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ABSTRAC T T 

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

forr peroxisome biogenesis but for most of them their precise function 

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

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

AAAA peroxin Pexóp. This interaction functionally interconnects these two 

hithertoo unrelated peroxins. Pex15p provides the mechanistic basis for 

thee targeting of Pexóp to peroxisomal membranes. Using deletion and 

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

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

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

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

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

indicatingg that the interaction of Pexóp with Pex15p required binding of 

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

completelyy abolished growth on oleate and led to a considerably larger 

fractionn of pelletable Pexóp. The nature of these mutations suggested 

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

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

overcomee by overexpression of Pex15p suggesting that the activity of 

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

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

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

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

discussed. . 

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

Eukaryoticc cells sequester different cellular functions within distinct 

membraness and membrane-bound organelles. This highly compartment-

alizedd nature of the eukaryotic cell requires specific mechanisms to sort 

andd deliver proteins vectorially and efficiently from their common site of 

synthesiss to their diverse destinations. 

Onee of these compartments is the peroxisome which catalyzes a large 

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

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

organismss and tissues flexibly adapt peroxisome number, size and 

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

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

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

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

inn heterotypic and homotypic membrane fusion respectively, it has been 

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

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

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

supportedd for peroxisomal vesicle populations of the yeast Yarrowia 

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

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

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

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

thee reported ATP-dependence of matrix protein import into peroxisomes 

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

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

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

recentlyy been supported by an epistasis analysis in Pichia pastoris which 

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

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

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

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

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

havee been described from several organisms and mutations in the genes 

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

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

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

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

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

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

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

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

proteinn machinery required for peroxisome biogenesis we identified the 

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

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

Pex15pp is a peroxisomal integral membrane protein with most of its 

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

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

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

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

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

MATERIAL SS AN D METHODS 

StrainsStrains and culture conditions 

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

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

Piasmids Piasmids 

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

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

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

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

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

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

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

resultingg in plasmid plB6/3. 

Furtherr expression constructs were based on YEplac33 (Gietz and 

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

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

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

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

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

Mutationss were introduced using the Stratagene QuickChange site-

directedd mutagenesis kit, primers were AS1 and AS2 introducing the 

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

PEX6K489APEX6K489A mutation was cloned from plasmid plB6/17 using restriction 

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

PCRR using specific primers introducing restriction sites. Cloning of 

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

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

YCplac222 based vector which contained the wild-type PEX15 

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

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

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

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

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

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

sequencing. . 

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

weree cloned into the DNA binding domain containing plasmid pPC86 

andd the transcription activation domain containing pPC97 (Chevray and 

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

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

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

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

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

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

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

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

usedd to replace the corresponding fragment of plasmid pBM21, resulting 

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

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

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

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

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

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

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

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

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

terminuss and the second domain were digested at the primer derived 

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

fragmentss were inserted into the corresponding sites of the plasmid 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

andd EcoRI and Spel (D2). 

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

PCRR using primers KU217 and KU218 and genomic DNA as template 

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

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

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

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

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

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

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

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

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

1044 corresponding sites of the two-hybrid vector pPC86. 



Pexll 5p acts as membrane anchor of Pexóp 

AA library of randomly mutagenizised PEX75(nt1-987) was created by gap 

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

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

wass transformed into HF7c cells together with a linearised plasmid pPC86 

withh overlapping regions of the PEX15AC55 resulting into circular 

plasmidss produced by homologous recombination. The colonies, that 

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

mutantt plasmids were rescued from these colonies for further analysis. 

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

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

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

PGEM-111 using restriction sites Sad and Hindlll. 

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

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

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

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

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

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

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

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

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

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

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

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

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

Alll point mutations used were confirmed by DNA sequencing. 

Recombinantt DNA techniques, including enzymatic modification of DNA, 

fragmentt purification, bacterial transformation, and plasmid isolation were 

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

Maniatiss etal. (1982). 

antibodies antibodies 

Rabbitt polyclonal anti-Pex6p antibodies were raised against a synthetic 

peptidd (KLLYLGIPDTDTKQLN) corresponding to amino acids 895-910 

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

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

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

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

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

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

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

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

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

Two-hybridTwo-hybrid  analysis 

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

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

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

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

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

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

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

plasmidss was selected on glucose plates lacking leucine and tryptophan. 

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

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

CC to include possible temperature sensitive mutants. The colonies that 

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

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

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

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

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

weree analyzed. 

inn vitr o protein  binding  assays 

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

performedd by using the Promega T7 TNT rabbit reticulocyte lysate 

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

methioninee to the lysate. For immunoprecipitation experiments equal 

amountss of lysate containing radioactively labelled Pexóp were combined 

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

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

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

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

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

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

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

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

SDSS and resuspended in Laemmli buffer. 

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

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

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

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

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

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

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

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

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

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

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

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

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

glutathione. . 

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

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

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

Microscopy Microscopy 

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

paraformaldehydee and 0.5% glutaraldehyde. Immunolabelling of ultra-

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

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

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

Axiophott 2 microscope with 100 times magnification. 

Fractionations Fractionations 

Oleatee induced cells were subcellularly fractionated as described 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

byy SDS-PAGE and Western blott ing. 

ProteinProtein  extracts 

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

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

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

glasss beads were centrifugated for 10 minutes (Eppendorf centrifuge 

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

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

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

PAGEE and Western blott ing. 

RESULTS S 

InteractionInteraction  between  Pexóp  and Pex15p 

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

contr ibutee to the biogenesis or maintenance of peroxisomes 

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

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

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

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

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

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

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

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

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

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

nott support transcription activation of the reporter genes. The interaction 

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

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

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

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

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

Sincee the interaction between Pexóp and Pex15p was detected in a 

homologouss context it was important to prove a direct interaction and 

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

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

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

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

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

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

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

autoradiographyy the amount of labeled Pexóp in different samples was 

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

a-NH H 
NH-Pex15p p 
Pex6p' ' 

a-NH H 
Pex15p p 
Pex6p* * 

a-NH H 

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

wass observed. When the same amount of untagged Pex15p was 

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

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

indicatess that Pex15p and Pexóp are capable of interacting in vitro 

independentlyy of other yeast proteins. 

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

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

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

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

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

weree eluted from the column with glutathione and analyzed by Western 

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

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

wass observed in control experiments, using GST bound to glutathione 

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

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

protein. . 

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

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

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

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

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

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

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

thee Pex6p/Pex15p interaction is ATP-dependent 

DomainsDomains  of  Pexóp  and Pex15p involved  in  the interaction 

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

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

thee mutual interaction were studied. 

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

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

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

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

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

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

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

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

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

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

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

/acZ/acZ gene activation as obtained with the N-terminus of Pexó alone 

(Figuree 5A). 

Similarr studies with truncated versions of Pex15p showed that the N-

terminall part of Pex15p(aa 1-151) which protrudes in the cytosol is 

sufficientt for interacting with Pexóp (Figure 5B). To study this in more 

detaill a mutant library was made by error prone PCR of the first part of 111 
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Figur ee 4: Schematic representation 
ofof two-hybrid interaction 
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Figur ee 5: Two-hybrid interaction of 
PexópPexóp and Pex15p. PCY2 
transformantstransformants expressing 
thethe indicated fusion protein 
combinationcombination of (A) Pexóp 
truncationstruncations and Pex15p, (B) 
Pex15pPex15p truncations and 
PexópPexóp and (C) Pexóp point 
mutationsmutations and Pexl5p were 
analyzedanalyzed for B-galactosidase 
activityactivity by filter assay using 
X-galX-gal as a substrate. Three 
representativerepresentative independent 
doubledouble transformants are 
shownshown (lanes 1-3). 
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Tablee II: Mutations found in 3 PEX15 mutants that lost their capacity to interact 
withwith Pexóp in a two-hybrid assay 

mutantt name nt mutation aa mutation change in aa 

mutantt 15.1: nt 66 A->T aa 22 L->F small->big 

mutantt 15.2: nt 65 T->C aa 22 L->S apolar->polar 

nt3933 A->G aa 131 K->K 

mutantt 15.3: nt 140 T->A aa 47 Q->L hydrophilic->hydrophobic 

ntt 149 T->C aa 50 V->A small difference 

Pex15p(aaa 1-329). Pex15 mutants defective in interaction with Pexóp in 

thee two hybrid trap were selected and mutants were chosen that still gave 

risee to full-length protein on the basis of Western blot analysis. This screen 

resultedd in three temperature sensitive mutants (pex15.1/2/2) that showed 

aa disturbed growth phenotype at , but not at . The plasmids 

containingg a mutated PEX15 gene were rescued from yeast and their 

sequencee was determined. All mutations were found in the N-terminal 

partt of Pex15p(aa 1-151) (Table II). Moreover, this result indicates that the 

aminoo acids at positions 22, 47, and/or 50 of Pex15p are important for the 

interactionn of Pex15p with Pexóp. 

AttemptsAttempts  to  determine  the biological  role  of  Pexóp  and Pex15p in  vivo 

Thee contribution of Pexóp and Pex15p to peroxisome biogenesis is well 

establishedd on the basis of the phenotypes of the null mutants. Both 

pexóApexóA {Hettema et a/., 1999) and pex15A (Elgersma et a/., 1997) mutants 

showw a characteristic pex phenotype with only residual, ghost-like 

peroxisomall structures. Here we analyze the effects of more subtle 

alterationss in Pexóp and Pex15p. 

Thee mutated PEX15.1/2/3 ORFs were cloned into an expression vector and the 

resultingg constructs were transformed into pex15A cells. The growth of these 

cellss on oleate was tested (Figure 6): the PEX15.1 and PEX15.3 mutants 

showedd a diminished growth at ; at C their growth was normal. The 

PEX15.2PEX15.2 mutants growth was even more seriously disturbed. Although 

peroxisomee biogenesis is not completely inhibited in these mutants there is an 

effectt on peroxisome biogenesis when the Pex15p-Pex6p interaction is 

disturbed. . 

Thee AAA peroxin Pexóp contains two AAA cassettes (D1 and D2) and thus 

twoo consensus ATP-binding sites. To determine whether these cassettes are 113 
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Figuree 6: Growth on selective oleate of pex75A cells with plasmid based 
expressionexpression of Pex15p(aal-315) (+), empty vector (-), pex15.1, 2 and 3 at 
1818 and  Equal amounts of cells were spotted. 

essentiall for peroxisome biogenesis we used site-directed mutagenesis to 

createe mutants with point mutations in Walker A (A mutants) or Walker B (B 

mutants)) motifs of either the first or the second cassette. The resulting mutants 

weree designated: Pex6pA1 (K489A), Pex6pA2(K778A), and Pex6pB2 

(D831Q/E832Q).. It was not necessary to create a B1 point mutation because 

wild-typee Pex6p contains an alanine residue at the critical position (aa 548). 

Wee tested the mutant constructs using the oleate plate assay for their 

abilityy to complement the pex phenotype of the pexó null mutant. As 

demonstratedd in Figure 7A, the pexó null mutant expressing Pexóp 

mutatedd at the first ATP-binding site (A1) showed the wild-type phenotype 

withh respect to growth on oleic acid medium. In contrast, the pexó null 

mutantss expressing Pexóp mutated at the second ATP-binding or 

hydrolysiss site (A2 and B2) were not able to grow on oleic acid as sole 

carbonn source. 

AA more detailed analysis using growth in liquid cultures resulted in 

growthh curves of oleate induced wild-type, pexóA and PEX6 point mutants 

whichh indeed indicated that A1 has a growth rate comparable to that of 

wild-typee cells, while the other mutants (A2 and B2) hardly grew better than 

pexózll (Figure 7B). The data obtained with mutant A1 indicate that a 

weakenedd interaction between Pex15p and Pexóp (see below) does not 

disturbb the formation of functional peroxisomes. A2 and B2 on the other 

hand,, which have a strong interaction with Pex15p (see below), initially 

greww better than a complete pexóA, but after one day stopped growing 

furtherr (at an O D 6 0 0 of approximately 0.55). Obviously, when ATP-binding 

too the second ATPase domain of Pexóp is disturbed peroxisome 

biogenesiss is disturbed too, even though this is not caused by a defect in 

1144 interaction with Pex15p. 



Pex15pp acts as membrane anchor of Pexóp 

10-fol dd dilution s 

B B 

800 100 
timee (hours ) 

dd type 
-»-pex6J J 
-*-pex6. 11 + GFP-Pex6p 

-9-pexSA-9-pexSA  + GFP-Pex6pA1 
-e-pexö JJ + GFP-Pex6pA 2 
-*-pex6/ ll  * GFP- Pex6pB2 

600 80 100 

timee (hours) 

160 0 

ee -*-pex6A  + GFP- Pex6pA1 + NH-Pex15p 
-»-pex6 JJ + NH-Pex15p -e-pexS J + GFP- Pex6pA 2 + NH-Pex15p 
-*-pex6 JJ + GFP-Pex6p  NH-Pex15p -—pexSA  * GFP- Pex6pB 2 + NH-Pex1Sp 

Figuree 7: (A) Growth behaviour on oleic acid medium (YNO) of wild-type, pexóA and 
pexóAA expressing wild-type or point mutated PEX6. Growth on YNO agar 
platesplates is indicated by a typical halo reflecting the consumption of oleic acid. 
(B)(B) + (C) Growth curves of pexóA mutants on oleate medium. The growth 
andand growth rate of wild-type, pexóA, pexóAl, pex6A2 and pex6B2 are 
compared.compared. This is shown without (B) and with (C) co-expression of NH-
Pex15p. Pex15p. 115 5 



Chapterr 4 

Furthermore,, growth on oleate was also tested when NH-Pex15p was 

overexpressedd (controlled by the catalase promoter, approximately 80 

timess its endogenous level). As shown in Figure 7C, NH-Pex15p expression 

didd hardly influence the growth of cells expressing GFP-Pex6p or GFP-

Pex6pA1.. NH-Pex15p expression in cells containing GFP-Pex6pA2 or 

GFP-Pex6pB22 had a remarkable effect on growth, the growth defect 

causedd by the mutations in Pexóp was completely abolished. The 

presencee of a larger amount of Pex15p can rescue the phenotype of pex6 

mutantss which are presumed to bind/hydrolyse ATP in their second 

ATPasee domain. Although these unexpected results cannot be readily 

explained,, they clearly show that the relative levels of Pex15p and Pexóp 

aree important for peroxisome function, suggesting a functional 

dependencee of these peroxins on each other. 

Inn order to investigate whether ATP-binding and/or hydrolysis is critical 

nott only for growth on oleate (functional test for peroxisome biogenesis) 

butt also for the described Pex6p/Pex15p interaction we introduced the 

variouss mutant forms of Pexóp carrying point mutations in the ATP-

bindingg and hydrolysis sites of both AAA cassettes in two-hybrid vectors 

andd tested the interaction with Pex15p(aa1-315). Compared to wild-type 

Pexóp,, only the A1 mutation of the Walker A motif in the first AAA-domain 

(D1)) resulted in a clearly reduced interaction with Pex15p (Figure 5C). 

Mutationss in the second AAA-domain of Pexóp (A2 and B2) showed no 

effect.. These results demonstrate that the ability of the first AAA 

cassettess of Pexóp to bind ATP, considerably strengthened the 

interactionn of Pexóp and Pex15p. 

InterplayInterplay  between  Pexóp  and Pex15p in  relation  to  their  cellular  location 

Endogenouss (full-length) Pex15p can only be detected on peroxisomal 

membraness (Elgersma et a/., 1997). The localization of Pexóp as studied 

inn several organisms by various techniques is controversial. To detect 

Pexópp using a variety of techniques we tagged it with GFP at its N-

terminus.. Addition of this tag does not influence the function of Pexóp 

sincee GFP-Pex6p is fully capable of restoring growth on oleate in a strain 

withh a pex6 deletion (data not shown). 

Pexópp contains two putative transmembrane domains and some reports 

describee it as a membrane or membrane-associated protein. To distinguish 

betweenn these alternatives we used the observation that most integral 

1166 membrane proteins can be synthesized in pex3A (and pex19A) cells but 



Pex15pp acts as membrane anchor of Pex6p 

^ > > 
«s s 

^^  > 

GFP-Pex6p p 

Pex6pp + 
background d 

Figur ee 8: Stability of GFP-Pex6p in pex3A 
cells.cells. Protein extracts of oleate 
inducedinduced wild-type and pex3A cells 
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equalequal amounts of GFP-Pex6p. This 
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Figur ee 9: Fractionations of pexóA cells expressing GFP-tagged Pexóp, Pex6pA1, 
Pex6pA2,Pex6pA2, Pex6pB2 or both GFP-Pexóp and NH-Pex15p. The 
fractionationfractionation of GFP-Pex6p is also shown in pex15A cells. H= 
homogenatehomogenate of spheroplasted cells, P= 25,000 x g organellar pellet, S= 
25,00025,000 x g supernatant. 

thatt they are rapidly degraded, whereas peripheral peroxisomal membrane 

proteinss are not (Hettema et a/., 1999). When comparing Pexóp levels from 

steadyy state grown wild-type cells and pex3A cells both expressing GFP-

Pexóp,, there is nota clear difference in the amount of GFP-Pexóp (Figure 8). 

Thiss resistance to degradation suggests that Pexóp is not an integral 

membranee protein but at the most a temporarily membrane associated 

protein. . 

Wee next fractionated pex6A cells expressing GFP-Pexóp in a 25,000 x g 

organellarr pellet and a cytosolic supernatant. GFP-Pexóp was found to be 

mainlyy (approximately 80-90%) present in the supernatant (Figure 9). This 

indicatess that Pexóp is for the largest part or period of time cytosolic and 

forr a smaller part or period bound to or inside organelles. Because the 

interactionn between Pex15p and Pexóp can be disturbed by the presence 

off EDTA (which captures magnesium ions and which as a consequence 

preventss binding of ATP to Pexóp), the fractionation experiments were 

alsoo performed with a weaker chelating agent EGTA, without chelating 

agentt and without chelating agent at a physiological pH (pH 7). The 

resultt of these fractionation conditions was in all cases very similar to the 117 7 
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Figuree 10: Digitonin titrations of oleate induced pexóA cells expressing GFP-
PexópPexóp or GFP-Pex6pA1 without or with co-expression ofNH-Pexl5p. All 
samplessamples were obtained from equal amounts of spheroplasts, sample 1 
waswas untreated, samples 2 to 12 were treated with increasing amounts of 
digitonin,digitonin, sample 13 contained the maximal amount of protein present 
inin the samples. Western blots with anti-catalase antibodies indicate at 
whichwhich digitonin concentration peroxisomes start to leak. Hexokinase is 
aa cytosolic control and Tlglp is a control for small vesicles. 

resultt obtained in the presence of EDTA. In fact, EDTA in the fractionation 

bufferr or a low pH did not influence the result (data not shown). 

Fractionationn experiments were also carried out with strains carrying 

mutationss in the ATP-binding sites of Pexóp. The pellet/supernatant ratio 

off GFP-Pex6pA1 was very similar to that of GFP-Pex6p. The ratios of 

GFP-Pex6pA22 or GFP-Pex6pB2 were different, however, larger fractions 

weree pelletable (approximately 60%, Figure 9). When NH-Pex15p was 

overexpressedd (controlled by the catalase promoter) in wild-type cells, 

thee fractionation pattern clearly changed. The overexpression of NH-

Pex15pp made GFP-Pex6p for approximately 50% pelletable (instead of 

aboutt 10%). Thus a larger fraction of Pexóp is organelle bound when 

eitherr the A2 and B2 mutation or additional Pex15p is present. 

Thee presence of a large Pexóp cytosolic fraction is supported by an 

experimentt in which the plasma membrane was selectively permeabilized 

withh carefully titrated amounts of digitonin. GFP-Pex6p leaked out of 

spheroplastss together with the cytosolic protein hexokinase, when very 

loww concentrations of digitonin were present (Figure 10). GFP-Pex6pA1 

behavedd very similarly compared to GFP-Pex6p. However when 

additionall NH-Pex15p was expressed the GFP-Pex6pA1 pattern changed 

1188 less dramatically than that of GFP-Pex6p. Pex15p expression prevents the 

anti-catalase e 
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Pex6pp which can bind to it from leaking out and probably keeps it 
peroxisomee bound. However, since Tlglp, which is a SNARE located in 
smalll secretory vesicles, leaked out with almost the same characteristics 
ass hexokinase, we cannot exclude on the basis of this experiment that 
Pexópp is associated with small vesicles. 

Thee GFP-tagged Pexóp permitted us to study its localization by 
fluorescencefluorescence microscopy. GFP-Pex6p expressed in pex6A cells showed 
cytosolicc fluorescence with some tiny fluorescent dots (Figure 11). The 
patternn of GFP-Pex6pA1 was completely cytosolic, that of GFP-Pex6pA2 
andd GFP-Pex6pB2 was cytosolic with some punctated fluorescence. Co-
expressionn of NH-Pex15p in the cells with GFP-Pex6p, GFP-Pex6pA2 or 
GFP-Pex6pB22 resulted in more profound punctated fluorescence, still with 
residuall cytosolic fluorescence. In cells with GFP-Pex6pA1 on the other 
handd expression of NH-Pex15p did not result in such a clear difference in 
punctatee fluorescence pattern. These results confirm that in vivo the level 
off Pex15p has an effect on the cellular distribution of Pexóp. 

Finally,, we studied the localization of Pexóp with immuno EM. With 
antibodiess against the GFP-tag we visualized GFP-Pex6p, which was 
expressedd under control of the PEX5 promoter in wild-type and 
pexóAcellss (when using the PEX6 promoter no labeling could be 
achieved).. GFP-Pex6p was located in the area of cells in which 
peroxisomess or peroxisomal ghosts were present, however almost no 
labelingg was seen on the peroxisomal membranes themselves (Figure 
12).. GFP-Pex6p might be present in the cytosol or in/on membrane 
structuress distinct from peroxisomes, which we indicate as 'clouds' of 
GFP-Pex6p.. When the amount of Pex15p was increased (by expressing 
NH-Pex15pp controlled by the catalase promoter) in pexóA cells 
containingg GFP-Pex6p the localization of GFP-Pex6p changed; it was 
mainlyy on the peroxisomal membrane (Figure 11). In addition to this 
effectt on Pexóp localization we also note that these peroxisomes are 
oftenn surrounded by double membranes. GFP-Pex6p was found on 
doublee as well as on single peroxisomal membranes. In cells with GFP-
PexópAll normal peroxisomes were observed. In contrast, in cells with 
GFP-Pex6pA22 or B2 no normal peroxisomes could be detected, but 
ghostss were present. GFP-Pex6pA2 and B2 were both visualized by 
immunoo EM as clouds, no label was present on peroxisomal ghost 
membranes.. Also these mutant forms of GFP-Pex6p were recruited to the 
peroxisomall ghost membranes when NH-Pex15p was overexpressed. 119 
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Figur ee 11: Recruitment of GFP-Pex6p to peroxisomes when NH-Pex15p is expressed. 
FluorescenceFluorescence patterns of oleate induced pexóA cells expressing GFP-
taggedtagged Pexóp in (A) and (B), GFP-Pex6pA1 in (C) and (D), GFP-Pex6pA2 in 
(E)(E) and (F), GFP-Pex6pB2 in (G) and (H), without (A), (C), (E), (G) and with (B), 
(D),(D), (F), (H) co-expressed NH-Pex15p. 
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Figuree 12: Electron microscopic analysis of the location of Pexóp in oleate-grown 
pexóApexóA cells expressing GFP-tagged Pexóp in (A), (C), (E) and PexópB2 
inin (B), (D), (F) without (A), (B) and with co-expression of NH-Pexl5p 
behindbehind the catalase promoter (C)-(F)- The localization of NH-Pex15p is 
shownshown in (E), (F). Immuno EM was performed with anti-GFP (A)-(D) and 
anti-NHanti-NH (E), (F). Bar = 0.25 mM. 
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Combined,, these different technical approaches all support the notion 

thatt Pexóp has a dual localization: it is partially peroxisome bound via 

Pex15p,, whereas the largest part is cytosolic. Whether this cytosolic part 

representss free or structurally bound Pexóp, for instance in the form of 

veryy small vesicles, could not be established unambiguously. 

DISCUSSION N 

Pexópp is one of the two members of the AAA superfamily essential for 

peroxisomee biogenesis (Beyer, 1997; ht tp: / / mips.biochem.mpg.de/proj/ 

yeast/reviews/pex_table.html).. AAA proteins are ATPases which apparently 

couplee ATP-binding and hydrolysis by their distinct AAA cassette to a 

varietyy of other processes (Neuwald et a/., 1999). Pexóp consists of three 

differentt parts, the N-terminal region, the less well-conserved first AAA 

cassettee D1 followed by the well-conserved second cassette D2 (Voorn-

Brouwerr et a/., 1993). The occurrence of two distinct AAA cassettes in 

Pexópp provides an additional interesting aspect to the chemistry of this 

protein.. Insight into the mode of action of this AAA peroxin is thus an 

importantt step towards a molecular understanding of peroxisome 

biogenesiss and especially towards the energy requirements of this process. 

AA central result is that Pexóp is targeted to peroxisomal membranes by 

bindingg to the cytoplasmic part of the integral peroxisomal membrane 

proteinn Pex15p. This is supported by the following evidence: (a) The N-

terminall cytoplasmic part of Pex15p(aa1-315) interacted in the yeast 

two-hybridd assay with the N-terminal region of Pexóp whereas the D1 , D2 

andd D1+D2 fragments gave negative results. The binding site for this 

interactionn in Pex15p could be limited to amino acid residues 1 to 151. 

Thiss result is supported by the location of three point mutations, which 

weree all located within this area. These temperature-sensitive mutants 

showedd no interaction with Pexóp and exhibited no growth on oleate at 

thee non-permissive temperature, (b) This interaction is direct because it 

couldd be reconstituted in vitro both with proteins expressed in E. coli and 

withh proteins produced in a cell-free reticulocyte lysate. This central 

findingg functionally interconnects the hitherto unrelated two peroxins 

Pexópp and Pex15p by showing that they are physical partners in one of 

thee many distinct steps of peroxisome biogenesis. 

Thee behaviour of Pex15p and Pexóp was analyzed in further depth by 

1222 a combination of specific mutations in Pexóp and their in vivo effect on 

http://
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growthh on oleate. From the two hybrid interaction studies it is clear that 

whilee the N-terminal part of Pexóp alone shows weak but demonstrable 

intrinsicc binding activity to Pex15p another truncated version of Pexóp 

containingg the N-terminal part and D1 interacts even stronger than 

completee Pexóp. In contrast, the mutation A 1 , replacing the conserved 

lysinee by a glutamate in the D1 Walker A motif of full-length Pexóp, 

lowerss the binding activity of Pexóp to Pex15p to the intrinsic level of the 

N-terminall region alone. This is apparently good enough for residual 

functionn in vivo because this mutation does not affect the growth of the 

mutantt cells on oleate. Since wild-type Pexóp has lost its critical active-

sitee residue (D replaced by A) from the Walker B motif of D1 we conclude 

fromm our findings that ATP bound to D1 acts as an allosteric activator to 

increasee the binding capacity to Pex15p. 

Twoo different mutations were chosen to inactivate the D2 cassette of 

Pexópp in analogy to reported mutations of NSF (Whiteheart and Kubalek, 

1995):: one preventing ATP-binding (A2), the other preventing ATP-

hydrolysiss (B2). Functionally we could not distinguish between them. 

Bothh mutations in D2 (A2 and B2) completely abolish growth on oleate. 

Thiss finding underscores the critical importance of D2 for the overall 

functionn of Pexóp in peroxisome biogenesis and demonstrates that D1 

andd D2 have different functions. We have observed that cells carrying a 

PEX6PEX6 allele with either one of the mutations (A2 or B2) after fractionation 

containn more Pexóp in the crude organellar fraction. This suggests that 

ATP-hydrolysiss is the important step and that ATP-consumption is 

requiredd to dissociate Pexóp from Pex15p. 

Althoughh we have not strictly proven the reversibility of the interaction 

betweenn Pex15p and Pexóp the following observations favor this 

proposal:: (a) Binding of Pexóp to Pex15p in the in vitro reconstitution 

experimentss is dependent on the presence of ATP and Mg2+ . (b) In cell 

fractionationn and digitonin permeabilisation experiments the amount of 

structurallyy bound Pexóp correlates with the amount of (over) expressed 

Pex15pp in cells. Furthermore, Pexóp with a mutation in the first ATP-

bindingss cassette (D1) behaves as a cytosolic protein, (c) These 

observationss are qualitatively confirmed by morphological observations 

withh immuno EM and GFP fluorescence in cells. Peroxisome bound 

Pexópp correlates with the amount of Pex15p. 

Thee handicap of PEX6 cells with a mutated D2 cassette (A2 or B2) to 

groww on oleate could be overcome by overexpression of Pex15p. It 123 
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Figur ee 13: Schematic representation of 
interactioninteraction between Pexl5p 
andand Pexóp. The N-terminus of 
Pexl5pPexl5p interacts with the N-
terminalterminal part of Pexóp, an 
interactioninteraction which is stimulated 
byby ATP-binding to the first 
AAAAAA domain (A1) of Pexóp. On 
thethe other side hydrolysis of 
ATPATP by the second AAA 
domaindomain of Pexóp (B2) 
stimulatesstimulates release of Pexóp 
fromfrom Pex15p. 

suggestss that the activity of Pex15p is kept under tight control by Pexóp 

andd that overexpression of Pex15p results in a constitutive phenotype. 

Suchh an uncontrolled condition might have no consequences for growth 

onn oleate which requires the full capacity of the peroxisome compartment. 

Onn the basis of our data and published work we would like to propose 

thatt Pexóp exerts at least part of its function by an ATP-dependent dynamic 

cyclee of binding to and release from Pex15p (Figure 13). The three parts of 

Pexópp have distinct roles in this interaction. While the N-terminal part N 

providess the binding site for Pex15p the two AAA cassettes have opposing 

roles.. ATP-binding to D1 is needed to strengthen the interaction of Pexóp 

withh Pex15p whereas ATP-hydrolysis by D2 is required to disconnect Pexóp 

fromm Pex15p. 

Ann ATP-dependent dynamic binding and release of Pexóp from a peroxi-

somall vesicle population was very recently reported in Y, lipolytics (Titorenko 

andd Rachubinski, 2000b). This interesting finding for two reasons cannot 

easilyy be compared to our results. PEX15 of Y. lipolytica has so far not been 

identifiedd and similar vesicles that have been used in the fusion experiments 

havee not yet been reported in other organisms. As an alternative to 

involvementt in vesicle fusion it is also conceivable that Pexóp alone or via 

Pex15pp is associated with a proposed import complex (Collins et a/., 2000) 

andd may thus provide the reported ATP-dependence of peroxisomal import 

off matrix proteins (Bellion et al, 1987; Rapp et al, 1993; Wentland et al., 

1244 1993). A link with protein import is also provided by the observations that the 

Pex15p p 

N N 

D1 1 

D2 2 

Pex6p p 
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PTS11 receptor Pex5p is unstable in Pichia pastoris and human PEX6 mutant 

celtss (Yahraus et a/., 1996). What is the function of the other AAA peroxin 

Pexlp?? On the one hand it has been reported to bind Pexóp (Faber et a/., 

1998;; Tamura et a/.f 1998; Kiel et a/., 1999) and on the other hand in Y. 

lipolyticslipolytics Pexóp and Pexlp have not only different binding properties to 

peroxisomall vesicles (Titorenko et a/.# 2000a) but in addition serve different 

functionss in an in vitro fusion assay (Titorenko and Rachubinski, 2000b). The 

presentedd interaction of Pex15p with Pexóp demonstrated by the two-

hybridd assay is independent of the presence of Pex1 p. Pex1 p deficient cells 

gavee the same results as wild-type cells (data not shown). 

Thee proposed ATP-dependent dynamic cycle of Pexóp inevitably leads 

too a next question: What is its functional consequence? A similar tripartite 

modularr organization as Pexóp is found in NSF the best studied member 

off the AAA family (Whiteheart and Kubalek, 1995; Hanson et a/., 1997). 

Itt is interesting to see that our results also point to some functional 

similarities.. In both proteins the binding site for interacting partners, 

SNAP/SNAREss for NSF/Sec18p and Pex15p for Pexó, map to the N-

terminall region. Recently, structural studies of the N-terminus of VAT 

(Coless et a/., 1999), another group II AAA protein (Golbik et at., 1999), 

ledd to the prediction that the N-termini of several AAA proteins including 

Pexópp should possess a double-psi-barrel structure with a peptide-

bindingg site formed by the psi-loop cleft. Our finding that the N-terminus 

off Pexóp binds Pex15p supports this conclusion. The well-conserved AAA 

cassettee of NSF possesses ATPase activity (Whiteheart and Kubalek, 1995; 

Barnardd et a/., 1997). The fact that we could not functionally distinguish 

betweenn the A2 and B2 mutants of D2 strongly suggests the same for this 

cassettee of Pexóp. In both proteins such mutations abolish their overall 

functionn (Whiteheart and Kubalek, 1995 and see above). However, 

correspondingg mutants in the less-well conserved AAA cassettes of NSF 

andd Pexóp showed wild-type activity in vesicle transport (Whiteheart and 

Kubalek,, 1995) and growth on oleate assays, respectively. A remarkable 

differencee between NSF/Sec18p and Pexóp is the order of the two 

differentt cassettes. Given the central role the less-well conserved AAA 

cassettee plays for the structural organization of NSF (Hanson et a/., 1997), 

itt will be especially interesting to find out what structural consequences 

thiss reversed order has for Pexóp. These analogies and differences 

betweenn Pexóp and NSF are fertile ground for future research aimed to 

understandd the processes that are supported by the coming together of 125 
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Pexópp and Pex15p . In analog y to th e activatio n of SNAREs mediate d by 

NSFF an intriguing and testabl e possibility is an activatio n of Pex15p as a 

functionall consequence of this interaction. 
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