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a consecutive fashion upon protein translocation. Evidence for
Pex13p being in a complex that is distinct from the Pex14pcontaining complex was recently provided upon purification of
both proteins from rat liver peroxisomes (35). In S. cerevisiae,
Pex13p is required for the targeting of Pex14p to the peroxisomal membrane (16), and thus, some of the defects in PTS2dependent import that are observed in pex13⌬ mutant cells
may in fact be due to the absence of peroxisomal Pex14p from
these cells.
PTS2 protein import specifically requires cytosolic factors in
addition to Pex7p. These include the redundant Pex18p/
Pex21p in S. cerevisiae (34); Pex5pL, the long isoform of Pex5p
in higher eukaryotes (5, 31); and Pex20p of Yarrowia lipolytica
(49). These PTS2-specific proteins possess only a weak overall
sequence similarity, but recent reports suggest that they might
perform a similar function. Pex5pL and Pex18p/Pex21p are
capable of interacting with Pex7p via a conserved short motif
and are thought to deliver cargo-loaded receptor to the peroxisomal membrane, whereas the binding of the PTS2 signal is
accomplished by Pex7p (7, 27, 30). Support for a conserved
function of these proteins was presented recently by the partial
complementation of a pex18⌬ pex21⌬ mutant with Pex20p (8).
However, Pex7p has not yet been identified in Y. lipolytica, and
thus, Pex20p may contain the activities of both Pex7p and
Pex18p/Pex21p. For Y. lipolytica, it has been shown that Pex20p
is involved in the cytosolic oligomerization of thiolase, which
seems to be a prerequisite for import. However, Pex20p might
also be involved in later events, as it can directly interact with
the intraperoxisomal Pex8p (46).
Here we present a functional analysis of the PTS2-specific
peroxins Pex7p, Pex18p, and Pex21p and their docking factors
Pex13p and Pex14p. The Pex7p-binding domain in Pex13p was
mapped to the extreme N terminus of Pex13p, which fails to
interact with Pex5p and Pex14p. The physiological relevance of

Peroxisomes are ubiquitous organelles of eucaryotic cells
and fulfill a number of biochemical functions, including the
␤-oxidation of fatty acids (51). Peroxisome biogenesis is dependent on a class of genes that is conserved among species,
the PEX genes (19, 40). The corresponding gene products, the
peroxins, are involved in specific aspects of peroxisome formation, peroxisome proliferation, membrane protein insertion,
and matrix protein import (14, 21). Most of the peroxins are
required for matrix protein import, which can occur via two
different pathways, the peroxisomal targeting signal type 1
(PTS1)-dependent one and the PTS2-dependent one. The majority of matrix proteins possess a PTS1 signal, which is located
at the extreme C terminus and is composed of the tripeptide
SKL or conservative variants thereof (18, 24). PTS2-containing
proteins include 3-ketoacyl-coenzyme A thiolase, which in Saccharomyces cerevisiae is encoded by the FOX3 gene. PTS2
targeting signals are located close to the N terminus and were
proposed to follow the consensus sequence H/R-L-X5-H-L
(47, 48).
The targeting signals are recognized in the cytosol by the
PTS1- and PTS2-specific factors Pex5p and Pex7p, respectively, which in turn deliver the cargo proteins to a docking
complex at the peroxisomal membrane. Upon docking, the two
pathways seem to merge, as the components of the docking
complex, Pex14p and Pex13p, provide binding sites for both
Pex5p and Pex7p (1, 16, 32). In the case of Pex5p, interaction
with Pex13p and Pex14p has been shown to be direct (2, 41,
50). Since Pex13p and Pex14p are nonredundant peroxins, it
follows that they act either together in the same complex or in
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Peroxisomal PTS2-dependent matrix protein import starts with the recognition of the PTS2 targeting signal
by the import receptor Pex7p. Subsequently, the formed Pex7p/cargo complex is transported from the cytosol
to the peroxisomal docking complex, consisting of Pex13p and Pex14p. In Saccharomyces cerevisiae, the latter
event is thought to require the redundant Pex18p and Pex21p. Here we mapped the Pex7p interaction domain
of Pex13p to its N-terminal 100 amino acids. Pex18p and Pex21p also interacted with this region, albeit only
in the presence of Pex7p. Expression of an N-terminally deleted version of Pex13p in a pex13⌬ mutant failed
to restore growth on fatty acids due to a specific defect in the import of PTS2-containing proteins. We further
show by yeast two-hybrid analysis, coimmunoprecipitation, and in vitro binding assays that Pex7p can bind
Pex13p and Pex14p in the absence of Pex18p/Pex21p. The PTS2 protein thiolase was shown to interact with
Pex14p but not with Pex13p in a Pex7p- and Pex18p/Pex21p-dependent manner, suggesting that only Pex14p
binds cargo-loaded PTS2 receptor. We also found that the cytosolic Pex7p/thiolase-containing complex includes Pex18p. This complex accumulated in docking mutants but was absent in cells lacking Pex18p/Pex21p,
indicating that Pex18p/Pex21p are required already before the docking event.

VOL. 22, 2002

EARLY EVENTS IN PTS2 PROTEIN IMPORT

6057

TABLE 1. S. cerevisiae strains used
Strain

UTL-7A
HF7c
PJ69-4A

a
b

MAT␣ leu2-3,112 ura3-52 trp1
MATa ura3-52 his3-200 lys2-801 ade2-101 trp1-901 leu2-3,112 gal4-542 gal80-538 LYS2::GAL1-HIS3
URA3::(GAL4 17-mers)3-CYC1-LacZ
MATa ura3-52 his3-200 trp1-901 leu2-3,112 gal4⌬ gal80⌬ LYS2::GAL1-HIS3 met2::GAL7-lacZ
GAL2-ADE2
pex7⌬::LEU2
pex13⌬::kanMX4
pex14⌬::LEU2
pex18⌬::kanMX4
pex21⌬::loxP
pex7⌬::LEU2
pex21⌬::loxP
UTL-7Apex18⌬::kanMX4 pex21⌬::loxP
UTL-7Apex14⌬::LEU2 pex18⌬::kanMX4 pex21⌬::loxP
HF7cpex18⌬::kanMX4 pex21⌬::loxP
UTL-7A [pHPR131]
UTL-7Apex7⌬::LEU2 [pHPR131]
UTL-7A [pHPR132]
UTL-7Apex13⌬::kanMX4 [pHPR131]
UTL-7Apex18⌬::kanMX4 pex21⌬::loxP [pHPR131]
UTL-7Apex7⌬ PEX18-TAP TRP1
UTL-7Apex21⌬ PEX18-TAP TRP1

Source or reference

10
11
P. Jamesa
26
23
1
W. Kunaub
W. Kunau
W. Kunau
W. Kunau
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Madison, Wis.
Bochum, Germany.

this domain for PTS2-dependent protein import was addressed. We further demonstrate that Pex7p and not Pex18p/
Pex21p actually docks to the peroxisomal docking complex and
provide evidence that Pex14p represents the initial docking
protein. The function of Pex18p and Pex21p will be addressed,
and our findings will be discussed in terms of a sequence of
events for the early steps in PTS2 protein import.
MATERIALS AND METHODS
Strains, media, and general methods. Escherichia coli strain DH5␣ was used
for all plasmid amplifications and isolations, and E. coli strain C41 (DE3) (obtained from J. Walker, Medical Research Council, Cambridge, United Kingdom)
was used for heterologous expression of recombinant fusion proteins. The yeast
strains used in this study are listed in Table 1. PEX18 was deleted from strains
HF7cpex21⌬ and UTL-7Apex21⌬ by using a kanMX4-based disruption cassette
that had been amplified from genomic DNA of strain HF7cpex18⌬ with primer
pair RE221/222. PEX14 was similarly deleted from strain yKat110 by amplifying
a LEU2-based cassette with primer pair RE87/88 and genomic DNA of strain
UTL-7Apex14⌬ as a template. The authenticity of each gene deletion was confirmed by PCR. EcoRV-linearized pHPR131 (expressing PTS2-DsRed) was stably integrated into the trp1 locus of strains UTL-7A (yHPR251), UTL-7Apex7⌬
(yHPR252), UTL-7Apex13⌬ (yKAT92), and UTL-7Apex18⌬pex21⌬ (yKat111).
Plasmid pHPR132 (expressing DsRed) was similarly integrated into the trp1
locus of UTL-7A (yHPR255). PEX18 was genomically tagged with the TAP tag
as described previously (38). In brief, primer pair RE301/302 was used to amplify
the TAP tag cassette plus the Kluyveromyces lactis TRP1 marker gene from
plasmid pBS1479. The resulting PCR product was then used to transform strains
UTL-7Apex7⌬ (yAS3) and UTL-7Apex21⌬ (yAS4). Correct integration of the
cassette was verified by PCR.
Standard media for the cultivation of yeast and bacterial strains were prepared
as described previously (10, 42). For the induction of peroxisomes, cells were
grown in synthetic dextrose medium (SD) containing 0.3% glucose to mid-log
phase, shifted into oleic acid medium (YNO), and incubated for 13 h. YNO
contained 0.1% oleic acid, 0.05% Tween 40, 0.1% yeast extract, 0.67% yeast
nitrogen base, and amino acids as required and was adjusted to pH 6.0 with
KOH. For induction of the CUP1 promoter, 25 mg of CuSO4/liter was added to
the YNO medium. Oleic acid plates were prepared as described previously and
contained 0.1% (wt/vol) oleic acid, 0.5% (wt/vol) Tween 80, 0.1% yeast extract,
0.67% yeast nitrogen base, amino acids, and 0.5% potassium phosphate buffer
(pH 6). Standard recombinant DNA techniques, including enzymatic modifica-

tion of DNA, transformation, and cultivation, were performed essentially as
described previously (42). Yeast whole-cell extracts were prepared from 30 mg of
cells according to a published protocol (55).
Plasmids and oligonucleotides. The plasmids and oligonucleotides used are
listed in Tables 2 and 3, respectively. Unless otherwise stated, all PCRs were
performed with genomic DNA of a wild-type strain as a template and products
were subcloned into EcoRV-cut pBluescript SK(⫹) (Stratagene, La Jolla, Calif.).
To construct the PEX13-GFP fusions, the complete PEX13 open reading frame
and a truncated form (representing amino acids [aa] 151 to 386) were amplified
with primer pairs RE 432/435 and RE 550/435, respectively, cut with BamHI and
EcoRI, and cloned into the appropriately digested pUG35 (29), resulting in
pMS9 and pKAT136.
Expression of full-length and truncated Pex13p from the PEX13 promoter was
achieved as follows. The PEX13 promoter (base pairs ⫺363 to ⫹6) was amplified
(RE 98/99) and cloned as a BamHI/EcoRI fragment into pSK(⫹) (pKat46). The
complete PEX13 open reading frame, amplified with primer pair RE 421/423,
and the truncated version (representing aa 56 to 386), amplified with primer pair
RE 422/423, were digested with SphI/HindIII and cloned into the SphI/HindIIIdigested pKat46, resulting in pKat111 and pKat112. The assembled constructs
were excised from pKat111 and pKat112 with BamHI/HindIII and ligated into
the appropriately cut yeast expression vector pRS-FOXP-TERM (C. Clayton,
Heidelberg, Germany), resulting in pKat113 and pKat122, respectively.
The PTS2-DsRed expression construct (pHPR131) was cloned by assembling
the following fragments into XbaI/PstI-cut YIplac204 (15): the ADH2 promoter,
excised from plasmid pADH2PIP2, as an XbaI/NdeI fragment (3); the aminoterminal 16 aa of Fox3p, obtained from pPTS2-GFP-prA (unpublished) by using
primer pair RE 188/189, as an NdeI/NcoI fragment; and DsRed, amplified from
pDsRed (Clontech, Palo Alto, Calif.) with primer pair RE 197/198 and subcloned into pBluescript SK(⫹) (pHPR126), as an NcoI/PstI fragment. The
DsRed expression vector lacking a PTS2 (pHPR132) was similarly assembled in
EcoRI/PstI-cut YIplac204 by using the DsRed-containing NcoI/PstI fragment of
pHPR126 and the ADH2 promoter from pADH2-OAF1 as an EcoRI-NcoI
fragment (39).
For the bacterial expression of a synthetic PTS2 protein (pRB107), PTS2GFP-prA was amplified from pPTS2-GFP-prA with primer pair RE 188/415 and
cloned as a BamHI/EcoRI fragment into pGEX4T-2 (Amersham Pharmacia,
Freiburg, Germany). To express Pex7p in E. coli, PEX7 was amplified with
primer pair RE 79/80 and cloned as a SacI/PstI fragment into the appropriately
cut pQE31 (Qiagen, Hilden, Germany) or pMAL-c2X (New England Biolabs,
Beverly, Mass.), yielding QE31-PEX7 and pKat128, respectively. To generate a
His6-Pex14p fusion construct (QE31-PEX14), PEX14 was amplified with primer
pair RE 87/88 and cloned into pQE31 as a BamHI/PstI fragment. The GST-
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UTL-7Apex7⌬
UTL-7Apex13⌬
UTL-7Apex14⌬
UTL-7Apex18⌬
UTL-7Apex21⌬
HF7cpex7⌬
HF7cpex21⌬
yKat36
yKat110
yKat12
yHPR251
yHPR252
yHPR255
yKat92
yKat111
yAS3
yAS4

Description
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TABLE 2. Plasmids used

Plasmid

Primer pair

MLS1 pr-GFP-SKL
CUP1pr-myc-PEX7

K. lactis TRP1-marked TAP tag cassette
DsRed in SK(⫹)
ADH2pr-PTS2-DsRed
ADH2pr-DsRed
His6-PEX7
His6-PEX14
Pex13p151–386-GFP
PEX13pr in SK(⫹)
PEX13pr-PEX131–386 in SK(⫹)
PEX13pr-PEX1356–386 in SK(⫹)
PEX13pr-PEX131–386 in pRSTERM
PEX13pr-PEX1356–386 in pRSTERM
MBP-PEX7
GST-Pex13p1–100
pPC86-PEX13 (1–151)
pPC86-PEX13 (1–166)
pPC86-PEX13 (1–264)
pPC86-PEX13 (1–280)
pPC86-PEX13 (1–310)
pPC86-PEX13 (1–340)
pPC86-PEX13 (1–370)
pPC86-PEX13 (1–386)
pPC86-PEX13 (151–386)
pPC86-PEX13 (166–386)
pPC86-PEX13 (264–386)
pPC86-PEX13 (280–386)
pPC86-PEX13 (310–386)
pPC86-PEX13 (340–386)
pPC86-PEX13 (370–386)
pPC97-PEX13 (1–151)
pPC86-PEX13 (1–55)
pPC86-PEX13 (1–100)
pPC97-PEX13 (1–55)
pPC97-PEX13 (1–100)
pPC86-PEX13 (55–100)
pPC97-PEX13 (55–100)
pPC86-PEX21
pPC86-PEX18
pPC97-PEX21
pPC97-PEX18
pPC86-FOX3
Pex13p1–386-GFP
GST-PTS2-GFP-prA

Pex13p1-100 construct (pKat118) was cloned by amplifying the Pex13p-encoding
fragment with primer pair RE 298/379 and ligating the resulting EcoRI/XbaI
fragment into pGEX4T-1.
Yeast two-hybrid assays. The two-hybrid assay was based on the method of
Fields and Song (12). Selected PEX genes or truncations thereof were fused to
the DNA-binding domain or transcription activation domain of Gal4p in the
vectors pPC86 and pPC97 (6). To construct the Gal4p-AD-Pex13p fusions,
EcoRI/SpeI fragments of the various PEX13 fragments that had been amplified
from genomic DNA were subcloned into the appropriately cut pPC86 (Table 2).
To construct the Gal4p-BD-Pex13p fusions, the PEX13 fragments were excised
from the pPC86-PEX13 constructs with SmaI/SpeI and subcloned into SmaI/
SpeI-digested pPC97 (Table 2). PEX18 and PEX21 were amplified from genomic
DNA and subcloned into SalI/SacI-digested pPC86 and pPC97, respectively
(Table 2). A SalI/SacI fragment of pPC97-FOX3 containing the FOX3 open
reading frame was subcloned into an appropriately cut pPC86, resulting in
pPC86-FOX3 (pKat146). Cotransformation of two-hybrid plasmids into HF7c
was performed according to the method of Schiestl and Gietz (44). Double

RE197/198
RE79/80
RE87/88
RE550/435
RE98/99
RE421/423
RE422/423
RE79/80
RE298/379
RE25/32
RE25/33
RE25/34
RE25/35
RE25/36
RE25/37
RE25/52
RE25/38
RE26/38
RE27/38
RE28/38
RE29/38
RE30/38
RE31/38
RE53/38
RE25/32
RE25/378
RE25/379
RE25/378
RE25/379
RE380/379
RE380/379
RE173/174
RE169/170
RE173/174
RE169/170
RE432/435
RE188/415

Source or reference

24
36
1
1
1
36
38
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This
This

study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study

transformants were selected on SD synthetic medium without tryptophan and
leucine. Histidine auxotrophy of transformed HF7c was determined by growth on
selective plates lacking leucine, tryptophan, and histidine but containing 1 or 5
mM 3-aminotriazole.
Antibodies and Western blotting. To generate polyclonal antibodies against
Pex7p, a His6-tagged Pex7p was expressed in E. coli strain C41 (DE3) and
purified under denaturing conditions according to the manufacturer’s protocol
(Qiagen). This protein was subsequently used to immunize rabbits at Eurogentec
(Seraing, Belgium). The raised antiserum was specific, as it was able to detect
Pex7p in whole-cell extracts from a wild type but not from the respective pex7⌬
strain (Fig. 9C, lower panel). The other antibodies used have been described
previously, namely, anti-Fox3p (9), anti-Cta1p (20), anti-Pex13p (16), antiPex14p (1), anti-maltose-binding protein (MBP; New England Biolabs), antiprotein A (Sigma, St. Louis, Mo.), and anti-myc from 9E10 cell lines (16).
Immunoblotting was performed according to standard protocols. Horseradish
peroxidase-coupled anti-rabbit or anti-mouse immunoglobulin G (IgG), in com-

Downloaded from http://mcb.asm.org/ on May 11, 2021 by guest

pJR233
YEpmycPex7
pPC86-PEX5
pPC86-PEX14
pPC97-PEX7
pPC97-FOX3
pBS1479
pHPR126
pHPR131
pHPR132
pQE31-PEX7
pQE31-PEX14
pKat136
pKat46
pKat111
pKat112
pKat113
pKat122
pKat128
pKat118
pKat16
pKat17
pKat18
pKat19
pKat20
pKat21
pKat22
pKat23
pKat24
pKat25
pKat26
pKat27
pKat28
pKat29
pKat30
pKat31
pKat86
pKat87
pKat88
pKat89
pKat90
pKat91
pKat59
pKat66
pKat60
pKat68
pKat146
pMS9
pRB107

Description
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TABLE 3. Oligonucleotides used
Designation

25 .................................................GTGAATTCGGATCCATATGTCATCCACAGCAGTACCA
26 .................................................GTGAATTCGGATCCATATGTTAATAGAAAGTTTGATAGGC
27 .................................................GTGAATTCGGATCCATATGCTGGAATCTACTTATATGGCC
28 .................................................GTGAATTCGGATCCATATGCCGCTACTATTTTTTTTGATG
29 .................................................GTGAATTCGGATCCATATGAACAAATTTATTACTAAACTACAG
30 .................................................GTGAATTCGGATCCATATGTTTGCAAGAGCGTTATATGAT
31 .................................................GTGAATTCGGATCCATATGAAAGACCCTCTTGGGAGGGAT
32 .................................................GCTCTAGAACTAGTTAACTGAAAGGTGGCCTTCGT
33 .................................................GCTCTAGAACTAGTCAGCATTTGTGCAAATCCAGT
34 .................................................GCTCTAGAACTAGCGGTTTCCATGAAATTTTCCT
35 .................................................GCTCTAGAACTAGTGTTTAGTAGATATGGAAAACC
36 .................................................GCTCTAGAACTAGTAAATTCTAACTTCGAAGGATC
37 .................................................GCTCTAGAACTAGTTTTCTTACTCAAAATTGCCAT
38 .................................................GCTCTAGAACTAGTCTAGTGTGTACGCGTTTCATC
52 .................................................GCTCTAGAACTAGTTATGATCTCAATATAGTTATA
53 .................................................GTGAATTCGGATCCATATGATAAAAAGACGGAAGAAAATTGAG
79 .................................................GCTCTAGAGAGCTCACATATGCTCAGATATCACATGCAAGG
80 .................................................GGGGTACCCTCGAGCTGCAGTCAACCTAAGCCGTTCCATAC
87 .................................................GCTCTAGAGCTAGCAAGGATCCAATGAGTGACGTGGTCAG
88 .................................................GGGGTACCGAATCCCTGCAGCTATGGGATGGAGTCTTC
98 .................................................CGGGATCCCTGCAGCTATTTATTCATAGTGTC
99 .................................................CGGAATTCGCATGCTGACATCGCAGGTATTGTTATAGT
169 ...............................................GCGTCGACTATGAATAGTAACCGATGC
170 ...............................................GCGAGCTCTTAAGCAATTCTGTCTTCAAC
173 ...............................................GCGTCGACTATGCCCAGTGTCTGCCAT
174 ...............................................GCGAGCTCTCAATCAAGTATGTCTTTGTG
188 ...............................................CTGCAGTTAATTCGCGTCTACTTTCGG
189 ...............................................CATATGTCTCAAAGACTACAAAG
197 ...............................................GCGGCCGCACCATGGTGAGGTCTTCCAAGAATGTT
198 ...............................................GGATCCGTCGCGGCCGCTAAAGGAAC
221 ...............................................GTATAATCAGGTATGTAAGGG
222 ...............................................CGACAACTAAGTTCCAGAAAG
298 ...............................................CGGAATTCCATATGTCATCCACAGCAGTACCA
301 ...............................................AACTGGGCTGGTCTTGAGTTCCATGATGTTGAAGACAGAATTGCTTCCATGGAAAAGAGAAG
302 ...............................................TCTCTTGAAAGTGGTTAAAAAGTGTTATATATCTGAAATTCATGGTACGACTCACTATAGGG
378 ...............................................GCTCTAGAACTAGTCTAAGCAGACTCACTTGCACT
379 ...............................................GCTCTAGAACTAGTCTATATAGAGTTCATACTATACGG
380 ...............................................GTGAATTCGGATCCATATGCCCGAAGTTTTGCCGCGG
415 ...............................................GGATCCTCTCAAAGACTACAAAGTATC
421 ...............................................GCATGCGGCGGCCGCTCATCCACAGCAGTACCA
422 ...............................................GCATGCGGCGGCCGCCCCGAAGTTTTGCCGCGG
423 ...............................................AAGCTTCTAGTGTGTACGCGTTTCAT
432 ...............................................GAGGATCCTGCGATGTCATCCACA
435 ...............................................TCTGAATTCGTGTGTACGCGTTTCATC
550 ...............................................GAGGATCCTGCGATGTTAATAGAAAGTTTGATAGGC

bination with the ECL system (Amersham Pharmacia), was used to detect immunoreactive complexes.
Coimmunoprecipitation. Coimmunoprecipitation of myc-Pex7p was performed essentially as described previously (36), with the exception that breakage
of the copper-induced cells was achieved by vortexing a suspension of 1 g of cells,
3 volumes of solution A (50 mM Tris-HCl [pH 7.5], 50 mM NaCl, 0.2% Triton
X-100) that contained the Complete protease inhibitor cocktail (Roche, Mannheim, Germany), and 3 volumes of glass beads (diameter, 0.5 mm; Sigma) for 30
min at 4°C on an IKA-Vibrax VXR (Vibrax, Staufen, Germany). To precipitate
Pex18p-TAP, soluble extracts obtained from 3 g of cells (suspended in 2.5
volumes of solution A) were incubated with IgG Sepharose (Amersham Pharmacia) followed by three washing steps with solution A. At that point, aliquots of
each sample were removed for analysis of bound Pex18p-TAP. The remainder of
the samples were adjusted to 10 mM dithiothreitol and 1 mM EDTA and
incubated with 3 U of recombinant tobacco etch virus (TEV) protease (Life
Technologies, Karlsruhe, Germany) for 2 h at room temperature with gentle
agitation to release Pex18p from the matrix. The resulting eluates were analyzed
for the presence of Pex7p and Fox3p.
In vitro binding assays. To analyze the Pex7p-Pex14p interaction, the soluble
fraction of bacterially expressed His6-Pex14p (QE31-PEX14) was incubated with
nickel-nitrilotriacetic acid (Ni-NTA) matrix (Invitrogen, De Schelp, The Netherlands) for 2 h at 4°C. After being washed with column buffer (50 mM

NaH2PO4, 300 mM NaCl, 20 mM imidazole [pH 8]) in a column, equal amounts
of the soluble fractions of bacterially expressed MBP-Pex7p (pKat128) or MBP
alone (pMAL-c2X) were added to the column and incubated with the matrix for
1 h. After being washed with column buffer, the proteins were eluted with elution
buffer (50 mM NaH2PO4, 300 mM NaCl, 500 mM imidazole [pH 8]). The eluted
samples were analyzed by Coomassie brilliant blue staining or immunoblot analysis.
The in vitro binding of Pex7p to Pex13p was analyzed as follows. The soluble
fractions of glutathione S-transferase (GST) and GST-Pex13p1-100 that had been
expressed in C41 (DE3) from plasmids pGEX4T-1 and pKat118, respectively,
were bound for 2 h at 4°C on a glutathione Sepharose 4B matrix (Amersham
Pharmacia). After washing the matrix with 1⫻ phosphate-buffered saline (137
mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 䡠 7H2O, 1.4 mM KH2PO4), the
soluble fraction of bacterially expressed His6-Pex7p (QE31-PEX7) was added
and incubated with the matrix for 1 h at 4°C with gentle rotation. Alternatively,
equal amounts of yeast lysates from myc-Pex7p-expressing UTL-7A or UTL7Apex18⌬pex21⌬ cells were added. After washing the matrix with 1⫻ phosphatebuffered saline, the proteins were eluted with 10 mM glutathione in 50 mM
Tris-HCl (pH 8). The eluted samples were analyzed by Coomassie brilliant blue
staining or immunoblot analysis.
The binding of PTS2 protein to Pex7p was tested by loading soluble extracts
containing either GST-PTS2 protein (pRB107) or GST (pGEX4T-2) onto MBP-
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Pex7p that had been purified by using the pMAL purification system from New
England Biolabs. After being washed with 10 bed volumes of column buffer (20
mM Tris-HCl [pH 7.4], 200 mM NaCl, 1 mM EDTA), MBP-Pex7p was eluted
with column buffer containing 10 mM maltose. The eluates were analyzed for the
presence of GST-containing proteins by immunoblotting with an antibody directed against GST-Pex14p (1).
Miscellaneous. The analysis of live cells for DsRed and green fluorescent
protein (GFP) fluorescence was performed according to the method of Westermann and Neupert (53). ␤-Galactosidase activities were assayed according to
manufacturer’s instructions and expressed as micromoles of CPRG (chlorophenol red-␤-D-galactopyranoside) hydrolyzed per minute per cell (Clontech).

RESULTS

FIG. 1. Identification of the Pex7p-binding region in Pex13p.
(A) Known features of PEX13. The cytosolically exposed SH3 domain
(checked box) of the S. cerevisiae peroxisomal membrane protein
Pex13p (386 aa) is bound by Pex5p and Pex14p at distinct sites as
indicated by the arrows. The two predicted TMDs are marked in dark
gray. (B) Analysis of PEX13 fragments for interaction with PEX7 in the
yeast two-hybrid assay. The indicated regions of PEX13 were fused to
the GAL4 activation domain of plasmid pPC86 and cotransformed
with a pPC97-derived plasmid expressing a GAL4 DNA-binding domain–PEX7 fusion into the wild-type strain HF7c. The resulting prototrophs on histidine dropout plates containing 5 mM aminotriazole
were considered positive for interaction (⫹). Numbers flanking the
bars indicate the Pex13p amino acid residues that delimit the fragments.

struct comprising aa 55 to 100 of Pex13p failed to give rise to
a positive signal with any of the proteins analyzed (Fig. 3A).
Pex13p1-100 and Pex13p1-55 interacted more strongly with
Pex7p than with Pex18p or Pex21p, as the Pex7p-containing
strains grew faster on histidine dropout plates than those containing Pex18p and Pex21p (data not shown). This result was
also verified by quantification of the two-hybrid data by means
of a ␤-galactosidase assay in the strain background of PJ69-4A,
which harbors a sensitive GAL7 promoter-lacZ reporter gene.
Activities were about threefold higher in the strain expressing
Pex7p-Pex13p1-100 (2,509 ⫾ 123 U) than in those expressing
Pex7p-Pex13p1-55 (811 ⫾ 137 U), whereas in the strain harboring Pex7p and Pex13p55-100, activities reached only background
levels (⬍50 U). None of the Pex18p/Pex21p-containing strains
turned out to yield activities above the detection limit of the
assay (⬍50 U). These data were interpreted to mean that
despite the N-terminal 55 aa of Pex13p being essential for the
Pex7p interaction, a somewhat larger region of Pex13p, possi-
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Pex7p interacts with the cytoplasmic N-terminal domain of
Pex13p. We have shown previously that Pex13p functionally
interacts with the PTS2 cargo receptor Pex7p (16). To further
characterize the binding of Pex7p to Pex13p, a series of N- and
C-terminal deletion constructs of Pex13p were tested in a yeast
two-hybrid assay for interaction with Pex7p. The full-length
Pex13p (aa 1 to 386) as well as the two C-terminal truncations
that lacked part of the SH3 domain (aa 1 to 340) or the
complete domain (aa 1 to 310) were able to interact with Pex7p
(Fig. 1), thereby demonstrating that the SH3 domain of Pex13p
is dispensable for the interaction of Pex13p with Pex7p. Interaction was also observed for even shorter Pex13p variants that
lacked the cytosolically oriented C-terminal domain in total,
with or without transmembrane domain 2 (TMD 2; aa 1 to 280
and 1 to 264, respectively). By further removing the internal
loop (aa 1 to 166) and TMD 1 (aa 1 to 151) of Pex13p, binding
to Pex7p remained proficient. On the other hand, removing
these 151 N-terminal amino acids from Pex13p (aa 151 to 386)
abolished its interaction with Pex7p. In accordance with this
observation, all Pex13p fragments that harbored even larger
N-terminal truncations also tested negative for Pex7p binding
(Fig. 1). Thus, the N-terminal domain of Pex13p, which is
exposed to the cytosol (16), is the only binding site for Pex7p.
This novel protein interaction module was also tested for interaction with Pex5p and Pex14p, the other known binding
partners of Pex13p. However, these proteins failed to bind aa
1 to 151 of Pex13p in a two-hybrid assay (Fig. 2A).
Pex18p, Pex21p, and Pex7p interact with the same region in
Pex13p. Translocation of proteins with a PTS2 targeting signal
specifically requires, in addition to Pex7p, the redundant,
largely cytosolic Pex18p and Pex21p (34). In the absence of
both proteins, PTS2-dependent import is abolished. Both proteins can interact with Pex7p and are thought to target cargoloaded Pex7p to the peroxisomal membrane (34). We therefore tested whether Pex18p and Pex21p are able to contact the
Pex7p interaction domain of Pex13p. When fused to the Gal4p
DNA-binding domain, both proteins exhibited autoactivity in
the two-hybrid assay (data not shown). However, the respective activation domain fusions of Pex18p and Pex21p caused
growth of the tester strain only when coexpressed with the
amino terminus of Pex13p (Fig. 2B). This result indicated that
Pex18p and Pex21p can also interact with the N terminus of
Pex13p. To narrow down the binding regions in the Pex13p N
terminus for the PTS2-specific proteins, smaller fragments of
Pex13p were tested in the two-hybrid assay (Fig. 3A). Amino
acids 1 to 100 proved even more efficient than aa 1 to 151 in
binding the three proteins, while the amino-terminal 55 aa of
Pex13p were efficiently recognized only by Pex7p. The con-
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bly up to its first 100 aa, constitutes the full interaction site for
Pex7p. The association of Pex18p/Pex21p with this optimal site
could be explained by the assumption of a Pex7p-mediated
interaction of Pex18p/Pex21p with Pex13p.
Pex18p and Pex21p bind Pex13p via Pex7p. The resemblance in binding sites opened the possibility that Pex18p and
Pex21p bound to Pex13p in a complex with Pex7p. This was
addressed by testing the interaction of Pex7p with Pex13p1-100
in a strain devoid of both Pex18p and Pex21p (Fig. 3B). The
interaction was unaffected, suggesting that Pex7p forms contacts with Pex13p that are independent of Pex18p/Pex21p. In
contrast, the presence of Pex7p was important for the Pex18p/
Pex21p interaction with Pex13p1-100 (Fig. 3B), thereby supporting the notion that Pex7p serves a bridging protein for the
interaction of Pex18p/Pex21p with Pex13p.
We then analyzed the possibility that Pex18p and Pex21p are
required for the binding of Pex7p to the other docking protein,
Pex14p, but this binding event occurred in the pex18⌬ pex21⌬
mutant background (Fig. 3C). Pex18p/Pex21p interacted only
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FIG. 3. Pex18p and Pex21p contact Pex13p and Pex14p only in the
presence of Pex7p. (A) Confinement of the Pex13p-binding region for
Pex7p, Pex18p, and Pex21p. The indicated fragments of Pex13p were
tested in a two-hybrid assay for interaction with Pex7p, Pex18p, and
Pex21p in the HF7c wild-type strain. (B) Dependence of the
Pex13p1-100 interactions with Pex7p, Pex18p, and Pex21p on endogenous PEX7 and PEX18/PEX21. The assays with Pex13p1-100 were
repeated in the otherwise isogenic HF7c strains pex7⌬ and pex18⌬
pex21⌬. Histidine prototrophs were not observed for Pex18p/
Pex21p in the absence of Pex7p. (C) Dependence of the Pex7pPex14p two-hybrid interaction on endogenous PEX18/PEX21. The
respective Pex7p and Pex14p fusions were transformed into HF7c
and the corresponding pex18⌬ pex21⌬ strain. In both strains, coexpression of Pex7p and Pex14p caused growth on histidine dropout
plates.

very weakly with Pex14p, and this interaction depended on
Pex7p (data not shown), suggesting that these redundant factors do not contact Pex14p directly, either.
Pex7p docking in the absence of Pex18p and Pex21p. To
obtain independent evidence for our results, we set out coimmunoprecipitation experiments with a myc-tagged version of
Pex7p. The same protein has previously been used to demonstrate Pex7p binding to Pex13p in the absence of Pex5p and
Pex14p (16). The tagged protein was expressed in wild-type
and pex18⌬ and pex18⌬ pex21⌬ mutant backgrounds and also
in the docking protein mutants pex13⌬ and pex14⌬. Expression
levels of myc-Pex7p were comparable in all strains (Fig. 4).
When myc-Pex7p was immunoprecipitated from whole-cell extracts of the wild-type strain, Pex13p and Pex14p were also
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FIG. 2. Only the PTS2-specific peroxins interact with the N terminus of Pex13p. (A) Analysis of Pex5p and Pex14p for their interaction
with Pex13p1-151. The interaction of Pex7p with Pex13p1-151 in a twohybrid assay is indicated by the histidine prototrophy of two independent clones of the respective transformant. The corresponding PEX5
and PEX14 transformants failed to grow on the same plate. (B) Pex18p
and Pex21p interaction with Pex13p1-151. Coexpression of PEX18
and PEX21 fusions to the GAL4 activation domain (AD) with the
Pex13p1-151 GAL4 DNA-binding domain (BD) fusion resulted in
the formation of histidine prototrophs.
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found in the precipitate (Fig. 4). As anticipated, in the absence
of Pex14p, Pex13p was still found in a complex with Pex7p.
Since this was also the case in the pex18⌬ pex21⌬ double
mutant (Fig. 4), this result demonstrated that binding of Pex7p
to the docking complex does not require the presence of
Pex18p and Pex21p.
Pex7p binds to Pex14p in vitro. The ability of Pex7p to bind
Pex14p in the absence of Pex18p/Pex21p was also analyzed
with bacterially expressed proteins. A His6-tagged version of
Pex14p was purified on Ni-NTA affinity columns onto which
soluble extracts were loaded that contained either MBP or an
MBP-Pex7p fusion protein. After washing, His6-Pex14p was
eluted from the columns and the eluates were analyzed for the
presence of coeluted MBP-Pex7p. Coomassie brilliant blue
staining revealed that Pex7p coeluted with His6-Pex14p (Fig. 5,
upper panel, lane 3) whereas MBP did not (lane 4). To ensure
that the indicated bands in the Coomassie blue-stained gels
indeed represented the MBP fusion protein, the same samples
were diluted 20-fold and subjected to immunoblot analysis with
an antibody directed against MBP (Fig. 5, lower panel). MBPPex7p was clearly detectable (lane 3), whereas little MBP was
detected (lane 4). Thus, heterologously expressed Pex7p specifically interacted with Pex14p, demonstrating that these two
peroxins can bind each other in a direct manner.
Pex7p binds to Pex13p1-100 in vitro. To analyze the Pex7pPex13p interaction in vitro, the first 100 aa of Pex13p were
expressed as a GST fusion protein in E. coli and subsequently
purified on GST affinity columns. Subsequently, yeast lysates of
wild-type or pex18⌬ pex21⌬ mutant cells expressing myc-tagged
Pex7p were added, and bound GST proteins were visualized by
Coomassie blue staining (Fig. 6A, lower panel). myc-Pex7p was

FIG. 5. Direct binding of Pex7p to Pex14p. Bacterially expressed
His6-tagged Pex14p was purified on Ni-NTA affinity columns. Subsequently, soluble extracts containing equal amounts of MBP (lane 1) or
MBP-Pex7p (lane 2) were loaded onto these columns. After being
washed, the eluates of His6-Pex14p were analyzed for retained MBPPex7p (lane 3) or MBP (lane 4) by Coomassie blue staining (upper
panel). The same samples were diluted 20-fold and subjected to immunoblot analysis with anti-MBP antibodies (lower panel).

detected immunologically by using anti-myc antibodies (Fig.
6A, upper panel). The tagged Pex7p was specifically retained in
the presence of Pex13p1-100 even when expressed in cells
devoid of Pex18p and Pex21p (lanes 2 and 3). When lysate
from an untransformed wild-type strain was applied to the
Pex13p1-100-GST-loaded column, no signal was obtained
(lane 1). Similarly, GST alone also failed to bind myc-Pex7p
(lanes 4 and 5). Thus, it could be inferred that the aminoterminal 100 aa of Pex13p are indeed the binding site for
Pex7p and that Pex18p/Pex21p are not required for Pex7p
binding to Pex13p1-100.
To exclude the possibility that another yeast protein contributed to the observed binding of Pex7p to Pex13p, both proteins
were bacterially expressed and subjected to in vitro binding
studies. When expressed as a His6-tagged version, a large fraction of Pex7p was found in inclusion bodies. Nevertheless, we
could obtain a small fraction of His6-Pex7p that was soluble.
This fraction was loaded onto columns containing purified
GST-Pex13p1-100 or GST (Fig. 6B). Anti-Pex7p antibodies
were then used to detect bound Pex7p by immunoblot analysis.
His6-Pex7p was only retained in the presence of Pex13p1-100
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FIG. 4. Docking of Pex7p in the absence of Pex18p and Pex21p.
The wild-type strain UTL-7A as well as the indicated, otherwise isogenic set of myc-Pex7p-expressing strains was induced in oleic acidcontaining medium and analyzed for the presence of Pex13p and
Pex14p in the immunoprecipitate of myc-Pex7p (upper panel). The
upper and lower panels show 10% of the immunoprecipitated samples
and 0.5% of the cell lysates, respectively, that had been subjected to
immunoblotting with antisera against the myc epitope, Pex13p, and
Pex14p.
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(Fig. 6B, lane 3), thereby demonstrating that Pex7p can directly bind to the N-terminal region of Pex13p.
The N terminus of Pex13p is required for PTS2-dependent
import. To elucidate the physiological relevance of the Pex7pbinding region in Pex13p, full-length Pex13p as well as a truncated variant of Pex13p lacking the N-terminal 55 aa were
expressed from the native PEX13 promoter in a pex13⌬ strain
and analyzed for their capability to complement the mutant
phenotype. Immunoblot analysis demonstrated that truncated
Pex13p56-386 was stably expressed, although to a lower degree
than full-length Pex13p (Fig. 7A). However, in contrast to
full-length Pex13p, Pex13p56-386 was not able to restore the
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FIG. 7. The Pex7p-binding region of Pex13p is important for its
function. (A) Expression of a truncated Pex13p variant in pex13⌬ cells.
Whole-cell extracts of strain UTL-7Apex13⌬ that had expressed plasmid-borne copies of either full-length Pex13p (Pex13p1-386) or an Nterminally truncated version of Pex13p (Pex13p56-386) were subjected
to immunoblot analysis with antiserum against Pex13p. The asterisk
denotes proteins that had cross-reacted with the antiserum.
(B) Complementation analysis of pex13⌬ with truncated Pex13p56-386.
The indicated strains were spotted as a series of 10-fold dilutions on an
oleic acid plate and incubated for 5 days at 30°C.

growth defect of a pex13⌬ mutant on fatty acids as a sole
carbon source (Fig. 7B), indicating that the N-terminal region
is important for the function of Pex13p.
To test whether truncated Pex13p was correctly targeted
to peroxisomes, GFP was fused to the C terminus of fulllength Pex13p (Pex13p1-386) and to Pex13p that lacked the
entire N-terminal cytosolic domain (Pex13p151-386). The
GFP fusions of both the truncated and the full-length
Pex13p were expressed in a wild-type strain, and their intracellular distribution was analyzed by fluorescence microscopy. Both Pex13p fusion proteins showed a punctate staining pattern (Fig. 8A) that was reminiscent of clustered
peroxisomes. This clustering did not affect peroxisomal
function, as full-length Pex13p-GFP was able to fully complement a pex13⌬ strain (data not shown). Moreover, the
staining patterns of both the full-length and the truncated
Pex13p coincided with that of the peroxisomal marker protein PTS2-DsRed (Fig. 8A and B). It was therefore concluded that Pex13p1-386 and Pex13p151-386 are correctly targeted to the peroxisomal membrane. We then investigated
whether truncated Pex13p56-386 is still functional in peroxisomal matrix protein import. This was achieved by monitor-
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FIG. 6. Direct binding of Pex7p to Pex13p1-100. (A) Yeast mycPex7p specifically interacts with GST-Pex13p1-100. Equal amounts of
GST or GST-Pex13p1-100 were loaded onto affinity columns and incubated with total cell lysates of a wild-type strain or the myc-Pex7pexpressing wild-type or pex18⌬ pex21⌬ strains. After the columns were
washed, bound proteins were eluted and analyzed by immunoblotting
for the presence of myc-Pex7p (upper panel). The presence of GST
and GST-Pex13p1-100 in these eluates was determined by Coomassie
blue staining (lower panel). (B) Binding of Pex7p to Pex13p in vitro.
Equal amounts of GST or GST-Pex13p1-100 were loaded onto affinity
columns and incubated with soluble extracts of bacterially expressed
His6-tagged Pex7p (⫹) or a mock-transformed E. coli strain (⫺). The
retention of His6-Pex7p was analyzed by immunoblotting (upper panel). The lower panel shows the presence of GST and GST-Pex13p1-100
in these eluates.
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FIG. 8. Only PTS2-dependent import is blocked in the absence of the Pex13p-docking site for Pex7p. (A) Peroxisomal localization of
Pex13p151-386. The UTL-7A strains expressing PTS2-DsRed as well as Pex13p1-386-GFP or Pex13p151-386-GFP were examined for GFP (left panels)
and DsRed (middle panels) fluorescence. Bright-field microscopy (BF) demonstrates the structural integrity of the cells. (B) Localization of the
fluorescing PTS2-DsRed marker protein. The wild-type UTL-7A and the otherwise isogenic pex7⌬ and pex18⌬ pex21⌬ strains expressing
PTS2-DsRed were streaked on oleic acid plates. After 2 days, cells were examined for DsRed fluorescence. The expression of a PTS-less DsRed
in a wild-type strain was also monitored. (C) Selective complementation of PTS1-dependent import by Pex13p56-386. The pex13⌬ strains
coexpressing Pex13p1-386 or Pex13p56-386 in combination with GFP-PTS1 (pJR233) and PTS2-DsRed were streaked on oleic acid plates and
examined after 2 days for staining patterns of the fluorescing PTS marker proteins.
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precipitate derived from the pex7⌬ strain (Fig. 9C, upper panel). It was therefore concluded that Fox3p can indeed associate
with Pex18p in vivo, albeit only in the presence of Pex7p.
Pex7p- and Pex18p/Pex21p-dependent docking of Fox3p to
Pex14p. We then analyzed whether Fox3p would be found in a
complex with the docking proteins Pex14p and Pex13p when
either Pex7p or Pex18p/Pex21p were absent. This was achieved
by testing for an interaction of Fox3p with Pex14p and Pex13p
in a two-hybrid assay. Remarkably, a strong interaction between Fox3p and Pex14p was observed in a wild-type strain,
which was absent in a pex7⌬ or pex18⌬ pex21⌬ mutant background (Fig. 10A). On the other hand, no interaction between
Fox3p and Pex13p1-100, a Pex13p fragment that strongly interacted with Pex7p, was detectable in a wild-type strain or a
pex18⌬ pex21⌬ strain (Fig. 10B). Even in a pex14⌬ strain,
where Pex7p binding to Pex13p is likely to increase, no interaction between Fox3p and Pex13p was detected (Fig. 10B).
These findings indicate that docking of the PTS2 cargo protein
is critically dependent on both Pex18p/Pex21p and Pex7p. They
further suggest that Pex14p represents the docking protein,
whereas Pex13p is involved in the binding of the Pex7pPex18p/Pex21p complex without cargo protein.
Pex18p and Pex21 promote the formation of an importcompetent PTS2 substrate complex. In the absence of a functional docking or translocation machinery, immunoprecipitates
of myc-Pex7p contain a drastically increased amount of the
PTS2 protein Fox3p (16, 37). This increased binding was interpreted to be due to the cytosolic accumulation of Fox3p in
these mutants. Were Pex18p/Pex21p only to mediate the docking of Fox3p to Pex14p, then such an apparent accumulation of
cargo-loaded receptor should also occur in a pex18⌬ pex21⌬
strain. As expected, the myc-Pex7p immunoprecipitates of a
wild-type strain contained little Fox3p, whereas those of
pex13⌬ and pex14⌬ strains showed an accumulation of Fox3p
(Fig. 11A). However, in the pex18⌬ pex21⌬ strain, only very
little Fox3p could be coprecipitated (Fig. 11A).
Since Fox3p also did not accumulate in a wild-type strain, we
analyzed the possibility that in our experiment, ectopic expression of myc-Pex7p suppressed the defect of the pex18⌬ pex21⌬
strain. In that case, growth of the pex18⌬ pex21⌬ mutant on
oleic acid plates should be restored when it is transformed with
the myc-Pex7p expression plasmid. However, as can be seen in
Fig. 11B, this strain (pex18⌬ pex21⌬ [myc-Pex7p]) remained
deficient in utilizing oleic acid to a degree similar to that of the
untransformed strain (pex18⌬ pex21⌬).
Thus, Pex18p/Pex21p probably act in a step that precedes
docking of Pex7p to the membrane. In that case, the observed
increase of Fox3p bound to myc-Pex7p in a pex14⌬ mutant
would be abolished by additionally deleting PEX18 and PEX21.
The amount of coimmunoprecipitated Fox3p in a pex14⌬
pex18⌬ pex21⌬ triple-mutant strain was therefore compared to
those of the pex14⌬, pex18⌬ pex21⌬, and wild-type strains.
Strikingly, an accumulation of Fox3p was not observed in the
triple-deletion strain (Fig. 11C). This result indicates that the
accumulation of the Pex7p-Fox3p complex in a pex14⌬ mutant
is dependent on Pex18p/Pex21p and, as a consequence, that
the function of Pex18p and Pex21p is already required in the
import process prior to Pex14p and thus before the Fox3pPex7p-Pex18p/Pex21p complex docks at the peroxisomal membrane.
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ing the subcellular distribution of fluorescent marker proteins for PTS1 and PTS2 import. GFP-SKL was used for
analyzing PTS1-dependent import, while PTS2-DsRed,
composed of the 16 N-terminal amino acids of Fox3p and
the red fluorescent protein DsRed, served as the PTS2
marker protein. This protein was imported into peroxisomes
in a wild-type strain but not in a pex7⌬ or pex18⌬ pex21⌬
strain, and DsRed without the PTS2 signal remained cytosolic in a wild-type strain (Fig. 8B). As expected, both GFPSKL and PTS2-DsRed caused diffuse staining when expressed in the pex13⌬ mutant, which is defective in both
import pathways (Fig. 8C). Coexpression of full-length
Pex13p restored matrix protein import, since both marker
proteins led to a punctate fluorescence staining pattern.
Most interestingly, upon coexpression of the truncated
Pex13p56-386, PTS2-DsRed fluorescence remained diffuse,
whereas GFP-SKL gave rise to a punctate staining pattern
(Fig. 8C). These results clearly demonstrate that in the
absence of the N terminus of Pex13p, PTS1-dependent import can still proceed, while PTS2-dependent import is
blocked, probably because the binding of Pex7p to this Nterminal domain is abolished.
Pex7p-dependent complex formation of Pex18p/Pex21p and
Fox3p. To determine where in the translocation process
Pex18p/Pex21p are required, we reinvestigated the two-hybrid interactions of the PTS2 protein Fox3p with the PTS2specific peroxins. Interaction of Fox3p with Pex7p was observed in wild-type, pex7⌬, and pex18⌬ pex21⌬ strains (Fig.
9A, lower panel). On the other hand, the interaction between Fox3p and Pex18p or Pex21p (data not shown) was
strictly dependent on Pex7p (Fig. 9A, upper panel), which
was in accordance with previous findings (34). This result
demonstrated that Pex18p/Pex21p are also not required for
the Pex7p-PTS2 interaction. To exclude an involvement of
other yeast proteins in the PTS2 recognition event, an in
vitro binding assay using bacterially expressed MBP-Pex7p
was set out. MBP-Pex7p was bound to an amylose resin onto
which soluble extracts from E. coli cells were loaded that
had expressed either a synthetic PTS2 protein fused to GST
or GST alone. Subsequent analysis of the eluted MBPPex7p fractions revealed that the targeting signal-containing
protein was specifically retained (Fig. 9B). Thus, Pex7p
alone was sufficient to recognize the PTS2 targeting signal.
The apparent requirement for Pex7p in the formation of a
complex between Pex18p and Fox3p was analyzed by coimmunoprecipitation. For that matter, Pex18p was chromosomally
tagged with the TAP tag at its C terminus in pex21⌬ and pex7⌬
strains (Fig. 9C, lower panel). Expression of the fusion protein
in a pex21⌬ strain background revealed that Pex18p-TAP was
fully functional, as this strain grew comparably to the wild-type
strain on oleic acid plates (data not shown). This fusion protein
could be specifically precipitated from whole-cell extracts via
its TAP tag by using IgG Sepharose (Fig. 9C, upper panel).
The Pex18p-TAP precipitates were released from the column
by using TEV protease and analyzed for the presence of Pex7p,
which could be detected in the precipitate of the pex21⌬ strain
but not in those of the pex7⌬ or untransformed wild-type
strains (Fig. 9C, upper panel). The same precipitates were also
analyzed for the presence of Fox3p. While the PTS2 cargo
protein was found in the pex21⌬ sample, it was absent from the
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DISCUSSION
Despite the identification of probably all components of the
peroxisomal matrix protein import machinery in recent years
(40, 47), the mechanism underlying the translocation process is
still largely unknown. In this report, we have shown that S.
cerevisiae Pex13p plays a direct role in PTS2-dependent peroxisomal protein import and begun to unravel the function of
the PTS2-specific peroxins in the early steps of this process.
After their synthesis, PTS2 proteins such as thiolase are
specifically recognized by Pex7p (36, 56). The recognition of
PTS2 by Pex7p does not require S. cerevisiae Pex18p/Pex21p,
whereas the latter proteins interact with Fox3p only in the
presence of Pex7p (34). Our demonstration of yeast Pex7p
binding a synthetic PTS2 protein in vitro goes beyond that of a
previous report, where a Pex7p was used that had been immunoprecipitated from wild-type yeast extracts and thus might
have contained other yeast proteins (36). Our first attempts to
study in vitro the influence of Pex18p on the Pex7p-PTS2
interaction failed because bacterially expressed Pex18p did not
bind Pex7p, even in the concomitant presence of PTS2 protein
(data not shown). However, we could show by immunoprecipitation that such a ternary complex of Pex18p, Pex7p, and
Fox3p indeed exists, and we substantiated the requirement for
Pex7p in the formation of such a complex. Notwithstanding
that, we found that the Fox3p-Pex7p-containing complex that
accumulates in a pex14⌬ strain vanished when PEX18 and
FIG. 9. Pex18p binds Fox3p only via Pex7p. (A) Fox3p was tested
in a two-hybrid assay for interaction with Pex18p (upper panel) and
Pex7p (lower panel) in the HF7c wild type as well as the pex18⌬ pex21⌬
and pex7⌬ strains. (B) Binding of Pex7p to a synthetic PTS2 protein in
vitro. Equal amounts of MBP-Pex7p were loaded onto affinity columns
and incubated with soluble extracts of bacterially expressed GSTPTS2-GFP-prA (GST-PTS2; right lane in each panel) or GST (left
lane). The right panel shows a Coomassie blue stain of the loaded
fractions. The retention of GST-containing proteins was analyzed
by immunoblotting (upper-left panel). The lower panel shows the

presence of MBP-Pex7p in both eluates. (C) Coimmunoprecipitation of
Fox3p with Pex18p. Strains pex7⌬ PEX18-TAP (yAS3), pex21⌬ PEX18TAP (yAS4), and the untransformed UTL7-A wild type were induced in
oleic acid-containing medium and analyzed for the presence of Pex7p and
Fox3p in the precipitate of Pex18p-TAP by immunoblotting (upper panel). The upper and lower panels show 33% of the immunoprecipitated
samples and 0.2% of the total cell lysates, respectively.
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FIG. 10. Fox3p interacts with Pex14p in a Pex7p- and Pex18p/
Pex21p-dependent manner. The docking proteins Pex14p (A) and
Pex13p (B) were tested for interaction with Fox3p in a two-hybrid
assay in the indicated strain backgrounds.
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PEX21 were additionally deleted. S. cerevisiae thiolase is assembled into its active dimeric form in the cytosol even in the
absence of its PTS2 sequence (17), arguing against an essential
role for Pex18p/Pex21p in the assembly of enzymatically active
Fox3p. Rather, these proteins are required to form an importcompetent Fox3p complex.
A similar function in thiolase import was proposed for Y.
lipolytica Pex20p. This protein binds thiolase autonomously, in
a PTS2 targeting signal-independent fashion. In fact, Pex20p
forms hetero-oligomers with Fox3p, an event that is probably
mandatory for the generation of an import-competent complex
(49). In analogy to Pex20p, Pex18p/Pex21p could physically
contact Fox3p in the Pex7p-bound conformation. In that case,

the targeting signal would be bound by Pex7p, while Pex18p/
Pex21p would contact both Pex7p, via their conserved motif
(7), and Fox3p, which would then trigger higher-order oligomerization. Alternatively, Pex18p/Pex21p could assist in
forming a Fox3p-Pex7p-containing complex by stabilizing the
binding between Pex7p and Fox3p, although the existing twohybrid data do not support this idea. Still, both cases would
explain why Pex20p was able to partially complement a pex18⌬
pex21⌬ mutant strain (8). Oligomerization as a requirement for
import is not just an idiosyncrasy of thiolase. Such a postulate
was already raised upon investigating the import of Candida
boidinii alcohol oxidase, which seemed to depend on the oligomerization or aggregation at the cytoplasmic side of the
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FIG. 11. The Pex7p-Fox3p-containing cytosolic complex does not accumulate in a pex18⌬ pex21⌬ mutant. (A) Accumulation of a Fox3p-Pex7p
complex in peroxin mutants. The indicated myc-Pex7p-expressing strains were analyzed for the presence of Fox3p in the immunoprecipitate of
myc-Pex7p (10% of total) by immunoblotting (upper panel). The lower panel shows an immunoblot of the cell lysates (0.5% of total) that were
used for precipitation. (B) The effect of overexpressing Pex7p in a pex18⌬ pex21⌬ strain. Tenfold dilutions of the indicated strains were spotted
on oleic acid-containing plates and incubated for 5 days at 30°C. (C) Epistatic analysis of PEX14 and PEX18/PEX21. Precipitation of myc-Pex7p
from the indicated oleic acid-induced cells and subsequent analysis of precipitated Fox3p were performed as described for panel A.
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Pex14p. This result also meant that although the import of
both PTS1 and PTS2 requires Pex13p, the two pathways utilize
different regions within Pex13p and therefore do not coincide
at the stage of Pex13p in a more narrow sense. Mutations that
specifically block one of the two routes have also been found
previously for Pex8p and Pex2p, two peroxins that are possibly
involved in later steps of the import cascade (22, 25).
The steps following docking are less clear. Peroxisomal import deviates considerably from the well-established import
into mitochondria or the endoplasmic reticulum (43). An obvious protein translocation channel is lacking, and the ability to
import folded or even oligomeric proteins must also be taken
into account. Interestingly, Pex18p and Pex21p are constantly
degraded due to ubiquitination, which is apparently restricted
to the fraction of peroxisomally localized Pex18p/Pex21p (33).
Although it remains to be determined whether the observed
degradation of Pex18p/Pex21p is physiologically relevant for
PTS2-dependent protein import, it could be that Pex18p/
Pex21p are required not only for the formation of an importcompetent PTS2 cargo protein complex but also for a step that
follows docking.
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