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Synopsis
Peroxisomal matrix protein import is mediated by dynamic import receptors, which cycle between the peroxisomal
membrane and the cytosol. Proteins with a type 1 peroxisomal targeting signal (PTS1) are bound by the import
receptor Pex5p in the cytosol and guided to the peroxisomal membrane. After cargo translocation into the peroxisomal
matrix, the receptor is released from the membrane back to the cytosol in an ATP-dependent manner by the AAA-
type ATPases Pex1p and Pex6p. These mechanoenzymes recognize ubiquitinated Pex5p-species as substrates for
membrane extraction. The PTS1-receptor is either polyubiquitinated via peptide bonds at two certain lysines and
results in proteasomal degradation or monoubiquitinated via a thioester-bond at a conserved cysteine, which enables
the recycling of Pex5p and further rounds of matrix protein import. To investigate the physiological relevance of the
conserved N-terminal cysteine of Pex5p, the known target amino acids for ubiquitination were substituted by site-
directed mutagenesis. In contrast with Pex5pC6A, Pex5pC6K turned out to be functional in PTS1 import and utilization
of oleic acid, independent of the lysines at position 18 and 24. In contrast with wild-type Pex5p, Pex5pC6K displays an
ubiquitination pattern, similar to the polyubiquitination pattern of Pex4p or Pex22p mutant strains. Moreover, Pex5pC6K

displays a significantly reduced steady-state level when the deubiquitinating enzyme Ubp15p is missing. Thus, our
results indicate that not the cysteine residue but the position of ubiquitination is important for Pex5p function. The
presence of the cysteine prevents polyubiquitination and rapid degradation of Pex5p.
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INTRODUCTION

Peroxisomes are ubiquitous organelles, which carry out a wide
variety of metabolic processes in eukaryotic organisms [1].
Therefore, the dysfunction of these organelles in humans res-
ults in severe peroxisomal disorders [2–4]. The functionality
of these organelles is governed by dynamically operating im-
port machineries for peroxisomal membrane and matrix proteins
[1,5]. Peroxisomal matrix proteins are without exception nuc-
lear encoded, synthesized on free ribosomes and subsequently
recognized in the cytosol by specific soluble receptors [6,7].
To this end, cargo proteins are equipped with a targeting se-
quence, either a C-terminal PTS1 (peroxisomal targeting sig-
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nal type 1) or an N-terminal PTS2, which are recognized and
bound by the import receptor Pex5p or Pex7p respectively [8].
Subsequent to the assembly in the cytosol, the receptor fer-
ries its cargo to the peroxisomal membrane, where it associ-
ates with the docking complex and then becomes part of a dy-
namic translocation pore [9]. The molecular mechanism under-
lying the translocation and release of the cargo remains elusive.
Finally, the cargo-free receptors are exported back to the cytosol
in an ATP-dependent manner. This step is catalysed by the AAA
(ATPases associated with various cellular activities) peroxins
Pex1p and Pex6p, which are supposed to function as mechanoen-
zymes by pulling the receptor out of the membrane [10,11]. Ubi-
quitination of the receptor serves as a signal for this process
[12–14].
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Two kinds of ubiquitination of the Pex5p receptor have been
reported, namely mono- and polyubiquitination. Monoubiquit-
ination primes the receptor for its export back to the cytosol to
allow a new round of matrix protein import [12,14,15]. Pex5p
monoubiquitination occurs at a conserved cysteine residue near
the N-terminus of Pex5p (Cys6 in Saccharomyces cerevisiae)
and is facilitated by the E2 ubiquitin-conjugation enzyme
Pex4p in cooperation with the RING (really interesting new
gene)-type E3 ligase Pex12p. Pex12p is part of the peroxisome
membrane-associated RING sub-complex of E3 ligases (Pex2p,
Pex10p and Pex12p) [12,15–17]. Alternatively, in cells lacking
a component of the receptor recycling machinery, the receptor is
subjected to polyubiquitination, which occurs on conserved lys-
ines near the N-terminus of Pex5p (Lys18/Lys24 in S. cerevisiae)
and leads to receptor degradation [18–21]. In S. cerevisiae,
polyubiquitination of Pex5p depends on the cytosolic E2 enzyme
Ubc4p (ubiquitin conjugating enzyme) and the E3 ligase Pex10p
[22] or Pex2p with the assistance of Pex10p [17,23].

Usually, Gly76 of the ubiquitin is attached to a ε-NH2 group
of a lysine residue of the target protein by formation of an iso-
peptide bond or in some cases to the α-NH2 group of the extreme
N-terminus. As an exception to the rule, also cysteine residues can
be targeted by ubiquitination machineries. Apart from the PTS-
receptors Pex5p, Pex18p and Pex20p [14,16,21,24,25], only a few
cases of ester-based ubiquitination substrates are known, like e.g.
tBid (truncated BH3 interacting domain death agonist), MHC-
I (major histocompatibility complex I) heavy chain or TCRα

(T cell receptor alpha chain) [26]. In these cases, the ubiquitina-
tion of substrates via esterification serves to provide more target
residues in order to enhance degradation. In contrast, the esterific-
ation of the PTS1-receptor seems to have a physiologically relev-
ant mechanistic function, because it is required for the recycling
and reuse of Pex5p for further rounds of matrix protein import.

In order to elucidate the physiological relevance of the con-
served N-terminal cysteine of PTS1-receptor, Pex5p-variants
were generated containing substitution of the corresponding
cysteine and other known target amino acids for ubiquitination
by lysine, alanine or arginine. Our data show that Pex5pC6K is
functional in PTS1 import. However, instead of the typical mon-
oubiquitination, the Pex5pC6K is polyubiquitinated. Moreover,
Pex5pC6K displays significantly reduced steady state level when
the deubiquitinating enzyme Ubp15p (ubiquitin-specific pro-
tease) is missing. Thus, our results indicate that not the cysteine
residue but the position of ubiquitination is important for the
general function of Pex5p in peroxisome biogenesis. However,
the cysteine is required for efficient recycling of Pex5p and pre-
vents the protein from polyubiquitination, which leads to a rapid
degradation of the protein.

EXPERIMENTAL

Yeast strains and culture conditions
Wild-type Saccharomyces cerevisiae strain UTL-7A (MATa,
ura3-52, trp1, leu2-3/112) [27] was the isogenic source for the

generation of used pex1� [18], pex4Δ [28], pex5Δ [29], pex4Δ

pex5Δ [12], ubp15� [30], as well as ubp15�pex5� strains
(present study). Deletion strains were generated by the ‘short
flanking homology’ method as described before [31]. Yeast me-
dia have been described previously [27]. For induction of the
CUP1 promoter, CuSO4 was added according to [32]. When the
proteasome inhibitor MG132 was used, the medium was supple-
mented with 0.1 % (w/v) proline and 0.003 % (w/v) SDS to allow
the uptake of the inhibitor according to [33].

Yeast cell extracts
Yeast cells were grown on 0.3 % YEPD medium to late expo-
nential phase and subsequently for 15 h in YNOD [0.1 % (w/v)
dextrose, 0.1 % (w/v) oleic acid, 0.05 % (v/v) Tween 40, 0.1 %
(w/v) yeast extract and 0.67 % (w/v) yeast nitrogen base]. Cells
were harvested and aliquots of 30 mg of cells were resuspen-
ded in 300 μl of potassium phosphate buffer (pH 7.4) containing
20 % trichloroacetic acid. The samples were frozen at − 80◦C
for at least 30 min. Samples were sedimented, washed twice with
ice-cold 80 % acetone and resuspended in 80 μl of 1 % (w/v)

SDS/0.1M NaOH and 20 μl of SDS loading buffer [5 % (w/v)
2-mercaptoethanol, 15 % (v/v) glycerol and 0.01 % (w/v) Bro-
mophenol Blue].

Plasmids
Used plasmids and oligonucleotides are listed in Tables 1 and 2
respectively. Pex5p was expressed from a low-copy vector under
the control of its own promoter (pHP17-PEX5) [12]. Point muta-
tions in PEX5 were introduced using overlap extension PCR
leading to the lysine to arginine, cysteine to lysine as well as
cysteine to alanine mutant collection of PEX5.

Microscopy
Fluorescence microscopy of live cells for DsRed (Discosoma sp.
RFP) expression and localization was performed with a Zeiss
Axioplan microscope and AxioVision 4.1 software (Zeiss). Be-
fore inspection, cells were grown for 2 days on solid minimal
medium containing oleic acid as a sole carbon source. Both
fluorescence and optical photographs were taken by using the
connected hardware in combination with the Spot RT software
version 3.1 (Diagnostics Instruments). Adjustments of contrast
and brightness were carried out with Adobe Photoshop software
version 13.0 and characteristic cells were cut-out and copied to
Adobe Illustrator version CS6.

Miscellaneous
Immunoblot analyses were performed according to standard pro-
tocols [34]. Immunoblots were incubated with polyclonal rabbit
antibodies raised against Pex5p [35] and mitochondrial porin
[36]. Primary antibody was detected with an IRDye 800CW
goat anti-rabbit IgG secondary antibody (LI-COR Bioscience)
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Table 1 Plasmids used

Plasmid Description Source or reference Oligonucleotides

pHP17-PEX5 Pex5p[WT] [73] –

pRS416-PEX5-C6A Pex5p[C6A] present study RE3318/RE3319

pRS416-PEX5-C6K Pex5p[C6K] present study RE2600/RE2601

pHP18-PEX5 Pex5p[K18R/K24R] [73] –

pRS416-PEX5-C6K-K18R/K24R Pex5p[C6K/K18R/K24R] present study –

pRS416-PEX5-C6A-K18R/K24R Pex5p[C6A/K18R/K24R] present study –

YEP96 CUP1-Ubiquitin [74] –

YEP105 CUP1-mycUbiquitin [42] –

pUG34DsRed.SKL DsRed-SKL [75] –

pRS416-PEX5-K18C Pex5p[K18C] present study RE3838/RE3839

pRS416-PEX5-C6A-K18C Pex5p[C6A/K18C] present study RE3838/RE3839

Table 2 Oligonucleotides used

Oligonucleotide Sequence

RE3318 5′ -GACCATGGACGTAGGAAGTGCCTCAGTGGGAAATAATCCG-3′

RE3319 5′ -CGGATTATTTCCCACTGAGGCACTTCCTACGTCCATGGTC-3′

RE2600 5′ -ATGGACGTAGGAAGTAAATCAGTGGGAAATAATCCGCTTGCGC-3′

RE2601 5′ -GCGCAAGCGGATTATTTCCCACTGATTTACTTCCTACGTCCAT-3′

RE3838 5′ -AATCCGCTTGCGCAGTTGCACTGCCATACTCAGCAGAACAAATCG-3′

RE3839 5′ -CGATTTGTTCTGCTGAGTATGGCAGTGCAACTGCGCAAGCGGATT-3′

followed by a detection using the ‘Infrarot Imaging System’ (LI-
COR Bioscience).

RESULTS

Functional expression of Pex5pC6K
On the basis of functional and structural data, the PTS1-receptor
Pex5p comprises two separate parts (Figure 1A). Whereas the
C-terminal TPR (tetratricopeptide repeat) domain is highly con-
served and facilitates binding to PTS1-cargo proteins, the N-
terminal domain hosts most of the interaction sites for other
peroxins but reveals poor conservation [37]. Interestingly, the
extreme N-terminal part contains conserved amino acid residues
serving as targets for ubiquitination. The conserved lysines at
position 18 and 24 of yeast Pex5p are required for polyubiquitin-
ation and subsequent degradation [12,19]. In contrast and as an
exception to the rule, a conserved cysteine at position 6 undergoes
monoubiquitination [16], which is required for the Pex1p/Pex6p-
dependent release of the receptor from the peroxisomal mem-
brane to the cytosol [16,38]. In order to gain more insight into
functional relevance of this atypical linkage of ubiquitin to the
substrate protein via a thioester bond to a cysteine, we substituted
this conserved amino acid by site directed mutagenesis to alanine
or lysine.

Wild-type and pex5Δ mutant strain and transformants were
tested for their ability to import the fluorescence marker DsRed
fused to type I targeting signal Ser-Lys-Leu (SKL). In wild-type

cells, DsRed-SKL appeared in punctate structures indicative for
a peroxisomal localization (Figure 1B). In contrast, the synthetic
peroxisomal matrix protein mislocalized to the cytosol in pex5Δ

cells, which is in line with the specific import defect of this
mutant [39]. This mutant phenotype was functionally comple-
mented upon expression of wild-type Pex5p, whereas Pex5pC6A

failed to restore the import defect of pex5Δ cells. This finding
is in line with previous reports, which demonstrated that the
corresponding Pex5p-version of yeast and mammals is not mon-
oubiquitinated anymore and therefore blocked for export from the
peroxisomal membrane back to the cytosol [16,40]. In contrast,
Pex5pK18R/K24R, which lacks the target residues for polyubiquit-
ination, was still functional (Figure 1B; [12]). Remarkably, when
the cysteine at position 6 was replaced by lysine (Pex5pC6K), per-
oxisomal import of the PTS1-marker protein DsRed-SKL was not
affected (Figure 1B). The PTS1-receptor is not only required for
the peroxisomal import of typical PTS1-proteins but also for non-
PTS proteins like acyl-CoA oxidase, which bind to the receptor
on its N-terminal half [5,41]. We extended our functional assay
and monitored the strains for growth on plates containing oleic
acid as the sole carbon source, which supports cell growth only
if peroxisomal β-oxidation is functional. The pex5Δ-strain was
unable to grow on this medium in line with previous findings [39]
and typical for peroxisomal mutant strains of S. cerevisiae [27].
Whereas Pex5pC6A failed to restore the growth defect of pex5Δ,
the mutant strains expressing wild-type Pex5p, Pex5pK18R/K24R

or Pex5pC6K grew at a rate indistinguishable from the wild-type
strain (Figure 1C). Accordingly, we conclude that Pex5pC6K can
fully restore the function of native Pex5p in peroxisomal protein
import.
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Figure 1 Pex5pC6K can complement a pex5� strain
(A) Scheme of S. cerevisiae Pex5p. Pex5p contains an N-terminal domain (1–312) with interaction sites required for protein
transport and a C-terminal domain (313–612) with six TPR domains (1–6) responsible for the binding of PTS1-proteins. The
extreme N-terminus contains the target amino acids for mono- (Cys6) and polyubiquitination (Lys18 and Lys24) highlighted
in red. (B) Indicated strains were spotted as a series of 10-fold dilutions on a medium with oleic acid as sole carbon
source and incubated for 4 days at 30 ◦C. Mutant pex5� and pex5� expressing Pex5pC6A were unable to grow on oleic
acid medium. In contrast, the mutant growth phenotype was complemented upon expression of Pex5p, Pex5pK18R/K24R
and Pex5pC6K, which display a growth behaviour similar to the wild-type. (C) Oleic acid-induced indicated strains were
analysed for the subcellular localization of the transformed PTS1-marker DsRed-SKL by fluorescence microscopy. Mutant
pex5� and pex5� expressing Pex5pC6A exhibited an overall cellular fluorescence, indicative for a mislocalization of the
peroxisomal marker protein as consequence of a peroxisomal import defect. Mutant cells expressing wild-type Pex5p or
mutant Pex5pK18R/K24R or Pex5pC6K imported PTS1-proteins properly as indicated by the punctate fluorescence pattern.
Scale bar = 5 μm

Position-dependent ubiquitination is required for
Pex5p function
Inspired by the finding that a lysine residue on position 6 can
functionally replace the conserved cysteine residue of Pex5p,
we investigated the effect of shifting the conserved cysteine
to position 18, thereby replacing a lysine, which is the usual
target for polyubiquitination. We also combined this Pex5p-
variant with the C6A substitution. The single substitution as well
as combinations displayed similar steady-state levels (Figure 2A),
indicative for comparable expression and stability. We monitored
the capability of the Pex5p-variants to functionally complement
the growth defect of the pex5�-strain on oleic acid medium and
found that the substitution of Lys18 by cysteine has no significant
effect on Pex5p function as long as the cysteine at position 6 is
present (Figure 2B). However, the Pex5p-variant Pex5pC6A/K18C

could not restore the ability of the pex5�-strain to grow on oleic
acid medium, indicating that the presence of cysteine at position
18 could not compensate for the loss of the conserved cysteine
at position 6, (Figure 2B). We conclude that the position of the
target residue for ubiquitination is crucial, regardless of whether
a cysteine or lysine residue is present.

Pex5pC6K is artificially polyubiquitinated
independent of Lys18 and Lys24

Next, we analysed the consequence of the functional exchange
of the conserved cysteine by lysine to the ubiquitination status of
Pex5p. Whole-cell lysates of oleic acid-induced wild-type cells
or pex5� cells expressing wild-type or mutant variants of Pex5p
were prepared and subjected to immunoblot analysis. The steady-
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Figure 2 Position-dependent ubiquitination is required for Pex5p
function
Mutant pex5� cells were transformed with plasmids expressing Pex5p
or indicated variants. (A) Immunoblot analysis of equal amounts of
whole-cell trichloroacetic acid lysates of indicated strains with antibod-
ies against Pex5p. Detection of mitochondrial porin served as loading
control. (B) Indicated strains were spotted as a series of 10-fold dilu-
tions on a medium with oleic acid as sole carbon source and incubated
for 4 days at 30 ◦C. Growth of mutant pex5� cells expressing Pex5p or
Pex5pK18C was indistinguishable from the wild-type, whereas the mutant
pex5� cells expressing Pex5pC6A/K18C display no growth on this carbon
source.

state level of plasmid-encoded wild-type and Pex5p-variants was
similar (Figure 3A). The plasmid-encoded proteins showed an
approximately four-fold higher steady-state level than endogen-
ously expressed Pex5p (Figure 3A). Interestingly, Pex5pC6K dis-
played high molecular mass species, which were not seen for
wild-type Pex5p. We suspected that these Pex5p-species rep-
resent ubiquitinated forms of the PTS1-receptor, most probably
Pex5p polyubiquitination. As Pex5p polyubiquitination is known
to depend on the conserved lysine residues at position 18 and 24
[12], we additionally substituted these amino acid residues by ar-
ginine. The resulting Pex5pK18R/K24R remained unmodified even
when combined with C6A substitution (Figure 3A). However,
combination with the C6K mutation still resulted in the modific-
ation of the receptor as observed for Pex5pC6K. Thus, the Pex5p
modification is independent of the Lys18 and Lys24. To analyse
whether this modification indeed represents ubiquitination, we
analysed pex5� Pex5pC6K/K18R/K24R cells additionally expressing
either the wild-type Ub (ubiquitin) or the mycUb fusion [42].
The mycUb variant is about 1.5 kDa larger than wild-type Ub
and leads to a shift of modified proteins [42]. Whole-cell lysates

of the transformants were prepared and equal amounts of pro-
tein from each strain were subjected to immunoblot analysis.
Samples were probed with anti-Pex5p antibodies and slower
migrating Pex5p species appeared (Figure 3B). Comparison of
samples from pex5� Pex5pC6K/K18R/K24R expressing either Ub or
mycUb showed that the putative ubiquitinated species of Pex5p
were replaced by slightly larger new bands, clearly demonstrat-
ing that Pex5pC6K/K18R/K24R is polyubiquitinated at Cys6 in vivo
under wild-type conditions.

Deletion of PEX4 alters the Pex5pC6K modification
pattern
Polyubiquitination of Pex5p was initially observed in strains af-
fected in components of the peroxisomal AAA-(Pex1p, Pex6p,
Pex15p) or the Pex4p–Pex22p-complex [18,19]. Pex5p ubiquit-
ination was also seen in strains with unaffected peroxisomal bio-
genesis but reduced proteasomal function, indicating that Pex5p-
polyubiquitination also occurs under wild-type conditions [18].
Driven by the finding that Pex5pC6K/K18R/K24R is polyubiquitin-
ated, we compared the Ub-pattern with those observed in a strain
affected in PEX1 or PEX4. In contrast with pex1� strain in which
Pex5p displays four Ub-species, Pex5pC6K/K18R/K24R pattern was
similar to those present in pex4� cells, although with differ-
ent intensity of the appearing bands (Figure 4A). In pex4� the
fastest migrating Ub-Pex5p species was most prominent, likely
to represent monoubiquitinated Pex5p. In contrast, the second
Ub-species was most abundant of Pex5pC6K/K18R/K24R, most prob-
ably representing di-ubiquitinated Pex5p, which might indicate
a role of Pex4p in this modification. Next we analysed the Ub-
status of Pex5p-variants in pex5� mutants and in pex5�pex4�

double mutants. Pex5pC6A and Pex5pK18R/K24R behaved like wild-
type Pex5p and thus displayed no significant polyubiquitination
pattern in pex5� cells. Pex5pC6A exhibited the typical pex4�-
pattern when expressed in pex5�pex4� cells (Figure 4B). In
contrast, Pex5pC6K as well as Pex5pC6K/K18R/K24R displayed the
pattern of three Ub-species from which the intensity of the dom-
inant middle band was shifted to the lowest band and thus lead
to a typical pex4� pattern. From this, we conclude that Pex4p
is involved, either directly or indirectly in the ubiquitination of
Pex5pC6K.

Artificial ubiquitination of Pex5pC6K is linked to
higher turnover rate
Polyubiquitinated proteins are in general designated for pro-
teasomal degradation and usually exhibit a high turnover rate,
whereas ubiquitin itself is quite stable [43,44]. This is achieved
by specific deubiquitinating enzymes, which remove the ubi-
quitin moieties prior to the actual degradation process [45–47].
Previously, the deubiquitinating enzyme Ubp15p (or ubiquitin-
specific protease 9X in mammals, [48]) was identified as part of
the cytosolic Pex1p–Pex6p complex in S. cerevisiae [30]. Ubp15p
associates with the AAA-complex by an interaction with Pex6p
and the recombinant protein is capable to deubiquitinate Pex5p
at isolated membranes. In order to analyse whether the observed
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Figure 3 Pex5pC6K is artificially polyubiquitinated independent of K18 and K24
Mutant pex5� cells were transformed with plasmids expressing Pex5p or indicated variants. (A) Immunoblot analysis of
equal amounts of whole-cell trichloroacetic acid lysates of indicated strains with Pex5p-specific antibodies. In contrast with
the wild-type, pex5� expressing Pex5pC6A shows up to three additional αPex5p reactive bands. The third and especially
the second band are more pronounced in case of Pex5pC6K and Pex5pC6K/K18R/K24R. (B) The pex5� strain expressing
Pex5pC6K/K18R/K24R was additionally transformed with a plasmid either encoding ubiquitin (Ub) or myc-tagged ubiquitin
(mycUb). The observed shift to a higher molecular mass upon mycUb expression proved that the additional αPex5p-reactive
bands represent ubiquitinated Pex5p.

higher ubiquitination rate leads to a fast degradation of Pex5pC6K,
we analysed the steady-state level of the PTS1-receptor in wild-
type cells and in cells lacking Ubp15p. As judged by immun-
oblot analysis, the Pex5pC6K level was already slightly reduced
in comparison with native Pex5p when expressed in pex5� cells
(Figure 5). The same was observed for Pex5pC6K/K18R/K24R. How-
ever, the effect was more significant in a strain lacking Ubp15p.
Here, the amount of Pex5pC6K as well as the Pex5pC6K/K18R/K24R

was significantly reduced. Quantification of protein amount by
densitometry is shown in Figure 5(B). The data suggest that
the reduced level of Pex5pC6K variants is the consequence of
ubiquitin-triggered increased degradation of Pex5p by the 26S
proteasome.

To test this assumption, we analysed whether Pex5p variants
can be stabilized by inhibition of proteasomal degradation. To this
end, oleic acid-induced pex5Δ or pex5Δubp15Δ cells expressing
wild-type Pex5p, Pex5pC6K or Pex5pC6K/K18R/K24R were shifted to
fresh medium with and without the proteasome inhibitor MG132.
After additional growth for 4 h to allow uptake and functional de-
velopment of the inhibitor, whole-cell lysates were prepared and
analysed for the presence of Pex5p and its variants. As judged
by immunoblot analysis and signal quantification, the level of
wild-type Pex5p increased only slightly upon proteasomal inhib-
ition (Figure 6). However, when analysed in the pex5Δubp15Δ

strain, the Pex5pC6K variant and especially the Pex5pC6K/K18R/K24R

form was decreased in the absence of MG132, but proteasomal
inhibition did result in a significant stabilization of the protein.
Under these conditions about four-fold higher protein level was
detected for Pex5pC6K/K18R/K24R. The data show that substitution
of the conserved cysteine residue of the Pex5p N-terminus by
lysine leads to artificial polyubiquitination followed by a higher
degradation rate of the receptor by the 26S proteasome.

DISCUSSION

In the present study, we analysed the function of the conserved
monoubiquitination site of the PTS1-import receptor Pex5p in S.
cerevisiae. In all known species, this position is occupied by a
cysteine [49]. Work in yeasts and mammalian cells demonstrated
that this cysteine is indeed modified with an ubiquitin-moiety via
an uncommon thioester-bond [16,38,40] and that this modifica-
tion is essential for the recycling of Pex5p and therefore also for
peroxisomal matrix protein import in general [12,14,38].

Ubiquitination of substrates via esterification is a rare type of
modification, because in most cases the ubiquitin-moiety is at-
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Figure 4 Ubiquitination profile of Pex5pC6K/K18R/K24R is altered by Pex4p
Immunoblot analysis of whole-cell trichloroacetic acid lysates of indicated strains with specific Pex5p antibodies. (A) Mutant
pex5� cells were transformed with plasmids expressing Pex5pC6K/K18R/K24R. The ubiquitination pattern of the Pex5p-variant
expressed in mutant pex5� cells is different from the Pex5p-modification pattern of pex1� cells, but resembles the pattern
for Pex5p of a pex4� strain, although with shifted intensities. (B) Ubiquitination pattern of indicated Pex5p variants
expressed in mutant pex5� and in double-mutant pex5�pex4� cells. The pex4�-ubiquitination pattern is observed for
Pex5p variants when Pex4p is absent, but is more pronounced than in the wild-type. In the Pex5pC6K variants, the second
Ub-Pex5p band from below shows a small shift to a lower molecular mass.

tached to a lysine residue via an isopeptide bond [26,50,51].
Therefore, the functional relevance of the ubiquitin esterification
of the PTS1-receptor is a central question for the understanding
of peroxisomal matrix protein import. Recently, indications for
a redox-based regulation of Pex5p in mammalian as well as Pi-
chia pastoris cells were reported, suggesting that the conserved
cysteine of Pex5p might function as redox-sensitive module
[52,53]. The P. pastoris study suggests that the cysteine may con-
tribute to formation of disulfide-bonds of homodimeric, cargo-
loaded Pex5p molecules, which are supposed to be disassembled
in the reducing condition of the peroxisomal matrix [52]. In slight
contrast, the mammalian study suggests that the ubiquitination-
competence of the cysteine is influenced by the redox-state of the
cytosol, because oxidized glutathione interfered with monoubi-
quitination of human Pex5p [53]. An import-competent Pex5p-
version harbouring a lysine instead of a cysteine was used as a
control, as it can still be monoubiquitinated during oxidized con-
ditions in an in vitro system [53]. However, the present study fo-
cused on redox-dependent effects of the wild-type human Pex5p,
whereas the detailed functional consequences of the cysteine-to-
lysine-mutant were not further addressed in vivo.

In our study, we analysed the role of the conserved mono-
ubiquitination site of S. cerevisiae Pex5p. It has been shown
earlier that the exchange of the conserved cysteine against a
residue that cannot be ubiquitinated, like arginine [16], inhibits

matrix protein import, blocks monoubiquitination and induces
proteasomal degradation of Pex5p via polyubiquitination at the
conserved lysine residues 18 and 24 [16]. This is also the case
for the Pex5pC6A that we have used here. Beyond this, we have
exchanged the cysteine against a residue that can still be ubiquit-
inated, namely a lysine. Substitution of the conserved cysteine
residue of mammalian Pex5p by a lysine did result in a quite
functional protein [54]. Also, the yeast Pex5pC6K mutant was still
able to complement a pex5� strain and to facilitate matrix pro-
tein import. This finding demonstrates that esterification of the
Cys6 is not essential for the function of Pex5p under standard
conditions, as long as this position harbours a lysine as target for
ubiquitination.

Interestingly, we found that Pex5pC6K was polyubiquitinated.
Until now, polyubiquitination of Pex5p has been regarded as part
of a quality-control system that is activated when the receptor
cycle is impaired. This occurs when constituents of the AAA-
complex or the Pex4p-complex are mutated or when the Cys6 as
an acceptor site for monoubiquitination is exchanged against an
arginine or alanine [12,16,18,19]. With the discussed concepts
in mind that the conserved cysteine might be crucial for a pos-
sible redox-regulation of Pex5p and PTS1-protein import [52,53],
the polyubiquitination of Pex5pC6K observed by us might simply
indicate a compromised functionality of Pex5p without its sup-
posed redox-sensor. However, our data also demonstrate that the
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Figure 5 Artificial ubiquitination of Pex5pC6K is linked to higher turnover rate
Mutant pex5� cells or ubp15�pex5� cells were transformed with plasmids expressing Pex5p or indicated variants. (A)
Whole-cell lysates of oleic acid-induced strains as indicated were subjected to immunoblot analysis with Pex5p-specific
antibodies. Mitochondrial Porin served as control for equal loading. (B) Signal intensities of Pex5p of three independent
experiments were estimated by densitometry. Obtained signal intensities were normalized to signal from plasmid-encoded
wild-type Pex5p expressed in pex5� cells. The steady-state concentration of Pex5pC6K and especially Pex5pC6K/K18R/K24R
was drastically reduced in the absence of Ubp15p. Error bars = S.E.M.

detected polyubiquitination of Pex5pC6K differs significantly
from the one observed in the regular quality-control pathway, be-
cause it occurs independently of the Lys18 and Lys24. In marked
contrast, the Lys6 itself is modified, which results in a polyubi-
quitin chain pattern that is distinct from the one found in a pex4�

strain. The shift of the Ub-pattern intensity detected for the Pex5p
of a pex4� strain to the pattern of the Pex5pC6K mutant by one
ubiquitin-moiety suggests that Pex4p contributes to formation of
the polyubiquitin chain, possibly by attaching the first ubiquitin
to Lys6, as it would have done in the presence of Cys6. How-
ever, it did not escape our attention that the Pex4p-dependent
ubiquitination pattern exhibits a slight shift of the second band
to a lower molecular mass (Figure 4). Our data demonstrate that
the formation of an isopeptide bond instead of a thioester bond
to ubiquitin, does not inhibit the function of the PTS1-receptor,
but causes an unusual polyubiquitination that might also involve

Pex4p. Currently, we do not know whether the polyubiquitinated
Lys6 indeed can substitute for the function of the monoubiquit-
inated Cys6-form. It could well be that an intermediate mon-
oubiquitinated Lys6 performs a so far unknown function prior
to its further ubiquitination. The reason for the presence of a
cysteine at this position in all species might thus not be the
direction of Pex5p to quality-control and degradation. Another
possible explanation considers the slightly different ubiquitina-
tion/deubiquitination rates of the thioester-linked compared with
the isopeptide-linked ubiquitin. Upon Lys6 polyubiquitination
the first ubiquitin might be bound too strong via the isopeptide
bond and may stay too long at this position. This may result in
further ubiquitination and formation of a polyubiquitin chain at
Lys6 followed by receptor degradation. In general, the dynamics
underlying the receptor cycle of Pex5p seem to be of importance
because the import and export rates of Pex5p have to be balanced
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Figure 6 Rapid proteasomal degradation of Pex5pC6K variants
Mutant pex5� cells or ubp15�pex5� cells were transformed with plasmids expressing Pex5p or indicated variants.
Strains were grown on oleic acid containing medium for 16 h. Subsequently cells where shifted to oleic acid containing
medium with or without 40 μm MG132 to inhibit the proteasome and grown for additional 4 h. (A) Whole-cell lysates of
the strains were prepared and blotted for the presence of Pex5p and mitochondrial porin which served as loading control.
(B) Pex5p signal intensities of blots depicted in (A) obtained from samples without (white boxes) and with (black boxes)
MG132 treatment was estimated by densitometry. Intensities were normalized to signal from plasmid-encoded wild-type
Pex5p expressed in pex5� cells or ubp15� pex5� cells respectively, without MG132 treatment. In contrast with untreated
cells, Pex5pC6K and Pex5pC6K/K18R/K24R remained stable when the proteasome was inhibited, indicating that the observed
reduced steady-state concentrations are due to a rapid proteasomal degradation. Error bars = S.E.M. with n = 3.

[55]. The peroxisomal membrane complexes display a limited
capacity to bind PTS1-receptor molecules because a block of the
export steps results in an accumulation of Pex5p at the membrane
and an inhibition of matrix protein import [18–20]. Furthermore,
the expression level and functional activity of docking factors and
exportomer proteins have to be adjusted [56]. Moreover, both pro-
cesses seem to be co-operatively coupled [57,58]. Therefore, it is
reasonable that also the ubiquitination-event itself is tightly reg-
ulated. In the case of cis-acting factors, recent work has demon-
strated that the efficient attachment of the ubiquitin-moiety to the

cysteine of Pex5p and therefore functional matrix protein import
requires a certain threshold of Pex4p activity, which is dependent
on the C-terminal domain of Pex22p as co-activator of Pex4p
[59,60]. Therefore, it seems reasonable that the retention time,
which the ubiquitin-moiety stays on Pex5p, has to be limited and
that the trans-acting factors required for the deubiquitination are
tightly regulated as well. First indications that the lability of the
thioester-bond might indeed be utilized for rapid deubiquitination
of Pex5p were indicated by the finding that the ubiquitin-moiety
could be removed non-enzymatically by cytosolic glutathione
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in a mammalian in vitro system [54]. Our data in S. cerevisiae
demonstrate that the stronger isopeptide-bond results in an arti-
ficial polyubiquitination at Lys6 and therefore support the notion
that deubiquitination of Pex5p has to occur relatively fast.

In line with this assumption, we were able to uncover an-
other layer of regulation. The steady-state level of Pex5pC6K is
significantly reduced, when in addition the deubiquitinating en-
zyme (DUB) Ubp15p is deleted. Ubp15p has been identified
earlier as a binding partner of the AAA-ATPase Pex6p and
was shown to deubiquitinate mono- as well as polyubiquitin-
ated Pex5p in vitro [30]. A functional counterpart in mammalian
cells is USP9X, which also deubiquitinates the monoubiquitin-
ated PTS1-receptor in vitro [48]. However, the relevance was
not clear in both cases, because both enzymes seem to be par-
tially replaceable by other ubiquitin hydrolases. In the present
study, we clearly show that the combination of the ubp15� strain
with the thioester-bond-replaced Pex5pC6K results in a signific-
antly reduced level of this version of the PTS1-receptor via pro-
teasomal degradation. Taken together, these data demonstrate
that under normal conditions the labile thioester-bond to ubi-
quitin combined with the presence of deubiquitinating enzymes
like Ubp15p prevents the PTS1-receptor from being degraded
and thus allows efficient recycling. These two layers of protec-
tion are quite unique. Ubp15p and its mammalian counterpart
USP9X are the only ubiquitin-hydrolases that have been repor-
ted to cleave thioester-bonds of a modified substrate [30,48].
Moreover, the reason, why a cysteine of Pex5p and not a lys-
ine is the physiological important ubiquitination site, seems to
be in marked contrast with the few other known examples of
non-lysine ubiquitination. This non-canonical ubiquitination of
internal residues can involve the formation of oxyester-bonds to
serine and threonine in addition to the thioester-bonds to cysteines
[26,50,51]. Important cellular examples are the rapid degradation
of the lysine-less apoptosis-supporting tBid-N after polyubiquit-
ination on cysteine, serine and threonine residues [61]. Also the
transcription factor Neurogenin 2 involved in neuronal differ-
entiation [62,63] as well as non-secreted NS-1 (nonstructural-
1 protein) Ig light chain [64] are polyubiquitinated on lysines,
cysteines, serines and threonines, resulting in a rapid degradation
by the proteasome. Other examples are linked to viral infections.
The HIV protein Vpu (viral protein U) interacts with a cellular
SCF-type (Skp1, Cullin, F-Box protein) ligase in order to pro-
mote ubiquitnation of BST-2 (bone marrow stromal antigen 2), a
regulator of immunity, on cysteines, serines and threonines [65].
Moreover, the cytoplasmic tail of MHC-I in the endoplasmic
reticulum (ER) is ubiquitinated on lysine, serine and threonine
residues by mK3 (mouse γ -herpes virus ligase), which results
in proteasomal degradation via the ER-associated degradation
(ERAD) pathway [66,67]. At the cell surface, MHC-I can be ubi-
quitinated on lysines and cysteines by MIR1 (modulator of im-
mune responses) and MIR2 (Kaposi’s sarcoma-associated herpes
virus ligases), which results in lysosomal degradation [68,69]. A
closer investigation of the specificity of the RING-domain of
mK3 suggested that no E2 partner specialized only on thioester-
bonds is required [70]. Moreover, not the type of amino acid itself,
but the position within the substrate is of importance for the lig-

ases MIR1 and MIR2. Both can ubiquitinate cysteines as well as
lysines as long as they are at a specific position [68]. This mech-
anistic aspect is comparable with the situation of Pex5p and the
mutants Pex5pC6A and Pex5pC6A/K18C, where a shift of the cysteine
to position 18 cannot compensate the loss of the ubiquitination
site at position 6. Only the exchange to a lysine at position 6 can
compensate for the loss of the cysteine, indicating that the perox-
isomal RING-ligase complex as well as Pex4p are not selective
for the type of ubiquitinable amino acid, but for its position.

At the end, the major difference in the physiological outcome
of the esterification of Pex5p at Cys6 to all other known examples
of non-lysine ubiquitination of internal residues is that it is not
intended for the degradation of Pex5p. Our data show that this
modification contributes to the stability of Pex5p, whereas all
other examples aim to enhance the degradation of the substrates.

Further work will analyse if a similar regulatory context exists
for the PTS2-dependent matrix protein import pathway, as the
PTS2 co-receptors Pex18p [24,71] and Pex20p [25,72] are also
monoubiquitinated on a conserved cysteine. This would further
support the novel role of ubiquitin-esterification, namely that the
labile thioester-bond together with a DUB function to limit the
resident time of ubiquitin on a substrate in order to prevent its
degradation.
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