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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 EUKARYOTI C 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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Figur ee 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 

Figur ee 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 

peroxi nn describe d in interact s wit h typ e o f protei n and possibl e functio n 

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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peroxi nn describe d in interact s wit h typ e o f protei n and possibl e functio n 

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.. UNRAVELLIN G 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 
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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. 

Lat ee 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 CHAPTE R 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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Figur ee 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 membane s (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-

Irel p 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. 



Chapterr 1 

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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Figur ee 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). 

transcriptio nn factor s lno2 p and lno4 p (also B Zip proteins ) bin d to the 

UAS| N OO as a heterodime r and are able to activat e transcriptio n of 

phospholipid-synthesisin gg enzyme s (Greenber g and Lopes , 1996, Figur e 1 

inn addendu m 2 to chapte r 2). 

Inn additio n to the IR response , mammalia n cell s are equippe d to respon d 

too th e deman d for mor e lipid s by the stero l regulator y pathwa y (reviewe d 

inn Brow n and Goldstein , 1997). When sterol s are limiting , an ER signa l leads 

too doubl e proteolyti c cleavag e of the transcriptio n facto r SREBR The 

cytosoli cc  fragmen t of thi s protei n dimerise s and is transporte d to the 

nucleu ss wher e it can induc e the expressio n of stero l biosyntheti c genes 

(containin gg an upstrea m stero l regulator y element) , resultin g in fatty-aci d 

synthesi ss  and cholestero l synthesis . The mechanis m by whic h 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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Figur ee 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 
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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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Chapterr 2 

ABSTRAC T T 

Conditionss that stress the endoplasmic reticulum (ER) in Saccharomyces 

cerevisiaecerevisiae can elicit a combination of an unfolded protein response (UPR) 

andd an inositol response (IR). This results in increased synthesis of ER 

protein-foldingg factors and of enzymes participating in phospholipid 

biosynthesis.. It was suggested that in cells grown on glucose or galactose 

medium,, the UPR and the IR are linked and controlled by the ER stress 

sensorr I re lp. However, our studies suggest that during growth on oleate 

thee IR is controlled both by an Ire1 p-dependent pathway and by an Ire1 p-

independentt pathway. 

I N T R O D U C T I O N N 

SaccharomycesSaccharomyces cerevisiae is well equipped to cope with stressful 

conditionss arising from the surroundings, such as heat shock, osmotic or 

oxidativee stress (Hohmann and Mager, 1997). However, internal 

conditionss can also change and cause difficulties that a yeast cell must try 

too surmount in order to prolong its life. This is, for instance, the case 

whenn proteins accumulate in the ER. Proteins of the endosomal 

compartmentt or proteins to be secreted are folded in the ER and 

sometimess oligomerized into multi-protein complexes. A number of 

foldingg factors assist in these processes, for instance Kar2p, Pd i lp , FKB2 

andd Euglp , collectively called chaperones (Shamu et a/., 1994). The 

successs of folding and oligomerization is controlled in the ER by a 'quality 

controll system'. When a protein fails the test, it is not allowed to continue 

itss itinary to the Golgi apparatus and subsequent compartments. Rather, 

itt remains in the ER for a longer time to complete folding, or it is 

eventuallyy degraded (Hammond and Helenius, 1995). 

Inn response to the accumulation of proteins, the volume of the ER 

increases.. This is achieved by induction of the 'unfolded protein 

response'' (UPR), which results in enhanced synthesis of additional 

chaperoness and in the 'inositol response' (IR), which stimulates synthesis 

off membrane lipids. The UPR pathway has been carefully dissected and 

itss components have been characterized (Sidrauski et a/., 1998). Here we 

mentionn two components. 

AA pivotal role is played by I re lp (Nikawa and Yamashita, 1992), an 

integrall membrane protein of the ER and the perinuclear membrane. Its 

544 N-terminal half, residing in the ER lumen, detects accumulation of 
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proteinss while the C-terminal half, reaching out into the nucleus, has a 

duall funct ion. I re lp is a protein kinase which undergoes 

autophosphorylationn upon oligomerization; this is thought to activate its 

ribonucleasee activity which initiates splicing of a precursor mRNA 

encodingg H a d p. 

H a d pp is a transcription factor and the second component of the UPR 

(Coxx and Walter, 1996; Kawahara et at., 1997; Shamu, 1998). It activates 

transcriptionn of genes that share an unfolded protein response element 

(UPRE)) in their promoters. Most of these genes code for chaperones and 

thuss close the UPR regulatory loop. It was argued that the increase in 

enzymess required for enhanced phospholipid biosynthesis (via the IR) is 

alsoo mediated by Irelp and H a d p (Cox et a/., 1997). In this view, UPR 

andd IR are bifurcations from the same stress sensor: i.e. I re lp (Figurel). 

Thee importance to the yeast cell of this combined response to 

intracellularr stress is exemplified by the behaviour of an irel mutant. 

Whenn cells were stressed by incubation with either tunicamycin (an 

inhibitorr of N-linked glycosylation) or reducing agents (interfering with 

proteinn folding) irelA cells died (Cox et a/., 1993). Furthermore, irelA 

cellss proved to be inositol auxotrophs (Nikawa and Yamashita, 1992), 

suggestingg that the IR is compromised in the irel mutant. Overexpression 

off the ER integral membrane protein HMG-CoA reductase 1 (Hmglp) 

normallyy results in an increase in the ER compartment and in 
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accumulationn of H m g l p in stacked ER membranes called karmellae 

(Parrishh et a/., 1995; Wright etai, 1988). Interestingly, irelA cells died upon 

overexpressionn of Hmg lp , probably because they were unable to induce 

bothh an UPR and an IR (Cox et a/., 1997). 

Wee tried to use this information in our studies on the biogenesis and 

functionn of peroxisomes. In one of our genetic screens we discovered 

PEX15PEX15 (Elgersma et a/., 1993). PEX15 encodes an integral peroxisomal 

membranee protein and loss of its function results in mislocalization of 

peroxisomall matrix proteins to the cytoplasm and loss of the typical ovoid-

shapedd peroxisomal morphology as revealed by electron microscopy. 

Severall observations suggested routing of Pex15p to peroxisomes via the 

ER.. Expressed Pex15p (or Pex15p derivatives) accumulated in ER-like 

membranes,, which were continuous with the perinuclear membrane. 

Furthermore,, a fusion protein of Pex15p and invertase lacking its ER 

targetingg signal was glycosylated and the stacked membranes resembled 

karmellaee (Elgersma et at., 1997). Other groups also made observations 

fuelingg the idea that the ER might be involved in some aspects of 

peroxisomee biogenesis. For instance, mutants in Yarrowia lipolytica that 

weree defective in the secretion of proteins via ER and Golgi apparatus, also 

provedd to be disturbed in the biogenesis of peroxisomes (Titorenko and 

Rachubinski,, 1998). In addition, two peroxisomal integral membrane 

proteinss were shown to be targeted to the ER and to be glycosylated 

beforee they reached the peroxisome (Titorenko and Rachubinski, 1998). 

Treatmentt of Hansenula polymorpha with Brefeldin A, an inhibitor of 

ER/Golgii vesicular traffic, resulted in accumulation of peroxisomal matrix 

andd membrane proteins in an ER-like compartment (Salomons etal., 1997). 

Too further try to identify the ER as a possible link in the chain of events 

leadingg to the formation of peroxisomes, we wondered whether 

accumulationn of Pex15p would be deleterious to a cell that cannot induce 

aa UPR due to deletion of IRE1. Indeed, the ire 1 mutant died when Pex15p 

wass produced at elevated levels. However, when we overproduced a 

mitochondriall integral membrane protein as a control, to our surprise ire 1 

cellss also died, which questions the specificity of the UPR and IR. 

Peroxisomess increase in volume and number when yeast grows on a fatty 

acidd as sole carbon source (Veenhuis et a/., 1987). When we repeated the 

expressionn of membrane proteins with irel cells and grew the cells on 

oleatee instead of glucose or galactose, these did not die and karmellae-like 

566 membranes were still formed. In addit ion, cells grown on oleate were not 
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dependentt on external inositol, in contrast to irel cells grown on glucose 
orr galactose. Here, we discuss some implications of our findings. 

MATERIAL SS AN D METHODS 

Thee S. cerevisiae strains used were: 'wild type' JC104 and 'ireIA' CS173 

(Coxx et a/., 1993, a kind gift from R. Chapman); 'wild type' BJ1991 (Mata; 

Ieu2,Ieu2, trp1, ura3-251, prbl-1122, pep4-3) and 'irelA' (the same as BJ1991 

exeptt Zre7::URA3), generated with disruption plasmid PCS135 (Cox et a/., 

1993,, kindly provided by R. Chapman). p\p2A, oafIA and pip2A/oaf1A 

weree also made in BJ1991, as described in (Rottensteiner et a/., 1996). 

Syntheticc minimal media with or without inositol were used as described by 

Shermann (1991). As carbon source we used either 0.3% or 2% (w/v) 

glucose,, or 2% (w/v) galactose, or 0.1%(w/v) oleate/0.4%(w/v) Tween-40. 

Thee plasmids used were based on YEplac112 (Gietz and Sugino, 1988), 

withh either the gal1/10 or the catalase promoter (Elgersma, 1995) cloned 

betweenn the EcoRI and Sacl site, with the NH tag in Sacl-Bam HI and with 

thee PEX15, ACR1 or PEX14 ORFs in BamHI-HinDIII. The Hmg1 p expression 

constructss were made by cloning a HMG1 fragment that was fused in-

framee to GFPfrom plasmid pCR425 (a kind gift from R. Wright) and cut with 

BamHII and Xhol into the YEplac112 vector containing the gal1/10 

promoterr or the catalase promoter cut with BamHI and Sail. The inv-GFP-

HDELL construct used was described in (Hettema et a/., 1998). 

ORFss and promoter sequences were amplified by PCR using specific 

primerss introducing restriction sites directly before the translation-initiation 

sitee or directly after the stop codon. The INÖ1 ORE fragment was obtained 

byy annealing oligonucleotides F-ORE AATTCAGTGATCGGAACGAGCT 

CTTTATCACCGTAGG and R-ORE GATCCTACGGTGATAAAGAGCTCGTTC 

CGATCACTG;; 1 pmol of each in 1x SSC was slowly cooled from 100 C to 

roomm temperature. The FOX3 ORE used was described in (Einerhand et a/., 

1991;; Sidrauski eta/. , 1998). 

Techniquess used were: DNA manipulations (Sambrook et a/., 1989), 

yeastt transformation (Ito et a/., 1983) and bandshift assays {extract 

preparations,, labelling and analysis, Rottensteiner et a/., 1996). SAGE 

dataa were obtained from (Kal et a/., 1999). Immunolabelling of ultra-thin 

cryo-sectionss with polyclonal antibodies against NH (Elgersma, 1995, a 

kindd gift from P. van der Sluijs) andd against GFP (Clontech) was performed 

accordingg to Gould et a/. (1990). 57 
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RESULTS S 

Pex15pPex15p  induced  karmellae  formation 

Northernn blot and SAGE analysis indicated that PEX75 and other PEX genes 

weree expressed at low steady-state levels (less than 1 mRNA copy per cell), 

moree or less irrespective of the carbon source in the medium (Kal et a/., 

1999).. Expression of PEX15 from an expression plasmid in cells grown on 

oleatee induced karmellae-like structures which contained Pex15p as shown 

beforee (Figure 2A). 

Inn order to test whether these membranes were ER-membranes, we 

developedd a GFP derivative as ER-marker. The presequence of invertase was 

appendedd to the N-terminus of GFP to function as an ER-addressing signal 

andd the yeast ER-retention signal (HDEL) was fused to the C-terminal end of 

GFPGFP (Hettema et a/., 1998). Expression of this fusion protein (pre/NV-GFP-

HDEL)) and inspection of the cells by immuno-gold electron microscopy 

showedd membranes decorated with gold particles that had all the 

characteristicss of the ER compartment: staining of the perinuclear membrane 

andd membranes located at the periphery of the cell close to the plasma 

membranee (Figure 2B). Co-expression of Pex15p (small gold particles) and 

pre/NV-GFP-HDELL (large gold particles) showed exact co-localization of small 

andd large gold particles, proving that under certain conditions Pex15p is 

indeedd associated with the ER (Figure 2B, C and D). 

ExpressionExpression  of  membrane  proteins  in  irel^  grown  on galactose  or 

oleate oleate 

Basedd on these findings, we hypothesised that yeast cells start the UPR/IR 

uponn Pex15p overexpression and we expected that an ire 1 mutant would die 

underr these conditions. To test this hypothesis, we expressed Pex15p under 

controll of the gal1/10 promoter (the experimental set-up of Cox etal. (1997). 

Indeed,, the irelA transformants died (Figure 3A). Although we initially 

interpretedd this result as an additional suggestion for a possible functional 

relationshipp between peroxisomes and the ER, a number of disturbing 

Figuree 2: Electron microscopic analysis of the location of Pex15p in karmellae in 
oleate-grownoleate-grown wild-type ceils transformed with: (A) NH-PEX15/2IJ; (B) inv-
GFP-HDEL/CEN;GFP-HDEL/CEN; (Q NH-PEX15/2u and inv-GFP-HDEUCEN; (D) detail of 
C.C. Analysis of the formation of karmellae in oleate-grown wild-type cells 
(E)(E) and /relA ce//s (F), transformed with HMGl-GFP/2y. Antibodies used 
werewere a-NH (A,C,D) and a-GFP (B,C,D,E,F). N= nucleus. Bar = 0.2 urn. 
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observationss were made when we carried out additional controls. 

AA protein that has been used in studies on karmellae formation and the 

UPRR is Hmg lp . When we studied the UPR in cells grown on oleate-

containingg medium and used H m g l p expressed from the catalase 

promoterr to stress the ER, to our surprise both wild-type and irel mutant 

cellss showed formation of karmellae-like membrane structures (Figure 2E 

andd F) and irel cells did not die despite the compromised UPR/IR 

pathwayss (compare Figure 3A with Figure 3B). The same result was 

obtainedd when the integral peroxisomal membrane protein Pex15p was 

expressedd on oleate in irel cells (Figure 3B). 

Integrall membrane proteins from other organelles were expressed at 

elevatedd levels as controls. A typical example shown here is Acr1 p, an 

integrall membrane protein of the mitochondrial inner membrane 

(Verleur,, 1998). Contrary to expectation, /re7 cells died on galactose-

containingg medium due to A c r l p expression (Figure 3A). Wild-type cells 

expressingg Ac r l p do not show formation of karmellae and immuno-gold 

labellingg indicated that A c r l p was only present in mitochondria. Western 

blott analysis indicated that the proteins (tagged versions of H m g l p , 

Pex15pp and Acr lp) were expressed at similar levels (not shown). On the 

otherr hand, production of the peripheral peroxisomal membrane protein 

Pex14pp did not compromise the irel mutant (when grown on galactose, 

nott shown). Again, /re 7 cells expressing A c r l p survived on oleate-

containingg medium (Figure 3B). It is clear that the aspecificity of the 

UPR/IR,, that we observed in our experiments does not allow us to draw 

conclusionss with regard to a functional ER-to-peroxisome relationship. 

Despitee this, we tr ied to explain the discrepancy between the 

phenotypess of irel cells grown on media containing different carbon 

sources. . 

RegulationRegulation  of  IN01 expression 

Yeastt cells with a non-functional I re lp display auxotrophy to inositol 

(Greenbergg and Lopes, 1996). Surprisingly, in our experiments addition of 

inositoll to oleate-containing minimal plates was not necessary to allow 

growthh of irel cells. Inositol is an essential precursor for the synthesis of 

phosphatidylinositolss and is an important controller of phospholipid 

biosynthesis.. It is produced from glucose-6-phosphate by the enzyme 

Ino lpp (Greenberg and Lopes, 1996). Both the INÖ1 gene and the enzyme 

600 are caught in a delicate network of control. Well-known components of the 
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Figuree 3: Growth of wild-type and ire 1A cells transformed with expression 
constructsconstructs encoding integral membrane proteins under control of the 
galactosegalactose inducible gal1/10 promoter (A) or oleate inducible catalase 
promoterpromoter (B). Cells were transformed with HMG1-GFP/2y, NH-PEX15/2y 
oror NH-ACRl/2u. Growth is shown on selective glucose before induction 
(A+B)(A+B) and selective galactose (A) or selective oleate (B) after induction. 

transcriptionall control circuit comprise O p i l p , a factor repressing 

transcriptionn of the INOl gene, and lno2p and lno4p, both promoting its 

transcriptionn (Greenberg and Lopes, 1996; Nikoloff etal., 1992; Klig etal., 

1988).. However, additional components may be involved. In our studies on 

peroxisomee biogenesis using genome-wide transcription analysis with 
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SAGE,, we noticed that in cells grown on oleate the IN01 mRNA level was 
muchh higher than in a mutant lacking two important transcription factors 
(pip22 and oafl) that are required for induction of genes coding for 
peroxisomall proteins (21 copies per cell versus 1, Kal et a/., 1999). The 
Pip2p/Oaf1pp heterodimer binds to a cis-acting DNA sequence called 
oleatee response element (ORE) that is present in the promoters of such 
geness (Einerhand et a/., 1993; Luo et a/., 1996; Rottensteiner et a/., 
1996).. Interestingly, the INÖ1 gene contained a putative ORE at position 
-3688 to -347. To test whether this is a functional ORE, we carried out a 
DNAA band-shift experiment. A DNA segment of 36 bp containing the 
INOINO77 'ORE' was radio-labelled and incubated with protein extracts of 
wild-typee and mutant cells [pip2A, oafIA and the double mutant 
pip2A/oaf1A)pip2A/oaf1A) grown on either glucose or oleate as carbon source. ORE 
DNAA from the FOX3 promoter served as a control (Figure 4). The INÖ1 
OREE fragment gave rise to a specific retardation complex similar to that 
obtainedd with FOX3 DNA. It was absent when INOl DNA (or FOX3 DNA) 
wass incubated with the mutant extracts, indicating that Pip2p and Oaflp 
aree responsible for the formation of this retarded complex. Although this 
suggestss that the INOl gene contains a functional ORE and could thus 
explainn that INOl is actively transcribed in cells grown on oleate, we have 
nott yet been able to show that the INOl ORE can activate a reporter 
genee on its own, as we reported for the ORE of the FOX3 gene 
(Einerhandd et a/., 1991). 

DISCUSSION N 

Wee showed that in S. cerevisiae, overproduction of the peroxisomal 

integrall membrane protein Pex15p resulted in karmellae formation and 

celll death in an irel genetic background, just like by overproduction of the 

integrall ER membrane protein Hmg lp , when using a galactose induction 

system.. Two explanations may be considered to understand this 

observation:: i) Pex15p first targets to the ER before arriving in the 

peroxisomall membrane. This would be in line with recent suggestions that 

thee ER could be involved in the biogenesis of peroxisomes, ii) The ER 

membraness readily take up hydrophobic proteins that do not reach their 

normall acceptor membrane in time. In that case the fact that an 

overproducedd peroxisomal membrane protein was found in ER 

622 membranes does not provide an argument for a functional relationship 
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Figur ee 4. DNA-bandshift experiment, showing binding of radio-labelled ORE 
DNADNA fragments of FOX3 (control) and INOl to a protein complex (arrow 
heads)heads) which is present in wild-type cells and absent in Apip2 and Aoafl 
cells.cells. Protein extracts were obtained from glucose (0.3%) and oleate 
growngrown cultures. 

betweenn ER and peroxisomes. We favour the second possibility, based on 

thee fact that in ire!A production of the inner mitochondrial membrane 

proteinn Ac r l p from an expression plasmid resulted in cell death too. 

S.S. cerevisiae with an irel mutation was dependent on the addition of 

inositoll to a minimal glucose-based or galactose-based growth medium. 

Thee intracellular concentration of inositol functions as an important sensor 

too control the biosynthesis of phospholipids, both at the enzymatic level and 

att the transcriptional level (Greenberg and Lopes, 1996). The combined loss 

off the UPR (irel) and inositol prototrophy (IR) was worked out in further 

detaill to support a model in which Irelp and Haclp coordinate the 

productionn of ER proteins as well as of enzymes involved in the synthesis of 

ERR phospholipids (Cox etai, 1997). Although such a coordination might be 

thee case under certain conditions of growth in which either glucose or 

galactosee is provided as carbon source, our experiments show that in cells 

grownn on oleate this link was not apparent, irel A cells grew perfectly well in 

minimall medium with oleate as sole carbon source without addition of 

inositol.. Remarkably, we still observed enlargement of the ER compartment 

(karmellaee formation) upon overexpression of Pex15p or Hmglp . In fact, 

electronn microscopy revealed initial karmellae formation when irel A cells 

weree shifted to galactose medium to induce Pex15p or Hmg lp expression 

(resultss not shown). 

Takenn together, our results suggest that the IR is not necessarily linked to 

thee UPR and that it can be independently controlled in additional ways 
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(Figuree 1). This is in line with another study in which IRE1 gene disruption 

didd not prevent cytochrome-P450-induced ER proliferation (Menzel et a/., 

1997). . 

Inn a genome-wide analysis of transcription using serial analysis of gene 

expressionn (SAGE), we observed that INÖ1 mRNA is present at a relatively 

highh copy number per cell (21) in cells grown on oleate. This would explain 

whyy an irel mutant displayed no inositol auxotrophy in a growth medium 

containingg fatty-acids. Furthermore, the INÖ1 mRNA level dropped in the 

pip2/oaf1pip2/oaf1 double mutant lacking the transcription factors required for 

inductionn of genes coding for peroxisomal proteins in cells grown on 

oleate.. Preliminary experiments on the IN01 promoter suggest that it 

indeedd contains an ORE, to which Pip2p/Oaf1p can bind. This would be 

inn addition to the UAS j n o served by the lno2p/lno4p factors, another 

positivee mode of control of the expression of the IN01 gene. The 

expressionn of the INÖ1 gene should, we feel, be studied in more detail, 

sincee its product plays such an important role in the coordination of 

phospholipidd biosynthesis in the cell. 
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ADDENDUMM 1 TO CHAPTER 2 

HASS S. CEREVISIAE PEX15P SEEN THE 

ENDOPLASMICC RETICULUM EN ROUTE TO THE 

PEROXISOME? ? 

INTRODUCTION N 

Pex15pp is one of the proteins that has been suggested to travel via the 
ERR to peroxisomes, a suggestion which is based on the observation that 
overexpressionn of this protein leads to profound ER membrane 
proliferationn (karmellae, Elgersma etai, 1997). However we indicated in 
chapterr 2 that karmellae formation in S. cerevisiae is not an ER protein 
specificc event and that it can even be induced by expression of 
membranee proteins that never pass the ER. This finding suggests that the 
formationn of karmellae upon Pex15p overexpression is not a valid 
indicationn for the passage of Pex15p through the ER. It fails therefore as 
ann argument for the involvement of the ER in peroxisome biogenesis. 
Heree we describe another experiment of which the outcome is in line with 
thiss conclusion. 

Thiss experiment is based on the knowledge that in pex3 or pex19 
mutants,, integral peroxisomal membrane proteins are rapidly degraded 
afterr their synthesis (Hettema et a/., 2000). Since Pex15p is an integral 
peroxisomall membrane protein, it is not surprising that it is degraded in 
pex3Apex3A cells. At least, this is the case when it is expressed at the 
endogenouss level. When Pex15p is expressed at a level at which 
karmellaee are formed surprisingly this no longer holds true. This indicates 
thatt the induction of karmellae formation by overexpressed Pex15p is not 
aa reflection of what happens with Pex15p when it is expressed at a 
physiologicall level. 
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MATERIAL SS AN D METHODS 

Seee also materials and methods of chapter 2. pex3A and pexóA cells 
(samee as BJ1991 exept pex3/6:Leu2) were made by homologous 
recombination.. The cells were precultured on selective 0.3% glucose 
mediumm for 24 hours followed by 16 hours on selective oleate medium 
beforee they were analysed by EM or Western blotting (see chapter 4). 

RESULTS S 

Att the endogenous expression level Pex15p, like other integral PMPs, 
 depends on the presence of Pex3p and Pex19p for localisation to the 
peroxisomall membrane, since in pex3A or pex19A cells Pex15p is 
mislocalisedd to the cytosol and rapidly degraded (Hettema et a/., 2000). 
Whenn expressed under control of the catalase promoter from a multi copy 
plasmid,, Pex15p is overproduced and ends up in karmellae. To 
understandd what happens with overexpressed Pex15p in the absence of 
Pex3pp we expressed NH-tagged Pex15p under control of the catalase 
promoterr in the pex3A strain and induced the cells on oleate medium. As 
determinedd by immuno EM using antibodies against the NH-tag, NH-
Pex15pp was found to be present in karmellae as well as in the nuclear 
envelopee (Figure 1A). As a control NH-Pex15p was also expressed in 
anotherr pex mutant, pexóA. This too resulted in accumulation of NH-
Pex15pp in karmellae (Figure 1B). Obviously overexpressed NH-Pex15p is 
nott rapidly degraded in pex3A cells. This is confirmed by the Western blot 
shownn in Figure 2. 

DISCUSSION N 

Thee presence of the NH-tag in these experiments is not likely to have 

influencedd the results, since NH-Pex15p can rescue the growth defect of 

pex15Apex15A on oleate containing medium and in wild type cells Pex15p and 

NH-Pex15pp overexpression both lead to karmellae formation. 

Overexpressionn of Pex15p in wild type, pex3A and pexóA cells all 

resultedd in the formation of karmellae. This identical phenotype indicates 

thatt the absence of Pex3p or Pexóp does not influence the karmellae 

inducingg capacity of Pex15p. Moreover overexpressed Pex15p is 

definitelyy not degraded to a large extent in pex3A cells. This result is in 

688 contradiction with the expectation that in pex3A cells integral membrane 
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Figuree 1: Electron microscopic analysis of A) pex3A, and B) pexóA cells after 
overexpressionoverexpression of NH-Pexl5p (behind the cata/ase promoter , 2u 
plasmid).plasmid). In both mutants NH-Pex15p expression leads to karmellae 
formation.formation. a-NH is used, showing the presence of NH-Pexl5p in 
karmellae.karmellae. The bar is 0.5 um. 

proteinss are degraded, a phenomenon which does occur when Pex15p is 

expressedd at a physiological level (controlled by its own promoter). In this 

latterr case the remaining Pex15p is found to be present in the cytosol 

whereass the overexpressed Pex15p resides in karmellae (Hettema et a/., 

2000).. Obviously, overexpressed Pex15p shows different behaviour than 

endogenouslyy expressed Pex15p. This result indicates that the localisation 

off Pex15p in extended ER membranes is caused by overexpression of the 

proteinn and probably does not represent the accumulation in the ER of a 

naturallyy occurring sorting intermediate. Combined with the results in 

chapterr 2 this means that the hypothesis that Pex15p travels to the 

peroxisomee via the ER can be seriously questioned. Of course this does 

nott rule out the possibility that the ER is involved in peroxisome 

biogenesiss or even that Pex15p or other peroxisomal membrane proteins 

mightt travel via the ER to peroxisomes. 

Itt is interesting to note that the absence of Pex6p does not influence the 

inductionn of karmellae formation (interesting since we know now that 

Pex15pp and Pexóp interact, see chapter 4). 69 
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Figuree 2: Western blot showing equal amounts and stability 
ofof NH-Pex15p in wildtype, pex3A and pexóA cells. 
a-pexT5a-pexT5 is used. 

Thee formation of karmellae upon overexpression of Pex15p is therefore 

probablyy an artefact. The general lesson that can be learned here is that 

caree must be taken in interpreting results of experiments in which proteins 

aree not expressed at their natural levels. 
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ADDENDUMM 2 TO CHAPTER 2 

REGULATIONN OF IN01 EXPRESSION 

I N T R O D U C T I O N N 

Whenn S. cerevisiae is shifted from a glucose to an oleate containing 

medium,, it becomes dependent on the presence of functional 

peroxisomes.. In this situation the expression of certain proteins which 

havee an ORE (oleate response element) upstream of the coding region in 

thee genes encoding them is upregulated. So is IN01 which contains a 

putativee ORE. Ino lp is one of the key enzymes in phospholipid synthesis. 

Itt is responsible for the conversion of glucose-6P to inositol-1 P. Inositol-

1PP is used for the synthesis of phosphatidyl inositol (PI), one of the 

buildingg blocks of bio-membranes. The interest in INÖ1 regulation is 

illustratedd by many review articles which are written about this topic 

(Carmann and Henry, 1999; Greenberg and Lopes, 1996; Henry and 

Patton-Vogt,, 1998). 

Severall other enzymes which are important for the synthesis of 

phospholipidss seem to be expressed in a similar manner as INOI. This is 

achievedd (partially) via an UAS| N O element in their promoter region. The 

levell of INOI expression can be used as an indirect measure for 

phospholipidd synthesis. This means that upregulation of INOI after a shift 

too oleate medium is an indication for upregulation of phospholipid 

synthesiss and thus indirectly of membrane synthesis. 

Onee of the conditions in which membrane synthesis is upregulated is 

duringg the unfolded protein response. Cox et a/. (1997) suggested that 

thee unfolded protein response (UPR) and inositol response (IR) go hand 

inn hand and are controlled by I re lp. In their view I re lp is essential for 

INOIINOI expression. At least, this seems to be the case in yeast which is 

grownn on glucose or galactose based media. However, observations 

madee with yeast grown on oleate medium indicate that the actual 

situationn is more complex (chapter 2). One of the conclusions that could 

bee drawn is that the IR can take place in the absence of I re lp . 71 
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Becausee of this discrepancy found when yeast is grown on different 
media,, we studied inositol synthesis under various conditions to get more 
insightt in the regulation of IN01 expression. Particularly because, as 
mentionedd in chapter 2, there are indications that the transcription factor 
couplee Pip2p and Oaflp plays a role in IN01 expression upon oleate 
induction.. At present not much is known about how the positive 
regulatorss of IN01 expression, lno2p and lno4p, and the negative 
regulatorr Opi lp act on different media. We investigated several 
componentss which are involved in IN01 regulation and as a 
consequencee in inositol synthesis by studying growth of mutants on 
differentt media with and without inositol. Growth of wild type and mutant 
cellss on media lacking inositol is used as a criterium for the ability of cells 
too induce inositol synthesis. 

MATERIAL SS AN D METHODS 

Seee materials and methods section of chapter 2. irelA, had A, inolA, 
ino4Aino4A and ire1A/opi1A were in a J O 04 background and were gifts of R. 
Chapman.. The double knock-outs pip2A/ire1A and oaf1A/ire1A were made 
thee same way as ire 1A by disrupting IRE1 in the already existing pip2A and 
oaf!Aoaf!A strains. For growth experiments cells were precultured in 2% glucose 
mediumm with inositol for 16 hours, than grown on 0.3% glucose medium 
withh inositol for 24 hours. The cells were washed with water once and then 
equalequal amounts of cells were distributed evenly over plates containing 
differentt media. 

Thee micro-array experiment was performed by M. Groot-koerkamp, A. 
Mul,, G. Hardy and H. Tabak (university of Amsterdam, the Netherlands) by 
ann as yet unpublished method modified after Hoheisels method (Hauser et 
a/.,, 1998). 

Thee INOl gene with the putative ORE was generated by PCR with 
primerss forward: TTTGAATTCGATGAAGACGATGAGGCC and reverse: 
TTTAAGCTTATTACAACAATCTCTCTTCG,, the INÖ1 gene without ORE 
wass generated the same way with forward primer: TTTGAATTCTAGTTCT 
AAATAACACATAGAG.. The fragments were digested with EcoRI and 
Hindllll and cloned into YCplac22 (Gietzand Sugino, 1988; Sambrook etaL, 
1989).. The resulting plasmids were transformed to inolA (Ito et a\., 1983). 

72 2 
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RESULTSS A N D DISCUSSION 

Resultss of a micro-array experiment in which expression of S. cerevisiae 

geness is followed over time after a shift from a growth medium 

containingg glucose to one containing oleate as the sole carbon source, 

indicatee that IN01 expression peaks at 25 minutes after a shift from 

glucosee to oleate medium. Interestingly, this upregulation coincides with 

thatt of the peroxisomal matrix protein thiolase, indicating that 

phospholipidd synthesis and induction of peroxisome proliferation take 

placee simultaneously. Also expression of other proteins involved in 

phospholipidd synthesis, Cho lp , Psdlp, Cho2p and Opi3p follow this 

peakk (Figure 5 in chapter 1). The genes encoding these proteins all 

containn an U A S ! N 0 . It is clear that a signal for upregulation is generated, 

howeverr the expression levels vary. INO1 is the most strongly 

upregulated,, reason enough to study its regulation in more detail. 

Inn order to check the capacity of mutants to regulate IN01 expression, 

growthh experiments were performed. Growth of equal amounts of cells 

onn media with different carbon sources with and without inositol was 

testedd on solid media. The inability of mutants to grow on medium 

lackingg inositol indicates that the missing gene is essential for inositol 

synthesiss and thus for IN01 expression in the tested circumstances. The 

carbonn sources used were either glucose, galactose, glycerol or oleate. 

Thee result of these experiments is presented in Table I. 

Inn the presence of inositol all mutants can grow on glucose, galactose 

andd glycerol medium. On oleate medium containing inositol the only 

mutantss that have a growth defect are pip2A, oafIA, and double mutants 

withh either one {ire1A/pip2A and ire1A/oaf1A). This can be easily 

explainedd because Pip2p and O a f l p are necessary for induction of genes 

withh an ORE, genes encoding proteins which are essential when the yeast 

iss grown on oleate, like 3-oxidation enzymes. The presence or absence 

off inositol is in this case not the cause of the growth defect. 

Twoo S. cerevisiae strains were compared (because some mutants were 

madee in another genetic background than others), wild type JC104 and 

BJ19911 and their irelA derivatives. One difference in growth behaviour 

off these strains was observed. On galactose medium lacking inositol 

irelAirelA in JC104 has growth problems, while ire 1A in BJ1991 grows 

normally.. This is a trivial problem which only occurs when galactose is 

usedd in growth medium. Since BJ1991 has a positive result (growth on 73 
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Tablee I: Growth of wild type and mutants (of two strains) on minimal media 
containingcontaining different carbon sources with or without inositol. 
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galactose)) this strain is considered as the most reliable for interpretation. 

Unfortunately,, Cox and colleagues used the JC104 strain and grew it on 

galactosee medium for their studies on the UPR (Cox et a/., 1997) which 

makess their results less easy to interpret. Besides this, their assumption 

thatt the use of glucose or galactose as carbon source in medium does 

nott influence growth results is probably not valid: also in BJ1991 deletion 

off IRE1 has a lethal effect in the absence of inositol when the cells are 

grownn on glucose, but on galactose based medium this effect is not 

observed.. This implies that the growth defect of JC104 irelA cells on 

galactosee medium in which HMG-CoA reductase was overexpressed, 

doess not necessarily represent the inability of these cells to induce the 

UPR. . 

Itt is clear from growth experiments with irelA in both strains that the 

situationn in yeast grown on glycerol or oleate based medium is different 

file:///no4A
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Figuree 1: Schematic representation of transcription of INOl leading to inositol 
synthesis.synthesis. The transcription factors Oaflp and Pip2p bind to the ORE, 
whereaswhereas \no2p and lno4p regulate transcription via binding to UASiNO 

fromm that in glucose grown cells. On glycerol and oleate media irelA cells 

doo not reveal a growth defect in the absence of inositol. This suggests 

thatt I re lp is not part of a signalling chain leading to inositol production 

whenn glycerol or oleate are used as carbon source for yeast growth. 

Otherr results presented in Table I are as expected: 

(1)) IN01 is essential for inositol synthesis in all conditions, 

(2)) H a d p and Ire1 p are in the same pathway leading to inositol synthesis, 

(3)) The absence of the negative regulator OPI1 is no problem for growth 

onn any medium, (4) Pip2 and Oaf1 are not essential for growth in the 

absencee of inositol when the cells are grown on carbon sources different 

fromm oleate. 

Howeverr some results were not completely as ant icipated. 

Interestingly,, lno4p as the positive regulator of INÖ1 expression is 

essentiall for INOl expression in all circumstances tested. This means that 

lno4pp is also important for inositol synthesis when the Ire1 p independent 

pathwayy leading to INOl expression is followed. 

Thee growth defect on glucose caused by the absence of IRE1 is 

completelyy rescued when OPI1 is deleted as well. This can only be 

explainedd when I re lp and O p i l p are operating in different pathways 

(Figuree 2). I re lp contributes to INOl upregulation (pathway 1), while 

O p i l pp represses another route (pathway 2) to INOl expression. O p i l p 

seemss to be only operating or fully functional as a repressor when yeast 

iss grown on glucose medium, indicating that it is involved in glucose 

repressionn of the IRE1 independent signalling pathway (pathway 2). 75 
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FigureFigure 2: Model of different signalling pathways leading to IN01 transcription in 
yeastyeast under inositol synthesis requiring conditions (extended model of 
CoxCox et a/. (1997). 

Wee made double knock-outs of PIP2 or OAF1 with IRE1 with the idea 

thatt if i re lp is acting in a different signalling pathway than Pip2p and 

O a f l pp and these are the only pathways leading to inositol synthesis, 

thesee double mutants would not survive on medium without inositol 

regardlesss of which carbon source is used. The result of a growth 

experimentt revealed that growth is still possible in such double mutants 

onn galactose and also to some extent on glycerol containing media. This 

meanss that if pathways 1 and 2 are ommited, a third rescue route to INÖ1 

expressionn should exist. 

Inn chapter 2 we suggested that on oleate the Pip2/Oaf1 pathway was 

probablyy essential for INOl expression. Here we studied this pathway in 

moree detail and found that the situation is more complicated than we 

expected.. INOl expression in oleate induced cells was tested with 

differentt lenghts of the promoter region preceding the ORF. One 

constructt was made which included the putative ORE and another which 

startedd behind this ORE. Expression of INÖ1 with either of these two 

promoterr regions was tested in a inolA background on oleate plates with 

andd without addition of inositol. Cells grew in all circumstances tested: 

thee absence or presence of inositol and the absence or presence of the 

putativee ORE on a construct with the INOl gene gave the same result. 

Thiss means that INOl expression on oleate does not require the 

766 presence of its ORE. 

pathwayy 1 
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Takenn together these results are difficult to explain. Figure 2 provides the 
basiss for the formulation of a hypothesis, but it remains hard to 
understandd the complete network of IN01 regulation as yet. One 
difficultyy is the question: what is the difference in IN01 regulation 
betweenn a stress condition, in which yeast is completely dependent on 
inositoll synthesis, and a non stress condition? 

Inn conclusion, we can state that IN01 expression is regulated via a 
quitee complex mechanism. By testing growth of mutants influencing 
INÖ1INÖ1 expression on different carbon sources it became apparent that 
theree are at least 2, but probably 3 routes leading to INOI transcription. 
Thee assumptions made by Cox and colleagues were not valid, Irelp is by 
farr not the only signalling protein leading to inositol synthesis. Also in 
contradictionn with what we suggested, expression of IN01 via the 
putativee ORE in its promoter region seems to be not the only additional 
factorr in oleate induced cells as compared to the regulation in cells which 
aree grown on glucose medium. 

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 
thee capacity to retrieve phospholipids or membranes from other 
compartments.. The latter is probably valid for peroxisomes, since they do 
nott contain the necessary proteins to synthesise phospholipids 
themselves.. The induction of INÖ1 expression when yeast is shifted from 
glucosee to oleate medium and the same trend in expression of some 
otherr genes important for phospholipid synthesis are the first 
observationss which provide insight in how membrane upregulation is 
achievedd when circumstances require peroxisome biogenesis. 
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ABSTRAC T T 

Thee authoritative review by Lazarow and Fujiki (1985) on peroxisome 

biogenesiss set the stage for the notion that peroxisomes are autonomous 

organelless that multiply by growth and division. More recently, various 

literaturee reports suggest a contribution of the endoplasmic reticulum to 

peroxisomee formation. Our studies on the location of peroxisomal 

membranee and matrix proteins in mouse dendritic cells by immuno 

electronn microscopy provide direct evidence for such an ER-peroxisome 

connection. . 

Thee peroxisomal membrane protein Pex13p is found in specialized 

regionss of the ER, in peroxisome reticula and occasionally in globular 

peroxisomes.. The peroxisome ABC transporter protein PMP70 is found in 

peroxisomee reticula and in peroxisomes, while the matrix enzymes 

thiolasee and catalase are only present in the latter structures. These results 

indicatee that in dendritic cells peroxisomal membranes are formed from 

thee ER, that additional membrane proteins are acquired subsequently and 

thatt matrix proteins are taken up as a last step in this maturation pathway. 

I N T R O D U C T I O N N 

Eukaryoticc cells differ from prokaryotic cells by the presence of membrane 

boundedd organelles creating micro environments suitable for carrying out 

differentt functions. This compartmentalisation enables the segregation of 

complexx cellular processes and allows potentially harmful activities to be 

confinedd within membranous compartments so that no damage can be 

donee to other parts of the cell. This is certainly true for lysosomes and 

perhapss also for peroxisomes. Peroxisomes are organelles which are 

involvedd in a variety of processes (Van den Bosch et a/., 1992). Their 

importancee is clearly demonstrated by the existence of peroxisomal 

disorders,, which have the most severe presentation when peroxisomal 

biogenesiss is disturbed (Wanders et a/., 1999). To try and elucidate the 

mechanismss underlying peroxisome assembly, comparison of peroxisomes 

withh other organelles might be informative. Basically membrane bounded 

organelless can be divided into two main groups, based on their 

appearancee and the way they communicate with the rest of the cell. 

Thee first group consists of single-membrane bounded organelles which 

cann communicate with each other via vesicular membrane structures. This 

800 group consists of organelles involved in secretion or endocytosis like the 
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endoplasmicc reticulum (ER), the Golgi apparatus, lysosomes and 

endosomes.. The origin of these organelles lies in the ER. The ER is the site 

off phospholipid and membrane synthesis and the other organelles receive 

theirr membranes via vesicular transport from this donor organelle. 

Thee second group of organelles is characterised by the presence of 

theirr own DNA and they are bounded by a double membrane. Members 

off this group are mitochondria and plastids, like chloroplasts, they 

multiplyy as autonomous organelles by growth and division. The origin of 

thesee organelles lies in an early endosymbiotic event between a guest 

(organelle)) and a host cell (rest of the cell). 

Wheree do peroxisomes fit in? Peroxisomes have features of both 

groupss which complicates the understanding of their origin and thus also 

off their biogenesis. Based on their appearance and properties (single 

membranee and no DNA) peroxisomes resemble organelles of the first 

group,, whereas the fact that they can import their own proteins is similar 

too that of organelles of the second group. Basically, the most intriguing 

questionn in studies on peroxisome biogenesis has always been the 

possiblee ER involvement in this process. Although early electron 

microscopicc studies revealed that peroxisomes were often in close 

proximityy to the ER (Novikoff and Shin, 1964), an ER involvement could 

nott be proven. An autonomous mechanism of peroxisome formation was 

proposedd (Lazarow and Fujiki, 1985), based on the idea that each cell 

inheritss at least one peroxisome which can grow and by fusion can give 

risee to new peroxisomes. This hypothesis was supported by the findings 

thatt both peroxisomal matrix proteins and membrane proteins are 

synthesisedd on free poly ribosomes in the cytosol and are post-

translationallyy imported into peroxisomes (Fujiki et a/., 1984; Imanaka et 

a/.,, 1996). However the origin of peroxisomal membranes remains hard 

too explain with this hypothesis. 

Inn the mean time more and more clues for a direct ER involvement in 

peroxisomee biogenesis have been reported (reviewed in Stroobants, 

2001).. Several articles appeared in which a peroxisome-forming sheet is 

describedd (Fahimi et a/., 1993; Gorgas, 1987; Ohno and Fujii, 1990; Zaar 

etai,etai, 1987), suggesting an ER association with peroxisomes. For example, 

closee lateral membrane associations of peroxisomes with ER are a 

commonn feature in bovine kidney cortex epithelial cells (Zaar et a/., 1987). 

Thee ER enzyme glucose-6-phosphatase was found in these peroxisome-

associatedd membrane structures and was indicative for their derivation 81 
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fromm the ER. The latest indications for involvement of the ER in peroxisome 

formationn in yeast are described by Titorenko and Rachubinski (1998). They 

showedd N-glycosylation (an ER specific event) of 2 peroxins in Yarrowia 

lipolytica.lipolytica. Mullen et a/. (1999) provided a clue for ER involvement in plants 

byy localisation and membrane-insertion studies of peroxisomal ascorbate 

peroxidasee (APX) in tobacco cells. By immuno fluorescence they were able 

too show that the integral membrane protein (APX) was present both in 

peroxisomess (containing catalase) and in reticular/circular membrane 

structures.. These reticular structures were interpreted as a specialised 

regionn of the ER since they could be marked with the stain DIOC6. Their 

resultss suggest that plant peroxisomal APX is inserted into a specialised 

regionn of the ER membrane, which is a possible pre-peroxisomal 

compartment,, before it can be sorted to the peroxisome. 

Heree we describe high resolution immuno EM observations which 

providee additional evidence for the involvement of the ER in peroxisome 

biogenesis.. In mouse dendritic cells peroxisomes were surrounded by a 

complexx of membranes, including characteristic lamellar structures. These 

lamellaee showed membrane continuities with the ER, and contained the 

peroxisomall membrane proteins Pex13p and PMP70. The lamellae were 

alsoo continuous with a anastomosing reticulum from which peroxisomes 

seemedd to be formed at distended portions. These observations suggest 

aa biogenetic link between the ER and peroxisomes. 

MATERIAL SS AN D METHODS 

D11 cells were derived from immature splenic DCs from C57BL/6 mice, and 

weree cultured as described (Winzler et a/., 1997). In one experiment, mouse 

bonee marrow-derived DCs were used for comparison. For immuno-

cytochemistry,, we used polyclonal antibodies against mouse l-chain 

luminall part (S22, kind gift of Dr. N. Koch, University of Bonn, Germany), 

mousee langerine (Valladeau et a/, 1999), human PDI (kindly provided by Dr 

Braakman,, University of Utrecht, the Netherlands), bovine catalase (Tager 

ett a/., 1985) , rat thiolase (Heikoop et a/., 1990), human Pex13p, and rat 

PMP700 (described below). Mouse monoclonals were against protein 

disulfidee isomerase PDI tail (Vaux eta/.,1990), and MHC class II (la-b) kindly 

providedd by Dr Rudensky, (Dept. Of Immunology and Howard Hughes 

Medicall Inst., Univ. Washington, Seattle, USA), and a rat monoclonal 

822 against the mouse l-chain cytoplasmic tail (ln-1; Dr. N. Koch, see above). 
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Anti-Pex13pp was raised against the SH3 domain of human Pex13p (aa 

275-454)) fused at the N-terminus to a DHFR tag. The DNA encoding the 

SH33 domain was amplified from human cDNA introducing a 5' Bgl II site 

andd a 3' Hind III site and was cloned into PQE13 (Quiagen). The fusion 

proteinn was expressed and purified according to the QIA express system 

beforee it was injected in a rabbit for antiserum production. For competition 

experimentss with EM the DHFR-Pex13pSH3 fusion protein was further 

purifiedd twice on a Centricon YM-10 column from Amicon according to the 

manufacturerss instructions, in order to loose SDS which might disturb the 

immunoo EM. Anti-PMP70 was made against its ATP-binding domain. The 

3'' part of rat PMP70 cDNA (from the Bel I site to the stop-codon) was 

clonedd behind a 6 x His tag. The resulting protein was expressed in 

SG130099 cells, was purified on a Ni-NTA column (Quiaex), and was used to 

immunisee rabbits. 

Thee specificity of anti-Pex13p for mouse Pex13p was tested as follows. 

Lysatess were made of cultivated mouse D1 cells (25 cm ), of wild-type 

humann fibroblasts and of fibroblasts of a Pex13p deficient patient (kindly 

providedd by R. Wanders, University of Amsterdam, the Netherlands, 

Shimozawaa etai, 1999) by washing the cells with PBS and lysing them by 

scrapingg in 0.5 ml (PBS ) containing 1% triton X-100 and 1 mM PMSF. 

Afterr centrifugation at 13,000 x g in an eppendorf centrifuge, the pellets 

weree resuspended in Leamli sample buffer and equal amounts of protein 

(ass determined by a Bradford assay, Bradford, 1976), were analysed by 

SDS-PAGEE and Western blotting (Sambrook et a/., 1989) with the anti-

Pex13pp as primary antibody and goat-anti-rabbit alkaline phosphatase as 

thee secondary antibody. On the Western blot the mouse lysate showed a 

clearr band at the same height (46 kD) as the band of human Pex13p, which 

wass absent in the lysate of patient cells. This demonstrates that the Pex13p 

anti-bodiess raised against human Pex13p also specifically recognise mouse 

Pex13p.. The specificity of the other antibodies for mouse proteins (PMP70, 

catalase,, and thiolase) was also determined by SDS-PAGE and western 

blottingg of mouse dendritic cell lysates. 

Forr immunocytochemistry, cells were washed by centrifugation in FCS-

freee medium and fixed in 2% paraformaldehyde and 0.2% glutar- aldehyde. 

Thee cells were then processed for immuno-electronmicroscopy (IEM) as 

describedd (Liou eta/,1997). Briefly, the fixed cells were washed in PBS with 

500 mM glycine at room temperature to quench free aldehydes, embedded 

inn 10% gelatin and cryosectioned. For fluorescence microscopy, 83 
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approximatelyy 100 nm thin sections were indirectly immunolabeled with 
goatt anti-rabbit Cy3 (Jackson Immuno Research Laboratories, Inc, 
Westgrovee PA, USA), and viewed in a Reichert Polyvar fluorescence 
microscope.. For IEM, ultrathin sections were indirectly single- or double-
immunolabeledd with 5 nm gold, or 10 and 15 nm gold particles, 
respectivelyy (Geuze et a/., 1981, Liou et a/., 1996). 

Quantitationn of immunogold for Pex13p and PMP70 on the peroxisomal 
complex,, i.e. peroxisomes, peroxisomal reticula and lamellae, was done in 
200 random electronmicrographs with a final magnification of 25,000. In 
totall 304 gold particles were counted for Pex13p and 232 for PMP70. 
Relativee membrane surface areas of the peroxisomal complex subdomais 
weree determined by putting a transparent overlay with a squared lattice of 
11 cm spaced lines on top of the same micrographs as used for gold 
counting.. Labeling densities of Pex13p and PMP70 in the peroxisomal 
complexx subdomais were calculated by determining the ratio's of the 
respectivee percentages of gold particles over the percentages of 
intersectionss between the lines and the various membranes involved. 

RESULTS S 

Immaturee dendritic cells (DCs) are specialized in capturing antigens 

(pathogens)) by endocytosis and phagocytosis from their environment in 

peripherall tissues like the skin. To proteolytically process the antigens and 

presentt resulting peptides to T-lymphocytes, the cells contain a well 

developedd vacuolar system. Moreover they have numerous peroxisomes. 

Immaturee cells of the murine DC cell line D1 show the peculiar feature of 

peroxisomall reticula (Yamamoto and Fahimi, 1989; Schrader et a/, 1999) 

andd other peroxisome-associated membranes, providing an excellent 

opportunityy to study the distribution of peroxisomal matrix and membrane 

proteinss in these cells with high resolution IEM on cryosections. We studied 

thee peroxisomal matrix proteins catalase and thiolase, which contain 

differentt targeting signals to enter the peroxisome (PTS1 and PTS2 

respectively,, Hettema etai, 1999), and two integral peroxisomal membrane 

proteins,, Pex13p, which is a component of the protein import complex 

(Erdmannn and Blobel, 1996; Elgersma etai, 1996; Gould etai, 1996), and 

thee ABC transporter PMP70 (Gartner et a/., 1998). 

Byy indirect immunofluorescence (Figure 1), catalase (A) and thiolase (B) 

844 labeling in semi-thick cryosections appeared as numerous tiny spots as 
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Figur ee 1 . Peroxisomal matrix and membrane proteins show different distribution 
patterns.patterns. Immunofluorescence microscopy of 100 nm cryo-sections. 
CatalaseCatalase (A) and thiolase (B) staining patterns are punctate, as expected 
forfor peroxisomes. No fluorescence can be seen outside the peroxisomes. 
OnOn the other hand, PexUp (C) and PMP70 (D) show in addition to 
puncta,puncta, fluorescent strands and dots, and some labeling in the 
cytoplasm.cytoplasm. Bar, 24 micron. 85 5 
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expectedd for matrix proteins of peroxisomes at this level of resolution. 

However,, when we stained for the peroxisome membrane proteins Pex13p 

(C)) and PMP70 (D), a pattern of much larger spots and strands was seen in 

additionn to the puncta. These observations prompted us to investigate 

thesee distributions in greater detail by using IEM. We have used our 

recentlyy improved immunogold labeling technique of thin cryosections, 

whichh allows precise delineation of membranes (Liou etal., 1997). 

PeroxisomesPeroxisomes  are dosely  associated  wit h membranous  lamellae  enriched 
inin  Pex13p and PMP70. 

Thee peroxisomes occurred in clusters throughout the cells. Besides 

typicall globular peroxisomes, the cells showed many tubular and reticular 

peroxisomall structures, which have previously been described as 

peroxisomall reticulum (Yamamoto and Fahimi, 1987; Schrader et a/., 

2000).. Both the peroxisomes and reticula were positive for catalase and 

thiolasee {Figures 2A and B, Figure 3B). The clusters of peroxisomes and 

reticulaa were closely associated with characteristic flattened tubules, of 

whichh the limiting membranes were tightly apposed forming rigid 

lamellaee with a characteristic internal striping (Figures 3 and 4). The 

lamellaee were often seen in continuity with the peroxisomal reticula, 

whichh in turn seemed to give rise to peroxisomes by budding (Figures 3B 

andd C). The lamellae resembled so-called Birbeck granules in Langerhans' 

cells.. However Birbeck granules were thicker, had a different striping 

pattern,, and were associated with the plasma membrane and 

endosomes.. In addition, Birbecks strongly labeled with an antibody 

againstt the Birbeck marker Langerine, while the peroxisome-associated 

lamellaee were negative (not shown). The lamellae, on the other hand, 

containedd abundant label for Pex13p Figures 3A, and C) and PMP70 

(Figuree 3B), which were absent from Birbeck granules. Both membrane 

proteinss were also present on the limiting membrane of peroxisomes, 

andd peroxisomal reticulum (Figures 3B and C), albeit with different 

relativee intensities. A quantitative evaluation of the gold labeling patterns 

showedd that of all Pex13p labeling in the peroxisomal system, i.e. 

peroxisomes,, reticulum and lamellae, 64 % was present in the lamellae, 

277 % in the reticulum, and only 6 % in the peroxisomes. For PMP70 these 

figuress were 12 %, 62 %, and 26 %, respectively. Thus, by far the majority 

off Pex13p was located outside the typical globular peroxisomes, in 

866 particular in the lamellae. For PMP70, this distribution was reverse, i.e 
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Figur ee 2. The peroxisomal lamellae are ER subdomains. A) A peroxisome 
immunolabeledimmunolabeled for catalase is surrounded by a lamella that shows membrane 
continuitycontinuity with the ER. At the transition, the ER lumen is narrowed 
(arrowhead).(arrowhead). B) Like in A, but immunolabeled for thiolase. Bar for A and B, 120 
nm.nm. C) Like in A and B, but immunolabeled for the ER protein PDI. 87 7 
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Figur ee 3. Pex13p and PMP70 have differential distributions in the peroxisomal 
system.system. A. Pex13p labeling is predominantly predominantly associated with the lamellae, 
andand is almost absent from the peroxisomes (P). Note that the striped 
lamellaelamellae at the right is continuous with the £R at the arrowhead. Bar, 100 
nm.nm. B. PMP70 labeling is present present on both peroxisomes and lamellae. The 
upperupper and lower peroxisomes seem to be connected with the lamellae via 
aa reticulum (arrowheads). Bar, 125 nm. C. Peroxisomal system showing 
thiolasethiolase in its subcompartments, except in the lamella. Pexl3p is present in 
thethe lamella and in the peroxisomal reticulum (R). Bar, 110 nm. D. A Pex13p-
positivepositive and striped lamella, shows a transition with the ER at a nexus 

888 (arrowhead). Only the peroxisomes are labeled for thiolase. Bar, 80 nm. 
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Figur ee 4. The abundant ER protein li is present in peroxisomal lamellae. This cryosection 
isis double-immunogold labeled with antibodies against the cytoplasmic N-
terminalterminal domain of li (IN) and against the C-terminus of li (IC) with gold sizes in 
nmnm as indicated on the figure. As expected, both epitopes of li are present in 
thethe ER, but only IN can be seen in endosomes (E). Like in the ER, both epitopes 
cancan be found in the lamellae associated with peroxisomes (P) (arrowheads). 
NoteNote the fine longitudinal striping in the lamellae. Bar, 125 nm. 

Tablee I Differential distributions ofPex13p and PMP70 in the peroxisomal complex 

lamellae e 

reticulum m 

peroxisomes s 

totall gold 

Pex13p p 

%% gold gold density 

644 5.4 

277 3.5 

99 1.9 

304 4 

PMP70 0 

%% gold gold density 

12 2 
62 2 
26 6 

1.2 2 
4.0 0 
4.3 3 

232 2 

shiftedd towards the reticulum and peroxisomes (Table I). When we related 

thee gold labeling to the membrane surface areas involved to reveal 

labelingg densities (Table I), the highest density of Pex13p occurred in the 

lamellae,, and that of PMP70 in peroxisomes. For both proteins, the 

peroxisomall reticulum took an intermediate posit ion. The scarce 

presencee of gold particles for Pex13p and PMP70 outside the peroxisomal 

clusterss did not allow to allocate them to the ER or cytosol. The narrow 

lamellaee were devoid of labeling for catalase and thiolase, which were only 89 9 
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detectablee in the reticula and peroxisomes. These differential labeling 

patternss for content and membrane proteins at the EM level explain the 

differencess seen by immunofluorescence microscopy as shown in Figure 1. 

Immunogoldd particles for Pex13p and PMP70 present over the lamellae, 

reticulumm and the peroxisomes were counted and expressed as 

percentagess of the total gold in the peroxisomal complex. Gold densities 

weree derived from the ratios of gold percentages over the relative 

membranee surface areas of the compartments (see materials and 

methods). . 

Peroxisome-associatedPeroxisome-associated  lamellae  are a subdomain  of  the ER. 

Figuress 2 and 3 show connections between the rough ER and the lamellae. 

Thee sudden transition between an ER cisterna and a lamella was 

morphologicallyy characterized by the absence of ribosomes from the 

lamellae,, and the narrowing of the lumen in the lamellae in which 2 

longitudinall electron-dense stripes were present (Figures 2 and 3). The ER 

couldd be identified both by the presence of adhering ribosomes and by the 

presencee of the ER protein PDI (Figure 2C). The relation between the ER 

andd the lamellae was further indicated by the low, but consistent presence 

off invariant chain (li) in the lamellae (Figure 4). li is a transport chaperone of 

MHCC class II, and is abundantly present in the ER of DCs. The absence of 

ribosomess from the lamellae and their continuity with the ER is reminiscent 

off the transitional elements at the ER, which represent the COP ll-mediated 

exitt sites for newly synthesized secretory, lysosomal and membrane 

proteinss for transport from the ER to the Golgi complex. However, the 

lamellaee were negative for COP II, as well as for COP I (not illustrated). Both 

COPss were present in the Golgi areas in the same sections. Accordingly, 

thee lamellae lacked any morphologically detectable coat on their 

cytoplasmicc surface (see Figures 3 and 4). 

DISCUSSION N 

Ann unresolved question lingering in the field of cell biology relates to the 

originn of peroxisomes in eukaryotic cells. This question can be posed with 

regardd to the present: how does a daughter cell derive its peroxisomes 

fromm the mother cell, or with regard to the past: how did the progenitor 

off modern eukaryotic cells obtain its peroxisomes. We hope that our 

900 surprising findings in a differentiated cell type, the dendritic cell of the 
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immunee system, that was never used in studies on peroxisome 

biogenesiss before, can shed some light on both questions. 

Thee specific mouse dendritic cell line, D1 , cultivated in vitro, shows 

remarkablee subcellular, tubular structures that were often in close 

appositionn with mature, ovoid peroxisomes. This observation prompted 

uss to investigate the nature of these tubules in more detail using EM 

immuno-cytochemistryy in combination with antibodies raised against 

authenticc peroxisomal proteins. A highly unexpected labeling pattern 

wass seen using the antibody directed against human Pex13p. Pex13p in 

yeastt and man is an SH3 containing integral peroxisomal membrane 

proteinn with a role in import of matrix proteins into peroxisomes. With 

thiss antibody gold particles were seen on specialized extensions of the 

ER,, on tubules with similar morphology as the specialized ER extensions 

thatt often surrounded the ovoid, mature peroxisomes in a decreasing 

gradientt of gold particle density. With an antibody raised against the 

peroxisomall membrane protein PMP70, a member of the ABC 

transporterr protein family, gold particles were found on the tubules 

surroundingg peroxisomes and on peroxisomes themselves. Finally, 

catalasee and thiolase were found in the lumens of the mature peroxisomes. 

Althoughh our morphological observations on the peroxisomal system 

presentt a static picture, it is tempting to interpret them in a more dynamic 

perspectivee (Figure 5). We propose that certain membrane proteins, 

amongg which Pex13p, insert into the ER and induce the formation of 

specializedd ER domains characterized by typical morphological features 

suchh as internal striping, rigid, rod-like appearance and lack of ribosomes. 

Att a certain stage this domain is separated from the ER. This does not 

involvee the components required for budding of vesicles in the secretory 

pathway.. Peroxisome formation is not inhibited by Brefeldin A or a 

dominant-negativee version of Sarlp in mammalian cells (Voorn-Brouwer et 

a/.,, unpublished results; South et a/., 2000) and we did not observe 

associationn of COP I or II proteins to the specialized ER. In the subsequent 

reticulaa other membrane proteins are taken up such as PMP70. Finally, the 

matrixx proteins catalase and thiolase appear in the distensions of the 

reticulaa and in mature peroxisomes. In this model the peroxisomal 

membranee is largely ER-derived and at a certain maturation state a 

functionall import machinery for matrix proteins is assembled classifying 

peroxisomess as semi-autonomous organelles in contrast to completely 

autonomouss organelles such as mitochondria and chloroplasts. 91 
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Figur ee 5. Schematic representation of the presence of peroxisomal proteins in 
differentdifferent subcellular structures. 

Thee implication of this scenario is that certain peroxisomal proteins with 

aa direct role in the biogenesis of the organel start their functional life in 

thee ER and that the ER is a major donor of the lipid membrane 

constituentss of peroxisomes. In this respect peroxisomes are thus part of 

thee differentiated and dynamic vacuolar system also comprising the ER, 

Golg i ,, and vacuoles/lysosomes/endosomes. Within this group of 

organelles,, peroxisomes show the greatest degree of autonomy. This is 

exemplifiedd by the post-translational import of finished, often (partially) 

foldedd peroxisomal proteins and a protein import machinery of its own 

forr matrix proteins. The possibility of fission of mature peroxisomes into 

neww ones cannot be excluded (Hoepfner et a/.). Nevertheless, it is likely 

thatt the ER is the ultimate origin of new peroxisomes. This is nicely 

illustratedd by the fact that S. cerevisiae pex mutants, such as pex3 or 

pex19,pex19, in which residual peroxisomal structures can no longer be 

observed,, form peroxisomes even after generations of growth as mutant 

afterr transformation with the corresponding wild type PEX gene. 

Thee observed connection between ER and peroxisomal membranes 

cann also be used as new information to consider the evolutionary origin 

off peroxisomes. Are they remnants of endosymbionts like mitochondria 

andd chloroplasts that have lost all their tell-tale features such as DNA of 

theirr former life? Or are they superspecializations from already pre-

922 existing membrane structures? 
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Thiss last possibility becomes more plausible in view of the observed ER 

connection.. Based on phylogenetic studies using as markers the highly 

conservedd heat shock family of molecular chaperone proteins (HSPs) it 

wass argued that nucleus and ER are of ancient origin and that ER and 

cytosolicc HSP70s are related to each other and originated from a gene 

duplicationn event early in the history of the eukaryotic cell. The 

chaperoness present in other organelles such as mitochondria and 

chloroplastss are not close homologs of their nuclear/ER-cytosolic 

counterpartss supporting a different endosymbiotic origin of these 

organelles.. Interestingly, peroxisomes seem to be fully dependent on the 

cytosolicc chaperone system: (1) no evidence for the presence of 

chaperonee proteins in the matrix of peroxisomes based on in silico or in 

vitrovitro analysis has yet been reported; (2) folding of peroxisomal matrix 

proteinss takes place in the cytosol and (partially) folded proteins can be 

translocatedd across the peroxisomal membrane. Assuming that a merger 

betweenn an archaebacterium and a eubacterium was the basis for 

modelingg the first nucleus-containing eukaryote, these considerations 

suggestt that peroxisomes co-evolved with the ER and are a 

superspecializationn of this organel. It might thus rank as one of the oldest 

amongg the organel family that gave rise to the typical eukaryotic cell. 
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ABSTRAC T T 

Thee gene products (peroxins) of 23 PEX genes are known to be necessary 

forr peroxisome biogenesis but for most of them their precise function 

remainss to be established. Here we show that Pex15p, an integral 

peroxisomall membrane protein, in vivo and in vitro binds the NSF-like 

AAAA peroxin Pexóp. This interaction functionally interconnects these two 

hithertoo unrelated peroxins. Pex15p provides the mechanistic basis for 

thee targeting of Pexóp to peroxisomal membranes. Using deletion and 

pointt mutations of Pexóp and Pex15p we could demonstrate that the N-

terminall part of Pexóp contains the binding site for Pex15p and that the 

twoo AAA cassettes D1 and D2 of Pexóp have opposite effects on this 

interaction.. A point mutation in the Walker A motif of D 1 , which contains 

noo canonical Walker B motif, decreased the binding of Pexóp to Pex15p 

indicatingg that the interaction of Pexóp with Pex15p required binding of 

ATPP but not its hydrolysis. Mutations in Walker A and B motifs of D2 

completelyy abolished growth on oleate and led to a considerably larger 

fractionn of pelletable Pexóp. The nature of these mutations suggested 

thatt ATP hydrolysis is required to disconnect Pexóp from Pex15p. The 

inabilityy of cells with a mutated D2 cassette to grow on oleate could be 

overcomee by overexpression of Pex15p suggesting that the activity of 

Pex15pp is kept under tight control by Pexóp. On the basis of the results 

presentedd we propose that Pexóp exerts at least part of its function by an 

ATP-dependentt dynamic cycle of recruitment and release to and from 

Pex15p.. Similarities and dissimilarities between Pexóp and NSF are being 

discussed. . 

I N T R O D U C T I O N N 

Eukaryoticc cells sequester different cellular functions within distinct 

membraness and membrane-bound organelles. This highly compartment-

alizedd nature of the eukaryotic cell requires specific mechanisms to sort 

andd deliver proteins vectorially and efficiently from their common site of 

synthesiss to their diverse destinations. 

Onee of these compartments is the peroxisome which catalyzes a large 

numberr of different metabolic reactions (van den Bosch et a/., 1992). 

Overr the last two decades it has become clear that cells of different 

organismss and tissues flexibly adapt peroxisome number, size and 

988 protein content to their metabolic needs. Therefore peroxisomes are 
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referredd to as multi-purpose organelles (Opperdoes, 1988). The functional 
importancee of peroxisomes in human cells is underscored by the existence 
off peroxisomal disorders (Moser, 1993; Braverman et a/., 1995; Wanders 
etai,etai, 1995; Fujiki, 1997). Those which are caused by defects in peroxisome 
biogenesiss are also referred to as peroxisome biogenesis disorders (Gould 
andd Vale, 2000). 

Thee maintenance of peroxisomes appears to be a complex process 
involvingg a relatively large number of distinct proteins. Genetic analysis in 
differentt yeast species (Lazarow, 1993), CHO cells and cells of patients 
(Fujiki,, 2000) has already led to the identification of 23 PEX genes (an 
updatedd list can be viewed on the following web site: http://www.mips. 
biochem.mpg.de/proj/yeast/reviews/pex_table.. html) that are required for 
thee assembly and maintenance of this organelle (Erdmann et a/., 1997, 
Hettemaa et a/., 1999, Subramani et a/., 2000). Some of the encoded 
proteinss contribute to targeting of newly synthesized proteins to 
peroxisomess and the transport of these proteins across the membrane. For 
otherr proteins their precise role is less-well characterized and clues must be 
derivedd from conserved structural amino acid motifs, such as SH3 and 
RINGG finger domains. Two peroxins, Pex1 p and Pexóp, are members of the 
largee AAA protein family (Patel and Laterich, 1998; Vale, 2000), which has 
beenn defined on the basis of an ~220-amino-acid region, termed the AAA 
cassettee (Beyer, 1997), which stands for ATPases associated with a wide 
rangee of cellular activities (Kunau et a/., 1993). This cassette contains 
Walkerr A and B motifs typical of P-loop-containing nucleoside 
triphosphatasess and known to bind and hydrolyze ATP respectively, 
indicatingg that AAA proteins are potential ATPases. Besides the classical 
AAAA proteins which are easily recognized by sequence conservation in the 
AAAA cassette (Beyer, 1997) more recently new members of this superfamily 
havee been proposed on the basis of sequence alignments and structural 
informationn (Neuwald et a/., 1999). These include regulatory components 
off Lon and Clp proteases and proteins functioning in replication and 
recombination. . 

Classicall AAA proteins are devided into six subgroups (Beyer, 1997; Patel 
andd Laterich, 1998). The members of three of them contain one AAA 
cassettee (group I) whereas the proteins of the other three subgroups 
possesss two (group II). The latter are the NSF/Sec18p-, the p97/Cdc48p-
andd the Pex1p/Pex6p-subfamilies. Given the fact that NSF/Sec18p 
(Whiteheartt and Kubalek, 1995; Vale, 2000) and p97/Cdc48p (Latterich et 99 

http://www.mips
http://biochem.mpg.de/proj/yeast/reviews/pex_table
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al,al, 1995; Patel and Laterich, 1998) have been demonstrated to be involved 

inn heterotypic and homotypic membrane fusion respectively, it has been 

hypothesizedd that both Pexlp and Pexóp might be involved in fusions of 

peroxisomall membranes (Faber et at., 1998 ; Kunau, 1998; Subramani, 

19988 ; Titorenko and Rachubinski, 1998 ). This notion was very recently 

supportedd for peroxisomal vesicle populations of the yeast Yarrowia 

lipolyticslipolytics (Titorenko et a/., 2000a; Titorenko and Rachubinski, 2000b). It has 

beenn reported that both AAA peroxins have distinct roles in priming and 

dockingg of early peroxisomal vesicle populations prior to fusion. However, 

itt is also possible that Pexlp and/or Pexóp provide the molecular basis for 

thee reported ATP-dependence of matrix protein import into peroxisomes 

(Bellionn and Goodman, 1987; Imanaka et a/., 1987; Rapp et aL, 1993; 

Wendlandd and Subramani, 1993; Dodt and Gould, 1996), because these 

aree the only two peroxins thus far known to bind ATP. This notion has very 

recentlyy been supported by an epistasis analysis in Pichia pastoris which 

suggestedd that Pexlp and Pexóp act in the terminal steps of peroxisomal 

matrixx protein import (Collins et a/., 2000). 

Orthologuess of Pex1 p (Erdmann et a/., 1991; Heyman et a/., 1994; Port-

steffenn etal., 1997; Reuber etal, 1997) and Pexóp (Spong and Subramani, 

1993;; Voorn-Brouwer etal, 1993; Nuttley etal, 1994;Yahraus etal, 1996) 

havee been described from several organisms and mutations in the genes 

encodingg human Pexlp and Pexóp are the most common genetic abnor-

malitiess in peroxisomal disorders. However, as yet very little is known about 

thesee two proteins at the molecular level. Even their intracellular location is 

controversial.. Both proteins have been reported to reside at the peroxisomal 

membranee (Tsukamoto etal, 1995; Kiel et a/., 1999), to be associated with 

vesicless distinct from mature peroxisomes (Faber et a/., 1998) and/or to exist 

inn the cytoplasm (Yahraus et a/., 1996; Tamura et a/., 1998). 

Inn our research to define the composition and mode of action of the 

proteinn machinery required for peroxisome biogenesis we identified the 

membrane-boundd peroxin Pex15p (Elgersma etal, 1997; Stroobants et 

a/,, 1999) as membrane anchor of Pexóp in Saccharomyces cerevisiae. 

Pex15pp is a peroxisomal integral membrane protein with most of its 

sequencee including the N-terminus facing the cytosol. Overexpression of 

thiss protein in yeast resulted in extension of ER membranes (karmellae) 

whichh has been suggested as an indication for its sorting via the ER 

(Elgersmaa et a/., 1997). More recent work does not support this inference 

1000 however (Stroobants etal, 1999; Hettema etal, 2000). 
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Thee intrinsic binding capacity between Pex15p and Pexóp is modulated 
viaa the action of the AAA cassettes of Pexóp. We show that their opposite 
effectss on the interaction leads to a dynamic process of binding and release 
off Pexóp to and from the peroxisomal membrane. Similarities and 
dissimilaritiess between the architecture and function of Pexóp and NSF are 
beingg discussed. 

MATERIAL SS AN D METHODS 

StrainsStrains and culture conditions 

Thee yeast strains used in this study were S.cerevisiae wild-type UTL-7A 
(MATa,, ura3-52, trpl, Ieu2-3,112 (W. Duntze, Bochum) and wild-type 
BJ1991{MATa;BJ1991{MATa; leu2, trpl, ura3-251, prbl-1122, pep4-3, ga!2), pexóA and 
pex15AA (same as BJ1991 except pex6/15::Leu2, (Hettema et a/., 1999; 
Elgersmaa et ai, 1997)), pexóA (same as UTL-7A except pex6:;fcanMX4,, This 
study).. Yeast strains used for two-hybrid experiments were PCY2 (MATa, 
ga!4A,ga!4A, ga/80A, URA3::GAL1-lacZ, lys2-801amber,his3-A200, trp1-A63, Ieu2 

 (Chevray and Nathans, 1992) and HF7c{MATa, ura3-52, his3-
200,200, ly$2-801, ade2-101, trpl-901, leu2-3/112, gal4-542, gal80-538, 
LYS2::GAL1-HIS3,LYS2::GAL1-HIS3, URA3::(GAL4 17mers)3-CYC1-lac2). Complete and 
minimall media used for yeast culturing have been described by Erdmann et 
a/.. (1989). YNO medium contained 0.1% oleic acid, 0.05% Tween 40, 0.1% 
yeastt extract and 0.67% yeast nitrogen base without amino acids, adjusted 
too pH 6.0. E.coli used for cloning were DH5a (recA, hsdR, supE, endA, 
gyrA96,gyrA96, thi-1, relAl, \acZ), for protein expression strain BL21(DE3) (F-, 
ompTrB-mB-[hsdSS gai Iclts857 indl Sam7 nin5 /acUV5-T7 genei]) was used. 

Piasmids Piasmids 

Thee primers used are listed in Table I. The Pexóp ORF and additional 
5'(471bp)-- and 3'(243bp) flanking regions were amplified from PAS8-
YCplac33YCplac33 (Voorn-Brouwer et a/, 1993) by PCR using the primers KU146 
andd KU145. The resulting product was subcloned into BamHI/Kpnl 
digestedd pRS416 resulting in plasmid pBM34. To construct point mutated 
allelss of PEX6, mutations were introduced by PCR using gene splicing by 
overlapp extension (Yon and Fried, 1989) with pBM34 as a template. 
PEX6A1PEX6A1 (Pex6pK489A) was made using primers KU540, KU541, KU586 
andd KU551, the PCR product was subcloned into EcoRI/Bglll digested 
plasmidd pBM34, resulting in the plasmid plB6/17. To construct PEX6A2 101 
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Tablee t: Primers used for different PexAp and Pex15p constructs 

KU1444 TTAGGATCCGTCG ACTATGAAGGCATCGCTTACG 
KU1455 5'CCGGGTACCTCTAG AATCTGCACGG ATATCGAG3' 
KUU 146 5'GCAGGATCCGTCGACAAAGCTCACTG ATAGACGAAGA3' 
KU2177 5'GGATCCAATTTTGACAAGAGAAGTTGA3' 
KU2188 5'CGGAATTCTGTAAGACTGCCGAGCATACT3' 
KU2344 5'GCGGATCCCCAGGACTCGAAACAGTAATATCATTGTT3' 
KU2966 5'ACCCCGGGTTGAATTCAGATGGCTGCAAGTGAGATA3* 
KU4855 5'GGTGCCCCACAAATCCCTAAC3' 
KU4866 5'CATATTTTTCCAGGAAATCGATTCAG3' 
KU4877 5'CTGAATCGATTTCCTGGAAAAATATG3' 
KU4888 5'GAGAGCATAAAAATCCCCGG3' 
KU5400 5'CTACAAACAATGTGGGCGCCGCTACAATGGTGAGATTTGC3' 
KU5411 5'GCAAATCTCACCATTGTAGCGGCGCCCACATTGTTTGTA3' 
KU5422 5'GAAAGATACGCAGTCTCTGTGC3' 
KU5444 5'GTGTGGATGGCTTCCGC3' 
KU5455 5'GGTCCACCGGGTACAGGCGCAACTCTAATGGCTAAGGCC3' 
KU5466 5'GGCCTTAGCCATTAGACTTGCGCCTGTACCCGGTGGACC3' 
KU5477 5'ACACCACCCGAATCACCTTG3' 
KU5499 5'CCCGCATGCGTCGACAGCACCTTCAAAATTAGCTC3' 
KU5511 5'CCGTGGTTCATTCTCGAG3' 
KU5699 S'CGGTCTCGCATGAAGGCATCGCTTACG3' 
KU5866 5'CAGGATGTTTTAGCGGC3' 
KU6266 5'CCGCATGCGGCCGCTCATTCGTTCCTAGCTTTCGAAG3' 
KU6544 5'GCGAATTCGGATCCGGAATGGCTGCAAGTGAG3' 
KU6600 S^CTTTAACAAAATCAATACCATCGATATCATCCCAAGTTACGS' 
KU6611 5'CAGGAACTACATTTGTTGGCTCCG3' 
KU6622 5'AGTACTAGTTAGGGTAATGGTCTTCTGTTAG3' 
KU6633 5'CAGCTGTCGACGATGATCACTAACAGAAGACCATTACCC3' 
KU6644 5'CAGCTGTCGACGATGGATTTATCAAAAGCTACTTCG3' 
KU6655 5'GCATGCGGCCGCTTAAGCACCTTCAAAATTAGCTC3' 
KU6700 5'GCATGCGCGGCCGCCTAAAGGGAACAAAAGCTGG3' 
KU6988 5'CGTGTTAACTAGTTTAAGCACCTTCAAAATT3' 
KU7077 5'AGGGARCCGACGTGTAACAGTGTTAAACCTAATTTGG3' 
KU7088 5TACCCGGGTAGAATTCGCATGCTGCAGAGTGAGATTTTG3' 
KU7099 5'AGGGATCCGAGCTCTAAGGGI I 11 I IATGATGCAG3' 
KU7100 5'TACCCGGGTAG AATTCGCATG AAACCCTCACCGAATATG3' 
KU7277 5'ATCCGCGGATCCGGGTAATGGTCTTCTGTTAG3' 
KU7288 5'CCGAATTCGGATCCGATTTATCAAAAGCTACTTCG3' 
KU7466 5TACCCGGGTAGAATTCGCATGGTGAACCTTTTCATAAAAAG3' 
KU7477 5'AGGGATCCGAGCTCTAAAGTTAAGTTAAACTGAATAACC3' 
AS11 5'CCACCGGGTACAGGTGCAACTCTAATGGCTAAGG3' 
AS22 5'CCTTAGCCATTAGAGTTGCACCTGTACCCGGTGG3' 
AS33 5'CCTTGTGTC^TATTTTTCGATCAAATCGATTCAGTAGCACCC3' 
AS44 5'GGGTGCTACTGAATCGATTTGATCGAAAAATATGACACAAGG3' 
AS55 5'GGATCCATGGCTGCAAGTGAGATAATGAAC3' 
AS66 5'AAAGCTCCACCGCGGTGG3' 

(PEX6pK778A),(PEX6pK778A), an internal PEX6-fragment (nt 2073-2546) of plasmid 

pBM344 was exchanged with a PCR product using primers KU544, KU545, 

KU5466 and Ku547, with Clal/EcoRI restrictions sites resulting in plasmid 

plB6/7.. PEX6B2 (Pex6pD831Q) was constructed by exchange of an 

1022 internal Saul/Hindlli PEX6 fragment (nt 2164-2838) of plasmid pBM34 
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withh a PCR product using primers KU486, KU487, KU485 and KU488, 

resultingg in plasmid plB6/3. 

Furtherr expression constructs were based on YEplac33 (Gietz and 

Sugino,, 1988), with the PEX6 or the PEX5 promoter cloned in EcoRI/SacI, 

thee NH or GFP tag in Sacl/BamHI, and the PEX6 (wild-type or mutated) 

inn BamHI/Sall. The NH-Pex15p construct was based on YCplac22 (Gietz 

andd Sugino, 1988), with the catalase promoter between the EcoRI and 

SadSad site, the NH-tag in Sacl/BamHI and the PEX15 ORF in BamHI/Hindlll. 

Mutationss were introduced using the Stratagene QuickChange site-

directedd mutagenesis kit, primers were AS1 and AS2 introducing the 

K778AK778A mutation and AS3 and AS4 introducing the E832Q mutation. The 

PEX6K489APEX6K489A mutation was cloned from plasmid plB6/17 using restriction 

sitess Pstl and Eco81l. ORFs and promoter sequences were amplified by 

PCRR using specific primers introducing restriction sites. Cloning of 

PEX15.1PEX15.1 and PEX15.3 in an expression vector was performed by 

digestionn with BamHI and Pstl and cloning of the resulting insert in a 

YCplac222 based vector which contained the wild-type PEX15 

(BamHI/Hindlll)(BamHI/Hindlll) preceded by the catalase promoter (in EcoRI site). An 

expressionn construct of PEX15.2 was generated by transforming both a 

BamHI/HindlllBamHI/Hindlll PEX15.2 ORF and the Pstl linearised vector (same as for 

PEX15.1PEX15.1 and PEX15.3) to PEX15A cells. Homologous recombination of 

thee two fragments resulted in an expression plasmid, which was rescued 

fromm yeast and analyzed for the presence of the PEX15.2 mutations by 

sequencing. . 

Forr 2-hybrid studies the PEX6 and PEX15 ORFs and fragments of both 

weree cloned into the DNA binding domain containing plasmid pPC86 

andd the transcription activation domain containing pPC97 (Chevray and 

Nathans,, 1992). By PCR a BamHI site was introduced in front of the start-

codonn of Pex15p and a H/nd///-site behind its stop-codon. Using these 

restrictionn sites, PEX15 was cloned into pUC19. From this new construct 

PEX15PEX15 was cloned EcoRI/Hindlll blunt (overhangs filled in with Klenow) 

intoo pPC86 EcoRI/Notl blunt. The PEX6 ORF was amplified by PCR using 

primerss KU144 and KU145 and cloned into pPC97 by a Sail site derived 

fromm the primer and a genomic Spel site downstream of the stop codon 

(pBM21).. For PEX6B2 the Ncol/Spel fragment of plasmid plB6/3 was 

usedd to replace the corresponding fragment of plasmid pBM21, resulting 

inn plasmid plB6/4. For PEX6A1 the Bglll/Spel fragment from plasmid 

plB6/177 was used to replace the corresponding fragment of plasmid 103 
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plB6/4,, resulting in plasmid plB6/18. The PEX6A2 was cloned in pPC97 

replacingg Spel/Bglll fragment of plasmid plB6/7 by the corresponding 

fragmentt of plasmid plB6/4, resulting in the plasmid plB6/11. 

Truncationn constructs of PEX6 were created as follows: The N-terminus 

(nt1-1284)rr the first domain (nt 1261-2149) and the second domain (nt 

2112-3093)) of the PEX6 ORF were amplified from pBM34 using the 

primerss KU144 and KU662, KU663 and KU626, KU664 and KU665, 

respectively.. The PCR fragments which were used for expression of the N-

terminuss and the second domain were digested at the primer derived 

Sall/SpelSall/Spel sites. Sail and Notl were used for subcloning the first domain. All 

fragmentss were inserted into the corresponding sites of the plasmid 

plB6/4.. The resulting plasmids were designated plB6/21, plB6/22 and 

plB6/23,, respectively. Three further truncated versions of PEX6 were 

generatedd by combining the N-terminus and first domain <plB6/33), the 

N-terminuss and second domain (plB6/28) and the first and second domain 

(plB6/29).. Plasmid plB6/33 was obtained by Ndel/Notl digestion of 

plasmidd plB6/22 and ligation with Ndel/Notl digested plasmid plB6/4. For 

plasmidd plB6/28 the N-terminal part of Pexóp was amplified using primers 

KU1444 and KU727. The coding sequence for the second domain was 

amplifiedd using primers KU728 and KU698. Subcloning of the two parts 

intoo the Sall/Spel digested pPC97 was performed using Sail and BamHl 

(N-terminus)) and BamHl and Spel (D2). For plasmid plB6/29 the first 

domainn of Pexóp was amplified using primers KU663 and KU660 and the 

secondd domain using KU544 and KU698. Subcloning of the two parts into 

thee Sall-Spel digested pPC97 was performed using Sail and EcoRI (D1) 

andd EcoRI and Spel (D2). 

Thee PEX15 ORF including 5'- and 3' flanking regions was amplified by 

PCRR using primers KU217 and KU218 and genomic DNA as template 

resultingg into plasmid pWG15/1. PEX15 fragment encoding aa1-315 was 

amplifiedd by PCR using primers KU296/KU234 and pWG15/1 as template 

andd subcloned EcoRI/Sacll into pPC86. Truncated versions of PEX15 were 

createdd after restriction with EcoRI/SacI of PCR products made with the 

followingg primers: P£X75(aa1-103) KU296-KU707, PEX15(aa 103-207) 

KU708-KU709,, PEX75(aa206-315) KU710-KU234, PEX75(aa103-315) 

KU708-KU234,, PEX ?5(a a 1-207) KU296-KU709, PEX75(aa49-151) KU746-

KU747,, PEX75(aa49-207) KU746-KU709, PEXT5(aa1-151) KU296-KU747, 

PEXT5(aa49-103)) KU746-KU707. All fragments were inserted in the 

1044 corresponding sites of the two-hybrid vector pPC86. 
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AA library of randomly mutagenizised PEX75(nt1-987) was created by gap 

repair.. (Bottger et a/., 2000). PCR was performed with primers AS5 and 

AS66 and pPC86-PEX15AC55 was used as a template. The PCR product 

wass transformed into HF7c cells together with a linearised plasmid pPC86 

withh overlapping regions of the PEX15AC55 resulting into circular 

plasmidss produced by homologous recombination. The colonies, that 

failedd to grow in the absence of histidine, were selected and pex15 

mutantt plasmids were rescued from these colonies for further analysis. 

Forr expression of proteins with the TNT7 system, the PEX6 ORF was 

clonedd between the Sail and Notl sites of PGEM-11 (Promega), which 

containss a T7 promoter. The PEX15 ORF and NH-PEX75 were cloned into 

PGEM-111 using restriction sites Sad and Hindlll. 

Too construct PEX6-HIS6 (plB6/9) two PEX6-fragments were amplified by 

PCRR using KU569 and KU542 and KU549 and Ku661 and pBM34 as 

template.. After restriction with Bsal and Ndel and Sail and Ndel, 

respectively,, the fragments were ligated with the Ncol/Sall fragment of 

pET21d.. GST-Pex15p(aa1-315) (plB15/1) was constructed using the primer 

derivedd BamHI and Notl restriction sites (KU654 and KU670) and replacing 

thee corresponding BamHI/Notl fragment of pGEX-4T-3 (Pharmacia). 

Forr overexpression of GFP-GST fusion protein, the GFP ORF was 

subclonedd Smal/EcoRI from pGFP (Clontech) into pbluescript (Stratagene) 

resultingg into plasmids pSkG3, and from there finally cloned Smal/Xhol 

intoo pGEX-4T-3 (Pharmacia), resulting in plasmid pGEXGFP The fusion 

proteinn was overexpressed in E. coli TG1, and purified as soluble fusion-

proteinn according to the manufacturer's instructions (Pharmacia). 

Alll point mutations used were confirmed by DNA sequencing. 

Recombinantt DNA techniques, including enzymatic modification of DNA, 

fragmentt purification, bacterial transformation, and plasmid isolation were 

performedd essentially as described by either Ausubel et a/. (1992) or 

Maniatiss etal. (1982). 

antibodies antibodies 

Rabbitt polyclonal anti-Pex6p antibodies were raised against a synthetic 

peptidd (KLLYLGIPDTDTKQLN) corresponding to amino acids 895-910 

generatedd by Eurogentec. Anti-GFP was kindly provided by J.Fransen 

(Nijmegen,, the Netherlands), anti-NH by P. van der Sluijs (Utrecht, the 

Netherlands),, anti-hexokinase by M. Meijer (Amsterdam the Netherlands), 

anti-Tlglpp by J. Holthuis (Amsterdam the Netherlands). Rabbit polyclonal 105 
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antibodiess to GST-GFP were produced by Eurogentec (Seraing, Belgium) 

accordingg to standard methods (Harlow and Lane, 1988). Other 

antibodiess used were anti-catalase (Hettema et a/., 1998) and anti-Pex15p 

(Elgersmaa etai, 1997). Secondary anti-bodies used were Goat-anti-rabbit 

alkalinee phosphatase (Bio Source international) and Anti-rabbit IgG-

coupledd HRP (Sigma, for Pexóp and GST detection). 

Two-hybridTwo-hybrid  analysis 

Thee two-hybrid assay was based on the method of Fields and Song (1989). 

Cotransformationn of two-hybrid vectors into the strain PCY2 was per-

formedd according to Gietz and Wood (1994). Transformed yeast cells were 

platedd onto SD synthetic medium without tryptophane and leucine. B-galac-

tosidasee filter assays were performed according to Rehling et a/. (1996). 

Thee library of randomly mutagenizised PEX15(nt 1-987) in pPC86 and 

pBM211 {PEX6 in pPC97) was transformed in HF7c. The presence of both 

plasmidss was selected on glucose plates lacking leucine and tryptophan. 

Thee colonies that grew well on these plates were replica plated to plates 

lackingg histidine. The growth on histidine lacking plates was tested at 

CC to include possible temperature sensitive mutants. The colonies that 

d idd not grow on these latter plates contained a mutated PEX15, which was 

unablee to interact with Pexóp. To select for full-length PEX15 mutants, 

TCAA lysates of these cells were made and analyzed by SDS-PAGE and 

Westernn blotting with antibodies against Pex15p. Three full-length PEX15 

mutantss in pPC86 were rescued from these yeast cells, their sequences 

weree analyzed. 

inn vitr o protein  binding  assays 

Plasmidd directed synthesis of Pexóp, Pex15p and NH-Pex15p was 

performedd by using the Promega T7 TNT rabbit reticulocyte lysate 

system.. Radioactive labelling of Pexóp was achieved by adding [ S]-

methioninee to the lysate. For immunoprecipitation experiments equal 

amountss of lysate containing radioactively labelled Pexóp were combined 

withh either lysate containing NH-Pex15p, lysate containing Pex15p (equal 

amount),, or lysate without expressed protein. The volume of each sample 

wass adjusted to 1 ml with buffer containing: 10 mM MgCI2 , 10 mM ATP, 

500 mM Tris-HCI, pH 7.4, 0.2% Triton-X100, 150 mM NaCI, 5 mM NaF, 1 

mMM EDTA and 1 mM PMSF. After incubation at C for 30 minutes, 40ul 

1066 anti-NH conjugated sepharose beads were added and the samples were 
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incubatedd at C for 2 hours. After incubation, the sepharose beads were 

collectedd by centrifugation at 4,000 xg for 5 minutes at , washed twice 

withh 100 mM Tris/HCI pH 8.6, 300 mM NaCI, 0.05% triton-X100, 0.05% 

SDSS and resuspended in Laemmli buffer. 

GST,, GST-Pex15p(aa1-315) and Hisó-tagged Pexóp were expressed in E.coli 

BL21(DE3)) and GST fusion proteins were isolated as followed: cells were 

harvestedd and diluted in PBS-buffer {phosphate-buffer saline: 137 mM NaCI, 

2.77 mM KCI, 4.3 mM Na2HP04 ,1.4 mM KH2P04 , pH 7.3, containing various 

proteasee inhibitors (Sigma), 0.5 mM DTT, 1 mM ATP and 25 mM MgCI2) for 

Pex6p-His66 and in PBS-buffer {with 1 mM ATP and 25 mM MgCl2) for GST 

andd GST-Pex15p. Cells were broken using a french press and cell debris were 

removedd after centrifugation {44,000 x g, 45 minutes). The supernatant 

containingg the soluble proteins including GST-Pex15p was loaded directly on 

aa glutathione-Sepharose 4B (Pharmacia) column equilibrated with PBS. After 

intensivee washing (PBS containing 1 mM ATP and 25 mM MgCi2) supernatant 

containingg Pex6p-His6 was loaded on the column and after further intensive 

washingg steps the proteins were eluted from the column with 10 mM 

glutathione. . 

Too demonstrate ATP/MgCI2-dependency of the Pex6p/Pex15p interaction 

ATPP and MgCI2 in the washing was replaced with 1 mM EDTA. After washing 

(700 ml) the proteins were eluted as described before. 

Microscopy Microscopy 

Forr immuno EM experiments, oleate induced cells were fixated with 2% 

paraformaldehydee and 0.5% glutaraldehyde. Immunolabelling of ultra-

thinn cryo-sections with antibodies against GFP, NH and thiolase was 

performedd according to Gould et a/. (1990). 

Fluorescencee of GFP-Pex6p and its mutants were studied with a Zeiss 

Axiophott 2 microscope with 100 times magnification. 

Fractionations Fractionations 

Oleatee induced cells were subcellularly fractionated as described 

previouslyy (Hettema etai, 1999). The sorbitol/phosphate and MES buffers 

usedd contained usually 1 mM EDTA. In one fractionation experiment these 

bufferss contained either 1 mM EDTA, 1 mM EGTA, no chelating agent at 

alll or an imidazole buffer pH 7.0 with 5% (w/v) dextran-10. Fractionations 

weree performed by centrifugation of lysed spheroplasted cells at 25,000 

xx g, at C for 30 minutes. 107 
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DigitoninDigitonin  titration 

Cellss cultured in 500 ml oleate were spheroplasted using zymolyase 100-T. 

Thesee spheroplasts were resuspended in isotonic 1.2M sorbitol, 50 mM 

pHH 7.0 potassium phosphate buffer to 80 ODunits/40 ul. To 40 ul 

alliquotss of spheroplasts, 360 ul of sorbitol/potassium phosphate buffer 

off C was added including different amounts of digitonin (0,16, 32, 80, 

120,, 160, 192, 240, 320, 480, 800, 1440 ug) from a 4 mg/ml stock 

solutionn in the same buffer and protease inhibitors (Sigma, 1 mM PMSF, 

chymostatin,, leupeptin, aprotinin and pepstatin). Each mixture was 

incubatedd at room temperature for 5 minutes. The digitonin reaction was 

stoppedd by freezing the samples on ice and centrifugation at 11,000 x g 

att C for 5 minutes. The resulting supernatants (containing the proteins 

thatt leaked out of the cells due to the digitonin treatment) were analyzed 

byy SDS-PAGE and Western blott ing. 

ProteinProtein  extracts 

Proteinn extracts were made from 10 ml overnight cultures, cell-pellets 

(3,0000 x g) were resuspended in 500 ul 10% TCA, supplemented with 250 ul 

glassbeadss and vortexed for 20 minutes at . The lysates without the 

glasss beads were centrifugated for 10 minutes (Eppendorf centrifuge 

13,0000 x g at . The resulting pellets were resuspended in 400 ul PBS 

supplementedd with 10 ul 1 M Tris. The amount of proteins present was 

determinedd by a Bradford assay (Bradford, 1976), before analysis by SDS-

PAGEE and Western blott ing. 

RESULTS S 

InteractionInteraction  between  Pexóp  and Pex15p 

Overr the last couple of years 23 proteins have been described to 

contr ibutee to the biogenesis or maintenance of peroxisomes 

(http://www.mips.biochem.mpg.de/proj/yeast// reviews/pex_table.html). 

Inn a search to find possible interactions between these proteins (peroxins) 

inn S. cerevisiae using the two hybrid technique, we observed that Pex6p 

interactedd with Pex15p. Activation of the reporter gene lacZ, indicated by 

bluee colonies on X-Gal medium, was observed when PEX6-GAL4-BD was 

co-expressedd with PEXT5-GAL4-AD in S.cerevisiae PCY2 (Figurel). The 

controlss show that co-expression of either of the fusion proteins, together 

1088 with the respective Gal4p domains encoded by pPC86 and pPC97, did 

http://www.mips.biochem.mpg.de/proj/yeast/
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Figure"! ::  Two-hybrid interaction of Pexóp and Pex15p(aa1-315). PCY2 
transformantstransformants expressing the indicated fusion protein combination of 
PexópPexóp or Pex15p were analyzed for B-galactosidase activity by a filter 
assayassay using X-gal as a substrate. Three representative independent 
doubledouble transformants are shown (lanes 1-3). 

Figur ee 2: in vitro interaction between Pexóp and 
Pexl5p(aa1-315).Pexl5p(aa1-315). Co-immuno-precipitation 
ofof 35S-labelled Pexóp with NH-Pex15p (both 
expressedexpressed in rabbit reticulocyte lysate) when 
usingusing anti-NH for precipitation, shown on an 
autoradiogram.autoradiogram. There is no co-immuno-
precipitationprecipitation in the absence of the NH-tag. 

nott support transcription activation of the reporter genes. The interaction 

betweenn Pexóp and Pex1 p, which was described for Pichia pastoris (Faber 

etal.,etal.,  1998), Homo  sapiens  (Tamura , 1998), Hansenula  polymorpha  (Kiel , 

1999)) could be detected in S. cerevisiae as well. Furthermore in the 

absencee of Pex1 p (in HF7c pex7A) Pex15p and Pexóp still show interaction 

inn the two-hybrid assay (data not shown). 

Sincee the interaction between Pexóp and Pex15p was detected in a 

homologouss context it was important to prove a direct interaction and 

excludee the possibility of a third partner acting as a bridge between Pexóp 

andd Pex15p. Two different in vitro reconstitution experiments were set up 

too prove the direct nature of this interaction. NH-tagged Pex15p and S-

labeledd Pexóp were synthesized separately in a cell-free reticulocyte lysate 

system.. The lysates containing NH-Pex15p and radioactively labeled 

Pexópp were combined in the presence of ATP and magnesium and were 

subjectedd to immunoprecipitation with NH-antibodies. By SDS-PAGE and 

autoradiographyy the amount of labeled Pexóp in different samples was 

determinedd (Figure 2). Co-immunoprecipitation of Pexóp with NH-Pex15p 109 

a-NH H 
NH-Pex15p p 
Pex6p' ' 

a-NH H 
Pex15p p 
Pex6p* * 

a-NH H 

Pex6p p 
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Figur ee 3: in vitro binding studies using bacterially expressed Pex15p and Pexóp 
fusionfusion proteins. GST-Pexl5p and Pex6p-HIS6 as well as the unfused GST 
werewere expressed in E.coli. First GST and GST-Pex15p were bound to 
glutathioneglutathione sepharose, then, the matrices were incubated with Pexóp-
HIS6HIS6 containing extracts as indicated. Whole cell extracts (lanes 1-2), 
washwash fractions (Blane 3-4) as well as proteins bound to and eluted from 
thethe gel matrix (A lanes 3-4, B lane 5), were separated on SDS-PAGE, and 
subjectedsubjected to immunoblot analysis with antibodies against GST and 
Pexóp.Pexóp. The columns were washed with different buffers (A) PBS-buffer 
(containing(containing ATP and MgCI2), (B) with the same ATP-containing buffer or 
aa buffer without ATP/MgCI2 but with EDTA. 10 m M glutathione in the 
samesame buffers were used for elution. 

wass observed. When the same amount of untagged Pex15p was 

expressedd instead of NH-Pex15p, no precipitation of Pexóp could be 

detected.. The co-immunoprecipitation of NH-Pex15p and Pexóp 

indicatess that Pex15p and Pexóp are capable of interacting in vitro 

independentlyy of other yeast proteins. 

Ass an alternative we synthesized a His-tagged PEX6 gene and 

expressedd it in E.coli using the expression vector pET9d. The cytosolic 

par tt  of Pex15p(aa1-315) was produced in E.coli as a fusion protein to 

glutathione-S-transferasee (GST). GST-Pex15p(aa1-315) was bound to 

glutathione-agarosee and was incubated with an extract containing 
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overproducedd Pexóp-Hisó. After washing with buffer, protein-complexes 

weree eluted from the column with glutathione and analyzed by Western 

blotting.. The results presented in Figure 3A indicate that Pexóp-Hisó 

exclusivelyy bound to the GST-Pex15p (aa1-315) fusion protein. No binding 

wass observed in control experiments, using GST bound to glutathione 

sepharose.. These data also demonstrate that the Pex6p/Pex15p 

interactionn is a direct one and that it does not require an intermediary yeast 

protein. . 

Inn these experiments ATP and Mg were included in the buffers used. To 

investigatee the effect of ATP on the Pex6p/Pex15p interaction we first 

boundd Pex6p-His6 to GST-Pex15p (aa1-315) coupled to glutathione-

sepharosee as described above and then washed the column with a buffer 
2+ + 

containingg EDTA and lacking ATP/Mg . This washing procedure eluted 

Pex6p-His66 {Figure 3B), indicating that the Pex6p/Pex15p complex was 

unstablee in the absence of ATP/Mg . From these data we conclude that 

thee Pex6p/Pex15p interaction is ATP-dependent 

DomainsDomains  of  Pexóp  and Pex15p involved  in  the interaction 

Inn order to find regions in Pexóp and Pex15p that are responsible for 

interactionn a number of different mutations were made and the effects on 

thee mutual interaction were studied. 

Variouss truncated parts of Pexóp (Figure 4) were tested for their ability 

too bind the cytoplasmic part of Pex15p (aa 1-315) in the two-hybrid 

system:: the N-terminus (N, aa 1-419), the first AAA cassette (D1, aa 420-

703)) and the second AAA cassette (D2, aa 704-1030). As judged by a low 

butt significant lacZ gene expression, the N-terminus of Pexóp can 

mediatee binding to Pex15p (aa 1-315) (Figure 5A). The D1 or D2 domains 

off Pexóp showed no interaction (data not shown). Additionally, a Pexóp 

fragmentt consisting of the N-terminus and the first AAA cassette (N-D1) 

gavee rise to a /acZ gene activation similar to that obtained with wild-type 

Pexópp (Figure 5A). In contrast a Pexóp fragment consisting of the N-

terminuss and the second AAA cassette (N-D2) showed the same weak 

/acZ/acZ gene activation as obtained with the N-terminus of Pexó alone 

(Figuree 5A). 

Similarr studies with truncated versions of Pex15p showed that the N-

terminall part of Pex15p(aa 1-151) which protrudes in the cytosol is 

sufficientt for interacting with Pexóp (Figure 5B). To study this in more 

detaill a mutant library was made by error prone PCR of the first part of 111 



Chapterr 4 

Pexep p 

Pex6Np p 

Pex6D1p p 

Pex6D2p p 

Pex6D1+D2p p 

Pex6N+D1p p 

Pex6A1p p 

! ! 

**'""'- . . 

I I 

A1 1 

J J 

--~''  * 

:: : t :A 

''  il 
' ' 

Figur ee 4: Schematic representation 
ofof two-hybrid interaction 
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andand Pexóp, truncated and 
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Figur ee 5: Two-hybrid interaction of 
PexópPexóp and Pex15p. PCY2 
transformantstransformants expressing 
thethe indicated fusion protein 
combinationcombination of (A) Pexóp 
truncationstruncations and Pex15p, (B) 
Pex15pPex15p truncations and 
PexópPexóp and (C) Pexóp point 
mutationsmutations and Pexl5p were 
analyzedanalyzed for B-galactosidase 
activityactivity by filter assay using 
X-galX-gal as a substrate. Three 
representativerepresentative independent 
doubledouble transformants are 
shownshown (lanes 1-3). 
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Tablee II: Mutations found in 3 PEX15 mutants that lost their capacity to interact 
withwith Pexóp in a two-hybrid assay 

mutantt name nt mutation aa mutation change in aa 

mutantt 15.1: nt 66 A->T aa 22 L->F small->big 

mutantt 15.2: nt 65 T->C aa 22 L->S apolar->polar 

nt3933 A->G aa 131 K->K 

mutantt 15.3: nt 140 T->A aa 47 Q->L hydrophilic->hydrophobic 

ntt 149 T->C aa 50 V->A small difference 

Pex15p(aaa 1-329). Pex15 mutants defective in interaction with Pexóp in 

thee two hybrid trap were selected and mutants were chosen that still gave 

risee to full-length protein on the basis of Western blot analysis. This screen 

resultedd in three temperature sensitive mutants (pex15.1/2/2) that showed 

aa disturbed growth phenotype at , but not at . The plasmids 

containingg a mutated PEX15 gene were rescued from yeast and their 

sequencee was determined. All mutations were found in the N-terminal 

partt of Pex15p(aa 1-151) (Table II). Moreover, this result indicates that the 

aminoo acids at positions 22, 47, and/or 50 of Pex15p are important for the 

interactionn of Pex15p with Pexóp. 

AttemptsAttempts  to  determine  the biological  role  of  Pexóp  and Pex15p in  vivo 

Thee contribution of Pexóp and Pex15p to peroxisome biogenesis is well 

establishedd on the basis of the phenotypes of the null mutants. Both 

pexóApexóA {Hettema et a/., 1999) and pex15A (Elgersma et a/., 1997) mutants 

showw a characteristic pex phenotype with only residual, ghost-like 

peroxisomall structures. Here we analyze the effects of more subtle 

alterationss in Pexóp and Pex15p. 

Thee mutated PEX15.1/2/3 ORFs were cloned into an expression vector and the 

resultingg constructs were transformed into pex15A cells. The growth of these 

cellss on oleate was tested (Figure 6): the PEX15.1 and PEX15.3 mutants 

showedd a diminished growth at ; at C their growth was normal. The 

PEX15.2PEX15.2 mutants growth was even more seriously disturbed. Although 

peroxisomee biogenesis is not completely inhibited in these mutants there is an 

effectt on peroxisome biogenesis when the Pex15p-Pex6p interaction is 

disturbed. . 

Thee AAA peroxin Pexóp contains two AAA cassettes (D1 and D2) and thus 

twoo consensus ATP-binding sites. To determine whether these cassettes are 113 
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Figuree 6: Growth on selective oleate of pex75A cells with plasmid based 
expressionexpression of Pex15p(aal-315) (+), empty vector (-), pex15.1, 2 and 3 at 
1818 and  Equal amounts of cells were spotted. 

essentiall for peroxisome biogenesis we used site-directed mutagenesis to 

createe mutants with point mutations in Walker A (A mutants) or Walker B (B 

mutants)) motifs of either the first or the second cassette. The resulting mutants 

weree designated: Pex6pA1 (K489A), Pex6pA2(K778A), and Pex6pB2 

(D831Q/E832Q).. It was not necessary to create a B1 point mutation because 

wild-typee Pex6p contains an alanine residue at the critical position (aa 548). 

Wee tested the mutant constructs using the oleate plate assay for their 

abilityy to complement the pex phenotype of the pexó null mutant. As 

demonstratedd in Figure 7A, the pexó null mutant expressing Pexóp 

mutatedd at the first ATP-binding site (A1) showed the wild-type phenotype 

withh respect to growth on oleic acid medium. In contrast, the pexó null 

mutantss expressing Pexóp mutated at the second ATP-binding or 

hydrolysiss site (A2 and B2) were not able to grow on oleic acid as sole 

carbonn source. 

AA more detailed analysis using growth in liquid cultures resulted in 

growthh curves of oleate induced wild-type, pexóA and PEX6 point mutants 

whichh indeed indicated that A1 has a growth rate comparable to that of 

wild-typee cells, while the other mutants (A2 and B2) hardly grew better than 

pexózll (Figure 7B). The data obtained with mutant A1 indicate that a 

weakenedd interaction between Pex15p and Pexóp (see below) does not 

disturbb the formation of functional peroxisomes. A2 and B2 on the other 

hand,, which have a strong interaction with Pex15p (see below), initially 

greww better than a complete pexóA, but after one day stopped growing 

furtherr (at an O D 6 0 0 of approximately 0.55). Obviously, when ATP-binding 

too the second ATPase domain of Pexóp is disturbed peroxisome 

biogenesiss is disturbed too, even though this is not caused by a defect in 

1144 interaction with Pex15p. 
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Figuree 7: (A) Growth behaviour on oleic acid medium (YNO) of wild-type, pexóA and 
pexóAA expressing wild-type or point mutated PEX6. Growth on YNO agar 
platesplates is indicated by a typical halo reflecting the consumption of oleic acid. 
(B)(B) + (C) Growth curves of pexóA mutants on oleate medium. The growth 
andand growth rate of wild-type, pexóA, pexóAl, pex6A2 and pex6B2 are 
compared.compared. This is shown without (B) and with (C) co-expression of NH-
Pex15p. Pex15p. 115 5 
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Furthermore,, growth on oleate was also tested when NH-Pex15p was 

overexpressedd (controlled by the catalase promoter, approximately 80 

timess its endogenous level). As shown in Figure 7C, NH-Pex15p expression 

didd hardly influence the growth of cells expressing GFP-Pex6p or GFP-

Pex6pA1.. NH-Pex15p expression in cells containing GFP-Pex6pA2 or 

GFP-Pex6pB22 had a remarkable effect on growth, the growth defect 

causedd by the mutations in Pexóp was completely abolished. The 

presencee of a larger amount of Pex15p can rescue the phenotype of pex6 

mutantss which are presumed to bind/hydrolyse ATP in their second 

ATPasee domain. Although these unexpected results cannot be readily 

explained,, they clearly show that the relative levels of Pex15p and Pexóp 

aree important for peroxisome function, suggesting a functional 

dependencee of these peroxins on each other. 

Inn order to investigate whether ATP-binding and/or hydrolysis is critical 

nott only for growth on oleate (functional test for peroxisome biogenesis) 

butt also for the described Pex6p/Pex15p interaction we introduced the 

variouss mutant forms of Pexóp carrying point mutations in the ATP-

bindingg and hydrolysis sites of both AAA cassettes in two-hybrid vectors 

andd tested the interaction with Pex15p(aa1-315). Compared to wild-type 

Pexóp,, only the A1 mutation of the Walker A motif in the first AAA-domain 

(D1)) resulted in a clearly reduced interaction with Pex15p (Figure 5C). 

Mutationss in the second AAA-domain of Pexóp (A2 and B2) showed no 

effect.. These results demonstrate that the ability of the first AAA 

cassettess of Pexóp to bind ATP, considerably strengthened the 

interactionn of Pexóp and Pex15p. 

InterplayInterplay  between  Pexóp  and Pex15p in  relation  to  their  cellular  location 

Endogenouss (full-length) Pex15p can only be detected on peroxisomal 

membraness (Elgersma et a/., 1997). The localization of Pexóp as studied 

inn several organisms by various techniques is controversial. To detect 

Pexópp using a variety of techniques we tagged it with GFP at its N-

terminus.. Addition of this tag does not influence the function of Pexóp 

sincee GFP-Pex6p is fully capable of restoring growth on oleate in a strain 

withh a pex6 deletion (data not shown). 

Pexópp contains two putative transmembrane domains and some reports 

describee it as a membrane or membrane-associated protein. To distinguish 

betweenn these alternatives we used the observation that most integral 

1166 membrane proteins can be synthesized in pex3A (and pex19A) cells but 
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Figur ee 8: Stability of GFP-Pex6p in pex3A 
cells.cells. Protein extracts of oleate 
inducedinduced wild-type and pex3A cells 
expressingexpressing GFP-Pex6p results in 
equalequal amounts of GFP-Pex6p. This 
proteinprotein is not degraded when Pex3p 
isis absent. 

Pex6p p 

HH P S 

Pex6pA1 1 

HH P S 

Pex6pA2 2 

HH P S 

Pex6pB2 2 

HH P S 

Pex6p p 
++ Pex15p 

HH P S 

Pex6p p 
inn pex15A 

HH P S 

Figur ee 9: Fractionations of pexóA cells expressing GFP-tagged Pexóp, Pex6pA1, 
Pex6pA2,Pex6pA2, Pex6pB2 or both GFP-Pexóp and NH-Pex15p. The 
fractionationfractionation of GFP-Pex6p is also shown in pex15A cells. H= 
homogenatehomogenate of spheroplasted cells, P= 25,000 x g organellar pellet, S= 
25,00025,000 x g supernatant. 

thatt they are rapidly degraded, whereas peripheral peroxisomal membrane 

proteinss are not (Hettema et a/., 1999). When comparing Pexóp levels from 

steadyy state grown wild-type cells and pex3A cells both expressing GFP-

Pexóp,, there is nota clear difference in the amount of GFP-Pexóp (Figure 8). 

Thiss resistance to degradation suggests that Pexóp is not an integral 

membranee protein but at the most a temporarily membrane associated 

protein. . 

Wee next fractionated pex6A cells expressing GFP-Pexóp in a 25,000 x g 

organellarr pellet and a cytosolic supernatant. GFP-Pexóp was found to be 

mainlyy (approximately 80-90%) present in the supernatant (Figure 9). This 

indicatess that Pexóp is for the largest part or period of time cytosolic and 

forr a smaller part or period bound to or inside organelles. Because the 

interactionn between Pex15p and Pexóp can be disturbed by the presence 

off EDTA (which captures magnesium ions and which as a consequence 

preventss binding of ATP to Pexóp), the fractionation experiments were 

alsoo performed with a weaker chelating agent EGTA, without chelating 

agentt and without chelating agent at a physiological pH (pH 7). The 

resultt of these fractionation conditions was in all cases very similar to the 117 7 
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Figuree 10: Digitonin titrations of oleate induced pexóA cells expressing GFP-
PexópPexóp or GFP-Pex6pA1 without or with co-expression ofNH-Pexl5p. All 
samplessamples were obtained from equal amounts of spheroplasts, sample 1 
waswas untreated, samples 2 to 12 were treated with increasing amounts of 
digitonin,digitonin, sample 13 contained the maximal amount of protein present 
inin the samples. Western blots with anti-catalase antibodies indicate at 
whichwhich digitonin concentration peroxisomes start to leak. Hexokinase is 
aa cytosolic control and Tlglp is a control for small vesicles. 

resultt obtained in the presence of EDTA. In fact, EDTA in the fractionation 

bufferr or a low pH did not influence the result (data not shown). 

Fractionationn experiments were also carried out with strains carrying 

mutationss in the ATP-binding sites of Pexóp. The pellet/supernatant ratio 

off GFP-Pex6pA1 was very similar to that of GFP-Pex6p. The ratios of 

GFP-Pex6pA22 or GFP-Pex6pB2 were different, however, larger fractions 

weree pelletable (approximately 60%, Figure 9). When NH-Pex15p was 

overexpressedd (controlled by the catalase promoter) in wild-type cells, 

thee fractionation pattern clearly changed. The overexpression of NH-

Pex15pp made GFP-Pex6p for approximately 50% pelletable (instead of 

aboutt 10%). Thus a larger fraction of Pexóp is organelle bound when 

eitherr the A2 and B2 mutation or additional Pex15p is present. 

Thee presence of a large Pexóp cytosolic fraction is supported by an 

experimentt in which the plasma membrane was selectively permeabilized 

withh carefully titrated amounts of digitonin. GFP-Pex6p leaked out of 

spheroplastss together with the cytosolic protein hexokinase, when very 

loww concentrations of digitonin were present (Figure 10). GFP-Pex6pA1 

behavedd very similarly compared to GFP-Pex6p. However when 

additionall NH-Pex15p was expressed the GFP-Pex6pA1 pattern changed 

1188 less dramatically than that of GFP-Pex6p. Pex15p expression prevents the 

anti-catalase e 
11 2 3 4 5 6 7 8 9 1011 1213 

-- — 
.. ... 

—/ / 
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Pex6pp which can bind to it from leaking out and probably keeps it 
peroxisomee bound. However, since Tlglp, which is a SNARE located in 
smalll secretory vesicles, leaked out with almost the same characteristics 
ass hexokinase, we cannot exclude on the basis of this experiment that 
Pexópp is associated with small vesicles. 

Thee GFP-tagged Pexóp permitted us to study its localization by 
fluorescencefluorescence microscopy. GFP-Pex6p expressed in pex6A cells showed 
cytosolicc fluorescence with some tiny fluorescent dots (Figure 11). The 
patternn of GFP-Pex6pA1 was completely cytosolic, that of GFP-Pex6pA2 
andd GFP-Pex6pB2 was cytosolic with some punctated fluorescence. Co-
expressionn of NH-Pex15p in the cells with GFP-Pex6p, GFP-Pex6pA2 or 
GFP-Pex6pB22 resulted in more profound punctated fluorescence, still with 
residuall cytosolic fluorescence. In cells with GFP-Pex6pA1 on the other 
handd expression of NH-Pex15p did not result in such a clear difference in 
punctatee fluorescence pattern. These results confirm that in vivo the level 
off Pex15p has an effect on the cellular distribution of Pexóp. 

Finally,, we studied the localization of Pexóp with immuno EM. With 
antibodiess against the GFP-tag we visualized GFP-Pex6p, which was 
expressedd under control of the PEX5 promoter in wild-type and 
pexóAcellss (when using the PEX6 promoter no labeling could be 
achieved).. GFP-Pex6p was located in the area of cells in which 
peroxisomess or peroxisomal ghosts were present, however almost no 
labelingg was seen on the peroxisomal membranes themselves (Figure 
12).. GFP-Pex6p might be present in the cytosol or in/on membrane 
structuress distinct from peroxisomes, which we indicate as 'clouds' of 
GFP-Pex6p.. When the amount of Pex15p was increased (by expressing 
NH-Pex15pp controlled by the catalase promoter) in pexóA cells 
containingg GFP-Pex6p the localization of GFP-Pex6p changed; it was 
mainlyy on the peroxisomal membrane (Figure 11). In addition to this 
effectt on Pexóp localization we also note that these peroxisomes are 
oftenn surrounded by double membranes. GFP-Pex6p was found on 
doublee as well as on single peroxisomal membranes. In cells with GFP-
PexópAll normal peroxisomes were observed. In contrast, in cells with 
GFP-Pex6pA22 or B2 no normal peroxisomes could be detected, but 
ghostss were present. GFP-Pex6pA2 and B2 were both visualized by 
immunoo EM as clouds, no label was present on peroxisomal ghost 
membranes.. Also these mutant forms of GFP-Pex6p were recruited to the 
peroxisomall ghost membranes when NH-Pex15p was overexpressed. 119 
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Figur ee 11: Recruitment of GFP-Pex6p to peroxisomes when NH-Pex15p is expressed. 
FluorescenceFluorescence patterns of oleate induced pexóA cells expressing GFP-
taggedtagged Pexóp in (A) and (B), GFP-Pex6pA1 in (C) and (D), GFP-Pex6pA2 in 
(E)(E) and (F), GFP-Pex6pB2 in (G) and (H), without (A), (C), (E), (G) and with (B), 
(D),(D), (F), (H) co-expressed NH-Pex15p. 
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Figuree 12: Electron microscopic analysis of the location of Pexóp in oleate-grown 
pexóApexóA cells expressing GFP-tagged Pexóp in (A), (C), (E) and PexópB2 
inin (B), (D), (F) without (A), (B) and with co-expression of NH-Pexl5p 
behindbehind the catalase promoter (C)-(F)- The localization of NH-Pex15p is 
shownshown in (E), (F). Immuno EM was performed with anti-GFP (A)-(D) and 
anti-NHanti-NH (E), (F). Bar = 0.25 mM. 
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Combined,, these different technical approaches all support the notion 

thatt Pexóp has a dual localization: it is partially peroxisome bound via 

Pex15p,, whereas the largest part is cytosolic. Whether this cytosolic part 

representss free or structurally bound Pexóp, for instance in the form of 

veryy small vesicles, could not be established unambiguously. 

DISCUSSION N 

Pexópp is one of the two members of the AAA superfamily essential for 

peroxisomee biogenesis (Beyer, 1997; ht tp: / / mips.biochem.mpg.de/proj/ 

yeast/reviews/pex_table.html).. AAA proteins are ATPases which apparently 

couplee ATP-binding and hydrolysis by their distinct AAA cassette to a 

varietyy of other processes (Neuwald et a/., 1999). Pexóp consists of three 

differentt parts, the N-terminal region, the less well-conserved first AAA 

cassettee D1 followed by the well-conserved second cassette D2 (Voorn-

Brouwerr et a/., 1993). The occurrence of two distinct AAA cassettes in 

Pexópp provides an additional interesting aspect to the chemistry of this 

protein.. Insight into the mode of action of this AAA peroxin is thus an 

importantt step towards a molecular understanding of peroxisome 

biogenesiss and especially towards the energy requirements of this process. 

AA central result is that Pexóp is targeted to peroxisomal membranes by 

bindingg to the cytoplasmic part of the integral peroxisomal membrane 

proteinn Pex15p. This is supported by the following evidence: (a) The N-

terminall cytoplasmic part of Pex15p(aa1-315) interacted in the yeast 

two-hybridd assay with the N-terminal region of Pexóp whereas the D1 , D2 

andd D1+D2 fragments gave negative results. The binding site for this 

interactionn in Pex15p could be limited to amino acid residues 1 to 151. 

Thiss result is supported by the location of three point mutations, which 

weree all located within this area. These temperature-sensitive mutants 

showedd no interaction with Pexóp and exhibited no growth on oleate at 

thee non-permissive temperature, (b) This interaction is direct because it 

couldd be reconstituted in vitro both with proteins expressed in E. coli and 

withh proteins produced in a cell-free reticulocyte lysate. This central 

findingg functionally interconnects the hitherto unrelated two peroxins 

Pexópp and Pex15p by showing that they are physical partners in one of 

thee many distinct steps of peroxisome biogenesis. 

Thee behaviour of Pex15p and Pexóp was analyzed in further depth by 

1222 a combination of specific mutations in Pexóp and their in vivo effect on 

http://
http://mips.biochem.mpg.de/proj/
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growthh on oleate. From the two hybrid interaction studies it is clear that 

whilee the N-terminal part of Pexóp alone shows weak but demonstrable 

intrinsicc binding activity to Pex15p another truncated version of Pexóp 

containingg the N-terminal part and D1 interacts even stronger than 

completee Pexóp. In contrast, the mutation A 1 , replacing the conserved 

lysinee by a glutamate in the D1 Walker A motif of full-length Pexóp, 

lowerss the binding activity of Pexóp to Pex15p to the intrinsic level of the 

N-terminall region alone. This is apparently good enough for residual 

functionn in vivo because this mutation does not affect the growth of the 

mutantt cells on oleate. Since wild-type Pexóp has lost its critical active-

sitee residue (D replaced by A) from the Walker B motif of D1 we conclude 

fromm our findings that ATP bound to D1 acts as an allosteric activator to 

increasee the binding capacity to Pex15p. 

Twoo different mutations were chosen to inactivate the D2 cassette of 

Pexópp in analogy to reported mutations of NSF (Whiteheart and Kubalek, 

1995):: one preventing ATP-binding (A2), the other preventing ATP-

hydrolysiss (B2). Functionally we could not distinguish between them. 

Bothh mutations in D2 (A2 and B2) completely abolish growth on oleate. 

Thiss finding underscores the critical importance of D2 for the overall 

functionn of Pexóp in peroxisome biogenesis and demonstrates that D1 

andd D2 have different functions. We have observed that cells carrying a 

PEX6PEX6 allele with either one of the mutations (A2 or B2) after fractionation 

containn more Pexóp in the crude organellar fraction. This suggests that 

ATP-hydrolysiss is the important step and that ATP-consumption is 

requiredd to dissociate Pexóp from Pex15p. 

Althoughh we have not strictly proven the reversibility of the interaction 

betweenn Pex15p and Pexóp the following observations favor this 

proposal:: (a) Binding of Pexóp to Pex15p in the in vitro reconstitution 

experimentss is dependent on the presence of ATP and Mg2+ . (b) In cell 

fractionationn and digitonin permeabilisation experiments the amount of 

structurallyy bound Pexóp correlates with the amount of (over) expressed 

Pex15pp in cells. Furthermore, Pexóp with a mutation in the first ATP-

bindingss cassette (D1) behaves as a cytosolic protein, (c) These 

observationss are qualitatively confirmed by morphological observations 

withh immuno EM and GFP fluorescence in cells. Peroxisome bound 

Pexópp correlates with the amount of Pex15p. 

Thee handicap of PEX6 cells with a mutated D2 cassette (A2 or B2) to 

groww on oleate could be overcome by overexpression of Pex15p. It 123 
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Figur ee 13: Schematic representation of 
interactioninteraction between Pexl5p 
andand Pexóp. The N-terminus of 
Pexl5pPexl5p interacts with the N-
terminalterminal part of Pexóp, an 
interactioninteraction which is stimulated 
byby ATP-binding to the first 
AAAAAA domain (A1) of Pexóp. On 
thethe other side hydrolysis of 
ATPATP by the second AAA 
domaindomain of Pexóp (B2) 
stimulatesstimulates release of Pexóp 
fromfrom Pex15p. 

suggestss that the activity of Pex15p is kept under tight control by Pexóp 

andd that overexpression of Pex15p results in a constitutive phenotype. 

Suchh an uncontrolled condition might have no consequences for growth 

onn oleate which requires the full capacity of the peroxisome compartment. 

Onn the basis of our data and published work we would like to propose 

thatt Pexóp exerts at least part of its function by an ATP-dependent dynamic 

cyclee of binding to and release from Pex15p (Figure 13). The three parts of 

Pexópp have distinct roles in this interaction. While the N-terminal part N 

providess the binding site for Pex15p the two AAA cassettes have opposing 

roles.. ATP-binding to D1 is needed to strengthen the interaction of Pexóp 

withh Pex15p whereas ATP-hydrolysis by D2 is required to disconnect Pexóp 

fromm Pex15p. 

Ann ATP-dependent dynamic binding and release of Pexóp from a peroxi-

somall vesicle population was very recently reported in Y, lipolytics (Titorenko 

andd Rachubinski, 2000b). This interesting finding for two reasons cannot 

easilyy be compared to our results. PEX15 of Y. lipolytica has so far not been 

identifiedd and similar vesicles that have been used in the fusion experiments 

havee not yet been reported in other organisms. As an alternative to 

involvementt in vesicle fusion it is also conceivable that Pexóp alone or via 

Pex15pp is associated with a proposed import complex (Collins et a/., 2000) 

andd may thus provide the reported ATP-dependence of peroxisomal import 

off matrix proteins (Bellion et al, 1987; Rapp et al, 1993; Wentland et al., 

1244 1993). A link with protein import is also provided by the observations that the 

Pex15p p 

N N 

D1 1 

D2 2 

Pex6p p 
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PTS11 receptor Pex5p is unstable in Pichia pastoris and human PEX6 mutant 

celtss (Yahraus et a/., 1996). What is the function of the other AAA peroxin 

Pexlp?? On the one hand it has been reported to bind Pexóp (Faber et a/., 

1998;; Tamura et a/.f 1998; Kiel et a/., 1999) and on the other hand in Y. 

lipolyticslipolytics Pexóp and Pexlp have not only different binding properties to 

peroxisomall vesicles (Titorenko et a/.# 2000a) but in addition serve different 

functionss in an in vitro fusion assay (Titorenko and Rachubinski, 2000b). The 

presentedd interaction of Pex15p with Pexóp demonstrated by the two-

hybridd assay is independent of the presence of Pex1 p. Pex1 p deficient cells 

gavee the same results as wild-type cells (data not shown). 

Thee proposed ATP-dependent dynamic cycle of Pexóp inevitably leads 

too a next question: What is its functional consequence? A similar tripartite 

modularr organization as Pexóp is found in NSF the best studied member 

off the AAA family (Whiteheart and Kubalek, 1995; Hanson et a/., 1997). 

Itt is interesting to see that our results also point to some functional 

similarities.. In both proteins the binding site for interacting partners, 

SNAP/SNAREss for NSF/Sec18p and Pex15p for Pexó, map to the N-

terminall region. Recently, structural studies of the N-terminus of VAT 

(Coless et a/., 1999), another group II AAA protein (Golbik et at., 1999), 

ledd to the prediction that the N-termini of several AAA proteins including 

Pexópp should possess a double-psi-barrel structure with a peptide-

bindingg site formed by the psi-loop cleft. Our finding that the N-terminus 

off Pexóp binds Pex15p supports this conclusion. The well-conserved AAA 

cassettee of NSF possesses ATPase activity (Whiteheart and Kubalek, 1995; 

Barnardd et a/., 1997). The fact that we could not functionally distinguish 

betweenn the A2 and B2 mutants of D2 strongly suggests the same for this 

cassettee of Pexóp. In both proteins such mutations abolish their overall 

functionn (Whiteheart and Kubalek, 1995 and see above). However, 

correspondingg mutants in the less-well conserved AAA cassettes of NSF 

andd Pexóp showed wild-type activity in vesicle transport (Whiteheart and 

Kubalek,, 1995) and growth on oleate assays, respectively. A remarkable 

differencee between NSF/Sec18p and Pexóp is the order of the two 

differentt cassettes. Given the central role the less-well conserved AAA 

cassettee plays for the structural organization of NSF (Hanson et a/., 1997), 

itt will be especially interesting to find out what structural consequences 

thiss reversed order has for Pexóp. These analogies and differences 

betweenn Pexóp and NSF are fertile ground for future research aimed to 

understandd the processes that are supported by the coming together of 125 
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Pexópp and Pex15p . In analog y to th e activatio n of SNAREs mediate d by 

NSFF an intriguing and testabl e possibility is an activatio n of Pex15p as a 

functionall consequence of this interaction. 

Acknowledgements Acknowledgements 

Wee than k Wolfgan g Girzalsk y (Bochum), Ben Diste l (Amsterdam) and 

Ewaldd  Hettema (Amsterdam) for helpful discussions. We are indebted to 

Katjaa Rosenkranz and Sigrid Wiithrich fo r technical help. 

Thiss wor k was supporte d by the SFB 480 (Teilprojekt B1) and by NWO 

medicall sciences. 

REFERENCES S 

•Ausubel,, F.J., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, J A and 
Struhl,, K. (1992) Current Protocols in Molecular Biology. Greene Publishing Associates, 
Neww York. 

•Barnard,, R.J., Morgan, A and Burgoyne, R.D. (1997) Stimulation of NSF ATPase activity 
byy aipha-SNAP is required for SNARE complex disassembly and exocytosis. J Cell Biol, 
139,875-83. . 

•Bellion,, E. and Goodman, J.M. (1987) Proton ionophores prevent assembly of a 

peroxisomall protein. Cell, 48, 165-73. 

•Beyer,, A. (1997) Sequence analysis of the AAA protein family. Protein ScL, 6,2043-2058. 
•Bottger,, G., Barnett, P., Klein, AT., Kragt, A , Tabak, H.F. and Distel, B. (2000) 
SaccharomycesSaccharomyces cerevisiae PTS1 Receptor Pex5p Interacts with the SH3 Domain of the 
Peroxisomall Membrane Protein Pex13p in an Unconventional, Non-PXXP-related 
Manner.. Mol Biol Cell, 11, 3963-3976. 

•Bradford,, M.M. (1976) A rapid and sensitive method for the quantitation of microgram 
quantitiess of protein utilizing the principle of protein-dye binding. Anal Biochem, 72, 
248-54. . 

•Braverman,, N., Dodt, G., Gould, SJ. and Valle, D. (1995) Disorders of peroxisome 

biogenesis.. Hum. Mol. Genet, 4,1791-1798. 

•Chevray,, P.M. and Nathans, D. (1992) Protein interaction cloningg in yeast: identification 
off mammalian proteins that react with the leucine zipper of Jun. Proc. Natl. Acad. Sci. 
USA,, 89, 5789-5793. 

•Coles,, M., Diercks, T, Liermann, J., Groger, A , Rockel, B., Baumeister, W., Koretke, 
K.K.,, Lupas, A, Peters, J. and Kessler, H. (1999) The solution structure of VAT-N reveals 
aa 'missing link' in the evolution of complex enzymes from a simple betaalphabetabeta 
element.. Curr Biol, 9,1158-68. 

•Collins,, CS., Kalish, J.E., Morrell, J.G, McCaffery, J.M. and Gould, SJ. (2000) The 
peroxisomee biogenesis factors pex4p, pex22p, pexlp, and pexóp act in the terminal 
stepss of peroxisomal matrix protein import. Mol Cell Biol, 20, 7516-26. 



Pex15pp acts as membrane anchor of Pexop 

•Distel,, B. http://vvvvw.mips.biochem.mpg.de/proj/yeast/revievvs/pex_table.htrril. 

•Dodt,, G. and Gould, SJ . (1996) Multiple PEX genes are required for proper 
subcellularr distribution and stability of Pex5p, the PTS1 receptor: Evidence that PTS1 
proteinn import is mediated by a cycling receptor. J. Cell Biol., 135,1763-1774. 

•Elgersma,, Y, Kwast, L, van den Berg, M., Snyder, W.B., Distel, B., Subramani, S. and 
Tabak,, H.F. (1997) Overexpression of Pex15p, a phosphorylated peroxisomal integral 
membranee protein required for peroxisome assembly in S.cerevisiae, causes 
proliferationn of the endoplasmic reticulum membrane. EMBO J., 16, 7326-7341. 

•Erdmann,, R., Veenhuis, M. and Kunau, W.-H. (1997) Peroxisomes: organelles at the 
crossroads.. Trends Cell Biol., 7, 400-407. 

•Erdmann,, R., Veenhuis, M , Mertens, D. and Kunau, W.-H. (1989) Isolation of 
peroxisome-deficientt mutants of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. 
USA,, 86, 5419-5423. 

•Erdmann,, R., Wiebel, F.F., Flessau, A., Rytka, J., Beyer, A., Fröhlich, K.U. and Kunau, 
W.-H.. (1991) PAS1, a yeast gene required for peroxisome biogenesis, encodes a 
memberr of a novel family of putative ATPases. Cell, 64, 499-510. 

•Faber,, K.N., Heyman, J.A. and Subramani, S. (1998) Two AAA family peroxins, 
PpPexll p and PpPexóp, interact with each other in an ATP-dependent manner and 
aree associated with different subcellular membranous structures distinct from 
peroxisomes.. Mol. Cell. Biol., 18, 936-943. 

•Fields,, S. and Song, O.K. (1989) A novel genetic system to detect protein-protein 
interactions.. Nature, 340, 245- 246. 

•Fujiki,, Y. (1997) Molecular defects in genetic diseases of peroxisomes. Biochim 
Biophyss Acta, 1361, 235-250. 

•Fujiki,, Y (2000) Peroxisome biogenesis and peroxisome biogenesis disorders. FEBS 
letters,, 23791,1-5. 

•Gietz,, R.D. and Sugino, A. (1988) New yeast-E. coli shuttle vectors constructed with 
inin vitro mutagenized yeast genes lacking six-base pair restriction sites. Gene, 74, 
527-534. . 

•Golbik,, R., Lupas, A.N., Koretke, K.K., Baumeister, W. and Peters, J. (1999) The Janus 
facee of the archaeal Cdc48/p97 homologue VAT: protein folding versus unfolding. 
Bioll Chem, 380, 1049-62. 

•Gould,, S.J., Keller, G.A., Schneider, M., Howell, S.H., Garrard, L.J., Goodman, J.M., 
Distel,, B., Tabak, H. and Subramani, S. (1990) Peroxisomal protein import is 
conservedd between yeast, plants, insects and mammals. EMBO J., 9, 85-90. 

•Gould,, S.J. and Valle, D. (2000) Peroxisome biogenesis disorders. Trends in genetics, 
16,, 340-345. 

•Hanson,, P.I., Roth, R., Morisaki, H., Jahn, R. and Heuser, J.E. (1997) Structure and 
conformationall chages in NSF and its membrane receptor complexes visualized by 
quick-freeze/deep-etchh eletron mycroscopy. Cell, 90, 523-553. 

•Harlow,, E. and Lane, D. (1988) Antibodies - A Laboratory Manual. Cold Spring 
Harborr Laboratory, Cold Spring Harbor, New York. 

http://vvvvw.mips.biochem.mpg.de/proj/yeast/revievvs/pex_table.htrril


Chapterr 4 

•Hettema,, E.H., Distel, B. and Tabak, H.F. (1999) Import of proteins into peroxisomes. 
Biochim.. Biophys. Acta, 1451,17-34. 

•Hettema,, E.H., Girzalsky, W., van Den Berg, M., Erdmann, R. and Distel, B. (2000) 

SaccharomycesSaccharomyces cerevisiae Pex3p and Pex19p are required for proper localization 

andd stability of peroxisomal membrane proteins. EMBO J., 19, 223-233. 

•Heyman,, J.A., Monosov, E. and Subramani, S. (1994) Role of the PAS1 gene of Pichia 

pastorispastoris in peroxisome biogenesis. J. Cell Biol., 127,1259-1273. 

•Imanaka,, T., Small, G.M. and Lazarow, P.B. (1987) Translocation of acyl-CoA oxidase 

intoo peroxisomes requires ATP hydrolysis but not a membrane potential. J Cell Biol, 

105,2915-22. . 

•Kiel,, J A , Hilbrands, R.E., van der Klei, IJ. , Rasmussen, S.W., Salomons, F A , van der 
Heide,, M., Faber, K.N., Cregg, J.M. and Veenhuis, M. (1999) Hansenuia polymorpha 
Pexlpp and Pexóp are peroxisome- associated AAA proteins that functionally and 
physicallyy interact. Yeast, 15,1059-1078. 

•Kunau,, W.-H. (1998) Peroxisome biogenesis: from yeast to man. Curr. Op. Microbiol., 

1,232-237. . 

•Latterich,, M., Fröhlich, K.U. and Schekman, R. (1995) Membrane fusion and the cell 

cycle:: Cdc48p participates in the fusion of ER membranes. Cell, 82, 885-893. 

•Lazarow,, P.B. (1993) Genetic approaches to study peroxisome biogenesis. Trends 

Celll Biol., 157, 105-132. 

•Maniatis,, T, Fritsch, E.F. and Sambrook, J. (1982) Molecular cloning: A laboratory 

manual.. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York. 

•Moser,, H.W. (1993) Peroxisomal Diseases. Advances in Human Genetics, 21. 

•Neuwald,, A.F., Aravind, L, Spouge, J.L and Koonin, E.Y (1999) AAA+: A class of 

chaperone-likee ATPases associated with the assembly, operation, and disassembly 

off protein complexes. Genome Res, 9, 27- 43. 

•Nuttley,, W.M., Brade, A.M., Eitzeh, G A , Veenhuis, M., Aitchison, J.D., Szilard, R.K., 
Glover,, J.R. and Rachubinski, R A (1994) PAY4, agene required for peroxisome 
assemblyy in the yeast Yarrowia lipolytica, encodes a novel member of a family of 
putativee ATPases. J. Biol. Chem., 269, 556-566. 

•Opperdoes,, F.R. (1988) Glycosomes may provide clues to the import of peroxisomal 
proteins.. Trends Biochem. Sci., 13, 255-260. 

•Patel,, S. and Latterich, M. (1998) The AAA team: related ATPases with diverse 

functions.. Trends Cell. Biol., 8, 65-71. 

•Portsteffen,, H., Beyer, A., Becker, E., Epplen, C , Pawlak, A., Kunau, W.-H. and Dodt, 
G.. (1997) Human PEX1 is mutated in complementation group 1 of the peroxisome 
biogenesiss disorders. Nature Genet., 17, 449- 452. 

•Rapp,, S., Soto, U. and Just, W.W. (1993) Import of firefly luciferase into peroxisomes 
off permeabiltzed Chinese hamster ovary cells: a mode! system to study peroxisomal 
proteinn import in vitro. Exp Cell Res, 205, 59- 65. 

•Rehling,, P., Marzioch, M., Niesen, E, Wittke, E., Veenhuis, M. and Kunau, W.-H. (1996) 
Thee import receptor for the peroxisomal targeting signal 2 (PTS2) in Saccharomyces 
cerevisiaecerevisiae is encoded by the PAS7 gene. EMBO J., 15, 2901-2913. 



Pex15pp acts as membrane anchor of Pexóp 

•Reuber,, B.E., Germain-Lee, E, Collins, C.S., Morrell, J.C, Ameritunga, R., Moser, H.W., Valle, 
D.. and Gould, SJ. (1997) Mutations in PEX1 are the most common cause of peroxisome 
biogenesiss disorders. Nature Genet, 17,445-448. 

•Spong,, AP. and Subramani, S. (1993) Cloning and characterization of PAS5: a gene required 
forr peroxisome biogenesis in the methylotrophk: yeast Pichia pastoris. J. Cell Biol., 123,535-
548. . 

•Stroobants,, A.K., Hettema, EH., van den Berg, M. and Tabak, H.F. (1999) Enlargement of the 
endoplasmicc reticulum membrane in Saccharomyces cerevis/ae is not necessarily linked to 
thee unfolded protein response via Irelp. FEBS Lett, 453,210-214. 

•Subramani,, S. (1998) Components involved in peroxisome import, biogenesis, proliferation, 
turnover,, and movement Physiol. Rev., 78,171-188. 

•Subramani,, S., Koller, A. and Snyder, W.B. (2000) Import of peroxisomal matrix and 
membranee proteins. Annu Rev Biochem, 69,399-418. 

•Tamura,, S., Shimozawa, N., Suzuki, Y, Tsukamoto, T., Osumi, T. and Fujiki, Y. (1998) A 
cytoplasmicc AAA family peroxin, Pexlp, interacts with Pexóp. Biochem. Biophys. Res. 
Commun.,, 245,883-886. 

•Trtorenko,, VI., Chan, H. and Rachubinski, R A (2000a) Fusion of small peroxisomal vesides 
inin vitro reconstructs an early step in the in vivo multistep peroxisome assembly pathway of 
Yarrowiaa lipolyöca. J. Cell Biol., 148,29-44. 

•Trtorenko,, VI. and Rachubinski, R A (1998) The endoplasmic reticulum plays an essential role 
inn peroxisome biogenesis. Trends Biochem. Sd., 23,231-233. 

•Trtorenko,, VI. and Rachubinski, RA (2000b) Peroxisomal Membrane Fusion Requires Two 
AAAA family ATPases, Pexlp and Pexóp. J. Cell Biol., 150,881-886. 

•Tsukamoto,, T, Miura, S., Nakai, T, Yokota, S., Shimozawa, N., Suzuki, Y, Orii, T, Fujiki, Y, 
Sakai,, R, Bogaki, A , Yasumo, H. and Osumi, T (1995) Peroxisome assembly factor-2, a 
putativee ATPase doned by functional complentation of a peroxisome-defident mammalian 
celll mutant Nature Genet., 11,395-401. 

•Vale,, R.D. (2000) AAA proteins. Lords of the ring. J Cell Biol, 150, F13-9. 

•vann den Bosch, H , Schutgens, R.B., Wanders, RJ. and Tager, J.M. (1992) Biochemistry of 
peroxisomes.. Annu. Rev. Biochem., 61,157-197. 

•Voom-Brouwer,, T, van der Leij, I., Hemrika, W., Distel, B. and Tabak, H.F. (1993) Sequence of 
thee PAS8 gene, the product of which is essential for biogenesis of peroxisomes in 
SaccharomycesSaccharomyces cerevisiae. Biochem. Biophys. Acta, 1216,325-328. 

•Wanders,, RJ., Schutgens, R.B. and Barth, P.G. (1995) Peroxisomal disorders: a review. J. 
Neuropathol.. Exp. Neurol., 54,726-739. 

•Wendland,, M. and Subramani, S. (1993) Cytosol-dependent peroxisomal protein import in 
aa permeabilized cell system. J Cell Biol, 120,675-85. 

•Whiteheart,, S.W. and Kubalek, E.W. (1995) SNAPs and NSF: general members of the fusion 
apparatus.. Trends in Cell Biol., 5,64-68. 

•Yahraus,, T, Braverman, N., Dodt, G., Kalish, J.E., Morrell, J.C., Moser, H.W, Valle, D. and 
Gould,, SJ. (1996) The peroxisome biogenesis disorder group 4 gene, PXAAA1, encodes a 
cytoplasmicc ATPase required for stability of the PTS1 receptor. EMBO J., 15, 2914-2923. 

129 9 





addendumm 1 

ADDENDUMM TO CHAPTER 4 

EFFECTT OF MUTATIONS IN SACCHAROMYCES 

CEREVISIAECEREVISIAE PEX6P ON PEROXISOMAL PROTEIN 

IMPORT T 

INTRODUCTION N 

Thee function of Pexóp in peroxisome biogenesis is discussed in chapter 4. 
Heree we present several additional observations made with Pexóp 
containingg mutations in the second AAA domain. Such mutants affect 
growthh of wild type cells. They also affect the import of PTS1 proteins. 
Takingg into account that ATP hydrolysis by the second AAA domain is 
requiredd for dissociation of Pexóp from Pex15p we explain these results by 
assumingg that all functional Pex15p will eventually become locked by 
mutantt Pexóp despite the presence of wild type Pexóp. 

MATERIAL SS AN D METHODS 

Seee materials and methods in chapter 4. For fractionation and floatation 
gradients,, oleate induced cells were subcellularly fractionated as 
describedd previously (Hettema et a/., 2000). For stepwise fractionations 
inn addition to the 25,000 xg pellet, a 2,500 x g pellet was made, and the 
resultingg 2,500 x g supernatant was subjected to 100,000 x g 
centrifugationn for 1 hour at . Samples were adjusted to the same 
volumee by resuspending the pellets in fractionation buffer. For floatation 
gradientss 25,000 x g pellets of spheroplasts were resuspended in 1 ml 
60%% sucrose (w/v), both containing 5 mM MES pH 6, 1 mM EDTA,1 mM 
KCII and protease inhibitors. Samples were loaded at the bottom of a 
centrifugee tube, on top of these a sucrose step gradient consisting of 2 ml 
fractionss of 46, 42, 38, 30 and 25% sucrose in the same buffer was built. 
Thee gradients were centrifuged for 18 hours at 100,000 x g in an SW41 131 
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rotorr at . 1 ml fractions were collected, proteins were TCA precipitated 

(withh 10% TCA, C for 1 hour, followed by centrifugation at 11,000 x g at 

CC for 30 minutes), resuspension in Laemli sample buffer supplemented 

withh 4 mM basic Tris and analysis by SDS-PAGE and Western blotting. 

Antibodiess used were anti-Pex15p (Elgersma et a/., 1997), anti-Pex5p, 

anti-catalasee and anti-thiolase (Fox3p) (Erdmann and Kunau, 1994). 

Assayss for enzyme activity of catalase (Liicke, 1963) and 3-HAD (Wanders 

etet a/., 1990) were descibed before. 

RESULTS S 

DominantDominant  negative  effect  of  Pex6pA2  and B2. 

GFP-Pex6pp can complement the pex6A phenotype, when it is expressed 

behindd the PEX5 promoter and grown on selective oleate plates. When 

GFP-Pex6pp is expressed at the same level in wild type cells, this does not 

influencee their ability to grow on an oleate based medium either. 

However,, expression of GFP-pex6 mutants A2 or B2 in wild type cells has 

aa dominant negative effect (figure 1). Even though the wild type form of 

Pexópp is present, the mutated pexó prevents the cells from growing on 

oleatee medium. This effect is also observed in another strain (UTH7A, not 

shown).. On the other hand, no negative effect occurs when mutated 

Pexópp is untagged and expressed under control of its own promoter. 

Apparentlyy at somewhat higher expression levels (possibly in 

combinationn with the presence of a tag), mutated Pexóp titrates away ail 

functionall Pex15p. 

Thee experiments described below are performed with transformants 

expressingg wild type or mutated Pexóp. The cells are precultured on 

glucosee and then shifted to oleate medium. On this latter medium, the 

cellss with Pex6pA2 or B2 stop growing. 

LocalisationLocalisation  of  Pexóp  and its  mutan t derivatives 

AA portion of the Pexóp molecules present in a cell is probably bound to 

peroxisomess via Pex15p, while another portion is either cytosolic, bound to 

membranee structures distinct from peroxisomes or maybe both. Flotation 

experimentss on the 25,000 x g organellar pellet fraction of cells expressing 

GFP-Pex6pp show that GFP-Pex6p floats to the same density as peroxisomal 

membranee proteins, like Patlp, Pex11 p, Pex15p and Pex13p (figure 2). This 

1322 is in line with the idea that Pexóp is partially bound to peroxisomes. GFP-
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Figur ee 1: Dominant negative effect of Pex6pA2 and Pex6pB2 on growth of yeast 
onon oleate medium. Wild type and mutant derivatives of Pexóp were N-
terminallyterminally tagged with GFP and were expressed in wild type and pexóA 
cellscells controlled by the PEX5 promoter (upper panel) or the PEX6 
promoterpromoter (lower panel). 

pexópMpexópM (pex6K489A) which is mutated in the first AAA domain and has a 

weakk interaction with Pex15p, floats to the same density. This can be 

interpretedd in two ways: either this protein is peroxisome associated (via 

Pex15p),, or it is bound to other membrane particles which have the same 

densityy as peroxisomes. GFP-pex6pA2 and B2 were shown (figure 2) to be 

partiallyy membrane bound to structures that have a density higher than 

thatt of ghosts and lower than that of mature peroxisomes. At this density 

alsoo (other) peroxisomal membrane proteins were found in these mutants. 

Thesee floating particles are most likely peroxisomal ghosts, which are more 

densee than pexóA ghosts, since in pex6A mutants still some import of 

matrixx proteins can take place (see further on). 133 
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Figuree 2: Floatation gradients showing the presence of Pexóp and mutated 
vesionsvesions of Pexóp in or on membrane particles. The fractions are of 
decreasingdecreasing density from bottom to top. 

Twoo arguments favour the idea that Pexóp is partially membrane bound 

too structures distinct from peroxisomes: (1) The capacity of GFP-Pex6p in 

pex3AA cells to float in a floatation gradient (not shown), since pex3A cells 

lackk peroxisomal ghosts. (2) The floatation of Pexóp in pex3A cells is 

comparablee to that in wild type cells. 

EffectEffect  of  Pexóp  mutations  A2 and B2 on protein  import 

Wee noticed that pex6pA2 and B2 floated to a density in between that of 

peroxisomall ghosts and mature peroxisomes. We know from electron 

microscopyy studies in these mutants that the peroxisomal particles look like 

ghosts.. Here the possibility that import of proteins can take place in these 

ghostss is studied, which might explain their higher density. The pelletability 

off proteins in a fractionation experiment shows that they are bound to or 

insidee organelles. To study the import of PTS1 and PTS2 proteins, their 

pelletabilityy was analysed by Western blott ing (figure 3). Pex15p 

pelletabilityy was used as a positive control for the presence of peroxisomes 

andd ghosts. The PTS2 protein thiolase is completely in the 25,000 x g 

pellet,, indicating that import of matrix proteins into organelles via the PTS2 

pathwayy is still possible when the second ATPase domain of Pexóp is 

mutated.. The PTS1 protein catalase on the other hand is not completely 

pelletable,, approximately 55 % of the total catalase is found in the pellet 

fractionn when pex6A2 is expressed instead of Pexóp. In the pexópB2 

mutantt approximately 40 % is pelletable. The pellet/supernatant ratio of 

anotherr PTS1 protein, 3-HAD, as measured by an enzyme assay indicates 
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Figur ee 3: Effect of mutations in Pexóp on peroxisomal protein import. 
FractionationFractionation of wild type cells, complemented pexóA cells, and pexóA 
cellss with expression of Pex6pA2 or Pex6pB2, showing the pelletability 
(peroxisome(peroxisome association) of the PMP Pex15p, the PTS2 protein thiolase, 
thethe PTS1 protein catalase and the PTS1 import receptor Pex5p. H= 
homogenate,homogenate, P1 = 2,500 x g, P2= 25,000 x g, P3 = 100,000 x g pellet, S= 
100,000100,000 xg supernatant. 

thatt import of this protein is slightly affected; in wild type cells 100 % is 

pelletable,, in pex6pA2 85 % and in pex6pB2 also 85 %. These results 

suggestt that there is a partial import defect of PTS1 proteins into 

organelless when Pexóp is mutated (A2 or B2). 

Sincee PTS1 protein import is mediated by Pex5p we also studied the 

behaviourr of this protein in a fractionation experiment. The pellet/ super

natantt ratio of Pex5p in oleate induced wild type cells is usually about 

40:600 %. When pex6pA2 is fractionated this ratio is approximately 60:40 % 

andd for pexópB2 this ratio is even more affected to approximately 80:20 % 

(figuree 3). This means that a larger amount of Pex5p is organelle bound 

whenn the second ATPase domain of Pexóp is mutated. 

DISCUSSION N 

Thee dominant negative effect of pex6 ATPase mutations is an additional 

indicationn for the ideas that Pex6p by binding to Pex15p either 

temporarilyy inhibits the function of Pex15p or that the release of Pexóp 

fromm Pex15p is important for peroxisome maintenance. Mutated Pexóp 
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(A22 and B2) interacts with Pex15p and is probably unable to dissociate 

fromm it. So, eventhough endogenous Pexóp is present all Pex15p will 

eventuallyy end up with mutated Pexóp bound to it with as a consequence 

noo more peroxisome biogenesis and no more growth of cells on oleate. 

Whenn a lower amount of mutated Pexóp is present, the effect is not seen 

probablyy because there are still Pex15p molecules which are not blocked. 

Inn most experiments Pexóp or its mutant derivatives were expressed at 

thee normal physiological level of Pexóp or were shown to give the same 

resultss at different expression levels. For detection with immuno EM, the 

higherr expression was essential for detection. Whatever the process is 

whichh is regulated by the binding and release of Pexóp from Pex15p, the 

relativee levels of these two peroxins seem to be important. 

Thee pelletable fraction (at 25,000 x g) of Pexóp is most likely 

peroxisomee bound. Pex6pA2 and B2 are probably bound to peroxisomal 

ghosts,, which in this situation are slightly more dense than complete 

pexApexA ghosts since import of matrix proteins is only partially disturbed. 

Whenn a peroxisomal protein is pelletable at 25,000 x g most probably 

thatt protein is (under the conditions used) peroxisome associated. 

Pelletablee does not necessarily mean that the protein is imported, it 

mightt also be bound to the surface of peroxisomes, to components of 

thee import complex. PTS2 proteins are pelletable, while PTS1 proteins 

aree only partially pelletable. This indicates that Pexóp mutations cause a 

differentiall defect on matrix protein import. These mutations also 

appearedd to have an effect on Pex5p, the PTS1 receptor. It is not the first 

t imee that an effect of Pexóp on Pex5p is observed, in human and Pichia 

pastorispastoris Pexóp mutants Pex5p is instable (Yahraus et a/., 1996) which 

indicatess that somehow Pex5p depends on the presence of functional 

Pexóp.. Here we noticed that Pex5p became pelletable for a larger 

fractionn than it is in wild type cells. One explanation for this effect might 

liee in the fact that these cells containing the mutated versions of Pexóp 

doo not survive on oleate medium. 

Recentlyy observations were made which indicate that Pex5p is 

peroxisomee bound in wild type cells which are grown on glucose 

medium,, while they become partially cytosolic when the cells are shifted 

too oleate medium (G. Bottger, unpublished results). Cells with mutations 

inn Pexóp do not survive on oleate medium and it is possible that Pex5p 

doess not get the opportunity to leave the import complex. If this is not 

1366 the cause for the larger pelletability of Pex5p than a more interesting 
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possibilit yy  is th e on e tha t ATP hydrolysi s by Pexóp is necessar y fo r releas e 
off  Pex5p fro m th e peroxisoma l membrane . An ATP dependenc e in matri x 
protei nn impor t was alread y reporte d years ago (Bellion  and Goodman , 
1987).. The ATPases whic h migh t be actin g here are Pexlp , Pexóp (sinc e 
thes ee are th e only known ATP bindin g and hydrolysing peroxins ) or a 
cytosolicc Hsp70 protein (Walto n et a/., 1994). Because we observed an 
importt defect when the ATP binding to and hydrolysis by Pexóp was 
prevented,, Pexóp remains a good candidate. 
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ABSTRAC T T 

Theree are several methods which can be used to study the strength with 

whichh a protein is associated with a membrane. The presence of salt, urea 

orr a high pH usually leads to disruption of protein-protein interactions 

andd peripheral membrane proteins lose their association with 

membraness under these conditions whereas integral membrane proteins 

usuallyy remain membrane bound. Upon raising the pH by addition of 

sodiumm carbonate, however, peroxisomal, endoplasmic reticulum, and 

Golgii integral membrane proteins also lose their association with the 

membrane.. These techniques are assumed to be generally applicable. 

Unexpectedly,, we observed that extraction behaviour of membrane 

proteinss is not only specific for the type of protein but also for the 

membranee it is extracted from. 

I N T R O D U C T I O N N 

Proteinss can be associated with biomembranes in several ways. One type 

off membrane protein is the integral membrane protein, which spans a 

membranee with one or more transmembrane domains. Transmembrane 

domainss are usually a-helices with a length that corresponds to the 

thicknesss of the lipid bilayer (approximately 18 mainly hydrophobic 

aminoo acids). Some proteins, like porins, span a membrane with a pore, 

aa fi-barrel consisting of (approximately 14) p-sheets. Integral membrane 

proteinss interact extensively with the hydrocarbon chains of membrane 

lipidss via apolar interactions. The other type of membrane associated 

proteinn is the peripheral membrane protein, which resides at one side of 

aa membrane. Peripheral membrane proteins stay membrane bound via 

positivelyy charged amino acids which interact with the negatively 

chargedd head-groups of the phospholipids in the membrane or they 

interactt with the extramembrane part of an integral membrane protein. 

Too predict whether a protein is integral or peripherally associated with 

aa membrane several algorithms can be used to predict the presence of 

transmembranee domains in the protein (for example Klein et a/., 1985). 

Too actually test whether a protein is integral or peripheral, the difference 

inn interactions of these proteins with membranes can be used to 

distinguishh between the two types of proteins. Peripheral membrane 

proteinss can be solubilised by disrupting their polar interactions by 

1400 relatively mild means, like addition of salts or changing the pH. In order 
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too solubilize integral membrane proteins more vigorous techniques are 

requiredd which affect the shape of the membrane, like the addition of an 

organicc solvent. Addit ion of a detergent will transform the lipid bilayer 

intoo micelles and the integral membrane protein which stays tightly bound 

too the phospholipids of the micelle becomes soluble (Stryer, 1988). 

Anotherr method to distinguish between integral and peripheral 

membranee proteins is based on their difference in hydrophobicity. A 

proteinn that crosses a membrane contains at least one hydrophobic region 

andd is usually more hydrophobic than cytosolic or peripherally associated 

membranee proteins. Phase separation with triton X-114 can be performed 

whichh results in a detergent phase with mainly hydrophobic proteins and 

ann aqueous phase with hydrophilic proteins (Bordier, 1981). 

Inn practice the most used technique to determine the association 

strengthh of a protein to a membrane is the carbonate extraction procedure 

(Fujikii et a/., 1982). Addit ion of sodium carbonate raises the pH and 

disruptss ionic interactions and as such leads to extraction of peripheral 

membranee proteins, leaving integral membrane proteins as an insoluble 

fraction.. This method is also used for yeast proteins. When studying yeast 

peroxisomall membrane proteins however the result when using this 

methodd is not as straightforward as the results obtained with proteins from 

otherr organelles. Even integral peroxisomal membrane proteins become 

forr a large portion soluble after a carbonate extraction. The peroxisomal 

membranee protein Pat lp for example which contains 6 transmembrane 

domainss becomes almost completely soluble after treatment with 

carbonatee (unpublished results of E. Hettema). Furthermore for some 

peroxisomall membrane proteins there is controversy about the way they 

aree associated with the membrane. Pex14p for example is reported to be 

aa peripheral membrane protein, however in some cases it behaves like an 

integrall membrane protein. Also the localisation of Pex5p strongly varies 

dependentt on the literature source. In S. cerevisiae Pex5p is reported to 

bee partially peroxisome bound by Pex13p and Pex14p (Bottger et a/., 

2000).. Here we systematically try to find out whether extraction of 

peroxisomall membrane proteins is different from that of proteins from 

otherr organelles in S. cerevisiae. For this purpose we use several different 

extractionn techniques. Besides this we compare the extractability of 

proteinss when yeast is grown on different carbon sources. Table I is an 

overvieww of the extraction methods used and the expected results for 

peripherall and integral membrane proteins. The proteins which are 141 
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studiedd have different membrane associations and organellar 
localisationss and are presented in Table II. We use overexpressed Pex15p 
ass an ER membrane located protein (karmellae), so we can study the 
extractionn behaviour of one protein (Pex15p) from different membranes 
(i.e.. peroxisomes versus ER). 

Tablee I: Extraction methods and the expected solubility of membrane proteins (MP) 

Method d 

--
NaCI I 

Na2C03 3 

urea a 

triton-X100 0 

triton-X114 4 

highh ionic strength disrupts 

ionicc interactions 

highh pH disrupts ionic interactions 

unfoldss proteins 

membraness become micelles 

phasee separation, hydrophobicity test 

peripheré é 

insoluble e 

soluble e 

soluble e 

soluble e 

soluble e 

aqueous s 

i lMP P 

phase e 

integrall MP 

insoluble e 

insoluble e 

insoluble e 

insoluble e 

soluble e 

detergentt phase 

142 2 

MATERIAL SS AN D METHODS 

Thee S. cerevisiae strain used was BJ1991(Mata; Ieu2, trp1, ura3-251, prb1~ 
1122,1122, pep4-3, gal2). Overexpression of Pex15p was achieved by 
transformingg a plasmid to these cells (Ito et al., 1983) which consists of a 
YEplac1811 vector (Gietz and Sugino, 1988) with inserted in its multiple 
cloningg site the catalase promoter and the PEX15 ORF. Media were as 
describedd by Sherman (1991), ingredients were purchased from Dtfco. The 
carboncarbon source in these media was either 2% glucose, 0.3% glucose or 0.1 % 
oleate/0.4%% tween-40 and amino acids were used as needed. Cells were 
preculturedd on selective 0.3% glucose medium for 24 hours and than 
dilutedd to OD 6 0 0 = 0.1 in 200 ml 2% glucose or oleate medium and 
culturedd for another 16 hours. 

Thee cells were spheroplasted with zymolyase-10OT according to Van der 
Leijj et a/. (1992). Spheroplasts from each 200 ml culture resulted in 8 ml 
homogenate.. 1 ml homogenate portions were fractionated by a 30 minute 
spinn at 13,000 x g in an eppendorf centrifuge at . The pellets were 
resuspendedd in 500 ml of different buffers: 1) 5 mM MES pH 5.5, 1 mM 
EDTA,, 1 mM potassium chloride, 2) 1 M sodium chloride, 5 mM MES pH 
5.5,11 mM EDTA, 1 mM potassium chloride, 3) 0.1 M sodium carbonate pH 
11.5,, 1 mM EDTA, 1 mM potassium chloride, 4) 2 M urea, 5 mM MES pH 
5.5,, 1 mM EDTA, 1 mM potassium chloride, 5) 1% triton-X100, 5 mM MES 
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Tablee II; Proteins and their properties 

Protein n 

Pex15p p 

Sec61p p 

Tlglp p 

PexSp p 

Pex14p p 

Pmplp p 

Pex11p p 

Pex13p p 

Patlp p 

Dpmlp p 

T!g2p p 

Pep12p p 

localisation n 

peroxisome e 

ER R 

endosomall vesicles 

cytosol/peroxisome e 

peroxisome e 

plasmaa membrane 

peroxisome e 

peroxisome e 

peroxisome e 

ER R 
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(Elgersmaa et al., 1997) 

{Wilkinsonn et al., 2000) 

(Coee et a\., 1999; 

Holthuiss etai., 1998) 

(Elgersmaa etai, 1996) 

(Albertinii etai, 1997) 

(Navarree et at., 1994) 

(Elgersmaa etai, 1996) 

(Hettemaa etai., 1996) 

(Orlean,, 1990) 

(Coee et a/., 1999; 

Holthuiss et al., 1998) 

(Bechererr et at., 1996) 

pHH 5.5, 1 mM EDTA, 1 mM potassium chloride and 6) 1 % triton-X114, 10 

mMM Tris pH 7.4, 150 mM sodium chloride. 

Thee suspensions were kept on ice for 1 to 2 hours and were regularly 

vortexedd during this period. 250 ml of each was set aside and used for 

analysiss as 'input'. The other 250 ml of 1 to 5 were centrifuged at 100,000 

xx g in an airfuge at 15 psi for 30 minutes at . These supernatants were 

usedd for analysis, the pellets were resuspended in 250 ml of the buffers 

theyy were originally made in before they were used for analysis. Nr. 6 was 

subjectedd to triton-X114 phase separation according to Bordier (1981), 

2500 ml of the resuspended pellet fraction was used as starting material. 

Alll resulting input, pellet, supernatant, detergent phase and aqueous 

phasee fractions were precipitated with 10% trichloroacetic acid (TCA). For 

thee precipitation of proteins in the presence of Triton, 50% acetone was 

added.. After 16 hours at , the pellets of a 13,000 x g spin for 15 minutes 

att C were resuspended in 250 ml Laemli sample buffer supplemented with 

100 mM basic Tris. 15 ml samples were analysed by SDS-PAGE (Sambrook et 

a/.,, 1989) and Western blotting according to Biorad instructions. 

Thee antibodies used are anti-Pex15p (Elgersma et a/., 1997), anti-Pat1p 

(Hettemaa et a/., 1996), anti-Pex13p (Elgersma et a/., 1996), anti-Pex5p and 143 



Chapterr 5 

anti-Pex14p.. Anti-Tlg1p, anti-Tlg2p, anti-Pep12p and anti-Dpmlp were kind 

giftss of J. Holthuis (university of Amsterdam, the Netherlands), anti-Pmp1p of 

Goffeauu (university of Leuven, Belgium), anti-Sec61p of Scheckman 

(universityy of California, USA) and anti-Pexl 1 p of Goodman (University of 

Texas,, USA). 

RESULTS S 

Thee extractability of proteins from membranes is studied by several methods 

inn order to compare the methods and define whether they are suitable for 

determinationn of which type of membrane protein one is dealing with. To get 

aa picture of which circumstances might influence the extractability of 

proteins,, we use 3 types of yeast cells as starting material. (1) wild-type cells 

whichh were grown on a glucose containing medium, (2) the same cells grown 

onn an oleate containing medium (yeast cells are dependent on the proper 

functioningg of peroxisomes on this medium) and (3) cells in which karmellae 

weree present. In these latter cells the integral peroxisomal membrane protein 

Pex15pp was overexpressed which led to the formation of an extended ER 

membranee network which housed the Pex15p (Elgersma et a/., 1997). 

Thee cells were spheroplasted and fractionated into a cytosolic supernatant 

andd an organellar pellet. The proteins in the organellar pellets (equal aliquots) 

weree subjected to extraction with several different agents (Table II). The result 

off these extractions is compared to the situation in which no extracting agent 

iss added and is presented in Table III. In addition a hydrophobicity test was 

performedd using triton-X114 phase separation into a detergent phase 

(containingg hydrophobic proteins) and an aqueous phase (containing 

hydrophilicc proteins). 

Thesee results show no clear difference in extraction patterns of a protein 

derivedd from a glucose or an oleate culture. The only difference in some 

casess is the expression level of the protein (upregulation in oleate containing 

medium). . 

Theree are only small differences between extractions of proteins from cells 

inn which karmellae are either present or absent. The presence of karmellae 

changess the extraction by triton-X100 of Pex15p and Sec61p slightly, 

Pex15pp is for a larger part present in micelles, Sec61 p for a smaller part. 

T l g l pp is a bit more extractable by carbonate when karmellae are present. 

Thee extractability of Pex15p from two different membranes, the 

1444 peroxisomal membrane in wild type cells and karmellae in Pex15p 



membranee protein extractions 

Tablee III: Comparison of extraction behaviour of proteins from membranes using 
differentdifferent techniques, p = pellet, s = supernatant, d=detergent phase, a= 
aqueousaqueous phase, G=grown on glucose, 0 = grown on oleate, K= with 
karmellae,karmellae, grown on oleate. 

NaCI I Na,CO-jj urea 7X100 0 TX114 4 

Pex15p p G G 

O O 

K K 

++ + 

++ + 

++ + 

++ + + 

++ - + 

++ + + 
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++ - + 

++ + 

++ + 

++ + 

++ + 

++ + 

++ + + 

Ttglp p ++ - + 

++ - + 

++ - + 

++ - + 

++ - + 
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++ + 

++ + 

++ + 
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+ + 
+ + 
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++ . + +/- + + + 
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+ + 

+ + 
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--
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overexpressingg cells is quite similar, with the exception of triton-X100 as 

mentionedd before. 

Thee samples which were treated the same way as the others, but without 

additionn of an extracting agent show that all the tested proteins remain 

membranee bound. When the sodium chloride extraction method is used, 

thee only peroxisomal protein that is extracted is Pex5p. This means that its 

associationn with the peroxisomal membrane is disturbed, probably because 

itss interactions with Pex13p and Pex14p are relatively weak. Pex14p is found 

inn the pellet, its membrane association is not disturbed by the presence of 

saltt which means that it is more tightly bound to the membrane than Pex5p. 

Usuallyy after extraction with sodium carbonate, integral membrane 

proteinss remain membrane bound and end up in the pellet fraction (like 

Tlg11 p), however here carbonate extraction of peroxisomal, ER (Sec61p and 

Dpmlp)) and Golgi (Tlg2p) membrane proteins results in a distribution of 1:1 

inn pellet and supernatant or often more in the supernatant fraction. 

Thee result of extraction with urea is that integral peroxisomal proteins from 

peroxisomes,, ER, and endosomal vesicles are not extractable. Peripheral 

proteinss like Pex5p and Pmp1 p are completely extractable, whereas Pex14p 

iss only partially extractable. Unexpectedly also the integral membrane 

proteinn D p m l p is partially extractable. 

Triton-X1000 extraction results were in contradiction with the expectations. 

Membranee proteins were thought to become associated with soluble 

micelless whereas the peroxisomal integral membrane proteins tested all end 

upp in the pellet. For integral membrane proteins from other organelles, 

Sec61p,, Dpmlp , T lg lp , Tlg2p and Pep12p the theory is correct, they are 

mainlyy present in the supernatant fractions after triton-X100 extraction. 

Whenn performing triton-X114 phase separation, as expected, all integral 

membranee proteins are hydrophobic and end up in the detergent phase. 

Pex5pp and Pex14p were thought to be more hydrophilic and to be 

predominantlyy present in the water phase, however Pex14p stays in the 

hydrophobicc detergent phase. 

DISCUSSION N 

Extractionn properties, are they protein or membrane specific? Pex15p shows 

similarr results when it is extracted from ER membranes as when it is 

extractedd from peroxisomal membranes, which indicates that extraction of 

1466 one protein from different membranes is comparable. However the 
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extractionn patterns of all integral peroxisomal membrane proteins are also 

quitee similar The peroxisomal proteins Pex15p, Pex11p, Pex13p and Patlp 

showw the same extractability from the membrane by several methods, while 

thee results are different from those obtained with proteins from other 

organelles.. These results indicate that the extractability of proteins from a 

membranee is to a certain extent organelle specific. In general triton-X100 

extractionss of membrane proteins from the peroxisomal membrane are 

differentt from those from other membranes. It appears that while other 

membraness become micelles, the peroxisomal membrane stays unaffected. 

Differencess in extractions from wild type cells or cells containing karmellae 

aree quite subtle. Results obtained with Pex15p and Sec61p indicate that 

micellee formation from karmellae is easier than from the peroxisomal 

membranee and that micelle formation from the ER membrane is even easier. 

Carbonatee extractions are not only unreliable for peroxisomal membrane 

proteins,, but also for integral ER membrane proteins like Sec61p and 

D p m l pp and integral Golgi membrane proteins like Tlg2p. The urea 

extractionn method seems better than the carbonate extraction method in 

determiningg whether a peroxisomal or ER protein is an integral or a 

peripherall membrane protein. Urea extraction results are more consistent. 

However,, we have to be careful with interpreting the results obtained here 

sincee often the Western blot signal of the input fraction is more than the 

signalss of the pellet and supernatant fractions together. This shows that the 

resultss might have been influenced by unequal recovery after TCA 

precipitationn or by break-down of proteins. Besides, membrane proteins are 

likelyy to be more susceptible to proteolytic break-down when they are 

solubilisedd for example. 

Pex5pp is known to be a protein which cycles between the cytosol and the 

peroxisomall membrane. In oleate induced cells the ratio organelle 

bound:cytosolicc is approximately 2:3. Pex5p loses its association with 

peroxisomess by extraction with salt, which indicates that Pex5p is bound to 

thee membrane via another protein in S. cerevisiae. This is in contradiction to 

somee other findings. Trypanosoma brucei and Pichia pastoris Pex5p are 

(almost)) not extractable by carbonate {Terlecky et a/., 1995; Walque et a/., 

1999).. Also the peroxisomal fraction of rat Pex5p is not extractable by 

eitherr carbonate or salt (Gouveia et a/., 2000). 

Wee noticed that Pex14p behaves almost like an integral peroxisomal 

membranee protein (it is not extractable with salt and with urea it is only 147 
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partiallyy extractable). The association of Pex14p with the membrane is a 

matterr of debate. While some show that Pex14p is a peripheral membrane 

proteinn (Albertini et a/., 1997; Brocard et ai, 1997), others describe how 

Pex14pp does not exactly behave like a peripheral protein. Pex14p is not 

carbonatee extractable in H. polymorpha (Komori et a/., 1997). In rat there 

aree indications that Pex14p might be an integral membrane protein while 

Pex5pp might travel through a Pex14p pore toward the peroxisomal matrix 

(Gouveiaa et a/., 2000). Besides this, the N terminus of human Pex14p is 

suggestedd to be exposed to the matrix, which would mean that Pex14p 

hass to cross the membrane and that it is more than just peripherally 

associatedd with the membrane. Our observations of the extraction 

behaviourr of S. cerevisiae Pex14p suggest the same. 

Thee behaviour of proteins in extraction experiments can definitely tell us 

somethingg about the properties of the protein and its interaction with the 

membrane,, but the extraction behaviour of proteins from different 

membraness can vary. Therefore one should be careful, particularly in the 

peroxisomee field, labeling a protein as either a peripheral or an integral 

membranee protein. The use of more than one technique and several 

controlss is in order to investigate the way a certain protein is associated 

withh a membrane. 
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Onee of the most intriguing questions in studies on peroxisome biogenesis 

hass always been: is the ER involved in this process? Although many 

indicationss for ER involvement have been reported, this concept is not 

generallyy accepted yet. Our studies on the biogenesis of peroxisomes and 

thee possible link with the ER described in this thesis were based on two 

observations.. The first was the observation made in earlier studies by 

Elgersmaa et al. (1997) that in S. cerevisiae overexpression of Pex15p led 

too extension of what was thought to be the ER membrane and to targeting 

off Pex15p to these membranes. The second observation was made in 

collaborationn with the group of Prof. Dr. Geuze (University of Utrecht): in 

mousee dendritic cells a peroxisomal marker could be traced from the ER 

too mature peroxisomes. 

Thee first observation impl ied that Pex15p might be sorted to 

peroxisomess via the ER and was studied in more detail. By co-expressing 

Pex15pp and an ER marker we were able to show with immuno EM 

cytochemistryy that the Pex15p-containing membranes were extensions of 

thee ER membrane. However, in an attempt to verify whether this meant 

thatt Pex15p travels to peroxisomes via the ER, we encountered some 

problems.. We tried to use the observation made by Cox et al. (1997) that 

karmellaee formation (extension of ER membranes) and the unfolded 

proteinn response (UPR) were controlled via the same protein I re lp and 

thatt deletion of IRE1 resulted in cell death when cells were challenged via 

thee UPR. Our working hypothesis was that overexpression of Pex15p in an 

ireire 1A mutant would lead to cell death. Although this turned out to be true 

underr certain conditions, additional controls made interpretation of this 

resultt rather difficult. Firstly, because we expected that only over

productionn of ER-resident or ER-passing membrane proteins and not over

productionn of proteins with a different origin would result in ire 1 cell 

death.. However, additional controls with overexpression of membrane 

proteinss which are not sorted via the ER gave the same result. Karmellae 

couldd even be formed in the absence of IRE1. Secondly, we noticed that 

whenn yeast was grown on oleate instead of on glucose, overexpression of 

membranee proteins in the absence of IRE1 was not lethal. These results 

indicatedd that the picture presented by Cox et a/. (1997) was far from 

complete.. The fact that Pex15p overexpression led to karmellae formation 

couldd very well be an artefact. This protein is quite hydrophobic and as 

suchh has a tendency to stay in a membrane-rich environment. Another 

1522 finding also indicated that extension of ER membranes is independent of 
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peroxisomee formation: even in the absence of Pex3p (a peroxin essential 

forr an early step in peroxisome biogenesis) karmellae could be formed. 

Besides,, since Pex15p (at its physiological level) is usually degraded in the 

absencee of Pex3p, the observation that overexpressed Pex15p was not 

degradedd in the absence of Pex3p was not expected and indicates that 

overexpressionn of this protein might cause an artefact. Taking these results 

together,, the idea that Pex15p travels via the ER is far from proven. Thus, 

unfortunately,, these results have an open end where peroxisome 

formationn is concerned. 

Thankss to the second observation made in mouse dendritic cells, 

however,, we feel confident to suggest that the ER has a role in peroxisome 

biogenesis.. Tubular structures which were continuous with the ER could be 

labelledd with anti-bodies against the peroxisomal membrane protein 

Pex13p.. Similarly labelled tubular and lamellar structures were continuous 

withh peroxisomes (which were shown to contain thiolase and catalase). 

Thesee tubular and lamellar structures could also be labelled with anti

bodiess against the integral peroxisomal membrane protein Pmp70p, 

confirmingg that these structures are peroxisomal. Furthermore, by 

tomographyy continuity could be shown between the lamellar structures 

andd peroxisomes (J. L Murk, personal communication). This suggests that 

theree is membrane transport from the ER to peroxisomes. Matrix proteins 

couldd only be detected in the ovoid-shaped peroxisomes and therefore 

importt of proteins seems to be a late event in peroxisome formation, 

whichh is in line with other studies (see chapter 1). 

Off course, some critical notes are in order. For example, we have to 

keepp in mind that the observations represent static situations and that the 

directionn of movement from the ER to peroxisomes could not be actually 

visualised,, although there are several reasons to support this idea. 

Besides,, the reason why the continuity between ER and peroxisomes 

couldd be visualised specifically in these cells remains unexplained. The 

observationn made in dendritic cells resembles the results of Mullen et al. 

(1999)) that in plant cells APX is inserted in a specialised region of the ER 

beforee it is sorted to peroxisomes. These two findings reinforce each other 

inn the idea that peroxisomal membranes are derived from the ER and that 

thiss is a general mechanism in higher eukaryotes. The strongest indication 

forr ER involvement in peroxisome formation in yeast thus far was provided 

byy Titrenko et al. (1998), who showed that two Y. lipolytics peroxins could 

bee N-glycosylated. 153 
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Althoughh Pex15p did not provide new insight into a connection between 

thee ER and peroxisome biogenesis in S. cerevisiae, further studies on this 

proteinn yielded new perspectives. The first link of Pex15p with other 

peroxinss was provided by the discovery of its ability to interact with the 

AAAA peroxin Pex6p, which in its turn interacts with another AAA peroxin, 

Pexlp.. The N-terminal part of Pexóp is essential for interacting with 

Pex15p:: its first AAA domain is the least conserved of the two and is 

suggestedd to stimulate association of Pexóp to Pex15p, and its second 

ATPasee domain stimulates dissociation of these two peroxins (chapter 4). 

Thee dynamics of the interaction between Pex15p and Pexóp gave rise to 

speculationn about the functions of these two peroxins. Pexóp, being a 

memberr of the AAA family, might be like some of its closest relatives (NSF 

andd Vps4p) involved in ATP-dependent dissociation of a protein complex. 

Whenn Pexlp and Pexóp where compared with other AAA family 

members,, they proved to be not only functionally but also in primary 

aminoo acid sequence most similar to the NSF-like ATPases, as seen by 

phylogeneticc analysis of the AAA-proteins (http://yeamob.pci.chemie.uni-

tuebingen.de/AAA/Tree.. html). Especially Pexóp seems to contain similar 

buildingg blocks, although in a different order than NSF. The NSF N-

terminuss is involved in binding to SNAREs; its first AAA-domain is the 

mostt conserved of the two and is the regulator of dissociation of the 

SNAREE complex, while its less conserved AAA-domain is important for 

oligomerisation.. Continuing the comparison, the least conserved ATPase 

domainn of Pexóp is necessary for the interaction with Pexlp (B. Metzig 

unpublishedd results), while binding of Pexóp to Pexlp is comparable to 

oligomerisationn since these proteins are quite similar. Furthermore, the 

ATP-dependentt binding to an integral membrane protein and its ATP-

hydrolysis-drivenn dissociation from this protein are possible for both NSF 

andd Pexóp. In the case of NSF the integral membrane protein is a SNARE, 

whilee in the case of Pexóp, the integral membrane protein is Pex15p. 

Althoughh the structural homology between SNAREs and Pex15p is very 

low,, the general idea of dissociation of a complex as the driving force 

supportingg a particular process deserves attention. The question is what 

processs Pexóp (possibly together with Pexlp) is able to drive. In other 

words:: what is the consequence of the dissociation of Pexóp from 

Pex15p? ? 

Recentt literature about peroxisome biogenesis provides two options. 

1544 The first is the theory presented by Titorenko and Rachubinski which states 

http://yeamob.pci.chemie.unituebingen.de/AAA/Tree
http://yeamob.pci.chemie.unituebingen.de/AAA/Tree
http://tuebingen.de/AAA/Tree.
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thatt ATP hydrolysis by Pexlp and Pexóp is the signal for fusion of pre-

peroxisomall vesicles (Titorenko et a/.f 2000; Titorenko and Rachubinski, 

2000).. This holds true for Y lipolytics, but whether this is a common event 

inn peroxisome formation remains to be established. In this hypothesis, the 

functionn of Pexóp is in line with that of several of its AAA family members. 

Dissociationn of Pexóp from the peroxisomal membrane anchor Pex15p 

mightt lead to membrane fusion of peroxisomal vesicles. Pex15p might be 

aa target SNARE which indicates to which membrane a vesicle should fuse. 

Furthermore,, Pex15p seems to be activated by release of Pexóp. In this 

context,, it is interesting that activation of a SNARE can be achieved by 

dissociationn of a protein complex by an ATPase in the vacuolar fusion 

systemm in yeast (Seals et a/., 2000). 

Inn a second theory supported by Gould and colleagues (Hauser et a/., 

1998;; Sacksteder and Gould, 2000), Pexóp is believed to be involved in 

thee import of matrix proteins, possibly in the recycling of the PTS1 

receptor.. This hypothesis is based on the presence of large peroxisomal 

ghostss in S. cerevisiae and in human pex6 mutants, and on the instability 

off the PTS1 receptor in human and P. pastoris pex6 mutants. In this view, 

dissociationn of Pexóp from Pex15p might result in import of matrix 

proteins,, possibly by recycling of the PTS1 receptor. This is supported by 

thee findings that there is a PTS1-specific import defect and that Pex5p 

seemss to be more peroxisome-bound when Pexóp is unable to hydrolyse 

ATPP (addendum to chapter 4). 

Neitherr of these theories can be rejected or confirmed with the present 

knowledge.. And although it is possible that the Pexóp-driven mechanism 

off peroxisome biogenesis in Y. lipolytica is different from that in higher 

eukaryotes,, a situation in which protein import and membrane fusion take 

placee simultaneously should be considered too. Examples of such 

processess have been proposed, such as import of proteins into 

peroxisomess via endocytosis at the peroxisomal membrane (McNew and 

Goodman,, 1996) or via an autophagy-like process (Teter and Klionsky, 

1999).. However, none of these models seems very likely: neither the 

membranee recruitment of peroxisomes nor the topology of the import 

complexx can be explained. Besides, the presence of internal vesicles is 

somethingg that has not been observed frequently. Another possible 

mechanismm by which membrane fusion and protein import are combined 

iss presented in figure 1. Fusion of a maturing peroxisome with a 

membranee vesicle triggers protein import. Presumably the pre- 155 
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oo = protein to be imported 

•• • = components of the import complex 

QQ = active import complex 

Figur ee 1: Model representing simultaneous membrane fusion and protein import 
intointo peroxisomes. 

peroxisomee and the vesicle contain different (incomplete) sets of proteins 

orr unactivated proteins of the import complex. By fusion of the membrane 

structures,, the import complex can be fully assembled or activated, which 

leadss to import of matrix proteins. In this model both the hypothesis 

presentedd by Titorenko and Rachubinski and that proposed by Gould fit. 

Moreover,, this model is in line with the observations made in mouse 

dendriticc cells. Undoubtedly, future studies will shed more light on the 

situation. . 

Inn all mentioned cases Pex15p is the peroxisomal membrane anchor that 

bindss Pex6p which fulfils its task there. However, one thing is hard to 

explainn by these hypotheses: the rescue of the growth defect of cells in 

whichh Pexóp is mutated in its second ATPase domain by overexpression of 

Pex15p.. The observations described in chapter 4 allow us to suggest that 

PexópPexóp mutated in this second domain is unable to dissociate from Pex15p 

withh the consequence that peroxisome formation is blocked. This means 

thatt the mutated Pexóp will block only part of the Pex15p molecules when 

Pex15pp is overexpressed. The rescue of the growth defect in this situation 

impliess that free Pex15p (not bound to mutated Pexóp) is necessary for the 

maintenancee of peroxisomes. This indicates that Pex15p might have a 

signallingg function. The knowledge that Pex15p can be phosphorylated 

(Elgersmaa et a/., 1997) strengthens this idea. The hard part to understand 

inn this case is that Pex15p is the effector protein while Pexóp has an 

inhibitoryy function. 

1566 If Pexóp would only be an inhibitor, then why is the disturbance of the 
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interactionn between Pex15p and Pex6p lethal when yeast is grown on 
oleate?? The answer might lie in a dual function of Pexóp. We know that 
Pexópp has another binding partner, Pex1 p. Disturbance of the interaction 
betweenn Pexóp and Pex1 p in humans leads to the Zellweger syndrome and 
thuss the interaction between these two peroxins must be very important for 
peroxisomee maintenance in man. Also in yeast the importance of this 
interactionn was demonstrated. We showed that the interaction between 
Pex15pp and Pexóp is independent of Pexlp, but we did not show yet 
whetherr or not the interaction between Pexlp and Pexóp is independent 
off Pex15p. Possibly Pexóp has to bind Pex15p before it is able to interact 
withh Pexlp. If this is the case then disturbance of the Pex6p-Pex15p 
interactionn would not only lead to an inability of Pexóp to prevent Pex15p 
fromm 'signalling' but would also lead to another serious defect in the 
maintenancee of peroxisomes. This leads to another explanation of the 
rescuee of pex6 mutant growth by Pex15p overexpression. Possibly Pex1 p 
cann partially take over the function of Pexóp when sufficient Pex15p is 
presentt The rescue of pexó mutants by Pexlp and of pexl mutants by 
Pexópp has been demonstrated (Geisbrecht et a/., 1998; Faber et a/., 1998). 
Futuree efforts to study this topic should, I feel, be aimed at the interplay 
amongg these three peroxins, the effect of ATP binding to Pexlp and 
hydrolysiss by Pex1 p# and the effect of phosphorylation of Pex15p. 

Comingg back to the models for peroxisome biogenesis presented in figure 
22 of the general introduction, my personal favourite is a combination of 
modelss C and D for several reasons: (1) The evidence for involvement of 
ER-derivedd particles is accumulating. (2) Peroxisomes can be formed in the 
absencee of peroxisomal membrane structures (model C). (3) However, 
underr normal circumstances it is likely that model D is preferred, since it is 
energeticallyy more favourable for a cell to inherit peroxisomes than to build 
themm anew. 

Lookingg back at the formation of the eukaryotic cell and its organelles, 
andd integrating herein the knowledge we have at present, we come to the 
conclusionn that peroxisomes probably originate from the ER. 
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SUMMARY Y 

Peroxisomess are subcellular organelles, which house a very diverse set of 

enzymess in order to fulfil a variety of functions in cellular metabolism. The 

importancee of peroxisomes is emphasised by the existence of inheritable 

peroxisomall disorders in man which are generally presented with severe 

mentall and growth retardation and which are often fatal in early infancy. 

Withh the aim of tracing all peroxisomal disorders prenatally (and hopefully 

off finding cures) the genetics and mechanisms of peroxisome biogenesis 

andd function are studied in detail. Ever since the discovery of peroxisomes 

scientistss have been wondering about the origin of these organelles and 

havee been considering the possibility that the endoplasmic reticulum (ER) 

mightt play a role in the formation of these organelles. 

Att present 23 proteins, which are essential for peroxisome biogenesis, 

calledd peroxins, are known. This is in part thanks to studies in the model 

organismm Saccharomyces cerevisiae (bakers yeast). In this organism 

overproductionn of one of the peroxins, Pex15p, leads to the formation of 

aa tremendous network of ER membranes. This phenomenon is one 

indicationn on a growing list that the ER might be involved in peroxisome 

biogenesis.. However, our attempts to prove that Pex15p travels to 

peroxisomess via the ER failed due to incomplete knowledge (of the 

unfoldedd protein response and of karmellae formation) at that time 

(chapterr 2). These investigations led us to a sidetrack (regulation of IN01 

expression,, addendum to chapter 2) because we noticed that the carbon 

sourcee used in growth media (glucose versus oleate) influenced the 

outcomee of experiments dealing with the unfolded protein response. 

Inn the mean time a remarkable observation was made in mouse 

dendriticc cells which provides a strong indication that the ER is actually 

involvedd in peroxisome formation (chapter 3). In these cells a peroxisomal 

marker,, the integral peroxisomal membrane protein Pex13p, could be 

tracedd by immuno electron microscopy. It was found to be present not 

onlyy in membranes of mature peroxisomes, but also in a peroxisomal 

reticulum,, in tubular membrane structures and in tubular membrane 

structuress which were continuous with (a specialised region of) the ER. This 

wayy the (possible) route of peroxisome formation could be visualised: 

fromm the ER to mature peroxisomes. 

Thee function of S. cerevisiae Pex15p was studied (chapter 4) and a link 159 
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wass found with Pexóp, an ATPase. Pex15p is thought to be the peroxisomal 

membranee anchor of Pexóp, while the ATP hydrolysis dependent release 

off Pexóp from Pex15p seems to provide energy for one of the 

mechanismss underlying peroxisome biogenesis. There are indications that 

thee release of Pexóp from Pex15p triggers membrane fusion (chapter 4) 

and/orr recycling of a key player in peroxisomal matrix protein import 

(Pex5p,, addendum to chapter 4). 

Becausee we noticed that methods to determine the membrane 

associationn of peroxisomal membrane proteins differed from those of 

membranee proteins of other organelles, we systematically compared the 

extractionn behaviour of membrane proteins from different organelles by 

severall methods (chapter 5). The results confirmed our concern. We 

observedd that the extraction behaviour of membrane proteins is not only 

specificc for the type of protein but also for the membrane it is extracted 

from.. Thus, care should be taken in assigning the membrane association 

off (peroxisomal) membrane proteins. 

Conclusion Conclusion 

Althoughh we were unable to show whether Pex15p passes the ER en route 

too the peroxisome in S. cerevisiae, further research on this peroxin 

revealedd an interesting link with Pexóp which provided insight in one of 

thee mechanisms underlying peroxisome biogenesis in this organism. The 

resultss obtained with studies on mouse dendritic cells clearly indicate that 

thee ER plays a major role in providing membranes for peroxisomes. If this 

iss true, we can assume that a similar mechanism lies at the basis of 

peroxisomee biogenesis of other higher eukaryotes, including man. 

160 0 
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Peroxisomenn zijn subcellulaire organellen die een zeer diverse set 

enzymenn bevatten waarmee ze een veelvoud aan functies kunnen 

vervullenn in het metabolisme van de cel. Het belang van peroxisomen 

wordtt benadrukt door het bestaan van humane erfelijke ziekten, die zich 

inn het algemeen uiten in ernstige mentale- en groeiachterstand en die 

vaakk fataal zijn in de vroege jeugd. Met het doel om alle peroxisomale 

foutenn vóór de geboorte op te sporen (en mogelijk om therapieën te 

vinden)) worden de genetische achtergrond en het mechanisme van de 

biogenesee van peroxisomen in detail bestudeerd. Sinds de ontdekking 

vann peroxisomen hebben wetenschappers zich afgevraagd wat de 

oorsprongg van deze organellen is en hebben zij de mogelijkheid 

overwogenn dat het endoplasmatisch reticulum (ER) een rol zou kunnen 

spelenn bij de vorming van deze organellen. 

Momenteell zijn er 23 eiwitten bekend, peroxins genoemd, die 

essentieell zijn voor de biogenese van peroxisomen, mede dankzij 

onderzoekk in het model organisme Saccharomyces cerev'tsiae 

(bakkersgist).. In dit organisme leidt overproductie van een van de 

peroxins,, Pex15p, tot de vorming van een enorm netwerk van ER 

membranen.. Dit fenomeen is één van de indicaties op een groeiende lijst 

vann aanwijzingen dat het ER betrokken zou kunnen zijn bij de biogenese 

vann peroxisomen. Echter, onze pogingen om te bewijzen dat Pex15p via 

hett ER naar peroxisomen gaat faalden vanwege onvoldoende kennis (van 

dee ongevouwen eiwit respons en karmellae-vorming) op dat moment 

(hoofdstukk 2). Dit onderzoek leidde ons tot een zijspoor (regulering van 

IN011 expressie, addendum bij hoofstuk 2) omdat we opmerkten dat de 

koolstofbronn die werd gebruikt in de groeimedia (glucose of oleaat) 

invloedd had op de uitkomst van experimenten die betrekking hebben op 

dee ongevouwen eiwit respons. 

Inn de tussentijd werd een opmerkelijke observatie gedaan in muizen 

dendrit ischee cellen die een sterke indicatie leverde dat het ER 

daadwerkelijkk betrokken is bij de vorming van peroxisomen (hoofdstuk 3). 

Inn deze cellen kon een peroxisomale marker, het integrale peroxisomale 

membraaneiwitt Pex13p, worden opgespoord door middel van immuno 

elektronenn microscopie. Er werd gevonden dat dit eiwit niet alleen 

aanwezigg was in de membranen van volgroeide peroxisomen, maar ook in 161 
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eenn peroxisomaal reticulum, in losse buisvormige membraanstructuren en 

inn buisvormige membraanstructuren die doorliepen in (een gespeciali

seerdee regio van) het ER. Op deze manier kon de (mogelijke) route van de 

vormingg van peroxisomen worden gevisualiseerd: van het ER naar vol

groeidee peroxisomen. 

Dee functie van S. cerevisiae Pex15p is onderzocht (hoofdstuk 4) en een 

interactiee werd gevonden met Pexóp, een ATPase. Van Pex15p wordt 

gedachtt dat dit het peroxisomale membraan anker is van Pexóp, terwijl 

hett ATP-hydrolyse afhankelijke vrijkomen van Pexóp van Pex15p de 

stimulanss leek voor een van de onderliggende mechanismen van de 

biogenesee van peroxisomen. Er zijn aanwijzingen dat het vrijkomen van 

Pexópp van Pex15p membraanfusie teweegbrengt (hoofdstuk 4) en/of dat 

ditt leidt tot recycling van een sleuteleiwit in de peroxisomale matrixeiwit 

importt (Pex5p, addendum bij hoofdstuk 4). 

Omdatt we opmerkten dat methoden om de membraanassociatie te 

bepalenn van peroxisomale membraaneiwitten verschilden van die voor 

membraaneiwittenn van andere organellen, hebben we het extractie

gedragg van membraaneiwitten van verschillende organellen systematisch 

vergelekenn met behulp van verscheidene methoden (hoofdstuk 5). De 

resultatenn bevestigden onze bezorgdheid. We observeerden dat het 

extractiegedragg van membraan eiwitten niet alleen specifiek is voor het 

typee eiwit, maar ook voor het membraan waaruit het geëxtraheerd wordt. 

Derhalvee is oplet tendheid geboden bij het aanwijzen van de 

membraanassociatiee van (peroxisomale) membraaneiwitten. 

Conclusie Conclusie 

Hoewell we niet in staat waren om te laten zien of Pex15p het ER passeert 

onderwegg naar het peroxisoom in 5. cerevisiae, heeft nader onderzoek van 

ditt peroxin een interessante interactie met Pexóp onthuld, die inzicht levert 

inn één van de onderliggende mechanismen van de biogenese van 

peroxisomen.. De resultaten die werden verkregen uit het onderzoek van 

muizenn dendritische cellen geven aan dat het ER een hoofdrol speelt in het 

leverenn van membranen voor peroxisomen. Als dit waar is, dan kunnen we 

aannemenn dat een vergelijkbaar mechanisme aan de basis ligt van de 

biogenesee van peroxisomen in hogere eukaryoten, inclusief de mens. 
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