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RanBPM is a RanGTP-binding protein required for correct
nucleation of microtubules. To characterize the mechanism, we
searched for RanBPM-binding proteins by using a yeast two-
hybrid method and isolated a cDNA encoding the ubiquitin-
specific protease USP11. The full-length cDNA of USP11 was
cloned from a Jurkat cell library. Sequencing revealed that
USP11 possesses Cys box, His box, Asp and KRF domains,
which are highly conserved in many ubiquitin-specific proteases.
By immunoblotting using HeLa cells, we concluded that 921-
residue version of USP11 was the predominant form, and USP11
may be a ubiquitous protein in various human tissues. By
immunofluorescence assay, USP11 primarily was localized in the
nucleus of non-dividing cells, suggesting an association between
USP11 and RanBPM in the nucleus. Furthermore, the as-

sociation between USP11 and RanBPM in vivo was confirmed
not only by yeast two-hybrid assay but also by co-immuno-
precipitation assays using exogenously expressed USP11 and
RanBPM. We next revealed proteasome-dependent degradation
of RanBPM by pulse—chase analysis using proteasome inhibitors.
In fact, ubiquitinated RanBPM was detected by both in vivo and
in vitro ubiquitination assays. Finally, ubiquitin conjugation to
RanBPM was inhibited in a dose-dependent manner by the
addition of recombinant USP11. We conclude that RanBPM
was the enzymic substrate for USP11 and was deubiquitinated
specifically.

Key words: isopeptidase, nuclear protein, RanBPM-binding
protein, ubiquitin-specific protease, UHX1.

INTRODUCTION

Proteolysis is one of the principal mechanisms whereby cellular
protein levels are regulated. Proteolysis is involved in a variety of
cellular functions, particularly cell-cycle regulation, because cell-
cycle progression frequently is controlled by the degradation of
regulatory proteins. In eukaryotes, proteolysis is triggered by
ubiquitination of target proteins. Polyubiquitinated proteins are
recognized and degraded by the 26 S proteasome [1,2]. Ubiquitin
is a highly conserved 76 amino acid protein [3]. The conjugation
of ubiquitin to protein is a highly regulated process that is
controlled by a cascade of enzymes including ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin
ligase (E3) [4]. Among these enzymes, ubiquitin ligases interact
directly with substrate proteins and thereby play central roles in
substrate specificity. For example, ubiquitin conjugation to the
cyclin-dependent kinase inhibitor p27%*! [5,6] and the trans-
criptional factor E2F-1 [7] was regulated specifically by the
SCF#*r? ybiquitin ligase during the S phase of the cell cycle. This
ligase therefore plays key roles in the entry to S phase [8,9].
Deubiquitinating enzymes are ubiquitin-specific thiol-proteases
that cleave ubiquitin from its conjugate. Some deubiquitinating
enzymes appear to perform an editing function, which controls
the fidelity of the ubiquitin-conjugation process, thus preventing
inappropriate degradation of cellular proteins. Two families of
deubiquitinating enzymes have been identified on the basis
of their in vitro activities and sequence similarities [10-12]. The
ubiquitin C-terminal hydrolases are small (approx. 25kDa)
thiol-proteases that share amino acid sequence identity and

cleave esters and amides from the C-terminus of ubiquitin. The
other family of deubiquitinating enzymes is the ubiquitin-specific
protease (UBP) family. Proteins in this family differ in length but
possess conserved domains such as the Cys box and the His box.
Many UBPs have been identified because they contain these
conserved domains, and this situation suggests that substrate
specificity is controlled by the heterogeneous regions [10,12,13].
USP11 was originally isolated and characterized in 1996, with
the name ubiquitin C-terminal hydrolase on the X chromosome
(UHX1) [14]. In that report, deubiquitinating activity was not
characterized, but UHX1 was supposed to be a UBP because the
protein contained a Cys box and a His box in its structure.
UHX1 was mapped to chromosome Xp21.2—-p11.2, a locus that
may be related to hereditary X-linked retinal disease. Widespread
tissue expression of UHX1 with 5-10-fold increased expression
in the retina was shown [14]. Although UHX1 was proposed as
a candidate gene for retinal disease in light of these findings,
recent examination of 43 patients with X-linked retinal disease
revealed no mutations in the UHX1 sequence [15]. Because the
family of UBP is large and complex, a systematic nomenclature
for human UBPs was proposed [16]. These enzymes were recently
renamed USPs, and at least 28 USPs have been reported.
UHXI1 was renamed USP11, consistent with the nomenclature
proposed for human USPs by the Human Genome Organization
(HUGO) Nomenclature Committee (http://www.gene.ucl.ac.uk/
nomenclature).

RanBPM recently was isolated by a yeast two-hybrid method.
It was found to be a Ran-binding protein and was shown to be
required for correct microtubule nucleation [17]. When truncated
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RanBPM was overexpressed in green monkey kidney COS7 cells,
the normal radial network of microtubules in those cells was
disrupted. In addition, a recent study showed nuclear localization
of RanBPM, suggesting additional roles of RanBPM as a Ran-
binding protein in the nucleus [18]. To further characterize
RanBPM, we screened a human fetal brain cDNA library by a
yeast two-hybrid method using human RanBPM as bait and
subsequently cloned USP11 as a RanBPM-binding protein. The
full-length USP11 cDNA encoded 921 amino acids, and a Cys
box, a His box, Asp and KRF domains were completely
conserved in this sequence. The enzymic activity of USP11 was
confirmed by cleaving ubiquitin-g-galactosidase in Escherichia
coli cells. Further, USP11 bound specifically to RanBPM and
inhibited its ubiquitination and degradation.

EXPERIMENTAL
Materials and antibodies

Peroxidase-conjugated ExtrAvidin, ubiquitin, leupeptin, PMSF,
creatine phosphate, creatine kinase, gentamicin, isopropyl j-b-
thiogalactoside (IPTG) and dithiothreitol (DTT) were purchased
from Sigma (St. Louis, MO, U.S.A.). EZ-Link Sulfo-NHS-
LC-biotin was obtained from Pierce. Ubiquitin aldehyde,
clasto-lactacystin  p-lactone (cLL), benzyloxycarbonyl-Leu-
Leu-Leu-aldehyde (MG132) and acetyl-Leu-Leu-Nle-aldehyde
(MG101) were bought from Boston Biochem (Cambridge, MA,
U.S.A.). An antibody to ubiquitin was obtained from MBL,
Nagoya, Japan. The anti-T7-Tag monoclonal antibody was
purchased from Novagen (Madison, WI, U.S.A.), and the anti-
f-galactosidase antibody was obtained from Promega.

To generate the antiserum against USP11, the (His),-tagged
C-terminus of USP11 was expressed after cloning the DNA frag-
ment that encodes amino acids 798-921 into pET16b (Novagen)
and transfecting the resulting plasmid into BL21(DE3) E. coli
cells. The expressed fusion protein was purified using a His - Bind
Resin column (Novagen) according to the manufacturer’s
protocol. The recombinant protein was mixed with Freund’s
adjuvant and injected into rabbits according to standard pro-
cedures. In addition, rabbit polyclonal antibody was raised
against a (His),-tagged protein comprising the 321 C-terminal
amino acids of RanBPM. Both sera were affinity-purified by
using a CNBr-Sepharose 4B column (Amersham Bioscience)
coupled with the appropriate recombinant protein.

Cell culture

HeLa cells and NIH/Swiss cells were grown in Dulbecco’s
modified Eagle’s medium (Sigma) containing 109, fetal calf
serum (FCS) and 50 mg/1 gentamicin and were split twice weekly
using trypsin-EDTA (Life Technologies, Bethesda, MD, U.S.A.).
Sf9 insect cells were grown in IPL-41 insect medium (Life
Technologies) containing 0.6 mg/ml Triptose Phosphate Broth
(Difco, Sparks, MD, U.S.A.), 5%, FCS and 50 mg/1 gentamicin.

Yeast two-hybrid screen

The Matchmaker Two-Hybrid System 2 (Clontech, Palo Alto,
CA, U.S.A.) was used according to the manufacturer’s protocol.
Using PCR-based strategies, we subcloned the sequence encoding
the RanBPM SPRY domain into the pAS2-1 vector to generate
a fusion protein with the GAL4 DNA-binding domain (pAS-
RanBPM) [19]. This plasmid was used as bait to screen a human
fetal brain cDNA library (Clontech) constructed in the pACT2
vector to generate fusion products with the GAL4 activation
domain. Yeast cells were transformed by the lithium acetate
method as described in the manufacturer’s protocol. The yeast
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strain Y190 (MATa; ura3-52; his3-200; ade2-101; lys2-801;
trpl-901; leu2-3; 112; gal4A; galSOA; cyh'2; LYS2::GALI,, ¢
HIS3, ,,,-HIS3, URA3::GAL,,~GALIl,,, ,-LacZ) was co-
transformed with pAS-RanBPM as a bait vector and the cDNA
library plasmids. We grew 5x 10% transformants on selective
minimal plates (SD medium lacking leucine, tryptophan and
histidine) containing 35 mM 3-aminotriazole for 7 days at 30 °C.
We picked 30 colonies and amplified each in 1.5 ml of liquid SD
medium lacking leucine to eliminate the bait plasmid. Each
clone then was mated with the CG-1945 strain (MATa;
ura3-52; his3-200; lys2-801; ade2-101; trpl-901; leu2-3; 112;
gal4-542; ga80-538; cyh'2; LYS2:GALI,,-GALI, . -HIS3,
URA3:GAL4 , ,,0x3-CyCl pp-lacZ) containing either pAS-
RanBPM or the control pAS2 vectors, and then the p-
galactosidase assay was performed according to manufacturer’s
protocol to confirm the specific associations. The plasmids were
then column-purified and sequenced using primers complemen-
tary to pACT2.

Cloning a full-length cDNA of USP11

A c¢DNA library from human Jurkat cells was screened using a
32P-labelled cDNA probe. To prepare the probe, pACT-USP11,
one of the isolated clones, was digested with EcoRI and Xhol.
The resulting 1.1 kb fragment was gel-purified, then labelled with
[0-**P]dCTP using the Random Primer DNA Labelling Kit ver.
2 (TaKaRa Biomedicals, Shiga, Japan). We screened 2 x 10°
plaques from the Jurkat cell library (Clontech) and isolated 21
positive clones. The insert of clone 31b, which was the longest
cDNA insert, was subcloned into the EcoRI site of Bluescript
SK(—) (pBlueUSP11) for sequencing and further plasmid con-
structions.

Plasmid construct

To obtain pcDNA-USPI11, pET32b-USP11 and pFastBacHTb-
USP11, pBlueUSP11 was digested with EcoRI to release the
insert. The resulting 3.2 kb cDNA was gel-purified and subcloned
into the EcoRI site of pcDNA3 (Invitrogen, Carlsbad, CA,
U.S.A.), pET32b (Novagen) and pFastBac HTb (Life Tech-
nologies). To obtain pEGFP-USP11, partial cDNA of USP11
(694-2763 bp) was subcloned into the EcoRI site of pEGFP
(Clontech). To obtain pDual-T7RanBPM, T7RanBPM was
digested with EcoRI and Pst1; the resulting two cDNA fragments
(1.3 kb and 1.2 kb) were gel-purified and sequentially ligated into
the EcoRI-Pst1 site of pFastBac Dual (Life Technologies). pUb-
Met-pgal and pUb-Arg-fgal were gifts from Dr T. Suzuki [20].

Sucrose gradient sedimentation

For the sedimentation assay on a linear sucrose gradient, HeLa
cells were washed twice with PBS and collected by scraping. The
cell pellet was resuspended and lysed in an equal volume of
Hepes-buffered saline [SO mM Hepes (pH 7.4), 15 mM NaCl and
1 mM EGTA] containing 0.59%, Triton X-100 and 1 mM DTT
on ice for 10 min; the suspension then was centrifuged at 12000 g
for 10 min at 4 °C. We used a Hoefer gradient maker (Amersham
Bioscience) to prepare a 10 ml 5-40 9, linear sucrose gradient. We
loaded 500 ] of soluble cell lysate on the sucrose gradient,
which was centrifuged at 160000 g in a SW40.1 rotor (Beckman
Instruments) for 10 h at 4 °C. A parallel gradient was run with
the standards of thyroglobulin (19 S), catalase (11 S) and BSA
(4.5 S). Fractions were subjected to immunoblotting using anti-
bodies against RanBPM and USP11.
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Assay for UBP activity

The UBP activity of USP11 was confirmed by using a previously
established method [20]. In brief, BL21(DE3) E. coli cells
harbouring pET32b-USP11 were transformed with pUb-Met-
peal or pUb-Arg-pgal. After overnight liquid culture in the
presence of ampicillin and chloramphenicol, expression of recom-
binant USP11 was induced by the addition of IPTG. We then
transferred 200 pl of each culture into a 1.5 ml microcentrifuge
tube, and the tubes were centrifuged at 12000 g for 30 s. After
removal of the supernatants, cells were resuspended in 30 ul of
1 x Laemmli sample buffer. The ubiquitin-S-galactosidase and
protease-cleaved f-galactosidase in the lysate were analysed by
immunoblotting using an anti-f-galactosidase antibody.

In vivo degradation assay

By using the GenePorter2 Transfection Reagent (Gene Therapy
Systems, San Diego, CA, U.S.A.), exponentially growing COS7
cells were transiently transfected with pT7RanBPM plasmid
DNA. After being cultured for 2 days in complete medium, cells
were washed twice with PBS and then cultured for 1h in
methionine- and cysteine-free Dulbecco’s modified Eagle’s me-
dium (Life Technologies) supplemented with 10 9, dialysed FCS.
After the 1h starvation, cellular proteins were pulse-labelled
with Tran?**S-Label (300 xCi/ml; NEN Life Science Products) in
the starvation medium for 3 h and then were chased in complete
medium containing cLL, MG132 or vehicle only. Cells were
harvested, lysed in lysis buffer [20 mM Hepes (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 19, Triton X-100, 0.59%, deoxycholate,
0.19%, SDS, 10 mg/ml leupeptin and 1 mM PMSF] and subjected
to immunoprecipitation using T7-Tag antibody-conjugated
Protein G—Sepharose. Precipitates were analysed by immuno-
blotting using T7-Tag antibody. ?%S-Labelled T7-tagged
RanBPM in precipitates was quantified by using autoradiography
and a BAS2000 image analyser (Fuji Photo Film Co., Tokyo,
Japan).

Baculovirus expression system

To obtain recombinant RanBPM and USP11, we used the Bac to
Bac Baculovirus Expression System (Life Technologies). E. coli
DH10Bac (Life Technologies) was transformed with pDual-
T7RanBPM or pFastBacHTb-USP11 plasmid DNA, then selec-
ted on LB agar plates containing 50 xg/ml kanamycin, 7 xg/ml
gentamicin, 10 ug/ml tetracycline, 100 ug/ml Bluo-gal (Life
Technologies) and 40 ug/ml IPTG. White colonies were picked
and amplified, and recombinant bacmids were extracted. Sf9
insect cells were transfected with the recombinant bacmid using
Cellfectin (Life Technologies). After culturing for 4 days, the
expression of recombinant RanBPM and USP11 was confirmed
by immunoblotting analysis using antibodies against T7-Tag
and USP11. Recombinant RanBPM and USP11 were purified
from 5 x 10° infected cells by using T7-Tag antibody-conjugated

Protein G-Sepharose and Talon Metal Affinity Resins
(Clontech), respectively.

In vitro ubiquitination assay

Biotinylated ubiquitin- and proteasome-free cell extracts

(S100Pr~) were prepared using NIH/Swiss cells according
to previously reported methods [21]. Baculovirus-expressed
RanBPM was incubated with the S100Pr~ in the presence of an
ATP-regenerating system [50 mM Tris (pH 8.3), 5 mM MgCl,,
5mM ATP, 10 mM creatine phosphate and 0.2 units/ml creatine
kinase] together with 2 ug/ml biotinylated ubiquitin, 100 xg/
ml ubiquitin aldehyde, 2mM DTT, 10 pug/ml leupeptin,

10 pug/ml PMSF and proteasome inhibitor mix (250 xM MG101,
250 uM MG132 and 25 uM cLL). The reactions were carried out
at 25 °C for 1 h and terminated by adding an equal volume of
2 x Laemmli sample buffer. Samples were subjected to SDS/
PAGE and blotted on to nylon membrane. Ubiquitinated
T7-tagged RanBPM in each lane was visualized by using an anti-
RanBPM antibody and horseradish peroxidase-conjugated
ExtrAvidin (Sigma).

RESULTS
Isolation and identification of USP11

To identify the proteins interacting with the RanBPM SPRY
domain, we performed a yeast two-hybrid screen in which 5 x 108
independent clones from a human fetal brain library were
screened using the Y190 yeast strain, and 30 clones were isolated
as candidates. These 30 candidates were studied further to
confirm the association with RanBPM by using another yeast
strain, CG1945, and 12 clones were sequenced. Among these,
clone 7 (pACT-USPI11) encoded sequence corresponding to
USP11 [14]. The resulting product was the 124 C-terminal amino
acids of USPI11, which were fused in frame with the GAL4

A

MATVAANPAT AAAAAVAAAA AVTEDREPQH EELPGLDSQW
ROIENGESGR ERPLRAGESW FLVEKHWYKQ WEAYVQGGDQ
DSSTFPGCIN NATLFQDEIN WRLKEGLVEG EDYVLLPRRA
WHYLVSWYGL EHGQPPIERK VIELPNIQKV EVYPVELLLV
RHNDLGKSHT VQFSHTDSIG LVLRTARERF LVEPQEDTRL
WAKNSEGSLD RLYDTHITVL DAALETGQLI IMETRKKDGT
WPSAQLHVMN NNMSEEDEDF KGQPGICGLT NLGNTCEMNS]
[ALQCLSNVPQ LTEYFLNNCY LEELNFRNPL GMKGEIAEAY
ADLVKQAWSG HHRSIVPHVF KNKVGHFASQ FLGYQRHDSQ]
[ELLSFLLDGL HEDLNRVKKK EYVELCDAAG RPDQEVAQEA
WONHKRRNDS VIVDTFHGLF KSTLVCPDCG NVSVTFDPFC
YLSVPLPISH KRVLEVFFIP MDPRRKPEQH RLVVPKKGKI
SDLCVALSKH TGISPERMMV ADVFSHRFYK LYQLEEPLSS
ILDRDDIFVY EVSGRIEAIE GSREDIVVPV YLRERTPARD
YNNSYYGIML FGHPLLVSVP RDRFTWEGLY NVLMYRLSRY
VTKPNSDDED DGDEKEDDEE DKDDVPGPST GGSLRDPEPE
QAGPSSGVTN RCPFLLDNCL GTSQWPPRRR RKQLFTLQTV
NSNGTSDRTT SPEEVHAQPY TATIDWEPEMK KRYYDEVEAE
GYVKHDCVGY VMKKAPVRLQ ECIELFTTVE TLEKENPWYC
PSCKQHQLAT KKLDLWMLPE ILITHLKRES YTKFSREKLD
TLVEFPIRDL DFSEFVIQPQ NESNPELYKY DLIAVSNHYQ]
[CMRDGHYTTE_ACNKDSGOWH YFDDNSVSPV_NENQTESKAR]
[YVLEYQRQDV ARRLLSPAGS SGAPASPACS SPPSSEFMDV
N*

B

Cys Asp KRF His
—
100 a.a.

Figure 1 Identification of USP11

(R) Sequencing of clone 31b revealed that USP11 consists of 921 amino acids and possesses
Cys box, Asp, KRF and His box domains. These domains are boxed. Newly identified sequence
is underlined. (B) The structure of USP11 is shown schematically; a.a., amino acids.
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Figure 2 Characterization of USP11

USP11 C USP11

c

N
%

D Pl

GFP-USP11

(R) Exponentially growing HeLa cells were lysed and the proteins were separated on an 8% denaturing polyacrylamide gel (lane 1). Hela cells were transfected with pcDNA-USP11 and, after a
2-day incubation, were lysed and separated as described (lane 2). The separated proteins were transferred to a nylon membrane and probed by using an anti-USP11 antibody. The arrow indicates
the USP11-specific bands of 120 kDa. (B) Exponentially growing HeLa cells were subjected to double immunofluorescence staining with antibodies against £-tubulin (panels b and e) and USP11
(panels ¢ and f). In interphase cells, USP11 staining is predominantly in the nucleus, which is revealed by DAPI (4,6-diamidino-2-phenylindole) staining (panel ). In mitotic cells, USP11 is spread
throughout the cytoplasm (panel f). (C) HeLa cells transfected with pcDNA-USP11 were subjected to immunofluorescence analysis. Arrows indicate the nuclear distribution of exogenous USP11.
(D) The intranuclear distribution of USP11 was also determined by fluorescence microscopy of Hela cells transfected with pEGFP-USP11(694—2763bp). PI, propidium iodide.

activation domain. The 124 amino acids encoded a His box
domain, which has been well characterized as a domain conserved
among deubiquitinating enzyme family proteins. To isolate a
full-length USP11 cDNA, we used a cDNA probe containing the
124 amino acids isolated in clone 7 to screen 2 x 10 independent
clones of the Jurkat cell library; 21 positive clones were isolated.
Clone 31b, which contained the longest USP11 cDNA insert,
encoded the entire reported USP11 sequence.

The first report of USP11 described an open reading frame
consisting of 2070 bp that coded for a predicted protein of 690
amino acids [14]. Sequencing of the clone 31b revealed that
the cDNA was preceded by a 34 bp 5’-untranslated region.
Surprisingly, the extended 5'-sequence contained an ATG codon,
and the resulting open reading frame consisted of 2763 bp and
encoded a predicted protein of 921 amino acids with a relative
molecular mass of 105183 Da. The Cys box, His box, Asp and
KRF domains of the original USP11 isolate were completely
conserved in the newly isolated USP11 (Figure 1). Because there
was no stop codon at the site upstream from the newly identified
ATG codon, we repeated the library screening. Although another
42 positive clones were analysed, we did not isolate a cDNA clone
extending from the 5’-end of clone 31b RanBPM cDNA.

To investigate the function of USP11, we raised a rabbit
polyclonal antibody against the C-terminal 124 amino acids. The
affinity-purified antibody recognized four protein bands of
approx. 120, 55, 50 and 44 kDa in an immunoblot, using total
extract from HeLa cells (Figure 2A, lane 1). When HeLa cells
were transfected with pcDNA-USP11, the exogenous USPI1
also was revealed as a band of approx. 120 kDa (Figure 2A, lane
2). We concluded that the 921-residue version of USP11 is one
of the predominant forms of the protein. Although three other
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smaller proteins may be degradation products, some other spliced
products could possibly correspond to the smaller proteins and
possess functions. Several cell lines from various human tissues
were subjected to immunoblotting, and the expression of USP11
was confirmed in each line (results not shown), suggesting
ubiquitous expression of USP11.

We investigated the intracellular distribution of USPI11
through immunofluorescence microscopy of HelLa cells using
the affinity-purified polyclonal antibody. The cells were double-
stained for USP11 and p-tubulin. As shown in Figure 2(B),
USP11 primarily was localized in the nucleus (upper panels) of
non-dividing cells and was found throughout mitotic cells (lower
panels). When HeLa cells were transfected with pcDNA-USP11
(Figure 2C) and with pEGFP-USP11(694-2763bp) (Figure 2D),
the exogenous USP11 predominated in the nucleus. Because the
nuclear localization of RanBPM was reported recently [18], our
finding suggested an association between USP11 and RanBPM
in the nucleus. When cells were fixed with methanol and then
double-stained, we did not detect any USP11 on centrosomes
(results not shown).

Association between RanBPM and USP11 in vitro

We again performed yeast two-hybrid assay using the Y190 yeast
strain. As shown in Figure 3(A), the USP11 was specifically
associated with RanBPM but not with the GAL4 binding domain
or p53 (as a control protein). The RanBPM was specifically
associated with USP11 but not with the GAL4 activating domain
or simian virus 40 large T-antigen (as a control protein). The
results of a co-immunoprecipitation assay confirmed the as-
sociation between RanBPM and USP11. We first performed the
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Figure 3 In vivo association between USP11 and RanBPM

(A) The yeast strain Y190 was transfected with the indicated plasmids and grown on SD
medium lacking leucine and tryptophan for 4 days at 30 °C. Each picked colony was streaked
on a selective minimal plate (His— ; SD medium lacking leucine, tryptophan and histidine)
containing 20 mM 3-aminotriazole and a selective minimal plate containing histidine (His+).
GAL4 DNA-binding domain (Gal4-BD), GAL4 activation domain (Gal4-AD), p53-binding domain
(p53-BD) and simian virus 40 large T-antigen activation domain (LargeT-AD) were negative
controls. BD, binding domain; AD, activation domain. (B) USP11 and T7-tagged RanBPM were
overexpressed in Sf9 cells co-infected with the recombinant baculoviruses BacUSP11 and
BacRanBPM (lane 2). The expression of exogenous USP11 and RanBPM was confirmed by
immunoblotting using an anti-USP11 antibody (middle panel) and a T7-Tag antibody (upper
panel), respectively. T7-tagged RanBPM was immunoprecipitated using T7-Tag antibody-
conjugated Protein G—Sepharose. USP11 was detected in the precipitate (lower panel). As a
negative control, Sf9 cells were infected with the recombinant baculovirus BacUSP11 alone
(lane 1).

assay using endogenous RanBPM and USP11, but they did not
co-immunoprecipitate (results not shown). Therefore, our anti-
bodies were excellent for immunoblotting but insufficient for
immunoprecipitation. We therefore performed the immuno-
precipitation using a T7-Tag antibody and recombinant
baculovirus-infected Sf9 cells, in which both USP11 and T7-
tagged RanBPM were overexpressed under the control of the
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Figure 4 Deubiquitinating activity of USP11 in E. coli

The parental £ coli BL21(DE3) cells first were transformed with pET32-USP11, then with
pUb-Arg-/gal or pUb-Met-4gal (upper panels). In a control experiment, pET32b was used as
a mock vector in the co-transformation (lower panels). The cells were grown to late logarithmic-
phase in 50 ml of LB medium. A 200 sl aliguot of each liquid culture was collected before IPTG
induction (0 h) and at the indicated times after the induction. The harvested cells were then
subjected to immunoblotting using an anti-5-galactosidase antibody. The arrows indicate the
ubiquitin-p-galactosidase fusion proteins (Ub-R-pgal and Ub-M-pgal), the cleaved p-
galactosidase moieties (R-fgal and M-/gal) and endogenous /-galactosidase (LacZ-M13)
fragments.
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Figure 5 RanBPM but not USP11 is part of a large protein complex

Extract from Hela cells was centrifuged through a linear sucrose gradient as described in the
Experimental section. Fractions collected from the bottom upwards were subjected to
immunoblotting using antibodies against RanBPM (upper panel) and USP11 (lower panel).
Standards used were BSA (4.4 S), bovine catalase (11.3 S) and bovine thyroglobulin (19.4 S)
and are indicated below the panels.

polyhedrin promoter (Figure 3B, lane 2, upper and middle
panels). T7-tagged RanBPM was precipitated efficiently by
T7-Tag antibody-conjugated Protein G—Sepharose, and USP11
co-precipitated in the pellet (Figure 3B, lane 2, lower panel). For
a negative control, we infected Sf9 cells with USP11 recombinant
baculovirus alone (Figure 3B, lane 1, upper and middle panels).
These results agree with those obtained by the yeast two-hybrid
method.

Deubiquitinating activity of USP11

Because its protease activity was not yet confirmed, we charac-
terized this property of USP11 by applying a previously es-
tablished method [20] (Figure 4). We first co-expressed USP11 and
ubiquitin-Met-f-galactosidase in E. coli, in which USPI11
hydrolysed ubiquitin-Met-f-galactosidase to free ubiquitin
and Met-p-galactosidase. Ubiquitin-Met-/-galactosidase was
converted into Met-f-galactosidase time-dependently after
IPTG induction (Figure 4, upper right panel). When we co-
expressed USP11 and ubiquitin-Arg-/-galactosidase in E. coli,
USP11 hydrolysed ubiquitin-Arg-/-galactosidase to release
Arg-p-galactosidase. Compared with Met-/-galactosidase, Arg-/-
galactosidase is short-lived in E. coli [22,23]; therefore ubiquitin-
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Figure 6 Proteasome-dependent degradation of RanBPM

T7-tagged RanBPM was pulse-labelled with [*°S]methionine /in vivo, and the cells were
chased as described in the Experimental section. After incubation with indicated proteasome
inhibitor for the indicated time, cells were lysed and RanBPM was immunoprecipitated using a
T7-Tag antibody. (R) RanBPM in the precipitate was analysed by immunoblotting using
a T7-Tag antibody (upper panel). The radioactivity incorporated in RanBPM was quantified
by autoradiography (lower panel) and a Bioimaging Analyser BAS2000. (B) Results from the
BAS2000 are shown as the ratio of the radioactivity at the indicated time to that from the sample
at time 0. In the absence of inhibitors, the %°S-labelled RanBPM (@; N/T) was degraded
rapidly, with a half-life of approx. 99 min. The proteasome inhibitors MG132 (O) and cLL ()
inhibited the degradation.

Arg-f-galactosidase disappeared time-dependently, and Arg-f-
galactosidase was detected only faintly (Figure 4, upper left
panel). In control experiments, a pET32b mock vector was used
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Figure 7 Ubiquitin conjugation of RanBPM
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in the co-transformation (Figure 4, lower panel); no deubi-
quitinating activity was detected in these mock-transformed E.
coli. These results clearly indicate the UBP activity of USP11.

Ubiquitin-proteasome-dependent degradation of RanBPM

Recent investigation revealed that RanBPM was a part of a large
complex of proteins. Because partial purification using a gel-
filtration method revealed that the RanBPM-containing complex
was larger than 670 kDa [18], we examined the possibility that
USP11 also was a component of this complex. To compare the
sedimentation behaviour of USP11 with that of RanBPM, we
applied a soluble extract from HeLa cells to a 5409, linear
sucrose gradient and analysed the resulting fractions by immuno-
blotting using antibodies against RanBPM and USP11. RanBPM
migrated as a 20 S protein (fractions 4 and 5; Figure 5, upper
panel), the size of which probably corresponds to the large
complex previously reported. In contrast, the concentration of
USP11 peaked at fraction 10 (Figure 5, lower panel). Although
the resolution of this assay was insufficient to determine whether
USP11 is a monomer or part of a heterodimer, USP11 clearly is
not part of the 20 S complex.

We then investigated whether RanBPM was an enzymic
substrate of USP11. To elucidate this possibility, we examined
the mechanism of RanBPM degradation. Exponentially growing
COST7 cells were transfected with 2 pg of T7RanBPM plasmid
DNA. After incubation for 2 days, the exogenous T7-tagged
RanBPM was pulse-labelled in vivo with [**SJmethionine. The
35S-labelled RanBPM was degraded rapidly, with an approximate
half-life of 99 min (Figure 6). When cells were treated with cLL
or MG132, the half-life was prolonged markedly. These results
suggested that RanBPM is degraded by a ubiquitin-proteasome-
mediated pathway. Both cLL and MGI132 have been well
characterized as proteasome inhibitors. However, MG132 is a
leupeptin analogue, which also inhibits caspases and calpains
[24,25]. In addition, lactacystin (and presumably its active
metabolite cLL) also inhibits cathepsin A activity [26]. These
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(A) Exponentially growing COS7 cells were transfected with T7RanBPM and pSRD mock vector. After incubation for 2 days, T7-tagged RanBPM was precipitated by a T7 - Tag antibody-conjugated
Protein G—Sepharose. The precipitates were subjected to immunoblotting using an anti-ubiquitin antibody. Ubiquitin conjugates were detected only in T7RanBPM-expressing cells (lane 2). (B) An
in vitro ubiquitination assay was performed as described in the Experimental section. Baculovirus-expressed T7-tagged RanBPM and bacterially expressed glutathione S-transferase-tagged p27+®'
were subjected to this assay as substrates. After incubation for 0, 10, 30 or 60 min, ubiquitin conjugates were separated by SDS/PAGE and probed by ExtrAvidin. High-molecular-mass polyubiquitin
conjugates of RanBPM (left panel) and p27°" (right panel) accumulated at the top of the gel in a time-dependent manner. As a negative control, the precipitate from Sf9 cell extracts treated with

a T7-Tag antibody was used in this assay (middle panel).

© 2002 Biochemical Society



Deubiquitinating of RanBPM by USP11 93

A UbAld + = o
uspi1 - -
(l;%agl Palyubiquitin
22 conjugates
131 a ExtrAvidin
(kDa) JPolyubiquiti
yubiguitin
199 conjugates
131 Anti RanBPM
E = RanBPM
lane 1 2 3 4
B WAd = ~ = = = e

UsPi1 -

- JPolyubiquitin

(kDa) N conjugates
e4 ba
13 1
.n-.
(k Da)
131

— . -_---.+USP11
lane 1 2 3 4 5 8 7

ExtrAvidin

Figure 8 Specific deubiquitinating activity of USP11 on ubiquitin-conjugated
RanBPM

An in vitro ubiquitination assay in which baculovirus-expressed T7-tagged RanBPM was the
substrate was performed as described in the Experimental section. (A) Polyubiquitin-conjugated
RanBPM was probed with ExtrAvidin (upper panel) and an anti-RanBPM antibody (lower panel).
The polyubiquitination was suppressed by USP11 (lane 3), indicating its deubiquitinating
activity. An inhibitor of deubiquitination, ubiquitin aldehyde (UbAld, 100 «g/ml), inhibited the
USP11 enzymic activity (lane 4). (B) Polyubiquitin-conjugated RanBPM was probed by
ExtrAvidin. The polyubiquitination was dose-dependently suppressed by USP11. The reaction
mixture contained 0 (lane 1), 20 (lane 2), 40 (lane 3), 60 (lane 4), 80 (lane 5) or 100 ng (lanes
6 and 7) of USP11 and was incubated at 25 °C for 1 h.

results suggested that RanBPM is degraded by a ubiquitin-
proteasome-mediated pathway.

To detect ubiquitin-conjugated RanBPM, we performed in
vivo and in vitro ubiquitin-conjugation assays. COS7 cells were
transfected with T7RanBPM. Then, T7-tagged RanBPM was
immunoprecipitated using T7-Tag antibody-conjugated Protein
G-Sepharose. Ubiquitin conjugates in the precipitates were
analysed by immunoblotting using an anti-ubiquitin antibody.
Compared with those in control cells, ubiquitin conjugates were
enriched in cells overexpressing T7-tagged RanBPM (Figure
7A). We then expressed recombinant T7-tagged RanBPM in Sf9
cells infected with recombinant baculovirus. After precipitation
with T7-Tag antibody, the precipitate was incubated with
biotinylated ubiquitin and S100Pr~ in the presence of an ATP-
regenerating system. As shown in Figure 7, high-molecular-mass
polyubiquitin conjugates of T7-tagged RanBPM and p27<*!
accumulated in a time-dependent manner. As a negative control,
the precipitate from uninfected Sf9 cells treated with T7-Tag
antibody was subjected to this assay. Although some unknown
contaminating proteins appeared faintly after 30 or 60 min, we
concluded that RanBPM is conjugated with ubiquitin and is
degraded by a ubiquitin-proteasome-mediated pathway.

Deubiquitination of RanBPM by USP11

We examined whether the ubiquitin conjugation of RanBPM
was inhibited by USPI11. We performed an in vitro deubi-
quitination assay, which was similar to the ubiquitin-conjugation
assay except that the inhibitor of ubiquitin hydrolases (ubiquitin
aldehyde) [27] was omitted from the reaction mixture, and
recombinant USP11 was added to it. Anti-RanBPM antibody
and ExtrAvidin clearly labelled high-molecular-mass ubi-
quitinated RanBPM (Figure 8A, lane 1). The ubiquitination was
inhibited slightly by contaminating deubiquitinating activities in
the ubiquitin aldehyde-free reaction mixture (Figure 8A, lane 2).
When USPI11 was added to the mixture, ubiquitination was
inhibited strongly (Figure 8A, lane 3), and ubiquitin aldehyde
(100 pg/ml) inhibited the enzymic activity of USP11 (Figure 8A,
lane 4). The deubiquitinating activity of USP11 on ubiquitin-
conjugated RanBPM was dose-dependent (Figure 8B).

DISCUSSION
Identification and characterization of USP11

In the present study, we isolated a full-length USP11 ¢cDNA.
Sequencing revealed a 3217 bp cDNA encoding 921 amino acids,
but no stop codon was detected in the 5’-untranslated sequence.
Therefore, we thought that the USP11 mRNA might be trans-
lated from an unknown ATG start codon located further
upstream. Indeed, when Brandau et al. [15] investigated the
genetic structure of the USP11 gene on chromosome Xpll.2,
the gene structure program XGRAIL2 predicted 21 exons and
a 2889 bp open reading frame encoding 963 amino acids. To
isolate a clone containing the additional upstream sequence, we
screened another 4 x 10¢ independent clones of the Jurkat cell
library, but we were unsuccessful in this regard. Furthermore,
immunoblotting showed that the 921 amino acid exogenous
USP11 migrated to the same position as the endogenous USP11.
In light of these results, we concluded that the 921-residue
version was the major form of USP11.

In a previous report, USP11 was characterized as a predicted
protein of 690 amino acids that contained Cys box, Asp, KRF
and His box domains [14]. To clarify whether our newly identified
N-terminal sequence encoded any important domains, we
searched for homologies between our sequence and those in the
protein profile databases by using the basic local alignment
search tool (BLAST) program. Although we could not find any
similarities to established domains, amino acids in the newly
identified sequence were highly homologous with those of
deubiquitinating enzymes such as USP4, USP15 and USP20.
Therefore, the N-terminus may be important for the deubi-
quitinating activity of USPs.

Next, we examined the cellular distribution of USPII.
Although RanBPM originally was reported as a centrosome
protein [17], our immunofluorescence analysis failed to reveal
USPI11 on the centrosome. Furthermore, we confirmed the
nuclear distribution of USP11 in extensively repeated assays.
Recently, Nishitani et al. [18] characterized the nuclear
localization of RanBPM. We therefore supposed that USP11
interacts with RanBPM in the nucleus.

RanBPM is the specific substrate of USP11

We then investigated the functional relation between USP11 and
RanBPM. Because RanBPM recently was confirmed to be a part
of'alarge (> 670 kDa) protein complex [18], we first investigated
whether USP11 was also a subunit of this complex. A sedi-
mentation assay using a linear sucrose gradient showed that
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RanBPM but not USP11 migrated as a 20 S protein, indicating
that USP11 is not a part of the RanBPM-containing protein
complex. Then we asked whether RanBPM is a specific substrate
of the deubiquitinating enzyme USP11. Many UBPs have been
identified in light of their conserved domains (including Cys and
His boxes), and the enzymic activity of some of these proteins has
been elucidated by the same standard methods that we used in
the present study. Because the specificity of ubiquitination is
regulated by the direct association between each ubiquitin ligase
and its specific substrate, it is supposed that the binding of a UBP
to its substrate also regulates the specificity of deubiquitination
[10-12]. Many recent investigations have addressed the substrate
specificity of ubiquitin ligase, but the mechanism underlying that
of the deubiquitinating enzyme remains unknown. Because
ubiquitin ligases and UBPs synergistically regulate protein
degradation, investigations addressing deubiquitination will
probably garner much interest.

A few recent investigations have delved into the binding of
UBPs to their specific substrates. Using yeast two-hybrid
screening, Gnesutta et al. [28] isolated a cDNA encoding the
deubiquitination enzyme mUBPy as a binding protein of the Ras
nucleotide exchange factor CDC25 Mm. They also revealed
that exogenously expressed CDC25 Mm was ubiquitinated and that
its co-expression with mUBPy decreases the ubiquitination. In
addition, the half-life of the CDC25 Mm protein was increased
considerably in the presence of mUBPy. Taya and co-workers
purified an AF-6-interacting protein with a molecular mass of
220 kDa [29]. The peptide sequence of the protein was identical
with that of the deubiquitinating enzyme Fam [29]. These investi-
gators also found that AF-6 was ubiquitinated in culture cells
and that Fam prevented its ubiquitination. In the present study,
we characterized the binding of RanBPM to USPI1 as an
enzymic substrate. To understand the substrate-specific deubi-
quitinating system, similar future investigations will be im-
portant.

Biological significance of the association between USP11 and
RanBPM

In the present study, we clarified that USPI1 specifically
associates with RanBPM and inhibits its ubiquitination and
degradation. Now, we question the biological significance of
USP11 regulating the degradation of RanBPM. RanBPM orig-
inally was cloned as a Ran-binding protein [17]. Ran has been
well characterized as a molecule required for nuclear protein
import and export, and recent studies revealed that Ran is also
involved in spindle formation of mitotic and meiotic cells.
Chromatin-induced spindle formation was severely repressed by
depletion of the RanGDP-GTP exchange factor RCC1 in an in
vitro system using Xenopus meiotic egg extract, and the addition
of RanGTP dramatically reversed the repression. Because
RanGTP does not stimulate microtubule polymerization from
purified tubulin subunits, additional cofactors must be located
downstream of RanGTP signalling and involved in RanGTP-
dependent spindle formation [30-32]. Although importin-# was
identified as one of the target molecules of RanGTP based on the
evidence of its suppressive effects on spindle formation [33-35],
recent investigations have revealed multiple potential target
molecules in this signalling pathway [36,37]. Further, over-
expression of RanBPM resulted in ectopic microtubule nu-
cleation, and an antibody against RanBPM inhibited microtubule
nucleation [17]. We therefore became greatly interested in possible
involvement of RanBPM in the signalling pathway. When we
began our study, our aim was to identify the molecules involved
in spindle formation and microtubule nucleation. We now are
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investigating whether USP11 is involved in the signalling. We
have overexpressed USP11 in several cell lines but have been
unable to identify any effects of this overexpression on spindle
formation, microtubule organization or the cell cycle. Further
investigation into the biological effects of USP11 will be of
interest.

We thank Dr T. Suzuki (Tokyo Metropolitan Institute, Tokyo, Japan) for the generous
gift of the pUb-Met-Sgal and pUb-Arg-/gal plasmid DNA. This work was supported
in part by grants to A.U. from the Ministry of Health, Labor, and Welfare of Japan
and Promotion of Research at Yokohama City University.

REFERENCES

1 Hershko, A. and Ciechanover, A. (1998) The ubiquitin system. Annu. Rev. Biochem.
67, 425-479

2 Ciechanover, A. (1998) The ubiquitin-proteasome pathway: on protein death and cell
life. EMBO J. 17, 7151-7160

3 Wilkinson, K. D., Urban, M. K. and Haas, A. L. (1980) Ubiquitin is the ATP-
dependent proteolysis factor | of rabbit reticulocytes. J. Biol. Chem. 255, 7529—7532

4 Hershko, A. and Ciechanover, A. (1992) The ubiquitin system for protein degradation.
Annu. Rev. Biochem. 61, 761-807

5  Sutterluty, H., Chatelain, E., Marti, A., Wirbelauer, C., Senften, M., Muller, U. and
Krek, W. (1999) p45SKP2 promotes p27Kip1 degradation and induces S phase in
quiescent cells. Nat. Cell Biol. 1, 207214

6 Carrano, A. C., Eytan, E., Hershko, A. and Pagano, M. (1999) SKP2 is required for
ubiquitin-mediated degradation of the CDK inhibitor p27. Nat. Cell Biol. 1, 193—199

7 Marti, A., Wirbelauer, C., Scheffner, M. and Krek, W. (1999) Interaction between
ubiquitin-protein ligase SCFSKP2 and E2F-1 underlies the regulation of E2F-1
degradation. Nat. Cell Biol. 1, 14—19

8 Carrano, A. C. and Pagano, M. (2001) Role of the F-box protein Skp2 in adhesion-
dependent cell cycle progression. J. Cell Biol. 183, 1381-1390

9 Nakayama, K. I., Hatakeyama, S. and Nakayama, K. (2001) Regulation of the cell
cycle at the G1-S transition by proteolysis of cyclin E and p27Kip1. Biochem.
Biophys. Res. Commun. 282, 853—860

10 Wilkinson, K. D. (1997) Regulation of ubiquitin-dependent processes by
deubiquitinating enzymes. FASEB J. 11, 1245—1256

11 Hochstrasser, M. (1996) Ubiquitin-dependent protein degradation. Annu. Rev. Genet.
30, 405439

12 Chung, C. H. and Baek, S. H. (1999) Deubiquitinating enzymes: their diversity and
emerging roles. Biochem. Biophys. Res. Commun. 266, 633—640

13 Li, S. J. and Hochstrasser, M. (1999) A new protease required for cell-cycle
progression in yeast. Nature (London) 398, 246—251

14 Swanson, D. A, Freund, C. L., Ploder, L., Mclnnes, R. R. and Valle, D. (1996) A
ubiquitin C-terminal hydrolase gene on the proximal short arm of the X chromosome:
implications for X-linked retinal disorders. Hum. Mol. Genet. 5, 533—-538

15 Brandau, 0., Nyakatura, G., Jedele, K. B., Platzer, M., Achatz, H., Ross, M., Murken,
J., Rosenthal, A. and Meindl, A. (1998) UHX1 and PCTK1: precise characterisation
and localisation within a gene-rich region in Xp11.23 and evaluation as candidate
genes for retinal diseases mapped to Xp21.1—p11.2. Eur. J. Hum. Genet. 6, 459466

16 Baker, R. T., Wang, X. W., Woollatt, E., White, J. A. and Sutherland, G. R. (1999)
|dentification, functional characterization, and chromosomal localization of USP15, a
novel human ubiquitin-specific protease related to the UNP oncoprotein, and a
systematic nomenclature for human ubiquitin-specific proteases. Genomics 59,
264-274

17 Nakamura, M., Masuda, H., Horii, J., Kuma, K., Yokoyama, N., Ohba, T., Nishitani,
H., Miyata, T., Tanaka, M. and Nishimoto, T. (1998) When overexpressed, a novel
centrosomal protein, RanBPM, causes ectopic microtubule nucleation similar to
gamma-tubulin. J. Cell Biol. 143, 1041—1052

18  Nishitani, H., Hirose, E., Uchimura, Y., Nakamura, M., Umeda, M., Nishii, K., Mori,
N. and Nishimoto, T. (2001) Full-sized RanBPM cDNA encodes a protein possessing
a long stretch of proline and glutamine within the N-terminal region, comprising a
large protein complex. Gene 272, 25-33

19  Ponting, C., Schultz, J. and Bork, P. (1997) SPRY domains in ryanodine receptors
(Caz*-release channels). Trends Biochem. Sci. 22, 193—194

20  Fujiwara, T., Saito, A., Suzuki, M., Shinomiya, H., Suzuki, T., Takahashi, E., Tanigami,
A., Ichiyama, A., Chung, C. H., Nakamura, Y. and Tanaka, K. (1998) Identification and
chromosomal assignment of USP1, a novel gene encoding a human ubiquitin-specific
protease. Genomics 54, 155—158

21 Shirane, M., Harumiya, Y., Ishida, N., Hirai, A., Miyamoto, C., Hatakeyama, S.,
Nakayama, K. and Kitagawa, M. (1999) Down-regulation of p27(Kip1) by two
mechanisms, ubiquitin-mediated degradation and proteolytic processing. J. Biol.
Chem. 274, 13886—13893



Deubiquitinating of RanBPM by USP11 95

22

23

24

25

26

27

28

29

Baker, R. T., Tobias, J. W. and Varshavsky, A. (1992) Ubiquitin-specific proteases of
Saccharomyces cerevisiae. Cloning of UBP2 and UBP3, and functional analysis of the
UBP gene family. J. Biol. Chem. 267, 23364—23375

Baek, S. H., Choi, K. S., Yoo, Y. J., Cho, J. M., Baker, R. T., Tanaka, K. and Chung,
C. H. (1997) Molecular cloning of a novel ubiquitin-specific protease, UBP41, with
isopeptidase activity in chick skeletal muscle. J. Biol. Chem. 272, 25560—-25565
Tsubuki, S., Saito, Y., Tomioka, M., Ito, H. and Kawashima, S. (1996) Differential
inhibition of calpain and proteasome activities by peptidyl aldehydes of di-leucine and
tri-leucine. J. Biochem. (Tokyo) 119, 572—-576

Shinohara, K., Tomioka, M., Nakano, H., Tone, S., Ito, H. and Kawashima, S. (1996)
Apoptosis induction resulting from proteasome inhibition. Biochem. J. 317, 385-388
Ostrowska, H., Wojcik, C., Omura, S. and Worowski, K. (1997) Lactacystin, a specific
inhibitor of the proteasome, inhibits human platelet lysosomal cathepsin A-like
enzyme. Biochem. Biophys. Res. Commun. 234, 729—732

Hershko, A. and Rose, I. A. (1987) Ubiquitin-aldehyde: a general inhibitor of
ubiquitin-recycling processes. Proc. Natl. Acad. Sci. U.S.A. 84, 1829-1833

Gnesutta, N., Ceriani, M., Innocenti, M., Mauri, 1., Zippel, R., Sturani, E., Borgonovo,
B., Berruti, G. and Martegani, E. (2001) Cloning and characterization of mouse UBPy,
a deubiquitinating enzyme that interacts with the ras guanine nucleotide exchange
factor CDC25(Mm)/Ras-GRF1. J. Biol. Chem. 276, 39448—39454

Taya, S., Yamamoto, T., Kano, K., Kawano, Y., Iwamatsu, A., Tsuchiya, T., Tanaka, K.,
Kanai-Azuma, M., Wood, S. A., Mattick, J. S. and Kaibuchi, K. (1998) The Ras target
AF-6 is a substrate of the fam deubiquitinating enzyme. J. Cell Biol. 142,
1053-1062

Received 19 December 2001/25 June 2002; accepted 25 June 2002
Published as BJ Immediate Publication 25 June 2002, DOI 10.1042/BJ20011851

30

31

32

33

34

35

36

Ohba, T., Nakamura, M., Nishitani, H. and Nishimoto, T. (1999) Self-organization of
microtubule asters induced in Xenopus egg extracts by GTP-bound Ran. Science
284, 13561358

Wilde, A. and Zheng, Y. (1999) Stimulation of microtubule aster formation and
spindle assembly by the small GTPase Ran. Science 284, 1359—1362

Carazo-Salas, R. E., Guarguaglini, G., Gruss, O. J., Segref, A, Karsenti, E. and Mattaj,
I. W. (1999) Generation of GTP-bound Ran by RCC1 is required for chromatin-
induced mitotic spindle formation. Nature (London) 400, 178—181

Wiese, C., Wilde, A., Moore, M. S., Adam, S. A., Merdes, A. and Zheng, Y. (2001)
Role of importin-beta in coupling Ran to downstream targets in microtubule assembly.
Science 291, 653—656

Gruss, 0. J., Carazo-Salas, R. E., Schatz, C. A, Guarguaglini, G., Kast, J., Wilm, M.,
Le Bot, N., Vernos, I., Karsenti, E. and Mattaj, I. W. (2001) Ran induces spindle
assembly by reversing the inhibitory effect of importin alpha on TPX2 activity. Cell
104, 83-93

Nachury, M. V., Maresca, T. J., Salmon, W. C., Waterman-Storer, C. M., Heald, R. and
Weis, K. (2001) Importin beta is a mitotic target of the small GTPase Ran in spindle
assembly. Cell 104, 95-106

Wilde, A., Lizarraga, S. B., Zhang, L., Wiese, C., Gliksman, N. R., Walczak, C. E. and
Zheng, Y. (2001) Ran stimulates spindle assembly by altering microtubule dynamics
and the balance of motor activities. Nat. Cell Biol. 3, 221227

Carazo-Salas, R. E., Gruss, 0. J., Mattaj, I. W. and Karsenti, E. (2001) Ran-GTP
coordinates regulation of microtubule nucleation and dynamics during mitotic-spindle
assembly. Nat. Cell Biol. 3, 228—234

© 2002 Biochemical Society



