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Nep1, a Schizosaccharomyces pombe deneddylating enzyme
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Nedd8 is a ubiquitin-like modifier that is attached to the cullin
components of E3 ubiquitin ligases. More recently, p53 has also
been shown to be Nedd8-modified. Nedd8 attachment occurs in
a manner similar to that observed for other ubiquitin-like modi-
fiers. In the present study, we report on the characterization of
Nep1, a deneddylating enzyme in fission yeast (Schizosaccharo-
myces pombe). Unlike loss of ned8, deletion of the nep1 gene
is not lethal, although nep1.d cells are heterogeneous in length,
suggesting a defect in cell-cycle progression. Viability of nep1.d
cells is dependent on a functional spindle checkpoint but not on
the DNA integrity checkpoint. Deletion of a related gene (nep2),
either alone or in combination with nep1.d, also has little effect
on cell viability. We show that Nep1 can deneddylate the Pcu1,
Pcu3 and Pcu4 cullins in vitro and that its activity is sensitive to

N-ethylmaleimide, consistent with the idea that it is a member
of the cysteine protease family. nep1.d cells accumulate Nedd8-
modified proteins, although these do not correspond to modified
forms of the cullins, suggesting that, although Nep1 can dened-
dylate cullins in vitro, this is not its main function in vivo. Nep1 can
be co-precipitated with the signalosome subunit Csn5. Nep1 itself
is present in a high-molecular-mass complex, but the presence of
this complex is not dependent on the production of intact signal-
osomes. Our results suggest that, in vivo, Nep1 may be responsible
for deneddylating proteins other than cullins.

Key words: cullin, deneddylation, Nedd8, Nepl, signalosome,
spindle checkpoint.

INTRODUCTION

Ubiquitin and Ubls (ubiquitin-like proteins) are small proteins
that can be covalently attached to target proteins to modify their
function or stability. Ubiquitin is a highly conserved 76-amino-
acid protein, the main function of which is to target proteins for
proteasome-mediated destruction. Ubiquitin-dependent protein
degradation of target proteins requires their modification by
attachment of ubiquitin chains linked through the side chain of
Lys48. However, ubiquitin also has additional roles that do not
involve proteolysis. For example, mono-ubiquitylation of PCNA
(proliferating-cell nuclear antigen) is involved in the recruitment
of DNA polymerase, and poly-ubiquitylation of PCNA through
the side chain of Lys63 promotes alternative DNA repair mech-
anisms in a manner that is not yet understood [1,2]. Several Ubls
have been identified and characterized. These include SUMO
(small ubiquitin-like modifier), Nedd8 (neuronal precursor of cell-
expressed developmentally down-regulated gene 8)/Den1, ISG15
(interferon-stimulated gene 15) and Hub1 [3–6]. The functions of
these Ubls are quite distinct from those of ubiquitin.

The attachment of most Ubls to target proteins is mechan-
istically similar to that of ubiquitylation (see e.g. [4]). Similar to
ubiquitin, most Ubls are expressed as precursors that are processed
by C-terminal proteolysis to the mature forms that have a C-ter-
minal glycine residue that forms the covalent linkage to the side
chain of a target lysine residue. The processing requires the action
of specific Ubl proteases. The mature form of the Ubl is sub-
sequently activated through the formation of a thioester bond with
a cysteine residue on a Ubl-specific activator protein. The Ubl is
next passed on to a conjugating protein, where it again forms a
thioester link. Finally, the Ubl is covalently attached to the target
proteins through an ε-amino link. One or more lysine residues
on the target protein can be modified and at least some Ubls are
believed to form chains in a manner similar to that described

for ubiquitin. In some cases, Ubls require the activity of specific
ligases for attachment to target proteins.

Perhaps the most extensively studied Ubl is SUMO, which
shows approx. 17% similarity to ubiquitin and also has an ex-
tended N-terminal region that appears unstructured when studied
by NMR [7]. In some cases, both sumoylation and ubiquitylation
can occur on the same lysine residue of a target protein, but
SUMO modification does not target proteins for proteasome-
mediated proteolysis. Although the molecular basis for the effects
of sumoylation of target proteins remains unknown, sumoylation
has been shown to affect protein–protein interactions, protein
localization, enzyme activity and to be antagonistic to ubiquiti-
nation. Other Ubls studied seem to have more specific biological
roles. For example, ISG15 is encoded by ISG15 and modifies key
regulators of signal transduction such as the JAK (Janus kinase)/
STAT (signal transduction and activators of transcription) pathway
[8] and is mainly confined to the immunological response in higher
eukaryotes. Another Ubl, Hub1, plays a role in cell morphogenesis
in Saccharomyces cerevisiae and has been reported to modify cell
polarity factors [6]. Hub1 lacks the C-terminal glycine residue,
and its ability to modify targets covalently has recently been
disputed [9].

The Nedd8 Ubl was first identified in mice. Homologues
of Nedd8 are found in all eukaryotes, the homologue in S.
cerevisiae being known as Rub1 (as a modifier related to
ubiquitin). Nedd8 is 57% identical with ubiquitin and has been
shown to modify a family of proteins known as cullins that are
present in all organisms [10]. Cullins are the scaffold subunit for
several related families of E3 ubiquitin ligases. The subunit com-
position of the canonical SCF (Skp1–Cullin–F box) family of E3
ligases is well understood: the N-terminus of cullin1 associates
with a RING protein HRT/RBX1/ROC1, whereas the C-terminus
associates with Skp1, which adapts various F-box proteins [11]. A
similar modular association of HRT/RBX1/ROC1 and alternatives
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to Skp1 appears to underlie additional families of E3 ubiquitin
ligases associated with Cullins 2, 3 and possibly 4 [12,13].

In fission yeast (Schizosaccharomyces pombe), Nedd8 is
essential for cell viability [14]. Germinated ned8.d cells are
capable of undergoing two or three rounds of cell division and
arrest after forming elongated cells. Similar to ned8, the Schizo.
pombe Nedd8 activator and conjugator genes (uba3 and ubc12
respectively) are also highly conserved and are essential for
viability [14]. Nedd8 has been shown to be attached covalently
to the three Schizo. pombe cullins Pcu1, Pcu3 and Pcu4 [14,15],
and modification of Pcu1 by Nedd8 has been shown to be required
for the essential function of Pcu1. Thus it is probable that the
processes of neddylation and deneddylation are highly regulated.
A Nedd8-specific protease activity is associated with the signal-
osome complex [CSN (COP9 signalsome)]. Specifically, im-
munopurified CSN can cleave Nedd8 from cullins [16] in a
manner that is dependent on the integrity of a conserved JAMM
(Jab1/MPM/Mov34 metalloenzyme) domain within subunit 5
(Csn5) that is proposed to define a novel isopeptidase [17].
The signalosome is a multisubunit complex, originally identified
as being required for photomorphogenesis in Arabidopsis [18].
Since then, it has been purified from a range of eukaryotic cells,
including humans [19] and Schizo. pombe [16]. In Schizo. pombe,
null mutants of csn1, csn2, csn3, csn4 and csn5 accumulate
neddylated forms of the cullins Pcu1 and Pcu3 [15,16]. The
JAMM motif within Csn5 protein has been shown to be required
for cleavage of Nedd8 from Cul1 in vivo [17], but this remains to
be confirmed using recombinant proteins.

Recently, another deneddylating enzyme has been identified in
human cells (NEDP1/Den1) [20,21]. This protein has been shown
to have both Nedd8 processing activity and the ability to remove
Nedd8 from cullins.

We report here on two Schizo. pombe proteins related to
NEDP1/Den1, which, similar to the SUMO proteases, fall under
the C48 class of cysteine proteases as defined by Rawlings and
Barrett [22]. We show that one of the proteins, Nep1, has the ability
to remove Nedd8 from cullins in vitro. Deletion analysis indicates
that neither of the genes is essential for viability. The nep1 null
strain accumulates high-molecular-mass neddylated species.
However, the neddylation status of the cullins in the nep1.d strain
resembles that observed in wild-type cells. The Nep1 protein is
present in a high-molecular-mass complex that is independent of
the CSN complex. Immunoprecipitation experiments indicate that
Nep1 can be co-precipitated with Csn5 but not with Csn1, sug-
gesting that Nep1 may be interacting with that fraction of the Csn5
pool that is not associated with the signalosome. In contrast with
the signalosome, which is located in the nucleus, Nep1 is located
predominantly in the cytoplasm. We propose that, although Nep1
can deneddylate cullins in vitro, its in vivo activity is probably
directed against other neddylated targets.

EXPERIMENTAL

Strains and plasmids

The wild-type strain used was sp.011 (ade6.704, leu1.32, ura4.
∆18, h−). The ulp1.d and ulp2.d strains were described previously
([23] and J. C. Y. Ho, L. Zhou, D. L. Taylor and F. Z. Watts, unpub-
lished work). nep1.d and nep2.d were created by the method of
Bahler et al. [24] using the following primers: Nep1-PF, 5′-AGC-
TGTTTTGTTTGCGGACCTATTGTTTGTTTAAATTCCTTT-
TTTTCCCCATTTCGTACTTACTTTTAAACAATTTTTAACG-
GATCCCCGGGTTAATTAA-3′; Nep1-PR, 5′-GATAAAACT-
CAGATTGTTTGAGTTGAAACAAGCCTTCCCGCTAGTTT-
GTATATTCGAAACTAAACAACGCAAGTGTAGCAGAATT-

CGAGCTCGTTTAAAC-3′; Nep2-PF, 5′-AATTCGATGATGA-
AGCAAAAAATAAATCAGACATCCAAACTTCACTTCAAA-
GCAAGTTGCATTTTGGGAGACAGAGGAAACGGATCCC-
CGGGTTAATTAA-3′; and Nep2-PR, 5′-CCTGGTAAAAAAC-
GCGTTTCTAAAAACTTGTATTCGTCTTTTTCTCTTTCTC-
CCACTGTCCTATATTCCCACTTTTAAAAAGAATTCGAGC-
TCGTTTAAAC-3′. The rad3.d, csn1.d and csn5.d strains were
obtained from A. Carr (University of Sussex) [25–27] and mad2.d
was provided by S. Sazer (Baylor College of Medicine, Houston,
TX, U.S.A.) [28]. Integrated Myc-tagged nep1 and nep2 strains
were created using the following primers: Nep1-CTF, 5′-AGTT-
ACCGAAATTTCATAATAGCACTGATAATCCTTTTCTCACT-
CCTCCGGAAGAACTTGTATCTGGTGATTTCCCTTTTCGG-
ATCCCCGGGTTAATTAA; Nep1-PR, described above; Nep2-
CTF, 5′-TACTTCAGAGACCACCCTCAATCGTACCGAGAC-
CGGAAACCGCAGCTATACAACATACACAACAATCCATT-
GAGATTCATCGGATCCCCGGGTTAATTAA; and Nep2-CTR,
5′-AATTCGATGATGAAGCAAAAAATAAATCAGACATCC-
AAACTTCACTTCAAAGCAAGTTGCATTTTGGGAGACA-
GAGGAAAGAATTCGAGCTCGTTTAAAC. Integrated Myc-
tagged pcu1 was obtained from T. Toda (Cancer Research UK,
London, U.K.) [14], Myc-tagged pcu3 and TAP (tandem affinity
purification)-tagged pcu4 strains were from D. Wolf (Harvard
School of Public Health, Boston, MA, U.S.A.) [29] and the
TAP-tagged Csn1 and Csn5 strains were obtained from C. Liu
(University of Sussex) [13]. The nep1 ORF (open reading frame)
was amplified from cDNA using the following primers: Nep1-
ORFF,5′-CTCGAGATGAGCAGTTCTCCAA-3′; andNep1-ORFR,
5′-GGATCCAACAACGCAAGTGTAG-3′. The nep2 ORF was
amplified from genomic DNA using the primers: Nep2-ORFF,
5′-CATATGCGCTCCAATTCCATTTTC-3′; and Nep2-ORFR,
5′-CTCGAGTTTGGGAGACAGAGGA-3′. PCR fragments were
cloned into the T vector and pUC19 respectively, and sequenced
before subcloning. pREP41HA was used for expression in Schizo.
pombe and pET15b was used for expression in Escherichia coli.
pREP41HA-Nedd8 was obtained from T. Toda [14].

Protein purification methods

Nep1 and Nep2 were purified as follows: 250 ml of BL21
λDE3 pLysS cells, transformed with plasmid pET15b-ORF, were
harvested and lysed by sonication. The lysate was centrifuged
at 50000 g for 1 h at 4 ◦C. The supernatant was loaded on to
a TALON column (2 ml matrix), which was equilibrated with
50 mM Tris/HCl (pH 8.0) and 5 mM 2-mercaptoethanol. Protein
was eluted using 50 mM Tris/HCl (pH 8.0), 150 mM NaCl,
200 mM imidazole and 10% (v/v) glycerol and fractions were
collected. All fractions were checked by SDS/PAGE and Western
blotting. Protein concentrations were estimated after Coomassie
Blue staining of the gels.

Gel filtration was undertaken using 100 ml cultures grown
overnight at 30 ◦C and harvested at A595 0.5. The cell pellet was re-
suspended in 1 ml of buffer A (50 mM Tris/HCl, pH 7.5, 150 mM
NaCl, 0.5% Triton, 1 mM PMSF, 5 mM 2-mercaptoethanol,
10 µg/ml apoprotinin and 10 µg/ml leupeptin). An equal volume
of glass beads was added to the cells, which were then lysed using
a Ribolyser. The lysate was clarified by centrifugation for 2 min at
420 g and the resulting supernatant was spun for 2 h at 30000 rev./
min in a Sorvall AH650 rotor at 4 ◦C. The extract was then
passed through an equilibrated Superdex 200HR 10/30 column
(Amersham Biosciences) and 0.5 ml fractions were collected. The
column was calibrated using the low- and high-molecular-mass
gel-filtration calibration kit (Amersham Biosciences).

Immunoprecipitation was performed on the soluble, whole cell
extracts prepared in buffer A by lysing cells with a Ribolyser as

c© 2005 Biochemical Society



Nep1, a Schizosaccharomyces pombe deneddylating enzyme 309

described above. The extract (450 µl, 5 mg of protein/ml) was
precleared by incubation with prewashed Protein G beads for
30 min at 4 ◦C. The supernatant was transferred to a fresh test tube,
and 8 µl of primary mouse anti-Myc antibody was added for 1 h
at 4 ◦C. The extract was centrifuged at 18000 g for 5 min in a
Microfuge and transferred to a fresh test tube containing 20 µl
of prewashed Protein G beads. The immune complexes were left
to be absorbed by the Protein G beads by incubating at 4 ◦C for
30 min, and they were subsequently washed twice with buffer A.
They were resuspended in 60 µl of 50 mM Tris/HCl (pH 7.5) and
5 mM 2-mercaptoethanol.

TAP-tagged proteins were purified from soluble whole cell ex-
tracts in buffer A prepared as described above. The extract (450 µl,
5 mg of protein/ml) was centrifuged for 5 min at 18000 g in a
Microfuge. The supernatant was transferred to a fresh test tube
and incubated with 20 µl of prewashed Protein G beads for 30 min
at 4 ◦C. After incubation, the complexes were washed twice with
ice-cold buffer A. The Protein G beads–Pcu4–TAP pellets were
resuspended in 50 µl of 50 mM Tris/HCl (pH 7.5) and 2 mM
dithiothreitol, and 5 µl of the suspension was taken for each de-
neddylation assay.

The production of anti-Pmt3 antisera has been described in a
previous study [30]. Monoclonal anti-Myc antibodies were puri-
fied from the cell supernatant (CRL1729 cell line; from the
A.T.C.C.) using Protein G–Sepharose. Anti-His antisera were ob-
tained from Amersham Biosciences. Anti-HA antibodies (where
HA stands for haemagglutinin) were obtained from Babco
(Covance Research Products, Denver, PA, U.S.A.) and anti-
tubulin antibodies were from Sigma.

Deneddylation assay

Deneddylation assays were undertaken as follows: 20 µl of the
reaction mixture contained 0.8 mM MgCl2, 1 nM ATP, 5 mM Tris/
HCl (pH 7.5), 2 mM dithiothreitol and 4 µl of the immunoprecipi-
tated protein beads from the different mutants containing Myc-
tagged versions of Pcu1 or Pcu3, or TAP-tagged Pcu4. Nep1
(1.2 µg) or Nep2 (0.8 µg) was added to the reaction. After a 1 h
incubation at 37 ◦C, 5 µl of 5 × SDS sample buffer (60 mM Tris/
HCl, pH 6.8, 25% glycerol, 2% SDS, 5% 2-mercaptoethanol
and 0.1% Bromophenol Blue) was added to the mixture, boiled
at 100 ◦C for 3 min, and separated by SDS/PAGE (7.5 % poly-
acrylamide). Western-blot analysis was then performed using anti-
Myc antisera and detection was by chemiluminescence.

Immunofluorescence microscopy

Cells were fixed in 3.7 % (w/v) paraformaldehyde for 10 min
and stained with primary antibody (anti-Myc; 1/2000) followed
by TRITC (tetramethylrhodamine β-isothiocyanate)-conjugated
goat anti-mouse IgG. Cells were observed using a Deltavision
Spectris microscope.

RESULTS

Identification of the sequences related to deneddylators

During our search of the Schizo. pombe protein databases
for SUMO proteases, we identified two related sequences
SPBC17D11.01 (Nep1) and SPBC32H8.02c (Nep2), which
encode proteins of 420 and 415 amino acids having predicted
molecular masses of 47.2 and 46.4 kDa respectively. While both
these ORFs have approx. 16% sequence identity with Schizo.
pombe Ulp1 [23] and Ulp2 (J. C. Y. Ho, L. Zhou, D. L. Taylor
and F. Z. Watts, unpublished work), they are also related to the
recently characterized deneddylating enzymes NEDP1/Den1p

[20,21] (Figure 1A). The SUMO and Den1p/NEDP1 proteases fall
into a class of cysteine proteases containing conserved histidine,
aspartate and cysteine residues at their catalytic sites [22]. Overall,
Nep1 and Nep2 are 23% identical with each other, and this
increases to 35% between amino acids 1 and 176 of Nep1 and
between amino acids 64 and 237 of Nep2.

Although Nep1 and Nep2 are similar in molecular mass, they
differ in the position of the conserved cysteine relative to the rest of
the protein (Figure 1B). Nep1 has a long C-terminal portion, which
has a histidine-rich region between amino acids 284 and 318 that
comprises 18/34 (53%) histidine residues. In contrast, Nep2 has
an extended N-terminus. The functions of these C- and N-terminal
regions is unknown. However, this heterogeneity in molecular
mass is typical of this family of proteases (for a review, see [31]),
with additional sequences being proposed to be necessary for
determining the intracellular localization of the proteins.

nep1 and nep2 are not required for cell viability

To determine whether the nep1 and nep2 genes are essential for
cell viability, we deleted them by gene-targeting as described in
the Experimental section. Viable colonies were obtained after
transformation and selection of a haploid strain, indicating that
neither nep1 nor nep2 is essential. To determine whether the two
genes have redundant functions, we created the nep1.d nep2.d
double mutant. This was also viable, demonstrating that the two
genes are not essential for viability. Analysis of the phenotypes of
the two single null mutants and of the double mutant indicated that
there is no temperature-sensitive growth defect and no sensitivity
to DNA-damaging agents or other inhibitors was evident. Included
in this analysis were UV (50–200 J/m2), ionizing radiation
(250–1500 Gy; 1 Gy = 100 rads), methyl methanesulphonate
(0.005%), hydroxyurea (10 mM) and camptothecin (2 µM). We
also tested sensitivity to growth conditions that impose osmotic
stress (1 M sorbitol and 0.9% NaCl) and to the microtubule
inhibitor thiabendazole (15 µg/ml; results not shown).

Microscopic analysis of the cells indicated that nep2.d cells
resemble the wild-type. In contrast, nep1.d cells were hetero-
geneous in length (Figure 2A). In the nep1.d nep2.d double
mutant, some (∼5%) of the cells were highly elongated and
exhibited misplaced septa. This implies that the nep1 and nep2
genes have non-overlapping functions and that nep1 has a role
in promoting normal cell-cycle timing. To determine whether the
defect in cell-cycle timing resulted from defects in DNA meta-
bolism or defects in microtubule dynamics during mitosis, we
crossed nep1.d and the nep1.d nep2.d double mutant with rad3.d
and mad2.d that are deleted for genes that are required for the DNA
structure and spindle checkpoints respectively [28,32]. The nep.1d
nep2.d rad3.d triple mutant was viable, with a cell morphology
reminiscent of the nep1.d nep2.d phenotype. However, whereas
the nep2.d mad2.d double mutant was viable, the nep1.d mad2.d
and nep1.d nep2.d mad2.d mutants were not, indicating that
nep1.d is synthetically lethal with the mad2 null mutant. This indi-
cates that the elongated cell phenotype is not dependent on
the DNA integrity checkpoint, but is dependent on the spindle
checkpoint.

We next investigated whether nep1.d, nep2.d and the nep1.d
nep2.d strains were defective in deneddylation in vivo. Total cell
extracts were prepared from each strain after transformation
with pREP41HA or pREP41HA-Nedd8 (to enable us to detect
Nedd8-modified protein species). Extracts were analysed by
Western blotting with anti-HA antisera (Figure 2B). We first
established that the anti-HA antisera did not cross-react with cell
extract proteins in nep+ cells transformed with empty vector
(lane 1) and that they recognize high molecular mass species in
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Figure 1 Nep1 and Nep2 have identity with deneddylating enzymes

(A) Sequence alignment of Schizo. pombe Ulp1, Nep1 (amino acids 1–285) and Nep2 (amino acids 61–351) proteins with the human deneddylating enzyme NEDP1 created using CLUSTAL W.
Black shading indicates identical residues and grey shading indicates conserved amino acids. (B) Comparison of the masses of the proteins relative to the position of the conserved cysteine residue
(the asterisk indicates Cys163 in NEDP1). Ulp1, 568 amino acids; Nep1, 420 amino acids; Nep2, 415 amino acids; and NedP1, 212 amino acids.

cells transformed with pREP41HA-Nedd8 (lane 2). We then ana-
lysed the nep1 and nep2 single and double mutants. The results
indicate that nep1.d (lane 3) accumulates significantly increased
levels of high molecular mass anti-HA-containing material when
compared with the equivalent nep+ control (lane 2). In contrast,
the profiles observed in extracts derived from nep2.d cells (lane 4)
resemble that of the nep+ control extract. The nep1.d nep2.d
double mutant extract (lane 5) also exhibited a significantly
increased level of high molecular mass anti-HA-containing
material, with a profile similar to that observed for the nep1.d
single mutant extract.

Since Nep1 and Nep2 show significant similarity to the SUMO
proteases Ulp1 and Ulp2, we were interested in determining
whether the nep1.d and nep2.d strains accumulate high molecular
mass SUMO (Pmt3)-containing species. We have previously
reported that ulp1.d is defective in both processing SUMO to
its mature form and in deconjugating SUMO from target proteins
[23]. In total cell extracts derived from ulp1.d cells, a lower level of
high molecular mass SUMO-containing species is observed when
compared with ulp1+ cell extracts (Figure 2C, compare lane 2 with

lane 1) because unprocessed SUMO cannot be conjugated with
target proteins (note the increased mass of unconjugated SUMO
in lane 2) [23]. In contrast, extracts derived from a strain deleted
for ulp2 (lane 3) contain an increased level of high molecular mass
SUMO-containing species relative to extracts derived from ulp+

cells. This indicates that a major defect of ulp2.d cells is SUMO
deconjugation. When extracts were prepared from strains deleted
for either nep1 or nep2 or from a strain deleted for both the genes
(lanes 4–6), the profile of anti-pmt3 reactive species resembles
the nep+ ulp+ (wild-type) extract. These results indicate that nep1
and nep2 are not required for SUMO processing or deconjugation.

Expression and purification of the proteins

To assay the activity of recombinant Nep1 and Nep2 proteins, the
two respective ORFs were amplified, sequenced and cloned into
pET15b as described in the Experimental section. Comparison of
the genomic and cDNA sequences indicates that the nep1 gene
contains two introns, of 80 and 74 nt, consistent with the predicted
splicing pattern reported in the Sanger database. After expression
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Figure 2 Phenotype of nep1 and nep2 null mutants

(A) nep1.d and nep1.d nep2.d cells are heterogeneous in length. Cells in an exponentially
growing culture were stained with DAPI (4,6-diamidino-2-phenylindole; 1 µg/ml). (B) nep1
null mutants accumulate high molecular mass Nedd8-containing species. Extracts of cells
transformed with pREP41HA (lane 1) or pREP41HA-Nedd8 (lanes 2–5) were analysed by
Western blotting using anti-HA antisera. Lanes 1 and 2, wild-type (wt); lane 3, nep1.d; lane 4,
nep2.d; lane 5, nep1.d nep2.d. (C) nep1 and nep2 null mutants do not affect the levels of
SUMO-containing species. Western-blot analysis of strains was performed using anti-Pmt3
antisera. Lane 1, wild-type (wt); lane 2, ulp1.d; lane 3, ulp2.d; lane 4, nep1.d; lane 5, nep2.d.
Blots were also probed with anti-tubulin antibodies to show equal loading.

in E. coli (see the Experimental section), the proteins were purified
by Ni2+ affinity and subjected to Western-blot analysis using anti-
His antisera. Figure 3(A) shows that the Nep1 and Nep2 proteins
migrate close to the predicted molecular masses of 47 and 46 kDa
respectively.

Nep1 and Nep2 can deneddylate cullins in vitro

We next determined whether Nep1 and Nep2 are capable of
removing Nedd8 from neddylated cullins. To achieve this, we
first introduced Myc-tagged or TAP-tagged versions of the cullin
genes pcu1, pcu3 and pcu4 into nep1.d, nep2.d and the nep1.d
nep2.d double mutant backgrounds. The tagged cullins were sub-
sequently immunoprecipitated from the different strains and the
precipitated material was used to assay the deneddylating activ-
ity of recombinant Nep1 and Nep2. The cullins are present pre-
dominantly in a slower migrating form in all the strains used in the
assay (lanes 1, 2, 4 and 6 of Figures 3B and 3C and lanes 1, 4 and
8 of Figure 3D). Addition of Nep1 (60 ng/µl) to immuneprecipi-
tates of Myc-tagged Pcu1 derived from nep1.d cells (Figure 3B,

Figure 3 Nep1 is capable of deneddylating cullins in vitro

(A) Expression of Nep1 and Nep2. Lane 1, empty pET15b; lane 2, pET15b-nep1; and lane 3,
pET15b-nep2 expressed in E. coli from pET15b. Proteins were separated by SDS/PAGE and
Western blotted with anti-His antisera. (B–D) Deneddylation of cullins. Tagged cullins were
immunoprecipitated from wild-type, nep1.d, nep2.d or nep1.d nep2.d cells containing integrated
tagged pcu1-myc (B), pcu3-myc (C) or pcu4-TAP (D). Immuneprecipitates were incubated in
20 µl with 1.2 µg of purified Nep1 or 0.8 µg of Nep2 protein as indicated. Where added, the
concentrations of EDTA and NEM were 100 mM.

lane 3) or double mutant nep1.d nep2.d cells (lane 7) results in the
conversion of most of the slower migrating species into the faster
migrating species, consistent with deneddylation of Pcu1. In con-
trast, the addition of Nep2 (40 ng/µl) to immuneprecipitates
derived from nep2.d cells (lane 5) or nep1.d nep2.d double
mutant cells (lane 8) has no effect on the higher molecular mass
species. Similar results were obtained by adding Nep1 or Nep2
to immuneprecipitates containing Myc-tagged Pcu3 (Figure 3C)
and TAP-tagged Pcu4 (Figure 3D).

Since Nep1 has identity with previously characterized cysteine
proteases that are inhibited by the thiol reagent NEM (N-ethyl-
maleimide), we investigated whether the same agent would inhibit
the activity observed. Figure 3(D) indicates that the deneddylating
activity of Nep1 (observed in lane 5) is inhibited by 100 mM NEM
(lane 7), but not by 100 mM EDTA (lane 6).

Neddylated cullins do not accumulate in nep1.d or nep2.d mutants

Since Nep1 is capable of deneddylating cullins in vitro, we next
investigated whether nep1.d cells accumulate neddylated forms
of the cullins in vivo. Total cell extracts were prepared from
nep+, nep1.d, nep2.d and double-mutant nep1.d nep2.d strains
that also harboured either a Myc- or TAP-tagged cullin. Extracts
were prepared by the trichloroacetic acid extraction method to
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Figure 4 Deletion of nep1 and nep2 does not affect the neddylation of
cullins in vivo

Total cell extracts were prepared from strains containing pcu1-myc (A), pcu3-myc (B) and
pcu4-TAP (C) and analysed by Western blotting with anti-Myc antibodies (A, B), anti-mouse
IgG (C) or anti-tubulin antibodies (as control). wt, wild type.

prevent potential deconjugation during extract preparation and
these were subjected to Western-blot analysis using either anti-
Myc or rabbit anti-mouse IgG antisera as appropriate. Figure 4(A)
indicates that the levels of modified Pcu1 are very similar in
nep+, nep1.d, nep2.d and the nep1.d nep2.d strains. As demon-
strated previously [16], somewhat decreased levels of unmodified
forms of Pcu1 were observed in extracts prepared from csn1.d and
csn5.d cells. Similar results were obtained for Pcu3 in extracts
derived from the nep1.d, nep2.d and nep1.d nep2.d strains (Fig-
ure 4B). Again, this contrasts with the absence of the unmodified
form of Pcu3 seen in csn1.d and csn5.d [27]. We also analysed the
modification status of Pcu4. Previously, it has been reported that
Pcu4 is mostly Nedd8-modified in csn1.d and csn2.d mutant back-
grounds, but that deletion of csn3, csn4 and csn5 does not affect
the profile of neddylation when compared with csn+ cells [13].
Thus it was possible that the Csn5-dependent protease is not
responsible for deneddylation of Pcu4 and that Nep1 and/or Nep2
may be suitable candidates. However, when we analysed Pcu4
modification levels in the relevant extracts, the results indicated
that nep1.d cells contain the same ratio of modified to unmodified
Pcu4 as that seen in nep+ and csn5.d cells. Intriguingly, Pcu4–
TAP is very unstable in the nep2.d strain, precluding analysis
of its Nedd8 modification status. As observed previously [13],
Pcu4 appeared to be more abundant and was present mainly in
the Nedd8-modified form in the csn1.d cell extract.

Nep1 is present in a high molecular mass complex

As discussed above, the purified signalosome complex has been
reported to have deneddylating activity [16], which is dependent
on the JAMM motif of the Csn5 subunit [17]. We were therefore
interested in determining whether Nep1 is associated with the sig-
nalosome. Gel filtration using a strain containing Myc-tagged

Figure 5 Nep1 is present in a high molecular mass complex

(A) Gel filtration of extracts of strains [(i)–(v)] using a Superdex 200HR 10/30 column; 200 µl of
each fraction was analysed by SDS/PAGE and Western blotted using anti-Myc antisera. (B) Nep1
co-immunoprecipitates with Csn5 but not with Csn1. TAP-tagged proteins were purified with
IgG-coupled magnetic beads and analysed by Western blotting with anti-Myc antisera. I, input;
and B, bound. (C) Nep1 localizes to the cytoplasm in wild-type (wt) and csn5.d cells. Cells con-
taining Myc-tagged Nep1 were incubated with anti-Myc monoclonal antibodies followed by
TRITC-conjugated goat anti-mouse antisera. Red, Myc (Nep1); blue, DAPI (4,6-diamidino-
2-phenylindole) (DNA).

nep1 as the sole copy of the nep1 gene indicates that Nep1 is
present in a high molecular mass complex, of mass in the range
200–400 kDa (Figure 5A), with maximal levels in fraction 13.
Although the migration of Nep1 is similar to that of the signalo-
some complex ([15,27] and Figure 5A, ii), it is not completely
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coincident with it. In our experiments, peak levels of Csn1–TAP
are observed at a mass corresponding to approx. 500 kDa (in frac-
tions 10–13), similar to that observed by Zhou et al. [15] and
Mundt et al. [27]. As observed by Mundt et al. [27], we also see
that a subpopulation of Csn5 is present in lower molecular mass
fractions (fractions 14–16), corresponding to a subcomplex that is
independent of Csn1 and Csn2 [27].

To confirm whether the Nep1 in fractions 10–12, which cor-
respond to the mass of the signalosome, is dependent on the
presence of the intact signalosome, we next investigated whether
Nep1 is still present in these high molecular mass complexes in
strains deleted for individual CSN subunits. Figure 5(A) shows
that the mass distribution of the Myc–Nep1-containing complex
is identical in csn1.d (iv), csn5.d (v) and wild-type cells (i).
Whereas Csn5 is not required for the integrity of the signalosome
complex, deletion of csn1 has been shown to disrupt the complex
[27,33]. This indicates that the formation of the Nep1-containing
complex(es) is independent of the signalosome complex.

Csn5 and Nep1 co-immunoprecipitate

To analyse further the relationship between Csn5 and Nep1, we
also used immunoprecipitation to determine whether Csn5 and
Nep1 interact. Precipitation of Csn5–TAP with IgG-coupled
magnetic beads pulls down a fraction of the Nep1 present in whole
cell extract (Figure 5B, lane 8, upper panel). This precipitation was
dependent on the presence of TAP-tagged Csn5 (lane 10), demon-
strating specificity. Interestingly, co-precipitation of Nep1 with
Csn1–TAP was not observed (lane 4, upper panel). Since Csn5 is
believed to be present in both a small ‘mini-signalosome’ complex
and in the larger ‘holo-signalosome’ complex, and these are dis-
tinguished by the absence and presence of Csn1 respectively, these
results suggest that a small fraction of the Nep1 is capable of
interacting with Csn5 when it is present in the mini-signalosome,
but not when it is present in the holo-signalosome.

The holo-signalosome has been shown to be mainly nuclear in
both Schizo. pombe [27] and higher eukaryotic cells [34]. There
are reports that the Csn5-containing mini-signalosome is largely
present in the cytoplasm. We therefore examined the localization
of Nep1. Figure 5(C) shows that Myc-tagged Nep1 is located pre-
dominantly in the cytoplasm. However, the localization of Nep1
is unchanged in a csn5.d strain.

DISCUSSION

Neddylation is one of the many post-translational modifications
involving members of the Ubl family. Until recently, the only pro-
teins that had been observed to be modified by Nedd8 were the
cullins. Recently, p53 has also been shown to be neddylated
[35]. In the present study, using Western-blot analysis of total
cell extracts overexpressing HA-tagged Nedd8, we show that,
in addition to the cullins, there are probably numerous proteins
modified by neddylation in Schizo. pombe.

In the present study, we characterize a Schizo. pombe Nedd8
protease, Nep1. This protein has sequence identity with cysteine
proteases, in particular to the human deneddylator Den1/NEDP1.
Curiously, Schizo. pombe contains not just Nep1 but also a
related sequence, Nep2. In contrast, mammals appear to have
only one Nep1-related protein [20,36]. No obvious homologues
of the NEDP1 subfamily of cysteine proteases are evident in
S. cerevisiae.

We have demonstrated that Nep1 is capable of removing Nedd8
from cullins in vitro. By analogy with the human deneddylator,
we would expect Nep1 also to have Nedd8 processing activity, at
least in vitro. To date, we have not been able to detect significant

processing activity using either a His-tagged or a GST-tagged
version of Nep1. The reason for this is unknown. It may be that
Nep1, while retaining deneddylating activity during the purifi-
cation process, has lost the ability to process Nedd8. Alternatively,
it may be that the related protein, Nep2, is involved in the pro-
cessing of Nedd8. We could not produce sufficient recombinant
Nep2 from E. coli to allow characterization of its activity and
therefore we have not established either deneddylating or pro-
cessing activity for this protein. However, since high molecular
mass Nedd8-containing species are observed in nep1.d, nep2.d
and nep1.d nep2.d mutants, it seems probable that processing
of Nedd8 is occurring in these strains, since unprocessed Nedd8
cannot be conjugated with target proteins. This suggests that pro-
tein(s) other than Nep1 and Nep2 can process Nedd8 in vivo.
However, such functions may be redundant with Nep1 and Nep2,
and we cannot exclude these proteins as the main Nedd8 pro-
cessors.

nep1 and nep2 are not essential for viability. The absence of
a strong phenotype in the null mutants is consistent with there
being other Nedd8 proteases in Schizo. pombe. Csn5 has been
shown to be associated with deneddylating activity [16], although
recombinant Csn5 itself has not been demonstrated to have
deneddylating activity. The identity of these additional Nedd8
proteases remains to be determined.

The role of Nep2 remains elusive. The levels of the cullins,
Pcu1, Pcu3 and Pcu4, are similar in wild-type, nep1.d, csn1.d and
csn5.d strains. However, the level of Pcu4–TAP is low in nep2.d
cells compared with that observed in wild-type and nep1.d cells.
In contrast, Pcu4–TAP levels are increased in csn1.d cells. In
addition, we were unable to create a TAP-tagged nep1.d nep2.d
pcu4 strain. The reason for the altered levels of Pcu4–TAP in
nep2.d and csn5.d genetic backgrounds is unknown. Although
we have not excluded the possibility that the TAP tag may be
interfering with the stability of Pcu4, it may be the case that Nep2
and Csn1 have roles in controlling the levels of Pcu4.

The Nep1 protein is present in a high molecular mass complex
in Schizo. pombe. Formation of this complex is not dependent on
an intact signalosome since the complex is still present in mutants
defective in Csn subunits. In Schizo. pombe, Csn5 exists in two
complexes of different masses [15]. The fact that Nep1 immuno-
precipitates with Csn5, but not with Csn1 (most of which is pres-
ent in the signalosome complex), suggests that Nep1 may be
interacting with the fraction of Csn5 that is not associated with
the holo-signalosome. This holo-signalosome-independent Csn5
has been observed in the cytoplasm. The localization of Nep1 to
the cytoplasm would be consistent with its interaction with the
non-nuclear fraction of Csn5.

Although Nep1 is capable of deneddylating cullins in vitro, this
does not appear to be the primary role of the protein, since the
modification status of the cullins is the same in wild-type cells
and in cells deleted for nep1. This suggests that Nep1 may remove
Nedd8 from proteins other than the cullins. The lethality of nep1.d
when in combination with mad2.d suggests that Nep1 may have
a role in deneddylating a microtubule- or kinetochore-associated
protein(s). Since nep1.d cells are not sensitive to the microtubule
inhibitor thiabendazole, the implication is that nep1.d cells are not
defective in microtubule dynamics but may, for example, have de-
creased ability to establish sister chromatid cohesion. Alter-
natively, nep1.d may affect the function of spindle pole bodies.
In this respect, it is interesting to note that neddylated Cul1 (in
association with an SCF ubiquitin ligase) has been observed to
localize to the centrosome [37]. Since there are no homologues
of Nep1 and Nep2 in S. cerevisiae, it is tempting to speculate that
the Nep1- and Nep2-dependent targets are proteins that are not
present in S. cerevisiae or are regulated differently. Comparison of
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the predicted proteins in Schizo. pombe and S. cerevisiae indicates
that approx. 16% of the predicted proteins in Schizo. pombe do
not have homologues in S. cerevisiae [38]. Use of the nep1.d
strain might facilitate identification of such protein(s) because of
the accumulation of the modified forms in this strain.
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T. Carr and C. Liu (University of Sussex) for helpful discussions and access to reagents.
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