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Background: The mammalian deubiquitinase that hydrolyzes the ubiquitin-PEX5 thioester conjugate was unknown.

Results: USP9X was found to be the most active deubiquitinase acting on ubiquitin-PEX5.

Conclusion: We propose that USP9X participates in the PEX5-mediated peroxisomal protein import pathway.

Significance: The unbiased biochemical strategy described here will be useful to identify deubiquitinases acting on other

substrates.

Peroxin 5 (PEXS5), the peroxisomal protein shuttling receptor,
binds newly synthesized peroxisomal matrix proteins in the
cytosol and promotes their translocation across the organelle
membrane. During the translocation step, PEX5 itself becomes
inserted into the peroxisomal docking/translocation machin-
ery. PEX5 is then monoubiquitinated at a conserved cysteine
residue and extracted back into the cytosol in an ATP-depen-
dent manner. We have previously shown that the ubiquitin-
PEX5 thioester conjugate (Ub-PEX5) released into the cytosol
can be efficiently disrupted by physiological concentrations of
glutathione, raising the possibility that a fraction of Ub-PEXS5 is
nonenzymatically deubiquitinated in vivo. However, data sug-
gesting that Ub-PEXS5 is also a target of a deubiquitinase were
also obtained in that work. Here, we used an unbiased biochem-
ical approach to identify this enzyme. Our results suggest that
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ubiquitin-specific protease 9X (USP9X) is by far the most active
deubiquitinase acting on Ub-PEX5, both in female rat liver and
HeLa cells. We also show that USP9X is an elongated mono-
meric protein with the capacity to hydrolyze thioester, isopep-
tide, and peptide bonds. The strategy described here will be use-
ful in identifying deubiquitinases acting on other ubiquitin
conjugates.

Peroxisomal matrix proteins are synthesized on cytosolic
ribosomes and post-translationally imported into the organelle
(1). The vast majority of these proteins possess a peroxisomal
targeting sequence type 1, a tripeptide with the sequence SKL,
or similar, present at the C terminus (2). A minor fraction of matrix
proteins contains instead a peroxisomal targeting sequence type 2,
a degenerated nonapeptide located at their N termini (3). [n mam-
mals, plants, and many other organisms, both PTS1- and PTS2-
containing proteins are targeted to the organelle by PEX5, the so-
called peroxisomal shuttling receptor (4-7). The PEX5-PTS1
interaction is direct, whereas PTS2-containing proteins bind
PEX5 via the adaptor protein PEX7 (8, 9).

PEX5 is a monomeric protein in solution (10, 11) displaying a
dual subcellular localization, cytosolic and peroxisomal (12).
Structurally, it can be divided into two domains: a C-terminal
half containing seven tetratricopeptide repeats organized into a
ring-like structure (13, 14) and a natively unfolded N-terminal
half (11, 15). Although it has been shown that the C-terminal
half of PEX5 has a crucial role in the interaction with the PTS1
(13, 14), it is becoming increasingly apparent that the N-termi-
nal half of PEX5 also contributes to the interaction with cargo
proteins (16—20). Interestingly, recent data suggest that PEX5
may also act as a chaperone/holdase at least for some peroxi-
somal matrix proteins (16).
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According to current models (21-24), PEX5 recognizes
newly synthesized proteins in the cytosol and targets them to
the docking/translocation machinery (DTM),” a multisubunit
protein complex present in the peroxisomal membrane (25,
26). Here, the PEX5-cargo protein complex becomes inserted
into the DTM with the concomitant translocation of the cargo
protein across the organelle membrane (27, 28). In at least one
case, that of the PTS2-containing protein thiolase, it is also at
this step that PEX5 releases its cargo into the peroxisomal
matrix (29). Notably, in vitro import experiments suggest that
none of these steps requires hydrolysis of ATP, suggesting that
the driving force for peroxisomal protein import relies on the
strong protein-protein interactions that are established
between PEX5 on one side and members of the DTM on the
other side (29 -32). PEX5 is then recycled back into the cytosol
in a process that includes two steps as follows: first, PEX5 is
monoubiquitinated at a conserved cysteine residue (cysteine 11
in the human protein) (33-35); second, this monoubiquitinated
species (Ub-PEX5) is extracted in an ATP-dependent manner
by the receptor export module, a protein complex comprising
the ATPases PEX1 and PEX6 and the peroxisomal membrane
protein PEX26 (30, 36, 37). Finally, Ub-PEX5 is deubiquitinated
in the cytosol regenerating unmodified PEX5. A new cycle of
protein transportation is then initiated.

We have recently shown that the Ub-PEX5 conjugate can be
readily disrupted by physiological concentrations of glutathi-
one (38). This finding led us to propose that a fraction of Ub-
PEX5 may be deubiquitinated in vivo through a nonenzymatic
mechanism. However, data suggesting that Ub-PEX5 is also
deubiquitinated by a deubiquitinase (DUB)-mediated process
were also obtained in that work. Here, we describe the identifi-
cation and biochemical characterization of this enzyme.

EXPERIMENTAL PROCEDURES

Plasmids and Recombinant Proteins—cDNAs encoding the
large isoform of PEX5 (4, 39), hereafter referred to as PEX5 for
simplicity, and a mutated version of it possessing a lysine at
position 11 (PEX5(C11K)) cloned into the pGEM-4 vector
(Promega) have been described elsewhere (38, 40). A ¢cDNA
encoding a truncated version of PEX5(C11K) comprising its
first 324 amino acid residues preceded by the T7 RNA poly-
merase promoter was obtained by PCR amplification using
pGEM4-PEX5(C11K) plasmid as template and the primers
described in Ref. 27. A plasmid encoding a ubiquitin-PEX5
fusion protein not cleavable by DUBs, Ub(G76V)-S-PEX5(12—
639), was generated as follows. First, the ubiquitin cDNA was
amplified from pDEST15-Ub (41) using primers (A) 5'-CTAG-
TCTAGAGCCACCATGCAGATCTTCGTGAAAACCCTT-
ACC-3" and (B) 5'-TGGCACCCCCGCTAACACCTCTCAG-
ACGCAGGACCAG-3’, and the PEX5 cDNA sequence was
amplified from pGEM4-PEX5 (40) using primers (C) 5'-
CGTCTGAGAGGTGTTAGCGGGGGTGCCAACC-3" and

” The abbreviations used are: DTM, docking/translocation machinery; DUB,
deubiquitinase; PNS, postnuclear supernatant; REM, receptor export mod-
ule; SEC, size-exclusion chromatography; Ubal, ubiquitin-aldehyde;
UbVME, ubiquitin-vinyl methyl ester; ATPvS, adenosine 5’-O-(thiotriphos-
phate); AMP-PNP, adenosine 5’-(3,y-imino)triphosphate.
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(D) 5'-CTAGTCTAGATCACTGGGGCAGGCCAAACATA-
3’. In the second step, both PCR products were combined, and
a second PCR was performed using primers A and D described
above. The amplified cDNA was then cloned into the Xbal site
of pGEM4 yielding pGEM4-Ub(G76V)-S-PEX5(12-639). This
plasmid was then used as a template in a PCR with the primers
5'-GGCACCTCATATGCAGATCTTCGTGAAGAC-3" and
5'-GCGCGGATCCTCATTAGTACCCCTTATCATAGGT-
AGCTG-3'. The DNA fragment obtained was digested with
Ndel and BamHI and cloned into pET-28b (Novagen) yielding
pET28b-His,-Ub(G76V)-S-PEX5(12-324). A plasmid encod-
ing Hisg,-Ub-PEX5(11-324), a DUB-cleavable recombinant
protein, was obtained by site-directed mutagenesis (Quick-
Change® site-directed mutagenesis kit; Stratagene) using
pET28b-His,-Ub(G76V)-S-PEX5(12-324) as a template and
the primers 5'-GCGTCTGAGAGGTGGTTGCGGGGGTGC-
CAAC-3" and 5'-GTTGGCACCCCCGCAACCACCTCTCA-
GACGC-3'. Bacterial expression constructs encoding
GST-tagged versions of Ub-PEX5(11-324) and Ub(G76V)-
S-PEX5(12-324) and pDEST15-Ub-PEX5(11-324) and
pDEST15-Ub(G76V)-S-PEX5(12-324), respectively, were
obtained by cloning the DNA fragment derived from BamHI/
Sall digestion of the corresponding pET28b-based plasmids
into pDEST15-Ub plasmid digested with the same restriction
enzymes. A pDEST15 plasmid encoding GST-tagged
Ub(G76V)S was obtained by site-directed mutagenesis of
pDEST15-Ub(G76V)-S-PEX5(12-324) plasmid using the
primers 5'-TCTGAGAGGTGTTAGCTAGGGTGCCAACC-
CGCTC-3" and 5'-GAGCGGGTTGGCACCCTAGCTAACA-
CCTCTCAGA-3'. To generate a plasmid encoding HA-tagged
ubiquitin, pET28a-HA-Ub, the HA-Ub encoding sequence was
amplified from pRK5-HA-Ub-WT (Addgene clone 17608) (42)
and inserted into the Ncol/EcoRI sites of pET28a (Novagen).
Plasmids encoding GST-LKS (used here as negative control
GST protein; GST-Control) (27), a histidine-tagged protein
comprising the first 324 amino acid residues of PEX5 (His,-
PEX5(1-324)) (43), an HA-tagged ubiquitin fused to intein and
a chitin-binding domain (pTYB-HAUbD plasmid) (44), and
V5-tagged USP9X (plasmid pDEST51-USP9X) (45), have been
described before. Recombinant HA-Ub was expressed in the
Escherichia coli BL21(DE3) strain by induction with 1 mum iso-
propyl 1-thio-B-p-galactopyranoside for 3 h at 37 °C. HA-Ub
was purified by anion exchange chromatography using a linear
gradient of 0—500 mm NaCl in 10 mm Tris-HCI, pH 8.0, 1 mm
EDTA-NaOH, pH 8.0, followed by size exclusion chromatog-
raphy (SEC) using a Superose 12 HR 10/30 (GE Healthcare)
column running with 10 mm Tris-HCI, pH 8.0, 1 mm EDTA-
NaOH, pH 8.0, at 0.5 ml/min. All the other recombinant pro-
teins were purified as described before (27, 46) and stored in
buffer A (50 mm Tris-HCI, pH 7.5, 150 mMm NaCl, 1 mm EDTA-
NaOH, pH 8.0, and 1 mm DTT) at —80 °C. We note that a small
fraction of the ubiquitin-PEX5 fusion proteins used here is
cleaved during the protein induction step at the ubiquitin-
PEX5 junction. The E. coli protease responsible for this phe-
nomenon is unknown, but ElaD is a good candidate (47). HA-
tagged ubiquitin-aldehyde (HA-Ubal) and HA-tagged
ubiquitin-vinyl methyl ester (HA-UbVME), two potent inhibi-
tors of many DUBs (44, 48), were prepared as described before
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(44, 49), except that the ion exchange chromatography was
omitted.

Preparation of Subcellular Fractions—Rat liver post-nuclear
supernatants (PNS) were prepared in SE buffer (0.25 M sucrose,
20 mM MOPS-KOH, pH 7.2, 1 mm EDTA-NaOH, pH 8.0) sup-
plemented with 2 pg/ml N-(trans-epoxysuccinyl)-L-leucine
4-guanidinobutylamide, as described before (40), and were
either frozen in liquid N, and stored at —80 °C (for the in vitro
import/export assays; see below) or immediately used for the
preparation of organelle and cytosolic fractions. For this pur-
pose, the PNS was centrifuged at 12,300 X g for 20 min at 4 °C,
and the supernatant was further centrifuged at 100,000 X g for
1hat4 °C. The supernatant from this last centrifugation (cyto-
solic fraction) was removed, and the pellets from the two cen-
trifugations were resuspended in SE buffer supplemented with
2 ug/ml N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutyl-
amide and combined (total organelle fraction). HeLa and
HEK293T cells were resuspended in SE buffer containing 0.1%
(w/v) Triton X-100 and sonicated on ice using a Bandelin elec-
tronic sonicator UW2200 equipped with a microtip. Insoluble
material was removed by centrifugation at 100,000 X g for 30
min at 4 °C.

In Vitro Import and Export of PEX5 Proteins—>°S-Labeled
PEX5 proteins were synthesized in rabbit reticulocyte lysates
using the TNT® quick-coupled transcription/translation sys-
tem (Promega) in the presence of EasyTag'™ L-[**S]methio-
nine (specific activity, >1000 Ci/mmol; PerkinElmer Life Sci-
ences) following the manufacturer’s instructions. For the
generation of soluble Ub-PEXS5 proteins, rat liver PNS (600 ug
of protein per 100-ul reaction) was primed for import by incu-
bating in import buffer (0.25 m sucrose, 50 mm KCl, 20 mm
MOPS-KOH, pH 7.2, 3 mm MgCl,, 20 um methionine, and 2
pg/ml  N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutyl-
amide) containing 5 um bovine ubiquitin, and 0.3 mM ATP for 5
min at 37 °C, as described previously (30). **S-Labeled PEX5
proteins (1-2 ul of reticulocyte lysate per 100-ul reaction) and
3 mwm (final concentration) of AMP-PNP (Sigma) were added,
and the reactions were incubated for 20 min at 37 °C. At the end
of this incubation, reactions were diluted with an equal volume
of ice-cold SEMK buffer (0.25 M sucrose, 80 mm KCl, 20 mm
MOPS-KOH, pH 7.2, 1 mm EDTA-NaOH, pH 8.0), and the
organelles were isolated by centrifugation (16,000 X g, 20 min,
4. °C). The organelle pellet was then carefully resuspended in
import buffer containing 0.01% (w/v) bovine serum albumin
and 5 mM ATP, and the suspension was incubated at 37 °C for
20 min. The organelles were then removed by centrifugation
(16,000 X g, 20 min, 4 °C), and the supernatants containing
monoubiquitinated 3>S-labeled PEX5 proteins were used for
the deubiquitination assays (see below). Where specified, 2 um
HA-Ubal was included in the export step.

SEC and Sucrose Gradient Centrifugation—Rat liver cytoso-
lic proteins (4—6 mg) in 200 wl of 20 mm Tris-HCI, pH 7.5, 150
mM NaCl, 1 mm EDTA-NaOH, pH 8.0, 1 mm DTT, and 10%
(w/v) glycerol were injected into a Superose 6 10/300 GL col-
umn (GE Healthcare) running with the same buffer lacking
DTT at a flow rate of 0.5 ml/min. The column was calibrated
with the following protein standards (numbers in parentheses
indicate the respective Stokes radius): thyroglobulin (8.5 nm),
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USP9X Deubiquinates Monoubiquitinated PEX5

ferritin (6.1 nm), bovine serum albumin (3.6 nm), and soybean
trypsin inhibitor (2.3 nm). Fractions of 1 ml were collected,
aliquoted, frozen in liquid N,, and stored at —80 °C. For the
sucrose gradient centrifugation analyses, 3 mg of rat liver cyto-
solic proteins in 300 ul of 20 mm Tris-HCI, pH 7.5, 150 mMm
NaCl, 1 mm EDTA-NaOH, pH 8.0, and 1 mm DTT were loaded
onto the top of a continuous 5-30% (w/v) sucrose gradient in
the same buffer. After centrifugation at 38,000 rpm for 16 h at
4°C in an SW41 rotor (Beckman), 14 aliquots of 0.8 ml were
collected from the bottom of the tube. Forty microliters of each
fraction were subjected to SDS-PAGE/Western blot analyses.
Thyroglobulin (19.4 S), catalase (11.3 S), and bovine serum
albumin (2.3 S) were used as sedimentation coefficient stan-
dards (50).

Labeling of Rat Liver Cytosolic Deubiquitinases (DUBs) with
HA-UbVME and Deubiquitination Assays—SEC fractions (40
wl aliquots) were incubated with 2 um HA-UbVME (see below)
for 15 min at 37 °C and subjected to SDS-PAGE/Western blot
analyses. For SDS-PAGE/Coomassie Blue analyses, fraction 7
from SEC (derived from 6 mg of cytosolic proteins) was halved,
and one-half was incubated with 1 um of HA-UbVME, as above.
The two samples were subjected to precipitation with 10%
(w/v) trichloroacetic acid before SDS-PAGE. Deubiquitination
assays were performed in 100 ul of buffer B (20 mm MOPS-
KOH, pH 7.2, 50 mm KCl, 1 mm EDTA-NaOH, pH 8.0) and
contained as substrate either 15 ul of radiolabeled monoubigq-
uitinated PEX5 proteins or 2—3 ug of recombinant ubiquitin-
PEX5 fusion proteins, and as a source of DUBs 50 ug of rat liver
cytosol/HeLa cell extract or SEC fractions derived from 200 ug
of cytosol. For the deubiquitination assays presented in Fig. 1B,
rat liver subcellular fractions (50 ng of PNS and the corre-
sponding soluble and organelle fractions) were incubated in
import buffer supplemented with 10 mm deoxyglucose (Sigma)
and 10 units/ml hexokinase (Sigma) for 5 min at 37 °C before
adding radiolabeled Ub-PEX5. The assays were performed at
37 °C for 15 min. Where indicated, HA-Ubal and HA-UbVME
were used at 2 uM.

Immunoprecipitations—DUBs present in fraction 7 from
SEC (derived from 0.5 mg of cytosol) were incubated with
either HA-UbVME or HA-Ub (as a negative control), diluted to
500 ul with 20 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1 mm
EDTA-NaOH, pH 8.0, and 10% (w/v) glycerol, and subjected to
immunoprecipitation using 30 ul of anti-HA antibody agarose
beads (Sigma) for 2 h at 4 °C. Beads were washed five times with
500 pl of the same buffer, and the immunoprecipitated proteins
were eluted twice with 120 ul of HA peptide (Sigma) at 100
pg/ml. For the preparative immunoprecipitation of rat liver
USP9X, 10 mg of cytosolic protein in 1 ml of buffer B were
incubated with 30 ul of protein A-Sepharose beads (Sigma)
containing 1.5 ug of anti-USP9X IgGs. After 2 h at 4 °C, with
gentle shaking, the beads were washed five times with 1 ml of
buffer B, and the immunoprecipitated proteins were eluted
with 65 ul of Laemmli sample buffer and subjected to SDS-
PAGE. The same procedure was used for the immunoprecipi-
tation/immunodepletion experiments performed with rat liver
cytosol and HeLa cell extracts. In both cases, 2 mg of protein in
500 wl of buffer B were used as the starting material. Fractions
of the antibody-bound and -unbound material in buffer B,
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derived from 50 pg of the initial extract, were used in the deu-
biquitination assays. For the immunoprecipitation of
V5-tagged USPIX, 5 mg of HEK293T cell protein extract in 500
wl of buffer B and 30 ul of protein A-Sepharose beads (Sigma)
containing 1 ug of anti-V5 monoclonal antibody were used.
Immunopurified V5-tagged USP9X derived from 200 pg of the
initial extract was used in the deubiquitination assays.

Pulldown Assays—GST fusion proteins (120 ug) were bound
to 20 ul of glutathione-Sepharose beads (GE Healthcare) in 100
wul of buffer A for 1 hat 4 °C. The beads were washed twice with
500 ul of buffer A, and 1 mg of rat liver cytosol in 250 ul of
buffer A was added. After incubation for 2 h at 4 °C with gentle
shaking, the beads were washed five times with 250 ul of buffer
A, and bound proteins were eluted with Laemmli sample buffer.
Aliquots of cytosol, unbound and bound fractions, were sub-
jected to SDS-PAGE/Western blot analyses.

Cell Culture, Transfections, and Fluorescence Microscopy—
Cell culture reagents were from Invitrogen, unless otherwise
specified. HeLa and HEK293T cells for the immunoprecipita-
tion experiments were cultivated in high glucose DMEM +
GlutaMAX™ supplemented with 10% heat-inactivated FBS, 1
mwMm sodium pyruvate, 100 units/ml penicillin, 100 png/ml strep-
tomycin, and 0.1 mM nonessential amino acids in 5% CO,, atmo-
sphere at 37 °C. Transfection of HEK293T cells was performed
using PolyJet™ (SignaGen® Laboratories) according to the
manufacturer’s instructions. For siRNA experiments, HeLa
cells were grown in DMEM/F-12 (Lonza), supplemented with
10% heat-inactivated FBS, 2 mm GlutaMAX™, and 0.2%
MycoZap™ CL-Plus (Lonza). During and after the transfec-
tion with siRNAs the concentration of heat-inactivated FBS in
the medium was decreased to 2%. HeLa cells were transfected
using DharmaFECT 1 (Dharmacon, ThermoScientific) with a
1:1 mixture of the following custom USP9X-specific siRNA oli-
gonucleotides: GAUGAGGAACCUGCAUUUCtt and GCAG-
UGAGUGGCUGGAAGUtt (Integrated DNA Technologies).
These siRNAs are referred to as FAM1 and FAM2, respectively,
in Ref. 51. USP9X knocked down HeLa cells were transiently
transfected with the plasmid pMF1706 (52) encoding a perox-
isomal matrix reporter protein (roGFP2-PTS1) employing the
Neon Transfection System (Invitrogen; pulse voltage 1005 V;
35-ms pulse width; 2 pulses) at different time points after
siRNA treatment, as specified. Cells were seeded and imaged in
FD-35 Fluorodish Cell culture dishes (World Precision Instru-
ments) at the 480-nm excitation wavelength.

Mass Spectrometry—Protein bands were excised manually
from SDS-polyacrylamide gels, subjected to trypsin digestion,
and analyzed on a matrix-assisted laser desorption/ionization-
time-of-flight MALDI-TOF/TOF mass spectrometer (4800
Proteomics Analyzer, Applied Biosystems, Foster City, CA),
exactly as described recently (53). Mascot generic format files
were retrieved from each LC-MALDI-TOF/TOF MS/MS run,
exporting up to 10 MS/MS spectra per spot, each requiring a
minimum signal-to-noise ratio of 50. Recalibration of the pep-
tide masses in MS run was performed using Glu-fib at 15 fmol
as internal standard (with a m/z 1570.68). Spectra were pro-
cessed and analyzed by the Global Protein ServerWorkstation
(Applied Biosystems). MS/MS queries were processed using
the in-house Mascot database search engine version 2.1.1.
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(Matrix Science Ltd.). Original MALDI-TOF/TOF MS/MS
data were analyzed using the following settings: =30 ppm MS
precursor mass tolerance and =0.3 Da MS/MS mass tolerance.
Data received from the protein digest LC-MALDI-TOF/TOF
MS/MS runs were searched using the following criteria: data-
base, TrEMBL (release 25012012); taxonomy, rodentia; type of
search, MS/MS ion search; enzyme, trypsin; variable modifica-
tions, cysteine carbamidomethylation or propionamidation,
oxidation on methionine, and the N-terminal loss of ammonia
at Gln; number of maximum missed cleavages, 2. Peptides were
considered identified if their Mascot individual ion score was
higher than 31 (p < 0.05). Proteins with scores =71 were con-
fidently assigned. To evaluate the false discovery rate, we per-
formed a decoy database search against a reversed decoy data-
base created by Mascot using identical search parameters and
validation criteria yielding below 1% of false discovery rate.

Miscellaneous—The following primary antibodies were used:
anti-KDEL (clone 10C3, Abcam), anti-a-tubulin (clone B-5-
1-2, Sigma), anti-HA (clone 12CA5, Roche Applied Science),
anti-V5 (R96025, Invitrogen), anti-Ataxin-3 (clone 1H9, Milli-
pore), anti-PMP70 (54), and anti-USP9X (A301-351A, Bethyl
Laboratories). The commercial anti-USP9X antibody was
raised against the C-terminal 51 amino acid residues of human
USP9X (GenBank™ accession number CAD18900.2; Ref. 55),
which are 100% conserved in the rat USP9X sequence (Gen-
Bank™ accession number NM_001135923.1). Whether or not
this antibody also recognizes rat USP9Y, a male-specific
USP9X-homologous DUB is presently unknown. Therefore,
experiments that relied on the use of this antibody were made
with female-derived material, unless otherwise indicated. The
anti-USP9X antibody recognizes a single 220-kDa protein band
in Western blot analyses of total HeLa cell lysates or male or
female rat liver cytosolic fractions. Also, when a female rat liver
cytosolic fraction was subjected to immunoprecipitation using
this antibody, no HA-UbVME-reactive band other than the one
corresponding to USP9X can be detected in the immunopre-
cipitate (see supplemental Fig. S1). Rabbit and mouse antibod-
ies were detected on Western blots using alkaline phosphatase-
conjugated anti-rabbit and anti-mouse antibodies (Sigma),
respectively. Total IgGs were purified from rabbit sera using
protein A-Sepharose beads according to the manufacturer’s
protocol (Sigma). PEX5 in HeLa cell lysates was detected by blot
overlay using *°S-labeled PEX14, as described previously (56).
Preparation of samples for SDS-PAGE under nonreducing con-
ditions (necessary to preserve the Ub-PEX5 thioester conju-
gate) and autoradiography following Western blot were
described previously (33, 38). Densitometric analyses of West-
ern blots were performed using the Image] software (National
Institutes of Health, Bethesda, imagej.nih.gov).

RESULTS

We have previously shown that after being exported from the
DTM, a fraction of Ub-PEX5 is deubiquitinated by a ubiquitin-
aldehyde (Ubal)-sensitive component present in rat liver post-
nuclear supernatant. The sensitivity to Ubal (and to ubiquitin-
vinyl methyl ester (UbVME); see below) indicates that this
component is a member of the cysteine protease family of
DUBs (44). Its identity, however, remained unknown. In this
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work, we used an unbiased biochemical approach to identify
this enzyme. In brief, rat liver proteins were fractionated using
standard biochemical techniques, and the fractions obtained
were assayed for the following: 1) DUB activity using Ub-PEX5
as the substrate and 2) reactivity with an activity-based probe
(HA-UbVME) that covalently labels DUBs of the cysteine pro-
tease family (44). The purification procedure was ended when
the DUB activity profile could be matched to a specific HA-
UbVME-reactive DUB. As described below, this situation was
reached after a single chromatography step.

A key reagent required for this approach is Ub-PEX5, the
substrate for the DUB activity assays. This species can be easily
obtained by incubating **S-labeled PEX5 with a (peroxisome-
containing) rat liver PNS in the presence of ATP and Ubal.
Under these conditions, about half of the total PEX5 protein
passes through the peroxisomal DTM where it is monoubiq-
uitinated and subsequently exported into the soluble phase
(38). However, the presence of Ubal in the soluble phase of
these reactions complicates the downstream enzymatic assays.
Omission of Ubal from these reactions still allows the produc-
tion of soluble Ub-PEXS5, although in smaller amounts (33, 38).
However, Ub-PEX5 produced in this manner is contaminated
with cytosolic DUBs, and further incubation of this ubiquitin
conjugate in the absence of Ubal leads to its hydrolysis (Ref. 38
and data not shown). We found that reasonable amounts of
soluble Ub-PEX5 suitable for these assays can be obtained using
atwo-step procedure. In the first step, **S-labeled PEX5 is incu-
bated with a rat liver PNS in the presence of AMP-PNP, a non-
hydrolyzable ATP analog. AMP-PNP, like ATP+S, is efficiently
used by the ubiquitin-activating enzyme (57) but inhibits the
receptor export module, thus leading to the accumulation of
Ub-PEXG5 at the peroxisomal DTM (this work and Refs. 30, 33).
After centrifugation of this suspension and removal of cytosolic
proteins, the organelles (Fig. 14, lane P,) are then resuspended
and incubated in a buffer containing ATP to promote export of
the DTM-embedded Ub-PEX5 into the soluble phase of the
reaction (lanes S,). The amount of soluble Ub-PEXS5 recovered
using this strategy does not increase when Ubal is included in
the ATP-containing export buffer (lanes S, in the plus and
minus HA-Ubal sets) suggesting that the organelle fraction
lacks significant DUB activity (see also Fig. 1B, lanes I and 2).
Besides allowing us to obtain Ub-PEXS5 free of contaminating
DUBs or Ubal, this experiment also shows that the machinery
that extracts Ub-PEX5 from the peroxisomal DTM can be sep-
arated from the DUB(s) acting on soluble Ub-PEX5 by a simple
centrifugation (see under “Discussion”).

Further data supporting the conclusion that the DUB acting
on Ub-PEX5 is not an organelle-associated protein but rather a
cytosolic protein were obtained when soluble and organelle
proteins from rat liver were tested in DUB activity assays. As
shown in Fig. 1B, the vast majority of the DUB acting on Ub-
PEX5 is found in the cytosolic fraction (compare lanes 5 and 7).

We next subjected a male rat liver cytosol to several fraction-
ation procedures and tested the obtained fractions for the pres-
ence of DUBs and DUB activity, as described above. From the
several fractionation techniques that were tried, SEC turned
out to be the most powerful one. The results of one of these
experiments are shown in Fig. 2. Several DUBs were labeled
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FIGURE 1.DUB acting on Ub-PEX5 is a cytosolic protein. A, >°S-labeled PEX5
was incubated with a PNS in the presence of AMP-PNP for 20 min at 37 °C. The
import reaction was then separated into soluble (S;) and organelle (P,) com-
ponents by centrifugation. The organelles were resuspended in ATP-contain-
ing buffer, in the absence or presence of HA-Ubal (lanes — and +, respec-
tively), and further incubated for 20 min at 37 °C. Finally, the suspensions
were separated into an organelle pellet (P,) and a supernatant (S,) by centrif-
ugation. Samples were treated with 20 mm N-ethylmaleimide and subjected
to SDS-PAGE under nonreducing conditions followed by Western blot. The
membrane was first exposed to an x-ray film to detect the **S-labeled PEX5
(top panel) and afterward was sequentially probed with the following anti-
sera: anti-KDEL (recognizes GRP72 and GRP98, two endoplasmic reticulum
proteins); anti-a-tubulin (a cytosolic marker; anti-a-Tub), and anti-PMP70 (an
intrinsic protein of the peroxisomal membrane). B, **S-labeled Ub-PEX5 was
incubated alone (lanes 7 and 2), with a PNS (lanes 3 and 4), or with the corre-
sponding organelle (Org; lanes 5 and 6) or cytosolic (Cyt; lanes 7 and 8) frac-
tions, in the absence (—) or presence (+) of HA-UbVME, as indicated. Samples
were analyzed as above. The distributions of microsomal (anti-KDEL), and
soluble proteins (anti-a-Tub) are also shown. Lane I, 50% of the 3>S-labeled
PEX5 reticulocyte lysate used in this experiment. Numbers to the left indicate
the molecular masses of the reduced protein standards in kDa.

with the HA-UbVME probe (Fig. 2B, panel 1), as expected (44).
Their apparent molecular masses upon SDS-PAGE range from
about 40 to 230 kDa. When these SEC fractions were incubated
with Ub-PEX5 (see Fig. 24 for a schematic representation of
this and other PEX5 proteins described below), a robust DUB
activity peak was detected in fractions 7 and 8, with the former
displaying a slightly higher activity than the latter (Fig. 2B,
panel 2). Identical activity profiles were obtained with
Ub-PEX5(C11K), a mutant PEX5 molecule monoubiquitinated
at lysine 11 (38) and with the truncated protein Ub-PEX5(1—
324;C11K), which lacks the C-terminal half of PEX5 (Fig. 2B,
panels 3 and 4). These observations suggest, on the one hand,
that the relevant DUB does not discriminate between a thioes-
ter bond (present in the Ub-PEX5 conjugate) and an isopeptide
bond (present in the Ub-PEX5(C11K) and Ub-PEX5(1-324;
C11K) conjugates) and, on the other hand, that the C-terminal
half PEX5 is not a major determinant in the interaction of Ub-
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FIGURE 2. Activity profiling of rat liver cytosolic DUBs after SEC. A, schematic representation of the monoubiquitinated PEX5 proteins used in the deubig-
uitination assays. The thioester bond linking ubiquitin (Ub) to cysteine 11 of PEX5 is indicated with ~; isopeptide and peptide bonds are indicated with —. B,

male rat liver cytosol was subjected to SEC and the collected fractions (lanes 71—

14) were incubated with HA-UbVME and analyzed by SDS-PAGE/Western blot

with ananti-HA antibody (panel 7). Fractions were also assayed for deubiquitinating activity using the indicated monoubiquitinated PEX5 proteins (panels 2- 6).
The reactions were terminated with 20 mm N-ethylmaleimide and analyzed by SDS-PAGE. Autoradiographs (panels 2-4) and Coomassie Blue-stained gels
(panels 5 and 6) are presented. The asterisk in panel 1 indicates an HA-UbVME-reactive DUB that co-elutes with the hydrolytic activity detected toward
monoubiquitinated PEX5 proteins. The elution positions and molecular masses of the protein standards used to calibrate the SEC column, as well as the column
void volume (V,), are indicated. Reactions using the initial cytosolic extract (lanes Cyt) and the monoubiquitinated PEX5 proteins alone (lanes I) are also
presented. Numbers to the left in panel 1 indicate the molecular masses of protein standards in kDa.

PEX5 with the DUB. Interestingly, identical activity profiles
were observed when two (linear) recombinant proteins con-
taining a ubiquitin moiety fused to amino acid residues 11-324
of PEX5, His,-Ub-PEX5(11-324), and GST-Ub-PEX5(11-324)
were tested in this assay (Fig. 2B, panels 5 and 6, respectively).
Apparently, the active site of the DUB eluting in these fractions
is quite flexible with respect to the type of bond that links ubiq-
uitin to PEX5.

Comparison of the DUB activity profiles obtained with the
monoubiquitinated PEX5 proteins (Fig. 2B, panels 2— 6) with
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the elution profiles of the HA-UbVME-labeled protein bands
suggested that a protein displaying an apparent molecular mass
of about 230 kDa on SDS-PAGE (band marked with an asterisk
in panel 1) could be the DUB of interest. To identify this DUB,
proteins present in fraction 7 of the SEC column were incu-
bated in the presence or absence HA-UbVME and subjected to
SDS-PAGE/Coomassie Blue staining. Side-by-side comparison
of these two samples revealed a protein that upon treatment
with the HA-UbVME probe was quantitatively shifted to an
apparent molecular mass of 230 kDa (Fig. 34, left panel). That
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FIGURE 3. Biochemical characterization of rat liver cytosolic USP9X. A, fraction 7 (F7) from SEC (see Fig. 2B, panel 1) was incubated in the absence (lanes —)
or presence (lanes +) of HA-UbVME and subjected to SDS-PAGE. The left panel shows a Coomassie Blue-stained gel and the panel on the right shows the results
of animmunoprecipitation experiment using anti-HA agarose beads. Lanes IP,immunoprecipitated proteins. Lanes Unb, unbound protein fractions. Arrows and
arrowheads indicate the HA-UbVME-modified and unmodified DUB, respectively, that was subjected to mass spectrometry analysis. Lane M, molecular mass
protein standards (1 ng each). B, analyses of female rat liver cytosolic USP9X by sucrose gradient centrifugation. Numbers at the top indicate the molecular
masses and the sedimentation positions of protein standards. C, female rat liver cytosol was subjected to immunoprecipitation using either an anti-USP9X
antibody (/ane 1) or control IgGs (lane 2). The anti-USP9X and control antibody-containing beads were also analyzed (lanes 3 and 4, respectively) to identify
antibody-derived bands. A Coomassie Blue-stained gel is shown. The asterisk marks a nonspecific protein recovered in both immunoprecipitates; H and L
indicate IgG heavy and light chains, respectively. F indicates front of the gel. Lane M indicates molecular mass protein standards (0.5 ug each). Numbers to the
left indicate the molecular masses of protein standards in kDa.
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this shift in apparent molecular mass is indeed the result of
covalent labeling by the HA-UbVME probe was confirmed by
immunoprecipitation experiments using an anti-HA antibody.
As shown in Fig. 3A (right panel), the 230-kDa protein was
quantitatively immunoprecipitated only in the sample that had
been treated with HA-UbVME.

Mass spectrometry analysis of this protein band (Fig. 34, left
panel) identified ubiquitin-specific protease 9X (USP9X) as the
protein with the highest score (see supplemental Table S1).
USP9X is a 290-kDa DUB encoded in the X chromosome of
humans, mice, and rats (58 —60). We note that some of the
peptides matching USP9X might also be derived from USP9Y
(see footnote in supplemental Table S2), a DUB homologous to
USP9X but encoded in the Y chromosome (58, 61). Although
the presence of USP9Y in rat liver is presently doubtful (USP9Y,
in contrast to USP9X, is not expressed in mouse liver; see Ref.
62), it remained a possibility that USP9Y, and not USP9X, was
the DUB of interest. If this were the case then a different DUB
should be found in cytosolic fractions from female animals
because USPYY is a male-specific enzyme. However, when a
female rat liver cytosolic fraction was subjected to SEC, we
found that the DUB activity co-eluted in a perfect manner with
USP9X (see supplemental Fig. S2). This finding thus suggests
that USP9X is the main DUB acting on Ub-PEXS5, at least in
female animals.

We note that these results do not exclude the possibility that
USP9Y may also hydrolyze the Ub-PEX5 conjugate. Actually,
such a possibility is quite plausible because USP9X and USP9Y
are almost identical proteins (61). However, considering that
the complete deletion of the USP9Y-encoding gene in men has
no deleterious effects (63), whereas deletion of USP9X in mice
is embryonically lethal (64, 65), and that USPYY is probably
expressed at much lower levels than USP9X, as assessed by the
number of human/rat/mouse-expressed sequence tags pres-
ently available in the GenBank™ database (data not shown),
the contribution of USP9Y for the hydrolysis of Ub-PEX5 in
male animals, if any, is probably a minor one. For these reasons
we focused our efforts in USP9X.

One property of USP9X that called our attention was its
behavior upon SEC (see also Ref. 45). Indeed, USP9X presents a
Stokes radius of 7.3 nm, eluting from the SEC column as if it
were a 550-kDa globular/spherical protein (see supplemental
Fig. S2). Considering the theoretical molecular mass of USP9X
(290 kDa) (60), this finding might suggest that USP9X is a com-
ponent of a large protein complex. However, sucrose gradient
sedimentation analysis revealed that USP9X is not a spherical
protein because it sediments well above catalase (240 kDa, 11.3
S), displaying a sedimentation coefficient of 9.1 S (Fig. 3B).
Using the Siegel-Monty equation, which correlates the molec-
ular mass of a protein with its sedimentation coefficient and
Stokes radius (66, 67), we estimated that USP9X displays a
native molecular mass of 280 kDa. These data suggest that
USP9X is a monomeric protein with an elongated shape in
solution.

Additional evidence supporting the idea that USP9X is a
monomeric protein was obtained when USP9X from a
female rat liver cytosol was immunoprecipitated under
native conditions. As shown in Fig. 3C, besides USP9X, anti-
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body-derived proteins (bands marked with H and L, respec-
tively) and a high molecular mass protein that was also found
in the negative control immunoprecipitate (asterisk), no
other proteins in stoichiometric amounts were detected in
the USP9X immunoprecipitate.

The results described above point to USP9X as the best DUB
candidate acting on Ub-PEX5. Several independent approaches
were used to validate this possibility. In the first, we expressed
V5-tagged USP9X (45) in HEK293T cells (see Fig. 4A, left
panel), and after immunopurifying the enzyme using an
anti-V5 antibody, we tested its activity in DUB assays using
monoubiquitinated PEX5 proteins. Nontransfected HEK293T
cells were included in this experiment as a negative control.
As shown in Fig. 4A (right panel), the immunoprecipitate
obtained from the V5-tagged USP9X-expressing cells was
able to cleave Ub-PEX5. Identical results were obtained
when Ub-PEX5(C11K) and recombinant Ub-PEX5(11-324)
were used in this assay (Fig. 44).

In another approach, we subjected a cytosolic fraction from
female rat liver to immunoprecipitation using the anti-USP9X
antibody and the antibody-bound and unbound fractions were
then tested in DUB assays using Ub-PEX5 as the substrate. As
shown in Fig. 4B (upper panel), USPIX was efficiently retained
in the antibody-bound fraction with almost no enzyme being
detectable in the unbound fraction. Importantly, Ub-PEX5 was
completely hydrolyzed upon incubation with the immunopre-
cipitated fraction, whereas no significant DUB activity was
detected in the unbound fraction. A control experiment using
an irrelevant antibody (Fig. 4B, lanes Control) shows that the
immunodepletion/immunoprecipitation procedure performed
with the anti-USP9X antibody was specific. Identical results
were obtained with a male rat liver cytosolic fraction (Fig. 45,
middle panel), although in this case the presence of USP9Y in
the immunoprecipitate cannot be formally excluded (see under
“Experimental Procedures” for details).

To determine whether human USP9X also acts on Ub-PEXS5,
we performed a similar immunoprecipitation experiment but
this time using a clarified HeLa cell homogenate. The results
presented in Fig. 4B (lower panel) are identical to those
obtained with rat liver cytosol. Thus, USP9X is the major DUB
acting on Ub-PEX5 also in HelLa cells.

Finally, we asked whether we could detect an interaction
between USP9X and ubiquitinated PEX5 using pulldown
assays. Because of the fact that chemical amounts of authenti-
cally monoubiquitinated PEX5 cannot be easily obtained at
present, these assays were performed with (linear) recombinant
fusion proteins. One of the proteins produced for this purpose
was GST-Ub(G76V)-S-PEX5(12-324), a recombinant protein
almost identical to GST-Ub-PEX5(11-324), differing from it in
just two amino acid residues; the last glycine of the ubiquitin
moiety was changed to a valine, a mutation that no longer
allows hydrolysis by DUBs (68); and cysteine 11 of PEX5 was
changed to a serine, to avoid the potential oxidation of this
residue that might somehow interfere in the assay. A truncated
version of this nondeubiquitinatable protein lacking the PEX5
domain (GST-Ub(G76V)-S) and a negative control GST pro-
tein (GST-Control; see “Experimental Procedures” for details)
were also prepared. To test the functionality of these recombi-
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FIGURE 4. USP9X is the major DUB acting on monoubiquitinated PEX5 conjugates. A, Western blot analysis using an anti-V5 antibody of nontransfected
(lane —) and pDEST51-USP9X-V5-transfected HEK293T cells (lane +) is presented in the left panel. V5-tagged USP9X was immunoprecipitated with an anti-V5
antibody and used in deubiquitination assays (lanes +) with the indicated monoubiquitinated PEX5 proteins. Nontransfected HEK293T cells immunoprecipi-
tates were included in the assays as negative controls (lanes —). The asterisk indicates bovine serum albumin that was added to this assay to minimize protein
loss by adsorption. Reactions were stopped with 20 mm N-ethylmaleimide, and the samples were processed for SDS-PAGE/Western blot/autoradiography.
Autoradiographs for 3°S-labeled PEX5 proteins (Ub-PEX5 and Ub-PEX5(C11K)) and a Ponceau S-stained membrane for Hiss-Ub-PEX5(11-324) are shown.
Immunoprecipitated USP9X was detected with the anti-V5 antibody. B, liver cytosolic fractions from female and male rats (upper and middle panels, respec-
tively) or a Hela cell extract (lower panel) were subjected to immunoprecipitation/immunodepletion protocol using control (lanes Control) or anti-USP9X IgGs
(lanes a-USP9X). The immunoprecipitates (lanes B) and the unbound protein fraction (lanes Unb) were assayed for deubiquitinase activity with 3*S-labeled
Ub-PEX5. Activity assays with the initial protein extracts were also performed in the presence (T") or absence (T~) of HA-Ubal. Samples were processed as
described above. USP9X was detected with the anti-USP9X antibody. Lanes |- the **S-labeled Ub-PEX5 substrate used in the assay.

nant proteins, we asked whether they could inhibit cleavage of
Ub-PEX5(C11K) by a female rat liver cytosol. The results of this
experiment (see Fig. 54) show that GST-Ub-PEX5(11-324) as
well as the noncleavable protein GST-Ub(G76V)-S-PEX5(12—
324) inhibit hydrolysis of Ub-PEX5(C11K). The IC,, of these
two proteins is ~2.5 uM. No inhibition was observed when
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using GST-Ub(G76V)-S or histidine-tagged PEX5(1-324) at
the same concentrations. These data suggest that neither
ubiquitin nor the N-terminal half of PEX5 alone bind effi-
ciently to the cytosolic DUB that cleaves Ub-PEX5(C11K);
only molecules possessing these two moieties seem to have
this capacity.

JOURNAL OF BIOLOGICAL CHEMISTRY 12823

GT0Z ‘0z Afenuer uo 1senb Aq /B10-0q "mmmy/:dny wouy pepeojumod


http://www.jbc.org/

USP9X Deubiquinates Monoubiquitinated PEX5

A 0 0.1 05 25 125125 uM
+ + + + + - Cytosol
GST-Ub(G76V)-S-PEX5(12-324)
97. | & Ub-PEX5(C11K)
-— = < PEX5(C11K)
66-
GST-Ub-PEX5(11-324)
97 e |« Ub-PEX5(C1IK)
] e < PEX5(C11K)
66-
GST-Ub(G76V)-S
97. . |« Ub-PEX5(C11K)
< PEX5(C11K)
66-
His -PEX5(1-324)
97 < Ub-PEX5(C11K)
| —— — = < PEX5(C11K)
66-
oxsd
16 s 16 S \\
WG WG ont®
P st ger©
T Unb B Unb B Unb B
200 T PR e S AEr anti-USP9X
45
anti-ATXN3
31

FIGURE 5. USP9X interacts with a monoubiquitinated PEX5 fusion pro-
tein. A, 3°S-labeled Ub-PEX5(C11K) was incubated in the presence (lanes +) or
absence (lane —) of a female rat liver cytosol, in the absence or presence of
increasing concentrations of the indicated recombinant proteins (from 0 to
12.5 um). The recombinant proteins used in these experiments are indicated
at the top of each panel. B, female rat liver cytosol was subjected to GST
pulldown assays with the indicated recombinant proteins. The bound (B) and
unbound (Unb) fractions derived from 200 and 40 u.g of cytosol, respectively,
were analyzed by SDS-PAGE/Western blot using anti-USP9X and anti-
Ataxin-3 (anti-ATXN3) antibodies. Lane T, 40 ug of female rat liver cytosol.
Numbers to the left indicate the molecular masses of protein standards in kDa.

The GST-Ub(G76V)-S-PEX5(12-324), GST-Ub(G76V)-S,
and GST-Control recombinant proteins were then used as baits
in pulldown assays performed with a female rat liver cytosol. As
shown in Fig. 5B, GST-Ub(G76V)-S-PEX5(12-324), but not
GST-Ub(G76V)-S, was able to pull down USP9X. This finding
strongly suggests that amino acid residues 12—324 of PEX5 con-
tribute for the interaction with USP9X.

The biochemical experiments described above strongly sug-
gest that USP9X is the main DUB acting on soluble Ub-PEX5
both in rat liver and HeLa cells. We aimed at extending these
findings using a cell biology approach. Specifically, we knocked
down USP9X in HeLa cells and searched for a peroxisomal pro-
tein import defect. The assumption behind these experiments
was that a decrease in USP9X might lead to an accumulation of
soluble Ub-PEX5, which might then become polyubiquitinated
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and subsequently degraded at the proteasome (see Ref. 38).
Unfortunately, although we were able to knock down USP9X by
~90%, we have been unable to detect a peroxisomal protein
import defect or even a decrease in the steady-state levels of
PEX5 (see supplemental Fig. S3). Several possibilities could
explain this negative result. The most obvious is that the
remaining 10% of USP9X is still sufficient to deubiquitinate
Ub-PEX5 at a good rate. Another possibility is that in the
USP9X-knocked down cells a larger fraction of Ub-PEX5 is
deubiquitinated by a nonenzymatic mechanism (e.g. the half-
life of Ub-PEX5 in the presence of 5 mm reduced glutathione is
2.3 min; see Ref. 38). Alternatively, other enzyme(s) with a
lower affinity/catalytic efficiency for Ub-PEX5 may compen-
sate the partial loss of USP9X. Surely, a different cell biology
strategy will be necessary to clarify this issue.

DISCUSSION

Using a cell-free in vitro import system, we have previously
shown that the ATP-dependent dislocation of Ub-PEX5 from
the peroxisomal DTM into the cytosol and the subsequent deu-
biquitination of soluble Ub-PEX5 are kinetically distinct events,
leading us to propose that these two steps are uncoupled (38).
The data presented in this work corroborate this idea. Indeed,
we show that the separation of rat liver organelles from cytoso-
lic proteins by a simple centrifugation is sufficient to separate
the machinery that extracts Ub-PEX5 from peroxisomes
from the DUB that acts on soluble Ub-PEX5. Therefore, it is
unlikely that the DUB acting on Ub-PEX5 is a component of the
receptor export module, as proposed recently for yeast (69).

The main aim of this work was to identify the mammalian
DUB acting on soluble Ub-PEX5. Four independent observa-
tions suggest that this enzyme is USP9X. First, SEC analysis of a
rat liver cytosol revealed that USP9X co-elutes with the activity
that hydrolyzes Ub-PEX5. Second, immunopurified V5-tagged
USP9X produced in HEK293T cells was able to hydrolyze Ub-
PEX5. Third, immunoprecipitation/immunodepletion assays
using an anti-USP9X antibody suggest that USP9X is the major
enzyme acting on Ub-PEX5 both in rat liver and HeLa cells.
Finally, GST-Ub(G76V)-S-PEX5(12-324), but not GST-
Ub(G76V)-S, was able to pull down USP9X from a rat liver
cytosol, thus suggesting that USP9X interacts with amino acid
residues 12—324 of PEX5.

USP9X has been implicated in many different biological pro-
cesses, including protein trafficking (45) and tight junction bio-
genesis in epithelial cells (70), regulation of the transforming
growth factor-B pathway (51), and chromosome alignment and
segregation (71). In addition, it has been shown that USP9X
modulates the levels of proteins such as the following: a-sy-
nuclein (72), a protein involved in the pathogenesis of Parkin-
son disease; MCL1, an anti-apoptotic protein that is overex-
pressed in some types of cancer (73); some protein kinases
involved in stress responses and cellular energy homeostasis
(65, 74); and some ubiquitin-ligases, such as MARCH7 and Itch
(75, 76). Our work suggests still another function for USP9X,
namely the participation in the PEX5-mediated peroxisomal
protein import pathway. Considering that (i) USP9X is widely
expressed in mammalian tissues (58), (ii) that USP9X, although
mostly cytosolic, is also found in the nucleoplasm (51, 71, 73),
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and (iii) this DUB is capable of removing monoubiquitins as
well as polyubiquitin chains of different topologies from quite a
number of proteins (71-74), it seems likely that the list of bio-
logical pathways in which USP9X is involved will grow in the
future.

Understanding the function of the near 100 different mam-
malian DUBs (77) requires knowledge on their subcellular
localization, their interactors, and their substrates. In the last
years major advances have been made regarding the first two of
these properties (78, 79). In contrast, the list of known sub-
strates for these enzymes remains relatively small. Actually, for
many of the mammalian DUBs, not a single substrate has been
identified thus far (78 —80). The reason behind this lack of
knowledge is probably related to the fact that identifying sub-
strates using biochemical approaches centered on the DUBs
themselves is not an easy task. The low in vivo steady-state
concentrations of many ubiquitinated proteins, the transient
nature of the DUB-substrate interaction, and the possibility
that at least some DUBs may act on numerous ubiquitin-con-
jugates make any attempt to isolate DUB-substrate complexes
quite difficult (78, 79, 81, 82). Therefore, it is not surprising that
the majority of the DUB substrates known presently were iden-
tified using substrate-centered approaches. Here, instead of
trying to identify substrates that bind a given DUB, the goal is to
identify the DUB that acts on a given substrate or biological
pathway.

Two main strategies have been used for this purpose. One
consists in knocking down all DUBs individually in a given cell
line using RNAi technology and to search for a specific protein
alteration or cell phenotype (51, 83). The other strategy relies
on protein purification techniques to isolate the DUB acting on
a particular substrate from a cell/tissue homogenate (84, 85). In
this work, we show that this second approach may be quite
simple. Indeed, our data indicate that a single chromatography
step may be sufficient to resolve at least the most abundant
mammalian DUBs to a point where it becomes possible to cor-
relate one of these proteins with an enzymatic activity. In the
specific case described here, a large pore size exclusion matrix
turned out to be the best option, but naturally, SEC matrices
with smaller pores or other types of matrices may provide bet-
ter results in other situations. Once a correlation between an
enzymatic activity and a DUB is established, the DUB can be
identified with the help of an electrophilic ubiquitin probe. This
strategy should be useful to identify DUBs acting on other
substrates.
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