oxidase was added to allow conversion of C22:6-
CoAA to C22:7-CoA. 

genasee (acyl-CoA dehydrogenase) in mitochondria and by 
ann oxidase (acyl-CoA oxidase) in peroxisomes. Moreover, 
inn mitochondria, most of the enzymes of the basic 
P-oxidationn machinery occur in multiple isoforms each 
withh their own substrate specificity towards particular 
chainn length or branching of the fatty acids (Matsuo and 
Strauss,, 1994). Recent studies have shown the existence 
off  a similar multiplicity in mammalian peroxisomes as 
exemplifiedd by the presence of different acyl-CoA oxidases 
(Reddyy and Mannaerts, 1994), different multifunctional 
enzymess (Novikov et al, 1994; Dienaide-Noubhani et al, 
1996;; Jiang et al, 1996; Leenders et al, 1996; Qin et al, 
1997)) and different thiolases (Seedorf et al, 1994). 

Althoughh the basic enzymatic steps of P-oxidation 
(dehydrogenation/oxidation,, hydration, a second dehydro-
genation,, A3-cis-A2-trans- enoyl-CoA isomerase and the 
thiolyticc cleavage) are sufficient for the oxidation of 
saturatedd fatty acids and monounsaturated fatty acids with 
thee double bond at the uneven position, an additional 
enzymee is required for mono- and polyunsaturated fatty 
acidss with the double bond at the even position to prepare 
themm for P-oxidation: NADPH-dependent 2,4-dienoyl-
CoAA reductase (Figure 1). This enzyme was found in 
mammaliann mitochondria and in peroxisomes of fungi 
(Kunauu <?taf. 1988). 

Wee recently demonstrated that peroxisomes in vivo are 
impermeablee to NAD(H) and other small molecules and 
wee were intrigued by the NADPH dependence of 2,4-
dienoyl-CoAA reductase activity. How is NADPH required 
forr polyunsaturated fatty acid oxidation regenerated in 
thesee peroxisomes? To avoid the staggering complexity 
off  isoenzymes involved in fatty acid P-oxidation in mam-
maliann cells, we selected S.cerevisiae as a simple eukaryote 
modell  to analyse this question in further detail. Here we 
hadd to deal with only a single compartment, the 
peroxisome,, in which P-oxidation takes place and the 
existencee of yeast peroxisomal isoenzymes is thus far 
undocumented. . 

Wee extended the observations of Dommes et al. (1983) 
andd confirmed the presence of NADPH-dependent 2,4-
dienoyl-CoAA reductase in peroxisomes of S.cerevisiae 
usingg subcellular fractionation experiments. A search with 
thee amino acid sequence of 2,4-dienoyl-CoA reductase of 

E.coliE.coli in the yeast protein database revealed a homologous 
readingg frame YNL202w, a spoiulation-specific protein 
withh similarity to human mitochondrial 2,4-dienoyl-CoA 
reductase.. Furthermore, the predicted amino acid sequence 
revealedrevealed the presence of a C-terminal peroxisomal target-
ingg signal, SKL (PTS1). The 5' preceding DNA sequence 
containedd an upstream activation sequence (UAS) with 
similarityy to OREs, found in many genes coding for 
peroxisomall  matrix proteins (Einerhand et al. 1993). In 
addition,, we found that this enzyme contains a typical 
PTS11 matrix import signal that is dependent on the PTS1 
receptorr (Pex5p) for its import into peroxisomes and is 
inducedd on oleate (Kal, 1997). Growth on a polyunsatur-
atedd fatty acid like docosahexaenoic acid requires stoichio-
metricc amounts of NADPH for its preparation for 
P-oxidationn (Figure 1). NADPH for reductive processes 
iss generated in the cytosol, in for instance the pentose 
phosphatee pathway, and, since a direct transfer of reducing 
equivalentss from NADH to NADP, as can take place via 
thee transhydrogenase reaction in mitochondria (Rydstrom 
etet al., 1971), is not known for peroxisomes, we considered 
itt likely that cytosolic NADPH is the primary source of 
reducingg power for intraperoxisomal NADPH-dependent 
2,4-dienoyl-CoAA reductase. The impermeability of the 
peroxisomall  membrane towards pyrimidine nucleotides 
impliess the existence of a transport shuttle similar to 
thee glycerol-3-phosphate and malate-aspartate shuttles 
responsiblee for transfer of reducing equivalents across the 
mitochondriall  inner membrane (Elgersma and Tabak, 
1996). . 

Recently,, NADP-dependent isocitrate dehydrogenase 
wass found in peroxisomes of the rc-alkane-utilizing yeast 
C.tropicalisC.tropicalis (Yamamoto et al, 1995). This attracted our 
attentionn to the possible existence of an NADP-dependent 
isocitratee dehydrogenase shuttle to regenerate intra-
peroxisomall  NADPH consumed during oxidation of poly-
unsaturatedd fatty acids. Indeed, when we searched the 
S.cerevisiaeS.cerevisiae genome database, we found a gene encoding 
aa third NADP-dependent isocitrate dehydrogenase iso-
enzymee in addition to the IDP1 and 1DP2 genes coding 
forr mitochondrial and cytoplasmic NADPH-dependent 
isocitratee dehydrogenase, respectively. The IDP3 gene is 
precededd by an ORE, a UAS observed in many genes 
codingg for peroxisomal matrix enzymes, and is highly 
expressedd in a Pip2p transcription factor-dependent manner 
onn oleate. The C-terminal part of the encoded protein is 
longerr than that of the other isoenzymes, and the last 
threee amino acids comprise a putative PTS1 according 
too the PTS1 consensus motif derived for S.cerevisiae 
(Elgersmaa et al, 1996). Using cell fractionation studies 
andd immunoelectron microscopy, we showed that Idp3p 
iss a peroxisomal matrix enzyme that is dependent on the 
PTS11 receptor (Pex5p) for its import into peroxisomes. 
Disruptionn of the IDP3 gene was associated with an 
almostt complete block in growth on media containing 
arachidonic,, linoleic and petroselinic acid as sole carbon 
source,, due to the deficient oxidation of these fatty acids. 
Growthh on oleate and oleate oxidation in cell-free extracts, 
however,, was normal in Aidp3 cells, suggesting that the 
blockk in oxidation of arachidonic, linoleic and petroselinic 
acidd is related directly to the position of the double bond 
att the even position in these fatty acids and not to the 
oxidationn process per se. Indeed in cell lysates, in which 
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Fig.. 12. Model for reduction of intraperoxisomal NADP. Our results 
doo not rule out that metabolites other than 2-oxoglutarate or isocitrate 
aree shuttled between peroxisome and cytosol. 

thee membrane barriers were disrupted by detergent and 
enzymaticc reduction of NADPH is not required since 
NADPHH is one of the components of the reaction medium, 
oxidationn of docosahexaenoic acid was found to proceed 
normally.. In intact cells, however, p-oxidation of docosa-
hexaenoicc acid was deficient. 

Thesee results support the existence of an isocitrate-2-
oxoglutaratee redox shuttle (Figure 12) to interconnect the 
cytosolicc and peroxisomal pools of NADPH, and provide 
additionall  evidence for the impermeability of the peroxi-
somall  membrane towards small molecules (Van Roermund 
etai,etai, 1995). Interestingly, a similarisocitrate-2-oxoglutar-
atee redox shuttle was shown to exist linking the mitochon-
driall  and cytoplasmic pools of NADPH in rat liver (Papa, 
1969;; Hoek et al, 1974). Thus, all three NADP-dependent 
isocitratee dehydrogenases are involved in a similar process 
off  shuttling reducing equivalents between NADPs of 
differentt subcellular compartments. 

Material ss  and method s 

YeastYeast  strains  and culture  conditions 
Thee wild-type yeast strain used in this study was S.cerevisiae BJ 
19911991 (MATa, Ieu2, trpl, ura3-52, prbl-1122, pep4-3. gal2). The 6pex5, 
Apex6Apex6 and Apex7 mutants used were isolated by Van der Leij et al. 
(1992)) and Voorn-Brouwer et al. (1993). Yeast transformants were 
selectedd and grown on minimal medium containing 0.67% yeast nitrogen 
basee without amino acids (YNB-WO) (Difco), 0.3% glucose or 2% 
glucosee and amino acids (20-30 ug/ml) as required. The liquid media used 
forr growing cells for nucleic acid isolation, growth curves, subcellular 
fractionation,, (J-oxidation assays, immunogold electron microscopy and 
enzymee assays contained 0.5% potassium phosphate buffer pH 6.0, 0.3% 
yeastt extract, 0.5% peptone, and either 2% glucose, 3% glycerol, 2% 
K-acetate,, 0.1% oleate/0.2% Tween-40, 0.1% petroselinic/0.2% Tween-
400 or 0.1% linolenic acid/0.2% Tween-40 with amino acids as needed. 
Beforee shifting to these media, the cells were grown on minimal 0.3% 
glucosee medium for at least 24 h. 

Oleic,, linoleic, arachidonic and petroselinic acid plates contained 
0.67%% yeast nitrogen base without amino acids (YNB-WO) (Difco), 
0.1%% yeast extracts, 2% agar, amino acids as needed, and 0.1% fatty 
acid/0.25%% Tween-40. 

CloningCloning  procedures 
Standardd DNA techniques were carried out as described by Sambrook 
etet at. (1989). The yeast IDP3 gene was amplified using two primers 
correspondingg to specific regions of non-homology with IDP1 or IDP2, 
regionss outside both sides of the open reading frame (ORF). The yeast 
IDP3IDP3 gene was amplified from genomic DNA using the 5' 1DP3 (-633) 
primerr (5'-GTGCTGCAAAAGAATGTG-3') and the 3' IDP3 (2012) 
t+BamHlt+BamHl site) primer (5'-TTTGGATCCAGAGTGATCTCAGAAGCC-
3').. The resulting 2.6 kb fragment was digested with EcoRl and BamHl 
andd was subcloned in pUC19. The whole ORF was deleted by replacing 
thee Pstl-Xbal fragment (containing 1263 bp of the IDP3 ORF) by the 

LEU2LEU2 gene. Leu+ transformants were selected for integration in the 
IDP3IDP3 gene by PCR analysis. 

Forr all expression constructs described, the single-copy or multicopy 
catalasee A (CTAI) promoter expression plasmids based upon YcPlac33 
andd YcPlacl81 were used, as described by Gietz and Sugino (1988) and 
Elgersmaa et al. (1995). For the in-frame fusion of the IDP2 and IDP3 
geness with the NH epitope, a BamHl restriction site was introduced in 
frontt of both ORFs. PCR was performed under standard conditions using 
thee fiümHI IDP2 primer (5'-TTTGGATCCATGACAAAGATTAA-
GGTA-3')) and the IDP2 (1884) primer for the IDP2 gene, and a PCR 
wass performed under normal conditions using the BamHl IDP3 primer 
(5'-TTTGGATCCATGAGTAAAATTAAAGTTGTTC-3')) and the 
yiDP3yiDP3 (2012) primer. The BamHl-Pstl IDP2 and the BamHl-Xbal 
1DP31DP3 PCR fragments were introduced in a single and multicopy CTAI 
expressionn plasmid containing the NH tag, resulting in an ORF encoding 
NH-taggedd Idp2p and the NH-tagged Idp3p. All single and multicopy 
plasmidss described contained the URA3 gene as an auxotrophic marker. 

Thee IDP2 promotor was amplified by PCR using genomic DNA from 
BJ19911 with primers (-597) (5'-GGATCAACTCTTCATCGC-3') and 
IDP2IDP2 (+19) (5'-ATTTCCACCATGGGGTTAGC-3'). The PCR fragment 
wass digested with HinólU and Ncol. The luciferase ORF was isolated 
fromm pDRlOl with Ncol and BamHl. Both fragments were ligated 
simultaneouslyy into Hindi 11-BamHl -digested YCPlac33, resulting in 
pAK87.. The IDP3 promotor was amplified by PCR using genomic DNA 
fromm BJ1991 with primers IDP3 (-633) (5'-GTGCTGCAAAA-
GAATGTG-3')) and IDP3 (+19) (5'-CCATTTCCACCATGGGATG-
AAC-3').. The PCR fragment was digested with EcoRl and Ncol. The 
luciferasee ORF was isolated from pDRlOl with Ncol and BamHl. 
Bothh fragments were ligated simultaneously into £coRI-flamHl-digested 
YCPlac33,, resulting in pAK88. 

SubcellularSubcellular  fractionation  and Nycodenz  gradients 
Subcellularr fractionations were performed as described by Van der Leij 
etet al. (1992). Organellar pellets were used for continuous 15-35% 
Nycodenzz gradients (10 ml), with a cushion of 1.5 ml of 50% Nycodenz 
dissolvedd in 5 mM MES, pH 6.0, 1 mM EDTA, 1 mM KC1 and 8.5% 
sucrose.. The sealed tubes were centrifuged for 2.5 h in a vertical rotor 
(MSEE 8X35) at 19 000 r.p.m. at 4°C. 

PreparationPreparation  of  extracts  and TCA lysates 
Cellss were harvested, washed twice in water and extracts were prepared 
byy breaking with glass beads in a buffer containing 200 mM Tris-HCl 
(pHH 8.0), 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 
11 mM dithiothreitol (DTT) and 10% glycerol (v/v). Cell debris was 
removedd by centrifigation for 30 min at 13 000 r.p.m. in an Eppendorf 
centrifuge. . 

Off  the fractions from the subcellular fractionation or Nycodenz 
gradient,, 100 p.1 was collected in a 2 ml Eppendorf tube together with 
9000 U-I of 11% trichloroacetic acid (TCA). After being left overnight, 
sampless were centrifuged for 15 min at 12 000 r.p.m. at 4°C. The pellet 
obtainedd was resuspended in Laemmli sample buffer for 
SDS-PAGEE analysis. 

WesternWestern  blotting 
Proteinss were separated on 12% SDS-polyacry 1 amide gels and transferred 
too a nitrocellulose filter in transfer buffer (25 mM Tris. 192 mM glycine, 
20%% methanol). The blots were blocked by incubation in phosphate-
bufferedd saline (PBS) with 1% bovine serum albumin (BSA). The same 
bufferr was used for incubation with the primary antibodies and with 
IgG-coupledd alkaline phophatase. The blots were stained in AP buffer 
[1000 mM Tris-HCl (pH 9.5), 100 mM NaCI, 5 mM MgCl2] with 
BCIPP and NBT following the manufacturer's instructions (Boehringer 
Mannheim). . 

ElectronElectron  microscopy 
Oleate-inducedd cells were fixed with 2% paraformaldehyde and 0.5% 
glutaraldehyde.. Ultra-thin sections were prepared as described by Gould 
etet al. (1990). 

NHNH epitope  tagging  and antibodies 
Thee synthetic NH epitope tag CQDLPGNDNST (corresponding to the 
NH2-terminuss of the mature haemagglutinin protein) was conjugated to 
keyholee limpet haemocyanin by means of maleimide bis /V-hydroxy-
succinimidee and used for antibody production in rabbits. For epitope 
tagging,, an oligonucleotide adaptor encoding the NH epitope was ligated 
inn the Sacl-BamHl site of me CTAI expression plasmids (Elgersma 
etai,etai, 19%). 
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P-oxidationP-oxidation  measurement s 
pVoxidationn assays in intact cells were done essentially as described by 
Vann Roermund et al. (1995) with the following modifications. Incubations 
weree performed at 28°C and substrates were solubilized in 1 mg/ml 
a-cyclodextrine,, 10 mM Tri s (pH 8.0). The substrates used were 
[l- 14C]oleicc acid and [l- l4C]docosahexaenoic acid. 

Fattyy acid p-oxidation activities were also measured in cell-free lysates 
preparedd by lysing protoplasts or  in an organellar  pellet fraction in an 
assayy medium containing the following components: ISO mM Tri s 
(pHH 8.5). 10 mM ATP, 10 mM MgCl 2,50 nM FAD, 0.5 mM NAD, 0.5 mM 
NADPH.. 0.5 mM CoA, 0.5 U/ml acyl-CoA synthetase (Boehringer 
Mannheim)) and 10 \iM  [l- 14C]docosahexaenoic acid. Reactions were 
followedd over  time. 

IdentificationIdentification  of  2,4-dienoyl-CoA  intermediates 
Inn order  to identify which acyl-CoA ester  is accumulating in Aidp3 
mutantt  cells, oleate-induced cells were incubated with 2.5 |ÏM 
[l- 14C]docosahexaenoicc acid as described above, for  30 and 60 min. 
Reactionss were terminated by the addition of 50 (Ü of 2.6 M perchloric 
acid.. In order  to hydrolyse all CoA esters, 100 p.] of 2 M NaOH was 
addedd to the mixtur e and incubations were allowed to proceed for  at 
leastt  15 min at 50°C. This was followed by addition of ~150 |il of 
0.55 M H 2S04, and 75 p-1 of sodium acetate buffer. If required, the pH 
wass adjusted to 4.0. Fatty acids were then extracted with methanol/ 
chloroform/heptanee as described by Van Roermund et al (1995). The 
lowerr  layer  was collected, and dried under  nitrogen. The residue was 
takenn up in acetone, and analysed by thin-layer  chromatography as 
describedd by Bremer and Wojtczak (1972), with the exception that 
benzenee was substituted for  toluene. After  1 h, the plate was dried and 
exposedd for  4 days on a phosphorimager. 

Thee standard radioactively labelled [1-I4C](2,4,7,10,13,16,19) docosa-
heptaenoicc acid (C22:7) was synthesized as described below. 

EnzymeEnzyme  assays 
3-hydroxyacyl-CoAA dehydrogenase activities were measured on a Cobas-
Faraa centrifugal analyser  by following the acetoacetyl-CoA-dependent 
ratee of NADH consumption at 340 nm (Wanders et al, 1990). NADP-
dependentt  isocitrate dehydrogenase was measured on a Cobas-Fara 
centrifugall  analyser  by the method described by Loftu s et al, (1994). 
Succinatee dehydrogenase was measured according to the method of 
Munujo ss et al. (1993). 2,4-dienoyl-CoA reductase was measured by the 
methodd described by Nada et al. (1992). The substrate (2,4,7,10,13,16,19) 
docosaheptaenoyl-CoAA was synthesized enzymatically from docosa-
hexaenoicc acid using acylCoA-synthetase (Boehringer) to synthesize the 
CoA-esterr  and acyl-CoA oxidase to generate die trans 2,3-double bond. 
Incubationn conditions were as follows: 10 mM ATP, 10 mM MgCI 2 and 
0.55 mM CoA and 0.2 M phosphate buffer  pH 8.0. Luciferase activity 
wass measured as described by Einerhand et al. (1993). Catalase A 
activityy was measured as described by Lucke et al. (1963). Protein 
concentrationn was determined by the bicinchoninic acid method 
(Smith,, 1985). 
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Inn Saccharomyces cerevisiae, p-oxidation of fatty acids 
iss confined to peroxisomes. The acetyl-CoA produced 
hass to be transported from the peroxisomes via the 
cytoplasmm to the mitochondrial matri x in order  to be 
degradedd to C02 and H 20. Two pathways for  the 
transportt  of acetyl-CoA to the mitochondria have been 
proposed.. The first  involves peroxisomal conversion of 
acetyl-CoAA into glyoxylate cycle intermediates followed 
byy transport of these intermediates to the mitochondria. 
Thee second pathway involves peroxisomal conversion of 
acetyl-CoAA into acetylcarnitine, which is subsequently 
transportedd to the mitochondria. Using a selective 
screen,, we have isolated several mutants that are 
specificallyy affected in the second pathway, the carnit-
ine-dependentt  acetyl-CoA transport from the peroxi-
somess to the mitochondria, and assigned these CDAT 
mutantss to three different complementation groups. 
Thee corresponding genes were identified using func-
tionall  complementation of the mutants with a genomic 
DNAA library . In addition to the previously reported 
carnitin ee acetyl-CoA transferase (CAT2), we identified 
thee genes for  the yeast orthologue of the human 
mitochondriall  carnitin e acylcarnitine translocase 
(YOR100C(YOR100C or  CAQ and for  a transport protein (AGP2) 
requiredd for  carnitine transport across the plasma 
membrane. . 
Keywords:Keywords: acetyl-CoA/p-oxidation/carrutine/fatty acids/ 
peroxisomes s 

Introductio n n 

Thee P-oxidation of fatty acids in mammalian cells takes 
placee in both mitochondria and peroxisomes. Long-chain 
fattyy acids are oxidized primarily in mitochondria whereas 
very-long-chainn fatty acids and certain branched-chain 
fattyy acids are handled primarily by peroxisomes (Schulz, 
1991;; Seedorf et al., 1994; Dieuaide-Noubhani et al, 
1996;; Leenders et al., 1996; Jiang et al., 1997; Wanders 
etet al., 1997). The importance of peroxisomal fatty acid p-
oxidationn is emphasized by the existence of inherited 
diseasess in man (e.g. X-linked adrenoleukodystrophy) that 
aree caused by an impairment in peroxisomal p-oxidation 
(Wanderss et al, 1995). 

Itt is generally accepted that mammalian fatty acid p-
oxidationn in peroxisomes is incomplete and only involves 
chainn shortening of fatty acids to produce acetyl-CoA and/ 
orr propionyl-CoA plus medium-chain acyl-CoAs. These 
aree then transported to the mitochondria as carnitine esters, 
wheree they are further oxidized to C02 and H20 (Bieber, 
1988;; Osmundsen et al, 1991; Reddy and Mannnaerts, 
1994)) as shown convincingly for pristanic acid (Verhoeven 
etet al, 1998). 

Inn contrast to mammals, degradation of fatty acids in 
yeastt takes place exclusively in peroxisomes (Kunau et al., 
1995).. The acetyl-CoA produced has to be transported 
fromm the peroxisomes to the mitochondria for complete 
oxidationn to C02 and H20. Two pathways for the transport 
off  acetyl units have been identified (van Roermund et al., 
1995).. In the first, acetyl-CoA enters the peroxisomal 
glyoxylatee cycle to produce succinate, which is sub-
sequentlyy transported to the mitochondria, probably via 
thee putative dicarboxylate carrier, Acrlp (Palmieri et al, 
1997).. The second pathway involves the intraperoxisomal 
conversionn of acetyl-CoA into acetylcarnitine, which is 
catalysedd by carnitine acetyltransferase (Cat2p). The per-
oxisomall  and mitochondrial Cat2p of Saccharomyces 
cerevisiaecerevisiae are encoded by a single gene CAT2 (Elgersma 
etet al, 1995) and are responsible for >95% of the total 
carnitinee acetyltransferase activity in oleate-grown yeast 
cellss (Kispal et al, 1993). The existence of two pathways 
forr the transport of acetyl units from peroxisomes to 
mitochondria,, which are acting in parallel, became clear 
withh the finding that disruption of either the CIT2 gene, 
encodingg the peroxisomal glyoxylate cycle enzyme citrate 
synthasee (Cit2p), or the CAT2 gene did not affect growth 
off  yeast on oleate, whereas a mutant with both genes 
disruptedd (Acit2/cat2) failed to grow on oleate, due to 
thee inability to oxidize this fatty acid (van Roermund 
etet al, 1995). 

Basedd on these findings, we developed a selective 
screenn for the isolation of mutants that are specifically 
defectivee in the carnitine-dependent acetyl-unit transport 
fromm peroxisomes to mitochondria (CDAT mutants). In 
thiss paper we report the isolation and characterization of 
variouss mutants, which could be assigned to three distinct 
complementationn groups. The gene mutated in the first 
complementationn group is the CAT2 gene, which codes 
forr both the peroxisomal and mitochondrial Cat2p proteins. 
Thee genes affected in the remaining two complementation 
groupss were identified by functional complementation of 
thee mutants. In complementation group 2, a previously 
uncharacterizedd gene was mutated, known as YORlOOc. 
Thiss gene encodes a member of the mitochondrial carrier 
family,, which appears to be the orthologue of the human 
mitochondriall  carnitine acylcarnitine translocase. In 
complementationn group 3 the AGP2 gene was mutated. 
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Fig.. 1. Schematic representation of the two pathways for the transport of acetyl units from peroxisomes to mitochondria in S.cerevisiae. Pathway 1, 
thee glyoxylate cycle; pathway 2, the carnitine-dependent acetyl-CoA transport. 

Althoughh previously reported to be a general amino acid 
permease,, we provide evidence that Agp2p is required for 
thee uptake of L-carnitine from the medium into the 
yeastt cell. 

Result s s 

IsolationIsolation  of  CDAT mutants  defective  in  the 
carnitine-dependentcarnitine-dependent  transport  of  acetyl-CoA  from 
peroxisomesperoxisomes  to mitochondria 
Oxidationn of straight-chain fatty acids in yeast is confined 
too peroxisomes and generates acetyl-CoA as the end 
product.. Our previous studies have shown that transport 
off  acetyl-CoA from peroxisomes to mitochondria may 
proceedd via two independent pathways (Figure 1) namely, 
thee glyoxylate cycle (pathway 1) or the carnitine-dependent 
pathwayy (pathway 2). Fatty acid oxidation and growth 
onn oleate, which requires p-oxidation, were completely 
normall  if either of the two pathways were blocked. 
However,, mutants in which both pathways were blocked 
showedd deficient fatty acid oxidation and impaired growth 
onn oleate, indicating that the two pathways function 
inn parallel. 

Inn order to identify the components required for the 
carnitine-dependentt acetyl-CoA transport from peroxi-
somess to mitochondria, we first deleted the gene coding 
forr Cit2p, the peroxisomal citrate synthase, thereby 
blockingg the glyoxylate cycle. The resulting Ari(2 mutant, 
whichh was still able to grow on oleate (Figure 1), was 
subsequentlyy mutagenized by ethyl methyl sulfonate 
(EMS)) treatment followed by the isolation of mutants that 
noo longer grew on oleate (see Materials and methods). 
Inn principle, these mutants could be affected either in 
peroxisomee biogenesis (pex mutants; Distel et al., 1996) 
orr fatty acid P-oxidation. 

Inn order to distinguish between these two possibilities, 
aa construct expressing green fluorescent protein (GFP) 
withh the C-terminal peroxisomal targeting signal PTS1 
wass transformed into the Acit2 cells prior to mutagenesis. 

Off  the 99 mutants deficient for oleate growth, 21 
appearedd to have GFP-PTS1 mislocalized to the cyto-

Tablee I. Complementation 

CDATT mutants 

CDAT-1 CDAT-1 
CDAT-2 CDAT-2 
CDAT-3 CDAT-3 
CDAT-4 CDAT-4 
CDAT-5 CDAT-5 
CDAT-6 CDAT-6 
CDAT-7 CDAT-7 
CDAT-8 CDAT-8 
CDAT-9 CDAT-9 
CDAT-10 CDAT-10 
Acit2/cat2 Acit2/cat2 
Acit2/cac Acit2/cac 
Acit2/agp2 Acit2/agp2 
Wild-type e 

CIT2 2 

++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 
++ + 

analysiss of CDAT mutants 

CAT2 2 

_ _ 
++ + 

--
++ + 

--
--
--
++ + 

--
++ + 
++ + 

--
--
++ + 

YOR100C C 

++ + 

--
--
--
++ + 

--
++ + 

--
++ + 

--
--
++ + 

--
++ + 

AGP2 2 

_ _ 
--
++ + 

--
--
++ + 

--
--
--
--
--
--
++ + 
++ + 

CDATT mutants transformed with the genes coding for citrate synthase 
(C/72),, carnitine acetyltransferase {CAT2), carnitine acylcarnitine 
translocasee (YOR100C) or the amino acid permease (AGP2) were able 
(( + ) or unable (—) to grow on oleate-containing plates. As positive and 
negativee controls wild-type cells and Acit2/cat2, Acit2/cac and Ad/2/ 
agp2agp2 deletion mutants were used. 

plasm.. Since this is the expected phenotype for pex 
mutants,mutants, these mutants were excluded from further 
analysis. . 

Too distinguish between mutants affected in P-oxidation 
andd in carnitine-dependent transport, we transformed the 
remainingg 78 mutants with the C1T2 gene. Ten mutants 
regainedd the ability to grow on oleate plates, which made 
themm candidates for mutants with a specific defect in 
thee carnitine-dependent transport of acetyl-CoA from 
peroxisomess to mitochondria (Table I). This was also 
supportedd by the observation that these 10 mutants dis-
playedd impaired P-oxidation activities when measured in 
intactt cells, whereas P-oxidation was normal in lysates 
(nott shown). 

CharacterizationCharacterization  of  the CDAT mutants 
CarnitineCarnitine acetyltransferase (CAT2). Earlier  studies have 
establishedd that Cat2p, which is located both in peroxi-
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somess and mitochondria (Elgersma et al., 1995), is 
involvedd in the transport of acetyl-CoA from the peroxi-
somall  matrix to mitochondria. It was therefore anticipated 
thatt some of the CDAT mutants would be mutated in 
thee CAT2 gene. In order to identify these mutants, we 
transformedd the 10 CDAT mutants with the wild-type 
CAT2CAT2 gene (Table I) and found restoration of growth on 
oleatee in four mutant strains (CDAT-2, -4, -8 and -10). 

CloningCloning ofYORWOC. The genes affected in the remaining 
sixx mutants were identified by functional complementation, 
i.e.. restoration of growth on oleate following transforma-
tionn with a genomic DNA library. Four mutant strains 
(CDAT-1,(CDAT-1, -5, -7 and -9) appeared to be affected in 
YOR100C,YOR100C, which has previously been reported to code 
forr an oleate-inducible mitochondrial protein (Karpichev 
andd Small, 1998). This gene was identified in the yeast 
genomee sequencing project and predicted to encode a 
proteinn with six transmembrane segments and with strong 
sequencee homology to members of the mitochondrial 
carrierr family. Highest homology was observed with the 
genee products of the Drosophila DMCOLT 2 (Y12495) 
genee (36%) and the Caenorhabditis elegans DIF1 gene 
(36%),, and with the human mitochondrial carnitine acyl-
camitinee translocase described by Indiveri et al. (1997) 
(CACT;; 34%). The structural relationship between Hs-
CACTT and the gene product of YOR100C is also clear 
fromm the similarities in their hydrophobicity profiles (data 
nott shown), suggesting that we identified the yeast 
orthologuee of the human mitochondrial carnitine acylcarni-
tinee translocase. To verify that all four mutants were 
affectedd in YOR100C, we sequenced the YOR100C open 
readingg frames (ORFs) amplified by PCR from the 
mutants,, and found distinct mutations (results not shown). 

Inspectionn of the 5'-region of YORI00C revealed the 
presencee of a putative oleate response element (ORE). 
Thesee OREs are found in a number of oleate-inducible 
yeastt genes including the genes coding for P-oxidation 
enzymes,, indicating that the protein product of YORWOC 
playss a role in fatty acid P-oxidation. 

LocalizationLocalization  and characterization  of  YorWOcp 
Too study the subcellular localization of YorlOOcp in 
oleate-grownn cells, we epitope-tagged the protein at its 
N-terminuss with the NH-tag (see Materials and methods). 
Thiss construct was able to complement the Acit2/yorl00c 
mutantt indicating that the NH-tag does not interfere with 
thee protein's function. After subcellular fractionation of 
thee oleate-grown transformant, we found NH-Yorl00cp 
too be present exclusively in the organellar pellet 
(Figuree 2A). To separate the peroxisomes from the mito-
chondria,, the organellar pellet was further fractionated by 
Nycodenzz density gradient centrifugation. Immunoblot 
analysiss of the gradient fractions using the NH-antibodies 
revealedrevealed that NH-YorlOOcp co-localized with the mito-
chondriall  marker indicating a localization in mitochondria 
(Figuree 2B). This was confirmed by immunoelectron 
microscopyy of oleate-induced cells expressing the NH-
YorlOOcpp from a single copy plasmid. Figure 2C and D 
showss exclusive labelling of the mitochondrial inner 
membranee (cristae). This result indicates that the product 
off  the YORWOC gene is a mitochondrial inner mem-
branee protein. 
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Fig.. 2. Identification of YorlOOcp as a mitochondrial inner membrane 
proteinn in S.cerevisiae. (A) Biochemical fractionation of wild-type 
cellss expressing NH-Yorl00cp. Oleate-grown cells were fractionated 
byy differential centrifugation of a homogenate (H) into a 17 000 g 
pellett (P) and supernatant (S). (B) The 17 000 g pellet (P) was further 
fractionatedd by Nycodenz equilibrium density gradient centrifugation 
(fractionss 1-13). NH-YorlOOcp was detected by immunoblot analysis. 
Mitochondriall  and peroxisomal matrix markers are fumarase (FUM) 
andd 3-hydroxyacyl-CoA dehydrogenase (3HAD), respectively. 
Fractionn 1 is at the bottom of the gradient. (C) Immunogold electron 
micrographh showing association of NH-YorlOOcp with the 
mitochondria.. (D) Detail of immunogold electron micrograph showing 
associationn of NH-YorlOOcp with the mitochondrial membrane 
(cristae).. Cells were labelled with 10 nm gold particles. Scale bar, 
0.22 urn. Abbreviations: m. mitochondrion; p, peroxisome; n. nucleus. 

Inn order to investigate the function of YorlOOcp, we 
disruptedd the YOR100C gene in wild-type cells and in the 
Acit2Acit2 mutant, by replacing YORWOC with the KAN gene 
(seee Materials and methods). The resulting deletion mutant 
greww normally on glucose and glycerol. In contrast to the 
deletionn mutants created from the wild-type strain, which 
greww normally, growth of Acit2/yorI00c cells on oleate 
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Fig.. 3. B-oxidation of oleate is reduced in Acit2-yorl00c cells. 
Wild-typee and mutant cells grown on oleate were incubated with 
[l-14C]oleatee and B-oxidation was measured (see Materials and 
methods).. The B-oxidation rates in wild-type cells were taken as 
referencee (100%) and are expressed as the sum of [1-I4C]C02 and 
water-solublee B-oxidation products produced. 

wass strongly impaired. To establish whether YorlOOcp 
functionss as the yeast carnitine acylcarnitine translocase 
ass predicted from its similarity to the human protein, we 
studiedd the oxidation of l-14C-labelled oleate in wild-type 
cellss and deletion mutants. As shown in Figure 3, oxidation 
off  [l-14C]oleate was strongly impaired only in the Acit2-
yorlOOcyorlOOc mutant but was normall  in the other mutant strains. 
Thee ability to (3-oxidize fatty acids could be restored by 
transformationn with either the YOR100C or the CIT2 gene, 
indicatingg that the P-oxidation defect of Acit2/yorl00c 
cellss on oleate is reversible. 

Iff  the block in p-oxidation of oleate in Acit2/yorl00c 
mutantss is indeed caused by a defect in the transport of 
acetyl-CoA,, or better still acetylcamitine (Figure 1), from 
thee peroxisomes to mitochondria as a result of the absence 
off  the gene products of YOR100C and CIT2, this would 
bee reflected in a defective import of acetylcamitine into 
thee mitochondria. This was tested by incubation of sphero-
plastss prepared from oleate-grown wild-type, AyorlOOc, 
Acit2Acit2 and Acit2-yorl00c cells for 10 min with [l- l4C]ace-
tylcarnitinee in the presence of low concentrations of 
digitonin.. As shown in Figure 4A, the oxidation of [1-
l4C]acetylcarnitinee to [1-14C]C02 was strongly impaired 
inn the AyorlOOc and Acit2/yorl00c mutants, whereas 
oxidationn was normal in wild-type and Acit2 cells. Oxida-
tionn was again normal in Acit2/yorl00c or AyorlOOc cells 
thatt were transformed with the YOR100C gene. 

Figuree 4B shows the carnitine acetylcamitine trans-
locasee activities measured in wild-type cells grown on 
glucose,, glycerol and oleate. The results show that the 
activityy was repressed by glucose, derepressed by glycerol 
andd induced by oleate, which illustrates that expression 
off  YOR100C is similar to that of the p-oxidation enzymes 
suchh as 3-hydroxyacyl-CoA dehydrogenase (3HAD), as 
alreadyy predicted from the presence of the ORE box in 
thee YOR100C promoter. 

Takenn together, our experiments show that the gene 
productt of YOR100C is a member of the mitochondrial 
carrierr family, which is induced on oleate, involved in the 
transportt of acetyl-CoA from peroxisomes to mitochondria 
andd functions as a carnitine acylcarnitine translocase in 
thee mitochondrial inner membrane of S.cerevisiae. 
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Fig.. 4. (A) Carnitine acylcarnitine translocase activity is reduced in 
Acit2-yorl00cAcit2-yorl00c and AyorlOOc cells. Wild-type cells and mutant cells 
grownn on oleate were incubated with [1-I4C] acetylcamitine and the 
carnitinee acylcarnitine translocase activity was measured by 
quantificationn of the amount of [1-,4C]C02 produced (see Materials 
andd methods). Rates are expressed relative to the rate in wild-type 
cells.. (B) Carnitine acylcarnitine translocase activity is induced by 
oleate.. Wild-type cells grown on glucose, glycerol and oleate were 
incubatedd with [l- l4C]acetylcarnitine for 10 min and carnitine 
acylcarnitinee translocase activity was measured. The rates in oleate-
grownn cells were taken as reference (100%). 

CloningCloning  of  the AGP2 gene,  encoding  a member  of 
thethe  amino  acid  permease  family 
Functionall  complementation of the remaining two mutant 
strainss (CDAT-3 and CDAT-6) identified the YBR132C 
ORFF as the affected gene (Table I). YBR132C is identical 
too the previously reported AGP2 (Andre, 1995), a gene 
thatt codes for a 596 amino acid protein with 12 potential 
transmembranee domains and which belongs to the family 
off  amino acid permeases. Proteins belonging to this family 
aree assumed to function as plasma membrane proton-
symporters.. Inspection of the 5'-region of the AGP2 gene 
revealedrevealed the presence of a putative ORE (Karpichev and 
Small,, 1998). 

LocalizationLocalization  and characterization  of  Agp2p 
Too verify that Agp2p is required for oleate growth, we 
madee a gene deletion of AGP2 in wild-type and Acit2 cells. 
Growthh of the resulting deletion mutants was unaffected on 
richrich glucose, glycerol or oleate media, except for the 
Acit2/agp2Acit2/agp2 double mutant, which showed strongly 
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Fig.. 5. (A) Immunogold electron micrograph showing association of Agp2p-HA with the plasma membrane and ER membranes. (B) Detail of 
immunogoldd electron micrograph showing predominant association of Agp2p-HA with the plasma membrane, but not with peroxisomes and 
mitochondria.. Cells were labelled with 10 nm gold particles. Scale bar, 0.2 u.m. Abbreviations: m, mitochondrion; p, peroxisome; n, nucleus; 
pm,, plasma membrane. 

impairedd growth on oleate, the same phenotype as observed 
forr the original mutants. 

Too study the subcellular localization of the AGP2 
genee product, Agp2p, we introduced the HA-tag at the 
C-terminuss of the protein. This did not affect the function 
off  the protein as demonstrated by the fact that this construct 
functionallyy complemented the Acit2/agp2 double mutant. 
UsingUsing subcellular fractionation experiments, we studied 
thee localization of Agp2p-HA in cells grown overnight in 
richrich oleate medium. A total cellular extract was compared 
withh homogenates prepared from spheroplasts by gentle 
osmoticc lysis and fractionated by successive differential 
centrifugationn steps into a 2500 g pellet (PI), a 17 000 g 
pellett (P2), a 100000 g pellet (P3) and a supernatant 
fractionn (S). All fractions were analysed for the presence 
off  marker enzymes for various subcellular compartments, 
includingg mitochondria, peroxisomes, endoplasmic reticu-
lumm (ER) and plasma membrane. Agp2p-HA co-localized 
withh all fractions and thus behaved differently to one of 
thee marker enzymes (data not shown), suggesting that the 
proteinn has different locations inside the cell. This is in 
linee with the observations of Ljungdahl et al. (1992), who 
indicatedd that Agp2p is localized in the plasma membrane 
andd the ER. 

Too confirm the intracellular localization of Agp2p, we 
performedd immunoelectron microscopy of oleate-induced 
cellss expressing Agp2p-HA from a single copy plasmid. 
Figuree 5 shows prominent labelling of the plasma mem-
branee in addition to labelling of ER membranes and 
vacuoless in oleate-induced yeast cells. 

Agp2pAgp2p  functions  as a carnitine  transporter 
Inn order to investigate the role of Agp2p in the carnitine-
dependentt acetyl-CoA transport from peroxisomes to mito-
chondria,, we measured the total intracellular carnitine 
levelss in Aagp2 and Acit2/agp2 cells (Figure 6) and found 
aa profound decrease. Based on the prediction that Agp2p 
functionss as a transporter in the plasma membrane, this 
observationn strongly suggested that Agp2p is required for 
thee uptake of carnitine from the medium. This would 
implyy that the wild-type S.cerevisiae strain used for this 
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Fig.. 6. Total intracellular carnitine levels are decreased in Aagp2 cells. 
Thee intracellular carnitine levels were measured in wild-type and 
mutantt cells grown on oleate-containing medium (see Materials and 
methods). . 

studyy is not capable of synthesizing L-carnitine. Indeed, 
whenn we tested the Acit2 strain on minimal oleate medium, 
wee only observed growth after the addition of 20 u,M 
L-carnitinee (Figure 7B) but not in the absence of carnitine 
(Figuree 7A), indicating that this strain is not capable of 
dede novo carnitine synthesis. Growing these cells in the 
presencee of high concentrations of L-carnitine (Figure 7C) 
couldd compensate for the defect in oleate growth intro-
ducedd by the deletion of AGP2 in \cit2 cells. In agreement 
withh these results, incubating the cells with high concentra-
tionss of L-carnitine (Figure 7D) could also restore the 
impairedd oxidation of oleate in Acit2/agp2 cells. 

Too provide direct evidence for the function of Agp2p 
ass a carnitine transporter, we measured the uptake of L-
[l- l4C]carnitinee in wild-type and tSagp2 cells transformed 
withh or without AGP2. Uptake of L-[l- 14C]camitine was 
blockedd completely in &agp2 cells and increased signific-
antlyy after transformation with the AGP2 gene (Figure 8A). 
Incubationn of whole cells with 10 uM of the SH-reagent 
A/-ethylmaleimidee (NEM) led to a complete block of 
carnitinee uptake (Figure 8A). At these low concentrations, 
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Fig.. 7. (A-C) Growth of wild-type cells and mutant cells on minimal oleate medium containing no (A), 20 (XM (B) or 500 uM L-carnitine (C). The 
followingg symbols were used: ) wild-type cells, (+) &agp2 cells, (A) Acit2 cells, ) Acit2/agp2. (D) Oleate fi-oxidation is reduced in Acit2/agp2 
cells.. Wild-type and mutant cells grown on oleate were incubated with [1-I4CJ oleate without carnitine or with 20 U.M or 500 uM carnitine and 
(5-oxidationn were measured as described in Materials and methods. The fi-oxidation rates in wild-type cells were taken as reference (100%) and are 
expressedd as the sum of [1-,4C] CO? and water-soluble p-oxidation products produced. 

NEMM is practically membrane impermeable, which con-
firmsfirms that Agp2p is functionally active in the plasma 
membranee of S.cerevisiae. 

Thee uptake of L-[l- 14C]carnitine was particularly high 
inn cells at pH 5.0 (Figure 8B), which suggests that Agp2p 
functionss as a carnitine-H+ symporter. Carnitine uptake 
wass not sodium dependent since replacement of sodium 
withh potassium did not affect the uptake (Figure 8C). 

Thee concentration dependence of L-camitine transport 
wass examined to estimate the half-saturation concentration 
(ATm)) of Agp2p-mediated L-carnitine transport. The half-
saturationn concentration and the maximum transport activ-
ityy (Vmax) were estimated to be 5 (lM and 21.2 nmol/mg/ 
100 min, respectively (Figure 8D). 

Thee specificity of Agp2p-mediated L-carnitine transport 
wass examined in terms of the inhibitory effect on the 
initiall  uptake of L-[l- 14C]camitine. As is evident from 
Figuree 8C, structurally analogous compounds including 
D-carnitinee and acetylcarnitine reduced L-carnitine uptake 
att 10 |lM. Accordingly, the structural requirement of 
Agp2p-mediatedd L-carnitine transport is rather strict. 
Aminoo acids including lysine, serine, leucine and threonine 
didd not affect the uptake of L-carnitine. 

Figuree 8E shows the uptake of L-carnitine in wild-type 
cellss grown on glucose, glycerol and oleate. The results 
showw that L-carnitine uptake was repressed by glucose, 
derepressedd by glycerol and induced by oleate, which 
indicatess that the expression of Agp2p is similar to that 
off  (3-oxidation enzymes. Although this was also predicted 

fromm the presence of the ORE box in the AGP2 promoter, 
itt cannot be excluded at this point that the activity of 
Agp2pp is also regulated at the protein level. Taken together, 
thesee data indicate that L-carnitine uptake is functionally 
linkedd to fatty acid oxidation. 

Discussio n n 

Peroxisomess are the exclusive site of fatty acid p-oxidation 
inn S.cerevisiae. Since the peroxisomal membrane is imper-
meablee to small molecules, the question arises as to how 
thee acetyl-CoA produced in peroxisomes is transported to 
thee mitochondria for final oxidation to C02 and H20. Our 
earlierr studies (Elgersma et al., 1995; van Roermund 
etet al., 1995) have shown that there are only two ways in 
whichh acetyl-CoA can leave the peroxisome (Figure 1). 
Itt was the purpose of this study to resolve the structure 
off  pathway 2, which catalyses the carnitine-dependent 
transportt of acetyl-CoA from peroxisomes to mitochon-
dria.. To this end, a negative selection screen was developed 
basedd on mutagenesis of the Acit2 mutant in which 
pathwayy 1 is blocked (Figure 1). The 10 CDAT mutants 
identifiedd in this screen were found to represent three 
differentt genes. The first gene was CAT2, which codes 
forr both the peroxisomal and mitochondrial carnitine 
acetyltransferasee activity in oleate-grown cells (Elgersma 
etet al, 1995). 

Inn addition to the four cat! mutants, four mutants were 
affectedd in the YOR100C gene, which we demonstrated 
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Fig.. 8. Carnitine uptake is reduced in Aagp2 cells. (A) Wild-type and mutant cells grown on oleate were incubated with L-[l- ,4C]-camitine and 
L-carnitinee uptake was measured (see Materials and methods). The uptake rates in wild-type cells were taken as reference (100%). The following 
symbolss were used: ) wild-type cells, (A) Aagp2 cells, (+) Aagp2.pAGP2 cells, ) wild-type.pAGP2 cells and (O) wild-type cells incubated 
withh 10 uM NEM. (B) pH optimum of L-camitine uptake in oleate-induced wild-type cells. (C) D-carnitine and acetylcarnitine reduced the 
L-camitinee uptake in oleate-induced wild-type cells. Amino acids including lysine, serine, leucine and threonine did not affect the uptake. The uptake 
ratess in wild-type cells were taken as reference (100%). Cells were incubated for 10 min with l.-[l- l4CJ-carnitine. (D) Concentration dependence of 
i.-camitinee transport in oleate-induced wild-type cells. (E) L-carnitine uptake is induced by oleate. Wild-type cells grown on glucose, glycerol and 
oleatee were incubated with L-[l- 14C]-carnitine for 10 min and L-camitine uptake was measured. The uptake rates in wild-type cells were taken as 
referencee (100%). 

too code for the carnitine acylcarnitine translocase, a 
memberr of the mitochondrial carrier family. This carrier 
catalysess the exchange between acylcarnitine and free 
carnitinee and is present in the mitochondrial inner mem-
branee of many eukaryotic species. That the YOR100C 

genee indeed codes for the functional orthologue of the 
humann CACT has recently been confirmed by the func-
tionall  complementation of the Acit2/yorl00c mutant with 
thee human CACT cDNA (unpublished results). Following 
thee rules for yeast gene nomenclature, we therefore propose 
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too rename the YOR100C gene into CAC (carnitine acylcar-
nitinee carrier) and the encoded protein Cacp. 

Althoughh we also predicted the existence of a similar 
carrierr  involved in the export of acetylcarnitine in the 
peroxisomall  membrane, so far  we have not identified 
candidatee mutants. Several possibilities can be put forward 
too explain this. First, mutants affected in a putative 
peroxisomall  carnitine acylcarnitine translocase may not 
bee able to grow on oleate after  transformation with the 
CIT2CIT2 gene. Secondly, the peroxisomal membrane may be 
permeablee to acetylcarnitine. Thirdly , the YOR100C (CAC) 
genee may code for  both the mitochondrial and peroxisomal 
carnitinee acylcarnitine translocase, analogous to the 
carnitinee acetylcarnitine transferase (CAT2) gene (although 
thee results of our  localization experiments using a tagged 
versionn of YorlOOcp do not support this). Finally, our 
selectionn screen may not be saturated or  may fail to 
identifyy these mutants for  other, unknown, reasons (e.g. 
functionall  redundancy of carriers capable of acetyl-
carnitinee export). 

Thee thir d gene identified in our  screen is ORF YBR132C 
(AGP2),(AGP2), which codes for  Agp2p, a protein of 596 amino 
acids.. Agp2p contains 12 potential transmembrane 
domainss and is related to Put4p, Alplp , Lyplp , Canlp 
andd Gaplp, which are all members of the family of amino 
acidd permeases. Based on sequence similarity , Nelisson 
etet al. (1997) and Andre (1995) described Agp2p as one 
off  the 18 members of this family with an unknown 
function.. Members of this family are initiall y inserted into 
thee ER membrane (Green et al., 1989; Green and Walter 
etet al., 1992) and subsequently translocated to the plasma 
membranee via the yeast secretory pathway. Degradation 
off  such carriers occurs after  uptake in the vacuole. 
Immunogoldd electron microscopy studies confirmed that 
Agp2pp is located primaril y in the plasma membrane, but 
alsoo in the ER and the vacuole, which is in agreement 
withh the findings of Ljungdahl et al. (1992). 

Furthermore,, our  results show that Agp2p is induced 
byy growth on oleate, regulates the carnitine level inside 
thee cells and is essential for  oleate growth only when the 
peroxisomall  glyoxylate cycle is inactive as a result of 
thee disruption of C1T2 (Figure 1). This indicates that 
intracellularr  carnitine is required for  the export of acetyl-
CoAA to mitochondria by allowing the intraperoxisomal 
conversionn of acetyl-CoA to acetylcarnitine. Interestingly, 
blockingg of the glyoxylate cycle activity in wild-type cells 
resultss in an oleate-growth-deficient phenotype only during 
growthh on minimal oleate (without carnitine), whereas 
theree is normal growth if L-carnitin e (20 |xM) is added 
(Figuree 7B) or  on rich oleate medium that already includes 
-200 u\M carnitine, suggesting that these cells are incapable 
off  de novo synthesis of carnitine. 

Primaryy carnitine deficiency in man is caused by a 
deficiencyy of the active transport of carnitine across the 
plasmaa membrane, which is catalysed by a Na+/carnitin e 
transporterr  (Tein et al., 1996). Recently, Tamai et al. 
(1998)) cloned the human organic cation transporter, 
OCTN2,, which is a sodium-ion-dependent, high-affinit y 
carnitinee carrier, and demonstrated that mutations in its 
genee are responsible for  primar y carnitine deficiency. 

Mostt  adult tissues, including skeletal muscle, kidney, 
placentaa and heart, show high expression of OCTN2 and 
havee been reported to take up carnitine via a sodium 

ion-dependent,, carrier-mediated transport mechanism 
(Rebouche,, 1977; Molstad et al, 1978; Vary and Neely, 
1982;;  Bremer, 1983; Stieger  et al, 1995; Prasad et al, 
1996;;  Tein et al, 1996). Tissues that have apparently low-
affinit yy carnitine transporters, such as liver, brain and 
intestine,, showed low expression of OCTN2 (Tamai et al, 
1998).. Surprisingly, the carnitine transporter  we identified 
didd not show any sequence similarit y to the human OCTN2 
orr  to any human proteins currently present in the databases. 
Furthermore,, in contrast to OCTN2, the carnitine transport 
byy Agp2p is Na+ independent. 

Inn conclusion, we identified three genes that are involved 
inn the carnitine-dependent acetyl-CoA transport from per-
oxisomess to mitochondria in S.cerevisiae: CAT2, YOR100C 
(CAC)(CAC) aadAGP2. The identification of these three proteins 
contributess to a better  understanding of the communication 
betweenn peroxisomes and mitochondria, and sheds new 
lightt  on the physiological and biochemical functions of 
carnitine. . 

Material ss  and method s 

YeastYeast  strains  and culture  conditions 
Thee wild-type strain used in this study was S.cerevisiae BJI991 (Mat 
a,, leu2, trpl, ura3-25l, prbl-1122, pepi-'i, gatl). The bfoxl and Acif2 
mutantss have been described previously (Voorn-Brouwer et al., 1993; 
Elgersmaa et al., 1995). Yeast transformants were selected and grown on 
minimall  medium containing 0.67% yeast nitrogen base without amino 
acidss (YNB-WO; Difco), supplemented with 0.3% glucose and amino 
acidss (20 Jig/ml) as needed. Liquid rich media used to grow cells for 
DNAA isolation, growth curves, subcellular fractionation, (J-oxidation 
assays,, immunogold electron microscopy and enzyme assays were 
composedd of 0.5% potassium phosphate buffer pH 6.0, 0.3% yeast 
extract,, 0.5% peptone and either 3% glycerol or 0.12% oleate/0.2% 
Tween-40.. Before shifting to these media, the cells were grown on 
minimall  0.3% glucose medium for at least 24 h. Minimal oleate medium 
containss YNB-WO supplemented with all amino acids and 0.12% oleate/ 
0.2%% Tween-40. 

MutantMutant  selection 
bcitlbcitl cells were transformed with a GFP-PTS1 expression construct 
(Hettemaa et al, 1998) and grown on 0.3% glucose medium. Aliquots 
containingg approximately 5 X 10s cells were treated with 1.5-3% EMS 
ass described by Lawrence (1991). The EMS treatment was stopped by 
addingg 10% (w/v) sodium thiosulfate. Survival in independent experi-
mentss varied between 44 and 68%. After washing, the EMS-treated cells 
weree allowed to recover by growing them f or 4 h in 10 ml of minimal 
mediumm containing 2% glucose and the appropriate amino acids 
(200 |ig/ml). Following mutagenesis, cells were grown on plates containing 
2%% glucose and subsequently replica-plated onto glycerol and oleate 
plates.. Using this method 99 mutants were selected that were deficient 
inn oleate growth but capable of glycerol growth. 

(Zoning,(Zoning,  sequencing  end disruption  of  the YOR100C and 
AGP2AGP2 genes 
Thee impaired growth of CDAT-1 and CDAT-3 cells on oleate plates was 
usedd for cloning of the YORlOOc and the AGP2 genes, respectively, by 
functionall  complementation with an S.cerevisiae genomic library. The 
transformantss were selected on plates containing glucose and sub-
sequentlyy replica-plated onto glycerol or oleate plates. Different plasmids 
weree selected for further characterization (pCDATl. 1, pCDATl.2, pCDAT 
/.33 or pCDAT3A, pCDAT3.2, pCDAT3.3). Complementing plasmids 
weree rescued in Escherichia colt and retransformed to CDAT-I and 
CDAT-3CDAT-3 cells to confirm linked complementation. The genomic inserts 
off  the complementing plasmids were sequenced by the dideoxy-chain-
terminationn method. The obtained nucleotide and predicted amino acid 
sequencess were compared with the S.cerevisiae Genome Database, which 
ledd to the identification of YOR100C and YBR132c (AGP2) as the 
geness involved. 

Too construct AyorlOOc and tsagp2 deletion mutants, the entire 
YOR100CYOR100C or AGP2 ORF was replaced by the fawMX4 marker gene 
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(Wach,, 1996). The PCR-derived construct for disruption comprised of 
thee kanMX4 gene flanked by short regions of homology (SO bp) 
correspondingg to the YOR100C and AGP2 3' and 5'-noncoding 
region.. pKan was used as template with the YOR100C primers (5'-GTA-
TAATTCCTTTAGTCGAAATAGATATATTTCAAGCGCATATATA --
GGCCGTACGCTGCAGGTCGAC)) and (S'-ACTCCATTGCGTTACA-
AATATGAACGCTTCGACAACAACGCCAAGGAAACATCGATGA--
ATTCGAGCTCG)) and the AGP2 primers (5'TTCAGGAGTAAGGGT-
AGTGTTAGTTCACCATACTTGGTATTGATATTATCCGTACGCT--
GCAGGTCGAC)) and (5'-TCTGACAATAAATTTGGAGGCAGTCA-
ATGTAAATTTGTGAATATAACGACATCGATGAATTCGAGCT--
CG).. The resulting PCR fragments were introduced into S.cerevisiae 
wild-typee BJ1991 cells and Aci/2 mutant cells. G418-resistant clones 
weree selected by growth on YPD plates containing 200 mg/l G418 
(Wach,, 1996). 

SubcellularSubcellular  fractionation  and Nycodenz  gradients 
Subcellularr fractionation was performed as described by Van der Leij 
etet al. (1992). Organelle pellets were layered on top of 15-35% Nycodenz 
gradientss (12 ml), with a cushion of 1.0 ml of 50% Nycodenz solutions 
containingg 5 mM MES pH 6.0, 1 mM EDTA, 1 mM KC1 and 8.5% 
sucrose.. The sealed tubes were centrifuged for 2.5 h in a vertical rotor 
(MSEE 8 X 35) at 19 000 r.p.m. at 4°C. Gradients were analysed for 
enzymee activity of various marker enzymes as described below. 

Inn addition, 150 ill of each fraction from the Nycodenz gradient was 
usedd for precipitation in a 2 ml Eppendorf tube together with 1350 |il 
off  11 % (w/v) trichloroacetic acid (TCA). After being left overnight at 
4°C,, samples were centrifuged for 15 min at 12 000 r.p.m. at 4°C. The 
pellett obtained was resuspended in 100 |il Laemmli sample buffer and 
usedd for SDS-PAGE analysis. 

PreparationPreparation  of  extracts 
Cellss were harvested, washed twice in water and extracts were prepared 
inn a buffer containing 200 mM Tris-HCl pH 8.0, 1 mM EDTA, 1 mM 
phenylrnethylsulfonyll  fluoride (PMSF), 1 mM dithiothreitol (DTD and 
10%% glycerol (v/v) by disrupting the cells with glass beads on a vortex. 
Celll  debris was removed by centrifugation for 1 min at 13 000 r.p.m. in 
ann Eppendorf centrifuge. 

WesternWestern  blotting 
Proteinss were separated on 12% SDS-polyacrylamide gels and transferred 
ontoo nitrocellulose filters in transfer buffer (25 mM Tris, 190 mM 
glycine,, 20% methanol). The blots were blocked by incubation in 
phosphate-bufferedd saline (PBS), with 1 % bovine serum albumin (BSA). 
Thee same buffer was used for incubation with the primary antibodies 
andd with IgG-coupled alkaline phosphatase. The blots were stained in 
bufferr composed of 100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM 
MgCl22 plus BOP and NBT following the manufacturer's instructions 
(Boehringerr Mannheim). 

ElectronElectron  microscopy 
Oleate-inducedd cells were fixed with 2% paraformaldehyde (w/v) and 
0.5%% glutaraldehyde (w/v). Ultra-thin sections were prepared as described 
byy Gould et at. (1990). 

NH-NH- and HA-ephope  tagging  and antibodies 
Forr epitope tagging of proteins two different epitopes were used. The 
firstfirst was the NH-epitope with the sequence MQDLPGNDNSTAGGS, 
whichh corresponds to the N-terminus of die mature haemagglutinin 
proteinn and is recognized by a polyclonal antiserum. To introduce the 
NH-tag,, an oligonucleotide adaptor encoding the NH-epitopee was ligated 
intoo the Sac\-BamHl site of the single-copy catalase A (CTA1) expres-
sionn plasmid as described by Elgersma et al. (1996). 

Thee second tag was the HA-epitope with the sequence YDVPDY-
ASLKGE*,, which is recognized by the monoclonal antibody 12CA5. 
Too introduce the HA-epitope tag at the C-terminus of proteins, an 
oligonucleotidee adaptor encoding the HA-epitope was ligated into the 
PstX-HinMiPstX-HinMi site of the single-copy catalase A (CTA1) expression 
plasmidd as described by Elgersma et al. (1996). 

TotalTotal  carnitine  measurements 
Twentyy millilitres of oleate-grown cells (OD = 1.5) were washed twice 
andd disrupted by vigorously vortexing for 30 min at 4°C with ~200 pi 
glasss beads in an end volume of 400 \il. Cell debris (75 |il) was mixed 
andd subsequently deproteinized with 500 |il acetonitrile and centrifuged 
(122 000 r.p.m., 15 min). The resulting supernatant was dried under 
nitrogenn at 45°C and subsequently derivatized in 100 pJ butanol-HCI 

forr 15 min at 60°C. Samples were dried under nitrogen at 45°C and 
redissotvedd in 140 pi acetonitril. Free carnitine was measured as described 
byy Vreken et al. (1999). 

EnzymeEnzyme  assays 
ft-oxidationft-oxidation assays in intact cells were performed as described previously 
byy Van Roermund et al. (1998). The carnitine acylcarnitine translocase 
activityy was measured in spheroplasts prepared from wild-type or mutant 
cellss grown on oleate. Activity measurements were performed in a 
mediumm containing 1.2 M sorbitol, 50 mM KP, pH 7.5, 1 mM EDTA, 
2000 000 d.p.m. [ 1-'*C] acetylcamitine (5 pM) and digitonized (20 ug/ml) 
spheroplastss (100 fig protein). This digitonine concentration selectively 
permeabilizess the plasma membrane, as demonstrated by complete 
releaserelease of the cytosolic marker enzyme phosphoglucose isomerase (PGI), 
whereass intracellular membranes of mitochondria and peroxisomes 
remainn intact (Verleur et al., 1997). Reactions were allowed to proceed 
forr 10 min at 28°C, and subsequently stopped by the addition of 100 jil 
1.33 M perchloric acid. Radiolabelled COi was trapped overnight in 
5000 u.1 of 2 M NaOH. 

3-hydroxyacyl-CoAA dehydrogenase activity was measured on a Cobas-
Faraa centrifugal analyser by monitoring the acetoacetyl-CoA-dependent 
ratee of NADH consumption at 340 nm (Wanders et al., 1992). Fumarase 
activityy was measured on aCobas-Fara centrifugal analyser by monitoring 
APADHH production at 365 nm. The reaction was started with 10 mM 
fumaratee in an incubation mixture of 100 mM Tris pH 9.0, 0.1% Triton-
X-100,, 4 U/ml malate dehydrogenase (Boehringer) and 1 mM APAD 
forr 5 min at 37°C. Protein concentrations were determined by the 
bicinchoninicc acid method described by Smith (1985). 
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Longg chain fatt y acids are translocated as carnitin e 
esterss across the mitochondrial inner  membrane by 
carnitin ee acylcarnitine translocase (CACT). We report 
functionall  studies on the mutant CACT proteins from 
aa severe and a mild patient wit h CACT deficiency. 
CACTT activities in fibroblasts of both patients were 
markedlyy deficient wit h some residual activit y (< 1%) 
inn the milder  patient. Palmitate oxidation activit y in 
cellss from the severe patient was less than 5% but in 
thee milder  patient —27% residual activit y was found. 
Sequencingg of the CACT cDNAs revealed a c.241G>A 
(G81R)) in the severe and a c.955insC mutation (C-
termina ll  extension of 21 amino acids (CACT(+21aa)) 
i nn the milder  patient. The effect of both mutations on 
thee protein was studied in a sensitive expression sys-
temm based on the abilit y of human CACT to function-
allyy complement a CACT-deletion strain of yeast. Ex-
pressionn in thi s strain revealed significant residual 
activit yy for  CACT(+21aa), whil e the CACT(G81R) was 
i n a c t i v e ,, o ZOOI Academic Press 

KeyKey Words: fatty acid; carnitin e acylcarnitine translo-
case;;  Mendelian disorder  hereditary disease; gene ex-
pression;;  yeast expression; functional complementation. 

Mitochondriall  0-oxidation of long-chain fatty acids 
(LCFA)) is the major source of energy production in 
man.. Since the mitochondrial inner membrane is im-
permeablee for LCFAs or their CoA esters, the LCFAs 
aree transported as acylcarnitines. Three different gene 
productss are involved in this carnitine-dependent 
t ransportt shutt le: carnitine palmitoyltransferase I 

Abbreviationss used: CACT, carnitine acylcarnitine translocase: 
LCFA,, long chain fatty acid: CPT I, carnitine palmitoyltransferase I; 
CPTT II, carnitine palmitoyltransferase II; cit 2, citrate synthase 2. 
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(CPTT I), carnitine acylcarnitine translocase (CACT) 
andd carnitine palmitoyltransferase II (CPT II) . After 
activationn of LCFAs to their CoA-esters, CPT I con-
vertss the fatty acyl-CoA esters to their corresponding 
carnitinee esters, which are subsequently translocated 
acrosss the mitochondrial inner membrane in exchange 
forr free carnitine by CACT. Once inside the mitochon-
driall  matrix, CPT II reconverts the carnit ine esters 
backk to the CoA esters which then can serve as a 
substratee for the jS-oxidation spiral. 

Inn the past, many pat ients have been identified with 
aa defect in het carnitine cycle eitherr at the level of CPT 
I,, CACT or CPT II . Of these diseases, CPT II deficiency 
i ss the most frequent and several mutat ions have been 
reported.. Recently, the molecular basis of hepatic CPT 
II  deficiency was resolved in a single pat ient (1). The 
identifiedd mutations in both CPT I (1) and CPT II 
deficiencyy (2) are disease-causing as shown by heterol-
ogouss expression of the mutant proteins. Since the first 
reportt of CACT deficiency (MIM entry 212138) by Stan-
leyy et al. (3), 12 additional cases have been reported 
(4-13).. As with patients affected in CPT I and CPT II , 
pat ientss with CACT deficiency suffer from hypoketotic 
hypoglycaemiaa and hyperammonemia due to the defi-
cientt fatty acid oxidation. 

Amongg the various fatty acid /3-oxidation disorders, 
LCFAA j3-oxidation is usually most profoundly impaired 
inn case of CACT deficiency (residual activity < 5%). 
Mostt patients show a severe phenotype characterised 
byy generalised muscle weakness, cardiomyopathy, hep-
atomegalyy and impaired liver function usually with 
fatall  outcome, although three patients have been re-
portedd with a milder presentation. 

Thee cDNA encoding rat CACT was cloned in 1997 by 
Indiverii  et al. (14) and the human homolog was cloned 
shortlyy thereafter (10). In the same paper the first 
mutationn in the cDNA of a CACT deficient patient with 
aa mild presentation was reported (10). 
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Wee now report a mutation identified in a patient who 
hadd a severe phenotype of CACT deficiency. In order to 
determinee the effect of this mutation and the earlier 
describedd mutation in a patient with a mild phenotype 
onn the function of both mutant translocases, we devel-
opedd a simple heterologous expression system based on 
thee ability of human CACT to functionally complement 
aa CACT-deficient yeast mutant. The yeast expression 
systemm reflects the findings in both patients thereby 
explainingg their distinct phenotypes: the mutant 
CACTT of the patient with the severe phenotype is not 
functionall  whereas the mutant CACT of the patient 
withh the mild presentation contained residual activity. 

METHODS S 

CaseCase report. Patient 1 was first  described by Niezen-Koning et al. 
(6).. She presented at 36 h of age with sudden cardiorespiratory 
insufficiencyy and extreme hypoglycaemia. Despite treatment with a 
low-fatt  diet supplemented with medium-chain triglycerides and car-
nitin ee she died at 24 months of age. 

Patientt  2 presented at 1 day of age with a cyanotic episode followed 
byy a cardiorespiratory arrest with seizures on the second day of life. 
Shee was transferred at two weeks of age to a university hospital 
wheree hypoglycemia, hepatic dysfunction with hepatomegaly, de-
creasedd muscle tone with muscle weakness and a mild cardiomyop-
athyy were diagnosed. She was given oral carnitin e supplementation 
(1000 mg/kg/day) and a low fat diet which resulted in slow resolution 
off  her  symptoms. She was discharged on this treatment regimen 
afterr  3 weeks. She was hospitalized 3 more times in the first 4 
monthss of lif e with symptoms of hypoglycemia, dehydration and 
weakness.. She had six more hospitalizations by 3 years of age, 
usuallyy associated with mild viral infections. Mental development 
wass normal but motor  skills were delayed secondary to muscle weak-
ness.. Fatty acid oxidation studies of skin fibroblasts indicated an 
unknownn fatty acid oxidation defect. She first was evaluated at 6 
8/122 years of age. Mental development was normal and only mild 
musclee weakness was found on neurologic exam. Muscle tone was 
normal.. Cardiomyopathy had resolved as tested by cardiac echo as 
hadd hepatomegaly by physical exam. Blood carnitin e level = 45/ 
16/299 (total:free:carnitin e esters). Her  carnitin e dose was increased 
fromm 11 mg/kg/day to 55 mg/kg/day with improvement in muscle 
strength.. She was continued on a low fat diet and has been well since 
thatt  time. 

CellCell culture conditions. Fibroblasts were cultured as described 
beforee (15). 

FattyFatty acid ^-oxidation and enzyme activity measurements. Fatty 
acidd ^oxidation of [9,10-JH]-palmitat e in fibroblasts was performed 
ass described before (1). Fatty acid oxidation assays in yeast were 
donee as described by Van Roermund et al. (16). 3-Hydroxyacyl-CoA 
dehydrogenasee activity was measured on a Cobas-Fara centrifugal 
analyserr  by monitoring the acetoacetyl-CoA-dependent rate of 
NADHH consumption at 340 nm (17). Fumarase activity was mea-
suredd as desribed before (18). 

SyndiesisSyndiesis of [l-' 4C]-acetylcarnitine. [1-'*C]-Acetylcarnitin e was 
preparedd enzymatically from [l-14C]-acetyl-CoA in an incubation 
mixtur ee (final volume 1 ml) containing: 25 mM HEPES (pH 7.6), 2 
mMM  N-ethylmaleimide (NEM), 10 mM EDTA, 40 i*M  carnitin e 
(Sigmaa Chemical Co.. St. Louis, MO), 44 fxM  (600,000 dpm) [1-"C ] 
acetyl-CoAA (Amersham LIF E SCIENCE) and 50 /ig (4 U) carnitin e 
acetyltransferasee (Boehringer, Mannheim). The reaction was al-
lowedd to proceed for  1 h at 25°C. Next, the excess N-ethylmaleimide 
wass neutralised by addition of 10 /i.L  200 mM cysteine. The reaction 
mixtur ee was applied to a Dowex AG-1-X8 anion exchanger  (1 mL 

bedvolume.. Cl form, 200-400 mesh) to remove unreacted [1-UC1-
acetyl-CoAA from the reaction mixtur e (recovery typically >90%). The 
run-throug hh was used directly as substrate for  activity measure-
ments. . 

CACTCACT activity measurements. The reaction was performed in a 
glasss vial with rubber  septum. This vial contained two smaller  tubes, 
onee containing the reaction mixtur e and the other  containing 0.5 mL 
22 M NaOH. For  measurements in fibroblasts, the assay mixtur e 
(finall  volume 500 /tL , pH 7.4) was composed of 25 mM Tris, 150 mM 
KC1,, 2 mM EDTA, 10 mM KPi, 10 mg/ml BSA, 40 ng/mL digitonine, 
0.11 mM acetylcarnitine, 60,000 dpm [l- ,4C]-acetylcarnitine and a 
fibroblastfibroblast  suspension (200 fig protein) and allowed to proceed for  30 
minn at 25°C and subsequently stopped by addition of 100 /xL 2.6 M 
perchloricc acid. [l- !4C]-COz was trapped overnight at 4°C and the 
radioactivit yy present in the NaOH fraction was quantitated using a 
liqui dd scintillation counter. CACT activity measurements in yeast 
spheroplastss (19) were performed essentially as described above in a 
mediumm containing 1.2 M sorbitol, 50 mM KPi (pH 7.5), 1 mM EDTA 
andd 200,000 dpm [l-'*C]-acetyl-carnitin e (5 j*M ) and spheroplasts 
(1000 pg protein). 

RNARNA isolation and cDNA synthesis. Total RNA was Isolated from 
culturedd skin fibroblasts using the acid guanidinium thiocyanate-
phenol-chloroformm extraction procedure (20) and used to prepare 
cDNAA (21). 

SequenceSequence analysis. The cDNA encoding CACT was amplified in 
twoo overlapping fragments using the following Ml3-tagged primers: 

Fragmentt  A: -43CACTf-21M13 5'-tgt aaa acg acg gcc agt GGC AGG 
TCGG AGA ACT GAC AG-3' and 468CACTrMI3 m 5'-cag gaa aca get atg 
acee TGC ACA GTC CAA GGT ACC AG-3'; Fragment B: 368CACT 
f-HM133 5'-tgt aaa acg acg gcc agt CAC CAC AGG AAT CAT GAC TC-3' 
andd 967CACTrMi3re» 5'-cag gaa aca get atg ace TAC TCC TTC TCC 
TCAA ACG AC-3'. Sequence analysis of these PCR fragments using 
BigDyee fluorescent-labelled M13 primers was performed on an Ap-
pliedd Biosystems 377A automated DNA sequencer  following the 
manufacturer' ss protocols (PE Applied Biosystems, Foster  City, CA). 

Genomicc DNA was analysed as described (22). 

YeastYeast strains and culture conditions. A previously described 
&cit2::URA3&cit2::URA3 heart::kanMX4 double deletion mutant of Saccharomy-
cesces cerevisiae strain BJ 1991 was used in this study [MATa, leu2. 
trpl,trpl, ura3-251, prbl-1122, pep4-3, ga!2) (18). Yeast transformants 
weree selected and grown on minimal medium containing 6.7 g/L 
yeastt  nitrogen base without amino acids (YNB-WO; Difco), 3 g/L 
glucosee and amino acids (20-30 jxg/mL) as required. The liquid 
mediaa used for  growing cells for  subcellular  fractionation, fatty acid 
oxidationn assays, immunogold electron microscopy and enzyme as-
sayss contained 5 g/L potassium phosphate buffer, pH 6.0, 3 g/L yeast 
extract,, 5 g/L  peptone, 1 g/L oleate and 2 g/L Tween-40. Before 
shiftingg to these media, the cells were grown on minimal 3 g/L 
glucosee medium for  at least 24 h. Oleate plates contained 6.7 g/L 
yeastt  nitrogen base without amino acids (YNB-WO; Difco), 1 g/L 
yeastt  extract (Difco), 1 g/L oleate, 2 g/L Tween-40, 20g/L agar  and 
aminoo acids (20-30 ng/mL) as required. 

ConstructionConstruction of CACT expression plasmids. Three expression 
plasmldss were constructed for  expression of CACT(wt) , CACT(G81R) 
andd CACT(+21aa) in S. cerevisiae. cDNA encoding CACT was am-
plifiedd by PCR using the following primer  set: sense: 5'-TTT AAG 
CTTT AAA ATG GCC GAC CAG CCA AA A C-3' and antisense: 
5'-TTTT TCT AGA GCA ACA GTC TCA CCA AGT CC-3'. The ampli-
fiedfied fragments of a control subject and the patients were inserted 
intoo pGEM-T (Promega corp. Madison, WT) and subsequently se-
quencedd to assess the integrit y of the PCR process. The ORFs of 
CACT(wt) ,, CACT(G81R) and CACT(+21aa) were subcloned down-
streamm of the catalase promotor  into the Xbal and Mndll l sites of 
expressionn plasmid pUL30 (TRP1. CEN4, PCTAI)-

Forr  haemagglutinin (NH) epitope tagging the coding sequence of 
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TABLEE 1 

Fat tyy Acid jS-Oxidation and CACT Activit y Measurements in Fibroblasts from the Pat ients and Control Subjects 

Controls s Parameterr measured Patientt 1 Patientt 2 

Ratee of fatty acid oxidation: (nmol/h/mg) 
[9,10-3H]-palmitatee (C16) 

CACTT activity: (pmol/min/mg) 

<0.1 1 

ND* * 

2.44  1.0(3) 

0.55  0.3 (3) 

7.88 2 (40) 

511  15 (16) 

Note.Note. Results are expressed as the mean  SD with the number of independent assays done between parentheses. 
aNDD = not detectable (detection limit : 0.1 pmol/min.mg). 

humann CACT was cloned in frame with the NH-epitope as described 
(23). . 

Plasmidss were transformed into S. cerevisiae using the lithium 
acetatee procedure (24). 

SubcellularSubcellular fractionation and Nycodenz gradients. Subcellular 
fractionationn was performed as described (25). Organellar pellets 
weree used for continuous 15-35% Nycodenz gradients (12 mL) with 
aa cushion of 1.0 mL of 50% Nycodenz dissolved in 5 mM MES (pH 
6.0),, 1 mM EDTA, 1 mM KC1 and 85 g/L sucrose. The sealed tubes 
weree centrifuged for 2.5 h in a vertical rotor (MSE 8 x 35) at 36000 
g att 4°C and the gradient was subsequently unloaded and individual 
fractionss collected. 

PreparationPreparation of fractions for SDS-PAGE analysis. 150 /J.L aliquots 
weree taken from the fractions obtained by differential and density 
gradientt centrifugation, respectively, followed by addition of 1350 ftL 
off  a solution containing 11% trichloroacetic acid (TCA). Samples 
weree kept overnight at 4°C and centrifuged for 15 min at 10000 g at 
4°C.. The pellets obtained were resuspended in 100 piL Laemmli 
samplee buffer and used for SDS-PAGE analysis. 

ImmunoblotImmunoblot analysis. Fibroblast and yeast homogenates were 
subjectedd to SDS-PAGE on a 10% acrylamlde gel. NH-epitope was 
visualizedd as described (26). CACT protein was visualized using 
polyclonall  antibodies raised against the N-terminal part of the hu-
mann CACT protein. 

ElectronElectron microscopy. Oleate-induced cells were fixed with 2% 
paraformaldehydee and 0.5% glutaraldehyde. Ultra-thin sections 
weree prepared as described by Gould et ai (27). Immunogold detec-
tionn was performed with anti-NH antibodes. 

RESULTS S 

CharacterizationCharacterization of patients' fibroblasts. Biochemi-
call  studies in fibroblasts from both patients showed 
reducedd rates of j3-oxidation of the long chain fatty acid 
(LCFA)) palmitate amounting to less than 5% and 30% 
off  the mean control values in patients 1 and 2, respec-
tivelyy (Table 1). Subsequent enzyme studies revealed 
thatt the severe deficiency of LCFA oxidation was due to 
aa deficient activity of CACT {Table 1). Whereas in 
patientt 1 the CACT activity was completely deficient, 
somee residual activity (about 1% of controls) was mea-
suredd in patient 2. This is in line with the relatively 
highh residual fatty acid oxidation activity (about 30%) 
inn fibroblasts from patient 2 in contrast to the complete 
deficiencyy of palmitate oxidation in fibroblasts from 
patientt 1. 

MolecularMolecular studies in patients. To identify the ge-
neticc defect in patient 1 we sequenced the cDNA en-
codingg CACT. We found a c.241G>A missense muta-

tion,, which changes the glycine at position 81 into 
arginine.. Since mutation analysis was done at the 
cDNA-levell  and material was available from the par-
ents,, we reinvestigated the C4CTgene at the genomic 
level.. In contrast to the findings at the cDNA level, the 
c.241G>AA mutation was found in heterozygous form at 
thee genomic level. In addition, three heterozygous mu-
tationss were found in intron 5 and 7 respectively 
(IVS5+12g>a;; IVS5+17c>t; IVS7-10a>t). These in-
tronicc mutations are located outside the splice site 
consensuss and it is therefore not likely that they affect 
splicing.. Earlier studies by Huizing et al. (10) have 
shownn a c.955insC mutation in patient 2, extending the 
proteinn with 21 amino acids. 

Too be able to investigate the effect of the mutations 
onn the activity of the translocases, we studied whether 
S.S. cerevisiae could be used as a heterologous expression 
system.. As a first step to determine the suitability of 
yeastt as an expression system we expressed an NH-
taggedd version of human CACT in a wild-type strain of 
S.S. cerevisiae and determined its subcellular localiza-
tion.. After subcellular fractionation of the transfor-
mants,, we found NH-CACTp exclusively present in the 
organellarr pellet fraction (Fig. 1A). The organellar pel-
lett was further fractionated by Nycodenz density gra-
dientt centrifugation (Fig. IB). Immunoblot analysis of 
thee gradient fractions using NH-antibodies revealed 
thatt the NH-CACTp co-localised with the mitochon-
driall  enzyme fumarase, indicating a mitochondrial lo-
calisation.. Correct targeting to the mitochondrial cris-
taee was shown by immunogold-electronmicroscopy 
usingg NH-antibodies (Fig- 1C)-

Thee yeast CACT gene was recently identified as 
YORlOOcc in a selective screen using a kcit2 deletion 
strainn to isolate mutants specifically affected in the 
mitochondriall  transport of acetyl-carnitine produced 
byy peroxisomal j3-oxidation (18, 28). For the purpose of 
thee study presented in this paper we used a kcact/&cit2 
doublee mutant which is not able to grow on oleate-
containingg plates (Fig. 2). To study whether human 
CACTT could functionally complement the Acacdbcit2 
doublee mutant, human CACT(wt) was transformed 
intoo the strain. The resulting transformants regained 
thee ability to grow on oleate-containing plates showing 
thatt the NH-tagged human CACT could functionally 
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FIG.. I . Mitochondrial localisation of NH-tagged human CACT 
proteinn in 5. cerevisiae as determined by subcellular fractionation 
(A,B)) and immunoelectronmicroscopy (C). (A) Fractionation by dif-
ferentiall  centrifugation of a homogenate (H) of S. cerevisiae express-
ingg NH-tagged CACT into a 17000 g pellet (P) and supernatant (S). 
(B)) The 17000 g pellet was further fractionated by Nycodenz equi-
libriumm density gradient centrifugation (fractions 1-13). In all frac-
tionss fumarase (open symbols) and 3-hydroxyacyl-CoA dehydroge-
nasee (closed symbols) activities were measured as markers for 
mitochondriaa and peroxisomes respectively. The CACT-NH fusion 
proteinn was detected on Western blot using an antibody against the 
NH-tag.. (C Immunoelectronmicroscopy of mitochondria (M) and per-
oxisomess (P) in S. cerevisiae expressing NH-tagged CACT showing 
thee reaction of anti-NH-tag antibodies. 

replacee yeast CACT (Fig. 2). This result also indicates 
thatt the human orthologue is functionally targeted to 
thee mitochondrial inner-membrane. This shows that 
yeastt is a good model system for the functional char-
acterisationn of wild type and mutant CACTp. 

CharacterisationCharacterisation of CACTp in S. cerevisae. To in-
vestigatee the effect of the mutations detected in the two 
patientss on the function of CACT, we expressed the 
wildd type and the two mutant CACTps in the \cactlcit2 
strain.. Untransformed cells and cells transformed with 

thee expression vector without insert were not able to 
groww on oleate-containing plates: the medium re-
mainedd opaque (Fig. 2). Cells transformed with wild-
typee C4C7*grew on oleate as judged by clearance of the 
plates.. In contrast, yeast strains transformed with ei-
therr mutant CACT (CACT(G81R) and CACT(+21aa)) 
weree not able to grow on oleate. Similar results were 
obtainedd when transformants were grown in liquid 
mediumm with oleate as sole carbon source. This indi-
catess that both mutations affect the function of CACT 
inn such a manner, that they do no longer support 
growthh of the yeast transformants. 

Basedd on the clinical and biochemical data of patient 
2,, the CACT(+21aa) allele was predicted to have some 
residuall  activity. Since such residual activity could be 
insufficientt to support growth of the Acact/cit2 mutant 
onn oleate plates, we studied the activities of CACT and 
fattyy acid oxidation in oleate-induced transformants. 
CACTT activity measurements in spheroplasts from the 
differentt transformants showed clear activity in the 
&cacticit2&cacticit2 strain transformed with CACTfwt). No sig-
nificantt CACT activity was found in the strains trans-
formedd with CACT(G81R) or expression vector only. In 
thee CACT(+21aa) transformants the CACT activity 
measuredd was just above the limit of detection (Fig. 
3A).. A more significant difference between both mu-
tantss was found when the capacity of fatty acid oxida-
tionn was measured (Fig. 3B). Oxidation of oleate in the 
CACTT deletion strain is virtually normal but the end 
productss of the peroxisomal fatty acid oxidation cycle 
cann not be converted to C02 in the mitochondrial ma-
trixx due to deficient carnitine-dependent acetylcarni-
tinee transport. This is reflected in normal acid soluble 
productss and deficient C02 production. The human 
CACTT can complement the defect in the deletion strain 
andd C02 production is restored. Deficient C02 produc-
tionn was found also in the deletion strain transformed 

CACT(wt) ) 

,Kacllcit2 ,Kacllcit2 

CACT-NH H 

CACT(G81R) ) 

CACT(+21aa) ) 

FIG.. 2. Growth of S. cerevisiae deletion strain kcact/cit2 trans-
formedd with CACT(wt), CACT(G81R). CACT(+21aa) and CACT-NH 
onn an agar plate containing oleate. 
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FIG.. 3. Functional analysis and immunoblotting of spheroplasts 
fromm S. cerevisiae deletion strain ^cact/citZ transformed with 
CACT(wt),, CACT(G81R) and CACT(+21aa). (A) CACT activity. (B) 
0-Oxidationn measured with [l- HC]-oleate as substrate, acid soluble 
productss (open bars), C02 production (closed bars). (C) Expressed 
CACTT was detected on Western blot using an antibody against 
humann CACT. 

withh CACT(G81R). In contrast, the deficiency was less 
severee in the CACT(+21aa) transformants. In this mu-
tantt the acetylcarnitine transport amounts 10% of the 
CACT(wt)) activity, indicating that the c.955insC allele 
resultss in a protein with residual activity. The different 
CACTss were cloned in a yeast single copy expression 
vectorr downstream of the catalase promoter (CTAt), 
allowingg induction of transcription by growth on oleate 

medium.. In this way transcription of CACT was corre-
latedd to endogenous catalase activity which paralleled 
CACTT expression (not shown). 

Thee impact of the mutations on CACTp was investi-
gatedd by immunoblot analysis using antibodies raised 
againstt human CACT (Fig. 3C), which, for CACT, re-
vealedd a protein with an apparent MW of 28 kD. This 
iss smaller than the calculated MW of 32.9 kD, which is 
problablyy due to the hydrophobic nature of the protein. 
Extractss of mutant CACT(G81R) showed, in addition 
too the 28 kD band, a band with an apparent molecular 
weightt of 27 kD, which is most likely a breakdown 
product.. The molecular weight of CACT(+21aa) was 
31.55 kD on SDS-PAGE, 3.5 kD larger than the wild-
typee protein which is close to the calculated MW of the 
21aaa extension (2.6 kD). Furthermore, the intensity of 
thee signal of the CACT(+21aa) protein on the immu-
noblott was reduced to less than 10% of the control. 

DISCUSSION N 

Att present 13 patients with CACT deficiency have 
beenn reported but only 3 mutations have been identi-
fiedfied (10, 12, 29, 30). Functional characterization of 
mutantt CACT has not been performed so far. Translo-
casee activity measurements in a liposome reconstitu-
tionn system has been the method of choice (31). A 
drawbackk of this method however, is that it is laborious 
andd not sensitive enough to detect low levels of activity. 
Therefore,, we developed a simple expression system 
basedd on functional complementation of a yeast Aci'fi?/ 
cactcact deletion mutant. For this, we took advantage of 
thee recent identification of the yeast orthologue of 
CACTpCACTp (YORlOOc) in a selective screen to isolate mu-
tantss affected in the mitochondrial transport of acetyl-
carnitinee produced by peroxisomal /3-oxidation (18). In 
thatt study evidence for two metabolic routes for the 
catabolismm of acetyl-CoA generated in peroxisomes was 
given.. One route involves the glyoxylate cycle with 
citratee synthase (CIT2) as key enzyme. The other route 
iss via the carnitine-dependent pathway where the 
acetyl-CoAA is transported as a carnitine ester. 
YORlOOc,, the CACT orthologue in yeast, transports 
thee acetyl-carnitine into the mitochondrion for further 
metabolismm to C02. We created a Acacf mutant in a 
yeastt strain lacking CIT2, and the resulting disruption 
strainn was no longer able to grow on oleate. Transfor-
mantss with human wild-type CACT complemented 
thiss mutant for oleate-growth and fatty acid oxidation, 
herebyy providing a tool to study the mutant CACTps. 

Thee two patients studied in this paper have been 
reportedd before, and both suffer from the same enzy-
maticc defect but have distinct phenotypes. Patient 1 
sufferedd from a classical, severe phenotype of CACT 
deficiency.. This patient is a heterozygote for a 
c.241G>AA missense mutation. In addition to this mis-
sensee mutation 3 nucleotide changes in intron 5 and 7 
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humann 1  M ADQPKPISPLKNLLAGGFGGVCLV 
ra tt  1  M AEEPKPISPLKNLLAGGFGGVCLV 
yeas tt  1  MSSDTSLSESSLLKEESGSLTKSRPPIKSNPVRENIKSFVAGGVGGVCAV 

humann 2 6 FVGHPLDTVKVRLQT-QPPSLPGQPPMYSGTFDCFRK-TLFREGITGLYR 
ra tt  2 6 FVGHPLDTVKVRLQT-QPPSLPGQPPMYSGTIDCFRK-TLFREGITGLYR 
yeas tt  5 1 FTGHPFDLIKVRCQNGQANSTVHAITNIIKEAKTQVKGTLFTNSVKGFYK 

humann 7 4 GMAAPIIgVTPMFAVCFFGFGLGKKLQQKHPED VLSYPQLFAAGML 
ra tt  7 4 GMAAPIIGVTPMFAVCFFGFGLGKRLQQKSPED ELTYPQLFTAGML 
yeas tt  10 1 GVIPPLLGVT PIFAV S FWGYDVGKKLVT FNNKQGGSNELTMGQMAAAGFI 

humann 12 0 SGVFTTGIMTPGERIKCLLQIQASSGESKYTGTLDCAKKLYQEFGIRGIY 
ra tt  12 0 SGVFTTGIMTPGERIKCLLQIQASSGKNKYSGTLDCAKKLYQEFG1RGFY 
yeas tt  15 1 SAIPTTLVTAPTERVKVVLQT—SS KGSFIQA-AKTIVKEGGIASL F 

humann 17 0 KGTVLTLMRDVPASGMYFMTYEWLKN-IFTPEGK RVSELSAPRILV 
ra tt  17 0 KGTALTLMBDVPASGMYFMTYEWLKN-LFTPQGK SVHDLSVPRVLV 
yeas tt  19 5 KGSLATLARDGPGSALYFASYEISKNYLNSRQPRQDAGKDEPVNILNVCL 

humann 21 5 AGGIAGIFNWAVAIPPDVLKSRFQTAPPGKYPNGFRDVLRELIRDEGVTS 
ra tt  21 5 AGGFRGIFNWVVAIPPDVLKSRFQTAPPGKYPNGFRDVLRELIREEGVTS 
yeas tt  2 4 5  AGGIAGMSMWLAVFPIDTIKTKLQ-ASSTRQNMLSATKEIYLQRG-GIKG 

humann 26 5 LYKGFNAVMIRAFPANAACFLGFEVAMKFLNWATPNL 
ra tt  26 5 LYKGFNAVMIRAFPANAACFLGFEIPMKILNWIAPNL 
yeas tt  2  9 3 FFPGLGPALLRSFPANAATFLGVEMTHSLFKKYGI 

FIG.. 4. Comparison of different CACT proteins from human (Accession No. Y10319), rat (Accession No. X97831), and S. cerevisiae 
(Accessionn No. Z75008). The predicted membrane-spanning segments are underlined. Basic and acidic residues in these membrane-spanning 
segmentss are shown bold and the mutated glycine at position 81 (G81R) is doubly underlined. 

weree found, all located outside the splice site consensus 
sequences.. Analysis of cDNA did not reveal aberrantly 
splicedd mRNAs, indicating that the identified intronic 
mutationss do not affect splicing. Furthermore, the 
c.24lG>AA mutation was found homozygous at the 
cDNAA level, indicating that only the mRNA from the 
allelee containing the missense mutation is translated. 
Thee missense mutation changes the glycine at position 
811 into an arginine (G81R). Comparison of human, rat 
andd yeast CACT orthologues of CACT reveals that this 
glycinee is well conserved and located within the second 
membranee spanning region (Fig. 4). The six membrane 
spanningg segments contain 3 basic residues (H in seg-
mentt 1 and R in segments 4 and 6) and one acidic 
residuee (D in segment 4) which are all well conserved. 
Thee formation of charge-pairs has been recognised in 
thee mitochondrial ADP/ATP translocase and found to 
bee essential for the translocase's function (32). Intro-
ductionn of a fourth basic residue as is the case in this 
patientt (G81R) completely inactivated CACTp as dem-
onstratedd in our yeast expression system, which may 
bee due to an altered formation of charge-pairs. 

Patientt 2 has a mild phenotype. In this patient an 
insertionn (c.955insC) was found which leads to a frame-
shiftt and as a result the CACT protein is extended by 
21aa.. Both in fibroblasts of the patient as well as in 
yeastt cells transformed with the corresponding mutant 
CACT,CACT, residual activity was found. This residual activ-
ityy is insufficient to support growth of the Lcact/cit2 

mutantt on oleate plates, but is partially able to restore 
COzz production from fatty acids in the \cact/clt2 dis-
ruptionn strain. Immunoblot analysis after expression 
inn yeast showed that the expressed mutant protein was 
largerr as predicted from the 21 amino acid extention 
andd that in comparison to the expressed wild-type 
CACT,, the amount of protein was reduced to a similiar 
extentt as the activity. This indicates that the extended 
mutantt protein must be properly integrated in the 
mitochondriall  inner membrane where it retains its 
function.. Furthermore, this result suggests that the 
deficiencyy in patient 2 is not primarily due to a non-
functionall  translocase but that the overall 0-oxidation 
inn the patient is affected due to a decreased amount of 
translocase.. In conclusion, the activity of both mutant 
CACTss as determined by expression in the kcact/cit2 
mutantt reflects the findings in the corresponding pa-
tients. . 
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Abstract.Abstract. The Saccharomyces cerevisiae peroxisomal 
membranee protein Pexl l p has previously been impli-
catedd in peroxisome proliferation based on morpholog-
icall  observations of PEXU mutant cells. Pexllp-defi-
cientt cells fail to increase peroxisome number in 
responsee to growth on fatty acids and instead accumu-
latee a few giant peroxisomes. We report that mutants 
deficientt in genes required for medium-chain fatty acid 
(MCFA)) p-oxidation display the same phenotype as 
Pexllp-deficientt cells. Upon closer inspection, we 
foundd that Pexl l p is required for MCFA p-oxidation. 
Disruptionn of the PEX11 gene results in impaired for-
mationn of MCFA-CoA esters as measured in intact 
cells,, whereas their formation is normal in cell lysates. 
Thee sole S. cerevisiae MCFA-CoA synthetase (Faa2p) 
remainss properly localized to the inner leaflet of the 

Introduction Introduction 
Peroxisomess are subcellular organelles involved in a wide 
varietyy of metabolic processes. Their importance is under-
linedd by the recognition of an increasing number of inher-
itedd disorders in which one or more peroxisomal functions 
aree impaired (Wanders et al., 1995; Powers and Moser, 
1998).. The most severe peroxisomal disorders include the 
disorderss of peroxisome biogenesis caused by a mutation 
inn one of a variety of genes (PEX) encoding peroxisome 
biogenesiss factors (peroxins; for nomenclature see Distel 
ett al., 1996). The human PEX genes have their ortho-
loguess in simple model organisms such as Saccharomyces 
cerevisiae,cerevisiae, which implies evolutionary conservation of the 
mechanismm by which peroxisomes are formed and main-
tainedd in cells. Peroxisome number and volume can be 
regulatedd by environmental and intracellular factors. In 

Addresss correspondence to H.F. Tabak, University of Amsterdam, Aca-
demicc Medical Center, Meibergdreef 15, 1105 AZ Amsterdam, The Neth-
erlands.. Tel.: +31 20 5665159. Fax: +31 20 6915519. E-mail: h.f.tabak 
@>amc.. uva.nl 

peroxisomall  membrane in PEX 11 mutant cells. There-
fore,, the in vivo latency of MCFA activation observed 
inn Pexl lp-deficient cells suggests that Pexl lp provides 
Faa2pp with substrate. When PEX 11 mutant cells are 
shiftedd from glucose to oleate-containing medium, we 
observedd an immediate deficiency in p-oxidation of 
MCFAss whereas giant peroxisomes and a failure to in-
creasee peroxisome abundance only became apparent 
muchh later. Our observations suggest that the MCFA 
oxidationn pathway regulates the level of a signaling 
moleculee that modulates the number of peroxisomal 
structuress in a cell. 

Keyy words: peroxisome  P-oxidation  peroxin  or-
ganellee multiplication  morphology 

vertebrates,, peroxisomal proliferation has been shown to 
bee regulated by peroxisomal proliferation activator recep-
torss (PPAR)1, which are ligand-activated transcription fac-
torss (Issemann and Green, 1990; Dreyer et al., 1992; Lee 
ett al., 1995). In addition, proper regulation of the size and 
morphologyy of the peroxisomal compartment is depen-
dentt on a functional peroxisomal p-oxidation system as a 
defectt in one of the first two p-oxidation enzymes, includ-
ingg acyl-CoA oxidase or either the D- or L-bifunctional 
enzyme,, has been shown to result in a low number of per-
oxisomess in human fibroblasts and murine hepatocytes 
(Poll-Théé et al, 1988; Fan et al., 1996; Suzuki et al., 1997; 
Changg et al., 1999; Qi et al., 1999; van Grunsven et al., 
1999). . 

Sincee S. cerevisiae contains only 1-2 small peroxisomes 

11 Abbreviations used in this paper: GFP-PTS1, green fluorescent protein 
containingg a peroxisomal targeting signal type 1; LBD, ligand-bindlng do-
main;; LCFA, long-chain fatty acids: MCFA, medium-chain fatty acid; 
PPAR,, peroxisomal proliferation activator receptors. 
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perr cell under most conditions of growth, proliferation of 
peroxisomess (to 10-20/cell) and induction of the fatty acid 
P-oxidationn machinery is required in order to grow on a 
fattyy acid as sole carbon source. The heterodimeric tran-
scriptionn factor Pip2p (Rottensteiner et al., 1996)/Oaflp 
(Rottensteinerr et al., 1997; Karpichev and Small, 1998) is 
requiredd for fatty acid-induced peroxisome proliferation 
andd regulates the expression of proteins required for fatty 
acidd oxidation, i.e., the p-oxidation enzymes, proteins re-
quiredd for transport of metabolites across the peroxisomal 
membrane,, and components of metabolite shuttles (Kal et 
al.,, 1999). Interestingly, Aoafl/Apip2 cells also fail to in-
ducee expression of the abundant peroxisomal membrane 
proteinn Pexllp, thereby implying that Pexllp is coregu-
latedd with the p-oxidation machinery. Previously, Pexllp 
hass been implicated in the regulation of the number of 
peroxisomess (Erdmann and Blobel, 1995; Marshall et al., 
1995).. Yeast mutants lacking the PEX11 gene are unable 
too increase the number of peroxisomes when grown on 
oleate-containingg media and instead accumulate a few 
(4-5)) giant peroxisomes. On the other hand, cells overex-
pressingg Pexl lp exhibit a large number of small peroxiso-
mall  structures (Erdmann and Blobel, 1995; Marshall et al., 
1995;; Sakai et al., 1995). Proteins with a low amino acid se-
quencee similarity (20%) have been found in a widee variety 
off  eukaryotes. Overexpression studies of these homo-
loguess in Kinetoplastida, and mammals have also been shown 
too affect peroxisome abundance which suggests that all these 
proteinss are orthologues (Lorenz et al., 1998; Passreiter 
ett al., 1998; Schrader et al., 1998). Taken together, these 
resultss suggest that Pexllp is involved in a process leading 
too fission or vesiculation of preexisting peroxisomes. An 
interestingg observation in support for such a role of 
Pexllpp was made by Passreiter et al. (1998). Rat Pexllpa 
wass shown to bind coatomer in vitro by virtue of its cyto-
plasmicallyy exposed carboxy-terminal dilysine motif. Re-
cruitmentt of coatomer by Pexl lp has been proposed to 
initiatee vesiculation of peroxisomes and thereby influence 
peroxisomee proliferation (Passreiter et al., 1998). How-
ever,, this dilysine motif is not conserved in other Pexl lp 
homologuess thereby raising doubt about the universality 
off  die proposed mechanism for Pexllp-mediated peroxi-
somee proliferation. 

Heree we report that S. cerevisiae Pexllp is primarily in-
volvedd in the oxidation of fatty acids, a process that is re-
strictedd to peroxisomes. Fatty acid oxidation in S. cerevisiae 
iss mediated via the peroxisomal matrix enzymes acyl-CoA 
oxidasee (Foxlp), the bifunctional protein (Fox2p) and 
3-ketoacyl-CoAA thiolase (Fox3p; Kunau et al., 1995). The 
peroxisomall  membrane has been shown to form a perme-
abilityy barrier for substrates and metabolites, in vivo (van 
Roermundd et al., 1995), which predicts die presence of spe-
cializedd transport systems that facilitate transport of sub-
stratess and metabolites across the peroxisomal membrane. 
Substratess for p-oxidation have been shown to enter peroxi-
somess via two different pathways (see Fig. 1; Hettema et al., 
1996).. MCFAs enter peroxisomes as free acids and are sub-
sequentlyy activated via the peroxisomal acyl-CoA syn-
thetase,, Faa2p, whereas long-chain fatty acids (LCFA) are 
activatedd outside peroxisomes and are subsequently im-
portedd via the peroxisomal ABC transporter Patlp/Pat2p 
(Shanii  et al.. 1995; Hettema et al., 1996; Verleur et al., 1997). 

Heree we describe that a defect in p-oxidation of fatty ac-
idss results in accumulation of only a few giant peroxisomal 
structuress per cell, a phenotype that implies that fatty acid 
p-oxidationn is required for proper peroxisome prolifera-
tiontion in S. cerevisiae. This prompted us to study whether 
Pexll  lp is directly involved in fatty acid oxidation. 

MaterialsMaterials and Methods 

YeastYeast Strains and Culture Conditions 
Thee wild-type strain used in this study was 5. cerevisiae BJ1991 (Mara, 
leu2,leu2, trpl, ura3-251, prbl-1122, pep4-3, gaJ2, Jones, 1977). The Afaa2 and 
Apatll  mutants have been described before (Hettema et al., 1996). Yeast 
transformantss were selected and grown on minimal medium containing 
0.67%% yeast nitrogen base without amino acids (YNB-WO; Difco), sup-
plementedd with 0.3% glucose and amino acids (20 |xg/ml) as needed. Liq-
uidd rich media used to grow cells for DNA isolation, subcellular fraction-
ation,, p-oxidation assays, immunogold electron microscopy and enzyme 
assayss were composed of 0.5% potassium phosphate buffer, pH 6.0, 0.3% 
yeastt extract. 0.5% peptone, and either 3% glycerol or 0.12% oleate/0.2% 
Tweenn 40. Before shifting to these media, the cells were grown on minimal 
0.3%% glucose or 2% glucose medium for at least 24 h. Minimal oleate me-
diumm contains YNB-WO supplemented with all amino acids and 0.12% 
oleate/0.2%% Tween 40. 

DisruptionDisruption oftheFOXl andPEXU Genes 

Thee Afoxl and Apex 11 deletion mutants were generated by one-step 
PCR-mediatedd gene disruption using the kanMX4 (Wach et al., 1994) as 
selectablee marker. The PCR-derived disruption constructs comprised of 
thee kaiMXi gene flanked by short regions of homology (50 bp) corre-
spondingg to the FOX1 and PEX/7 5' and 3' noncoding region. The result-
ingg PCR fragments were introduced into S. cerevisiae BJ1991 cells. G418-
resistantt clones were selected by growth on YPD plates containing 200 
mg/literG4188 (Geneticin; Wach, 1996). 

Mediumm chain 
fattyy acids 

Activatedd long-chain 
fattyy acids 

Cytosol Cytosol 

Pexl lp p Faa2p p 

Acyl-CoA A 

Foxlp p 

Fox2p p 

Fox3p p 

Patlp/Pat2pp Membrane 

6-oxidation n 

Acetyl-CoA A 

FigureFigure 1. Schematic representation of fatty acid p-oxidation in 5. 
cerevisiae.cerevisiae. Fatty acids can enter peroxisomes via two pathways: 
medium-chainn fatty acids enter as free fatty acids and require 
Pexl lpp and the peroxisomal membrane-associated acyl-CoA 
synthetase,, Faa2p, for their activation inside peroxisomes. Long-
chainn fatty acids are activated outside peroxisomes and are trans-
locatedd across die peroxisomal membrane via the heterodimeric 
peroxisomall  ABC transporter comprised of Patlp and Pat2p 
(Pxa2pandPxalp). . 
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SubcellularSubcellular Fractionation and Nycodenz Gradient 
EquilibriumEquilibrium Density Analysis 
Subcellularr fractionation was performed as described by (Van der Leij et at, 
1992).. Organelle pellets (25,000 g) were layered on top of 15-35% Nyco-
denzz gradients (12 ml), with a cushion of 1.0 ml 50% Nycodenz solutions 
containingg 5 mM MES, pH 6.0, 1 mM EDTA, 1 mM KC1. and 8.5% sucrose. 
Thee sealed tubes were centrifuged for 2.5 h in a vertical rotor (MSE 8 X 35 
ml)) at 19,000 rpm at 4°C. Gradients fractionated into 14 fractions were ana-
lyzedd for enzyme activity of various marker enzymes as described below. 

ElectronElectron Microscopy 
Oleate-inducedd cells were fixed with 2% paraformaldehyde (wt/vol) and 
0.5%% glutaraldehyde (wt/vol). Ultra-thin sections were prepared as previ-
ouslyy described (Gould et al., 1990). 

EnzymeEnzyme Assays 
3-Oxidationn assays in intact cells were performed as previously described 
(vann Roermund et al., 1998). Cells were grown overnight in media con-

tainingg oleate to induce fatty acid (3-oxidation. The fi-oxidation activity in 
wild-typee cells in each experiment was taken as reference (100%) and is 
expressedd as the sum of C 02 and water-soluble [3-oxidation products pro-
duced.. The activities of oleate-, palmitate-, myristate-, laureate-, and oc-
tanoate-p-oxidationn in oleate-grown wild-type cells were 12.1  1.5; 1.0
0.3;; 1.9  0.2; 2.7  0.6; 8.1  1.7 nmol/h/mg protein, respectively. The 
(3-oxidationn activity in lysates measured with octanoate as substrate was 
6.44  0.5 nmol/min/mg protein. 

3-Hydroxyacyl-CoAA dehydrogenase activity was measured on a Cobas-
Faraa centrifugal analyzer by monitoring the acetoacetyl-CoA-dependent 
ratee of NADH consumption at 340 nm (Wanders et al., 1992). Fumarase 
activityy was measured on a Cobas-Fara centrifugal analyzer monitoring 
thee APADH production at 365 nm. The reaction was started with 10 mM 
fumaratee in an incubation mixture of 100 mM Tris (pH 9.0), 0.1% Triton 
X-100,, 4 TJ/ml malate dehydrogenase (Boehringer) and 1 mM APAD for 
55 min at 37°C. Acyl-CoA synthetase activity was measured essentially as 
describedd (Knoll et al., 1994). Acyl-CoA synthetase activity in wild-type 
cellss measured with octanoate as substrate was taken as reference (100%) 
andd corresponds to 120 pmol/min/mg protein in intact cells and 3,560 
pmol/min/mgg protein in lysates. Protein concentrations were determined 
byy the bicinchonic acid method (Smith et al., 1985). 

FigureFigure 2. Medium-chain fatty acid 
3-oxidat ionn plays an impor tant role 
inn the regulat ion of peroxisomal 
morphologyy and abundance in 5. 
cerevisiae.cerevisiae. (A-C) Immunogo ld elec-
tronn micrograph showing peroxi-
somess in wi ld- type cel ls (A) , the 
fi-oxidationn mutant Afox l (B), and 
inn A p e x ll (C). O leate induced cells 
(>100 h) were labeled using ant i-
th io lasee ant ibod ies and p ro tA-
coatedd 10-nm gold part icles. Bar, 
0.255 u.m. (D) F luorescent structures 
labeledd with green f luorescent pro-
teinn containing a peroxisomal type 1 
target ingg signal (GFP-PTS1) in var-
iouss S. cerevisiae S-oxidat ion mu-
tants.. Cells were grown on oleate-
containingg med ium for 4 h. The 
numberr and morphology of the per-

oxisomess were observed by f luorescence microscopy. A t least 100 cells were observed (in random fields) in each sample. Each experi-
mentt was per formed at least two t imes, and the mean are shown by er ror bars. (E) Expression of Pexl l p in wild-type and mutant cells. 
T hee Wes te rn b lot shows the expression of P E X l l p and cata iase in cells g rown on o leate and represents lysates of wi ld- type cells and 
B-oxidationn mutants. 

Pexl lp p 

Cataiasee A 

ApexApex 11 
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Results Results 

MCFAMCFA Oxidation  Is Required  for 
PeroxisomePeroxisome  Proliferation 

Inn 5. cerevisiae, peroxisome number and volume are regu-
latedd in response to changes in the carbon source of the 
growthh medium. Cells grown on glucose contain only 1-2 
smalll  peroxisomes whereas cells grown on media containing 
long-chainn fatty acids (oleate) contain 10-20 peroxisomes. 

Inn human cells, a deficiency of one of the peroxisomal 
p-oxidationn enzymes such as acyl-CoA oxidase (Poll-Thé 
ett al., 1988) leads to a defect in the proliferation of this 
organelle.. We tested whether a yeast p-oxidation mutant 
deficientt in acyl-CoA oxidase (Afoxl) would also be dis-
turbedd in peroxisomal proliferation (see Fig. 1 for a simplified 
vieww of the peroxisomal p-oxidation system). There-
fore,, both wild-type and Afoxl cells were grown in oleate-
containingg medium and peroxisomes were visualized by 
immunogoldd electron microscopy using 10-nm gold parti-
cless coupled to antibody raised against Fox3p (thiolase). 
Thiss analysis revealed aberrant peroxisomal structures in 
Afoxll  cells, which were larger and frequently surrounded 
byy multiple membranes (see Fig. 2, A-C). To follow the 
peroxisomall  proliferation process during the transition 
fromm glucose- to oleate-containing medium, we used the 
GFP-basedd proliferation assay developed by Marshall et 
al.. (1996) which allows visualization of peroxisomal struc-
turess in living S. cerevisiae cells. For this purpose, we ex-
pressedd green fluorescent protein containing a peroxiso-
mall  targeting signal type 1 (GFP-PTS1) in fatty acid 
oxidationn mutants, in which either the gene encoding acyl-
CoAA oxidase (Afoxl), the peroxisomal ABC transporter 
Patlpp (Apatl) or the peroxisomal fatty acyl-CoA syn-

thetasee (Afaa2) was deleted. Previously, we have shown 
thatt Faa2p is specifically required for MCFA p-oxidation, 
whereass Patlp is required for p-oxidation of long-chain 
fattyy acids (Fig. 1). We found that the p-oxidation mutants 
Afaa22 and Afoxl, but not Apatl cells, showed less fluores-
centt structures per cell (Fig. 2 D). However, 4 h after the 
shiftt to oleate medium these structures seem to be larger 
andd more intensely fluorescent (not shown). 

Oleate-inducedd peroxisome proliferation in 5. cerevisiae 
requiress both induction of genes via the Oaflp/Pip2p path-
wayy and proper expression of the peroxisomal membrane 
proteinn Pexl lp. Western blot analyses of total lysates from 
thee p-oxidation mutants revealed that Pexllp and a 
markerr protein for the Oaflp/Pip2p induction pathway, 
catalasee A, were induced in response to oleate to the same 
levell  as in wild-type cells (Fig. 2 E). These results imply an 
importantt role for MCFA p-oxidation in the regulation of 
thee morphology of the peroxisomal compartment. 

B B 

B B 

Intactt cells 

WTT Apexl 1 

Lysates s 

WTT Apex11 

FigureFigure 3. Octanoate p-oxidation in oleate-induced wild-type and 
Apexll  1 cells. (A) p-oxidation in intact cells. (B) p-oxidation in 
lysates.. The p-oxidation activity in wild-type cells was taken as 
referencee (100%) and is expressed as the sum of [l-'^ClCC^ and 
water-solublee p-oxidation products produced. 
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FigureFigure 4. p-Oxidation enzymes are localized to the giant peroxi-
somess of Apexl 1 cells. (A) Subcellular fractionation experiment 
showingg that the p-oxidation activity is present in the 17,000-g 
pellett (P) fraction of oleate-grown Apexl 1 cells. A cell-free ho-
mogenatee (H) was fractionated into a 17.000-gpellet (P) fraction 
andd supernatant (S). (B) The 17,000-gpellet (P) was further frac-
tionatedd by Nycodenz equilibrium density gradient centrifuga-
tionn (fractions 1-14). The p-oxidation (black bars), fumarase (A) 
orr 3-hydroxy-CoA dehydrogenase ) activity in each gradient 
fractionn is expressed as a percentage of the sum activity mea-
suredd throughout the gradient. (M) Mitochondria and (P) peroxi-
somess indicate fractions with the highest fumarase or 3-hydroxy-
CoAA dehydrogenase activity, respectively. Fraction 1 is at the 
bottomm of the gradient. 
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PexlPexl lp Is Required for MCFA Oxidation 

Sincee MCFA p-oxidation is required for peroxisome pro-
liferation,, the peroxisome fission defect observed in 
Apexll  1 cells might be the consequence of a disturbance in 
(3-oxidation. . 

Too test this hypothesis we analyzed oxidation of the 
(1-HC)) labeled MCFA octanoate (Fig. 3 A). We found 
thatt oxidation of this MCFA is impaired in intact Apexl 1 
cells,, but importantly, rates of fatty acid oxidation in ly-
satess were unaffected (Fig. 3 B). These results show that 
thee activity of the p-oxidation enzymes themselves was un-
affected. . 

Thee deficiency in octanoate p-oxidation in intact but not 
inn lysed cells may be explained by (a) mislocalization of 
onee of the (3-oxidation enzymes or (b) a physical separa-
tionn of the p-oxidation enzymes and one of the substrates 
(fattyy acids, ATP etc.) or cofactors. Earlier studies have 
shownn that Apexl 1 cells are not disturbed in import of per-
oxisomall  proteins (Erdmann and Blobel, 1995; Marshall 
ett al., 1995). The data in Fig. 4 A are in line with these re-
sultss since virtually all p-oxidation activity in a homoge-
natee of Apexl 1 cells was present in the crude organellar 
pellet.. Subsequent fractionation of the organellar pellet by 
densityy gradient centrifugation revealed that the p-oxida-
tionn activity cofractionated with the peroxisomal marker 
3HADD (Fig. 4 B). These data show that all p-oxidation en-
zymess are present in peroxisomes of Apexl 1 cells and 
stronglyy suggest that Pexl lp is required for transport of 
P-oxidationn metabolites/substrates across the peroxisomal 
membrane.. Subsequently, we tested the p-oxidation ca-
pacityy of Apexl 1 cells using fatty acids of various chain 
length.. As shown in Fig. 5 A, p-oxidation of MCFA was as 
deficientt in Apexl 1 cells as in Afoxl cells (<1% of con-
trol),, whereas only a partial deficiency was found with 
fattyy acids of longer chain length. We conclude that 
Pexll  lp is specifically required for p-oxidation of MCFAs. 

Previously,, we have shown that fatty acids can enter per-
oxisomess either as free fatty acids or as acyl-CoA esters. 
MCFAs,, that enter peroxisomes as free fatty acids, depend 
onn the peroxisomal acyl-CoA synthetase Faa2p for their 
activationn to acyl-CoA esters. Although a small fraction of 
LCFAss enter peroxisomes as free fatty acids, most of the 
LCFAss are activated outside peroxisomes and rely on the 
heterodimericc ABC transporter (Patlp/Pat2p) for entry 
intoo peroxisomes (Hettema et al., 1996). Inside peroxi-
somess both medium-chain and long-chain acyl-CoA esters 
aree p-oxidized via the same set of enzymes (Fig. 1). The 
MCFA-specificc p-oxidation defect observed in Apexl 1 
cellss suggests that Pexllp functions in the Faa2p-depen-
dentt pathway. We constructed double mutants lacking the 
PEX11PEX11 gene and either the FAA2 gene or the PAT1 gene 
andd measured MCFA- and LCFA- p-oxidation activity in 
thesee double mutants to test this hypothesis (Fig. 5 B). In-
deed,, Apexl 1/Apatl cells show a complete block in both 
MCFAA and LCFA P-oxidation, whereas Apexl 1/Afaa2 
cellss are specifically disturbed in MCFA p-oxidation. These 
resultss show that Pexllp functions in the same fatty acid 
entryy pathway as Faa2p and in parallel to Patlp. We con-
cludee that Pexl lp is required for p-oxidation of fatty acids 
thatt enter peroxisomes as free fatty acids. 

Wee investigated whether the impaired oxidation of 
MCFAA in Apexl 1 cells is caused by a loss of Faa2p activity. 
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FigureFigure 5. Pexllp is specifically required for p-oxidation of 
MCFAs.. (A) Cells grown on oleate medium (16 h) were incu-
batedd with 1-14C labeled fatty acids of different chain length and 
p-oxidationn activity was measured (see Materials and Methods). 
Thee acyl-CoA oxidase mutant (Afoxl) was used as a negative 
controll  for the p-oxidation activity. (B) p-oxidation activity was 
measuredd in cells grown on oleate (4 h) with 1-14C labeled oc-
tanoatee (C8:0) and oleate (CI8:1). The p-oxidation activity in 
wild-typee cells was taken as reference (100%) and is expressed as 
thee sum of [1-14C1C02 and water-soluble, radiolabeled p-oxida-
tionn products produced. 

Therefore,, we measured acyl-CoA synthetase activity with 
ann Faa2p-specific substrate (C8:0, octanoate) in both in-
tactt cells and lysates (Fig. 6, A and B). In lysates prepared 
fromm Apexl 1 cells C8:0-CoA synthetase activity was nor-
mal.. However, intact Apexll cells are not able to produce 
C8:0-CoAA in vivo. 

Too investigate whether the in vivo loss of Faa2p activity 
iss caused by mislocalization of Faa2p in Apexll cells we 
performedd immunogold electron microscopy on cryo sec-
tionss of oleate-grown Apexll cells expressing NH-tagged 
Faa2pp (Fig. 6 C). NH-Faa2p is fully active and is associ-
atedd with inner leaflet of the peroxisomal membrane 
(Hettemaa et al., 1996). We found NH-Faa2p to be associ-
atedd with the peroxisomal membrane in Apexll cells, 
showingg that Faa2p reaches its normal subcellular localiza-
tionn independent of Pexllp. Alternatively, Pexllp is re-
quiredd for transport of substrates across the peroxisomal 
membrane.. As peroxisomes are notoriously fragile upon 
isolation,, we decided to test this possibility by an in vivo 
experiment.. If Pexllp is required for transport of sub-
strates,, then cytosolically located Faa2p should be active 
inn both the absence and presence of Pexllp, and the 
MCFAss activated in the cytosol should be oxidized de-
pendentt on the peroxisomal ABC transporter Patlp/ 
Pat2p.. We expressed an Faa2p version that lacks its perox-
isomall  targeting signal in Apexl 1 cells, Apexl 1/Apatl cells, 
andd wild-type cells and measured MCFA p-oxidation ac-
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FigureFigure 6. Octanoyl-CoA synthetase activ-
ityy in oleate-induced Apexl 1 cells. (A) C8-
CoAA synthetase activity in intact cells. (B) 
C8-C0AA synthetase activity in lysates. The 
activitiess in Afoxl cells were taken as ref-
erencee (100%). The acyl-CoA synthetase 
mutantt (Afaa2) was used as a negative 
controll  for the octanoyl-CoA synthetase 
activity.. (C) Immunogold electron-
micrographh showing colocalization of 
Faa2pp with the peroxisomal membrane 
off  Apexll cells (10-nm gold particles). 
Bar,, 0.25 u.m. 

AfoxlAfoxl Apexl 1 Afaa2 

tivityy 4 h after the shift to oleate medium (Fig. 7, A and 
B).. Indeed, mislocalization of Faa2p to the cytosol par-
tiallyy rescues the MCFA S-oxidation defect observed in 
Apexll  1 cells. The cytosolically-produced MCFA-CoA es-
terss can now enter peroxisomes via the pathway for acti-
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FigureFigure 7. Mislocalization of Faa2p to the cytoplasm bypasses 
Pexllp.. (A) Cells were grown for 4 h on oleate-containing me-
dium,, incubated with l-14C-labeled laureate and p-oxidation ac-
tivityy was measured (see Materials and Methods). (B) 1-14C Lau-
reatee p-oxidation in lysates. 

vatedd fatty acids as indicated by the inability of cytosolic 
Faa2pp to rescue the MCFA B-oxidation defect in Apexll/ 
Apatll  cells. 

Wee conclude that Pexl lp provides Faa2p with substrate 
orr cofactor, probably by facilitating substrate or cofactor 
transportt across the peroxisomal membrane. 

PexllpPexllp Is Primarily Involved in MCFA Oxidation, 
whichwhich Secondarily Affects Peroxisomal Proliferation 

Wee performed a kinetic experiment where we transferred 
cellss from glucose- to fatty acid-containing medium and 
followedd B-oxidation after the transfer. Fig. 8 A shows that 
Apexlll  cells were not able to oxidize octanoate already 
shortlyy after the transfer. In parallel, peroxisome prolifer-
ationn was followed using GFP-PTS1. In Apexll cells per-
oxisomee number and size were indistinguishable from 
wild-typee cells up to 2 h after the transfer to oleate-con-
tainingg medium (Fig. 8 C). After prolonged incubation on 
oleatee medium (>10 h) the typical morphology of giant 
peroxisomess became apparent. Initially, induction of ole-
atee B-oxidation was slightly affected (Fig. 8 B), and only at 
laterr timepoints (24 h) oleate B-oxidation decreased (not 
shown).. The defect in oleate oxidation of Apexl 1 cells 24 h 
afterr the shift explains the retarded growth on oleate me-
diumm and probably reflects a failure to segregate giant per-
oxisomess to daughter cells (Erdmann and Blobel, 1995). 

Sincee overexpression of Pexllp has been shown to in-
creasee peroxisome number, we tested the effect of Pexl lp 
overexpressionn on MCFA p-oxidation. 3 h after the shift 
off  glucose-grown cells to oleate medium, we measured a 
twofoldd increase in MCFA B-oxidation activity in cells 
transformedd with a multicopy vector (2 p,m) containing the 
PEX11PEX11 gene (Fig. 9). This observation supports our hy-
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FigureFigure 8. Pexllp is primary involved in MCFA 
P-oxidation.. (A) Octanoate and (B) oieate p-oxi-
dationn activity in intact cells followed with time 
afterr transfer from glucose- to oleate-containing 
mediumm (see Materials and Methods). p-Oxida-
tionn activity in wild-type cells was taken as refer-
encee (100%) and is expressed as the sum of 
[l-HC]COzz and water-soluble p-oxidation prod-
uctss produced. The acyl-CoA oxidase mutant 
(Afoxl)) was used as a negative control. (C) 
Abundancee of GFP-PTS1 labeled structures in 
variouss S. cerevisiae p-oxidation mutants fol-
lowedd with time after transfer from glucose- to 
oleate-containingg medium. 

pothesiss that Pexllp is involved in MCFA p-oxidation, a 
processs required for peroxisome proliferation. 

Discussion Discussion 
Peroxisomess constitute a dynamic compartment in eu-
karyoticc cells. Its size is determined by both external and 
internall  factors. The molecular nature of these factors 
remainss to be established. In 5. cerevisiae the fatty acid 
P-oxidationn enzymes are exclusively confined to peroxi-
somes.. When provided with fatty acids as sole carbon 
sourcee in the growth medium, the peroxisomal compart-
mentt is required at its full capacity and is enlarged com 
paredd with cells grown on other carbon sources. A number 
off  processes must be involved in enlarging the peroxisomal 
compartmentt and in maintaining the increased number of 
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FigureFigure 9. Overexpression of Pexllp results in an increase in 
MCFAA p-oxidation. Cells were grown on oleate-containing me-
diumm for 4 h and C8:0 p-oxidation activity was measured. The ac-
tivityy in wild-type cells was taken as reference (100%) and is ex-
pressedd as the sum of [1-14C|C02 and radiolabeled, water-soluble 
p-oxidationn products produced. pPEXll, multicopy plasmid con-
tainingg the PEX11 gene. 

organelles.. Newly synthesized matrix and membrane (-as-
sociated)) proteins must be recruited by peroxisomes. 
Geneticc screens have identified a number of proteins 
involvedd in these processes and peroxisomal targeting sig-
nalss have been defined. Much less is known as to how 
thee enlarging peroxisomal membranes obtain their lipids, 
whichh proteins participate in the formation of new peroxi-
somess or how peroxisomes are properly segregated to 
daughterr cells. 

Characterizationn of Pexllp in both yeast and in mam-
maliann cells has led to the proposal that it is involved in fis-
sionn of larger peroxisomes into smaller ones. Cells that 
lackk Pexllp accumulate a few large peroxisomes in con-
trastt to cells in which Pexl lp is overproduced which con-
tainn many small peroxisomes. Furthermore, it was shown 
thatt rat Pexllp was capable of binding coatomer in vitro 
suggestingg that vesiculation of peroxisomes made use of a 
moree general combination of factors required for vesicula-
tionn of other organelles. 

Heree we have reevaluated this proposed role of Pexllp 
andd suggest another function for this peroxin. Our interest 
wass raised by observations suggesting that formation of 
largee peroxisomes could be the result of abnormal fatty 
acidd metabolism. For instance, deficiencies of acyl-CoA 
oxidasee (Poll-Thé et al., 1988; Fan et al., 1996; Chang et al., 
1999)) or the multifunctional enzymes D- or L-bifunctional 
enzymee (Suzuki et al., 1997; Chang et al„  1999; Qi et al., 
1999;; van Grunsven et al., 1999) in mammalian cells results 
inn a reduced number of peroxisomes with enlarged volume 
andd in mouse hepatocytes overexpressing the multi-drug 
transporterr MDR2 large numbers of peroxisomes are oc-
casionallyy seen (Mauad et al., 1994). These observations 
suggestt that peroxisome proliferation is under control of a 
signalingg pathway influenced by certain metabolic ligands. 
Wee have explored these facts in a more systematic way in 
5.. cerevisiae in combination with morphological analysis of 
peroxisomess using electron microscopy and fluorescence 
lightt microscopy. All our experiments point to the impor-
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tancee of MCFA oxidation for peroxisome proliferation to 
occur.. On the basis of previous work Pexl lp would be ex-
pectedd to act at a late execution point in this putative sig-
nalingg cascade. Surprisingly, our experiments rather sug-
gestt that Pexl lp acts at a much earlier stage. This is based 
onn the fact that Apexll cells first show a deficiency in 
MCFAA oxidation and much later develop abnormal perox-
isomall  structures when shifted from glucose to oleate-con-
tainingg medium. These results provide strong evidence 
againstt the model that Pexllp is directly involved in a ve-
siculationn process (at least in S. cerevisiae). We rather fa-
vorr the idea that Pexl lp is part of a chain of events leading 
too the production of a signaling molecule responsible for 
modulationn of the peroxisome proliferation process. 

Pexll  lp is involved either directly or indirectly in getting 
MCFAss across the membrane since a Apexl 1 mutant shows 
latencyy characteristic of a membrane-mediated process: 
deficiencyy of MCFA oxidation when membranes are in-
tactt but full capacity for MCFA oxidation in a detergent 
lysatee in which membranes are dissolved. Indeed, one of 
thee substrates is not able to reach the fatty acid CoA syn-
thetasee Faa2p which is associated with the inside of the 
peroxisomall  membrane, since no MCFA-CoA esters are 
formedd in Apexl 1 cells. These characteristics qualify Pexl lp 
ass a transporter either for MCFAs or for essential cofac-
torss involved in p-oxidation such as ATP, CoA etc. Inter-
estingly,, Pexllp shows extensive amino acid sequence 
similarityy to the ligand-binding domain (LBD) of the nu-
clearr hormone receptors (Barnett et al., 2000). The great-
estt similarity is found with the LBDs of PPAR, which are 
ablee to bind fatty acids. In analogy, Pexllp might contain 
aa binding site for fatty acids which suggests a role in fatty 
acidd transport across the peroxisomal membrane. 

Unfortunately,, the properties of ScPexllp are not com-
pletelyy in line with being a straightforward metabolite 
transporter.. The primary amino acid sequence does not re-
veall  obvious membrane spanning regions that could form 
aa pore-like structure. There is also some controversy about 
itss peroxisomal sublocalization. Pexl lp of 5. cerevisiae has 
beenn reported to be an integral membrane protein by one 
groupp and was shown to be inside peroxisomes, tightly as-
sociatedd with the matrix side of the peroxisomal mem-
branee by another group (Erdmann and Blobel, 1995; Mar-
shalll  et al„  1995,1996). In our hands, ScPexllp behaved as 
aa peripheral membrane protein as it was extractable from 
membraness by carbonate treatment (data not shown). 
Mammaliann Pexllp is considered to be an integral mem-
branee protein with NH2 and COOH termini protruding 
intoo the cytoplasm (Passreiter et al., 1998). Some of these 
studiess made use of epitope-tagged versions of Pexllp 
whichh might have influenced its position. Further work is 
requiredd to settle this issue which is crucial for further de-
lineationn of the role of Pexl lp in fatty acid p-oxidation. 
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Wee have characterized the role of YPR128cp, the orthologue of human PMP34, in fatty acid metabolism and 
peroxisomall  proliferatio n in Saccharomyces cerevisiae. YPR128cp belongs to the mitochondrial carrier  family 
(MCF)) of solute transporters and is localized in the peroxisomal membrane. Disruption of the YPR128c gene 
resultss in impaired growth of the yeast with the medium-chain fatty acid (MCFA) laurate as a single carbon 
source,, whereas normal growth was observed with the long-chain fatty acid (LCFA) oleate. MCFA but not 
LCFAA B-oxidation activity was markedly reduced in intact ypr!28cA mutant cells compared to intact wild-type 
cells,, but comparable activities were found in the corresponding lysates. These results imply that a transport 
stepp specific for  MCFA B-oxidation is impaired in yprl28cA cells. Since MCFA B-oxidation in peroxisomes 
requiress both ATP and CoASH for  activation of the MCF As into their  corresponding coenzyme A esters, we 
studiedd whether  YPR128cp is an ATP carrier . For  this purpose we have used firefly  luciferase targeted to 
peroxisomess to measure ATP consumption inside peroxisomes. We show that peroxisomal luciferase activity 
wass strongly reduced in intact yprl28cA mutant cells compared to wild-type cells but comparable in lysates of 
bothh cell strains. We conclude that YPR128cp most likely mediates the transport of ATP across the peroxisomal 
membrane. . 

Peroxisomess are essential subcellular organelles involved in 
aa variety of metabolic processes. Their importance is under-
linedd by the identification of an increasing number of inherited 
diseasess in man in which one or more peroxisomal functions 
aree impaired (24, 40, 50). One of the main functions of per-
oxisomess is the degradation of fatty acids. In vertebrates, this 
takess place not only in peroxisomes but also in mitochondria. 
Long-chainn fatty acids (LCFAs) and medium-chain fatty acids 
(MCFAs)) are oxidized in mitochondria, whereas very long-
chainn fatty acids and certain branched-chain fatty acids are first 
shortenedd in peroxisomes and subsequently oxidized to com-
pletionn in mitochondria. This and other metabolic functions of 
peroxisomess (30, 40, 50) imply the existence of transport pro-
teinss in the peroxisomal membrane to shuttle metabolites from 
thee interior of peroxisomes to the cytosol and vice versa. In-
deed,, several reports have appeared indicating the existence of 
suchh carrier proteins (11, 33, 34, 42, 43, 50). 

Wee and others have been using Saccharomyces cerevisiae as 
aa model organism to study the functions of peroxisomal mem-
branee proteins (PMPs) for a number of reasons. First, in con-
trastt to mammalian cells, peroxisomes in yeast are the sole 
organelless in which B-oxidation of fatty acids takes place (18). 
Second,, S. cerevisiae is an easy organism to manipulate genet-
ically,, and its entire genome sequence is available to enable 
specificc studies. Third, S. cerevisiae can use fatty acids as sole 
carbonn source and therefore mutants disturbed in fatty acid 

**  Corresponding author. Mailing address: University of Amsterdam, 
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B-oxidationn can be readily identified by their growth charac-
teristicss in media supplied with different fatty acids. 

Inn the last few years, much information has become available 
onn peroxisomal membrane proteins involved in peroxisome 
biogenesiss (7, 37, 39, 51). In contrast, there is very littl e infor-
mationn on the peroxisomal membrane proteins involved in 
metabolitee transport. Earlier we reported the existence of two 
independentt pathways for fatty acid transport across the per-
oxisomall  membrane (11): one for the coenzyme A (CoA) es-
terss of LCFAs, which is dependent on the peroxisomal ABC 
transporterr proteins Pxalp and Pxa2p as first identified by 
Shanii  and Valle (11, 33, 34, 38), possibly acting as acyl-CoA 
esterr transporters (46), and one for MCFAs, which is depen-
dentt on the peroxisomal acyl-CoA synthetase Faa2p and 
Pexllpp (45). 

Inn this paper we report on the S. cerevisiae orthologue of 
humann PMP34 (53) and Candida boidinii PMP47 (23), 
YPR128cp,, which is a member of the mitochondrial carrier 
familyy (MCF) of solute transporters, which includes carriers 
likee the ADP/ATP carrier, the dicarboxylate carrier a.o (25). 
Wee show that YPR128cp is functionally involved in MCFA 
B-oxidationn and peroxisome proliferation and we conclude 
thatt YPR128cp mediates the transport of ATP across the per-
oxisomall  membrane. 

MATERIALSS AND METHODS 

Yeastt strains and cnltare conditions. The wild-type strain used in this study 
wass S. cerevisiae BJ1991 (ma/a Ieu2 trpl um3-251 prbl-1122 pep4-3 gall). The 
/ratii  A and Pxa2b and/flöZl mutants have been described before (11,43). Yeast 
transformantss were selected and grown on minimal medium containing 0.67% 
yeastt nitrogen base without amino acids (YNB-WO) (Difco) supplemented with 
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0.3%%  glucose and aminu acids (20 u,g/ml) as needed. Liqui d rich media used to 
groww cells for  DNA isolation, growth curves, subcellular  fractionation, |J-oxida-
tionn assays, immunogold electron microscopy, and enzyme assays were composed 
off  0.5% potassium phosphate buffer  (pH 6.0), 0.3% yeast extract, 0.5% peptone, 
andd either  3% glycerol, 25 JAM laurate, or  0.12% oleate-0.2% Tween 40, respec-
tively.. Before shifting to these media, the cells were grown on minimal 0.3% 
glucosee medium for  at least 24 h. Minimal oleate medium contains YNB-WO 
supplementedd with all amino acids and 0.12% oleate plus 0.2% Tween 40. 

Cloning,, sequencing, and disruption of the YFIU2Sc gene. To construct 
yprl28c&yprl28c& deletion mutants, the entire YPR12Sc open reading frame was replaced 
byy the kanMXA marker  gene (48). The PCR-derived construct for  disruption 
comprisedd the kanMXA gene flanked by short regions of homology (50 bp) 
correspondingg to the YPR128c 3' and 5' noncoding Tegions. pKan was used as 
templatee with the YPR128c primers (S'-CTGCGTAAAAGTACAGACACCC T 
GGAAGCTAGGCCAAGATTGTTACGAGCATACATCACGTACGCTGC A A 
GGTCGACC and 5'-CGATCAAGAGTTCAATGCCATTAACAAATATTTG A 
CTACTTTCCATACTGTTGGTGACAGATCGATGAATTCGAGCTCG) . . 
Thee resulting PCR fragments were introduced into S. cerevisiae wild-type BJ1991 
cellss and Pxa2b and faalL mutant cells. G418-resistant clones were selected by 
growthh on YPD plates containing G418 (200 mg/liter) (48). 

Subcellularr  fractionation and Nycodeuz gradients. Subcellular  fractionation 
wass performed as described by Van der  Leij  et al. (41). Organelle pellets were 
layeredd on top of 15 to 35% Nycodenz gradients (12 ml), with a cushion of 1.0 
mll  of 50% Nycodenz solutions containing 5 mM MES (morpholineethanesulfo-
nicc acid, pH 6), 1 mM EDTA, 1 mM KC1, and 8.5% sucrose. The sealed tubes 
weree centrifuged for  2.5 h in a vertical rotor  (MSE 8x35) at 19,000 rpm at 4°C. 
Gradientss were analyzed for  enzyme activity of various marker  enzymes as 
describedd below. In addition, 150 |il of each fraction from the Nycodenz gradient 
wass used for  precipitation in a 2-ml Eppendorf tube together  with 1,350 uJ of 
11%%  (wt/vol) trichloroacetic acid (TCA). After  being left overnight at 4°C, 
sampless were centrifuged for  15 min at 12,000 rpm at 4°C. The pellet obtained 
wass resuspended in 100 (j.1 of Laemmli sample buffer  and used for  sodium 
dodecyll  sulfate-poryacrylamide gel electrophoresis (SDS-PAGE). 

Preparationn of lysates. Cells were harvested and washed twice in water, and 
lysatess were prepared in a buffer  containing 200 mM Tris-HCl (pH 8.0), 1 mM 
EDTA,, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreito l 
(DTT) ,, and 10% (vol/vol) glycerol by disrupting the cells with glass beads on a 
vortex.. Cell debris was removed by centriftigation for  1 min at 13,000 rpm in an 
Eppendorff  centrifuge. 

Westernn blotting. Proteins were separated in SDS-12% poryacrylamide gels 
andd transferred onto nitrocellulose filter s in transfer  buffer  (25 mM Tris, 190 mM 
glycine,, 20% methanol). Blots were blocked by incubation in phosphate-buffered 
salinee (PBS) supplemented with 1% bovine serum albumin (BSA). The same 
bufferr  was used for  incubation with primary antibodies and with immunoglobulin 
GG (IgG)-coupled alkaline phosphatase. Blots were stained in buffer  composed of 
1000 mM Tris-HCl (pH 9.5), 100 mM Nad, 5 mM MgCl2 plus 5-bromo-4-chloro-
3-indolylphosphatee (BCTP) and nitr o blue tetrazolium (NBT) following the man-
ufacturer' ss instructions (Boehringer  Mannheim). 

Electronn microscopy, Oleate-induced cells were fixed with 2% (wt/vol) para-
formaldehydee and 0.5% (wt/vol) glutaraldehyde. Ultrathi n sections were pre-
paredd as described by Gould and Valle (8). 

NHH epitope tagging and antibodies. For  epitope tagging of proteins, the NH 
epitopee with the sequence MQDLPGNDNSTAGGS was used, which corre-
spondss to the amino terminus of mature hemagglutinin protein and is recognized 
byy a polyclonal antiserum. To introduce the NH tag, an oligonucleotide adaptor 
encodingg the NH epitope was ligated into the &rc l and BamYÜ sites of the 
single-copyy catalase A (CTA1) expression plasmid as described by Elgersma et 
al.. (4). 

Enzymee assays. ^-Oxidation assays in intact cells were performed as previously 
describedd by Van Roermund et al. (44). Cells were grown overnight in media 
containingg oleate to induce fatty acid (J-oxidation. The jj-oxidatio n capacity of 
wild-typee cells grown on oleate in each experiment was taken as a reference 
(100%)) and is expressed as the sum of CX)2 and water-soluble fj-oxidation 
productss produced. Rates of oleate (C18:l) and laurate (C12:0) P-oxidation in 
cellss grown on oleate were 12.1  1.5 and 2.7  0.6 nmol/h/mg of protein, 
respectively.. The ^-oxidation activity in lysates prepared from cells grown on 
oleatee as measured with laurate as the substrate amounted to 12.1  0.5 nmol/ 
h/mgg protein. 

3-Hydroxyacyl-CoAA dehydrogenase activity was measured on a Cobas-Fara 
centrifugall  analyzer  by monitoring the acetoacetyl-CoA-dependent rate of 
NADHH consumption at 340 nm (49). Fumarase activity was measured on a 
Cobas-Faraa centrifugal analyzer  monitoring the APADH production at 365 nm. 
Thee reaction was started with 10 mM fumarate in an incubation mixtur e of 100 

mMM  Tri s (pH 9.0), 0.1% Trito n X-100, 4 U of malate dehydrogenase (Boehr-
inger)) per  ml, and 1 mM APAD for  5 min at 37°C. Luciferase activity was 
measuredd in intact cells and in lysates as described by Vieites et al. (47). Cultured 
cellss were centrifuged, washed twice with distilled water, and resuspended in 
sterilee water  to be kept in 10 mM phosphate buffer  (pH 7.0) at 4°C until used. 
Cellss (3 x 106) were then diluted in 200 (U of oxygen-saturated 0.1 M citrate 
bufferr  (pH 4.5), and 25 ul of D-(-)luciferine (20 mM; final concentration, 2.2 
mM)) was added to the reaction chamber. The activity, measured as the peak light 
intensityy in wild-type cells in each experiment, was taken as a reference (100%) 
(1600 nV/cell). Protein concentrations were determined by the bicinchoninic acid 
methodd described by Smith et al. (35). 

RESULTS S 

YPR128cpp belongs to the MCF. One of the predictions of 
ourr earlier studies (44) is that, by analogy with mitochondria, 
thee peroxisomal membrane contains a variety of different 
transportt proteins such as an ac(et)ylcarnitine carrier to shuttle 
acetylcarnitinee and probably other carnitine esters produced in 
peroxisomess across the peroxisomal membrane. Similarly, a 
dicarboxylatee carrier has been proposed to exist (42). We use 
5.. cerevisiae as a model system to investigate this issue. Previ-
ously,, Moualij et al. (25) reported 35 open reading frames 
encodingg putative proteins belonging to the MCF in the yeast 
genome.. Each member was characterized by the presence of 
sixx trans-membrane-spanning regions. The phylogenetic tree 
constructedd by Moualij et al. can be subdivided into 27 sub-
groups,, including the ADP/ATP, phosphate, citrate, dicarboxy-
late,, acylcarnitine/carnitine, and flavin adenine dinucleotide 
(FAD)) carriers. In order to find proteins in this family that are 
peroxisomal,, we inspected the putative promoter sequences of 
thee 35 MCF genes for the presence of an oleate response 
elementt (consensus CGG-Nn/N19-CCG [15, 31]). Of the 14 
openn reading frames thus identified, the products of six were 
localizedd by tagging the proteins at their N termini with the NH 
epitopee (Table 1). Fractionation of homogenates prepared 
fromm cells expressing these NH-tagged MCF proteins and 
grownn on oleate showed that all the NH-tagged versions were 
presentt in the organellar fraction (Fig. 1A). Subsequent frac-
tionationn of the organellar pellet by equilibrium density gradi-
entt centrifugation revealed that NH-YPR128cp cofractionated 
withh the peroxisomal marker 3-hydroxyacyl-CoA dehydroge-
nasee (Fig. IB), whereas the other NH-MCF proteins cofrac-
tionatedd with the mitochondrial marker (Table 1). 

Immunogoldd electron microscopy of cross-sections of NH-
YPR128cp-expressing-cellss revealed exclusive labeling of the 
peroxisomall  membrane (Fig. 1C). The identification of 
YPR128cpp in the peroxisomal membrane is in line with recent 
dataa from Geraghty et al. (6). 

Together,, these results indicate that YPR128cp is a member 
off  the MCF, but localized in the peroxisomal membrane. 
Basedd on sequence similarity, YPR128cp belongs to the sub-
groupp of the ADP/ATP carriers within the MCF in 5. cerevisiae 
(25).. Highest sequence similarity was observed with the gene 
productss of the Candida boidinii PMP47 gene, the Plasmodium 
falciparumfalciparum adenine nucleotide translocase mRNA, and the hu-
mann Pmp34 gene. 

YPR128cpp is required for  growth on MCFAs. Deletion of 
thee YPR128c gene did not affect growth on media containing 
glucose,, acetate, or glycerol as a carbon source. Interestingly, 
growthh on the LCFA oleate was also not affected, while growth 
inn media supplemented with the (MCFA) laurate was impaired 
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TABLEE 1. Putative members of yeast MCF 

MCFF membrane 

ADP/ATPP carrier 
ADP/ATPP carrier 
ADP/ATPP carrier 
Graves'' disease protein 
"Graves'' disease protein" 
MemberMember MCF 
Memberr MCF 
ADP/ATPP carrier 
Phosphatee carrier 
RNAA splicing protein 
"RNAA splicing protein" 
"Tricarboxylatee transport protein" 
Memberr MCF 
Memberr MCF 
"Phosphatee carrier" 
MemberMember MCF 
MemberMember MCF 
Dicarboxylatee carrier 
"Uncouplingg proteins" 
"FADD carrier" 
"FADD carrier" 
"FADD carrier" 
MemberMember MCF 
Carnitinee carrier 
Memberr MCF 
Memberr MCF 
Memberr MCF 
"Citratee carrier" 
"Citratee carrier" 
"ADP/ATPP carrier" 
"ADP/ATPP carrier" 
Citratee carrier 
Succinate-fumaratee carrier 
Memberr of protein machinery for MIM 

Gene e 

AAC1 1 
AAC2 2 
AAC3 3 

MIR1 1 
MRS3 3 
MRS4 4 
PET8 8 

YHM1 1 

DIC1 1 
OAC1 1 
FLX1 1 

RIM2 2 
CAC C 
ARG11 1 
YMC2 2 
YMC1 1 

CTP1 1 
ACR1 1 
YHM2 2 

ORF" " 

YMR056c c 
YBL030c c 
YBR085w w 
YHR002w w 
YPROllc c 
YNL083w w 
YGR096w w 
YPR128c c 
YJR077c c 
YJL133w w 
YKR052c c 
YNL003C C 
YDL119c c 
YDL198c c 
YER053c c 
YMR166C C 
YGR257c c 
YLR348c c 
YKL120w w 
YIL134w w 
YIL006C C 
YEL006W W 
YBL192w w 
YORlOOc c 
YOR130c c 
YBR104w w 
YPR058W W 
YFR045w w 
YPR021C C 
YOR222w w 
YPL134c c 
YBR291c c 
YJR095w w 
YMR241w w 

ORE"" (CGG-

786CGG--
753CGG--
428CGG--

839CGG--
853CGG--
153CGG--

649CGG---

346CGG--
517CGG--

672CGG--

639CGG--

675CGG---

686CGG--
829CGG---

-N14/N„—CCG) ) 

~NI7--
"N10--
-N13--

-NM --
-NM --
-N15--

-N«--

-N19--
-N,3--

-N.7--

-N21--

-N18--

-N19--
-N20--

-CCG G 
-CCG G 
-CCG G 

-CCG G 
-CCG G 
-CCG G 

-CGG G 

-CCG G 
-CCG G 

-CCG G 

-CCG G 

-CCG G 

-CCG G 
-CCG G 

Localizationn (reference) 

Mitochondriall  (1) 
Mitochondriall  (19) 
Mitochondriall  (17) 
? ? 
Mitochondriall  (NH tagged) 
7 7 
7 7 
Peroxisomall  (NH tagged) 
Mitochondriall  (29) 
Mitochondriall  (52) 
Mitochondriall  (52) 
7 7 
7 7 
Mitochondriall  (NH tagged) 
7 7 
? ? 
? ? 
Mitochondriall  (13) 
Mitochondriall  (2) 
? ? 
7 7 
7 7 
? ? 
Mitochondriall  (NH tagged) 
Mitochondriall  (3) 
Mitochondriall  (20) 
Mitochondriall  (9) 
? ? 
7 7 
7 7 
Mitochondriall  (NH tagged) 
Mitochondriall  (14) 
Mitochondriall  (NH tagged) 
Mitochondriall  (27) 

'' ORF, open reading frame. 
'' ORE, oleate response element (CGG—N14/Niq--CCG is the consensus sequence). 

(Fig.. 2). Since peroxisomal assembly mutants are not able to 
groww on oleate, the observation that deletion of the YPR128c 
genee still allows growth on oleate supports the assumption that 
YPR128cpp is not involved in peroxisomal protein import. 
Rather,, the specific growth defect on MCFA suggests that 
YPR128cpp is required for a selective aspect of fatty acid me-
tabolism,, involving the p-oxidation of MCFAs. 

YPR128cpp is involved in MCFA P-oxidation. The capacity of 
wild-typee and yprl28cA cells to metabolize fatty acids was in-
vestigatedd using radiolabeled fatty acids of varying chain 
length.. The p-oxidation of LCFAs like oleate was normal in 
intactt yprl28cA cells, while the oxidation of MCFAs like lau-
ratee was reduced compared to wild-type cells (Fig. 3A). In 
contrast,, MCFA p-oxidation activity in lysates prepared from 
wild-typee and yprl28cA cells was comparable (Fig. 3B). These 
resultss illustrate that the activity of the p-oxidation enzymes 
themselvess is not affected in yprl28cA cells. This also implies 
thatt the capacity to transport CoA esters of LCFAs into or 
P-oxidationn products out of peroxisomes is unaffected. In fact, 
thesee results strongly suggest that a transport step specific for 
MCFAA p-oxidation is impaired in yprl28cA cells. 

Earlierr studies have indicated that a small fraction of LCFAs 
enterr peroxisomes as free fatty acids, whereas most of the 
LCFAss are activated in the cytosol and rely on the het-
erodimericc ABC transporter Pxalp/Pxa2p for entry into per-

oxisomess (11). Transport of MCFAs into peroxisomes occurs 
ass free fatty acids and requires the active involvement of 
Pexllpp (45). After transport, the activation into MCFA-CoA 
esterss occurs by the peroxisomal acyl-CoA synthetase (Faa2p) 
(11).. Both Pexllp and Faa2p are located at the periphery of 
thee peroxisomal membrane (21-23, 32, 45). Inside the peroxi-
somes,, p-oxidation of both medium-chain and long-chain acyl-
CoAA esters is catalyzed by the same set of enzymes. Therefore, 
thee MCFA-specific p-oxidation defect observed in yprl28cA 
cellss suggests that YPR128cp functions in the Faa2p-depen-
dentt pathway. 

Too further study the involvement of YPR128cp in a trans-
portt step specific for MCFA p-oxidation, double mutants were 
generatedd in which the YPR128c gene and the gene encoding 
Pxa22 or Faa2 were deleted (yprl28cAJPxa2A and yprl28cAj 
faa2A).faa2A). The cells were subsequently used to analyze the p-ox-
idationn activity using radiolabeled MCFAs and LCFAs. 
yprl28cAIPxa2Ayprl28cAIPxa2A cells showed a block in both MCFA and 
LCFAA p-oxidation activity (Fig. 4), whereas yprl28cAlfaa2A 
cellss were specifically disturbed in MCFA p-oxidation, which 
confirmss that YPR128cp functions in the same fatty acid entry 
pathwayy as Faa2p and not in the Pxa2p-dependent pathway. 

Basedd on these results, YPR128cp could be involved in the 
provisionn of the cofactors required for MCFA p-oxidation, in 
particularr ATP and CoASH. 
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FIG.. 1. Identification of YPR128cp as a peroxisomal membrane protein in S. cerevisiae. (A) Subcellular fractionation of wild-type cells 
expressingg NH-YPR128cp. Oleate-grown cells were fractionated by differential centrifugation of a homogenate (H) into a 17,000 X g pellet (P) 
andd supernatant (S). The upper panel shows the activity of 3-hydroxyacyl-CoA dehydrogenase (3HAD), a peroxisomal marker, whereas the lower 
panell  shows the NH-YPR128cp fusion protein as detected on Western blot using an antibody against the NH tag. (B) The 17,000 X g pellet (P) 
wass further fractionated by Nycodenz equilibrium density gradient centrifugation (fractions 1 to 15). Mitochondrial (M) and peroxisomal (P) 
matrixx markers are fumarase (A) and 3-hydroxyacyl-CoA dehydrogenase (3HAD) , respectively (upper panel), and NH-YPR128cp was 
detectedd by immunoblot analysis (lower panel). (C) Immunogold electron micrograph showing association of NH-YPR128cp with the peroxisomal 
membrane.. NH-YPR128cp was visualized using specific antibodies against the NH epitope and protein A-gold particles. 

Evidencee that YPR128cp and Faa2p are involved in the 
samee pathway. A possible function of YPR128cp would be the 
transportt across the peroxisomal membrane of certain sub-
stratess required for MCFA p-oxidation or, more specifically, 
forr the ATP-dependent conversion of MCFAs into their re-
spectivee CoA esters by Faa2p. As peroxisomes readily lose 
theirr structural integrity upon isolation, we decided to test this 
possibilityy by an in vivo experiment in which we expressed 
Faa2pp in the cytosol as previously reported (11, 45). If 
YPR128cpp is required for specific transport of one of the 
substratess of Faa2p, the prediction would be that expression of 
Faa2pp in the cytosol would result in active MCFA fj-oxidation 
whichh is no longer solely dependent on the presence of 
YPR128cp.. Instead, the MCFA p-oxidation will now become 
dependentt on the presence of the peroxisomal ABC half-trans-
porterss Pxalp and Pxa2p that wil l transport the CoA esters of 

thee MCFAs produced by the cytosolic Faa2p into the peroxi-
somes. . 

Too study this, we expressed an Faa2p version that lacks its 
peroxisomall  targeting signal in ypr!28cA cells, yprl28c\IPxa2& 
cells,, and wild-type cells and measured MCFA p-oxidation 
activityy in cells grown on oleate medium. The results (Fig. 5) 
showw that the mislocation of Faa2p to the cytosol rescues the 
MCFAA p-oxidation defect observed in yprl28c\ cells, as pre-
dicted.. The observation that cytosolic Faa2p is not able to 
rescuee the MCFA p-oxidation defect in YPRl28cMPxa2b cells 
confirmss the assumption that the cytosolically produced 
MCFA-CoAA esters enter the peroxisomes via the Pxalp/Pxa2p 
ABCC transporter. From these experiments, we conclude that 
YPR128cpp provides Faa2p with one of its substrates (ATP or 
CoASH),, probably by facilitating substrate transport across the 
peroxisomall  membrane. 
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FIG.. 2. Growth of wild-type and mutant cells on laurate. The 
strainss shown are wild-type (WT), yprl28c\, and foxIA cells. 

Evidencee that YPR128cp is an ATP carrier . Since the se-
quencee similarity of YPR128cp strongly suggested that it may 
servee as an ADP/ATP carrier, we used peroxisomal firefly 
luciferasee to measure the ATP consumption within peroxi-

somes.. The use of luciferase was introduced by Kennedy et al. 
(16)) as an extremely sensitive method of monitoring free ATP 
inn vivo at the subcellular level. To verify the experimental 
set-up,, we first studied the subcellular localization of luciferase 
inn transformed yeast cells grown under different conditions. 
Fractionationn of homogenates prepared from wild-type and 
yprl28c\yprl28c\ cells transformed with luciferase and grown on glu-
cosee showed that more than 90% of the luciferase activity was 
presentt in the organellar fraction (not shown), while approxi-
matelyy 75% of the activity was found in the organellar pellet of 
oleate-grownn cells (Fig. 6A). Subsequent fractionation of the 
organellarr pellets by equilibrium density gradient centrifuga-
tionn showed that the luciferase activity cofractionated with the 
peroxisomall  marker enzyme 3-hydroxyacyl-CoA dehydroge-
nasee (Fig. 6B), indicating that luciferase is completely located 
inn peroxisomes, at least under conditions when its expression is 
relativelyy low. 

Next,, we measured the in vivo activity of luciferase in lucif-

WT T 
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Timee (min) 
FIG.. 3. Laurie acid p-oxidation in oleate-induced wild-type (WT),yprl28c\ and foxlk cells. (A) p-Oxidation in intact cells. (B) p-Oxidation 

inn cell lysates. [l- l4C]lauric acid oxidation is expressed as the sum of [1-14C]C02 and water-soluble p-oxidation products produced. 
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FIG.. 4. p-Oxidation activity measurements using fatty acids of different chain lengths. Cells grown on oleate medium were incubated with 

l-'4C-labeledd MCFA (C12:0) or LCFA (C18:l), and p-oxidation rates were measured (see Materials and Methods). The |3-oxidation rates in 
wild-typee (WT) cells were taken as a reference (100%) and are expressed as the sum of [l- ,4C]CO, and water-soluble p-oxidation products. Each 
experimentt was performed at least two times, and the means are shown by error bars. 

erase-expressingg wild-type and ypr!28cA cells, which were 
grownn under different conditions, yprl28cA cells grown on glu-
cosee or oleate showed very littl e luciferase activity in contrast 
too wild-type cells (Fig. 7A). However, in lysates of these cells, 
luciferasee activities were comparable (Fig. 7B). These results 
illustratee that the reduced activity of luciferase measured in 
intactt yprl28cA.pLUC-skl cells is not due to a reduction in 
luciferasee activity per se. In all cases the yprl28cA.pLUC-skl 
strainn could be complemented with respect to the MCFA (3-ox-
idationn and luciferase activity by transforming the cells with the 
wild-typee YPR128c gene, indicating that we specifically moni-
toredd the function of YPR128cp in living cells by measuring 
thee luminescence produced by the intraperoxisomal luciferase. 
Thesee data show that a transport step specific for both MCFA 

Yprt28c/pxa2ApFaa22 cyi 

Ypr128c/pxa2A Ypr128c/pxa2A 

Ypr12ScA.pFaa2Ypr12ScA.pFaa2 cyt 

Ypr128cA Ypr128cA 
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WT T 

[i-oxidationn activity (%) 

FIG.. 5. Mislocalization of Faa2p to the cytosol complements the 
MCFAA P-oxidation defect in yprl28cA cells. Cells were grown on 
oleate-containingg medium and incubated with l-l4C-labeled laurate, 
andd p-oxidation activity was measured (see Materials and Methods). 
Thee p-oxidation rates in wild-type (WT) cells were taken as the ref-
erencee (100%) and are expressed as the sum of [1-'4C]C02 and water-
solublee p-oxidation products. Each experiment was performed at least 
twoo times, and the means are shown by error bars. 

P-oxidationn and luciferase activity is impaired in ypr!28cA 
cells.. The most likely explanation for the reduction in apparent 
activityy of luciferase in yprl28cA cells would be a lowered 
intraperoxisomall  ATP level as a consequence of the absence of 
YPR128cp.. However, MCFA p-oxidation in peroxisomes also 
requiress free CoASH. In order to rule out the possibility that 
YPR128cpp is somehow involved in the provision of intraper-
oxisomall  CoASH rather than of ATP, we tested the effect of 
CoASHH on the activity of luciferase over a wide concentration 
range.. This is especially important since firefly luciferase has a 
bindingg site for CoASH and affects light production by the 
enzyme.. Importantly, Pazzagli et al. (28) have shown that 
CoASHH has no effect on the peak light intensity but does have 
ann effect on the integrated light production, since CoASH 
preventss the rapid inhibition of light production, producing a 
virtuallyy constant production of light with time (see also Fig. 2 
inn reference 5). For these reasons we have measured peak light 
intensitiess rather than light production over a certain time 
scalee in the experiment in Fig. 6, thereby eliminating the po-
tentiall  interference by CoASH. In separate experiments, we 
establishedd that CoASH indeed had no effect on the peak light 
intensityy produced by the enzyme, which leads us to conclude 
thatt YPR128cp is required for the transport of ATP and not 
CoASHH (see Discussion). 

YPR128cpp is also required for  normal peroxisome prolifer -
ation.. In S. cerevisiae, the peroxisomal number and volume are 
regulatedd in response to changes in the carbon source of the 
growthh medium. Cells grown on glucose contain only one or 
twoo small peroxisomes, whereas cells grown on oleate contain 
manyy more peroxisomes. 

Sincee previous studies revealed that MCFA p-oxidation is 
requiredd for peroxisomal proliferation (45), we also studied 
peroxisomall  proliferation in yprl28cA cells during the transi-
tionn from glucose- to oleate-containing medium using the 

85 5 



A A 3HAD D Luciferase e 

HH p s HH PS 

B B 

fraction n 
FIG.. 6. Subcellular localization of luciferase in oleate-grown cells 

off  5. cerevisiae transformed with the luciferase-SKL construct ex-
pressedd under control of the CTA1 promoter (see Materials and Meth-
ods).. (A) Luciferase-expressing wild-type cells were fractionated by 
differentiall  centrifugation of a homogenate (H) into a 17,000 X g pellet 
(P)) and supernatant (S), followed by the measurement of 3-hydroxya-
cyl-CoAA dehydrogenase (3HAD) and luciferase activity. (B) The 
17.0000 X g pellet (P) was further fractionated by Nycodenz equilibrium 
densityy gradient centrifugation (fractions 1 to 12). Mitochondrial (M) 
andd peroxisomal (P) matrix markers are fumarase (A) and 3-hydroxya-
cyl-CoAA dehydrogenase (3HAD) , respectively. Luciferase activity 
(solidd bars) was measured in the fractions (see Materials and Meth-
ods). . 

greenn fluorescent protein (GFP)-based proliferation assay de-
velopedd by Marshall et al. (22), which allows visualization of 
peroxisomall  structures in living S. cerevisiae cells. For this 
purposee we expressed GFP containing a peroxisomal targeting 
signall  type 1 AK L (GFP-PTS1) in wild-type, yprI28c&, and 
pexIlApexIlA mutant cells. 

Wee found that 3 h after a shift to oleate, the ypr!28cA cells 
showedd less peroxisomal structures per cell than wild-type cells 
(Fig.. 8), which indicates that YPR128cp plays a role in a 
processs that affects peroxisomal number or proliferation. 

DISCUSSION N 

Inn recent years, several studies in the yeast S. cerevisiae have 
clearlyy shown that the peroxisomal membrane is not freely 
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FIG.. 7. YPR128cp is functionally involved in the transport of ATP. 
Luciferasee activity was measured in vivo in luciferase-expressing wild-
typee (A) and yprl28cA (B) cells and in lysates. Cells were grown on 
0.3%% glucose and for different time periods on oleate. The luciferase 
activityy in wild-type cells was taken as a reference (100%). Each ex-
perimentt was performed at least two times, and the means are shown 
byy error bars. 

permeablee to low-molecular-weight compounds but is a closed 
structuree which requires the presence of carrier proteins in the 
peroxisomall  membrane catalyzing the transport of specific me-
tabolites.. Indeed, we provided evidence for the existence of a 
dicarboxylatee carrier in the peroxisomal membrane required 
forr reoxidation of intraperoxisomal NADH (42) and a tricar-
boxylatee carrier for the provision of' intraperoxisomal NADPH 
(43).. Furthermore, transport proteins have been shown to be 
involvedd in the import of fatty acids across the peroxisomal 
membrane,, which may proceed via two distinct routes (11). 
Thee first route probably involves the transport of CoA esters of 

Aypr128c Aypr128c 

ApexApex 11 

WT T 

Numberr of peroxisomal structures/cell 

FIG.. 8. YPR128cp plays a role in the regulation of peroxisomal 
morphologyy and abundance in 5. cerevisiae. Fluorescent structures 
labeledd with GFP containing a peroxisomal targeting signal (GFP-
PTS1)) in various 5. cerevisiae mutants. Cells were grown on oleate-
containingg medium for 3 h. The number and morphology of the per-
oxisomess were analyzed by fluorescence microscopy. At least 100 cells 
weree observed (in random fields) in each sample. Each experiment was 
performedd at least two times, and the means are shown by error bars. 
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fattyy acids as mediated by the two ABC half-transporters 
Pxalpp and Pxa2p, whereas the second route involves the trans-
portt of free fatty acids mediated by Pexl lp, followed by the 
intraperoxisomall  activation via the acyl-CoA synthetase Faa2p. 
LCFAss such as oleate are predominantly transported via the 
firstt route, whereas MCFAs are predominantly transported via 
thee second route (11). 

Severall  peroxisomal membrane proteins have been identi-
fiedd which may be involved in metabolite transport. One of 
thesee is YPR128cp, the orthologue of human PMP34 and C. 
boidiniiboidinii PMP47, which is a member of the MCF of solute 
transporters,, which includes the mitochondrial ADP/ATP car-
rier,, the mitochondrial carnitine/acylcarnitine carrier, and the 
mitochondriall  dicarboxylate carrier a.o. According to Moualij 
ett al. (25), S. cerevisiae contains 35 proteins belonging to this 
family.. In a search for peroxisomal carriers belonging to this 
family,, we identified 14 proteins, the expression of which is 
controlledd by an oleate response element. YPR128cp was the 
onlyy one, however, which turned out to be peroxisomal. Since 
mitochondriaa are the ultimate site of reoxidation of NADH 
andd degradation of acetyl-CoA (to C02 and H20), which are 
bothh produced during p-oxidation, it is not surprising that the 
expressionn of several mitochondrial carriers is also under the 
controll  of fatty acids via oleate response elements. 

Thee studies described in this paper clearly show that 
YPR128cpp plays a central role in the oxidation of MCFAs but 
nott of LCFAs. This is concluded from the fact that yprl28cA 
cellss failed to grow on lauric acid, whereas growth on oleate-
containingg medium was normal. Similar characteristics have 
previouslyy been reported for thcfaa2A strain (11). Additional 
evidencee for the concept that YPR128cp and Faa2p both func-
tionn in MCFA oxidation came from experiments with double 
mutants.. Indeed, the double mutant yprl28c&/faa2& showed 
impairedd oxidation of laurate but not of oleate, whereas the 
doublee mutant yprl28cA/Pxa2& was disturbed in both laurate 
andd oleate oxidation. 

Theree are several options for the function of YPR128cp. 
Thee first would be transport of medium fatty acids per se. 
Modell  studies with artificial membranes, however, have shown 
thatt free fatty acids of short- and medium-chain length can 
diffusee very fast from one leaflet of the membrane to the other 
(10).. According to these authors, the short- and medium-chain 
fattyy acids would rapidly traverse the peroxisomal membrane, 
followedd by their activation to a CoA ester as catalyzed by 
Faa2p.. Based on these considerations, a role of YPR128cp in 
thee provision of ATP and/or CoASH, both required for acti-
vationn of MCFAs in the peroxisomal interior, would be more 
logical. . 

Makingg use of the elegant system developed by Kennedy et 
al.. (16), which is based on the use of luciferase as a sensitive 
indicatorr of the concentration of ATP, we have now obtained 
experimentall  evidence suggesting that YPR128cp indeed func-
tionss as a carrier of ATP. This is concluded from the fact that 
thee apparent activity of intraperoxisomal luciferase was found 
too be strongly deficient in YPR128c& cells. Since luciferase 
catalyzess an ATP-dependent reaction, these data indicate that 
thee intraperoxisomal level of ATP is reduced in YPR128cA 
cells.. The most likely explanation for this finding is that 
YPR128cpp catalyzes the transmembrane transport of ATP. 

Thee luciferase system that we used does not allow one to 

studyy whether YPR128cp is an ATP uniporter or an exchanger, 
withh ATP being imported and ADP or AMP being exported 
fromm peroxisomes. This matter can only be resolved if 
YPR128cpp is expressed in artificial liposomes, as has been 
done,, for instance, for the mitochondrial ADP/ATP carrier 
(36)) and the carnitine/acylcarnitine carrier (12). Such experi-
mentss are now in progress. Recently, a paper by Nakagawa et 
al.. (26) described the involvement of the YPR128cp ortho-
loguee PMP47 from C. boidinii in the metabolism of MCFAs. In 
theirr paper the authors speculate about a possible function of 
PMP477 in the transport of ATP based on the sequence simi-
larityy of PMP47 to ADP/ATP carriers. In contrast to the work 
presentedd in this paper, however, no experimental data were 
presentedd to provide evidence for this postulate. 
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Fattyy acid |3-oxidation in Saccharomyces cerevisiae: 

ann overview. 

Peroxisomall  disorders are relative newcomers 
inn the arena of inherited diseases in humans. In 
recentt years many different peroxisomal 
disorderss have been identified and great 
progresss has been made with respect to the 
underlyingg enzymatic and genetic basis (Gould 
etet al., 2000; Wanders et al, 1999). On the 
otherr hand many patients have been described 

inn literature in which the underlying defect 
remainss to be established. In many of these 
patientss the defect appears to be in the 
peroxisomall  [}-oxidation system as concluded 
fromm the accumulation of very-long-chain fatty 
acids,, pristanic acid and/or di- and trihydroxy-
cholestanoicc acid in different combinations. 
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Figur ee 1 Metabolic transport across the peroxisomal membrane during fatty acid oxidation in S. cerevisiae. 
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Thee recent identification of D-bifunctional 
proteinn deficiency (Suzuki et al, 1997; Van 
Grunsvenn et al, 1998, 1999a/b) and 2-
methylacyl-CoAA racemase deficiency (Ferdi-
nandissee et al, 2000) has been of great 
importancee in our endeavor to resolve the true 
underlyingg defect in all patients with a defect in 
peroxisomall  P-oxidation of unknown etiology 
(Wanderss et al, 2001b). In order to shed more 
lightt on the functional organization and basic 
principless of peroxisomal P-oxidation, we and 
otherss have used the yeast S. cerevisiae as 
modell  organism. The yeast S. cerevisiae is able 
too degrade both saturated and unsaturated fatty 
acidss (Dommes et al, 1981). In contrast to 
higherr eukaryotes, fatty acid P-oxidation in 
yeastt is restricted to peroxisomes, which 
harbourr the full enzymatic machinery to 
degradee fatty acids. Efficient oxidation of 
saturatedd and unsaturated fatty acids in 
peroxisomess does not only require the 
participationn of a series of enzymes but also 
requiress the active involvement of other gene 
products.. Indeed, peroxisomes must be 
equippedd with mechanisms to (1) reoxidize the 
NADHH produced during fatty acid p-oxidation 
(2)) to reduce the NADP+ produced in the 2,4-
dienoyl-CoAA reductase reaction (3) to take up 
fattyy acids from the cytosol and (4) to export 
acetyl-CoAA units out of the peroxisome to 
mitochondriaa for full oxidation to CO2 and 
H200 (Fig. 1) which is coupled to the synthesis 
off  ATP. 

1.11.1 Substrates for the ^-oxidation system in 
SaccharomycesSaccharomyces cerevisiae 

SaturatedSaturated fatty acids 
S.S. cerevisiae can use a range of different 
saturatedd fatty acids including myristic acid 
(C14:0)) and palmitic acid (C16:0) as sole 
carbonn source. Some fatty acids, like lauric 
acidd (C12:0) or octanoic acid (C8:0) are 
substratess for p-oxidation but are lethal when 
usedd as sole carbon source. 

Mono-Mono- and polyunsaturated fatty acids 
Peroxisomess are also able to oxidize 
unsaturatedd fatty acids including oleic acid 
(C18:lco9),, docosahexaenoic acid (C22:6co3) 

andd arachidonic acid (C20:4G>3). These 
substratess can be used as sole carbon source. 

VeryVery long chain fatty acids 
Whereass long-chain fatty acids can be used as 
solee carbon source, S. cerevisiae can not grow 
onn a very long chain fatty acid (VLCFA) like 
C26:00 as sole carbon source despite the fact 
thatt VLCFA like C24:0 and C26:0 can be 
oxidizedd in S. cerevisiea at a low rate (1% as 
comparedd with oleate) (Van Roermund et al, 
unpublished). . 

2-methylbranched2-methylbranched chain fatty acids 
S.S. cerevisiae can not P-oxidize pristanic acid 
(2,6,10,14-tetramethylpentadecanoicc acid) and 
otherr 2-methyl-branched chain fatty acids (Van 
Roermundd et al, unpublished). 

1.21.2 Enzymology of the peroxisomal fi-oxidation 
system system 

Thee actual p-oxidation of fatty acids in S. 
cerevisiaecerevisiae proceeds via the same set of 4 
reactionss as in mitochondria and peroxisomes 
fromfrom higher eukaryotes. This implies that a 
fattyy acid is first activated to a CoA ester and 
thenn undergoes dehydrogenation, hydratation, 
isomerization,, dehydrogenation again and thio-
lyticall  cleavage. 

1.31.3 The first step ofthe peroxisomal j3-
oxidationoxidation system 

Thee first step in the p-oxidation of acyl-CoA 
esterss involves the introduction of a double 
bondd between the a and p carbon atoms. In S. 
cerevisiaecerevisiae only a single acyl-CoA oxidase 
(Foxlpp or Poxlp) (Dmochowska et al, 1990) 
hass been identified which catalyzes the 
dehydrogenationn of all acyl-CoAs. During this 
reaction,, hydrogen peroxide is produced which 
iss subsequently decomposed by catalase to 
producee H2O and O2. FOX1 is the orthologue 
off  the human acyl-CoA oxidase 1 gene, and its 
expressionn is strongly induced by fatty acids 
(Luoo et al, 1996; Rottensteiner et al, 1996). 
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1.41.4 The second and third step of the 
peroxisomalperoxisomal ^-oxidation system 

Thee next two reactions, a hydration and a 
NAD+-dependentt dehydrogenation reaction, 
aree catalyzed by a bi- or multi-functional 
proteinn with enoyl-CoA hydratase and 3-OH 
acylCoAA dehydrogenase activity (Fox2p) 
(Hiltunenn et ah, 1992; Qin et ai, 1999). FOX2 
iss the orthologue of the human D-bifunctional 
proteinn (D-BP), also known as MFP2, MFEII 
andd D-PBE. Its expression is markedly induced 
byy fatty acids. Both ScFox2p and HsMFP2p 
catalyzee the formation of 3-ketoacyl-CoA 
esterss from 2-enoylCoAs with D-3 hydroxy-
acylCoAA as intermediate. 

1.51.5 The final step of the peroxisomal f$-
oxidationoxidation system 

Thee final reaction of the peroxisomal (3-
oxidationn pathway is catalyzed by 3-ketoacyl-
CoAA thiolase (Fox3p or Potlp)(Igual et ai, 
1991,, Erdmann et ai, 1994), which thio-
lyticallyy cleaves 3-ketoacyl-CoA esters into a 
chainn shortened acyl-CoA and acetyl-CoA. The 
expressionn of thiolase is also induced by fatty 
acids. . 
Untill  now, only one version of each enzyme 
hass been described in S. cerevisiae and analysis 
off  the S. cerevisiae Genome Database did not 
resultt in the identification of candidate 
isoenzymess (Van Roermund et ai, unpu-
blished). . 

1.61.6 Unsaturated fatty acid ^-oxidation 

(3-oxidationn of unsaturated fatty acids requires 
thee participation of additional enzymes 
includingg A3'5, A2'4-dienoyl-CoA isomerase 
(Dcilp),, a 2,4-dienoyl-CoA reductase (Spsl9p) 
(Gurvitzz et al, 1997) and a A3, A2 -enoyl-CoA 
isomerasee (Ecilp) (Geisbrecht et ai, 1998). 
Figuree 2 depicts the degradation of unsaturated 
fattyy acids and the involvement of the various 
enzymes.. Three different routes can be 
distinguished.. Route A is followed by fatty 
acidss with unsaturations at even-numbered 
positionss yielding 2,4-dienoyl-CoAs, which 
cann only be further oxidized after conversion to 

2-enoyl-CoAss by the sequential action of 2,4-
dienoyl-CoAA reductase and A3, A2-enoyl-CoA 
isomerasee (Fig. 2). In contrast, fatty acids with 
unsaturationss at odd-numbered positions can 
followw two different routes. The first route 
depictedd in Fig. 2 involves conversion of 2,5-
dienoyl-CoAss into 2-enoyl-CoAs via the 
subsequentt action of 1. Fox2p. 2. Fox3p and 3. 
A3,, A2-enoyl-CoA isomerase. The other 
NADPH-dependentt pathway involves the 
sequentiall  action of A3, A2,-enoyl-CoA 
isomerase,, A3,5, A2'4-dienoyl-CoA isomerase, 
2,4-dienoyl-CoAA reductase, and, again, A3, A2,-
enoyl-CoAA isomerase to finally yield 2-enoyl-
CoAs. . 

Efficientt oxidation of both saturated and 
unsaturatedd fatty acids in peroxisomes requires 
thee active involvement of other gene products. 
Indeed,, the peroxisome must have mechanisms 
too (1) reoxidize the NADH produced in the 
Fox2pp reaction; (2) to reduce the NADP+ 

producedd in the 2,4-dienoyl-CoA reductase 
reaction;; (3) to take up fatty acids from the 
cytosoll  and (4) to export the acetyl-CoA units 
outt of the peroxisome via the carnitine pathway 
orr the glyoxylate cycle to mitochondria for full 
oxidationn to C02 and H20 (Fig 1). Table 1 lists 
thee genes and corresponding gene products 
withh a defined or presumed role in fatty acid fl-
oxidation n 

1.71.7 Induction of the peroxisomal ^-oxidation 
system system 

Thee induction of genes encoding peroxisomal 
proteinss in yeast cells is mediated via the 
transcriptionn factors Pip2p and Oaflp, which 
aree involved in the control of gene expression, 
especiallyy of genes involved in the fatty acid [i-
oxidation.. Remarkably, although proteins of 
thee proteinimport machinery and many of the 
peroxisomall  enzymes have been conserved 
fromm yeast to man, the mammalian (PPAR and 
RXR)) and yeast transcription factors (Pip2p 
andd Oaflp) which control fatty acid oxidation 
havee littl e in common. 
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Figur ee 2. Unsaturated fatty acid oxidation 

Thee class of nuclear receptors to which PPARa 
belongss is unknown in yeast, and Zn2Cys6 
trans-criptionn factors are typical of fungi 
(Chervitzz et al, 1998). Transcription of genes 
encodingg peroxisomal proteins in yeast can be 
inducedd in different ways. In methylotrophic 
yeastss like H. Polymorpha and P. pastoris, 
methanoll  is a potent inducer of peroxisomal 
enzymes,, such as amine oxidase (Veenhuis and 
Harder,, 1991). In S. cerevisiae, proliferation of 
peroxisomess and induction of the fatty acid 0-
oxidationn machinery is required in order to 
groww on oleate. Promotors of genes coding for 
yeastt proteins, which are involved in fatty acid 
oxidation,, contain a positive c/s-acting element 
thatt mediates the induction of these genes by 
fattyy acids in the medium. This element is 
calledd an Oleate Response Element (ORE) 
(Einerhandd et al, 1991) and is characterized as 

ann imperfect inverted repeat containing 
conservedd CGG triplets that are spaced by 14-
199 nucleotides (CGG-N14/N19-CCG). Further 
studiess demonstrated that Pip2p and Oaflp 
interactt with each other (Karpichev et al., 
1998)) and form a heterodimer that binds OREs 
(Rottensteinerr et al, 1996) and is required for 
fattyy acid-induced peroxisomal proliferation 
andd regulates the expression of proteins 
requiredd for fatty acid oxidation. 
AA high rate of synthesis of peroxisomal matrix 
proteinss is not sufficient to induce proliferation 
off  the peroxisomal compartment. This is 
illustratedd by the overexpression of MDH3 
underr glucose conditions, which results only in 
thee increased size of existing peroxisomes 
withoutt inducing peroxisomal proliferation 
(Verleure/a/.,, 1997a). 
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Therefore,, other mechanisms are required to 
triggerr peroxisomal proliferation. Previously, 
Pexllpp had been implicated in the regulation 
off  the number of peroxisomes (Erdman and 
Blobel,, 1995; Marshall et a!., 1995) (Chapter 
7).. Yeast mutants lacking the PEX11 gene are 
unablee to increase the number of peroxisomes 
whenn grown on oleate-containing media and 
insteadd accumulate a few giant peroxisomes. 
Onn the other hand, cells overexpressing Pexl lp 
exhibitt a large number of peroxisomal 

structuress (Erdmann and Blobel, 1995; Marshall 
etal,etal, 1995; Sakai et al, 1995). Proteins with a 
loww amino acid sequence similarity (20%) to S. 
cerevisiaecerevisiae Pexllp have been found in a wide 
varietyy of eukaryotes. It has been suggested 
thatt Pexllp is involved in a process leading to 
fissionn or vesiculation of pre-existing per-
oxisomes.. An interesting observation sup-
portingg such a role of Pexllp was made by 
Passreitere/a/.,, 1998. 

Tablee 1 

Foxin n 

Fox lp p 

Fox2p p 

Fox3p p 

Fox4p p 

FoxSp p 

Fox6p p 

Fox7p p 

Fox8p p 

Fox9p p 

Fox11 Op 

Fox11p p 

Fox12p p 

Fox13p p 

Fox14p p 

Fox15p p 

Fox16p p 

Fox17p p 

Foxl8p p 

Foxl9p p 

Fox20p p 

Fox21p p 

Fox22p p 

Foxins:: genes 

Gene e 
name e 

FOX1 1 

F0X2 2 

F0X3 3 

SPS19 9 

DCL1 1 

ECL1 1 

FAA1 1 

FAA2 2 

FAA4 4 

FAT1 1 

FAT2 2 

ACS1 1 

ACB1 1 

TES1 1 

CAT2 2 

CTAI I 

MDH2 2 

MDH3 3 

IDP2 2 

IDP3 3 

crr2 2 
AC02 2 

encodingg proteins involved in 

ORF F 

YGL205w w 

YKR009c c 

TILL 160c 

YNL202w w 

YOR180c c 

YLR284C C 

Y0R317w w 

YER015w w 

YMR246w w 

YBR041W W 

YBR222c c 

YAL054c c 

YGR037c c 

YJR019c c 

YML042w w 

YDR256c c 

Y0L126C C 

YDL078C C 

YLR174w w 

YNL009w w 

YCROOSc c 

Localization n 

peroxisomall  matrix 

peroxisomall  matrix 

peroxisomall  matrix 

peroxisomall  matrix 

peroxisomall  matrix 

peroxisomall  matrix 

cytosol l 

peroxisomall  matrix 

cytosol l 

plasmaa and 
peroxisomal l 
membrane e 
peroxisomal l 
periphery y 
peroxisomall  matrix 
alsoo reported to be 
mitochondrial l 
cytosol l 

peroxisomall  matrix 

peroxisomall  matrix 

peroxisomall  matrix 

cytosol l 

peroxisomall  matrix 

cytosol l 

peroxisomall  matrix 

peroxisomall  matrix 

cytosol l 

fa t tyy ac id B~ox 

Pheno o 
type e 

oleatee non 
utiliser r 
oleatee non 
utiliser r 
oleatee non 
utiliser r 
petroselinic c 
nonn uteliser 
viablee on 
oleate e 
oleatee non 
utiliser r 

Afaal/Afaa4 4 
oleatee non 
utilser r 
MCFAA non 
utiliser r 

Afaal/Afaa4 4 
oleatee non 
utilser r 
viablee on 
oleate e 

viablee on 
oleate e 
viablee on 
ethanoll  but not 
onn acetate 
viablee on 
oleate e 
viablee on 
oleate e 
viablee on 
oleate e 
viablee on 
oleate e 

oleatee non 
utiliser r 
oleatee non 
utiliser r 
nott viable 

petroselinic c 
nonn utiliser 
viablee on 
oleate e 
? ? 

dationn in Saccharomyces cerevisiae. 

ORE-box x 

PIP2/OAF1 1 
ADR1 1 
PIP2/OAF1 1 
ADR1 1 
PIP2/OAF1 1 
ADR1 1 
PIP2/OAF1 1 

PIP2/OAF1 1 

PIP2/OAF1 1 

? ? 

PIP2/OAF1 1 

? ? 

PIP2/0AF1 1 

ADR1 1 

PIP2/0AF1 1 

PIP2/0AF1 1 

PIP2/OAF1 1 

PIP2/0AFI I 
RTG1/RTG2 2 

ADR1 1 
RTG1/RTG2 2 
PIP2/OAF1 1 

? ? 

PIP2/OAF1 1 

RTG1/RTG3 3 

RTG1/RTG2 2 

PTS S 

not t 
known n 
PTS1 1 
(SKL) ) 
PTS2 2 

PTS1 1 
(SKL) ) 
PTS1 1 
(SKL) ) 
PTS1 1 
(SKL) ) 

PTS1 1 
(SKL) ) 

PTSS I 
(IKL ) ) 

PTS1 1 
(SKL) ) 
PTS1 1 
(VKL ) ) 

--
PTS1 1 
(AKF) ) 
PTS1 1 
(AKL ) ) 
PTS1 1 
(SKL) ) 

--
PTS1 1 
(SKL) ) 

--
PTS1 1 
(CKL) ) 
PTS1 1 
(SKL) ) 

--

remarks s 

Acyl-CoAA oxidase 

Bi-- or multifunctionalprotein 

3-ketoacyl-CoAA thiolase 

2,4-dienoyl-CoAA reductase 

A3"s,A2"4-dienoyl-CoAA isomerase 

A3,A22 -dienoyl-CoA isomerase 

acyl-CoAA synthetase 

acyl-CoAA synthetase 

acyl-CoAA synthetase 

veryy longchain acyl-CoA 
synthetase e 

veryy longchain acyl-CoA \ 
synthetasee | 
acetyl-CoAA synthetase 

acyl-CoAA binding protein 

peroxisomall  thioesterase 

carnitinee acetyltransferase ! 

catalasee A 

malatee dehydrogenase 

malatee dehydrogenase 

isocitratee dehydrogenase 
(NADP) ) 
isocitratee dehydrogenase 
(NADP) ) 
citratee synthase 

aconitase e 
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Foxin n 

Fox23p p 

Fox24p p 

Fox25p p 

Fox26p p 

Fox27p p 

Fox28p p 

Fox29p p 

Fox30p p 

Fox311 p 

Fox32p p 

Fox33p p 

Gene e 
name e 

MLSl l 

ICL1 1 

AAT2 2 

PXAI I 

PXA2 2 

PMP35 5 

PMP31 1 

PEXll l 
PMP27 7 
CAC C 

ACR1 1 

AGP2 2 

ORF F 

YNL117w w 

YER065C C 

YLR027C C 

YKL188C C 

YCR077c c 

YPR128c c 

YOL147c c 

YORlOOc c 

YJR095w w 

YBR132c c 

Localisation n 

peroxisomall  matrix 

cytosolic c 

cytosolicc and 
peroxisomal l 
PMP P 

PMP P 

PMP P 

PMP P 

peroxisomal l 
periphery y 
MIM M 

MIM M 

plasmaa membrane 

Pheno--
type e 

viablee on 
oleate e 
(partial) ) 
acetatee non 
utiliser r 

viablee on 
oleate e 
oletaee non 
utiliser r 
oleatee non 
utiliser r 
viablee on 
oleate e 

oleatee non 
utiliser r 
viablee on 
oleate e 
viablee on 
oleate e 
viablee on 
oleatee (rich) 

ORE-box x 

RTGl l 

RTG1/RTG2 2 

--
PIP2/OAF1 1 

PIP2/OAF1 1 

PIP2/OAF1 1 

PIP2/OAF1 1 

PIP2/OAF1 1 

PIP2/OAF1 1 

PIP2/OAF1 1 

PTS S 

PTSl l 
(SKL) ) 

PTSl l 
(AKL) ) 

--

--

--

--

--

--

--

--

remarks s 

Malatee synthase 

isocitratee lyase 

Aspartatee amino transferase 

ABCC transporter 

ABCC transporter 

FFAA transport pathway 

Porin? ? 

FFAA transport pathway 

acylcamitine/camitinee carrier 

fumarate// succinate carrier 

carnitinee carrier 

Ratt Pexllp has been shown to bind coatomer 
inin vitro by virtue of its cytoplasmically 
exposedd carboxyl-terminal dilysine motif. 
Recruitmentt of coatomer by Pexllp has been 
proposedd to initiate vesiculation of peroxi-
somess and thereby influence peroxisome 
proliferationn (Passreiter et ah, 1998) However, 
thiss dilysine motif is not conserved in other 
Pexllpp homologs thereby raising doubt about 
thee universality of the proposed mechanism for 
Pexll  lp-mediated peroxisomal fission. 
Recentlyy we found that Pexl lp is required for 
medium-chainn fatty acid oxidation and 
primarilyy plays a metabolic role that affects 
peroxisomall  fission (chapter 7). Barnett et ah, 
20000 observed a highly significant amino acid 
sequencee similarity (30% identity; 50% 
similarity)) between amino acids 2-187 of 
Pexllpp and the ligand binding domain (LBD) 
off  the nuclear receptor PPARoc, which may 
suggestt that Pexllp binds the same ligand. Its 
homologyy to the Ligand Binding Domain 
(LBD)) of nuclear hormone receptors, 
especiallyy PPARoc, is intriguing. Studies in 
humann cells, as well as in the yeast Y. 
lipolytica,lipolytica, C. boidinii, and S. cerevisiae support 
thee hypothesis that p-oxidation is required for 

properr regulation of size and morphology of 
thee peroxisomal compartment (Poll-Thé et al, 
1988;; Smith et ah, 2000). In agreement with 
thiss postulate, we found defective peroxisome 
proliferationn in Afoxl, Afox2, and Afox3 cells 
(dataa not shown). 
Finallyy we found the occurence of similar giant 
peroxisomess in the Ayprl28c and Ates (acyl-
CoAA thioesterase) mutant growing on oleate. 
Thesee observations suggest that YPR128cp, 
Tesp,, as well as Pexllp and peroxisomal (3-
oxidationn per se, are involved in the same 
metabolicc pathway that is required for proper 
peroxisomall  fission (Chapter 6 and 7). 

1.81.8 Peroxisomal membrane proteins (other 
thanthan peroxins) 

Severall  peroxisomal membrane proteins 
(PMPs)) other than peroxins, have been 
identifiedd which are presumed to be involved 
inn solute transport across the peroxisomal 
membranee (see Table 1). These include: PMP 
memberss of the mitochondrial carrier family 
(MCF). . 
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Thee C. boidinii PMP47 gene encodes a 47 
kDaa integral protein which is homologous to 
mitochondriall  solute carriers present in the 
mitochondriall  membrane (Mc Cammon et 
al,al, 1990). The N- and C- termini of 
Pmp47pp were shown to be exposed to the 
peroxisomall  matrix (Mc Cammon et al, 
1994).. Thus, the proposed topology is 
invertedd in comparison to mitochondrial 
carriers,, because their termini extend into 
thee mitochondrial intermembrane space 
(Kuann and Saier, 1993). Recently, putative 
human,, mouse and S. cerevisiae homo-
loguess of Pmp47p, designated Pmp34p, 
havee been identified. Similar to Pmp47p, six 
transmembranee domains were predicted in 
thesee proteins (Wylin et al, 1998). As 
discussedd in chapter 7 this protein is 
probablyy involved in transmembrane ATP 
transport.. In addition to the PMP47/PMP34 
proteins,, another peroxisomal member of 
thee MCF family has been identified in the 
rabbit,, namely a 53 kDa peroxisomal Ca2+-
dependentt solute carrier (Weber et al, 
1997).. No homologues were found in yeast 
off  this protein. 
PxalpPxalp andPxa2p, two members of the ABC 
transporterr family. 
Translocationn of phospholipids across the 
plasmaa membrane of mammalian cells has 
beenn shown to be dependent on the action of 
thee ABC transporters Mdrlp and Mdr3p 
(Smithh et al, 1994; van Helvoort et al, 
1996).. These proteins have been postulated 
too function as flippases that bind an 
amphipathicc lipid in the cytoplasmic leaflet 
off  the plasma membrane and flip its polar 
groupp across the membrane to deliver the 
moleculee to the exoplasmic leaflet (Higgins 
andd Gottesman, 1992). In the genome of the 
yeastt S. cerevisiae only two peroxisomal 
ABCC transporters have been identified, 
namelyy Pxalp and Pxa2p. These proteins 
aree highly similar to PMP70p and ALDp. 
Pmp20pPmp20p andPmp31p 
Finallyy two other peroxisomal membrane 
proteinss were identified in yeast, S. 

cerevisiaecerevisiae Pmp20p and H. polymorpha 
Pmp31p.. The precise function of these 
PMPss is yet unknown. 
Thee permeability properties of peroxisomes 
andd the involvement of these different PMPs 
wil ll  be discussed in the next paragraph. 

22 Transport of metabolites across the 
peroxisomalperoxisomal membrane 

Forr most of the enzymatic pathways 
delineatedd so far, peroxisomes are depen-
dentt on efficient communication with the 
remainderr of the cell. For continuation of [3-
oxidation,, products have to be recycled 
and/orr transported over the peroxisomal 
membrane.. Originally the hypothesis was 
thatt peroxisomes would be freely permeable 
too low molecular weight compounds. This 
wass concluded from the behavior of 
peroxisomess upon equilibrium density 
gradientt centrifugation in sucrose and the 
findingfinding that several enzymes such as D-
aminoo acid oxidase failed to exhibit 
structurelinkedd latency (De Duve and 
Bauduin,, 1966). Direct permeability mea-
surementss were done later using patch 
clampp analysis which provided support for 
thee concept of peroxisomes being freely 
permeablee organelles (Van Veldhoven et al, 
1987).. In 1993 Suiter et al, reported the 
presencee of a porin in the peroxisomal 
membrane.. Porins are known to be present 
inn the outer membrane of mitochondria 
(Manellaa et al, 1992). Their molecular 
weightt varies from 29-36 kDa. Although the 
porinss exhibit littl e sequence conservation, 
theirr structural properties are very similar. 
Porinss form a cylinder built from 12-19 
amphiphaticc pVsheets, which results in a 
barrel-likee structure with an inner diameter 
off  1.8 to 2.5 nm. This allows the passage of 
moleculess of up to 4-5 kDa. 
Thee first protein which is supposed to be 
responsiblee for pore-forming activity in the 
ratt is the 22kDa peroxisomal membrane 
proteinn (Pmp22p), which has a high 
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similarityy with certain transmitter-gated ion 
channels,, but has no similarity with porins, 
whichh makes the claim of a peroxisomal 
porinn questionable. Recently, Tugal et al, 
19999 sequenced and characterized PMP22 
fromfrom Arabidopsis, which shares 55% 
similarityy to two related mammalian per-
oxisomall  membrane proteins, Pmp22p and 
Mpvl7p.. These proteins are postulated to be 
involvedd in redox reactions associated with 
thee reoxidation of NADH, or in defense 
againstt potentially harmful reactive oxygen 
speciess such as hydrogen peroxide and 
superoxidee radicals produced in matrix and 
membranes.. These new results cast doubt on 
Pmp22pp as a peroxisomal porin. In yeast no 
homologg of PMP22 has yet been identified, 
butt interestingly Lee et al, 1999 and 
Farcasanuu et al, 1999 characterized a 
Pmp20pp (Ahplp) in yeast, which is located 
inn the periphery, as a new anti-oxidant with 
alkyll  hydroperoxide defense properties in 
yeast. . 
Thee second protein which is supposed to be 
responsiblee for pore-forming activity is the 
H.H. polymorpha Pmp31p (Table 1), which is 
strictlyy Ca regulated. In this respect the 
electrophysiologicall  properties of Pmp31p 
clearlyy differed from that of several other 
porins,, including the homologue of PMP31 
inn the mitochondrial outer membrane of H. 
polymorphapolymorpha (Lemmens et al, 1989). Since 
thee porin is predominantly present in the 
closedd state at calcium concentrations below 
10"66 M and the physiological calcium 
concentrationn in the cell is approximately 
10"66 M, this suggests a possible regulation 
byy calcium of the porin in vivo. 
Thirdly,, Corpas et al, 2000 identified a 36 
kDaa polypeptide of unknown function in the 
membranee fraction of cucumber seedling 
glyoxysomes.. They presented evidence that 
thiss 36kDa protein revealed 72%-95% 
identitiess with sequences in mitochondrial 
porinss of several different plant species. 
Earlier,, Reumann et al, (1996) proposed 
thatt this peroxisomal porin-like channel 

activityy contains a binding site for malate 
andd oxaloacetate, which introduces the 
possibilityy that this porin-like activity is 
involvedd in the malate shuttle of leaf 
peroxisomes. . 
Althoughh it remains to be resolved why 
isolatedd peroxisomes behave as freely 
permeablee organelles, it is now well 
establishedd that peroxisomes are closed 
compartmentss under in vivo conditions. 
Firstlyy we have found that the peroxisomal 
membranee is impermeable to NAD(H) and 
acetyl-CoAA (Van Roermund et al, 1995) 
andd NADP(H) (Van Roermund et al, 1998). 
Thesee findings predict the existence of 
metabolitee carriers in the peroxisomal 
membranee to shuttle metabolites from 
peroxisomess to cytoplasm and visa versa, 
especiallyy for substrates and p*-oxidation 
productss during the p-oxidation of fatty 
acids.acids. Secondly, recent studies by Dansen et 
al,al, 2000 have shown that peroxisomes are 
evenn impermeable to protons. Making use of 
aa pH-sensitive probe targeted to peroxi-
somess via an oligopeptide equipped with a 
PTS1-signal,, Dansen et al, demonstrated 
thatt peroxisomes have a basic pH (8.2+/-
0.3),, which can be dissipated by uncoupler. 
Thee mechanism involved in the maintenance 
off  this pH gradient, is unresolved. 

2.12.1 Fatty acid transport 

2.1.12.1.1 Uptake and activation 

Transportt of unesterified fatty acids (FFA) 
hass been proposed to proceed via simple 
diffusionn mainly regulated by the rules of 
lipidd physical chemistry. Recently, however 
aa more complex process involving protein 
catalysiss has been suggested. Hamilton et 
al,al, 1998 divided FFA transport in cell 
membraness into three essential steps: 
adsorption,, transmembrane movement, and 
deresorption.. Because of their low solubility 
inn water and high hydrophobicity, fatty 
acidss bind rapidly and avidly to model 
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membranes;; if albumin is a donor, FFA 
deresorpp rapidly to reach their equilibrium 
distribution.. Deresorption of FFA from a 
phospholipidd surface is slower than 
transmembranee movement and is dependent 
onn the FFA chain length and unsaturation, 
butt rapid for typical dietary FFA. 
Eachh of these steps might be catalyzed by 
proteinss in biological membranes, parti-
cularlyy if its rate is intrinsically slow. The 
physicall  properties of FFA in model systems 
predictt that proteins are not essential for 
transportt of FFA through membranes. 
Variouss factors can influence the rate of 
passivee fatty acid movement across a 
membranee (1) a transmembrane pH gradient 
(Maloyy et al, 1981) (2) the relative 
distributionn of fatty acid binding sites on 
bothh sides of the membrane (Van 
Nieuwenhovenn et al, 1996) (3) modify-
cationn of free fatty acids to membrane 
impermeablee derivatives (acyl-CoA esters) 
onn the trans-side of the membrane (Klein et 
al,al, 1971; Schaffer et al, 1994); utilization 
off  fatty acids for anabolic and catabolic 
processes,, thereby creating a sink. 
Fattyy acids can cross the membrane either 
byy virtue of their solubility or by being 
activelyy taken up by cells in a process 
mediatedd by proteins of the fatty acid 
transportt (FATP) family. The protein 
encodedd by the yeast F ATI gene has 54% 
overalll  similarity to human FATP and 
containss an AMP-binding motif common to 
suchh proteins as acyl-CoA synthetase. When 
thee fatty acid synthase inhibitor cerulenin is 
addedd to the medium, yeast cells stop 
growingg which can be rescued by 
supplementingg different fatty acids. Cells 
carryingg a disruption of the FAT1 gene 
(Afatl),(Afatl), however, have difficulty growing in 
thee presence of cerulenin even in the 
presencee of fatty acids. Incorporation of 
fattyy acids into lipids was also impaired in 
thee tfatl cells. Thus in this initial report, 
Fatlpp was proposed to function as a fatty 
acidd transporter protein, as proposed for the 

murinee FATP (Schaffer and Lodish, 1994; 
Faergemann et ai, 1997). Recent obser-
vations,, however, indicate that the impaired 
fattyy acid uptake observed in the Afatl cells 
iss secondary to a defect in the metabolism of 
thee fatty acid. Subcellular experiments 
suggestt that Fatlp is associated with the 
endoplasmicc reticulum and peroxisomal 
membrane,, rather than the plasma 
membranee (Choi et al, 1999). Furthermore 
heterologouss expression of the FAT1 gene 
indicatess that Fatlp is a very-long-chain 
acyl-CoAA synthetase (VLCS) (Choi et al, 
1999).. Fatlp appears to be involved in the 
maintenancee of very-long-chain fatty acid 
homeostasis,, only indirectly affecting uti-
lizationn of exogenous fatty acids. It is 
interestingg that the murine FATP has also 
recentlyy been reported to be a VLCS (Coe et 
al,al, 1999). 
Fivee additional genes (FAA1-4 and FAT2) 
encodingg proteins with homologies to acyl-
CoAA synthetases have been described in S. 
cerevisiaecerevisiae (Watkins et al, 1998; Blobel et 
al,al, 1996). 
Thee FAA1 and FAA4 genes encode acyl-
CoAA synthetases (Table 1) required for 
activationn of imported exogenous fatty acids 
(Duronioo et al, 1992; Johnson et al, 1994; 
Knolll  et al, 1994). Faalp and Faa4p 
accountt for 99% of total 14:0 and 16:0 
activationn activity in S. cerevisiae, and when 
endogenouss fatty acid synthesis is blocked, 
att least one is required for rescue on 
mediumm containing exogenous fatty acids 
(Knolll  et al, 1994). Cells carrying disrup-
tionss in both genes, Afaal/faa4, appear to 
havee normal initial rates of free fatty acid 
importt (Knoll et al, 1994), but bulk 
accumulationn in cell lipids is negligible 
(Choii  et al, 1999). Thus, it seems that these 
cellss are defective in the activation, but not 
thee transport, of the fatty acids. However, 
wee found that the double knock-out (Afaal/ 
faa4)faa4) fails to grow on oleate as sole carbon 
sourcee (Van Roermund, unpublished), 
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whichh suggests the involvement in fatty acid 
metabolism. . 
Disruptionn of the FAAS and FAA2 genes has 
noo affect on the ability of cells to use 
exogenouslyy supplied fatty acids, which 
mayy suggest that the acyl-CoA synthetases 
encodedd by these genes can access only 
fattyy acids synthesized within the cell 
(Johnssonn et al, 1994). Faa2p has been 
localizedd to the matrix side of the 
peroxisomall  membrane (Hettema et al, 
1996)) and accounts for the residual VLCS 
activityy present in cells lacking Fatlp (Choi 
etet al, 1999). 
Thee FAT2 gene product (Fat2p, previously 
namedd Psc60p) is located in the peroxisomal 
matrixx but is not necessary for growth on 
oleicc acid (Blobel et al, 1996). The cellular 
rolee of Faa3p and Fat2p remain uncertain. 
Inn the cytoplasm acyl-CoA esters and free 
fattyy acids are bound to binding proteins 
(ACBPP and FABPs). Therefore the actual 
solublee acyl-CoA and fatty acid con-
centrationn is very low. Besides protecting 
thee cellular membranes from fatty acids, 
FABPss and ACBPs have been postulated to 
playy a role in the delivery of fatty acids and 
acyl-CoAA esters to various compartments 
andd fatty acid consuming systems (Glatz and 
vann der Vusse, 1996; Gossett et al, 1996; 
Faergemann and Knudsen, 1997). 

2.1.22.1.2 Fatty acid transport across the 
peroxisomalperoxisomal membrane 

Thee substrates for ^-oxidation enter the 
peroxisomee via two different pathways (Fig 
l)(Hettemaa et al, 1996). First of all, free 
fattyy acids like MCFAs, enter peroxisomes 
andd are subsequently activated via the 
peroxisomall  acylCoA synthetase, Faa2p. 
Pexllpp is also required for ^-oxidation of 
fattyy acids that enter peroxisomes as free 
fattyy acids. As discussed before, Pexllp 
showss extensive amino acid sequence 
similarityy to the ligand-binding domain 
(LBD)) of the nuclear hormone receptor 

(Barnettt et al, 2000), suggesting that 
Pexll  lp might contain a binding site for fatty 
acidss which would be in line with a role in 
fattyy acid transport across the peroxisomal 
membrane. . 
Thee second entry path of fatty acids into the 
peroxisomess is by the activation of LCFAs 
outsidee peroxisomes and subsequent uptake 
viaa Pxal/Pxa2p (Hettema et al, 1996; Shani 
ett al, 1995). Pxalp and Pxa2p are per-
oxisomall  membrane proteins that comprise 
thee two halves of an ABC transporter 
requiredd for import of activated long-chain 
fattyy acids into peroxisomes. Pxalp/Pxa2p 
mightt function as an acyl-CoA flippase in 
thee peroxisomal membrane (Verleur et al, 
1997).. Membrane inserted acyl-CoA esters 
couldd then diffuse in the plane of the bilayer 
untill  they bind Pxalp/Pxa2p, which flip the 
polarr CoA group from the cytoplasmic 
leaflett to the luminal leaflet of the 
peroxisomall  membrane. Subsequently |3-
oxidationn of the acyl-CoA esters inside 
peroxisomess will allow a net flux of long-
chainn acyl-CoA esters into peroxisomes. 

2.22.2 Shuttling of metabolites across the 
peroxisomalperoxisomal membrane 

2.2.12.2.1 Reoxidation of intraperoxisomal 
NADH NADH 

Ass described in detail in Chapter 2 we have 
obtainedd strong evidence for a major role of 
peroxisomall  Malate dehydrogenase 
(Mdh3p)) in intraperoxisomal NAD+ 

regeneration.. Indeed deletion of the MDH3 
gene,, encoding peroxisomal malate de-
hydrogenase,, blocks fatty acid oxidation in 
intactt cells and leads to the accumulation of 
3-hydroxyacyl-CoAA esters. These results 
weree taken to indicate that Amdh3 cells are 
blockedd at the NAD+ dependent dehydro-
genationn step. Furthermore, these results 
implyy that NAD+ and NADH are not able to 
diffusee across the peroxisomal membrane. 
Thee Mdh3p-dependent regeneration of 

100 0 



FattyFatty acid ̂ -oxidation in Saccharomyces cerevisiae: An overview 

NAD++ depends on the presence of 
oxaloacetatee inside peroxisomes. It has been 
hypothesizedd that the reduction equivalents 
aree shuttled via an aspartate/malate shuttle, 
similar,, to the situation in mitochondria 
(Fig.. 3). The additional enzyme activity 
requiredd for this shuttle, i.e. aspartate 
aminotransferase,, was found to be localized 
insidee peroxisomes, at least partially, under 
oleatee conditions (Verleur et al., 1997). 
However,, the malate/aspartate shuttle is not 
requiredd for fatty acid p-oxidation since 
disruptionn of the corresponding gene 
(AAT2)) did not affect fatty acid |3-oxidation 
(Verleurr et al, 1997). The finding that 
Amdh3Amdh3 cells are not impaired in growth on 
acetatee suggests that Mdh3p does not 
participatee in the glyoxylate cycle. 
Indicationss that the kinetic parameters of 
glyoxysomall  malate dehydrogenase are 
unfavorablee to its participation in the 
glyoxylatee cycle of plants glyoxysomes 
weree earlier reported by Mettler and 
Beevers,, 1980. The consequence of these 
findingss is that malate produced by the 
glyoxylatee cycle is transported out of the 
peroxisomee followed by retro conversion to 
oxaloacetatee in the cytosol (via Mdh2p) or 
mitochondriaa (via Mdhlp) (Van Roermund 
andd Wanders, 2001). 

2.2.22.2.2 Reduction of intraperoxisomal 
NADPNADP+ + 

(J-Oxidationn of some unsaturated fatty acids 
requiress the participation of the enzyme 2,4-
dienoyl-CoAA reductase, which converts 2,4-
dienoyl-CoAA into /43-enoyl-CoA with the 
concomitantt production of NADP+ from 
NADPH.. As described in detail in Chapter 
3,, we have found that a peroxisomal NADP 
linkedd isocitrate dehydrogenase activity 
playss a key role in the provision of NADPH 
requiredd in the dienoylCoA reductase 
reaction.. Disruption of the IDP3 gene was 

foundd to block the pVoxidation of 
unsaturatedd fatty acids containing an even-
numberedd double bond (Van Roermund, 
1998)) (Chapter 3). Under these conditions 
theree was accumulation of 2,4-dienoyl-
CoAss indicating that the metabolism of 
thesee fatty acids was blocked at the level of 
thee dienoyl-CoA reductase step. (J-oxidation 
off  unsaturated fatty acids with an odd-
numberedd double bond (like oleate), 
howeverr was unaffected, implying that these 
unsaturatedd fatty acids can be degraded 
independentlyy of a NADPH-dependent 
reductionn of 5-enoyl-CoA, supporting a role 
forr the isomerase- or di- isomerase 
dependentt pathway in vivo. 

2.2.32.2.3 Export ofacetyl-CoA from the 
peroxisomalperoxisomal interior to the 
mitochondrialmitochondrial matrix 

Ass described in chapter 2 the peroxisomal 
citratee synthase activity (Cit2p) can be 
eliminatedd without impairment of growth on 
acetatee and oleate. This is rather surprising 
consideringg the essential role of the 
glyoxylatee cycle discussed before. It has 
beenn observed and argued before that citrate 
producedd in mitochondria under certain 
conditionss can reach the peroxisomes for 
furtherr metabolism. Here we suggest that 
thee assimilation of acetylCoA can take place 
inn a somewhat modified form which 
bypassess the need of Cit2p. The lack of an 
oleate-non-utilizerr (ONU) phenotype in the 
Acit2Acit2 cells could be explained by the 
presencee of an alternative pathway for 
transportt of the produced acetyl-CoA units 
duringg fi-oxidation, formed by the carnitine 
acetyltransferasee protein (Cat2p). Disruption 
off  both the CIT2 and CAT2 genes blocked 
thee 6-oxidation of oleate in S. cerevisiae. 
Thesee results led us to postulate two 
differentt routes for transport of B-oxidation 

101 1 



ChapterChapter 8 

CYTOSOL L PEROXISOMES S 

NAD D 

NAD D 

FATTYY ACID 

NAD+ + 

NADH H J J 
B-OXIDATION N 

Figur ee 3. Reoxidation of intraperoxisomal NADH 

productss from peroxisomes to mitochondria 
(Vann Roermund et al, 1995); one via the 
glyoxylatee cycle, and another one via the 
carnitinee transport pathway (Fig. 5). Based 
onn the findings, we developed a selection 
screenn for the isolation of mutants that are 
specificallyy disturbed in the carnitine-
dependentt transport of acetyl-units from 
peroxisomess to the mitochondria. We report 
inn chapter 4 the isolation and charac-
terizationn of three groups of mutants which 
aree all affected in proteins involved in the 
carnitine-dependentt acetyl-CoA transport 

(CDAT)) pathway from peroxisomes to the 
mitochondria. . 

2.2.42.2.4 ATP transport across the 
peroxisomalperoxisomal membrane 

Inn chapter 7 we describe the role of 
YPR128cp,, the orthologue of human 
PMP34,PMP34, in fatty acid metabolism and per-
oxisomall  proliferation in Saccharomyces 
cerevisiae. cerevisiae. 
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Figur ee 4 Reduction of intraperoxisomal NADP+ 
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Figuree 5: Export of acetyl-CoA from peroxisomes to mitochondria during fatty acid oxidation. 

YPR128cpp belongs to the mitochondrial 
carrierr family of solute transporters (MCF) 
andd is localized in the peroxisomal 
membrane.. Disruption of the YPR128c gene 
resultss in impaired growth of the yeast with 
thee medium fatty acid (MCFA) laurate as a 
singlee carbon source, whereas normal 
growthh was observed with the long-chain 
fattyy acid (LCFA) oleate. These results 
implyy that a transport step specific for 
MCFAA P-oxidation is impaired in yprl28cA 
cells.. Since MCFA p-oxidation in 
peroxisomess requires both ATP and CoASH 
forr activation of the MCFAs into their 
correspondingg CoA-esters, we studied 
whetherr YPR128cp is an ATP carrier (Fig. 
1).. For this purpose we have used firefly 
luciferasee targeted to peroxisomes to 
measuree ATP consumption inside 
peroxisomes.. We show that peroxisomal 
luciferasee activity was strongly reduced in 

intactt yprl28cA mutant cells when 
comparedd to wild-type cells but comparable 
inn lysates of both cell strains. We conclude 
thatt YPR128cp most likely mediates the 
transportt of ATP across the peroxisomal 
membrane.. Recently, direct evidence for the 
rolee of Yprl28cp as ATP-transporter was 
describedd by Palmieri et ah, 2001. Who 
proposedd that Yprl28cp catalyses a 1:1 
exchangee between ATP and AMP. 
InIn summary, much has been learned in 
recentt years about the fatty acid oxidation 
systemm in yeast including the transport of 
fattyy acids and other metabolites required 
forr p-oxidation across the peroxisomal 
membrane.. Much remains to be learned, 
however,, especially about the exact way of 
transportt of various metabolites across the 
membrane. . 
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Summary Summary 

Summary y 

Peroxisomess are subcellular organelles found 
inn almost all eukaryotic cells. The importance 
off  peroxisomes in man is stressed by the 
existencee of a group of inherited diseases, the 
peroxisomall  disorders, in which there is an 
impairmentt in one or more peroxisomal 
functions.. This group of inherited diseases can 
bee subdivided into two different groups: one 
groupp of peroxisomal biogenesis disorders 
(PBDs)) and one of single peroxisomal 
deficiencies. . 
Too date, five defined disorders of peroxisomal 
fattyy acid P-oxidation have been identified: X-
linkedd adrenoleukodystrophy (XALD) ; 2. acyl-
CoAA oxidase 1 (ACOX1) deficiency; 3. D-
bifunctionall  (D-BP) deficiency; 4. peroxi-
somall  thiolase (pTHl) deficiency; 5. 2-
methylacyl-CoAA racemase (AMACR) 
deficiency. . 
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 (3-
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. Especially 
inn the metabolic transport across the 
peroxisomall  membrane, the mechanisms 
involvedd in NADH-regeneration and the 
provisionn of NADPH during the peroxisomal 
fattyy acid p-oxidation. 

Forr a number of reasons S. cerevisiae is a good 
modell  system to study the peroxisomal p-
oxidationn since (1) peroxisomes are 
dispensablee during growth on glucose but are 
necessaryy for growth on oleate. This makes the 
isolationn of P-oxidation mutants straight-
forwardd (2) the complete genome has been 
sequencedd and analysed, and techniques to 
generatee targeted deletions and to express 
transgeness at various levels are well established 
(3)) fatty acid p-oxidation is restricted to peroxi-
somess in yeast (4) peroxisomal proliferation 
cann be induced by growing yeast on oleate. 

Afterr localisation and characterisation of a new 
genee product that is involved in a peroxisomal 
functionn it is easy to find the human orthologue 
byy comparing this new gene with the database 
off  expressed sequences tags (dbEST). Of 
coursee not all genes that are involved in human 
peroxisomall  functions will be obtained with 
thiss approach, but nevertheless new genes that 
wil ll  be evolutionary conserved can be 
identified. . 
Thee peroxisomal membrane forms a 
permeabilityy barrier for a variety of compounds 
eitherr required for or produced by various 
peroxisomall  processes. In chapter 3 and 4 we 
postulatedd that the peroxisomal membrane 
containss specific transport systems to allow 
metabolicc exchange between the peroxisomal 
matrixx and the cytosol. 
Basedd on these findings, we have developed a 
selectionn screen described in chapter 5 for the 
isolationn of mutants that are specifically 
disturbedd in one of the pathways for the 
transportt of acetyl-units from peroxisomes to 
mitochondria. . 
Althoughh we predicted the existence of a 
peroxisomall  carrier involved in the export of 
acetyl-carnitine,, we could identify only three 
geness that are involved in the carnitine 
dependentt acetyl-CoA transport from peroxi-
somess to mitochondria in S. cerevisiae; CAT2, 
CACTCACT and AGP2 respectively. More 
experimentall  evidence is necessary to identify 
thee peroxisomal acetyl-carnitine translocase, 
whichh we believe is present in the peroxisomal 
membrane. . 
Inn chapter 7 and 8, we focussed on two 
pathwayss for transport of fatty acids across the 
peroxisomall  membrane. We have shown that in 
contrastt to long-chain fatty acids, medium 
chainn fatty acids are activated to their acyl-
CoAA esters inside the peroxisomes, which 
dependss on three different gene products: 
Faa2p,, Pexl lp and Yprl28cp. Furthermore we 
havee shown in Chapter 8 that yprl28cp, a 
memberr of the mitochondrial carrier family of 
solutee transporters, is functionally involved in 
MCFAA P-oxidation and peroxisomal pro-
liferation.. We concluded that yprl28cp, the S. 
cerevisiaecerevisiae orthologue of human PMPS4, 
mediatess the transport of ATP across the 
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peroxisomall  membrane. The identification and 
characterizationn of these proteins contributes to 
aa better understanding of the communication 
betweenn peroxisomes and mitochondria, and 
thee physiological and biochemical functions of 
thee P-oxidation of fatty acids with the ultimate 
goall  to use this increased knowledge to shed 
moree light on patients with an undefined defect 
inn the peroxisomal P-oxidation. 

Samenvattingg voor  iedereen 

Organismen,, inclusief de mens, zijn 
opgebouwdd uit cellen. Een cel is ongeveer 10-
20pmm groot en is omhuld door de 
plasmamembraan,, een fysieke barrière die 
impermeabell  is voor de meeste moleculen. In 
dee cel bevindt zich een vloeistof die het cytosol 
wordtt genoemd. Hierin bevinden zich 
zogenaamdee organellen, zoals bijvoorbeeld de 
celkern,, peroxisomen en mitochondriën. Deze 
laatstee organellen zijn betrokken bij de 
energievoorzieningg van de cel, terwijl de 
celkernn het erfelijk materiaal bevat. 
Inn de celkern bevindt zich het DNA, wat alle 
informatiee bevat die nodig is om een cel in 
levenn te houden. Op het DNA liggen de genen, 
welkee coderen voor eiwitten. 
Eiwittenn vervullen bijna alle taken in de cel, 
zoalss bijvoorbeeld het afbreken van suikers en 
vettenn tot energie. 
Peroxisomenn zijn organellen die in vrijwel alle 
eukaryotee cellen, dus ook de mens voorkomen. 
Zijj  spelen een belangrijke rol in het verbranden 
vann vetzuren. Dit wordt geïllustreerd door het 
voorkomenn van zeer ernstige erfelijke 
aandoeningen,, zoals het Zellweger syndroom 
off  het X-gebonden adrenoleukodystrophy. 
Hiernaastt zijn er nog tal van patiënten welke 
eenn peroxisomale vetzuur stoornis hebben, 
waarvann we niet weten welk gen en dus welk 
eiwitt hierbij betrokken is. Deze bevindingen 
zijnn belangrijk voor de diagnose van de patiënt 
enn voor beter begrip van het ziektebeeld. 
Ditt proefschrift heeft zich geconcentreerd op 
hett mechanisme van de vetzuur p-oxidatie in 
dee gist S. cerevisiae. Een gistcel bevat in 
principee zowel peroxisomen als mitochondriën. 
Echterr in deze cel worden vetzuren alleen 
verbrandd in de peroxisomen. 

Hett voordeel om nu gist te gebruiken i.p.v. een 
menselijkee cel is omdat je een gistcel 
gemakkelijkk kan manipuleren. Daarnaast groeit 
eenn gistcel op suikers of op vetzuur. Dit geeft 
dee mogelijkheid om ad random genen te 
manipulerenn en na te gaan of deze betrokken 
zijnn bij het glucose of vetzuur metabolisme. 
Inn hoofdstuk 3 en 4 beschrijven wij onbekende 
eiwittenn die voorkomen in de matrix en 
betrokkenn blijken te zijn bij de vetzuur-
verbrandingg in gist. Zij maken onderdeel uit 
vann een exportsysteem van producten die 
ontstaann uit de intraperoxisomale verbranding 
vann vetzuren. Met deze belangrijke bevinding 
kondenn wij aantonen dat het peroxisomale 
membraann ondoorlaatbaar is voor kleine 
moleculenn als NAD(H), NADP(H) en acetyl-
CoA,, eindproducten van de vetzuur-
verbranding.. Hieruit volgt direct dat de 
peroxisomalee membraan allerlei transport-
eiwittenn bevat die nodig zijn enerzijds voor 
importt van vetzuren en anderzijds voor de 
exportt van producten die ontstaan gedurende 
dee verbranding van vetzuren in het peroxisoom 
vann de gistcel. 
Inn hoofdstuk 5 wordt beschreven hoe wij op 
zoekk zijn gegaan naar deze transporteiwitten. 
Tijdenss deze studie vonden wij een aantal 
transporteiwittenn die betrokken waren bij de 
exportt van eindproducten van de vetzuur 
verbrandingg van het peroxisoom naar het 
mitochondrion.. Echter geen werd er gevonden 
inn het peroxisomale membraan. Deze eiwitten 
blekenn gelokaliseerd in het mitochondrion en 
hett plasmamembraan. Van beide eiwitten 
blekenn humane homologen te bestaan en 
tegelijkertijdd werd aangetoond dat deze 
eiwittenn ook daadwerkelijk betrokken zijn bij 
dee verbranding van vetzuren in een humane 
cel. . 
Inn hoofdstuk 6 hebben wij door gebruik te 
makenn van ons gistsysteem aangetoond dat 
tweee van deze patiënten inderdaad een defect 
haddenn in de verbranding van vetzuren. 
Inn hoofdstuk 7 en 8 hebben we ons gecon-
centreerdd op het transport van vetzuren over 
hett peroxisomale membraan. In deze 
hoofdstukkenn wordt beschreven dat er twee 
verschillendee systemen aanwezig zijn in 
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hett peroxisomal membraan die de import van 
verschillendee vetzuren bewerkstelligen. 
Eenn systeem voor vrije vetzuren en een 
systeemm voor geactiveerde vetzuren. In dit 
eerstee importsysteem konden wij aantonen dat 
err tenminste twee nieuwe genen bij betrokken 
waren.. De twee eiwitten bevinden zich in de 
peroxisomalee membraan. Van deze twee genen 
blekenn humane homologen te bestaan. 

Dee uitdaging naar de toekomst zal zijn de 
peroxisomalee eiwitten te identificeren die in de 
peroxisomalee membraan gelokaliseerd zijn en 
hett transport van metabolieten te katalyseren en 
dee verworven kennis te extrapoleren naar de 
humanee cel en patiënten met een mogelijk 
defectt in één van die peroxisomale metaboliet 
transporters. . 
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