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GeneralGeneral Introduction 

I .. Peroxisomes: an introduction 

AA hallmark of the eukaryotic cell is the presence of different subcellular membrane-
boundedd compartments, the organelles. This compartmentalization allows the 
formationn of specialized subenvironments inside the cell, which is necessary for 
optimall  performances of many different (biochemical) processes. 

Forr instance, in the endoplasmic reticulum (ER) the first sorting steps take place of 
proteinss transported through the secretory pathway. It contains its own set of 
chaperones,, proteins that assist in the folding of the secretory proteins, which are 
locatedd inside this organelle. Furthermore, the ER forms a unique, oxidizing 
environmentt in the cell, which allows the formation of disulfide bonds in a protein 
duringg folding. In the context of this thesis, an important feature of a number of 
organelless is that they form the sites where specialized metabolic pathways take place. 
Forr instance, lysosomes specialize in the intracellular digestion of macromolecules, 
whilee mitochondria harbor the enzymes of the citric acid cycle and the respiratory 
chain,, and thus produce ATP. 

Anotherr group of organelles is formed by the microbodies, which were first 
identifiedd in mouse kidney cells by electron microscopy (Rhodin, 1954). Microbodies 
aree bounded by a single membrane and filled with a dense granular matrix. 
Biochemicall  characterization of these organelles resulted in the identification of a 
numberr of enzymes involved in the production and degradation of hydrogen peroxide 
(H202),, which led to the name peroxisome (De Duve and Baudhuin, 1966). 
Microbodiess are found in almost every eukaryotic cell and in most cases they are 
referredd to as peroxisomes. However, in some species the presence of a very 
characteristicc metabolic pathway inside the microbodies has resulted in a different 
name.. Examples are glyoxysomes in germinating plant seeds, which were found to 
containn the glyoxylate cycle enzymes (Breidenbach and Beevers, 1967), and 
glycosomess in kinetoplastids, which were found to contain several glycolytic enzymes 
(Opperdoess and Borst, 1977). Despite this variety in nomenclature, all microbodies are 
characterizedd by the presence of the (3-oxidation pathway for fatty acids. In the yeast 
SaccharomycesSaccharomyces cerevisiae, the entire breakdown of fatty acids takes place inside 
peroxisomes,, while in mammalian cells the first steps of the p-oxidation of very long 
chainn fatty acids (VLCFA) are located inside peroxisomes and the next steps take 
placee inside mitochondria. In mammalian cells, other processes in which peroxisomes 
aree involved are the synthesis of bile acids, dolichol, cholesterol, and glycerol lipids 
suchh as plasmalogens. The a-oxidation of 3-methyl-branched fatty acids and the 
breakdownn of polyamines, purines and some amino acids such as L-lysine also occur 
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ChapterChapter I 

insidee peroxisomes (reviewed by van den Bosch et al, 1992; Mannaerts and Van 
Veldhoven,, 1993; Wanders and Tager, 1998). 

Thee number and size of peroxisomes in eukaryotic cells are variable and depend on 
environmentall  conditions. In rat liver, which is active in lipid metabolism, thousands 
off  peroxisomes are present as spheres with a diameter of 0.2 - 1 urn, whereas in other 
tissuess they are considerably smaller: 0.1 - 0.2 urn. In the yeast S. cerevisiae, only two 
orr three peroxisomes are present under normal growth conditions, such as growth on 
glucose-containingg medium. The number of peroxisomes increases to approximately 
tenn when yeast is grown on the fatty acid oleic acid, circumstances under which the |3-
oxidationn inside peroxisomes is essential for energy generation. Although normally 
spherical,, under certain growth conditions peroxisomes are reported to be connected to 
eachh other and to form a tubular network also referred to as a peroxisomal reticulum. 
Thesee structures were observed both in yeast and in liver tissue (Lazarow and Fujiki, 
1985;; Yamamoto andFahimi, 1987; Schrader etal, 1998a). 

Inn contrast to other subcellular organelles such as mitochondria and chloroplasts, 
peroxisomess do not contain DNA. This implies that nuclear genes encode all proteins 
thatt are necessary for peroxisomes to function correctly. Synthesis of both 
peroxisomall  membrane proteins and peroxisomal matrix proteins occurs in the cytosol, 
afterr which they are post-translationally imported (reviewed by Lazarow and Fujiki, 
1985). . 

Too study peroxisome biogenesis and function, the yeast S. cerevisiae has proven to 
bee an excellent model system since its entire pathway of fatty acid P-oxidation is 
confinedd to peroxisomes. During growth on glucose medium peroxisomes are 
dispensable,, but when shifted to oleic acid medium, the presence of functional 
peroxisomess is essential to survive. Many genetic tools are available for S. cerevisiae 

andd the stable haploid phase of this yeast allows rapid isolation of mutants and cloning 
off  the genes of interest by functional complementation. Furthermore, these genetic 
toolss make it possible to create targeted deletions of genes. Therefore, S. cerevisiae 

andd other yeast species have been used in a variety of positive and negative selection 
screenss to isolate genes involved in peroxisome biogenesis and function (Erdmann et 

al,al, 1989; Cregg et al, 1990; Gould et al, 1992; Liu et al, 1992; Van der Leij et al., 

1992;; Elgersma et al., 1993; Nuttley et al, 1993; Zhang et al, 1993; Kalish et al, 

1996).. The identified genes were named PEX genes and the proteins they encode were 
calledd peroxins (Distel et al, 1996). 

Sincee peroxisomal functions have been conserved in different eukaryotes, the 
sequencess of these yeast PEX genes were used to screen human expressed sequence 
tagg (EST) databases to identify the human orthologs (reviewed by Gould and Valle, 
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GeneralGeneral Introduction 

2000).. Furthermore, Chinese hamster ovary (CHO) cells were isolated with a defect in 
peroxisomee biogenesis, and rat cDNA libraries were used to complement the 
peroxisomall  defect in these cells (Tsukamoto et al, 1991). This resulted in the 
identificationn of a number of mammalian PEX genes (reviewed by Gould and Valle, 
2000).. Together these combined approaches have led to the identification of 25 PEX 

geness (Table I). 

II .. Peroxisomes and their  relationship to human disease 

Severall  severe genetic disorders are caused by a deficiency in one or more 
peroxisomall  functions (reviewed by Wanders et al, 1995; Gould and Valle, 2000). 
Basedd upon the level to which peroxisomal functions are affected, these diseases can 
bee classified as three groups. 

Thee first group consists of most of the peroxisome biogenesis disorders (PBDs). 
Exampless of these disorders are the Zellweger syndrome (ZS), neonatal 
adrenoleukodystrophyy (NALD), and infantile Refsum disease (IRD). These diseases 
aree characterized by a general loss of peroxisomal functions, resulting in an increase in 
thee levels of very-long-chain fatty acid and phytanic acid in body fluids, and in a 
decreasee in the level of plasmalogens (reviewed by Wanders et al, 1995). Patients 
sufferingg from these diseases are clinically characterized by a wide range of 
abnormalities,, such as delayed development, typical craniofacial abnormalities (high 
forehead,, broad nasal bridge, shallow orbital ridges), abnormalities of the eyes, 
profoundd neurological abnormalities, hypotonia, and liver disease. The distinction 
betweenn the disorders is based on severity. ZS is the most severe and patients normally 
diee within the first year after birth, whereas NALD patients and IRD patients can 
survivee up to one and three decades, respectively. 

PBDss are genetically heterogeneous, which means that they can be caused by 
mutationss in different PEX genes. For instance, ZS can be caused by mutations in 
PEXl,PEXl, PEXl, PEX3, PEX5, PEX6, PEX10, PEXX2, PEX16 or PEXX9, NALD by 
mutationss in PEXl, PEX5, PEX6, PEX10, PEX12 or PEXX3, and IRD by mutations in 
PEXlPEXl or PEX12 (reviewed by Gould and Valle, 2000). These examples also show that 
mutationss in a certain PEX gene are not linked to a specific disease. Different alleles 
off  the same gene encode a variety of mutant proteins, which are differently affected in 
theirr function. 
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Tablee I. Overview of the peroxins 

__ Interactin g 
Peroxinn ^ , * 

partner(s) ) Featuress and / or  Possible Function 

Pexl pp Pex6 p 

Pex2p p 

Pex3pp Pexl9 p 

Pex4p p 

Pex5p p 

Pex6p p 

Pex7p p 

Pex8p p 

Pex9p p 

PexlOp p 

Pex22p p 

Pex7p,Pex8p,Pexl0p, , 
Pexl2p,Pexl3p,Pexl4p p 
PTS11 andPTS3 
proteins s 

Pexlp,Pexl5p p 

Pex5p,Pexx 13p,Pex 14p, 
Pexl8p,, Pex21p, 
PTS22 proteins 

Pex5p,, Pex20p 

Pex5p,Pexl2p,Pexl9p p 

Pexll pp Pexl9 p 

AAA-proteinn required for import of 
peroxisomall  matrix proteins or vesicle 
fusion n 

RINGG zinc finger protein, integral PMP, 
requiredd for import of peroxisomal matrix 
proteins s 

integrall  PMP, marking of peroxisomal 
membranes,, required for the insertion of 
PMPs s 

E22 ubiquitin-conjugating enzyme required 
forr import of peroxisomal matrix proteins 

TPRR domain-containing receptor for PTS1 
proteins,, required for import of PTS 1 
proteinss into peroxisomes. In mammals also 
requiredd for PTS2 import 

AAA-proteinn required for import of 
peroxisomall  matrix proteins or vesicle 
fusion n 

WD-400 repeat-containing receptor for PTS2 
proteins,, required for import of PTS2 
proteinss into peroxisomes 

intra-peroxisomall  localization, contains a 
PTS11 and a PTS2, required for import of 
peroxisomall  matrix proteins 

integrall  PMP required for import of 
peroxisomall  matrix proteins 

RINGG zinc finger protein, integral PMP, 
requiredd for import of peroxisomal matrix 
proteins s 

PMPP involved in peroxisome proliferation 
orr translocation of MCFA 

14 4 



GeneralGeneral Introduction 

Tablee I. continued 

nn Interacting Peroxinn _, , * partner(s) ) 
Featuress and / or  Possible Function 

Pexl2pp Pex5p,Pexl0p,Pexl9p 

Pexl3pp Pex5p,Pex7p,Pexl4p, 
Pexl9p p 

Pexl4pp Pex5p,Pex7p,Pexl3p, 
Pexl7p,Pexl9p p 

Pexl5pp Pex6p 

Pexl6 p p 

Pexl7 p p 

Pexl8 p p 

Pexl9 p p 

Pex20 p p 

Pex21 p p 

Pex22 p p 

Pex23 p p 

Pex24 p p 

Pex25 p p 

Pexl9 p p 

Pexl4p,Pexl9 p p 

Pex7p p 

manyy  PMPs 

thiolas e e 

Pex7p p 

Pex4p,Pexl9 p p 

Djpl l 

RINGG zinc finger protein, integral PMP, 
requiredd for import of peroxisomal matrix 
proteins s 

SH33 domain containing integral PMP, 
requiredd for import of peroxisomal matrix 
proteins,, involved in receptor docking 

PMPP required for import of peroxisomal 
matrixx proteins, initial site for receptor 
docking g 

integrall  PMP required for import of 
peroxisomall  matrix proteins, membrane 
anchorr for Pex6p 

integrall  PMP required for PMP import 

PMPP required for import of peroxisomal 
matrixx proteins 

requiredd for import of PTS2 proteins 

requiredd for import of PMPs 

requiredd for import of thiolase in Y.lipolytica 

requiredd for import of PTS2 proteins 

PMPP required for import of peroxisomal 
matrixx proteins, membrane anchor for Pex4p 

PMPP required for import of peroxisomal 
matrixx proteins 

PMPP involved in the targeting and / or 
assemblyy of PMPs 

PMPP required for regulating peroxisomal 
sizee and maintenance 

DnaJ-likee protein, chaperone required for 
importt of peroxisomal matrix proteins 

interactionss reported in literature in different organisms 
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Rhizomelicc chondrodysplasia punctata (RCDP) and Zellweger-like syndrome form 
thee second group of peroxisomal diseases. Patients with these diseases are 
characterizedd by impairment of several, but not all peroxisomal functions. 
Peroxisomess are still present and have a normal appearance. RCDP is caused by 
mutationss in PEX7 and is clinically characterized by severe shortening of the proximal 
limbss (rhizomelia), a typical facial appearance, and mental retardation. In most cases 
patientss do not survive their second year. Biochemically these patients are 
characterizedd by a defect in plasmalogen synthesis and phytanic acid breakdown. 

Thee third group patients are affected in the function of a single peroxisomal enzyme 
duee to inactivation or mislocalization. Many diseases caused by a peroxisomal defect 
belongg to this group, including acyl-CoA oxidase deficiency and X-linked 
adrenoleukodystrophyy (X-ALD) , but these diseases do not belong to the spectrum of 
PBDs. . 

Thee fact that a severe deficiency in peroxisomal function is still compatible with 
(cellular)) life makes it most likely that more genes might be present than have been 
identifiedd in relation to disease. Mutations in some of these genes might not result in a 
noticeablee loss of peroxisomal function. However, if they would be present in 
combinationn with subtle mutations in other genes, mutations in the as yet unknown 
geness might give rise to a disease (multifactorial diseases). Therefore, some 
multifactoriall  diseases may partly be caused by mutations in genes coding for 
peroxisomall  proteins and thus may contribute to peroxisomal dysfunction. 

III .. Peroxisome biogenesis 

Mostt peroxins identified (Table I) play a role in either the targeting of peroxisomal 
membranee proteins or the import of peroxisomal matrix proteins. This separation is 
mainlyy based on the phenotypes found for yeast and mammalian cells with a mutated 
orr deleted PEX gene. Normal peroxisomes are not present in these cells. However, in 
mostt cases peroxisomal ghosts could be detected. Peroxisomal ghosts are remnants of 
peroxisomall  membranes that still contain some peroxisomal membrane proteins but 
lackk most of their internal content, i.e. the peroxisomal matrix proteins. These ghosts 
couldd not be detected in yeast cells with a mutation in or a deletion of PEX3 or PEX19, 

andd in mammalian cells lacking functional Pex3p, Pexlóp, or Pexl9p (Shimozawa et 

aL,aL, 1998; South and Gould, 1999; Hettema et al, 2000). In these cells the peroxisomal 
membranee proteins are rapidly degraded after their synthesis in the cytosol. The exact 
rolee of Pex3p and Pexlóp is still unclear. Both proteins are peroxisomal membrane 
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proteinss (Hohfeld et al, 1991; Baerends et al, 1996; Wiemer et al, 1996; Honsho et 
al,al, 1998; Kammerer et al, 1998) and the fact that no peroxisomal ghosts are 
detectablee in the absence of these proteins suggests that they are involved in one of the 
earlyy stages of peroxisome formation. Reintroduction of the wild-type gene in these 
mutantt cells led to reappearance of peroxisomes. 

Ann important question deals with how peroxisomes are formed. Different models 
weree designed to explain the origin of this organelle (reviewed by Titorenko and 
Rachubinski,, 1998; Tabak et al, 1999; Purdue and Lazarow, 2001; Stroobants, 2001). 
Afterr cell division, new peroxisomes might be formed by vesicle budding from the 
ER.. This early model was suggested since in observations obtained by electron 
microscopyy peroxisomes were found to be in close proximity to the ER (Novikoff and 
Shin,, 1964). However, studies on Pex3p could not show a connection with the ER 
(Southh et al, 2000; Voorn-Brouwer et al, 2001). These studies showed that if 
peroxisomess arose from the ER, their formation did not follow the rules established for 
vesicularr transport in the secretory pathway, which is dependent on budding of small 
vesicless mediated by COPI and COPII. In these studies several methods were used to 
blockk the formation of the ER-derived vesicles in human fibroblasts and the 
consequencess of such a block on the localization of newly synthesized Pex3p were 
assessed.. COPI vesicle transport was inhibited by Brefeldin A and COPII transport 
wass inhibited in cells expressing a dominant negative mutation in the Sarlp protein 
requiredd in the budding process. However, no effect on the transport of Pex3p to 
peroxisomess was observed under these conditions (South et al, 2000; Voorn-Brouwer 
etet al, 2001). Although these results do not support the view that Pex3p reaches 
peroxisomess via the ER, the experiments do not exclude the existence of another, as 
yett unidentified, exit pathway out of the ER. However, another experiment that does 
supportt the ER-peroxisome connection was performed in mouse dendritic cells. By 
immunoo electron microscopy it was shown that the peroxisomal membrane protein 
Pexl3pp is located in specialized extensions of the ER (Stroobants, 2001). Furthermore, 
Pexl3pp was also found to be located in tubules that have a morphology similar to that 
off  these ER extensions. These tubules were often found to surround mature 
peroxisomes,, and 3-D analysis using electron tomography showed connections 
betweenn these tubules and mature peroxisomes (A.K. Stroobants, personal 
communication).. These observations suggest that peroxisomes originate from the ER. 

Ass mentioned before, the exact role for Pex3p in the formation of peroxisomes is 
stilll  unclear. South et al. (2000) suggested that this protein might function as a factor 
thatt is inserted into membranes and in this way marks them as being peroxisomal 
membranes.. Whether these are the same specialized regions of the ER as were 
observedd in mouse dendritic cells is not known. Indeed, although Pex3p contains a 
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peroxisomall  targeting signal located in its amino terminus (Wiemer et al, 1996; 
Kammererr et al, 1998), the exact mechanism for Pex3p insertion into peroxisomal 
membraness is still unclear. The carboxyl terminus of Pex3p interacts with Pexl9p, 
anotherr protein involved in the early steps of peroxisome formation, and deletion of 
thee carboxyl terminus of Pex3p disrupts its function (Soukupova et al, 1999; Ghaedi 
etet al, 2000). 

Pexx 19p is a farnesylated protein located mainly in the cytosol, only a small fraction 
iss associated with the peroxisomal membrane (James et al, 1994; Snyder et al, 1999a; 
Sackstederr et al, 2000). The exact function of the farnesylation is not known, but it 
mightt aid association with the peroxisomal membrane. In S. cerevisiae, the 
farnesylationn of Pexl9p is essential for its function (Gotte et al, 1998), but this is not 
thee case in H. polymorpha (Snyder et al, 1999a) and in humans (Sacksteder et al, 
2000).. Pexl9p interacts with a large number of peroxisomal membrane proteins, 
rangingg from peroxins to transporters of metabolites (Sacksteder et al, 2000; Snyder 
etet al, 2000). This broad range of interactions with peroxisomal membrane proteins has 
resultedd in a model in which Pexl9p functions as a mobile receptor or chaperone for 
thesee proteins. This proposed receptor function was supported by elegant experiments 
inn which Pexl9p was directed to the nucleus by fusing it to a nuclear localization 
signall  (Sacksteder et al, 2000). Together with Pexl9p many peroxisomal membrane 
proteinss were found to be targeted to the nucleus. Furthermore, for several 
peroxisomall  membrane proteins the region involved in Pexl9p interaction also proved 
too be necessary for their targeting, which supported the role of Pexl9p as a mobile 
receptorr to target membrane proteins to the peroxisomal membrane (Sacksteder et al, 
2000). . 

Inn human cells and in S. cerevisiae cells deprived of functional Pexl9p no 
peroxisomall  ghosts could be detected (Gotte et al, 1998; Matsuzono et al, 1999; 
Hettemaa et al, 2000). However, in Pichia pastoris pexl 9-def\cient cells, vesicles and 
tubuless were observed by deconvolution immunofluorescence microscopy with anti-
Pex3pp antibodies (Snyder et al, 1999a). This indicates that, although Pex3p interacts 
withh Pexl9p, this function is not necessary for membrane targeting of Pex3p itself and 
suggestss that Pex3p acts before Pexl9p. Based on these and other observations a 
modell  can be proposed for the possible function of these proteins in peroxisome 
biogenesis.. The first step involves the insertion of Pex3p into a membrane, the origin 
off  which is unknown but, as mentioned before, this might be a specialized region of 
thee ER. In this way the membrane is marked as a peroxisomal membrane. 
Subsequently,, Pexl9p targets other peroxisomal membrane proteins to this membrane, 
possiblyy by using Pex3p as a docking site. After the assembly of these peroxisomal 
membranee proteins and the formation of a competent protein-import complex, this pre-
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peroxisomee can grow further by importing peroxisomal matrix proteins. The 
attractivenesss of this speculative model is that it provides an explanation for the origin 
off  the peroxisomal membrane. 

Inn the second model of peroxisome formation, peroxisomes are maintained by 
growthh and division of pre-existing peroxisomes, and thus follow the same 
mechanismss of organelle inheritance as mitochondria and chloroplasts. This process of 
peroxisomee maintenance in eukaryotic cells can be divided into three major steps: 

1.. Enlargement of the peroxisomal membrane and import of peroxisomal 
membranee proteins 

2.. Import of peroxisomal matrix proteins from the cytosol, across the 
membrane,, into the peroxisomal lumen 

3.. Proliferation of peroxisomes and distribution of peroxisomes over mother and 
daughterr cells during cell division 

Inn this model, Pex3p and Pexl9p are also involved in the first step, i.e. enlargement 
off  the peroxisomal membrane, which is achieved by the combined import of 
peroxisomall  membrane proteins and lipids into existing peroxisomes. The membrane 
proteinss are synthesized on polyribosomes in the cytosol and are subsequently targeted 
too the peroxisome. How lipids are recruited to support enlargement of the growing 
peroxisomall  membrane remains unclear. In the second step, the peroxisomal 
compartmentt increases in size by the import of peroxisomal matrix proteins. As to the 
thirdd step, in S. cerevisiae, several proteins have been suggested to be involved in the 
processs of peroxisome division and segregation of peroxisomes from mother to bud. 
Thesee are Vpslp, a dynamin-like protein that regulates the number of peroxisomes, 
andd Myo2p, a myosin motor protein that is involved in the active movement of 
peroxisomess to the bud along actin cables (Hoepfner et al, 2001). Another protein that 
iss probably involved in peroxisome proliferation is Pexllp, a peroxisomal membrane 
protein.. In S. cerevisiae or Candida boidinii cells that are disturbed in Pexl lp function 
eitherr by mutation or deletion, the number of peroxisomes does not increase when the 
cellss are grown on oleic acid, but giant peroxisomes can be observed. The opposite 
phenotypee is observed when Pexl lp is overproduced: the number of peroxisomes per 
celll  is increased while the size of peroxisomes is decreased (Erdmann and Blobel, 
1995;; Marshall etal, 1995; Sakai et al, 1995). 

Inn humans, two forms of Pexllp exist, Pexllpct and Pexl 1pp. Overproduction of 
Pexll  lpp resulted in the same phenotype as that observed in yeast, i.e. proliferation of 
peroxisomess (Abe and Fujiki, 1998; Abe et al, 1998; Passreiter et al, 1998; Schrader 
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etet al, 1998b). The overproduction of Pexl lpa also led to peroxisome proliferation, 

butt this was observed at a much lower frequency (Schrader et al, 1998b). The a and p 

formss of Pexllp differ in their expression patterns. The expression levels of Pexllpp 

aree the same in different tissues and are not influenced by peroxisome proliferating 

drugs,, but Pexl lpa expression varies in different tissues and is highly increased by 

peroxisome-proliferatingg drugs (Schrader et al, 1998b). These results indicate that the 

functionn of Pexllpp is to control constitutive peroxisome proliferation, which is for 

instancee necessary to guarantee the presence of peroxisomes in both cells after cell 

division.. Pexl lpa might be involved in the adaptation to environmental changes, 

whichh requires a greater number of peroxisomes. 

Ann alternative model to the one described above, was put forward by van Roermund 

etet al (2000). Based on their observations in S. cerevisiae, they suggested that Pexl lp 

iss involved in the translocation of medium chain fatty acids (MCFA) across the 

peroxisomall  membrane. This would ensure delivery of new substrates and 

continuationn of the p-oxidation pathway. The authors postulated that during the P-

oxidationn a signaling molecule is produced that modulates the proliferation of 

peroxisomes.. This would explain why in pexl /-deficient cells first a deficiency in 

MCFAA oxidation is seen, followed by the formation of giant peroxisomes (van 

Roermundd et al, 2000). Although this model also suggests that Pexl lp is involved in 

thee proliferation of peroxisomes, this involvement would be indirect. 

IV .. Impor t of peroxisomal matrix proteins 

Peroxisomall  matrix proteins are synthesized on free polyribosomes in the cytosol and 
aree posttranslationally imported into the peroxisome (Figure 1) (for the first and now 
classicall  review see Lazarow and Fujiki, 1985). To reach their correct cellular 
location,, i.e. the peroxisomal matrix, these proteins contain a specific peroxisomal 
targetingg signal (PTS). Two of these PTSs, type I (PTS1) and type II (PTS2), have 
beenn well characterized for more than a decade (reviewed below). More recently, 
alternativess on this basic principle were identified and we were able to show that an 
additionall  PTS3 route exists for the import of matrix proteins into peroxisomes (Klein 
etet al, 2002). Receptor proteins bind these PTSs in the cytosol and direct the proteins 
too the peroxisome. Pex5p is the receptor for proteins containing a PTS1 or a PTS3 and 
Pex7pp is the receptor for proteins containing a PTS2. 
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Impor tt  of 
peroxisoma l l 

matri xx  protei n 1 1 
peroxisoma l l 

matri x x 

Figuree 1. Model for  the import of matri x proteins into peroxisomes in 5. cerevisiae. 

PeroxisomalPeroxisomal matrix proteins containing either a PTS1 or a PTS2 are synthesized in the cytosol. After 
synthesiss the PTS1 and PTS2 are recognized and bound by the receptors Pex5p and Pex7p, respectively. The 
receptor-cargoo complex docks at the peroxisomal membrane via the interaction with the Pexl3p-Pexl4p-
Pexl7pp complex. Subsequently the PTS1 cargo is translocated into the peroxisome and Pex5p recycles back 
intoo the cytosol. In mammals Pex5p interacts with Pex7p and is involved in the import of PTS2 proteins 
(somee of the interactions could not be fitted into this figure, see text for more details). 
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Peroxisomall  targeting signal type 1 (PTS1) 
Thee presence of a PTS1 was first noticed by serendipity in firefly luciferase, a well-
knownn reporter protein in transcriptional studies (Gould et ah, 1987). The three 
carboxyl-terminall  amino acids of this protein, i.e. serine, lysine, leucine (S-K-L in 
singlee letter codes), were shown to be both necessary and sufficient for directing non-
peroxisomall  proteins to peroxisomes (Gould et ah, 1989). By introducing amino acid 
substitutionss at each position of the PTS1, a consensus sequence was defined as 
S/A/C-K/R/H-L/MM (Gould et ah, 1989; Swinkels et ah, 1992), or in words: a small 
unchargedd residue at the -3 position, a basic residue at the -2 position, and a non-polar 
residuee at the -1 position. This consensus sequence was based on the import of a 
heterologouss protein into peroxisomes of mammalian cells. Subsequent studies have 
shownn that, especially in a homologous context, i.e. the protein is expressed in the 
organismm it is derived from, even more variations of this tripeptide may occur, 
althoughh this also depends on the protein and organism studied. For S. cerevisiae 
peroxisomall  malate dehydrogenase (Mdh3p), it was shown that in a homologous 
contextt many amino acid substitutions at the -3 and -2 positions of the PTS1 that do 
nott comply with the consensus sequence are tolerated without severely affecting 
peroxisomall  targeting (Elgersma et ah, 1996b). A similar observation was reported for 
thee human peroxisomal enzyme alanine:glyoxylate aminotransferase (AGT) (Motley 
etet ah, 1995). The carboxyl-terminal K-K-L sequence, which does not comply with the 
PTS11 consensus sequence, directs this protein to peroxisomes but is insufficient for 
targetingg of the proteins luciferase and chloramphenicol acetyltransferase (CAT) to 
peroxisomes. . 

Thesee examples show that the classical definition of a PTS 1 as being both necessary 
andd sufficient to target a protein to peroxisomes is too strict in some cases, especially 
proteinss in a homologous context. The carboxyl-terminal tripeptides are necessary for 
thee targeting of homologously expressed proteins, but they are not sufficient to direct a 
heterologouslyy expressed protein to peroxisomes. For AGT it was postulated that other 
sequencess in this protein might enable the K-K-L to function as a PTS1 (Motley et ah, 
1995).. These 'enabling sequences' or 'accessory sequences' were not present in the 
reporterr proteins to which the carboxyl-terminal K-K-L was fused, which would 
explainn why these proteins are not directed to peroxisomes. The presence of accessory 
sequencess could also explain the many variations in the PTS1 of Mdh3p (Elgersma et 
ah,ah, 1996b). The question arose as to the nature of these accessory sequences and 
wheree are they located in a peroxisomal matrix protein. One clue comes from an 
elegantt study of Lametschwandtner et ah (1998). By screening a library of random 
hexadecapeptidess fused to the Gal4p activation domain in a two-hybrid setup against 
humann and S. cerevisiae Pex5p, interacting peptides were identified in which the three 
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carboxyl-terminall  amino acids deviated from the consensus PTS1. Interestingly, it was 
shownn that residues just upstream of the carboxyl-terminal tripeptide were able to 
influencee the interaction with Pex5p, although some differences were noted between S. 
cerevisiaecerevisiae and human Pex5p. Although both species prefer an arginine or lysine at the 
-44 position immediately preceding the carboxyl-terminal tripeptide, S. cerevisiae 
Pex5pp had a preference for a polar or a hydrophilic residue at the position two amino 
acidss upstream of the PTS1. At this position and five amino acids upstream of the 
PTS1,, human Pex5p preferred hydrophobic residues. These accessory sequences or 
upstreamm residues became increasingly important when the carboxyl-terminal 
tripeptidee deviated more from the consensus PTS1 sequence (Lametschwandtner et al, 
1998).. Also in plants, residues upstream of the PTS1 tripeptide were shown to 
contributee to targeting to glyoxysomes, a specialized type of peroxisomes (Mullen et 
al,al, 1997a). 

Thee above-mentioned results were all obtained with artificially created peptides or 
withh reporter proteins. An example of an endogenous peroxisomal matrix protein in 
whichh a residue upstream of the carboxyl-terminal tripeptide plays a critical role in the 
targetingg to peroxisomes is human catalase. The four carboxyl-terminal amino acids of 
thiss enzyme are K-A-N-L . Clearly, the last three amino acids do not comply with the 
PTS11 consensus sequence, previously mentioned, since a basic amino acid is absent at 
thee -2 position. When the tripeptide A-N-L was fused to the carboxyl terminus of the 
CATT protein, the fusion protein failed to target to peroxisomes in yeast and human 
fibroblastss (Purdue and Lazarow, 1996). However, fusing K-A-N-L to this reporter 
proteinn resulted in a peroxisomal localization. Substitutions of this lysine at the -4 
positionn resulted in either a complete loss of or a reduction in peroxisomal targeting 
(Purduee and Lazarow, 1996). A similar observation was made for the PTS1 of 
cottonseedd catalase. The last three amino acids of this protein (P-S-I) were not 
sufficientt to direct the CAT protein to glyoxysomes. However, when the last four 
aminoo acids of cottonseed catalase (R-P-S-I) were fused to CAT, import of this 
reporterr protein into glyoxysomes was observed (Mullen et al, 1997b). 

Thesee examples show that the original definition of a PTS1 needs some adjustment. 
Thee fact that a reporter protein cannot be directed to peroxisomes does not necessarily 
meann that a certain amino acid sequence is not a PTS1. When a carboxyl-terminal 
sequencee is needed to direct a peroxisomal matrix protein to peroxisomes in the 
homologouss context, it can be regarded as a PTS1. Also, the PTS1 is not limited to the 
carboxyl-terminall  three amino acids since residues upstream might be involved as 
well. . 
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Peroxisomall  targeting signal type 2 (PTS2) 
Thee PTS2 was first identified in the amino terminus of rat peroxisomal 3-ketoacyl-
CoAA thiolase and was shown to be a cleavable presequence (Osumi et al, 1991; 
Swinkelss et al, 1991). Subsequent sequence alignments and mutagenesis studies 
showedd that the PTS2 is a bipartite amino acid motif with the consensus sequence 
R/K-L/V/I/-X5-H/Q-L/ AA (Osumi et al, 1992; Gietl et al, 1994; Glover et al, 1994b; 
Tsukamotoo et al, 1994; Kato et al, 1996; Flynn et al, 1998). The PTS2 pathway has 
beenn identified in other mammals, plants, trypanosomes and yeasts, but the number of 
proteinss shown to possess a PTS2 is very limited compared to the number of PTS1-
containingg proteins. PTS2-containing proteins are S. cerevisiae 3-ketoacyl-CoA 
thiolasee (Erdmann, 1994; Glover et al, 1994b), Hansenulapolymorpha amine oxidase 
(Faberr et al, 1995), watermelon glyoxysomal malate dehydrogenase (Gietl et al, 
1994),, Trypanosoma brucei aldolase (Blattner et al, 1995), human alkyl-
dihydroxyacetonephosphatee synthase (de Vet et al, 1997), and human phytanoyl-CoA 
hydroxylasee (Jansen et al, 1997). 

AA remarkable exception with regard to the import of peroxisomal matrix proteins is 
CaenorhabditisCaenorhabditis elegans in which the PTS2-targeting pathway is apparently absent. 
Thee C. elegans orthologs of 3-ketoacyl-CoA thiolase, alkyl-dihydroxyacetone-
phosphatee synthase and phytanoyl-CoA hydroxylase do not contain a PTS2, but 
insteadd have acquired a PTS1 (Motley et al, 2000). Furthermore, C. elegans has no 
homologg of Pex7p. Probably the PTS2-targeting pathway was lost during evolution 
afterr switching targeting signals for the above-mentioned proteins. 

Peroxisomall  targeting signal type 3, or  alternative targeting signals 
AA number of peroxisomal matrix proteins are imported into peroxisomes 
independentlyy of a PTS1 and PTS2. An example is Candida tropicalis acyl-CoA 
oxidase,, a protein without a recognizable PTS1 and PTS2. Two alternative regions in 
thiss protein have been identified that proved to be able to direct a reporter protein into 
peroxisomess (Small et al, 1988). Another example is S. cerevisiae acyl-CoA oxidase, 
whichh also lacks a PTS1 and PTS2, and instead uses another internal peroxisomal 
targetingg signal (PTS3) that has not been characterized yet. For its targeting to 
peroxisomes,, S. cerevisiae acyl-CoA oxidase is dependent on the PTS1-receptor 
Pex5p.. The interaction of acyl-CoA oxidase with Pex5p is direct but the binding site 
onn the receptor is clearly distinct from the PTS1-binding site (Klein et al, 2002). A 
similarr behavior was found for S. cerevisiae carnitine acetyltransferase (Cat2p) from 
whichh the PTS1 had been deleted. This protein was still targeted to peroxisomes in a 
Pex5p-dependentt manner (Elgersma et al, 1995). For that reason we concluded that 
thee accessory sequences, which are present in a number of peroxisomal matrix proteins 
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andd contribute to the interaction with Pex5p, can even function as a peroxisomal 

targetingg signal in the case of Cat2p (Klein et al, 2002). 

Impor tt  of folded proteins 
Accumulatingg data show that some peroxisomal matrix proteins can be imported after 
foldingg and/or oligomerization has taken place. This was shown for the first time for 
chloramphenicoll  acetyltransferase, which was found to be imported after 
oligomerizationn (McNew and Goodman, 1994). Other examples are thiolase in S. 

cerevisiaecerevisiae (Glover et al, 1994a) and Y. lipolytica (Titorenko et al, 1998), malate 
dehydrogenasee in S. cerevisiae (Elgersma et al, 1996b), dihydroxyacetone synthase in 
C.C. boidinii (Stewart et al, 2001), isocitrate lyase in glyoxysomes of plants (Lee et al, 

1997)) and alanine:glyoxylate aminotransferase 1 in mammals (Leiper et al, 1996). In 
aa number of the above-mentioned examples, the experimental design was based on the 
factt that many matrix proteins are homo-multimers. PTS-less variants of a protein 
weree expressed together with a PTS-containing version. Formation of an oligomer 
betweenn these subunits allowed the PTS-less version to hitch a ride into peroxisomes. 
Alsoo other approaches showed that stably folded proteins could be imported into 
peroxisomes.. Folded proteins were either stabilized by disulfide bonds and chemical 
cross-linkerss (Walton et al, 1995) or by the addition of a ligand analog (Hausler et al, 

1996)) without affecting import into peroxisomes or glycosomes. 
Forr a number of proteins it has been shown that proteins without a PTS are directed 

too peroxisomes by hetero-oligomerization. S. cerevisiae A3,A2-enoyl-CoA isomerase 
(Ecilp),, for instance, contains H-R-L as a PTS1. However, this tripeptide is a much 
weakerr PTS1 than the classical S-K-L (Yang et al, 2001). Even after deletion of its 
PTS1,, Ecilp is still imported into peroxisomes but only when A3,5-A2-4-dienoyl-CoA 
isomerasee (Dcilp), another PTS 1-containing protein, is present. EcilpAPTSl 
oligomerizess with Dcilp, which results in peroxisomal import via the Pex5p-
dependentt PTS1 pathway (Yang et al, 2001). In the absence of Dcilp, there is only a 
partiall  import of Ecilp into peroxisomes (Geisbrecht et al, 1999), indicating that 
oligomerizationn is probably important for peroxisomal import of Ecilp under normal 
circumstances,, i.e. in the presence of its PTS1. Hetero-oligomerization also precedes 
thee peroxisomal import of acyl-CoA oxidase in the yeast Y. lipolytica (Titorenko et al, 

2002):: five different acyl-CoA oxidase subunits form a heteropentameric complex, 
whichh is assembled in the cytosol together with the cofactor FAD. Formation of this 
complexx is required for peroxisomal import. 

Althoughh there is sufficient evidence that import of oligomerized proteins into 
peroxisomess can occur, oligomerization is not a prerequisite for import. For instance, 
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alcoholl  oxidase is imported as a monomer in peroxisomes of 5". cerevisiae, P. pastoris 

andd C. boidinii (Distel et al, 1987; Waterham et al, 1997; Stewart et al, 2001). 
Assemblyy of the individual subunits into the homo-octameric form takes place in the 
peroxisomall  matrix after import (Waterham et al, 1997; Stewart et al, 2001). 

V.. The import receptors 

Pex5p::  the receptor  for  PTS1 proteins 
Pex5pp is the best-studied protein of all peroxins. It was first identified in the yeast P. 
pastorispastoris (McCollum et al, 1993) by functional complementation of a mutant deficient 
inn the import of proteins with a PTS1, but not a PTS2. Following this initial 
characterization,, orthologs of Pex5p were identified in other yeast species such as S. 
cerevisiaecerevisiae (Van der Leij et al, 1993), H. polymorpha (Nuttley et al, 1995), Yarrowia 
lipolyticalipolytica (Szilard et al, 1995), Candida albicans (Navarro-Garcia et al, 1998) and 
SchizosaccharomycesSchizosaccharomyces pombe (Wood et al, 2002). Pex5p was also identified in the 
plantss Citrullus lanatus (Wimmer et al, 1998), Nicotiana tabacum (Kragler et al, 
1998),, and Arabidopsis thaliana (Brickner et al, 1998), in the nematode C. elegans 
(Consortium,, 1998), in the trypanosomes T. brucei (de Walque et al, 1999) and 
LeishmaniaLeishmania donovani (Jardim et al, 2000), and in the mammals Homo sapiens (Dodt 
etet al, 1995), Mus musculus (Baes et al, 1997), Caviaporcellus (Knott et al, 2000), 
andd Cricetulus griseus (Ito et al, 2001). 

Pex5pp functions as a mobile receptor for peroxisomal matrix proteins that contain a 
PTS1.. Binding of the receptor to the PTS1 is the first step in the targeting of matrix 
proteinss to peroxisomes. Pex5p does not contain a hydrophobic domain that would be 
ablee to anchor the protein to the peroxisomal membrane. Studies on the subcellular 
localizationn of Pex5p have generated different results. In most organisms, Pex5p is 
locatedd mainly in the cytosol and only a small fraction is associated with peroxisomes 
(Dodtt et al, 1995; Wiemer et al, 1995; Dodt and Gould, 1996; Elgersma et al, 1996a; 
Gouldd et al, 1996; Wimmer et al, 1998; Gouveia et al, 2000; Jardim et al, 2000). An 
exceptionn is the yeast Y. lipolytica where Pex5p is mainly located inside peroxisomes 
(Szilardd et al, 1995). However, also in humans (Dodt and Gould, 1996) and in H. 
polymorphapolymorpha (van der Klei et al, 1995) a small fraction of Pex5p was sometimes found 
inn the peroxisomal matrix. This dual localization of Pex5p has led to a model for 
proteinn import into peroxisomes in which the first step, i.e. binding of cargo to the 
receptorr protein, takes place in the cytosol. The cargo is subsequently delivered to the 
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peroxisomee and translocated across the peroxisomal membrane, followed by recycling 
off  the receptor back to the cytosol (Figure 1). 

AA central issue in this model of a shuttling receptor is whether Pex5p itself enters the 
peroxisomee (extended shuttle), followed by dissociation of the receptor-cargo complex 
andd export of the receptor to the cytosol, or whether dissociation of the receptor-cargo 
complexx already occurs at or in the peroxisomal membrane (simple shuttle). To 
addresss this question, elegant experiments were performed by Dammai and Subramani 
(2001).. By fusing the minimal pre-thiolase processing site and a tag to the amino 
terminuss of human Pex5p, they were able to show that this artificially created Pex5p 
wass processed. Since the protease activity that is responsible for the maturation of the 
precursorr thiolase is located in the luminal space, these experiments showed that 
Pex5pPex5p was exposed to the peroxisomal matrix. The processed Pex5p was also 
recoveredd in the cytosol, indicating that it cycled back to the cytosol after docking at 
thee peroxisome. Although this example clearly showed that Pex5p is exposed to the 
peroxisomall  matrix, it is still unclear whether the complete Pex5p molecule enters the 
peroxisome.. For rat-liver Pex5p it was shown that the fraction that is associated with 
peroxisomess had the characteristics of a transmembrane protein (Gouveia et al., 2000). 
Maybee Pex5p functions in a similar way as SecA, which cycles between membrane-
insertedd and deinserted states, and in this way guides preproteins across the bacterial 
membranee (Economou and Wickner, 1994). 

TPRR motifs 
Pex5pPex5p belongs to the family of tetratricopeptide repeat (TPR)-containing proteins, 
whichh are characterized by a highly degenerate, repetitive sequence of 34 amino acids 
(Goebll  and Yanagida, 1991; Lamb et al, 1995). TPRs are found as tandem arrays of 
3-166 motifs in a wide variety of proteins involved in many different cellular processes, 
includingg cell-cycle regulation, chaperone functions and protein phosphorylation 
(Blatchh and Lassie, 1999). TPR motifs are present in a variety of organisms ranging 
fromfrom bacteria to mammals. 

Thee crystal structure of the three TPR motifs in protein phosphatase 5 (PP5) showed 
thatt each TPR motif consists of a pair of antiparallel a-helices, named helices A and 
B,, separated by an intra-repeat loop that forms a turn (Figure 2A) (Das et al, 1998). 
TPRR motifs are organized in a parallel arrangement such that sequentially adjacent a-
helicess are antiparallel. Small hydrophobic amino acids such as alanine and glycine are 
locatedd at the positions 8, 20 and 27 within a TPR motif (Figure 3). These are the 
positionss of closest contact between adjacent a-helices and only limited space is 
availableavailable for amino acid side chains. The spatial and angular arrangement of the 
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helicess A and B is the same within and between adjacent TPR motifs. This results in 
thee formation of a regular right-handed superhelix, which contains an amphipathic 
groovee (Figure 2B). This amphipathic groove probably forms the binding surface for 
proteinss that interact with PP5 (Das et al, 1998). However, the structural basis for the 
PP55 TPR-mediated protein-protein interaction remains unclear, since no structure of 
thee PP5 TPRs with a bound peptide is available as yet. For the TPR-containing protein 
Hopp (Hsp70 and Hsp90 organizing protein) it was shown that binding of peptides did 
indeedd occur in this general TPR groove, which is cradle shaped (Scheufler et al, 

2000).. The nine TPR motifs of Hop form two TPR domains, i.e. TPR domain-1 
consistingg of three TPR motifs and TPR domain-2 consisting of six TPR motifs. The 
TPRR domain-1 of Hop interacts with the carboxyl terminus of Hsp70 (Figure 2C) and 
thee TPR domain-2 A interacts with the carboxyl terminus of Hsp90. Hop mediates the 
associationn of Hsp70 and Hsp90, which is important for the transfer of substrate from 
Hsp700 to Hsp90. Both Hsp70 and Hsp90 possess a conserved E-E-V-D motif at the 
endd of their sequence. Peptides ending on E-E-V-D and corresponding to the carboxyl 
terminii  of Hsp70 or Hsp90 are bound in the grooves of the TPR domain-1 and TPR 
domain-2A.. Electrostatic interactions mediate the binding of the E-E-V-D motifs to 
thee side chains of amino acids that are located in the helices A of the TPR motifs. 

Thee TPR domain of Pex5p consists of six or seven of these TPR motifs present in 
thee carboxyl-terminal part of the protein (Figure 3). The TPR domain mediates the 
interactionn of Pex5p with PTS1-containing proteins (Brocard et al, 1994; Dodt et al, 

1995;; Terlecky et al, 1995). The interaction of the TPR domain of Pex5p with the 
PTS11 has been studied in detail in two organisms. The X-ray structure of human 
Pex5pp in complex with the PTS1 peptide Y-Q-S-K-L was solved (Gatto et al, 2000), 
andd for S. cerevisiae Pex5p, the amino acids involved in the interaction with PTS1 
weree identified by combining an extensive mutagenesis analysis with molecular 
modelingg (Klein et al, 2001). The carboxyl-terminal part of Pex5p proved to form two 
entities,, each consisting of three TPR motifs (TPR1-3 and TPR5-7). 'TPR4', a 
questionablee TPR motif that forms a flexible hinge, connects these two entities (Gatto 
etet al, 2000). The PTS1 is bound between these two TPR clusters and corresponding 
aminoo acids in the human and the yeast Pex5p were found to contact the PTS1 (Figure 
4)) (Gatto et al, 2000; Klein et al, 2001, chapter 3 of this thesis). Thus these two 
independentt studies showed that the manner of Pex5p-PTS 1 interaction is similar in 
bothh human and S. cerevisiae. 

Thee mode of interaction between the PTS1 and the TPR5-7 (Figure 4B) is 
comparablee to the interaction of the Hop adaptor protein with the carboxyl termini of 
Hsp700 and Hsp90 (Figure 2C) (Scheufler et al, 2000). 
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Figuree 2. Structure of TPR domains. 
A)) Structure of the TPR domain of PP5 (PDB ID: 1A17), which consists of three TPR motifs. The 
antiparallell  a-helices A and B of each TPR motif are indicated. Black arrows mark the loops between 
differentt TPR motifs (inter-repeat loop) and gray arrows mark the loops within a TPR motif (intra-repeat 
loop).. B) Molecular surface representation of the TPR domain of PP5 (same orientation as in panel A). The 
groovee that is present in the TPR domain is indicated. C) Structure of the TPR domain-1 of Hop (gray) in 
complexx with the C-terminal heptapeptide of Hsp70 (black) (PDB ID: 1ELW). The peptide is bound in the 
groovee of the TPR domain. Electrostatic interactions mediate the binding of the peptide E-E-V-D motif to 
thee sidechains of amino acids located in the A helices of the TPR domain. D) Structure of the TPR domain 
off  p67phox (gray) in complex with RacGTP (black) (PDB ID: 1E96). Interactions are mediated by the loops 
thatt connect TPR1 with TPR2, TPR2 with TPR3, and an insertion that is located in the loop that connects 
TPR33 with TPR4. For RacGTP only the residues involved in complex formation are shown. 
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Thee general TPR groove forms the interaction site and residues from the helices A of 
TPR66 and TPR7 mediate most contacts (Gatto et al, 2000; Klein et al, 2001, chapter 
33 of this thesis). The interaction between the PTS1 and TPR 1-3 does not involve the 
generall  TPR groove. Instead, several residues from the intra-repeat loops of TPR2 and 
TPR33 are involved (Figure 4A) (Gatto et al, 2000; Klein et al, 2001, chapter 3 of this 
thesis).. This is a novel mode of interaction between TPR domain and peptide. The two 
entitiess of three TPRs almost completely surround the PTS1 peptide and in this way 
formm a single binding site for the PTS1 peptide (Figure 4C) (Gatto et al, 2000). 
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HVLYSNRSAAYAKKGDYQKAYEDGCKTVDLKPDW W 
GKGYSRKAAALEFLNRFEEAKRTYEEÖLKHEANN N 
ALKEKELQNDAYKKKDFDTALKHYDKAKELDPTN N 
MTYITNQAAVYFEKGDYNKCRELCEKAIEVGREN N 
AKAYARISNSYFKEEKYKDAIHFYNKSLAEHRTP P 
ALEEKNKÖNECFQKGDYPQAMKHYTEAIKRNPKD D 
AKLYSNRAACYTKLLEFQLALKDCEEGIQLEPTF F 
IKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSC C 
SRICFNIGCMYTILKNMTEAEKAFTRSINRDKHL L 
AVAYFQRGMLYYQTEKYDLAlKDLKEALIQLRGN N 
CEVLYNIAFMYAKKEEWKKAEEQLALATSMKSEP P 
PNAYKIGCLLMENGAKLSEAALAFEAAVKEKPDH H 
V D A W L R L G L V C J T Q N E K E L N G I S A L E E C L K L D P KN N 
LEAMKTLAISYINEGYDMSAFTMLDKWAETKYPEI I 
PEIQLCLGLLFYTKDDFDKEIDCFESALRVNPND D 
ELMWNRLÖASLANSNRSEEAIQAYHRALQLKPSF F 
VRARYNLAVSSMNIGCFKEAAGYLLSVLSMHEVN N 

Figuree 3. Sequence alignment of different TPR motifs. 

Thee TPR motifs of PP5, Hop, p67phox (all human), and S.cerevisiae Pex5p are aligned and the small 

hydrophobicc amino acids at positions 8, 20, and 27, which are important for the folding of a TPR domain are 

highlighted.. At position 32 often a proline is located. Indicated above the sequences are the regions that 

formm the a-helices A and B and the intra-repeat loop. 

Thee interaction of TPR 1-3 with the PTS1 is not the only example of a TPR domain 
usingg regions outside the general TPR groove to bind its substrate. For instance, the 
NADPHH oxidase that is involved in the generation of reactive oxygen species as a 
defencee against microbial infection consists of several subunits. One of these is 
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p67ph0\\ which contains four TPR motifs in its amino terminus (Ponting, 1996). 
Bindingg of p67phox to the small GTPase Rac-GTP is an important step in the assembly 
off  the NADPH oxidase. The interaction with Rac is mediated by the amino-tenninal 
partt of p67phox, which contains four TPR motifs (Koga et al, 1999). The TPR-
mediatedd interaction of p67phox with Rac does not involve the general TPR groove but 
insteadd is mediated by an insertion of 20 amino acids between TPR3 and TPR4 and by 
residuess in the loops that connect TPR1 with TPR2 and TPR2 with TPR3 (Figure 2D) 
(Lapougee et al, 2000). Thus, the initial prediction that the general TPR groove forms 
thee ligand-binding site in an array of TPR motifs (Das et al, 1998) proved not to be 
thee only way of interaction. The examples discussed above show that at least three 
differentt modes of interaction exist for TPR motifs and their ligands. 

InIn line with the data above is the identification of pex5 mutant cells with an import 
defectt in PTS1 proteins. A cell line from a patient suffering from NALD was shown to 
carryy a mutation in the sixth TPR repeat, in which asparagine 526 (or asparagine 489 
inn Pex5pS) is mutated to a lysine (Dodt et al, 1995), which results in a 1000-fold 
reductionn in the affinity for PTS1 proteins (Gatto et al, 2000). The N526K 
substitutionn is predicted to disturb the interaction with the carboxyl-terminal 
carboxylatee anion of the PTS1, which would explain this phenotype. Another cell line 
fromm a patient suffering from Zellweger syndrome contained a mutation resulting in a 
prematuree stop codon at position 427 (R427ter) of Pex5p (Dodt et al, 1995). This 
gavee rise to a truncated protein completely lacking TPR5-7, which would explain the 
inabilityy to import PTS1 proteins. 

Pex7p::  the receptor  for  PTS2 proteins 
Pex7pPex7p was first identified in S. cerevisiae by functional complementation of a mutant 
thatt was selectively defective in the import of thiolase into peroxisomes (Marzioch et 

al,al, 1994; Zhang and Lazarow, 1995; Zhang and Lazarow, 1996). After this initial 
characterization,, Pex7p was identified in the yeast P. pastoris (Elgersma et al, 1998) 
andd in mammals (Braverman et al, 1997; Motley et al, 1997; Purdue et al, 1997). 
Pex7pp binds to the amino-terminal PTS2 of thiolase (Zhang and Lazarow, 1996; 
Elgersmaa et al, 1998) and this interaction is essential for the import of a PTS2-
containingg protein into peroxisomes. The absence of Pex7p does not influence the 
targetingg of PTS1-containing proteins. 

Pex7pp is a member of the WD-40 repeat family, which can be recognized by the 
presencee of a repeated domain of 40 amino acids containing a central tryptophan -
asparaginee (WD) motif (van der Voorn and Ploegh, 1992). Seven of these WD-40 
repeatss are present in Pex7p, but which part of Pex7p forms the binding site for PTS2 
iss not yet known. 
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TPR3 3 
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TPR5 5 

TPR7 7 

TPR6 6 

TPR5 5 
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<<  Figure 4. Binding of a PTS1 peptide by the TPR clusters of human Pex5p. 
TPR1-33 and TPR5-7 of Pex5p have a different way of interacting with a PTS1 peptide (PDB ID: 1FCH). 

A)) Residues from the intra-repeat loops of TPR2 and TPR3 mediate the interaction with the PTS1 peptide. 
B)) The PTS1 peptide is bound in the TPR groove of TPR5-7 and residues from the a-helices A of TPR6 and 

TPR77 mediate this interaction. C) The Pex5p-PTS1 complex. View down the long axis of the peptide. 

Thee subcellular location of Pex7p is still controversial since conflicting results were 
reported.. Amino-terminally tagged with a Myc-epitope, Pex7p was found 
predominantlyy in the cytosol of human fibroblasts (Braverman et al, 1997) and S. 
cerevisiaecerevisiae (Marzioch et al, 1994; Rehling et al, 1996), whereas carboxyl-terminally 
HA-taggedd Pex7p was found to be entirely located inside peroxisomes in S. cerevisiae 
(Zhangg and Lazarow, 1995). This variation in localization of Pex7p might be caused 
byy the different tags that were fused to the protein. Also the position of the tag, fused 
too either the amino terminus or the carboxyl terminus, could have influenced the 
localization.. In P. pastohs and mammals, untagged Pex7p was found to be located 
bothh in the cytosol and inside peroxisomes (Elgersma et al, 1998; Mukai et al, 2002). 

Thee difference in subcellular localization has led to different models of how Pex7p 
directss PTS2 proteins to peroxisomes. For example, intraperoxisomal Pex7p might be 
involvedd in pulling PTS2 proteins into the peroxisomes (Zhang and Lazarow, 1996). If 
thiss is true and Pex7p is located inside peroxisomes from where it pulls PTS2 proteins, 
thenn another factor must exist that directs these PTS2 proteins from the cytosol to the 
peroxisome.. However, such a factor has so far not been identified. Moreover, the 
domainss of the peroxisomal membrane proteins that bind to Pex7p are located on the 
cytosolicc face of the peroxisomal membrane (see below). Hence, these findings 
supportt another model, i.e. the shuttling receptor model, in which Pex7p travels 
betweenn the cytosol and the peroxisome and thus delivers PTS2 proteins at the 
peroxisomall  membrane (Figure 1) (Rehling et al, 1996; Elgersma et al, 1998). 

PTS22 import in mammals depends on both Pex5p and Pex7p 
Ass mentioned before, Pex5p is involved in the import of PTS1 proteins in all species 
studiedd so far. However, in mammals two different phenotypes have been reported as a 
consequencee of apex5 deficiency. The import of PTS1 alone or that of both PTS1 and 
PTS22 were disturbed in Chinese hamster ovary (CHO) mutant cells (Otera et al, 1998) 
andd in fibroblasts from patients with peroxisome biogenesis disorders (Dodt et al, 

1995;; Braverman et al, 1998). The first phenotype can be explained in the same way 
ass for yeast pex5 mutants: a mutation in the PTS1 binding site abolishes the import of 
PTS11 proteins. Examples of this type of mutation are the G522E mutation in Chinese 
hamsterr Pex5p (Otera et al, 1998; Otera et al, 2000) and the N526K mutation in 
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humann Pex5p (N489K in Pex5pS) (Dodt et al, 1995). However, in mutants where 
Pex5pp is completely absent, both the import of PTS1 and that of PTS2 are disturbed. 
Thiss suggests that some function of Pex5p is essential for PTS2 import. 

Twoo isoforms of Pex5p exist in mammals: a long form (Pex5pL) and a short form 
(Pex5pS).. Pex5pL contains an additional internal region of 37 amino acids that is 
positionedd between amino acids 214 and 215 (human) or 215 and 216 (Chinese 
hamster)) of the short form (Pex5pS) (Figure 5) (Dodt et al, 1995; Braverman et ai., 
1998;; Otera et ai., 1998). This additional internal region of Pex5p is encoded by exon 
88 and its presence is regulated by alternative splicing. In pexi-deficient CHO cells that 
weree disturbed in both PTS1 and PTS2 import, Pex5pS only restored the import of 
PTS11 proteins, but Pex5pL restored both PTS1 and PTS2 import into peroxisomes in 
thee same cells (Otera et al, 1998). Also in fibroblasts from a complementation group 2 
(CG2)) patient with NALD only Pex5pL restored both PTS1 and PTS2 import 
(Bravermann et al., 1998). The explanation for these findings is the involvement of 
Pex5pLL in the transport of Pex7p to peroxisomes, together with its PTS2-containing 
cargoo protein (Figure 1). In line with this suggestion, a direct interaction between 
Pex5pLL and Pex7p was found (Otera et al, 2000); the region in Pex5pL necessary for 
thiss interaction was mapped using truncated versions of Pex5pL. Approximately the 
samee regions in human Pex5p (amino acids 191-222) and Chinese hamster Pex5p 
(aminoo acids 190-233) were shown to be sufficient for the interaction with Pex7p 
(Figuree 5 and Figure 6) (Dodt et al, 2001; Otera et al, 2002). This sequence includes 
thee amino-terminal amino acids of the Pex5pL-specific 37 amino acid insertion, 
togetherr with amino acids lying outside this insertion. The S214F mutation in this area 
disruptedd binding to Pex7p (Otera et al, 2002) and resulted in a specific PTS2-import 
defect,, while PTS 1 import was not affected (Matsumura et al, 2000). 

Thee role of Pex5pL in the import of PTS2 proteins in mammals proved to be 
independentt of its role in the import of PTS 1 proteins. Expressing a truncated version 
off  Pex5pL, containing only the amino-terminal half of the protein without the TPR 
motifs,, complemented the PTS2 import defect in pex5-deficient mammalian cells 
(Dodtt et al, 2001; Otera et al, 2002). In yeast, PTS2 import is not dependent on 
Pex5p.. Recently, a peptide motif in this 37 amino acid insertion of Pex5pL was shown 
too be highly conserved in S. cerevisiae Pexl8p and Pex21p and in Y. iipolytica Pex20p 
(Figuree 7) (Dodt et al, 1995; Einwachter et al, 2001; Otera et al, 2002). ScPexl8p 
andd ScPex21p are cytosolic proteins that are necessary for the formation of an import-
competentt complex containing Pex7p and thiolase (Purdue et al, 1998; Stein et al, 
2002).. >7Pex20p binds thiolase and is necessary for its dimerization and targeting to 
thee peroxisomal membrane (Smith and Rachubinski, 2001). This finding suggests 
similarr roles for Pexl8p and Pex21p in S. cerevisiae, for Pex20p in Y. iipolytica, and 
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forr mammalian Pex5pL in the targeting of PTS2-containing proteins to peroxisomes. 
Thiss is supported by the partial complementation of the S. cerevisiae pexl8Apex21A 
mutantt by 77Pex20p (Einwachter et ah, 2001). Since Pex7p has not been identified in 
Y.Y. lipolytica, Pex20p might contain the functions of Pex7p, Pexl8p, and Pex21p. 

Thee presence of this conserved peptide motif in Pex5p of H. sapiens, M. musculus, 
CricetulusCricetulus longicaudatus, T. brucei, L. donovani, and A. thaliana (Figure 5) indicates 
thatt Pex5p is necessary for the import of PTS2 proteins in mammals, protozoa and 
plantss (Dodt et al, 2001). The absence of the conserved peptide motif in fungi fits 
withh the finding that the PTS2-import pathway was independent of Pex5p. The 
completee lack of the PTS2-import pathway in C. elegans (Motley et ah, 2000) could 
explainn the absence of the conserved peptide motif in this organism. 

Sc c 
Ca a 
pp p 
Hp p 
Tl l 
Hs s 
Km m 
CI I 
Tb b 
Ld d 

MDVGS--
MSFVGGQ-SE E 
HSL I -GGGS S 
M9FL- -GGSK K 
MSFMRG-GSE E 
MAMRELVEAE E 
MAMRELVEGE E 
MAMRELVEGE E 

MD D 
I D D 

3VV N  P  AQLHKHIQQ X S Q F N Q K N N G R L N E S P L Q G T N K P G I S E A F IS 
8 V H 0 3 A 3 A Q P H I C H T QQQ RSi'QQQVAK Q HOUVAQHQOFK 

D g A A a s g P ^ O F T K H T BHH T S QQSMRHG EFQQGNQRMMR 
 AANA P  AQFFXQSQH I S EQSLRNS AHDTHQNAQ.IR 

BST,,  >R P  SQFTXHTAE R S QHDRVAQ PSQGRVGGMRS 
G--  A  P  MXLAGHFTQ X A RQEGLRPGPW PPGAPASEAA8 

50 --  A  P  MXLATHFTQ X A RQEGLRPGPW PPGASAARTVS 
So--  A  P  MXLATHFTQ X A RQEGLRPQPW PPOASAAKTVS 
••  QA3PALGQQLAKDALH MQGGVRP 
3 HTT '«QLGQOrSICDATll -  -  KHGOV-P 

55 5 
48 8 
48 8 
47 7 
48 8 
51 1 
51 1 
51 1 
26 6 
25 5 

Sc c 
Ca a 
Pp p 
HP P 
Tl l 
Ha a 
Mm m 
CI I 
Tb b 
Ld d 

56 6 
49 9 
49 9 
48 8 
49 9 
52 2 
52 2 
52 2 
27 7 
26 6 

NVNAA SQ E MAN Q R HQEP L IDDKRRMEIGPSSGR 
KDNLL NV R RA N D Q NH G APQNSFQFQPHRH't 

--  8PMER0Q D O Q Q ONNPAFHFQPMQH"i 
T j ll  QSTPFHFQPHAH ] 

GAAGG PEQSSFNTEQBRH 
QDQNAPLVSRAP0TF1CMDDLLAA • 
QDQNATLVSRAPOTFKMDDLLA A 

g Q D Q N A P L V B R A P O T F K M D D L L Aj j 
GTTGNVEQQ ALMTGHK PP T GPHED- -WAQHFAAHQHHHQQHQQHHHQRgHHDA 
MSGAA SE g A L H OA Q > G A HPMMAAQWAQNFQ'  Q Q A 

NEST T 
APVA A 
NTGE E 
KPLQ Q 
KPLO O 
XPLG G 

NEAERAI I 
BQQQ RE M 
ASSS E- L 
'GT EE E- L 
GG S E  E- L 

EQ Q 
AR R 
Al l 
SI I 
AE E 

iPPFE N N 
NT IQNQPN---
HVMQQQ NMN 
JRMIQPP DLQTQTTPALR 
IHNKGAQGGQIPQVPBQQG--
QQIEQ- -SNFRQAPORAPG G 
QEIEQ- -SNFRQAPQRAPG G 
QEIEB- -SNFRQAPQRAPG G 

98 8 
91 1 
90 0 
95 5 

10 1 1 
10 8 8 
10 8 8 
10 8 8 

78 8 
62 2 

continuedd on next two pages 

Figuree 5. Sequence alignment of Pex5p. 
Alignedd are the Pex5p sequences of Saccharomyces cerevisiae (Sc), Candida albicans (Ca), Pichia pastoris 

(Pp),, Hansenula polymorpha (Hp), Yarrowia lipolytica (Yl), Homo sapiens (Hs), Mus musculus (Mm), 
CricetulusCricetulus longicaudatus (CI), Trypanosoma brucei (Tb), and Leishmania donovani (Ld). Indicated above 
thee sequence are the different W-X-X-X-F/Y repeats that are involved in the interaction with Pexl4p in 
mammalss and the regions mediating the interaction with Pexl3p and Poxlp in S. cerevisiae. Also the 37 
aminoo acid insert specific for mammalian Pex5p is indicated. 
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repeatrepeat 1 
44 > 

repeat2 2 

Scc  9 9 :  VHSLQ.TSANPTQIXGVNDISH S O QGSNS I  O.NRNADTG 
Caa 9 3 :  -A IHQQaSKWSQD -  - -  -VAQSPSAQÏTTPISIT8SPVNA Q A S SQAPATQQHNQ 
Ppp 9 1 s  A P Q O V A N N S W K Q1 RHXDPXVAHAPSAQVQTPVQSTN AQ D QQAG-PEVQHHAQQ 
Hpp 9 6 :  O P XAQBPTPI.QIP Q OAOFOVBQ lB9~ |TQBTATSOVTHSP8 P 
Tll  10 2 :  A A H G G Q W A R D j O O OQ TAPQAAPQDAEH I H A T J Q R G O S P  A E AHO.QO. Q 
Haa 10 9 :  VADLALSBNWAQE LAA G DAVDVTQDYHETD S Q ISEVTDPL S VS P -  -
Hoo 10 9 :  VADLALSEHHAQE*  LAA G DAVDVAQDYHETH S Q IAEVTGPLSVS F -  -
CII  10 9 :  V A D L A L S E H H A QE LAA G DAVDVAQDTHETD S Q IABVTDPL S VS P -  -
Tbb 7 9 s  L H I Q Q Q H R D H E BA RASARAGAPQQAH -AG P LHHPPGP 
Ldd 6 3 :  H Q A H R Q Q H E H E QA QHSQQQQAAAAQ3RQHLGMAGPQQQQFHAQ QQASHHNAAHKSQGH 

13 8 8 
14 3 3 
14 5 5 
136 6 
14 7 7 
156 6 
15 6 6 
156 6 
115 5 
12 2 2 

SCC 13 9 :  NSEKAWQRG STTA S 8RFQYPNTHHHNYAYASMNSLSQSRLQ 
Caa 14 4 s  RPGQFG-PRLGOYRPMHGHSHAYQSQPQQQQ QQQHN 
Ppp 14 6 :  H Q H P I L S V P G V R A G I TG GGRLKGGSHMNRAAQMSQQNPAQAOTS 
Hpp 13 7 :  V S Q V R H R S H G H A P R L H L R P F S S A H Q P I Q A S S M TH - -SVHQE D 
Yll  14 8 :  PGPHQGG MGMGGMPMYGMARPMYSG -  MSANMAPQFQPQQAHARVV 
Haa 15 7 !  -  ARHA 
Hoo 15 7 :  -  ARHA 
CII  15 7 !  -  ARHA 
Tbb 11 6 :  MMMAGGMAPHMHAGGFMHGGMPQKMPCAPMGMKHGMAPVATHSPATTNTVSGAREGATAV 
Ldd 12 3 :  MAANMGLGMMMPRTQYQP-  -  LPKL S ALQP K QQQPLAHLAPAAQ 

17 9 9 
17B B 
189 9 
17 6 6 
19 1 1 
16 0 0 
16 0 0 
16 0 0 
17 5 5 
163 3 

So o 
Ca a 
PP P 
Hp p 
Y l l 
Ha a 
Hm m 
CI I 
Tb b 
L d d 

repeatt  3 
Pexl3p p 

18 0 0 
17 9 9 
19 0 0 
17 7 7 
19 2 2 
16 1 1 
16 1 1 
16 1 1 
17 6 6 
16 4 4 

repeatt  4 
S P A F H H Q Q Q S G R S K E G V H E Q B Q Q P Q T D Q Q 

- Q B P Q V D JJ BK Q 
- -- - B Q S B T O S E DQ 

T S Q Q V D J E Q Q Q 
- -- - E L D E 0 N Ü E E O 

BEYLBQSBBKLHLGBPEG-TATDR EE Y D B 
E E Y L E Q S E E K L H L G C Q E G F S T A D R L .. YDE 
E E Y L E Q S E E K L W L G E P E G S S T T D R TT YD D 

RL,, Yl 
Ker n n 

SSAAPQVVDLOGDSAHAEKLHQAS gg QQD 
DSAWADQLSaQOÜ Ü 

KLL  XEVSBNLD 
',EI',EI  JILTHEAE B 
IDIpSMLHSBT Q Q 
lEMJEMEEHEE A A 
QHDSAVGKGKE E 
:PBTDLQHTASD D 
PEE BLQHTASD 

:P EE DLSHTASD 
'.DVCTHTVEOST T 

r ; ; ; STDQSQV'lTFSAPGHE E 

INDEIEKE E E 
VEEIQRE E 

- -EPXT X X 
-TAAHQQP P 
-VEBQTAB B 

FVAKVDDPK K 
FVSKVNDPK K 
FVSKVDDPX X 
- -AQTVBB H H 

DKTVEER R 

NVSEVEQNKP P 
QSPEIVVD---

AEEE TVS -
TATATST7TB B 
LAHSBFLB7V V 
LAHSBFLXFV V 
LANSEFLKFV V 
AKTSKFYEFH H 
IKDSEFYKFK K 

23 9 9 
21 6 6 
21 7 7 
21 2 2 
23 1 1 
21 9 9 
22 0 0 
22 0 0 
233 3 
20 9 9 

insert t 
11 repeat 6 

repeat55 4 » 
Scc  24 0 :  E T V E X E B O V YG D  :  25 1 
Caa 21 7 s  - -  D  1  21 7 
Ppp 21 8 :  -  -  -  Q  1  21 8 
Hpp 21 3 :  -  -  -- A t  21 3 
Yll  23 2 s  T B T T T E D B PH -  D  1  24 2 
Haa 22 0 :  RQIGEGQVSLESGAGSGRAQAEQWAAEFIOQQGTSDAKVDQFTRPVN-TSALDMEFERAK i  27 8 
Hoo 22 1 :  RQIGBGQVSLESAAGSGGAQAEOWAAEFIOQQGTSEAWVDQFTRPGNKIAALQVEFERAK !  28 0 
CII  22 1 :  RQIGBQ0VSLE8AAGSGRAQAEgWAAEFIQQQQTSEAWVDQFTRSQN-TSALDVEFERAK ,  27 9 
Tbb 23 4 I  D X I R K K E L L V D E D S G-  -  -  EVVQGPGPDPCVEADTEYLARLAAH !  27 3 
Ldd 21 0 :  D Q V X H K B V L X D B B KO -  BLVQGPGPB VOVPBDAB YLRHHABH :  24 9 

Sc c 
Ca a 
Pp p 
Hp p 
Yl l 
Ha a 
Ho o 
CI I 
Tb b 
Ld d 

25 2 2 
21 8 8 
21 9 9 
21 4 4 
243 3 
27 9 9 
28 1 1 
28 0 0 
27 4 4 
25 0 0 

P o x lpp repeat 7 
44  4 —

Q Y Q 8 D F Q E V 3 D 8 R H K D A E B T L P S S L V H D D LHH LG ] 
KYQATFQBVV D S HSESFENDFI  QQYEDFKRTQXDGFPADKHQ E K 
QEQHTFBQVV 'J D QVSYADVELT DQFQ A Q B K 
Q E S A - F D Q V DHH QETYADHHLS DEF Q A Q 
IKNHDFENII  K N QVNVLDH HDEHLSBTHSPA^JSR* 
SA IBSDVDFaDKaOABLBUIA IR jABAHP--  -
SAIESDVDF3DK3QAELEIHAIR"*ABAHP--  -  JjLS i 
SAI EE QAELEEHAKK AEAHP JjLS ; 
EGÏNVPPSVMDHH QGQDGVQRGT EDMEGMMGDDVYDPSADVEQ AQEJ 
EGLHHPESVV 1QBPPPASAHTSPE GDPDAYV -  KEHDHAAND VE D AQE| 

KYLGGRVNG--  :  29 7 
KYASTRA A 
Q T A B G B L— — 
KYAQTRL L 
BTTHHBP P 
DLTSATYDXG G 
DLTSASYDKG G 
DLTSASYDKG G 
QHQAHQB B 
BHQBRLQ Q 

27 4 4 
26 1 1 
25 5 5 
28 7 7 
32 3 3 
32 5 5 
31 6 6 
33 0 0 
30 5 5 

Scc  29 8 
Caa 27 5 
Ppp 26 2 
Hpp 25 6 
Yll  28 8 
Haa 32 4 
Hoo 32 6 
CII  31 7 
Tbb 33 1 
Ldd 30 6 

RLQNNTDlJI I 
KTTHSTDQI I 

BH- -HEYF N N 
KQSNQFLDLPK--
K - -NQFR N N 
H- -NQFRN N 
H- -NQFME E 
ENPLRD D 
EHPLRD D 
ENPLRD D 
HHPYMY--
NNPYMF F 

31 1 1 
29 4 4 
276 6 
27 0 0 
30 2 2 
33 4 4 
33 6 6 
32 7 7 
34 8 8 
32 3 3 
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TPR1 1 TPR2 2 
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Ca a 
Pp p 
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Ld d 

31 2 2 
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27 7 7 
27 1 1 
30 3 3 
33 5 5 
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32 4 4 

NFKAQX I I 
DQDPÏÏ 5 

IT IT 
BE E 

SCC 37 2 :  B 
Caa 35 5 I  K 
Ppp 33 7 I  K 
Hpp 33 1 :  K 
Tll  3S 3 I  S 
Haa 39 4 i  R 
• aa 39 6 :  R 
CII  38 7 I  R 
Tbb 40 8 i  HARM 
Ldd 38 3 :  NARK 

L^FEAAA _ 
L^FEAAI Q Q 
L^FEAAVQ Q 

X ^ F E A A VB B 
ILJFEAAV Q Q 
"l.nFEAAV Q Q 

"FEAAV* * 

EKFDHVD D 
BHHTD D 

•PBHVD D 
'PGBVDl l 
TBHAB! ! 
 nmx. 

PXNHE E 
LTlQjjPBHHE 1 1 

CC KBPBREE 
CHKK  SSNEK 

TPR3 3 
** * 

Y D K AJJ  FA ] 

G Y D K A H YA A 
Y D K A F FA A 

O Y E K A P YA A 
SLQROCCE E 
SLflRQCC E E 
BLQRQrcE E 

NAKAJ?? L A 
RNADA3MD D 

1HSR1KQQ Q 
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VI .. Docking of the receptors 

PexSpp interacts with Pexl3p and Pexl4p 
Bindingg of Pex5p at the peroxisomal membrane takes place through interaction with 

thee peroxisomal membrane proteins Pexl3p (Elgersma et al, 1996a; Erdmann and 
Blobel,, 1996; Gould et al, 1996; Barnett et al, 2000; Bottger et al, 2000; Urquhart et 
al,al, 2000; Otera et al, 2002) and Pexl4p (Albertini et al, 1997; Brocard et al, 1997; 
Fransenn et al, 1998; Schliebs et al, 1999; Shimizu et al, 1999; Will et al, 1999; 
Urquhartt et al, 2000; Otera et al, 2002) (Figure 1). 

Pexl4pp is a peroxisomal membrane protein that is required for the import into 
peroxisomess of both PTS1 and PTS2 proteins. It is tightly associated with the 
peroxisomall  membrane either as an integral membrane protein (Brocard et al, 1997; 
Shimizuu et al, 1999; Will et al, 1999) or as a peripheral membrane protein (Albertini 
etet al, 1997). The topology of the protein in the peroxisomal membrane is still 
controversial,, since different results were reported regarding the localization of its 
aminoo terminus: it has been found to be exposed to the cytosol (Brocard et al, 1997; 
Shimizuu et al, 1999) and located inside peroxisomes (Will et al, 1999). 

PexHpp does not only interact with Pexl3p but can also bind directly to Pex5p 
(Fransenn et al, 1998; Bottger et al, 2000; Otera et al, 2000; Urquhart et al, 2000) 
andd Pex7p (Shimizu et al, 1999; Otera et al, 2000). When the sites in Pexl4p and 
Pex5pp that are involved in the Pexl4p-Pex5p interaction were determined, the amino-
terminall  78 amino acids of human Pexl4p were found to bind to the amino-terminal 
halff  of Pex5p with a very high affinity (Schliebs et al, 1999). Multiple binding sites 
forr Pexl4p were shown to be present in the amino terminus of Pex5p and a detailed 
analysiss showed that the pentapeptide W-x-x-x-F/Y repeats were involved in binding 
Pexl4pp in mammals and in plants (Saidowsky et al, 2001; Nito et al, 2002; Otera et 
al,al, 2002). Multiples of these pentapeptide W-x-x-x-F/Y repeats were detected in the 
aminoo terminus of Pex5p and the number varied depending on the organism (Figure 
5).. Two repeats were found in S. cerevisiae Pex5p, four in P. pastoris Pex5p, seven in 
thee long form of mammalian Pex5p, and even nine in higher plants such as 
watermelonn and A. thaliana. The overall sequence conservation in the amino-terminal 
halff  of Pex5p is low compared to the carboxyl-terminal half, which contains seven 
TPRR motifs, but some of the few conserved residues in the amino-terminal part are 
partt of the pentapeptide W-x-x-x-F/Y repeats. 

Thee affinity for binding Pexl4p differs for each individual W-x-x-x-F/Y repeat, as 
wass shown for human Pex5p (Saidowsky et al, 2001). It is not known whether in 
yeastt these repeats are also involved in binding Pexl4p. For example, a mutation of 
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Figuree 6. Domain organization of S. cerevisiae Pex5p and Homo sapiens Pex5p. 
Indicatedd are the regions mediating the interactions with A) Pexl3-SH3, Poxlp, and PTS1 in yeast, B) 
Pexl3p,, Pex7p, and PTS1 in human. Gray boxes are the TPR motifs and black boxes are the W-X-X-X-F/Y 
repeats. . 

thee conserved tryptophan (W204A) in the second pentapeptide repeat in S. cerevisiae 
Pex5pp did not affect the interaction with Pexl4p (Bottger et al, 2000). Similar results 
weree found for the conserved tryptophan (W120A) in the first pentapeptide repeat and 
forr the double mutant (W120A, W204A) (G. Bottger, personal communication). 
However,, mutating the conserved tryptophan 261, which is not part of a W-x-x-x-F/Y 
repeat,, did result in a loss of Pexl4p interaction (Klein et al., 2002). This loss of 
interactionn is probably caused by misfolding of Pex5p and further research should 
determinee whether or not the region surrounding W261 is involved in binding Pexl4p 
inn S. cerevisiae. 

Pexl3pp is a peroxisomal membrane protein with two membrane-spanning domains. 
Thee amino terminus and the carboxyl terminus, which contains a Src homology 3 
(SH3)) domain, are both located in the cytosol. SH3 domains are found in a wide 
varietyy of proteins involved in many different processes ranging from signal 
transductionn to regulation of cytoskeleton assembly. These domains consist of 60-70 
aminoo acids and have a high sequence similarity. They adopt similar folds: two 
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antiparallell  P-sheets and three variable loops, named RT loop, n-Src loop and distal 
loopp (Figure 8A) (for review see Mayer and Eck, 1995). The ligands of SH3 domains 
containn a conserved proline-rich sequence, which forms a polyproline type II (PP-II) 
helix.. The core element of this PP-II helix is the P-x-x-P sequence (in which x can be 
anyy amino acid). Different classes of ligands can bind to SH3 domains: class I ligands 
withh the consensus sequence R-x-x-P-x-x-P, and class II ligands with the consensus 
sequencee P-x-x-P-x-R (Ren et al., 1993; Feng et al, 1994; Lim et al, 1994; Mayer and 
Eck,, 1995). The SH3 domain forms a relatively flat, hydrophobic ligand-binding 
surfacee that is located between the RT and n-Src loops (Figure 8B) (Weng et al, 1995; 
Aroldd et al., 1998). Three shallow pockets are present for binding the ligand, two of 
whichh are occupied by the conserved prolines of the P-x-x-P motif and the third is the 
'(acidic)) specificity pocket' formed by residues from the RT and n-Src loops. This 
pockett interacts with a basic residue located either amino- or carboxyl-terminally of 
thee P-x-x-P sequence. Residues in the variable RT and n-Src loops of the SH3 domain 
contributee to ligand recognition and specificity of binding by interacting with residues 
locatedd outside the P-x-x-P motif of the ligand (Feng et al., 1995; Lee et al., 1995; Wu 
etal,etal, 1995; Lee et al, 1996). 

HsPex5pp 209 g ANgEafCFfl QfjOE Qfl fflESGAGSG 
ScPex l8pp 226 H p S j K ^ G r g GS n SDgsP Vg KKgjNGTE 
ScPex21pp 230 >2 SE j K S j ] 5 3 W i S S! y D f i S K K ! * ! a D G N 

YlPex20pp 276 3 ï ï K ^ E N 2 E R U O M H B S 3 3D G I p C L V H 

Figuree 7. Sequence alignment of a conserved region that is present in ffsPex5p, ScPexl8p, ScPex21p, 
andd F7Pex20p. 
Thiss region is possibly involved in the interaction with Pex7p. A line above the sequence marks the region 
inn human Pex5p that is encoded by the extra exon. The serine 214 position in mammalian Pex5p is indicated 
byy an asterisk. A mutation to phenylalanine at this position (S214F) disrupts the interaction with Pex7p. 

Thee SH3 domain of Pexl3p interacts with PexHp (Brocard et al., 1997; Girzalsky 
etet al., 1999). This interaction is direct (Fransen et al, 1998; Barnett et al, 2000; 
Bottgerr et al, 2000; Urquhart et al, 2000) and involves a class II P-x-x-P motif 
(PPTLPHRDW)) in Pexl4p, as was shown for S. cerevisiae (Girzalsky et al., 1999). In 
severall  yeast species the SH3 domain of Pexl3p was shown not only to bind Pexl4p, 
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A A 
RT-loop p 

Figuree 8. Structur e of the SH3 domain of mouse c-CRK in complex with a proline-rich peptide (PDB 
ID::  1CKA) 
Thee SH3 domain is shown in gray and the class II peptide (sequence: P-P-P-A-L-P-P-K-K) in black 

A)) Indicated are the p-strands (large arrows in structure), the RT-loop, n-Src loop, and distal loop. 

B)) Molecular surface representation of the SH3 domain. The binding surface for the class II peptide, which 
iss located between the RT- and the n-Src loops, is shown. Only the residues P-A-L-P-P-K of the peptide are 
shown. . 
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butt also to interact directly with Pex5p (Elgersma et al, 1996a; Erdmann and Blobel, 
1996;; Bamett et al, 2000; Bottger et al, 2000; Urquhart et al, 2000). The interacting 
domainn of Pex5p comprises amino acids 203-227 in S. cerevisiae (Figure 5) (Barnett 
etet al, 2000; Bottger et al, 2000) and amino acids 100-213 in P. pastoris (Urquhart et 
al,al, 2000). However, this interaction does not involve a P-x-x-P sequence; instead, one 
off  the W-x-x-x-F/Y motifs of S. cerevisiae Pex5p was shown to be involved (Barnett 
etet al, 2000; Bottger et al, 2000). Binding of Pex5p to the SH3 domain of Pexl3p does 
nott occur at the PP-II binding face but at a novel interaction site (Barnett et al,, 2000). 
Pex5pp and Pexl4p can simultaneously bind to Pexl3p-SH3 and there is no 
competitionn between these two proteins for binding to Pexl3p-SH3. The presence of 
separatee binding sites for the two ligands was underscored by the differential effect of 
mutationss in Pexl3-SH3 on the interaction with Pexl4p and Pex5p. S. cerevisiae 
Pexl3p(E320K)) and Pex 13p(W349A) were disturbed in the interaction with Pexl4p, 
whereass Pex5p could still bind (Barnett et al, 2000; Bottger et al, 2000). The 
existencee of two functionally and structurally independent binding sites on the SH3 
domainn of Pexl3p was confirmed by using X-ray crystallography and NMR 
spectroscopyy (Douangamath et al, 2002). Also in Pexl3p-SH3 of P. pastoris, 
mutationss with a differential effect on the Pex5p and Pexl4p interaction were isolated, 
confirmingg the presence of different binding sites (Urquhart et al, 2000). However, 
thesee binding sites might partially overlap in P. pastoris since the E318K mutation in 
thee n-Src loop abolished binding to both Pex5p and Pexl4p (Urquhart et al, 2000). 

Theree is a significant difference in the Pexl3p-Pex5p interaction between mammals 
andd yeast. Although the interaction between mammalian Pexl3p and Pex5p is direct, it 
doess not involve the carboxyl-terminal SH3 domain of Pexl3p. Instead, the amino-
terminall  region of Pexl3p, upstream of the first transmembrane domain, interacts with 
Pex5pp in mammals (Otera et al, 2002). Mutational analysis indicated that it is most 
likelyy that the W-x-x-x-F/Y motifs 2 to 4 of Pex5p mediate this interaction with 
Pexl3pp (Otera et al, 2002). The exact interaction site on Pexl3p has not been mapped 
yet. . 

Pex7pp interacts with Pexl3p and Pexl4p 
Pexl4pp is not only essential for the import of PTS1 proteins but also for the import of 
PTS22 proteins (Figure 1) (Albertini et al, 1997; Shimizu et al, 1999; Will et al, 
1999).. Pex7p interacts with Pexl4p in yeast and mammals, and this interaction proved 
too be direct (Albertini et al, 1997; Girzalsky et al, 1999; Shimizu et al, 1999; Otera 
etet al, 2000; Stein et al, 2002). It is, however, still unclear which domains mediate this 
interaction.. In yeast and mammals it was also shown that there is a direct interaction 
betweenn Pex7p and Pexl3p (Girzalsky et al, 1999; Otera et al, 2002; Stein et al, 
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2002).. The amino terminus of Pexl3p, upstream of the first transmembrane domain, 
mediatess this interaction. This is the same region that is also involved in the interaction 
withh Pex5p in mammals. 

Mechanismm of receptor  docking 
Sincee both import receptors interact with Pexl3p and Pexl4p, it is likely that these 
proteinss form the point where the PTS1 and PTS2 import pathways for peroxisomal 
matrixx proteins converge (Figure 1). However, despite the many interaction data and 
geneticc experiments with Pexl3p and Pexl4p, the exact function of these proteins has 
nott been elucidated yet. Two observations suggest that Pexl4p is the initial and main 
sitee of docking of the PTS1-receptor Pex5p. First, Pex5p was shown to be mainly 
locatedd in the cytosol of CHO cells by immunofluorescence microscopy and 
subcellularr fractionation experiments (Otera et al, 2000). Overexpression of Pexl4p 
inn these cells resulted in accumulation of Pex5p on peroxisomes and an import defect 
off  PTS1 and PTS2 proteins. These effects were not seen when Pexl3p was 
overexpressed.. In contrast, in the absence of functional Pexl3p accumulation of Pex5p 
onn peroxisomal remnants was observed. 

Second,, experiments in which the localization of GFP-tagged Pex5p (GFP-Pex5p) 
wass studied in different S. cerevisiae pex-deletion strains showed that in wild-type 
cellss and in pexl3A cells GFP-Pex5p was targeted to peroxisomes. Only in pex!4A 

andd pexl7A cells was GFP-Pex5p completely mislocalized to the cytosol. 
Furthermore,, by using an inducible promoter to regulate the expression of Pexl4p, it 
wass shown that GFP-Pex5p redistributed to peroxisomes inpexNA cells upon PexHp 
expressionn (Bottger, 2001). 

Evenn though these results obtained in vivo are based on steady-state observations, 
theyy suggest that Pexl4p is the site where the initial docking of Pex5p on the 
peroxisomall  membrane takes place. Pexl3p might be involved in a subsequent step 
involvingg the release of Pex5p from the peroxisomal membrane after PTS1 cargo has 
beenn imported (Otera et al, 2000). This model is supported by in vitro binding 
experimentss with PTS1-loaded or unloaded mammalian Pex5p (Otera et al, 2002): 
PexHpp bound to PTS1-loaded Pex5p, while Pexl3p only bound to unloaded Pex5p. 
Similarr observations were made in P. pastoris (Urquhart et al, 2000). Loading of 
Pex5pp with a PTS1 peptide had opposite effects on the interaction with Pexl3p and 
Pexl4p:: binding of Pex5p to PexHp was enhanced, while interaction of Pex5p with 
Pexl3pp was decreased. The results discussed above indicate that Pexl4p forms the 
dockingg site on the peroxisomal membrane for Pex5p carrying PTS1 cargo. The next 
importantt step would be to reconstitute and study these reactions in vitro, but despite 
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somee claims (Small and Lazarow, 1987; Gao et al, 1996) such an in vitro protein-
importt system is generally not available. 

Thee early observations that a P. pas tor is pexl3A mutant was affected in the 
associationn of Pex5p with the peroxisomal membrane (Gould et al, 1996) led to a 
modell  in which Pexl3p functions as the initial docking factor for Pex5p. These results 
mightt also be explained by impaired association of Pexl4p with the peroxisomal 
membranee in the absence of functional Pexl3p, as was shown for S. cerevisiae 

(Girzalskyy et al, 1999). It is, however, not the direct interaction between Pexl3p and 
PexHpp that is necessary for the peroxisomal localization of Pexl4p, since mutations 
inn either the SH3 domain of Pexl3p or the P-x-x-P motif of Pexl4p that disrupted the 
interactionn between these two proteins did not affect the peroxisomal localization of 
Pexl4p.. Maybe Pexl4p is bound to the peroxisomal membrane by a protein complex 
consistingg of several components. Pexl3p might then be an essential factor for the 
formationn of this complex and when Pexl3p is absent the complex might disintegrate. 
Otherr proteins that are part of this complex, such as Pexl7p (see below), might be 
directlyy involved in binding Pexl4p to the peroxisomal membrane (Girzalsky et al, 

1999). . 
InIn vitro binding studies with purified mammalian Pex proteins further showed that the 
Pexl3p-Pexl4pp interaction was also affected by binding of Pex5p in a cargo-
dependentt manner. Binding of unloaded Pex5p to Pexl4p blocked the Pexl3p-Pexl4p 
interaction,, while this was not observed in the case of PTS1-loaded Pex5p (Otera et 
al,al, 2002). These findings led to a model for receptor docking in mammals, in which 
Pex5pp bound to a PTS1 protein first binds to the Pexl3p-Pexl4p complex via 
interactionn with Pexl4p. The PTS1 protein is released from Pex5p during translocation 
intoo the peroxisome, followed by dissociation of the Pexl3p-Pexl4p complex. The 
unloadedd Pex5p is transferred to Pexl3p and shuttles back to the cytosol (Otera et al, 
2002).. This model implies that Pexl3p and Pexl4p form functionally distinct 
subcomplexes,, which are both involved in the import process of peroxisomal matrix 
proteins.. Indeed, by isolating peroxisomes from rat liver, followed by solubilization 
withh a mild detergent, it was shown that different high-molecular-weight complexes 
existt in the peroxisomal membrane (Reguenga et al, 2001). Pexl4p proved to be part 
off  a complex together with Pex5p and the two peroxisomal membrane proteins Pex2p 
andd Pexl2p. Only a very small fraction of Pexl3p was associated with this complex, 
whichh might be caused by the experimental conditions used. Especially the type of 
detergentt that is used in these experiments can influence the results, as was shown by 
thee differences in composition of the high-molecular-weight complexes isolated from 
peroxisomess treated with Nonidet P-40 or digitonin (Reguenga et al, 2001). If Pexl3p 
iss only weakly associated with the Pexl4p-Pex5p-Pex2p-Pexl2p complex, it can 
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easilyy dissociate due to the treatment with detergent. Also a second high-molecular-
weightt complex was isolated from peroxisomes after detergent treatment (Reguenga et 
al,al, 2001). Pexl3p was shown to be the major component of this complex, which 
mightt be involved in the recycling of Pex5p from the peroxisome to the cytosol. The 
Pexl4p-Pex5p-Pex2p-Pexl2pp complex is most likely involved in the docking and 
translocationn of peroxisomal matrix proteins. An interesting question remaining to be 
solvedd is whether this Pex Dp-containing complex can associate and dissociate with 
thee Pexl4p-containing complex during the import cycle. 

InIn yeast, overexpression of either Pexl3p or PexHp resulted in impaired growth of 
S.S. cerevisiae in oleate-containing medium, i.e. circumstances under which 
peroxisomess are needed. Overexpression of both Pexl3p and Pexl4p did not inhibit 
growthh (Bottger et al, 2000). Since disrupting the Pexl3p-Pexl4p interaction by a 
mutationn in the SH3 domain of Pexl3p also resulted in impaired growth on oleic acid 
(Elgersmaa et al, 1996a; Girzalsky et al, 1999) it is most likely that PexBp and 
Pexl4pp form a well-defined pair in yeast (Bottger et al, 2000). For correct functioning 
itt is important that these two proteins and maybe also the different complexes of which 
theyy are part are present in the right stoichiometry. 

Otherr  peroxins involved in the import of peroxisomal matri x proteins 
Differentt (genetic) screens have identified 25 peroxins that are essential for 
peroxisomee biogenesis (Table I) (Sacksteder and Gould, 2000; Purdue and Lazarow, 
2001;; Smith et al, 2002; Tam and Rachubinski, 2002). Many of these peroxins are 
involvedd in the import of matrix proteins into peroxisomes, but most of them have not 
beenn studied as extensively as the import receptors Pex5p and Pex7p and the 
peroxisomall  membrane proteins Pexl3p and Pexl4p. Furthermore, the lack of a good 
inin vitro import system makes it difficult to dissect the different steps in peroxisomal 
proteinn import and to elucidate the role of individual peroxins. Therefore the exact 
functionn of these proteins is still not completely solved. 

Pexl7p::  another  component of the docking complex? 
Pexl7pp was identified in S. cerevisiae (Huhse et al, 1998) and P. pastoris (Snyder et 

al,al, 1999b). In S. cerevisiae, Pexl7p behaves as a peripheral membrane protein that is 
tightlyy bound to the outer face of the peroxisomal membrane, while in P. pastoris it is 
ass an integral membrane protein with the carboxyl terminus facing the cytosol. The 
aminoo acid identity between ScPexl7p and PpPexllp is very low, with the exception 
off  the carboxyl-terminal coiled-coil domains (Snyder et al, 1999b). Different models 
existt for the function of Pexl7p. In S. cerevisiae, Pexl7p is thought to be part of the 
dockingg complex for the protein import receptors Pex5p and Pex7p, and to interact 
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withh Pexl4p and Pex5p in the two-hybrid system. However, the Pexl7p-Pex5p 

interactionn was only detectable in the presence of Pexl4p and therefore can be 

consideredd to be an indirect interaction (Huhse et al, 1998). In S. cerevisiae pexl7A 

cells,, GFP-Pex5p was found only in the cytosol, which indicates that Pexl7p is 

importantt for the association of Pex5p with the peroxisomal membrane (Bottger, 

2001).. AS. cerevisiae pexl 7A mutant was found to be affected in the import of both 

PTS11 and PTS2 proteins, and morphologically detectable peroxisomes were lacking as 

determinedd by electron microscopy (Huhse et al, 1998). However, indirect 

immunofluorescencee microscopy on 5. cerevisiae pexl 7A cells showed that 

peroxisomall  membrane proteins were still present in peroxisomal ghosts (Huhse et al, 

1998;; Hettema et al, 2000). Also in P. pastoris, Pexl7p interacted with Pexl4p and 

thereforee appeared to be part of the docking complex for the import of peroxisomal 

matrixx proteins. However, different results were found for the import of peroxisomal 

membranee proteins in a P. pastoris pexl 7A mutant (Snyder et al, 1999b): a fraction of 

thee peroxisomal membrane proteins Pex3p and Pex22p was found in the cytosol 

insteadd of in peroxisomal remnants. This in turn resulted in a model in which 

PpPexllpPpPexllp is involved in the import of peroxisomal membrane proteins (Snyder et al, 

1999b).. A subsequent study in P. pastoris by another group could not confirm these 

findingss (Harper et al, 2002), they found that P. pastoris pexl7A. cells were able to 

importt peroxisomal membrane proteins. Together with the results obtained in S. 

cerevisiaecerevisiae this finding suggests that Pexl7p is only involved in the import of 

peroxisomall  matrix proteins and not in the import of peroxisomal membrane proteins. 

VII .. Translocation over  the peroxisomal membrane 

Thee RING finger  proteins: Pex2p, PexlOp and Pexl2p 
Threee peroxins belong to the family of RING zinc finger proteins, namely Pex2p, 
PexlOpp and Pexl2p, and they have been identified in different yeast species and 
mammals.. All three are integral peroxisomal membrane proteins and have a carboxyl-
terminall  RING finger domain located in the cytosol. PexlOp and Pexl2p interact with 
eachh other and both proteins can also directly bind the PTS1 receptor Pex5p. These 
interactionss are all mediated by the carboxyl-terminal parts of PexlOp and Pexl2p, 
containingg the RING domains (Chang et al, 1999b; Okumoto et al, 2000; Albertini et 

al,al, 2001). Cells deficient in pexl, pexlO or pexl2 are disturbed in the import of 
peroxisomall  matrix proteins, while the import of peroxisomal membrane proteins is 
nott affected (Kalish et al, 1995; Kalish et al, 1996; Waterham et al, 1996; Chang et 
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al,al, 1997; Chang and Gould, 1998; Warren et al, 1998; Chang et al, 1999a; Hettema 
etet al, 2000; Albertini et al, 2001). When fibroblasts from PBD patients deficient in 
pex2,pex2, pexlO or pexl2 were compared to normal fibroblasts, accumulation of Pex5p 
wass found at peroxisomes (Dodt and Gould, 1996; Chang et al, 1999b). This indicates 
thatt these RING finger proteins are not involved in receptor docking but in one of the 
subsequentt steps of protein import. 

Differentiall  permeabilization immunofluorescence experiments, in which only the 
plasmaa membrane is disrupted and the peroxisomal membrane is kept intact, showed 
thatt in fibroblasts deficient in pex2 and pexl2 the accumulation of Pex5p is on or near 
thee outer surface of the peroxisome. However, in one of the pexl2 mutant fibroblasts 
thee accumulated Pex5p could not be detected in differential permeabilization 
experiments.. This indicates that Pex5p was not accessible and probably was located in 
thee peroxisomal lumen (Dodt and Gould, 1996). Protease protection experiments on 
thee organellar pellet of these pexl2 mutant cells showed that they contained more 
protease-resistantt Pex5p than normal fibroblasts (Chang et al, 1999b). These findings 
ledd to a model in which Pex2p, PexlOp and Pexl2p are involved in the translocation of 
proteinss across the peroxisomal membrane (Figure 1). Evidence to support this model 
is,, however, still lacking. 

Pex8p,, an intra-peroxisomal peroxin 
Currentlyy Pex8p is the only identified peroxin with an intra-peroxisomal localization. 
PEX8PEX8 has been cloned in several yeast species but no mammalian homolog is known 
att the present time. The protein behaves as a peripheral membrane protein that is 
tightlyy associated with the peroxisomal membrane in P. pastoris (Liu et al, 1995), Y, 

lipolyticalipolytica (Smith et al, 1997) and S. cerevisiae (Rehling et al, 2000). In H. 
polymorpha,polymorpha, Pex8p was shown to be localized at the periphery of peroxisomes, 
betweenn the alcohol oxidase crystalloids and the peroxisomal membrane (Waterham et 

al,al, 1994). Pex8p interacts with the PTS1 receptor Pex5p (Rehling et al, 2000; Smith 
andd Rachubinski, 2001). This last finding might indicate that Pex5p enters 
peroxisomess during the import cycle or at least that Pex5p is exposed to the 
peroxisomall  lumen. However, it is important to realize that it has not been shown that 
thee Pex5p-Pex8p interaction really occurs inside peroxisomes. Each of the orthologs of 
Pex8pPex8p contains a PTS1 at the carboxyl terminus, although the consensus sequence 
varies.. The PTS1 is dispensable for the association of Pex8p with Pex5p, which 
suggestss that Pex8p contains an additional Pex5p binding site (Rehling et al, 2000). 
Furthermore,, Pex8pAPTSl is still targeted to peroxisomes and complements the pex8'A 

mutant.. In H. polymorpha, Pex8p also possesses a functional PTS2 in its amino 
terminuss (Waterham et al, 1994). Although not located at the amino terminus but 
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moree internally, also in 5cPex8p a PTS2 consensus sequence is present (Rehling et al, 

2000). . 
Pex8pp is required for the import of PTS1 and PTS2 proteins but even in the absence 

off  Pex8p in S. cerevisiae the PTS receptors could still bind to the peroxisomal docking 
complexx (Rehling et al, 2000). In the Y. lipolytica pex8A mutant, a much larger 
fractionn of Pex20p, which is necessary for peroxisomal targeting of the PTS2 protein 
thiolase,, is associated with peroxisomes than that of wild-type cells. The peroxisome-
associatedd Pex20p in pex8A cells was also protected from external proteases, which 
suggestss that Pex20p is imported into peroxisomes (Smith and Rachubinski, 2001). 
Forr those reasons, Pex8p is probably involved in a step of the import process 
followingg docking of the receptors. Since Pex8p contains both a PTS1 and a PTS2, it 
hass been suggested that it is involved in the dissociation of PTS 1 and PTS2 cargo from 
thee receptors Pex5p and Pex7p, respectively. However, biochemical evidence to 
supportt this model is still lacking. 

VIII .. Receptor  recycling: the role of Pexlp, Pex4p and 
Pex6p p 

Thee peroxins Pexlp and Pex6p are members of the large family of AAA proteins 
(ATPasess associated with a wide range of cellular activities) (Erdmann et al, 1991; 
Spongg and Subramani, 1993). The AAA domain consists of 220-230 amino acids and 
containss two motifs named Walker A and B, which bind and hydrolyse ATP, 
respectivelyy (Patel and Latterich, 1998; Vale, 2000). 

Pexlpp and Pex6p interact with each other in an ATP-dependent manner (Faber et al, 

1998;; Geisbrecht et al, 1998; Tamura et al, 1998; Kiel et al, 1999). In S. cerevisiae, 

Pex6pp also interacts with Pexl5p, an integral peroxisomal membrane protein 
(Elgersmaa et al, 1997; Stroobants, 2001), which interaction targets Pex6p to the 
peroxisomall  membrane. Pex6p contains two AAA domains and ATP binding to the 
firstt of these domains stimulates the binding of Pex6p to Pexl5p; binding of ATP to 
thee second AAA domain, followed by hydrolysis, stimulates the release of Pex6p from 
Pexl5pp (Stroobants, 2001). However, Pexl5p has only been identified in S. cerevisiae 

andd whether or not Pex6p is targeted to peroxisomes in other species in the same 
mannerr is unknown. Even more striking is that the subcellular localization of both 
Pexlpp and Pex6p seems to vary among different species. In S. cerevisiae, Pexóp is 
mainlyy located in the cytosol and a small amount is associated with peroxisomes 
(Stroobants,, 2001), whereas in humans, both Pexlp and Pex6p are cytosolic (Yahraus 
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etet al, 1996; Tamura et al, 1998). However, these results were obtained by 
overexpressingg Pexlp and Pex6p, which might have influenced the localization of 
thesee proteins. If only limited docking sites for Pexlp and Pex6p would be available 
onn the peroxisomal membrane, any extra Pexlp or Pex6p would automatically end up 
inn the cytosol. Indeed, in S. cerevisiae the presence of the docking factor Pexl5p 
seemss to be the limiting factor for association of Pex6p with the peroxisomal 
membrane,, since overexpression of Pexl5p resulted in increased membrane 
associationn of Pex6p (Stroobants, 2001). In rats and H. polymorpha, Pexlp and Pex6p 
aree associated with the peroxisomal membrane (Tsukamoto et al, 1995; Kiel et ah, 
1999),, but in P. pastoris and Y. lipolytica they seem to be associated with vesicles 
distinctt from mature peroxisomes (Faber et al, 1998; Titorenko et al, 2000; Titorenko 
andd Rachubinski, 2000). 

Variouss functions have been ascribed to Pexlp and Pex6p. Both proteins belong to 
thee AAA family of ATPases, of which several members are required for different 
membranee fusion processes (Patel and Larterich, 1998). Therefore it was suggested 
thatt Pexlp and Pex6p in P. pastoris and Y lipolytica might be involved in the fusion 
off  the small vesicles in which they are located, leading to the maturation of 
peroxisomess (Faber et al, 1998; Titorenko et al, 2000; Titorenko and Rachubinski, 
2000).. Another possibility is that Pexlp and Pex6p play a role in the import pathway 
off  peroxisomal matrix proteins, since Pexlp and Pex6p are the only peroxins known to 
bindd ATP and the import of matrix proteins into peroxisomes is ATP-dependent 
(Bellionn and Goodman, 1987; Imanaka et al, 1987; Wendland and Subramani, 1993; 
Dodtt and Gould, 1996). This second model is supported by a number of observations. 
First,, import of peroxisomal matrix proteins was affected in cells deficient 'mpexl and 
pex6,pex6, although residual levels were imported (Spong and Subramani, 1993; Heyman et 
al,al, 1994; Yahraus et al, 1996; Reuber et al, 1997; Kiel et al, 1999). Second, the 
presencee of Pexlp and Pex6p proved to be important for the stability of the PTS1 
receptorr Pex5p. In cells deficient inpexl and pex6 from both humans and P. pastoris, 
thee steady-state levels of Pex5p were reduced (Dodt and Gould, 1996; Yahraus et al, 
1996).. Finally, after an epistasis analysis in P. pastoris it was suggested that Pexlp 
andd Pex6p play a role in the import of peroxisomal matrix proteins. These proteins 
functionn in the terminal steps of this pathway, after Pex2p, PexlOp and Pexl2p, but 
beforee Pex4p and Pex22p (Figure 1) (Collins et al, 2000). 

Pex4pp belongs to the E2 family of ubiquitin-conjugating enzymes. Ubiquitination is 
ann important step in the proteasome-mediated degradation of proteins (for reviews see 
Hershkoo and Ciechanover, 1998; Pickart, 2001). Ubiquitin is conjugated to a substrate 
proteinn via a number of enzymatic steps. First, the ubiquitin-activating El enzyme 
activatess ubiquitin in an ATP-dependent manner. In the next step, ubiquitin is 
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transferredd to an ubiquitin-conjugating E2 enzyme, which binds the activated ubiquitin 
viaa a conserved active-site cysteine. In the final step, an E3 enzyme, a ubiquitin-
proteinn ligase, transfers ubiquitin from the E2 enzyme to the amino group of a lysine 
residuee of the substrate. If several (more than four) ubiquitin molecules are conjugated 
inn a chain to a protein, this wil l result in targeting to the proteasome, followed by 
degradation.. Addition of either one or several ubiquitin molecules is a way to regulate 
aa variety of cellular processes, such as for instance endocytosis (Hicke and Riezman, 
1996)) and sorting into multivesicular bodies (Katzmann et al, 2001). 

Pex4pp has been identified in S. cerevisiae, P. pastoris and H. polymorpha (Wiebel 
andd Kunau, 1992; Crane et al, 1994; van der Klei et al, 1998). In each of these yeast 
speciess the active-site cysteine is conserved; for iS"cPex4p and P/?Pex4p this cysteine 
wass shown to be essential for the function of the protein. Furthermore, ubiquitin was 
shownn to be conjugated to PpPe\4p (Crane et al, 1994). These findings indicate that 
Pex4pp does indeed function as an E2 ubiquitin-conjugating enzyme. The substrate that 
receivess the ubiquitin still has to be identified, although we have indications that 
Pex5pp is ubiquitinated (T. Voorn-Brouwer, unpublished results). It is not known 
whetherr one of the peroxins functions as an E3 enzyme. Many of the proteins with E3 
ligasee activity belong to the family of RING finger proteins (for review see Pickart, 
2001).. Since PexlOp and Pexl2p contain a RING domain and both proteins bind to 
Pex5p,, it is tempting to speculate about a possible involvement of these proteins in the 
ubiquitinationn of Pex5p. 

Pex4pp is a peripherally associated peroxisomal membrane protein, located at the 
cytosolicc face. The protein is probably kept at the peroxisomal membrane via 
interactionn with Pex22p, an integral peroxisomal membrane protein (Koller et al, 
1999).. Both Pex4p and Pex22p are involved in the import of peroxisomal matrix 
proteinss (Wiebel and Kunau, 1992; Crane et al, 1994; van der Klei et al, 1998; Koller 
etet al, 1999). Although residual amounts of PTS1-containing proteins can still be 
importedd in pex4-deficient cells, the major fraction is mislocalized to the cytosol in H. 
polymorphapolymorpha and P. pastoris (van der Klei et al, 1998; Collins et al, 2000). In H. 
polymorphapolymorpha this phenotype could be partially suppressed by overexpression of PEX5 
(vann der Klei et al, 1998). Due to accelerated turnover, steady-state levels of Pex5p 
weree severely reduced in P. pastoris pex4 or pex22-deficient cells. These Pex5p levels 
weree even lower than in pexl or /?ex<5-deficient cells (Collins et al, 2000). In S. 
cerevisiaecerevisiae pex^-deficient cells, Pex5p stability does not seem to be affected (T. Voorn-
Brouwerr and A.T.J. Klein, unpublished results). In the absence of Pex4p, the residual 
Pex5pp was associated with peroxisomes in H. polymorpha and P. pastoris (van der 
Kleii  et al, 1998; Collins et al, 2000). These observations made in/?ex4-deficient cells 
suggestt that Pex4p might be involved in the recycling of Pex5p from the peroxisomal 
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membranee to the cytosol. The exact mechanism is, however, still unclear. Pex4p might 
exertt this function in collaboration with the AAA proteins Pexlp and Pex6p, since it is 
knownn that certain members of this protein family are involved in dissociation of 
proteinn complexes (Neuwald et at, 1999). 

IX .. Concluding remarks 

Duringg the last 10-15 years, the combined efforts of many scientists have resulted in a 
greatt increase in our knowledge about peroxisomes. In different organisms, ranging 
fromm fungi to mammals, mutant cell lines disturbed in peroxisomal function have been 
isolated.. Complementation of the mutant phenotype has resulted in identification of 
manyy PEX genes and the proteins (peroxins) they encode that are essential for the 
correctt functioning of peroxisomes. Protein-interaction studies with these peroxins 
havee revealed the function of the various domains that are present in these proteins, 
andd have illustrated how they communicate with each other. However, many of these 
dataa remain largely descriptive without real mechanistic insight. This is in part due to 
thee lack of success in in vitro reconstitutions of the partial reactions that for instance 
occurr during the import process of peroxisomal matrix proteins. Although Pex5p and 
Pex7p,, the import receptors for peroxisomal matrix proteins, are among the best-
studiedd peroxins and much is known about their function, also here important 
questionss remain to be solved. For instance: where does the dissociation of the 
receptor-cargoo complex take place, is this inside the peroxisomal lumen (extended 
shuttle)) or at the peroxisomal membrane (simple shuttle)? Also the mechanism that 
ensuress the presence of peroxisomes in mother and daughter cells after cell division is 
stilll  a subject of debate: are peroxisomes derived from the ER or do they form from 
pre-existingg peroxisomes by growth and division? This second option is associated 
withh an additional question: what is the origin of the membrane lipids and how are 
theyy recruited? Trying to resolve these issues will be a major challenge for the coming 
years. . 

X.. Scope of this thesis 

Pex5pp plays a central role in the import of the majority of peroxisomal matrix proteins. 
Itt functions as the import receptor for PTS1 proteins by binding these proteins in the 
cytosoll  and directing them to the peroxisome. During this process, Pex5p interacts 
withh many different proteins. In the experiments described in this thesis the domain 

51 1 



ChapterChapter I 

organizationn of S. cerevisiae Pex5p was investigated by locating the different binding 
sitess that are present in this protein. We focussed on the interactions that take place 
duringg the first two steps of the import process, i.e. binding of Pex5p to peroxisomal 
matrixx proteins in the cytosol and docking of Pex5p on the peroxisomal membrane. 

Inn chapter 2 the interaction is described of Pex5p with the peroxisomal targeting 
signall  type I (PTS1), which is present in most peroxisomal matrix proteins. Many 
differentt studies already showed that the carboxyl-terminal TPR domain of Pex5p, 
consistingg of six or seven TPR motifs, mediates this interaction. However, this TPR 
domainn forms a large part of the protein and we were interested in determining the 
exactt binding site for PTS1 proteins. We therefore decided to use a combination of 
randomm and site-directed mutagenesis to isolate Pex5p mutants affected in the 
interactionn with PTS1 proteins. The position of these mutations in combination with a 
structurall  model we created for the TPR domain of Pex5p revealed that two clusters of 
threee TPR motifs bind to the PTS1. Remarkably, these two TPR clusters have different 
modess of interaction with the PTS1: TPR1-3 use the intra-repeat loops of TPR2 and 
TPR33 to contact the PTS1, while TPR5-7 use the general TPR groove formed by 
residuess in the a-helices A of TPR6 and TPR7. 

Thee details of the Pex5p-PTS1 interaction as found for S. cerevisiae and H. sapiens 

weree compared in chapter 3. In both species, similar residues in Pex5p proved to be 
involvedd in contacting the PTS1, which indicated that the mode of interaction is 
conserved. . 

Pex5pp functions as a multi-functional peroxisomal import receptor, since it not only 
directss proteins with a PTS1 to peroxisomes but also certain proteins that do not 
containn a PTS1. An example is S. cerevisiae acyl-CoA oxidase, a peroxisomal matrix 
proteinn without a PTS1 or PTS2. In chapter 4 we describe the targeting of acyl-CoA 
oxidasee to peroxisomes and show that this is dependent on Pex5p, but uses another 
bindingg site on Pex5p than PTS 1-containing proteins. Since there is a direct interaction 
betweenn Pex5p and acyl-CoA oxidase, the results in chapter 4 indicate that a third 
importt route (PTS3-route) into peroxisomes exists. 

Dockingg of Pex5p on the peroxisomal membrane involves interaction of Pex5p with 
twoo peroxisomal membrane proteins, Pexl3p and Pexl4p. The Src homology 3 (SH3) 
domainn of Pex 13p plays a central role in this process, since it interacts with Pex5p and 
Pexl4p.. This feature of the Pexl3p-SH3 domain makes it an exception in the SH3 
field,, since it was found that most SH3 domains have only one binding partner. We 
thereforee focussed on the Pexl3p-SH3 domain in order to locate the binding sites for 
Pex5pp and Pexl4p. Homology modeling was used to generate a structural model for 
thee SH3 domain of Pexl3p (chapter 5). The classical P-x-x-P binding pocket of 
Pexl3p-SH3,, located between the RT and n-Src loops, was used for binding of 
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Pexl4p,, which possesses a P-x-x-P motif. Since this motif is not present in Pex5p, we 
usedd a combination of random and site-directed mutagenesis to scan for residues in 
Pex5pp involved in the binding of Pexl3p-SH3. In this way we found that the binding 
sitee for Pexl3p-SH3 is formed by an a-helical region in the amino terminus of Pex5p 
(chapterr 5 and Bottger et ah, 2000). Several of the Pex5p mutants were subsequently 
usedused in a screen for suppressor mutants in the Pexl3p-SH3 domain and revealed the 
bindingg site for Pex5p on Pexl3p-SH3. This study showed that a site other than the 
Pexl4pp binding site is used for the interaction of Pexl3p-SH3 with Pex5p, and hence 
showedd the existence of a novel mode of SH3 interaction. Furthermore, Pex5p and 
Pexl4pp did not compete for binding to the Pexl3p-SH3 domain. 
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ChapterChapter 2 

Abstract t 

Wee have studied how Pex5p recognizes peroxisomal targeting signal type 1 (PTS1) 
containingg proteins. A randomly mutagenized pex5 library was screened in a two-
hybridd setup for mutations that disrupted the interaction with the PTS1 protein Mdh3p 
orr for suppressor mutations that could restore the interaction with Mdh3p containing a 
mutationn in its PTS1. All mutations localized in the tetratricopeptide repeat (TPR) 
domainn of Pex5p. The Pex5p TPR domain was modeled based on the crystal structure 
off  a related TPR protein. Mapping of the mutations on this structural model revealed 
thatt some of the loss-of-interaction mutations consisted of substitutions in a-helices of 
TPRss with bulky amino acids, probably resulting in local misfolding and thereby 
indirectlyy preventing binding of PTS1 proteins. The other loss-of-interaction 
mutationss and most suppressor mutations localized in short, exposed, intra-repeat 
loopss of TPR2, TPR3, and TPR6, which are predicted to mediate direct interaction 
withh PTS1 amino acids. Additional site-directed mutants at conserved positions in 
intra-repeatt loops underscored the importance of the loops of TPR2 and TPR3 for 
PTS11 interaction. Based on the mutational analysis and the structural model, we put 
forwardd a model as to how PTS1 proteins are selected by Pex5p. 
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Introductio n n 

Afterr synthesis in the cytosol, many proteins are sorted to the various organelles 
characteristicc of a eukaryotic cell. For the import of matrix proteins into the 
peroxisome,, two different pathways have been identified (for reviews, see Kunau, 
1998;; Hettema et al, 1999; Subramani et al, 2000). Most peroxisomal matrix proteins 
containn a peroxisomal targeting signal type 1 (PTS1) consisting of three amino acids 
att the extreme carboxyl terminus. A consensus sequence has been defined as 
(S/C/A)(K/R/H)(L/M)) (Gould et al, 1989; Swinkels et al, 1992). Only a few 
peroxisomall  proteins contain a peroxisomal targeting signal type 2 (PTS2). The 
consensuss sequence for PTS2 is (R/K)(L/V/I)X 5(H/Q)(L/A), and it is located in the N-
terminall  part of a protein (Swinkels et al, 1991; Gietl et al, 1994; Glover et al, 
1994). . 

Thee first step in the import process is the recognition of the targeting signal by the 
receptorr protein. PTS1 is recognized by Pex5p (p_eroxins-5 protein) (McCollum et al, 
1993;; Dodt et al, 1995; Fransen et al, 1995; Tabak et al, 1995; Wiemer et al, 1995), 
andd PTS2 by Pex7p (Marzioch et al, 1994; Zhang and Lazarow, 1995). After binding 
PTS1-containingg proteins in the cytosol, the Pex5p-cargo complex docks at the 
peroxisomall  membrane. Several proteins are thought to be part of the docking 
complex,, e.g. the integral peroxisomal membrane protein Pexl3p (Elgersma et al, 
1996a;; Erdmann and Blobel, 1996; Gould et al, 1996; Barnett et al, 2000; Bottger et 
al,al, 2000) and the two peroxisomal membrane-associated proteins Pexl4p (Albertini 
etet al, 1997; Brocard et al, 1997; Fransen et al, 1998; Girzalsky et al, 1999; Schliebs 
etet al, 1999) and Pexl7p (Huhse et al, 1998). Not much is known about the actual 
translocationn step across the peroxisomal membrane. 

Deletionn studies have shown that the seven (or eight, depending on the organism) 
tetratricopeptidee repeats (TPR) in the C-terminal part of Pex5p are important and also 
sufficientt for the binding of PTS1 proteins (Brocard et al, 1994; Terlecky et al, 
1995).. To investigate in more detail how Pex5p binds PTS1-containing proteins, we 
havee now used a different approach. A library of pex5 mutants was created by random 
mutagenesiss of Saccharomyces cerevisiae PEX5. The yeast two-hybrid system was 
usedd to select pex5 mutants that had lost the capacity to bind the PTS1-containing 
proteinn Mdh3p (malate dehydrogenase-3 protein) from S. cerevisiae. In a separate 
screen,, pex5 mutants were selected that had gained interaction with a mutant PTS1 
proteinn (Mdh3-SEL). We also derived a structural model for the TPR motifs of Pex5p 
basedd on the crystal structure of the three TPR motifs in protein phosphatase-5 (PP5) 
(Dass et al, 1998). By relating the mutations found in Pex5p to this structural model, 
wee were able to explain why certain mutations affected the interaction with Mdh3p. 
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Onn the basis of orthologous sequence alignments, additional mutations were made in 
stronglyy conserved amino acids in Pex5p by site-directed mutagenesis. The selected 
mutants,, together with the structural model, allowed us to put forward a proposal as to 
howw PTS1-containing proteins are selected by Pex5p. 

Experimentall  Procedures 

Strainss and cultur e conditions. 

Thee yeast strains used in this study were S. cerevisiae BJ1991 {MATa, leu2, trpl, 

ura3-251,ura3-251, prbl-1122, pep4-3, gal2), BJ1991^ex5A (MATa, pex5::LEU2, leu2, trpl, 

ura3-251,ura3-251, prbl-1122, pep4-3, gal2), HF7c (MATa, ura3-52, his3-200, ade2-101, lys2-

80J,80J, trpl-901, leu2-3,112, gal4-542, gal80-538, LYS2::GALll]A< rGAllTATA-HlS3, 

URA3::GAL4URA3::GAL417mers(x3)17mers(x3)-CyCl-CyClTATATATA-lacZ),-lacZ), PCY2 (MATa, AgaU, Agal80, URA3::GAL1-

lacZ,lacZ, \ys2-801, his3-A200, trpl-A63, leu2, ade2-101). The Escherichia coli strain 

DH5aa (recA, hsdR, supE, endA, gyrA96, thi-1, relAl, lacZ) was used for all 

transformationss and plasmid isolations. Yeast transformations were carried out as 

describedd (Gietz et al, 1992). Transformants were selected and grown on minimal 

mediumm containing, 0.67% yeast nitrogen base without amino acids (Difco), 2% 

glucose,, and amino acids as needed. 

Cloningg procedures. 
Standardd techniques for DNA manipulations were used (Sambrook et al, 1989). The 
constructt pANl was made by cloning the complete open reading frame of PEX5 
betweenn EcoRl and Hindlll in the multiple cloning site of pUC19. Some restriction 
sitess in the multiple cloning site were deleted, and some additional sites were 
introduced:: EcoRl and BamUl at the 5'-end of PEX5 and Pstl, Sphl, Spel, Sphl and 
HindlllHindlll  at the 3'-end of PEX5. Two additional restriction sites were introduced in 
PEX5PEX5 by silent mutations: a Xbal site at position 1140 by mutating the codon for 
leucinee 381 from CTG to CTA, and a Sail site at position 1356 by mutating the codon 
forr leucine 452 from TTA to TTG and the codon for serine 453 from AGC to TCG. 
Thee plasmid encoding the Gal4 activation domain fusion with PEX5 (pAN4) was 
constructedd by cloning PEX5 from pAN 1 EcoRl-Spel in the two-hybrid vector pPC86 
(Chevrayy and Nathans, 1992). The plasmid encoding the Gal4 DNA-binding domain 
fusionn with GFP-SKL (pAN25) was constructed by PCR on GFP containing the S65T 
mutationn with primers p330 and p331. The PCR product was cloned into EcoRl-Pstl 
inn pANl, resulting in pAN21. Subsequently, the two complementary oligonucleotides 
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p3322 and p333 were ligated between the Pstl and Spel sites of pAN21, resulting in 
pAN22.. The insert from pAN22 was cloned into SaR-Spel in the multiple cloning site 
off  the two-hybrid vector pPC97 (Chevray and Nathans, 1992). The amino acid 
sequencesequence of the extreme carboxyl terminus reads GMDELYLQGGGSKL. Gal4 DNA-
bindingg domain fusions with the Pexl3p SH3 domain (pGB17) and Pexl4p (pGB47) 
havee been described before (Bottger et al, 2000). pPR6/56 encodes a fusion protein of 
thee Gal4 DNA-binding domain with Pex8p (amino acids 19-589) (Rehling et al, 
2000).. pDBMDH3 was made by PCR on pEL102 (Elgersma et al, 1996b). The PCR 
productt was cloned into Sali-SpeX in the multiple cloning site of pPC97 (Chevray and 
Nathans,, 1992). pDBMDH3-SEL was made by PCR on pMDH3-SEL (Elgersma et 
al,al, 1996b). The PCR product was cloned into Sall-Spel in the multiple cloning site of 
pPC97.. The glutathione 5-transferase (GST)-Pex5p fusion protein (pGST-Pex5p) has 
beenn described before (Bottger et al, 2000). A GST fusion with the Pex5p-N393A 
mutantt was made by site-directed mutagenesis (see below). A maltose-binding protein 
(MBP)) fusion with Mdh3p (pAN60) was made by digestion of pEL102 with BamHl 
andd cloning the fragment into pMal-c2 (New England Biolabs Inc.). An MBP fusion 
withh MDH3ASKL (pAN56) was made by PCR on pEL102 with primers p325 and 
p326.. The PCR product was cloned into BamHI-Hindlll in pMal-c2. The 
oligonucleotidess used were p325 (AAGGATCCATGGTCAAAGTCGCAATTCTTG) 
p3266 (AAAAAGCTTCAAGAGTCTAGGATGAAACTCTTG), p330 (CGGAATTC-
TGTCGACTGGATCCATGAGTAAAGGAGAAGAACTTTTC),, p331 CCCAAGC-
TTGCATGCCTGCAGGTATAGTTCATCCATGCCATGTG),, p332 (GGGTGGTG-
GTTCCAAGCTATGA)) and p333 (CTAGTCATAGCTTGGAACCACCACCCTG-
CA). . 

Constructionn of the pexS mutant librarie s 
Thee PEX5 gene spanning 1839 base pairs was randomly mutagenized by error-prone 

PCR.. We used Taq DNA polymerase that lacks the 3' —> 5' proofreading activity 

(Eckertt and Kunkel, 1991). pAN 1 was used as a template under standard reaction 

conditionss (10 raM Tris-HCl (pH 7), 50 mM KC1; 1.5 mM MgCl2, 0.8 mM dNTPs, 

0.033 units/ul Taq polymerase) (Zhou et al, 1991) using the M13/pUC primers (6 

ng/ul)) 1224 and 1233 (New England Biolabs Inc.). 
Thee mutation frequency was determined by sequencing 23 randomly picked pex5 

clonesclones at 1.8 x 10"3 per nucleotide synthesized, resulting in 3.3 mutations per pex5 
clonee synthesized. The mutagenized pex5 was split into two parts using the Xbal site 
att position 1140. In this way, two sublibraries of pex5 mutants were made (see Fig. 1). 
Thee C-mutant pex5 library was made by replacing the 3'-Xbal-Pstl fragment of the 
wild-typee PEX5 sequence (nucleotides 1141-1839) in plasmid pANl with the 
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correspondingg mutagenized pex5 sequence. This mutagenized region of PEX5 
includess the motifs TPR3-7 (amino acids 381-612). The N-mutant pex5 library was 
madee from the same PCR product as the C-mutant pex5 library by replacing the 5'-
BamHl-XbalBamHl-Xbal fragment of the wild-type PEX5 region (nucleotides 1-1140) in plasmid 
pANll  with the corresponding mutagenized pex5 sequence. This includes the motifs 
TPR11 and TPR2. For screening in the two-hybrid system (Fields and Song, 1989), 
bothh libraries were subcloned in plasmid pPC86 (using EcoRl-Spel), leading to a 
fusionn of the pex5 mutants with the Gal4 transcription activation domain. For in vivo 
complementationn studies, both libraries were subcloned (BamHl-Pstl) behind the 
PEX5PEX5 promoter in plasmid pEL91. 

EcoRI I 
\HamHl \HamHl Xhal Xhal 

PEX5\PEX5\ i I i n r r 
Spel Spel 

122 3 4 5 6 7 
TPRR motifs 

EcoR] EcoR] 
\BamHl \BamHl 

Randomm mutagenesis 

Xhal Xhal Psil Psil 
Spel Spel 

EcoR] EcoR] 
\BamHl \BamHl Xhal Xhal 

11 2 
N-mutantpexSS library' 

Swapp sequences 

ii  i i i i  i r 
ft/i ft/i 

Spel Spel 

A'coRI I 
\BamHl \BamHl Xhal Xhal 

TL TL 
Psil Psil 
'' Spel 

33 4 5 6 7 
C-mutantpex55 library' 

Subclonee EcdBISpel in two-hybrid plasmid pPC86 
Subclonee BamHl-Pstl behind PEXS promoter in pEL91 

Z\Z\ Wild-type sequence Randomlyy mutated sequence 

Figur ee 1. Construction of the pexS mutant libraries . 

Thee Xbal restriction site was used to swap wild-type PEX5 sequences for randomly mutagenized pexS 

sequences. . 
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Two-hybri dd screen with the C-mutant and N-mutant pexS librarie s 
Yeastt strain HF7c expressing pDBMDH3 was transformed with the C-mutant pex5 

libraryy fused to the Gal4 transcription activation domain; 20,000 double transformants 
weree selected on 2% glucose/leu" trp" plates. These transformants were replica-plated 
ontoo 2% glucose/leu" trp" his" plates containing 25 mM 3-amino-l,2,4-triazole (3-AT) 
too test for the interaction between the PTS1 protein Mdh3p and the mutant pex5 

library.. About 300 transformants (1.5%) were selected that were not able to grow on 
platess without histidine. Total protein was isolated from 72 of the 300 transformants 
forr Western blotting, using anti-Pex5p antibodies; 28 of the 72 transformants 
expressedd a full-length Gal4 transcription activation domain-Pex5p fusion. The 28 
plasmidss coding for the full-length Pex5p were rescued and retransformed to HF7c for 
two-hybridd analysis. Nine of the 28 mutants displayed interaction with Mdh3p, 
indicatingg a first-round false-negative mutant. The remaining 19 clones were 
sequencedd to determine the sites of the mutations. Five mutants contained more than 
twoo amino acid substitutions and were not further analyzed. The N-mutant pex5 

libraryy was screened for loss of interaction with Mdh3p in the same way as described 
forr the C-mutant pex5 library. The percentage of mutants that could not grow was 
muchh larger for the N-mutant pex5 library than for the C-mutant pex5 library. Of the 
30000 transformants, 100 were not able to grow. However, only 8 of the 100 selected 
mutantss produced the full-length fusion protein, and from these mutants, the plasmid 
wass rescued. After retransformation, only one of these mutants (pex5.42) still showed 
noo interaction with Mdh3p. 

Suppressorr  analysis 
Yeastt strain HF7c expressing pDBMDH3-SEL was transformed with either the C-
mutantt pex5 library or the N-mutant pex5 library and in each case, 100,000 

transformantss were made and plated onto 2% glucose/leu" trp" his" plates containing 
255 mM 3-amino-l,2,4-triazole. Transformants that were able to grow on these plates 
andd thus contained pex5 mutants that had gained an interaction with Mdh3-SEL were 
selected.. One pex5 suppressor mutant (pex5.sup2) was isolated from the N-mutant 
pexSpexS library, and three pex5 suppressor mutants (pex5.supl, pex5.sup3 and 
pex5.sup21)pex5.sup21) were isolated from the C-mutant pex5 library. These mutants were 
sequencedd to determine the sites of the mutations. 

InIn  vitro binding assay 
Thee GST and MBP fusion proteins were expressed and isolated as described 

elsewheree (Barnett et al, 2000; Bottger et al, 2000). For the in vitro binding 

experiments,, 250 \i\ of cleared lysate containing the MBP fusion protein was first 
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boundd to an amylose resin column; and subsequently, the purified GST fusion protein 

(1000 (ig) was passed over the column. After washing, bound proteins were eluted with 

maltosee and analyzed by SDS-polyacrylamide gel electrophoresis. The fusion proteins 

usedd in these experiments were MBP-Mdh3p, MBP-Mdh3ASKL, GST-Pex5p and 

GST-Pex5p-N393A. . 

Modelingg of the Pex5p TPR domain 
Thee small amino acids at positions 8, 10, and 27 of the TPR motifs of Pex5p were 
alignedd with the small amino acids of the PP5 TPR motifs. By using this optimized 
alignment,, it was possible to model the Pex5p TPR domain based on the PP5 TPR 
crystall  structure (Das et ai, 1998). For the modeling procedure, the Pex5p TPR 
domainn region was split into two parts, TPR motifs 1-3 and TPR motifs 5-7, thus 
excludingg TPR4. Alignments and initial optimized template PP5 and model Pex5p 
overlayss were generated using the Swiss-PdbViewer /SWISS-MODEL interface 
(Guexx et al, 1999). Subsequent models were checked, refined, and energy-minimized 
usingg WHAT IF (Vriend, 1990) and the Biotech Validation Suite in combination with 
thee Swiss-PdbViewer. Models show backbone root mean square deviations from the 
PP55 template of 0.4-0.8 A. The final total energies were -4600 KJ/mol for TPR1-3 and 
-5900KJ/moll  for TPR 5-7. 

Site-directedd mutagenesis 
Site-directedd mutations were introduced by using the Quickchange site-directed 
mutagenesiss Kit (Stratagene) using pAN4 as a template. The oligonucleotides used 
weree N325A (GCTGCCTACTGATGGAAGCCGGAGCCAAATTGAGCG), N360A 
(GGTCTAGTACAAACCCAGGCTGAAAAAGAGTTGAACGGC),, E363A (CCCA-
GAATGAAAAAGCGTTGAACGGCATAAGCGC),, I389D (GAGGCAATGAAAA-
CTTTAGCGGACAGTTATATAAACGAAGG),, N393A (CTTTAGCGATAAGTTA-
TATAGCCGAAGGTTATGATATGAGCGCC),, N393G (CTTTAGCGATAAGTTA-
TATAGGCGAAGGTTATGATATGAGCGCC),, E394A (GCGATAAGTTATATA-
AACGCAGGTTATGATATGAGCGCC),, N503A (GGGGCTTCATTGGCCGCTTC-
CAATAGATCAGAGG),, S504A (GCTTCATTGGCCAATGCCAATAGATCAGA-
GGAAGC),, N505A (GGCTTCATTGGCCAATTCCGCTAGATCAGAGGAAGC), 
L531AA (GTTAGAGCTCGCTATAATGCGGCGGTATCATCCATGAATATAGGC), 
N537A(GGCGGTATCATCCATGGCTATAGGCTGTTTCAAAGAAGC). . 
Thee mutations that were introduced using these primers are underlined. For each 
primerr listed, also the complementary primer was used. 

(3-Galactosidasee activity was determined as described (Miller, 1972; 
Lametschwandtnere/a/.,, 1998). 
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Results s 

Isolationn of pexS mutants disturbed in PTS1 recognition 
Too investigate which parts of Pex5p are responsible for contacting PTS 1 -containing 
proteins,, mutations were introduced randomly into the S. cerevisiae PEX5 gene by 
PCRR amplification (see "Experimental Procedures"). For technical reasons, the mutant 
libraryy was divided into two halves (Fig. 1). The N-terminal part of the mutant library 
wass linked to the wild-type C-terminal part, and the C-terminal part of the mutant 
libraryy was linked to the wild-type N-terminal part. Both libraries were used for a 
yeastt two-hybrid interaction screen to select mutants that had lost the capacity to 
interactt with yeast Mdh3p, a PTS1 (SKL)-containing peroxisomal matrix protein (see 
"Experimentall  Procedures"). Each of the selected mutants was analysed by Western 
blottingg to determine whether full-length Pex5p was still produced at normal levels. 

Fromm the C-mutant pex5 library, 14 pex5 mutants were selected, whereas from the 
N-mutantt pex5 library, only one mutant (pex5.42) was selected that expressed full-
lengthh Pex5p (Table I). These numbers confirm previous results that the C-terminal 
TPRR domain is responsible for PTS1 recognition (Brocard et ah, 1994; Dodt et ah, 
1995;; Terlecky etah, 1995). 

Nonee of the mutations we found gave rise to a gross structural alteration or 
instabilityy of Pex5p since the two-hybrid interactions of these mutants with known 
partnerr peroxins such as Pex8p (Rehling et ah, 2000), Pexl3p (Elgersma et ah, 1996a; 
Erdmannn and Blobel, 1996; Gould et ah, 1996; Barnett et ah, 2000; Bottger et ah, 
2000),, and Pexl4p (Albertini et ah, 1997; Brocard et ah, 1997; Schliebs et ah, 1999) 
weree unaffected, and proteins were expressed at wild-type levels (data not shown). 
Thee pex5 mutants, when expressed in vivo under the control of the PEX5 promoter, 
weree unable to complement the oleate non-utilizer (omt) phenotype of a pex5A strain, 
indicatingg that they had also lost their function in vivo (data not shown). The sites of 
thee mutations in these pex5 mutants were determined, and we found that for every 
mutant,, there was at least one mutation located in a TPR motif (Table I). This 
indicatedd that these motifs are important for the interaction with PTS I proteins, i.e. in 
TPR2,, TPR3, and TPR5-7. No mutations were found in TPR1 and TPR4, suggesting 
thatt these motifs do not contribute to PTS1 interaction. One residue, asparagine 393 in 
TPR3,, was found to be mutated in five different clones (pex5.38, pex5.45, pex5.46, 
pex5.70,pex5.70, and pex5.97) suggesting an important role for this residue in PTS1 
recognition. . 
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Tablee I. pexS mutants that have lost the interaction with Mdh3p. 
Randomlyy mutagenized pex5 libraries were screened for pexS mutants that had lost the 
interactionn with the PTS1 protein Mdh3p in the two-hybrid system. The sites of the 
mutationss were determined by sequencing. For the underlined substitutions, it is 
indicatedd in which TPR motif the mutations are located. 

pex5pex5 mutant Substitution Location 

pex5.14 pex5.14 

pex5.30 pex5.30 

pex5.38 pex5.38 

pex5.42 pex5.42 

pex5.45 pex5.45 

pex5.46 pex5.46 

pex5.48 pex5.48 

pex5.64 pex5.64 

pexS.pexS. 70 

pex5.74 pex5.74 

pex5.79 pex5.79 

pex5.92 pex5.92 

pex5.97 pex5.97 

pex5.98 pex5.98 

L531P P 

L465P P 

N393D D 

S25L.. G354C 

N393D,, D565N 

N393Y Y 

L518P,Y529H H 

L465P,, N558D 

N393S S 

G498E E 

L404P P 

L404P,, R485K 

N393Y Y 

S504P,, R526G 

TPR7 7 

TPR5 TPR5 

TPR3 3 

TPR2 2 

TPR3 3 

TPR3 3 

TPR6, , 

TPR5 TPR5 

TPR3 3 

TPR6 6 

TPR3 3 

TPR3, , 

TPR3 3 

TPR6, , 

InIn  vitro binding studies 
Previouss studies of Pex5 proteins in different species have shown that the interaction 
betweenn Pex5p and PTS 1-containing proteins is direct (Fransen et al, 1995; Terlecky 
etet al, 1995; Wiemer et al, 1995). To determine if the interaction between S. 

cerevisiaecerevisiae Pex5p and Mdh3p is direct and dependent on PTS1, an in vitro binding 
assayy was carried out. The genes encoding Pex5p and Mdh3p were fused in frame to 
DNAA sequences encoding GST and MBP, respectively, and the chimeric genes were 
expressedd in E.coli. As a control, mutant Mdh3p lacking its PTS1 (Mdh3ASKL) was 
fusedd to MBP and expressed in E.coli. GST-Pex5p was purified on a glutathione-
Sepharosee column, and the purified fusion protein was tested for its ability to bind to a 
columnn with immobilized MBP-Mdh3p and MBP-Mdh3ASKL, respectively. Fig. 2 
showss that GST-Pex5p interacted with MBP-Mdh3p, but not with MBP-Mdh3ASKL. 
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Furthermore,, GST alone was not retained on the MBP-Mdh3p column (data not 
shown).. These data indicate that the interaction between Pex5p and Mdh3p is direct 
andd is dependent on the PTS1 of the latter protein. To determine whether asparagine 
393,, found to be mutated in five different clones, is also important for direct 
interactioninteraction with Mdh3p, an in vitro binding experiment was performed with the 
Pex5pN393DD mutant. GST-Pex5p-N393D did not interact with Mdh3p, because it was 
nott retained on a column with immobilized MBP-Mdh3p. These data underscore the 
importantt role of asparagine 393 in TPR.3 of Pex5p for PTS1 interaction. 

Figuree 2. In vitro binding experiments of 
Pex5pp and Mdh3p. Purified GST-Pex5p (100 
ug)) or GST-Pex5p-N393D (100 ug) was passed 
overr an amylose column loaded with 250 ul of 
clearedd lysate containing either MBP-Mdh3p or 
MBP-Mdh3ASKL.. After washing, the columns 
weree eluted with 20 mM maltose, and the proteins 
inn the elution fractions were separated by SDS-
polyacrylamidee gel electrophoresis and revealed 
byy staining with Coomassie blue WT, wild-type. 

Isolationn of pex5 suppressor  mutants 
Too identify additional residues in Pex5p involved in PTS 1 recognition, we carried out 
aa positive two-hybrid screen. Instead of screening for pex5 mutants that had lost the 
interactionn with a PTS1 protein, we screened for pex5 mutants that gained interaction 
withh the PTS1 mutant Mdh3-SEL. Four suppressor mutants were selected in this 
positivee two-hybrid screen (Table II). Remarkably, one mutant (pex5.sup2) contained 
aa glutamic acid-to-lysine substitution at position 361 in TPR2, a mutation that is 
exactlyy the opposite of the mutation introduced in the PTS1, i.e. lysine to glutamic 
acid.. This suppressor mutant specifically suppressed the PTS 1 mutation because it did 
nott interact with Mdh3p from which the PTS1 had been deleted (Mdh3ASKL). The 
otherr suppressor mutants still showed a weak, but detectable interaction with 
Mdh3ASKLL (see "Discussion"). It is noteworthy that all suppressors were still able to 
bindd to Mdh3p with a wild type PTS1 (Mdh3-SKL) indicating that the mutations had 
noo gross structural effects on the protein. 

Mdh3 3 Mdh33 Mdh3ASKL 

GST-Pex5 5 

MBP-Mdh3 3 
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Tablee \A.pex5 suppressor  mutants restore the interaction with a PTS1 mutant 
Two-hybridd interaction was measured in two-hybrid reporter strain HF7c by growth on glucose plates 
lackingg histidine and containing 25 mM 3-AT. (+, growth was observed after 4 days; -, no growth was 
observedd after 4 days; +*, when double-transformed cells were first grown on glucose plates containing 
histidinee and later were transferred to glucose plates lacking histidine (and containing 25 mM 3-AT), 
growthh was observed on these his" plates. When cells were directly plated after the transformation onto 
glucosee plates without histidine (and containing 25 mM 3-AT), no growth was detectable. 

Mutationn / Two-hybrid interaction 

locationn Mdh3-SEL Mdh3ASKL Mdh3-SKL 

PEX5PEX5 (wt) 

pexS.supl pexS.supl 

pex5.sup2 pex5.sup2 

pex5.sup3 pex5.sup3 

pex5.sup21 pex5.sup21 

S534LL / TPR7 

E361K/TPR2 2 

N503YY / TPR6 

N503DD / TPR6 

--

+ + 

+ + 

+ + 

+ + 

--

+* * 

--

+* * 

+* * 

+ + 

+ + 

+ + 

+ + 

+ + 

Modelingg of the Pex5p TPR domain 
Thee mutations that altered PTS1 binding were not clustered in a small region of Pex5p 
ass expected on the basis of the small PTS1 ligand comprising only three amino acids. 
Instead,, the mutations were distributed over the entire TPR domain and were present 
inn most TPR motifs, except TPR1 and TPR4 (Fig. 3 and Table I). To understand why 
thee mutations led to a loss of Mdh3p interaction, we used the known three-
dimensionall  structure of another TPR protein, PP5 (Das et al, 1998). The crystal 
structuree of PP5 shows that individual TPR motifs consist of two a-helices, a-helix A 
andd a-helix B, which are antiparallel. The small hydrophobic amino acids at position 
8,, 20, and 27 are important for packing these a-helices close together. Most of the 
TPRR motifs of Pex5p also contain these small hydrophobic amino acids such as 
glycinee and alanine at position 8, 20, and 27 (Fig. 3). A common feature in many TPR 
motifss is a proline at position 32. This proline at the end of a-helix B probably 
supportss a turn in the structure (Goebl and Yanagida, 1991) leading to an antiparallel 
arrangementt of a-helix A relative to the a-helix B of the previous TPR. Analyzing the 
primaryy amino acid sequence of the seven TPR motifs of Pex5p for these features 
indicatedd that TPR4 differed from the other six TPR motifs. The amino acid sequence 
thatt should form the fourth TPR motif should be 34 amino acids, instead of the 42 
aminoo acids found in between TPR3 and TPR5. In addition, there are no small amino 
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Figuree 3. Sequence alignment of Pex5p TPR motifs. 
Alignedd are TPR1-3 and TPR5-7 from 5. cerevisiae (Sc), H. polymorpha (Hp), P. pastoris (Pp), and H. 

sapienssapiens (Hs). The part of the TPR motif that forms an a-helix or a loop (based on PP5) is indicated by 
arrows.arrows. The stars mark the small amino acids at positions 8, 20, and 27 of a TPR motif. These amino acids 
weree aligned with the small amino acids of the TPR motifs of PP5. The hatched arrows indicate the 
positionss where mutations were found that affect the packing of the a-helices such that PTS 1 recognition is 
affectedd as a secondary effect. The black arrows indicate the positions involved in PTS 1 binding. The white 

arrowsarrows indicate the mutant position found in the suppressor screen with Mdh3-SEL. 
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acidss found at the positions 8, 20, and 27, and also proline 32 is not present. We 
suggestt therefore that TPR4 is not a true TPR motif, but may rather function as a 
flexiblee hinge that connects two clusters of three TPR motifs. This may explain how 
twoo TPR subdomains can interact with the small ligand. However, to avoid possible 
confusion,, we continued the numbering from TPR1 to TPR7. 

Itt was possible to model the Pex5p TPR domain based on the PP5 TPR crystal 
structuree by using an optimized alignment (see "Experimental Procedures"). Structural 
modelss were made of Pex5p TPR1-3 (Fig. 4, A and B) and Pex5p TPR5-7 (Fig. 4 C 
andd D). Relating the loss-of-interaction mutations to the derived structural model of 
Pex5pp allowed us to separate them into two groups as follows. 

Thee first group of mutants contains an amino acid substitution that probably results 
inn a small local change in the structure of a TPR domain. These mutations are located 
inn the cc-helix A or B, where they may interfere with correct packing of the a-helix in 
thee structure. This can arise by a small amino acid changing into a more bulky one. An 
examplee is the G354C mutation \npex5.42; this glycine is present at position 8 of the 
secondd TPR motif. Another example is the G498E mutation in pex5.74; here the small 
aminoo acid at position 8 of TPR6 is mutated. The same effect is probably achieved 
whenn certain amino acids are replaced by a proline. These mutations are also localized 
inn the a-helices of the TPRs. Mutants belonging to this group are pex5.14 (containing 
thee L531P mutation in the a-helix A of TPR7), pex5.48 (containing the L518P 
mutationn in the a-helix B of TPR6),pex5.30 (containing the L465P mutation in the a-
helixx A of TPR5), and pex5.79 (containing the L404P mutation in the a-helix B of 
TPR3).. The introduction of a proline will probably disturb the continuity of an a-
helix,, and this may lead to (local) misfolding of a TPR motif. To test this hypothesis, 
wee changed, by site-directed mutagenesis, the prolines in pex5.14, pex5.30, and 
pex5.79pex5.79 to alanines, a residue that is accepted in an a-helix. Two-hybrid analysis 
revealedd that in all cases, the alanine substitution restored PTS1 interaction (data not 
shown).. This indicated that the prolines at these positions give a disturbance of the 
TPRR structure and that the mutated residues (leucines in the a-helices of TPR3, TPR5 
andd TPR7) are not directly involved in binding of PTS1-containing proteins. 

Thee second group consists of mutants that contain an amino acid substitution 
locatedd in the small intra-repeat loop that connects a-helix A with a-helix B within a 
TPRR motif (Fig. 4A). Here, several mutants contain a substitution of the same residue 
inn the small loop of TPR3. Asparagine 393 was found to be mutated to aspartic acid 
(N393D)) in pex5.38 andpex5.45, to tyrosine (N393Y) in pex5.46 andpex5.97, and to 
serinee (N393S) in pex5.70. Unlike the a-helices these loops are somewhat projecting 
outwardss from the folded TPR structure (Fig. 4A). The loop of TPR3 might therefore 

78 8 

file:///npex5.42


MappingMapping of the PTS1-binding site on Pex5p 

bee a position for direct contact with PTS1. This is in line with the substitution of 
asparaginee 393 with alanine, which resulted in a loss of Mdh3p interaction in the two-
hybridd system (Table III) . Additional evidence that the intra-repeat loops are directly 
involvedd in PTS1 binding came from the screen for pex5 mutants that gained 
interactionn with the PTS1 mutant Mdh3-SEL (Table II). This screen identified 
glutamicc acid 361 in loop 2 as being directly involved in contacting the PTS1. 

Tablee III . Quantification of two-hybri d interactions for  Pex5p mutants made by site-directed 
mutagenesis s 
Two-hybridd interaction between the Pex5p mutants and either Mdh3p or GFP-SKL was quantitated in 

thee two-hybrid reporter strain PCY2 by measuring p-galactosidase activity. Indicated is the average of 

twoo independent measurements with the range in parentheses. ONPG, o-nitrophenyl fS-D-

galactopyranoside. . 

Pex5pp (wild-type) 

Pex5pPex5p (N325A) 

Pex5pPex5p (N360A) 

Pex5p(E361K) ) 

Pex5pPex5p (E363A) 

Pex5pp (I389D) 

Pex5pPex5p (N393Y) 

Pex5pp (N393A) 

Pex5pPex5p (N393D) 

Pex5pPex5p (E394A) 

Pex5pPex5p (N503A) 

Pex5pp (S504A) 

Pex5pp (N505A) 

Pex5pp (R526A) 

Pex5pp (N537A) 

Locationn of 
mutation n 

TPR11 (loop) 

TPR22 (loop) 

TPR22 (loop) 

TPR22 (loop) 

TPR33 (a-helix A) 

TPR33 (loop) 

TPR33 (loop) 

TPR33 (loop) 

TPR33 (loop) 

TPR66 (loop) 

TPR66 (loop) 

TPR66 (loop) 

TPR77 (a-helix A) 

TPR77 (loop) 

p-galactosidasee activity 

Interactionn with 
Mdh3p p 

544(531-558) ) 

640(569-711) ) 

574(551-598) ) 

2777 (275-278) 

127(106-148) ) 

<< 1 

<< 1 

<1 1 

<1 1 

4877 (465-508) 

886(819-953) ) 

8322 (825-838) 

5511 (550-553) 

<< 1 

6611 (651-671) 

Interactionn with 
GFP-SKL L 

400 (37-44) 

72(71-72) ) 

<1 1 

<1 1 

<1 1 

<< 1 

<1 1 

<1 1 

<1 1 

<< 1 

99(96-104) ) 

777 (76-77) 

422 (41-43) 

<1 1 

677 (67-68) 
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Site-directedd mutagenesis of the Pex5p TPR motifs 
Thee results from the two different screens for pex5 mutants described above indicated 
thatt the intra-repeat loops of TPR2, TPR3, and TPR6, which connect the a-helices A 
andd B within a TPR motif, are important for the interaction with PTS1 proteins. A 
sequencee alignment of the Pex5p TPR motifs from S. cerevisiae, Hansenula 
polymorpha,polymorpha, Pichia pastoris, and Homo sapiens showed that besides residues in the 
a-helices,, also certain residues in the loops are well conserved (Fig. 3). The sequence 
conservationn of amino acids in the intra-repeat loops is not a general feature of TPRs 
inn other proteins. However, in the intra-repeat loops of Pex5p TPRs, with the 
exceptionn of the loop of TPR5, some very well conserved asparagines are present, 
nextt to other conserved residues. 

Too further investigate the importance of the loops of the different TPR motifs in 
Pex5p,, we mutated the conserved residues and studied the effect on PTS1 protein 
binding.. In every TPR loop, except that in TPR5, at least one amino acid was mutated 
(Fig.. 3 and Table III) . The conserved asparagine 360 (loop 2), asparagine 393 (loop 
3),, asparagine 503 (loop 6), asparagine 505 (loop 6), and asparagine 537 (loop 7) 
residuess were all mutated to alanines. Glutamic acid 361 and 363 (both in loop 2) and 
glutamicc acid 394 (loop 3) were also mutated, as were the nonconserved asparagine 
3255 (loop 1) and serine 504 (loop 6) residues. These pex5 mutants were still able to 
interactt with Pexl3p and Pexl4p, indicating that the Pex5 protein is still at least 
partiallyy functional (data not shown). 

Wee tested the pex5 mutants in the two-hybrid system for interaction with Mdh3p 
andd an artificial PTS1 protein, green fluorescent protein (GFP) extended with the 
PTS11 SKL sequence at its carboxyl terminus (GFP-SKL). Mutations in the loops of 
TPR11 and TPR7 did not influence the binding of either protein (Table III) . This 
indicatedd that amino acids in these loops do not directly participate in the binding of 
PTS11 proteins or that loss of a weak interaction is insufficient to evoke a phenotype. 
Mutationss in the loops of TPR2 and TPR3 did have an effect on PTS1 protein binding 
andd some of the mutants showed differences in interactions with Mdh3p and GFP-
SKLL (Table III) . The mutations N360A and E394A in the loops of TPR2 and TPR3, 
respectively,, resulted in complete loss of GFP-SKL binding, but interaction with 
Mdh3pp was still present. Similarly, the suppressor mutant E361K and the site-directed 
mutantt E363A in the loop of TPR2 showed complete loss of GFP-SKL binding, 
whereass interaction with Mdh3p was only 2-3 fold reduced. 

Mutationss in the loop of TPR6 (N503A, S504A, and N505A) did not disturb 
bindingg of either PTS1 protein. However, it should be noted that in our pex5 
suppressorr screen, asparagine 503 was found to be mutated twice, suggesting that the 
loopp of TPR6 contributes to the interaction with PTS1. 
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AA much stronger phenotype was found when the asparagine 393 in the loop of 
TPR33 was mutated either to alanine or to glycine. In both cases, we found a complete 
losss of interaction with GFP-SKL and Mdh3p. This position was also found to be 
mutatedd several times in the screen for pex5 mutants with no Mdh3p interaction. 

Thee structural model of the Pex5p TPR1-3 (Fig. 4A) suggests that the intra-repeat 
loopss of TPR2 and TPR3 are localized close together and that the intra-repeat loop of 
TPR11 is farther away. A groove similar to that found in the structure of the TPR of 
PP55 (Das et ai, 1998) is present in Pex5p TPR1-3 (Fig. 4B). For PP5, Das et al 
postulatedd that this is the binding groove for target proteins. In our model, besides the 
generall  TPR groove, there is a smaller second groove in the area where the intra-
repeatt loops of TPR2 and TPR3 come together (Fig. 4B). There is a high sequence 
conservationn in this area, and close to the residues of the loops of TPR2 and TPR3 is 
isoleucinee 389, located in a-helix A of TPR3 (Fig. 4A and 4B). Because of its 
conservationn among species and its close position to the residues of the loops of TPR2 
andd TPR3, we decided to mutate this hydrophobic residue to aspartic acid. The 
interactionn of this Pex5p-I389D with Mdh3p and GFP-SKL in the two-hybrid system 
wass completely lost (Table III) . 

Thee structural model for TPR5-7 (Fig. 4D) shows that the strictly conserved 
argininee 526, located in a-helix A of TPR7, projects outwards from the TPR groove. 
Thiss might indicate that this amino acid is important for the interaction with target 
proteins.. In line with this suggestion, arginine 526 was found mutated to glycine in the 
screenn for pex5 mutants that had lost the interaction with Mdh3p (Table I). This 
mutantt (pex5.98\ however, contained a second mutation (S504P) in the loop of TPR6. 
Too investigate the contribution of each residue to PTS1 interaction, single alanine 
mutantss were generated by site-directed mutagenesis. The R526A mutation resulted in 
aa complete loss of interaction with both Mdh3p and GFP-SKL, whereas the S504A 
mutationn had no effect on the interaction with either PTS1 protein (Table III) . These 
resultss indicate that arginine 526 might also be involved in the interaction with PTS1 
proteins.. Such an interaction might be possible due to the flexible hinge region 
discussedd before, which could allow the TPR subdomains to come together. 

Discussion n 

Wee carried out a structure-function analysis of the PTS1 receptor Pex5p to obtain 
insightt into how recognition of PTS 1 proteins destined for import into peroxisomes is 
accomplished.. To this end, mutations in Pex5p were isolated that affected the binding 
off  the peroxisomal matrix protein Mdh3p in a yeast two-hybrid trap. Two types of 
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mutantss were isolated: loss-of-interaction mutants and suppressor mutants, i.e. mutants 
thatt gained interaction with Mdh3p containing a mutation in its PTS1. The pex5 
mutantss were all located in the C-terminal half of Pex5p containing six TPRs. Rather 
surprisingly,, they did not cluster in a particular region within the TPR domain. To be 
ablee to interpret the location of the pex5 mutations in relation to its structure, we 
derivedd a homology model of the TPR domain of Pex5p based on the crystal structure 
off  the three TPRs from PP5 (Das etal, 1998). 

looploop 7 loop 6 

Figuree 4. Structural model of the TPR motifs of Pex5p. 

(A)) Ribbon model of TPR1-3. Each TPR motif consists of two a-helices connected by a short intra-repeat 
loop.. Side chains of amino acids involved in PTS1 interaction are indicated. (B) Space-filling model of 
TPRR 1-3. Indicated are the amino acids that are involved in PTS1 recognition. He389 and Asn393 are located on 
onee side of the small TPR groove, and Glu361 and Glu363 are on the other side. The general TPR groove is 
indicated.. (C) Ribbon model of TPR5-7 with the side chain of Arg526 indicated. (D) Space-filling model of 
TPR5-7.. Indicated is Arg526, sticking out into the general TPR groove. Also indicated are Asn503 and Ser534, 
wheree suppressor mutations were found. 
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Mappingg of the mutations onto this structural model showed that some of the loss-
of-interactionn mutations consisted of amino acid substitutions with prolines or bulky 
aminoo acids in the a-helices of TPRs. These mutations are predicted to disrupt the 
regularr packing of the TPR helices such that PTS 1 protein recognition is affected as a 
secondaryy effect. Indeed, we showed that changing a mutational proline in an a-helix 
too alanine rescued Mdh3p recognition. Several inactivating mutations in Pex5 proteins 
off  different species have been reported in the literature (Otera et al, 1998; Szilard and 
Rachubinski,, 2000). These mutations were found to involve substitutions of glutamic 
acidd residues (a bulky amino acid) for glycine residues located at position 8 of helix A 
inn TPRs. Our modeling studies suggest that the stacking of the TPR helices might be 
compromisedd in these mutant Pex5 proteins. 

Thee other loss-of-interaction mutations and most suppressor mutations were located 
inn the short hairpin loops of TPR2, TPR3, and TPR6 that connect helices A and B 
(Fig.. 4). These loops are somewhat exposed from the folded TPR structure and 
probablyy form the direct contact site for PTS1 proteins. In support of this, we found 
thatt changing a disabling mutation in the loop of TPR3 to alanine did not restore PTS1 
proteinn recognition. Apparently, a much more critical property is involved here, 
relatedd to the side chain of the original amino acid, which would be in line with direct 
interactionn with Mdh3p. Additional site-directed mutagenesis of conserved residues in 
intra-repeatt loops underscored the essential role of the loops of TPR2 and TPR3 in 
PTS11 interaction. Interestingly, some of these mutants showed a differential effect 
whenn tested in the two-hybrid trap against Mdh3p and GFP-SKL: interaction with 
Mdh3pp remained or was slightly reduced, but interaction with GFP-SKL was 
completelyy lost. One possible explanation for this differential effect is that Mdh3p, an 
authenticc peroxisomal matrix protein of yeast, contains, in addition to its PTS 1, other 
sequencess (so-called accessory sequences) that contribute to Pex5p binding. Most 
likely,, a heterologous, non-peroxisomal protein like GFP does not contain such 
additionall  sites that can interact with Pex5p. Therefore, it is completely dependent on 
thee added PTS 1 for the interaction with Pex5p. The presence of amino acid sequences 
outsidee the PTS1 that might contribute to receptor recognition has been suggested 
beforee (Elgersma et al, 1995; Elgersma et al, 1996b; Purdue and Lazarow, 1996; 
Lametschwandtnerr et al, 1998). 

AA number of TPR structures have now been described that have contributed 
significantlyy to our understanding of how TPR domains interact with their targets. In 
additionn to the x-ray structure of the isolated TPR domain of PP5 (Das et al, 1998), 
twoo complex structures have been recently published (Lapouge et al, 2000; Scheufler 
etet al, 2000). The complexes between the adaptor protein Hop and peptides derived 
fromm either Hsp70 or Hsp90 showed that the peptides bind to a groove formed on the 
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helixx A face of the TPR domain (the general binding groove; see also Fig. 4). This 
generall  binding groove for peptides in TPR domains had been predicted by Das et al 
(1998)) based on the isolated PP5 structure. Interestingly, the second complex structure 
off  the small GTPase Rac bound to the TPR domain of p67phox revealed a novel mode 
off  interaction involving only the loop regions connecting TPR motifs. Our data now 
showw the importance of the intra-repeat loops of TPRs in target recognition, 
suggestingg yet another structural variation of TPR motif-mediated protein-protein 
interaction. . 

Ourr Pex5 modeling studies suggest that the TPR domain does not form a tandem 
arrayy of seven TPRs, but rather two distinct clusters of three TPR motifs (TPR 1-3 and 
TPR5-7)) that are connected by a (flexible) linker of 42 amino acids (TPR4). Given the 
relativee small size of the PTS1 signal (three amino acids) and the distribution of 
mutationss affecting PTS1 binding over both TPR clusters, it is tempting to speculate 
thatt the two clusters of TPRs are localized close together in space forming a single 
bindingg site for the PTS1. The absence of a crystal structure of Pex5p prevents the 
descriptionn of the interaction of the TPRs with the PTS 1 amino acids at the molecular 
level.. However, based on our mutational analysis and the homology model, some 
predictionss can be made. Very striking is the negatively charged patch in TPR 1-3 
formedd by strictly conserved glutamic acid residues in intra-repeat loops 2 and 3 (Fig. 
4AA and 4B). These residues might be involved in binding the positively charged 
aminoo acid at position -2 of the PTS1 via electrostatic interactions. In Mdh3p and 
GFP-SKL,, the -2 residue is lysine, but other positively charged amino acids like 
argininee and histidine can also be found at this position (Gould et al, 1989; Swinkels 
etet al, 1992). This notion is supported by the charge-shift suppressor mutation E361K 
inn the loop of TPR2, which was isolated in a screen with Mdh3p containing a 
negativelyy charged residue (glutamic acid) at position -2. Close to the negatively 
chargedd residues in the loops of TPR2 and TPR3, two conserved residues are located 
thatt are essential for PTS1 binding: asparagine 393, found to be mutated in several 
independentt clones in the loss-of-interaction screen, and isoleucine 389 (valine in 
humann Pex5p). An asparagine residue can be involved in different types of 
interactionss because its side chain is able to both donate and accept hydrogen bonds. 
Inn particular, interactions of asparagine side chains with the backbone of short 
peptidess have been well documented (Stern et al, 1994; Conti et al, 1998). Isoleucine 
3899 might be important for contacting the hydrophobic side chain of leucine at 
positionn -1. Other residues that can be found at this position in PTS1 signals are either 
largee hydrophobic (methionine) or aromatic (phenylalanine) amino acids. 

Thee exact contribution of TPR5-7 to PTS 1 binding cannot be easily extracted from 
ourr data. However, while our work was in progress a speculative model for the 
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interactionn of only TPR5-7 of human PEX5 with the PTS1 was published (Gatto et al, 
2000).. This model, which is based solely on homology modeling and orthologous 
sequencee information, highlights the importance of four strictly conserved asparagine 
residuess in the A helices of TPR 6 and TPR7. These asparagine residues are predicted 
too recognize the backbone of the PTS1. One of these asparagine residues (Asn503) 
(Fig.. 4C and D) was found to be mutated in two independent clones (pex5.sup3 and 
pex5.sup21)pex5.sup21) in our suppressor screen . Remarkably, the phenotype of these 
suppressorss (and the S534L suppressor) was different from that of the previously 
mentionedd charge-shift suppressor E361K. Whereas, the E361K mutant showed no 
interactionn with Mdh3p without its PTS1 (Mdh3ASKL), the other suppressors still 
displayedd (a weak) binding to Mdh3ASKL. This phenotype might be related to the 
possiblee role of asparagine 503 (and serine 534) in peptide backbone recognition 
(Gattoo et al, 2000). Finally, the model of Gatto et al (2000) predicts a role for an 
absolutelyy conserved arginine residue in helix A of TPR7 (Arg526 in yeast Pex5p) in 
bindingg the carboxylate oxygens of the PTS1 C-terminus. Our experimental data 
supportt this prediction since substitution of arginine 526 with alanine or glycine 
completelyy abrogated PTS1 interaction (Tables I and III) . 

Thee work described above demonstrates that by combining homology modeling and 
mutationall  analysis, we were able to put forward a possible model as to how PTS1 is 
recognizedd by the TPR domain of Pex5p. Further refinement of this model requires 
thee crystal structure of the Pex5p TPR domain in complex with a PTS1 protein. 

Addendum: : 
Whilee our work was under review the crystal structure of the human Pex5p TPR 
domainn complexed with a PTS1 peptide was published (Gatto et al. (2000) Nat. 
Struct.Struct. Biol. 7, 1091-1095). Superimposition of the modeled yeast Pex5p TPR domain 
presentedd in our work onto the human Pex5p TPR crystal structure revealed that our 
predictedd structure closely matches the crystal structure (overall backbone root mean 
squaree deviation = 0.9-1.2 A). Also, our prediction of the PTS1-binding site is 
completelyy in line with the results of Gatto et al. 
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Introductio n n 

Peroxisomall  matrix proteins are synthesized in the cytosol on free polyribosomes (for 
thee classic review, see Lazarow and Fujiki, 1985). These proteins contain a 
peroxisomall  targeting signal (PTS) that serves as a recognition marker to transfer them 
too the correct subcellular location. An example of such a targeting signal is the PTS 1, 
whichh consists of three amino acids at the extreme carboxyl terminus of a protein. 
Usuallyy these three amino acids are serine, lysine, and leucine (S-K-L), but other 
functionall  variants are known (Gould et al, 1989; Swinkels et al, 1992). In the 
cytosoll  the PTS1 is recognized and bound by the receptor protein Pex5p, which 
directss the peroxisomal matrix protein to the peroxisome. The carboxyl-terminal TPR 
domainn of Pex5p, which consists of 7 TPR motifs, mediates this interaction (Brocard 
etet al, 1994; Dodt et al, 1995; Terlecky et al, 1995). Following docking of the 
receptorr and its PTS 1 -containing cargo on the peroxisomal membrane, import of the 
PTSS 1-containing protein into the peroxisome takes place (for recent reviews, see 
Sackstederr and Gould, 2000; Purdue and Lazarow, 2001). 

Thee interaction of the TPR domain of Pex5p with the PTS1 has been studied in 
detaill  in two organisms. In humans, the X-ray structure of Pex5p in complex with the 
PTS11 peptide Y-Q-S-K-L was solved (Gatto et al, 2000), and in Saccharomyces 
cerevisiae,cerevisiae, the amino acids of Pex5p involved in the interaction with PTS1 were 
identifiedd by combining an extensive mutagenesis analysis with molecular modeling 
(Kleinn et al, 2001). Here, the results of these two independent studies are discussed 
byy comparing the amino acids that form the binding site for the PTS1 in human Pex5p 
andd in S. cerevisiae Pex5p. Furthermore, the results from an in vivo screen aimed at 
thee isolation of pex5 mutants are presented. For each of the isolated pex5 mutants, the 
possiblee effect of the amino acid substitutions on the function of Pex5p is discussed. 

Material ss and methods 

Strainss and cultur e conditions. 

Thee yeast strain used in this study was S. cerevisiae BJ1991/?ex5A {MATa, 
pex5::LEU2,pex5::LEU2, leu2, trpl, ura3-251, prbl-1122, pep4-3, gall). Yeast transformations 
weree carried out as described (Gietz et al, 1992). Transformants were selected and 
grownn on minimal medium containing, 0.67% yeast nitrogen base without amino acids 
(Difco),, 2% glucose, and amino acids as needed. Oleic acid plates contained 0.5% 
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potassiumpotassium phosphate buffer pH 6.0, 0.1% oleate, 0.5% Tween-40, 0.67% yeast 
nitrogenn base and amino acids as needed. 

InIn vivo screen with the C-mutant pexS librar y 
Thee construction of the pex5 mutant library has been described before (Klein et al., 
2001). . 

Yeastt strain BJ1991/>ex5A was transformed with the C-mutant pex5 library, cloned 
behindd the PEX5 promoter in plasmid pEL91. Transformants were selected on 
selectivee 2% glucose plates and replica-plated via glycerol to oleic acid plates. For the 
transformantss that were unable to grow on the oleic acid plates, the original colony 
fromfrom the selective glucose plate was picked and the plasmid containing the pex5 
mutantt was isolated. 

Resultss and Discussion 

Comparisonn of the Pex5p-PTS1 interaction in man and yeast 
Thee crystal structure of the carboxyl-terminal part of human Pex5p showed that the 
TPRR domain forms two entities, each comprising three TPR motifs (TPR1-3 and 
TPR5-7),, which are connected by a flexible hinge formed by 'TPR4', a questionable 
TPRR motif (Gatto et al, 2000). For S. cerevisiae Pex5p, a similar arrangement of the 
TPRR domain was proposed (Klein et al, 2001), based on modeling with the help of 
thee structure of the TPR-containing protein PP5 (Das et al, 1998). The PTS1 is bound 
betweenn these two TPR clusters. These two independent studies showed that the 
mannerr of interaction is similar in both man and yeast. Furthermore, corresponding 
aminoo acids in human and 5". cerevisiae Pex5p were found to contact the PTS1 (Figure 
1)) (Gatto et al, 2000; Klein et al, 2001). The numbers used in this chapter to indicate 
positionss in human Pex5p refer to the long form of Pex5p (Pex5pL). These numbers 
weree obtained by adding 37 residues, which is the length of the region encoded by 
exonn 8 (see chapter 1), to the short form of Pex5p (Pex5pS). 

Thee backbone of the pentapeptide Y-Q-S-K-L proved to be bound by a number of 
asparaginee residues (Gatto et al, 2000), for instance asparagine 534 and asparagine 
561,, which are located in the a-helices A of TPR6 and TPR7 of HsPex5pL, 
respectivelyy (Figure ID). Asparagine 415, located in the intra-repeat loop of TPR3, 
alsoo contributes to this interaction (Figure IB). Identical amino acids at the same 
positionss in S. cerevisiae Pex5p proved to be involved in mediating the interaction 
withh the PTS1 (Klein et al, 2001): asparagine 503, asparagine 530, and asparagine 
3933 (Figure lAandlC). 

91 1 



ChapterChapter 3 

V411 1 

K> K> 

TPR1 1 

TPR2 2 

TPR3 3 

S.cerevisiaeS.cerevisiae Pex5p TPR1-3 H.sapiensH.sapiens Pex5p TPR1-3 

TPR5 5 

N503 3 

TPR6 6 

TPR5 5 

TPR6 6 

K527 7 

.N534 4 
A530 0 

N526.N568 8 
N561 1 

S.cerevisiaeS.cerevisiae Pex5p TPR5-7 H.sapiensH.sapiens Pex5p TPR5-7 

Figuree 1. Comparison of the PTSl-interaction site of human Pex5p (PDB ID: 1FCH) and S. cerevisiae 
Pex5pp (structural model). 
Similarr binding sites for the PTS1 are present in both proteins and the amino acids that are involved in this 
interactionn are indicated. 
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Thee carboxylate anion of the PTS1 peptide interacts with arginine 557, asparagine 
415,, asparagine 526, and lysine 527 of HsPex5p. With the exception of lysine 527, 
correspondingg amino acids in ScPex5p were found to be involved in the PTS1 
interaction:: arginine 526, asparagine 393, and asparagine 495 (Figure 1). Each of the 
aminoo acid side chains of the PTS1 interacts with a number of residues in the TPR 
motifss of HsPex5p. The side chain of leucine (-1) of the PTS1 interacts with alanine 
530,, threonine 414, valine 411, and lysine 527. Only for valine 411 the corresponding 
aminoo acid in ScPexSp was identified as being involved in PTS1 interaction, namely 
isoleucinee 389. The positively charged side chain of lysine (-2) of the PTS1 proved to 
bee located within a pocket formed by acidic side chains of Pex5p: in human Pex5p 
thesee are glutamic acid 385 and glutamic acid 416. In S. cerevisiae Pex5p, the 
correspondingg amino acids glutamic acid 363 and glutamic acid 394, and the 
additionall  glutamic acid 361 bind the PTS1. These glutamic acids are all located in the 
intra-repeatt loops of TPR2 and TPR3. This pocket lined with negatively charged 
residuess would explain why there is a positively charged amino acid at the (-2) 
positionn of the PTS1. Finally, serine (-3) of the PTS1 interacts with tyrosine 545, 
serinee 565, and asparagine 561 in the human situation. In yeast, serine 534 and 
asparaginee 530, which correspond with serine 565 and asparagine 561, respectively, 
aree involved in binding the PTS1 (Figure 1). 

Isolationn of pex5 mutants that cannot complement the pex5A mutant 
Inn chapter 2 the results are described that were obtained by screening the pex5 mutant 
libraryy in the two-hybrid system forpex5 mutants that were specifically affected in the 
interactionn with PTS1 proteins. These results were based on application of two 
differentt screens: a negative screen for pex5 mutants that had lost interaction with 
Mdh3pp and a suppressor screen for pex5 mutants that had gained interaction with a 
mutantt derivative of Mdh3p (Mdh3-SEL), In addition, a more general screen was 
performedd using the pex5 mutant library cloned behind the PEX5 promoter (Klein et 
ah,ah, 2001). The pex5A mutant, which cannot grow on plates with oleic acid as the sole 
carbonn source, was transformed with this pex5 mutant library. Transformants were 
selectedd on selective 2% glucose plates and replica-plated via glycerol to oleic acid 
plates.. Transformants that were unable to grow on these oleic acid plates synthesized 
non-functionall  Pex5p. In theory, the defect in Pex5p function could be caused by a 
loss-of-interactionn with any of its partner proteins, for example Pexl3p, Pexl4p, or 
PTS1-containingg proteins. This would result in a defect in one of the steps in the 
importt process of peroxisomal matrix proteins, i.e. cargo binding, receptor docking, 
cargoo release during translocation, or receptor recycling. 
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Outt of the 800/?ex5A transformants that were selected on the 2% glucose plates, 35 
showedd an oleate-non-utilizing (onu) phenotype and were unable to grow on oleic acid 
plates.. These transformants expressed a mutated form of Pex5p that was non-
functionall  and was unable to complement pex5A cells. Western blot analysis showed 
thatt 14 of the 35 onu's still synthesized full-length Pex5p and for 10 of these full-
lengthh pex5 mutants the mutations were determined by sequence analysis. Table I 
givess an overview of the amino acid substitutions that were found in these pex5 

mutants.. The location of these mutations in the Pex5p sequence is shown in figure 2. 

Tablee l.pexS mutants unable to complement /7£x5Amutant cells. 
Randomlyy mutagenized pex5 libraries were screened for pex5 mutants that were 

unablee to complement pexSA mutant cells. The sites of the mutations were determined 

byy sequencing. 

pex5pex5 mutant Substitution Location 

pex5.pex5. J 

pex5.5 pex5.5 

pex5.9 pex5.9 

pex5.19 pex5.19 

pex5.20 pex5.20 

pex5.21 pex5.21 

pex5.23 pex5.23 

pex5.28 pex5.28 

pex5.29 pex5.29 

pex5.34 pex5.34 

F480L,, L518Q, P522S 

A544V V 

G498W W 

N393S,, Q427R 

N438D,, F524S 

L448P P 

stop-R R 

N530D D 

N495D,, N503D 

Y529C,, stop-W 

TPR5,TPR6,TPR6 6 

TPR7 7 

TPR6 6 

TPR3,TPR4 4 

TPR4JPR6 6 

TPR4 4 

TPR7 7 

TPR6JPR6 6 

TPR7 7 

Sincee this in vivo screen was performed with the carboxyl-terminal pex5 mutant 
library,, the mutations were located in the region between TPR3 and the carboxyl 
terminuss of Pex5p. For none of the pex5 mutants it was experimentally tested which 
interactionn was lost. However, the fact that the TPR domain mediates the interaction 
withh PTS1, combined with the current knowledge of the TPR domain structure and the 
detailss of the Pex5p-PTS1 interaction, allowed us to make a prediction of the possible 
effectt of the mutations. 
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ScTPR22 347 
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ScTPR33 381 LE 
HsTPR33 403 QT 
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JJ jMA ^^  ^^SLORO>1CETf f lRDrTg .RY T . ^ A 

II  4, 
V!*y rr  [«ITÏ^K'^j N G 
T>IAA  50Q33LA[ 

* * 
4,4, , 

ScTPR44 416 WSR KQQ DDKFQKEKG F HIDMNA H TKQ F QijA N 
HsTPR44 437 AHLaTPAEEGAGGAGLGPSKRILGSLLSDgjLFLEVKEJgFLAAgRJgD P 

NNL L 

ScTPR55 457 ffiffljLCj 
HsTPR55 488 B D J M C G I 

ScTPR66 491 
HsTPR66 522 I I 

ScTPR77 525 
HsTPR77 556 FW^SE 

Scc 559 TNNi3KGDVGSLL iJ ]TaNDTVHETLKRVFIAmiRDDLLQEaPGgD3KRFKGEFS F 
Hss 590RGP'3GEGGAMSEJ3lgSTLR3ALSMLGQSDAYGAADARD2STLgT2FGLPQ . . . . 

Figur ee 2. Sequence alignment of the carboxyl terminu s of Pex5p. 

Alignedd are the Pex5p sequences of 5. cerevisiae (Sc) and H. sapiens (Hs) (long version). Amino acids, 

whichh were shown to be involved in the interaction with PTS1, are indicated with an arrowhead. Amin o 

acids,, which were found to be mutated in the pex5 mutants that were unable to complement the pex5A 

mutant,, are indicated with an asterisk. 

Thee N393S mutation present in the pex5.19 mutant is located at a position of Pex5p 
thatt is essential for the interaction with the PTS1 (Gatto et al, 2000; Klein et al, 
2001).. Asparagine 393 interacts with leucine (-1) and the carboxylate anion of the 
PTS11 (Gatto et al, 2000). A mutation at this position in S. cerevisiae Pex5p resulted 
inn a loss of interaction with PTS1-containing proteins (Klein et al., 2001). Two 
mutationss were detected in the pex5.29 mutant, which resulted in substitutions of 
asparaginee residues for aspartic acids (N495D and N503D). Corresponding positions 
inn human Pex5p are involved in the interaction with the PTS1: asparagine 526 
(asparaginee 495 in S. cerevisiae) interacts with the carboxylate anion of the PTS1 and 
asparaginee 534 (asparagine 503 in S. cerevisiae) interacts with serine (-3) of the PTS1. 
Thereforee it is most likely that the mutations found in S. cerevisiaepex5.29 result in a 
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losss of PTS1 interaction. This is supported by the finding that the N489K substitution 
inn human Pex5pS (N526K in Pex5pL), which was shown to be the cause of the 
peroxisomee biogenesis disorder NALD (Dodt et al, 1995; Braverman et al, 1998), 
resultedd in an impaired recognition of the PTS1 (Gatto et al, 2000). 

Thee N530D substitution in pex5.28 probably affects the interaction with PTS1 
proteinss since the corresponding position in human Pex5p (asparagine 561) was 
shownn to interact with lysine (-2) of the PTS1 (Gatto et al, 2000). The amino acid 
substitutionss that were found to be present in pex5.9 and pex5.5 might affect the 
structuree of the TPR domain of Pex5p. Both mutants have a substitution of a small 
aminoo acid that is located at a position where the a-helices of a folded TPR domain 
aree close together in space. Since only limited space is available at these locations to 
harborr the side-chain of an amino acid, small amino acids at these positions are 
essentiall  for the correct packing of the a-helices (Das et al, 1998). The presence of 
tryptophan,, instead of glycine, at position 498 in pex5.9 or valine, instead of alanine, 
att position 544 in pex5.5 most likely affects the 3-dimensional structure of the Pex5p 
TPRR domain and has an indirect effect on binding of the PTS1. 

Althoughh TPR4 is not directly involved in contacting the PTS1 (Gatto et al, 2000), 
thee pex5.21 mutant contains a mutation in TPR4 (L448P), which disturbs the function 
off  Pex5p. In human Pex5p, TPR4 does not adopt a TPR fold; instead it forms a 
continuouss a-helix of 21 residues. Secondary structure predictions for TPR4 of S. 
cerevisiaecerevisiae Pex5p also predict the presence of an a-helix. Although leucine 448 is 
locatedd at the carboxyl-terminal end of this a-helix, substituting this residue for 
prolinee might affect the structure of this a-helix and as a consequence the overall 
foldingg of the TPR domain. Another possible explanation for this phenotype might be 
thatt TPR4 interacts with other peroxins and that this interaction is affected by the 
L448PP amino acid substitution. For instance, human Pexl2p was shown to interact 
withh the carboxyl-terminal part of Pex5p, containing the TPR domain (Chang et al, 
1999).. Two of the isolated pex5 mutants pex5.23 and pex5.34 had a mutation of the 
stopp codon at the 3' end of the open reading frame. As a result Pex5p has an extension 
off  a few amino acids at its carboxyl terminus, which might influence the interaction 
withh the PTS 1 in a direct or indirect manner. 

Thee PTSl-binding site on Pex5p is conserved 
Mostt of the positions that were found mutated in the pex5 mutants that failed to 
complementt the pex5A mutant had already been identified in the screen for pex5 

mutantss affected in the PTS1 interaction (Klein et al, 2001). Therefore it is most 
likelyy that also in these "non-complementing" pex5 mutants the amino acid 
substitutionss affect the interaction with PTS 1-containing proteins. For the other three 
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pex5pex5 mutants {pex5.5, pex5.9, and pex5.21) two-hybrid experiments should reveal 
whetherr or not they are affected in the interaction with PTS1-containing proteins. 

Althoughh we expected to identify most amino acids that form the PTS1-binding site 
inn Pex5p in the two-hybrid suppressor screen, this was clearly not the case. In fact, 
mostt of the amino acids that interact with the PTS1 were identified in the loss-of-
interactionn and the loss-of-function screens. The selection pressure to isolate pex5 
mutantss that restored the interaction with the mutated PTS1 in Mdh3-SEL was 
probablyy too specific. Only the one that restored the contact with the side chain of the 
-22 position was found. 

Thee comparison of the residues from human and S. cerevisiae Pex5p that are 
involvedd in the interaction with PTS1 showed that the Pex5p-PTS1 interaction is 
conservedd between these two species. The multiple sequence alignment of Pex5p from 
manyy different species (see chapter 1) showed that there is high sequence-
conservationn in the TPR motifs of Pex5p, when compared to the area located amino-
terminallyy of the TPR motifs. Therefore, it is most likely that the way in which PTS1-
containingg proteins are bound by Pex5p is conserved in all eukaryotes during 
evolution.. In contrast, more variations exist in the interactions that take place in the 
amino-terminall  part of Pex5p. For instance, binding of Pex7p is a unique feature of 
mammaliann Pex5p and does not exist in yeast Pex5p. 
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Abstract t 

Thee peroxisomal protein acyl-CoA oxidase (Poxlp) of Saccharomyces cerevisiae 
lackss either of the two well characterized peroxisomal targeting sequences known as 
PTS11 and PTS2. Here we demonstrate that peroxisomal import of Poxlp is 
neverthelesss dependent on binding to Pex5p, the PTS1 import receptor. The interaction 
betweenn Pex5p and Poxlp, however, involves novel contact sites in both proteins. The 
interactionn region in Pex5p is located in a defined area of the amino-terminal part of 
thee protein outside of the tetratricopeptide repeat domain involved in PTS1 
recognition;; the interaction site in Poxlp is located internally and not at the carboxyl 
terminuss where a PTS1 is normally found. By making use of pex5 mutants that are 
eitherr specifically disturbed in binding of PTS1 proteins or in binding of Poxlp, we 
demonstratee the existence of two independent, Pex5p-mediated import pathways into 
peroxisomess in yeast as follows: a classical PTS1 pathway and a novel, non-PTSl 
pathwayy for Poxlp. 
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Introductio n n 

Proteinss destined for import into the peroxisomal matrix are synthesized on free 
polyribosomess in the cytoplasm. For targeting to their proper destination, these 
proteinss possess a peroxisomal targeting signal (PTS) that directs them to 
peroxisomes.. Two different PTSs have been identified, PTS1 and PTS2. The majority 
off  peroxisomal matrix proteins contain a PTS1 and only a few have a PTS2. The PTS1 
iss located at the extreme carboxyl terminus of a peroxisomal matrix protein and was 
firstt defined as three amino acids with the consensus sequence (S/C/A)(K/R/H)(L/M) 
(Gouldd et al, 1989; Swinkels et al, 1992). The PTS2 is positioned at the amino-
terminall  part of a protein and has the consensus sequence (R/K)(IW/I)Af5(H/Q)(L/A ) 
(Swinkelss et al, 1991; Gietl et al, 1994; Glover et al, 1994b; Tsukamoto et al, 
1994).. The PTS1 and PTS2 are recognized and bound in the cytosol by specific 
receptorr proteins, Pex5p (peroxin-5 protein) (McCollum et al, 1993; Van der Leij et 
al,al, 1993; Brocard et al, 1994; Dodt et al, 1995; Fransen et al, 1995; Szilard et al, 
1995;1995; Terlecky et al, 1995; Wiemer et al, 1995; Dodt and Gould, 1996) and Pex7p 
(Marziochh et al, 1994; Zhang and Lazarow, 1995; Rehling et al, 1996; Zhang and 
Lazarow,, 1996; Braverman et al, 1997; Motley et al, 1997; Purdue et al, 1997; 
Elgersmaa et al, 1998), respectively. For Pex5p it has been shown that an array of 
tetratricopeptidee repeats (TPR) in the carboxyl-terminal part of the protein mediates 
thee binding of PTS1 (Brocard et al, 1994; Dodt et al, 1995; Terlecky et al, 1995). 
Thee details of the interaction between Pex5p and PTS1 have been resolved by an 
extensivee mutational analysis of Pex5p (Klein et al, 2001) and determination of the 
crystall  structure of a Pex5p-PTS 1 peptide complex (Gatto et al, 2000). Those studies 
revealedd that the TPR domain of Pex5p forms two clusters of three TPR motifs that are 
closee together in space and form a single binding site for the PTS1. Amino acids from 
bothh TPR clusters are interacting with the PTS1 peptide backbone and with the amino 
acidd side chains. How binding of PTS2 by Pex7p, a WD-40 repeat protein, takes place 
iss still unclear. 

Thee receptor-cargo complex docks on the peroxisome via the interaction with a 
proteinn complex located in the peroxisomal membrane. Although some of the details 
varyy between different species, it has been shown that Pexl3p, Pexl4p, and Pexl7p 
aree part of this docking complex (Elgersma et al, 1996a; Erdmann and Blobel, 1996; 
Gouldd et al, 1996; Albertini et al, 1997; Brocard et al, 1997; Fransen et al, 1998; 
Huhsee et al, 1998; Girzalsky et al, 1999; Schliebs et al, 1999; Shimizu et al, 1999; 
Snyderr et al, 1999; Will et al, 1999; Barnett et al, 2000; Bottger et al, 2000; 
Urquhartt et al, 2000; Saidowsky et al, 2001). Proteins implicated in the translocation 
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overr the peroxisomal membrane are Pex2p, PexlOp, and Pexl2p (Dodt and Gould, 
1996;; Chang et al, 1999). However, it is still unclear how the actual translocation over 
thee peroxisomal membrane takes place, except that protein unfolding is not a 
prerequisitee for translocation (Glover et al, 1994a; McNew and Goodman, 1994; 
Waltonn et al, 1995; Elgersma et al, 1996b; Hausler et al, 1996; Leiper et al, 1996; 
Leee et al, 1997; Yang et al, 2001). The first PTS1 identified was that of firefly 
luciferasee and consists of the carboxyl-terminal tripeptide SKL (Gould et al, 1987; 
Gouldd et al, 1989). This tripeptide proved not only essential for the import of 
luciferasee but was also shown to be sufficient to direct other proteins to peroxisomes 
(Gouldd et al, 1988; Gould et al, 1989; Gould et al, 1990; Swinkels et al, 1992). 
However,, a number of observations (Gould et al, 1989; Sommer et al, 1992; Motley 
etet al, 1995) suggest that the definition of a PTS1 as being both necessary and 
sufficientt for the import of proteins into peroxisomes needs some adjustment. These 
studiess have shown that whether or not a carboxyl-terminal tripeptide can function as a 
PTSll  depends on its context. For instance, targeting of alanine:glyoxylate 
aminotransferasee I to peroxisomes in humans depends on the carboxyl-terminal 
tripeptidee KKL (Motley et al, 1995). However, this carboxyl-terminal KKL was not 
sufficientt to direct the reporter protein luciferase to peroxisomes in human fibroblasts 
(Motleyy et al, 1995) and in monkey kidney CV-1 cells (Gould et al, 1989) or to 
glycosomess in Trypanosoma brucei (Sommer et al, 1992). For peroxisomal malate 
dehydrogenasee (Mdh3p), it was also shown that in the homologous context many 
variationss that do not comply with the consensus sequence could still direct this 
proteinn to peroxisomes in Saccharomyces cerevisiae (Elgersma et al, 1996b). These 
resultss can be explained by the presence of accessory sequences in a peroxisomal 
matrixx protein that, when this protein is presented in its homologous context, 
contributee to the binding of the PTS1-containing protein to Pex5p. These accessory 
sequencess can sometimes be located close to the PTSl and can influence the binding 
too Pex5p in a species-dependent manner, as was shown for hexadecapeptides 
containingg a PTSl (Lametschwandtner et al, 1998). In other cases a PTSl is not 
essentiall  at all. This is most evident for carnitine acetyltransferase (Cat2p); its 
targetingg to peroxisomes in S. cerevisiae is Pex5p-dependent, but after deletion of the 
PTSS 1 most of the carnitine acetyltransferase is still directed to peroxisomes (Elgersma 
etet al, 1995). Deletion of the PTSl in Cat2p also does not affect its interaction with 
Pex5pp in the two-hybrid system. These results suggest that in some cases accessory or 
alternativee sequences can be used for binding to Pex5p and that these can function as a 
targetingg signal. 

Importt of proteins in a PTSl- or PTS2-independent way can be explained in various 
ways.. In genetically constructed S. cerevisiae strains import into peroxisomes can take 
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placee by formation of homo-oligomers between subunits without a PTS and subunits 
withh a PTS (Glover et al, 1994a; McNew and Goodman, 1994; Elgersma et al, 

1996b;; Lee et al, 1997). Similarly, it has been shown that S. cerevisiae A3,A2-enoyl-
CoAA isomerase (Ecilp) can hetero-oligomerize with A3'5-A2,4-dienoyl-CoA isomerase 
(Dcilp)) resulting in the import of Ecilp from which the PTS1 had been deleted (Yang 
etet al, 2001). In a natural context, there are several peroxisomal matrix proteins that 
aree not equipped with a recognizable PTS1 or PTS2. Examples of such proteins are 
HansenulaHansenula polymorpha malate synthase (Bruinenberg et al, 1990) and acyl-CoA 
oxidasess of the yeasts Candida tropicalis (Small et al, 1988), Candida maltosa (Hill 
etet al, 1988) S. cerevisiae (Dmochowska et al, 1990) and Yarrowia lipolytica (Wang 
etet al, 1998). How targeting of these proteins to peroxisomes takes place, via piggy-
backingg or via alternative targeting sequences in these proteins, is not known (Small et 

al,al, 1988). Remarkably, in human (Fournier et al, 1994), rat (Miyazawa et al, 1989), 
mousee (Nohammer et al, 2000), and in the yeast Pichiapastoris (Koller et al, 1999) 
acyl-CoAA oxidase is imported via its PTS1. 

Heree we show that S. cerevisiae acyl-CoA oxidase (Poxlp) binds directly to Pex5p 
andd that binding is not dependent on the carboxyl-terminal 17 amino acids of Poxlp. 
Byy using a pex5 mutant that is specifically disturbed in the interaction with and the 
importt of PTS1 proteins, we show that S. cerevisiae Poxlp is imported into 
peroxisomess in a PTS 1-independent manner. The site of Poxlp interaction on Pex5p 
wass identified and shown to be located in a region outside of the TPR domain. A pex5 

mutantt containing an Y253N substitution within the Poxlp-binding region is 
specificallyy disturbed in the interaction with and the import of Poxlp. These results 
demonstratee a novel, non-PTSl mediated import route for Poxlp that is dependent on 
Pex5p. . 

Experimentall  Procedures 

Strainss and culture conditions 
Thee yeast strains used in this study are as follows: S. cerevisiae BJ1991 {MATa, leu2, 

trpl,trpl, ura3-251, prbl-1122, pep4-3, gal2); BJ1991/7Ê<JC5A (MATa, pex5::LEU2, leu2, 

trpl,trpl, ura3-251, prbl-1122, pep4-3, gal2); Bi\99\pex3A and BJ1991pe?x7A were 

describedd previously (Hettema et al, 2000); HF7c (MATa, ura3-52, his3-200, ade2-

101,101, lys2-801, trpl-901, leu2-3,112, gal4-542, gal80-538, LYS2::GAL1UAS-GAUTATA-

HIS3,HIS3, URA3::GAL417mers(x3rCyClTATA-lacZ); and PCY2 (MATa, \gal4, AgaWO, 

URA3::GALl-lacZ,URA3::GALl-lacZ, lys2-801, his3-A200, trpl-A63, leu2, ade2-101). The Escherichia 
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colicoli strain DH5a (recA, hsdR, supE, endA, gyrA96, thi-1, relAl, lacZ) was used for all 
transformationss and plasmid isolations. Yeast transformations were carried out as 
describedd (Gietz et al, 1992). Transformants were selected and grown on minimal 
mediumm containing 0.67% yeast nitrogen base without amino acids (Difco), 2% 
glucose,, and amino acids as needed. Cell culture conditions are as follows: cells were 
pre-grownn overnight on minimal 0.3% glucose medium (0.3% glucose, 0.67% yeast 
nitrogenn base (YNB; Difco) and amino acids (20-30 ug/ml) as required). These 
culturess were inoculated in fresh 0.3% glucose medium and further grown to log 
phase.. For induction on oleate these cultures were inoculated 1:10 in fresh oleate 
mediumm (0.5% potassium phosphate buffer, pH 6.0, 0.5% peptone and 0.3% yeast 
extract,, 0.1% oleate, 2% Tween 40) and grown overnight at 28°C. 

Cloningg procedures 
Standardd techniques for DNA manipulations were used (Sambrook et al, 1989). The 
followingg plasmids have been described previously: pGST-Pex5p, encoding a fusion 
off  glutathione S-transferase (GST) with Pex5p (Bottger et al, 2000); pAN4, encoding 
aa fusion of the Gal4 trans-activating domain (Gal4AD) with Pex5p (Klein et al, 

2001);; pDBMDH3, encoding a fusion of the Gal4 DNA-binding domain (Gal4BD) 
withh Mdh3p (Klein et al, 2001); pEL128, encoding a fusion of Gal4BD with AN-
Cat2-ACC (Elgersma et al, 1995); pGB17, encoding a fusion of Gal4BD with the 
Pexl3pSH33 domain (Bottger et al, 2000); pGB47, encoding a fusion of Gal4BD with 
PexHpp (Bottger et al, 2000). The plasmid for expression of Pex5p in yeast (pTI98) 
wass created by subcloning the PEX5 insert of pANl (Klein et al, 2001) behind the 
PEX5PEX5 promoter in pEL91 (Bottger et al, 2000) using BamH\ and Pstl. pex5 mutants 
weree subcloned in pEL91 in the same way. pGB37, encoding NH-tagged Mdh3p was 
generatedd by subcloning the Sacl-Hindlll fragment of pEL143 (Elgersma et al, 

1996b)) behind the CTA1 promoter in pEWlll (Hettema et al, 1998). pAN81, 
encodingg a fusion of Gal4BD with Poxlp, was constructed by a PCR on genomic 
DNAA of S. cerevisiae with primers pr34 and pr35. The PCR product was cloned in 
pGEM-TT (Promega) without A-tailing, generating pAN74, which was used as template 
inn a second PCR with primers pr34 and pr52. This PCR product was cloned SaR-Spel 

inn pPC97 (Chevray and Nathans, 1992). pAN82, encoding a fusion of Gal4BD with 
Poxlpp from which the last 3 amino acids had been deleted, was made by a PCR on 
pAN744 with primers pr34 and pr53. The PCR product was cloned Sall-Spel in pPC97. 
pAN83,, encoding a fusion of Gal4BD with Poxlp from which the last 17 amino acids 
hadd been deleted, was made by a PCR on pAN74 with primers pr34 and pr54. The 
PCRR product was cloned Sall-Spel in pPC97. pAN88, encoding a fusion of maltose-
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bindingg protein (MBP) with Poxlp, was generated by subcloning the Xbal-Spel insert 
off  pAN81 in the Xbai site of pMAL-c2 (New England Biolabs Inc.). For the 
constructionn of pAN87, encoding a MBP fusion with AN-Cat2-AC, the Sacl-HindlU 
fragmentt of pEL99 (Elgersma et al, 1995) was subcloned in pUC19 (New England 
Biolabss Inc.) generating pAN85. The ZscoRI-Hindlll insert of pAN85 was 
subsequentlyy subcloned in pMAL-c2. pMAL-c2 was used for expression of MBP. 
pAN37,, encoding a fusion of Gal4AD with amino acids 252-612 of Pex5p, was made 
byy PCR on pTI98 with primers pi84 and p403. The PCR product was cloned EcoRl-
SpelSpel in pPC86 (Chevray and Nathans, 1992). pAN39, encoding a fusion of Gal4AD 
withh amino acids 307-612 of Pex5p, was made by PCR on pTI98 with primers pl84 
andd p405. The PCR product was cloned EcoRl-Spel in pPC86. pHZ3, encoding a 
fusionn of Gal4AD with amino acids 307-612 of Pex5p, was made by PCR on pTI98 
withh primers pex5-l and pex5-427. The PCR product was cloned Sall-Spel in pPC86. 
pAN92,, encoding a Gal4AD fusion with amino acids 239-300 of Pex5p was generated 
byy PCR on pAN4 with primers pr66 and pr68. The PCR product was cloned EcoRl-
SpelSpel in pPC86. pAN94, encoding a GST fusion with amino acids 239-300 of Pex5p, 
wass generated by PCR on pAN4 with primers pr66 and pr68. The PCR product was 
clonedd EcoKL-Spel in pRP265nb (Barnett et al, 2000). pRP265nb was used for 
expressionn of GST. 

Forr introducing single amino acid substitutions, the QuickChange site-directed 
mutagenesiss kit (Stratagene) was used. The oligonucleotides pr64 and pr65 were used 
forr introducing the D262G substitution, and pr62 and pr63 were used for introducing 
thee I264T substitution. 

Subcellularr  fractionation and protease protection assays 
Subcellularr fractionation experiments were performed as described previously 
(Bottgerr et al, 2000). Protease protection was performed on oleate-grown cells (200 
ODD units) that were spheroplasted and lysed in hypotonic buffer similar as described 
forr the preparation of homogenates for subcellular fractionation. 20 ug of proteinase K 
(Rochee Molecular Biochemicals) was added to 50 u.g of protein sample and incubated 
withh or without Triton X-100 (final concentration 0.15%) at room temperature for 5, 
10,, 15, and 30 min. Protease activity was stopped by addition of an equal volume of 
20%% trichloroacetic acid, and proteins were precipitated on ice for a minimum of 1 h. 
Sampless were centrifuged for 30 min at 20,000 x g, and pellets were washed with 
acetonee and resuspended in Laemmli sample buffer (Sambrook et al, 1989). 
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Tablee I. Primer  compositions 

Namee Sequenc e (5' —  3') 

pii  84 CGGACTAGTAAGCTTGCATGCCTGCAG 

p4033 CGGAATTCAGTATCAATCTGATTTCC 

p4055 CGGAATTCACAACGAATATTTTAATAATC C 

pex55 -1 ACGCGTCGACC ATGG ACGTAGG AAGTTGC 

pex55 -42 7 GG ACTAGTTC ATTGAAATTTGTCATCTTGTTGC 

pr344 GGACTAGTTCACTTGTTTATTTTCGATAAAATTTCC 

pr33 5 ACGCGTCGACC ATGACGAGACGTACT ACT ATT A ATCC 

pr55 2 ACGCGTCG ACGTCTAGAATGACG AG ACGTACTACTATTAATCC 

pr55 3 GGACT AGTTC ATTTCG AT AAAATTTCCGC ATTAGC 

pr544 GGACTAGTTCAGTCAAATTCGAAACCTCTACCGAGC 

pr622 CCAAGAAGTGTGGGATAGCACACACAAGGACGCTGAAGAAG 

pr633 CTTCTTCAGCGTCCTTGTGTGTGCTATCCCACACTTCTTGG 

pr644 CTGATTTCCAAGAAGTGTGGGGTAGCATACACAAGGACGCTG 

pr655 CAGCGTCCTTGTGTATGCTACCCCACACTTCTTGGAAATCAG 

pr666 CGGAATTCTTGGCTCGGGATCACCAGAAACTGTTGAGAAGGAAG 

pr688 GGACTAGTCACTCGATGTTCCCATTTACTCTAC 

Miscellaneous s 
Thee GST and MBP fusion proteins were expressed and isolated as described 
previouslyy (Barnett et al, 2000; Bottger et al, 2000). The in vitro binding assay has 
alsoo been described before (Klein et al, 2001). 

Catalasee A enzyme activity was measured as described by Lucke (Lucke, 1963), and 
p-galactosidasee enzyme activity was determined as described before (Miller, 1972; 
Lametschwandtnerr et al, 1998). 

Westernn blots were incubated with rabbit polyclonal antibodies raised against 
catalasee A, 3-ketoacyl-CoA thiolase, Pex5p (all raised in our own laboratory), Poxlp 
(aa kind gift from Dr. J.M. Goodman, Dallas), NH (a kind gift from Dr. P. van der 
Sluijs,, Utrecht, The Netherlands), GST (Sigma), and mouse monoclonal antibodies 
againstt MBP (Sigma). Secondary antibodies used were goat anti-rabbit Ig-conjugated 
alkalinee phosphatase or goat anti-mouse Ig-conjugated alkaline phosphatase. The pex5 

mutantt library and the screening procedure for pex5 mutants have been described 
beforee (Klein et al, 2001). Candida albicans sequences homologous to S. cerevisiae 
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Pex5pp and Poxlp were retrieved from the Stanford Genome Technology Center by 
performingg a blast search with these proteins at sequence-
www.stanford.edu/group/candida.. Contig6-2210 and contig6-2346 contain the C. 
albicansalbicans sequences homologous to S. cerevisiae Poxlp and Pex5p, respectively. 

Results s 

Thee import  of Poxlp into peroxisomes is mediated by Pex5p but is independent of 
thee PTSl-binding site in Pex5p 
S.S. cerevisiae Poxlp does not contain any recognizable peroxisomal targeting 
sequence.. It is therefore unclear how this protein is imported into the peroxisomal 
matrixx and whether it uses one of the known import receptors, Pex5p or Pex7p. To 
investigatee this we examined the targeting of Poxlp to peroxisomes in wild-type, 
pex5A,pex5A, andpex7A cells. Cells were homogenized, and a post-nuclear supernatant was 
centrifugedd at 17,500 x g. Equivalent volumes of the organellar pellet and the 
supernatantt fractions were analyzed by Western blotting with antibodies specific for 
Poxlp,, the NH-tag to detect NH-Mdh3p (a PTS1 protein expressed from a co-
transformedd plasmid), and 3-ketoacyl-CoA thiolase (a PTS2 protein) (Fig. 1A). The 
distributionn of catalase A (a PTS1 protein) was determined by measuring the enzyme 
activityy (Fig. IB). In wild-type cells Poxlp, catalase A, NH-Mdh3p, and thiolase were 
locatedd in the pellet fraction, indicating that each of these proteins was targeted to 
peroxisomes.. In pex5A cells Poxlp, catalase A and NH-Mdh3p were mislocalized to 
thee supernatant fraction indicating that peroxisomal targeting of Poxlp, like the PTS1 
proteinss catalase A and NH-Mdh3p, is dependent on Pex5p. Although a significant 
fractionn of NH-Mdh3p was recovered in the organellar pellet, this does not represent 
peroxisomall  import (see below). The localization of the PTS2 protein thiolase was not 
affectedd in pex5A cells. In pexlA cells only thiolase was mislocalized to the 
supernatantt fraction, and both Poxlp and catalase A (not shown) were recovered in the 
pellett fraction. To investigate further the role of Pex5p in the import of Poxlp, we 
madee use of the Pex5p(N393D) mutant. The N393D mutation specifically affects the 
interactionn of Pex5p with PTS1 proteins (Klein et al, 2001). Subcellular fractionation 
off  pex5A cells expressing Pex5p(N393D) showed that the PTS1 proteins NH-Mdh3p 
andd catalase A were mislocalized to the supernatant fraction (Fig. 1). However, this 
mutationn in Pex5p did not affect the distribution of Poxlp; the protein was mainly 
locatedd in the pellet fraction, like in pex5A cells expressing wild-type PEX5 from a 
plasmid. . 

107 7 

http://www.stanford.edu/group/candida


ChapterChapter 4 

wild-type e 

HH P S 

tmmtmm — 

pex5A A 

HH P S 

Pex5 5 
N393D D 

HH P S 

 , _ 

pex7A A 

HH P S 

-«Poxlp p 

-*NH-Mdh3p p 

-«thiolase e 

wild-type e pex5A A Pex5 5 
N393D D 

%% recovery 102 101 1 102 2 

Figuree 1. Targeting of Poxlp to peroxisomes is dependent on Pex5p. 
Wild-typee cells, pexSA cells, pexSA cells expressing Pex5p(N393D), all (co)transformed with a plasmid 

expressingg NH-tagged Mdh3p, and pexlA cells were grown on oleate and subjected to subcellular 

fractionation.. Equivalent volumes of the 600 x g post-nuclear supernatant (ƒƒ), 17,500 x g pellet (P) and 

17,5000 x g supernatant (5) were analyzed by Western blotting (A). The antibodies used were directed 

againstt Poxlp, the NH epitope to detect NH-tagged Mdh3p and thiolase. Note that the subcellular 

localizationn of NH-tagged Mdh3p 'mpex7A cells was not studied. Distribution of catalase A was determined 

byy measuring enzyme activity (B). 
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Too prove that Poxlp, recovered from the pellet fraction of pex5A cells expressing 
Pex5p(N393D),, was imported into peroxisomes, we carried out a protease protection 
experiment.. Wild-type, pex5A, pex7A, pex3A, and pex5A cells expressing 
Pex5p(N393D)) were spheroplasted and lysed in hypotonic buffer. Equal amounts of 
clearedd homogenates were exposed to proteinase K in the absence or presence of 
detergentt (Fig. 2). The PTS2 matrix protein thiolase was used as an internal control for 
peroxisomall  membrane integrity in the wild-type and pex5'A strains. In wild-type cells 
Poxlpp was protected from protease degradation in the absence of detergent but was 
completelyy degraded in the presence of detergent, indicating that Poxlp has been 
importedd into peroxisomes (Fig. 2A). Similar results were found in pexlA cells, 
showingg that Poxlp does not use the PTS2 targeting pathway for its import into 
peroxisomes.. However, 'mpex5A cells Poxlp was rapidly degraded in the absence of 
detergent,, whereas thiolase was not affected by proteinase K treatment. These results 
confirmedd that the import of Poxlp into peroxisomes is dependent on Pex5p. The 
proteasee protection experiment in the pex3A strain served as a control for protein 
degradationn in the absence of detectable peroxisomal membrane remnants (Baerends 
etet al, 1996; Wiemer et al, 1996; Hettema et al, 2000). In this case both Poxlp and 
thiolasee were rapidly degraded. To confirm that Pex5p-mediated import of Poxlp into 
peroxisomess is not dependent on the PTS1-binding site in Pex5p, we performed a 
proteasee protection experiment on a homogenate of pex5A cells expressing 
Pex5p(N393D).. Fig. 2B shows that Poxlp was completely protected from the protease 
inn the Pex5p(N393D) mutant, indicating that Poxlp had been translocated across the 
peroxisomall  membrane. In contrast the PTS1 protein NH-Mdh3p was rapidly 
degradedd in the absence of detergent and thus not protected by a membrane. This 
findingg suggests that the presence of NH-Mdh3p in the organellar pellet of the 
Pex5p(N393D)) mutant in the subcellular fractionation (Fig. 1) is the result of aspecific 
associationn of the protein with membranes or aggregation. Taken together, the results 
fromm the subcellular fractionation and protease protection experiments show that 
peroxisomall  import of Poxlp is mediated by Pex5p but is not dependent on the PTS1-
bindingg site of Pex5p. 

Pex5pp interacts directly with Poxlp 
Thee preceding data demonstrate that Poxlp is targeted to peroxisomes by Pex5p. To 
studyy the interaction between Pex5p and Poxlp in an in vitro reconstituted system, we 
madee use of bacterially expressed fusion proteins; Pex5p was fused to GST, and 
Poxlpp was fused to maltose-binding protein (MBP). GST-Pex5p was purified on a 
glutathione-Sepharosee 4B column, and the purified protein was loaded onto an 
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amylosee column with bound MBP-Poxlp. After extensive washing of the column, to 
removee aspecifically bound proteins, MBP-Poxlp was eluted with maltose, and the 
eluatess were analyzed by Western blotting. As shown in Fig. 3 GST-Pex5p co-eluted 
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Figuree 2. Membrane translocation of Poxlp requires Pex5p but is independent of the PTSl-binding 
sitee in Pex5p. 

Wild-typee cells, pex5A cells, pex3A cells, and pex7A cells (A) and pexSA cells co-expressing NH-Mdh3p 
andd Pex5p(N393D) (B) were grown on oleate and converted to spheroplasts. Cleared homogenates were 
exposedd to proteinase K for the times indicated in either the absence or the presence of 0.15% Triton X-100 
(TX100).(TX100). Samples were analyzed by Western blotting with antibodies specific for Poxlp, thiolase and the 
NHH epitope to detect NH-tagged Mdh3p. 
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withh MBP-Poxlp indicating that GST-Pex5p is able to bind to MBP-Poxlp. No co-
elutionn was observed when MBP was used together with GST-Pex5p or MBP-Poxlp 
togetherr with GST. These results show that Pex5p and Poxlp can interact directly with 
eachh other without support of other proteins. 
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Figuree 3. Pex5p interacts directly with Poxlp and AN-Cat2-AC. 
Purifiedd GST-Pex5p or GST alone (100 ug each) was passed over an amylose column loaded with 250 u.1 of 

clearedd lysate containing either MBP alone, MBP-Poxlp, or MBP-AN-Cat2-AC. After extensive washing, 

thee column was eluted with 20 mM maltose, and the proteins in the elution fractions were subjected to SDS-

PAGEE followed by Western blotting. Antibodies were directed against MBP (top panel) or GST (lower 

panel). panel). 

Thee interaction of Poxlp with Pex5p is not dependent on its carboxyl-terminal 
threee amino acids 
Mostt peroxisomal matrix proteins are imported in a Pex5p-dependent manner into 
peroxisomess by virtue of a PTS1. Although the sequence of the three amino acids at 
thee extreme carboxyl terminus that forms the PTS1 is rather degenerate, a general 
consensuss sequence has been defined as (S/C/A)(K/R/H)(L/M) (Gould el al, 1989; 
Swinkelss et al, 1992). The last three amino acids of S. cerevisiae Poxlp are I-N-K 
(Dmochowskaa et al, 1990) and, hence, do not comply with this consensus sequence. 
Wee therefore did not expect it to behave as a PTS 1. To investigate this we deleted the 
lastt 3 or 17 amino acids of Poxlp and studied the effect of these deletions on the 
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interactionn with Pex5p in the two-hybrid system. The strength of the Pex5p-Poxlp 
interactionn was quantified by measuring the (3-galactosidase activity in a two-hybrid 
assay.. Deletion of the last 3 or 17 amino acids of Poxlp did not reduce the interaction 
withh Pex5p compared with that of full-length Poxlp (Fig. 4). These results show that 
Poxlpp does not contain a typical PTS1 and that the interaction is not dependent on the 
lastt 17 residues of the protein. 

160 0 

Poxlpp PoxA3 PoxA17 

Figuree 4. Carboxyl-terminal deletions of Poxlp do not affect the interaction with Pex5p. 
Thee last 3 (PoxlA3) or 17 (PoxlA17) amino acids of Poxlp were deleted. The strength of the interaction 

betweenn Pex5p (fused to Gal4AD) and wild-type Poxlp, Pox 1 A3, or PoxlA17 (all fused to Gal4BD) was 

quantifiedd in a two-hybrid assay by measuring the p-galactosidase activity. As a control the strength of the 

interactionn between Pex5p and the empty Gal4BD (BD) and between wild-type Poxlp and the empty 

Gal4ADD {AD) was determined. The values given are the mean  S.D. of three measurements on independent 

transformants.. The Pex5p-Poxlp interaction was set to 100%. 

Thee region of Pex5p responsible for  Poxlp interaction is clearly distinct from the 
PTS11 interaction site 
Thee results thus far implicate that Poxlp has a different binding site on Pex5p when 
comparedd to PTS1 proteins. The TPR motifs in the carboxyl terminus form the binding 
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sitee for PTS1 (Brocard et al, 1994; Dodt et al, 1995; Terlecky et al, 1995), and the 
aminoo acids that mediate this interaction have been identified (Gatto et al, 2000; Klein 
etet al, 2001). To determine the responsible regions for Poxlp interaction, we made 
severall  deletions in PEX5 giving rise to truncated proteins. The effect of these 
truncationss on the interactions with Poxlp and Mdh3p, respectively, was studied (Fig. 
5).. We also included carnitine acetyltransferase from which the mitochondrial 
targetingg signal and the PTS1 had been deleted (AN-CAT2-AC). Previously, it has 
beenn shown that this protein can still be targeted to peroxisomes in a Pex5p-dependent 
manner,, indicating that this protein has an additional, internal peroxisomal targeting 
signall  (Elgersma et al, 1995). The interaction between AN-CAT2-AC and Pex5p is 
directt as shown in Fig. 3. 
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Figuree 5. The Poxlp binding region in PexSp is clearly distinct from the PTS1 interaction site. 
Truncatedd versions of Pex5p (fused to GaWAD) were tested in a two-hybrid assay for their interaction with 

Mdh3p,, Poxlp and AN-Cat2-AC (all fused to GaWBD). The strength of the interaction was determined by 

measuringg p-galactosidase activity. For each protein fused to GaWBD, the interaction with wild-type 

GaWAD-Pex5pp was set to 100%. The values given are the mean  S.D. of three measurements on 

independentt transformants. < I means that no interaction could be detected. For every GaWAD fusion 

proteinn indicated, the interaction with the empty GaWBD was also tested. Likewise, for every GaWBD 

fusionn protein, the interaction was tested against the empty GaWAD. In each of these cases no interaction 

couldd be detected (not shown). 
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Thee relative strength of the interaction of the deleted versions of Pex5p with the 

above-mentionedd proteins was determined in the two-hybrid system by quantifying the 

(5-galactosidasee activity. Deletions of the amino terminus of Pex5p (Pex5p-(252-612) 

andd Pex5p-(307-612)) had a much more severe effect on the interaction with Poxlp 

andd AN-CAT2-AC when compared with the interaction with the PTS1 protein Mdh3p 

(Fig.. 5). The Gal4AD fusion with the TPR motifs of Pex5p (Pex5p-(307-612)) could 

stilll  interact with Mdh3p, although with reduced efficiency when compared with wild-

typee Pex5p. However, the same construct expressing only the TPR motifs of Pex5p did 

nott interact with either Poxlp or AN-CAT2-AC. Conversely, deletion of the last three 

TPRR motifs (Pex5p-( 1-427)) completely abolished the interaction with Mdh3p, 

whereass the interaction with both Poxlp and AN-CAT2-AC could still be detected. 

Thee N393D mutation in Pex5p, which has previously been shown to abolish 

completelyy the interaction with PTS1 proteins (Klein et al, 2001), did not severely 

affectt the interaction with either Poxlp or AN-CAT2-AC. Together the results show 

thatt the interaction of Pex5p with PTS1 proteins is clearly distinct from that with 

Poxlpp and AN-CAT2-AC. The two-hybrid results for the Pex5p(N393D) mutant were 

alsoo in line with the results obtained with this mutant in the subcellular fractionation 

andd protease protection experiments. This mutation has a severe effect on the import 

off  PTS1 proteins into peroxisomes and leads to their mislocalization in the cytosol, but 

importt of Poxlp is not affected. 

Mappingg of the binding site for  Poxlp on Pex5p 
Too further delineate the Poxlp-binding site on Pex5p, we used a randomly 
mutagenizedd pex5 library. This library has been described before (Klein et al, 2001) 
andd was used to identify the binding sites for PTS1 proteins (Klein et al, 2001) and 
Pexl3pp (Barnett et al, 2000; Bottger et al, 2000) on Pex5p. The library of pex5 

mutants,, fused to Gal4AD, was screened for mutants that had lost the interaction with 
Poxlp,, fused to Gal4BD, in a two-hybrid assay. Loss of interaction was scored by the 
inabilityy of transformants to grow on media lacking histidine. These mutants were 
subsequentlyy analyzed by Western blotting for their ability to synthesize full-length 
Pex5p.. Of the 20,000 transformants screened, 9 synthesized full-length Pex5p. Table II 
showss the results of the sequence analysis of these pex5 mutants. Although almost 
everyy pex5 mutant contained multiple amino acid substitutions, a clustering of 
mutationss was observed in a small region in the amino terminus of Pex5p, spanning 
aminoo acids 253-264 (Fig. 6). Moreover, two residues in this region, Tyr-253 and Trp-
261,, were each found to be mutated in three different isolated mutants. These results 
indicatee that this region in Pex5p is important for the interaction with Poxlp and are in 
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linee with the deletion studies of Pex5p, which showed that the binding site for Poxlp 
iss located somewhere between amino acids 252 and 427 of Pex5p. 

Too investigate whether these mutations specifically disturbed the interaction with 
Poxlpp or resulted in a general loss of interaction with partner proteins because of a 
changee in the overall structure of the mutant Pex5p, we tested the interaction with two 
proteinss that bind to the amino terminus of Pex5p: PexBp (Barnett et al, 2000; 
Bottgerr et al, 2000; Urquhart et al, 2000) and Pexl4p (Schliebs et al, 1999; 
Saidowskyy et al, 2001). Mdh3p was used as an example of a protein that binds to the 
carboxyl-terminall  TPR motifs. We also included AN-CAT2-AC because of its similar 
behaviorr as Poxlp in the two-hybrid assay with the deleted versions of Pex5p (Fig. 5). 
Forr some of the isolated pex5 mutants, we first created single amino acid substitutions 
byy site-directed mutagenesis. The mutants included in this analysis were 
Pex5p(Y253N),, Pex5p(Q258R,A369T), Pex5p(W261A), Pex5p(D262G), and 
Pex5p(I264T).. The results are summarized in Fig. 7. Based on the interactions, the 
pex5pex5 mutants could be divided into two different groups. 

Tablee U.pexS mutants that have lost the interaction with Poxlp 
AA randomly mutagenized pex5 library was screened for pex5 mutants that have lost the 
interactionn with Poxlp in the two-hybrid system. Indicated in bold are the mutations that 
clusterr within a small region in the amino-terminus of Pex5p, spanning amino acids 253-

264. . 

mutant t 

pex5.4 pex5.4 

pex5.10 pex5.10 

pex5.31 pex5.31 
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Figuree 6. Multipl e sequence alignment of the region in Pex5p important for  Poxlp interaction. 
Sequencess were aligned using ClustalX. finite text on a black background denotes a sequence residue 
identity,, and black text on a gray background indicates a similarity. The positions where mutations were 
foundd that disturb the interaction with Poxlp are indicated by arrowheads. 

Thee first group consisted of Pex5p(Y253N), Pex5p(D262G), and Pex5p(I264T) (Fig. 
7A).. These mutants were specifically affected in the interaction with Poxlp and in the 
casee of Pex5p(I264T) also with AN-CAT2-AC. The interaction of these mutants with 
Pexl3pp and Pexl4p was only slightly reduced to about 60-80% of the interaction 
strengthstrength of wild-type Pex5p. Remarkably, we observed an increase in the strength of 
thee interaction with Mdh3p for each of these pex5 mutants. These results indicate that 
thesee amino acid substitutions specifically affect the binding of Poxlp (and of AN-
CAT2-ACC in the case of Pex5p(I264T)) but do not disturb the overall structure of 
Pex5p.. In contrast, Pex5p(Q258R,A369T) and Pex5p(W261A) that form the second 
groupp were severely affected in every interaction that takes place in the amino 
terminuss of Pex5p (Fig. 7B). Probably the amino acid substitutions in these mutants 
affectt the correct folding of the amino terminus of Pex5p. 

Residuess 239-300 of Pex5p are sufficient to bind Poxlp directly 
Too test whether the identified region in Pex5p is sufficient to bind Poxlp, we fused 
residuess 239-300 of Pex5p to the Gal4AD domain. In a two-hybrid assay we could 
clearlyy detect an interaction between this Pex5 peptide of 62 amino acids and Poxlp 
resultingg in growth of yeast colonies on plates without histidine (data not shown). The 
strengthstrength of this two-hybrid interaction was quantified by measuring the P-
galactosidasee activity (Fig. 8A). Although the strength of the interaction of the Pex5 
peptidee with Poxlp was reduced to 10% when compared with that of full-length 
Pex5p,, it was still 200-fold above the background value (empty Gal4AD and Poxlp). 
AA similar result was found for the interaction between the Pex5 peptide and AN-
CAT2-AC.. Introduction of either the Y253N or the I264T mutation in the Pex5 peptide 
byy site-directed mutagenesis completely abolished the interaction with Poxlp (data not 
shown).. These two-hybrid results were confirmed by in vitro binding experiments with 
purifiedd proteins. For this we fused the Pex5p-(239-300) peptide to GST. We also 
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createdd two other GST-Pex5 peptides containing either the Y253N or the I264T 
mutation.. These fusion peptides were purified over a glutathione-Sepharose 4B 
columnn and loaded onto an amy lose column to which MBP-Poxlp was bound. After 
extensivee washing of the column, to remove aspecifically bound proteins, MBP-Poxlp 
wass eluted with maltose, and the eluates were analyzed by Western blotting. As can be 
seenn in Fig. 8B, GST-Pex5p-(239-300), like the full-length fusion of Pex5p (Fig. 3), 
co-elutedd with MBP-Poxlp. Furthermore, in agreement with the two-hybrid results, 
thee mutated forms of the Pex5p-(239-300) peptide, containing either the Y253N or the 
I264TT mutation, were unable to associate with MBP-Poxlp. These results show a 
specificc and direct interaction between the identified region of Pex5p and Poxlp. 

Pex5p(Y253N)) is specifically disturbed in the targeting of Poxlp 
Too investigate the in vivo effect of the Pex5p(Y253N) mutation on the targeting of 

proteinss to peroxisomes, we cloned this pex5 mutant in a plasmid under the control of 

thee PEX5 promoter. Pex5p(Y253N) was co-expressed in pexSA cells with green 

fluorescentt protein (GFP) containing a PTS1, GFP-SKL. Similarly, either Pex5p or 

Pex5p(N393D)) was co-expressed in pex5A cells with GFP-SKL. As a control we used 

pexSApexSA cells expressing only GFP-SKL. In pex5A cells expressing wild-type Pex5p 

fromm a plasmid, GFP-SKL showed clear punctated fluorescence, indicative for the 

importt of GFP-SKL into peroxisomes (Fig. 9A). In pex5A cells only cytosolic 

fluorescencee could be detected, and the same was found in pexSA cells expressing 

Pex5p(N393D),, which is disturbed in the binding of PTS1 proteins (Klein et al, 

2001).. In contrast, the pex5A cells expressing Pex5p(Y253N) showed a punctated 

patternn of GFP-SKL fluorescence indicating that the Y253N mutations did not affect 

thee import of this artificial PTS1 protein into peroxisomes. 

Thee effect of the Y253N mutation on the localization of Poxlp was also studied by a 

subcellularr fractionation. We used the same cells as follows; pexSA, pexSA expressing 

Pex5p,/?ex5AA expressing Pex5p(N393D). andpex5A expressing Pex5p(Y253N). Equal 

amountss of homogenate, organellar pellet, and supernatant were analyzed by Western 

blottingg (Fig. 9B). Poxlp was localized in the pellet fraction inpex5A cells expressing 

wild-typee Pex5p and mislocalized to the supernatant in pex5A cells. The N393D 

mutationn did not affect Poxlp localization (see also Fig. 1A). However, inpex5'A cells 

expressingg Pex5p(Y253N), we found that Poxlp was mislocalized to the supernatant. 

Thee Pex5p(Y253N) mutation did not disturb peroxisomal targeting of the PTS1 

proteinss NH-Mdh3p and catalase A. These data show that disruption of the Pex5p-

Poxlpp interaction, caused by the Y253N mutation in Pex5p, specifically affects the in 

vivovivo targeting of Poxlp to peroxisomes. 
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Figuree 7. Effect of amino 
acidd substitutions in Pex5p 
onn the interaction with 
partnerr  proteins. 
Thee strength of the two-
hybridd interaction between 
Pex5pp (fused to GaWAD) and 
aa number of partner proteins 
(fusedd to Gal4BD) was 
quantifiedd by measuring the 
P-galactosidasee activity. For 
eachh partner protein used, the 
interactionn with wild-type 
Pex5pp was set to 100%. The 
valuess given are the mean
S.D.. of three measurements 
onn independent transformants. 
Threee pex5 mutants were 
specificallyy affected in the 
interactionn with Poxlp (A) 
whereass two other mutants 
hadd lost most of the 
interactionss that were tested 
(B). . 
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Figuree 8. Amino acids 239-300 of Pex5p are sufficient to bind Poxlp. 
Aminoo acids 239-300 of Pex5p were fused to GaWAD and tested in a two-hybrid assay for the interaction 

withh Gal4BD fusions of Poxlp and AN-Cat2-AC (A). The strength of the interaction was determined by 

measuringg p-galactosidase activity. For each protein fused to Gal4BD the interaction with wild-type Pex5p 

(fusedd to Gal4AD) was set to 100%. The values given are the mean  S.D. of three measurements on 

independentt transformants. As a control the interaction of Poxlp and AN-Cat2-AC with the empty GaWAD 

(AD)(AD) was measured. Pex5p and Pex5p-(239-300) did not interact with the empty GaWBD (not shown). 

Aminoo acids 239-300 of wild-type (WT) Pex5p (GSTpepWT), Pex5p(Y253N) (GSTpepY253N), and 

Pex5p(I264T)) (GSTpepI264T) were fused to GST and tested in an in vitro binding assay for their interaction 

withh MBP-Poxlp (B). Purified GST fusion proteins (100 ug each) were passed over an amylose column 

loadedd with 250 ul of cleared lysate containing MBP-Poxl. After extensive washing, the column was eluted 

withh 20 mM maltose, and the proteins in the elution fractions were subjected to SDS-PAGE followed by 

Westernn blotting. Antibodies were directed against Poxlp (top panel) or GST (lower panel). 
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Discussion n 

Theree are two well characterized peroxisomal targeting sequences, PTS1 and PTS2, 
thatt direct proteins into peroxisomes. Soluble receptors have been identified, Pex5p for 
PTS11 and Pex7p for PTS2, that specifically interact with these PTSs and are 
absolutelyy required for their import into peroxisomes. Only a few peroxisomal matrix 
proteinss have neither a PTS1 nor a PTS2 and the signals that target these proteins to 
peroxisomess remain to be characterized (Hill et al, 1988; Small et al, 1988; 
Bruinenbergg et al, 1990; Dmochowska et al, 1990; Wang et al, 1998). In this study 
wee have analyzed in detail how one of these proteins, S. cerevisiae acyl-CoA oxidase 
(Poxlp),, reaches its subcellular destination. 

Targetingg of Poxlp is dependent on Pex5p, which functions as receptor for PTS1 
proteins.. This dependence is based on direct interaction because Poxlp and Pex5p 
bindd to each other in a yeast two-hybrid trap and in in vitro reconstitution assays. The 
carboxyl-terminall  part of Poxlp, where the PTS1 is normally found, is not required for 
bindingg since 3- or 17-amino acid terminally deleted versions of Poxlp bind equally 
welll  to Pex5p. Also the way in which Pex5p interacts with Poxlp is unorthodox. 
Previouss studies demarcated the part of Pex5p involved in PTS1 recognition to the 
carboxyl-terminall  half containing the TPR repeats (Brocard et al, 1994; Dodt et al, 
1995;1995; Terlecky et al, 1995; Gatto et al, 2000; Klein et al, 2001). Import of Poxlp, 
however,, does not require this well defined PTS1-binding site on Pex5p; the 
Pex5p(N393D)) mutant, which is selectively disturbed in the interaction with PTS1 
proteinss (Klein et al, 2001), mislocalized PTS1 proteins to the cytosol, but Poxlp was 
efficientlyy imported into peroxisomes. In line with these findings, this pex5 mutant 
wass still able to interact with Poxlp, whereas the interaction with the PTS1 protein 
Mdh3pp was abolished. Recently, similar observations were reported by Yang et al 
(2001).. They showed that a point mutation within the TPR domain of S. cerevisiae 
Pex5pp at position 495 (Asn to Lys) abolishes the import of catalase, a PTS1 protein, 
butt not that of Poxlp. These data suggest, therefore, that Pex5p binds Poxlp in a way 
thatt is clearly distinct from the interaction with PTS1 proteins. We have located the 
Pex5pp part interacting with Poxlp amino-terminally of the TPR containing half by a 
combinationn of deletion and mutational experiments and in vitro reconstitution assays. 
Thee part of Pex5p consisting of amino acids 239-300 is sufficient for binding Poxlp, 
andd important residues are located in the area spanning amino acids 253-264. Multiple 
sequencee alignment of this area using the Pex5p sequences from S. cerevisiae, C. 
albicans,albicans, P. pastoris, Y. lipolytica, and H. sapiens shows a high amino acid identity 
betweenn S. cerevisiae and C. albicans. It is noteworthy that of the five residues that 
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Figuree 9. Effect of amino acid substitutions in Pex5p on 
thee localization of peroxisomal matri x proteins. 
Wild-typee cells, pex5A cells, and pex5A cells expressing 
eitherr Pex5p(N393D) or Pex5p(Y253N) were all (co) 
transformedd with a plasmid expressing GFP-SKL. 
Subcellularr distribution of GFP-SKL was visualized by 
fluorescencee microscopy (A). Wild-type cells, pex5A cells, 
andd pex5A cells expressing Pex5p(N393D) or 
Pex5p(Y253N)) were all (co) transformed with a plasmid 
expressingg NH-tagged Mdh3p and subjected to subcellular 
fractionation.. Equivalent volumes of the 600 x g post-
nuclearr supernatant (H), 17,500 x g pellet (P), and 17,500 
xx g supernatant (S) were analyzed by Western blotting (B). 
Thee antibodies used were directed against Poxlp, catalase 
AA (Ctalp), or the NH epitope to detect NH-tagged Mdh3p. 
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weree found to be mutated in S. cerevisiae Pex5p, four are strictly conserved in C. 
albicansalbicans Pex5p. Considering this high sequence similarity between S. cerevisiae and 
C.C. albicans in this region, it is tempting to speculate that a similar mechanism exists 
forr the targeting of acyl-CoA oxidase in both species. In line with this suggestion, the 
carboxyl-terminall  three amino acids of C. albicans acyl-CoA oxidase (LSK) do not 
matchh the PTS1 consensus. Also in the closely related species C. tropicalis the 
carboxyll  terminus of acyl-CoA oxidase does not resemble a PTS1 sequence. For C. 
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tropicalistropicalis acyl-CoA oxidase it has been suggested that it contains internal targeting 
sequencess that direct the protein to peroxisomes (Small et al, 1988). Unfortunately, 
thee C. tropicalis Pex5p sequence is not available. It remains to be determined, 
therefore,, whether there is high sequence similarity in this region of Pex5p between S. 
cerevisiaecerevisiae and C. tropicalis. There is less conservation in this Pex5p region in the 
otherr three species, Y. lipolytica, P. pastoris, and H. sapiens. In the latter two cases 
thiss may be explained by the fact that acyl-CoA oxidase in these species is targeted to 
peroxisomess via the classical PTS1 pathway (Fournier et al., 1994; Koller et a!., 
1999). . 

Thee amino-terminal half of Pex5p contains a number of WXXXF motifs. Two of 
thesee motifs are present in S. cerevisiae and seven in H. sapiens. In humans it has been 
shownn that these motifs form multiple binding sites for PexHp (Schliebs et al, 1999; 
Saidowskyy et al, 2001), whereas in S. cerevisiae one of these motifs is essential for 
thee association with the SH3 domain of Pexl3p (Barnett et al., 2000; Bottger et al, 
2000).. However, there is an additional inverted motif, FXXXW, in Pex5p that is 
conservedd in yeasts but not in human. In human only the tryptophan is conserved in 
thiss region, and phenylalanine is not present. In S. cerevisiae the FXXXW motif is 
locatedd in the core of the Poxlp-interacting region and therefore may play a pivotal 
rolee in this interaction. The conserved Trp-261 within this motif was found mutated in 
threee independent clones in our mutant screen. However, substitution of this conserved 
residuee affected several interactions that take place in the amino-terminal half of 
Pex5p,, including the interaction with Pexl4p. This may indicate that this highly 
conservedd tryptophan residue is also important for the correct folding of the amino 
terminuss of Pex5p. 

Ourr study also indicates that the binding sites on Pex5p for Poxlp and AN-CATI-

ACC are partially overlapping. Some pex5 mutants that have lost the interaction with 

Poxlpp are also affected in the interaction with AN-CAT2-AC; Pex5p(I264T) shows a 

completee loss of interaction with AN-CAT2-AC, and Pex5p(D262G) shows a strongly 

reducedd interaction with AN-CAT2-AC. The Y253N mutation, however, is specific for 

thee Poxlp interaction because it completely abolishes the association with Poxlp but 

doess not affect AN-CAT2-AC binding. Furthermore, in support of the partially 

overlappingg binding sites for Poxlp and AN-CAT2-AC on Pex5p we found that the 

Pex5p-(239-300)) peptide interacted with both proteins in a two-hybrid assay. The fact 

thatt Cat2p, from which the PTS1 has been deleted can still interact with Pex5p 

(Elgersmaa et al, 1995) indicates that besides the PTS1 there are other residues in this 

proteinn that contact Pex5p. As shown here this additional site of interaction for Cat2p 
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onn Pex5p is located outside the TPR domain and partially overlaps with the Poxlp-
bindingg site. 

Theree have been other reports of peroxisomal matrix proteins that use accessory 
sequencess to interact with Pex5p. For human catalase the lysine at the 4 position is 
essentiall  for its import into peroxisomes (Purdue and Lazarow, 1996). 
Lametschwandtnerr et al (1998) showed that in the hexadecapeptides they studied, 
residuess upstream of the carboxyl-terminal tripeptide influenced the interaction 
strengthh with Pex5p. Although the appealing and simple concept of the original 
definitionn of a PTS1 may still hold for most proteins, we like to suggest on the basis of 
accumulatingg data in the literature and our own in depth analysis of Poxlp that there 
mightt be a whole spectrum of peroxisomal matrix proteins that differ in their 
dependencee on a PTS1 for Pex5p-mediated targeting to peroxisomes. At one end there 
aree proteins that use a consensus PTS1 to interact with Pex5p only at the PTS1-
bindingg site. Then there are proteins, like Cat2p, that use two different ways to interact 
withh Pex5p via their PTS1 and via accessory sequences. In the case of Cat2p these 
accessoryy sequences alone are sufficient to interact with Pex5p and direct the protein 
too peroxisomes (Elgersma et al, 1995, and our results). Another protein that might 
alsoo use accessory sequences is S. cerevisiae Mdh3p. In the homologous context, i.e. 
Mdh3pp expressed in S. cerevisiae, many alterations of the PTS1 of this protein are 
allowedd without disrupting the interaction with Pex5p or targeting to peroxisomes 
(Elgersmaa et al, 1996b). One explanation for this finding could be that the interaction 
off  accessory sequences in Mdh3p with Pex5p compensates for weaker binding of the 
PTS11 peptide to its binding site. However, when these non-consensus PTS Is are fused 
too a heterologous reporter protein, they fail to target to peroxisomes, presumably 
becausee these compensatory interactions cannot occur between the reporter protein 
andd Pex5p. At the other end of the spectrum are proteins that do not have a 
recognizablee PTS1. S. cerevisiae Poxlp is an example of such a protein, and the 
accessoryy sequences in this protein are sufficient to bind Pex5p and to target it to 
peroxisomes.. This protein does not use the PTS 1-binding site of Pex5p but the 
identifiedd region just upstream of the Pex5p TPR domain. Thus in the case of Poxlp 
thee accessory sequences function as an internal peroxisomal targeting signal of a new 
type,, PTS3. Because protein folding probably precedes import into peroxisomes, it is 
conceivablee that the internal PTS3 does not consist of a linear epitope, like the PTS1, 
butt is composed of conformational epitopes within the folded protein. Future studies 
shouldd reveal the structural details of this targeting signal. 

Manyy studies have indicated a remarkable variation in the peroxisomal protein 
importt pathway. The high degeneracy of the PTS 1 and the use of accessory sequences 
inn peroxisomal matrix proteins is one example. Also in the PTS2 import pathway a 
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numberr of variations exist, depending on the protein and the organism. For instance 
glyoxysomall  malate dehydrogenase of watermelon is different from other peroxisomal 
malatee dehydrogenases because it contains a PTS2 (Gietl et al., 1994), whereas in the 
otherr organisms it possesses a PTS1. Even more remarkable is the absence of the 
entiree PTS2 pathway in Caenorhabditis elegans (Motley et al, 2000). Proteins that 
containn a PTS2 in other organisms, like thiolase (Osumi et al, 1991; Swinkels et al, 

1991;; Erdmann, 1994; Glover et al, 1994b), alkyldihydroxyacetonephosphate 
synthasee (de Vet et al, 1997) and phytanoyl-CoA hydroxylase (Jansen et al, 1997) are 
equippedd with a PTS1 in C. elegans. Whether the identified PTS3 pathway is only 
presentt in some yeast species or whether it is a more general peroxisomal import 
pathway,, conserved among different proteins and different organisms, remains to be 
investigated. . 
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Abstract t 

Srcc homology 3 (SH3) domains are small non-catalytic protein modules capable of 
mediatingg protein-protein interactions by binding to proline-X-X-proline (P-X-X-P) 
motifs.. Here we demonstrate that the SH3 domain of the integral peroxisomal 
membranee protein Pexl3p is able to bind two proteins, one of which, Pex5p, 
representss a novel non-P-X-X-P ligand. Using alanine scanning, two-hybrid and in 

vitrovitro interaction analysis, we show that an a-helical element in Pex5p is necessary and 
sufficientt for SH3 interaction. Suppressor analysis using Pex5p mutants located in this 
a-helicall  element allowed the identification of a unique site of interaction for Pex5p 
onn the Pexl3p-SH3 domain that is distinct from the classical P-X-X-P binding pocket. 
Onn the basis of a structural model of the Pexl3p-SH3 domain we show that this 
interactionn probably takes place between the RT- and distal loops. Thus, the Pexl3p-
SH3-Pex5pp interaction establishes a novel mode of SH3 interaction. 
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Introductio n n 

Peroxisomess are eukaryotic single membrane bound organelles characteristically 
confiningg enzymes of the fatty acid p-oxidation pathway, oxidases and catalase. Their 
importancee in human metabolism is underlined by the occurrence of several genetic 
disorderss that result from disturbances in peroxisomal biogenesis and metabolism 
(Moser,, 1999). The enzymes that make up the peroxisomal matrix are synthesized on 
freee polyribosomes in the cytosol (Lazarow and Fujiki, 1985), where they typically 
achievee a fully folded state (McNew and Goodman, 1996) before being imported into 
thee organelle. To date, 23 different proteins (peroxins) have been documented (a 
recentt update can be viewed on the web site www.mips.biochem.mpg.de/proj/yeast/ 
reviews/pex_table.html)) that are directly involved in peroxisomal biogenesis and 
translocation,, many of which possess recognizable structural motifs. Pex5p and Pex7p, 
forr example, possess tetratricopeptide repeats (TPR) and WD40 motifs, respectively, 
inn their primary amino acid sequences. These motifs have been implicated in playing 
ann important role in protein-protein interactions (Van Der Voorn and Ploegh, 1992; 
Blatchh and Lassie, 1999; Groves and Barford, 1999). In line with this, it has been 
demonstratedd that the TPR region of Pex5p has a clear role in recognition and binding 
off  proteins possessing a peroxisomal targeting signal type 1 (PTS1) (McCollum et ah, 

1993;; Brocard et ah, 1994; Dodt et ah, 1995; Fransen et ah, 1995; Terlecky et ah, 

1995;; Klein et ah, in preparation). Pex5p has been proposed to function as a cycling 
receptorr that travels with bound PTS1 proteins through the cytoplasm to the 
peroxisomall  membrane, where it is docked (Dodt and Gould, 1996). A key protein 
involvedd in the docking process is the peroxin Pexl3p. This integral peroxisomal 
membranee protein possesses a C-terminal Src homology 3 (SH3) domain exposed to 
thee cytosol. 

Thee SH3 family is a well characterized group of structurally similar domains that 
interactt with proline-rich regions in proteins, typically a P-X-X-P motif, (reviewed in 
Mayerr and Eck, 1995). SH3 domains consist of 60-70 amino acids and are readily 
identifiablee within a primary sequence due to high similarity in fold topology and the 
conservationn of key residues involved in ligand recognition. SH3 domains can be 
foundd in a wide variety of proteins, ranging from cytoskeletal components to members 
off  the signal transduction pathway. To date it has been well established that although 
diversee in location, the primary function of SH3 domains lies in mediation of protein-
proteinn interactions (Kuriyan and Cowburn, 1997; Pawson and Scott, 1997). 

SH33 domain-ligand recognition and affinity is provided by an elongated patch of 
aromaticc residues forming a hydrophobic cleft running between two variable loops: 
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RTT and N-Src (Weng et al., 1995; Arold et al, 1998). This hydrophobic cleft forms 
thee binding platform for ligand association, with the RT- and N-Src loops contributing 
significantlyy to ligand recognition and specificity (Lee et al, 1995; Wu et al, 1995; 
Leee et al, 1996). Typically, the SH3 domain recognizes and binds poly-L-proline (PP) 
regionss in proteins, which adopt a type II (PP-II) helix (Mayer and Eck, 1995). Much 
effortt has gone into identifying SH3-binding ligands using techniques such as 
combinatoriall  peptide libraries and phage display. These studies have revealed the 
presencee of a conserved P-X-X-P core sequence element (Cheadle et al, 1994; Rickles 
etet al., 1994; Sparks et al., 1994). The initial set of ligand peptides conformed to the 
consensuss R-X-X-P-X-X-P (Class I). Shortly afterwards, Feng et al. (1994) redefined 
thee consensus to include a second class (Class II) binding peptides conforming to the 
consensuss P-X-X-P-X-R. Recently, the repertoire of SH3 domain-binding motifs has 
beenn extended to include peptides that contain either one (P-X-X-D-Y) (Mongiovi et 

al.,al., 1999) or two (R-K-X-X-Y-X-X-Y ) (Kang et al., 2000) tyrosines. Despite the 
unorthodoxx nature of these peptides, they were both shown to contact the classical P-
X-X-PP binding pocket on SH3 domains. 

Thee SH3 domain of Pexl3p is able to interact directly with two ligands, Pex5p and 
Pexl4pp (Elgersma et al., 1996; Erdmann and Blobel, 1996; Gould et al., 1996; 
Albertinii  et al., 1997; Fransen et al, 1998; Girzalsky et al, 1999; Urquhart et al, 

2000).. Only one of these, Pexl4p, possesses a recognizable P-X-X-P class II sequence 
(P-T-L-P-H-R).. The PPII motif of Pexl4p was recently confirmed as playing a key 
rolee in this interaction (Girzalsky et al, 1999). The second SH3 binding partner Pex5p, 
however,, lacks a recognizable PP-II type sequence. Recently, we have found that the 
SH33 binding site in Pex5p can be localized to a region that is indeed devoid of any P-
X-X-PP characteristics (Bottger et al, in press). 

Wee have now extended these studies by examining the interaction of Pex5p with 
Pexl3p-SH33 in closer detail. Using alanine-scanning mutagenesis we are able to 
definee specific residues in the primary sequence of Pex5p involved in the interaction. 
Wee also show that this region adopts an a-helical conformation and as such represents 
aa novel class of SH3 ligand. Furthermore, we demonstrate that association with the 
SH33 domain does not occur via interaction at the PP-II binding face, which is reserved 
forr Pexl4p association. On the basis of a suppressor screen we propose a novel site of 
interactionn on the SH3 domain for Pex5p ligand binding. 
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Material ss and Methods 

Strainss and culture conditions 
Forr two-hybrid analysis the yeast strains HF7c (MATa, ura3-52, his3-200, ade2-101, 

lys2-801,lys2-801, trpl-901, leu2-3, gal4-542, gal80-538, LYS2::GAL1UASGAL1TATA-HIS3, 

URA3::GAL4URA3::GAL417mers(x3)17mers(x3)-CyCl-CyClTATATATA-LacZ)-LacZ) and PCY2 (MATa, AgaU, Agal80, 

URA3::GALl-LacZ,URA3::GALl-LacZ, lys2-801, his-A200, trpl-A63, leu2, ade2-101) were used 

(Elgersmaa et ah, 1996). Two-hybrid interactions were assayed using either the His3 

reporterr (HF7c) or the LacZ reporter (PCY2). Yeast transformants were selected and 

grownn on minimal media containing 2% glucose, 0.67% yeast nitrogen base (DIFCO) 

andd amino acids (20 ug/ml) as needed. Oleate plates contained 0.5% potassium 

phosphatee buffer pH 6.0, 0.1% oleate, 0.5% Tween-40, 0.67% yeast nitrogen base and 

aminoo acids as needed. GST and MBP fusion proteins were expressed in the 

EscherichiaEscherichia coli strain BL21. Unless otherwise stated, growth was carried out on 

Luria-Bertanii  (LB) medium (Sambrook et ah, 1989) at 37 °C. 

Generationn of two-hybri d and fusion protein constructs 
Generationn of Gal4DB-Pexl3p-SH3 (pGB15), Gal4DB-Pexl4p (pGB47), Gal4AD-
Pex5pp (pAN4) and Gal4AD-Pexl4p (pGB6) will be described elsewhere (A.T.J.Klein, 
P.Barnett,, D.Konings, H.F.Tabak and B.Distel, in preparation; Bottger et ah, in press). 

Bacteriall  expression constructs were generated for Pex5p and Pexl3p-SH3. GST-
Pex5pPex5p fusions (pGST-Pex5p) were created by ligating the Ncol-Hindlll fragment from 
pAN4,, encompassing the entire Pex5p ORF, into the pGEX2T- (Pharmacia) derived 
plasmidd pRP265nb [pGEX2T with expanded multiple cloning site (MCS), kind gift of 
P.. Van der Vliet, University of Utrecht]. MBP fusions of Pexl3p-SH3 were created by 
ligatingg the BamHl-Pstl fragment from pGB7 (Bottger et ah, in press), encompassing 
thee SH3 domain (residues 301-386), into pMal-c2 (New England Biolabs). A His6 

fusionn of Pexl4p was generated by ligating the BamHl-Pstl fragment from pGB4 
(Bottgerr et ah, in press) encoding the complete PEX14 ORF into pQE9 (Qiagen). 

AA Pex5p-GST fusion peptide was generated from 4 partially overlapping 
oligonucleotides.. A 1:1:1:1 mixture of each of the four oligonucleotides P1-P4 (Table 
1)) or a similar mixture of P2, P3, P5 and P6 was heated to 95 °C for 5 minutes. The 
mixturee was then slowly cooled to room temperature allowing annealing of the 
oligonucleotides.. The oligonucleotides were designed such that a 5' BamHl overhang 
andd 3' blunt-end were generated. The annealed oligonucleotides were ligated into 
BamHl-SmalBamHl-Smal cut pRP265nb. P1-P4 annealed oligonucleotides encode residues 203-
2277 of Pex5p while P2, P3, P5 and P6 encode the same region of Pex5p except for the 
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singlee amino acid substitution Phe208Leu. The Glu212Val amino acid substitution 
wass introduced into the wild-type Pex5p peptide by site-directed mutagenesis (see 
below)) using appropriate primers (Table 1). The fusion constructs were then 
transformedd to E.coli BL21 and purified on glutathione 4B Sepharose following the 
manufacturer'ss instructions (Pharmacia). All fusion peptides were antigenically active 
withh Pex5p antibodies. 

Tablee I. Primer compositions 

Namee 5' 31 Sequence 

P11 GATCCCCTGGACAGATCAGTTTGAAAAGCTGGAAAAA 
P22 GAAGTCTCAGAAAACTTGGACATAAATGATGAAATAGAGAAGTA G 
P33 CTACTTCTCTATTTCATCATTTATGTCCAA 
P44 GTTTTCTGAGACTTCTTTTTCCAGCTTTTCAAACTGATCTGTCCAGGG 
P5P5 GATCCCCTGGACAGATCAGTTGGAAAAGCTGGAAAAA 
P66 GTTTTCTGAGACTTCTTTTTCCAGCTTTTCCAACTGATCTGTCCAGGG 
P77 GTAGTAACAAAGGTCAAAGACAG 
P88 CGTTACTTACTTAGAGCTCGAC 

Pex5pp alanine scan primer s 

P203AA GAGCAAGAACAACAAGCCTGGACAGATCAG 
W204AA GAGCAAGAACAACAACCCGCGACAGATCAGTTTG 
T205AA CAACAACCCTGGGCAGATCAGTTTGAAAAGC 
D206AA CAACAACCCTGGACAGCTCAGTTTGAAAAGC 
Q207AA AACAACCCTGGACAGATGCGTTTGAAAAGCTGGA 
F2ogAA AACCCTGGACAGATCAGGCTGAAAAGCTGGAA 
E209AA GGACAGATCAGTTTGCAAAAGCTGGAAAAAG 
K210AA CAGATCAGTTTGAAGCGCTGGAAAAAGAAGTC 
L211AA GATCAGTTTGAAAAGGCGGAAAAAGAAGTCTCAG 
E212AA CAGTTTGAAAAGCTGGCAAAAGAAGTCTC 
K213AA GAAAAGCTGGAAGCAGAAGTCTCAGAAAAC 
E214AA AAGCTGGAAAAAGCAGTCTCAGAAAACTTGG 

Otherr  site-directed mutant primer s 

Pexll  3p-SH3 W349A GGGAGGGATTCTGACGCGTGGAAAGTGAGGA 
Pexl3p-SH3R353GG GGTGGAAAGTGGGGACAAAGAACGG 
Pexll  3-SH3E323V GTTCCAGAAAACCCAGTGATGGAAGTTG 
Pex5pF208LL AACCCTGGACAGATCAGCTTGAAAAGCTGGAA 
Pex5pL2nDD GGACAGATCAGTTTGAAAAGGATGAAAAAGAAGTCTCAG 
Pex5pE2i2VV CAGTTTGAAAAGCTGGTAAAAGAAGTCTC 
Pex5pK210PP GGACAGATCAGTTTGAACCGCTGGAAAAAGAAGTCTCAG 

"Mutatedd bases appear in bold underlined 

Alaninee scan and site-directed mutagenesis 
Al ll  site-directed mutants were generated using the Quick Change mutagenesis kit 
(Stratagene).. Primers for mutation were designed following the manufacturer's 
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instructionss (Table 1). For the Pex5p alanine scan, 12 pairs of primers were designed 
forr the single mutation of residues 203-214 to alanine. The full-length Pex5p 
construct,, pAN4, was used as a template for mutagenesis. Non-alanine scan, site-
directedd mutants Pex5p Phe208Leu, Pex5p Leu211Asp, Pex5p Lys211Pro, Pexl3p-
SH33 Trp349Ala, Pexl3p-SH3 Arg353Gly and Pexl3p-SH3 Glu323Val were similarly 
createdd using appropriate primers (Table 1). For Pex5p Phe208Leu and Pex5p 
Leu211Asp,, pAN4 was used as the template for mutagenesis. From this, the GST-
fusedd mutant Pex5p for in vitro study could be derived by ligating the Ncol-Hindlll 

fragmentt into pRP265nb. Similarly, Pexl3p-SH3 Arg353Gly and Glu323Val 
mutationss were generated using pGB7 as a template and then ligating the BamHl-Pstl 

cutt fragments into pMAL-c2. All site-directed mutants were sequenced to confirm the 
presencee of the desired mutation. 

Thee yeast two-hybrid p-galactosidase assay system (Fields and Song, 1989) was 
usedd to test the interaction of the Pex5p alanine scan mutants. Alanine scan mutants 
weree also tested for interaction with a PTS1 protein, Mdh3p (pPC97 malate 
dehydrogenasee 3 fusion) and pPC97 (empty pPC97). Filters were image scanned at 
specificc time intervals. 

InIn  vitro binding assays 
EscherichiaEscherichia coli BL21 cells transformed with bacterial expression constructs were 

grownn at 37 °C to an OD60o of 0.5 in 200 ml of LB medium supplemented with 1% 

glucose.. Cells were then induced with 1 mM isopropyl-|3-D-thiogalactopyranoside 

(IPTG)) (Gibco-BRL) and transferred to 30 °C for further incubation to minimize 

proteolysiss and inclusion body formation. After 2 h growth, cells were harvested by 

centrifugationn for 10 min at 10 000 g and then resuspended in 5 ml ice-cold phosphate-

bufferedd saline (PBS) (Sambrook et al, 1989). Cell suspensions were subsequently 

lysedd by sonication (six 20 s 15 \x pulses at 4 °C) and then centrifuged to pellet cell 

debris.. Supernatants were used for in vitro assays. 

BindingBinding assays were set up as follows: 250 ul of cleared lysate containing the 

appropriatee MBP fusion were passed over an amylose resin (New England Biolabs) 

columnn equilibrated in PBS. The column was then washed with 1 ml of PBS buffer. 

Onee hundred microgrammes (in 500 ul PBS) of the GST fusion protein to be tested 

weree passed over the column at a flow rate of -200 ul/min. The column was then 

washedd with a further 3 ml of PBS buffer before being eluted in 500 [i\  of PBS 

containingg 20 mM maltose. Competition experiments were set up as follows: 100 ui of 

clearedd lysate containing MBP-SH3 were mixed with 100 ul of lysate containing His6-

Pexl44 and increasing amounts of purified GST-Pex5p fusion peptide, and incubated 
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forr 1 h at 4 °C. The mixture was then passed over an amy lose column, the column was 
washedd and bound proteins were eluted with maltose. Eluate fractions were collected 
andd subjected to SDS-PAGE and western blot analysis using appropriate antibodies. 

GST-Pex5pp type fusion proteins were purified from the soluble cell lysate on 
glutathionee 4B Sepharose (Pharmacia) according to manufacturer's instructions. All in 

vitrovitro assays were conducted at 4 °C to limit proteolysis. 

Pexl3p-SH33 mutant suppressor  screening 
AA randomly mutagenized SH3 library was created using error-prone PCR. A standard 
Taqq (Sigma) PCR was carried out with primers 7 and 8 (based on pPC97 Gal4DB and 
MCS;; Table 1) using pGB15 as a template. The resulting PCR product was digested 
withh Sail and Spel and ligated into pPC97. The Pex5p mutants Trp204Ala, 
Phe208Leu,, Leu211Asp and Glu212Val in pPC86 were individually co-transformed 
withh the Pexl3p-SH3 mutant library into the two-hybrid yeast strain HF7c. Double 
transformantss that could grow on plates lacking histidine were replica-plated onto 
platess of similar composition. Pexl3p-SH3 plasmids were rescued from colonies able 
too grow on the replica plates, and retransformed to PCY2 cells containing the 
appropriatee Pex5p mutant or empty pPC86. Only Pexl3p-SH3 mutants that gave a 
positivee result in the p-galactosidase assay with the Pex5p mutant and a negative result 
withh empty pPC86 were sequenced. The suppressors were also tested for their 
interactionn with Pexl4p and other Pex5p loss-of-interaction mutants to determine their 
allelee specificity. 

Pexl3p-SH33 domain modelling 
Residuess 308-369 of Pexl3p, encompassing the SH3 domain, were used to search 
againstt the Protein Data Bank (PDB) via the Swiss-PDB viewer local interface 
programmee (Guex et al., 1999). PDB templates suitable for structure modelling (lcka, 
lbo77 and lawx) were downloaded and amino acid sequences optimally aligned using 
thee ClustalX programme and manual fitting (Figure 1). Optimized alignments were 
thenn used as a basis for structural alignments using the appropriate Ex-PDB templates 
withinn the Swiss-PDB viewer programme. Structural alignments were sent to the 
Swiss-PDBB model server for optimized automated modelling. All first-round models 
generatedd were first checked for quality of first- and second-generation packing using 
Whatiff  97. Models with low statistics were rejected. Remaining models were then 
superimposedd onto other known SH3 structures to inspect the structure manually and 
checkk acceptable placement of key conserved residues. The best-fitting representative 
modell  was selected for further refinement and more detailed checking using both the 
locall  Whatif 97 programme and the Whatif server. The final model (Figure 7) displays 
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aa backbone root mean square deviation of -0.8 A in conserved regions when 
superimposedd on several different SH3 structures. Manual docking of PexHp 
PPTLHRR peptide was carried out using Insightll. 

Pex55 mutant screen 
AA library of randomly mutagenized PEX5 genes in the two-hybrid plasmid pPC86 
(Chevrayy and Nathans, 1992) was generated by error-prone PCR. This library of 
mutatedd PEX5 genes was transformed to the yeast two-hybrid strain HF7c containing a 
plasmidd expressing Pexl3p-SH3 domain (residues 284-386) fused to the GAL4 DNA-
bindingg domain. Double transformants were selected on glucose plates containing 
histidinee and then replica plated onto glucose plates lacking histidine. In total, 17,000 
coloniess were screened, yielding 200 clones that failed to grow in the absence of 
histidine.. From these only five showed the desired phenotype: stable expression of the 
full-lengthh Pex5 protein and specific loss of interaction with Pexl3p-SH3 while 
maintainingg interaction with other binding partners [Pexl4p, Mdh3p (a PTS1 protein) 
andd Pex8p]. Sequence analysis revealed that all mutants contained multiple amino acid 
substitutionss in the N-terminal half of the Pex5 protein between residues 75 and 220. 
Threee independent mutants were mutated in the same residue: glutamic acid 212. In 
addition,, two clones had mutations in the same region (phenylalanine 208 and 
glutamicc acid 214). The further analysis of these mutants will be described elsewhere 
(Bottgerr et al, in press). 

Results s 

Identificatio nn of key residues in the Pex5p-Pexl3p-SH3 interaction 
Thee integral peroxisomal membrane protein Pexl3p possesses a cytosolic exposed 
SH33 domain at its C-terminus (Elgersma et al, 1996; Girzalsky et al, 1999) (Figure 
1A).. This domain is sufficient to mediate interactions with the peroxins Pex5p and 
Pexl4pp (Elgersma et al, 1996; Erdmann and Blobel, 1996; Gould et al, 1996; 
Albertinii  et al, 1997; Fransen et al, 1998; Girzalsky et al, 1999; Urquhart et al, 
2000).. Pex5p, unlike Pexl4p, is devoid of a recognizable P-X-X-P binding motif and 
ass such may represent a novel class of SH3-binding ligand. By screening a randomly 
mutagenizedd PEX5 library in the two-hybrid system for mutants that had lost 
interactionn with Pexl3p-SH3, we identified a region in the N-terminal half of Pex5p 
thatt is essential for Pexl3p-SH3 binding. Further analysis of the SH3 interaction 
domainn in Pex5p revealed two closely spaced residues, Phe208 and Glu212, which 
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Pex5p p 

Pexl3p p 

3088 369 387 

11 1 SH3 3 

SCP13SH33 3 
FpP13SH33 2 
HsCrkk  13 4 
HsBTKK 21 6 
HSP13SH33 274 

Figuree 1. (A) Schematic representation of the domain structure of Pex5p and Pexl3p. Shown for Pex5p are 
thee seven TPR repeats (grey boxes) and the region involved in Pexl3p-SH3 binding (arrow). For Pexl3p, 
thee two predicted transmembrane regions (black boxes) and the SH3 domain are indicated. 
(B)) Alignment of the SH3 domains from: Saccharomyces cerevisiae Pexl3p (ScP13SH3) P80667, Pichia 

pastorispastoris Pexl3p (7>P13SH3) Q92266, Human Crk (HsCxk) P46108, Human BTK (HsBTK) Q06187 and 
Humann Pexl3p (/*P13SH3) Q92968. Sequences were aligned using ClustalX and manual fitting. White 
textt on a black background denotes a sequence residue identity and black text on a grey background a 
similarity.. Positions of the RT-loop, N-Src and Distal loop are indicated with an arrow. The RT-loop residue 
Glu3200 and the conserved Trp349, both important in P-X-X-P ligand recognition, are marked with an 
asterisk.. Residues that were found mutated in the suppressor (see Figure 6) are marked with a diamond. 

seemm to play a key role in this interaction (Bottger et al. in press). The close proximity 
off  these two point mutants in the primary sequence of Pex5p suggests a localized 
centree of interaction on Pex5p. PHD secondary structure predictions (Rost and Sander, 
1995;; Rost, 1996) denote a high oc-helix probability for this area of Pex5p. Figure 2B 
showss a default helical representation of this region of Pex5p, highlighting the relative 
positionn of residues 203-218 along a helical backbone. On the basis of this secondary 
structuree prediction we carried out an alanine scan for residues 203-214 of Pex5p, 
makingg use of the yeast two-hybrid system to monitor the interaction between Pex5p 
andd Pexl3p-SH3 (Figure 2A). Mutation of either residue Trp204, Phe208 or Glu212 to 
alaninee resulted in a loss of interaction with Pexl3p-SH3. Alanine mutants Leu211, 
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andd to a lesser extent Glu214 (and Val215 when mutated to aspartate, results not 
shown)) were also affected in their interaction with Pexl3p-SH3. Mutants were also 
testedd for their ability to interact with other Pex5p partner proteins. The interactions 
withh either Pexl4p, a protein that binds to the N-terminal half of Pex5p (Schliebs et 

al,al, 1999), or the PTS1 protein malate dehydrogenase, a protein that binds to the C-
terminall  TPR domain (Brocard et al, 1994), were unaffected (data not shown). These 
resultss indicate that the loss of Pexl3p-SH3 interaction was not as a result of global 
structurall  changes of Pex5p. From figure 2B it can be seen that all of these residues are 
locatedd within the same 180° face of the predicted a-helix. To address the question of 
whetherr the a-helical conformation of this region is essential for Pexl3p-SH3 
interaction,, we introduced a helix-breaking mutation in the helix. We chose residue 
Lys2100 because it is predicted to be located on the face of the Pex5p a-helix not 
involvedd in Pexl3p-SH3 interaction. Indeed, the Lys210Ala mutant still binds the 
Pexl3p-SH33 domain (Figure 2A). In contrast, mutation of Lys210 to proline 
completelyy abrogated the interaction with Pexl3p-SH3, whereas PexHp binding with 
thiss mutant remained unaffected (Figure 2C). These results underscore the hypothesis 
thatt an a-helical element in Pex5p plays a key role in the recognition and binding of 
Pexl3p-SH3. . 

Too test whether this a-helical element is sufficient to bind Pexl3p-SH3 we fused 
residuess 203-227 of Pex5p (Figure 2B) to glutathione-S-transferase (GST). We also 
createdd two other GST-peptides containing either the Phe208Leu or the Glu212Val 
mutation.. These fusion peptides were expressed in Escerichia coli and purified using 
glutathione-- Sepharose affinity chromatography. Western blot analysis demonstrated 
thatt Pex5p polyclonal antibodies recognized all three fusion peptides (data not shown). 
Thee fusion peptides were then used to study the in vitro interaction with Pexl3p-SH3 
fusedd to the maltose binding protein (MBP). Figure 3 clearly shows that the wild-type 
fusionn peptide, like the full-length fusion of Pex5p (Figure 6B), is able to bind to 
MBP-Pexl3p-SH3.. This association is not seen for MBP alone, showing that the 
bindingg is dependent on the presence of the Pexl3p-SH3 domain. 
Furthermore,, in agreement with two-hybrid results for full length Pex5p (Figure 6A), 
thee Pex5p fusion peptides possessing either the Phe208Leu or the Glu212Val mutation 
aree unable to associate with the MBP-Pexl3p-SH3 domain. Thus, the a-helical 
elementt in Pex5p is both necessary and sufficient for SH3 interaction, and represents a 
novell  class of SH3 binding ligand that is devoid of a classical P-X-X-P interaction 
motif. . 

139 9 



ChapterChapter 5 

Pex55 Pex5 Pex5 Pex5 Pex5 Pex5 Pex5 Pex5 Pex5 Pex5 Pex5 Pex5 Pex5 
WTT P203A W204A T205A D206AQ2O7A F208A E209A K210AL211A E212A K213A E214A 

eoo o ö o o o o o 

B B 

2033 227 
/Vorrp7^r/fe^&^A^/^yj£euG/ML>«G/i/ValSerGluAsnLeuAspIleAsnAspGluneGluLvs s 

Phe208 8 
Tip2044 Leu211 

Glu214 4 

TAA fusion DB fusion 

Pex5 5 WT T SH3 3 ,, - - c l ' . 

Pex5 5 K210P P SH3 3 

Pex5K 2 1 0pp Pexl4 

140 0 



AA novel mode ofSH3 interaction 

<<  Figure 2. Analysis of the Pex5p-Pexl3p-SH3 interaction. 
(A)) Two-hybrid analysis of Pex5p alanine scan mutants. Wild-type or Pex5p mutants fused to the TA 
domainn were co-transformed with DB Pexl3p-SH3 to PCY2, and assayed for p-galactosidase activity using 
aa filter assay. Black indicates a strong interaction, white shows no interaction and grey indicates a weakened 
interaction.. (B) Secondary structural model of the Pexl3p-SH3 binding element from Pex5p. The model was 
generatedd in Swiss-PDB viewer and side chains are depicted in default torsion angles. The sequence at the 
topp of the figure shows the region of Pex5p used for in vitro binding studies (Figure 3). Amino acids tested 
inn the alanine scan appear in italic. The underlined sequence is represented in the helical model. The side 
chainss of residues affecting the interaction of the Pex5p with Pexl3p-SH3 are marked on the helix and 
labelled.. (C) Two-hybrid analysis of Pex5p LysHOPro mutant. Wild-type Pex5p or mutant Pex5p 
Lys210Proo fused to the TA domain were co-transformed with DB Pexl3p-SH3 into PCY2, and assayed for 
P-galactosidasee activity using a filter assay. As a control TA Pex5p Lys210Pro was also tested against DB 
Pexl4p.. Shown are three independent yeast transformants. 

Column::  MBP SH3 SH3 SH3 

Target::  PEPWT PEP1"  PEP"2081- PEPE2I2V 

Coomassie e 

ccPex5p p 

II I MBP-SH3 3 
"MB P P 

-- GST-PEP 

 GST-PEP 

Figuree 3. In vitro binding experiments of Pex5p peptides and Pexl3p-SH3. 
GST-fusedd Pex5p peptide (PEPWT)(residues 203-227) or GST-fused Pex5p peptides possessing either the 

Phe208Leuu mutation (PEPF208L) or the Glu212Val mutation (PEPE2,2V) (100 ug each) were passed over 

affinityy columns loaded with 250 p.1 cleared lysate containing either MBP alone or MBP-fused Pexl3p-SH3 

(SH3).. After appropriate washing, proteins were eluted from the column with maltose. Eluates were 

subjectedd to SDS-PAGE and gels were stained with Coomassie (top panel) or blotted and probed with 

antibodiess against Pex5p (lower panel). Protein bands are appropriately labelled on the right-hand side of the 

figure. . 

Disruptionn of the Pex5p-Pexl3p-SH3 interaction affects growth on oleate 
Too address the biological importance of the Pex5p-Pexl3p-SH3 interaction we tested 
whetherr the Pex5p Phe208Leu mutant could rescue the growth defect on oleate of a 
yeastt pex5A strain. Previous studies have established that Saccharomyces cerevisiae 
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requiress functional peroxisomes to grow on oleate as a sole carbon source and that 
yeastt cells containing a deletion of the PEX5 gene cannot utilize oleate (Van der Leij 
etet ah, 1993). Apex5A strain was transformed with plasmids encoding wild-type Pex5p 
andd Pex5p Phe208Leu mutant, as well as with an empty plasmid. To monitor growth, 
thee transformed strains were plated onto oleate medium (Figure 4). As previously 
demonstratedd (Van der Leij et al, 1993), the wild type Pex5p can complement the 
growthh defect on oleate of the pex5A strain. However, the strain expressing Pex5p 
Phe208Leuu showed retarded growth. These results demonstrate that the Pex5p-
Pexx 13p-SH3 interaction is important for the formation of functional peroxisomes. 

Figuree 4. In vivo analysis of Pex5p 
Phe208Leu. . 

pexSApexSA cells were transformed with wild-type 
Pex5pp (PexS""), Pex5p Phe208Leu (pex5F208L) 
orr with an empty plasmid. Cells were grown 
too mid-log phase in liquid medium containing 
0.3%% glucose and plated on oleate medium. 
Platess were incubated at 28 °C and 
photographedd after 7 days. 

pex5Apex5A + 
PexS1" " 

Pex5pp and Pexl4p do not compete for  binding to the Pexl3p-SH3 domain 
Sincee both Pex5p and Pexl4p contact the Pexl3p-SH3 domain, we investigated 
whetherr binding of one ligand is influenced by the presence of the other. We used the 
Pex5pp fusion peptide for these experiments because, in contrast to full-length Pex5p, it 
doess not bind to Pexl4p (see below). Constant amounts of MBP-SH3 and His6-Pexl4p 
weree mixed with increasing amounts of purified Pex5p fusion peptide (Pro203-
Lys227).. After incubation, the mixture was passed over an amylose column. After 
washing,, MBP-SH3 and bound proteins were eluted with maltose and detected by 
westernn blotting. Figure 5 shows that the Pex5p fusion peptide does not compete with 
Pexl4pp for binding to Pexl3p-SH3 since equal amounts of His6-Pexl4p are eluted 

pexSapexSa + 
emptyy vector 

pex5Apex5A + 
Pex5F208L L 
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Figuree 5. In vitro competition assay. 
Laness 1-5, constant amounts of E. coli lysates containing MBP-SH3 (SH3) and His6-Pexl4p (HisPexHp) 

(1000 |jl cleared lysate of each) were mixed with increasing amounts of purified GST-Pex5p peptide fusion 

(PEP*1)) (0-100pg fusion peptide). In lane 5, His6-Pexl4p was omitted from the incubation. Lane 6, 100 ul 

off  E. coli lysate containing MBP-Pexl4p (Pexl4) were mixed with 100 ug Pex5p peptide fusion. Lane 7, 

1000 ul of lysate containing MBP were mixed with His6-Pexl4p (100 ul) and Pex5p peptide fusion (100 ug). 

Afterr incubation the mixtures were loaded onto an amylose column then washed and eluted. Eluates were 

analysedd by SDS-PAGE and stained with Coomassie blue (bottom panel) or blotted and probed with 

antibodiess (upper panels) specific for Pex5p and Pexl4p. 

withh increasing amounts of Pex5p fusion peptide (compare lanes 1-4). Furthermore, 
lesss Pex5p fusion peptide is retained on the column in the absence of Pexl4p (compare 
laness 4 and 5), suggesting improved binding of the Pex5p fusion peptide in the 
presencee of Pexl4p. The controls included show that the Pex5p fusion peptide is not 
bindingg to Pexl4p (lane 6) or to MBP (lane 7). These data demonstrate that Pex5p 
(peptide)) and Pexl4p can interact simultaneously with the Pexl3p-SH3 domain and 
suggestt that the two ligands use different binding sites on the SH3 domain. To 
substantiatee this result further we introduced a mutation into the SH3 domain of 
Pexl3p,, Trp349Ala. In other SH3 domains this tryptophan residue plays a key role in 
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thee direct recognition of the P-X-X-P ligand backbone (Lim and Richards, 1994). 
Two-hybridd analysis revealed that the Pexl3p-SH3 Trp349Ala mutant had lost its 
interactionn with Pexl4p, but was still able to associate with Pex5p (data not shown). 
Togetherr these results suggest that Pex5p interacts at a site on the Pexl3p-SH3 domain 
thatt is distinct from the site occupied by the P-X-X-P ligand Pexl4p. 

Thee Pex5p binding site on the Pexl3p-SH3 domain 
Too pinpoint the site of interaction of Pex5p on the Pexl3p-SH3 domain we used the 
Pex5pp single point mutants to screen for SH3 suppressor mutants that could restore the 
interactionn with Pex5p. The Pex5 mutants comprise Trp204Ala, Phe208Leu, and 
Glu212Val.. In addition to these Pex5p mutants, a fourth complete loss of binding 
mutantt was included in the screen in which Leu211 was changed to Asp (Leu211 
beingg identified from the alanine scan as having a reduced interaction with the 
Pexl3p-SH33 domain, see Figure 2A). This mutant like Trp204Ala, Phe208Leu and 
Glu212Vall  was undisturbed in its interaction with Pexl4p and Mdh3p (data not 
shown). . 

Thee suppressor screen was carried out using a Pexl3p-SH3 mutant library created 
byy error-prone PCR. Mutants that could restore the interaction between the Pexl3p-
SH33 domain and each of the four Pex5p mutants were selected in the two-hybrid 
system.. This screen resulted in the identification of Pexl3p-SH3 suppressors for each 
off  the four Pex5p mutants (Figure 6A). 

Pex5pp Phe208Leu gave rise to a single suppressor, Arg353Gly. This arginine 
residuee is located in the distal part of the Pexl3p-SH3 domain (Figure IB). Although 
thiss arginine is not particularly well conserved between SH3 domains in general, its 
conservationn can be noted in the Pichia pastoris Pexl3p-SH3 domain. Trp204Ala and 
Leu211Aspp both gave rise to a suppressor at the same position of the Pexl3p-SH3 
domainn in the RT-loop, Asn321Ile and Asn321Tyr, respectively. Pex5p Leu211Asp 
alsoo gave rise to a second suppressor in the RT-loop, Glu323Val. Finally, Pex5p 
Glu212Vall  gave rise to a somewhat weaker suppressor, Lys355Arg, in comparison 
withh the other Pex5p mutants. None of the suppressors, with the exception of 
Asn321Ile/Tyr,, was able to suppress another Pex5p mutant (Figure 6A), thus 
demonstratingg their allele specificity. As one might expect, however, Asn321Ile/Tyr 
wass able to suppress Pex5p Trp204AIa and Leu211Asp. All suppressors were able to 
interactt with Pexl4p in the two-hybrid system (data not shown). The successful 
isolationn of SH3 mutants that can restore the interaction with the mutated ligand Pex5p 
impliess that neither the Pex5p mutations nor the SH3 suppressor mutations had gross 
structurall  effects on the proteins. 
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Figur ee 6. Analysis of Pexl3p-SH3 suppressor  mutants. 

(A)) Two-hybrid analysis. PCY2 was co-transformed with plasmids encoding the proteins as indicated and 

testedd for P-galactosidase activity using a filter assay. Filters were imaged at specific time intervals to 

conveyy relative strengths of interaction. Panel 1 shows the interaction of wild-type Pex5p and various Pex5p 

mutantss with Pexl3p-SH3 wild-type. Panel 2 shows the interaction between Pex5p mutants and their 

correspondingg Pexl3p-SH3 suppressors. Panel 3 displays an example of the allele specificity of the 

suppressors.. Panel 4 shows the dual nature of the suppressors picked up for Pex5p Trp204Ala and Pex5p 

Leu211Aspp at the same position on the SH3 domain. Note that Pex5p Leu211Asp apparently has no 

preferencee for He or Tyr at position 321 of the SH3 domain, whereas Pex5p Trp204Ala displays a 

preferencee for an He at this position. (B) In vitro analysis. Wild-type Pex5p (Pex5WT) or mutant Pex5p 

(Pex5F208L)) fused to GST were passed over affinity columns loaded with either MBP-SH3 (SH3) or MBP-

SH3Arg353Glyy (SPD*3530). Similarly, Pex5p Leu21 lAsp (Pex5L2,1D) fused to GST was passed over affinity 

columnss loaded with either MBP-SH3 (SH3) or MBP-SH3 Glu323Val (SH3E323V). Washing, elution and 

analysiss of the eluates were carried out as described in the legend to Figure 3. Eluates were analysed by 

SDS-PAGEE and western blotting using antibodies specific for Pex5p and Pexl3p-SH3. 

Too investigate whether the suppressor mutants could also restore interaction in vitro, 
wee carried out binding assays making use of bacterially expressed fusion proteins. 
Figuree 6B shows that GST-fused Pex5p is able to associate with the MBP-fused 
Pexl3p-SH33 domain. However, as expected from two-hybrid results and the in vitro 
Pex5pp peptide-SH3 analysis, introduction of the Phe208Leu point mutation into Pex5p 
preventss this association. Introduction of the Arg353Gly suppressor mutation into the 
MBP-fusedd Pexl3p-SH3 domain restored interaction with the GST-fused Pex5p 
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Phe208Leu.. A similar result was obtained for the Pex5p Leu21 lAsp mutant and the 
SH33 suppressor mutant Glu323Val. Mutation of Leu211 to aspartate almost 
completelyy abrogated interaction with Pexl3p-SH3, whereas introduction of the 
Glu323Vall  suppressor mutation restored interaction with Pex5p Leu211 Asp, albeit not 
too wild-type levels. These results show that the suppressor mutations in the SH3 
domainn restore the direct interaction with the Pex5p mutants. 

Pexl3p-SH33 domain homology model 
Thee particular high topological homology displayed between SH3 domains in general 
andd the strict conservation of many of the residues in the hydrophobic P-X-X-P 
bindingg pocket, in conjunction with the large number of SH3 three-dimensional 
structuress available, make the Pexl3p-SH3 domain an ideal target for homology 
modelling.. For this purpose we made use of the Swiss-Model server (Guex et ah, 
1999).. For the modelling procedure we chose three different SH3 templates that 
alignedd well using the Fasta-based alignment programme of the Swiss-PDB server and 
thatt showed high sequence identity (35-40%) with the Pexl3p-SH3 domain over the 
alignment.. The templates used were 1CKA (mouse C-crk, X-ray structure), 1B07 
(mousee P38 crk, X-ray structure) and 1AWX (human BTK, NMR structure). Model 
structuress generated were checked using Whatif 97, the Whatif server (Rodriguez et 
al,al, 1998) and the Biotech protein validation suite (WWW URL: http://biotech.embl-
heidelberg.de:8400/)) and subsequently modified/refined and energy minimized using 
Whatiff  97 and the Swiss-PDB viewer. Models also had to display a positional 
conservationn of some key residues in the P-X-X-P binding pocket when superimposed 
ontoo other SH3 domains. The major differences between the models occurred in the 
extendedd N-Src loop. This region of the Pexl3p-SH3 domain is at least 3/4 residues 
longerr than any of the available template structures and represents an area of low 
conservationn between SH3 domains in general. Furthermore, this extended loop is 
probablyy a flexible part of the protein and as such may occupy different conformations 
dependingg on its local surroundings. Therefore, Figure 7 is representative of just one 
off  these predicted conformations. Excluding this loop, the Pexl3p-SH3 domain model 
showss an average backbone RMS deviation of 0.9A based on superimposition with 
severall  solved SH3 structures. 

Inn Figure 7 the positioning of the suppressor mutants is highlighted as well as that of 
twoo other residues, Trp349 and Glu320. As discussed before, Trp349 is located 
directlyy within the P-X-X-P hydrophobic pocket and when mutated to alanine it 
disturbss the interaction with the P-X-X-P ligand Pexl4p. The side chain of the RT-
loopp residue Glu320 is also exposed towards the P-X-X-P pocket on this Pexl3p-SH3 
model.. This is in line with the finding of Girzalsky et al. (1999), who showed that the 
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SH33 Glu320Lys mutant is specifically affected in its interaction with Pexl4p. Neither 
off  these two mutations affects the interaction of Pex5p with the Pexl3p-SH3 domain. 
Thee model suggests that none of the suppressor mutants is directly located within the 
P-X-X-PP hydrophobic pocket. Instead, all suppressors are located in the top half 
(relativee to Figure 7) of the Pexl3p-SH3 domain. Suppressors picked up for the Pex5p 
Phe208Leuu and Glu212Val, Arg353Gly and Lys355Arg, respectively, are either 
locatedd close to or actually constitute part of the distal loop. Suppressors for Pex5p 
Trp204Alaa and Leu21 lAsp are all located on the top of the RT-loop. 

Figuree 7 Structural model of the Pexl3p-SH3 domain 
Structurall  model showing the secondary structural elements of the Pexl3p-SH3 domain. Side chains of 
Glu3200 and Trp349 specifically affect association of Pexl4p. Asn321, Glu323, Arg353 and Lys355 are 
residuess that were picked up in the suppressor screen. These residues do not directly affect Pexl4p 
association.. The position of the P-X-X-P binding pocket important for Pexl4p association, and the possible 
Pex5pp binding cleft are marked. 
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Discussion n 

Thee Src homology 3 (SH3) domains are involved in a diverse range of processes from 
cytoskeletall  protein-protein interactions to signal transduction pathways. Structurally, 
thee SH3 domain has been explored at many levels, from folding thermodynamics to 
proteinn ligand recognition and binding (Lim and Richards, 1994; Lim et al, 1994; 
Yamabhaii  and Kay, 1997; Plaxco et al, 1998; Yi et al, 1998; Engen et al, 1999). In 
thiss study we have explored the interactions of the SH3 domain of Pexl3p with one of 
itss ligands, Pex5p. Previous work has demonstrated the ability of Pex5p to associate 
withh the SH3 domain of the peroxisomal membrane protein Pexl3p (Elgersma et al, 

1996;; Erdmann and Blobel, 1996; Gould et al, 1996), and recently the region of 
Pex5pp responsible for this interaction has been identified (Urquhart et al, 2000; 
Bottgerr et al., in press). Here, we have extended these studies and show how an a-
helicall  element in Pex5p binds to a novel interaction site on the SH3 domain that is 
distinctt from the classical P-X-X-P binding cleft. 

Usingg an alanine mutation scan we were able to define an amphipathic a-helical 
elementt in Pex5p responsible for the interaction with the Pexl3p-SH3 domain. This 
regionn possesses no similarity to the known classical P-X-X-P SH3-binding motifs 
identifiablee in most SH3-binding proteins. Based on these results we constructed a 
GSTT fusion peptide of this region in Pex5p. Using this fusion peptide we were able to 
demonstratee that this amphipathic region, encompassing residues 203-227 of Pex5p, 
wass both necessary and sufficient for association with the SH3 domain (Figure 3). In 
supportt of the a-helical conformation of the Pex5p peptide we found that introduction 
off  a predicted helix breaker in the peptide disrupted the interaction with Pexl3p-SH3. 
Thiss peptide containing the a-helical motif, therefore, represents a novel non-P-X-X-P 
typee SH3-binding element. Recently, two other non-P-X-X-P type SH3 ligands have 
beenn identified (Mongiovi et al, 1999; Kang et al, 2000). The Eps8-SH3 binding 
motiff  contains the sequence P-X-X-D-Y, which does partially resemble the start 
sequencee of the Pex5p binding element (-PWTDQ-). However, results from our 
alaninee scan clearly demonstrate that for Pex5p neither the proline nor the aspartate 
sidee chains are required for association with the SH3 domain. The second non-P-X-X-
PP ligand found in the adaptor protein SKAP55 is comprised of adjacent arginine and 
lysinee residues followed by tandem tyrosines (R-K-X-X-Y-X-X-Y)(Kan g et al, 2000). 
Bothh the Pex5p-binding element and the SH3-binding motif in SKAP55 contain 
aromaticc residues that play a key role in their interaction with SH3 domains. However, 
thesee two ligands contact the SH3 domain in different ways. Whereas our data suggest 
thatt the Pex5p binding site on the SH3 domain is distinct from the P-X-X-P binding 
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pockett (see below), the results of Kang et al. (2000) indicate that the SKAP55 binding 
sitee partially overlaps with the site for binding P-X-X-P ligands. 

Thee non-consensus nature of the SH3-binding motif in Pex5p suggested the possible 
existencee of a novel mode of SH3 association. A number of observations are in line 
withh this suggestion. First, it has been shown that a mutation in the RT-loop of 
Pexl3p-SH33 (Glu320Lys) disrupted the two-hybrid interaction with the classical P-X-
X-P-containingg ligand Pexl4p, but did not affect Pex5p binding (Girzalsky et al, 
1999).. It is noteworthy that an He residue at the equivalent position in the RT-loop of 
Hckk is responsible for high affinity binding of the P-X-X-P-containing ligand Nef (Lee 
etet al., 1995). Secondly, site-directed mutation of Trp349, a residue that plays a key 
rolee in P-X-X-P backbone recognition (Lim and Richards, 1994), showed the same 
differentiall  effect: Pexl4p interaction was lost, but Pex5p interaction remained 
undisturbed.. Thirdly, our in vitro binding experiments suggest that Pexl4p and Pex5p 
doo not compete for binding to the SH3 domain of Pexl3p (Figure 5). To identify the 
residuess on the SH3 domain important for Pex5p recognition, we carried out a 
suppressorr screen making use of the specific Pexl3p-SH3 loss of interaction mutants 
inn Pex5p. This screen resulted in the identification of 5 allele-specific suppressor 
mutationss on the SH3 domain (Figure 6A). In vitro, we were able to demonstrate that 
thesee suppressor mutations functioned by direct restoration of the interaction with the 
Pex5pPex5p mutants (Figure 6B). 

Usingg a provisional model of the Pexl3p-SH3 domain it was possible to map the 
positionn of each of these suppressors (Figure 7). Although our initial hopes were that 
suchh a screen would derive a tight clustering of suppressor mutations, this proved not 
too be the case. Two suppressor mutations occur on the distal-loop side of the domain 
(Arg353Glyy and Lys355Arg) and the other three in the RT-loop. One possible 
explanationn for this could be that not all of the suppressor mutations are directly 
involvedd in the coordination of the Pex5p helical binding region. Between the distal-
loopp side and the RT-loop runs a hydrophobic cleft measuring some 7-8 A in width. 
Sincee the suppressor mutations are located on either side of this hydrophobic cleft, it is 
conceivablee that some of the suppressors found may actually represent residues that, 
whenn mutated, result in subtle structural changes in the Pex5p-binding region, thereby 
loweringg the residue specificity for a given ligand at its binding location. At this point 
itt is noteworthy that in the proposed model three of the suppressors occur in the RT-
loopp on either side of Glu320. As already discussed, the Glu320Lys mutation affects 
thee binding of the P-X-X-P ligand Pexl4p but not Pex5p. This observation is in 
supportt of our structural model, which suggests that the side chain of Glu320 is 
exposedd towards the P-X-X-P binding pocket. Furthermore, none of the suppressor 
mutationss affected Pexl4p binding. Recently, Urquhart et al. (2000) reported on the 
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analysiss of the SH3-Pex5p-Pexl4p interaction in P. pastoris. In line with our findings 
theyy showed that mutations in the SH3 domain have a differential effect on the 
interactionn with Pex5p and Pexl4p, confirming that different binding sites on the 
Pexl3p-SH33 domain exist for these ligands. However, their in vitro competition 
experimentss suggest that the binding sites for Pex5p and Pexl4p on the SH3 domain 
mayy partially overlap. Further analysis of these interactions will be required to resolve 
thiss issue. 

Thee functional importance of the Pex5p-Pexl3p-SH3 interaction was demonstrated 
byy reduced growth of the Pex5p Phe208Leu mutant on oleate, a growth condition 
requiringg functional peroxisomes. The residual growth of the mutant does no seem to 
correlatee with the strong phenotype observed in vitro. One possible explanation is that 
bindingg of Pex5p to other partners at the peroxisomal membrane, including Pexl4p 
mayy compensate for the loss of Pexl3p-SH3 interaction in vivo. 

Ourr knowledge of how SH3 domains bind their ligands is predominantly based on 
studiess of isolated SH3 domains complexed with short Pro-rich peptides. These 
peptidess are most often derived from combinatorial peptide libraries, phage display or 
fromm short sequences in SH3-binding proteins. There are only a few cases where the 
intactt protein ligands have been identified and used to study their interaction with the 
cognatee SH3 domain (Lee et al, 1995; Lee et al, 1996). The SH3 domain of Pexl3p 
representss one of the first examples of an SH3 domain that is able to bind two different 
proteinn ligands, one of which, Pexl4p, is a classical P-X-X-P type ligand (Girzalsky et 

al.,al., 1999). Our results show that the binding of the other ligand, Pex5p, occurs via a 
novell  non-P-X-X-P type amphipathic a-helix. Association with the SH3 domain 
occurss at a site distinct from the poly-proline binding cleft. Since relatively few 
natural,, intact SH3 ligands have been identified it will be of interest to investigate 
whetherr other SH3 domains display a similar two-site binding characteristic. 
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Peroxisomess are subcellular organelles that are enclosed by a single membrane. The 
peroxisomall  lumen harbors the enzymes of a number of important metabolic 
pathways,, one of which is the p-oxidation of fatty acids. The importance of 
peroxisomess is illustrated by the existence of several severe inheritable diseases in 
mann that are caused by the loss of one or several peroxisomal functions. 

PeroxisomesPeroxisomes are present in almost every eukaryotic cell. Therefore, an important 
questionn deals with the mechanism that ensures that peroxisomes are present in each 
daughterr cell after cell division. Currently, two models exist to explain this. 
PeroxisomesPeroxisomes might either originate from the endoplasmic reticulum or might be 
maintainedd by growth and division of pre-existing peroxisomes. 

Thee enzymes that catalyze the reactions inside the peroxisomal lumen are 
synthesizedd in the cytosol. To reach their correct destination, these matrix proteins are 
equippedd with a peroxisomal targeting signal (PTS). Two of these targeting signals 
havee been well characterized: type I (PTS1) and type II (PTS2). A PTS consists of a 
feww amino acids, which are recognized by special mobile receptor proteins that are 
presentt in the cytosol. The receptor proteins for PTS1 and PTS2 are Pex5p and Pex7p, 
respectively.. Binding of PTS-containing proteins in the cytosol by these receptors is 
thee first step in the import process. In the next step, the receptor-PTS-protein complex 
dockss at the peroxisomal membrane. The PTS-protein is released and translocated 
acrosss the peroxisomal membrane into the peroxisomal lumen. The receptor protein 
recycless back to the cytosol where it can perform another round of PTS-protein 
binding.. Since peroxisomal protein import has been conserved during evolution, we 
madee use of Saccharomyces cerevisiae (bakers yeast) as a model organism in the 
experimentss described in this thesis to study the import of matrix proteins into 
peroxisomes.. In this way a better understanding of some human diseases, which are 
causedd by malfunctioning of peroxisomes, can be obtained. The advantage of this 
single-celll  organism is the availability of a large number of genetic tools, which makes 
itt possible to manipulate the protein-import process. 

Thee protein that played a central role in this research was Pex5p, the import receptor 
forr PTS 1-containing proteins. There is a direct interaction between the PTS1 and 
Pex5p.. The PTS1 consists of three amino acids at the carboxyl terminus of a 
peroxisomall  matrix protein. In most cases this is S-K-L, but other functional variants 
aree known. To identify the exact binding site for PTS 1-containing proteins on Pex5p, a 
libraryy of Pex5p mutants was screened for those mutants that were affected in the 
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interactionn with the PTS1 (chapter 2). The sites of these mutations were placed in a 
modell  for the Pex5p structure, which was created by using another protein that has a 
structuree similar to that of Pex5p. This made it possible to identify the binding site for 
thee PTS1 more precisely. We found that the tetratricopeptide repeat (TPR) domain of 
Pex5pp mediates the binding of the PTS1. The TPR domain of Pex5p consists of six 
TPRR motifs, which form two entities of three TPR motifs, TPR1-3 and TPR5-7. Both 
aree essential for the interaction with the PTS1, but the way in which the PTS1 is bound 
byy these TPR entities differs. Amino acids in Pex5p that are important for the 
interactionn with PTS1 were identified. 

Thee mode of interaction between Pex5p and the PTS1 is conserved between man 
andd S. cerevisiae. By comparing the details of this interaction in both species, it was 
shownn that similar residues in Pex5p mediate the interaction with the PTS1 (chapter 
3). . 

Althoughh most peroxisomal matrix proteins possess either a PTS1 or a PTS2, some 
exceptionss are known, for example S. cerevisiae acyl-CoA oxidase (Poxlp). The 
targetingg of Poxlp to peroxisomes was studied and this was shown to be dependent on 
Pex5p,, despite the absence of a PTS1 (chapter 4). However, Poxlp uses another 
bindingg site on Pex5p than PTS 1-containing proteins. Mutations in the PTS 1-binding 
sitee of Pex5p that affected binding of PTS 1-containing proteins and resulted in their 
mislocalizationn to the cytosol did not have an effect on the binding and localization of 
Poxlp.. The binding site on Pex5p for Poxlp was identified and was shown to be 
locatedd outside the TPR domain. These results point to the existence of an additional 
targetingg signal, which would lead to peroxisomal import in a Pex5p-dependent 
manner. . 

Afterr binding of peroxisomal matrix proteins in the cytosol, Pex5p docks at the 
peroxisomall  membrane. Pex5p can bind to several peroxisomal membrane proteins: 
forr example to Pexl3p, which contains a Src homology 3 (SH3) domain. This 
cytosolicallyy exposed SH3 domain mediates the binding of Pex5p. SH3 domains are 
proteinn modules that interact with P-x-x-P motifs of other proteins, but such a motif is 
nott present in Pex5p. By mutating amino acids in a small area of Pex5p, it was shown 
thatt a region that forms an a-helix mediates the binding to Pexl3p-SH3 (chapter 5). 

Pexl4p,, another peroxisomal membrane protein, forms the classical P-x-x-P ligand 
off  Pexl3p-SH3. The complex formed by Pexl3p, Pexl4p, and Pex5p was studied in 
moree detail and it was shown that Pex5p and Pexl4p bind the SH3 domain of Pexl3p 
att different sites. Pex5p mutants were used in a suppressor screen to identify the 
Pex5p-bindingg site on Pexl3p-SH3. Combining the positions of the suppressor 
mutationss in Pexl3p-SH3 with a structural model of the Pexl3p-SH3 domain 
indicatedd that Pex5p uses a novel binding site on the SH3 domain. The SH3 domain of 
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Pexl3pp is one of the first examples of an SH3 domain that is able to bind two different 

ligandss at the same time. 
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Peroxisomenn zijn subcellulaire organellen die omsloten worden door een enkele 
membraan.. In de peroxisomale matrix zijn een aantal belangrijke metabole 
reactiepadenn gelocaliseerd. Een voorbeeld hiervan is de afbraak van vetzuren. Het 
belangg van peroxisomen wordt geïllustreerd door het bestaan van verscheidene 
ernstigee humane erfelijke ziekten die veroorzaakt worden door een verlies van een één 
off  enkele peroxisomale functies. Peroxisomen zijn in bijna iedere eukaryote cel 
aanwezig.. Een belangrijke vraag betreft het mechanisme dat er voor zorgt dat 
peroxisomenn aanwezig zijn in iedere dochter cel na een celdeling. Op het moment 
bestaann er twee modellen om dit te verklaren. Peroxisomen worden mogelijkerwijs 
gevormdd uit het endoplasmatisch reticulum of ze worden gehandhaafd door groei en 
delingg van reeds bestaande peroxisomen. 

Dee enzymen die de reacties katalyseren die plaatsvinden in het peroxisoom worden 
gesynthetiseerdd in het cytoplasma. Om hun juiste bestemming te bereiken, beschikken 
dezee matrix eiwitten over een peroxisomale signaalsequentie (PTS). Twee van deze 
signaalsequentiess zijn goed gekarakteriseerd: type I (PTS1) en type II (PTS2). Een 
PTSS bestaat uit een aantal aminozuren dat herkend wordt door speciale mobiele 
receptor-eiwittenn die in het cytoplasma aanwezig zijn. De receptor-eiwitten voor PTS1 
enn PTS2 zijn respectievelijk Pex5p en Pex7p. Binding van de PTS-bevattende eiwitten 
inn het cytoplasma door de receptor-eiwitten is de eerste stap in het import proces. 
Tijdenss de volgende stap bindt dit complex van receptor- en PTS-eiwit aan de 
peroxisomalee membraan. Het PTS-eiwit wordt doorgegeven aan andere eiwitten en 
getransporteerdd over de peroxisomale membraan het peroxisoom in. Het receptor-eiwit 
gaatt weer terug naar het cytoplasma waar het een nieuwe ronde van PTS-eiwit binding 
kann uitvoeren. Omdat het principe van de import van eiwitten in peroxisomen 
behoudenn is gedurende de evolutie, werd in de experimenten die zijn beschreven in dit 
proefschriftt Saccharomyces cerevisiae (bakkersgist) gebruikt als een model organisme 
omm de import van matrix eiwitten in peroxisomen te bestuderen. Het doel hiervan is 
omm meer inzicht te krijgen in bepaalde ziekten die voorkomen bij de mens en die 
veroorzaaktt worden door het niet goed functioneren van peroxisomen. Het voordeel 
vann dit eencellige organisme is de beschikbaarheid van een grote hoeveelheid 
genetischee technieken, wat het mogelijk maakt om dit import proces op moleculair 
niveauu te onderzoeken. 

Hett eiwit dat centraal stond in dit onderzoek was Pex5p, de import receptor voor 

PTSS 1-bevattende eiwitten. Er is een directe interactie tussen de PTS1 en Pex5p. De 
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PTS11 bestaat uit drie aminozuren aan het carboxyl uiteinde van peroxisomale matrix 
eiwitten.. In de meeste gevallen is dit S-K-L maar er zijn ook andere functionele 
variantenn bekend. Om de exacte bindingsplaats in Pex5p voor PTS1-bevattende 
eiwittenn te bepalen werd een bank met mutanten van Pex5p gescreend voor mutanten 
diee aangetast waren in de interactie met de PTS1 (hoofdstuk 2). De posities van deze 
mutatiess werden geplaatst in een ruimtelijk model voor de Pex5p structuur dat was 
gemaaktt door gebruik te maken van de ruimtelijke structuur van een ander eiwit dat 
ergg veel op Pex5p lijkt . Dit maakte het mogelijk om de bindingsplaats voor de PTS1 
nauwkeurigerr te identificeren. Het tetratricopeptide repeat (TPR) domein van Pex5p 
zorgtt voor de binding van de PTS1. Het TPR domein van Pex5p bestaat uit zes TPR 
motievenn die twee clusters van drie TPR motieven vormen, TPRI-3 en TPR5-7. 
Beidenn zijn essentieel voor de interactie met de PTS1 maar de manier waarop de PTS1 
wordtt gebonden door deze TPR clusters verschilt. Aminozuren in Pex5p die belangrijk 
zijnn voor de interactie met PTS1 werden geidentificeerd. 

Doorr de manier te vergelijken waarop Pex5p aan de PTS1 bindt bij de mens en bij S. 
cerevisiaecerevisiae bleek dat deze vrijwel identiek is; bij beide organismen zijn dezelfde 
positiess in Pex5p betrokken bij de interactie met de PTS1 (hoofdstuk 3). 

Hoewell  de meeste peroxisomale matrix eiwitten een PTS1 of een PTS2 bezitten zijn 
err enkele uitzonderingen bekend. Een voorbeeld is S. cerevisiae acyl-CoA oxidase 
(Poxlp).. De manier waarop dit eiwit naar peroxisomen wordt gebracht werd 
bestudeerdd en ondanks de afwezigheid van een PTS1 werd aangetoond dat dit 
afhankelijkk is van Pex5p (hoofdstuk 4). Poxlp gebruikt echter een andere 
bindingsplaatss in Pex5p in vergelijking met PTS 1-bevattende eiwitten. Mutaties in de 
PTSS 1-bindingsplaats van Pex5p, die de binding van PTS 1-bevattende eiwitten 
aantasttenn en resulteerden in een mislocalisatie in het cytoplasma, hadden geen effect 
opp de binding en localisatie van Poxlp. De bindingsplaats in Pex5p voor Poxlp werd 
geïdentificeerdd en deze bleek buiten het TPR domein te liggen. Deze resultaten duiden 
opp het bestaan van een additionele signaalsequentie die op een Pex5p-afhankelijke 
manierr tot import in peroxisomen leidt. 

Naa de binding van peroxisomale matrix eiwitten in het cytosol bindt Pex5p aan de 
peroxisomalee membraan. Pex5p kan aan verscheidene peroxisomale membraan 
eiwittenn binden. Een van deze is Pexl3p, dat een Src homology 3 (SH3) domein bevat. 
Ditt in het cytoplasma geëxposeerde SH3 domein zorgt voor de binding van Pex5p. 
SH33 domeinen zijn eiwit modules die een interactie aangaan met P-x-x-P motieven in 
anderee eiwitten. Een dergelijk motief is echter niet aanwezig in Pex5p. Door in een 
kleinn gebied van het eiwit gericht aminozuren te veranderen werd aangetoond dat een 
gedeeltee van Pex5p dat een a-helix vormt zorgt voor de binding aan Pexl3p-SH3 
(hoofdstukk 5). Pexl4p, een ander peroxisomaal membraan eiwit, is het klassieke 
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P-x-x-PP ligand van Pexl3p-SH3. Het complex dat gevormd wordt door Pexl3p, 
Pexl4p,, en Pex5p werd meer gedetailleerd bestudeerd en er werd aangetoond dat 
Pex5pp en Pexl4p het SH3 domein van Pexl3p op verschillende plaatsen binden. 
Pex5pp mutanten werden gebruikt in een suppressor screen om de Pex5p-bindingsplaats 
inn Pexl3p-SH3 te identificeren. Het combineren van de posities van de suppressor 
mutatiess in Pexl3p-SH3 met een model voor de structuur van het Pexl3p-SH3 domein 
gaff  aan dat Pex5p gebruik maakt van een nieuw soort bindingsplaats in het SH3 
domein.. Het SH3 domein van Pexl3p is één van de eerste voorbeelden van een SH3 
domeinn dat twee verschillende liganden tegelijkertijd kan binden. 
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