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A number of peroxisome-associated proteins have been described that are involved in the import
of proteins into peroxisomes, among which is the receptor for peroxisomal targeting signal 1
(PTS1) proteins Pex5p, the integral membrane protein Pex13p, which contains an Src homology 3
(SH3) domain, and the peripheral membrane protein Pex14p. In the yeast Saccharomyces cerevisiae,
both Pex5p and Pex14p are able to bind Pex13p via its SH3 domain. Pex14p contains the classical
SH3 binding motif PXXP, whereas this sequence is absent in Pex5p. Mutation of the conserved
tryptophan in the PXXP binding pocket of Pex13-SH3 abolished interaction with Pex14p, but did
not affect interaction with Pex5p, suggesting that Pex14p is the classical SH3 domain ligand and
that Pex5p binds 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 Pex13-SH3. Such
mutations were all located in a small region in the N-terminal half of Pex5p. One of the altered
residues (F208) was part of the sequence W,y XXQF,ug, that is conserved between Pex5 proteins
of different species. Site-directed mutagenesis of Trp204 confirmed the essential role of this motif
in recognition of the SH3 domain. The Pex5p mutants could only partially restore PTS1-protein
import in pex5A cells in vivo. In vitro binding studies showed that these Pex5p mutants failed to
interact with Pex13-SH3 in the absence of Pex14p, but regained their ability to bind in the presence
of Pex14p, suggesting the formation of a heterotrimeric complex consisting of Pex5p, Pex14p, and
Pex13-SH3. In vivo, these Pex5p mutants, like wild-type Pex5p, were still found to be associated
with peroxisomes. Taken together, this indicates that in the absence of Pex13-SH3 interaction,
other protein(s) is able to bind Pex5p at the peroxisome; Pex14p is a likely candidate for this
function.

INTRODUCTION

Peroxisomes are ubiquitous organelles bound by a single
membrane that are present in almost all eukaryotic cells.
Genetic screens in yeasts and in Chinese hamster ovary cell
lines, and analysis of cells from patients with peroxisomal
diseases have resulted in the identification of at least 23
genes encoding Pex proteins (peroxins) that play a role in
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the biogenesis of the peroxisome (a recent update can be
viewed 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 peroxisome (reviewed
in Erdmann et al.,, 1997; Subramani, 1998; Hettema et al.,
1999; Tabak et al., 1999). Exceptions are Pex3p, Pex16p, and
Pex19p, which are required for the proper localization of
peroxisomal membrane proteins (Honsho et al., 1998; Ki-
noshita et al., 1998; Matsuzono et al., 1999; Snyder et al., 1999;
South and Gould, 1999; Hettema et al., 2000). Proteins that
reside in the peroxisomal matrix are synthesized on free
polyribosomes in the cytosol and are posttranslationally
imported into the peroxisome (Lazarow and Fujiki, 1985).
The majority of these matrix proteins contain the peroxiso-
mal targeting signal type I (PTS1) that consists of the car-
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boxyl-terminal tripeptide SKL or a derivative thereof (Gould
et al., 1989; Purdue and Lazarow, 1994; Elgersma et al.,
1996b). Only a few proteins contain a PTS2, which is located
in the N-terminal part of the protein (Osumi et al., 1991;
Swinkels et al., 1991; Purdue and Lazarow, 1994). The PTSs
are specifically recognized by their matching soluble recep-
tors Pex5p (for PTS1 proteins) (Dodt et al., 1995; Wiemer et
al., 1995; Elgersma et al., 1996a; Gould et al., 1996) or Pex7p
(for PTS2 proteins) (Marzioch et al., 1994; Elgersma et al.,
1998). In yeast, both receptors are able to function indepen-
dently of each other, establishing separate cytosolic PTS1
and PTS2 protein-import routes (Subramani, 1996; reviewed
in Erdmann et al., 1997; Hettema et al., 1999). Receptors with
bound PTS proteins converge on a common translocation
machinery. Two proteins of this machinery, Pex13p and
Pex14p, have been shown to interact with Pex5p and Pex7p,
implying a role for Pex13p and Pex14p in docking of the
receptors (Elgersma et al., 1996a; Erdmann and Blobel, 1996;
Gould et al., 1996; Albertini et al., 1997; Brocard et al., 1997;
Fransen et al., 1998; Girzalsky et al., 1999; Schliebs et al.,
1999). Pex13p and Pexl4p form a complex with a third
peroxin, Pex17p, which was characterized as a peripheral
peroxisomal membrane protein (Huhse et al., 1998). Further-
more, three other peroxins have been suggested to play a
role in the PTS import pathway downstream of the mem-
brane-docking event. These are Pex10p, Pex12p, and Pex4p
(Van der Klei et al., 1998; Chang et al., 1999).

Pex13p is an integral peroxisomal membrane protein pos-
sessing a C-terminal SH3 domain exposed to the cytosol. Src
homology 3 (SH3) domains constitute a family of protein—
protein interaction modules that participate in diverse sig-
naling pathways (Pawson and Scott, 1997). X-ray crystallog-
raphy, and nuclear magnetic resonance techniques have
now resolved the three-dimensional structure of various
SH3 domains and their contact sites with peptide ligands.
Highly conserved aromatic amino acid residues form a hy-
drophobic binding pocket for typical polyproline helix struc-
tures, usually composed of two prolines spaced by two
amino acids (PXXP motif) (Ren et al., 1993; Lim et al., 1994;
Yu et al., 1994). Motifs containing a single proline have also
been reported. For instance, binding of the SH3 domains of
Hck and Src to an intramolecular peptide sequence in the
protein requires only one proline residue (Sicheri et al., 1997;
Xu et al., 1997). Recently, a novel ligand site has been iden-
tified for the Eps8-SH3 domain that conforms to the consen-
sus sequence proline-X-X-aspartate-tyrosine (PXXDY) (Mon-
giovi et al., 1999). Cocrystallization of the Fyn SH3 domain
and a high-affinity ligand peptide of Nef also showed that
the (highly variable) RT-loop of the SH3 domain contributes
to a higher binding affinity and specificity for the ligand by
creating additional contact sites outside the PXXP motif (Lee
et al., 1996).

The SH3 domain of Pex13p was shown to interact with
both Pex5p and Pex14p (Elgersma et al., 1996a; Erdmann and
Blobel, 1996; Gould et al., 1996; Albertini et al., 1997; Brocard
et al., 1997; Girzalsky et al., 1999). The interaction with
Pex14p is dependent on a typical PXXP motif (PTLPHR)
present in the N-terminal half of the protein (Girzalsky et al.,
1999). The second SH3 domain-binding partner Pex5p, how-
ever, does not possess a recognizable PXXP motif. A key
issue that remains to be resolved is how Pex5p contacts the
SH3 domain of Pex13p.
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Here we report the identification of the region in Pex5p
that is responsible for interaction with Pex13-SH3, based on
a two-hybrid screen with a pex5 mutant library. Mutations
locate in or near a motif, W,y,XXQF,g, that is conserved
between Pex5p proteins of different species and does not
resemble a canonical PXXP motif. Moreover, binding of
Pex5p to Pex13-SH3 containing a mutation in either the
RT-loop (E320K) or in one of the aromatic residues of the
PXXP binding cleft (W349A) was not affected, whereas bind-
ing of Pex14p to these mutants was destroyed, suggesting
that Pex5p contacts a nonclassical binding site on Pex13-
SH3. In vivo, pex5 mutants that had lost SH3 domain bind-
ing displayed a partially disturbed PTS1 protein import and
showed reduced ability to grow on oleate. Mutant Pex5p
was still partially associated with peroxisomes like in wild-
type cells, indicating that the interaction with Pex13-SH3 is
not solely responsible for membrane association of Pex5p.
Because we could show that Pex14p can form a bridge
between Pex13-SH3 and mutant Pex5p in vitro, we suggest
that Pex14p might function as an alternative docking site in
vivo.

MATERIALS AND METHODS

Yeast Strains and Culture Conditions

The yeast strains used in this study were Saccharomyces cerevisiae B]1991
(MATa, leu2, trpl, ura3-251, prbl-1122, pep4-3, gal2), pex5A (MATw
pex5::LEU2, leu2, trpl, ura3-251, prb1-1122, pep4-3, gal2) (Van der Leij et
al., 1993), PCY2 (MAT«a, Agal4, Agal80, URA3:GALI-LacZ, lys2-801,
his3-A200, trp1-A63, leu2, ade2-101), PCY2pex5A (as PCY2 plus
pex5:LYS2, ura3:KanMX), HF7c (MATa, ura3-52, his3-200, ade2-101,
lys2-801, trp1-901, leu2-3112, gal4-542, gal80-538, LYS2:GALIyas,
GAL1pp714-HIS3 URA3:GALA, ers03)-CyClraa-LacZ). Yeast trans-
formants were selected and grown on minimal medium containing
0.67% yeast nitrogen base without amino acids (YNB-WO; Difco, De-
troit, MI), 2% glucose, and amino acids (20-30 ug/ml) as needed. For
subcellular fractionations and Nycodenz gradients, log-phase cells
grown on 0.3% glucose media were shifted to 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 ug/ml) as needed. To follow
growth on oleate, log-phase cells were grown on 0.3% glucose and
shifted to oleate media containing 0.5% potassium phosphate buffer
pH 6.0, 0.5% peptone, and 0.3% yeast extract at 2 X 10%cells/ml (ODg
= 0.001). Oleate plates contained 0.5% potassium phosphate buffer pH
6.0, 0.1% oleate, 0.5% Tween 40, 0.67% YNB-WO, and amino acids as
needed.

Plasmids and Cloning Procedures

Plasmids encoding GAL4 DB fusions of Pex13-SH3(284-386) and
Pex13-SH3(284-358) were described previously (Elgersma et al.,
1996a). To generate GAL4 DNA-binding domain (DB) fusions with
Pex13-SH3(301-386) (pGB17) and Pex13-SH3(310-386) (pGB16),
polymerase chain reaction (PCR) was performed with primers P257,
P258, and P256 (Table 1) on GAL4 DB PEX13-SH3(284-386) as tem-
plate. The PCR products were digested with EcoRI and Spel and
cloned between the EcoRI and Spel sites of pPC97 (Chevray and
Nathans, 1992). Pex13-SH3(304-377) (pGB15) was obtained by cut-
ting MTP 429 (a kind gift from M.T. Pisabarro, Genentech, San
Francisco, CA) with Ncol and making the ends blunt with Klenow
polymerase. After digestion with BamHI, the fragment was cloned
between the Smal and BglII sites of pPC97 (pGB19). To introduce the
E320K mutation in pGB17 the plasmid was cut with BstBI and Spel
and the obtained fragment was exchanged for the BstBI-Spel frag-
ment from plasmid 20.50 (Elgersma et al., 1996a). GAL4 activation
domain (AD) fusion with PEX5 (pAN4) will be described in detail
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Table 1. Primer sequences used for PCR and site-directed mutagenesis

Primer DNA sequence (5" — 3') Purpose

P257 CGGAATTCTAGGATCCGAGCCTATTGATCCTTCG Forward SH3(301)

P258 CGGAATTCTAGGATCCTTTGCAAGAGCGTTATATGAT Forward SH3(310)

P256 TTTTCTGCAGACTAGTGTGTACGCGTTTC Reverse SH3(386)

P243 CGGGATCCATGAGTGACGTGGTCAGTAAAG Forward Pex14-ATG

P244 AACTGCAGCTATGGGATGGAGTCTTCGAC Reverse Stop-Pex14

SH3:
W349A5’ GGGAGGGATTCTGACGCCTGGAAAGTGAGGA Site-directed mutagenesis
W349A3’ TCCTCACTTTCCAGGCGTCAGAATCCCTCCC Site-directed mutagenesis

Pexbp:
W204A5’ GAGCAAGAACAACAACCCGCGACAGATCAGTTTG Site-directed mutagenesis
W204A3’ CAAACTGATCTGTCGCCGGGTTGTTGTTCTTGCTC Site-directed mutagenesis
F208L5’ CCCTGGACAGATCAGTTAGAAAAGCTGGAAAAAG Site-directed mutagenesis
F208L3’ CTTTTTCCAGCTTTTCTAACTGATCTGTCCAGGG Site-directed mutagenesis
E212V5’ CAGATCAGTTTGAAAAGCTGGTAAAAGAAGTCTCAGAAAACTTG Site-directed mutagenesis
E212V3’ CAAGTTTTCTGAGACTTCTTTTACCAGCTTTTCAAACTGATCTG Site-directed mutagenesis
TRP5' CAGTTAGAAAAGCTGGTAAAAGGAGTCTCAGAAAACTTGG Site-directed mutagenesis
TRP3' CCAAGTTTTCTGAGACTCCTTTTACCAGCTTTTCTAACTG Site-directed mutagenesis

elsewhere (Klein, Barnett, Bottger, Konings, Tabak, Distel, unpub-
lished data). The PEX14 open reading frame was generated by PCR
on genomic DNA of S. cerevisiae with primers P243 and P244 (Table 1).
The PCR fragment was cut with BamHI and PstI and ligated into the
pUC19 vector creating pGB4. GAL4 DB or GAL4 AD fusions were
generated by digestion of pGB4 with EcoRI and Spel and ligation of the
PEX14 fragment between the EcoRI and Spel sites of pPC86 or pPC97
(Chevray and Nathans, 1992). GAL4 DB fused to MDH3 SKL was
generated by cutting pEL102 (Elgersma ef al., 1996b) with BamHI,
making the ends blunt with Klenow polymerase. After digestion with
Spel, the fragment was cloned between the Smal and Bgl/Il sites of
pPC97. The two-hybrid plasmid encoding GAL4 DB Pex8p was a kind
gift from Dr. W.H. Kunau (Bochum, Federal Republic of Germany). All
PCR fragments were verified by sequencing.

Point mutations in PEX5 were introduced using the Quick-change
site-directed mutagenesis kit (Stratagene, La Jolla, CA). Primers
were used as listed in Table 1. As template pAN4 was used. To
introduce the triple mutation Pex5p(F208L, E212V, E214G), the
yeast-expression plasmid encoding Pex5p(F208L) under the control
of the PEX5 promoter was used as a template. The introduced base
pair changes were verified by sequencing. To create plasmids for
expression of Pex5p in yeast, the PEX5 promoter was obtained from
the genomic library plasmid originally isolated by Van der Leij et al.
(1992). The plasmid was digested with Xbal (located 488 nucleotides
upstream of the PEX5 start codon) and the ends were made blunt
with Klenow polymerase, and subsequently digested with BamHI.
This fragment was ligated between the blunted Sacl site and the
BamHI sites of the yeast expression vector Ycplac33 (Gietz and
Sugino, 1988), generating pEL91. PEX5 was obtained from pAN4 or
mutant plasmids derived from pAN4, by digestion of the plasmid
with BamHI and HindlIl. PEX5 fragments were cloned between the
BamHI and HindlIlI sites of pEL91. Wild-type PEX5 cloned this way
was fully capable of complementing the growth defect on oleate of
the pex5A strain.

To create glutathione S-transferase (GST) fusions of Pex5p for
expression in Escherichia coli, PEX5 inserts were excised from pAN4
(wild-type) or from mutant plasmids derived from pAN4 (F208L
and E212V, described above) with Ncol and HindIIl. The fragments
were ligated between the Ncol and HindIIl restriction sites of
PRP265nb (a kind gift from Dr. B. Werten, Utrecht, The Nether-
lands) resulting in in-frame fusions of GST with Pex5p. To generate
maltose-binding-protein (MBP) fusions with the SH3 domain, the
PCR product generated with primers 256 and 257 [SH3(301-386)]
was cut with EcoRI and Pst] and cloned between the EcoRI and Pstl
restriction sites of pUC19, creating pGB7. For introduction of the
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E320K mutation into pGB7, plasmid 20.50 was cut with BstBI and
Spel, and the SH3 fragment containing the mutation was exchanged
for the BstBI-Spel fragment of pGB7, generating pGB18. Wild-type
and mutant (E320K) SH3 fragments were isolated by cutting plas-
mids pGB7 and pGB18 with BamHI and Pstl, respectively. The
obtained fragments were cloned into pMALc2 (New England Bio-
labs, Beverly, MA) digested with BamHI and Pstl. MBP fusion of
Pex14p was obtained by cutting pGB4 with BamHI and Pstl, and
ligation of the PEX14 fragment into pMALc2 (described above).
Digestion of pGB4 with BamHI and PstI and by ligating the PEX14
fragment between the BamHI and PstI restriction of pQE9 (Qiagen,
Chatsworth, CA) created a 6xHis fusion of Pex14p.

Plasmids for expression of green fluorescent protein fused to SKL
(GFP-SKL) and N-terminal hemagglutinin-tagged (NH) Mdh3p in
yeast are discribed elsewhere (Elgersma et al., 1996b; Hettema et al.,
1998). To create plasmids for overexpression of Pex13p and
Pex13p(E320K) in yeast, plasmids 20.46 and 20.50 (Elgersma et al.,
1996a) were cut with Sacl and HindIIl and PEX13 fragments were
cloned behind the catalase A (CTA1) promoter (pEL30, described in
Elgersma et al., 1993) digested with Sacl and HindlIIL. For overex-
pression of Pex14p, pGB4 was cut with BamHI and Pstl and the
PEX14 fragment was ligated between the BamHI and PstI sites of
PEL30. For overexpression of Pex5p, pAN1 (Klein, Barnett, Bottger,
Konings, Tabak, Distel, unpublished data) was digested with BamHI
and HindIIl and the PEX5 fragment was cloned behind the CTAI
promoter in 2 u plasmid (pEL26, Elgersma et al., 1993).

In Vitro Binding Assay

All in vitro assays were set up according to the following regimen.
Cultures (250 ml) of E. coli BL21 cells expressing either MBP or GST
fusion proteins were induced with 1 mM isopropyl 8-p-thiogalac-
toside and centrifuged; cell pellets were resuspended in 5 ml of
phosphate-buffered saline (PBS; 100 mM sodium phosphate buffer
pH 7.4, 140 mM NaCl, 2 mM phenylmethylsulfonyl fluoride
[PMSF]). Cell suspensions were subsequently lysed by sonication.
All GST constructs used for binding assays with MBP fusions were
purified on glutathione S-sepharose (Amersham Pharmacia Biotech,
Uppsala, Sweden) according to the manufacturer’s recommenda-
tions. A 200-ul amylose resin column was equilibrated in PBS and
subsequently loaded with 250 ul of a bacterial lysate containing the
appropriate MBP fusion. The resin was then washed with 1 ml of
PBS. The GST fusion (100 ug) was then run through the column at
a flow rate of ~100 pl/min. The column was then washed with 3 ml
of PBS and subsequently eluted with 500 ul of 10 mM maltose in
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PBS. Fractions were collected and subjected to SDS-PAGE and
Western blot analysis. In vitro experiments involving 6x His-tagged
Pex14p were conducted similarly except that before loading of the
GST fusion, 200 wl of a bacterial lysate containing 6xHis-fused
Pex14p was loaded and the column washed with 1 ml of PBS. The
protocol then continued with GST fusion loading as described
above.

Pex5 Mutant Screen and Two-Hybrid Assays

Random mutations were introduced in the PEX5 gene by error-
prone PCR on plasmid pAN1. pAN1 contains the complete PEX5
open reading frame with a unique Xbal site at position 1140, which
was introduced by site-directed mutagenesis. PCR was carried un-
der standard conditions with the nonproofreading Tag DNA poly-
merase. The PCR product was digested with Xbal and BamHI and
ligated into pAN1 to create the N-terminal library composed of
mutagenized nucleotides 1-1140 (amino acids 1-380) and the wild-
type C terminus of the protein. To create the C-terminal library the
PCR product was digested with Xbal and Pstl and the mutagenized
nucleotides 1441-1836 (amino acids 381-612) were ligated into Xbal-
Pstl-digested pAN1. Sequence analysis of 20 randomly picked
clones revealed that approximately one nucleotide in every 550
nucleotides was mutated. Both libraries were cloned between the
EcoRI and Spel sites of the two-hybrid plasmid pPC86, generating
GAL4 AD fusions. One microgram of each two-hybrid library was
transformed to the yeast two-hybrid strain HF7c containing the
GAL4 DB Pex13-SH3(284-386) plasmid, and double transformants
were selected on glucose plates without leucine and tryptophan.
Colonies were replica-plated onto glucose plates without leucine,
tryptophan, and histidine; 15,000 colonies 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. These colonies were selected and
pex5 mutant plasmids were rescued from these colonies for further
analysis. B-Galactosidase filter assays were performed as described
by Fields and Song (1989).

Quantification of B-galactosidase activity was performed with the
Galacto-Light kit (Tropix, Bedford, MA). Double-transformed PCY2
cells (10 OD units) were harvested, washed with distilled H,O, and
resuspended in 200 ul of breaking buffer (100 mM Tris pH 7.5, 20%
vol/vol glycerol, 1 mM PMSF) plus 0.4 g of glass beads and lysed by
mixing on a vortex for 30 min. The homogenates were centrifuged
for 15 min at 13,000 X g and the cleared lysates were used to
measure B-galactosidase activity. Protein concentrations were de-
termined with the method described by Bradford (1976).

Subcellular Fractionation and Gradient Analysis

One liter of oleate-grown transformants was converted to sphero-
plasts by using Zymolyase 100T (1 mg/g cells). Spheroplasts were
washed with 1.2 M sorbitol in 2 [N-morpholino]ethanesulfonic acid
(MES) buffer (5 mM MES pH 5.5, 1 mM KCl, 1 mM EDTA) and lysed
by osmotic shock in MES buffer containing 0.65 M sorbitol and 1
mM PMSF. Intact cells and nuclei were removed by centrifuging
twice at 600 X g for 2 min. The obtained postnuclear supernatants
were centrifuged for 30 min at 20,000 X g. The volumes of the pellet
fractions were made equal to the volumes of the supernatant frac-
tions. For Nycodenz gradient analysis, pellet fractions were resus-
pended in 1 ml of hypotonic lysis buffer and loaded on top of a
continuous 15-35% Nycodenz gradient (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 24 M centrifuge
equipped with a vertical rotor for 2.5 h at 19,000 rpm. Fractions with
a volume of 0.5 ml were collected and analyzed by SDS-PAGE and
Western blotting.

SDS-PAGE, Western Blotting, and Enzyme Assays

Proteins were separated on 10% SDS-polyacrylamide gels and trans-
ferred to nitrocellulose. Blots were blocked in PBS (pH 7.4) supple-
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Figure 1. Pex13-SH3 domain binds Pex5p and Pex14p in the two-
hybrid assay. Truncated versions of Pex13-SH3 fused to GAL4 DB
were cotransformed with GAL4 AD fusions of Pex5p or Pex14p into
the yeast two-hybrid reporter strain PCY2. Interaction was moni-
tored by determining B-galactosidase activity with a filter lift assay.
“+” indicates blue staining of colonies within 1 h, “—" indicates that
colonies remained white after incubation overnight.

mented with 0.1% Tween 20 and 2% skimmed milk powder (Proti-
far). Blots were incubated with rabbit antibodies diluted in PBS with
0.1% Tween 20. The antibodies used were anti-Pex13p, anti-3-keto-
acyl CoA-thiolase, anti-Pex5p (Elgersma et al., 1996a), and anti-
Patlp (Hettema et al., 1996). Anti-NH was a generous gift from Dr.
P. van der Sluys (Utrecht, The Netherlands); anti-Hsp60 was a
generous gift from Dr. S. Rospert, Basel, Switzerland. Polyclonal
antisera for Pex14p were raised against the full-length Pex14 protein
isolated as a 6xHis fusion protein from E. 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 centrifugal analyzer by
following the 3-keto-octanoyl-CoA-dependent rate of NADH con-
sumption at 340 nm (Wanders ef al., 1990). Catalase A activity was
measured as described by Lucke (1963).

RESULTS

Pex5p and Pex14p Bind Directly to the SH3 Domain
of Pex13p

Based upon sequence alignment with other SH3 domains,
the SH3 domain of Pex13p extends from amino acid 308 to
370. To determine the functional boundaries of this domain
we constructed deleted versions of Pex13p (Figure 1). These
constructs were tested in the two-hybrid system for interac-
tion with Pex5p and Pex14p. Figure 1 shows that the SH3
domain flanked by four amino acids N-terminally and seven
amino acids C-terminally was sufficient for interaction with
Pex14p and Pex5p. Further deletion of either the N or C
terminus disrupted the interactions. We performed in vitro
reconstitution experiments to prove that these interactions
are direct. A bacterial lysate containing MBP fused to the
SH3 domain of Pex13p was loaded onto an amylose column.
After washing, the column containing immobilized MBP-
SH3 was incubated with extracts of bacteria expressing ei-
ther a GST fusion of Pex5p or a 6xHis fusion of Pex14p. After
washing, MBP-SH3 and bound proteins were eluted from
the column with maltose. Proteins in the eluates were visu-
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Figure 2. Pex13-SH3 domain interacts with Pex5p and with
Pex14p in vitro. MBP, MBP-SH3(wild-type) and MBP-SH3(E320K)
were expressed in E. coli and immobilized on amylose columns. E.
coli lysates containing either GST-Pex5p (A) or 6xHisPex14p (B)
were then passed over the columns. The columns were washed with
five column volumes and bound proteins were eluted with maltose.
Eluates were analyzed by SDS-PAGE and Western blotting by using
antibodies specific for Pex14p and Pex5p.

alized by SDS-PAGE and Western blotting. Figure 2 shows
that in separate binding experiments Pex5p (A) and Pex14p
(B) were efficiently coeluted with MBP-SH3 (lanes 2) and did
not bind to a column with MBP alone (lanes 1). These in
vitro reconstitution assays indicate that Pex5p and Pex14p
can bind to the Pex13-SH3 domain directly and indepen-
dently of each other.

pex5 Mutants Disturbed in Interaction with the
Pex13-SH3 Domain

Pex14p contains a canonical SH3-binding motif, PXXP, and
mutagenesis studies have shown that the two prolines
within this motif are essential for its interaction with Pex13-
SH3 (Girzalsky et al., 1999). Pex5p, however, does not con-
tain a recognizable SH3 binding motif. To identify the region
in Pex5p that contacts the SH3 domain, two libraries were
constructed in which either the N-terminal 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 Pex13-SH3 in the two-hybrid assay. Loss
of binding was scored by the inability to grow on media
lacking histidine. Such colonies were picked from the master
plate and 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-terminal library (5% of total) compared with the C-termi-
nal library (0.9% of total). Moreover, all pex5 mutants iso-
lated from the C-terminal library were either truncated or
unstable and were not analyzed further. These findings sug-
gest that the region in Pex5p involved in binding to the
Pex13-SH3 domain is located in the N-terminal half of
Pex5p. To exclude mutants with changes in overall struc-
ture, we tested two-hybrid interactions with other known
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Table 2. N-terminal pex5 mutants are selectively disturbed in two-
hybrid interaction with Pex13-SH3 in HF7c

GAL4 AD fusion GAL4 DB fusion

Pex5 Pex13-SH3 Pex14p PTS1 Pex8p
Wild-type ++ ++ ++ ++
N3 +/- ++ ++ ++
N8 +/- ++ ++ ND
N19 - ++ ++ ++
N84 +/- ++ ++ ND
N100 +/- ++ ++ ND

Proteins were fused to GAL4 or GAL4 DB as indicated. Double
transformants were grown on glucose plates lacking histidine. ++,
growth after 3 d; + /-, growth after a minimum of 4 d; +/—, growth
in small colonies after a minimum of 4 d; -, no growth; ND, not
determined.

partner proteins of Pex5p (Table 2). Five pex5 mutants were
disturbed in binding to Pex13-SH3, but maintained interac-
tion with Pex14p, a protein that binds the N-terminal half of
Pex5p (Schliebs et al., 1999; our unpublished results), and
Mdh3p, a PTS1 containing protein that binds to the C-
terminal tetratricopeptide repeat (TPR) domains of Pex5p
(Brocard et al., 1994; Klein, Barnett, Bottger, Konings, Tabak,
Distel, unpublished data). Additionally, the interaction with
Pex8p, a protein that contacts both the N-terminal and C-
terminal half of Pex5p (Rehling et al., 2000), was also unaf-
fected for these mutants. It is noteworthy that only mutant
N19 had completely lost two-hybrid interaction with Pex13-
SH3. Other mutants still displayed some growth in the ab-
sence of histidine, suggesting residual binding capacity with
Pex13-SH3. We conclude that these pex5 mutants are specif-
ically affected in binding the Pex13-SH3 domain and that the
overall structure of these mutant proteins is still intact.

Pex5p Is a Non-PXXP Ligand for the Pex13-SH3
Domain

The five selected pex5 mutants were sequenced to determine
the site of the mutations. All mutants contained multiple
amino acid substitutions (Figure 3A). Three independent
mutants were mutated in the same residue: glutamic acid
212 (E212). This residue was replaced by a valine (mutant
NB3), or a glycine (mutants N8 and N84). In addition, clones
N19 and N100 had mutations in the same region (residues
208 and 214, respectively). These amino acid residues are in
or near a block of amino acids, W,,, XXQF,ys (where X
stands for any amino acid), that is conserved between Pex5
proteins of yeast and higher eukaryotes (Figure 3B). To
investigate which mutations were responsible for the loss of
Pex13-SH3 domain binding, single amino acid substitutions
were made using site-directed mutagenesis. Mutations were
made at position 109(T109A) and position 212 (E212V) (both
found to be mutated in mutant N3), and at position 208
(F208L) (found mutated in the quadruple mutant N19).
These three single mutants were tested against Pex13-SH3 in
the two-hybrid assay (Table 3). As a control, they were also
tested for interaction with other Pex5p binding partners.
Interactions were monitored by a quantitative -galactosi-
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N3 T109A, E212V
N8 F1555, E212G
N19 E75V, N159D, F183L, F208L
N84 ¥Y157H, E212G
N100 Va9l, E214G, D220V

B 1 300

TPR 612

Hs-Pex5p 215
Mm-Pex5p 239
Hp-Pex5p 176
Pp-Pex5p 188
Sc-Pex5p 191

W204A

E212V
E212G

dase assay and 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
with Pex13-SH3. In addition, the E212V mutation disturbed
the Pex13-SH3 interaction, although some growth in the
absence of histidine could be detected. The T1I09A mutation
showed a two-hybrid interaction with Pex13-SH3 compara-

Table 3. Pex5p mutants are selectively disturbed in two-hybrid
interaction with Pex13-SH3

Growth
GAL4 AD GAL4 DB B-Galactosidase activity on
fusion fusion (RLU/mg protein = SD) his—
Pex5p(F208L) — 12=*01 -
Pex5p Pex13-SH3 4,800 + 800 +
Pex5p(T109A)  Pex13-SH3 3,300 =+ 300 +
Pex5p(E212V)  Pex13-SH3 20+0.1 +/-
Pex5p(F208L)  Pex13-SH3 17=01 -
Pex5p(W204A) Pex13-SH3 23+05 +/-
Pex5p Mdh3p 6,900 * 2,600 —+
Pex5p(F208L)  Mdh3p 5,100 = 500 +
Pex5p Pexl4p 10,300 * 400 +
Pex5p(F208L)  Pexl4p 3,200 + 400 +
Pex5p(W204A) Pex14p 12,000 =+ 900 ND

Plasmids encoding GAL4 DB and GAL4 AD fusions as indicated were
transformed to yeast two-hybrid strains PCY2 and HF7c. Two-hybrid
interaction was quantitated in PCY2 by measuring f-galactosidase
activity. Indicated is the mean of two measurements of duplo cul-
tures = SD. Interaction was also measured in HF7c by growth in the
absence of histidine (see legend to Table 2). RLU, relative light units.
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Figure 3. Amino acid substitutions in pex5
mutants selected for loss of two-hybrid in-
teraction with Pex13-SH3 are clustered in
the region between amino acids 208 and
214. (A) Amino acid substitutions in pex5
236 mutants selected for loss of interaction with
261 Pex13-SH3. Mutations in or near the con-
291 served W, XDQF,ys motif are underlined.
(B) Multiple sequence alignment (Geneln-
spector) of the region in Pex5p important for
Pex13-SH3 interaction. Amino acid substitu-
tions in pex5 mutants are indicated. The loss
of interaction mutant W204A created by
site-directed mutagenesis is also shown. The
conserved WXDQF motif is underlined. Hs,
Homo sapiens; Mm, Mus musculus; Hp, H
polymorpha; Pp, P. pastoris; Sc, S. cerevisiae.

ble to wild-type Pex5p. The single mutants that had lost
SH3-domain binding appeared not to be affected in their
interaction with Pex14p and Mdh3p-SKL (Table 3; our un-
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Figure 4. Pex5p(F208L) and Pex5p(E212V) are disturbed in Pex13-
SH3 binding, but maintain interaction with Pex14p in vitro. GST-
Pex5p(wild-type) (WT) or mutant GST-Pex5p(F208L or E212V) were
expressed in E. coli and passed over a column with immobilized
MBP-SH3 (lanes 1-3) or MBP-Pex14p (lanes 5 and 6). Columns were
washed, eluted, and analyzed as described below. Pex13-SH3,
Pex14p, and Pex5p(F208L) can form a trimeric complex in vitro (lane
4): an E. coli lysate containing 6xHisPex14p was passed over an
amylose column with immobilized MBP-SH3. After washing, an E.
coli lysate containing GST-Pex5p(F208L) was passed over the col-
umn. Proteins were eluted with maltose and eluates were analyzed
by SDS-PAGE and Western blotting by using antibodies specific for
Pex13-SH3 and Pex5p.
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Table 4. Pex13-SH3 mutants have lost two-hybrid interaction with
Pex14p but not with Pex5p

Growth
GAL4 AD GAL4 DB B-Galactosidase activity on
fusion fusion (RLU/mg protein = SD)  his—
— — 1.0=*01 -
Pex5p — 0.5*0.1 -
Pex5p Pex13-SH3 3,000 = 900 ++
Pex5p Pex13-SH3(E320K) 3,500 = 400 ++
Pex5p Pex13-SH3(W349A) 1,600 * 800 ND
— Pex13-SH3 38*1.0 -
— Pex13-SH3(E320K) 31+02 -
— Pex13-SH3(W349A) 1.3 =01 -
Pex14p . 0.8+0.1 -
Pex14p Pex13-SH3 39 =12 ++
Pexl4p  Pex13-SH3(E320K) 27+02 -
Pex14p Pex13-SH3(W349A) 20x05 -

Plasmids encoding GAL4 DB and GAL4 AD fusions as indicated
were transformed to two-hybrid yeast strains PCY2 and HF7c.
Two-hybrid interaction was quantitated in PCY2 by measuring the
B-galactosidase activity as described in MATERIALS AND METH-
ODS. Indicated numbers are the mean of two independent measure-
ments in triplicate cultures + SD. Two-hybrid interaction was mea-
sured in HF7c by growth in the absence of histidine (++, growth; -,
no growth; ND, not determined). RLU, relative light units.

published results). These results indicate that E212 and F208,
but not T109, are involved in Pex13-SH3 domain binding,
but do not play a detectable role in the interaction with other
Pex5p partners. The two-hybrid results were backed up by
in vitro reconstitution experiments. Figure 4 shows that in
contrast to wild-type GST-Pex5p (lane 1), GST-Pex5p(F208L)
(lane 2) could not be coeluted with MBP-SH3, whereas a
small amount of GST-Pex5p(E212V) (lane 3) was recovered
from the elution. The F208L mutation did not affect in vitro
binding to MBP-Pex14p. In separate binding experiments
comparable amounts of wild-type GST-Pex5p (lane 5) and
GST-Pex5p(F208L) (lane 6) could be coeluted with MBP-

[
Pex5p wild-type —
Pex5p(F208L) ] GAL4 AD Pex14p +
GAL4 DB Pex13-SH3
- B pbackground
0 4 8 12 16 20

B-galactosidase activity (RLU/mg protein)

Figure 5. Two-hybrid interaction of Pex13-SH3 and Pex14p is re-
duced in the absence of wild-type Pex5p. A PCY2 strain harboring
a deletion of the PEX5 gene (PCY2 pex5A) was transformed with
expression constructs encoding either wild-type Pex5p or mutant
Pex5p, or with an empty plasmid (—). The two-hybrid interaction of
Pex13-SH3 and Pex14p was determined in these different strains by
measuring the B-galactosidase activity. Indicated is the mean of two
measurements in triplicate cultures + SD. Background (M) repre-
sents fB-galactosidase activity in strains transformed with either
GAL4DB-Pex13-SH3 or GAL4AD-Pex14p alone.
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wt+Pex14p

wi+Pex13p

A

B

wi+Pex13p(E320K) and Pex14p wt+Pex5p and Pex13p

Figure 6. Growth characteristics on oleate of wild-type cells over-
expressing Pex13p, Pex14p, and Pex5p under the control of the
CTA1 promoter. Peroxins were expressed in wild-type cells either
separately (A) or in combination (B) as indicated. Transformants are
indicated with “+ Pex.” Positive and negative controls for growth
are untransformed wild-type cells and the pex13A strain, respec-
tively.

Pex14p from the column. In vitro binding of GST-
Pex5p(E212V) to MBP-Pex14p appeared also not to be af-
fected (our unpublished results). Together, these data
indicate that residue F208 (and to a lesser extent residue
E212) in Pex5p is essential for direct and specific contact of
Pex5p with the SH3 domain.

To further investigate the role of the W,,,XXQF,,s motif
in Pex13-SH3 domain interaction, an additional pex5 mutant
was created by site-directed mutagenesis. The strictly con-
served tryptophan (W204) was mutated to alanine and
tested in the two-hybrid assay. The W204A mutation dis-
turbed interaction with Pex13-SH3, although some activa-
tion of the HIS3 reporter could be detected (Table 3). The
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Figure 7. Growth on liquid oleate medium of pex5A cells (O)
expressing wild-type Pex5p (M), Pex5p(F208L) (4), Pex5p(E212V)
(A), Pex5p(F208L; E212V; E214G)(®; see inset). Cells were grown to
mid-log phase in 0.3% glucose medium and inoculated at ODg, of
0.001 in liquid oleate medium. Growth was followed with time by
measuring the optical density at 600 nm (ODyq).

binding of this mutant to Pex14p was completely unaffected.
This data underscore the importance of the W, XXQF,g
motif for Pex13-SH3 domain binding.

Pex5p and Pex14p Bind the Pex13-SH3 Domain in
Different Ways

The presence of a nonclassical SH3 interaction motif in
Pex5p raised the possibility that Pex5p may interact at a site
on the Pex13-SH3 domain distinct from the PXXP binding
pocket. To test this hypothesis we made use of two mutated
forms of the Pex13p-SH3 domain. One mutation originates
from a previously isolated mutant of Pex13p
[Pex13p(E320K)] (Elgersma et al., 1996a). Pex13p(E320K) has
a point mutation in the RT-loop of the SH3 domain. This
loop has been shown to be important in determining the
specificity of and affinity for SH3 ligands (Lee et al., 1995,
1996; Arold et al., 1998; Pisabarro et al., 1998). The second
SH3 domain mutant was created by site-directed mutagen-
esis. This mutant contains an amino 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 interaction of the wild-type and mu-
tant SH3 domains with Pex14p and Pex5p was assayed in
the two-hybrid system. p-Galactosidase activity was mea-
sured to quantitate the interaction strength. The results
shown in Table 4 reveal that Pex14p is unable to interact
with SH3(E320K) and SH3(W349A). However, Pex5p inter-
action with both SH3(E320K) and SH3(W349A) is largely
unaffected. The controls included show that expression of
either of the fusion proteins alone did not support the acti-
vation of the reporter genes. Similar results were obtained in
an in vitro binding assay (Figure 2). E. coli-expressed 6xHis-
Pex14p could be coeluted with MBP-SH3 (Figure 2B, lane 2),
whereas in a parallel experiment 6xHis-Pex14p did not bind
to MBP-SH3(E320K) because it did not appear in the eluate
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Figure 8. Localization of peroxisomal matrix proteins in pex5A
cells expressing wild-type Pex5p, Pex5p(F208L), or Pex5p(E212V).
Subcellular distribution of GFP-SKL visualized by fluorescence mi-
croscopy (A). Bar, 10 wm. Subcellular distribution of CTAl and
3HAD (B) and 3-ketoacyl-CoA thiolase and Mdh3p (C). After sub-
cellular fractionation equivalent volumes of the 600 X g postnuclear
supernatant (homogenate [H]), 20,000 X g pellet (P) and 20,000 X g
supernatant (S) were analyzed by measuring enzyme activities (B)
or by Western blotting (C). Antibodies were directed against the
proteins as indicated. Recoveries varied between 90 and 110%.

(Figure 2B, lane 3). Furthermore, GST-Pex5p could be coe-
luted with both wild-type MBP-SH3 (Figure 2A, lane 2) and
MBP-SH3(E320K) (Figure 2A, lane 3), indicating that the
direct interaction between Pex5p and mutant Pex13-SH3 is
not affected. Taken together, these results show that the
E320K and the W349A mutations affect Pex14p interaction,
but do not interfere with Pex5p binding. They suggest,
therefore, that Pex14p is the canonical SH3 domain ligand,
whereas Pex5p binds the Pex13-SH3 domain in an alterna-
tive way.

To obtain further support for this notion we investigated
the effect of Pex5p expression on the two-hybrid interaction
between Pex13-SH3 and Pex14p. A two-hybrid reporter
strain isogenic to PCY2 was constructed in which the PEX5
gene was deleted (PCY2pex5A). This strain was transformed
with plasmids encoding either wild-type or a mutant ver-
sion of Pex5p under the control of the PEX5 promoter, or it
was transformed with an empty expression vector. Figure 5
shows that deletion of endogenous Pex5p reduced the
Pex13-SH3/Pex14p interaction about threefold, indicating
that the strength of this interaction is dependent on the
presence of Pex5p. Reexpression of the Pex5p(F208L) mutant
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that is specifically disturbed in SH3 interaction does not
restore the SH3-Pex14p interaction to wild-type levels. To-
gether, these results show that in vivo binding of Pex5p to
Pex13-SH3 cooperatively stabilizes the SH3/Pex14p interac-
tion, which suggests that Pex5p and Pex14p bind separate
sites on the Pex13-SH3 domain.

Pex13p and Pex14p Operate Stoichiometrically

To further investigate complex formation in vivo we carried
out experiments in which PEX13, PEX14, or PEX5 alone or
in combination were overexpressed in wild-type cells. The
transformed strains were subsequently tested for their abil-
ity to grow on oleate. Such experiments might reveal
whether the proper stoichiometry of a protein is essential for
peroxisome function. As shown in Figure 6A, overexpres-
sion of Pex13p under the control of the strong CTAI-pro-
moter in wild-type cells leads to growth inhibition. Simi-
larly, when Pex14p is expressed under the control of the
CTA1 promoter, growth on oleate is also inhibited. How-
ever, simultaneous overexpression of Pex13p and Pex14p
allows normal growth on oleate, whereas cooverexpression
of the nonfunctional pex13 mutant E320K and Pex14p inhib-
its growth on oleate. Overexpression of Pex5p does not affect
growth and is also not able to rescue the inhibitory effect of
Pex13p or Pex14p overexpression on oleate (Figure 6B). We
conclude that stoichiometry of Pex13p and Pex14p is re-
quired for correct peroxisomal function, which indicates
close cooperation between these two peroxins.

In Vivo Effects of pex5 Mutations F208L and E212V

Wild-type and mutant pex5 alleles were cloned downstream
of the PEX5 promoter in a yeast expression plasmid. These
plasmids were transformed to a pex5A strain and transfor-
mants were cultured on oleate. The growth rate of cells
expressing Pex5p(F208L) was approximately fourfold re-
duced compared with that of wild-type Pex5p, whereas
growth of Pex5p(E212V) cells was less affected (Figure 7).
Growth on glucose or glycerol media was unaffected for all
transformants (our unpublished results). In addition, we
constructed a pex5 mutant with three amino acid substitu-
tions in the region involved in Pex13-SH3 domain binding;:
F208L, E212V, and E214G. This triple mutant showed
growth rates on oleate comparable to the single F208L mu-
tant (Figure 7, inset). These results are in line with the
binding studies and suggest an essential role for F208 in the
interaction with Pex13-SH3.

We expressed the GFP fused to PTS1 (GFP-SKL) to mea-
sure PTS1 protein import in these mutants. GFP-SKL expres-
sion was visualized using fluorescence microscopy (Figure
8A). In pexbA cells expressing Pex5p(F208L) a 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) transfor-
mants showed an exclusively punctated pattern (Figure 8A).

The apparent mislocalization of PTS1 proteins in pex5A
cells expressing Pex5p(F208L) was substantiated by subcel-
lular fractionation experiments. pex5A transformants were
homogenized and a postnuclear supernatant was centri-
fuged at 20,000 X g. Equivalent volumes of the pellet and the
supernatant fractions were analyzed for the presence of
peroxisomal proteins by using enzyme assays (Figure 8B:
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CTA1 and 3HAD) or Western blotting (Figure 8C: Mdh3p,
3-ketoacyl-CoA thiolase). In cells expressing wild-type
Pex5p, 3HAD, CTAl, and Mdh3p were recovered almost
exclusively from the pellet fraction. In cells expressing
Pex5p(F208L) 3HAD, and Mdh3p were partially mislocal-
ized to the supernatant, whereas CTA1 was completely mis-
localized to the supernatant fraction. The protein import
defect of CTA1 could not be rescued by replacing its PTS1
SKF by the canonical PTS1 SKL (our unpublished results),
suggesting that the failure of 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 other PTS1 proteins showed a wild-
type distribution. The distribution of the PTS2 protein 3-ke-
to-acyl-CoA thiolase was comparable in wild-type,
Pex5p(E212V), and Pex5p(F208L) cells (Figure 8C), implying
that the defect in protein import in pex5(F208L) cells is
specific for the PTS1 import pathway. Moreover, these re-
sults suggest that loss of SH3-Pex5p interaction can be par-
tially compensated for in vivo. This is born out by an in vitro
reconstitution experiment. GST-Pex5p(F208L) could be coe-
luted with MBP-SH3 when 6xHis-Pex14p was first bound to
the immobilized MBP-SH3 column (Figure 4, lane 4). These
results show that Pex14p contains two different binding
sites: one for Pex13-SH3 and another for Pex5p, and that
these proteins can bind Pex14p simultaneously in vitro,
resulting in a complex formed by Pex5p, Pex14p and Pex13-
SH3.

Pex5p(F208L) and Pex5p(E212V) Are Still Associated
with Peroxisomes

Because Pex5p(F208L) and Pex5p(E212V) are disturbed in
binding to the Pex13-SH3 domain, we investigated whether
the subcellular distribution of the pex5 mutants is affected.
Subcellular fractionation of pex5A cells expressing mutant or
wild-type Pex5p revealed that Pex5p(F208L) and
Pex5p(E212V), like wild-type Pex5p, were partially associ-
ated with the 20,000 X g pellet fraction (our unpublished
results). To investigate whether Pex5p present in the pellet
fractions was associated with peroxisomes these fractions
were analyzed by equilibrium density centrifugation. Frac-
tions were collected and analyzed for Pex5p and marker
proteins for peroxisomes (Pex13p, Pex14p, and Patlp) and
mitochondria (Hsp60) by using SDS-PAGE and Western
blotting. Cells expressing Pex5p(F208L) contained peroxi-
somes equilibrating at lower density in a Nycodenz gradient
than peroxisomes from wild-type 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 peroxisomal peak fractions (Figure 9). These results
suggest that in vivo, although interaction with the SH3
domain of Pex13p is impaired, Pex5p can still associate with
peroxisomes. Based on our in vitro binding experiments
Pex14p is a likely candidate to fulfill this function.

DISCUSSION

Proteins containing a PTS need to be targeted after synthesis
in the cytoplasm to the peroxisomal membrane for subse-
quent import into the peroxisomal matrix. Many proteins
(peroxins) have been discovered that are involved in this

3971



G. Bottger ef al.

Pex5p wild-type
Fraction: 1 5 10
Pex5p - D ke

Pex13p
Pat1p i

Pex14p
Hsp60

Pex5p(F208L)
Fraction: 1 5 10

Pex5p .
Pex13p
Patip — — —

Pex14p -
Hsp60

Pex5p(E212V)
Fraction: 1 5 10
Pex5p e T

Pex13p o
Pat1p —

— A —

Pex14p
Hsp60

15 20 24
15 20 24
15 20 24

Figure 9. Pex5p mutants are associated with peroxisomes. 20,000 X g pellet fractions of pex5A cells expressing wild-type Pex5p,
Pex5p(F208L), or Pex5p(E212V) were loaded on top of a continuous Nycodenz gradient and centrifuged at 29,000 X ¢ in a vertical rotor for
2.5 h. Fractions of 0.5 ml were collected and analyzed by SDS-PAGE and Western blotting with antibodies specific for Pex5p; the peroxisomal
membrane markers Pex13p, Pex14p, and Patlp; and the mitochondrial marker Hsp60. Fraction 1 is the bottom of the gradient. The asterisk

indicates a cross-reacting band.

targeting and membrane-translocation process, some of
which are active in the soluble phase (targeting), whereas
others are integral or peroxisomal membrane-associated
proteins acting as components of the protein-translocation
machinery. Pex5p is the soluble receptor that recognizes
PTS1 proteins and targets these PTS1 proteins to the mem-
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brane-located peroxins (Pex13p, Pex14p, and Pex17p). Here
we have investigated the region of Pex5p important for
association with the SH3 domain of Pex13p.

Pex5p mutants were selected in a two-hybrid setup that
had lost the ability to bind to Pex13-SH3 but that retained
the ability to interact with other proteins. The screen re-
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vealed at least three residues important for Pex13-SH3 in-
teraction, F208, E212, and E214. Mutation of F208 (to leucine)
had a strong down effect, whereas mutation of either E212 or
E214 (to valine and glycine, respectively) showed dimin-
ished binding capacity with Pex13-SH3 (Table 3). The prop-
erties of the mutants in the two-hybrid system could be
reproduced in an in vitro reconstituted system with bacte-
rially expressed fusion proteins, thus excluding possible
contributions of other yeast proteins. The mutations are
located close to each other in a region N-terminal of the
TPR-containing domain of Pex5p. Here we find the motif
W, XXQF,s, conserved among Pex5 proteins ranging from
yeast to human. Mutation of the strictly conserved trypto-
phan (W204) in this motif also compromised the interaction
with Pex13-SH3 (Table 3), indicating a central role for this
motif in Pex13-SH3 binding. A second motif with a similar
sequence (WSQEF) is present ~90 amino acids N-terminal of
the WXXQF motif. Mutations in this second motif do no
affect the interaction of Pex5p with Pex13-SH3 (our unpub-
lished results). Recently, it was shown that a peptide con-
taining amino acids 100-213 of Pichia pastoris Pex5p is able
to interact with the SH3 domain of PpPex13p in vitro
(Urquhart et al., 2000). This peptide includes the conserved
WXXQF motif, suggesting that the SH3 binding region in
Pex5p is conserved between different yeast species. Whereas
ScPex5p contains only two WXXXF motifs, human Pex5p
contains seven of these motifs. Based on in vitro binding
studies with HsPex5p and a fragment of HsPex14p (amino
acids 1-78), Schliebs et al. (1999) have suggested a role for
these motifs in Pex14p binding. We have not been able to
find support for this suggestion in yeast. Mutation of either
of these motifs in ScPex5p did not specifically affect Pex14p
binding (Table 3; our unpublished results). Because pex5
mutants with severely disturbed binding to the Pex13-SH3
domain are still able to interact with Pex14p in the two-
hybrid system (Table 3) and in vitro (Figure 4), we conclude
that there are separate binding regions in Pex5p for Pex14p
and Pex13-SH3.

A consensus SH3-binding motif (PTLPHR) is present in
the primary sequence of Pex14p. Girzalsky et al. (1999) dem-
onstrated by mutating the two prolines in the PXXP motif of
Pex14p that these residues are essential for interaction with
Pex13-SH3. The other Pex13-SH3 binding partner, Pex5p,
does not contain a PXXP binding motif or a degenerated
version thereof. Moreover, in our screen for mutants that
had lost the interaction with Pex13-SH3 we did not find any
mutations in proline residues, which suggests that Pex5p
contains a novel, non-PXXP-related, SH3-binding motif. This
is underscored by the differential effect of the W349A and
E320K mutations in the Pex13-SH3 domain on the interac-
tion with Pex5p and Pex14p. Pex13-SH3 (W349A) is mutated
in one of the conserved aromatic residues that form the
hydrophobic binding cleft of the SH3 domain and Pex13-
SH3(E320K) contains a mutation in the RT loop of the SH3
domain. Both mutations abrogated interaction with Pex14p
but interaction with Pex5p was not affected, either in the
two-hybrid assay or in in vitro reconstitution experiments.
Because both the hydrophobic binding cleft and the RT loop
of the SH3 domain are part of the canonical PXXP ligand-
binding region (Lim et al., 1994; Lee et al., 1995), the results
suggest a novel binding mode for Pex5p with Pex13-SH3.
This is supported by two other observations. First, our in
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vivo overexpression studies showed that overproduction of
Pex5p had no noticeable effect on the ability of cells to grow
on oleate, suggesting that Pex5p does not compete with
Pex14p for Pex13-SH3 domain binding. Second, we found in
the two-hybrid system that the presence of Pex5p coopera-
tively stimulated Pex13-SH3-Pex14p interaction. Both obser-
vations are in line with the existence of separate binding
sites for Pex14p and Pex5p on the Pex13-SH3 domain.

We tested the effects of the mutations in Pex5p in cells
with respect to growth and import of proteins into peroxi-
somes. Growth of Pex5 (F208L) was clearly retarded on
oleate as sole carbon source, but growth of pex5 (E212V) was
only mildly affected. A triple mutant of Pex5p containing all
three SH3 loss-of-interaction mutations (F208L, E212V, and
E214G) showed the same growth defect on oleate as the
single F208 mutant, suggesting that F208 identifies the most
important position for interaction with Pex13-SH3. Consid-
ering the clear deficiencies we observed with these mutants
in the yeast two-hybrid and in vitro reconstitution experi-
ments it is very unlikely that the mild phenotypes in vivo are
due to residual binding of Pex5p to Pex13-SH3. It rather
suggests that in vivo alternative ways exist to dock Pex5p
with its PTS1 protein load. Pex5p not only binds to Pex13-
SH3 but also to Pex14p. Indeed, Pex14p may substitute for
Pex13p as docking site. This notion is based on the in vitro
experiments, which show that binding of Pex5 (F208L) mu-
tant protein to immobilized Pex13-SH3 can be rescued when
Pex14p is mixed in. It suggests that Pex14p can function as
a bridge between Pex13-SH3 and the mutant version of
Pex5p. Indeed, our fractionation experiments showed that
Pex5p(F208L) was still able to associate with peroxisomes,
which indicates that in the absence of Pex13-SH3 interaction,
Pex5p is tethered to the peroxisome membrane in an alter-
native way, most likely through the interaction with Pex14p.

The combined roles of Pex13p and Pex14p in forming a
docking platform for Pex5p-mediated PTS1 protein delivery
was underlined by experiments in which Pex5p, Pex13p,
and Pex14p were overproduced. Overexpression of Pex14p
or Pex13p individually impaired growth of cells on oleate-
containing medium. A similar phenotype has been reported
for Hansenula polymorpha cells overexpressing Pexl4p
(Komori et al., 1997). Overexpression of both Pex13p and
Pex14p together, however, restored normal growth. Disrup-
tion of the Pex13p-Pex14p interaction had the same effect in
vivo: yeast cells containing the E320K mutation in the RT
loop of Pex13-SH3, which abrogated Pex14p association,
were unable to grow on oleate-containing medium (Elg-
ersma et al., 1996; Girzalsky et al., 1999). Together, these
results show that both the association and the stoichiometry
of Pex13p and Pex14p in a cell are important, which implies
that they fulfill their role in protein import as a well-defined
pair.

Import of PTS1 proteins was differentially affected in vivo
in the Pex5p(F208L) mutant context. As expected, import of
3-keto-acyl-CoA thiolase (a PTS2 protein) was normal, but
BHAD and Mdh3p (both PTS1 proteins containing the PTS1
SKL) were only partially mislocalized to the cytosol,
whereas CTA1 (containing the PTS1 SKF) was completely
mislocalized to the cytosol. The PTS1 consensus sequence is
rather degenerate and this may be related to its efficiency to
function as targeting signal. We swapped PTS1 motifs be-
tween Mdh3p and catalase A to investigate whether the
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composition of the PTS1 could explain the observed partial
versus complete import efficiencies of Mdh3p and catalase A
in the Pex5p(F208L) mutant; no support was found for the
notion that the PTS1 composition of catalase determines the
import efficiency (our unpublished results).

It is noteworthy that mild peroxisome biogenesis pheno-
types are also observed in humans. Analysis of the fibro-
blasts of a patient suffering from the peroxisome biogenesis
disorder neonatal adrenoleukodystrophy revealed that most
peroxisomal matrix proteins were partially mislocalized to
the cytosol, whereas catalase was found exclusively in the
cytosol (Liu et al., 1999; Shimozawa ef al., 1999), a phenotype
similar to that of the yeast Pex5p(F208L) mutant. These
observations underscore the notion that mild import defi-
ciencies can affect normal cellular function, thereby leading
to a diseased state of the organism. Interestingly, the mild
phenotype in this adrenoleukodystrophy patient is caused
by a missense mutation, I326T, in the SH3 domain of Pex13p.
Introduction of the analogous mutation in Pex13p of the
yeast P. pastoris also resulted in a mild peroxisome biogen-
esis deficiency (Liu et al., 1999). The effects of this mutation
on the interaction between Pex13p and its partner proteins
have not yet been determined, nor is it clear from the loca-
tion of the mutation in the SH3 domain which interaction
might be affected. Given that 1326 of human Pex13p is con-
served in S. cerevisiae Pex13p it will be of interest to include
this mutation in future studies. Particularly, in vitro inter-
action studies because we observed that deficiencies show
up more clearly in the simple reconstituted state than in
vivo.
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