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Introductio n n 

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

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

Material ss and methods 

Strainss and cultur e conditions. 

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

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

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

Resultss and Discussion 

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

Thee backbone of the pentapeptide Y-Q-S-K-L proved to be bound by a number of 
asparaginee residues (Gatto et al, 2000), for instance asparagine 534 and asparagine 
561,, which are located in the a-helices A of TPR6 and TPR7 of HsPex5pL, 
respectivelyy (Figure ID). Asparagine 415, located in the intra-repeat loop of TPR3, 
alsoo contributes to this interaction (Figure IB). Identical amino acids at the same 
positionss in S. cerevisiae Pex5p proved to be involved in mediating the interaction 
withh the PTS1 (Klein et al, 2001): asparagine 503, asparagine 530, and asparagine 
3933 (Figure lAandlC). 
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V411 1 

K> K> 

TPR1 1 

TPR2 2 

TPR3 3 

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

TPR5 5 

N503 3 

TPR6 6 

TPR5 5 

TPR6 6 

K527 7 

.N534 4 
A530 0 

N526.N568 8 
N561 1 

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

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

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

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

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

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

byy sequencing. 

pex5pex5 mutant Substitution Location 

pex5.pex5. J 

pex5.5 pex5.5 

pex5.9 pex5.9 

pex5.19 pex5.19 

pex5.20 pex5.20 

pex5.21 pex5.21 

pex5.23 pex5.23 

pex5.28 pex5.28 

pex5.29 pex5.29 

pex5.34 pex5.34 

F480L,, L518Q, P522S 

A544V V 

G498W W 

N393S,, Q427R 

N438D,, F524S 

L448P P 

stop-R R 

N530D D 

N495D,, N503D 

Y529C,, stop-W 

TPR5,TPR6,TPR6 6 

TPR7 7 

TPR6 6 

TPR3,TPR4 4 

TPR4JPR6 6 

TPR4 4 

TPR7 7 

TPR6JPR6 6 

TPR7 7 

Sincee this in vivo screen was performed with the carboxyl-terminal pex5 mutant 
library,, the mutations were located in the region between TPR3 and the carboxyl 
terminuss of Pex5p. For none of the pex5 mutants it was experimentally tested which 
interactionn was lost. However, the fact that the TPR domain mediates the interaction 
withh PTS1, combined with the current knowledge of the TPR domain structure and the 
detailss of the Pex5p-PTS1 interaction, allowed us to make a prediction of the possible 
effectt of the mutations. 
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ScTPRll  312 N g N A ^ i g C L L ^ g A K g S E 
HsTFRll  335 HIMPiJEEHLRRijflEW D . gPN 

ScTPR22 347 
HsTPR22 369 

ScTPR33 381 LE 
HsTPR33 403 QT 

TOjQEEtSQKaDESKjZ] TOjQEEtSQKaDESKjZ] 
^ Q R R S S E S K S D S] ] 

JJ KTiJ j  K lggGYDMSiaFTMgDKigAETKYg E 
JJ jMA ^^  ^^SLORO>1CETf f lRDrTg .RY T . ^ A 

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

* * 
4,4, , 

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

NNL L 

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

ScTPR66 491 
HsTPR66 522 I I 

ScTPR77 525 
HsTPR77 556 FW^SE 

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

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

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

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

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

mutant,, are indicated with an asterisk. 

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

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

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

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

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

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

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