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Peroxisomal matrix protein import is facilitated by cycling
receptors shuttling between the cytosol and the peroxisomal
membrane. One crucial step in this cycle is the ATP-dependent
release of the receptors from the peroxisomal membrane. This
step is facilitated by the peroxisomal AAA (ATPases associated
with various cellular activities) proteins Pex1p and Pex6p with
ubiquitination of the receptor being the main signal for its
export. Here we report that the AAA complex contains dislocase
as well as deubiquitinating activity. Ubp15p, a ubiquitin hydro-
lase, was identified as a novel constituent of the complex.
Ubp15p partially localizes to peroxisomes and is capable of
cleaving off ubiquitin moieties from the type I peroxisomal tar-
geting sequence (PTS1) receptor Pex5p. Furthermore, Ubp15p-
deficient cells are characterized by a stress-related PTS1 import
defect. The results merge into a picture in which removal of
ubiquitin from the PTS1 receptor Pex5p is a specific event and
might represent a vital step in receptor recycling.

Peroxisomes are organelles that carry out a wide variety of
metabolic processes in eukaryotic organisms. As peroxisomes
do not contain genetic material, their protein content is deter-
mined by the import of nuclearly encoded proteins. Peroxi-
somes can multiply by division (1) or de novo by budding from
the endoplasmic reticulum (2, 3). Without exception, peroxi-
somal matrix proteins are synthesized on free ribosomes and
are subsequently imported in a post-translational manner (4,
5). Like the sorting of proteins to other cellular compartments,
protein targeting to peroxisomes depends on signal sequences.
Peroxisomal matrix proteins contain a C-terminal type I perox-
isomal targeting sequence (PTS1)” or an N-terminal PTS2 (4).
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These PTSs are recognized by conserved receptors, Pex5p and
Pex7p, respectively. Based on the concept of cycling receptors
(6, 7), matrix protein import can be divided into four steps: 1)
receptor-cargo recognition in the cytosol, 2) docking at the per-
oxisomal membrane, 3) cargo translocation and release, and 4)
receptor release from the membrane and recycling.

With respect to the PTS1 receptor Pex5p, recent reports
demonstrated that its dislocation from the peroxisomal mem-
brane to the cytosol at the end of the receptor cycle is ATP-de-
pendent and catalyzed by the AAA peroxins Pex1p and Pex6p
(8,9). The main signal for the export process is the attachment
of a monoubiquitin moiety or, alternatively, the anchoring of a
polyubiquitin chain (10, 11). Although receptor monoubiquiti-
nation occurs on a conserved cysteine, polyubiquitin chains are
attached to two lysine residues (10, 12). In general, conjugation
of ubiquitin to a target protein or to itself is regulated by the
sequential activity of ubiquitin-activating (E1), ubiquitin-con-
jugating (E2), and ubiquitin-ligating (E3) enzymes, and it typi-
cally results in the addition of a ubiquitin moiety either to the
e-amino group of a Lys residue or to the extreme N terminus of
a polypeptide (13). In a very few cases, including Pex5p, attach-
ment to a Cys residue also has been reported (12, 14). Whereas
the addition of a single ubiquitin to a target protein can alter
protein activity and localization, the formation of a diverse
array of ubiquitin chains is implicated in targeting to the 26 S
proteasome (15).

In line with these findings, polyubiquitination of Pex5p
makes the receptor available for proteasomal degradation as
part of a quality control system for the disposal of dysfunctional
Pex5p (16 —18). Modification of Pex5p by a single ubiquitin on a
conserved Cys residue provides the signal for the AAA peroxin-
mediated release of the receptor from the peroxisomal mem-
brane (10, 11, 19). This is of special importance as this ATP-de-
pendent dislocation of the receptor is supposed to be
responsible for the overall energy requirement of the protein
import cascade and thus might be mechanistically linked to
cargo translocation as proposed by the export-driven import
model (20).

The ubiquitination cascade acting on Pex5p has been eluci-
dated with the identification of Pex4p and the Ubclp/Ubc4p/
Ubc5p family as the responsible E2s (10, 12, 17, 18, 21). The
peroxisomal RING finger peroxins Pex2p, Pex10p, and Pex12p

sin-containing protein; AAA, ATPases associated with various cellular
activities.
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have been identified as E3 enzymes responsible for the poly-
and monoubiquitination of Pex5p (22, 23).

After export of the functional receptor to the cytosol, the
ubiquitin moiety has to be removed. This cleavage of ubiquitin
from a substrate protein is generally carried out by ubiquitin
hydrolases also known as deubiquitinating enzymes (DUBs)
(24). Saccharomyces cerevisiae contains genes coding for 18
DUBs (25, 26). Recent in vitro data obtained from rat indicated
that the monoubiquitin (monoUb) moiety of Pex5p might be
cleaved off in two different ways. A minor portion of the thio-
ester-bound monoUb could be released in a non-enzymatic
manner by a nucleophilic attack by glutathione, whereas the
major fraction of monoUb-Pex5p is deubiquitinated enzymat-
ically by a still to be identified ubiquitin hydrolase (27).

Here we report on the correlation of the ATP-dependent
export of Pex5p and ubiquitin cleavage. The AAA complex of
the peroxisomal protein import machinery turned out to pos-
sess export as well as deubiquitinating activity. Ubp15p was
identified as a novel constituent of the complex that binds to the
first AAA domain of Pex6p (D1 domain). Ubpl5p exhibits
ubiquitin hydrolase activity and is capable of cleaving off ubiq-
uitin moieties from the PTS1 receptor Pex5p. The function of
Ubp15p in peroxisome biogenesis is supported by a stress-re-
lated PTS1 import defect of ubp15A cells. A scenario evolves in
which receptor deubiquitination might be functionally linked
to its AAA peroxin-mediated export and represents an impor-
tant step in the receptor cycle that makes Pex5p available for a
new round of matrix protein import.

EXPERIMENTAL PROCEDURES

Yeast Strains and Culture Conditions—The S. cerevisiae
strain UTL-7A (MATa ura3-52, trpl, leu2-3/112) was used as
wild-type strain for the generation of several isogenic deletion
strains by the “short flanking homology” method as described
previously (28). The resulting deletion strains were pexSA
(29), ubp14A, ubp15A, ubp14A/ubp15A, doa4A, and doa4A/
ubp15A (this study). cl3-ABYS-86 (30) served as the wild-
type strain for isolation of His,-Pex6p and His,-GST-
Ubp15p complex. The yeast reporter strain L40 (MATa trpl
leu2 his3 LYS2::lexA-HIS3, URA3::lexA-lacZ) (31) was used
for two-hybrid assays. Yeast media have been described pre-
viously (32). Inhibition of proteasomal degradation by the
addition of MG132 to liquid cultures was performed accord-
ing to Liu et al. (33).

Plasmids and Cloning Strategies—Sequences of oligonucleo-
tides are available upon request. Two-hybrid plasmids express-
ing Gal4p fusions with Pex1p, Pex6p, or variants thereof were
described previously (34). For expression of His,-Ubp15p in
bakers’ yeast, two overlapping PCRs were performed using
genomic S. cerevisiae DNA as template. PCRI (primers RE1813/
RE1749) amplified the 5'-half of U/BP15 (NTP-UBP15), intro-
ducing an Ncol site to the 5'-end. PCRII (primers RE1746/
RE1730) amplified the 3'-half of UBPI5 (CTP-UBP15),
introducing an XhoIsite to the 3'-end. Both PCR products were
subcloned into EcoRV-digested vector pGEM®-T (Promega,
Mannheim, Germany), resulting in vectors pGEM-T-NTP-
UBP15 and pGEM-T-CTP-UBP15, respectively. Next, the
introduced fragments were cut out of the pGEM vectors
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(pGEM-T-NTP-UBP15, Ncol/BamHI; pGEM-T-CTP-UBP15,
BamHI/Xhol) and cloned together into Ncol/Xhol sites of
pYES263 (35), leading to pYES263-UBP15.

For the expression of GST fusions of Ubp15p in Escherichia
coli, the vector pGEX-4T-2 (GE Healthcare) was digested with
BamHI followed by a Klenow refill reaction and the subsequent
cleavage with Xhol. The Ubp15p coding region was obtained by
cleaving pYES263-UBP15 with Ncol, Klenow-based refilling,
and subsequent Xhol treatment. The L/BP15 fragment was then
cloned into equally treated pGEX-4T-2, resulting in pGEX-4T-
2-UBP15. To introduce a C214A amino acid residue substitu-
tion into Ubp15p, the QuikChange mutagenesis kit (Agilent
Technologies, Waldbronn, Germany) was used combined with
pGEX-4T2-UBP15 as template and primers RE2274/RE2275
for the reaction. GFP-Ubpl5p expression plasmid pUG36-
UBP15 was constructed as follows. UBPI5 was amplified by
PCR using primers RE3196/RE3198 and plasmid pYES263-
UBP15 as template. The Spel/Sall-digested PCR product was
cloned into the Spel/Sall site of pUG36 (36).

To obtain N-terminal His,-TEV-tagged Pex6p under the
control of the GAL1 promotor for expression in yeast, the cod-
ing region for the N-terminal half of Pex6p was amplified by
PCR using primers KU1549/KU1550 and plasmid pMB34 (37)
as template. In a second step, PEX6 was amplified by PCR
(primers KU1339/KU698 and plasmid pMB34) and cloned into
the Ncol/Spel site of pYES2.1V5-His-TOPO (Invitrogen), lead-
ing to vector pYQ6/1. Finally, the first PCR (N-terminal half of
Pex6p) was digested with Pvull/Sacl, and the fragment was
introduced into the Pvull/Sacl-digested vector pYQ6/1, lead-
ing to pJK-5. Plasmids for expression of PTS2-dsRed or high
expression of Pex15p were described elsewhere (38, 39).

Two-hybrid Assay—The yeast reporter strain L40 was trans-
formed with two-hybrid plasmids pPC86 and pPC97 (40) or
derivatives thereof and grown on synthetic medium lacking
tryptophan and leucine for 3 days at 30 °C. The obtained double
transformants were grown at 30 °C for 8 h in liquid synthetic
medium. Lysates from these cells were prepared and subse-
quently subjected to B-galactosidase assays as described (41).

Purification of Pex6p from S. cerevisiae Cells—Recombinant
His-tagged Pex6p or Ubpl5p were expressed in S. cerevisiae
strain cl3-ABYS-86 (30) transformed with pJK-5 or pYES263-
UBP15, respectively. Galactose-grown cells were harvested,
resuspended in lysis buffer (1.7 mm KH,PO,, 5.2 mm Na,HPO,,,
300 mMm NaCl, 1 mm DTT, 22.5 ug/ml DNase I) with protease
inhibitor mixture (8 um antipain, 0.3 uMm aprotinin, 1 uMm besta-
tin, 10 uMm chymostatin, 5 um leupeptin, 1.5 um pepstatin
(Roche Diagnostics), 1 mMm benzamidine, 1 mm phenylmethyl-
sulfonyl fluoride, and 5 mm NaF). Cells were disrupted by glass
bead lysis. The lysate was cleared by centrifugation and
0.22-pm filtration and loaded on nickel-Sepharose (GE Health-
care) columns equilibrated with washing buffer (1.7 mm
KH,PO,, 5.2 mm Na,HPO,, 300 mm NaCl, 1 mm DTT, 40 mu
imidazole). The column was washed until no more protein
eluted. Pex6p was then eluted by a continuous imidazole gradi-
ent up to 500 mm imidazole in elution buffer (1.7 mm KH,PO,,
5.2 mm Na,HPO,, 300 mm NaCl, 1 mm DTT, 500 mm imidaz-
ole). Fractions containing a high concentration of protein were
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combined and concentrated by VivaSpin concentrators (10,000
molecular weight cutoff) (Sigma).

Isolation of Peroxisomes—Preparation of yeast spheroplasts,
cell homogenization, preparation of postnuclear supernatants,
and determination of the suborganellar localization of proteins
were performed according to Erdmann et al. (42). Density gra-
dient centrifugation was essentially performed as described
(43); in particular, postnuclear supernatants (10 mg of protein)
were prepared and loaded onto preformed 2.25-24% (w/v)
OptiPrep (iodixanol) gradients. Peroxisomes were separated
from other organelles in a vertical rotor (Sorvall TV 860, 1.5 h at
48,000 X g, 4 °C). Fractions were collected from the bottom and
subjected to enzyme and refractive index measurements as well
as immunoblot analysis.

Gel Filtration of Cell Lysates and Purified Proteins—Analyt-
ical gel filtration was carried out on a SMART System (Amer-
sham Biosciences) equipped with a Superose 6 PC 3.2/30 col-
umn in running buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl,
5 mm MgCl,, 1 mm B-mercaptoethanol, 2 mm ATP). Samples
were cleared by centrifugation (15 min at 20,000 X g), and ali-
quots of 50 ul of purified protein were separated at 40 ul/min.
Fractions of 80 ul were collected from 0.8 to 1.6 ml after injec-
tion. The column was calibrated using ferritin (440 kDa), aldol-
ase (158 kDa), and BSA (66 kDa) as markers.

In Vivo Ubiquitination Assays—Oleate-induced yeast cells
were harvested, washed twice, and resuspended in lysis buffer
(0.2 M HEPES, 1 M potassium acetate, 50 mM magnesium ace-
tate, pH 7.5) and protease inhibitor mixture (see above)). To
accumulate monoubiquitinated Pex5p from wild-type cells, 20
mM N-ethylmaleimide (NEM) (Sigma) was added. Cells were
disrupted by glass bead lysis and centrifuged at 1,500 X g
(Eppendorf rotor A-4-81) for 10 min. Supernatants were nor-
malized for protein and volume, and membranes were sedi-
mented by centrifugation at 100,000 X g for 30 min (Sorvall
AH650 rotor) followed by trichloroacetic acid precipitation and
sample preparation (18).

Deubiquitination Assay—Deubiquitinating activity of
Ubp15p was analyzed according to Messick et al. (44). In detail,
1 ng of Ubp15p/Ubp15pC214A and 250 ng of appropriate poly-
Ub(Lys-63) chains (Biomol, Lérrach, Germany) were diluted in
reaction buffer (50 mm Tris-HCI, pH 7.4, 300 mm NaCl) to a
total volume of 30 ul. Reactions were incubated for 2 h at 37 °C.
Before and after the reaction, 15 ul of each sample were charged
with 3X SDS sample buffer and boiled for 5 min for further
analysis. Five microliters of each reaction were loaded onto a
15% Tris-glycine gel and subsequently subjected to immuno-
blot analysis.

Protein Identification by Mass Spectrometry—Proteins in
polyacrylamide gels were visualized by Coomassie staining
according to Neuhoff ez al. (45). Destaining of proteins, in-gel
tryptic digestion, and subsequent peptide extraction were per-
formed as described (46). Peptide samples were separated by
on-line reversed-phase nano-HPLC using the Dionex LC Pack-
ings HPLC systems (Dionex LC Packings, Idstein, Germany).
Electrospray ionization tandem mass spectrometry on a Bruker
Daltonics HCTplus ion trap instrument (Bremen, Germany)
and subsequent protein identification by bioinformatics using
the yeast NCBI Database was performed as described (46).
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Miscellaneous Methods—Immunopurification of ProtA-
tagged Pex1p-Pex6p complexes from yeast cells using IgG-Sep-
harose was described (47). Inmunoprecipitation of denatured
proteins was carried out according to Platta et al. (22). Mem-
branes containing monoubiquitinated Pex5p were prepared
according to Platta et al. (22) and incubated with purified yeast
AAA complex according to Platta et al. (8). Recombinant GST
fusion proteins were expressed in E. coli BL21 (DE3) according
to the manufacturer’s protocols (GE Healthcare). Immunore-
active complexes were visualized using anti-rabbit or anti-
mouse [gG-coupled horseradish peroxidase in combination
with the ECL™ system from Amersham Biosciences. Alterna-
tively, primary antibody was detected with an IRDye 800C'W
goat anti-rabbit IgG secondary antibody (LI-COR Biosciences,
Bad Homburg, Germany) followed by detection using an infra-
red imaging system (LI-COR Biosciences). Polyclonal rabbit
antibodies were raised against Pex5p (48), Pex13p (29), and
ubiquitin (Sigma). Monoclonal mouse antibodies were raised
against GST (Sigma) and ubiquitin (clone FK2, Biomol, Ham-
burg, Germany). GFP- and dsRed-tagged proteins were moni-
tored by live cell imaging with a Zeiss Axioplan 2 fluorescence
microscope and AxioVision 4.8 software (Zeiss, Jena, Ger-
many). Electron transmission microscopy, spheroplasting of
yeast cells, homogenization, and differential centrifugation of
homogenates at 25,000 X g were performed as described previ-
ously (8, 42, 49).

RESULTS

Peroxisomal AAA Complex Exhibits Deubiquitinating
Activity—Dislocation of the PTS1 receptor Pex5p from the per-
oxisomal membrane to the cytosol depends on the peroxisomal
AAA proteins Pexlp and Pex6p (8, 9), and ubiquitination of
Pex5p is a prerequisite for this process (10). The main signal for
the export process is the attachment of a monoubiquitin moiety
(10, 11). To gain more insight into the principal export mecha-
nism of monoubiquitinated Pex5p, membranes were prepared
from wild-type cells in the presence of NEM, which is a suitable
inhibitor of DUBs (50) and results in the accumulation of
monoubiquitinated Pex5p at the peroxisomal membrane (10,
21). As NEM proved to be a competent inhibitor of the export
machinery, membranes were washed extensively, and NEM
was avoided upon purification of the AAA complexes. The
membranes containing monoubiquitinated Pex5p were incu-
bated with buffer alone or buffer containing purified cytosolic
AAA complex of S. cerevisiae in the presence of an ATP-regen-
erating system (8) for 30 min at 37 °C. Interestingly, the pres-
ence of the AAA complex did result in the disappearance of the
monoUb-Pex5p (Fig. 1, lanes 1 and 2), indicating that the per-
oxisomal AAA complex does not only harbor the known dislo-
case activity of Pex1p/Pex6p but is also capable of facilitating
receptor deubiquitination. This assumption is supported by the
result that incubation of the AAA complex with DUB inhibitors
NEM (Fig. 1, lane 3) and ubiquitin-aldehyde (Fig. 1, lane 4)
prior to the assay blocks Pex5p deubiquitination.

UbplSp Is Associated with AAA Complex—The data
described above also indicate that the isolated AAA complex
contains export and deubiquitinating activity in the absence of
cytosol. Thus, the suspected additional factor is supposed to be
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FIGURE 1. Yeast AAA complex possesses ubiquitin hydrolase activity.
MonoUb-Pex5p-containing wild-type membranes were incubated with the
AAA complex purified from a cytosolic fraction of pex5A cells using the TEV-
ProtA tag. Where indicated, the AAA complex was preincubated with NEM or
with Ub-aldehyde to inhibit the observed ubiquitin hydrolase activity. Sc, S.
cerevisiae.

part of the yeast AAA complex. To identify the unknown factor,
we isolated the cytosolic AAA complex with Pex6p as the over-
expressed bait protein. For this purpose, a plasmid encoding
N-terminal His,-tagged Pex6p under the inducible GAL1 pro-
motor was transformed into the protease-deficient yeast strain
c13-ABYS-86 (30). Transformants were precultured on glu-
cose-rich media, and expression of the tagged Pex6p was
induced by shifting to galactose media. His-Pex6p was isolated
by affinity chromatography on nickel-nitrilotriacetic acid and
analyzed by SDS-PAGE followed by silver staining. Two domi-
nant protein bands were visible (Fig. 24) that were excised and
analyzed by mass spectrometry. The fast migrating protein was
identified as the bait protein Pex6p. The band with an approx-
imate size of 140 kDa consisted of three proteins, Clulp,
Ubp15p, and Ecm21p. Clulp is a subunit of translation initia-
tion factor eIF3, which functions in AUG scanning in transla-
tion, that is also required to maintain the morphology of mito-
chondria (51, 52). Ubpl5p is a ubiquitin-specific processing
protease (53). Ecm21p is an arrestin-related protein that acts as
an adaptor in ubiquitin ligation (54). As a second approach to
identify AAA peroxin-associated proteins, we genomically
tagged Pex1p with protein A, isolated the complex as described
previously (8), separated proteins of the isolated complex by
SDS-PAGE, and subjected selected protein bands to mass spec-
trometric analysis. The band marked in Fig. 2B contained
Ubp15p, which indicated its association with the AAA complex
and moved the protein into the focus of our interest. To validate
the Pex6p-Ubp15p interaction, the complex isolation was per-
formed vice versa using Ubpl5p as bait. His,-GST-tagged
Ubp15p was expressed in the wild-type cl3-ABYS-86 strain and
isolated by immunopurification, and the constituents of the
complex were analyzed by immunoblotting. Pex6p was identi-
fied as a component of the Ubp15p complex (Fig. 2C), and a
minor portion of the PTS1 receptor Pex5p also co-eluted with
the Ubp15p complex. The soluble fructose-1,6-bisphosphatase
(Fbplp; Ref. 55) was not retained by the chromatography, an
indication for the specificity of the isolation procedure (Fig.
20C).

Portion of Ubiquitin Hydrolase Ubpl5p Localizes to
Peroxisomes—Our results demonstrate that yeast Ubp15p pos-
sesses the ability to interact with Pex6p. As Pex6p is localized in
the cytosol and at peroxisomes, the subcellular localization of
Ubp15p was analyzed under peroxisome-inducing conditions.
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FIGURE 2. Ubp15p forms a complex with AAA peroxins. Protein complexes
were isolated by affinity chromatography from soluble fractions of the pro-
tease-deficient yeast strain cl3-ABYS-86 with Hisg,-Pex6p (A) or from the
UTL-7A strain with endogenously encoded Pex1p fused to TEV-ProtA tag (B).
For the latter, the untransformed strain served as a control for the specificity
of the isolation. Isolated proteins were visualized by silver stain or colloidal
Coomassie as indicated. C, Hisg-GST-Ubp15p was isolated from the soluble
fraction of the cI3-ABYS-86 strain and analyzed by immunoblotting. Equal
volumes of load and the 100X-concentrated eluate fractions were probed
with antibodies raised against the indicated proteins. The detection of cyto-
solic fructose-1,6-bisphosphatase (Fbp1p) served as a control for unspecific
binding. M, molecular mass markers.

To this end, a cell-free homogenate of oleic acid-induced wild-
type cells expressing a genomically tagged UBPIS5 gene coding
for a Ubp15p-protein A fusion protein (Ubpl5p-TEV-ProtA)
was prepared, and organelles were separated by density gradi-
ent centrifugation (Fig. 34). The presence of organelle marker
proteins in the obtained fractions was assayed either by deter-
mination of enzyme activities or by immunoblotting. As indi-
cated by the segregation behavior of the peroxisomal mem-
brane marker Pex13p and activity measurements of the
peroxisomal catalase, peroxisomes migrated to the bottom
fractions and showed a clear peak in fraction 3, clearly sepa-
rated from the mitochondrial marker (porin). In line with the
reported cytosolic localization (56), the majority of Ubpl5p
remained in the top gradient fractions. However, a significant
portion of Ubp15p was detected at a higher density, co-localiz-
ing with peroxisomal marker proteins (Fig. 34, lane 3). To sup-
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FIGURE 3. Ubp15p is partially localized to peroxisomes. A, a cell-free extract of oleate-induced wild-type cells expressing genomically tagged Ubp15p
(Ubp15p-TEV-ProtA) was separated by density gradient centrifugation (2.25-24% OptiPrep, 18% sucrose). Fractions were subjected to measurements of the
activity of catalase and cytochrome (Cyt.) ¢ oxidase as peroxisomal and mitochondrial markers, respectively (upper panel). Equal portions of fractions were
probed by immunoblotting (lower panel) with antibodies against the protein A tag, Pex13p (peroxisomes), porin (mitochondria), and Fbp1p (cytosol).
B, wild-type cells expressing both the PTS2 marker protein PTS2-dsRed and GFP-Ubp15p with and without overexpression of Pex15p were grown on oleic acid
plates for 2 days and examined by fluorescence microscopy. Although only a small portion of GFP-Ubp15p was localized to peroxisomes in cells containing
normal levels of Pex15p, a higher fraction of the fusion protein was recruited to peroxisomes upon overexpression of Pex15p as indicated by the co-localization

of GFP-Ubp15p and the peroxisomal dsRed marker. rel., relative.

port this finding, we monitored localization of GFP-tagged
Ubp15p by fluorescence microscopy. GFP-Ubp15p was co-ex-
pressed with the synthetic peroxisomal marker protein PTS2-
dsRed in wild-type cells. PTS2-dsRed exhibits a punctate fluo-
rescence pattern, which is typical for a peroxisomal localization
(Fig. 3B and Ref. 38). In line with our results obtained by cell
fractionation (Fig. 3A), GFP-Ubp15p was predominantly local-
ized to the cytosol, which leads to overall cellular fluorescence
(Fig. 3B). However, a portion of GFP-Ubp15p co-stained with
PTS2-dsRed-positive structures, demonstrating its peroxi-
somal localization. Next, we tried to increase the amount of
peroxisomal Ubp15p by overexpression of Pex15p. The overex-
pression of this peroxisomal membrane protein leads to an
increased recruitment of Pex6p to peroxisomes (37). We
assumed that the consequence thereof should be an increased
amount of Ubp15p bound to the peroxisomal membrane as it is
a binding partner of the Pex6p complex. Indeed, upon Pex15p
overexpression, only a small portion of GFP-Ubp15p was cyto-
solic, whereas the major fraction was found co-localized with
the peroxisomal marker PTS2-dsRed (Fig. 3B). Taken together,
the localization studies indicate that a portion of Ubpl5p is
associated with peroxisomes.

Ubp15p Interacts with First AAA Domain of Pex6p—To ana-
lyze the Ubp15p interaction with the peroxisomal AAA com-

AUGUST 12,2011 +VOLUME 286+-NUMBER 32

plex in more detail, we applied the yeast two-hybrid system.
Plasmids expressing full-length Pexlp, Pex6p, or ubiquitin
fused to the Gal4p activation domain or the Gal4p DNA-bind-
ing domain were transformed in the S. cerevisiae strain L40, and
reporter gene expression was analyzed by assaying [3-galacto-
sidase activity. In line with previous findings (57), co-expres-
sion of Ubp15p with ubiquitin led to significant reporter gene
activity as judged by the determined (-galactosidase activity,
which indicated the known Ubp15p-ubiquitin interaction (Fig.
4). The enzyme activities differed depending on whether
Ubp15p was fused to the DNA-binding domain or the transac-
tivation domain of Galdp; however, in the case of interaction,
the enzyme activity was significantly higher than that of the
empty vector controls versus bait plasmids. Comparison of the
different assays revealed that Pex6p interacts with Ubpl5p,
whereas the monitored [-galactosidase activity was only
slightly above the control level when Pex1p was tested for inter-
action with Ubp15p. To determine the Pex6p region that con-
tributes to the Ubp15p interaction, we analyzed the interaction
of Ubp15p with the N-terminal region (N-domain; amino acids
1-428), the first AAA cassette (D1 domain; amino acids 421—
716), and the second AAA cassette (D2 domain; amino acids
704-1030) of Pex6p and combinations thereof. As shown in
Fig. 3, neither the N-domain nor the second AAA domain is

JOURNAL OF BIOLOGICAL CHEMISTRY 28227



Role for Ubp 15p in Peroxisome Biogenesis

3.0

T

N
3

N
c

| e |

&
—H
=
=

-
(=]
1
1

R-galactosidase activity (U)

o
i
1

g ﬁﬁﬂ

ﬁ%&ﬂ@%ﬂ%ﬂﬁﬁ&

0
\O‘OQ\@QQ QQ\@Q _‘@QQ@Q 3 &
@Q\SQ\Q\)‘O\Q\SO é\-‘b‘bee\

<2 e+
\)‘QQ\\,‘Q I \(OQQ,Q Q Q \Q ®+Q®~\©Q.\SOQ
Rt Rk @Q@QQQ &
IPTREIR? NNV N R
¥ °Q\>°Q RN R
R R
NN

o‘”o o‘”o“’ o”° d

AR Or" S\ bQ N
\)‘0 o \Q e" Q)Q roQ @Q Q
/ QQ;\.QQ;EQ

/

FIGURE 4. First AAA domain of Pex6p mediates Ubp15p interaction. The L40 reporter yeast cells were co-transformed with empty two-hybrid plasmids
pPC86 and pPC97 (~) or plasmids expressing the indicated proteins. Double transformants were lysed and subjected to a liquid B-galactosidase assay.
B-Galactosidase activities (expressed in arbitrary units (U)) indicate binding and are represented as mean values of three independent experiments performed
in duplicate. Error bars denote S.E. N, N-terminal domain; D7, first AAA domain; D2, second AAA domain.

capable of interacting with Ubp15p. In contrast, the first AAA
domain of Pex6p alone or fused to the N-domain or D2-domain
led to B-galactosidase activity in the same range as observed
with full-length Pex6p. Thus, the first AAA domain of Pex6p is
involved in the interaction with Pex1p (34, 58) as well as with
Ubp15p.

Ubpl15p Facilitates Deubiquitination of PexSp in Vitro—
UBPs represent a subclass of the DUBs, comprising 18 putative
members in S. cerevisiae, including Ubp15p (53). The UBP fam-
ily is highly divergent, but all members contain several short
consensus sequences, the Cys and the His boxes that are likely
to form a part of the active site (59). Within Ubp15p, the Cys
box covers amino acids 206 —223, whereas the His box is local-
ized between amino acids 449 and 533 (60). Sequence align-
ment of Ubpl5p with other UBPs indicated that Cys-214 of
Ubp15p most likely represents an amino acid residue that is
crucial for the deubiquitinating activity (60). Accordingly, a
Cys-214 to Ala substitution was introduced into the full-length
protein by site-directed mutagenesis, and recombinant wild-
type or mutant Ubpl5p (Ubpl15pC214A) fused to GST was
expressed in E. coli and isolated by affinity chromatography.
The tag was removed by thrombin cleavage. To demonstrate
that recombinant Ubpl5p exhibits deubiquitinating activity
and is thus biologically active, in vitro ubiquitin cleavage assays
were performed. To this end, the isolated proteins were incu-
bated with Ub chains, and the reaction was stopped after 0
(control) or 120 min by addition of SDS sample buffer and sub-
sequent boiling. Cleavage of the Ub chain was monitored by
immunoblot analysis with an antiserum against ubiquitin.
Incubation of the Ub chain with wild-type Ubp15p resulted in a
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decrease of higher molecular Ub species and accumulation of
monoUb as a cleavage product (Fig. 54, lane 2). When the assay
was performed with mutated Ubp15p, no difference between
the control sample and the sample incubated for 120 min (Fig.
5A, lanes 3 and 4) was observed. Thus, our data are clear in that
Ubp15p acts as a ubiquitin hydrolase on Ub chains and that an
enzyme harboring the C214A replacement is enzymatically
inactive. This finding is not due to a dramatic influence of the
mutation on the structure of the protein as both wild-type and
mutated Ubp15p exhibited the same behavior when analyzed
by size exclusion chromatography (data not shown).

Pex5p can be monoubiquitinated (21) or polyubiquitinated
(17, 18). In Fig. 1, we showed that the AAA peroxin complex
harbors deubiquitinating activity. Next, we addressed whether
mono- or polyubiquitinated Pex5p can function as molecular
target for deubiquitination by Ubp15p. To this end, we pre-
pared membranes from wild-type cells in the presence of NEM,
which results in the accumulation of monoUb-Pex5p. These
membranes were incubated with recombinant Ubpl5p fol-
lowed by co-immunoisolation of Pex5p. MonoUb-Pex5p was
visible when the membranes were incubated with buffer alone
but disappeared upon incubation with Ubp15p (Fig. 5B).

Next, we assayed whether Ubp15p also acts on polyubiquiti-
nated Pex5p. We isolated whole cell membranes from a
pex1Apex6A strain. These membranes showed accumulation of
polyUb-Pex5p species (Refs. 17 and 18 and Fig. 5C, lane I).
Incubation of these membranes with recombinant Ubpl5p
resulted in the disappearance of modified Pex5p, indicating
that Ubp15p can also cleave off ubiquitin from polyUb-Pex5p
(Fig. 5C, lane 4). In line with this finding, no cleavage of Pex5p
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was observed when Ubp15p activity was blocked by NEM or
Ub-aldehyde (Fig. 5C, lanes 2 and 3). Ub-aldehyde inhibits
ubiquitin hydrolases by the formation of an extremely tight
complex in which the inhibitor is bound to the active site of
DUBs (61). Taken together, the data demonstrate that recom-
binant Ubp15p exhibits ubiquitin hydrolase activity and facili-
tates deubiquitination of mono- and polyUb-Pex5p.

Clustered Peroxisomes in ubp15A Cells—Ubp15p is a cytoso-
lic protein that is associated with the yeast AAA complex.
Pex1p and Pex6p are both required for peroxisomal matrix pro-
tein import, leading to the question of whether also Ubp15p
contributes to peroxisomal function in vivo. To address this
question, growth tests were performed on plates containing
oleic acid as the sole carbon source that will support cell growth
only if peroxisomal B-oxidation is functional, which requires
intact organelle biogenesis. In contrast to wild type, PEX5-de-
ficient cells were unable to grow on this medium, which is in
accordance with the literature (62) and typical for peroxisomal
mutant strains of S. cerevisiae (42). Cells deficient in Ubp15p
did not exhibit a growth defect on oleic acid medium (Fig. 6A).
As a partial defect in peroxisome biogenesis does not inevitably
lead to a complete destruction of peroxisome function, we ana-
lyzed matrix protein import in wild type and mutants in more
detail. To this end, the subcellular localization of GFP-PTS1 as
a marker for the Pex5p-dependent import and PTS2-dsRed, an
artificial substrate for the Pex7p-dependent matrix protein
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import, was monitored by live cell imaging. Fluorescence
microscopic inspection of oleic acid-induced wild-type cells
revealed a punctate staining pattern for both marker proteins,
which is typical for peroxisomal labeling (Fig. 6B). Mutant
pexSA cells that are affected in the peroxisomal protein import
of PTS1 proteins (62) exhibited a cytosolic fluorescence pattern
for GFP-PTSI as typical for these cells. In contrast, the PTS2
pathway was not affected in pex5A cells, which results in a
punctate staining pattern for PTS2-dsRed. The fluorescence
microscopy pattern observed for the ubp15A strain was similar
to that observed in the wild-type strain (Fig. 6B), suggesting that
ubplSA cells are still able to import both PTS1- and PTS2-
containing peroxisomal matrix proteins. Interestingly, in con-
trast to wild-type peroxisomes, which were well separated, per-
oxisomes of ubp15A cells appeared to form clusters (Fig. 6B).
This observation was corroborated by electron microscopic
inspection of wild-type and mutant cells (Fig. 6C).

ubpl5A Cells Exhibit Lower Steady State Concentration of
Pex5p but Higher Rate of Ubiquitinated Pex5p—To investigate
the consequence of a deletion of U/BPI5 on the turnover of
Pex5p, we estimated the Pex5p steady state concentration in
wild-type and ubpISA cells. Whole cell lysates of oleic acid-
induced wild-type and ubp15A cells were subjected to immu-
noblot analysis with mitochondrial porin as the loading control.
Although the porin concentration was the same in both strains,
the Pex5p level differed (Fig. 7A, left panel). For quantification
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of the observed difference, the signal intensity was analyzed by
densitometry. It turned out that the amount of Pex5p in
ubp15A cells was reduced to approximately half of the wild-
type level (Fig. 7A, right panel). Next, we analyzed whether the
lower amount of Pex5p in ubplSA cells is accompanied by a
higher ubiquitination rate. To this end, we monitored receptor
ubiquitination in cells treated with MG132, which inhibits pro-
teasomal protein degradation and leads to accumulation of
ubiquitinated Pex5p (22). Accordingly, ubiquitinated Pex5p
was visible in both MG132-treated wild-type and ubp15A cells
(Fig. 7B, left panel). However, although the level of unmodified
Pex5p in ubplSA cells was half of the wild-type level as
described before (Fig. 7B), ubpl5A exhibited 3 times more
polyubiquitinated Pex5p than the wild-type strain. Taken
together, our results indicate a higher polyubiquitination rate of
Pex5p in strains lacking Ubp15p, which most likely causes a
reduced steady state concentration of the PTS1 receptor.
ubpl5A Cells Exhibit Oxidative Stress-related Import Defi-
ciencies and Growth Defect on Oleic Acid—None of the genes
encoding ubiquitin hydrolases are essential for viability, sug-
gesting that many of these enzymes have overlapping functions
(53). As ubp1SA exhibited normal growth and matrix protein
import under oleic acid conditions, we suspected such a redun-
dancy and tested double deletion strains for growth on oleic
acid medium and peroxisomal protein import. Cells lacking
Doa4p are characterized by decreased free ubiquitin levels, and
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these mutants display a strongly reduced turnover of several
proteins that are targeted to degradation via ubiquitination. In
line with this observation, Doa4p was shown to be involved in
cleavage of ubiquitin chains (59). Doa4p is required for turn-
over of the PTS2 co-receptor Pex18p, which also is ubiquiti-
nated (63). Interestingly, Doa4p interacts with Ubp15p as well
as Ubp1l4p (64, 65). Thus, Ubp15p might be part of a ternary
complex of ubiquitin hydrolases with overlapping functions.
For this reason, we analyzed single mutants of U/BP1S, UBPI14,
and DOA4 as well as combinations thereof for their capacity to
import GFP-PTSI. As judged by fluorescence microscopy, nei-
ther the single nor the double deletion strains exhibited an
import deficiency for GFP-PTS1 (Fig. 8A, left panel). In all
strains tested, the GFP-SKL exhibited a clear punctate staining,
demonstrating its localization in the peroxisomal matrix.

It is well known that the function of redundant protein some-
times becomes essential when cells are under stress (66). To test
for this possibility, we examined oleic acid-induced wild-type
and mutant cells for matrix protein import upon oxidative
stress conditions (0.2 mm H,O,; Ref. 67). Under this condition,
neither wild-type nor ubp14A cells showed an import defect for
GFP-SKL as indicated by the clear punctate staining with no
background labeling (Fig. 84, right panel). In contrast, doa4A
and ubpl15A cells showed a punctate staining of the peroxi-
somal matrix marker GFP-SKL but also a background labeling
indicative for a partial mislocalization of the marker protein to
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(right).

the cytosol. This finding indicated that these mutants exhibit a
partial peroxisomal protein import defect upon oxidative
stress. In this respect, it is worth noting that expression of
Ubp15p and Dao4p but not of Ubp14p is induced by oleic acid
(68). Moreover, Doa4p and Ubp15p are also induced upon oxi-
dative stress caused by H,0, (69). Our data indicate that defi-
ciency in both Ubp15p and Doa4p affects proper peroxisomal
protein import under oxidative stress conditions.

To support this observation of an impaired peroxisomal
function under oxidative stress, we monitored the growth
behavior of UBP15-affected cells in comparison with wild-type
and doa4A cells. Cells were grown on either glucose or oleic
acid as the sole carbon source in the absence or presence of 0.2
mM H,O,. As judged by optical density measurements, wild-
type and ubp15A cells exhibited similar growth rates when glu-
cose served as the energy source (Fig. 8B, lower panel). When
H,O, was added to the media, growth rates of these strains were
nearly the same as those without oxidative stress. In contrast,
doa4A cells showed the lowest growth rate of the monitored
strains already without H,O,, but growth was significantly
delayed in the presence of H,O,. When cells were cultured on
oleic acid medium, growth of doa4A cells was drastically
reduced (Fig. 8B, lower panel), which is in line with the known
pleiotropic effects of the deletion of this protein as Doa4p is
involved in many Ub-dependent processes in the cell (70). The
growth rate of wild-type and ubp15A cells was similar on glu-
cose medium also under oxidative stress conditions. Both
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strains also grew equally well on oleic acid medium without
H,O,. However, oxidative stress affected growth on oleic acid
medium of both wild-type and ubp15A cells; however, although
the wild-type still grew reasonably well, growth of the ubp15A
cells was severely affected (Fig. 8B, lower panel). Taken
together, results of the analysis of the mutant phenotypes dis-
closed a peroxisome- and stress-related defect of ubp15A cells.

DISCUSSION

The AAA complex of Pex1p and Pex6p is responsible for the
release of the ubiquitinated PTS1 receptor Pex5p from the per-
oxisomal membrane, which has been regarded as the final step
of the peroxisomal protein import cascade. In this work, we
show that the AAA complex is also responsible for receptor
deubiquitination, which is supposed to be an important step in
receptor recycling. We have identified the corresponding ubiq-
uitin hydrolase Ubp15p as a novel factor that accompanies the
AAA complex in peroxisomal protein import.

PolyUb-Pex5p (17, 18) and monoUb-Pex5p (21, 27) are solely
found in the peroxisomal membrane fraction in wild-type yeast
and rat liver cells, indicating that Pex5p ubiquitination exclu-
sively takes place at the peroxisomal membrane. Interestingly,
exported Pex5p appears to be unmodified, indicating that the
Ub moiety is removed during or directly after receptor export
(10,11, 21). However, published data on the deubiquitination of
Pex5p so far have focused on in vitro assays with mammalian
Pex5p. Soluble monoUb-Pex5p is formed when the in vitro
export reaction is performed in the presence of DUB inhibitors
(11, 27). Accordingly, it was concluded that deubiquitination of
Pex5p occurs predominantly in the cytosol after release from
the membrane. It also was suggested that a small fraction of the
dislocated Ub-Pex5p in vitro can be deubiquitinated by reduc-
ing reagents like glutathione, whereas most of the Ub-Pex5p is
deubiquitinated via an enzymatic pathway (27). However,
cleavage of the Ub moiety from mammalian Pex5p was thought
to be catalyzed by an unspecific reaction that could be carried
out by any DUB in the cytosol or may even occur via a non-
enzymatic reaction. Our data indicate that deubiquitination of
yeast Pex5p represents a specific and important event for the
optimal functionality of the export machinery. With Ubp15p,
we have identified a deubiquitinating enzyme that is dedicated
for this deubiquitination event in bakers’ yeast. The deubiquiti-
nating activity found to be associated with the endogenous
AAA complex was the first indication for the presence of such
an enzyme. Mass spectrometry analysis of the AAA complex
derived from endogenous proteins as well as overexpressed
Pex6p revealed a stable association of Ubp15p. The interaction
with Pex6p was confirmed by yeast two-hybrid analysis, and the
interaction site could be mapped to the D1 domain of Pex6p.
Although the evolutionarily related AAA protein Cdc48p (p97/
VCP) utilizes several cofactors (71), Ubp15p is only the second
known cofactor that accompanies the function of Pex6p; its
membrane anchor Pex15p (Pex26p in mammals) is the first
cofactor (37). Pex6p acts in concert with Pex1p as a dislocase
complex for the ubiquitinated Pex5p to facilitate the export of
the PTS1 receptor back to the cytosol (8, 9). This leads to the
intriguing question of how the activity of the deubiquitinating
enzyme Ubp15p is coordinated with the Ub-dependent dislo-
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cation of Pex5p from the membrane and release into the cyto-
sol. The finding that the deletion of U/BP15 did not result in a
complete peroxisomal biogenesis defect can either be explained
by the model that deubiquitination has only modulating activity
or it may indicate the existence of additional factors that may
accompany the AAA complex in its function. This situation
could well be explained by redundant DUBs acting on
Ub-Pex5p. Possible candidates are the known Ubp15p binding
partners Ubpl4p and Doadp (Ubp4p) (64, 65). However, the
characterization of the single deletion strains suggested that
these two DUBs do not have a peroxisome-specific function
similar to Ubp15p. The single deletion strain of Ubp14p had no
significant effect on peroxisome morphology or cargo import
under both oleate and H,O, stress conditions. Previous studies
have suggested a role for Ubp14p in the disassembly of unan-
chored polyubiquitin chains (64). The deletion of Doa4p had an
effect on the efficiency of peroxisomal cargo import. However,
it has to be taken into account that the deletion of Doadp is
known to result in pleiotropic effects on many Ub-dependent
processes in the cell as Doa4p influences the homeostasis of free
ubiquitin (70). Possibly related to this function, DOA4 is a
stress-regulated gene, giving an alternative explanation for the
oleate induction reported (68). Thus, although we cannot fully
exclude that Doadp exhibits a peroxisome-related function
overlapping with Ubp15p, the partial import defect observed
for the doa4A strain might well be explained by the pleiotropic
phenotype of this mutant.

The observation that ubp15A cells contain more clustered
peroxisomes than wild-type cells is puzzling. Earlier work cor-
related a reduced level of imported matrix proteins such as
catalase and the occurrence of clustered peroxisomes (72).
Slowing of Pex5p cycling is most certainly associated with
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reduced import rates. Interestingly, induction of oxidative
stress by treating cells with hydrogen peroxide causes Pex5p to
amass on the organelle membrane and significantly reduces
PTS1 protein import (73-75). As our data are clear in that
Ubp15p can deubiquitinate Pex5p and as the ubiquitination
status of the PTS1 receptor directly influences its cycling (10,
11), it is conceivable that the deletion of Ubp15p influences the
import process of PTS1 proteins like catalase and thus possibly
also morphology and clustering of peroxisomes.

Although Ubp15p is not essential for peroxisomal biogenesis
under normal conditions, its regulative function gains signifi-
cantly more weight when the cells are stressed with H,0, and
require an efficient import of matrix proteins into peroxisomes.
Thus, the findings that 1) Ubp15p was stably associated with
the export machinery by interacting with Pex6p, 2) a small por-
tion of the protein was associated with peroxisomes, and 3) a
partial protein import defect for PTS1 proteins was observed in
ubp15A cells upon oxidative stress suggest that the deubiquiti-
nation, at least in bakers’ yeast, is not an unspecific event that
takes place at any location in the cytosol as suggested by the
mammalian study (27) and support the notion that the detach-
ment of the Ub moiety is a regulated event.

Ubiquitination of the receptor is a precondition for its export
(10, 11). In this respect, it is likely that the Pex1p-Pex6p com-
plex recognizes the Ub moiety. This, however, still needs to be
shown. The in vitro data demonstrate that the exported import
receptor is deubiquitinated. This reflects the iz vivo situation in
which it is clear that the cytosolic receptor is not ubiquitinated.
Thus, the accumulating evidence indicates that the ubiquitin
moiety is cleaved off the import receptor during or shortly after
export. There are several possible advantages to favor a perox-
isome-associated deubiquitination of Ub-Pex5p. This could
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protect Pex5p from unspecific ubiquitination by detaching Ub
moieties from lysine residues or preventing the formation of a
polyubiquitin chain at the crucial cysteine residue dedicated to
monoubiquitination. This function would ensure an optimal
protection and presentation of monoUb-Pex5p to the export
machinery. Another possible explanation might be that the
deubiquitination step may trigger the efficient release of Pex5p
from the export machinery by cleavage of the complex-bound
Ub moiety. Furthermore, this mechanism could prevent recog-
nition of the monoUb-Pex5p by the proteasome system to
ensure an efficient recycling of the receptor for new matrix
protein import cycles.

The finding that both ubiquitinating and deubiquitinating
activities are required for the transport of proteins from a mem-
brane to the cytosol is similar to examples in the endoplasmic
reticulum-associated degradation pathway. The AAA-type
ATPase p97 (Cdc48/VCP) is evolutionarily related to the per-
oxisomal AAA proteins Pex1p and Pex6p (76). Most interest-
ingly, among the growing number of known cofactors and
adaptor proteins that p97 utilizes to carry out its different
functions are also several deubiquitinating enzymes (71). The
mammalian deubiquitinating enzymes YODI1 and Ataxin-3 are
p97-associated proteins and function in the endoplasmic retic-
ulum-associated degradation pathway (77-79). Most of the
published literature defines both DUBs as a positive regulator
of the p97-driven dislocation of the endoplasmic reticulum-
associated degradation substrates most likely by editing the
polyUb chains on the substrates themselves to ensure the best
fit to downstream Ub receptor proteins.

Ubp15p acts in concert with the AAA peroxins in the matrix
protein import cycle of the PTS1 receptor. Pex5p deubiquitina-
tion occurs as a highly specific event in yeast, and removal of
ubiquitin from the PTS1 receptor Pex5p turns out to be a vital
step in the receptor cycle in its own right. Thus, removal of the
ubiquitin seems to complete the receptor cycle of Pex5p to
make the receptor available for another round of matrix protein
import.
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