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1.. PREFACE 

Eukaryoticc cells have a basic architecture which is the same for a single-cell 

organismm as for a cell that is part of a specialised tissue in man. They differ 

fromm prokaryotic cells by the presence of membrane-bounded 

subcompartmentss or organelles creating micro-environments suitable for 

carryingg out different functions. Each organelle is characterised by its 

uniquee protein composition. This compartmentalisation allows complex 

cellularr processes to be segregated in such a way that each compartment 

providess optimal conditions for its function. This is elegantly demonstrated 

inn metabolism, where specific parts of metabolic processes are allocated to 

particularr organelles. Besides increased efficiency, compartmentalisation 

alsoo allows potentially harmful activities to be confined within membranous 

compartmentss so that no damage can be done to other parts of the cell. 

Thiss is certainly true for lysosomes and perhaps also for peroxisomes. 

Whenn a non-functional protein is produced due to a mutation in its gene, 

thee organism may face serious trouble to survive under certain 

circumstances.. In humans, the lack of essential proteins often leads to 

diseasee or may even be fatal before or after birth. Among the inheritable 

diseasess are the peroxisomal biogenesis disorders. They are remarkable 

becausee in the most serious cases a mutation in a single gene can affect 

thee performance of the peroxisome as a whole, compromising its 

contributionn to cellular metabolism in many ways. This is an exceptional 

situationn because similar damage to other cell compartments usually 

resultss in apoptosis and death of the organism (as opposed to peroxisomal 

disorders). . 

Thee cause of peroxisomal biogenesis disorders can be studied by a direct 

geneticc approach using patients DNA, but this is sometimes like looking for 

aa needle in a haystack. A more effective way is to first determine all the 

factorss involved in peroxisome assembly, such as proteins and membranes, 

thenn to try to clarify their exact functions and to understand the process of 

peroxisomee formation and function, and finally with the complete system 

too trace not a few, but all genetic mistakes affecting peroxisome function. 

Thee gaining of insight into peroxisome function in man is facilitated to a 

largee extent by the use of model organisms such as Saccharomyces 

cerevisiae. cerevisiae. 

Thiss thesis deals with the question: how are peroxisomes formed? Trying 

too find an answer to this question is not only important in medical science 

100 but is also a challenge in fundamental research. 
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2 .. THE EUKARYOTIC CELL 

Membrane-boundedd organelles can be divided into two main groups, 

basedd on their appearance and the way they communicate with the rest 

off the cell. The first group is characterised by organelles which are 

boundedd by a single membrane and which are able to communicate with 

eachh other via fission and fusion of membranes. Organelles of this group 

aree involved in secretion or endocytosis, e.g. the endoplasmic reticulum 

(ER),, the Golgi apparatus, lysosomes, vacuoles, endosomes and transport 

vesicles.. Since the nuclear envelope is continuous with the membrane of 

thee ER# the nucleus is also classified as belonging to this group of 

organelles.. Members of the second group of organelles are different 

becausee they contain their own DNA and are bounded by a double 

membrane,, e.g. mitochondria and plastids such as chloroplasts. 

Itt is not yet clear where peroxisomes fit in. Although the mechanism of 

importt of proteins resembles that of the organelles in the second group, 

theirr lack of DNA and their single membrane point in the direction of the 

firstt group of organelles (discussed below). 

Howw did the formation of these different types of organelles arise in 

evolution?? To answer this question we have to study the origin of the 

eukaryoticc cell. 

HowHow did eukaryotic cells arise? 

Itt is now generally accepted that prokaryotes are the ancestors of 

eukaryoticc cells. Early studies on the origin of organisms were mainly 

basedd on comparisons of ribosomal RNA sequences, but also the 

appearancee and contents of the organelles have shed some light on their 

origin.. There are several theories which explain the origin of organelles. 

Below,, some of these models are outlined. 

Thee proposed evolution of the nucleus and the ER based on the fate of 

thee membranes of the participating partners is presented in Figure 1A 

(Albertss et a/., 1994). Invagination of the plasma membrane of a 

prokaryoticc cell might have been the first event, which might have 

enclosedd the DNA that was originally attached to the plasma membrane. 

Eventuallyy the membranes would be pinched off from the plasma 

membrane,, resulting in a nucleus containing DNA surrounded by a 

doublee membrane. Protrusions into this membrane structure would lie at 

thee basis of the development of the ER. In this model, other organelles 

whichh communicate with the ER via transport vesicles and which have 11 
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prokaryoticc cell eukaryotic cell 

HDff=DNA A 

Figuree 1: The origin ofeukaryotes. Modified from Alberts (1994) (A and B) and Gupta 
andand Golding (1996) (C). A) Model for the origin of the nucleus and the ER. 
B)B) Model for the origin of mitochondria. C) New model for the origin of the 
nucleusnucleus and the ER. 

similarr contents (group 1 organelles, no DNA, single membrane) are 

thoughtt to have arisen via the same mechanism or to be formed from the 

ERR (Luke and Rivera, 1994). 

Thee organelles of group 2 (with DNA, double membrane) have a different 

origin.. The DNA of mitochondria and chloroplasts resembles that of 

prokaryotes,, therefore these organelles are thought to be the descendants 

off prokaryotic cells which probably lived in symbiosis with larger anaerobic 

cellss (Margulis, 1993). Endocytosis of the aerobic cell by the anaerobic cell 

122 resulted in endo-symbiosis (Figure 1B). The inner membrane of the new 
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organelless corresponds to the original plasma membrane of the prokaryote. 
Untill a few years ago these models were based on limited experimental 

evidence.. However, now that molecular sequence data are accumulating, 
additionall tools are being developed to gain more insight into the 
evolutionaryy origin of eukaryotic cells (Lake and Rivera, 1994). Especially 
chaperoness (70 and 90 kD heat-shock proteins) have proved to be useful for 
phylogeneticc studies because they are the most conserved proteins found 
inn all organisms and because they are present in several organelles. These 
studiess show that Hsp70 proteins of the ER have different characteristic 
sequencess than cytosolic Hsp70 proteins. Besides the DNA encoding these 
chaperones,, the eukaryotic genome also contains other specific features of 
bothh Gram-negative bacteria and archaebacteria (Gupta and Golding, 
1996).. These findings strongly suggest that eukaryotes arose as the result of 
aa unique fusion event between a Gram-negative bacterium and an eocyte 
archaebacterium.. Both these parents have made major contributions to the 
nuclearr eukaryotic genome. With this new insight, a new model was 
proposedd which explains the origin of the nucleus and the ER (Figure 1C): a 
Gram-negativee bacterium lacking a cell wall is thought to have developed a 
symbioticc relationship with an archaebacterium. The membrane of the 
Gram-negativee bacterium became redundant and was lost when the host 
surroundedd it, separation of the internalised membrane from the plasma 
membranee and transfer of the host genome led to the formation of nucleus 
andd ER. The genes encoding chaperones (Hsp70/90) were duplicated 
somewheree during the formation of the ER, allowing these essential proteins 
too function in the two compartments where protein folding takes place: the 
ERR and the cytosol. In this model, the origin of mitochondria and 
chloroplastss is a result of a later endo-symbiotic event of specific groups of 
eubacteria,, as shown in Figure 1B, whereas the organelles of the secretory 
andd endocytic pathways are derived from the ER. 

Unfortunately,, peroxisomes do not contain their own DNA, Hsp70p or 
Hsp90p,, which would facilitate studies on their origin. So we have to find 
anotherr way to get insight into the mechanisms that lie at the basis of 
peroxisomee formation. 

OrganelleOrganelle inheritance and biogenesis 

Thee above-mentioned theories explain how the first organelles might 
havee been formed, but the question remains how after cell division new 
cellss obtain or assemble their organelles. Are organelles inherited or are 
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theyy formed de novo in each cell? For organelles such as chloroplasts and 

mitochondriaa the need to be inherited is obvious because their DNA is 

essentiall to daughter cells. Inheritance of parts of the ER also seems to be 

essential,, since membrane synthesis cannot take place de novo (Nunnari 

andd Walter, 1996). For organelles which contain ER-derived membranes and 

proteins,, there is no need to be inherited. An obvious example is the Golgi 

apparatuss that can be formed anew by recruitment from the ER, as was 

shownn in several experiments, but this process is very slow (Warren and 

Wickner,, 1996). Inheritance of a fragment of the Golgi apparatus is 

energeticallyy more favourable than its regeneration from the ER. 

Inn general, of each organelle type at least one (fragment) is inherited. In 

mostt cases it is therefore more appropriate to refer to the maintenance of 

organelless than to their biogenesis, because this latter term implies de novo 

synthesis.. Depending on the organelle and the cell type, either a stochastic 

orr an ordered inheritance strategy is followed {reviewed by Warren and 

Wickner,, 1996). Stochastic inheritance is based on fragmentation of the 

organelle,, followed by cell division in equal parts and reassembly of the 

organellarr fragments. In mammalian cells this mechanism is used for the 

inheritancee of the ER, the Golgi apparatus and mitochondria. The ordered 

inheritancee method is based on partitioning of organelles: during each cell 

cyclee the organelle is divided into one part which stays in the mother cell 

andd one which ends up in the daughter cell, where it grows. In S. cerevisiae, 

forr example, the nucleus and mitochondria partially enter the bud neck and 

aree divided (in unequal parts) when the septum is formed. 

Whenn only a fragment of an organelle is inherited or when there is an 

increasedd demand for a certain organelle, a eukaryotic cell will collect and 

assemblee the necessary components to build this organelle. Membrane 

proteinss and luminal proteins are synthesised and co- or posttranslationally 

insertedd into the organelle via pathways specific for that organelle, or they 

aree obtained via vesicular traffic from another organelle. Membrane lipids 

aree mainly synthesised in the ER and can travel to an organelle in several 

wayss (Nunnari and Walter, 1996). Organelles of the secretory and endocytic 

pathwayss receive their membranes by direct budding from the ER or by 

fusionn with vesicles. Other organelles might receive their phospholipids via 

cytosolicc lipid-carrier proteins or via direct exchange of phospholipids at 

contactt sites between organelles. This direct exchange is thought to occur 

betweenn the ER and mitochondria (Trotter and Voelker, 1994). 
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3.. PEROXISOMES 

Off all organelles present in eukaryotic cells, peroxisomes were among 
thee last to be discovered. In 1954 the first microbodies were visualised by 
electronn microscopy on mouse kidney cells. Years later De Duve and 
Baudhuinn called this organelle 'peroxisome' because of its hydrogen 
peroxidee producing enzymes (Baudhuin et a/., 1965; De Duve and 
Bauduin,, 1966). Together with glyoxysomes, glycosomes and hydro-
genosomes,, peroxisomes are members of the family of microbodies: 
organelless lacking DNA, bounded by a single membrane, and equipped 
withh a specific set of enzymes, depending on the organism and the 
conditions. . 

Thee size, number, biochemical composition and cellular role of 
peroxisomess can be influenced to a large extent by the environment of 
thee cells. In yeast, usually a few peroxisomes are present, but they can 
becomee more abundant when the cells depend on their peroxisomal 
functionn to obtain energy from the environment. In higher eukaryotes, 
peroxisomess are most abundant (thousands per cell) in tissues with active 
lipidd metabolism, such as liver and brown fat tissue. 

PeroxisomalPeroxisomal functions 

Almostt every article about peroxisomes states that the peroxisome is a 
ubiquitouss and very versatile organelle. Indeed, peroxisomes have a set 
off very diverse functions (review in Mannaerts and Vanveldhoven, 1993; 
Vann den Bosch et a/., 1992; Wanders and Tager, 1998) and they can 
adaptt flexibly to the needs of the cell. Common peroxisomal functions 
aree the metabolism of hydrogen peroxide and the fJ-oxidation of fatty 
acids.. In yeast, fï-oxidation is limited to peroxisomes. While in higher 
eukaryotess this process partially takes place in the mitochondria, their 
peroxisomess contain enzymes that are involved in p-oxidation of very-
long-chainn fatty acids, branched-chain fatty acids, and polyunsaturated 
fattyy acids. Besides this, mammalian peroxisomes are also involved in the 
biosynthesiss of bile acids, ether lipids and polyunsaturated fatty acids, in 
thee a-oxidation of phytanic acid, and in fatty acid elongation. 
Furthermore,, the (partial) catabolism of purines, polyamines and certain 
aminoo acids can take place in peroxisomes. Also, several peroxisomal 
enzymess are involved in cholesterol and dolichol synthesis, in the 
glyoxylatee cycle and the respiratory pathway (in plant microbodies), and 
inn glycolysis (in glycosomes, the trypanosome variant of peroxisomes). In 15 
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certainn filamentous fungi, peroxisomes are involved in the biosynthesis of 
penicillinn {Muller et a/., 1992). 

PeroxisomePeroxisome morphology 

Peroxisomess are usually slightly oval shaped with a diameter of 
approximatelyy 0.5 urn in yeast, and between 0.3 and 1 um in mammalian 
cells.. Sometimes peroxisomes are connected to each other via tubular 
structures,, in rat hepatocytes this network of peroxisomes is referred to as 
aa 'peroxisomal reticulum' (Gorgas, 1987; Yamamoto and Fahimi, 1987). 
Thee density of peroxisomes is fairly high (approximately 1.23 g/cm3) due 
too the presence of high amounts of matrix proteins. The peroxisomal 
surfacee looks quite smooth when studied by electron microscopy after 
freezee fracturing (Kryvi et a/., 1990), there seem to be few membrane-
proteinn complexes present. Sometimes crystalline structures (cores or 
plates)) are observed inside peroxisomes (Goldfischer and Reddy, 1984; 
Zaarr et a/., 1991). The morphology of peroxisomes in sebaceous glands is 
distinct:: both tubular and bowl-shaped peroxisomes are observed 
(Gorgas,, 1987), probably due to the presence of the unique lipids which 
aree produced in these cells. When one of the proteins which are essential 
forr peroxisome formation is missing or altered, e.g. in cells from patients 
whoo suffer from a peroxisomal biogenesis disorder, usually peroxisomal 
remnantss or ghosts can be observed (Hettema et a/., 2000; Santos et a/., 
1988).. Ghosts are onionring-like membrane structures which contain 
membranee proteins but lack all or almost all matrix proteins. 

PeroxisomePeroxisome biogenesis 

Howw are peroxisomes formed? Similarity to other organelles would be a 
veryy informative tool to answer this question. As mentioned before, it is 
hardd to classify peroxisomes in the known groups of organelles: 
peroxisomess have several features which indicate that they might fit into 
groupp 1 (the ER-derived organelles), e.g. they are bound by a single 
membranee and they do not contain DNA. Besides this, there is no 
conclusivee homology of peroxisomal proteins with bacterial proteins. This 
suggestss that peroxisomes, like the members of this group of organelles, 
aree dependent on the ER for their biogenesis. However, in contradiction 
too group 1 organelles, peroxisomes contain their own protein-import 
system.. Matrix proteins as well as membrane proteins can be post-

166 translationally imported into perxisomes and there seems to be no need 
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Figuree 2: Models for peroxisome bio-
genesis.genesis. A) Peroxisomes are 
formedformed by fusion of vesicles 
whichwhich are derived from the 
ER.ER. B) Peroxisomes multiply 
byby growth and division, every 
cellcell inherits at least one 
peroxisome.peroxisome. C) Peroxisomes 
cancan be formed by membrane 
vesiclesvesicles which are derived 
fromfrom the ER, afterwards they 
cancan divide. D) Parts of peroxi-
somessomes are inherited, these 
smallsmall peroxisomes grow by 
fusionfusion with ER derived 
vesicles,vesicles, mature peroxisomes 
cancan divide. 

too import proteins via ER-derived vesicles. In this aspect peroxisomes 

resemblee group 2 organelles such as mitochondria and chloroplasts. 

Therefore,, the question remains whether peroxisomes are ER derived 

structuress (like group 1 organelles) or whether they are self-replicating 

entitiess (like group 2 organelles). By identification of proteins involved in 

peroxisomee biogenesis an answer to this question might be obtained. 

Earlyy electron microscopic studies on peroxisomes revealed that 

peroxisomess were often seen in close proximity to the ER, which led to 

thee thought that peroxisomes could be formed by budding from the ER 

followedd by fusion (Novikoff and Shin, 1964), see the model in Figure 2A. 

Inn this model, peroxisomal membrane proteins are co-translationally 

insertedd into the ER membrane. However, ER involvement could not be 

provedd and an autonomous mechanism of peroxisome formation was 

proposedd (Borst, 1986; Borst, 1989; Lazarow and Fujiki, 1985). This 

'growth-and-division'' hypothesis is based on the idea that each cell 

inheritss at least one peroxisome which can grow and can be divided into 

twoo peroxisomes by fission, under conditions when peroxisomes are 17 7 
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requiredd (Figure 2B). This hypothesis is supported by the findings that not 

onlyy peroxisomal matrix proteins are synthesised on free poly ribosomes 

inn the cytosol and are post-translationally imported into peroxisomes 

(reviewedd by Hettema et a/., 1999), but also the peroxisomal membrane 

proteinss Pmp22 (Fujiki et a/., 1984) and Pmp70 (Imanaka et a/., 1996) 

weree found to be synthesised on non-ER ribosomes and post-

translationallyy inserted into membranes. This is in contradiction with what 

wass thought before. In these new views the ER is not necessary for 

peroxisomall protein targeting. On the other hand, the growth-and-

divisionn model does not explain the origin of the membranes that build 

upp a peroxisome. 

Peroxisomee biogenesis or proliferation is a matter of maintenance of 

bothh peroxisomal proteins and membranes. Membrane maintenance is 

dependentt on the amount of phospholipid synthesis in the organelle or 

onn the capacity to recruit phospholipids or membranes from the ER. The 

latterr is probably valid for peroxisomes since they do not contain the 

necessaryy proteins to synthesise phospholipids themselves. 

Inn the last few years more and more clues for direct ER involvement in 

peroxisomee biogenesis have been reported (see further on). In the latest 

modelss for peroxisome biogenesis, both the ER is thought to be involved 

andd peroxisome growth and division are thought to take place. The first 

peroxisomess can be formed from vesicles derived from the ER that fuse 

together,, after which a demand for more peroxisomes is fulfilled by 

divisionn of these peroxisomes (Figure 2C). However, this model still does 

nott explain the recruitment of additional membranes for growth of 

peroxisomes.. Another model does explain this: peroxisomal fragments 

aree inherited from other cells and these fragments grow by fusion with 

ER-derivedd vesicles (Figure 2D). 

PeroxisomePeroxisome proliferation 

Studiess on peroxisome maintenance are facilitated by the possibility to 

inducee peroxisomes at will. In yeast, peroxisome proliferation can be 

inducedd by cultivating the cells in a medium demanding functioning of 

peroxisomes.. For methylotropic yeast species such as Hansenula 

polymorphspolymorphs methanol in the growth medium strongly induces the 

formationn of peroxisomes (Veenhuis et a/., 1979). Fatty acids as single 

carbonn source forces yeast (Saccharomyces cerevisiae, Pichia pastoris and 

188 Yarrowia lipolitica) to use its (3-oxidation capacity in order to survive. Under 
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thesee conditions peroxisomes become both larger and more abundant 

(Veenhuiss et ai, 1987). In mammals, intake of various hypolipidemic drugs 

andd plasticizers leads to proliferation of peroxisomes. For example, in 

hepatocytess of clofibrate-fed rats tubular and ER-resembling peroxisomal 

structuress were observed (Fahimi et a/., 1993). 

TheThe peroxins 

Researchh on peroxisome biogenesis has progressed rapidly due to the 

discoveryy of proteins which are essential for this process. Since 

peroxisomee biogenesis seems to be conserved in eukaryotes, it is 

possiblee to use a simple model organism to identify the factors which are 

involvedd and then by searching for homologs to extrapolate the results 

too the human system. An excellent model organism for these studies is 

thee yeast Saccharomyces cerevisiae, not only because its whole genome 

hass been sequenced and it is easy to handle (it grows fast and there are 

welll defined techniques for DNA manipulations), but also because it is 

especiallyy suitable for studying peroxisome formation since peroxisomal 

proliferationn can be induced. Besides this, in yeast the (3-oxidation of 

fattyy acids is limited to peroxisomes. Another advantage is the fact that 

whenn a yeast cell lacks functional peroxisomes it is unable to grow on 

mediaa containing fatty acids, but it is still able to grow on carbohydrate-

containingg media, which allows peroxisome-deficient mutants to be 

isolated. . 

Geneticc screening for loss of peroxisome function in several yeast 

speciess (S. cerevisiae, H. polymorpha, P. pastoris and Y. lipolytica) has led 

too the discovery of 23 genes encoding proteins which are essential for 

peroxisomee biogenesis, the peroxins (Distel et a/., 1996). Together, the 

peroxinss are responsible for biogenesis of peroxisomal membranes and 

correctt targeting of both peroxisomal membrane proteins and matrix 

proteins.. At present the exact function of most of these peroxins is 

unknownn but is being unravelled by studies on their protein-protein 

interactions,, on their localisation and modifications, and on the effect of 

mutations.. Table I summarises the peroxins, their interactions and their 

possiblee functions. Figure 3 is a schematic representation of S. cerevisiae 

peroxinss and their interactions. 

Withh the sequences of the yeast PEX genes, human orthologues could 

bee found by searching expressed sequence tag (EST) databases. Another 

approachh which has proved to be useful for the identification of PEX 19 
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Peroxisomall membrane Import of matrix proteins membrane fission membrane fusion/ 
recognisionn and insertion recycling of Pex5p 
off integral PMPs 

®® = phosphorylation 
©© = farnesylation 
© == ubiquitination 

Figuree 3: Schematic representation ofS. cerevisiae peroxins and their interactions. 
NoteNote that not all these interactions have to take place simultaneously, 
thatthat the location in the cell where the interaction takes place is not always 
knownknown and, that at this moment probably not all the peroxins and not all 
theirtheir interactions are known yet. * = orientation and/or membrane 
associationassociation of these peroxins are not known for S. cerevisiae but are 
derivedderived from other species. 

geness is functional complementation of peroxisome-deficient chinese 

hamsterr ovary (CHO) cells with mammalian cDNA expression libraries; 

PEX2,PEX2, PEX6, PEX12 and PEX19 were identified in this way (Shimozawa et 

a/.,, 1992; Tsukamoto etal., 1991; Tsukamoto etal., 1990). Besides these, 

studiess on cell lines derived from patients with a peroxisome biogenesis 

disorderr have led to progress in the identification of human PEX genes 

andd at present 13 human PEX genes are known. Although not every 

peroxinn has an orthologue in all organisms, most of them seem to be 

conservedd from yeast to humans. 

PeroxisomePeroxisome disorders 

Inn yeast, mutations in the genes encoding peroxins and peroxisomal 

enzymess can cause growth defects and can be lethal when the yeast 

dependss on the function of its peroxisomes. In humans, the effect of 

200 those mutations can be devastating (reviewed by Moser, 1997; Wanders 
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TableTable \: overview ofperoxins 

peroxinn described in interacts with type of protein and possible function 

Pexópp AAA-protein, partially peripheral PMP, 

partiallyy cytosolic: peroxisomal 

membranee fusion 

PexlOpp zinc-finger protein, integral PMP: 

matrixx protein import 

PexlOp,, PexHp integral PMP: 

Pex17p,, Pex19p recognition of peroxisomal membrane / 

insertionn of membrane proteins 

Pex4pp Sc, Pp, Hs Pex22p ubiquitin-conjugated protein, peripheral 

PMP:: matrix protein import 

PexSpp Sc, Pp, Yl, PexSp, Pex7p* contains TPR domains, can be 

Hp,, Rn, Hs Pex8p, PexlOp modif ied, is partially cytosolic and 

Pex12p,, Pex13p partially peroxisomal membrane 

Pex14p,, bound: 

PTS11 proteins PTS1 receptor for import of matrix 

proteins s 

Pexópp Sc, Pp, Yl, Pexlp, Pex15p AAA-protein, partially peripheral PMP, 

Rn,, Hs partially cytosolic: 

peroxisomall membrane fusion / 

recyclingg of Pex5p 

Pex7pp Sc, Hs, Pp Pex5p, Pex13p* WD-40 protein, is partially cytosolic 

Pex14pp and partially peroxisomal 

PTS22 proteins membrane bound: 

PTS22 receptor for import of matrix 

proteins s 

Pex8pp Sc,Pp, Yl Pex5p, Pex14p* contains PTS1: 

Hpp matrix protein import 

Pex9pp Yl - integral PMP 

PexlOpp Sc, Pp, Hs Pex2p, Pex5p zinc-finger protein, integral PMP: 

Pex12p,, Pex19p matrix protein import 

Pex11pp Sc, Rn. Pex11p, Pex19p PPAR-like protein, transport of medium 

chainn fatty acids, membrane fission 

and/orr peroxisome proliferation ~i 
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peroxinn described in interacts with type of protein and possible function 

Pex12pp Pp, Hs Pex5p,Pex10p 

Pexl9p p 

Pex13pp Sc, Pp, Hs Pex5p, Pex7p* 

PexUp,, Pex19p 

P e x H pp Sc, Pp, Hs Pex3p, Pex5p 

Pex7p,, Pex8p* 

Pex13p,, Pex14p 

Pex17p,, Pex19p 

Pex15pp Sc Pex6p 

Pex16pp Yl, Hs 

Pex17pp Sc, Pp 

Pex18pp Sc 

Pex19pp Sc, Hs 

Pex20pp Yl 

Pex21pp Sc 

Pex22pp Pp 

Pex23pp Yl 

Djp11 p Sc 

Pex19p p 

Pex3p*,, Pex14p 

Pex19p p 

Pex7p p 

integrall PMPs 

thiolase e 

Pex7p p 

Pex4p,, Pex19p 

zinc-fingerr protein, integral PMP 

matrixx protein import 

SH3-proteinn integral PMP: 

matrixx protein import, docking of 

Pex14pp and PTS receptors 

peripherall PMP, dimerises, can be 

phosphorylated: : 

matrixx protein import, docking of PTS 

receptors s 

integrall PMP, can be phosphorylated 

andd glycosylated: membrane anchor for 

Pex6p p 

PMP P 

insertionn of membrane proteins 

peripherall PMP: 

matrixx protein import, import of some 

membranee proteins 

cytosolic: : 

matrixx protein import 

famesylatedd protein, cytosolic and 

peripherall PMP: insertion of membrane 

proteins s 

cytosolic: : 

dimerisationn and import of thiolase 

cytosolic: : 

matrixx protein import 

integrall PMP: 

membranee anchor for Pex4p 

integrall PMP: 

membranee fusion 

J-domainn protein: 

chaperonn e 

22 2 
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etet al., 1999). More than 1 in 20,000 people inherit such a disease caused 

byy a mutation. 

Basicallyy there are 2 types of peroxisome disorders. The first group 

consistss of the metabolic disorders which are caused by a mutation in a 

genee that is important for one of the metabolic functions of peroxisomes 

(reviewedd by Powers and Moser, 1998). The second group consists of the 

peroxisomee biogenesis disorders (PBDs) which are caused by mutations in 

thee PEX genes. In PBD patients peroxisomes cannot be formed properly, 

withh the consequence that in most cases more than one metabolic 

functionn is disturbed. The PBDs are autosomal recessive inheritable 

diseasess which lead to diverse clinical phenotypes, although growth 

problemss and mental retardation are common features. Cell lines of PBD 

patientss have been subdivided into complementation groups (Moser et 

a/.,, 1995). When cell-cell fusions do not restore peroxisome function, 

thesee cells belong to the same complementation group. Each 

complementationn group represents deficiency of one {PEX} gene and 

thereforee the causes of PBDs discovered thusfar are single-gene 

deficiencies.. The identification of the mutated genes in PBDs is based on 

multiplee transfection experiments of the human orthologues of yeast or 

CHOO PEX genes. If transfection of one of these human orthologues 

restoress peroxisome function and morphology of a patient cell line, this 

mustt be the gene causing the disease. Subsequently, by sequence analysis 

legendlegend to Table 1: 

ScSc = Saccharomyces cereviviae, Pp = Pichia pastoris YJ = Yarrowia lipolytica, Hp = Hansenula 
polymorpha,polymorpha, Rn = Rattus norvegicus, Hs = Homo sapiens, PMP= peroxisomal membrane 
protein,protein, * = indirect (two-hybrid) interaction. Note lhat the indicated interactions are not 
foundfound in all organisms and that the functions ofperoxins are hypothetical. 

ForFor references see 'wAm.mips.biochem.mpg.de/proj/yeast/reviews/pex_table. html'. 
AdditionalAdditional references: Pexlp and Pexóp (Faber et a/., 1998; Kiel et al., 1999; Kiel et al., 2000; 
TamuraTamura et al., 1998), Pex2p (Biermanns and Gartner, 2000), Pex3p (Hettema et al., 2000), 
Pex4pPex4p (Kolleretal., 1999; van der Klei etal., 1998), Pex8p (Rehling etal., 2000), PexlOp (Warren 
etet al., 1998), Pexllp (Abe and Fujiki, 1998; van Roermund et al., 2000), Pex12p (Chang et al., 
1999;1999; Okumoto et at., 2000), Pex13p (Erdmann and Blobel, 1996), PexlAp (Brocard et al., 
1997),1997), Pex16p(Honshoetai, 1998), Pex17p (Smith etal., 1997), Pex18pandPex21p (Purdue 
etet a/., 1998), Pex19p (Hettema et al., 2000; Sacksteder and Gould, 2000; Snyder et al., 1999), 
PexlOpPexlOp (Tttorenko et al., 1998), Pex22p (Koller et al., 1999), Pex23p (Brown et al, 2000), Djplp 
(Hettema(Hettema etal., 1998). 

http://'wAm.mips.biochem.mpg.de/proj/yeast/reviews/pex_table
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thee mutation in the gene that caused the disease could be determined. 
Thee most severe PBD is the clinically defined Zellweger cerebro-hepato-

renall syndrome. Patients suffer from severe neurological dysfunction, 
extremee hypotonia, facial dysmorphia, impaired hearing, cataract, renal 
cysts,, and often have an enlarged liver. As a consequence Zellweger-
syndromee patients rarely survive their first year. Mutations causing this 
diseasee are recognised to be mainly present in PEX1 and PEX6 
(Geisbrechtt et at., 1998) however, also mutations in PEX2, PEX3, PEX5, 
PEX10,, PEX12, PEX16 and PEX19 were identified (Gould and Valle, 2000). 
Neonatall adrenoleukodystrophy (NALD) patients display similar but less 
severee problems than Zellweger syndrome patients, they can survive up to 
100 years. NALD-causing mutations were found in PEX1, PEX5, PEX6, 
PEX10,, PEX12 and PEX13 (Gould and Valle, 2000). Infantile Refsum 
syndromee is an even milder form of the same type of disease: patients 
sometimess survive beyond their thirties. Infantile Refsum-causing 
mutationss have been identified in PEX1 and PEX12 (Gould and Valle, 
2000).. A completely different disease is rhizomelic chondrodysplasia 
punctataa (RCDP) which is characterised by severe growth retardation as 
welll as mental retardation. Skeletal abnormalities that are most severe in 
thee proximal parts of the extremities, a typical dysmorphic facial 
appearance,, and congenital contractures are other symptoms by which 
thee disease can be recognised. The genetic basis of this disease was 
foundd to be a mutated PEX7 gene (Motley et a/., 1997; Braverman et a/., 
1997;; Purdue et a/.,1997). Milder forms of this disease were found to be 
causedd by single-enzyme deficiencies, with mutations in dihydroxy-
acetonephosphatee acyltransferase or a defect in alkyldihydroxyacetone-
phosphatee synthase activity (Ofman et a/., 1998). 

Thee relationship between a mutation in a PEX gene (genotype) and the 
clinicall presentation of PBDs (phenotype) is hard to understand. For 
example,, why would the inability to import a limited set of peroxisomal 
proteinss lead to skeletal-growth problems? The type of mutation in a gene 
(whichh amino acid, early stop codon, frame shift) obviously influences the 
severityy of the disease. For example, the most common cause of 
Zellwegerr syndrome is a point mutation in PEX1 (G843D), which disables 
thee interaction of Pexlp with Pexóp (Geisbrecht et a/., 1998), showing that 
thee interaction between these peroxins is very important for the formation 
off peroxisomes. Other mutations in PEX1 lead to the less severe diseases 

244 NALD and infantile Refsum disease. 
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Thankss to the knowledge of peroxisome functions and the PEX genes, 
nowadayss prenatal diagnosis of PBDs is possible. Methods for treatment 
off patients with a peroxisomal disease are, however, still scarce. The most 
success-full therapy so far is the dietary restriction of phytanic acid intake 
whichh leads to clinical improvement of patients with Refsum disease 
(Steinberg,, 1994). Besides this, pharmacological agents that induce 
peroxisomee proliferation, such as 4-phenylbutyrate, docosahexanoic acid 
orr lovostatin, may have therapeutic potential in the treatment of PBD 
patientss with NALD and infantile Refsum disease (Raymond, 1999; Wei 
ett a/., 2000). For treatment of the peroxisomal diseases hyperoxaluria 
typee 1 and X-ALD, liver-kidney transplantations and bone marrow 
transplantation,, respectively, have been shown to be successful (Danpure 
andd Purdue, 1994; Krivit et a/., 1995). However, whether any of these 
therapiess will result in long-term general clinical improvement awaits 
additionall study. 

4.. UNRAVELLING PEROXISOME BIOGENESIS 

Thee discovery of peroxins provided new tools to study peroxisome 

biogenesis.. Even though the exact functions of most peroxins are not 

clearr yet, much can be learned from (1) the presence of certain protein 

domainss in their structure, (2) their interactions with other proteins, (3) 

theirr cellular localisation, (4) the way in which they are associated with 

membranes,, and (5) the phenotype of cells in which the gene is mutated 

orr absent. Here, the functions of peroxins and the chronological order in 

whichh they are thought to act are described with the emphasis on recent 

findings. . 

EarlyEarly steps in peroxisome biogenesis 

Whenn a PEX gene is deleted, usually peroxisomal ghosts can be 

observedd both in S. cerevisiae and in PBD cell lines. These are 

peroxisomall membranes with membrane proteins, while the peroxisomal 

matrixx proteins are mislocalised to the cytosol. This suggests that 

peroxisomall membrane recognition and/or recruitment as well as 

membrane-proteinn import are disturbed and, thus, that almost all 

peroxinss are involved in matrix-protein import. Deletion of or mutations 

inn a few PEX genes lead to a different phenotype. When PEX3 or PEX19 

aree deleted in S. cerevisiae, no peroxisomal structures can be detected 25 
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(Hettemaa et ai, 2000). A similar phenotype is observed in a human cell 

linee which carries a mutated PEX16 (South and Gould, 1999). In these 

mutantss peroxisomal matrix proteins are mislocalised to the cytosol, 

whilee peroxisomal membrane proteins are rapidly degraded after their 

synthesiss in the cytosol, or sometimes are mislocalised to mitochondrial 

membranes.. Therefore Pex3p, Pex16p and Pex19p are probably involved 

inn an early step of peroxisome biogenesis. 

Thee integral membrane proteins Pex3p and Pex16p are thought to be 

factorss that indicate which membranes are about to become 

peroxisomal.. Pex19p is a farnesylated protein which cycles between the 

cytosoll and the peroxisomal membrane (Gotte et a/., 1998). In S. 

cerevisiae,cerevisiae, the farnesylation is essential for its function and might provide 

aa tool for Pex19p to bind to membranes (however this is not the case in 

RR pastoris and human cells). Furthermore, when Pex19p is farnesylated, 

itt can bind to Pex3p. Besides this, Pex19p has been shown to interact 

withh several other integral PMPs. Therefore Pex19p is suggested to be 

involvedd in the assembly of integral membrane proteins of the import 

complexx (Subramani et a/., 2000). This might be true, although Pex19p 

alsoo interacts with Pex3p and Pex16p which do not belong to the import 

complexx and therefore it seems more likely that Pex19p is important for 

thee insertion of integral peroxisomal membrane proteins (PMPs) into the 

peroxisomall membrane (Hettema et a/., 2000; Sacksteder and Gould, 

2000;; Snyder et a/., 1999). Indeed, for several PMPs it is shown that the 

partt of these PMPs with which Pex19p can interact is the same part of 

thesee proteins that is essential for their targeting. 

Thee mechanism of membrane-protein import is not fully understood 

yet.. Deletion of fragments of membrane proteins has resulted in 

knowledgee of which parts of these proteins are essential for their correct 

ta rget ing,, but a general membrane-targeting signal has not been 

recognised.. Besides the peroxins mentioned earlier, Pex17p in P. pastoris 

hass been proposed to be involved in PMP insertion since mutants lacking 

Pex17pp are partially defective in the import of several PMPs (Pex3p, 

Pex10pp and Pex22p, Snyder et a/., 1999). 

Matrix-proteinMatrix-protein import 

PEXPEX genes which upon deletion give rise to the presence of ghosts are 

thoughtt to code for proteins involved in matrix-protein import. The 

266 process of protein import can be divided into several steps: binding to a 



Introduction n 

receptor,, transport of the protein to the peroxisomal membrane, and 

translocationn across the membrane. It is not clear at which point the 

proteinn dissociates from the receptor, which after delivering the protein 

recycless to the cytosol. The first steps are the best understood at this 

moment.. There are (at least) 2 routes to matrix-protein import. One route 

iss followed by proteins with a PTS1 (peroxisomal target ing signal 1) a C-

terminall tripeptide SKL or variations therein. The other route is fol lowed 

byy proteins with a PTS2, an almost N-terminal sequence of 9 amino acids 

(R/K)(LyN/l/Q)XXXXX(Q/H)(LyA).. Besides these, there are indications that 

internall sequences also influence protein import (Elgersma et a/., 1995; 

Kraglerr etai, 1993; Small etai, 1988). 

Thee PTS1 and PTS2 proteins are synthesised in the cytosol and are 

recognisedd by the receptors Pex5p and Pex7p, respectively. Pex5p can 

interactt with several other peroxins (Table I), of which Pex13p and Pex14p 

aree proposed to be the docking factors at the peroxisomal membrane. 

Pex7pp also binds to Pex14p as well as to the cytosolic peroxins Pex18p and 

Pex21p,, and thus the PTS1 and PTS2 import routes come together at 

Pex14p.. It would be interesting to know whether these components 

requiredd for import only transiently interact with each other or whether they 

formm a complex. Some of the components are able to dimerise or 

oligomerise,, for instance Pex5p, Pex14p and Pex17p. Import of PTS1 and 

PTS22 proteins can take place independently of each other in yeast, since in 

aa pexS mutant strain PTS2 proteins proved to be still imported, conversely 

PTS11 proteins were still imported when PEX7 was deleted (Van der Leij et 

a/.,, 1992). In human peroxisomes import of proteins with a PTS1 and those 

withh a PTS2 go hand in hand (Matsumura et a/., 2000). 

Thee translocation step is unclear. Possibly a temporal pore can be formed 

throughh which the proteins travel. It has been shown that oligomers and 

bulkyy gold particles to which PTS1 sequences were attached could be 

importedd into peroxisomes (McNew and Goodman, 1994; Walton, etai, 

1995),, which indicates that proteins do not necessarily have to be unfolded 

inn order to be imported. Controversy exists about the question whether the 

PTSS receptors accompany the proteins into the matrix or not. Evidence was 

obtainedd in H. polymorpha, in Y. lipolytica and in human cells that Pex5p 

enterss the matrix (van der Klei et a/., 1995), however, only the static 

presencee of Pex5p has been demonstrated whereas there is no evidence 

forr recycling of this receptor to the cytosol. Pex8p has been suggested to 

bee involved in functioning in the translocation process because of its 27 
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locationn inside the matrix (Rehling et a/., 2000). The final step in matrix 

proteinn import is the recycling of the PTS receptors to the cytosol. Either 

thee translocation process or the release of the PTS1 receptor from the 

membranee might be mediated by the zinc-finger peroxins Pex2p, Pex10p 

andd Pex12p since Pex2p and Pex12p interact with Pex5p and because 

certainn mutations in Pex10p and Pex12p cause accumulation of Pex5p at 

thee peroxisomal membrane (Dodt and Gould, 1996). Besides these, the 

ATPasess Pexlp and Pexóp are suggested to act in recycling of Pex5p 

(Sackstederr and Gould, 2000) (see below). The recycling of Pex7p is an 

evenn bigger mystery. The function of the DnaJ protein D j p l p is not clear 

yet,, it might act as a cytosolic molecular chaperone in several ways (see 

Hettemaa etal, 1998). 

Somewheree in the import process ATP hydrolysis is required. This was 

shownn in three independent studies, one of which was performed in a 

permeabilizedd cell system (Wendland and Subramani, 1993), one with an 

inin vitro system using isolated rat peroxisomes (Imanaka et a/., 1987) and 

thee other one in an in vitro import system in plant peroxisomes (Pool et a/., 

1998).. Upon ATP depletion, matrix proteins are trapped in a protein 

complexx that is probably the import complex (Bellion and Goodman, 

1987).. The ATPases which might play a role in import are a cytosolic DnaK 

proteinn (Hsp70p, Walton et a/., 1994), Pexlp and/or Pexóp. 

MembraneMembrane fusion 

Untill recently, the fusion of peroxisomal membrane structures was based 

onn speculation. The group of Rachubinski was the first to observe fusion 

off pre-peroxisomal vesicles in Y. lipolytics (Titorenko et a/., 2000; 

Titorenkoo and Rachubinski, 2000). Two peroxins were reported to be 

involvedd in the fusion process: Pexlp and Pexóp. These peroxins belong 

too the family of AAA-proteins (Erdmann et at., 1991), which are ATPases 

associatedd with diverse cellular activities (for detailed information see 

sectionn 6 of this introduction). The homology to their family members 

NSF/Sec18pp and Cdc48p already indicated that Pexlp and Pexóp might 

providee the energy required prior to a membrane fusion event, the crucial 

stepp being the dissociation of a protein complex (which might include 

recyclingg of the PTS1 receptor). In Y. lipolytica Titorenko et a/, were able 

too enrich six different peroxisomal structures, of which the two with the 

lowestt density were able to fuse after the action of Pex1 p and Pexóp. ATP 

288 hydrolysis by Pex lp subsequently results in release of this protein from 
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bothh membrane structures, and ATP hydrolysis by Pexóp regulates its 

bindingg and release from one type of membrane structure. This release 

off Pexlp and binding to and subsequent release of Pexóp prepares or 

'primes'' these structures for fusion. 

Thiss model (as presented by Titorenko and Rachubinski) explains the 

fusionn of the light peroxisomal structures, but some important questions 

remainn to be answered: How are Pex1 and Pexóp bound to the 

membranes?? What is the importance of the Pex1p-Pex6p interaction? 

Andd how do the larger peroxisomal structures receive their membranes? 

Unfortunatelyy in other yeast species and in higher eukaryotes there is still 

noo evidence for peroxisomal membrane fusion, although in R pastoris 

Pexlpp and Pexóp are reported to be partially bound to vesicles, which 

impliess that a similar fusion event might lie at the basis of peroxisome 

formationn in this organism (Faber et a/., 1998). 

PossiblePossible membrane fission 

Thee expression levels of PEX genes are in general very low. Although 

theirr expression can be marginally induced when cells require 

peroxisomee functioning, studies on the function of peroxins are often 

hamperedd by their low abundance. The only peroxin of which the 

abundancee can be induced to a larger extent is Pex11p ( in S. cerevisiae 

aa 33 times increase in expression upon a shift from glucose to oleate as 

carbonn source, Kal et a/., 1999). Pex11p also differs from other peroxins 

byy the fact that it was not discovered by genetic screening, but by reverse 

geneticss (Erdmann and Blobel, 1995). 

Pex11p-deficientt cells fail to increase peroxisome numbers in response 

too growth on fatty acid medium and instead form a few giant 

peroxisomes.. When Pex11 p is overexpressed, the opposite is observed: 

manyy small peroxisomes accumulate (Erdmann and Blobel, 1995; 

Marshalll et al, 1995). This led to the thought that Pex11p itself is the 

factorr that is essential for fission of peroxisomal membranes and that it is 

thee regulator of peroxisome proliferation. This idea is supported by 

observationss made with rat peroxisomes which in an in v/'tro-binding 

assayy recruited 2 components known to be involved in coated-membrane 

vesiclee formation: ADP-ribosylation factor (ARF) and coatomer (Passreiter 

ett a/., 1998). Since rat Pex11p contains a cytoplasmically exposed 

consensuss dilysine motif with the potential to bind coatomer, this 

observationn suggests that Pex11 p is involved in vesicle formation at the 29 
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peroxisomall membrane. However, in S. cerevisiae ARF requirement for 

peroxisomee maintenance could not be shown. Deletion of ARF3, the only 

ARFF of which the function is unknown in this organism, did not result in a 

growthh defect on oleate medium (A. Stroobants, unpublished results). 

Moree recent studies indicate that the effect of Pex11p on peroxisome 

proliferationn is probably indirect. The inducibility of Pex11p expression is 

comparablee to that of proteins with a metabolic function, and indeed it 

wass shown that Pex11 p is required for 0-oxidation of medium chain fatty 

acids.. Possibly it is involved in the translocation of these substrates or 

theirr co-factors across the peroxisomal membrane (van Roermund et a/., 

2000).. Now that the link with the 0-oxidation has been made, it seems 

moree likely that a signal for peroxisome proliferation is given via (3-

oxidationn and that the absence of Pex11 p indirectly leads to a deficiency 

inn this process. 

Latee steps in peroxisome biogenesis 

Inn several yeast strains the morphology of peroxisomal remnants is 

heterogeneous,, besides the finger-print like ghost structures sometimes 

alsoo vesicular structures are observed. Mutation or deletion of several PEX 

geness in V. lipolytics and P. pastoris results in the presence of 

predominantlyy peroxisomal vesicles. The pex mutants reported to contain 

mainlyy vesicular peroxisomal structures are pexl, pex4, pexó, and pex23 

(Brownn et a/., 2000; Collins et a/., 2000). In most peroxisomal vesicles some 

importt of matrix proteins seems to occur. However this suggestion is in 

somee cases based on biochemical experiments in which matrix proteins co-

localisedd with membrane proteins and it is thus also possible that the 

proteinss which are destined to be imported are associated with the import 

complexx at the peroxisomal membrane. Anyhow, peroxisome biogenesis 

inn vesicle containing mutants seems to be further developed than in larger 

ghostt containing mutants and the first mentioned phenotype suggests that 

thesee peroxins are important in a late step of peroxisome maintenance. 

Anotherr aspect of the phenotype of the peroxisomal vesicle containing 

mutantss also suggests involvement of these proteins in a late step, namely 

modificationn of the PTS1 receptor in S. cerevisiae (A. Klein, M. van den 

Berg,, T. Voorn-Brouwer and B. Distel, unpublished results) and instability 

off this protein in other organisms. In patient cell lines in which pex l or 

pexóó are mutated, the PTS1 receptor has been shown to be unstable 

300 (Dodt and Gould, 1996; Yahraus et a/., 1996). The phenotype of reduced 
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Pex5pp levels is also seen in P. pastoris pexl and pex6 mutants and is even 

moree severe in pex4 and pex22 mutants, while Pex5p is more abundant in 

thee absence of an early peroxin such as Pex3p (Collins et a/., 2000; Koller 

etet a/., 1999). In p e x l , pex6, pex4 and pex22 mutants Pex5p can be 

synthesised,, but it is degraded more rapidly than in other pex mutants (or 

inn wild-type cells). These differences in Pex5p levels have been used to 

determinee the epistatic relationships between different peroxins (Collins 

ett a/., 2000). The peroxins could be divided into three groups of which the 

orderr of action turned out to be: (1) Pex2p, Pex3p, Pex8p, Pex10p, 

Pex12p,, Pex13p, Pex14p and Pex17p. This first group acts in the early 

stepss of peroxisomal membrane biogenesis, docking of proteins for 

importt and probably also translocation across the peroxisomal membrane. 

(2)) The second group is formed by Pexl p and Pexóp, these proteins are 

suggestedd to act in membrane fusion or alternatively in receptor recycling. 

(3)) Pex4p and Pex22p belong to the third group. A clue to the function of 

Pex4pp is provided by its putative ubiquitin-conjugation activity (Crane et 

a/.,, 1994) and several roles for Pex4p have been suggested: it is possibly 

involvedd in the removal of the Pex5p modification (which might prevent 

break-down)) or it might be involved in quality control of membrane 

proteinss by ubiquitinilating malfolded or non-stoichiometric proteins to 

preparee them for degradation by a proteasome (Subramani et a/., 2000). 

Thee late peroxins were also proposed to be involved in recycling of Pex5p 

too the cytosol after delivery of its cargo. In all senarios Pex22p is the 

membranee anchor of Pex4p. 

IndicationsIndications for ER involvement 

Inn the last few years the thought that the ER has an important role in 

peroxisomee biogenesis is gaining popularity because of several 

interestingg findings. As mentioned before, in some PEX mutants, such as 

pex3,, pex16 and pex19, no peroxisomal remnants have ever been 

detected.. Expression of the corresponding wild-type gene in the mutant 

cellss led to the formation of functional peroxisomes. Thus, even in the 

absencee of pre-existing peroxisomal membranes, peroxisomes can be 

formedd (South and Gould, 1999). Moreover, the ER as phospholipid-

synthesisingg organelle is a good candidate for membrane supply. 

Severall indications for ER involvement are obtained with the integral 

PMPP Pex15p. For the largest part this protein including its N-terminus 

facess the cytosol; via one transmembrane domain it is anchored in the 31 
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peroxisomall membrane. This transmembrane domain and the C-terminus 

containn the peroxisomal-targeting information of Pex15p (the last 55 

aminoo acids). When the most C-terminal 30 amino acids are deleted, 

Pex15pp is found at the ER membrane. Somewhere in its cytosolic domain 

itt can be phosphorylated, but a role for this phosphorylation is still 

unknown.. When Pex15p is overproduced in S. cerevisiae, a tremendous 

networkk of membranes is formed (Elgersma et a/., 1997). These mem-

braness are continuous with the nuclear envelope and they strongly 

resemblee karmellae. Karmellae are extensions of the ER membrane which 

cann be induced via the inositol-response pathway {see section 5 of this 

introduction,, Cox et a/., 1997) and which were previously observed after 

overproductionn of the integral ER membrane protein H m g l p (Koning et 

a/.,, 1996). Since Pex15p accumulates within these karmellae-resembling 

structures,, this might be an indication for the sorting of this protein to 

peroxisomess via the ER. Overexpression of Pex3p also results in the 

formationn of these membranes in H. polymorphs, but this is less pro-

nouncedd (Baerends etal., 1996). 

Anotherr feature which suggests sorting of Pex15p via the ER is its O-

glycosylationn (Elgersma etal., 1997). However, in yeast O-glycosylation is 

nott limited to the ER, in contrast to N-glycosylation which starts solely in 

thee ER and can be used as a unique marker for the presence in or 

derivationn of the ER. N-glycosylation of a fusion protein of Pex15p 

coupledd to the N-terminus of invertase lacking its targeting signal is 

observedd (Elgersma etal., 1997). More convincing is the N-glycosylation 

inn Y. lipolytica of two other integral PMPs Pex2p and Pex16p, because 

thiss was shown for untagged proteins which were expressed at their 

endogenouss levels (Titorenko and Rachubinski, 1998). In this yeast species, 

aa correlation was shown between peroxisome biogenesis and the secretory 

pathwayy (Titorenko et a/., 1997). Some mutants deficient in the secretory 

pathwayy (sec238 and srp54 mutants affecting multiple secretory pathways 

inn Y lipolytica) accumulate Pex2p and Pex16p in the ER. Mutants deficient 

inn Pex1 p and Pexóp also have this effect and affect protein exit from the ER 

(Titorenkoo and Rachubinski, 1998). Mutation of PEX2 and PEX9 disturbs 

thiss type of secretion too. 

Anotherr indication for ER involvement in peroxisome formation was 

obtainedd by inhibiting anterograde vesicular transport to the ER 

(preventingg formation of COPI vesicles) by using the fungal toxin 

322 brefeldin A. In H. polymorpha, brefeldin A interferes with peroxisomal 
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proteinn sorting. Newly synthesised peroxisomal membrane proteins and 

matrixx proteins accumulate reversibly at the ER and the development of 

peroxisomess is partially inhibited (Salomons et a/.# 1997). Multiple 

attemptss to show this effect of brefeldin A in human cells failed (Voorn-

Brouwerr et a/., unpublished results; South et a/., 2000). Furthermore, 

inhibitionn of COPII vesicle formation at the ER membrane by mutating 

SAR1SAR1 (a small GTPase which is required for COPII coat-assembly) did not 

affectt the sorting of Pex2p, Pex3p and Pex16p to peroxisomes. This 

meanss that if these proteins are sorted to peroxisomes via the ER in 

humann cells, the sorting must be independent of COPI and COPII-

mediatedd vesicle transport (Voorn-Brouwer et a/., unpublished results; 

Southh et a/., 2000). 

Severall articles appeared in which a peroxisome-forming sheet or a 

peroxisomall reticulum is mentioned. The first phenomenon indicates an 

ERR association with peroxisomes. For example, close lateral membrane 

associationss of peroxisomes with ER are a common feature in bovine 

kidneyy cortex epithelial cells (Zaar et a/., 1987). A peculiar association of 

vesicless and tubular segments with the peroxisomal membrane was 

observedd by Zaar et a/. The localisation of the ER enzyme glucose-6-

phosphatasee in these peroxisome-associated membrane structures was 

indicativee for their derivation from the ER. 

Mullenn et a/. (1999) provided the most recent clue for ER involvement 

byy localisation and membrane-insertion studies of peroxisomal ascorbate 

peroxidasee (APX) in tobacco cells. Their results suggest that plant 

peroxisomall APX is inserted into a specialised region of the ER 

membrane,, a possible pre-peroxisomal compartment. 

5.. I N F O R M A T I O N FOR CHAPTER 2 

ERER stress responses 

Inn order to survive, cells have to be able to deal with stressful conditions. 

Onee example of such a stressful condition is the accumulation of 

unfoldedd proteins in the ER. Both yeast and higher eukaryotic cells can 

reactt to this stress by a process which is called the unfolded-protein 

responsee (UPR). Since the ER is a protein-folding compartment in which 

chaperoness play an important role, the high amount of unfolded proteins 

cann be dealt with by upregulating the expression of chaperones, which in 

theirr turn can assist in additional folding capacity. It goes without saying 33 
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Figuree 4: Extension of the ER is a 
combinedcombined effect of the unfolded 
proteinprotein response which provides 

Inoll p ER proteins and the inositol 
 response which provides ER 

ERR proteins"(UPR) ER membanes (IR membranes. 

thatt an increase in the size of a particular organelle requires that the cell co-

ordinatelyy increases synthesis of both the protein and the membranes that 

comprisee this organelle. In the case of the ER, besides the UPR the inositol 

responsee (IR) is induced. The IR is a pathway via which phospholipid 

synthesiss leading to membrane formation can be stimulated. At the 

transcriptionall level, the UPR and the IR are linked to each other under 

certainn circumstances (Figure 4, Cox et a/., 1997), but they are not 

necessarilyy coupled (chapter 2). 

UnfoldedUnfolded protein response 

Thee UPR has been extensively studied in S. cerevisiae and its components 

havee been characterised (Sidrauski et a/., 1998). An important role in the 

UPRR is played by Irelp (inositol-requiring enzyme), a protein which was 

originallyy identified as being essential for inositol prototrophy. The 

involvementt of Irelp in the UPR was discovered by screening for mutants 

whichh were unable to induce the UPR in yeast (Cox et a/., 1993; Nikawa and 

Yamashita,, 1992). Ire1 p is an integral type I ER membrane protein, with one 

transmembranee domain. With its N-terminus inside the ER lumen, it can 

detectt the accumulation of unfolded proteins by an as yet unknown 

mechanism.. Its C-terminus resides in the cytosol or inside the nucleus (the 

ERR membrane is continuous with the nuclear envelope). The C-terminus 

containss several interesting domains, one of which is the serine/threonine 

kinasee domain by which Irelp can be autophosphorylated. 

Thee overall I re lp structure resembles that of type I growth-factor 

344 receptors which are activated by oligomerisation and transauto-

Irelp p 
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phosphorylation.. It has been shown that also Irelp needs to oligomerise 
andd trans-autophosphorylate in order to be active (both in vitro and in 
vivo,vivo, Shamu and Walter, 1996; Welihinda and Kaufman, 1996). Besides 
thee kinase domain, the Ire1 C-terminus contains a ribonuclease domain 
withh which it can perform an unusual form of RNA splicing. The sequence 
off events involving Irelp are: Irelp senses stress, oligomerises, 
autophoshorylates,, (maybe is proteolytically cleaved and partially) 
movess into the nuclear matrix, where it splices mRNA encoding a 
transcriptionn factor Had p. The splicing of HAC1 mRNA is uncommon 
becausee this event is not mediated by a spliceosome. Irelp cleaves 
HAC11 mRNA at two exon-intron junctions, after which tRNA-ligase 
ligatess the two exons (Sidrauski et a/., 1996). Both unspliced and spliced 
HAC11 mRNA can travel to the cytosol and bind to polyribosomes; 
however,, only the spliced form gives rise to the Had protein (Chapman 
andd Walter, 1997). Therefore, splicing is a key regulatory step in the UPR. 

Hadd p is a transcription factor of the basic leucine zipper family that 
actss downstream of Irelp in the UPR. It can bind to an unfolded protein 
responsee element (UPRE), a 22 base pair DNA domain in the promoter 
regionn of genes that respond to the UPR. The UPRE is both necessary 
andd sufficient to mediate the transcriptional induction by Had p. The 
geness preceded by a UPRE mainly encode ER-localised protein-folding 
factorss and thus the UPR-signalling pathway leads to an increase in the 
protein-foldingg capacity of the ER. 

Thee UPR in higher eukaryotes is comparable to that in yeast. Two 
mammaliann isoforms of Irelp have been identified: Irela and Irelb 
(Tirasophonn etal., 1998; Wang etal., 1998), which behave quite similarly 
(Niwaa et a/., 1999). Their N-terminal luminal domains are not very 
conservedd in contrast to their C-terminal domains which contain both 
thee kinase domain and the ribonuclease domain and which show strong 
conservationn among all Ire1 homologues. Although no homologue of 
Hadpp has been found in mammalian cells yet, it was shown that Irela 
andd Irelb can both cleave yeast HAC1 mRNA (Niwa et a/., 1999), which 
suggestss that the non-conventional splicing event also plays a role in 
UPRR induction in higher eukaryotes. Another basic leucine zipper 
transcriptionn factor ATF6 has been shown to participate in transcriptional 
regulationn upon UPR induction (Yoshida et a/., 1998). In contrast to 
Hadd p, however, its mRNA is not spliced. 
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Recently,, indications were found for proteolytic cleavage of Ire1 p (a and 
b)) as an important step in the UPR, which would explain how the C-
terminuss after cleavage as a soluble protein can travel into the nuclear 
matrixx where it participates in RNA splicing (Niwa et a/., 1999). The 
suggestedd protease involved in this cleavage, presenilin 1 (PS1), is known 
fromm studies on Alzheimer disease: mutations in PS1 cause early-onset 
familiall Alzheimer disease (Rogaev et a/., 1995; Sherrington et a/., 1995). 
Itt is tempting to speculate about the possibility that insufficient ability to 
copee with ER stress may lead to increased amyloid deposits in the brain 
andd influence the onset of Alzheimer disease. 

Inn mammalian cells, besides the UPR another ER-stress response 
reactingg to protein levels can be generated: the ER overload response 
(EOR,, Pahl and Baeuerle, 1995). Upon excessive membrane protein 
trafficc through the ER, a signal is generated which leads to the activation 
off the transcription factor NF-KB. Consequently, expression of proteins of 
thee immune system, such as cytokines and interferons, is upregulated. 
Thee EOR is switched on after viral infections, when viral glycoproteins are 
producedd at a high rate (Liu et a/., 1995). 

InositolInositol response 

Thee IR is the signalling pathway which regulates the synthesis of a number 

off membrane lipids. When the inositol response acts at a high level in 

yeast,, it results in the formation of karmellae, an extended network of 

stackedd ER membranes (Koning et a/., 1996). In yeast phospholipid 

synthesiss is regulated by the intra-cellular level of free inositol as follows. A 

decreasee in free inositol leads to the transcriptional induction of genes 

encodingg enzymes required for phospholipid biosynthesis: inositol-1-

phosphatee synthase (IN01), phospholipid methyl transferase (OPI3), and 

phosphatidyll serine synthase (CH01, Figure 5). In their promoter region, 

thesee genes contain at least one copy of a specific 10 basepair DNA 

sequencee that is necessary for the IR, called UAS | N O (Carman and Henry, 

1999;; Greenberg and Lopes, 1996). Also in this signalling pathway Irelp 

cann play a role: a decrease in inositol level activates Irelp, which then 

possiblyy via the H a d transcription factor induces phospholipid 

biosynthesiss (Cox etaf.f 1997). The exact mechanism of this last step is still 

unresolved.. What is known, is that the transcription factor Opi1 (a fJ-Zip 

familyy member) is a repressor of the IR. In an op i l mutant, the enzymes in 

366 phospholipid synthesis are constitutively expressed, on the other hand, the 
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Figuree 5: Phospholipid synthesis pathways in S. cerevisiae, modified from (Greenberg 
andand Lopes, 1996; Henry and Patton-Vogt, 1998). Inositol is a regulator of 
expressionexpression of enzymes involved in the synthesis of phosphatidic acid-
derivedderived lipids (dotted lines represent regulation). 

transcriptionn factors lno2p and lno4p (also B Zip proteins) bind to the 

UAS|N OO as a heterodimer and are able to activate transcription of 

phospholipid-synthesisingg enzymes (Greenberg and Lopes, 1996, Figure 1 

inn addendum 2 to chapter 2). 

Inn addition to the IR response, mammalian cells are equipped to respond 

too the demand for more lipids by the sterol regulatory pathway (reviewed 

inn Brown and Goldstein, 1997). When sterols are limiting, an ER signal leads 

too double proteolytic cleavage of the transcription factor SREBR The 

cytosolicc fragment of this protein dimerises and is transported to the 

nucleuss where it can induce the expression of sterol biosynthetic genes 

(containingg an upstream sterol regulatory element), resulting in fatty-acid 

synthesiss and cholesterol synthesis. The mechanism by which the ER 37 7 
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membrane-proteinn Irelp becomes an inducer of transcription of certain 

geness in the nucleus might be very similar to what happens with SREBP. 

Hmg-CoAA reductase isozymesl and 2 in S. cerevisiae (used in the 

experimentss descibed in chapter 2) and Hmg-CoA reductases in other 

organismss are ER membrane proteins that catalyse the rate-limiting step in 

thee sterol synthetic pathway. However, in higher eukaryotes the existence 

off a peroxisomal Hmg-CoA reductase has also been suggested (Aboushadi 

etai,etai, 1999). 

6.. INFORMATION FOR CHAPTER 4 

AAA'famityAAA'famity of proteins 

Thee AAA protein family consists of ATPases Associated with different 

cellularr Activities (Erdmann etai, 1991; reviewed by Patel and Latterich, 

19988 and Vale, 2000). This family is characterised by a highly conserved 

2300 amino acid domain which includes a minimal family consensus, a 

Walkerr A and a Walker B motif. Together, these Walker sequences can 

bindd an ATP molecule and subsequently hydrolyse it to ADP while 

releasingg energy. The released energy can be used as a driving force for 

severall specific processes in a cell. 

Thee Walker A motif, also called the phosphate-binding loop or P-loop 

(Sarastee et a/., 1990), is characterised by the consensus: GXXGXGKT/S; 

thesee residues provide the structural frame of an anionic hole. Unlike the 

glycinee residues, which in some rare cases are replaced by alanine 

residues,, the lysine as source of the positive charge is invariant. For 

severall ATPases mutation of this lysine abolished or markedly reduced 

ATPP binding; in this way it can inhibit protein function (Omote et a/.,1992; 

Xiaa and Storm 1990). The Walker B motif with consensus: IIFXDEID 

containss the active site. Mutation of the first aspartic acid or glutamic acid 

too an uncharged amino acid such as glutamine prevents the protein from 

hydrolysingg ATP (Babst et a/., 1997; Whiteheart et a/., 1994). 

Thee ancient origin and importance of AAA proteins is revealed by their 

presencee in prokaryotes, archaebacteria and eukaryotes and by the large 

numberr of proteins which belong to this family of ATPases. In S. 

cerevisiaecerevisiae this family has almost 50 members. AAA proteins are integral 

orr peripheral membrane proteins, but also cytosolic proteins can be 

classifiedd as belonging to this group. They all depend on the presence of 

388 magnesium ions to fulfil their task. Although some of them are functional 
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Figuree 6: Schematical representation of the SNARE complex. 

ass monomers, others form dimers, trimers or (doughnut-shaped) 

hexamers.. Each AAA-family member has its own function which can be in 

veryy diverse events. Based on their function they can be classified into 

severall subfamilies. 

Thee largest subfamily consists of proteins involved in the biogenesis of 

organelles.. Among these are the membrane-fusion mediating ATPases. 

NSFF (N-ethylmaleimide-sensitive factor) and its yeast orthologue Sec18p 

andd p97 (or VCP) and yeast Cdc48p are known to prime membranes 

beforee heterotypic or homotypic membrane fusion. NSF binds via SNAP 

(solublee NSF attachment protein) to SNAREs (SNAP receptors, Figure 6). 

AA donor membrane or vesicle-specific SNARE interacts with a target-

membrane-specificc SNARE, which provides a connection between the 

membranee compartments about to fuse together (Rothman, 1994). The 

functionn of NSF does not lie in the fusion of membranes itself but rather 

inn the dissociation of the SNARE complex preceding the actual fusion 

(Mullerr et al., 1999). Vps4p is an AAA-protein with a similar function, it 

regulatess membrane association and dissociation of a Vps protein 

complexx required for endosome function in yeast (Babst et a/., 1998). 

Alsoo Pexlp and Pex6p belong to this subfamily because they are 

essentiall for peroxisome assembly (a comparison of Pex6p with NSF is 

madee in chapter 6). 

Anotherr subfamily is formed by the AAA-proteins involved in protein 

degradation.. Several of these proteins are part of a proteasome where 

theyy are essential for unfolding a protein before degradation. Yme1 p is a 39 



Chapterr 1 

speciall member of this group of proteins because it has two functions. It 
iss a protease which shows chaperone-like activity and its ability to 
promotee protein folding lies in its AAA domain (Leonhard et a/., 1999). 
Furthermore,, there are a number of AAA metalloproteases which were 
localisedd to mitochondria and chloroplasts. They contain a Zn +-binding 
domainn and are active in processes such as protein assembly in a 
membrane,, protein export, protein degradation, and regulation of 
sporulation.. Some AAA-proteins are microtubule- based and DNA-based 
motorr proteins. Dynein and some helicases use their ATPase activity to 
generatee unidirectional motion along a track. 

Althoughh it is not possible to assign a general function to AAA proteins, 
somee common features can be recognised, for example an ATP-
dependentt chaperone-like function is seen in the unfolding of proteins 
beforee degradation and in the dissociation of protein complexes by AAA-
ATPasess (Vale, 2000). 

7.. OUTLINE OF THIS THESIS 

Myy approach to studying peroxisome biogenesis and to addressing the 

above-mentionedd new developments was as follows. With the aim of trying 

too get more insight into ER involvement in peroxisome formation in S. 

cerevisiae,cerevisiae, Pex15p seemed an interesting protein to study in more depth. 

Overexpressionn of Pex15p was descibed to lead to karmellae formation, but 

att that time there was no hard evidence that these membrane structures are 

extensionss of the ER. Even more important was the question whether or not 

thee formation of these membrane structures is a representation of the sorting 

off Pex15p to peroxisomes via these (ER) structures. The method used to 

addresss these questions, described in chapter 2. was based on the 

knowledgee that the extension of ER membranes (inositol response) is co-

regulatedd with the unfolded protein response. If overproduction of Pex15p 

couldd be shown to be able to evoke the UPR, this would strenghten the 

hypothesiss of its sorting via ER membranes and this would provide an 

additionall biological indication for the importance of the ER in peroxisome 

biogenesis.. However, this turned out to be difficult because in the literature 

noo complete picture of the UPR was descibed (Cox et a/., 1997). The UPR is 

nott limited to ER proteins: hydrophobic proteins normally found at other 

locationss can also evoke a UPR if they are mislocalised to the ER. Another 

400 indication for the thought that karmellae formation does not represent the 
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sortingg of Pex15p via the ER is described in addendum 1. The capacity of 
Pex15pp to induce karmellae formation in the absence of peroxisomes (in a 
pex3pex3 mutant) was not as expected: karmellae under these circumstances are 
nott representative for a precursor compartment. Besides, the UPR is not the 
onlyy pathway to induce karmellae formation via the inositol reponse. 
Addendumm 2 deals with the additional signals which lead to the inositol 
response. . 

Byy another line of research, a striking observation was made in 
collaborationn with the group of Prof Dr. Geuze (university of Utrecht) which 
iss descibed in chapter 3. In mouse dendritic cells, peroxisomes seemed to be 
surroundedd by tubular or lamellar membrane structures. Further analysis was 
performedd to determine the nature of these structures because they might 
telll us something about peroxisome biogenesis by providing another 
indicationn for ER involvement, and indeed they did. 

Pex15pp is studied from a different angle in chapter 4. Searches for 
interactionn partners of this peroxin resulted in the discovery of an interesting 
connectionn with the AAA-peroxins. This is of importance because it is the first 
linkk between Pex15p and other peroxins, and thus it helps in revealing the 
functionn of these peroxins. The AAA-ATPases Pexóp and Pexlp were 
suggestedd to act in a membrane-fusion event based on their homology to 
NSF/Sec18pp (Erdmann et al., 1997; Subramani, 1996). When extrapolating 
thee analogy with the NSF system, Pex15p can be compared to a SNARE. 

Thee other process in which Pexóp and/or Pex1 p might be involved is in 
matrix-proteinn import. In the addendum to chapter 4 we provide an 
indicationn for this link, although we cannot exclude that it is an indirect effect. 
Anyhow,, studies on the dynamics of the Pex15p-Pex6p interaction brought 
uss a step closer to understanding the function of these peroxins in 
peroxisomee biogenesis. 

Chapterr 5 addresses some technical aspects of working with 
peroxisomess in yeast. We noticed that results obtained with the carbonate-
extractionn method to determine the membrane association of peroxisomal 
membranee proteins in S. cerevisiae were often not as expected. Therefore, 
wee systematically compared extraction of membrane proteins from 
differentt organelles by different extraction methods. 

Finally,, a general discussion is given in chapter 6. 

41 1 
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