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GeneralGeneral introduction 

11 Introductio n 

Peroxisomess were initially described as small membrane enclosed 
compartments,, called microbodies, in the cytoplasm of mouse kidney cells (Rhodin, 
1954).. It was not until 1966 that these microbodies were biochemically characterized 
inn rat liver as organelles that contained enzymes that produce and degrade H202, 
hencee they were given the name "peroxisomes" (De Duve and Baudhin, 1966). 

Morphologically,, peroxisomes are denoted as electron dense single-membrane 
boundd organelles that vary in number and size, depending on the environmental 
conditionss of the cell. Peroxisomes, or peroxisome-related organelles such as 
glyoxysomess in plants and glycosomes in kinetoplastids, are present in virtually all 
eukaryoticc cells. The peroxisome plays a primary role in cellular metabolism, 
althoughh the specific tasks of the peroxisome may differ per organism (Van den 
Boschh et al., 1992). For example, in yeast the p-oxidation of fatty acids is restricted to 
peroxisomes,, whereas in mammalian cells the peroxisomes facilitate a limited 
numberr of p-oxidation cycles in the breakdown of very long chain fatty acids 
(VLCFA).. Mammalian peroxisomes are involved in a variety of other processes 
includingg catabolism of polyamines, purines, amino acids, phytanic acid, L-pipecolic 
acidd and glyoxylate. In addition, mammalian peroxisomes play a role in plasmalogen 
synthesis,, cholesterol and dolichol biosynthesis, fatty acid elongation and bile 
synthesiss (Wanders and Tager, 1998). All peroxisomes are devoid of DNA or a 
proteinn synthesizing apparatus and posttranslationally import their matrix and 
membranee protein (Lazarow and Fujiki, 1985). The sequence homology of proteins 
involvedd in the biogenesis of peroxisomes (Pex proteins) suggests an evolutionary 
relationn between peroxisomes from yeast to man. 

22 The biogenesis of peroxisomes 

2.11 Peroxisome biogenesis disorders in man 

Peroxisomall  disorders are recessive inheritable diseases that display a wide 
phenotypicc heterogeneity. The most severe peroxisomal disorder in human is cerebro-
hepato-renall  syndrome, also called Zellweger Syndrome (ZS). ZS patients often die 
withinn their first year of life. The disease is characterized by neurological, hepatic and 
renall  abnormalities, severe hypotonia and dysmorphic features (see for more details 
Lazarow,, 1995 and Moser and Moser, 1996). 

Biochemically,, three different groups have been classified (Wanders et al, 
1995):: 1) peroxisomal disorders with a generalized loss of peroxisomal functions; 2) 
peroxisomall  disorders with loss of a limited subset of peroxisomal functions; 3) 
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peroxisomall  disorders with loss of a single peroxisomal function. Each group 
containss a wide variety of peroxisomal diseases that range from disorders with a 
severee clinical phenotype to disorders with mild clinical features. This indicates that 
thee biochemical classification does not match the clinical classification of 
peroxisomall  disorders. Disorders in group 3 can be explained by mutations in single 
geness that compromise the activity or localization of single enzymes, whereas 
disorderss in group 1 and 2 affect the localization of multiple peroxisomal matrix 
proteins.. For the classification of (recessive) genes responsible for peroxisomal 
biogenesiss disorders in group 1 and 2, fibroblasts from two different patients were 
inducedd to fuse and examined for complementation of the peroxisomal defects (Brul, 
1988;; Roscher et al., 1989; Yajima et al., 1992). This technique has led to the 
identificationn of 12 different complementation groups, i.e. 12 different genes that are 
essentiall  in the process of peroxisome assembly (Fujiki, 2000; Gould and Valle, 
2000). . 

2.22 Peroxisome biogenesis 

Thee biogenesis of peroxisomes can be devided into different aspects including 
organellee response to environmental stimuli, membrane biogenesis and import of 
matrixx proteins. The identification of genes (PEX genes) encoding proteins that are 
responsiblee for one of the processes in peroxisome biogenesis, named peroxins, has 
startedd off by using various genetic screens in the yeasts Saccharomyces cerevisiae, 
PichiaPichia pastoris, Hansenula polymorpha and Yarrowia lipolytica (reviewed by 
Elgersmaa and Tabak, 1996). Two different approaches have led to the cloning and 
sequencingg of mammalian PEX genes: 1) BLAST searches of mammalian sequence 
databasess with yeast peroxins, and 2) functional complementation of human 
Peroxisomee Biogenesis Disorder (PBD) cells and peroxisome-deficient Chinese 
hamsterr ovary (CHO) cells with mammalian cDNA expression libraries (Fujiki, 
2000;; Sacksteder and Gould, 2000). These combined efforts have resulted in the 
identificationn and characterization of 23 peroxins 

Thee first aspect in peroxisome biogenesis involves the formation of the 
membranee lipid bilayer and the insertion of membrane proteins into that bilayer. 
Peroxinss that play a role in membrane biogenesis form a small group, consisting of 
Pex3p,, Pexl9p and Pexlóp in mammals (Honsho et al., 1998; Matsuzono et al., 
1999;; Sacksteder et al., 2000; South and Gould, 1999), and Pex3p and Pexl9p in 
yeastt (Baerends et al., 1996; Höhfeld et al., 1991; Snyder et al., 1999a; Wiemer et al., 
1996).. Cells with major defects in these PEX genes are characterized by the absence 
off  peroxisomal membrane remnants and rapid breakdown of mislocalized 
peroxisomall  membrane proteins (Götte et a l, 1998; Hettema et al., 2000; Matsuzono 
ett al., 1999; Sacksteder et al., 2000). Pexl9p can be farnesylated and is localized both 
inn the cytoplasm and at the peroxisomal membrane. Pexl9p binds to an array of 
peroxisomall  membrane proteins, including several peroxins and metabolite 
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transporterss and it is suggested that this peroxin is involved in the recruitment of 
newlyy synthesized peroxisomal membrane proteins to the peroxisome (Gotte et al., 
1998;; Sacksteder et al., 2000; Snyder et al., 1999a; Snyder et al., 1999b; Snyder et al., 
2000).. The role of the integral membrane proteins Pexlóp and Pex3p in peroxisomal 
membranee biogenesis is unclear at this moment (Muntau et al., 2000; Snyder et al., 
1999b;; Soukupova et al., 1999; South and Gould, 1999; South et al., 2000). Integral 
peroxisomall  membrane proteins are generally synthesized in the cytosol and 
posttranslationallyy inserted into the peroxisomal membrane (Lazarow and Fujiki, 
1985).. However, certain peroxisome biogenesis and secretion mutants of the yeast Y. 
lipolyticalipolytica accumulate both peroxisomal membrane proteins and secretion proteins in 
thee ER (Titorenko et al., 1997; Titorenko and Rachubinski, 1998b). In addition, 
pulse-labeledd peroxisomal membrane proteins can be chased from the ER to the 
peroxisomee in wild-type cells (Titorenko et al., 1997; Titorenko and Rachubinski, 
1998a;; Titorenko and Rachubinski, 1998b). These findings suggest that in this 
organismm certain peroxisomal membrane proteins are synthesized in the ER and 
subsequentlyy are transported to the peroxisome in ER-derived vesicles. Although 
inhibitionn of anterograde transport from the ER by Brefeldin A results in the 
accumulationn of peroxisomal proteins in the ER of H. polymorpha and tobacco plant 
(Mullenn et al., 1999; Salomons et al., 1997), such results could not be reproduced in 
humann fibroblasts (South et al., 2000; T. Voorn-Brouwer et al., manuscript in 
preparation).. In addition, impairment of ER-derived traffic by a dominant negative 
SariSari mutant had no effect on the assembly of peroxisomes in human fibroblasts 
(Southh et al., 2000; T. Voorn-Brouwer et al., manuscript in preparation). In addition, 
peroxisomall  membrane proteins have not been found in the ER membrane of these 
organisms.. It should be noted that a highly expressed form of the integral membrane 
proteinn Pexl5p has been found in ER membranes in S. cerevisiae (Elgersma et al., 
1997).. The ER localization of this integral membrane protein however appeared to be 
ann artifact caused by overexpression of the membrane protein (Hettema et al., 2000; 
Stroobantss et al., 1999). It therefore remains unclear whether the ER is involved in 
thee biogenesis of peroxisomes in S. cerevisiae and human cells. 

Thee second aspect in peroxisome biogenesis includes the proliferation of 
peroxisomess upon environmental stimulation. The PEX11 gene product has been 
thoughtt to play a role in this process. This conclusion is based upon the 
morphologicall  characteristics of pexll mutant cells, which appear to have a low 
numberr of peroxisomes that have clearly expanded in size, whereas overexpression of 
Pexllpp results in the formation of numerous small peroxisomes (Erdmann and 
Blobel,, 1995; Lorenz et al., 1998; Marshall et al., 1995). Two homologous PEX11 
geness in mammalian cells, PEXlla and PEXllp, are suggested to play a role in 
regulationn of peroxisome abundance in response to extracellular stimuli and in the 
constitutivee control of peroxisome abundance, respectively (Schrader et al., 1998). 
However,, it has recently been shown that in S. cerevisiae deletion of PEX11 
primarilyy affects the (3-oxidation of medium chain fatty acids (MCFA), which is 
followedd in time by enlargement of peroxisomes. Targeted deletion of genes that are 
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directlyy involved in the p-oxidation of MCFA indeed resulted in enlargement of 
peroxisomess (Van Roermund et al., 2000). Similar observations have been made in 
humann fibroblasts and murine hepatocytes deficient in one of the first two p-
oxidationn enzymes (Chang et al., 1999a; Fan et al., 1996; Poll-Thé et al., 1988; Qi et 
al.,, 1999; Suzuki et al., 1997). It is therefore suggested that the MCFA p-oxidation 
pathwayy regulates the proliferation of peroxisomes in response to extracellular 
stimuli. . 

Thee third aspect of peroxisome biogenesis is the import of newly synthesized 
peroxisomall  matrix proteins. The understanding of how proteins can traverse the 
peroxisomall  lipid membrane bilayer is still increasing. Peroxisomal protein import is 
aa multistep process that requires targeting, docking and translocation of proteins 
destinedd for the peroxisomal matrix. These processes wil l be described in detail in the 
followingg sections. 

33 Targeting of peroxisomal matri x proteins 

Peroxisomall  matrix proteins are synthesized on free polyribosomes in the 
cytosoll  and post-translationally imported into the peroxisome (Lazarow and Fujiki, 
1985).. The peroxisomal matrix protein is equipped with a specific targeting sequence 
thatt determines transport of the protein from the cytoplasm to the peroxisomal lumen. 
Twoo types of Peroxisomal Targeting Signals (PTS) can direct a protein to the 
peroxisome:: PTS1 and PTS2. The two targeting signals are composed of distinct 
sequencess that are recognized by their cognate receptor: Pex5p for the PTS1 and 
Pex7pp for the PTS2. 

3.11 PTS1 sequences 

Thee peroxisomal targeting signal type 1 (PTS1) was first identified in firefly 
luciferasee and appeared to consist of the carboxyterminal tripeptide Ser-Lys-Leu (S-
K-L) .. This tripeptide was shown to be both necessary and sufficient for import of 
luciferasee into peroxisomes of mammalian cells (Gould et al., 1987). A consensus 
PTS11 sequence for peroxisomal proteins in mammalian cells was determined by 
permutationn of the S-K-L tripeptide and was defined as S/C/A-K/R/H-L/M (Gould et 
al.,, 1989; Swinkels et al., 1992). The consensus PTS1 allows import of proteins into 
peroxisomess in organisms varying from yeast to man, indicating the evolutionary 
conservationn of PTS 1-mediated peroxisomal import (reviewed by Subramani, 1993). 
Ann array of studies have shown that the composition of the PTS1 sequence can 
displayy large variations that do not fit the consensus PTS1 and that certain PTS1 
sequencess are not functional when fused to a heterologous protein (Elgersma et al., 
1996b;; Kragler et al., 1998; Motley et al., 1995; Purdue and Lazarow, 1994). The 
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requirementt for a specific combination of a PTS1 and a peroxisomal protein indicates 
thatt amino acids adjacent to the PTS1 contribute to the peroxisomal import of the 
proteinn either by increasing the affinity for the PTS 1 receptor Pex5p or by stimulating 
anotherr step in the import pathway. Screening of a two-hybrid random peptide library 
revealedd that human and yeast PTS 1 receptors bind the same peptide with different 
affinities.. These differences in affinity appeared to rely on amino acids upstream of 
thee PTS1 sequence (Lametschwandtner et al., 1998). In line with this, quantitative 
two-hybridd interaction data showed that the binding affinity of S. cerevisiae Pex5p 
forr the homologous protein Mdh3pSKL is much higher than that for the heterologous 
proteinn GFP-SKL (Klein et al., 2001). However, a specific sequence, other than the 
PTS1,, that participates in increasing the binding affinity for Pex5p has not been 
defined.. Cooperation in the peroxisomal import process by amino acids upstream of 
thee PTS 1 sequence has been demonstrated for human and cottonseed catalase A. The 
carboxyterminall  three amino acids of both catalases (Ala-Asn-Leu in human and Pro-
Ser-Ilee in cottonseed) are unable to target chloramphenicol acetyl transferase to 
peroxisomes,, unless the first amino acid N-terminal to the tripeptide (a positively 
chargedd amino acid; Lys in human catalase and Arg in cottonseed catalase) is 
includedd in the targeting sequence (Mullen et al., 1997; Purdue and Lazarow, 1996). 
Whetherr the fourth amino acid in the targeting signal of catalase A contributes to 
higherr affinity binding with the PTS1 receptor remains however to be established. 

3.22 PTS2 sequences 

Thee peroxisomal targeting signal 2 (PTS2) is present in only a few peroxisomal 
proteins.. The PTS2 is located at the N-terminus of the protein and is composed of a 
bipartitee sequence spaced by 5 amino acids (consensus R/K-L/V/I - X5 - H/Q-L/A; 
Subramani,, 1996). Reporter proteins carrying a PTS2 are efficiently targeted to 
peroxisomes,, even when the targeting sequence is placed internally of the protein 
(Katoo et al., 1996; Osumi et al., 1991; Rehling et al., 1996; Swinkels et al, 1991). 
Humann thiolase, a PTS2-containing protein, was correctly imported into peroxisomes 
off  the yeast S. cerevisiae, implying evolutionary conservation of the PTS2 targeting 
pathwayy (Rehling et al., 1996). The PTS2 of human and plant peroxisomal proteins is 
aa cleavable sequence, although signal cleavage is not linked with peroxisomal import 
(Gietll  et al., 1994; Kato et al., 1996; Motley et al., 1994; Osumi et al., 1991; Preisig-
Mullerr and Kindl, 1993; Swinkels et al., 1992). Interaction of PTS2 sequences and 
PTS2-containingg proteins with the receptor Pex7p have been shown both in vivo and 
inin vitro (Elgersma et al., 1998; Otera et al., 2000; Rehling et al., 1996; Zhang and 
Lazarow,, 1996). Interestingly, the genome of the nematode Caenorhabditis elegans 
lackss any PTS2-containing proteins or a PEX7 ortholog. Indeed, a PTS2-fused GFP 
reporterr was mistargeted in C. elegans, underlining the absence of a PTS2 pathway in 
thiss organism (Motley et al., 2000). Standard PTS2 proteins such as 3-ketoacyl-CoA 
thiolasee and alkyldihydroxy-acetonephosphate synthase have a PTS1 sequence, 
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whichh is likely exchanged for the PTS2 sequence during evolutionary development 
(Motleyy et al., 2000). 

3.33 Alternativ e targeting sequences 

AA number of (yeast) proteins that do not contain an identifiable targeting signal 
cann be correctly imported into peroxisomes. For several of these proteins it has been 
shownn that, in spite of the absence of a recognizable PTS1 sequence, their import 
dependss on a functional PTS1 receptor, Pex5p. To date, proteins of this category 
comprisee the Y. lipolytica acyl-CoA oxidase isoenzyme 3 (C-terminal tripeptide Asp-
Glu-Glu;; Szilard et al., 1995; Wang et al., 1998), S. cerevisiae acyl-CoA oxidase (C-
terminall  tripeptide Ile-Asn-Lys; chapter 5 of this thesis), H. polymorpha malate 
synthasee (C-terminal tripeptide Ser-Leu-Lys; Bruinenberg et al., 1990; Van der Klei 
ett al., 1995) and the PTS1 deleted version of S. cerevisiae carnitine acetyl transferase 
(CATT APTS1; Elgersma et al., 1995). Yeast two-hybrid experiments with a pex5 
mutantt (Pex5pN393D) that has specifically lost PTS1 interaction showed that S. 
cerevisiaecerevisiae acyl-CoA oxidase and CAT APTS1 are still able to bind Pex5p(N393D), 
whichh suggested that these proteins do not use the classical PTS1 binding site on 
Pex5pp (Klein et al., unpublished results). An alternative targeting sequence has 
howeverr not been identified in these proteins. Peroxisomal import of S. cerevisiae 
Dcilp,, a protein of the isomerase/hydratase family (Geisbrecht et al., 1999; Gurvitz et 
al.,, 1999), appeared to be unaffected in the absence of the PTS2 receptor Pex7p and 
wass not dependent of its carboxyterminal PTS1 (Karpichev and Small, 2000), 
indicatingg that import of Dcilp does not require the PTS1 or PTS2 protein import 
routes.. It is noteworthy that subcellular localization of Dcilp in apex5A strain has not 
beenn shown and it is therefore not excluded that Dcilp, just like the peroxisomal 
matrixx proteins mentioned above, requires Pex5p for its import into peroxisomes. An 
inin vitro import assay with fragments of the Candida tropicalis acyl-CoA oxidase, 
Pox4pp (C-terminal tripeptide Leu-Lys-Ser; Okazaki et al., 1987) showed that two 
internall  regions in this oxidase could be imported into isolated peroxisomes (Small et 
al.,, 1988), suggesting the existence of alternative targeting sequences. It remains to 
bee investigated whether CtPox4p depends on either Pex5p or Pex7p for import into 
peroxisomess in vivo and whether the internal regions required for peroxisomal 
targetingg can form a binding site for one of the import receptors. 

3.44 The PTS1 receptor  Pex5p 

PTS11 sequences are recognized by and bound to Pex5p, the receptor for PTS1 
proteins.. Pex5p has been identified and cloned in a large variety of organisms. In 
yeastt and plant, a defect in Pex5p specifically interferes with the import of PTS1-
containingg proteins (Terlecky et al., 1995; Van der Klei et al., 1995; Van der Leij et 
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al.,, 1993; Wimmer et al., 1998). The C-terminal half of Pex5p contains 7 
tetratricopeptidee (TPR) motifs, which are highly conserved in all Pex5 proteins 
identified.. Binding studies with deleted versions of Pex5p have shown that these TPR 
domainss are both necessary and sufficient for the interaction with PTS1 sequences 
(Brocardd et al., 1994; Dodt et al., 1995; Szilard and Rachubinski, 2000). Selection for 
pex5pex5 mutants that are disturbed in PTS1 binding, and recent co-crystalization of 
humann Pex5p bound to a PTS1 pentapeptide have revealed that all TPR motifs are 
involvedd in the interaction with the PTS1 sequence (Gatto et al., 2000b; Klein et al., 
2001).. In human and CHO cells, Pex5p is expressed as two isoforms, which is the 
resultt of alternative splicing of the PEX5 gene. The long form of Pex5p (Pex5pL) 
disinguishess itself from the short form of Pex5p (Pex5pS) by an insertion of 37 amino 
acidss adjacent to Glu2i5 (in human and in Chinese hamster). Both isoforms are fully 
capablee of binding PTS1 sequences (Matsumura et al., 2000). Human Peroxisome 
Biogenesiss Disorder (PBD) cell lines and CHO cells containing a defective PEX5 
genee can phenotypically be devided into two distinct groups (Dodt et al., 1995; Otera 
ett al., 1998; Shimozawa et al., 1999b; Slawecki et al., 1995): the first group is only 
impairedd in the import of PTS1 proteins and the second group displays an import 
defectt for both PTS1 and PTS2 proteins (reviewed in Fujiki, 2000; Gould and Valle, 
2000).. Complementation analysis of PEX5 defective cells revealed that Pex5pS is 
onlyy capable to restore PTS1 protein import, whereas Pex5pL can complement 
importt of both PTS1 and PTS2 proteins (Braverman et al., 1998; Otera et al., 1998). 
Co-immunoprecipitationn experiments revealed that Pex5pL interacts with the PTS2 
receptorr Pex7p and that this interaction is essential for import of PTS2 containing 
proteinss (Matsumura et al., 2000). The PEX5 gene products in mammalian cells 
thereforee participate in the import of both PTS1 and PTS2 proteins. 

3.55 The PTS2 receptor  Pex7p 

Bothh in yeast and mammalian cell lines, the absence of the receptor for PTS2-
containingg peroxisomal matrix porteins, Pex7p, results in selective loss of PTS2 
proteinn import (Braverman et al., 1997; Elgersma et al., 1998; Marzioch et al., 1994; 
Motleyy et al., 1997; Purdue et al., 1997). In addition, the specific interaction of Pex7p 
withh PTS2 sequences (Elgersma et al., 1998; Rehling et al., 1996; Zhang and 
Lazarow,, 1996) defines Pex7p as the PTS2 receptor. Pex7p contains 6 WD40 repeats, 
whichwhich are protein motifs involved in protein-protein interactions, that show up as 
highlyy conserved regions distributed over the entire Pex7 protein. The binding region 
inn Pex7p for PTS2 sequences has, however, not been identified yet. Elgersma et al. 
(1998)) showed that S. cerevisiae Pex7p can functionally complement a pex7 mutant 
off  P. pastoris, showing a high degree of conservation of the PTS2 protein import 
pathwayss between the two yeasts. 
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Figuree 1. Proposed model for the function of Pex5p in peroxisomal import of PTS1-containing 
proteins.. Pex5p (5) interacts with a PTS 1-containing protein (PI) in the cytoplasm and directs PI to 
thee peroxisome. The Pex5p-Pl complex associates with a docking factor (D) at the peroxisomal 
membrane,, followed by either handing over of PI to the translocation apparatus (T), or by transport 
off  the Pex5p-Pl complex to the peroxisome lumen (extended shuttle, boxed area), where PI is 
released.. Pex5p cycles back to the cytoplasm to pick up new PI cargo. It should be noted that it is 
unknownn whether the same translocation apparatus (T) is used to export Pex5p from the peroxisome 
lumenn to the cytoplasm. The model may also apply to Pex7p. 

3.66 Workin g mechanism of the PTS1 and PTS2 receptors: the shuttle theories 

Thee interaction between Pex5p and the PTS1 cargo is the initial step in the 
processs of PTS 1-mediated protein import. In most organisms Pex5p is predominantly 
localizedd in the cytoplasm and partially associated to peroxisomes (Dodt and Gould, 
1996;; Elgersma et al., 1996a; Gould et al., 1996; Gouveia et al., 2000; Wiemer et al., 
1995;; Wimmer et al., 1998). In human and in the yeasts Y. lipolytica and H. 
polymorphapolymorpha Pex5p can (occassionally) be detected in the peroxisomal matrix (Dodt 
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andd Gould, 1996; Szilard et al., 1995; Van der Klei et al., 1995). Based upon the dual 
localizationn of Pex5p two shuttle theories have been put forward that describe the 
overalll  function of Pex5p in peroxisomal protein import (Figure 1) (Dodt and Gould, 
1996;; Erdmann et al., 1997). According to the first shuttle theory Pex5p picks up its 
PTS11 cargo in the cytoplasm, from where the receptor-cargo complex travels to the 
peroxisome.. Cargo-loaded Pex5p transiently associates with docking proteins (D) at 
thee peroxisomal membrane, delivers the PTS1 cargo to the translocation machinery 
(T)) and the unloaded Pex5p is released back into the cytoplasm. In the second 
(extendend)) shuttle theory cargo-loaded Pex5p enters the peroxisomal matrix (Figure 
1,, boxed area), where the PTS1 cargo is released, and the unloaded Pex5p re-enters 
thee cytoplasm. To establish PTS1 receptor mobility between cytoplasm and 
peroxisome,, Dodt and Gould (1996) have performed fluorescence experiments that 
showw a temporary redistribution of Pex5p from the cytoplasm to the peroxisome 
underr protein translocation-inhibiting conditions. A surprising exception is formed by 
Y.Y. lipolytica Pex5p, which is exclusively localized inside the peroxisome. In Y. 
lipolyticalipolytica Pex5p is present at the lumenal side of the peroxisomal membrane, where it 
mayy bind translocating PTS1 proteins, and in the peroxisome matrix, where Pex5p 
mayy release its PTS1 protein cargo (Szilard et al., 1995). A factor that is responsible 
forr the recruitment of cytosolic PTS1-containing proteins to the peroxisomal 
membrai:ee has not been identified in Y. lipolytica. The PTS2 receptor Pex7p is 
localizedd m the cytoplasm and at the peroxisome (Braverman et al., 1997; Elgersma 
ett al., 1998, Marzioch et al., 1994; Otera et al., 2000; Purdue et al., 1998). The 
bimodall  localization of Pex7p suggests that the mode of action of this receptor in 
peroxisomall  protein import can be compared with that of Pex5p (see Figure 1). In 
contrastt to S. cerevisiae and P. pastoris Pex5p, that associate with the cytoplasmic 
facee of the peroxisomal membrane, an overexpressed form of Pex7p was shown to 
residee inside the peroxisome matrix of these yeasts (Elgersma et al., 1998; Zhang and 
Lazarow,, 1996). It remains to be established whether the endogenous Pex7p also 
enterss the peroxisome lumen. 

Inn human and in rat it was shown that Pex5p forms a stable complex with the 
integrall  peroxisomal membrane protein Pexl4p (Gouveia et al., 2000; Schliebs et al., 
1999).. In rat, the resistance of pex5p to be extracted from peroxisome membranes by 
carbonatee indicated that Pex5p is tightly associated with the peroxisomal membrane, 
likelyy via the interaction with Pexl4p (Gouveia et al., 2000). Resistance of Pex5p to 
carbonatee extraction has also been observed in Trypanosoma brucei and in the yeast 
P.P. pastoris (de Walque et al., 1999; McCollum et al., 1993; Terlecky et al., 1995; 
Wiemerr et al., 1995). It should be noted that in the yeast S. cerevisiae, a significant 
amountt of Pex5p from the organellar pellet cannot be extracted with carbonate. 
However,, the inability to extract Pex5p with carbonate was also found in cells 
lackingg peroxisomal membrane remnants (the pex3A strain), suggesting that 
resistancee to carbonate extraction may not be related to strong association with 
peroxisomall  membranes or with proteins at the peroxisomal membrane (G. Bottger, 
unpublishedd results). 
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Tablee 1: Cloned PEX genes from different organisms and their proposed function in 
peroxisomee biogenesis 

X)) Cloned and sequenced PEX gene 
a)) Genes involved in peroxisomal protein import. Defects in these genes are characterized by 
mistargetingg of peroxisomal matrix proteins, whereas peroxisomal membranes containing 
membranee proteins are still present. 
b)) Genes involved in peroxisomal membrane biogenesis. Defects in these genes are 
characterizedd by the absence of detectable peroxisomal membrane remnants. 
c)) Genes involved in peroxisome proliferation 
d)d) Genes involved in PTS1 receptor stability 
e)) Genes involved in vesicle fusion 
f)) Genes affecting protein exit from the ER and formation of peroxisomes 
g)) Genes of unknown function in peroxisome biogenesis 

44 Impor t of peroxisomal matri x proteins 

Thee evolutionary conservation of PTS 1 and PTS2 sequences and peroxisomal 
importt of proteins bearing such sequences indicates that the initial step in protein 
import,, i.e. the recognition of peroxisomal proteins by the PTS receptor and 
subsequentt delivery to the peroxisomal translocation apparatus is universal in most 
organisms.. Despite increasing efforts to unravel the mechanism of peroxisomal 
matrixx protein import, only littl e of this process is known. The translocation event 
doess not require unfolding of the matrix protein, since chemically cross-linked 
proteinss and PTS 1-coated 9 nm gold particles are able to traverse the peroxisomal 
membranee (Hiiusler et al., 1996; Walton et al., 1995). The ability of several 
peroxisomall  matrix enzymes to form oligomers in the cytoplasm allows PTS-
containingg proteins to serve as a template for peroxisomal "piggy-back" import of 
PTS-lesss forms of these proteins. These findings suggest that oligomeric protein 
complexess can be delivered to the peroxisomal matrix (Elgersma et al., 1996b; 
Gloverr et al., 1994; Lee et al., 1997; Leiper et al., 1996; McNew and Goodman, 
1994;; Smith et al., 2000). In vitro import assays and studies with semi-permeabilized 
cellss have shown that peroxisomal protein import requires cytosolic components and 
ATPP hydrolysis (Imanaka et al., 1987; Lopez-Huertas et al., 1999; Walton et al., 
1992;; Wendland and Subramani, 1993). 

Thee identification of several PEX genes have started to shed some light on the 
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Tablee 1 

PEXPEX gene 

PEX1 PEX1 

PEX2 PEX2 

PEX3 PEX3 

PEX4 PEX4 

PEX5 PEX5 

PEX6 PEX6 

PEX7 PEX7 

PEX8 PEX8 

PEX9 PEX9 

PEXPEX 10 

PEXPEX 11 

PEXPEX 12 

PEXPEX 13 

PEXPEX 14 

PEXPEX 15 

PEX16 PEX16 

PEXPEX 17 

PEX18 PEX18 

PEXPEX 19 

PEX20 PEX20 

PEX21 PEX21 

PEX22 PEX22 

PEX23 PEX23 

Saccharomyces Saccharomyces 
cerevisiae cerevisiae 

Xa a 

Xa a 

Xb b 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Xc c 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Xb b 

Xa a 

Xa a 

PichiaPichia pastoris 

Xa,d,e e 

Xa a 

Xb b 

Xa,dd 21 

Xaa 22 

Xa,d,ee 2} 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Xa,b b 

Xb b 

Xa,d d 

Hansenula Hansenula 
polymorpha polymorpha 

Xa a 

Xb b 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Xa a 

Yarrowia Yarrowia 
lipolyka lipolyka 

Xe,f f 

Xf f 

Xa a 

Xe,ff  42 

Xa a 

Xf f 

Xg g 

Xg g 

Xa a 

Xg g 

Chinese e 
hamster r 

Xb b 

Xa a 

Xa a 

Xaa 52 

Xa a 

Human n 

Xa,dd S4 

Xa a 

Xb b 

Xa a 

Xa,dd 5" 

Xa a 

Xa a 

Xc c 

Xaa w 

Xa a 

Xa a 

Xb b 

Xbb ** 

DErdmannn et al., 1991, 2)Liu et al., 1996, 3)Höhfeld et al., 1991, 4)Wiebel and Kunau, 1992, 5)Van der Leij et al., 
1993,, 6)Voorn-Brouwer et al., 1993, 7)Marzioch et al., 1994; Zhang and Lazarow, 1994, 8)Rehling ct al., 2000, 9) 
Systematicc name YDR265W , 10)Erdmann and Blobel, 1995; Marshall et al., 1995, 11) Systematic name YMR026C, 
12)Elgersmaa et al., 1996a; Erdmann and Blobel, 1996, 13)Albertini et al., 1997, 14)Elgersma et al., 1997, 15)Albertini 
ett al., 1997; Huhse et al., 1998, 16)Purdue et al., 1998, 17)Gotte et al., 1998, 18)Heyman et al., 1994, 19) Waterham et 
al.,, 1996, 20)Snyder et al., 1999a , 21)Crane et al., 1994, 22)McCollum et al., 1993, 23)Spong and Subramani, 1993, 
24)Elgersmaa et al., 1998, 25)Liu et al., 1995, 26)Kalish et al„  1995, 27)Kalish et al., 1996, 28)Gould et al., 1996, 
29)Urquhartt et al., 2000, 30)Snyder et al., 1999b, 31)Koller et al., 1999, 32)Kiel et al., 1999, 33)Baerends et al., 1996, 
34)Vann der Klei et al., 1998, 35)Nuttley et al., 1995; Van der Klei et al., 1995, 36)Waterham et al., 1994, 37)Tan et al., 
1995,, 38)Komori et al., 1997, 39)Titorenko et al., 1997, 40)Eitzen et al., 1995b, 41)Szilard et al., 1995, 42)Nuttley et 
al.,, 1994, 43)Smith et al., 1997, 44)Eitzen et al., 1995a, 45)Iida et al., 2000; Le Dall et al., 2000 46)Eitzen et al., 1997, 
47)Titorenkoo et al., 1998, 48)Brown et al., 2000, 49)Ghaedi et al., 2000, 50) Otera et al., 1998, 51)Okumoto et al., 2000, 
52)Toyamaa et al., 1999, 53)Shimizu et al., 1999, 54)Portsteffen et al., 1997; Reuber et al., 1997, 55)Shimozawa et al., 
1992,, 56)Kammerer et al., 1998, 57)Braverman et al., 1998; Dodt et al., 1995; Wiemer et al., 1995, 58)Yahraus et al., 
1996,, 59)Braverman et al., 1997; Motley et al., 1997; Purdue et al., 1997, 60)Warren et al., 1998, 61)Abe and Fujiki, 
1998;; Abe et al., 1998; Schrader et al., 1998, 62)Chang et al., 1997, 63)Bjorkman et al., 1998, 64)Fransen et al., 1998, 
65)Honshoetal.,, 1998, 66)Matsuzono et al., 1999 
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processs of peroxisomal protein import. Table 1 shows the currently cloned and 
characterizedd PEX genes of the most popular species for research in peroxisome 
biogenesis:: the yeasts S. cerevisiae, P. pastoris, H. polymorpha, Y. lipolytica and 
Chinesee hamster and human. Amino acid sequence homology combined with certain 
functionall  similarity determines whether a newly identified peroxin is the ortholog of 
aa previously characterized peroxin of another species. However, the functional 
conservationn of peroxins between two species is usually too low to allow this peroxin 
too restore peroxisome biogenesis in a mutant of the other species. Peroxin orthologs 
alsoo can display species-dependent variations in protein-protein interactions and in 
subcellularr localization. Given these differences, the role of peroxins in the import of 
peroxisomall  proteins in five different organisms wil l be described separately. Since 
mostt PEX genes isolated from CHO cells, mouse and rat are able to functionally 
complementt peroxisome defects in human PBD cells and vice versa, peroxisome 
biogenesiss is likely to be strictly conserved in these mammals. Therefore, the import 
off  peroxisomal proteins in human, Chinese hamster, mouse and rat is discussed here 
ass one system. 

4.11 Saccharomyces cerevisiae 

Thee application of several genetic screens in S. cerevisiae and the completion 
off  the Saccharomyces genome sequencing project have resulted in the identification 
off  a large number of PEX genes (Elgersma et al., 1993; Erdmann et al., 1989; Van 
derr Leij et al., 1992; Zhang et al., 1993). In addition, the yeast two-hybrid assay has 
largelyy contributed to the identification of dimeric and even trimeric protein 
interactionss and has extended our insight into the peroxisomal protein import 
complex.. A predominantly cytoplasmic protein specifically involved in peroxisomal 
proteinn import is the S. cerevisiae DnaJ-like protein Djplp (Hettema et al, 1998) 
(Figuree 2). DjplA cells partially mislocalize PTS1 and PTS2-containing proteins to 
thee cytoplasm. The degree of mislocalization is depending on the PTS protein 
investigatedd and on the culture conditions (Hettema et al., 1998). The presence of the 
DnaJJ domain in ScDjplp suggests that this protein can physically interact with 
proteinss from the Hsp70 family and therefore act as a potential cofactor for 
chaperones.. However, the Hsp70 partner for ScDjplp has not been identified, and 
thereforee the role of ScDjplp as a chaperone in peroxisomal protein import remains 
speculativee (Hettema et al., 1998). Pulse-chase experiments have shown that 
peroxisomall  targeting of PTS1 and PTS2 proteins is delayed in djplA cells (C. 
Ruigrok,, manuscript in preparation), suggesting that ScDjplp may play a role in an 
earlyy step of protein import. The receptors for PTS1 and PTS2 protein import, 
ScPex5pp and Pex7p can function independent of each others presence (Marzioch et 
al.,, 1994; Van der Leij et al., 1993; Zhang and Lazarow, 1994). 
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Figuree 2. Subcellular localization and interactions (indicated with arrows) of Pex proteins 
participatingg in peroxisomal protein import in S. cerevisiae. The question marks indicate that the 
interactionss between Pex8p and Pex5p and between Pex22p and Pex4p and between Pex7p and 
Pexl3pp are not certain to occur at that location. The question marks next to Djplp indicate that it is 
uncertainn where Djplp acts on. The number refers to the number of the Pex protein. The SH3 
domainn is indicated in italic. PTS1 and PTS2-containing proteins are indicated as PI and P2, 
respectively.. See text for details. 

Twoo weakly homologous peroxins, ScPexl8p and ScPex21p were identified in a two-
hybridd screen with ScPex7p as bait (Purdue et al., 1998). More detailed two-hybrid 
analysiss showed that PTS2 cargo-loaded ScPex7p can exist in complex with 
ScPexl8pp or ScPex21p. While single gene deletion of PEX]8 or PEX21 hardly 
affectss peroxisome biogenesis, the deletion of both PEX18 and PEX21 blocks import 
off  thiolase (a PTS2 protein) and abolishes the peroxisomal targeting of ScPex7p. 
Thesee observations define ScPexl8p and ScPex21p as the first proteins to play a role 
inn PTS receptor targeting (Purdue et al., 1998). Although a small fraction of the 
otherwisee cytoplasmic ScPexl8p and ScPex21p colocalizes with peroxisomes, it 
remainss to be investigated whether ScPexl8p and ScPex21p also participate in the 
dockingg of ScPex7p at the peroxisomal membrane. 

Att the cytoplasmic face of the peroxisome, both ScPex5p and ScPex7p interact 
withh the peripheral membrane protein Pexl4p (Albertini et al., 1997; Brocard et al., 
1997).. ScPexl4p can bridge the two-hybrid interaction between ScPex5p and 
ScPex7pp and is required for the import of both PTS 1 and PTS2-containing proteins 
(Albertinii  et al., 1997). ScPexl4p is therefore proposed to be the point of 
convergencee in the PTS1 and PTS2 protein import pathways. In the absence of 
ScPexl4p,, Pex5p was not associated with peroxisomes (Chapter 4 of this thesis) and 
thee amount of organellar ScPex7p appeared to be decreased (Girzalsky et al., 1999), 
whichh underlines the role for ScPexl4p as the primary docking factor for ScPex5p 
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andd ScPex7p. In addition, ScPex5p directly interacts with the SH3 domain of the 
integrall  membrane protein ScPexBp (Barnett et al., 2000; Bottger et al., 2000; 
Elgersmaa et al., 1996a; Erdmann and Blobel, 1996). Disruption of the Pex5p-PexB-
SH33 interaction by a specific mutation in ScPex5p selectively interferes with PTS1 
proteinn import. This mutated form of ScPex5p is still associated with peroxisomes, 
likelyy via the interaction with ScPexl4p (Bottger et al., 2000). ScPex7p also interacts 
withh ScPexl3p, however the Pex7p binding site in ScPexl3p, which is not the SH3 
domain,, has not yet been characterized (Girzalsky et al., 1999). The interaction of 
ScPex5pp and ScPex7p with ScPexBp is probably involved in a step in protein import 
followingg the docking event. The SH3 domain of ScPexl3p also binds ScPexl4p. 
Specificc disruption of the Pexl4p-Pexl3p-SH3 contact by a mutation in the SH3 
domain,, or disturbing the stoichiometry by overexpression of either ScPexl4p or 
ScPexBpp seriously affects PTS1 and PTS2 protein import, showing that the two 
proteinss act in complex with each other (Bottger et al., 2000; Girzalsky et al., 1999). 
Pex5pp and Pexl4p have different contact sites on the SH3 domain of Pexl3p (Barnett 
ett al., 2000; Bottger et al., 2000). A Pex5p peptide containing the SH3 binding site 
andd Pexl4p do not compete for binding to the Pexl3p-SH3 domain, suggesting that 
thee three proteins can form a trimeric complex (Barnett et al., 2000). ScPexBp plays 
aa significant role in anchoring ScPexl4p to the peroxisomal membrane, since 
deletionn of the PEXJ3 gene results in partial cytoplasmic localization of ScPexl4p 
(Girzalskyy et al., 1999 and our unpublished observations). Interestingly, the SH3 
domainn mutation that disrupts the interaction with ScPexl4p does not affect the 
peroxisomall  localization of ScPexl4p, suggesting that the full length ScPexBp, and 
nott just the SH3 domain takes part in attachment of ScPexl4p to the peroxisomal 
membranee (Girzalsky et al., 1999 and our unpublished observations). ScPexl4p has 
beenn shown to interact with itself in the two-hybrid system (Albertini et al., 1997) 
andd forms a homomeric complex in isolated peroxisomal membranes (G. Bottger, 
unpublishedd results). The third peroxisomal membrane component involved in PTS1 
andd PTS2 protein import is ScPexl7p (Albertini et al., 1997). This peroxin shows the 
characteristicss of a peripheral membrane protein and interacts with ScPexl4p and 
indirectlyy with ScPexSp in a Pexl4p-dependent manner (Albertini et al., 1997; Huhse 
ett al., 1998). In addition to ScPexl4p, ScPexl7p is required for peroxisomal 
localizationn of ScPex5p (Chapter 4 of this thesis). Immunprecipitation of myc-tagged 
ScPex7pp coprecipitates a complex of ScPexBp, ScPexHp, ScPexBp, ScPex5p, 
Sc(myc)Pex7p,, PTS1 and PTS2 proteins. These proteins are predominantly 
maintainedd in complex by the presence of ScPexl4p (Girzalsky et al., 1999; Huhse et 
al.,, 1998). 

ScPex5pp also interacts with ScPex8p, a peripheral peroxisomal membrane 
proteinn that is essential for peroxisomal import of PTS1 and PTS2-containing 
proteinss (Rehling et al., 2000). The ScPex8 protein is localized to the luminal face of 
thee peroxisomal membrane. ScPex8p contains a PTS1, but does not require this 
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sequencee for its interaction with ScPex5p, for its intraperoxisomal localization, or for 
itss function in peroxisome biogenesis (Rehling et al., 2000). The localization of 
ScPex8pp in pex5A cells has not yet been determined, and it is therefore not ruled out 
thatt the interaction of ScPex5p with ScPex8p plays a role in peroxisomal targeting of 
ScPex8p.. Although ScPex5p has never been found inside peroxisomes of S. 
cerevisiae,cerevisiae, it is possible that the interaction of ScPex5p with ScPex8p occurs at the 
lumenall  side of the peroxisomal membrane. If the interaction with ScPex8p is not a 
rate-limitingg step, the levels of intraperoxisomal ScPex5p might be too low to detect. 
Inn pex8A cells the complex of ScPexl3p, ScPexl4p, ScPexl7p and the two PTS 
cargo-loadedd receptors can still be coprecipitated, suggesting that ScPex8p plays a 
rolee downstream of import receptor docking (Rehling et al., 2000). 

Thee S. cerevisiae ubiquitin conjugating (UBC) enzyme Pex4p is a peroxisomal 
proteinn that is essential for import of PTS1 and PTS2 proteins. Substitution of the 
active-sitee cysteine, which abolishes UBC enzyme activity, inhibits the import of 
peroxisomall  matrix proteins, although the cysteine mutation does not interfere with 
thee peroxisomal localization of ScPex4p (Wiebel and Kunau, 1992). The target 
proteinn for Pex4p-mediated ubiquitination in S. cerevisiae remains to be identified. 
ScPex4pp interacts with the S. cerevisiae protein Yaf5p, which is a homolog of P. 
pastorispastoris Pex22p and is here named ScPex22p. S. cerevisiae pex22A cells mislocalize 
GFP-PTS11 to the cytoplasm and are unable to grow on oleate, suggesting a role for 
ScPex22pp in peroxisome biogenesis (Koller et al., 1999). In P. pastoris, PpPex22p 
anchorss PpPex4p to the peroxisomal membrane and is, together with PpPex4p, 
requiredd for PpPex5p stability (Koller et al., 1999). Deletion of PEX4 in S. cerevisiae 
doess not result in ScPex5p instability, but does seem to lead to a posttranslational 
modificationn of ScPex5p (T. Voorn-Brouwer and A. Klein, pers. communication). 
Thee function of ScPex4p and ScPex22p in peroxisomal protein import therefore will 
requiree further investigation. 

4.22 Pichia pastoris 

Geneticc screens in the yeast P. pastoris have resulted in the identification of 
severall  Pex proteins essential for PTS1 and PTS2 protein import (Gould et al., 1992; 
Liuu et al., 1992). Like in S. cerevisiae, the PTS1 and PTS2 import pathways can be 
functionallyy separated (Elgersma et al., 1998; Terlecky et al., 1995). P. pastoris 
Pex5pp interacts with the SH3 domain of the integral peroxisomal membrane protein 
PpPexl3pp (Gould et al., 1996; Urquhart et al., 2000) and with the membrane protein 
PpPexl4pp (a protein that as yet has not fully been characterized in P. pastoris) 
(Figuree 3). In vitro interaction and competition studies have shown that a PTS1 
cargo-loadedd PpPex5p binds PpPexl4p with higher affinity than does the unloaded 
PpPex5p.. In addition, the binding affinity of cargo-loaded PpPex5p for the PpPexl3-
SH33 domain was reduced compared to that of unloaded PpPex5p (Urquhart et al., 
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Figuree 3. Subcellular localization and interactions (indicated with arrows) of Pex proteins 
participatingg in peroxisomal protein import in P. pastoris. The question mark indicates that it is 
uncertainn whether Pexlp and Pex6p are able to associate with the peroxisomal membrane. The 
numberr refers to the number of the Pex protein. The SH3 domain is indicated in italic. PTS1 and 
PTS2-containingg proteins are indicated as PI and P2, respectively. See text for details. 

2000).. This suggests that the PpPex5p-PTSl cargo complex docks at the peroxisomal 
membranee via the interaction with PpPexl4p, and that after release of the PTS1 cargo 

Pex5pp is handed over to the SH3 domain of Pexl3p. The in vitro studies also 
showedd that PpPexl3-SH3 and PpPexHp directly interact with each other (Urquhart 
ett al., 2000). An overexpressed form of the P. pastoris PTS2 receptor Pex7p is 
localizedd both in the cytoplasm and in the peroxisomal matrix (Elgersma et al., 1998). 
Interactionss of PpPex7p with peroxisomal proteins other than PTS2-containing 
proteinss have however not been reported yet. In a recent review (Subramani et al., 
2000)) it has been described that PpPexl4p can be phosphorylated, and that 
phosphorylationn of PpPexl4p is required for its interaction with PpPexBp, whereas 
eitherr phosphorylated or dephosphorylated PpPexl4p binds the peroxisomal 
membranee protein PpPexl7p. However, experimental data substantiating these 
findingss have not been published yet. 

P.P. pastoris Pexl7p is an integral peroxisomal membrane protein that interacts 
withh PpPexl4p and can be coimmunoprecepitated with antisera directed against 
PpPexl4p,, PpPex5p and PpPex7p, suggesting that PpPexl7p is present in protein 
importt complexes (Snyder et al., 1999b). In addition, pexl7A cells are deficient in 
peroxisomall  PTS1 and PTS2 protein import. PpPexl7p was initially isolated in a 
screenn for proteins involved in peroxisomal membrane protein targeting, and pexl7 
mutantt cells mistarget several peroxisomal membrane proteins to the cytosol (Snyder 
ett al., 1999b). It is therefore assumed that PpPexl7p has a dual function in both 
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peroxisomall  matrix and membrane protein import. PpPexl7p is weakly homologous 
too S. cerevisiae Pexl7p (18% amino acid sequence identity). S. cerevisiae pexllA 
cellss are not affected the localization of peroxisomal membrane proteins (Hettema et 
al.,, 2000; Huhse et al., 1998), which indicates that the effect of Pexl7p on membrane 
proteinn import is limited to the yeast Pichia pastoris. 

PpPex2p,, PpPexlOp and PpPexl2p are integral membrane proteins that contain 
aa zinc-binding RING domain that is essential for proper peroxisome assembly (Kalish 
ett al., 1996; Kalish et al., 1995). Pex2,pexl0 and pexl'2 mutants specifically interfere 
withh peroxisomal matrix protein import. However, a specific role for these proteins in 
thee process of protein import has not been defined yet. 

PpPex8pp is an ill-defined peroxisomal membrane protein that, just like 
ScPex8p,, contains a PTS1 sequence (Liu et al., 1995). A pex8 mutant (per3-l) 
disturbess the import of PTS1 proteins but allows import of thiolase, whereas pex8A 
cellss mislocalize both PTS1 and PTS2 proteins (Liu et al., 1995). Subramani et al. 
(2000)) have described that Pex8p can interact with Pexl4p, however experiments 
providingg evidence for this interaction have not been published yet. 

Deletionn of the P. pastoris ubiquitin-conjugating enzyme Pex4p results in a 
partiall  PTS1 and PTS2 protein import defect (Collins et al., 2000; Crane et al., 1994). 
AA fraction of PpPex4p is ubiquitinated and site-directed mutagenesis of the active site 
cysteine,, required for ubiquitination, abolishes PpPex4p function in peroxisomal 
proteinn import (Crane et al., 1994). PpPex4p interacts with the cytosolic C-terminus 
off  PpPex22p, which is an integral peroxisomal membrane protein involved in PTS1 
andd PTS2 protein import (Koller et al., 1999). In pex22A cells, PpPex4p is localized 
inn the cytosol and is highly unstable. It has therefore been suggested that PpPex22p 
anchorss PpPex4p to the peroxisomal membrane (Koller et al., 1999). The absence of 
eitherr PpPex22p or PpPex4p results in a dramatic destabilization of PpPex5p, which 
iss virtually undetectable in these cells (Collins et al., 2000; Koller et al., 1999). 
Mutationn of the active site cysteine of PpPex4p also results in a low steady-state 
proteinn level of PpPex5p, indicating that PpPex4p UBC enzyme activity is essential 
forr the stability of Pex5p (Collins et al., 2000). Surprisingly, protein levels of the 
PTS22 receptor PpPex7p are not altered, suggesting that the import defect of PTS 1 and 
PTS22 proteins in pex4A and pex22A cells is not necessarily a direct result of PTS 
receptorr instability (Collins et al., 2000). The breakdown of PpPex5p in pex4A and 
pex22Apex22A cells is suppressed when other PEX genes are also deleted, which strongly 
suggestss that PpPex4p and PpPex22p act in one of the terminal steps in peroxisome 
assemblyy (Collins et al., 2000). 

PichiaPichia pastoris Pexlp and Pexóp are both members of the AAA protein family, 
meaningg that they are capable of binding and hydrolyzing ATP, and share a high 
degreee of amino acid sequence identity (29%). The two proteins interact with each 
otherr in an ATP-dependent manner (Faber et al., 1998). Mutated versions of PpPexlp 
andd PpPex6p still display some residual peroxisomal protein import (Heyman et al, 
1994;; Spong and Subramani, 1993). Interestingly, in pexl and pex6 mutant cells an 
acceleratedd turnover of PpPex5p has been observed, although basal protein levels of 
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PpPex5pp in pexlA and pex6 mutant cells are still higher than PpPex5p levels in 
pex4Apex4A and pex22A cells (Collins et al., 2000; Yahraus et al., 1996). Epistasis analysis 
usingg the PpPex5p protein levels as a reference revealed that PpPexlp and PpPexóp 
actt before PpPex4p and PpPex22p but after all the other known peroxins in Pichia 
pastoris.pastoris. Given the late step in protein import in which the two peroxins act, PpPexlp 
andd PpPexóp are proposed to play a role in PTS receptor recycling (Collins et al., 
2000).. The function of PpPexlp and PpPexóp is however a matter of debate. Both 
proteinss are found in the supernatant fraction after differential centrifugation at 
27,0000 x g but sediment after centrifugation at 100,000 x g (Faber et al., 1998). 
PpPexlpp and PpPexóp migrate into a flotation gradient, which is indicative for the 
associationn with membranous structures. Since proteins of AAA family comprise N-
ethylmalmeimide-sensitivee factor (NSF) and NSF-like ATPases, and Pexlp and 
Pexópp in the yeast Yarrowia lipolytica are necessary to initiate membrane fusion of 
twoo different preperoxisomal compartments (Titorenko et al., 2000; Titorenko and 
Rachubinski,, 2000), it has been proposed that the two proteins are involved in vesicle 
fusionn (Faber et al., 1998). The exact function of the two AAA proteins in Pichia 
pastorispastoris wil l require further investigation. 

4.33 Hansenula polymorpha 

Inn the methylotrophic yeast H. polymorpha a subset of PEX genes involved in 
peroxisomall  protein import have been characterized (Cregg et al., 1990). At least two 
differentt Pex proteins are required for functional PTS1 protein import. The first 
proteinn is the PTS1 receptor, Pex5p. HpPex5p is specifically involved in import of 
PTSS 1-containing proteins and of malate synthase, that does not contain a 
recognizablee PTS1 or PTS2. HpPex5p is localized both in the cytoplasm and inside 
thee peroxisomal matrix (Van der Klei et al., 1995) (Figure 4). The second gene acting 
specificallyy in PTS 1 protein import is HpPex4p, a protein that, just like its orthologs 
inn S. cerevisiae and P. pastoris, belongs to the protein family of ubiquitin conjugating 
enzymes.. In contrast to the S. cerevisiae and P. pastoris orthologs, HpPex4p is 
localizedd in the cytosol. Target protein(s) for HpPex4p-mediated ubiquitination have 
ass yet not been identified. Interestingly, the total amount of HpPex5p and HpPexl4p 
hass increased in cells lacking HpPex4p (Van der Klei et al., 1998), which contrasts 
withh the strongly decreased Pex5p levels in P. pastoris pex4A cells (Collins et al., 
2000;; Koller et al., 1999). In addition, overexpression of HpPex5p suppresses the 
inhibitionn of PTS1 protein import in pex4A cells, suggesting that increase in newly 
synthesizedd HpPex5p can rescue a defect caused by the absence of HpPex4p. Since 
HpPex5pp accumulates inside peroxisomes in pex4A cells, it is suggested that 
HpPex4pp is involved in recycling of HpPex5p to the cytoplasm (Van der Klei et al., 
1998).//.. polymorpha also contains proteins bearing a PTS2 sequence that can target 
aa fused reporter protein to the peroxisome (Faber et al., 1994; Faber et al., 1995; 
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Figuree 4. Subcellular localization and 
interactionss (indicated with arrows at both 
ends)) of Pex proteins participating in 
peroxisomall  protein import in H. 
polymorpha.polymorpha. The P indicates phosphorylation 
off  Pexl4p. The question mark indicates that 
thee mechanism of Pex5p shuttling across the 
membranee (indicated with arrows) is 
unknown.. The number refers to the number 
off  the Pex protein. PTS1 and PTS2-
containingg proteins are indicated as PI and 
P2,, respectively. See text for details. 

Waterhamm et al., 1994). However, a candidate PTS2 receptor (Pex7p) has not been 
isolatedd yet. 

Thee membrane protein HpPexl4p, which shows 35% sequence identity with 
ScPexl4p,, is required for import of PTS1 and PTS2 proteins in H. polymorpha. 
Overproductionn of HpPexl4p interferes with protein import resulting in the 
disappearancee of mature peroxisomes and in the accumulation of numerous vesicles 
thatt are positive for the peroxisomal membrane protein HpPexlOp (Komori et al., 
1997).. Shifting growth conditions from glucose to methanol media induces 
phosphorylationn of HpPexl4p (Komori et al., 1999), suggesting a regulatory role for 
HpPexl4pp in protein import. In contrast to ScPexl4p and PpPexl4p, an interaction of 
HpPexl4pp with HpPex5p has not been reported yet and it it therefore unknown 
whetherr Pexl4p plays a role in receptor docking. Interestingly, overexpression of 
HpPex5pp in apexl4A strain can partially restore peroxisomal import of certain PTS1 
proteinss (alcohol oxidase and dihydroxyacetone synthase). In these transformed 
pex!4Apex!4A cells HpPex5p is not localized inside the peroxisome, but at the peroxisomal 
membranee facing the cytosol (Salomons et al., 2000). These findings suggest that 
HpPexl4pp not directly mediates docking of Pex5p, as is the case for the other known 
Pexl4pp orthologs, but may play a role in shuttling HpPex5p across the membrane. 
However,, these localization experiments were performed with an excess of HpPex5p 
andd it would therefore be worth wile to investigate the subcellular localization of 
endogenouss HpPex5p in pexl4A cells. 

Anotherr protein involved in PTS1 and PTS2 protein import is HpPex8p, an 
intraperoxisomall  protein carrying both a PTS1 and a PTS2 signal (Waterham et al, 
1994).. The function of this protein in peroxisomal protein import is however 
unknown. . 
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4.44 Yarrowia lipolytica 

Likee in the yeasts mentioned above, mutants have been selected that are 
disturbedd in the assembly of peroxisomes in Y. lipolytica (Nuttley et al., 1993). 
Althoughh peroxisomal matrix proteins in Y. lipolytica contain functional PTS1 and 
PTS22 sequences, it is not certain whether the traditional PTS1 and PTS2 pathways 
aree employed in peroxisomal protein import. Unlike Pex5 proteins from other 
organisms,, YlPex5p is exclusively localized in the peroxisomal matrix and associated 
withh the luminal side of the peroxisomal membrane (Szilard et al., 1995) (Figure 5). 
Thee intraperoxisomal localization of YlPex5p is maintained for a pex5 mutant that 
hass lost the ability to bind PTS1 proteins, although this pex5 mutant is found only in 
thee peroxisomal matrix and does no longer associate with the peroxisomal membrane 
(Szilardd and Rachubinski, 2000; Szilard et al., 1995). The localization of YlPex5p is 
apparentlyy not related to peroxisomal targeting of PTS1-containing proteins and its 
functionn may therefore be different from other Pex5p orthologs. 

Thee Y. lipolytica homolog of the PTS2 import receptor, Pex7p, has not yet been 
identified.. The Y. lipolytica pex20 mutant strain is however selectively disturbed in 
peroxisomall  import of thiolase (a PTS2 protein) (Titorenko et al., 1998). YlPex20p 
interactss with thiolase independent of the presence of a PTS2 sequence (Titorenko et 
al.,, 1998). In the absence of YlPex20p, thiolase fails to assemble into homodimers 
andd is retained in the cytoplasm.The finding that Pex20p and thiolase are present in 
cytoplasmicc heterotetramers, suggests that Pex20p assists in the dimer formation of 
thiolasee (Titorenko et al., 1998). YlPex20p is predominantly localized in the 
cytoplasm,, whereas a fraction of 4-8% is associated with peroxisomes (Titorenko et 
al.,, 1998). YlPex20p also interacts with YlPex8p (formerly YlPexl7p; Smith and 
Rachubinski,, 2000). YlPex8p is an intraperoxisomal peripheral membrane protein 

Figuree 5. Subcellular localization and 
interactionss (indicated with arrows) of Pex 
proteinss participating in peroxisomal protein 
importt in Y. lipolytica. The question mark 
indicatess that the interaction between Pex8p 
andd Pex20p is not certain to occur at that 
subcellularr location. The number refers to the 
numberr of the Pex protein. PTS1 and PTS2-
containingg proteins are indicated as PI and P2, 
respectively.. See text for details. 
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thatt plays a role in peroxisomal import of PTS1 and PTS2 proteins (Smith et al., 
1997).. Just like the known Pex8p orthologs, YlPex8p bears a PTS1 sequence that is 
nott required for peroxisomal targeting of the protein (Smith et al., 1997). In the 
absencee of YlPex8p the majority of YlPex20p colocalizes with peroxisomes, whereas 
thiolasee is mainly localized in the cytoplasm (Smith and Rachubinski, 2000). 
YlPex8pp likely assists in the recycling of peroxisomal YlPex20p, which on its turn 
cann act in the cytoplasm in the dimerization and subsequent peroxisomal targeting of 
thiolase.. A peroxisomal protein that resembles a docking factor such as Pexl4p has 
nott yet been identified in Y. lipolytica. 

4.55 Mammalian cells 

Characterizationn of genes involved in peroxisome function in human 
peroxisomee biogenesis disorder (PBD) cells and in mutagenized CHO cells have 
greatlyy enhanced the elucidation of the biogenesis of peroxisomes in mammals. 

Peroxisomall  import of PTS1-containing proteins in mammalian cells is 
regulatedd by two isoforms of Pex5p (Pex5pS and Pex5pL; Dodt et al., 1995; Otera et 
al.,, 1998), whereas import of PTS2-containing proteins requires, unlike the known 
PTS22 import pathways in yeast, both Pex5pL and Pex7p (Braverman et al., 1998; 
Bravermann et al., 1997; Matsumura et al., 2000; Motley et al., 1997; Otera et al., 
2000;; Otera et al., 1998; Purdue et al., 1997). Recently, Fujiki and coworkers found 
thatt Pex5pL, but not Pex5pS, coprecipitates with PTS2 cargo-loaded Pex7p (Otera et 
al.,, 2000) (Figure 6) and that the interaction between Pex5pL and Pex7p is disrupted 
byy the Ser214Phe mutation in Pex5pL. Interestingly, this mutant selectively inhibits 
thee import of PTS2 proteins, but not the import of PTS1 proteins (Matsumura et al., 
2000),, which is a phenotype that previously has been observed only in pex7 mutant 
cellss (Braverman et al., 1997; Motley et al., 1997; Purdue et al., 1997). Pex5pL and 
Pex5pSS can form homo and heterodimers in vivo (Otera et al., 2000). 

Pex5pLL and Pex5pS interact in vivo and in vitro with mammalian Pexl4p 
whichh is, in contrast to yeast Pexl4p, characterized as an integral peroxisomal 
membranee protein (Fransen et al., 1998; Gouveia et al., 2000; Otera et al., 2000; 
Schliebss et al., 1999; Shimizu et al., 1999; Wil l et al., 1999). Immunoprecipitation 
studiess in CHO cell lysates showed that a complex of Pexl4p, Pex5pL, Pex5pS and 
PTS11 proteins (Shimizu et al., 1999), and of Pexl4p, Pex5pL and Pex7p (Otera et al., 
2000)) could be coprecipitated. In addition, using immunofluorescence on CHO cells 
overexpressingg Pexl4p, Otera et al. (2000) showed that Pex5p accumulates at 
peroxisomess in these cells whereas in the absence of Pexl4p Pex5p is localized in the 
cytosol.. Pexl4p is therefore suggested to be the docking factor for PTS1 cargo-
loadedd Pex5p and for the complex of Pex5pL with PTS2 cargo-loaded Pex7p. The 
requirementt for Pex5pL in PTS2 protein import suggests that the interaction via 
Pex5pLL is primarily responsible for docking of Pex7p at the peroxisomal membrane. 
Inn addition, overexpression of Pex5pL recruits Pex7p from the cytoplasm to the 
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Figuree 6. Subcellular localization and interactions (indicated with arrows) of Pex proteins 
participatingg in peroxisomal protein import in mammalian cells. The long and short forms of Pex5p 
aree indicated with 5L and 5S, respectively. The questionmark indicates that the interactions have 
beenn shown only in vitro. The number refers to the number of the Pex protein. Domains (SH3 and 
RING)) are indicated in italic. PTS1 and PTS2-containing proteins are indicated as PI and P2, 
respectively.. See text for details. 

peroxisomall  membrane (Otera et al., 2000). The complex of Pex5p and Pexl4p is 
veryy stable and appears to contain several molecules of Pexl4p to one molecule of 
Pex5pp (Gouveia et al., 2000; Schliebs et al., 1999). Whether this complex is directly 
involvedd in translocation or membrane insertion of Pex5p, as is suggested by Gouveia 
ett al., remains to be investigated. In human and Chinese hamster, overexpression of 
Pexl4pp results in a general defect in peroxisomal protein import, accompanied with 
aberrantt peroxisome morphology (Otera et al., 2000; Wil l et al., 1999). Similar 
phenotypess are observed in H. polymorpha and S. cerevisiae overexpressing Pexl4p 
andd are caused by disturbance of the stoichiometry in the Pexl4p-Pexl3p protein 
complex.. Mammalian Pexl4p also interacts with the SH3 domain of mammalian 
Pexl3pp (Fransen et al., 1998; Otera et al., 2000). The isolated CHO mutants and the 
identifiedd PBD cells that carry a defective PEX13 gene all display either mutations in, 
orr truncations of the C-terminal SH3 domain (Liu et al., 1999; Shimozawa et al., 
1999a;; Toyama et al., 1999), underlining a role for the SH3 domain of Pexl3p in 
peroxisomall  protein import. Although Pex5p and Pexl3p-SH3 can be coprecipitated 
inn the absence of Pexl4p, there is no evidence for a direct interaction of mammalian 
Pexl3p-SH33 with Pex5p (Otera et al., 2000), as is observed in the yeasts S. cerevisiae 
andd P. pastoris. 

Pex5pp binds to the RING finger domain of the integral peroxisomal membrane 
proteinn Pexl2p (Chang et al., 1999b; Okumoto et al., 2000) and to the RING finger 
domainn of the integral peroxisomal membrane protein PexlOp (Okumoto et al., 
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2000).. The latter interaction has only been observed in vitro. The RING finger 
domainn of Pexl2p is essential for the function of this peroxin in peroxisome 
biogenesiss (Chang et al., 1999b; Okumoto et al., 1998) and this domain directly 
interactss with the RING finger domain of the integral peroxisomal membrane protein 
PexlOpp and with the TPR domains of Pex5p (Chang et al., 1999b; Okumoto et al., 
2000).. The in vivo interaction of Pex5p and PexlOp with the Pexl2-RING finger 
domainn has become evident since overexpression of PexlOp and Pex5p can rescue 
peroxisomall  import in PBD cells containing the RING mutant Pexl2p(S320F). The 
combinationn of two RING mutant alleles Pexl2p(S320F) and Pexl0p(H290Q) 
resultss in dominant negative inhibition of peroxisomal protein import (Chang et al., 
1999b),, underscoring the importance of Pexl0p-Pexl2p interaction in peroxisome 
biogenesis. . 

InIn vitro, the RING finger domain of PexlOp binds the RING finger domain of 
Pex2pp (Okumoto et al., 2000), another peroxisomal integral membrane protein 
involvedd in peroxisomal import of PTS1 and PTS2 containing proteins (Shimozawa 
ett al., 1992; Tsukamoto et al., 1991). Mutations in PEX2 cause differential import 
defects,, in particular insufficient import of catalase A and other PTS1 proteins, 
suggestingg a function for this peroxin in peroxisomal protein import (Fujiwara et al., 
2000;; Huang et al, 2000; Imamura et al., 1998; Shimozawa et al., 2000). 

Immunofluorescencee and biochemical studies have shown that mutations in 
PEX2,PEX2, PEX10, PEX12 and PEX13 can cause accumulation of Pex5p at the 
peroxisomall  membrane and in the matrix of the peroxisome (Chang et al., 1999b; 
Dodtt and Gould, 1996; Otera et al., 2000). Pex2p, PexlOp, Pexl2p and Pexl3p are 
thereforee suggested to play play a role downstream of (PTS1) receptor docking. 

Approximatelyy one third of all the patients suffering form peroxisome 
biogenesiss disorders contain a mutated form of the PEX1 gene. HsPexlp is 21% 
homologouss to HsPexóp (Tamura et al., 1998). Just like the yeast orthologs, 
HsPexlpp and HsPexóp interact with each other (Geisbrecht et al., 1998; Tamura et 
al.,, 1998). This interaction is partially disrupted in the HsPexlp(G843D) mutant, that 
accountss for more than 50% of the mutated PEXl alleles identified so far (Geisbrecht 
ett al., 1998; Portsteffen et al., 1997; Reuber et al., 1997). Pexl and pex6 mutants are 
phenotypicallyy characterized by a partial defect in PTS 1 and PTS2 protein import and 
byy a markedly decreased stability of HsPex5p (Dodt and Gould, 1996; Geisbrecht et 
al.,, 1998; Imamura et al., 2000; Yahraus et al., 1996). The disturbance of protein 
importt in pexl and pex6 mutant cells can not be rescued by overexpression of Pex5p 
(Dodtt et al., 1995), which indicates that the instability of Pex5p is not the primary 
causee of the peroxisomal defect. Given the similarities with the phenotype observed 
forr Pichia pastoris pexl and pex6 mutants, it is suggested that HsPexlp and HsPexóp 
playy a role in HsPex5p receptor recycling (Dodt and Gould, 1996). 
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4.66 Summary 

Thee current knowledge of peroxins involved in peroxisomal protein import 
suggestss a certain sequence of events between the synthesis of peroxisomal matrix 
proteinss in the cytoplasm and the appearance of such a protein in the peroxisomal 
matrix.. Although there are marked differences in the protein import systems between 
severall  species, a general mechanism of peroxisomal protein import can be 
summarizedd as follows: 1) folding of the newly synthesized protein and oligomer 
formation,, a process that may be assisted by Djplp in S. cerevisiae and that requires 
Pex20pp in Y. lipolytica; 2) recognition and binding of the peroxisomal targeting 
signall  to the cognate receptor in the cytoplasm, Pex5p or Pex7p; 3) targeting of the 
receptor-cargoo complex to the peroxisomal membrane, which in the S. cerevisiae 
PTS22 pathway requires Pexl8p and Pex21p; 4) binding of the import receptor-cargo 
complexx at the peroxisomal membrane to Pexl4p, that is likely complexed with 
Pexl7pp in S. cerevisiae during the docking event; 5) translocation of either the 
receptor-cargoo complex, or of the cargo protein alone, via an unknown mechanism. 
Thiss event requires the interaction between Pexl4p and the SH3 domain of Pexl3p in 
S.S. cerevisiae and in P. pastoris and is accompanied by handing over of Pex5p from 
Pexl4pp to the SH3 domain of Pexl3p. Additionally, the interaction between RING 
fingerr domains of PexlOp and Pexl2p is essential in mammals. In general, the 
presencee of Pex2p, PexlOp, Pexl2p and (in yeast) Pex8p is required for the 
translocationn step; 6) recycling or breakdown of Pex5p, which is regulated by Pexlp 
andd Pex6p in human and P. pastoris and requires the interaction between these two 
proteins.. In a later step in the process, receptor recycling or breakdown may further 
bee mediated by Pex4p and Pex22p in P. pastoris. 

55 Characterization of PexSp 

Thee PTS1 receptor Pex5p is one of the best characterized peroxins in S. 
cerevisiae.cerevisiae. ScPex5p has at least four interaction partners: the PTS1 cargo protein, the 
dockingg factor Pexl4p and the protein import factors Pexl3p and Pex8p. The C-
terminall  half of Pex5p consists of two clusters each comprising three TPR domains 
thatt are linked with a hinge region, which has been denoted as TPR repeat motif 4. 
Thee TPR domains participate in the special folding structure that allows the 
interactionn with the PTS1 tripeptide that appears to be embraced by all the TPR 
motifss (Gatto et al., 2000a; Gatto et al., 2000b; Klein et al., 2001). 

Inn contrast with the C-terminal TPR region, the N-terminus of Pex5p is very 
poorlyy conserved. Multiple sequence alignments of the N-terminal half of yeast, plant 
andd mammalian Pex5p reveal a conserved region localized near the extreme N-
terminuss consisting of a patch of 10 amino acids. Other regions of sequence identity 
aree formed by pentapeptide motifs composed of the sequence Trp-X-X-X-Phe/Tyr. 
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Figuree 7. Domain structure Saccharomyces cerevisiae Pex5p. The arrows indicate binding regions 
forr Pexl3-SH3, Pexl4p and PTS1. 

S.S. cerevisiae and H. polymorpha Pex5p contain two pentapeptide motifs, P. pastoris 
andd Y. lipolytica Pex5p contain three pentapeptide motifs, human, mouse and chinese 
hamsterr contain seven pentapeptide motifs and tobacco Pex5p and water melon 
Pex5pp even contain ten and eleven of these motifs, respectively. The pentapeptide 
motifss of S. cerevisiae Pex5p are composed of the amino acid sequences 
Wi2oSQEF1244 and W2o4TDQF2o8- The latter pentapeptide motif, and probably the 
homologouss motif (Wi96EDQF2oo) in P. pastoris, is part of the Pexl3p-SH3 domain 
bindingg region of Pex5p (Barnett et al., 2000; Bottger et al., 2000; Urquhart et al, 
2000).. PHD secondary structure predictions of this region in S. cerevisiae Pex5p 
showedd that the pentapeptide motif is part of an a-helix (Barnett et al., 2000). 
Bindingg studies with Pexl3p-SH3 and a combination of alanine scanning of amino 
acidss in and adjacent to the motif and substitution of Lys2io to a helix-breaking 
prolinee confirmed that this region in Pex5p adopts an a-helical conformation that 
formss the contact site for binding S. cerevisiae Pexl3-SH3 (Barnett et al., 2000). In 
humann Pex5p these motifs have been implicated in binding of Pexl4p (Schliebs et al, 
1999),, although double amino acid substitutions of both conserved tryptophans of the 
pentapeptidee repeat motifs in S. cerevisiae did not abolish binding activity with 
ScPexHp.. The double mutant however did lose two-hybrid interaction with the 
PTSl-deletedd version of ScPex8p (A. Stein and G. Bottger, unpublished 
observations). . 

S.S. cerevisiae, P. pastoris and human Pex5p require only their N-terminus for 
interactionn with Pexl4p (Schliebs et al, 1999; Urquhart et al., 2000)(our unpublished 
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observation).. It is has however not been possible to identify a point mutation in 
Pex5pp that selectively inhibits Pexl4p binding (A. Stein and G. Bottger, unpublished 
observations),, which may support the suggestion that Pex5p contains multiple 
bindingg sites for Pexl4p (Schliebs et aL, 1999). Figure 7 schematically represents the 
domainn structure of Pex5p and binding regions for Pexl3p, Pexl4p and the PTS1. 

Pex5pp chimeras have been able to succesfully rescue peroxisomal protein 
importt defects in yeast and have emphasized that the C-terminus of yeast Pex5p can 
functionallyy be replaced by the C-terminus of a plant or human Pex5p (Dodt et al., 
1995;; Kragler et al., 1998; Wiemer et al., 1995). A Pex5p chimera consisting of only 
thee first 37 amino acids of Pex5p from S. cerevisiae fused to the carboxyterminal 553 
aminoo acids from Tobacco Pex5p was capable to (partially) restore the PTS1 protein 
importt defect in S. cerevisiae pex5A cells, whereas the full length Tobacco plant 
Pex5pp was unable to rescue PTS1 protein import in these cells (Kragler et al., 1998). 
Inn addition, a Pex5p chimera comprising the amino terminal 124 amino acids of P. 
pastorispastoris Pex5p fused to the C-terminal 388 amino acids from human Pex5p, 
comprisingg the complete TPR domain region, restores growth of P. pastoris pex5A 
cellss on oleate (but not on methanol), whereas full length human Pex5p does not 
(Dodtt et al., 1995). These studies indicate that the N-terminus of Pex5p determines 
thee species specificity of the protein. It would be of interest to test whether these 
Pex55 chimeric proteins have retained the ability to interact with the known Pex5p 
partners. . 

66 The SH3 domain 

6.11 SH3 domain ligand binding 

Thee peroxisomal membrane protein Pexl3p contains a conserved region in the 
C-terminall  part of the protein encoding a Src Homology 3 (SH3) domain. Truncation 
off  the SH3 domain abolishes the function of Pexl3p in peroxisome biogenesis 
(Elgersmaa et al., 1996a; Gould et al., 1996; Shimozawa et al., 1999a; Toyama et al., 
1999),, but does not interfere with the subcellular localization of the protein (Elgersma 
ett al., 1996a). Pexl3p is the first SH3 domain-containing protein identified in an 
organellarr protein import complex. Furthermore, the Pexl3p SH3 domain displays an 
unusuall  property: it harbours binding sites for two different proteins: the PTS1 
receptorr Pex5p and the PTS receptor docking protein Pexl4p (Barnett et al., 2000; 
Urquhartt et al., 2000). 

SH33 domains are found in a variety of proteins that play a role in dynamic 
eventss such as signal transduction, cytoskeletal rearrangement and assembly of the 
phagocytee NADPH oxidase complex. It has been well established that the function of 
thee SH3 domain is to mediate protein-protein interactions. The cellular events 
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regulatedd by SH3 domain interactions are however very diverse. For example, the 
signalingg molecules Grb2 (growth factor receptor bound) and phospholipase-y and 
thee component of the NADPH oxidase ip47phox require their SH3 domain for correct 
targetingg to specific subcellular locations (Bar-Sagi et al., 1993; Sumimoto et al., 
1994).. SH3 domains in the oncoproteins Src, Hck and Abl regulate the enzyme 
activityy of these proteins through an intramolecular interaction, which induces the 
proteinn to adopt an inactive conformation (Barila and Superti-Furga, 1998; Moarefi et 
al.,, 1997; Sicheri et al., 1997; Xu et al., 1997). 

SH33 domains exhibit high sequence homology and among those proteins for 
whichh structures have been determined, high structural homology. The SH3 fold 
consistss of two antiparallel p sheets and three variable loops, named the RT, n-src 
andd distal loops. A number of studies using A,-cDNA libraries and combinatorial 
peptidee libraries revealed that the SH3 binding ligand is composed of a short proline-
richrich peptide. The minimal consensus sequence for this peptide is Pro-X-X-Pro, where 
XX is any amino acid, and an additional basic amino acid located C-terminally (class I: 
PXXPXR)) or N-terminally (class II: RXXPXXP) of the PXXP core (Feng et al., 
1994;; Lim et al., 1994; Ren et al., 1993). The proline-rich peptide segment adopts a 
left-handedd polyproline-type helix (PPII) that, depending on the class of the ligand, 
cann bind in two orientations with respect to the SH3 domain (Feng et al., 1994; Lim 
ett al., 1994). The prolines in the PPII helix form a hydrophobic surface, whereas the 
peptidee backbone can facilitate hydrogen bonding (MacArthur and Thornton, 1991). 
Thee proline-rich region of the ligand fits into a shallow hydrophobic pocket of the 
SH33 domain (Lim et al., 1994) while the basic amino acid of both class I and II 
ligandss contacts residues outside the PXXP binding cleft in a pocket that is formed by 
thee RT and n-Src loops (Feng et al., 1995). The relative rigidity of the PPII helix 
makess this SH3 ligand moiety easily accessible for binding. Since SH3 domains are 
primarilyy found in proteins that participate in dynamic cellular processes, it can be 
suggestedd that SH3 domain interactions play a role in transient contacts with ligand 
proteinss rather than in stable protein complexes. 

Identificationn of natural SH3 domain ligands revealed that the SH3 ligand 
bindingg pocket does not only accomodate peptides that contain the canonical PXXP 
motif.. For example, residues that are brought together by the specific fold of the 
ligandd are capable of interacting with the PXXP binding cleft of the SH3 domain, as 
iss the case for the interaction of p53 and p53BP2-SH3 (Gorina and Pavletich, 1996). 
Otherr sequences that lack a PXXP motif but that do interact with the hydrophobic 
ligandd binding pocket of the SH3 domain are identified in the Src and Hck proteins 
(Sicherii  et al., 1997; Xu et al., 1997). In both proteins the SH3 domain has an 
intramolecularr interaction with a linker region that contains only one proline. Other 
SH33 ligand proteins lacking a canonical PXXP motif are Eps8 and SKAP55, wich 
containn the ligand sequences PXXDY (Mongiovi et al., 1999) and RKXXYXX Y 
(Kangg et al., 2000), respectively. 

Bindingg studies with the Hck SH3 domain revealed that Kd values for the 
interactionn with a full length ligand protein HIV Nef were considerably lower than 
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thee Kd values for the interaction with synthetic ligand peptides (Lee et al., 1995). The 
differencess between these binding affinities could be explained by an additional 
contactt site for the ligand in the RT loop of the SH3 domain (Lee et al., 1996). This 
contactt determines the binding affinity and specificity of the ligand with the SH3 
domainn (Arold et al., 1998; Lee et al., 1996). 

6.22 The Pexl3p SH3 domain 

Off  the two proteins Pex5p and Pexl4p, that interact with the SH3 domain of S. 
cerevisiaecerevisiae PexBp only Pexl4p contains a canonical PXXP motif, composed of the 
sequencee PTLPHR. Site-directed mutation of the two prolines confirmed that this 
motiff  is involved in the interaction with the Pexl3p SH3 domain (Girzalsky et al., 
1999).. In addition, mutations in the RT loop (Glu320Lys) and of the conserved 
aromaticc residue in the PXXP binding cleft (Trp349Ala) of the PexBp SH3 domain 
abolishedd the interaction with Pexl4p (Bottger et al., 2000; Girzalsky et al., 1999). 
Thesee mutants however did not affect the interaction with Pex5p. In P. pastoris it has 
beenn shown that mutants of the SH3 domain of PpPex 13p are specifically disturbed 
thee interaction of one ligand, whereas binding to the other ligand remained, 
suggestingg that also in this organism Pex5p and Pexl4p interact at different sites of 
thee SH3 domain (Urquhart et al., 2000). 

AA two-hybrid screen selecting for pex5 mutants that have lost the interaction 
withh the SH3 domain in S. cerevisiae revealed that the SH3 contact site on Pex5p 
consistedd of a strech of amino acids W2o4TDQFEKLEKE2]4 that are predicted to form 
ann ex helix instead of the classical PPII helix (Bamett et al., 2000; Bottger et al., 
2000).. Alanine scanning of this region in Pex5p revealed that all residues involved in 
SH33 domain contact (Trp204, Phe208, Leu2n, Glu2i2 and Glu2i4) were predicted to face 
onee side of this a helix (Barnett et al., 2000). Peptides including this region of Pex5p 
specificallyy bound to the SH3 domain and did not compete with Pexl4p (Barnett et 
al.,, 2000). By contrast, the presence of Pex5p increased the binding affinity of 
Pexl3p-SH33 and Pexl4p in the two-hybrid assay (Bottger et al., 2000). A screen 
selectingg for Pexl3p SH3 domain mutants that regained interaction with the pex5 
mutantss mentioned above, identified mutations in the RT and distal loops. Viewed in 
thee predicted 3D structure of the S. cerevisiae Pexl3-SH3 domain, the contact site for 
Pex5pp may be situated in a pocket between the RT and distal loops (Barnett et al., 
2000).. The Pexl3p SH3 domain of S. cerevisiae therefore shows a novel mode of 
bindingg to an SH3 domain ligand, which may establish simultanous contact of the 
Pexl3pp SH3 domain with Pex5p and Pexl4p proteins. Simultanous binding of two 
proteinss with the SH3 domain of Pexl3p might regulate transition of Pex5p from 
Pexl4pp to PexBp SH3, a step that is suggested to occur during or after the delivery 
off  PTS1 cargo to the peroxisomal matrix (Urquhart et al., 2000). Disrupting the 
interactionn of Pexl3p SH3 with Pex5p by specific pex5 mutants partially affects the 
importt of PTS1 containing proteins. However, loss of interaction with Pexl4p 
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disturbss both PTS1 and PTS2 protein import and affects the viability of yeast cells 
grownn on oleate (Bottger et al., 2000; Elgersma et al., 1996a). Physical contact 
betweenn Pexl3p SH3 and Pexl4p is therefore a crucial step in the process of 
peroxisomall  import. Whether or how this step is regulated is not known, although 
Pexl4pp has been reported to be phosphorylated in H. polymorpha (Komori et al., 
1999)) and possibly also in P. pastoris (Subramani et al., 2000). Since most peroxins 
involvedd in peroxisomal protein import are able to interact with one or more other 
peroxins,, the actual protein import process may be regulated by the assembly of a 
transientt protein complex. The dynamic character of SH3 domain interactions 
suggestss that the contact of Pexl4p with the Pexl3p SH3 domain acts as a regulatory 
switch,, allowing fast regulation of one of the steps in the peroxisomal protein import 
system.. It is tempting to speculate that , based on the receptor docking function of 
Pexl4p,, the SH3-Pexl4p interaction regulates the step between docking and 
translocation. . 

77 Scope of this thesis 

Proteinss that are part of the peroxisomal matrix are synthesized in the 
cytoplasmm and posttranslationally imported into peroxisomes. The import process 
involvess a set of proteins (Pex proteins) that act in targeting, docking and membrane 
translocationn of peroxisomal matrix proteins. A defect in one of these Pex proteins 
cann affect the functioning of the complete peroxisomal protein import machinery. In 
humanss such defects can result in various peroxisomal disorders. 

Thiss thesis focuses on three Pex proteins that are required for peroxisomal 
proteinn import: Pex5p, Pexl3p and Pexl4p. Pexl3p and Pexl4p are both peroxisomal 
membranee proteins that interact with the mainly cytoplasmic receptor for newly 
synthesizedd peroxisomal matrix proteins carrying a Peroxisomal Targeting Sequence 
typee 1 (PTS1), Pex5p. Pexl3p contains an SH3 domain that forms the binding surface 
forr Pexl4p, a canonical SH3 ligand, and Pex5p. It is therefore suggested that Pexl3p 
andd Pexl4p provide the docking sites for Pex5p. 

Inn chapter 2 we have addressed this issue by making use of mutants that 
specificallyy disrupt the interaction between these Pex proteins. These studies revealed 
thatt complex formation of Pexl3p with Pexl4p plays a key role in peroxisomal 
proteinn import, whereas the interaction between Pexl3p and Pex5p only partially 
affectss the import of PTS1-containing proteins. In vivo, Pex5p mutants that had lost 
interactionn with Pexl3p were still found to be associated with peroxisomes, 
indicatingg that other proteins are able to bind Pex5p at the peroxisome membrane. 
Usingg a fluorescent Pex5p fusion protein we could show that two peroxisomal 
membranee proteins, Pexl4p and Pexl7p are absolutely required for association of 
Pex5pp with the peroxisome membrane, whereas Pexl3p is dispensable for this 
processs (chapter 4). We propose that Pex5p docks on the peroxisome via the 
interactionn with a complex of Pexl4p and Pexl7p. Interaction of Pex5p with the SH3 
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domainn of Pexl3p is an event that follows docking of Pex5p and is suggested to 
occurr after complex formation of PexHp and Pexl3p. 

Thee interaction between Pex5p and Pexl3-SH3 was examined in closer detail 
inn chapters 2 and 3. Using random and site-directed mutagenesis, in vitro interaction 
analysiss and homology modeling we show that Pex5p is a novel SH3 ligand that 
contactss the Pexl3-SH3 domain at a site distinct from the canonical ligand binding 
site,, which is reserved for Pexl4p association. 

Finally,, in chapter 5 it is shown that targeting of the peroxisomal matrix protein 
acyl-CoAA oxidase requires the PTS1 receptor Pex5p, although the oxidase does not 
requiree a functional PTS1 binding site on Pex5p for import. This suggests that Pex5p 
alsoo contains alternative PTS binding sites. Characterization of this binding site on 
Pex5pp and the PTS in oxidase awaits further analysis. 

Ourr studies show that the analysis of a mutant protein that is specifically 
affectedd in one interaction, while other protein interactions are not affected, can 
providee detailed information about the role of this protein in peroxisomal protein 
importt and may eventually lead to the dissection of the import process in defined 
steps. . 
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ABSTRACT T 

AA number of peroxisome-associated proteins have been described which are 
involvedd in the import of proteins into peroxisomes, among which are the receptor for 
PTS11 proteins Pex5p, the integral membrane protein Pexl3p, which contains an SH3 
domain,, and the peripheral membrane protein Pexl4p. In the yeast Saccharomyces 
cerevisiae,cerevisiae, both Pex5p and Pexl4p are able to bind Pexl3p via its SH3 domain. 
Pexl4pp contains the classical SH3 binding motif PXXP, whereas this sequence is 
absentt in Pex5p. Mutation of the conserved tryptophan in the PXXP binding pocket 
off  Pexl3-SH3 abolished interaction with Pexl4p, but did not affect interaction with 
Pex5p,, suggesting that Pexl4p is the classical SH3 domain ligand and that Pex5p 
bindss the SH3 domain in an alternative way. To identify the SH3 binding site in 
Pex5p,, we screened a randomly mutagenized PEX5 library for loss of interaction with 
Pexl3-SH3.. Such mutations were all located in a small region in the N-terminal half 
off  Pex5p. One of the altered residues (F208) was part of the sequence W204XXQF208, 
thatt is conserved between Pex5 proteins of different species. Site directed 
mutagenesiss of Trp204 confirmed the essential role of this motif in recognition of the 
SH33 domain. The Pex5p mutants could only partially restore PTS1-protein import in 
pex5Apex5A cells in vivo. In vitro binding studies showed that these Pex5p mutants failed to 
interactt with Pexl3-SH3 in the absence of Pexl4p, but regained their ability to bind 
inn the presence of Pexl4p suggesting the formation of a heterotrimeric complex 
consistingg of Pex5p, Pexl4p and Pexl3-SH3. In vivo, these Pex5p mutants, like wild-
typee Pex5p, were still found to be associated with peroxisomes. Taken together, this 
indicatess that in the absence of Pexl3-SH3 interaction, other protein(s) are able to 
bindd Pex5p at the peroxisome; Pexl4p is a likely candidate for this function. 
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INTRODUCTIO N N 

Peroxisomess are ubiquitous organelles bound by a single membrane that are 
presentt in almost all eukaryotic cells. Genetic screens in yeasts and in Chinese 
hamsterr ovary cell lines, and analysis of cells from patients with peroxisomal diseases 
havee resulted in the identification of at least 23 genes encoding Pex proteins 
(peroxins)) that play a role in the biogenesis of the peroxisome (a recent update can be 
viewedd on the web site www.mips.biochem.mpg.de/proj/yeast/reviews/ 
pex_table.html).. Most peroxins function in the import of matrix proteins into the 
peroxisomee (for reviews see Erdmann et aL, 1997; Hettema et aL, 1999; Subramani, 
1998;; Tabak et aL, 1999). Exceptions are Pex3p, Pexlóp, and Pexl9p, which are 
requiredd for the proper localization of peroxisomal membrane proteins (Hettema et 
aL,aL, 2000; Honsho et aL, 1998; Kinoshita et aL, 1998; Matsuzono et aL, 1999; Snyder 
etet aL, 1999; South and Gould, 1999). Proteins that reside in the peroxisomal matrix 
aree synthesized on free polyribosomes in the cytosol and are post-translationally 
importedd into the peroxisome (Lazarow and Fujiki, 1985). The majority of these 
matrixx proteins contain the peroxisomal targeting signal type I (PTS1), that consists 
off  the carboxyl-terminal tripeptide SKL or a derivative thereof (Elgersma et aL, 
1996b;; Gould et aL, 1989; Purdue and Lazarow, 1994). Only a few proteins contain a 
PTS2,, which is located in the N-terminal part of the protein (Osumi et aL, 1991; 
Purduee and Lazarow, 1994; Swinkels et aL, 1991). The PTSs are specifically 
recognizedd by their matching soluble receptors Pex5p (for PTS1 proteins) (Dodt et 
aL,aL, 1995; Elgersma et aL, 1996a; Gould et aL, 1996; Wiemer et aL, 1995) or Pex7p 
(forr PTS2 proteins)(Elgersma et aL, 1998; Marzioch et aL, 1994). In yeast, both 
receptorss are able to function independently of each other, establishing separate 
cytosolicc PTS1 and PTS2 protein-import routes (for reviews see Erdmann et aL, 
1997;; Hettema et aL, 1999; Subramani, 1996). Receptors with bound PTS proteins 
convergee on a common translocation machinery. Two proteins of this machinery, 
Pexl3pp and Pexl4p, have been shown to interact with Pex5p and Pex7p, implying a 
rolee for Pexl3p and Pexl4p in docking of the receptors (Albertini et aL, 1997; 
Brocardd et aL, 1997; Elgersma et aL, 1996a; Erdmann and Blobel, 1996; Fransen et 
aL,aL, 1998; Girzalsky et aL, 1999; Gould et aL, 1996; Schliebs et aL, 1999). Pexl3p 
andd Pexl4p form a complex with a third peroxin, Pexl7p, which was characterized as 
aa peripheral peroxisomal membrane protein (Huhse et aL, 1998). Furthermore, three 
otherr peroxins have been suggested to play a role in the PTS import pathway 
downstreamm of the membrane-docking event. These are Pex 1 Op, Pexl2p and Pex4p 
(Changg et aL, 1999; Van der Klei et aL, 1998). 

Pexl3pp is an integral peroxisomal membrane protein possessing a C-terminal 
SH33 domain exposed to the cytosol. SH3 domains constitute a family of protein-
proteinn interaction modules that participate in diverse signaling pathways (Pawson 
andd Scott, 1997). X-ray crystallography and NMR techniques have now resolved the 
3DD structure of various SH3 domains and their contact sites with peptide ligands. 
Highlyy conserved aromatic amino acid residues form a hydrophobic binding pocket 
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forr typical polyproline helix structures, usually composed of two prolines spaced by 
twoo amino acids (PXXP motif) (Lim et al, 1994; Ren et al, 1993; Yu et al, 1994). 
Motif ss containing a single proline have also been reported. For instance, binding of 
thee SH3 domains of Hck and Src to an intramolecular peptide sequence in the protein 
requiress only one proline residue (Sicheri et al, 1997; Xu et al, 1997). Recently, a 
novell  ligand site has been identified for the Eps8-SH3 domain that conforms to the 
consensuss sequence proline-X-X-aspartate-tyrosine (PXXDY) (Mongiovi et al, 
1999).. Co-crystallization of the Fyn SH3 domain and a high affinity ligand peptide of 
Neff  also showed that the (highly variable) RT-loop of the SH3 domain contributes to 
aa higher binding affinity and specificity for the ligand by creating additional contact 
sitess outside the PXXP motif (Lee et al, 1996). 

Thee SH3 domain of Pexl3p was shown to interact with both Pex5p and 
PexHpp (Albertini et al, 1997; Brocard et al, 1997; Elgersma et al, 1996a; Erdmann 
andd Blobel, 1996; Girzalsky et al, 1999; Gould et al, 1996). The interaction with 
Pexl4pp is dependent on a typical PXXP motif (PTLPHR) present in the N-terminal 
halff  of the protein (Girzalsky et al, 1999). The second SH3 domain-binding partner 
Pex5p,, however, does not possess a recognizable PXXP motif. A key issue that 
remainss to be resolved is how Pex5p contacts the SH3 domain of Pexl3p. 

Heree we report the identification of the region in Pex5p that is responsible for 
interactionn with Pexl3-SH3, based on a two-hybrid screen with a pex5 mutant 
library.. Mutations locate in or near a motif, W204XXQF208 that is conserved between 
Pex5pp proteins of different species and does not resemble a canonical PXXP motif. 
Moreover,, binding of Pex5p to Pexl3-SH3 containing a mutation in either the RT-
loopp (E320K) or in one of the aromatic residues of the PXXP binding cleft (W349A) 
wass not affected, whereas binding of Pexl4p to these mutants was destroyed, 
suggestingg that Pex5p contacts a non-classical binding site on Pexl3-SH3. In vivo, 
pex5pex5 mutants that had lost SH3 domain binding displayed a partially disturbed PTS1 
proteinn import and showed reduced ability to grow on oleate. Mutant Pex5p was still 
partiallyy associated with peroxisomes like in wild-type cells, indicating that the 
interactionn with Pexl3-SH3 is not solely responsible for membrane association of 
Pex5p.. Since we could show that Pexl4p can form a bridge between Pexl3-SH3 and 
mutantt Pex5p in vitro, we suggest that Pexl4p might function as an alternative 
dockingg site in vivo. 

MATERIAL SS AND METHOD S 

YeastYeast strains and culture conditions 
Thee yeast strains used in this study were S, cerevisiae BJ1991 (MATa, leu2, trpl, ura3-25I, 

prbl-1122,prbl-1122, pep4-3, gal2), pex5A (MATa, pex5::LEU2, leu2, trpl, ura3-251, prbl-1122, pep4-3, 
gal2,)(Vangal2,)(Van der Leij et al, 1993), PCY2 (MATa, Agal4, Agal80, URA3::GALl-LacZ, lys2-801, his3-
A200,A200, trpl-A63, leu2, ade2-101), PCY2pex5A (as PCY2 plus pex5::LYS2, ura3::KanMX), HF7c 
(MATa,(MATa, ura3-52, his3-200, ade2-WI, lys2-801, trpl-901, leu2-3,112, gal4-542, ga!80-538, 
LYS2::GAL1LYS2::GAL1VASVASGALJGALJTATATATA - HIS3 URA3::GAL4\lmni{ )̂ -CyClTATA-LacZ). Yeast transformants 
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weree selected and grown on minimal medium containing 0.67% yeast nitrogen base without amino 
acidss (YNB-WO; Difco), 2% glucose and amino acids (20-30 îg/ml) as needed. For subcellular 
fractionationss and Nycodenz gradients, log-phase cells grown on 0.3% glucose media were shifted 
too oleate media containing 0.5% potassium phosphate buffer pH 6.0, 0.1% oleate, 0.2% Tween-40, 
0.67%% YNB-WO, and amino acids (20-30 |!g/ml) as needed. To follow growth on oleate, log-phase 
cellss were grown on 0.3% glucose and shifted to oleate media containing 0.5% potassium phosphate 
bufferr pH 6.0, 0.5% peptone and 0.3% yeast extract at 2 xl04cells/ml (OD600 0.001). Oleate plates 
containedd 0.5% potassium phosphate buffer pH 6.0, 0.1% oleate, 0.5% Tween-40, 0.67% YNB-WO 
andd amino acids as needed. 

PlasmidsPlasmids and cloning procedures 
Plasmidss encoding GAL4 DB fusions of Pexl3-SH3(284-386) and Pexl3-SH3(284-358) 

(withoutt the DHFR spacer) were described previously (Elgersma et al., 1996a). To generate GAL4 
DNA-bindingg domain (DB) fusions with Pexl3-SH3(301-386) (pGB17) and Pexl3-SH3(310-386) 
(pGB16),, PCR was performed with primers P257, P258 and P256 (Table 1) on GAL4 DB PEX13-
SH3(284-386)) as template. The PCR products were digested with EcoRI and Spel and cloned 
betweenn the EcoRI and Spel sites of pPC97 (Chevray and Nathans, 1992). Pexl3-SH3(304-
377)(pGB15)) was obtained by cutting MTP 429 (a kind gift of M.T. Pissabarro, Genetec Durham) 
withh Ncol and making the ends blunt with Klenow polymerase. After digestion with BamHI, the 
fragmentt was cloned between the Smal and Bglll sites of pPC97 (pGB19). To introduce the E320K 
mutationn in pGB17 the plasmid was cut with BstBI and Spel and the obtained fragment was 
exchangedd for the BstBI-Spel fragment from plasmid 20.50 (Elgersma et al., 1996a). GAL4 
activationn domain (AD) fusion with PEX5 (pAN4) will be described in detail elsewhere (Klein et 
al,al, 001). The PEX14 open reading frame was generated by PCR on genomic DNA of 5. cerevisiae 
withh primers P243 and P244 (Table 1). The PCR fragment was cut with BamHI and PstI and ligated 
intoo the pUC19 vector creating pGB4. GAL4 DB or GAL4 AD fusions were generated by digestion 
off  pGB4 with EcoRI and Spel and ligation of the PEXI4 fragment between the EcoRI and Spel 
sitess of pPC86 or pPC97 (Chevray and Nathans, 1992). GAL4 DB fused to MDH3 SKL was 
generatedd by cutting pEL102 (Elgersma et aL, 1996b) with BamHI, making the ends blunt with 
Klenoww polymerase. After digestion with Spel, the fragment was cloned between the Smal and 
Bgllll  sites of pPC97. The two-hybrid plasmid encoding GAL4 DB Pex8p was a kind gift of 
Dr.W.H.. Kunau (Bochum, FRG). All PCR fragments were verified by sequencing. 

Pointt mutations in PEX5 were introduced using the Quick-change™ site-directed 
mutagenesiss kit (Stratagene). Primers were used as listed in Table 1. As template pAN4 was used. 
Too introduce the triple mutation Pex5p(F208L, E212V, E214G), the yeast-expression plasmid 
encodingg Pex5p(F208L) under the control of the PEX5 promoter was used as a template. The 
introducedd basepair changes were verified by sequencing. To create plasmids for expression of 
PexSpp in yeast, the PEX5 promoter was obtained from the genomic library plasmid originally 
isolatedd by Van der Leij et al. (1992). The plasmid was digested with Xbal (located 488 nucleotides 
upstreamm of the PEX5 start codon) and the ends were made blunt with Klenow polymerase, and 
subsequentlyy digested with BamHI. This fragment was ligated between the blunted Sad site and the 
BamHII  sites of the yeast expression vector Ycplac33 (Gietz and Sugino, 1988), generating pEL91. 
PEX5PEX5 was obtained from pAN4 or mutant plasmids derived from pAN4, by digestion of the 
plasmidd with BamHI and HindlII. PEX5 fragments were cloned between the BamHI and Hindlll 
sitess of pEL91. Wild-type PEX5 cloned this way was fully capable of complementing the growth 
defectt on oleate of the pe.\5A strain. 

Too create glutathione-S-transferase (GST) fusions of Pex5p for expression in Escherichia 
coli,coli, PEX5 inserts were excised from pAN4 (wild-type) or from mutant plasmids derived from 
pAN44 (F208L and E212V, described above) with Ncol and Hindlll . The fragments were ligated 
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Tablee 1. Primer sequences used for PCR and site-directed mutagenesis 

Primer r DNAA sequence (5' -> 3') Purpose e 

P2577 CGGAATTCTAGGATCCGAGCCTATTGATCCTTCG 
P2588 CGGAATTCTAGGATCCTTTGCAAGAGCGTTATATGAT 
P2566 TTTTCTGCAGACTAGTGTGTACGCGTTTC 
P2433 CGGGATCCATGAGTGACGTGGTCAGTAAAG 
P2444 AACTGCAGCTATGGGATGGAGTCTTCGAC 

SH3: : 
W3499 A5' GGG AGGG ATTCTG ACGCCTGG A A AGTG AGG A 
W349A3'' TCCTCACTTTCCAGGCGTCAGAATCCCTCCC 

Pex5p: : 
W204A.V V 
W204A3' ' 
F208L5' ' 
F208L.V V 
E212V5' ' 

GAGCAAGAACAACAACCCGCGACAGATCAGTTTG G 
CAAACTGATCTGTCGCGGGTTGTTGTTCTTGCTC C 
CCCTGGACAGATCAGTTAGAAAAGCTGGAAAAAG G 
CTTTTTCCAGCTTTTCTAACTGATCTGTCCAGGG G 

Forwardd SH3( 301) 
Forwardd SH3(310) 
Reversee SH3(386) 
Forwardd Pexl4-ATG 
Reversee Stop-Pexl4 

Site-directedd mutagenesis 
Site-directedd mutagenesis 

Site-directed d 
Site-directed d 
Site-directed d 
Site-directed d 

CAGATCAGTTTGAAAAGCTGGTAAAAGAAGTCTCAGAAAACTT G G 
Site-directed d 

E212V3'' CAAGTTTTCTGAGACTTCTTTTACCAGCTTTTCAAACTGATCTG 
Site-directed d 

TRP5'' CAGTTAGAAAAGCTGGTAAAAGGAGTCTCAGAAAACTTGG Site-directed 
TRP3'' CCAAGTTTTCTGAGACTCCTTTTACCAGCTTTTCTAACTG Site-directed 

mutagenesis s 
mutagenesis s 
mutagenesis s 
mutagenesis s 

mutagenesis s 

mutagenesis s 
mutagenesis s 
mutagenesis s 

betweenn the Ncol and Hindlll restriction sites of pRP265nb (a kind gift of Dr. B. Werten, Utrecht) 
resultingg in in frame fusions of GST with Pex5p. To generate Maltose-binding-protein (MBP) 
fusionss with the SH3 domain, the PCR product generated with primers 256 and 257 (SH3(301-
386))) was cut with EcoRI and PstI and cloned between the EcoRI and PstI restriction sites of 
pUC19,, creating pGB7. For introduction of the E320K mutation into pGB7, plasmid 20.50 was cut 
withh BstBI and Spel, and the SH3 fragment containing the mutation was exchanged for the BstBI-
Spell  fragment of pGB7, generating pGB18. Wild type and mutant (E320K) SH3 fragments were 
isolatedd by cutting plasmids pGB7 and pGB18 with BamHI and PstI, respectively. The obtained 
fragmentss were cloned into pMALc2 (New England Biolabs) digested with BamHI and PstI. MBP 
fusionn of Pexl4p was obtained by cutting pGB4 with BamHI and PstI, and ligation of the PEXI4 
fragmentt into pMALc2 (described above). Digestion of pGB4 with BamHI and PstI and by ligating 
thee PEX14 fragment between the BamHI and PstI restriction of pQE9 (Qiagen) created a 6xHis 
fusionn of Pexl4p. 

Plasmidss for expression of green fluorescent protein fused to SKL (GFP-SKL) and N-
terminall  Hemagglutinin -tagged (NH) Mdh3p in yeast are discribed elsewhere (Elgersma et al., 
1996b;; Hettema et al., 1998). To create plasmids for overexpression of Pexl3p and Pex 13p(E320K) 
inn yeast, plasmids 20.46 and 20.50 (Elgersma et al., 1996a) were cut with Sad and Hindlll and 
PEXPEX 13 fragments were cloned behind the CTA1 promoter (pEL30, described in Elgersma et ai, 
1993)) digested with Sad and Hindlll . For overexpression of Pexl4p, pGB4 was cut with BamHI 
andd PstI and the PEX14 fragment was ligated between the BamHI and PstI sites of pEL30. For 
overexpressionn of Pex5p, pANl (Klein et al., 2001) was digested with BamHI and Hindlll and the 
PEX5PEX5 fragment was cloned behind the CTAI promoter in 2(X plasmid (pEL26, Elgersma et ai, 
1993). . 
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InIn  vitro binding assay 
Alll  in vitro assays were set up according to the following regimen. Cultures (250 ml) of 

E.coliE.coli BL21 cells expressing either MBP or GST fusion proteins were induced with 1 mM IPTG 
andd centrifuged; cell pellets were resuspended in 5 ml of phosphate-buffered saline (PBS; lOOmM 
sodiumm phosphate buffer pH 7.4, 140 mM NaCl, 2 mM Phenylmethanesulfonylfluoride (PMSF)). 
Celll  suspensions were subsequently lysed by sonication. All GST constructs used for binding 
assayss with MBP fusions were purified on glutathione S-sepharose (Pharmacia) according to 
manufacturerr recommendations. A 200 uJ amylose resin column was equilibrated in PBS and 
subsquentlyy loaded with 250 \i\ of a bacterial lysate containing the appropriate MBP fusion. The 
resinn was then washed with 1 ml of PBS. 100 jig of the GST fusion was then run through the 
columnn at a flow rate of approximately 100 pj/min. The column was then washed with 3 ml PBS 
andd subsequently eluted with 500 jxl lOmM maltose in PBS. Fractions were collected and subjected 
too SDS-PAGE and Western blot analysis. In vitro experiments involving 6xHis-tagged Pexl4p were 
conductedd similarly except that prior to loading of the GST fusion, 200 pi of a bacterial lysate 
containingg 6xHis-fused Pexl4p was loaded and the column washed with 1 ml PBS. The protocol 
thenn continued with GST fusion loading as set out above. 

pex5pex5 mutant screen and two-hybrid assays 
Randomm mutations were introduced in the PEX5 gene by error-prone PCR on plasmid 

pANl.. pANl contains the complete PEX5 open reading frame with an unique Xbal site at position 
11400 which was introduced by site-directed mutagenesis. PCR was carried under standard 
conditionss with the non-proofreading Taq DNA polymerase. The PCR product was digested with 
Xball  and BamHI and ligated into pANl to create the N-terminal library composed of mutagenized 
nucleotidess 1-1140 (amino acids 1-380) and the wild type C-terminus of the protein. To create the 
C-terminall  library the PCR product was digested with Xbal and PstI and the mutagenized 
nucleotidess 1441-1836 (amino acids 381-612) were ligated into Xbal-PstI digested pANl. Sequence 
analysiss of 20 randomly picked clones revealed that approximately one nucleotide in every 550 
nucleotidess was mutated. Both libraries were cloned between the EcoRI and Spel sites of the two-
hybridd plasmid pPC86, generating GAL4 AD fusions. One p:g of each two-hybrid library was 
transformedd to the yeast two-hybrid strain HF7c containing the GAL4 DB Pexl3-SH3(284-386) 
plasmid,, and double transformants were selected on glucose plates without leucine and tryptophan. 
Coloniess were replica-plated onto glucose plates without leucine, tryptophan and histidine; 15,000 
coloniess of the C-terminal PEX5 library and 1,500 colonies of the N-terminal PEX5 library were 
screened,, yielding 130 and 75 clones respectively that failed to grow in the absence of histidine. 
Thesee colonies were selected and pex5 mutant plasmids were rescued from these colonies for 
furtherr analysis. P-Galactosidase filter assays were performed as described by Fields and Song 
(1989). . 

Quantificationn of f3-galactosidase acitivity was performed with the Galacto-Light™ kit 
(Tropix).. 10 OD units of double-transformed PCY2 cells were harvested, washed with distilled H20 
andd resuspended in 200 u.1 of breaking buffer (100 mM Tris pH 7.5, 20% v/v glycerol, 1 mM 
PMSF)) plus 0.4 g of glass beads and lysed by mixing on a vortex for 30 min. The homogenates 
weree centrifuged for 15 min at 13,000 xg and the cleared lysates were used to measure fi-
galactosidasee acitivity. Protein concentrations were determined using the method described by 
Bradfordd (1976). 

SubcellularSubcellular fractionation and gradient analysis 
Onee liter of oleate-grown transformants were converted to spheroplasts using Zymolyase 

100TT (1 mg/g cells). Spheroplasts were washed with 1.2 M sorbitol in MES buffer (5 mM 2 [N-
morpholino]ethanesulfonicc acid (MES) pH 5.5, 1 mM KC1, 1 mM EDTA) and lysed by osmotic 
shockk in MES buffer containing 0.65 M sorbitol and 1 mM PMSF. Intact cells and nuclei were 
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removedd by centrifuging twice at 600 x g for 2 min. The obtained post-nuclear supernatants were 
centrifugedd for 30 min at 20,000 x g. The volumes of the pellet fractions were made equal to the 
volumess of the supernatant fractions. For Nycodenz gradient analysis, pellet fractions were 
resuspendedd in 1 ml of hypotonic lysis buffer and loaded on top of a continous 15-35% Nycodenz 
gradientt (12 ml) underlaid with a 1-ml cushion of 50% Nycodenz in MES buffer containing 8.5% 
sucrose.. Gradients were spun in an MSE-Europe 24M centrifuge equipped with a vertical rotor for 
2.55 h at 19,000 rpm. Fractions with a volume of 0.5 ml were collected and analyzed by SDS-PAGE 
andd Western blotting. 

SDS-PAGE,SDS-PAGE, Western blotting and enzyme assays 
Proteinss were separated on 10% SDS-polyacrylamide gels and transferred to nitrocellulose. 

Blotss were blocked in PBS (pH 7.4) supplemented with 0.1% Tween-20 and 2% skimmed milk 
powderr (Protifar). Blots were incubated with rabbit antibodies diluted in PBS with 0.1% Tween-20. 
Thee antibodies used were anti-Pexl3p, anti-3-ketoacylCoA-thiolase, anti-Pex5p (Elgersma et al., 
1996a),, and anti-Patlp (Hettema et al., 1996). Anti-NH was a generous gift of Dr. P. van der Sluys 
(Utrecht,, the Netherlands); anti-Hsp60 was a generous gift of Dr. S. Rospert. Polyclonal antisera for 
Pexl4pp were raised against the full length Pexl4 protein isolated as a 6xHis fusion protein from E. 
coli.coli. Antibody complexes were detected by incubation with goat anti-rabbit Ig conjugated alkaline 
phosphatase.. 3-Hydroxyacyl-CoA dehydrogenase (3HAD) activity was measured on a Cobas-Fara 
centrifugall  analyser by following the 3-keto-octanoyl-CoA-dependent rate of NADH consumption 
att 340 nm (Wanders et al., 1990). Catalase A activity was measured as described by Lucke (1963). 

RESULTS S 

Pex5pPex5p and Pexl4p bind directly to the SH3 domain ofPexl3p 
Basedd upon sequence alignment with other SH3 domains, the SH3 domain of 

Pexl3pp extends from amino acid 308 to 370. To determine the functional boundaries 
off  this domain we constructed deleted versions of Pexl3p (Figure 1). These 
constructss were tested in the two-hybrid system for interaction with Pex5p and 
Pexl4p.. Figure 1 shows that the SH3 domain flanked by four amino acids N-
terminallyy and seven amino acids C-terminally was sufficient for interaction with 
Pexl4pp and Pex5p. Further deletion of either the N- or C-terminus disrupted the 
interactions. . 

Figuree 1. The Pexl3-SH3 domain binds 
Pex5pp and Pexl4p in the two-hybrid assay. 
Truncatedd versions of Pexl3-SH3 fused to 
GAL44 DB were co-transformed with GAL4 
ADD fusions of Pex5p or Pexl4p into the yeast 
two-hybridd reporter strain PCY2. Interaction 
wass monitored by determining p-
galactosidasee activity with a filter lif t assay. 
"+""  indicates blue staining of colonies within 
11 hour, "-" indicates that colonies remained 
whitee after incubation overnight. 

GAL44 DB Pexl3-SH3 fusion 

308 8 

2844 308 
NN 1 1-

2844 308 
11 1.,;.-
3011 308 

31C C 

c c 3044 308 

SH33 domain 
370 0 

3700 386 
II  I c 

358 8 
I I 
3700 386 

3700 386 

3700 377 

GAL44 AD fusion 

Pexl4p p 

+ + 

+ + 

+ + 

Pex5p p 

+ + 

+ + 

--
+ + 
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Figuree 2. The Pexl3-SH3 domain interacts 
withh Pex5p and with Pexl4p in vitro. MBP, 
MBP-SH3(wild-type)) and MBP-SH3(E320K) 
weree expressed in E. coli and immobilized on 
amylosee columns. E.coli lysates containing 
eitherr GST-Pex5p (A) or 6xHisPexl4p (B) 
weree then passed over the columns. The 
columnss were washed with five column 
volumess and bound proteins were eluted with 
maltose.. Eluates were analyzed by SDS-
PAGEE and Western blotting using antibodies 
specificc for Pex 14p and Pex5p. 

Wee performed in vitro reconstitution experiments to prove that these 
interactionss are direct. A bacterial lysate containing maltose-binding protein (MBP) 
fusedd to the SH3 domain of Pexl3p was loaded onto an amylose column. After 
washing,, the column containing immobilized MBP-SH3 was incubated with extracts 
off  bacteria expressing either a glutathione-S-transferase (GST) fusion of Pex5p or a 
6xHiss fusion of Pexl4p. After washing, MBP-SH3 and bound proteins were eluted 
fromm the column with maltose. Proteins in the eluates were visualized by SDS-PAGE 
andd Western blotting. Figure 2 shows that in separate binding experiments Pex5p 
(panell  A) and Pexl4p (panel B) were efficiently co-eluted with MBP-SH3 (lanes 2) 
andd did not bind to a column with MBP alone (lanes 1). These in vitro reconstitution 
assayss indicate that Pex5p and Pexl4p can bind to the Pexl3-SH3 domain directly 
andd independently of each other. 

pex5pex5 mutants disturbed in interaction with the Pexl3-SH3 domain 
Pexl4pp contains a canonical SH3-binding motif, PXXP, and mutagenesis 

studiess have shown that the two prolines within this motif are essential for its 
interactionn with Pexl3-SH3 (Girzalsky et at., 1999). Pex5p, however, does not 
containn a recognizable SH3 binding motif. To identify the region in Pex5p that 
contactss the SH3 domain, two libraries were constructed in which either the N-
terminall  or the C-terminal half of PEX5 was randomly mutagenized by error-prone 
PCR.. These libraries were screened for mutants that had lost the interaction with 
Pexl3-SH33 in the two-hybrid assay. Loss of binding was scored by the inability to 
groww on media lacking histidine. Such colonies were picked from the master plate 
andd lysates were analyzed by Western blotting to verify that full length Pex5p was 
expressed.. The frequency of selected full-length pex5 mutants was much higher in the 
N-terminall  library (5% of total) compared to the C-terminal library (0.9% of total). 
Moreover,, all pex5 mutants isolated from the C-terminal library were either truncated 
orr unstable and were not analyzed further. These findings suggest that the region in 

Onn column: 

A A 

XX X 
GOO 1/3 

Onn O, pi, 
oaa m co 

11 2 3 

—II  anti-Pex5p 

BB | - - | anti-Pex 14p 
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Tablee 2. N-terminall  pex5 mutants are selectively 
interactionn with Pexl3-SH3 in HF7c. 

disturbedd in two 

GAL44 AD fusion GAL4 DB fusion 

Pex5 5 

Wild-type e 
N3 3 
N8 8 
N19 9 
N84 4 
N100 0 

Pexl3-SH33 Pexl4p 

+++ ++ 
+/--- ++ 
+/-- ++ 

++ + 
+/-- ++ 
+/-- ++ 

PTS1 1 

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

-hybrid d 

Pex8p p 

++ + 
++ + 
ND D 
++ + 
ND D 
ND D 

Proteinss were fused to GAL4 AD or GAL4 DB as indicated. Double 
transformantss were grown on glucose plates lacking histidine. ++: growth 
afterr 3 days; +/-: growth after a minimum of 4 days; +/--: growth in small 
coloniess after a minimum of 4 days; -: no growth; ND: not determined 

Pex5pp involved in binding to the Pexl3-SH3 domain is located in the N-terminal half 
off  Pex5p. To exclude mutants with changes in overall structure, we tested two-hybrid 
interactionss with other known partner proteins of Pex5p (Table 2). Five pex5 mutants 
weree disturbed in binding to Pexl3-SH3, but maintained interaction with Pexl4p, a 
proteinn that binds the N-terminal half of Pex5p (Schliebs et ai, 1999 and our 
unpublishedd results), and Mdh3p, a PTS1 containing protein that binds to the C-
terminall  TPR domains of Pex5p (Brocard et ai, 1994; Klein et ai, 2001). 
Additionally,, the interaction with Pex8p, a protein that contacts both the N-terminal 
andd C-terminal half of Pex5p (Rehling et al., 2000), was also unaffec-ted for these 
mutants.. It is noteworthy that only mutant N19 had completely lost two-hybrid 
interactionn with Pexl3-SH3. Other mutants still displayed some growth in the 
absencee of histidine, suggesting residual binding capacity with Pexl3-SH3. We 
concludee that these pex5 mutants are specifically affected in binding the Pexl3-SH3 
domainn and that the overall structure of these mutant proteins is still intact. 

PexSpPexSp is a non-PXXP ligandfor the Pexl3-SH3 domain 
Thee five selected pex5 mutants were sequenced to determine the site of the 

mutations.. All mutants contained multiple amino acid substitutions (Figure 3A). 
Threee independent mutants were mutated in the same residue: glutamic acid 212 
(E212).. This residue was replaced by a valine (mutant N3), or a glycine (mutants N8 
andd N84). In addition, clones N19 and N100 had mutations in the same region 
(residuess 208 and 214, respectively). These amino acid residues are in or near a block 
off  amino acids, W204XXQF208 (where X stands for any amino acid) that is conserved 
betweenn Pex5 proteins of yeast and higher eukaryotes (Figure 3B). To investigate 
whichh mutations were responsible for the loss of Pexl3-SH3 domain binding, single 
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B B 

Pexx mutant 

N3 3 
N8 8 
N19 9 
N84 4 
NlOO O 

Mutations s 

T109A,, E212V 
F155S.. E212G 
E75V,, N159D, F183L, F208L 
Y157H,E212G G 
V99I,, E214G, D220V 

Pex5p: : 

TPR R 602 2 

Hs-Pex5pp 215 
Mm-Pex5pp 23 9 
Hp-Pex5pp 176 
Pp-Pex5pp 188 
Sc-Pex5pp 191 

TT DA V 
TT A V 
QQ --VD EQ 

SQTQQ E 
RSKEE VN EQQP T 

TRPVNT-SA-LDM--
TRPGNKIAA-LQV--
KENN EM 
KDII SM 
EKII DEVSENLDIN 

236 6 
261 1 
291 1 
205 5 
224 4 

I I F208L L 

W204A A 

E214G G 

E212V V 
E212G G 

Figuree 3. Amino acid substitutions in pex5 mutants selected for loss of two-hybrid interaction with 
Pexl3-SH33 are clustered in the region between amino acids 208 and 214. (A) Amino acid 
substitutionss in pex5 mutants selected for loss of interaction with Pexl3-SH3. Mutations in or near 
thee conserved W204XDQF208 motif are underlined. (B) Multiple sequence alignment 
(Genelnspector)) of the region in Pex5p important for Pexl3-SH3 interaction. Amino acid 
substitutionss in pex5 mutants are indicated. The loss of interaction mutant W204A created by site-
directedd mutagenesis is also shown. The conserved WXDQF motif is underlined. Hs = Homo 
sapiens,sapiens, Mm = Mus musculus, Hp = Hansenula polymorpha, Pp = Pichia pastoris, Sc = 
SaccharomycesSaccharomyces cerevisiae 

aminoo acid substitutions were made using site-directed mutagenesis. Mutations were 
madee at position 109(T109A) and position 212 (E212V)(both found to be mutated in 
mutantt N3), and at position 208 (F208L)(found mutated in the quadruple mutant 
N19).. These three single mutants were tested against Pexl3-SH3 in the two-hybrid 
assayassay (Table 3). As a control, they were also tested for interaction with other Pex5p 
bindingg partners. Interactions were monitored by a quantitative (3-galactosidase assay 
andd by growth in the absence of histidine in the two-hybrid strains PCY2 and HF7c, 
respectively.. The F208L mutation was sufficient to disrupt the two-hybrid interaction 
withh Pexl3-SH3. In addition, the E212V mutation disturbed the Pexl3-SH3 
interaction,, although some growth in the absence of histidine could be detected. The 
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Tablee 3. Pex5p mutants are selectively disturbed in two-hybrid interaction with Pex 13-SH3 

GAL44 AD 
fusion n 

GAL4DB B 
fusion n 

fS-galactosidasee growth on his-
activity(RLU/mgg protein  SD) 

Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 

(F208L) ) 

(T109A) ) 
(E212V) ) 
(F208L) ) 
(W204A) ) 

(F208L) ) 

(F208L) ) 
(W204A) ) 

Pexl3-SH3 3 
Pexl3-SH3 3 
Pexl3-SH3 3 
Pexl3-SH3 3 
Pexl3-SH3 3 
Mdh3p p 
Mdh3p p 
Pexl4p p 
Pexl4p p 
Pexl4p p 

1.2 2 
4800 0 
3300 0 
2.0 0 
1.7 7 
2.3 3 
6900 0 
5100 0 
10300 0 
3200 0 
12000 0 

1 1 
0 0 
0 0 

1 1 
1 1 
5 5 

0 0 
0 0 
0 0 
0 0 
0 0 

--
+ + 
+ + 

+/---
--
+/--
+ + 
+ + 
+ + 
+ + 
ND D 

Plasmidss encoding GAL4 DB and GAL4 AD fusions as indicated were transformed to yeast 
two-hybridd strains PCY2 and HF7c. Two-hybrid interaction was quantitated in PCY2 by 
measuringg (3-Galactosidase activity. Indicated is the mean of two measurements of duplo 
culturess  standard deviation (SD). Interaction was also measured in HF7c by growth in the 
absencee of histidine (see legend to Table 2). 
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Figur ee 4. Pex5p(F208L) and Pex5p(E212V) are disturbed in Pexl3-SH3 binding, but maintain 
interactionn with Pexl4p in vitro. GST-Pex5p(WT) or mutant GST-Pex5p (F208L or E212V) were 
expressedd in E.coli and passed over a column with immobilised MBP-SH3 (lanes 1-3) or MBP-
Pexl4pp (lanes 5 and 6). Columns were washed, eluted and analyzed as described below. Pex 13-
SH3,, Pexl4p and Pex5p(F208L) can form a trimeric complex in vitro (lane 4) : an E.coli lysate 
containingg 6xHisPexl4p was passed over an amylose column with immobilised MBP-SH3. After 
washing,, an E.coli lysate containing GST-Pex5p(F208L) was passed over the column. Proteins 
weree eluted with maltose and eluates were analyzed by SDS-PAGE and Western blotting using 
antibodiess specific for Pexl3-SH3 and Pex5p. 
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T109AA mutation showed a two-hybrid interaction with Pexl3-SH3 comparable to 
wild-typee Pex5p. The single mutants that had lost SH3-domain binding appeared not 
too be affected in their interaction with Pexl4p and Mdh3p-SKL (Table 3, and data not 
shown).. These results indicate that E212 and F208, but not T109, are involved in 
Pexl3-SH33 domain binding, but do not play a detectable role in the interaction with 
otherr Pex5p partners. The two-hybrid results were backed up by in vitro 
reconstitutionn experiments. Figure 4 shows that in contrast to wild-type GST-Pex5p 
(lanee 1), GST-Pex5p(F208L) (lane 2) could not be co-eluted with MBP-SH3, whereas 
aa small amount of GST-Pex5p(E212V) (lane 3) was recovered from the elution. The 
F208LL - and E212V mutations did not affect in vitro binding to MBP-Pexl4p. In 
separatee binding experiments comparable amounts of wild-type GST-Pex5p (lane 5), 
GST-Pex5p(F208L)) (lane 6) and GST-Pex5p(E212V) (data not shown) could be co-
elutedd with MBP-Pexl4p from the column. Together these data indicate that residue 
F2088 (and to a lesser extent residue E212) in Pex5p is essential for direct and specific 
contactt of Pex5p with the SH3 domain. 

Too further investigate the role of the W204XXQF208 motif in Pexl3-SH3 
domainn interaction, an additional pex5 mutant was created by site-directed 
mutagenesis.. The strictly conserved tryptophan (W204) was mutated to alanine and 
testedd in the two-hybrid assay. The W204A mutation disturbed interaction with 
Pexl3-SH3,, although some activation of the HIS3 reporter could be detected (Table 
3).. The binding of this mutant to Pexl4p was completely unaffected. This data 
underscoree the importance of the W204XXQF208 motif for Pexl3-SH3 domain 
binding. . 

PexSpPexSp and Pexl4p bind the Pexl3-SH3 domain in different ways 
Thee presence of a non-classical SH3 interaction motif in Pex5p raised the 

possibilityy that Pex5p may interact at a site on the Pexl3-SH3 domain distinct from 
thee PXXP binding pocket. To test this hypothesis we made use of two mutated forms 
off  the Pexl3p-SH3 domain. One mutation originates from a previously isolated 
mutantt of Pexl3p (Pexl3p(E320K)) (Elgersma et al, 1996a). Pexl3p(E320K) has a 
pointt mutation in the RT-loop of the SH3 domain. This loop has been shown to be 
importantt in determining the specificity of and affinity for SH3-ligands (Arold et al., 
1998;; Lee et al, 1995; Lee et aL, 1996; Pisabarro et aL, 1998). The second SH3 
domainn mutant was created by site-directed mutagenesis. This mutant contains an 
aminoo acid substitution in the conserved tryptophan that is part of the hydrophobic 
cleft,, which forms the binding platform for polyproline ligands (Lim et al. 1994). The 
interactionn of the wild-type and mutant SH3 domains with Pexl4p and PexSp was 
assayedd in the two-hybrid system. p-Galactosidase activity was measured to 
quantitatee the interaction strength. The results shown in Table 4 reveal that Pexl4p is 
unablee to interact with SH3(E320K) and SH3(W349A). However, Pex5p interaction 
withh both SH3(E320K) and SH3(W349A) is largely unaffected. The controls 
includedd how that expression of either of the fusion proteins alone did not support the 
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Tablee 4 

GAL4A A 
fusion n 

--
Pex5p p 
Pex5p p 
Pex5p p 
Pex5p p 
--
--
--
Pex14p p 
Pex14p p 
Pex14p p 
Pexl4p p 

Pexl3-SH33 mutants have lost two-hybrid intei 

DD GAL4 DB p-gala 
fusion n 

--
--
PexI3-SH3 3 
Pexl3-SH3(E320K) ) 
Pexl3-SH3(W349A) ) 
Pexl3-SH3 3 
Pexl3-SH3(E320K) ) 
Pexl3-SH3(W349A) ) 
--
Pexl3-SH3 3 
Pexl3-SH3(E320K) ) 
Pexl3-SH3(W349A) ) 

actionn with Pe> 

ctosidase e 

14j j 

activityy (RLU/mg protein  SD) 

1.0 0 
0.5 5 
3000 0 
3500 0 
1600 0 
3.8 8 
3.1 1 
1.3 3 
0.8 8 
39 9 
2.7 7 
2.0 0 

1 1 
1 1 
0 0 
0 0 
0 0 
0 0 
2 2 
1 1 
1 1 
2 2 
2 2 
5 5 

)) but not with Pex5p 

growthh on his-

_ _ 
--
++ + 
++ + 
ND D 
--
--
--
--
++ + 
--
--

Plasmidss encoding GAL4 DB and GAL4 AD fusions as indicated were transformed to two-
hybridd yeast strains PCY2 and HF7c. Two-hybrid interaction was quantitated in PCY2 by 
measuringg the fi-galactosidase activity as described in materials and methods. Indicated 
numberss are the mean of two independent measurements in triplicate cultures  standard 
deviationn (SD). Two-hybrid interaction was measured in HF7c by growth in the absence of 
histidinee (++ growth; - no growth; ND not determined) 

activationn of the reporter genes. Similar results were obtained in an in vitro binding 
assayy (Figure 2). E. coli expressed 6xHis-Pexl4p could be co-eluted with MBP-SH3 
(panell  B, lane 2), whereas in a parallel experiment 6xHis-Pexl4p did not bind to 
MBP-SH3(E320K),, since it did not appear in the eluate (panel B, lane 3). 
Furthermore,, GST-Pex5p could be co-eluted with both wild-type MBP-SH3 (panel 
A,, lane 2) and MBP-SH3(E320K) (panel A, lane 3), indicating that the direct 
interactionn between Pex5p and mutant Pexl3-SH3 is not affected. Taken together, 
thesee results show that the E320K and the W349A mutations affect Pexl4p 
interaction,, but do not interfere with Pex5p binding. It suggests, therefore, that 
Pexl4pp is the canonical SH3 domain ligand, whereas Pex5p binds the Pexl3-SH3 
domainn in an alternative way. 
Too obtain further support for this notion we investigated the effect of Pex5p 
expressionn on the two-hybrid interaction between Pexl3-SH3 and Pexl4p. A two-
hybridd reporter strain isogenic to PCY2 was constructed in which the PEX5 gene was 
deletedd (PCY2pex5A). This strain was transformed with plasmids encoding either 
wild-typee or a mutant version of Pex5p under the control of the PEX5 promoter, or it 
wass transformed with an empty expression vector. Figure 5 shows that deletion of 
endogenouss Pex5p reduced the Pexl3-SH3/Pexl4p interaction about three fold 
indicatingg that the strength of this interaction is dependent on the presence of Pex5p. 
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Figuree 5. The two-hybrid interaction of Pexl3-SH3 and Pexl4p is reduced in the absence of wild-
typee Pex5p. A PCY2 strain harboring a deletion of the PEX5 gene (PCY2 pexSA) was transformed 
withh expression constructs encoding either wild-type Pex5p or mutant Pex5p, or with an empty 
plasmidd (-). The two-hybrid interaction of Pexl3-SH3 and Pexl4p was determined in these different 
strainss by measuring the P-galactosidase activity. Indicated is the mean of two measurements in 
triplicatee cultures  standard deviation. Background (black bars) represents p-galactosidase activity 
inn strains transformed with either GAL4DB-Pexl3-SH3 or GAL4AD-Pexl4p alone. 

Re-expressionn of the Pex5p(F208L) mutant that is specifically disturbed in SH3 
interactionn does not restore the SH3-Pexl4p interaction to wild-type levels. Together 
thesee results show that in vivo binding of Pex5p to Pexl3-SH3 cooperatively 
stabilizess the SH3/Pexl4p interaction, which suggests that Pex5p and Pexl4p bind 
separatee sites on the Pexl3-SH3 domain. 

Pexl3pPexl3p andPexl4p operate stoichiometrically 
Too further investigate complex formation in vivo we carried out experiments in 

whichh PEX13, PEX14 or PEX5 alone or in combination were overexpressed in wild 
typee cells. The transformed strains were subsequently tested for their ability to grow 
onn oleate. Such experiments might reveal whether the proper stoichiometry of a 
proteinn is essential for peroxisome function. As shown in Figure 6A, overexpression 
off  Pexl3p under the control of the strong CTA1 -promoter in wild-type cells leads to 
growthh inhibition. Similarly, when Pexl4p is expressed under the control of the 
CTA1CTA1 promoter, growth on oleate is also inhibited. However, simultaneous 
overexpressionn of Pexl3p and Pexl4p allows normal growth on oleate whereas co-
overexpressionn of the non-functional pexl3 mutant E320K and Pexl4p inhibits 
growthh on oleate. Overexpression of Pex5p does not affect growth and is also not 
ablee to rescue the inhibitory effect of Pexl3p or Pexl4p overexpression on oleate 
(Figuree 6B). We conclude that stoichiometry of Pexl3p and Pexl4p is required for 
correctt peroxisomal function, which indicates close cooperation between these two 
peroxins. . 

Pex5pp wild-type 

Pex5p(F208L) ) I I 
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B B 
wtt + Pexl4p wt + Pexl3p 

wtt + Pexl3p 
andd Pexl4p 

wtt + Pex5p 
andd Pexl4p 

pexlSA pexlSA wtt + Pex5p wtt + Pexl3p(E320K) 
andd Pexl4p 

wtt + Pex5p 
andd Pexl3p 

Figuree 6. Growth characteristics on oleate of wild-type cells overexpressing Pexl3p, Pexl4p and 
Pex5pp under the control of the CTA1 promoter. Peroxins were expressed in wild-type cells either 
separatelyy (A) or in combination (B) as indicated. Transformants are indicated with "+ Pex". 
Positivee and negative controls for growth are untransformed wild type cells and the pexl3A strain, 
respectively. . 

InIn  vivo effects ofpex5 mutations F208L andE212V 
Wildd type and mutant pex5 alleles were cloned downstream of the PEX5 

promoterr in a yeast expression plasmid. These plasmids were transformed to a 
pex5Apex5A strain and transformants were cultured on oleate. The growth rate of cells 
expressingg Pex5p(F208L) was approximately four-fold reduced compared to that of 
wild-typee Pex5p, whereas growth of Pex5p(E212V) cells was less affected (Figure 7). 
Growthh on glucose or glycerol media was unaffected for all transformants (data not 
shown).. In addition, we constructed a pex5 mutant with three amino acid 
substitutionss in the region involved in Pexl3-SH3 domain binding: F208L, E212V 
andd E214G. This triple mutant showed growth rates on oleate comparable to the 
singlee F208L mutant (Figure 7, inset). These results are in line with the binding 
studiess and suggest an essential role forF208 in the interaction with Pexl3-SH3. 
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Figuree 7. Growth on liquid oleate medium of 
pex5Apex5A cells (open circles) expressing wild-type 
Pex5pp (closed squares), Pex5p-(F208L) (open 
triangles),, Pex5p-(E212V) (closed triangles), 
Pex5p-(F208L;E212V;E214G;; closed circles; see 
inset).. Cells were grown to mid-log phase in 0.3% 
glucosee medium and inoculated at OD6oo of 0.001 
inn liquid oleate medium. Growth was followed 
withh time by measuring the optical density at 600 
nmm (OD6oo) 
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Figuree 8. Localization of peroxisomal matrix proteins in pe.\5A cells expressing wild-type Pex5p, 
Pex5p(F208L)) or Pex5p(E212V). Subcellular distribution of GFP-SKL visualized by fluorescence 
microscopyy (A). Bar = lOum. Subcellular distribution of catalase A (CTA1) and 3-hydroxy-
acylCoA-dehydrogenasee (3HAD) (B) and 3-ketoacyl-CoA thiolase and Mdh3p (C). After 
subcellularr fractionation equivalent volumes of the 600 x g post-nuclear supernatant (homogenate 
(H)),, 20,000 x g pellet (P) and 20,000 x g supernatant (S) were analyzed by measuring enzyme 
activitiess (B) or by Western blotting (C). Antibodies were directed against the proteins as indicated. 
Recoveriess varied between 90 and 110%. 

Wee expressed the green fluorescent protein (GFP) fused to PTS1 (GFP-SKL) to 
measuree PTS1 protein import in these mutants. GFP-SKL expression was visualized 
usingg fluorescence microscopy (Figure 8A). In pex5A cells expressing Pex5p(F208L) 
aa punctated pattern of labeling could be detected on top of a diffuse, cytosolic 
fluorescence,, suggesting a partial mislocalization of GFP-SKL. Pex5p wild-type and 
Pex5p(E212V)) transformants showed an exclusively punctated pattern (Fig. 8A). The 
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apparentt mislocalization of PTS1 proteins in pex5A cells expressing Pex5p(F208L) 
wass substantiated by subcellular fractionation experiments. pex5A transformants were 
homogenizedd and a post nuclear supernatant was centrifuged at 20,000 x g. 
Equivalentt volumes of the pellet (P) and the supernatant (S) fractions were analyzed 
forr the presence of peroxisomal proteins using enzyme assays (Figure 8B: Catalase A 
(CTA1)) and 3-hydroxyacyl-CoA dehydrogenase (3HAD)) or Western blotting 
(Figuree 8C: Mdh3p, 3-ketoacyl-CoA thiolase). In cells expressing wild-type Pex5p, 
3HAD,, CTA1 and Mdh3p were recovered almost exclusively from the pellet fraction. 
Inn cells expressing Pex5p(F208L) 3HAD and Mdh3p were partially mislocalized to 
thee supernatant, whereas CTA1 was completely mislocalized to the supernatant 
fraction.. The protein import defect of CTA1 could not be rescued by replacing its 
PTS11 SKF by the canonical PTS1 SKL (data not shown), suggesting that the failure 
off  Pex5(F208L) cells to import CTA1 is not reflected by its PTS1 composition. In 
Pex5p(E212V)) cells, CTA1 was partially mislocalized to the supernatant, whereas 
otherr PTS1 proteins showed a wild-type distribution. The distribution of the PTS2 
proteinn 3-keto-acyl-CoA thiolase was comparable in wild-type, Pex5p(E212V) and 
Pex5p(F208L)) cells (Figure 8C), implying that the defect in 

proteinn import in pex5(F208L) cells is specific for the PTS1 import pathway. 
Moreover,, these results suggest that loss of SH3-Pex5p interaction can be partially 
compensatedd for in vivo. This is born out by an in vitro reconstitution experiment. 
GST-Pex5p(F208L)) could be co-eluted with MBP-SH3 when 6xHis-Pexl4p was first 
boundd to the immobilized MBP-SH3 column (Figure 4, lane 4). These results show 
thatt Pexl4p contains two different binding sites: one for Pexl3-SH3 and another for 
Pex5p,, and that these proteins can bind Pexl4p simultaneously in vitro, resulting in a 
complexx formed by Pex5p, Pexl4p and Pexl3-SH3. 

Pex5p(F208L)Pex5p(F208L) and Pex5p(E212V) are still associated with peroxisomes 
Sincee Pex5p(F208L) and Pex5p(E212V) are disturbed in binding to the Pexl3-

SH33 domain, we investigated whether the subcellular distribution of the pex5 mutants 
iss affected. Subcellular fractionation of pex5A cells expressing mutant or wild-type 
Pex5pp revealed that Pex5p(F208L) and Pex5p(E212V), like wild-type Pex5p, were 
partiallyy associated with the 20,000 x g pellet fraction (data not shown). To 
investigatee whether Pex5p present in the pellet fractions was associated with 
peroxisomess these fractions were analyzed by equilibrium density centrifugation. 
Fractionss were collected and analyzed for Pex5p and marker proteins for peroxisomes 
(Pexl3p,, Pexl4p and Patlp) and mitochondria (Hsp60) using SDS-PAGE and 
Westernn blotting. Cells expressing Pex5p(F208L) contained peroxisomes 
equilibratingg at lower density in a Nycodenz gradient than peroxisomes from wild-
typee cells, which may reflect the partial loss of matrix protein import in 
Pex5p(F208L)) cells. Both Pex5p(E212V) and Pex5p(F208L) were localized in the 
peroxisomall  peak fractions (Figure 9). These results suggest that in vivo, although 
interactionn with the SH3 domain of Pexl3p is impaired, Pex5p can still associate with 
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Figuree 9. Pex5p mutants are associated with peroxisomes. 20,000 x g pellet fractions of pe.xSA cells 
expressingg wild-type Pex5p, Pex5p(F208L) or Pex5p(E212V) were loaded on top of a continuous 
Nycodenzz gradient and centrifuged at 29,000 x g in a vertical rotor for 2.5 h. Fractions of 0.5 ml 
weree collected and analyzed by SDS-PAGE and Western blotting with antibodies specific for 
Pex5p,, the peroxisomal membrane markers Pexl3p, Pexl4p, Patlp, and the mitochondrial marker 
Hsp60.. Fraction 1 is the bottom of the gradient. The asterisk indicates a cross-reacting band. 

peroxisomes.. Based on our in vitro binding experiments Pexl4p is a likely candidate 
too fulfil l this function. 

DISCUSSION N 

Proteinss containing a peroxisomal targeting signal (PTS) need to be targeted 
afterr synthesis in the cytoplasm to the peroxisomal membrane for subsequent import 
intoo the peroxisomal matrix. Many proteins (peroxins) have been discovered that are 
involvedd in this targeting and membrane-translocation process, some of which are 
activee in the soluble phase (targeting), others are integral or peroxisomal membrane-
associatedd proteins acting as components of the protein-translocation machinery. 
Pex5pp is the soluble receptor that recognizes PTS1 proteins and targets these PTS1 
proteinss to the membrane located peroxins (Pexl3p, Pexl4p and Pexl7p). Here we 

71 1 



ChapterChapter 2 

havee investigated the region of Pex5p important for association with the SH3 domain 
off  Pex 13p. 

Pex5pp mutants were selected in a two-hybrid set-up that had lost the ability to 
bindd to Pexl3-SH3 but that retained the ability to interact with other proteins. The 
screenn revealed at least three residues important for Pexl3-SH3 interaction, F208, 
E2122 and E214. Mutation of F208 (to leucine) had a strong down effect, whereas 
mutationn of either E212 or E214 (to valine and glycine, repectively) showed 
diminishedd binding capacity with Pexl3-SH3 (Table 3). The properties of the 
mutantss in the two-hybrid system could be reproduced in an in vitro reconstituted 
systemm with bacterially expressed fusion proteins, thus excluding possible 
contributionss of other yeast proteins. The mutations are located close to each other in 
aa region N-terminal of the TPR-containing domain of Pex5p. Here we find the motif 
W204XXQF208,, conserved among Pex5 proteins ranging from yeast to man. Mutation 
off  the strictly conserved tryptophan (W204) in this motif also compromised the 
interactionn with Pexl3-SH3 (Table 3), indicating a central role for this motif in 
Pexx 13-SH3 binding. A second motif with a similar sequence (WSQEF) is present 
approximatelyy 90 amino acids N-terminal of the WXXQF motif. Mutations in this 
secondd motif do no affect the interaction of Pex5p with Pexl3-SH3 (data not shown). 
Recently,, it was shown that a peptide containing amino acids 100-213 of Pichia 
pastohspastohs Pex5p is able to interact with the SH3 domain of PpPexBp in vitro 
(Urquhartt et ah, 2000). This peptide includes the conserved WXXQF motif, 
suggestingg that the SH3 binding region in Pex5p is conserved between different yeast 
species.. Whereas ScPex5p contains only two WXXX F motifs, human Pex5p contains 
sevenn of these motifs. Based on in vitro binding studies with HsPex5p and a fragment 
off  HsPexl4p (amino acids 1-78), Schliebs et al. (1999) have suggested a role for 
thesee motifs in Pexl4p binding. We have not been able to find support for this 
suggestionn in yeast. Mutation of either of these motifs in ScPex5p did not specifically 
affectt Pexl4p binding (Table 3 and data not shown). Since pex5 mutants with 
severelyy disturbed binding to the Pexl3-SH3 domain are still able to interact with 
Pexl4pp in the two-hybrid system (Table 3) and in vitro (Figure 4), we conclude that 
theree are separate binding regions in Pex5p for Pexl4p and Pexl3-SH3. 

AA consensus SH3-binding motif (PTLPHR) is present in the primary sequence 
off  Pexl4p. Girzalsky et al. (1999) demonstrated by mutating the two prolines in the 
PXXPP motif of Pexl4p that these residues are essential for interaction with Pex13-
SH3.. The other Pexl3-SH3 binding partner, Pex5p, does not contain a PXXP binding 
motiff  or a degenerated version thereof. Moreover, in our screen for mutants that had 
lostt the interaction with Pexl3-SH3 we did not find any mutations in proline 
residues,, which suggests that Pex5p contains a novel, non-PXXP-related, SH3-
bindingg motif. This is underlined by the differential effect of the W349A and E320K 
mutationss in the Pexl3-SH3 domain on the interaction with Pex5p and Pexl4p. 
Pexl3-SH33 (W349A) is mutated in one of the conserved aromatic residues that form 
thee hydrophobic binding cleft of the SH3 domain and Pexl3-SH3(E320K) contains a 
mutationn in the RT loop of the SH3 domain. Both mutations abrogated interaction 
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withh Pexl4p but interaction with Pex5p was not affected, either in the two-hybrid 
assayy or in in vitro reconstitution experiments. Since both the hydrophobic binding 
cleftt and the RT loop of the SH3 domain are part of the canonical PXXP ligand-
bindingg region (Lim et al., 1994; Lee et al., 1995), the results suggest a novel binding 
modee for Pex5p with Pexl3-SH3. This is supported by two other observations. 
Firstly,, our in vivo overexpression studies showed that overproduction of Pex5p had 
noo noticeable effect on the ability of cells to grow on oleate, suggesting that Pex5p 
doess not compete with Pexl4p for Pexl3-SH3 domain binding. Secondly, we found 
inn the two-hybrid system that the presence of Pex5p cooperatively stimulated Pexl3-
SH3-Pexl4pp interaction. Both observations are in line with the existence of separate 
bindingg sites for Pexl4p and Pex5p on the Pexl3-SH3 domain. 

Wee tested the effects of the mutations in Pex5p in cells with respect to growth 
andd import of proteins into peroxisomes. Growth of Pex5 (F208L) was clearly 
retardedd on oleate as sole carbon source, but growth of pex5 (E212V) was only 
mildlyy affected. A triple mutant of Pex5p containing all three SH3 loss-of-
interaction-mutationss (F208L, E212V and E214G) showed the same growth defect on 
oleatee as the single F208 mutant, suggesting that F208 identifies the most important 
positionn for interaction with Pexl3-SH3. Considering the clear deficiencies we 
observedd with these mutants in the yeast two-hybrid and in vitro reconstitution 
experimentss it is very unlikely that the mild phenotypes in vivo are due to residual 
bindingg of Pex5p to Pexl3-SH3. It rather suggests that in vivo alternative ways exist 
too dock Pex5p with its PTS1 protein load. Pex5p not only binds to Pexl3-SH3 but 
alsoo to Pexl4p. Indeed, Pexl4p may substitute for Pexl3p as docking site. This 
notionn is based on the in vitro experiments, which show that binding of Pex5 (F208L) 
mutantt protein to immobilized Pexl3-SH3 can be rescued when Pexl4p is mixed in. 
Itt suggests that Pexl4p can function as a bridge between Pexl3-SH3 and the mutant 
versionn of Pex5p. Indeed, our fractionation experiments showed that Pex5p(F208L) 
wass still able to associate with peroxisomes, which indicates that in the absence of 
Pexl3-SH33 interaction, Pex5p is tethered to the peroxisome membrane in an 
alternativee way, most likely through the interaction with Pexl4p. 

Thee combined roles of Pexl3p and Pexl4p in forming a docking platform for 
Pex5p-mediatedd PTS1 protein delivery was underlined by experiments in which 
Pex5p,, Pexl3p and Pexl4p were overproduced. Overexpression of Pexl4p or Pexl3p 
individuallyy impaired growth of cells on oleate containing medium. A similar 
phenotypee has been reported for Hansenula polymorpha cells overexpressing PexHp 
(Komorii  et al., 1997). Overexpression of both Pexl3p and Pexl4p together, however, 
restoredd normal growth. Disruption of the Pexl3p-Pexl4p interaction had the same 
effectt in vivo: yeast cells containing the E320K mutation in the RT loop of Pexl3-
SH3,, which abrogated Pexl4p association, were unable to grow on oleate-containing 
mediumm (Elgersma et al., 1996; Girzalsky et al., 1999). Together, these results show 
thatt both the association and the stoichiometry of Pexl3p and Pexl4p in a cell are 
important,, which implies that they fulfil l their role in protein import as a well-defined 
pair. . 
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Importt of PTS1 proteins was differentially affected in vivo in the 
Pex5p(F208L)) mutant context. As expected, import of 3-keto-acyl-CoA thiolase (a 
PTS22 protein) was normal, but 3HAD and Mdh3p (both PTS1 proteins containing the 
PTS11 SKL) were only partially mislocalized to the cytosol whereas CTA1 
(containingg the PTS1 SKF) was completely mislocalized to the cytosol. The PTS1 
consensuss sequence is rather degenerate and this may be related to its efficiency to 
functionn as targeting signal. We swapped PTS1 motifs between Mdh3p and catalase 
AA to investigate if the composition of the PTS1 could explain the observed partial 
versuss complete import efficiencies of Mdh3p and catalase A in the Pex5p(F208L) 
mutant;; no support was found for the notion that the PTS 1 composition of catalase 
determiness the import efficiency (data not shown). 

Itt is noteworthy that mild peroxisome biogenesis phenotypes are also observed 
inn humans. Analysis of the fibroblasts of a patient suffering from the peroxisome 
biogenesiss disorder neonatal adrenoleukodystrophy (NALD) revealed that most 
peroxisomall  matrix proteins were partially mislocalized to the cytosol whereas 
catalasee was found exclusively in the cytosol (Liu et aL, 1999; Shimozawa et al., 
1999),, a phenotype similar to that of the yeast Pex5p(F208L) mutant. These 
observationss underscore the notion that mild import deficiencies can affect normal 
cellularr function thereby leading to a diseased state of the organism. Interestingly, the 
mildd phenotype in this NALD patient is caused by a missense mutation, I326T, in the 
SH33 domain of Pexl3p. Introduction of the analogous mutation in Pexl3p of the 
yeastt Pichia pastoris also resulted in a mild peroxisome biogenesis deficiency (Liu et 
al.,al., 1999). The effects of this mutation on the interaction between Pexl3p and its 
partnerr proteins have not yet been determined, nor is it clear from the location of the 
mutationn in the SH3 domain which interaction might be affected. Given that 1326 of 
humann Pexl3p is conserved in Sacchawmyces cerevisiae Pexl3p it wil l be of interest 
too include this mutation in future studies. Particularly, in vitro interaction studies 
sincee we observed that deficiencies show up more clearly in the simple reconstituted 
statee then in vivo. 
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Srcc homology 3 (SH3) domains are small non-catalytic 
proteinn modules capable of mediating protein-protein 
interactionss by binding to proline-X-X-prolin e (P-X-
X-P)) motifs. Here we demonstrate that the SH3 
domainn of the integral peroxisomal membrane protein 
Pexl3pp is able to bind two proteins, one of which, 
Pex5p,, represents a novel non-P-X-X-P ligand. Using 
alaninee scanning, two-hybri d and in vitro interaction 
analysis,, we show that an a-helical element in Pex5p 
iss necessary and sufficient for  SH3 interaction. Sup-
pressorr  analysis using Pex5p mutants located in 
thi ss a-helical element allowed the identification of a 
uniquee site of interaction for  Pex5p on the Pexl3p-
SH33 domain that is distinct from the classical P-X-X-P 
bindin gg pocket. On the basis of a structural model of 
thee Pexl3p-SH3 domain we show that this interaction 
probablyy takes place between the RT- and distal 
loops.. Thus, the Pexl3p-SH3-Pex5p interaction estab-
lishess a novel mode of SH3 interaction. 
Keywords:Keywords: peroxisomes/Pex5p/Pex 13p/protein-protein 
interaction/SH3 3 

Introductio n n 
Peroxisomess are eukaryotic single membrane bound 
organelless characteristically confining enzymes of the 
fattyy acid p-oxidation pathway, oxidases and catalase. 
Theirr importance in human metabolism is underlined by 
thee occurrence of several genetic disorders that result from 
disturbancess in peroxisomal biogenesis and metabolism 
(Moser,, 1999). The enzymes that make up the peroxisomal 
matrixx are synthesized on free polyribosomes in the 
cytosoll  (Lazarow and Fujiki, 1985), where they typically 
achievee a fully folded state (McNew and Goodman, 1996) 
beforee being imported into the organelle. To date, 23 
differentt proteins (peroxins) have been documented (a 
recentt update can be viewed on the web site www.mips. 
biochem.mpg.de/proj/yeastyreviews/pex_table.html)) that 
aree directly involved in peroxisomal biogenesis and 
translocation,, many of which possess recognizable struc-
turall  motifs. Pex5p and Pex7p, for example, possess 
tetratricopeptidee repeats (TPR) and WD40 motifs, respect-
ively,, in their primary amino acid sequences. These motifs 
havee been implicated in playing an important role in 
protein-proteinn interactions (Van Der Voorn and Ploegh, 
1992;; Blatch and Lassie, 1999; Groves and Barford, 1999). 

Inn line with this, it has been demonstrated that the TPR 
regionn of Pex5p has a clear role in recognition and binding 
off  proteins possessing a peroxisomal targeting signal type 1 
(PTS1)) (McCollum etal., 1993; Brocard etal., 1994; Dodt 
etet al., 1995; Fransen et al., 1995; Terlecky et al., 
1995;; A.T.J.Klein, P.Bamett, D.Konings, H.F.Tabak and 
B.Distel,, in preparation). Pex5p has been proposed to 
functionn as a cycling receptor that travels with bound 
PTS-11 proteins through the cytoplasm to the peroxisomal 
membrane,, where it is docked (Dodt and Gould, 1996). A 
keyy protein involved in the docking process is the peroxin 
Pexl3p.. This integral peroxisomal membrane protein 
possessess a C-terminal Src homology 3 (SH3) domain 
exposedd to the cytosol. 

Thee SH3 family is a well characterized group of 
structurallyy similar domains that interact with proline-rich 
regionss in proteins, typically a P-X-X-P motif (reviewed in 
Mayerr and Eck, 1995). SH3 domains consist of 60-70 
aminoo acids and are readily identifiable within a primary 
sequencee due to high similarity in fold topology and the 
conservationn of key residues involved in ligand recogni-
tion.. SH3 domains can be found in a wide variety of 
proteins,, ranging from cytoskeletal components to mem-
berss of the signal transduction pathway. To date it has been 
welll  established that although diverse in location, the 
primaryy function of SH3 domains lies in mediation of 
protein-proteinn interactions (Kuriyan and Cowburn, 1997; 
Pawsonn and Scott, 1997). 

SH33 domain-ligand recognition and affinity is provided 
byy an elongated patch of aromatic residues forming a 
hydrophobicc cleft running between two variable loops: RT 
andd N-Src (Weng et al., 1995; Arold et al., 1998). This 
hydrophobicc cleft forms the binding platform for ligand 
association,, with the RT- and N-Src loops contributing 
significantlyy to ligand recognition and specificity (Lee 
etet al, 1995, 1996; Wu et al„  1995). Typically, the SH3 
domainn recognizes and binds poly-L-proline (PP) regions 
inn proteins, which adopt a type II (PP-II) helix (Mayer and 
Eck,, 1995). Much effort has gone into identifying SH3-
bindingg ligands using techniques such as combinatorial 
peptidee libraries and phage display. These studies have 
revealedd the presence of a conserved P-X-X-P core 
sequencee element (Cheadle et al., 1994; Rickles et al., 
1994;; Sparks etal., 1994). The initial set of ligand peptides 
conformedd to the consensus R-X-X-P-X-X-P (Class I). 
Shortlyy afterwards, Feng et al. (1994) redefined the 
consensuss to include a second class (Class II) of binding 
peptidess conforming to the consensus P-X-X-P-X-R. 
Recently,, the repertoire of SH3 domain-binding motifs 
hass been extended to include peptides that contain either 
onee (P-X-X-D-Y) (Mongiovi et 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 
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Fig.. 1. (A) Schematic representation of the domain structure of Pex5p and Pexl3p. Shown for Pex5p are the seven TPR repeats (hatched boxes) and 
thee region involved in Pexl3p-SH3 binding (arrow). For Pexl3p, the two predicted transmembrane regions (filled boxes) and the SH3 domain are 
indicated.. (B) Alignment of the SH3 domains from: Saccharomyces cerevisiae Pexl3p (&P13SH3) P80667, Pichia pasloris Pexl3p (P/)P13SH3) 
Q92266,, human Crk (WjCrk) P46108, human BTK (/frBTK) Q06187 and human Pexl3p (tfjP13SH3) Q92968. Sequences were aligned using 
ClustalXX and manual fitting. White text on a black background denotes a sequence residue identity and black text on a grey background a similarity. 
Positionss of the RT-loop. N-Src and Distal loop are indicated with an arrow. The RT-loop residue Glu320 and the conserved Trp349, both important 
inn P-X-X-P ligand recognition, are marked with an asterisk. Residues that were found mutated in the suppressor screen (see Figure 6) are marked with 
aa diamond. 

too contact the classical P-X-X-P binding pocket on SH3 
domains. . 

Thee SH3 domain of Pexl3p is able to interact directly 
withh two ligands, Pex5p and Pexl4p (Elgersma et al, 
1996;; Erdmann and Blobel, 1996; Gould et al., 1996; 
Albertinie*fa/.,, 1997; Fransen era/., 1998; Girzalsky et al, 
1999;; Urquhart et al., 2000). Only one of these, Pexl4p, 
possessess a recognizable P-X-X-P class II sequence (P-T-
L-P-H-R).. The PP-1I motif of Pexl4p was recently 
confirmedd as playing a key role in this interaction 
(Girzalskyy et al., 1999). The second SH3 binding partner 
Pex5p,, however, lacks a recognizable PP-II type sequence. 
Recently,, we have found that the SH3 binding site in 
Pex5pp can be localized to a region that is indeed devoid of 
anyy P-X-X-P characteristics (Bottger et al., in press). 

Wee have now extended these studies by examining the 
interactionn of Pex5p with Pexl3p-SH3 in closer detail. 
Usingg alanine-scanning mutagenesis we are able to define 
specificc residues in the primary sequence of Pex5p 
involvedd in the interaction. We also show that this region 
adoptss an cc-helical conformation and as such represents a 
novell  class of SH3 ligand. Furthermore, we demonstrate 
thatt association with the SH3 domain does not occur via 
interactionn at the PP-II binding face, which is reserved for 
Pexl4pp association. On the basis of a suppressor screen we 
proposee a novel site of interaction on the SH3 domain for 
Pex5pp ligand binding. 

Result s s 
IdentificationIdentification of key residues in the 
Pex5p-Pex13p-SH3Pex5p-Pex13p-SH3 interaction 
Thee integral peroxisomal membrane protein Pexl3p 
possessess a cytosolic exposed SH3 domain at its 

C-terminuss (Elgersma et al., 1996; Girzalsky et al., 
1999)) (Figure 1A). This domain is sufficient to mediate 
interactionss with the peroxins Pex5p and Pexl4p 
(Elgersmaa et al, 1996; Erdmann and Blobel, 1996; 
Gouldd et al., 1996; Albertini et al, 1997; Fransen et al, 
1998;; Girzalsky et al, 1999; Urquhart et al., 2000). Pex5p, 
unlikee Pexl4p, is devoid of a recognizable P-X-X-P 
bindingg motif and as such may represent a novel class of 
SH3-bindingg ligand. By screening a randomly mutagen-
izedd PEX5 library in the two-hybrid system for mutants 
thatt had lost interaction with Pexl3p-SH3, we identified a 
regionn in the N-terminal half of Pex5p that is essential for 
Pexx 13p-SH3 binding (see Supplementary data, available at 
TheThe EMBO Journal Online). Further analysis of the SH3 
interactionn domain in Pex5p revealed two closely spaced 
residues,, Phe208 and Glu212, which seem to play a key 
rolee in this interaction (Bottger et al, in press). The close 
proximityy of these two point mutants in the primary 
sequencee of Pex5p suggests a localized centre of inter-
actionn on Pex5p. PHD secondary structure predictions 
(Rostt and Sander, 1995; Rost, 1996) denote a high a-helix 
probabilityy for this area of Pex5p. Figure 2B shows a 
defaultt helical representation of this region of Pex5p, 
highlightingg the relative position of residues 203-218 
alongg a helical backbone. On the basis of this secondary 
structuree prediction we carried out an alanine scan for 
residuess 203-214 of Pex5p, making use of the yeast two-
hybridd system to monitor the interaction between Pex5p 
andd Pexl3p-SH3 (Figure 2A). Mutation of either residue 
Trp204,, Phe208 or Glu212 to alanine resulted in a loss of 
interactionn with Pexl3p-SH3. Alanine mutants Leu211, 
andd to a lesser extent Glu214 (and Val215 when mutated to 
aspartate,, results not shown), were also affected in their 
interactionn with Pexl3p-SH3. Mutants were also tested for 
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Fig.. 2. Analysis of the Pex5p-Pexl3p-SH3 interaction. (A) Two-hybrid analysis of Pex5p alanine scan mutants. Wild type or Pex5p mutants fused to 
thee TA domain were co-transformed with DB Pexl3p-SH3 to PCY2, and assayed for (i-galactosidase activity using a filter assay. Black indicates a 
strongg interaction, white shows no interaction and grey indicates a weakened interaction. (B) Secondary structural model of the Pexl3p-SH3 binding 
elementt from Pex5p. The model was generated in Swiss-PDB viewer and side chains are depicted in default torsion angles. The sequence at the top of 
thee figure shows the region of Pex5p used for in vitro binding studies (Figure 3). Amino acids tested in the alanine scan appear in italic. The 
underlinedd sequence is represented in the helical model. The side chains of residues affecting the interaction of the Pex5p with Pex 13p-SH3 are 
markedd on the helix and labelled. (C) Two-hybrid analysis of Pex5p Lys210Pro mutant. Wild-type Pex5p or mutant PexSp Lys2IOPro fused to the TA 
domainn were co-transformed with DB Pexl3p-SH3 into PCY2, and assayed for P-galactosidase activity using a filter assay. As a control, TA Pex5p 
Lys210Proo was also tested against DB PexHp. Shown are three independent yeast transformants. 

theirr ability to interact with other Pex5p partner proteins. 
Thee interactions with either Pexl4p, a protein that binds to 
thee N-terminal half of Pex5p (Schliebs et at., 1999), or the 
PTS11 protein malate dehydrogenase, a protein that binds 
too the C-terminal TPR domain (Brocard et al., 1994), were 
unaffectedd (data not shown). These results indicate that the 
losss of Pexl3p-SH3 interaction was not as a result of 
globall  structural changes of Pex5p. From Figure 2B it can 
bee seen that all of these residues are located within the 
samee 180° face of the predicted a-helix. To address the 
questionn of whether the a-helical conformation of this 
regionn is essential for Pexl3p-SH3 interaction, we intro-
ducedd a helix-breaking mutation in the helix. We chose 
residuee Lys210 because it is predicted to be located on the 
facee of the Pex5p a-helix not involved in Pexl3p-SH3 
interaction.. Indeed, the Lys210Ala mutant still binds the 
Pexl3p-SH33 domain (Figure 2A). In contrast, mutation of 
Lys2100 to proline completely abrogated the interaction 
withh Pexl3p-SH3, whereas Pexl4p binding with this 
mutantt remained unaffected (Figure 2C). These results 
underscoree the hypothesis that an a-helical element in 
Pex5pp plays a key role in the recognition and binding of 
Pexl3p-SH3. . 

Too test whether this a-helical element is sufficient to 
bindd Pexl3p-SH3 we fused residues 203-227 of Pex5p 
(Figuree 2B) to glutathione S-transferase (GST). We also 
createdd two other GST peptides containing either the 
Phe208Leuu or the Glu212Val mutation. These fusion 
peptidess were expressed in Escherichia coli and purified 
usingg glutathione-Sepharose affinity chromatography. 

Column: : 
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Fig.. 3. In vitro binding experiments of Pex5p peptides and Pexl3p-
SH3.. GST-fused Pex5p peptide (PEPWT) (residues 203-227) or GST-
fusedd Pex5p peptides possessing either the Phe208Leu mutation 
(PEP™11-)) or the Glu2l2Val mutation (PEPB212V) (100 ug each) were 
passedd over affinity columns loaded with 250 (il of cleared lysate 
containingg either MBP alone or MBP-fused Pexl3p-SH3 (SH3). After 
appropriatee washing, proteins were eluted from the column with 
maltose.. Eluates were subjected to SDS-PAGE and gels were stained 
withh Coomassie (top panel) or blotted and probed with antibodies 
againstt Pex5p (lower panel). Protein bands are appropriately labelled 
onn the right-hand side of the figure. 

Westernn blot analysis demonstrated that Pex5p polyclonal 
antibodiess recognized all three fusion peptides (data not 
shown).. The fusion peptides were then used to study the 
inin vitro interaction with Pex 13p-SH3 fused to the maltose 
bindingg protein (MBP). Figure 3 clearly shows that the 
wild-typee fusion peptide, like the full-length fusion of 
Pex5pp (Figure 6B), is able to bind to MBP-Pexl3p-SH3. 
Thiss association is not seen for MBP alone, showing 
thatt the binding is dependent on the presence of the 
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Fig.. 4. In vivo analysis of Pex5p Phe208Leu. pex5A cells were 
transformedd with wild-type Pex5p (Pex5WT), Pex5p Phe208Leu 
(pex5h:!"8L)) or with an empty plasmid. Cells were grown to mid-log 
phasee in liquid medium containing 0.3% glucose and plated on oleate 
medium.. Plates were incubated at 28°C and photographed after 7 days. 

Pexl3p-SH33 domain. Furthermore, in agreement with 
two-hybridd results for full-length Pex5p (Figure 6A), the 
Pex5pp fusion peptides possessing either the Phe208Leu or 
thee Glu212Val mutation are unable to associate with the 
MBP-Pexl3p-SH33 domain. Thus, the rx-helical element in 
Pex5pp is both necessary and sufficient for SH3 interaction, 
andd represents a novel class of SH3 binding ligand that is 
devoidd of a classical P-X-X-P interaction motif. 

DisruptionDisruption of the Pex5p-Pex13p-SH3 interaction 
affectsaffects growth on oleate 
Too address the biological importance of the Pex5p-
Pexl3p-SH33 interaction we tested whether the Pex5p 
Phe208Leuu mutant could rescue the growth defect on 
oleatee of a yeast pexSA strain. Previous studies have 
establishedd that Saccharomyces cerevisiae requires func-
tionall  peroxisomes to grow on oleate as a sole carbon 
sourcee and that yeast cells containing a deletion of the 
PEX5PEX5 gene cannot utilize oleate (Van der Leij et ai, 
1993).. A pex5A strain was transformed with plasmids 
encodingg wild-type Pex5p and Pex5p Phe208Leu mutant, 
ass well as with an empty plasmid. To monitor growth, the 
transformedd strains were plated onto oleate medium 
(Figuree 4). As previously demonstrated (Van der Leij 
etet al., 1993), the wild-type Pex5p can complement the 
growthh defect on oleate of the pexSA strain. However, the 
strainn expressing Pex5p Phe208Leu showed retarded 
growth.. These results demonstrate that the Pex5p-Pex 13p-
SH33 interaction is important for the formation of func-
tionall  peroxisomes. 

Pex5pPex5p and Pex14p do not compete for binding to 
thethe Pex13p-SH3 domain 
Sincee both Pex5p and Pexl4p contact the Pexl3p-SH3 
domain,, we investigated whether binding of one ligand is 
influencedd by the presence of the other. We used the Pex5p 
fusionn peptide for these experiments because, in contrast 
too full-length Pex5p, it does not bind to Pexl4p (see 
below).. Constant amounts of MBP-SH3 and His6-Pexl4p 
weree mixed with increasing amounts of purified Pex5p 
fusionn peptide (Pro203-Lys227). After incubation, the 
mixturee was passed over an amylose column. After 
washing,, MBP-SH3 and bound proteins were eluted with 

Columnn SH3 SH3 SH3 5H3 SH.! Pe*l4 MBP 

His-PcxUU  + - -
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Fig.. 5. In vitro competition assay. Lanes 1-5, constant amounts of 
E.coliE.coli lysates containing MBP-SH3 (SH3) and His„-Pexl4p 
(HisPexl4p)) (100 ul cleared lysate of each) were mixed with 
increasingg amounts of purified GST-Pex5p peptide fusion (PEPWT) 
(0-1000 ug fusion peptide). In lane 5, His6-PexI4p was omitted from 
thee incubation. Lane 6, 100 ul of E.coli lysate containing MBP-Pexl4p 
(Pexl4)) were mixed with 100 ug of Pex5p peptide fusion. Lane 7, 
1000 ul of lysate containing MBP were mixed with His6-Pexl4p (100 pi) 
andd Pex5p peptide fusion (100 ug). After incubation the mixtures were 
loadedd 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 antibodies (upper panels) specific for 
Pex5pp and Pexl4p. 

maltosee and detected by western blotting. Figure 5 shows 
thatt the Pex5p fusion peptide does not compete with 
Pexl4pp for binding to Pexl3p-SH3 since equal amounts of 
His6-Pexl4pp are eluted with increasing amounts of Pex5p 
fusionn peptide (compare lanes 1^1). Furthermore, less 
Pex5pp fusion peptide is retained on the column in the 
absencee of Pexl4p (compare lanes 4 and 5), suggesting 
improvedd binding of the Pex5p fusion peptide in the 
presencee of Pexl4p. The controls included show that 
thee Pex5p fusion peptide is not binding to Pexl4p (lane 6) 
orr to MBP (lane 7). These data demonstrate that Pex5p 
(peptide)) and Pexl4p can interact simultaneously with the 
Pexl3p-SH33 domain and suggest that the two ligands use 
differentt binding sites on the SH3 domain. To substantiate 
thiss result further we introduced a mutation into the SH3 
domainn of Pexl3p, Trp349Ala. In other SH3 domains this 
tryptophann residue plays a key role in the direct recogni-
tionn of the P-X-X-P ligand backbone (Lim and Richards. 
1994).. Two-hybrid analysis revealed that the Pexl3p-SH3 
Trp349Alaa mutant had lost its interaction with Pex 14p, but 
wass still able to associate with Pex5p (data not shown). 
Togetherr these results suggest that Pex5p interacts at a site 
onn the Pexl3p-SH3 domain that is distinct from the site 
occupiedd by the P-X-X-P ligand Pexl4p. 

TheThe Pex5p binding site on the Pex13p-SH3 domain 
Too pinpoint the site of interaction of Pex5p on the Pex 13p-
SH33 domain we used the Pex5p single point mutants to 
screenn for SH3 suppressor mutants that could restore the 
interactionn with Pex5p. The Pex5 mutants comprise 
Trp204Ala,, Phe208Leu and Glu212Val. In addition to 
thesee Pex5p mutants, a fourth complete loss of binding 
mutantt was included in the screen in which Leu211 was 
changedd to Asp (Leu211 being identified from the alanine 
scann as having a reduced interaction with the Pexl3p-SH3 
domain,, see Figure 2A). This mutant, like Trp204Ala, 
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Fig.. 6. Analysis of Pex 13p-SH3 suppressor mutants. (A) Two-hybrid analysis. PCY2 was co-transformed with plasmids encoding the proteins as 
indicatedd and tested for Pgalaclosidase activity using a filter assay. Filters were imaged at specific time intervals to convey relative strengths of 
interaction.. Panel 1 shows the interaction of wild-type Pex.Sp and various Pex.Sp mutants with Pexl3p-SH3 wild type. Panel 2 shows the interaction 
betweenn Pex5p mutants and their corresponding Pex 13p-SH3 suppressors. Panel 3 displays an example of the allele specificity of the suppressors. 
Panell  4 shows the dual nature of the suppressors picked up for Pex5p Trp204Ala and Pex5p Leu21 lAsp at the same position on the SH3 domain. 
Notee that PexSp Leu21 1 Asp apparently has no preference for lie or Tyr at position 321 of the SH3 domain, whereas Pex5p Trp204Ala displays a 
preferencee for an He at this position. (B) In vino analysis. Wild-type Pex5p (Pex5WT) or mutant Pex5p (Pex5™L ) fused to GST was passed over 
affinityy columns loaded with either MBP-SH3 (SH3) or MBP-SH3 Arg353Gly (SH3R , W i) . Similarly, Pex5p Leu211 Asp (Pex5I J l lD ) fused to GST 
wass passed over affinity columns loaded with either MBP-SH.3 (SH3) or MBP-SH3 Glu323Val (SH3E3BV). Washing, elution and analysis of the 
eluatess were carried out as described in the legend to Figure 3. Eluates were analysed by SDS-PAGE and western blotting using antibodies 
specificc for Pex5p and Pexl3p-SH3. 

Phe208Leuu and Glu212Val, was undisturbed in its inter-
actionn with Pexl4p and Mdh3p (data not shown). 

Thee suppressor screen was carried out using a Pexl3p-
SH33 mutant library created by error-prone PCR. Mutants 
thatt could restore the interaction between the Pex 13p-SH3 
domainn and each of the four Pex5p mutants were selected 
inn the two-hybrid system. This screen resulted in the 
identificationn of Pexl3p-SH3 suppressors for each of the 
fourr Pex5p mutants (Figure 6A). 

Pex5pp Phe208Leu gave rise to a single suppressor, 
Arg353Gly.. This arginine residue is located in the distal 
partt of the Pexl3p-SH3 domain (Figure IB). Although this 
argininee is not particularly well conserved between SH3 
domainss in general, its conservation can be noted in the 
PichiaPichia pastoris Pexl3p-SH3 domain. Trp204Ala and 
Leu211Aspp both gave rise to a suppressor at the same 
positionn of the Pexl3p-SH3 domain in the RT-loop, 
Asn321Ilee and Asn321Tyr, respectively. Pex5p Leu211Asp 
alsoo gave rise to a second suppressor in the RT-loop, 
Glu323Val.. Finally, Pex5p Glu212Val gave rise to a 
somewhatt weaker suppressor, Lys355Arg, in comparison 
withh the other Pex5p mutants. None of the suppressors, 
withh the exception of Asn321Ile/Tyr, was able to suppress 
anotherr Pex5p mutant (Figure 6A), thus demonstrating 
theirr allele specificity. As one might expect, however, 
Asn321Ile/Tyrr was able to suppress Pex5p Trp204Ala and 
Leu211 lAsp. All suppressors were able to interact with 
Pexl4pp in the two-hybrid system (data not shown). The 
successfull  isolation of SH3 mutants that can restore the 
interactionn with the mutated ligand Pex5p implies that 
neitherr the Pex5p mutations nor the SH3 suppressor 
mutationss had gross structural effects on the proteins. 

Too investigate whether the suppressor mutants could 
alsoo restore interaction in vitro, we carried out binding 
assayss making use of bacterially expressed fusion proteins. 

Figuree 6B shows that GST-fused Pex5p is able to associate 
withh the MBP-fused Pexl3p-SH3 domain. However, as 
expectedd from two-hybrid results and the in vitro Pex5p 
peptide-SH33 analysis, introduction of the Phe208Leu 
pointt mutation into Pex5p prevents this association. 
Introductionn of the Arg353Gly suppressor mutation into 
thee MBP-fused Pexl3p-SH3 domain restored interaction 
withh the GST-fused Pex5p Phe208Leu. A similar result 
wass obtained for the Pex5p Leu211Asp mutant and the 
SH33 suppressor mutant Glu323Val. Mutation of Leu2l 1 to 
aspartatee almost completely abrogated interaction with 
Pexl3p-SH3,, whereas introduction of the Glu323Val 
suppressorr mutation restored interaction with Pex5p 
Leu211 lAsp, albeit not to wild-type levels. These results 
showw that the suppressor mutations in the SH3 domain 
restoree the direct interaction with the Pex5p mutants. 

Pex13p-SH3Pex13p-SH3 domain homology model 
Thee particularly high topological homology displayed 
betweenn SH3 domains in general and the strict conserv-
ationn of many of the residues in the hydrophobic P-X-X-P 
bindingg pocket, in conjunction with the large number of 
SH33 three-dimensional structures available, make the 
Pexl3p-SH33 domain an ideal target for homology model-
ling.. For this purpose we made use of the Swiss-Model 
serverr (Guex el ah, 1999). For the modelling procedure we 
chosee three different SH3 templates that aligned well using 
thee Fasta-based alignment programme of the Swiss-PDB 
serverr and that showed high sequence identity (35^tt)%) 
withh the Pexl3p-SH3 domain over the alignment. The 
templatess used were 1CKA (mouse C-crk, X-ray struc-
ture),, 1B07 (mouse P38 crk, X-ray structure) and 1AWX 
(humann BTK, NMR structure). Model structures generated 
weree checked using Whatif 97, the Whatif server 
(Rodriguezz era/., 1998) and the Biotech protein validation 
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Fig.. 7. Structural model of the Pexl3p-SH3 domain. Structural model 
showingg the secondary structural elements of the Pexl3p-SH3 domain. 
Sidee chains in green specifically affect association of Pexl4p. Side 
chainss in yellow are residues that were picked up in the suppressor 
screen.. These residues do not directly affect Pexl4p association. The 
positionn of the P-X-X-P binding pocket important for Pexl4p 
association,, and the possible Pex5p binding cleft are marked. 

suitesuite (WWW URL: http://biotech.embl-heidelberg.de: 
8400/)) and subsequently modified/refined and energy 
minimizedd using Whatif 97 and the Swiss-PDB viewer. 
Modelss also had to display a positional conservation of 
somee key residues in the P-X-X-P binding pocket when 
superimposedd onto other SH3 domains. The major differ-
encess between the models occurred in the extended N-Src 
loop.. This region of the Pexl3p-SH3 domain is at least 3/4 
residuess longer than any of the available template 
structuress and represents an area of low conservation 
betweenn SH3 domains in general. Furthermore, this 
extendedd loop is probably a flexible part of the protein 
andd as such may occupy different conformations depend-
ingg on its local surroundings. Therefore, Figure 7 is 
representativee of just one of these predicted conform-
ations.. Excluding this loop, the Pexl3p-SH3 domain 
modell  shows an average backbone RMS deviation of 0.9 A 
basedd on superimposition with several solved SH3 struc-
tures. . 

Inn Figure 7 the positioning of the suppressor mutants is 
highlightedd as well as that of two other residues, Trp349 
andd Glu320. As discussed before, Trp349 is located 
directlyy within the P-X-X-P hydrophobic pocket and when 
mutatedd to alanine it disturbs the interaction with the P-X-
X-PP ligand Pexl4p. The side chain of the RT-loop residue 
Glu3200 is also exposed towards the P-X-X-P pocket on 
thisthis Pexl3p-SH3 model. This is in line with the finding of 
Girzalskyy et al. (1999), who showed that the SH3 
Glu320Lyss mutant is specifically affected in its interaction 
withh Pexl4p. Neither of these two mutations affects the 
interactionn of Pex5p with the Pexl3p-SH3 domain. The 
modell  suggests that none of the suppressor mutants is 
directlyy located within the P-X-X-P hydrophobic pocket. 
Instead,, all suppressors are located in the top half (relative 
too Figure 7) of the Pexl3p-SH3 domain. Suppressors 
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pickedd up for the Pex5p Phe208Leu and Glu212Val, 
Arg353Glyy and Lys355Arg, respectively, are either 
locatedd close to or actually constitute part of the distal 
loop.. Suppressors for Pex5p Trp204Ala and Leu211Asp 
aree all located on the top of the RT-loop. 

Discussio n n 
Thee SH3 domains are involved in a diverse range of 
processess from cytoskeletal protein-protein interactions to 
signall  transduction pathways. Structurally, the SH3 
domainn has been explored at many levels, from folding 
thermodynamicss to protein ligand recognition and binding 
(Limm and Richards, 1994; Lim et al., 1994; Yamabhai and 
Kay,, 1997; Plaxco etal., 1998; Yi era/., 1998; Engenefa/., 
1999).. In this study we have explored the interactions of 
thee SH3 domain of Pexl3p with one of its ligands, Pex5p. 
Previouss work has demonstrated the ability of Pex5p to 
associatee with the SH3 domain of the peroxisomal 
membranee protein Pexl3p (Elgersma et al., 1996; 
Erdmannn and Blobel, 1996; Gould et al., 1996), and 
recentlyy the region of Pex5p responsible for this inter-
actionn has been identified (Urquhart et al., 2000; Bottger 
etet al., in press). Here, we have extended these studies and 
showw how an a-helical element in Pex5p binds to a novel 
interactionn site on the SH3 domain that is distinct from the 
classicall  P-X-X-P binding cleft. 

Usingg an alanine mutation scan we were able to define 
ann amphipathic a-helical element in Pex5p responsible for 
thee interaction with the Pexl3p-SH3 domain. This region 
possessess no similarity to the known classical P-X-X-P 
SH3-bindingg motifs identifiable in most SH3-binding 
proteins.. Based on these results we constructed a GST 
fusionn peptide of this region in Pex5p. Using this fusion 
peptidee we were able to demonstrate that this amphipathic 
region,, encompassing residues 203-227 of Pex5p, was 
bothh necessary and sufficient for association with the SH3 
domainn (Figure 3). In support of the a-helical conform-
ationn of the Pex5p peptide we found that introduction of a 
predictedd helix breaker in the peptide disrupted the 
interactionn with Pexl3p-SH3. This peptide containing 
thee a-helical motif, therefore, represents a novel non-P-X-
X-PP type SH3-binding element. Recently, two other non-
P-X-X-PP type SH3 ligands have been identified (Mongiovi 
etet al, 1999; Kang et al, 2000). The Eps8-SH3 binding 
motiff  contains the sequence P-X-X-D-Y, which does 
partiallyy resemble the start sequence of the Pex5p binding 
elementt (-PWTDQ-). However, results from our alanine 
scann clearly demonstrate that for Pex5p neither the proline 
norr the aspartate side chains are required for association 
withh the SH3 domain. The second non-P-X-X-P ligand 
foundd in the adaptor protein SKAP55 is comprised of 
adjacentt arginine and lysine residues followed by tandem 
tyrosiness (R-K-X-X-Y-X-X-Y ) (Kang et al., 2000). Both 
thee Pex5p-binding element and the SH3-binding motif in 
SKAP555 contain aromatic residues that play a key role in 
theirr interaction with SH3 domains. However, these two 
ligandss contact the SH3 domain in different ways. 
Whereass our data suggest that the Pex5p binding site on 
thee SH3 domain is distinct from the P-X-X-P binding 
pockett (see below), the results of Kang et al. (2000) 
indicatee that the SKAP55 binding site partially overlaps 
withh the site for binding P-X-X-P ligands. 
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Thee non-consensus nature of the SH3-binding motif in 
Pex5pp suggested the possible existence of a novel mode of 
SH33 association. A number of observations are in line with 
thiss suggestion. First, it has been shown that a mutation in 
thee RT-loop of Pexl3p-SH3 (Glu320Lys) disrupted the 
two-hybridd interaction with the classical P-X-X-P-con-
tainingg ligand Pexl4p, but did not affect Pex5p binding 
(Girzalskyy et al., 1999). It is noteworthy that an He residue 
att the equivalent position in the RT-loop of Hck is 
responsiblee for high affinity binding of the P-X-X-P-
containingg ligand Nef (Lee et al., 1995). Secondly, site-
directedd mutation of Trp349, a residue that plays a key role 
inn P-X-X-P backbone recognition (Lim and Richards, 
1994),, showed the same differential effect: Pexl4p 
interactionn was lost, but Pex5p interaction remained 
undisturbed.. Thirdly, our in vitro binding experiments 
suggestt that Pex 14p and Pex5p do not compete for binding 
too the SH3 domain of Pexl3p (Figure 5). To identify the 
residuess on the SH3 domain important for Pex5p recog-
nition,, we carried out a suppressor screen making use of 
thee specific Pexl3p-SH3 loss of interaction mutants in 
Pex5p.. This screen resulted in the identification of five 
allele-specificc suppressor mutations on the SH3 domain 
(Figuree 6A). In vitro, we were able to demonstrate that 
thesee suppressor mutations functioned by direct restor-
ationn of the interaction with the Pex5p mutants 
(Figuree 6B). 

Usingg a provisional model of the Pexl3p-SH3 domain it 
wass possible to map the position of each of these 
suppressorss (Figure 7). Although our initial hopes were 
thatt such a screen would derive a tight clustering of 
suppressorr mutations, this proved not to be the case. Two 
suppressorr mutations occur on the distal-loop side of the 
domainn (Arg353Gly and Lys355Arg) and the other three 
inn the RT-loop. One possible explanation for this could be 
thatt not all of the suppressor mutations are directly 
involvedd in the coordination of the Pex5p helical binding 
region.. Between the distal-loop side and the RT-loop runs 
aa hydrophobic cleft measuring some 7-8 A in width. Since 
thee suppressor mutations are located on either side of this 
hydrophobicc cleft, it is conceivable that some of the 
suppressorss found may actually represent residues that, 
whenn mutated, result in subtle structural changes in the 
Pex5p-bindingg region, thereby lowering the residue 
specificityy for a given ligand at its binding location. At 
thiss point it is noteworthy that in the proposed model three 
off  the suppressors occur in the RT-loop on either side of 
Glu320.. As already discussed, the Glu320Lys mutation 
affectss the binding of the P-X-X-P ligand Pexl4p but not 
Pex5p.. This observation is in support of our structural 
model,, which suggests that the side chain of Glu320 is 
exposedd towards the P-X-X-P binding pocket. Further-
more,, none of the suppressor mutations affected Pexl4p 
binding.. Recently, Urquhart et al. (2000) reported on the 
analysiss of the SH3-Pex5p-Pexl4p interaction in 
P.pastoris.P.pastoris. In line with our findings they showed that 
mutationss in the SH3 domain have a differential effect on 
thee interaction with Pex5p and Pexl4p, confirming that 
differentt binding sites on the Pexl3p-SH3 domain exist for 
thesee ligands. However, their in vitro competition experi-
mentss suggest that the binding sites for Pex5p and Pexl4p 
onn the SH3 domain may partially overlap. Further analysis 
off  these interactions wil l be required to resolve this issue. 
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Thee functional importance of the Pex5p-Pexl3p-SH3 
interactionn was demonstrated by reduced growth of the 
Pex5pp Phe208Leu mutant on oleate, a growth condition 
requiringg functional peroxisomes. The residual growth of 
thee mutant does not seem to correlate with the strong 
phenotypee observed in vitro. One possible explanation is 
thatt binding of Pex5p to other partners at the peroxisomal 
membrane,, including Pex 14p, may compensate for the loss 
off  Pexl3p-SH3 interaction in vivo. 

Ourr knowledge of how SH3 domains bind their ligands 
iss predominantly based on studies of isolated SH3 domains 
complexedd with short Pro-rich peptides. These peptides 
aree most often derived from combinatorial peptide 
libraries,, phage display or from short sequences in SH3-
bindingg proteins. There are only a few cases where the 
intactt protein ligands have been identified and used to 
studyy their interaction with the cognate SH3 domain (Lee 
etal.,etal., 1995, 1996). The SH3 domain of Pexl3p represents 
onee of the first examples of an SH3 domain that is able to 
bindd two different protein ligands, one of which, Pexl4p, 
iss a classical P-X-X-P type ligand (Girzalsky et al., 1999). 
Ourr results show that the binding of the other ligand, 
Pex5p,, occurs via a novel non-P-X-X-P type amphipathic 
a-helix.. Association with the SH3 domain occurs at a site 
distinctt from the poly-proline binding cleft. Since rela-
tivelyy few natural, intact SH3 ligands have been identified 
itt will be of interest to investigate whether other SH3 
domainss display a similar two-site binding characteristic. 

Material ss  and method s 

StrainsStrains and culture conditions 
Forr two-hybrid analysis, the yeast strains HF7c \MATa. um3-52, hh3-
200.200. ade2-I0], Iys2-80J, rrpl-901, !eu2-3, ga!4-542, gatliO-538, LYS2:: 
GALIGALIIASIASGAL1GAL1IAIAIAIA-HIS3,-HIS3, URA3::GAL4,7mt.rxl.. u-C\CIIAIA-LacZ] and 
PCY22 (MATa, AgaH, AgalHO. URA3::GALl-LacZ, 'lys2-H01. his- A200, 
trpl-trpl-  A63. Ieu2. ade2-10I) were used (Elgersma etai. 19%). Two-hybrid 
interactionss were assayed using either the His3 reporter (HF7c) or the 
LacZZ reporter (PCY2). Yeast transformants were selected and grown on 
minimall  media containing 2% glucose, 0.67% yeast nitrogen base 
(DIFCO)) and amino acids (20 (ig/ml) as needed. Oleate plates contained 
0.5%% potassium phosphate buffer pH 6.0. 0.1 % oleate, 0.5% Tween-40, 
0.67%% yeast nitrogen base and amino acids as needed, GST and MBP 
fusionn proteins were expressed in the E.coli strain BL21. Unless 
otherwisee stated, growth was carried out on Luria-Bertani (LB) medium 
(Sambrookk et al.. 1989) at 37°C. 

GenerationGeneration of two-hybrid and fusion protein constructs 
Generationn of Gal4DB-Pexl3p-SH3 (pGB15), Gal4DB-Pexl4p 
(pGB47),, Gal4AD-Pex5p <pAN4) and Gal4AD-Pex!4p (pGB6) wil l be 
describedd elsewhere (A.T.J.Klein, P.Barnett, D.Konings, H F.Tabak and 
B.Distel,, in preparation; Bottger et al.. in press). 

Bacteriall  expression constructs were generated for Pex5p and Pexl3p-
SH3.. GST-Pex5p fusions (pGST-Pex5p) were created by ligating the 
Ncol-HindUlNcol-HindUl fragment from pAN4, encompassing the entire Pex5p ORF, 
intoo the pGEX2T- (Pharmacia) derived plasmid pRP265nb [pGEX2T 
withh expanded multiple cloning site (MCS), kind gift of P.Van der Vliet, 
Universityy of Utrecht]. MBP fusions of Pexl3p-SH3 were created by 
ligatingg the BamW-Pul fragment from pGB7 (Bottger et al., in press), 
encompassingg the SH3 domain (residues 301-386), into pMal-c2 (New 
Englandd Biolabs}. A Hisft fusion of Pex 14p was generated by ligating the 
BamW\-Pst\BamW\-Pst\ fragment from pGB4 (Bottger et al., in press) encoding the 
completee PEXJ4 ORF into pQE9 (Qiagen). 

AA Pex5p-GST fusion peptide was generated from four partially 
overlappingg oligonucleotides. A 1:1:1:1 mixture of each of the four 
oligonucleotidess P1-P4 (Table I) or a similar mixture of P2, P3, P5 and P6 
wass heated to 95°C for 5 min. The mixture was then slowly cooled to 
roomm temperature allowing annealing of the oligonucleotides. The 
oligonucleotidess were designed such that a 5' BamH] overhang and 
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Tablee 1. Primer compositions 

Name e 5'' 3' sequence Feature e 

PI I 
P2 2 
P3 3 
P4 4 
P5 5 
P6 6 
P7 7 
P8 8 

Pex5pp alanine scan primers 
P, , 
W W 
T, , 
D? ? 

07 7 
F, , 
E? ? 
K, , 
L , , 
E, , 
K, , 
E: : 

»A A 
:.«A A 

A A 
iwA A 
.*A A 
«A A 
NA A 

I«A A 

I I A A 

i : A A 

i i A A 

uA A 

Otherr site-directed mutant primers 
Pexl3p-SH33 W.,49A 
Pexl3p-SH33 R, „G 
Pexl3-SH33 E,21V 
Pex5pp F:iWL 
Pex5pp L211D 
Pex5pp E2,,V 
PexSpp K,|„P 

GATCCCCTGGACAGATCAGTTTGAAAAGCTGGAAAAA A 
GAAGTCTCAGAAAACTTGGACATAAATGATGAAATAGAGAAGTA G G 
CTACTTCTCTATTTCATCATTTATGTCCAA A 
GTTTTCTGAGACTTCTTTTTCCAGCTTTTCAAACTGATCTGTCCAGGG G 
GATCCCCTGGACAGATCAGTTGGAAAAGCTGGAAAAA A 
GTTTTCTGAGACTTCTTTTTCCAGCTTTTCCAACTGATCTGTCCAGGG G 
GTAGTAACAAAGGTCAAAGACA G G 
CGTTACTTACTTAGAGCTCGAC C 

GAGCAAGAACAACAAGCCTGGACAGATCAG G 
GAGCAAGAACAACAACCCGCGACAGATCAGTTTG G 
CAACAACCCTGGGCAGATCAGTTTGAAAAGC C 
CAACAACCCTGGACAGCTCAGTTTGAAAAGC C 
AACAACCCTGGACAGATGCGTTTGAAAAGCTGGA A 
AACCCTGGACAGATCAGGCTGAAAAGCTGGAA A 
GGACAGATCAGTTTGCAAAAGCTGGAAAAAG G 
CAGATCAGTTTGAAGCGCTGGAAAAAGAAGTC C 
GATCAGTTTGAAAAGGCGGAAAAAGAAGTCTCAG G 
CAGTTTGAAAAGCTGGCAAAAGAAGTCTC C 
GAAAAGCTGGAAGCAGAAGTCTCAGAAAA C C 
AAGCTGGAAAAAGCAGTCTCAGAAAACTTGG G 

GGGAGGGATTCTGACGCGTGGAAAGTGAGGA A 
GGTGGAAAGTGGGGACAAAGAACGG G 
GTTCCAGAAAACCCAGTGATGGAAGTTG G 
AACCCTGGACAGATCAGCTTGAAAAGCTGGAA A 
GGACAGATCAGTTTGAAAAGGATGAAAAAGAAGTCTCA G G 
CAGTTTGAAAAGCTGGTAAAAGAAGTCTC C 
GGACAGATCAGTTTGAACCGCTGGAAAAAGAAGTCTCAG G 

Pex5p607-639 9 
Pex5p640-681 1 
Pex5p681-654 4 
Pex5p680-o07 7 
Pex5p607-639mut t 
Pex5p68O-607mut t 
pPC977 Gal4DB 
pPC977 MCS 

Mutatedd bases appear in bold. 

3'' blunt end were generated. The annealed oligonucleotides were ligated 
intoo BamHl-Smal cut pRP265nb. P1-P4 annealed oligonucleotides 
encodee residues 203-227 of Pex5p while P2, P3, P5 and P6 encode the 
samee region of PexSp except for the single amino acid substitution 
Phe208Leu.. The Glu2l 2Val amino acid substitution was introduced into 
thee wild-type Pex5p peptide by site-directed mutagenesis (see below) 
usingg appropriate primers (Table I), The fusion constructs were then 
transformedd to E.coli BL21 and purified on glutathione 4B Sepharose 
followingg the manufacturer's instructions (Pharmacia). Al l fusion 
peptidess were antigenically active with Pex5p antibodies. 

AlanineAlanine scan and site-directed mutagenesis 
Al ll  site-directed mutants were generated using the Quick Change 
mutagenesiss kit (Stratagene). Primers for mutation were designed 
followingg the manufacturer's instructions (Table I). For the PexSp 
alaninee scan, 12 pairs of primers were designed for the single mutation of 
residuess 203-214 to alanine. The full-length Pex5p construct, pAN4. was 
usedd as a template for mutagenesis. Non-alanine scan, site-directed 
mutantss Pex5p Phe208Leu, Pex5p Leu211Asp, Pex5p Lys21 lPro, 
Pexl3p-SH33 Trp349Ala, Pexl3p-SH3 Arg353Gly and Pexl3p-SH3 
Glu323Vall  were similarly created using appropriate primers (Table I). 
Forr PexSp Phe208Leu and Pex5p Leu211Asp, pAN4 was used as the 
templatee for mutagenesis. From this, the GST-fused mutant PexSp for 
inin vitro study could be derived by ligating the Nco\-WnA\\\ fragment into 
pRP265nb.. Similarly. Pexl3p-SH3 Arg353Gly andGlu323Val mutations 
weree generated using pGB7 as a template and then ligating the BamH\-
Psl\Psl\ cut fragments into pMAL-c2. All site-directed mutants were 
sequencedd to confirm the presence of the desired mutation. 

Thee yeast two-hybrid pVgalaclosidase assay system (Fields and Song, 
1989)) was used to test the interaction of the Pex5p alanine scan mutants. 
Alaninee scan mutants were also tested for interaction with a PTSI protein, 
Mdh3pp (pPC97 malate dehydrogenase 3 fusion) and pPC97 (empty 
pPC97|.. Filters were image scanned at specific time intervals. 

inin  vitro binding assays 
EscherichiaEscherichia coli BL21 cells transformed with bacterial expression 
constructss were grown at 37=C to an ODN„ , of 0.5 in 200 ml of LB 

mediumm supplemented with 1% glucose. Cells were then induced with 
11 mM isopropyl-P-D-thiogalactopyranoside (IPTG) (Gibco-BRL) and 
transferredd to 30°C for further incubation to minimize proteolysis and 
inclusionn body formation. After 2 h growth, cells were harvested by 
centrifugationn for 10 min at 10 000 g and then resuspended in 5 ml of ice-
coldd phosphate-buffered saline (PBS) (Sambrook el at. 1989). Cell 
suspensionss were subsequently lysed by sonication (six 20 s 15 ji pulses at 
4°C)) and then centrifuged to pellet cell debris. Supernatants were used for 
inin vitro assays. 

Bindingg assays were set up as follows: 250 u.1 of cleared lysate 
containingg the appropriate MBP fusion were passed over an amy lose resin 
(Neww England Biolabs) column equilibrated in PBS. The column was 
thenn washed with 1 ml of PBS buffer. One hundred microgrammes (in 
5000 p.1 of PBS) of the GST fusion protein to be tested were passed over the 
columnn at a flow rate of -200 uf/min. The column was then washed with a 
furtherr 3 ml of PBS buffer before being eluted in 500 JJI of PBS 
containingg 20 mM maltose. Competition experiments were set up as 
follows:: 100 p.1 of cleared lysate containing MBP-SH3 were mixed with 
1000 uJ of lysate containing His6-Pex 14 and increasing amounts of purified 
GST-Pex5pp fusion peptide, and incubated for I h at 4°C. The mixture was 
thenn passed over an amylose column, the column was washed and bound 
proteinss were eluted with maltose. Eluate fractions were collected and 
subjectedd to SDS-PAGE and western blot analysis using appropriate 
antibodies. . 

GST-Pex5pp type fusion proteins were purified from the soluble cell 
lysatee on glutathione 4B Sepharose (Pharmacia) according to the 
manufacturer'ss instructions. All in vitro assays were conducted at 4°C 
too limit proteolysis. 

Pex13p-SH3Pex13p-SH3 mutant suppressor screening 
AA randomly mutagenized SH3 library was created using error-prone PCR. 
AA standard Taq (Sigma) PCR was carried out with primers 7 and 8 (based 
onn pPC97 Gal4DB and MCS; Table I) using pGBI5 as a template. The 
resultingg PCR product was digested with Sail and Spel and ligated into 
pPC97.. The PexSp mutants Trp204Ala, Phe208Leu, Leu211Asp and 
Glu212Vall  in pPC86 were individually co-transformed with the Pexl3p-
SH33 mutant library into the two-hybrid yeast strain HF7c. Double 
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transformantss that could grow on plates lacking histidine were replica-
platedd onto plates of similar composition. Pexl3p-SH3 plasmids were 
rescuedd from colonies able to grow on the replica plates, and re-
transformedd to PCY2 cells containing the appropriate Pex5p mutant or 
emptyy pPC86. Only Pex 13p-SH3 mutants that gave a positive result in the 
P-galactosidasee assay with the Pex5p mutant and a negative result with 
emptyy pPC86 were sequenced. The suppressors were also tested for their 
interactionn with Pexl4p and other Pex5p loss-of-interaction mutants lo 
determinee their allele specificity. 

Pex13p-SH3Pex13p-SH3 domain modelling 
Residuess 308-369 of Pexl3p, encompassing the SH3 domain, were used 
too search against the Protein Data Bank (PDB) via the Swiss-PDB viewer 
locall  interface programme (Guex etal., 1999). PDB templates suitable for 
structuree modelling (lcka, lbo7 and lawx) were downloaded and amino 
acidd sequences optimally aligned using the ClustalX programme and 
manuall  fitting (Figure I). Optimized alignments were then used as a basis 
forr structural alignments using the appropriate Ex-PDB templates within 
thee Swiss-PDB viewer programme. Structural alignments were sent to the 
Swiss-PDBB model server for optimized automated modelling. Al l first-
roundd models generated were first checked for quality of first- and 
second-generationn packing using Whatif 97. Models with low statistics 
weree rejected. Remaining models were then superimposed onto other 
knownn SH3 structures to inspect the structure manually and check 
acceptablee placement of key conserved residues. The best fitting 
representativee model was selected for further refinement and more 
detailedd checking using both the local Whatif 97 programme and the 
Whatiff  server. The final model (Figure 7) displays a backbone root mean 
squaree deviation of -0.8 A in conserved regions when superimposed on 
severall  different SH3 structures. Manual docking of Pex!4p PPTLHR 
peptidee was carried out using Insight!]. 

SupplementarySupplementary data 
Supplementaryy data for this paper are available at The EMBO Journal 
Online. . 
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SUMMARY Y 

Thee mobile receptor for import of proteins containing a peroxisomal targeting 
signall  type 1 (PTS1), Pex5p, is primarily localized in the cytosol of Saccharomyces 
cerevisiaecerevisiae cells grown in oleate-containing media. Here we report that in wild-type 
cellss grown in glucose media, Pex5p is predominantly present in the 25,000 x g 
organellarr pellet. The subcellular distribution of Pex5p was not changed by variations 
inn the expression of peroxisomal matrix proteins in either glucose-grown cells or in 
oleate-grownn cells. In addition, dramatic variations in ex-pression levels of Pex5p did 
alsoo not affect the overall subcellular distribution of the protein in either of the two 
growthh conditions. To identify proteins that are involved in the peroxisomal 
associationn of Pex5p, the localization of Green Fluorescent Protein-tagged Pex5p 
(GFP-Pex5p)) was monitored by fluorescence microscopy in the currently known S. 
cerevisiaecerevisiae PEX deletion strains. Of the pexA strains containing peroxisomal 
membranee remnants, only cells lacking the PEX14 or the PEX17 gene completely 
mislocalizedd GFP-Pex5p to the cytosol. Upon induction of the Pexl4 protein in 
pexl4Apexl4A cells, Pex5p redistributed to peroxisomal membranes, indicating a direct 
correlationn between Pexl4p expression and peroxisomal localization of Pex5p. However, 
overexpressionn of PexHp did not change the subcellular distribution of Pex5p. 
Togetherr these results show that Pexl4p, and likely Pexl7p, are required for stable 
associationn of Pex5p with the peroxisome, whereas the distribution of Pex5p over 
peroxisomee and cytoplasm is regulated by factors that are influenced by growth 
conditionss of the yeast cell. 
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INTRODUCTIO N N 

Peroxisomess are ubiquitous organelles that are present in almost all eukaryotic cells. 
Dependingg on the demands of the cell, the number and size of peroxisomes may vary, 
underscoringg the dynamic behaviour of this organelle. The single membrane that 
boundss the peroxisomes forms a barrier across which proteins and metabolites must 
pass.. By means of genetic screens in yeasts and in chinese hamster ovary (CHO) cell-
liness a large number of genes encoding for proteins that are involved in peroxisome 
biogenesiss {PEX genes) have been identified (Hettema et al., 1999; Tabak et al., 
1999).. One of the PEX genes has been implicated to play a role in peroxisome 
proliferationn (Erdmann and Blobel, 1995; Schrader et al., 1998; Van Roermund et al., 
2000),, while others have a chaperone-like function (Purdue et al., 1998; Titorenko et 
al.,, 1998), play a role in insertion and stability of membrane proteins (Hettema et al., 
2000;; South and Gould, 1999; Subramani et al., 2000), or are involved in transport of 
proteinss across the membrane (reviewed by Subramani et al., 2000). The import of 
peroxisomall  proteins is facilitated by proteins that act in the cytosol and by a set of 
proteinss that are present at the peroxisomal membrane. The exact mechanism of 
proteinn import into peroxisomes is however largely unknown. Import of most matrix 
proteinss is depending on a peroxisomal targeting sequence (PTS) at the extreme C-
terminus,, which is composed of the conserved amino acid tripeptide Ser-Lys-Leu or a 
derivativee thereof (PTS1). Alternatively, a few proteins contain a PTS at their N-
terminuss (PTS2). PTS1 and PTS2 proteins are recognized and bound by their 
receptorss Pex5p and Pex7p, respectively. In yeast the two PTS targeting pathways 
cann function independently of each other (reviewed by Hettema et al, 1999). In 
mammaliann cells the PTS1 receptor exists in two different isoforms; a short form and 
ann alternatively spliced longer form that contains an extra exon encoding 37 amino 
acidss (Braverman et al., 1998; Otera et al., 1998). The longer form of Pex5p is 
essentiall  for Pex7p-mediated import of PTS2 proteins (Braverman et al., 1998; 
Matsumuraa et al., 2000; Otera et al., 2000). With the exception of Yarrowia lipolytica 
Pex5pp (Szilard et al., 1995), the subcellular distribution of Pex5p and Pex7p is 
predominantlyy cytoplasmic, with a minor amount of receptor associated to 
peroxisomess (de Walque et al., 1999; Dodt and Gould, 1996; Elgersma et al., 1996a; 
Marziochh et al., 1994; Otera et al., 2000; Wiemer et al., 1995; Wimmer et al., 1998), 
orr in sometimes even inside peroxisomes (Elgersma et al., 1998; Gouveia et al., 2000; 
Vann der Klei et al., 1995). In human fibroblasts, Pex5p is able to move from the 
cytoplasmm to the peroxisome and vice versa, suggesting continuous cycling of the 
receptorr (Dodt and Gould, 1996). The dual localization of Pex5p and its capacity to 
cyclee between the peroxisome and the cytoplasm suggests that the PTS receptor binds 
itss cargo in the cytoplasm and brings it to the peroxisomal membrane, where the 
receptor-cargoo complex docks and the cargo protein is handed over to the import 
system.. In the yeast S. cerevisiae Pex5p and Pex7p are able to bind the membrane 
proteinss Pexl3p and Pexl4p at the cytoplasmic face of the peroxisomal membrane 
(Albertinii  et al., 1997; Brocard et al., 1997; Elgersma et al., 1996a; Erdmann and 
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Blobel,, 1996; Girzalsky et a l, 1999). The Src Homology 3 (SH3) domain of the 
integrall  membrane protein Pexl3p interacts with both Pex5p and the peripheral 
membranee protein Pexl4p (Barnett et al., 2000; Bottger et al., 2000; Girzalsky et al., 
1999).. The binding site for Pex7p has been suggested to be localized in the N-
terminuss of Pexl3p (Girzalsky et al., 1999). Although the interaction of Pex5p with 
Pexl3pp has only been shown in S. cerevisiae and in P. pastoris (Gould et al., 1996; 
Urquhartt et al., 2000), the specific interaction of Pex5p with Pexl4p is conserved 
betweenn various species including human and rat (Albertini et al., 1997; Fransen et 
al.,, 1998; Gouveia et al., 2000; Otera et al., 2000; Schliebs et al., 1999; Urquhart et 
al.,, 2000; Will et al., 1999). The SH3 domain-mediated interaction of Pexl3p with 
Pexl4pp and the presence of stoichiometric amounts of Pexl3p and Pexl4p are 
essentiall  for functional peroxisomal protein import, underscoring close cooperation 
betweenn the two proteins (Bottger et al, 2000; Girzalsky et al., 1999). Recently it has 
beenn reported that in human and CHO cells, another membrane protein, Pexl2p, 
interactss with Pex5p, but that the interaction occurs downstream of the docking event 
of,Pex5pp at the peroxisomal membrane (Chang et al., 1999; Okumoto et al., 2000). 

4 Heree we have investigated the localization of Pex5p in the yeast S. cerevisiae 
err different growth conditions. We show that in glucose-grown cells Pex5p is 

predominantlyy present in the 25,000 x g organellar pellet. Changing growth 
conditionss to oleate media results in subcellular redistribution of Pex5p from the 
organellarr pellet to the supernatant. To investigate whether one or more PEX genes 
aree responsible for peroxisomal localization of Pex5p, we determined the subcellular 
localizationn of Pex5p fused to the Green Fluorescent Protein (GFP) in all available 
pèkpèk deletion strains. Of the fifteen yeast strains with morphologically recognizable 
peroxisomall  remnants only the pexJ4A and pex!7A strains were devoid of 
peroxisomall  labeling of Pex5p. Induction of Pexl4p in a pexl4 deletion strain 
resultedd in redistribution of Pex5p to the peroxisome, establishing a correlation 
betweenn expression of Pexl4p and peroxisomal localization of Pex5p. 

EXPERIMENTA LL  PROCEDURES 

YeastYeast strains and growth conditions 
Yeastt strains used in this study were S.cerevisiae BJ1991 (Mata, leu2, trpL wa3-25L prhl-

1122,1122, pep4-3, gal2). Previously described BJ1991 pexA strains are: pex3A and pex!9A (Hettema et 
al.,, 2000), pex5A (Van der Leij et al., 1993), pexóA (Voorn-Brouwer et al., 1993), pexllA (Van 
Roermundd et al., 2000), pexl3A (Elgersma et al., 1996a), pexl5A (Elgersma et al., 1997), djplA 
(Hettemaa et al., 1998) and pip2A (Rottensteiner et al., 1996). The remaining pexA strains were 
generatedd by one-step PCR-mediated gene disruption as described by Wach et al. (Wach et al., 
1994). . 

Celll  culture conditions: cells were pregrown overnight on minimal 0.3% glucose medium 
(0.3%% glucose, 0.67% yeast nitrogen base (YNB; Difco) and amino acids (20-30 (ig/ml) as 
required).. These cultures were inoculated 1:3 in fresh 0.3% glucose medium and grown to log 
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phasee for 3 h (glucose-grown cultures) or further grown in oleate-containing growth medium (0.5% 
potassiumm phosphate buffer pH 6.0, 0.3% yeast extract, 0.5% peptone, 0.1% (v/v) oleate and 0.2% 
v/vv Tween-40) for 16 hours (oleate-grown cultures). Induction of Gal 1/10 promoter controled 
Pexl4p:: pexI4A strain was transformed with pGAL-PEXI4 (pGB60). Transformants were grown 
overnightt on selective liquid medium containing 2% glucose, 0.67% YNB (Difco) and amino acids 
ass required, cells were harvested and resuspended in selective 2% galactose medium supplemented 
withh 0.67% YNB (Difco) and amino acids as required. 

PlasmidsPlasmids and cloning procedures 
Plasmidss used were: pNV8 (P/'G/t'-NHMdrtfp) (Verleur et al., 1997); p20.19: NH-tagged 

PEX13PEX13 cloned downstream of the CTA1 promoter (Elgersma et al., 1996a); p21.27: NH-tagged 
PEX15PEX15 cloned downstream of the CTA1 promoter (Elgersma et al., 1997); pEW90: pEW88 
encodingg GFP-SKL (Hettema et al., 1998) was digested with Sad and Xbal and the GFP-SKL 
fragmentt was ligated between the Sad and Xbal sites of a YEplacl8I (47) derivative containing the 
CTAJCTAJ promoter (45). pGB52: The BamHI-Hindlll fragment encoding the open reading frame of 
wild-typee PEX5 from pTi98 (Bottger et al., 2000) was ligated between the BamHI-Hindlll sites of 
pA677 (a plasmid derived from YCplac33 in which the PCR product of the PEX6 promoter region 
wass ligated between the EcoRI-SacI sites), generating a plasmid for PEX6 promoter-controled 
Pex5pp expression; PCTA1-PEX5: The BamHI-Hindlll fragment encoding the open reading frame of 
wild-typee PEX5 from pTi98 (Bottger et al., 2000) was cloned behind the CTA1 promoter by ligation 
betweenn the BamHI-Hindlll sites of pEL43 (Elgersma et al., 1996b); pGB39: pGB4 (Bottger et al., 
2000)) was digested with BamHI and PstI, the obtained fragment containing the PEX14 open 
readingg frame was ligated between the BamHI-PstI sites of pA20 (Stroobants et al., 1999), 
generatingg a plasmid for GALl/10-promoter-controled Pexl4p expression; pGB60: pGB39 was 
digestedd with EcoRI and Hindlll , generating a Hindlll-Hindll l fragment containing the C-terminus 
off  PEXÏ4 and a EcoRI-Hindll fragment containing the GAL1/10 promoter and the N-terminus of 
PEX14.PEX14. The two fragments were inserted between the EcoRI-Hindlll sites (3-point ligation) of 
YCplac333 (Gietz and Sugino, 1988); pGB61: GFP was fused to Pex5p by insertion of a Bglll-
digestedd PCR product of GFP between the BamHI restriction site of the PEX5 expression plasmid 
pTi988 (Bottger et al., 2000) generating pAN13. This construct was digested with Narl and PstI and 
thee insert was ligated between the Narl and PstI sites of YCplacl 11 (Gietz and Sugino, 1988). 

GFP-Pex5pGFP-Pex5p localization in pexA strains 
Wild-typee and pexA strains were transformed with pGB61 encoding PEX5 promoter-

controledd GFP-Pex5p. Transformants were grown overnight on minimal 2% glucose medium. 
Transformantss were transferred to minimal 0.3% glucose and grown overnight. Cultures were 
inoculatedd 1:3 in fresh 0.3% glucose media and grown for another 3-4 h. Cells were harvested, 
washedd in water and directly analyzed by fluorescence microscopy. 

SubcellularSubcellular fractionation and gradient analysis 
Subcellularr fractionation experiments were performed as previously described (Bottger et al., 

2000).. For flotation gradient analysis, a 25,000 x g organellar pellet was resuspended in 1ml 60% 
wt/wtt sucrose solution in hypotonic lysis buffer (0.65 M Sorbitol, 1 mM phenylmethylsulfonyl 
fluoridee (PMSF), 5 mM 2(N-morpholino)ethane sulfonic acid (MES) pH 5.5, 1 mM KC1, 1 mM 
EDTA)) and loaded on the bottom of the tube. The 60% sucrose solution was overlayed with 2 ml 
off  subsequently 48%, 42%, 38%, 30%, 25% and 20% wt/wt sucrose in hypotonic lysis buffer. 
Gradientss were spun in a TST 41.14 swing-out rotor for 16 h at 36,000 rpm. Fractions of 1 ml were 
collectedd from the top to the bottom of the gradient and protein was precipitated with 10% 
Trichloricc acid (TCA) on ice for 1 h. Precipitated proteins were pelleted by spinning in an 
eppendorff  centrifuge for 30 min at maximum speed and were resuspended in Laemmli sample 
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bufferr (Sambrook et al., 1989). SDS-Page and Western blotting were performed as previously 
describedd (Bottger et al., 2000). 

Antibodies Antibodies 
Generationn of antibodies against catalase A, 3-ketoacyl-CoA thiolase, Pex5p and Pexl3p 

aree described in Elgersma et al. (1996a); antibodies against Pexl4p are described in (Bottger et al., 
2000). . 

ImmunofluorescenceImmunofluorescence analysis 
Immunofluorescencee analysis was carried out essentially as described by Erdmann, (1994) 

withh the following modifications: spheroplasts were resuspended into 100 u.1 isotonic buffer (1.2 M 
Sorbitol;; 1 mM PMSF; 5 mM MES pH 5.5; 1 mM EDTA; 1 mM KC1 ) and spread on coverslips 
coatedd with 0.1 % Poly-L-lysine (Sigma). The coverslips were soaked in methanol for 1 min and 
incubatedd in blockbuffer (0.5% BSA in PBS-0.1% Tween-20) for 15 min. Coverslips were 
subsequentlyy incubated for 1 hour in primary antibody diluted in blockbuffer (a acyl-CoA oxidase 
1:100,, a catalase A 1:200, a NH 1:100), washed 4 times in blockbuffer and then incubated for 1 
hourr in secondary antibody (Goat-anti-rabbit conjugated with Texas Red, 1:200 diluted in 
blockbuffer).. Coverslips were dipped into water, mounted in Mowiol (Hoechst) and instantly 
viewedd under the fluoresence microscope (Zeiss axioplan). 

RESULTS S 

Pex5pPex5p is localized in the organellar pellet fraction of glucose-grown wild-type cells 
andand redistributes to the supernatant fraction upon oleate induction 

Thee number and size of peroxisomes in Saccharomyces cerevisiae is subject to 
changee depending on growth conditions. Upon changing growth conditions from 
glucosee to oleate media, the cell responds with induction of transcription of several 
peroxisomall  matrix proteins (Karpichev and Small, 1998; Rottensteiner et al., 1996) 
resultingg in extensive proliferation and enlarge-ment of peroxisomes (Karpichev and 
Small,, 1998; Veenhuis et al., 1987). Expression of most PEX proteins, however, 
remainss constant under these growth conditions (Kal et al., 1999). Here we have 
investigatedd the subcellular distribution of Pex5p, the PTS1 receptor, in cells grown 
onn either glucose or oleate media. Cleared homogenates of glucose and oleate-grown 
cellss (see experimental procedures for detailed growth conditions) were centrifugated 
att 25,000 x g and pellet and supernatant fractions were analyzed for Pex5p by 
immunoblotting.. In oleate-grown wild-type cells most of Pex5p could be found in the 
cytoplasmm and a minor fraction of Pex5p was associated with the organellar pellet. In 
contrast,, in glucose-grown cells Pex5p was primarily located in the 25,000 x g pellet 
(Figuree 1A). A similar fractionation experiment was performed with a pex3A strain, 
whichh lacks detectable peroxisomal membranes (Baerends et al., 1996; Hettema et 
al.,, 2000; Wiemer et al., 1996). The majority of Pex5p in pex3A cells grown in 
glucosee media appeared in the supernatant fraction, suggesting that the subcellular 
distributionn of Pex5p in glucose-grown wild-type cells is specifically related to the 
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Figuree 1. Pex5p is mainly associated with the 25,000 x g pellet in homogenates of glucose-grown 
wild-typee cells and redistributes to the supernatant upon growth on oleate. A) Cleared homogenates 
(H)) of wild-type and pex3A cells grown in glucose media or oleate media were subjected to 
centrifugationn at 25,000 x g and the obtained organellar pellet fractions (P) and cytosolic 
supernatantt fractions (S) were analyzed for Pex5p by immunblotting. B) Wild-type cells were 
preculturedd in minimal glucose media (t = 0) and subsequently shifted to oleate containing media. 
Att indicated time points the cells were spheroplasted and homogenates were separated into 25,000 x 
gg pellet (P) and 25,000 x g supernatant (S) fractions. 

presencee of peroxisomes. The marked difference in Pex5p localization in glucose 
versuss oleate-grown cells was further investigated in a time-course experiment. Wild-
typee yeast cells were grown to log-phase in 0.3% glucose liquid culture media. These 
cellss were harvested, inoculated in liquid oleate medium and continued to grow. At 
indicatedd time points cells were spheroplasted and cleared homogenates were 
centrifugedd at 25,000 x g. The obtained pellet and supernatant fractions were 
analyzedd by immunoblotting with antibodies specific for Pex5p. Figure IB shows 
thatt during the course of the experiment more Pex5p appeared in the supernatant 
fraction.. After approximately 8 hours of growth on oleate, the subcellular distribution 
off  Pex5p was comparable to that of cells grown for 16 hours on oleate (fractions of 
oleate-grownn wild-type cells in Figure 1A). 
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Pex5pPex5p distribution is not depending on PTS1 protein expression 
Too investigate whether Pex5p localization is correlated with the expression of 

PTS11 proteins, we carried out two types of experiments. In the first experiment a 
PTS11 protein, NH-tagged Mdh3p, was overexpressed under the control of the strong 
PGKK promoter in both wild-type and pex5A cells grown on glucose. It has been 
shownn that this Mdh3p is imported into peroxisomes of glucose-grown cells (Verleur 
ett al., 1997). In line with this NH-Mdh3p could be recovered from the 25,000 x g 
pellett fraction in wild-type cells, whereas this protein primarily localized in the 
supernatantt fraction in pex5A cells (Figure 2A), implying that peroxisomal import 
wass Pex5p-mediated. The overexpression of Mdh3p had no effect on the subcellular 
distributionn of Pex5p (Figure 2A). We conclude therefore that alterations in PTS1 
proteinn expression in glucose-grown cells do not affect the localization of Pex5p. In 
thee second experiment we reduced the expression of PTS 1 proteins in oleate-grown 
cells.. For this purpose we made use of the pipits, strain, which lacks one of the 
transcriptionn factors involved in oleate-induced transcription of peroxisomal matrix 
proteinss (Karpichev and Small, 1998; Rottensteiner et al., 1996). Consequently, 
oleate-grownn pip2A cells contain a relatively low amount of peroxisomal matrix 
proteins.. Subcellular fractionation of oleate-grown wild-type and pip2A cells revealed 
noo clear differences in the distribution between the two strains. Taken together, these 
resultss show that neither increased, nor decreased peroxisomal matrix protein 
synthesiss affect the subcellular localization of Pex5p. 

Figur ee 2. Subcellular distribution of Pex5p is 
nott dependent on PTS1 protein expression in 
eitherr glucose-grown or oleate-grown cells. 
A)) Glucose-grown wild-type cells and pex5A 
cellss expressing an NH-tagged version of the 
PTS11 protein Mdh3p under the control of the 
PGKPGK promoter (PPGA'-NHMdh3p) were 
convertedd to spheroplasts and cleared 
homogenatess (H) were separated into 25,000 x 
gg pellet fractions (P) and 25,000 x g 
supernatantt fractions (S). Fractions were 
subjectedd to immunoblot analysis with 
antibodiess specific for the NH epitope and for 
Pex5p.. B) Cleared homogenates (H) of oleate-
grownn wild-type and pip2A cells were 
separatedd into 25,000 x g pellet (P) and 
supernatantt (S) fractions. Fractions were 
analyzedd by immunoblotting using anti-bodies 
specificc for Pex5p. 
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OverOver expression ofPex5p does not affect the subcellular distribution ofPex5p 
Too investigate whether the large cytoplasmic pool of Pex5p in oleate-grown 

cellss is caused by saturation of Pex5p binding sites on the peroxisomal membrane, we 
expressedd Pex5p under the control of different promoters in the pex5A strains. The 
promoterss used were: 1) the PEX5 promoter (PPEX5), or 2) the weak promoter of the 
PEX6PEX6 gene (PPEX6), or 3) the strong CTA1 promoter (PCTA1). The messenger RNA 
(mRNA)) levels of the PEX6 gene in glucose-grown cells are 1.5 times lower, and in 
oleate-grownn cells 4 times lower than the mRNA levels of PEX5, whereas mRNA 
levelss of CTA1 in glucose-grown cells are 80 times higher, and in oleate-grown cells 
2000 times higher than mRNA levels of PEX5 (M. Groot-Koerkamp, A.N. Mul, G. 
Hardyy and H.F. Tabak, unpublished observations). The PEX5 expression constructs 
weree able to complement the growth defect of the pex5A strain on oleate, although 
cellss transformed with PPEX6-Pex5p showed a slight delay in growth (data not 
shown).. Transformants were grown on glucose media or on oleate media and cleared 
homogenatess were separated into 25,000 x g pellet and 25,000 x g supernatant 
fractions.. The obtained fractions were analyzed for Pex5p by immunoblotting (Figure 
3).. Interestingly, the majority of Pex5p in glucose-grown cells overexpressing Pex5p 
fromm the CTA1 promoter could be recovered from the pellet fraction, while under 
oleatee growth conditions, Pex5p expressed from the weak PEX6 promoter still 
appearedd in the supernatant fraction (Figure 3). The expression level of Pex5p in 
glucose-grownn cells transformed with PPEX6-Pex5p was too low to be detected by 
ourr antibodies. Thus, overexpressed and underexpressed forms of Pex5p showed 
distributionn patterns in glucose-grown and oleate-grown cells comparable to that of 
PPEX5-Pex5pPPEX5-Pex5p under these growth conditions. We conclude therefore that the 
subcellularr distribution of Pex5p between the 25,000 x g pellet and supernatant 
fractionss is not affected by the absolute amount of Pex5p in the cell. 

Figuree 3. The subcellular distribution of Pex5p 
iss not affected by its expression level. 
Pex5APex5A cells expressing Pex5p under the control 
off  the PEX5 promoter (PP£X5-Pex5p), the 
CTA1CTA1 promoter (PCTA/-Pex5p), or the PEX6 
promoterr (PP£X6-Pex5p) were grown in 
glucosee or oleate media, converted to 
spheroplastss and subjected to differential 
centrifugation.. The homogenates (H), 25,000 x 
gg pellet fractions (P) and 25,000 x g 
supernatantt fractions (S) were analyzed by 
immunblottingg with antibodies specific for 
Pex5p. . 
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Figur ee 4. GFP-Pex5p co-
localizess with peroxisomal 
proteinss in wild-type cells and 
mostt pex deletion strains. A) 
Wild-typee cells expressing GFP-
Pex5pp were processed for 
indirectt immunfluorescence 
usingg antibodies directed against 
catalasee A and Texas Red-
labeledd secundary antibodies. 

GFPP was visualized by direct fluorescence. B) PexA cells expressing GFP-Pex5p and NH-Pexl3p 
(pexlA,(pexlA, pex2A, pex7A and pexJOA) or NH-Pexl5p (pexBA and p«74Acells) were grown on 
glucosee and processed for indirect immunofluorescence with an antibody directed against the NH 
epitopee and with Texas Red-labeled secundary antibodies. GFP was visualized by direct 
fluorescence.. Al l columns show double fluorescence of overlapping areas, with the exception of the 
roww indicating pex!4A cells. Bar = 5u.m. 

GFP-Pex5pGFP-Pex5p is targeted to peroxisomes in wild-type cells 
Forr rapid analysis of Pex5p localization we generated an N-terminal fusion of full-
lengthh Pex5p with the green fluorescent protein (GFP-Pex5p). DNA encoding the 
fusionn protein was cloned downstream of the PEX5 promoter. Wild-type cells 
expressingg GFP-Pex5p were grown on glucose and prepared for indirect 
immunofluorescencee with antibodies specific for catalase and Texas Red-labeled 
secundaryy antibodies. Fluorescence analysis revealed a congruent fluorescence 
patternn of GFP-Pex5p and catalase A, indicating that the GFP-tagged version of 
Pex5pp was targeted to peroxisomes (Figure 4A). To determine whether GFP-Pex5p 
wass associated with peroxisomal membranes, the 25,000 x g pellet fractions of wild-
typee and pex3A cells were subjected to sucrose-density flotation gradient analysis. 
Gradientt fractions were analyzed by immunoblotting with antibodies specific for 
Pex5p,, the peroxisomal membrane protein Pexl3p and the mitochondrial marker 
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proteinn Hsp60. Figure 5B shows that GFP-Pex5p in wild-type cells migrated into the 
gradient,, where it co-localized with Pexl3p, whereas GFP-Pex5p from pex3A cells 
remainedd in the loading zone of the gradient. Pexl3p was not detectable in the pex3A 
gradientt due to instability of the membrane protein (Hettema et al., 2000). 
Immunodetectionn of Hsp60 showed that mitochondria migrate at somewhat lower 
densityy (peak at fraction 7) than wild-type peroxisomes (peak at fraction 6). It should 
bee noted that protein levels of endogenous Pex5p in the gradient fractions were too 
loww to be detected with our antibody specific for Pex5p. Together these results 
indicatee that GFP-Pex5p is localized to peroxisomes in glucose-grown wild-type cells 
andd that this fusion protein can be used as a reporter for the subcellular localization of 
Pex5p.. It should be noted, however, that the GFP-Pex5p fusion does not complement 
thee growth defect on oleate of pex5A cells (A. Klein, unpublished results) and must 
thereforee be considered as a non-functional protein. Localization of GFP-Pex5p in 
pexx deletion strains, screen for PEX proteins that are responsible for the association 
off  Pex5p with peroxisomes, all available Saccharomyces cerevisiae pexA strains were 
analyzedd for GFP-Pex5p localization. The pexA strains were transformed with the 
constructt encoding GFP-Pex5p, grown on liquid 0.3% glucose medium and analyzed 
forr GFP labeling using direct fluorescence microscopy. Table 1 summarizes the 
resultss of this screen. Four different groups of GFP-Pex5p distribution patterns can be 
distinguished:: 1) exclusively cytosolic labeling (pex!4A and pexl7A strains); 2) 
exclusivelyy peroxisome associated labeling (wild-type and djplA strains); 3) 
peroxisomee associated and cytosolic labeling (pexlA, pex2A, pex4A, pex5A, pexóA, 
pex7A,pex7A, pex8A, pexlOA, pexllA, pex]2A, pex!3A and pexlSA strains) and 4) cytosolic 
labelingg combined with labeling of aberrant structures (pex3A and pexl9A strains). 
Off  the pex mutants that contain peroxisomes or peroxisomal membrane structures 
(Hettemaa et al., 2000) only Pexl4p and Pexl7p (group 1) displayed an exclusively 
cytosolicc staining of GFP-Pex5p. The pex mutants in group 3 showed a clear 
cytosolicc labeling of GFP-Pex5p combined with weakly labeled punctated structures 
andd occasionally aberrant fluorescence consisting of 1-3 fluorescent dots. To test 
whetherr GFP-Pex5p is targeted to peroxisomal remnants in these cells, several pextS. 
strainss were co-transformed with GFP-Pex5p and NH-tagged versions of the 
peroxisomall  membrane proteins (PMPs) Pexl3p or Pexl5p. Indirect 
immunofluorescencee with antibodies for the NH-tag identified the GFP-Pex5p 
labeledd structures as peroxisomes (pex7A strain and wild-type cells) or peroxisomal 
remnantss (Figure 4B and data not shown). These remnants could also be detected 
withh the NH-antibody in the pex!4A and pexUA strains and were morphologically 
distinctt from the diffuse fluorescence pattern of GFP-Pex5p (Figure 4B and data not 
shown),, indicating that GFP-Pex5p is not associated with recognizable peroxisomal 
ghostss in pexl4A and pexl7A cells. The pex3A and pex!9A strains that lack 
morphologicallyy recognizable peroxisomal remnants showed aberrant labeling. GFP-
Pex5pp in pex3A cells is present in 1-3 punctated structures per cell in combination 
withh a clear cytoplasmic staining. In pexl9A cells GFP-Pex5p also appears to be 

103 3 



ChapterChapter 4 

primarilyy cytoplasmic with occassionally a cell exhibiting one fluorescent dot. GFP-
Pex5pp in pex3A cells, however behaves as a soluble protein in a flotation gradients 
(Figuree 5A) Together these results suggest that of the peroxins identified so far 
Pexl4pp and Pexl7p are the only two proteins responsible for peroxisomal 
localizationn of Pex5p.To investigate whether Pex5p is soluble in the pexl4A strain, 
cellss transformed with GFP-Pex5p were grown in 0.3% glucose media, spheroplasted 
andd cleared homogenates were centrifuged at 25,000 x g. Pellet and supernatant 
fractionss were analyzed using SDS-PAGE, Western blotting and immunodetection 
withh antibodies specific for Pex5p. In contrast to the distribution of GFP-Pex5p in 
wild-typee cells, the majority of GFP-Pex5p and of endogenous Pex5p in pexl4A cells 
wass recovered in the supernatant fraction (Figure 5A). However, a significant amount 
off  both proteins was present in the pellet fraction. This fraction was subjected to 
sucrosee flotation gradient analysis and gradient fractions were analyzed by 
immunoblotting.. Peroxisomal membrane ghosts 'mpexl4A cells were visualized with 
ann antibody specific for Pexl3p and appeared in the top of the gradient (Figure 5B). 
GFP-Pex5pp and endogenous Pex5p did not co-localize with peroxisomal membrane 

Tablee 1. Fluorescence pattern of GFP-Pex5p in Saecharomyces cerevisiae wild-type and 
pexpex deletion strains. 

Strainn punctateda diffuse3 

Wild-typee ++ 
pexlApexlA + + 
pex2Apex2A + + 
pe.\3Ape.\3A + + 
pex4Apex4A + + 
pex5Apex5A + + 
pexóApexóA + + 
pex7Apex7A ++ + 
pexSApexSA + + 
pexlOApexlOA + + 
pexllApexllA ++ + 
pexl2Apexl2A + + 
pexliApexliA + + 
pex/4Apex/4A - + 
pexI5ApexI5A + + 
pexpex J 7A - + 
pex19Apex19A * + 
djplAdjplA ++ 

Strainss were transformed with GFP-tagged Pex5p and analyzed by direct fluorescence 
microscopy,, a): punctated structures correspond to either peroxisomes or peroxisomal 
membranee remnants as shown by coloclization with peroxisomal membrane proteins (see 
figuree 4B) Diffuse staining corresponds to cytosolic localization of GFP-Pex5p. Labeling 
intensitiess are indicated by "++" (strong), "+" (weak), or "-" (absent).The pex3A and pexl9A 
strainss show aberrant staining of GFP-Pex5p, indicated by " * " , consisting of 1-3 clear 
fluorescentt spots. 
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Figur ee 5. GFP-Pex5p mislocalizes to the cytosol in pexl4A cells. A) Wild-type and pexI4Act\h 
expressingg GFP-Pex5p were spheroplasted and cleared homogenates (H) were separated into 25,000 
xx g pellet (P) and 25,000 x g supernatant (S) fractions and analyzed for Pex5p and GFP-Pex5p 
usingg immunoblotting with the Pex5p antibody. B) Glucose-grown wild-type and pexA cells 
expressingg GFP-Pex5p were converted to spheroplasts and cleared homogenates were centrifugated 
att 25,000 x g. The obtained pellets were subjected to flotation gradient analysis. Fractions were 
analyzedd by immunoblotting using antibodies specific for Pex5p, Pexl3p and mitochondrial Hsp60. 
Fractionn 1 contains the load (60% wt/wt sucrose); fraction 11 contains 20-25% wt/wt sucrose. 
Endogenouss Pex5p is only visible in the pexl4A gradient. The asterisk indicates an aspecific cross-
reactingg band. 
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remnantss and remained in the loading zone of the gradient, indicating that neither of 
thee Pex5 proteins were associated with ghosts or other membrane structures. 
Togetherr with the fluorescence data it can be concluded that in pexl4A cells Pex5p is 
locatedd in the cytoplasm. 

GFP-Pex5pGFP-Pex5p redistributes to peroxisomes in pexl4A cells upon Pexl4p expression 
Too further investigate the role of Pexl4p in Pex5p localization, the PEX14 

genee was placed under the control of the galactose-inducible Gall/10 promoter. The 
resultingg construct (pGAL-PEX14) was transformed to pexl4A cells. To investigate 
thee expression of Pexl4p in these transformants, cells were precultured on 2% 
glucosee media (repressed condition), harvested and inoculated in 2% galactose 
containingg medium (induced condition). At various time-points after galactose-
induction,, cells were lysed and equal amounts of protein were analyzed by SDS-

Timee on galactose (h): 0 1 2 3 4 5 6 7 8 20 

AA Pexl4p 

Kar2p p fc.1 fc.1 

B B 
GFP-Pex5p p 

GFP-SKL L 

:(h) ::  0 4 4 

rr  i 

8 8 

D D 
Wild-type e 

HH P S 

pexl4Apexl4A + 
Ga\-PEXJ4 Ga\-PEXJ4 

HH P S 

pexJ4A pexJ4A 

HH P S 

thiolase e 

Figuree 6. induction of Pexl4p 
expressionn in the pexl4A strain 
partiallyy restores PTS1 and PTS2 
proteinn import and localizes Pex5p to 
peroxisomes.A)) Pexl4A cells trans-
formedd with pGAL-P£X/4 were 
preculturedd on glucose media and 
shiftedd to 2% galactose media. At 
indicatedd timepoints cells were lysed 
andd samples were analyzed for 
Pexl4pp and the ER protein Kar2p by 
immunoblotting.. B) Pexl4A cells 
transformedd with pGAL-P£A74 and 
aa plasmid encoding GFP-Pex5p or 
GFP-SKLL were followed with time 
afterr galactose induction. Photo-
graphss were taken at indicated time 
points.. Bar = 5 um. C) Pexl4A cells 
expressingg pGAL-PEX14 and un-
transformedd pexl4A and wild-type 
cellss were converted to spheroplasts 
andd cleared homogenates (H) were 
separatedd into 25,000 x g pellet (P) 
andd a 25,000 x g supernatant (S) 
fractions.. Fractions were analyzed 
forr 3-ketoacyl-CoA thiolase (thiol-
ase)) by immunoblotting. 
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PAGEE and immunoblotting with antibodies specific for Pexl4p. As a control for the 
amountt of protein loaded, samples were analyzed for the ER protein Kar2p. Figure 
6AA shows that in glucose-grown cells (t = 0) Pexl4p is not detectable. Expression of 
Pexl4pp becomes visible after 2 h of induction on galactose and reaches a steady-state 
levell  after 6 h. Pexl4A cells were transformed with pGAL-PEX14 and with the 
constructt for expression of GFP-Pex5p. The transformants were grown on 2% 
glucosee media, harvested and resuspended in liquid media containing 2% galactose. 
Att different time points after galactose-induction the subcellular localization of GFP-
Pex5pp was monitored by fluorescence microscopy. Glucose-grown transformants 
showedd exclusively cytosolic GFP-Pex5p labeling (Figure 6B, t = 0). After 2 h 
inductionn on galactose some cells exhibited a few fluorescent spots, that were absent 
inn control cells (untransformed pexl4A cells). After 4 h growth on 2% galactose 
mediumm approximately 30-40% of the cells showed punctated GFP-Pex5p labeling 
(Figuree 6B, t = 4), that appeared in a few distinct dots at the periphery of the cell. 
Afterr 8 h of growth in galactose-medium, most of the cells exhibited punctated GFP-
Pex5p-containingg structures that in some individual yeast cells had distributed 
throughoutt the cell. In parallel cultures of untransformed pexl4A cells GFP-Pex5p 
localizedd to the cytoplasm, whereas wild-type cells exhibited a punctated 
fluorescencee pattern, indicating that growth on galactose alone did not affect the 
subcellularr distribution GFP-Pex5p (data not shown). These fluorescence data 
suggestt a correlation between Pexl4p expression and redistribution of GFP-Pex5p 
fromm a diffuse cytosolic labeling to a punctatedd peroxisomal staining. 

Too investigate whether import of PTS1 proteins is restored in pexl4A cells, a 
galactose-- induction experiment was performed with cells co-expressing pGAL-
PEX14PEX14 and the PTS1 reporter protein GFP-SKL. After 4 h on galactose GFP-SKL 
startedd to concentrate in punctated structures, suggesting peroxisomal import of the 
reporterr protein (Figure 6B). The import of GFP-SKL did not appear to be efficient, 
sincee after 8 h of growth on galactose media, only 50% of the population exhibited 
punctatedd fluorescence combined with clear cytoplasmic labeling. The subcellular 
distributionn of the peroxisomal matrix protein 3-ketoacyl-CoA thiolase, which is 
localizedd to the 25,000 x g supernatant of fractionated pexl4A cells, could partially 
bee recovered from the pellet fraction of pexl4A cells expressing pGAL-PEXI4, 
indicatingg partial rescue of PTS2 protein import (Figure 6C). The observed partial 
importt defect of PTS1 and PTS2 proteins in pexl4A cells expressing Gall/10 
promoterr controled Pexl4p is probably due to dramatic overexpression of Pexl4p 
(estimatedd mRNA levels are at least 65 times higher than normal). Overproduction 
off  PexHp has previously been shown to inhibit normal peroxisome biogenesis 
(Bottgerr et al., 2000; Komori et al., 1997; Otera et al., 2000; Wil l et al., 1999). 
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DISCUSSION N 

TheThe subcellular distribution ofPexSp depends on the growth conditions 
Thee subcellular distribution of the PTS receptors, in particular that of the PTS1 

receptorr Pex5p, has been analyzed in a wide variety of organisms using different 
experimentall  setups. These studies have resulted in the general view that the 
receptorss are predominantly cytoplasmic with a small, but significant fraction present 
att the peroxisomal membrane (de Walque et al., 1999; Dodt and Gould, 1996; Gould 
ett al., 1996; Gould and Valle, 2000; Gouveia et al., 2000; Okumoto et al., 2000; 
Oteraa et al., 2000) or even in the peroxisomal matrix (Dodt and Gould, 1996; Van der 
Kleii  et al., 1995; Wimmer et al., 1998). A predominantly cytoplasmic localization has 
alsoo been reported for Pex5p in oleate-grown S. cerevisiae cells (Elgersma et al., 
1996a).. In this study we reinvestigated the Pex5p localization in S. cerevisiae under 
differentt growth conditions and applied GFP-tagging of Pex5p to identify candidate 
proteinss that play a crucial role in targeting or tethering Pex5p at the peroxisomal 
membrane.. We show that in glucose-grown wild-type cells, Pex5p could specifically 
bee recovered from the 25,000 x organellar pellet fraction, whereas only a minor 
portionn of Pex5p was detectable in the 25,000 x g supernatant fraction (Figure 1 A). In 
glucose-grownn pex3A cells, which are characterized by the absence of peroxisomal 
membranee remnants (Baerends et al., 1996; Hettema et al., 2000; Wiemer et al., 
1996),, Pex5p was mainly detected in the supernatant fraction, implying that the 
subcellularr distribution of Pex5p in glucose-grown wild-type cells is related to the 
presencee of peroxisomes. The relatively low amount of Pex5p in the 25,000 x g 
supernatantt fraction of differentially centrifugated glucose-grown wild-type cells was 
nott be caused by instability of cytosolic Pex5p, since the abundance of Pex5 protein 
inn glucose-grown wild-type and pex3A cells was comparable (data not shown). 
Furthermore,, overexpression of Pex5p does not change the distribution of the protein 
(Figuree 3), indicating that protein abundance is not an important determinant in the 
subcellularr distribution of Pex5p. 

Byy changing growth conditions from glucose to oleate, Pex5p gradually 
appearedd in the supernatant fraction, and 8 hours after the shift the protein showed a 
distributionn comparable to that of cells grown overnight on oleate (Figure IB). The 
shiftt from glucose to oleate growth conditions results in massive transcriptional 
upregulationn of genes involved in fatty acid metabolism (Kal et al., 1999). By 
contrast,, transcription of most genes encoding proteins involved in the biogenesis of 
thee peroxisome (peroxins) remains unchanged. These differences in transcriptional 
regulationn result in a different ratio of peroxins over peroxisomal matrix proteins in 
thee two growth conditions: in glucose-grown cells there are relatively more peroxins 
thann peroxisomal matrix proteins, while in oleate-grown cells matrix proteins are far 
moree abundant than peroxins. It was therefore tempting to speculate that the 
cytoplasmicc localization of Pex5p in oleate-grown cells would correlate with the 
increasedd number of newly synthesized PTS1 proteins. To test this hypothesis we 
madee use of the S. cerevisiae pip2A strain, which is unable to induce expression of 
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mostt peroxisomal proteins in oleate-grown cells (Karpichev and Small, 1998; 
Rottensteinerr et al., 1996). Surprisingly, in oleate-grown pip2A cells Pex5p was 
primarilyy localized in the 25,000 x g supernatant fraction, a distribution that is 
comparablee to that of Pex5p in oleate-grown wild-type cells (Figure 2B). Moreover, 
overexpressionn of a PTS1 protein (Mdh3p) in cells grown on glucose, a condition 
withh low levels of endogenous PTS1 proteins, also did not change the distribution of 
Pex5pp (Figure 2A). Together, these data indicate that distribution of Pex5p is not 
dependentt on the presence of PTS1 protein cargo in the cell. However, the 
distributionn of Pex5p must be tightly regulated, since overexpression or 
underexpressionn does not change the proportion of Pex5p in the 25,000 x g pellet and 
supernatantt fractions, whereas absolute amounts of Pex5p in the pellet and 
supernatantt fractions can vary enormously (Figure 3) without seriously affecting 
functionn (i.e. ability to complement oleate growth of pex5A cells). How the 
distributionn of Pex5p between peroxisome and cytoplasm is regulated remains to be 
analyzed.. It is tempting to speculate that posttranslational modification of the 
receptorr and/or its binding partners at the peroxisomal membrane could be involved 
inn this regulation. 

GenesGenes involved in peroxisomal location ofPex5p 
Too identify proteins involved in Pex5p localization we screened the known pex 

deletionn strains of S. cerevisiae with the reporter GFP-Pex5p. This screen identified 
twoo proteins, Pexl4p and Pexl7p that are essential for targeting of Pex5p to or 
tetheringg of Pex5p at the peroxisomal membrane. Flotation gradient analysis of 
glucose-grownn pex!4A cells confirmed that both the GFP-Pex5p and the endogenous 
Pex5pp were unable to associate to membranous structures (Figure 5). Since all PEX 
deletionn strains containing peroxisomal membrane remnants still displayed GFP-
Pex5pp association with peroxisomal ghosts (Table 1), there is no apparent correlation 
betweenn Pex5p binding to peroxisomes and a functional matrix protein import 
system.. Similar observations have been reported for human Peroxisome Biogenesis 
Disorderr (PBD) cell lines with mutations in the RING finger-containing proteins 
Pex2pp and Pex 1 Op. In those mutant cells Pex5p still targeted to peroxisomal ghosts 
(Changg et al., 1999; Dodt et al„  1995) and mutations in the third RING finger-
containingg protein Pexl2p, and also in Pexl3p of CHO cells, even resulted in 
accumulationn of Pex5p at peroxisomal ghosts (Dodt and Gould, 1996; Otera et al., 
2000).. Such an accumulation was not observed in yeast pexl2A and pexl3A cells, 
sincee the cytoplasmic pool of GFP-Pex5p was always clearly detectable in these cells. 

AA direct correlation between Pexl4p expression and Pex5p localization at the 
peroxisomall  membrane was obtained by expressing a galactose-inducible form of 
Pexl4pp in pexl4A cells. Fluorescence and biochemical analysis showed that at early 
timee points after induction of Pexl4p expression (2 hours) GFP-Pex5p appeared at 
thee peroxisome. This redistribution of GFP-Pex5p coincided with the import of the 
PTS11 reporter protein GFP-PTS1 (Figure 6B). However, the GFP-PTS1 import 
appearedd to be very inefficient since a large fraction of the cells showed a diffuse 
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cytosolicc labeling even after eight hours of PexHp induction (Figure 6B). The 
inefficientt PTS1 protein import in these cells is most likely caused by the dramatic 
overexpressionn of Pexl4p. Overexpression of Pexl4p has previously been reported to 
inhibitt peroxisomal protein import both in the yeasts S. cerevisiae (Bottger et al., 
2000)) and H. polymorpha (Komori et al., 1997), and in CHO cells (Otera et al., 
2000).. It is remarkable that despite the considerable overexpression of Pexl4p in our 
galactose-induciblee system, Pex5p still exhibited a predominantly cytoplasmic 
localizationn (data not shown). Increasing the absolute amount of Pexl4p therefore 
appearss not to affect the distribution of Pex5p between peroxisome and cytoplasm. 
Similarr results have been obtained in oleate-grown S. cerevisiae cells overexpressing 
Pexl4pp and/or Pexl3p (A. Stein and G. Bottger, unpublished observations). 
Apparentlyy Pexl4p provides a potential binding site for Pex5p, but the amount of 
Pex5pp at the peroxisomal membrane is also determined by other factors. 

InvolvementInvolvement ofPexl4p and Pexl7p in PexSp localization 
Ourr data suggest that Pexl4p and Pexl7p are strictly required for peroxisomal 

localizationn of Pex5p, and that Pex5p distribution does not depend on a functional 
PTS11 protein import system. Although Pexl4p has previously been identified as part 
off  the PTS receptor docking complex (Albertini et al., 1997; Fransen et al., 1998; 
Girzalskyy et al., 1999; Otera et al., 2000; Shimizu et al., 1999; Subramani et al., 2000; 
Urquhartt et al., 2000), our data now indicate that Pexl4p is the primary binding 
factorr for Pex5p at the peroxisomal membrane. Interestingly, Pexl7p is the second 
componentt required for peroxisomal targeting of Pex5p. Sc PEX17 was isolated in a 
geneticc screen for oleate non utilizers and was shown to be required for the import of 
bothh PTS1 and PTS2 proteins (Albertini et al, 1997). Pexl4p and Pexl7p interact 
withh each other and are both peripheral membrane proteins facing the cytoplasmic 
sidee of the peroxisomal membrane (Erdmann et al., 1997; Huhse et al., 1998). Two-
hybridd experiments in apex!4A strain revealed that Pex5p and Pexl7p only display a 
positivee two-hybrid interaction in the presence of Pexl4p, indicating that the three 
proteinss can form a complex in which Pexl4p bridges the interaction between Pex5p 
andd Pexl7p (Huhse et al., 1998). In the absence of Pexl7p, Pexl4p is still associated 
too the peroxisomal membrane (Girzalsky et al., 1999). Cytosolic localization of 
Pex5pp in pexl7A cells is therefore not caused by loss of Pexl4p at the peroxisomal 
membrane.. The requirement of Pexl7p in peroxisomal association of Pex5p in the 
absencee of a direct interaction between these proteins, suggests that Pexl7p and 
Pexl4pp must associate to establish stable contact between Pex5p and Pexl4p in vivo. 
Inn addition to Pexl4p, two other proteins, Pex8p (Rehling et al., 2000) and Pexl3p 
(Barnettt et al., 2000; Bottger et al., 2000; Urquhart et al., 2000) have been shown to 
directlyy interact with Pex5p. The interaction between Pexl3p and PexSp is mediated 
byy the SH3 domain of Pexl3p, which is exposed to the cytosolic face of the 
peroxisomall  membrane. Based on these observations Pexl3p has been implicated as 
aa component of the PTS1 receptor docking complex. Our observation that GFP-
Pex5pp still associates with peroxisomal membranes of pex!3A and pex8A cells 
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suggestss that the interactions of Pex5p with the SH3 domain of Pexl3p and with 
Pex8pp play a role in a post-docking event. In support of this we have previously 
reportedd that disruption of the interaction between Pex5p and Pexl3-SH3 did not 
affectt the peroxisomal location of Pex5p, but did affect protein import into the 
peroxisomee (Bottger et al., 2000). In addition, disruption of the interaction between 
Pexl3-SH33 and Pexl4p severely disturbes peroxisomal matrix protein import, but has 
noo effect on peroxisomal localization of Pex5p (Bottger et al., 2000) and our 
unpublishedd observations). The Pexl3p-Pexl4p complex at the peroxisomal 
membranee may therefore not function in the primary docking of the PTS1 receptor, 
butt may play a role downstream of receptor docking. In support of this view, 
Urquhartt et al. (2000) showed in vitro that Pichia pastoris Pexl4p preferentially 
bindss a PTS1-protein loaded Pex5p, whereas Pexl3-SH3 prefers to bind an unloaded 
receptor,, suggesting that Pex5p loses its PTS1 protein cargo between its interaction 
withh Pexl4p and Pexl3p. 
Together,, these results suggest that the interaction of Pex5p with the Pexl4p-Pexl7p 
complexx is either the first contact of Pex5p with the peroxisome, or is the rate-
limitingg step in PTS1 protein delivery to the translocation machinery and is likely to 
occurr prior to complex formation of Pexl4p and Pexl3p. The sequential binding of 
Pex5pp to the different Pex proteins at the peroxisomal membrane may induce 
conformationall  changes in the receptor itself or in the interacting proteins, thereby 
regulatingg the matrix protein import process. However, an additional level of 
regulationn must exist since protein-protein interaction alone does not explain the 
subcellularr localization of Pex5p under different growth conditions. Since 
environmentall  changes can trigger signal transduction pathways, the distribution of 
Pex5pp between peroxisomes and the cytoplasm may be regulated via post-
translationall  modifications of the receptor itself, or one of its interacting partners. In 
thee yeast H. polymorpha phosphorylation of Pexl4p has been reported (Komori et al., 
1999).. It remains to be determined whether Pex5p itself and/or other peroxins 
undergoo post-translational modifications in order to fine-tune the regulation of the 
importt of proteins into peroxisomes. 
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ABSTRACT T 

Mostt peroxisomal matrix proteins contain either a peroxisomal targeting signal 
typee I (PTS1) or type II (PTS2) that directs the protein to the organelle. Only a few 
peroxisomall  matrix proteins do not contain a recognizable PTS. We investigated the 
targetingg of Saccharomyces cerevisiae acyl-CoA oxidase, a peroxisomal matrix 
proteinn that does not contain either a recognizable PTS1 or a PTS2 sequence. 
Subcellularr fractionation and protease protection assays showed that acyl-CoA 
oxidasee is dependent on Pex5p for import into peroxisomes. However, the 
Pex5p(N393D)) mutant that is specifically disturbed in binding of PTS1 proteins, still 
targetss acyl-CoA oxidase to the peroxisome, whereas PTS1 proteins are mislocalized 
too the cytosol. These findings suggest that acyl-CoA oxidase is imported into the 
peroxisomee via a novel interaction with Pex5p that is not dependent on its PTS1 
bindingg site. 
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INTRODUCTIO N N 

Peroxisomall  matrix proteins are synthesized on free polyribosomes in the 
cytosoll  and are posttranslationally imported into the peroxisome (Lazarow and Fujiki, 
1985).. Conserved targeting sequences, composed of the carboxyterminal tripeptide 
S-K-LL or a derivative thereof (PTS1), or an N-terminal stretch of nine amino acids 
consistingg of the consensus sequence R/K - L/V/I - X5 - H/Q - L/A (PTS2) 
guaranteee the peroxisomal localization of the protein (Hettema et al., 1999; 
Subramani,, 1998). PTS1 and PTS2 sequences are recognized by their matching 
receptorss Pex5p and Pex7p, respectively. Pex5p and Pex7p are proposed to function 
ass mobile receptors that bind newly synthesized PTS-containing proteins in the 
cytoplasmm and that direct them to the peroxisome (Erdmann et al., 1997; Hettema et 
al.,, 1999; Subramani, 1998). Pex5p can target proteins with a wide variability in 
PTS11 sequences to the peroxisome (Elgersma et al., 1996; Gould et al., 1989; Kragler 
ett al., 1998). Mutagenesis studies of Pex5p and crystallographic analysis of a PTS1-
containingg pentapeptide bound to Pex5p revealed that the binding site for the PTS 1 is 
formedd by the seven tetratricopeptiderepeat (TPR) motifs of Pex5p (Gatto et al., 
2000;; Klein et al., 2001). However, some proteins of which the PTS has been deleted, 
cann still be imported into the peroxisome. These proteins are able to oligomerize in 
thee cytoplasm with a PTS-containing version of the protein, which allows the PTS-
lesss protein to hitch a ride to the peroxisomal lumen (Elgersma et al., 1996; Glover et 
al.,, 1994; Lee et al., 1997; Leiper et al., 1996; McNew and Goodman, 1994; Smith et 
al.,, 2000). In addition, there are several peroxisomal matrix proteins that are, based 
uponn their amino acid sequence, not equipped with a recognizable PTS1 or PTS2. 
Exampless of such proteins are Hansenuia polymorpha malate synthase (Bruinenberg 
ett al., 1990), Saccharomyces cerevisiae Dcilp (Karpichev and Small, 2000) and acyl-
CoAA oxidases of the yeasts Yarrowia lipolytica (Wang et al., 1998), Candida 
tropicalistropicalis (Small et al., 1988) and S. cerevisiae (Dmochowska et al., 1990). Although 
alternativee targeting sequences in these proteins have not been identified yet, the 
existencee of an internal targeting sequence has been suggested for C. tropicalis acyl-
CoAA oxidase (Small et al., 1988). In human (Fournier et al., 1994), rat (Miyazawa et 
al.,, 1989) and mouse (Nohammer et al., 2000) and in the yeast Pichia pastoris 
(Kollerr et al., 1999) acyl-CoA oxidase is imported via the PTS 1-mediated import 
route. . 

Wee show that S. cerevisiae acyl-CoA oxidase requires the PTS1 receptor 
Pex5pp for its import into the peroxisome, although the carboxy terminus is composed 
off  the non-PTSl sequence I-N-K. A S. cerevisiae pex5 mutant that is specifically 
disturbedd in the interaction and the import of PTS1 proteins, Pex5p(N393D), 
efficientlyy imports acyl-CoA oxidase, suggesting alternative Pex5p-mediated 
targetingg of this protein to the peroxisome. 
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MATERIAL SS AND METHODS 

YeastYeast strains and culture conditions 
Yeastt strain used in this study was S.cerevisiae BJ1991 (Mata, leu2, trpl, ura3-25I, prbl-

1122,1122, pep4-3, gall). The BJ1991 pex3A and pex7A strains are described in Hettema et al. (2000) 
andd the pex5A strain is described in Van der Leij et al. (1993). 
Celll  culture conditions: cells were pregrown overnight on minimal 0.3% glucose medium (0.3% 
glucose,, 0.67% yeast nitrogen base (YNB; Difco)) and amino acids (20-30 ug/ml) as required. 
Thesee cultures were inoculated in fresh 0.3% glucose medium and further grown to log phase. For 
inductionn on oleate these cultures were inoculated 1:10 in fresh oleate medium (0.5% potassium 
phosphatee buffer pH 6.0, 0.5% peptone and 0.3% yeast extract, 0.1% oleate, 2% Tween-40) and 
grownn overnight at 28°C. 

Plasmids Plasmids 
Plasmidss for expression of PEX5 promoter controled Pex5p(N393D) and for wild-type 

Pex5pp are described in Klein et al. (2001). 

SubcellularSubcellular fractionation and protease protection assays 
Subcellularr fractionation experiments were performed as previously described (Bottger et 

al.,, 2000). Protease protection was performed on oleate-grown cells (200 OD units) that were 
spheroplastedd and lysed in hypotonic buffer similar as described for the preparation of homogenates 
forr subcellular fractionation. 20 jig of Proteinase K (Boehringer) was added to 50 ug of protein 
samplee and incubated with or without Triton X-100 (final concentration 0.15%) at room 
temperaturee for 5, 10, 15 and 30 min. Protease activity was stopped by addition of an equal volume 
off  20% Trichloric acid (TCA) and proteins were precipitated on ice for minimal 1 h. Samples were 
centrifugedd for 30 min at 20,000 x g, pellets were washed with acetone and resuspended in Laemmli 
samplee buffer (Sambrook et al., 1989). 

Miscellaneous Miscellaneous 
ProceduresProcedures for SDS-PAGE, Western blotting and immunodetection analysis are described 

byy Bottger et al. (2000). 
Catalasee A enzyme activity was measured as described by Liicke et al. (1963). 
Antibodiess used were: anti NH (a generous gift from Dr. P. van der Sluijs, Utrecht, The 
Netherlands);; anti acyl-CoA oxidase (a generous gift from Dr. J.M. Goodman, Dallas); anti-GFP (a 
generouss gift from Jack Fransen, Nijmegen, The Netherlands). 

RESULTS S 

PeroxisomalPeroxisomal targeting ofacyl-CoA oxidase is dependent on Pex5p but is unaffected 
byby a mutation in the PTS1 binding site ofPexSp 

Sincee S. cerevisiae acyl-CoA oxidase does not contain a recognizable PTS1 or 
PTS22 in its amino acid sequence, it is unclear whether this protein follows either the 
Pex5p-dependentt or the Pex7p-dependent pathway to peroxisomes. To investigate 
this,, the subcellular distribution of acyl-CoA oxidase was examined in pex7A cells, in 
pex5Apex5A cells and in pex5A cells expressing wild-type Pex5p. To determine the 
subcellularr distribution of a control PTS1 protein Mdh3p, cells were (co-)transformed 
withh a plasmid expressing NH-tagged Mdh3pSKL. After differential centrifugation 
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Figuree 1. Subcellular distribution of acyl-CoA oxidase in wild-type and pex5 mutant cells. PexSA 
cellss were transformed with a plasmid encoding NH-tagged Mdh3p and either with a plasmid 
encodingg wild-type Pex5p (wild-type) or Pex5p(N393D) or were left untransformed (pex5A). Cells 
weree grown on oleate, converted to spheroplasts and cleared homogenates (H) were subjected to 
differentiall  centrifugation at 25,000 x g.The obtained pellet fractions (P) and supernatant fractions 
(S)) were analyzed by immunoblotting using antibodies specific for the NH epitope, acyl-CoA 
oxidasee and thiolase (A), or by measuring the enzyme activity of catalase A (B) 

att 25,000 x g, the obtained organellar pellet fractions and supernatant fractions were 
analyzedd by immunoblotting with antibodies specific for acyl-CoA oxidase, 3-
ketoacyl-CoAA thiolase and the NH epitope. In addition, catalase A (a PTS1 protein) 
enzymee activity was measured in the fractions. Figure 1A shows that Mdh3p and 
acyl-CoAA oxidase are mislocalized to the 25,000 x g supernatant fractions of pex5A 
cells,, although a significant amount of both proteins was recovered from the 25,000 x 
gg pellet fractions. Catalase A predominantly appeared in the supernatant fraction of 
pexSApexSA cells (Figure IB). Acyl-CoA oxidase on the other hand, was exclusively 
localizedd in the 25,000 x g pellet fraction in pex5A cells expressing wild-type Pex5p 
andd in pex7A cells (Figure 1A and data not shown). To further investigate the effect 
off  Pex5p on the import of acyl-CoA oxidase, we analyzed the subcellular localization 
off  the oxidase in pex5A cells expressing the Pex5p(N393D) mutant. Pex5p(N393D) 
hass been characterized as a mutant that is specifically disturbed in the interaction with 
PTSS 1 sequences and has lost the ability to import PTS 1 -containing proteins (Klein et 
al.,, 2001). The subcellular distribution of acyl-CoA oxidase in cells expressing 
Pex5p(N393D)) was comparable with the distribution in cells expressing wild-type 
Pex5pp (Figure 1A). In contrast, the subcellular distribution of Mdh3p and catalase A 
wass comparable with that in pex5A cells, indicating that both proteins are 
mislocalizedd to the supernatant fraction in the pex5 mutant cells (Figure 1A and IB). 
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Figuree 2. Membrane translocation of acyl-CoA oxidase requires Pex5p, but not the PTS1 binding-
sitee of Pex5p. Wild-type, pex5A, pex3A and pex7A strains (A) and pexSA cells co-expressing NH-
Mdh3pp and Pex5p(N393D) (B) were grown on oleate and converted to spheroplasts. Cleared 
homogenatess were exposed to proteinase K for the time indicated in either the presence (+) or in the 
absencee (-) of 0.15% Triton X-100 (TX100). Samples were analyzed by immunoblotting with 
antibodiess specific for acyl-CoA oxidase, thiolase and the NH epitope 

Thee subcellular distribution of the PTS2 protein 3-ketoacyl-CoA thiolase was not 
affectedd in either pex5A cells or Pex5p(N393D) mutant cells (Figure 1A). Together 
thesee results suggest that peroxisomal targeting of acyl-CoA oxidase is mediated by 
Pex5p,, but appears to be independent of the PTS1 binding site of Pex5p. 
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Too proof that the acyl-CoA oxidase recovered in the 25,000 x g pellet of pex5A 
cellss and the Pex5p(N393D) mutant represents true import into peroxisomes, a 
proteasee protection experiment was carried out. Cells from wild-type, pex3A, 
pex5Apex5A and pex7A strains were spheroplasted and lysed in hypotonic buffer. Equal 
amountss of cleared homogenates were exposed to proteinase K in the absence or 
presencee of detergent (Figure 2A). The PTS2 matrix protein thiolase was used as an 
internall  control for peroxisomal membrane integrity in the pex5A and wild-type 
strains.. The protease protection experiment in the pex3A strain served as a control for 
proteinn degradation in the absence of detectable peroxisomal membrane remnants 
(Baerendss et al., 1996; Hettema et al., 2000; Wiemer et al., 1996). In wild-type cells 
acyl-CoAA oxidase is protected from protease degradation in the absence of detergent, 
butt is completely degraded in the presence of detergent, indicating that the protein 
hass been imported into peroxisomes (Figure 2A). Similar results were found 'mpex7A 
cells.. These results show that acyl-CoA oxidase does not use the PTS2 targeting 
pathwayy for its import into peroxisomes. By contrast, in pex5A cells acyl-CoA 
oxidase,, was rapidly broken down in the absence of detergent, whereas thiolase was 
nott affected by Proteinase K activity. These results reveal that import of acyl-CoA 
oxidasee into peroxisomes is dependent on Pex5p. To further analyze Pex5p-
dependentt import of acyl-CoA oxidase, we performed a protease protection 
experimentt in pex5A cells expressing the mutant Pex5p(N393D). Figure 2B shows 
thatt the PTS1 protein Mdh3p is rapidly degraded in the absence of detergent, which 
indicatess that Mdh3p is not protected by a membrane in the Pex5p(N393D) mutant. 
Thiss finding suggests that the presence of Mdh3p in the organellar pellet of the 
Pex5p(N393D)) mutant in the subcellular fractionation experiment (Figure 1A) is 
likelyy the result of aspecific association with membranes or protein aggregates. Acyl-
CoAA oxidase on the other hand, showed complete protection from the protease in the 
Pex5p(N393D)) mutant, indicating that the oxidase has been translocated across the 
peroxisomall  membrane (Figure 2B). Taken together, the results show that 
peroxisomall  import of acyl-CoA oxidase requires the PTS1 receptor Pex5p, although 
importt of acyl-CoA oxidase may not be mediated via classical recognition and 
bindingg of a PTS1 sequence by Pex5p. 

DISCUSSION N 

Heree we report that in the yeast S. cerevisiae, the peroxisomal matrix protein 
acyl-CoAA oxidase depends on the PTS1 receptor Pex5p for correct targeting and 
importt into peroxisomes. Import of acyl-CoA oxidase does, however, not require the 
recentlyy characterized PTS1 binding site in Pex5p (Gatto et al., 2000; Klein et al., 
2001).. We show by differential centrifugation and protease protection assays that the 
Pex5p(N393D)) mutant, which is selectively disturbed in the interaction with PTS1 
proteins,, specifically affects the subcellular localization of PTS1 proteins, but not of 

123 3 



ChapterChapter 5 

acyl-CoAA oxidase. Further analysis of peroxisomal protein import using protease 
protectionn assays revealed that acyl-CoA oxidase is mistargeted to the cytosol in 
pex5Apex5A cells, whereas it is still imported in peroxisomes of the Pex5p(N393D) mutant. 
Inn line with these findings, the Pex5p(N393D) mutant still bound to acyl-CoA 
oxidasee in the two-hybrid assay (data not shown), whereas interaction with PTS1 
proteinss Mdh3p and GFP-PTS1 was abolished (Klein et al., 2001). Similarly, 
truncationn of the C-terminal TPR domains 5-7 of Pex5p, which are essential for the 
interactionn with PTS1 sequences (Brocard et al., 1994; de Walque et al., 1999; Dodt 
ett al., 1995; Gatto et al., 2000; Klein et al., 2001; Szilard and Rachubinski, 2000; 
Terleckyy et al., 1995), did not inhibit the two-hybrid interaction with acyl-CoA 
oxidasee (data not shown). Together, these findings show that Pex5p binds acyl-CoA 
oxidasee in a way that is different from the interaction with PTS1-containing proteins. 
Thee carboxyterminal sequence I-N-K of 5. cerevisiae acyl-CoA oxidase does not 
matchh the PTS1 consensus, just like the homologous acyl-CoA oxidases in Y. 
lipolyticalipolytica and C. tropicalis, that contain the carboxyterminal sequence D-E-E and L-
K-S,, respectively. Since these oxidases do not possess a PTS2, it is likely that 
peroxisomall  targeting and import is facilitated by an alternative targeting signal. Two 
regionss bearing internal targeting signals have been identified in C. tropicalis acyl-
CoAA oxidase (Small et al., 1988). However, the important residues within these 
targetingg regions were not identified. The existence of an alternative targeting 
sequencee has also been suggested for S. cerevisiae carnitine acetyl transferase (CAT). 
AA PTS 1-deleted version of CAT interacts with Pex5p in the two-hybrid assay and, in 
addition,, can be imported into the peroxisome independent of its PTS1 sequence 
(Elgersmaa et al., 1995). It may not be surprising that, just like S. cerevisiae acyl-CoA 
oxidase,, CAT efficiently binds Pex5p(N393D) in the two-hybrid assay (data not 
shown).. H. polymorpha malate synthase and Y. lipolytica acyl-CoA oxidase have 
previouslyy shown to be imported in a Pex5p-dependent manner (Szilard et al., 1995; 
Vann der Klei et al., 1995), although a PTS1 sequence is absent in these proteins . It 
wouldd be of interest to investigate which sequences target these proteins to the 
peroxisomee and whether these sequences are conserved and are involved in the 
interactionn with Pex5p. The existence of additional binding sites on Pex5p that do not 
contactt the PTS1 tripeptide is supported by interaction studies with synthetic PTS1-
containingg peptides and Pex5p. These studies have shown that amino acids adjacent 
too the PTS 1 sequence play an essential role in determining the affinity of binding to 
Pex5pp and the specificity of interaction with Pex5 proteins from different species 
(Lametschwandtnerr et al., 1998). For several PTS 1-containing proteins it has been 
shownn that the PTS 1 sequence is necessary but not sufficient for peroxisomal import, 
suggestingg that specific protein sequences other than the PTS1 support targeting or 
importt of these proteins (Bongcam et al., 2000; Motley et al., 1995; Mullen et al., 
1997;; Purdue and Lazarow, 1996). 

Thee different binding sites on Pex5p for PTS 1-containing proteins and for 
proteinss such as acyl-CoA oxidase and CAT could also explain the findings of Zhang 
ett al. (1993), who described a S. cerevisiae mutant (peb5-I) that mislocalized catalase 

124 4 



Acyl-CoAAcyl-CoA oxidase import is dependent on PexSp 

AA to the cytoplasm, whereas 3-ketoacyl-CoA thiolase and acyl-CoA oxidase were 
imported.. Which gene is mutated in the peb5-l cells is however not known, although 
itt is tempting to speculate that peb5-l cells contain a mutation in the PEX5 gene that 
affectss PTS1 binding. It is however not known whether the peb5-l mutant is 
analogouss to a pex5 mutant. Despite of the differential import of PTS1 proteins and 
acyl-CoAA oxidase, it cannot be excluded yet that the carboxyterminal sequence I-N-K 
off  S. cerevisiae acyl-CoA oxidase is a functional PTS 1 sequence. To provide further 
evidencee that this sequence is not a functional PTS 1, a set of additional experiments 
aree required. The subcellular localization of the carboxyterminal deleted version of 
acyl-CoAA oxidase(A I-N-K) in wild-type cells and of a reporter protein containing the 
tripeptidee I-N-K at its carboxyterminus could indicate whether the carboxyterminal 
tripeptidee contains targeting information. Additional binding studies with acyl-CoA 
oxidase(AA I-N-K) and Pex5p could show whether the I-N-K tripeptide is involved in 
thee interaction with Pex5p. It should be noted that Mdh3p with a C-terminal 
extensionn ending in the sequence S-N-K (indicated as MDH3APTS1 in Elgersma et 
al.,, 1996) is mislocalized to the cytoplasm of wild-type S. cerevisiae cells, indicating 
thatt this sequence is not functional in peroxisomal targeting. 
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Summary y 

Peroxisomess are organelles that are involved in a number of metabolic 
processess in the cell. These organelles are present in virtually all eukaryotic cells. In 
man,, defects in peroxisomal function can result in serious disease, in which a large 
numberr of organ functions is affected. Several peroxisomal disorders in man are can 
bee caused by (complete or partial) failure in the biogenesis of peroxisomes. The 
biogenesiss of peroxisomes is mediated by a number of proteins named Pex proteins 
orr Peroxins. The two major aspects in peroxisome biogenesis are 1) the formation of 
thee peroxisomal membrane and insertion of proteins into this membrane 2) the 
transportt of proteins that are synthesized in the cytoplasm and that need to find their 
wayy across the peroxisomal membrane to reach the peroxisome lumen. Although the 
amountt of newly identified Peroxins that are involved in the import of proteins into 
peroxisomess is still growing, the actual mechanism of protein import is still 
unknown. . 

Thiss thesis focuses on the factors that are involved in the import of 
peroxisomall  proteins in the yeast Saccharomyces cerevisiae (baker's yeast). The 
peroxisomall  protein import system is formed by a number of Peroxins. Some of these 
Peroxinss are able to interact with each other and take part in a complex of proteins. 
Thee Peroxin Pex5p can bind to a specific targeting signal sequence, the PTS1. A 
proteinn that carries a PTS1 is depending on Pex5p for its targeting to the lumen of the 
peroxisome.. In most organisms Pex5p is localized both in the cytoplasm and at the 
peroxisome.. It is assumed that Pex5p acts as a mobile receptor that picks up newly 
synthesizedd PTS 1-proteins in the cytosol and brings them to the peroxisome. At the 
peroxisomall  membrane the receptor binds two membrane proteins, Pexl3p and 
Pexl4p.. Here, the PTS 1-protein is handed over for transport across the membrane. 

Pexl3pp is a Peroxin that contains an SH3 domain. SH3 domains are generally 
foundd in proteins that are involved in highly dynamic processes in the cell. Thus far 
Pexl3pp is the only SH3-domain containing protein identified to play a role in the 
importt of proteins into an organelle. SH3 domains bind specific sequences, called 
PXXPP motifs. One of the SH3 binding partners, Pexl4p, contains such a PXXP 
motif.. The second binding partner of the Pexl3p SH3 domain is Pex5p. 

Thee complex that is formed by Pexl 3p-SH3, Pexl4p and Pex5p is described in 
moree detail in chapters 2 and 3. Specific mutations that disrupt the interactions 
betweenn Pexl3p-SH3 and Pex5p or Pexl4p show that 1) the interaction between the 
twoo membrane proteins Pexl3p and Pexl4p is essential for the import of peroxisomal 
proteinss and that 2) Pexl4p and Pex5p bind the Pexl3p SH3 domain at different sites. 
Secondaryy structure analysis combined with the analysis of mutations in Pex5p and 
Pexl3-SH33 predicts a novel interaction between the Pexl3p SH3 domain and the 
Pex5pp ligand. This interaction is not essential for the association of Pex5p to the 
peroxisome. . 
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Chapterr 4 deals with several factors that determine the peroxisomal 
localizationn of Pex5p. One of these factors is the carbon source on which yeast cells 
grow.. Furthermore, Pexl4p appears to be essential for peroxisomal localization of 
Pex5p.. The results suggest a certain sequence of events in the first steps in 
peroxisomall  protein import. 

Finally,, chapter 5 focuses on a protein that does not contain a recognizable 
PTSS sequence. This protein is nevertheless imported into the peroxisome. The import 
appearss to be dependent on Pex5p, but not on the Pex5p bindingsite for PTS1 
sequences.. This suggests that Pex5p can also bind another, yet undefined signal 
sequencee and that Pex5p is capable to act as a receptor for proteins with this signal 
sequence. . 
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Samenvatting g 

Peroxisomenn zijn organellen die betrokken zijn bij een tal van metabole 
processenn in de cel. Deze organellen komen voor in vrijwel elke eukaryote cel. 
Defectenn in het functioneren van peroxisomen kunnen in de mens resulteren in milde 
tott zeer ernstige ziekten, waarbij een groot aantal orgaanfuncties is aangedaan. Een 
aantall  peroxisomale ziekten in de mens kunnen bijvoorbeeld hun oorzaak vinden in 
hett (al dan niet gedeeltelijk) falen in de aanmaak van peroxisomen. De aanmaak van 
hett peroxisoom wordt gedirigeerd door een aantal eiwitten genaamd Pex eiwitten of 
Peroxins.. De twee voornaamste aspecten in de aanmaak van peroxisomen zijn 1) de 
formatiee van de peroxisomale membraan en de eiwitten die daarin gevoegd worden, 
enn 2) het transport van eiwitten die in het cytoplasma worden gemaakt en hun weg 
overr de peroxisomale membraan moeten vinden om het peroxisomale lumen te 
bereiken.. Hoewel het aantal nieuw geïdentificeerde Peroxins dat betrokken is bij de 
importt van peroxisomale eiwitten nog steeds groeit, is het eigenlijke proces van 
eiwitimportt nog steeds een mysterie. 

Inn deze dissertatie ligt het accent op factoren die betrokken zijn bij de import 
vann peroxisomale eiwitten in de gist Saccharomyces cerevisiae (bakkersgist). Het 
peroxisomalee eiwitimportsysteem wordt gevormd door een aantal Peroxins waarvan 
sommigee door interakties een complex kunnen vormen. Het Peroxin Pex5p kan 
bindenn aan een specifieke signaalsequentie, de PTS1. Een eiwit dat een PTS1 draagt 
iss afhankelijk van Pex5p om in het peroxisomale lumen te belanden. In de meeste 
organismenn is Pex5p zowel in het cytoplasma als op het peroxisoom gelokaliseerd. 
Aangenomenn wordt dat dit Pex5p als mobiele receptor fungeert om nieuw 
gesynthetiseerdee PTS1-eiwitten vanuit het cytoplasma naar het peroxisoom te 
brengen.. Op de peroxisomale membraan aangekomen kan de receptor aan twee 
membraaneiwitten,, Pexl3p en PexHp, binden en wordt het PTS 1-eiwit overgedragen 
voorr transport over de membraan. 

Pexl3pp is een Peroxin dat in het bezit is van een SH3 domein. Zo'n domein 
wordtt in veel eiwitten gevonden die betrokken zijn bij zeer dynamische processen 
binnenn de cel. Tot dusverre is Pexl3p het enige SH3-bevattende eiwit dat een rol 
speeltt bij de import van eiwitten in een organel. SH3 domeinen hebben de eigenschap 
specifiekee sequenties, de zogenaamde PXXP motieven, te binden. Pexl4p, één van de 
bindingspartnerss van het SH3 domein van Pexl3p, bezit zo'n PXXP motief. Pex5p is 
dee tweede bindingspartner van het Pexl3p-SH3 domein. 

Inn hoofdstuk 2 en 3 wordt het complex dat wordt gevormd door het SH3 
domeinn van Pexl3p en Pexl4p en de receptor Pex5p nader bestudeerd. Specifieke 
mutatiess die interakties verstoren tussen Pexl3p SH3 en Pexl4p of Pex5p tonen aan 
datt 1) complex vorming van de twee membraaneiwitten Pexl3p en Pexl4p essentieel 
iss voor import van peroxisomale eiwitten en dat 2) Pexl4p aan een andere plaats op 
hett Pexl3p-SH3 domein bindt dan Pex5p. Secundaire structuur analyse 
gecombineerdd met de analyse van mutaties in Pex5p en Pexl3-SH3 voorspelt een 
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nieuwee vorm van interaktie tussen SH3 domein en ligand. Deze interaktie blijkt niet 
essentieell  te zijn voor associatie van Pex5p aan het peroxisoom. 

Inn hoofstuk 4 wordt verder ingegaan op factoren die de peroxisomale 
lokalisatiee van Pex5p bepalen. Een van die factoren is de koolstofbron waarop de 
gistcellenn worden gegroeid. Voorts blijkt Pexl4p essentieel voor peroxisomale 
lokalisatiee van Pex5p. De resultaten leiden tot speculatie over de volgorde van 
evenementenn in de eerste stappen van peroxisomale eiwitimport. 

Tenslottee staat in hoofdstuk 5 een eiwit centraal dat geen herkenbare PTS1 
signaalsequentiee heeft. Toch wordt dit eiwit geïmporteerd in het peroxisoom. De 
importt blijkt afhankelijk te zijn van Pex5p, maar niet van de gekarakteriseerde 
bindingsplaatss voor de PTS1 in Pex5p. Dit suggereert dat Pex5p, behalve PTS1 
sequentiess ook een andere, nog onbekende signaalsequentie kan binden en als 
receptorr voor eiwitten met deze sequentie kan functioneren. 
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