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(Background: Import of proteins into peroxisomes requires the PTS2 receptor Pex7p and its co-receptor Pex18p.
Results: Poly- and monoubiquitination of the co-receptor at newly identified sites triggers proteasomal degradation or receptor

Conclusion: Monoubiquitination at the conserved cysteine regulates cargo import and receptor recycling.
Significance: Pex18p export is linked to cargo translocation, which supports the idea of an export-driven import of proteins into
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The peroxisomal matrix protein import is facilitated by
cycling receptor molecules that shuttle between the cytosol and
the peroxisomal membrane. In the yeast Saccharomyces cerevi-
siae, the import of proteins harboring a peroxisomal targeting
signal of type II (PTS2) is mediated by the receptor Pex7p and its
co-receptor Pex18p. Here we demonstrate that Pex18p under-
goes two kinds of ubiquitin modifications. One of these
ubiquitination events depends on lysines 13 and 20 and forces
rapid Pex18p turnover by proteasomal degradation. A cysteine
residue near the extreme Pex18p amino-terminus is required
for the second type of ubiquitination. It turned out that this
cysteine residue at position 6 is essential for the function of
Pex18p in peroxisomal protein import but does not contribute
to receptor-cargo association and binding to the peroxisomal
import apparatus. However, in contrast to the wild-type protein,
cysteine 6-mutated Pex18p is arrested in a membrane-protected
state, whereas Pex7p is accessible in a protease protection assay.
This finding indicates that Pex18p export is linked to cargo
translocation, which supports the idea of an export-driven
import of proteins into peroxisomes.

The maintenance of peroxisome function depends on the
formation of the peroxisomal membrane and import of both
membrane and matrix proteins. Without exception, peroxi-
somal matrix proteins are nuclear encoded, synthesized on free
ribosomes, and imported post-translationally (1). In contrast to
the protein translocation systems of mitochondria, chloro-
plasts, and the endoplasmic reticulum that transport unfolded
polypeptide chains, the peroxisomal import apparatus allows
the transport of folded and even oligomeric proteins across the
peroxisomal membrane. This process is facilitated by a tran-
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siently formed import pore with the receptor molecule itself as
one of its constituents (2).

Based on the concept of cycling receptors (3, 4), the receptor-
mediated peroxisomal import of proteins can be divided into
four steps. First, proteins destined for transport into the perox-
isomal matrix are recognized in the cytosol by their cognate
receptor proteins Pex5p or Pex7p. This initial step in general
depends on either one of the two well characterized peroxi-
somal targeting signals, PTS1 or PTS2, which are recognized
and bound by Pex5p and Pex7p, respectively (for a review, see
Ref. 5). In the second step, the cargo-loaded receptors dock to
distinct proteins accessible at the surface of the peroxisomal
membrane, namely Pex13p and Pex14p. These two proteins
bind directly both receptors and are, together with Pex17p,
established as the docking subcomplex. A second subcomplex
acts downstream to the docking event and consists of the three
peroxins Pex2p, Pex10p, and Pex12p. A common feature of
these proteins is a RING finger domain at their extreme C ter-
mini. The RING finger subcomplex and the docking subcom-
plex are both linked together in a Pex8p- or Pex3p-dependent
manner to form a larger complex, the so-called importomer (6,
7). In the third step of the receptor cycle, the cargo is delivered
into the peroxisomal matrix, and finally, the receptor is
exported in an ATP-dependent manner back to the cytosol to
perform a next round of import (8).

With respect to the PTS1 receptor Pex5p, recent reports
demonstrated that this final step in the receptor cycle is cata-
lyzed by the AAA? peroxins Pex1p and Pex6p (9, 10). The signal
for the export process could be either a mono- or a polyubiqui-
tin moiety. The polyubiquitination of Pex5p depends on
Ubc4p/Ubc5p and is not a prerequisite for its function in per-
oxisomal protein import but might be a crucial step of a quality
control system for the disposal of waste Pex5p (11-13). Pex5p
monoubiquitination is facilitated by the E2 enzyme Pex4p in
conjunction with the RING finger complex, which represents
the corresponding E3 enzymes. In contrast to polyubiquitina-

2 The abbreviations used are: AAA, ATPases associated with diverse cellular
activities; NEM, N-ethylmaleimide; Ub, ubiquitin; mycUb, ubiquitin fused to
a myc tag; TEV, tobacco etch virus; RADAR, receptor accumulation and
degradation in the absence of recycling.
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TABLE 1
S. cerevisiae strains used in this study

S. cerevisiae strain Description Source or reference
UTL-7A (wild type) MATa leu2-3, 112 ura3-52 trpl Ref. 19
pex3A MATa leu2-3, 112 ura3-52 trpl, pex3::loxP Ref. 60
pexdA MATa leu2-3, 112 ura3-52 trpl, pex4::LEU2 Ref. 61
pexSA MATa leu2-3, 112 ura3-52 trpl, pex5::loxP Ref. 28
pex7A MATa leu2-3, 112 ura3-52 trpl, pex7:LEU2 Ref. 4
pex8A MATa leu2-3, 112 ura3-52 trpl, pex8:LEU2 Ref. 62
pexI2A MATa leu2-3, 112 ura3-52 trpl, pex12:LEU2 Ref. 27
pexIA6A MATa leu2-3, 112 ura3-52 trpl, pexI:loxP, pex6::loxP Ref. 9
pex18Apex21A MATa leu2-3, 112 ura3-52 trpl, pex18::loxP, pex21::loxP Ref. 33
fox3A MATa leu2-3, 112 ura3-52 trpl, fox3::loxP Ref. 33
cim5-1 cim5-1, ura3-52 , leu2A1, his3A200 Ref. 38
UTL-7A-Pex14p-TEV-ProtA MATa leu2-3, 112 ura3-52 trpl, PEX14-TEV-ProtA-kanMX6 Ref. 6
pex4A-Pex14p-TEV-ProtA MATa leu2-3, 112 ura3-52 trpl, pex4::loxP, PEX14-TEV-ProtA-kanMX6 This study
pex6A-Pex14p-TEV-ProtA MATa leu2-3, 112 ura3-52 trpl, pex6:loxP, PEX14-TEV-ProtA-kanMX6 This study
pex8A-Pex14p-TEV-ProtA MATa leu2-3, 112 ura3-52 trpl, pex8::loxP, PEX14-TEV-ProtA-kanMX6 Ref. 6
pex4A18A21A-Pex14p-TEV-ProtA ~ MATa leu2-3, 112 ura3-52 trpl, pex4:loxP, pex18::loxP, pex21::loxP,PEX14-TEV-ProtA-kanMX6  This study

tion, the monoubiquitin brings Pex5p back to the cytosol,
where the ubiquitin is cleaved off in either a non-enzymatic
manner by a nucleophilic attack of glutathione or enzyme-cat-
alyzed by a ubiquitin hydrolase (14, 15). The PTS2 receptor
shares the main features of the Pex5p-mediated import of PTS1
proteins (16). However, unlike Pex5p, the PTS2 receptor Pex7p
is necessary, but not sufficient, to carry out all steps of the
receptor cycle. Rather, Pex7p requires species-specific auxiliary
proteins for its function in peroxisomal protein import. These
are Pex18p or Pex21p in Saccharomyces cerevisiae; the ortho-
logue Pex20p in Yarrowia lipolytica, Neurospora crassa, Han-
senula polymorpha, and Pichia pastoris; or the longer of two
splice isoforms of Pex5p in mammals (16).

In order to gain more insight into the PTS2 receptor cycle, we
analyzed the turnover of Pex7p and its co-receptor Pex18p. We
demonstrate that the half-life of Pex18p is significantly shorter
than that of Pex7p and that it depends on ubiquitination on two
conserved lysine residues. Comparable with Pex5p, Pex18p is
also ubiquitinated on an amino-terminal cysteine residue. This
modification, originally described as signal required for recep-
tor export back to the cytosol, turns out to be required for
Pex18p function in Pex7p translocation. This finding demon-
strates that receptor export and cargo import are linked and
thus supports the idea of a peroxisomal export-driven import of
proteins.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—S. cerevisiae strains used in
this study are listed in Table 1. Gene deletion and genomic
tagging of the PEX14 locus was carried out as described (17, 18).
Yeast complete (YPD) and minimal media (SD) have been
described previously (19). YNO medium contained 0.1% oleic
acid, 0.05% Tween 40, 0.1% yeast extract, and 0.67% yeast nitro-
gen base without amino acids, adjusted to pH 6.0. When nec-
essary, auxotrophic requirements were added according to Ref.
20. When indicated, 20 mm N-ethylmaleimide (NEM) (Sigma)
was added according to Ref. 21 to accumulate cysteine-depen-
dent ubiquitination forms of Pex18p.

Plasmid Constructions—Plasmids and oligonucleotides used
are listed in Tables 2 and 3, respectively. PEX18, including 300
bp of the 5'- and 100 bp of the 3'-non-coding region, was ampli-
fied by PCR from genomic DNA of S. cerevisiae using primer
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pair KU1204/KU1205. Introduced BamHI/HindIII sites were
used to subclone the PCR product into equally digested pRS416
(22), resulting in vector pRSPEX18. For construction of Pex18p
variants, mutations were introduced by PCR using the
QuikChange® site-directed mutagenesis kit (Stratagene), with
plasmid pRSPEX18 as template.

Protease Protection Assay—Protease protection assays were
performed according to Ref. 23. Equal portions of the organelle
pellets were incubated with constant amounts of proteinase K
(20 ug/50 ug of lysate). After defined time points, the protein-
ase Kwas inhibited by the addition of 2 mm PMSF, and samples
were immediately precipitated with TCA and processed for
SDS-PAGE (23).

Antibodies and Immunoblotting—Immunoblot analyses
were performed according to standard protocols (24). Immu-
noblots were incubated with polyclonal rabbit antibodies raised
against Pex7p (25), Pex18p, Pex5p (26), Pex12p (27), Pex13p
(28), Pex14p (26), and Fbplp (29). Anti-rabbit coupled HRP
(Sigma-Aldrich) was used as second antibody, and blots were
developed using the ECL system (Amersham Biosciences).
Alternatively, primary antibody was detected with IRDye
800CW goat anti-rabbit IgG secondary antibody (LI-COR Bio-
science, Bad Homburg, Germany) followed by a detection using
the “Infrarot Imaging System” (LI-COR Bioscience).

Miscellaneous Methods—Immunopurification of native
Pex14p complexes from yeast cells using I[gG-Sepharose was
performed according to Ref. 6. Protein turnover was monitored
by the addition of 15 ug/ml cycloheximide (Sigma-Aldrich) to
the cell culture prior sample collection. Whole cell yeast
extracts were prepared from oleic acid-induced cells as
described earlier (30). dsRed-tagged proteins were monitored
by life cell imaging with a Zeiss Axioplan fluorescence micro-
scope and AxioVision 4.4 software (Zeiss, Jena, Germany).

RESULTS

Defects in the Peroxisomal Receptor Cycle Affect the Relative
Abundance of Pex18p—The peroxisomal matrix protein
import of PTS2-proteins is facilitated by the import receptor
Pex7p assisted by auxiliary proteins also referred to as co-recep-
tors (31). In S. cerevisiae, this function is carried out by Pex18p
and Pex21p, two proteins that partially overlap in function (32).
Upon oleic acid induction, Pex18p turned out to be most
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TABLE 2
Plasmids used in this study
Plasmid Description Source or reference Oligonucleotides
PRSPEX18 PEX18 This study KU1204/KU1205
pAHel PEXI18(K13R) This study RE2548/RE2549
pAHe2 PEX18(K20R) This study RE2550/RE2551
pAHe3 PEX18(K13R/K20R) This study
pAHe4 PEX18(C6S) This study RE2546/RE2547
pAHe5 PEX18(C6S, KI3R/K20R) This study
Yep96 Ub Ref. 40
Yepl05 mycUb Ref. 40
TABLE 3
Oligonucleotides used in this study
Oligonucleotide Sequence
KU1204 5'-CACAAGCTTCTAGTATAATCAGGTATGTAAGG-3'
KU1205 5'-GCGGATCCGAACGCAGTATGTAATTTAATA-3'
RE2546 5'-ATAAAATACAAACAATGAATAGTAACCGAAGCCAAACGAATGAGGT-3’
RE2547 5'-ACCTCATTCGTTTGGCTTCGGTTACTATTCATTGTTTGTATTTTAT-3’
RE2548 5'-ATGCCAAACGAATGAGGTGAATAGATTTATTAGTAGTACAGAAAAGG-3’
RE2549 5'"-CCTTTTCTGTACTACTAATAAATCTATTCACCTCATTCGTTTGGCAT-3'
RE2550 5'-GGTGAATAAATTTATTAGTAGTACAGAAAGGGGGCCTTTTACGGG-3’
RE2551 5'-CCCGTAAAAGGCCCCCTTTCTGTACTACTAATAAATTTATTCACC-3'

important for the import of the PTS2-carrying thiolase (Fox3p)
(32, 33). Pex18p was demonstrated to be ubiquitinated and con-
stitutively degraded, most likely by the ubiquitin-proteasome
system (34).

In order to understand these processes in greater detail, we
compared the relative abundance of the auxiliary Pex18p and
the PTS2 receptor Pex7p in wild-type and selected PEX dele-
tion strains. Whole cell lysates of the oleic acid-induced strains
were prepared and subjected to SDS-PAGE and immunoblot
analysis. In samples derived from either pex7A or pex5A cells,
the Pex18p abundance was similar to those obtained from wild-
type cells (Fig. 14). However, a significant increase of Pex18p
abundance was visible when mutants with an affected matrix
protein import were analyzed, whereas Pex7p levels only
slightly increased. In fact, deletion of components of the recep-
tor docking complex (Pex13p), the RING finger complex
(Pex12p), or the receptor export apparatus (Pex4p and Pex1p/
Pex6p) raised the steady-state concentration of Pex18p up to
8-fold compared with wild-type strain (Fig. 1A4). Such an
increase was also observed when pex3A cells were analyzed. To
exclude the possibility that our finding was caused by uneven
sample loading, we probed for the cytosolic marker fructose-
1,6-bisphosphate phosphatase (Fbplp) (35) and for the perox-
isomal ATP transporter Antlp, which both turned out to be
equal in all samples (Fig. 14). Thus, our results demonstrate
that Pex18p abundance is increased in strains affected in recep-
tor binding or recycling, which supplements previous findings
(34). Because Pex3p is required for the targeting of peroxisomal
membrane proteins and its deletion leads to a loss of peroxi-
somal membranes (36), our results moreover indicate that
functional peroxisomes are required for the maintenance of the
wild-type concentration of Pex18p.

Pex18p Is Subjected to a Rapid Turnover in Wild-type Cells—
Cellular protein concentration is regulated by the balance of
protein synthesis and degradation. To discriminate whether
the observed increase in the steady-state concentration of
Pex18p is due to a higher expression or alower degradation rate
of Pex18p, we performed cycloheximide chase experiments.
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Cycloheximide is an inhibitor of protein biosynthesis in eukary-
otic organisms because it blocks translational elongation (37).
Thus, the analysis of proteins after application of this inhibitor
allows determination of their turnover rate. Cycloheximide was
added to the medium of oleic acid-induced cells, and the stabil-
ity of Pex18p and Pex7p was analyzed. In wild-type cells,
Pex18p was below the detection level already after 3 h of cyclo-
heximide chase, indicating its rapid turnover by proteasomal
degradation (Fig. 1B (left) and supplemental Table S1). To cor-
roborate these data, we monitored Pex18p level in a strain
affected in CIMS, a gene that encodes a regulatory subunit of
the 26 S proteasome (38). In this strain, the level of Pex18p
showed no discernible decline even 6 h after application of
cycloheximide, which demonstrates that the Pex18p turnover
is caused by proteasomal degradation. The turnover rate of
Pex18p in a fox3A as well as pex7A strain was comparable with
the wild type, indicating that neither the PTS2 receptor nor its
cargo protein thiolase is required for Pex18p delivery to the
proteasome. In contrast, Pex18p remained stable in strains with
general matrix protein import defect (Fig. 1B (right) and sup-
plemental Table S1, pex13A, pex1A/6A, and pex3A). Thus, a
lacking receptor cycle does not enhance Pex18p expression but
avoids its proteasomal degradation. Again, Pex7p behaved
quite different from its co-receptor. In all tested strains, the
PTS2 receptor remained stable during the measured time
period of 6 h.

Similar Ubiquitination Features of the PTS1 Receptor Pex5Sp
and Pex18p—Pex5p as well as Pex18p were demonstrated to be
modified by ubiquitination (11, 13, 34). Although much pro-
gress has been made analyzing ubiquitination of Pex5p, includ-
ing elucidation of the corresponding enzymatic cascade and
identification of the target residues for ubiquitin (Ub) conjunc-
tion, our knowledge of Pex18p ubiquitination remained scarce.
To gain more insight into the functional role of Pex18p, we
investigated ubiquitination of this co-receptor in more detail.
Hampered by cross-reactive proteins when using Pex18p-spe-
cific antibodies, our strategy was to enrich for membrane-
bound Pex18p by isolation of the Pex14p complex of the per-
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FIGURE 1. Pex18p is subjected to a rapid turnover in wild-type cells. A, whole cell lysates of oleic acid-induced strains as indicated were analyzed for the
amount of Pex18p and Pex7p by immunological detection. Cytosolic Fop1p and the peroxisomal ATP transporter Ant1p serve as control for equal loading (left).
Signal intensities of Pex7p and Pex18p of two independent experiments were estimated by densitometry. Error bars, S.E. (right). B, the indicated strains were
grown on oleic acid medium for 14 h and then treated with 15 ug/ml cycloheximide. At defined time points, whole cell lysates were prepared and analyzed by
immunoblotting for Pex7p and Pex18p. ¥, cross-reactive band labeled with anti-Pex18p antibodies.

oxisomal protein import that contains both PTS receptors (26,
39) as well as Pex18p (33). To this end, we applied wild-type or
selected mutant strains that expressed Pex14p genomically
tagged with protein A and with a tobacco etch virus (TEV)
cleavage site between the protein A tag and its fusion partner
protein. Purified complexes were subjected to SDS-PAGE and
immunoblot analysis to monitor for the presence of the bait
protein Pex14p, the docking protein Pex13p, and the PTS1
import receptor Pex5p and PTS2-co-receptor Pex18p. When
isolated from wild-type cells, Pex13p, Pex5p, and Pex18p were
present in the Pex14p complex (Fig. 24, lane 2), which is in line
with previous findings (6, 33). The same was true for the com-
plex isolated from a pex8A, pex4A, or pex6A strain. However,
although both Pex5p and Pex18p were detected as native and
thus unmodified proteins when derived from wild-type or
pex8A cells, immunoreactive signals with lower mobility
appeared when the receptor molecules were isolated from
either a strain defective in the E2 enzyme Pex4p or the AAA
protein Pex6p. With respect to Pex5p, these higher molecular
weight signals are known to represent polyubiquitinated Pex5p
species (11, 13). The modification pattern of Pex5p differs
between strains that are affected either in Pex4p or its mem-
brane anchor protein Pex22p or in one of the AAA proteins
Pex1p and Pex6p or their membrane anchor Pex15p (Fig. 24)
(11, 13). Interestingly, Pex18p also exhibits Pex5p-like modifi-
cation patterns in a pex4A and pex6A strain (Fig. 24), indicative
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of ubiquitinated Pex18p. In order to investigate whether the
higher molecular weight bands of Pex18p that appeared in
the mutant strains indeed represent ubiquitinated species of
the PTS2 co-receptor, we analyzed yeast strains expressing
either the wild-type Ub or the mycUb fusion gene (40). The
mycUb variant is about 1.5 kDa larger than wild-type Ub but is
indistinguishable from wild-type Ub in its ability to be enzy-
matically conjugated to and cleaved from acceptor molecules
(40). In vivo substitution of the Ub with the larger mycUb
should decrease the electrophoretic mobility of higher molec-
ular weight bands labeled with Pex18p-specific antibodies
when these represent Ub conjugates. Therefore, we isolated the
Pex14p complex from a wild-type strain as well as the pex4A
strain expressing either Ub or mycUb. Obtained eluate frac-
tions were separated by SDS-PAGE and processed for immu-
noblotting. Again, high molecular weight bands were not
detected in the wild-type sample but were present when Pex18p
was isolated from pex4A cells (Fig. 2B). Comparison of pex4A
samples upon expression of either Ub or mycUb showed that
the putative ubiquitinated species of Pex18p were replaced by
new bands with a decreased electrophoretic mobility (Fig. 2B).
These data show that overexpression of mycUb was accompa-
nied by an increase in size of all higher molecular mass Pex18p
species. Thus, our data demonstrated that these bands repre-
sent ubiquitinated species of the PTS2 co-receptor Pex18p. It is
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lated from wild-type and pex4A cells expressing either plasmid-encoded
wild-type Ub or mycUb. In pex4A-cells, Pex18p modifications with a higher
molecular weight were visible, which shifted to protein species of even lower
electrophoretic mobility upon expression of mycUb, demonstrating that
these modifications represent ubiquitinated Pex18p.

worth noting that in contrast to Pex18p, Pex7p exhibited no
obvious modification in pex4A cells, as shown in Fig. 2B.

A Conserved Cysteine Residue of Pex18p Is Required for Its
Function—It has been demonstrated that Pex18p can function-
ally replace the N-terminal half of Pex5p in transporting PTS1
proteins into peroxisomes (41). Despite low overall similarities
between the primary sequences of Pex18p and the PTS1 recep-
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tor, one common feature is obvious. Both Pex18p and Pex5p
contain a cysteine and at least one lysine residue at similar posi-
tions (Fig. 3A4). These residues are conserved among species and
thus present in Pex5p from different organisms as well as
Pex21p and the PTS2 co-receptor Pex20p from P. pastoris and
Y. lipolytica. 1t is worth noting that Pex18p contains a second
lysine residue adjacent to the first one, which is also present in
Pex5p from bakers’ yeast and mammals. Either one or both of
these lysine residues were demonstrated to serve as a target for
polyubiquitination of S. cerevsiae and H. polymorpha Pex5p as
well as P. pastoris Pex20p (42—-44). The conserved cysteine
turned out to be essential for the recycling of P. pastoris Pex20p
and rat Pex5p and has been shown to be required for Pex5p
monoubiquitination (42, 45-47).

In order to elucidate the role of the conserved residues for
Pex18p function in more detail, we generated Pex18p variants
with substitutions of the first (Lys-13) or the second (Lys-20)
lysine to arginine, the conserved cysteine (Cys-6) to serine, or a
combination of these variations. Wild-type and mutated
Pex18p were expressed from a plasmid in pex18Apex21A cells.
Untransformed and transformed oleic acid-induced live cells
were monitored by fluorescence microscopy for PTS2-depen-
dent matrix protein import. The synthetic marker protein
PTS2-dsRed revealed a punctate staining pattern in the wild-
type strain that is typical for peroxisomal labeling (Fig. 3B). In
contrast, the marker was cytosolic in pex18Apex2IA cells (Fig.
3B), which is in line with the PTS2 import deficiencies of these
cells (32). This import defect was restored by expression of
wild-type Pex18p. Likewise, expression of Pex18p variants with
substitution of either one or both lysine residues led to a punc-
tate pattern of PTS2-dsRed. This finding indicates that the con-
served lysine residues within the N terminus of Pex18p are not
required for functional PTS2-dependent protein import into
peroxisomes. However, when Pex18p(C6S) was expressed in
pex18Apex2IA cells, a cytosolic distribution of the synthetic
PTS2 protein was observed, comparable with the staining
revealed from untransformed mutant cells. Because expression
of Pex18p(C6S) was the same as for wild-type Pex18p (Fig. 4B
and supplemental Table S2), the results demonstrate a loss of
function of this Pex18p variant. To corroborate this finding, we
performed growth test on oleic acid as single carbon source.
Peroxisomes are required for growth of bakers’ yeast on this
carbon source, and a growth defect indicates peroxisomal dys-
function. In contrast to wild-type cells, cells deficient in PEX18/
PEX21 were unable to grow on oleic acid (Fig. 3C), as typical for
S. cerevisiae mutant strains that are defective in peroxisome
biogenesis (19). The mutant strain expressing either wild-type
Pex18p or Pex18p variants with substitution of conserved lysine
residues grew normally. In contrast, no growth was observed
for pex18Apex2IA cells expressing Pex18p(C6S) (Fig. 3C).
From this we conclude that the conserved cysteine at position 6
is essential for Pex18p function in PTS2-dependent matrix pro-
tein import.

Lys-13/Lys-20-dependent Polyubiquitination and Degrada-
tion of Pex18p—Next we addressed whether substitution of
conserved amino acid residues interferes with the ubiquitina-
tion status of Pex18p. A pex18Apex21A strain with genomically
expressed Pex14p-TEV-ProtA for complex isolation and addi-
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FIGURE 3. Functional relevance of a conserved cysteine residue of Pex18p. A, primary sequence alignment of N-terminal regions of Pex5p and Pex20p of
different species and S. cerevisiae Pex18p and Pex21p. The conserved cysteine and first lysine residue present in all (co-)receptor molecules as well as a second
lysine residue specific for S. cerevisiae Pex5p and Pex18p are indicated with an arrow and displayed in red. B, the PTS2 marker protein PTS2-dsRed was
transformed in wild-type, pex18A21A, and pex18A21A cells expressing the indicated Pex18p variants. The transformed strains were grown on oleic acid plates
for 2 days and examined by fluorescence microscopy. Structural integrity of the cells is documented by bright field microscopy. In contrast to pex18A27A, cells
that are impaired in PTS2-dependent matrix protein import and mislocalize the marker protein to the cytosol, the wild type exhibits a punctate fluorescence
staining. pex18A21A cells expressing either wild-type Pex18p or lysine residue substitutions of the PTS2-receptor displayed similar staining for the synthetic
PTS2 marker protein. The strain expressing Pex18pC6S displays cytosolic staining of the marker protein, indicating an import defect for PTS2 proteins and, thus,
aloss of function of this Pex18p mutant. Scale bar, 5 um. C, growth analysis of wild-type and pex18A/21A cells. The indicated strains were spotted as a series of
10-fold dilutions on media containing oleic acid as the sole carbon source. The plates were incubated for 3-5 days at 30 °C and scored for the appearance of
colonies and halo formation. In comparison with wild-type cells, pex18A/21A as well as pex18A/21A cells expressing Pex18pC6S showed no growth on oleate
as the sole carbon source, corroborating the observed protein import defect.

tional deletion of PEX4 was applied. pex4A cells were applied
because they are not affected in the formation of the peroxi-
somal importomer (6) but accumulate polyubiquitinated Pex5p
and Pex18p, which here could be analyzed. To this end, protein
complexes isolated from these mutant cells expressing different
Pex18p mutants were probed for the bait protein Pex14p as well
as for Pex18p and Pex5p. In all complexes, Pex5p was present at
similar amounts and with the ubiquitination pattern typical for
PEX4-deficient cells (Fig. 4A4) (11, 13). Associated Pex18p with
substitution of either one or both lysine residues or the cysteine
residue (Pex18pK13R, -K20R, -K13R/K20R, and -C6S) exhib-
ited the same protein pattern and intensity as wild-type Pex18p.
However, Pex18pK13R/K20R, which contained replacement of
both lysine residues by arginine, still associated with Pex14p but
was not anymore ubiquitinated. This observation strongly
argues that the lysines at position 13 and 20 represent the target
residues for co-receptor polyubiquitination. Moreover, the
data demonstrated that the conserved cysteine that proved to
be essential for protein function is not required for binding of
Pex18p to the docking complex of the peroxisomal membrane
(Figs. 3 (B and C) and 44).

Next we investigated whether mutation of the target residues
for ubiquitination of Pex18p has an influence on the turnover
rate of the protein. Cells were grown on oleic acid medium,
cycloheximide was added, and at different time points whole
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cell lysates were prepared and analyzed. Wild-type Pex18p was
completely degraded within 2 h after the addition of cyclohex-
imide (Fig. 4B and supplemental Table S2). The substitution of
K20R did not affect the half-life of Pex18p because the same
turnover was observed for the mutated proteins as for plasmid-
encoded wild-type Pex18p. Substitution of K13R did slightly
increase the stability. The highest degree of stabilization, how-
ever, was observed for Pex18p harboring substitution of both
K13R and K20R residues. This is in agreement with the role of
these lysine residues in polyubiquitination and direction of
Pex18p for proteasomal degradation. Interestingly, the biolog-
ically inactive Pex18pC6S exhibited only a slight increase in
stability, which is similar to the stabilization observed for the
K13R substitution. However, in contrast to the K13R substitu-
tion, replacement of the cysteine results in a complete loss of
function of Pex18p, pointing to a special role of the conserved
cysteine.

Cysteine-dependent Ubiquitination of Pex18p—Because
Pex18p shares some features with the N-terminal domain of the
PTS1 receptor Pex5p, which is unmodified under wild-type
conditions but monoubiquitinated when isopeptidase inhibitor
NEM was used (48), we inspected Pex18p under these condi-
tions. Oleic acid-induced cells expressing Pex14p-TEV-ProtA
were treated with NEM, and Pex14p complexes were isolated
and probed by immunoblotting with Pex18p-specific antibod-
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FIGURE 4.Lysines 13 and 20 of Pex18p are required for co-receptor polyu-
biquitination and proteasomal degradation. A, Pex14p complexes were
isolated from pex18A/21A/4A and pex18A/21A/4A cells expressing the indi-
cated Pex18p variants. Eluate fractions were inspected for the presence of
Pex14p, Pex18p, and Pex5p by immunoblot analysis. In all samples, Pex5p
displayed the ubiquitination pattern typical for pex4A cells. Although differ-
ent Pex18p variants exhibited a normal modification pattern, no ubiquiti-
nated Pex18p species were detected when both lysine 13 and 20 were
changed to arginine (Pex18pK13R/K20R). This finding identifies both lysine
residues as targets for ubiquitin attachment. B, wild-type as well as
pex18A21A cells expressing the indicated Pex18p variants were grown on
oleic acid for 14 h and treated with 15 png/ml cycloheximide. At the indicated
time points, samples were taken and analyzed for Pex18p by immunoblot-
ting. *, cross-reactive band. Although wild-type Pex18p was below the detec-
tion level after 1 h, Pex18pK13R/K20R was almost stable along the whole time
period. These data indicate that the conserved lysine residues are required for
proteasomal degradation of Pex18p and support the notion that they pro-
vide the target residues for polyubiquitination.

ies. The appearance of an additional high molecular weight spe-
cies of Pex18p was observed when NEM was added to the prep-
aration (Fig. 5A). In order to verify whether the higher
molecular weight species represents ubiquitinated Pex18p, the
protein was isolated from strains overexpressing plasmid-en-
coded Ub or mycUb. Upon expression of mycUb, the electro-
phoretic mobility of the Pex18p modification decreased, which
demonstrated its nature as a Ub conjugate (Fig. 5B).
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In Pex5p, the NEM-protected monoubiquitination takes
place at the conserved cysteine residue at the extreme N termi-
nus of the PTS1 receptor. Because this residue is also conserved
in Pex18p (Fig. 3A), we analyzed whether it also represents a
target residue for Pex18p ubiquitination. Wild-type Pex18p or
mutated Pex18p variants were expressed in pex18A2IA cells;
the Pex14p complex was isolated in the presence of NEM and
probed for Pex18p. As shown before, monoubiquitinated
Pex18p was visible under these conditions (Fig. 5C, lane 1). The
modification pattern did not change upon substitution of the
two conserved lysine residues with arginine, demonstrating
that these residues are dispensable for Pex18p monoubiquiti-
nation (Fig. 5C, lane 2). Upon replacement of the conserved
cysteine residue at position 6 of Pex18p by serine, the ubiquiti-
nation pattern of Pex18p changed (Fig. 5C, lane 3). The monou-
biquitinated form disappeared, and instead a pattern resem-
bling the polyubiquitinated Pex18p in the pex4A appeared (Fig.
5C, lane 4). This pattern was also observed in pex4A even in the
absence of NEM (not shown). When, in addition to cysteine 6,
the two conserved lysine residues were substituted (Fig. 5C,
lane 5), no ubiquitination of Pex18p was visible anymore. These
findings indicate that Pex18p undergoes a cysteine-dependent
NEM-protected ubiquitination. Moreover, replacement of the
cysteine leads to polyubiquitination of Pex18p at the conserved
lysine residues.

Pex7p Import Requires the Export of Its Co-receptor Pex18p—
Pex18p has a dual localization with a major cytosolic fraction
and smaller portion localized at the outer surface of the perox-
isomal membrane (32). In order to disclose changes in the
topology of Pex18p during the protein import cascade, we per-
formed protease protection assays with wild-type as well as
selected pex mutants affected at different stages of the receptor
cycle. Organellar fractions derived from wild-type, pex8A,
pex4A, or pexIA/6A cells were prepared and incubated with
proteinase K in the presence or absence of Triton X-100. In line
with previous results, Pex18p of wild-type cells was accessible
to exogenously added protease even in the absence of detergent
Triton X-100, which destroys membrane integrity (Fig. 6A)
(32). Under these conditions, however, a portion of the Pex18p-
binding partner Pex7p was protected against degradation, indi-
cating its peroxisomal localization. Interestingly, a different
topology for receptor and co-receptor is observed in the mutant
strains. Although Pex7p was completely accessible to protein-
ase K even in the absence of detergent, a significant portion of
Pex18p was protease-protected (Fig. 6A4). This result indicates
that Pex7p has not been translocated across the peroxisomal
membrane and that Pex18p is halted in a protease-protected
form. Because this result was obtained for all tested mutants
strains, it seems to be a common phenotype for a defect in
components of the peroxisomal matrix protein import
machinery.

Ubiquitination of the import receptor Pex5p was shown to be
required for its export back to the cytosol (43). In the yeast
S. cerevisiae, a block of receptor export by either deletion of
components of the export machinery or mutation of amino
acids of Pex5p that prevent receptor ubiquitination leads to
Pex5p accumulation at the peroxisomal membrane (11, 13, 43).
Here, we observed a similar behavior for Pex18p as a higher
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FIGURE 6. Pex18p arrestsin a protease-protected form when the receptor cycle is blocked at late stages. Organelle pellets of wild-type and selected pex
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amount of the co-receptor associates with Pex14p in pex dele-  biquitinated behaved almost like wild-type Pex18p with only a
tion strains (Fig. 2A4). This finding raised the question of small fraction of Pex18p but the majority of Pex7p being pro-
whether this effect could be resembled by amino acid substitu- tease-protected by the peroxisomal membrane (Fig. 6B). In
tion of the Ub target residues of Pex18p. To address this ques-  contrast, substitution of cysteine 6 of Pex18p by serine arrested
tion, we analyzed the topology of Pex18p variants and especially ~ a significant portion of Pex18p in a protease-protected form,
the consequence for Pex7p localization. The biologically active ~ whereas Pex7p was protease-sensitive even in the absence of
Pex18pK13R/K20R substitutions that are not any more polyu-  detergent. The same was observed when both conserved lysine
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and cysteine residues were substituted (Fig. 68). Accordingly,
blocking of the Cys-6-dependent monoubiquitination results in
an arrest of Pex18p in a membrane protected form with Pex7p
still facing the cytosol.

Thus, the cysteine-dependent ubiquitination, which triggers
receptor export as shown for Pex5p, is a prerequisite for cargo
translocation. This supports the idea that export triggers
import, as postulated in the export-driven import model (49).

DISCUSSION

Pex18p acts as a co-receptor for Pex7p and is required for the
import of PTS2 proteins into the peroxisomal matrix. In this
report, we demonstrate that Pex18p is ubiquitinated in two dif-
ferent ways and identified the target residues for this protein
modification. Lysine-dependent ubiquitination is not required
for Pex18p function but for its rapid degradation via the pro-
teasome. In contrast, modification of the conserved cysteine
residue at the extreme N terminus of Pex18p leads to a biolog-
ically inactive protein. This protein still associates with Pex7p
and binds to the peroxisomal docking machinery but is unable
to facilitate receptor translocation. Moreover, cysteine substi-
tution arrests Pex18p in a membrane-protected state, whereas
Pex7p faces the cytosol, supporting the idea of an export-driven
import of peroxisomal proteins.

Ubiquitination of Pex18p—Ubiquitination of peroxisomal
proteins was first observed for the PTS1-receptor Pex5p, and
this has been a matter of extensive investigation (31). For ubiq-
uitination within the PTS2-pathway, it was observed that the
PTS2 co-receptors Pex18p of S. cerevisiae and Pex20p of P. pas-
toris are ubiquitinated, and evidence was provided for a ubiqui-
tin-dependent regulated turnover of these proteins (34, 42).
Here, we show that the two lysine residues of Pex18p that cor-
respond to the ubiquitination sites in S. cerevisiae Pex5p also
function as targets for Pex18p polyubiquitination. Blocking
polyubiquitination of Pex18p by mutation of these lysines
resulted in a striking extension of the half-life of the protein.
However, the mutant Pex18pK13R/K20R variant still associ-
ated with the peroxisomal docking machinery (Fig. 4A) and was
still functional because it maintained the capability to restore
the import defect of pex18A21A cells (Fig. 3, B and C). Thus,
polyubiquitination of Pex18p proved not to be required for its
function as co-receptor in PTS2-dependent protein import into
peroxisomes. In this respect, Pex18p behaves like Pex5p from
S. cerevisiae. For Pex5p, the lysine-dependent polyubiquitina-
tion turned out to be dispensable for the function of the protein
as import receptor; however, polyubiquitination turned out to
be required for degradation via the ubiquitin-proteasome sys-
tem in a process termed receptor accumulation and degrada-
tion in the absence of recycling (RADAR) (11, 13, 50). RADAR
was originally described for the regulated degradation of
Pex20p, the P. pastoris counterpart of Pex18p (51). Interest-
ingly, substitution of the conserved cysteine of Pex20p blocks
recycling of the co-receptor from the peroxisome to the cytosol.
Under these conditions, a lysine-dependent polyubiquitination
of Pex20p is responsible for release of the co-receptor and its
rapid degradation via the ubiquitin-proteasome system (42). It
is worth noting that Pex20p as well as Pex5p of P. pastoris share
similar regulation and dynamics during the import cycle (51).
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Defects in the late steps of protein import preventing Pex5p
recycling also affect Pex20p localization and stability (50).

We identified a second type of ubiquitination of Pex18p,
which occurred in wild-type cells but was only visible when
NEM was used (Fig. 5). NEM is a known inhibitor of deubigq-
uitinating enzymes but also inhibits AAA proteins like the
NEM-sensitive fusion protein NSF (52, 53). The NEM-pro-
tected ubiquitination occurs on a conserved cysteine residue of
Pex18p, similar to Pex5p monoubiquitination (Fig. 5) (48). At
first glance, these data seem to oppose a previous report
describing ubiquitinated forms of Pex18p in wild-type cells
even without NEM (34). However, these studies were per-
formed with FLAG-tagged Pex18p, and the authors stated that
no modification was seen with the untagged co-receptor. One
could assume that the tagging influenced the performance of
the receptor, which then is directed to ubiquitination and
RADAR. In support of this assumption, the ubiquitination pat-
tern observed for FLAG-tagged Pex18p (34) resembles the
ubiquitination pattern for Pex18p in strains affected for Pex6p
(Fig. 24).

When the conserved cysteine 6 of Pex18p was replaced by
serine, Pex18pC6S still associated with the peroxisomal import
apparatus, and the half-life of the protein was only slightly
enhanced in comparison with wild-type Pex18p (Figs. 4 and 5).
In this respect, the functional relevance of the conserved cys-
teine seems to be the same for Pex20p and Pex18p. In both
cases, the cysteine is required for protein function, most likely
co-receptor export back to the cytosol. However, the conse-
quence for the fate of the protein harboring mutation of the
crucial cysteine is different. Pex20p is rapidly degraded,
whereas Pex18p is arrested in a membrane-protected state (Fig.
6).
Different behavior of Pex7p and Pex18p—Pex7p is guided to
the peroxisomal membrane in a Pex18p- and Pex21p-depen-
dent manner. Although two co-receptors are present, the phe-
notype of the single deletion strains is more drastic for pex18A
than for pex21A (32), indicating a more prominent function of
Pex18p under oleic acid conditions. Peroxisomal targeting of
Pex7p is almost abolished when Pex18p is missing, and Pex7p
remains almost completely in the cytosol, unable to associate
with peroxisomes (32). In fact, the functional ternary receptor-
cargo complex consists of Pex7p, which binds the cargo, and
Pex18p, which binds the cargo-loaded Pex7p. In this respect,
Pex18p highly resembles the function of the N-terminal
domain of the PTS1 receptor Pex5p (54), whereas Pex7p resem-
bles the Pex5p cargo-binding C-terminal domain. In fact, a chi-
merical protein of Pex18p and the PTS1-binding domain of
Pex5p proved to be functional in PTS1 protein import (41).
Consequently, the architecture of the Pex7p-Pex18p receptor
complex, consisting of two proteins that can be separately mon-
itored, allowed us to distinguish the fates of the two functional
elements or “domains” of the receptor complex upon different
steps of the import process.

Our findings demonstrate that Pex7p exhibits a half-life lon-
ger than 6 h and thus is much more stable than Pex18p (Fig. 1).
The different turnover rates of receptor and co-receptor imply
a disassembly of this functional unit during the receptor cycle,
at the latest prior to the proteasomal degradation of Pex18p. A
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Matrix

FIGURE 7. Model of yeast PTS2-dependent protein import into peroxisomes. The Fox3p (thiolase)-loaded PTS2-receptor complex consisting of Pex7p and
Pex18p associates with the peroxisomal docking complex (7). Pex18p is supposed to insert into the membrane, whereas Pex7p remains on the cytosolic face
of the peroxisomal compartment (2). Next, Pex18p as well as Pex7p change their topology. While Pex18p becomes accessible to externally added proteases,
Pex7p gains a protected state, which might indicate translocation of the cargo-loaded receptor across the membrane. This change in topology depends on
ubiquitination of the conserved cysteine residue in the N-terminal domain of Pex18p (3). Finally, after the cargo has been released into the peroxisomal lumen,

Pex7p as well as Pex18p are transported back to the cytosol (4).

model of the early steps of the PTS2-driven import postulates
the binding of the PTS2 cargo protein by its receptor Pex7p in
the cytosol (4, 55). Subsequently, Pex18p joins the receptor-
cargo complex and mediates docking of this trimeric complex
to the peroxisomal membrane (33). This scenario excludes a
dissociation prior to membrane contact.

So far, no ubiquitination has been reported for the PTS2
receptor Pex7p. Thus, Pex7p might be still in conjunction with
Pex18p upon export, the complex might rapidly dissociate
afterward, and Pex18p is degraded while Pex7p is recycled.
Alternatively, Pex7p export may be independent of Pex18p and
thus require specific export machinery. In this case, ubiquitin
might not serve as export signal for Pex7p.

Pex18p Export Triggers Pex7p Translocation—In wild-type
cells, Pex7p is partially protected by the peroxisomal mem-
brane, whereas Pex18p is completely accessible to exogenously
added protease (32, 56) (Fig. 6A4). This observation led to the
idea that Pex18p is a peripheral membrane protein facing the
cytosol (32). Pex5p and Pex7p have been reported to reach into
the peroxisomal lumen during the PTS1 and PTS2 protein
import cascade (57, 58), in agreement with the idea of an
extended shuttle, which proposes that the cargo-loaded recep-
tor would accompany the cargo into the peroxisomal lumen,
where cargo is released and the receptors are recycled (57, 58).
Our finding that Pex18p is arrested in a protease-protected
state when the receptor cycle is halted indicated that also this
protein inserts into the peroxisomal membrane or reaches the
luminal site during the import cascade (Fig. 6). A protease-
protected form of Pex20p has also been described for Y. lipoly-
tica mutants lacking Pex8p (59). Pex8p is an intraperoxisomal
peroxin, which has been related to cargo release (63).

Incorporation of our results into the current model leads to
the following emerging picture of yeast PTS2-dependent pro-
tein import into peroxisomes (Fig. 7). Pex7p binds its cargo in
the cytosol, followed by the recruitment of Pex18p (33). This
trimeric complex associates with the peroxisomal docking
complex. In analogy to Pex5p, Pex18p is supposed to insert into
the membrane into a protease-protective state, whereas Pex7p
remains on the cytosolic face of the peroxisomal compartment.
This might be a brief intermediate because it is not visible in
wild-type background but accumulates when receptor cycling
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is blocked (Fig. 6). Next, Pex18p and Pex7p change their topol-
ogy. Whereas Pex18p becomes accessible to externally added
proteases, Pex7p gains a protected state, which might indicate
translocation of the cargo-loaded receptor across the mem-
brane (Fig. 6). Interestingly, this topology change depends on
modification of the conserved cysteine residue at the extreme N
terminus of Pex18p. The counterpart of Pex18p in the PTS1
pathway is the import receptor Pex5p, which undergoes
monoubiquitination on a cysteine at the same position. The
monoubiquitination at the conserved cysteine is required for
Pex5p function and export (43, 48). The importance of the cys-
teine for recycling has also been demonstrated for P. pastoris
Pex20p (42), and the evidence is convincing that cysteine 6 has
the same function for Pex18p. Accordingly, mutation of the
cysteine results in the loss of Pex18p cycling, causing the
observed block of Pex7p translocation across the peroxisomal
membrane (Fig. 6). Thus, export of Pex18p is supposed to be a
prerequisite for Pex7p import. An explanation may provide the
model of export-driven import (49), which describes how
receptor export might be mechanically coupled to cargo
import. Accordingly, the mechanical coupling of Pex18p export
would drive peroxisomal import of cargo-loaded Pex7p.
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