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an is an essential GTPase that controls nucleocyto-

plasmic transport, mitosis, and nuclear envelope

formation. These functions are regulated by inter-
action of Ran with different partners, and by formation of a
Ran-GTP gradient emanating from chromatin. Here, we
identify a novel level of Ran regulation. We show that Ran
is a substrate for p21-activated kinase 4 (PAK4) and that
its phosphorylation on serine-135 increases during mito-
sis. The endogenous phosphorylated Ran and active PAK4
dynamically associate with different components of the

Introduction

The Ran GTPase modulates nucleocytoplasmic shuttling, bi-
polar spindle assembly, chromosome segregation, and nuclear
envelope reassembly at the end of mitosis (Clarke and Zhang,
2004; Arnaoutov and Dasso, 2005; Goodman and Zheng, 2006;
Terry et al., 2007). Ran activity depends on its GTP/GDP cycle,
and the subcellular localization of its regulatory enzymes.
Indeed, the Ran exchange factor RCC1 is chromatin bound,
whereas RanGAP1 and its accessory proteins RanBP1 and
RanBP2 are essentially cytoplasmic during interphase. This
partitioning restricts Ran-GTP to the nucleus and Ran-GDP to
the cytoplasm (Clarke and Zhang, 2008).

Nucleocytoplasmic shuttling is regulated by Ran-GTP
binding to its effectors, which belong to the importin and expor-
tin (CRM1) family. Nuclear localization sequence (NLS)-bearing
proteins bind the importins in the cytoplasm and are transported
into the nucleus where the interaction of Ran-GTP with impor-
tin-3 releases and activates the NLS cargoes. Importin cargoes
include most nuclear proteins, of which some contribute to
spindle formation during mitosis (Terry et al., 2007; Clarke and

Correspondence to Nathalie Morin: nathalie.morin@crbm.cnrs.fr

Abbreviations used in this paper: MBP, maltose binding protein; NES, nuclear
export sequence; NLS, nuclear localization sequence; PAK, p21-activated
kinase; Plk1, polo-like kinase; SAF, spindle assembly factor; wt, wild type.
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microtubule spindle during mitotic progression. A GDP-
bound Ran phosphomimetic mutant cannot undergo
RCC1-mediated GDP/GTP exchange and cannot induce
microtubule asters in mitotic Xenopus egg extracts. Con-
versely, phosphorylation of GTP-bound Ran facilitates
aster nucleation. Finally, phosphorylation of Ran on
serine-135 impedes its binding to RCC1 and RanGAP1.
Our study suggests that PAK4-mediated phosphorylation
of GDP- or GTP-bound Ran regulates the assembly of
Ran-dependent complexes on the mitotic spindle.

Zhang, 2008). In the nucleus, Ran-GTP also promotes the CRM1
loading of nuclear export sequence (NES)-bearing proteins and
their subsequent export to the cytoplasm. When the nuclear
envelope breaks down at mitosis, the Ran-GTP/GDP physical
compartimentalization is abolished. At this point, Ran activity
and function appears to rely on essentially two mechanisms.
The first mechanism is the spatially controlled assembly of
protein complexes at specific subcellular localizations. For
instance, at the kinetochore region Ran-GTP/CRM 1-dependent
recruitment of RanGAP1 and RanBP2 is essential for kinetochore—
microtubule interactions (Joseph et al., 2004; Arnaoutov et al.,
2005), whereas at the centrosome the Ran-GTP/CRM 1-dependent
recruitment of nucleophosmin regulates unscheduled centro-
some duplication (Budhu and Wang, 2005; Wang et al., 2005).
Among others, importin-8, which is transported along micro-
tubules (MTs) by dynein (Ciciarello et al., 2004), RanBP1, and
centrosomal matrix A-kinase anchoring protein (AKAP450;
Keryer et al., 2003) also colocalize and/or are complexed with
Ran at the centrosomes.
© 2010 Bompard et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
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Figure 1. Ran-GTP-induced MT aster nucleation is enhanced in X-PAK4-depleted CSF extracts. (A) Asters and mitotic spindle assembly was initiated by
addition of 15 pM RanQé9L, either in AMBP or AX-PAK4 extracts. Representative fluorescent micrograph taken at low magnification showing the abun-
dance of MTs structures formed 20 min after RanQ69L addition. Bar, 100 pm. (B) Representative micrographs of MT structures assembled as in A and after
addition of recombinant X-PAK4 for complementation at indicated times. Bar, 25 pm. (C) Extracts treated as in B were analyzed by immunoblot, for X-PAK4
depletion and complementation (X-PAK4 wi) and for recombinant Ran stability (GST). g-Tubulin was used as a loading control. (D) Quantification of the num-
bers and quality (asters or spindles) formed in the extracts as in B (n = 3, £SD). Control condition is given an arbitrary 100% value at each time point.

Second, a Ran-GTP diffusible gradient is established, during
mitotic spindle assembly, by chromatin-bound RCC1. This gradi-
ent, first visualized by Forster resonance energy transfer (FRET) in
Xenopus egg extracts (Kalab et al., 2002; Caudron et al., 2005;
Kaléb et al., 2006), induces a spatially controlled release of
spindle assembly factors (SAFs) such as TPX2, from the inhibi-
tory importins (Caudron et al., 2005; Bastiaens et al., 2006).
In somatic cells, although the Ran-GTP gradient contributes to
spindle establishment during early mitosis, it clearly becomes dis-
pensable at metaphase (Kaldb et al., 2006; Kalab and Heald, 2008).

During mitosis Ran must be differentially regulated in the
different complexes present at the same subcellular location.
However, neither the localization nor the gradient mechanism
fully explains the control of Ran activity, which argues for an-
other level of modulation of the activity of the GTPase. We hy-
pothesized that phosphorylation, one of the chief mechanisms
regulating mitotic progression, might control Ran function, as
many kinases localize to the centrosome and kinetochore re-
gions during spindle assembly.

The p21-activated kinase (PAK) family is central to many
signaling pathways (Arias-Romero and Chernoff, 2008; Molli
et al., 2009). This family is commonly divided into subgroups I
(PAK1-3) and IT (PAK 4-6). PAK4-6 are involved in controlling
cross talk and reorganization of the actin and MT cytoskeletons
(Cau et al., 2001; Callow et al., 2002). We previously reported that
X-PAK4 (although previously called X-PAKS, it is the orthologue
of hPAK4, we therefore propose to change its name to X-PAK4)

regulates MT dynamics in interphase cells and is associated
with spindle MTs in mitosis (Cau et al., 2001). In the present
study, we show that Ran is phosphorylated by PAK4 on a unique
serine residue at position 135 (Ran Ser135P). Ran Ser135P in-
creases during mitosis and associates with centrosomes from pro-
phase to anaphase and with foci from prophase to metaphase.
Later, Ran Ser135P localizes to the central spindle and around
the midbody. Strikingly, these localizations reflect the distribution
of the active X-PAK4 during mitosis. We found that a GDP-bound
Ran phosphomimetic mutant cannot induce MT asters in mitotic-
arrested (CSF) Xenopus egg extracts because RCC1-mediated
GDP/GTP exchange is impeded. PAK4-mediated phosphorylation
of Ran reproduces the phosphomimetic mutant-induced pheno-
type. We further show that phosphorylation of Ran on serine-135
impedes its binding to RCC1 and RanGAP1. Altogether, our
findings strongly suggest that PAK4-mediated phosphorylation
of GDP- or GTP-bound Ran modulates the assembly of com-
plexes that are required at specific subcellular localizations for
Ran to carry out its functions during mitotic progression.

X-PAK4 regulates MT dynamics in interphase and associates
with the spindle during mitosis (Cau et al., 2001). To analyze
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Figure 2.  X-PAK4 phosphorylates Ran on serine-135. (A and B) Autoradiographies (top panels) and Poly-His immunoblots as loading controls of the same
membranes (bottom panels) of in vitro phosphorylation by active X-PAK4Ct of His-tagged wt, T24N, and Qé9L Ran mutants (A); and T32A, T97A, S135A,
and S153A Ran mutants (B). (C) Immunoblots of the Histagged Ran wt and Q69L mutant after incubation with (+) or without (—) X-PAK4Ct using Ran
Ser135P and Poly-His antibodies. (D) Autoradiographies (top panels), before immunoblots using Ran Ser135P and Poly-His antibodies (bottom panels), of
Histagged Ran mutants and stathmin (Sta) and of a/p casein (Cas) after phosphorylation by X-PAK4Ct (left panels) or PIx1 kinase (right panels). X-PAK4
and Plx matching panels were exposed and processed together for both autoradiography and immunoblots.

whether X-PAK4 regulates mitotic MTs in the absence of cen-
trosomes and chromatin, we used the GDP-bound RanQ69L
mutant that can bind but not hydrolyze GTP. This mutant, and
others that stabilize the GTP-bound form of Ran, have been
extensively used to induce MT asters and spindle-like structures
in CSF extracts (Carazo-Salas et al., 1999; Kalab et al., 1999;
Ohba et al., 1999; Wilde and Zheng, 1999). After one round of
immunodepletion (AX-PAK4) the endogenous X-PAK4 was no
longer detectable, whereas the control depletion (AMBP, using
an antibody against maltose binding protein) did not affect the
X-PAK4 level. To rescue the phenotype, GST-fused wild-type
X-PAK4 (X-PAK4wt) was added to AX-PAK4 extract to re-
constitute the endogenous level (Fig. 1 C). 20 min after the
addition of 15 pM RanQ69L, mitotic asters were induced
in both the AX-PAK4 and the AMBP extracts. Asters formed
in the AX-PAK4 were smaller and had a brighter center than in
AMBP, indicating that more MTs were nucleated, and these
asters evolved more rapidly into spindle-like structures (Fig. 1,
A and B). Quantitative analyses showed that after 20 min, at
least twice as many asters were nucleated in the AX-PAK4 ex-
tract (Fig. 1 D). 40 min after the addition of RanQ69L, the total
number of mitotic figures in AX-PAK4 and AMBP extracts
tended to equalize. However, depletion of X-PAK4 was accom-
panied by an increase of the bipolarization activity, compared
with the AMBP extract (Fig. 1 D). This phenotype is specific
because it is rescued by the addition of recombinant X-PAK4
(Fig. 1, B and D).

Our data suggest an inhibitory effect of X-PAK4 on
MT nucleation and stabilization factors induced by GDP-
bound RanQ69L. The binding of RanQ69L to the endogenous
importin-[3 in the CSF extract allows the release and the activa-
tion of SAFs that promote the assembly and bipolarization of
asters (Gruss et al., 2001; Wiese et al., 2001). TPX2, under these
conditions, is the most important nucleation factor involved.
However, we found no evidence that TPX2 is directly regulated
by PAK4-mediated phosphorylation (unpublished data).

X-PAK4 phosphorylates Ran on serine-135
Because Ran-induced MT nucleation and bipolarization are
affected upon X-PAK4 depletion, we hypothesized that X-PAK4
could directly regulate Ran. We found, using an in vitro kinase
assay, that wild type (wt), T24N (a mutant defective in GTP
binding), and Q69L Ran mutants could all be phosphorylated by
the active recombinant catalytic domain of X-PAK4 (X-PAK4Ct;
Fig. 2 A).

The amino acid sequence of Ran reveals four potential
PAK phosphorylation motifs (Zhu et al., 2005; Rennefahrt
et al., 2007) at threonine residues 32 and 97 and serine residues
135 and 153. These residues were mutated to alanine (A) and
the recombinant Ran mutants were used as a substrate for
X-PAK4Ct. All mutants except S135A incorporated y-[*>P]ATP,
demonstrating that X-PAK4 phosphorylates in vitro a unique
serine at position 135 on Ran (Fig. 2 B). Interestingly, it was
previously reported that a small fraction of Ran phosphorylated

PAK4 regulates Ran activity * Bompard et al.
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Figure 3.

Ran Ser135P concentration increases during mitosis. Ran Ser135P shares common subcellular localization with active PAK4. (A, left) Immuno-

blots of total Hela cell extracts from asynchronous, G1/S, G2/M, prometaphase (0) and after nocodazole (NZ) release probed for Cdc27, survivin as
mitotic markers, y-tubulin as loading control, Ran and Ran Ser135P. Fold induction of Ran Ser135P is indicated. (A, right) FACS analyses of cells upon
NZ release. (B) Localization of Ran Ser135P and active X-PAK4 Ser533P in XL-2 cells during interphase. Cells were stained for DNA immunostained with
GT335 and Ran Ser135P or the active forms of subgroup Il PAK (X-PAK4 Ser533P). Arrowheads show Ran Ser135P and X-PAK4 Ser533P at centrioles

and lamellipodia. Bar, 25 pm.

on serine-135 coprecipitates with polo-like kinase 1 (Plk1)
during mitosis in somatic cells (Feng et al., 2006). However, a
direct phosphorylation of Ran by PIk1 is unlikely because the
sequence surrounding serine-135 does not match the Plkl
consensus phosphorylation site (Nakajima et al., 2003).

To reassess the roles of PIx1 (the Xenopus Plk1 orthologue)
and X-PAK4 in the phosphorylation of Ran on serine-135, we
generated an antibody directed against a peptide surrounding the
phosphorylated serine-135 of Ran. The Ran Ser135P antibody
only weakly revealed unphosphorylated wt and Q69L mutant
Ran on immunoblot analysis (unpublished data). In contrast,
after phosphorylation of the recombinant Ran proteins by the
X-PAKA4Ct, the antibody efficiently detected Ran phosphorylated
on serine-135 (RanSer135P; Fig. 2 C).

Next, we compared the phosphorylation patterns of the wt
and four Ran mutants after their incubation with active X-PAK4
and PIx1 (Fig. 2 D). Recombinant stathmin and /(3 casein were
used as substrates for PAK4 and Plx1, respectively, to standardize
the specific kinase activities added in the assays. Again, X-PAK4
phosphorylated wt, T32A, T97A, and S153A Ran mutants, but
not Ran S135A. The **P phosphorylation pattern was faithfully
mimicked by the Ran Ser135P immunoblot, further confirming
the specificity of the antibody. In the equivalent reaction with

PIx1 all recombinant Ran proteins were phosphorylated, demon-
strating that PIx1 may either target several sites, or a site other
than the four mutated residues. A weak Ran Ser135P signal was
detected on all but the Ran S135A mutant, indicating that PIx1
can, to some extent, phosphorylate serine-135 (Fig. 2 D). How-
ever, this residue is a very poor substrate for PIx1 as opposed to
PAK4 because corresponding panels shown for the two kinases
were exposed simultaneously. Thus, although unlikely, we cannot
completely rule out that PIx1 might phosphorylate serine-135
in vivo. We further studied the phosphorylation of the endogenous
Ran on serine-135, upon the expression of constitutively active
full-length mutants of mammalian and Xenopus PAKs represen-
tative of the two subgroups, in HEK293 cells (Fig. S1). Serine-16
phosphorylation of the MT-destabilizing protein stathmin
(Stathmin Ser16P), which was used as a substrate for active
PAK1 (Wittmann et al., 2004), is also induced by all active sub-
group II PAKSs tested. In contrast, Ran Ser135P is restricted to
cells expressing active subgroup II PAK members. This is an in-
teresting finding because even though both kinase subgroups are
differentially regulated, all the PAK4 substrates identified so far
are also phosphorylated by PAK1 (Arias-Romero and Chernoff,
2008). In summary, we show here that subgroup II PAKSs specifi-
cally phosphorylate the Ran GTPase on serine-135
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Next, we asked whether Ran Ser135 phosphorylation is cell
cycle dependent. HeLa cells were synchronized in early S phase
by a thymidine block followed by treatment with either the
Cdk1 inhibitor RO3306 to provoke a G2/M arrest or nocodazole
to induce a prometaphase arrest. Upon nocodazole release, cells
were allowed to proceed through mitosis. Cell DNA content
and total cell lysates were analyzed at the indicated time points
by FACS and immunoblot, respectively (Fig. 3 A). Total Ran is
constant throughout the cell cycle. The shift induced by the
phosphorylation of the Cdc27 subunit of the anaphase-promoting
complex (APC) was used as a marker of mitosis entry, whereas
its dephosphorylation, which corresponds to cyclin B degrada-
tion, was used as a marker of the metaphase—anaphase transi-
tion (Kraft et al., 2003). Survivin, which is expressed at G2/M
and declines at the G1 phase of the next cycle, was used as a
second marker (Zhao et al., 2000). FACS analysis shows that
mitosis exit starts 90 min after nocodazole release and that most
cells have exited mitosis by 120 min. Our data show that Ran
Ser135P is enriched upon mitosis entry and that dephosphoryla-
tion occurs late in mitosis, between 90 and 120 min, after ana-
phase onset but before survivin degradation (Fig. 3 A).

We then compared the subcellular localization of endoge-
nous Ran Ser135P and active X-PAK4 during interphase (Fig. 3 B)
and mitosis (Fig. 4). In interphase XL-2 cells, both Ran Ser135P
and active X-PAK4 displayed a low and diffuse staining with
visible enrichment in lamellipodia (Fig. 3 B, arrowheads). In ad-
dition, the Ran Ser135P species, and to some extent active X-PAK4,
concentrated at the centrioles where they colocalized with poly-
glutamylated y-tubulin stained by GT335 (Fig. 3 B, arrowheads;
Bobinnec et al., 1998). A striking relocalization of both Ran
Ser135P and X-PAK4 Ser533P occurred on chromatin as DNA
started to condense during prophase. However, while active
X-PAK4 decorated the entire condensing chromosomes, Ran
Ser135P localized to more focused punctuate structures. In ad-
dition, both proteins colocalized with two strong dots, which are
likely to be the centrosomes (Fig. 4). In metaphase, centrosome
staining was increased for both the active X-PAK4 and Ran
Ser135P. The chromatin staining evolved to metaphase plate dec-
oration for active X-PAK4 and to more discrete substructures
on the metaphase plate for Ran Ser135P (Fig. 4). At anaphase,
the centrosomal staining of both proteins, although still visible, was
much less intense, and chromosomal staining was lost for Ran
Ser135P, but continued through anaphase A for active X-PAK4.
Both proteins became associated with the midzone region of the

PAKA4 regulates Ran activity
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of MT structures after indicated times. Bar, 25 pm. (Bottom) Same structures assembled after 60 min of incubation were costained for TPX2. Bar, 10 pm.

central spindle visualized by tubulin staining. Finally, during telo-
phase, both proteins surrounded the midbody region (Fig. 4).
Interestingly, Ran Ser135P also associated with the cortical
contractile region, and was sometimes seen on unidentified fila-
mentous substructures enveloping the anaphase spindle like a
matrix (Fig. 4, anaphase A).

Altogether, our data show that the phosphorylation of Ran
on serine-135 increases during mitosis and that active X-PAK4
and Ran Ser135P associate with similar substructures of the
spindle, although chromosomal staining of Ran Ser135P is
more restricted. This reinforces the significance of our finding
that X-PAK4 phosphorylates Ran GTPase on serine-135.

Because Ran Ser135P species associate with the spindle appa-
ratus, we addressed its potential function in the regulation of
spindle assembly.

To evaluate the function of Ran phosphorylation in the in-
duction of MT asters, mutant Ran GTPases bearing either the
Ser135-to-alanine substitution (S135A) to prevent phosphory-
lation or Ser135-to-aspartic acid substitution (S135D) to produce
a phosphomimetic mutant were inserted in wild-type, Q69L,
and T24N Ran backgrounds. GDP- or GTP-bound RanQ69L,
QO69L S135A, and Q69L S135D double mutants were added to
CSF extracts to follow MT nucleation. As seen by immunoblot

analyses, the extracts were supplemented with the same amount
of the different Ran mutants (Fig. 5 A). In the extract supple-
mented with GDP-bound RanQ69L and RanQ69L S135A, MT
asters were induced as soon as 20 min after addition of the
mutants, and these asters rapidly evolved into spindle-like struc-
tures (Fig. 5 C). In contrast, at the same time point, no mitotic
asters were formed in the extract supplemented with GDP-bound
RanQ69L S135D (Fig. 5 C). In the latter condition, microtubule
polymerization finally started to occur after 30-40 min of incu-
bation, and some masses of MTs that did not contain any obvious
nucleation center were seen throughout the extract (Fig. 5 C).
Later (after 60—80 min), asters finally started to organize prop-
erly (not depicted). Very similar results were observed when
RanQ69L was added to a TPX2-depleted extract (not depicted).
Quantification revealed that the addition of Ran Q69L S135A
facilitates microtubule nucleation at early time points and the
bipolarization of the asters into spindle-like structures at later
time points (Fig. 6 A). In contrast, in RanQ69L S135D—containing
extracts MT nucleation was considerably delayed, implying that
SAFs were not properly activated (Fig. 6 A).

At this point, we wondered whether whether Ran phos-
phorylation on serine-135 might hinder GTP binding. To test this
hypothesis, GTP loading was analyzed in vitro, using fluores-
cently labeled GTP (MANT-GTP; Klebe et al., 1993). Because,
in the presence of Mg?*, GDP and GTP are tightly bound to Ran
(Gorlich et al., 1996), nucleotide exchange of GDP-loaded Ran
wt, S135A, and S135D mutants with MANT-GTP was initiated
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Figure 6. The mutation of Ran serine-135 to aspartic acid (D) modulates the aster-promoting activity of GDP- but not GTP-bound RanQ69L. (A) Quantifica-
tion of MTs structures (asters and spindles), in RanQé9L GDP and RanQ69L GTP assays, described in Fig. 5, are respectively given an arbitrary 100%
value at 20 min (n = 3, +SD). (B) MT-associated proteins (MAPs) were purified after 40 min and TPX2 and B-tubulin levels were determined by immunoblot
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by addition of EDTA, and measured as fluorescent intensity at
460 nm by FRET. GTP loading to Ran wt and S135A followed
similar kinetics, whereas binding to Ran S135D was slightly fa-
cilitated (Fig. 5 B). The same results were obtained for the wt,
S135A, and S135D Ran in a Q69L background (unpublished
data). These results demonstrate that, in vitro, the GTP binding
to Ran is not affected by mutations on serine-135.

GTP-bound mutants were then used in a MT aster assay,
as above. In this condition, MT nucleation started as soon
as 15 min after addition of the mutants, reflecting the fact
that no nucleotide exchange in the extract is required (Fig. 5 C).
Most importantly, no delay and even, reproducibly, a slight
facilitation, was observed with the GTP-bound RanQ69L
S135D mutant. Again, quantification confirmed these obser-
vations (Fig. 6 A).

The impaired function of GDP-bound RanQ69L S135D
in the nucleation of MT asters was confirmed by the absence of
TPX2, as seen by immunostaining of the MTs at 60 min, while
TPX2 associated with the centers of asters and spindle poles
induced by GDP- or GTP-bound RanQ69L and RanQ69L S135A
and GTP-bound RanQ69L S135D (Fig. 5 C). To further confirm
these morphological observations, we isolated MT-associated
proteins (MAPs) from extracts supplemented with the Ran
mutants and analyzed them for the presence of TPX2 and
tubulin. TPX2 and tubulin were depleted from the supernatant
during the MAP purification and recovered in the MAP fraction
in all conditions except GDP-bound RanQ69L S135D extracts
(Fig. 6 B). Thus, these biochemical data reinforce the micro-
scopic observations that the activity of the RanQ69L Ser135

phosphomimetic mutant in aster nucleation depends on the nature
of the bound nucleotide.

Serine-135 phosphorylation of Ran QG69L
in extracto reproduces the inability of
Ran@QG69L S135D to nucleate asters

To ensure that the effects in the extract of the serine-135 phospho-
mimetic mutation reproduce the PAK4-mediated phosphorylation
of serine-135, we incubated a CSF extract with GDP- or GTP-
RanQ69L in the presence of either GFP protein, as a control, or
of constitutively active GFP-tagged PAK4 (PAK4/EN) kinase
(Fig. 7 C, left). Induction of MT asters was analyzed after 20 and
40 min of incubation. Representative micrographs and quantifica-
tion analyses are shown in Fig. 7, A and B. CSF-arrested extracts to
which both GDP-bound RanQ69L and active PAK4 were added
induced less than half as many MT asters as extracts to which
GDP-bound RanQ69L. and GFP were added (Fig. 7 B). These as-
ters presented a lower number of nucleated MTs per aster and an
overall larger surface, suggesting that MTs may be less dynamic
(Fig. 7 A; unpublished data). Bipolarization, over the time course,
was also delayed compared with the GFP control (Fig. 7 B). When
using GTP-bound RanQ69L, the GFP-supplemented extract
evolved alittle faster than with the GDP-bound RanQ69L. (as previ-
ously seen in Figs. 5 and 6). Addition of active PAK4 under these
conditions did not inhibit aster nucleation and bipolarization, and in
fact some facilitation was observed in several experiments (Fig. 7 A;
unpublished data). Nonetheless, the overall surface of the asters re-
mained larger than in the GFP-supplemented extract, but differ-
ences were not as important as in the GDP-bound Ran conditions.

PAK4 regulates Ran activity * Bompard et al.
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Immunoblot analyses of the extracts after a 30-min incuba-
tion confirmed that the active PAK4 induces phosphorylation of
both GDP- or GTP-bound Ran on serine-135 (Fig. 7 C, right).
Taken together, our results indicate that X-PAK4 activity no lon-
ger inhibits RanQ69L-induced MT nucleation when the GTPase
is GTP bound. The overall stabilization of the MTs observed is
more complex because it may be Ran dependent (Koffa et al.,
2006; Silljé et al., 2006; Yokoyama et al., 2008) or result from a

direct PAK4 regulation of MT stabilization/destabilization factors
present in the extract. Indeed, we show here that inactivating
phosphorylation of the endogenous stathmin on serine-16 is also
induced by the active PAK4 in mitotic egg extract and is likely to
participate in the observed stabilization of the MT asters (Fig. 7 C,
right). In summary, our results show that promoting Ran phos-
phorylation on serine-135 by adding active PAK4 to mitotic ex-
tract inhibits RanQ69L-induced aster nucleation when GDP/GTP
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exchange has not previously occurred, whereas phosphorylation
of GTP-bound Ran slightly increases the nucleation capacity
of RanQG69L.

Binding of Ran QE9L S135D
phosphomimetic mutant to RCC1

is impeded

To obtain insight into the mechanism that prevents GDP-bound
RanQ69L S135D from inducing aster formation, we studied
whether phosphorylation of Ran could modulate its binding to
some of the GTPase partners. Vectors expressing HA-tagged
Ran mutants or HA tag only were transfected into HEK293 cells
(Fig. 8). Equivalent amounts of HA-tagged Ran imunoprecipi-
tates were analyzed by immunoblotting for the binding of the
Ran GTPases to several known partners (Fig. 8, A and B). Wt,
S135A, and S135D single-Ran mutants are mostly in a GDP-
bound form in transfected cells because we could not detect
interaction with importin-3 and RanBP1, which only bind
GTP-bound Ran (Fig. 8 A and Fig. S2 A). This was confirmed by
the binding of NTF2 with the same efficiency to wt, S135A, and
S135D mutants, whereas it was reported that NTF2 does not
bind to RanT24N (Hughes et al., 1998). Accordingly, RCC1
immunoprecipitated with both wt and RanT24N, but not with
RanQ69L. The S135A mutation did not affect RCC1 binding. In
contrast, the S135D mutation abolished the Ran S135D single and
T24N S135D double mutant binding to RCC1 (Fig. 8, A and B).
Inhibition of GST-Ran Ser135D binding to RCC1 was also re-
produced in vitro using purified recombinant proteins (Fig. S2 B).
These results demonstrate that phosphorylation of Ran on
serine-135, as mimicked by the S135D mutation, inhibits its
binding to RCC1. The consequence of deficient RCC1 binding
would potentially be a poor GTP loading of the Ran S135D mu-
tant, a hypothesis which is supported by the observation that the
RanQ69L S135D mutant binds the Ran-GTP partners, importin-3
and RanBP1, with lower efficiency (Fig. 8 B). Interestingly,
RanGAPI behaved similarly to RCC1 toward Ran serine-135
phosphorylation, as it was immunoprecipitated with RanQ69L,
but not with RanT24N, and with a small fraction of wt or S135A,
but not S135D mutants (Fig. 8, A and B). This indicates that, al-
though not detected with importin-f3 and RanBP1, a small frac-
tion of wt and S135A mutants are GTP bound. Only the 90-kD
sumoylated form of RanGAP1 was immunoprecipitated in these
assays. Deficient binding of RanGAP1 to S135D was further
confirmed in a Q69L background (Fig. 8 B). Using nocodazole-
treated cells, we further verified that RCC1 phosphorylated in
mitosis is not capable of binding Ran S135D. Interestingly,
although HA-Ran wt becomes increasingly phosphorylated in
mitosis, a decrease of its binding to mitotic, presumably phos-
phorylated, RCC1 was observed (Fig. S3)

Because Ran-GTP binding in the egg extract is mainly
promoted by the guanine exchange factor RCC1, we won-
dered whether the GTP loading of the RanQ69L S135D mu-
tant might be deficient in the extract. The addition of 2 uM
RCCI to CSF extract induces aster nucleation by activating
endogenous Ran (Ohba et al., 1999). We reasoned that sup-
plementing CSF extract with 2 uM RCC1 together with buf-
fer or 15 uM Ran wt or S135A or S135D single mutants

should primarily favor the GTP exchange toward the added
recombinant Ran GTPases over the endogenous Ran. Fig. 8 C
shows representative micrographs taken after 20 min of incu-
bation. Only masses of disorganized MTs and rare huge as-
ters were seen in the control and Ran S135D conditions,
whereas numerous organized small asters were formed in
the wt and Ran S135A conditions. The ratio of the mitotic
figures formed in the wt and S135A reactions was over 10
times more than in control and S135D reactions (unpub-
lished data). Thus, the extract containing Ran S135D be-
haves like the control extract. This implies that Ran S135D,
unlike the wt and S135A Ran, cannot load GTP in the RCC1-
supplemented extract.

To verify this hypothesis, RCC1-induced GTP loading
was analyzed in vitro. GDP-loaded Ran wt, S135A, and S135D
were mixed with MANT-GTP in the presence of RCC1 and
nucleotide exchange was measured as previously (Fig. 8 D).
In the presence of 0.1 uM RCCl, the relative fluorescence
measured over time was similar for wt and S135A Ran, whereas
almost no fluorescence was emitted with RanS135D, indicating
that RCC1-induced GTP binding of Ran S135D is inhibited.
GTP loading of wt and S135A Ran again increased over time in
a similar manner with 0.2 uM RCC1, whereas at this concentra-
tion RCC1 only weakly promoted activation of Ran S135D.

Altogether, our data confirm that addition of GDP-bound
RanQ69L S135D to the egg extract is unable to promote aster
formation and that this loss of function results from an absence
of GTP loading due to a poor RCC1 binding. In addition, be-
cause the Ran Ser135D mutation impedes the binding of the
GTPase to RanGAPI1, the PAK4 phosphorylated GTP-bound
Ran, which is competent for nucleating MT asters, could poten-
tially be protected against RanGAP1.

Inhibition of endogenous PAK4

delays mitosis

To determine a physiological function of Ran phosphoryla-
tion on serine-135 during the cell cycle, we silenced PAK4 by
RNA interference in HeLa cells. A siRNA targeting the lucif-
erase gene was used as a control (Luc). After a 48-h transfec-
tion, more than 90% of PAK4 was specifically depleted (Fig. 9 A).
The Ran Ser135P to Ran ratio was similar in interphase for
PAK4- and Luc-interfered cells, indicating that another ki-
nase might be responsible for the generation of Ran Ser135P
in interphase. In contrast, this ratio that increased by an aver-
age of twofold during mitosis with Luc siRNA (see also Fig. 3)
only increasing by 1.2-fold with PAK siRNA and is therefore
reduced by 70% in the absence of PAK4 (Fig. 9 B). A com-
plete inhibition of Ran Ser135P was never observed, indi-
cating that other mitotic kinases may also target this site.
PAK4- and Luc-interfered cells were synchronized at the G2/M
transition by RO3306. The mitotic index was determined
upon RO3306 release as cells were allowed to proceed through
mitosis. As seen in Fig. 9 C, after a 30-min release less than
half of the PAK4-interfered cells had entered mitosis com-
pared with controls. Over the time course this disability was
not compensated, indicating that the loss of PAK4 expression
induces a G2/M block rather than a delay. This was confirmed
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Figure 8. RanGAP1 and RCC1 binding to Ran $135D are deficient. (A and B) Whole cell lysates prepared from HEK293 cells transfected with the indicated
HA-tagged Ran mutant constructs were immunoprecipitated using HA antibody. Total lysate and immunoprecipitates were analyzed by immunoblotting for
the indicated proteins. (C) Representative MT structures observed 20 min after addition of 2 yM RCC1 in presence of buffer or 15 pM Ran wt, Ran S135A,
or Ran S135D. Bar, 10 pm. (D) 1 pM GDP-loaded recombinant Ran wt, S135A, and S135D mutants were added to a mixture of recombinant RCC1 and
1 pM MANT-GTP. A representative experiment of the exchange reaction that was measured as described in Fig. 5 B (n = 5).

by performing time-lapse analyses upon RO3306 release (un-
published data) and by deriving the increase of the 2N cell
population from FACS analyses, as also seen on representa-
tive micrographs at low magnification (Fig. 10 A). Finally,

immunoblot analyses confirm the G2/M block because Cdc27
does not shift, while survivin expression remains low in
PAK4-interfered cells compared with control upon RO3306
release (Fig. 10 B).
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At the onset of mitosis in somatic cells, the nuclear envelope
breaks down, the interphase MT array depolymerizes, and mature
centrosomes start to nucleate a large number of dynamic MTs.
Mitotic kinase-mediated phosphorylation allows the sequential
activation of both regulatory and structural proteins involved in
the establishment of the mitotic spindle. In addition, Ran mediates
MT nucleation and stabilization from chromosomes (Bastiaens
et al., 2006; Clarke and Zhang, 2008; Torosantucci et al., 2008;
O’Connell et al., 2009) and participates in centrosome-driven spin-
dle assembly in somatic cells (Nachury et al., 2001; Ciciarello
etal., 2004 ; Kalab et al., 2006). Many partners of the Ran network

are further regulated by phosphorylation during mitosis. In the
present study, we demonstrate that Ran itself is subjected to a
spatial regulatory phosphorylation in M phase.

X-PAK4 binds interphase and mitotic MTs and regulates
interphase MT dynamics (Cau et al., 2001). In this paper, we
demonstrate that GDP-bound RanQ69L-induced MT nucleation
is increased in X-PAK4-depleted mitotic extract, and identify
Ran as a novel PAK4 substrate and serine-135 as the unique
phosphorylation site targeted. Ran serine-135 was previously
proposed to be phosphorylated during mitosis by a Plk1-dependent
mechanism (Feng et al., 2006). We demonstrate here that this
site is a poor in vitro substrate for Plx1. Although we cannot
rule out Plx1 involvement, we show that in human cells Ran

PAKA4 regulates Ran activity

120Z AN 82 uo Jesn alieysiaAlun @nbauiolaig Aq 4pd 950216002 A0l/6E L 8YE L/208/5/06 L 4Pd-8loie/qol/Bio sseidny/:dpy wouy pepeojumoq



818

A 100 ~

90
804
70
60
50
40 4
30 4

% of 2N cells

20 4

Time (min) after RO3306 release 0 45

min siRNA Luc

120

] O siRNA Luc
O siRNA PAK4
RiniEsl —‘
[ T T T T T
90 120 180 300
siRNA PAK4

B
Time (min) after RO3306 release 0 45 90 120 180 300
siRNA Luc PAK4 Luc PAK4 Luc PAK4 Luc PAK4 Luc PAK4 Luc PAK4 Bjot Ab:
7 m—— . Cdc27
| ——— — PAK4
e — — y-Tubulin

45
30+ ~ Ran
20, - - - — e — Survivin

Figure 10. PAK4 depletion induces a G2/M block. (A) Percentage of 2N cells determined by FACS analysis fom a representative experiment (n = 4)
described in Fig. 9 C and four microscopic fields of B-tubulin staining after 120 min release from the G2/M block. Bar, 50 pm. Number of 2N cells at
300 min in luciferase-depleted cells was given an arbitrary 100% value. A representative experiment, out of four independent experiments, is shown.
(B) Total cell lysates from cells treated as described above were analyzed by immunoblot using indicated antibodies.

Ser135P increases during mitosis and that silencing of endoge-
nous PAK4 efficiently, albeit not completely, decreases Ran
Ser135P. In addition, PAK4 silencing induces a block at the G2/M
transition, indicating that Ran Ser135P could be required early
for mitosis entry.

Because silencing PAK4 in somatic cells probably prevents
phosphorylation of different substrates, we developed assays
based on RanQ69L-induced MT nucleation in CSF extract to get
more insight into the functional importance of Ran phosphoryla-
tion on serine-135 during mitosis. We show that added GDP-
bound RanQ69L S135D phosphomimetic mutant is strongly

impaired in its capacity to promote MTs nucleation, whereas, and
in contrast, in vitro GTP loading of the same mutant completely
rescued and even slightly enhanced MT nucleation in the extract.
Addition of active PAK4 to extract supplemented with GDP- or
GTP-bound RanQ69L mimicked the above phenotypes, further
supporting the functional importance of PAK4-mediated Ran
phosphorylation. Because in vitro GTP loading of the S135D
mutant was not affected, we wondered whether this mutant could
impede the binding of the GTPase to some of its partners.

Ran serine-135 is a highly conserved residue from yeast to
human that is located in a patch rich in lysine/arginine amino
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acids (residues 129-141). Structural studies identify that RCC1
binding to Ran implicates the arginines at positions 134, 137, and
140 of Ran (Renault et al., 2001). Because PAK4-mediated phos-
phorylation at serine-135 creates an acidic charge in the basic
patch, we speculated that it may also regulate the binding of
RCCI1 to this Ran interface. This would explain the GDP-bound
defective phenotype we observed in CSF extracts. Indeed,
RCC1-mediated GTP binding of Ran S135D in extracto did not
activate MT aster nucleation. Furthermore, we show that GTP
exchange induced by RCCl in vitro is strongly impaired in the Ran
S135D mutant compared with the wild type and S135A mutant.

Thus, depending on whether serine-135 phosphorylation
occurs on GDP- or GTP-bound Ran, it could be inhibiting or
slightly activatory. More importantly, we show that the Ran
S135D mutant also does not bind efficiently to RanGAP1, a
result that is in agreement with structural studies (Seewald
et al., 2002). Although we did not analyze the consequence for
GTP hydrolysis of the GTP-bound Ran Ser135D further, we
hypothesize that, in the absence of binding to RanGAP1, the
Ran Ser135P GTP-bound Ran could be locked into an acti-
vated state. Such a regulatory mechanism could allow fine tun-
ing of Ran activity on the mitotic spindle. The subcellular
localization of active X-PAK4 and Ran Ser135P during mito-
sis supports this hypothesis.

RCCI dynamically mediates Ran GDP/GTP exchange dur-
ing the cell cycle on the chromatin surface. Once GTP bound, the
Ran-RCCl1 binary complex dissociates from chromatin, allowing
generation of new Ran-GTP on the chromatin (Li et al., 2003).
X-PAK4 becomes activated on condensing chromatin during pro-
phase and thus could phosphorylate the available (probably
GTP-bound) Ran substrate that is in the vicinity of RCC1 on the
chromosome surface. Phosphorylated Ran-GTP, which no longer
binds RanGAP1, would then be protected against GTP hydro-
lysis. In such a context, complexes formed by interaction of
GTP-bound Ran Ser135P with importin-f (and potentially other
nuclear transport receptors) would be stabilized.

Such a mechanism could cooperate with the signaling
pathways that, from prometaphase to metaphase, mediate chro-
matin-induced MT stabilization and spindle assembly. Among
these, the CRM1/Ran-GTP—-dependent localization of Ran-
GAP1 and RanBP2 to the kinetochore (Arnaoutov and Dasso,
2005), the activity of the importin-f3 cargo HURP (Koffa et al.,
2006; Silljé€ et al., 2006), and the CRM1-Survivin—mediated
addressing of the chromosomal passenger complex to the centro-
mere (Knauer et al., 2006) are highly dependent on Ran-GTP
activity. During chromosome alignment Ran-GTP is required,
but it must be strictly controlled because in egg extracts Ran
also regulates the spindle checkpoint and too high a Ran-GTP
level would abrogate the checkpoint (Arnaoutov and Dasso,
2003). Ran-GTP reaches its highest level when the checkpoint
is released at the metaphase—anaphase transition. This transition
correlates with an increase in the concentration of RCCl1
(Arnaoutov and Dasso, 2003) and precedes the loss of chromo-
some-associated Ran Ser135P observed in anaphase A. Never-
theless, we cannot exclude that a fraction of GDP-bound Ran
might also be phosphorylated before RCC1-mediated GDP/
GTP exchange takes place, and if so could participate in the

regulation of the GDP/GTP balance required for Ran activities
on the spindle.

An increasing number of studies show that Ran is impor-
tant for centrosome integrity and function. Although RCCI is
absent from the centrosome, Ran-GTP and RanBP1 are both
present (Di Fiore et al., 2003; Keryer et al., 2003; Ciciarello
et al., 2004; Torosantucci et al., 2008). Ran is a core component
of the centrosome and interfering with the Ran pathway can
lead to centrosomal defects (Di Fiore et al., 2003; Keryer et al.,
2003), and delocalizing the centrosome-bound GTPase impedes
centrosomal-mediated MT regrowth after nocodazole treatment
(Keryer et al., 2003). In Xenopus egg extracts, Ran-GTP in-
creases the nucleating capacity of centrosomes (Ohba et al.,
1999; Carazo-Salas et al., 2001; Nachury et al., 2001). CRM1-
Ran-GTP-NES protein complexes bring important cargoes that
are required for centrosome function and integrity to the centro-
somes (Keryer et al., 2003; Wang et al., 2005). In addition, the
direct binding of survivin to Ran mediates TPX2 delivery to
MTs in tumor cells (Xia et al., 2008). Thus, Ran is probably
also subject to different regulatory mechanisms on the centro-
some, although they are not yet understood. We propose that
phosphorylation of Ran could confer protection to GTP-bound
Ran against hydrolysis; it could then diffuse away, or be trans-
ported, from chromatin to the centrosomes, thus decreasing the
Ran-GTP gradient. We are currently addressing the importance
of Ran phosphorylation on serine-135 and trying to identify
novel partners for these centrosomal activities, using purified
cell culture—derived centrosomes and sperm chromatin-derived
Ran-RCC1-depleted centrosomes.

A diffusible gradient of Ran-GTP emanating from the
chromosomes, together with the specific subcellular localiza-
tion of Ran partners, were shown to regulate multiple Ran func-
tions during mitosis. We suggest that the array of Ran-dependent
functions in centrosome integrity, K fiber—-mediated chromosome
capture, and the spindle checkpoint likely requires another level
of regulation of Ran activity.

In the present study, we show that phosphorylation of Ran
GTPase during mitosis regulates its binding to RCC1 and Ran-
GAP1 and probably removes the GTPase from RCC1-RanGAP1
regulation. We propose that Ran phosphorylation could promote
the stabilization of Ran complexes with nuclear transport recep-
tors on the mitotic apparatus until dephosphorylation again
allows RanGAP1, RanBP1/2 binding required for GTP hydrolysis
and subsequent complex disassembly.

Materials and methods

DNA constructs

Vectors encoding Histagged Ran wt, Qé9L, and T24N (pQE-Ran wt,
Q69L, and T24N mutants) were a gift from Dr. |. Vernos (Center for Ge-
nomic Regulation, Barcelona, Spain). Vectors encoding GSTHagged Ran wt
and mutants were generated by PCR-based cloning into pGEX-4T1 (GE
Healthcare). Corresponding cDNA were cloned into pRK5-HA vector (a gift
from L.M. Machesky, Beatson Institute for Cancer Research, Glasgow,
UK) for HAtagged Ran’s expression. Site-directed mutagenesis was per-
formed using the QuikChange Site-Directed Mutagenesis kit (Agilent Tech-
nologies). Two vectors encoding constitutively active kinase X-PAK4 kinase
were used: a GST+tagged X-PAK4 that only expresses the catalytic domain
(aa 379-649) of the kinase (X-PAK4CH) and a Histagged construct that ex-
presses the fulllength kinase with two point mutations (S504E, S533N) that
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renders it constitutive (X-PAK4/EN). Both constructs were described previ-
ously (Cau et al., 2001).

Vector encoding constitutively active GFP-tagged human PAK4 mutant
(S445N, S474E) was generated by PCR-based cloning into pEGFP-C1 using
pIRES2-EGFP hPAK4 S445N, SA74E (gift from A. Minden, Rutgers Uni-
versity, Piscataway, NJ) as template. Human PAKé was cloned by PCR from
IMAGE clone 5170347 (GenBank/EMBL/DDBJ accession no. BCO35596)
and introduced into the pEGFP-C1 vector. The S531N mutation was intro-
duced as previously described in order to generate a constitutively active
mutant. Vectors encoding constitutively active GFP-tagged X-PAKT (T403E)
and X-PAK4 (S504E, S533N) mutants were described previously (Cau
et al.,, 2001). Vectors encoding constitutively active GFPtagged mouse
PAK3 mutant (T421E) and human PAK5 (S573N) were a gift from J.V. Barnier
and S. Cotteret (FRC 2118-CNRS, Paris, France). The vector encoding
Histagged RCC1 (pQESO-RCC1) was a gift from M.H. Verlhac (UMR
7622-CNRS, Paris, France). pRSET A vector encoding Histagged stathmin
was generated by PCR-based cloning from pCDNAS3 Stathmin, a gift of
Dr. A. Sobel (UMR 839-INSERM, France).

Antibodies

Rabbit polyclonal antibodies against GSTtagged Xenopus TPX2, His-
tagged (human importin-g, RCC1, mouse RanGAP1), maltose binding pro-
tein (MBP) were raised and affinity purified at the CRBM animal facility.
The construct for Histagged human importin-B was a gift of Dr. Gorlich
(ZMBH, Heidelberg, Germany; Kutay et al., 1997), GSTtagged Xenopus
TPX2 construct was a gift of Y. Arlot (UMR 6061-CNRS, Rennes, France),
His-tagged human RCC1 and mouse RanGAP1 constructs were gifts of
M.H. Verlhac (Paris, France) and C. Janke (UMR 5237-CNRS, Montpellier,
France), respectively, who also provided us with the mouse monoclonal anti-
body against polyglutamylated tubulin (GT335). Rabbit polyclonal anti-
bodies against the active form of PAK4/5/6 and against X-PAK4 were
described previously (Cau et al., 2001). Rabbit polyclonal antibodies
against Cdc27 (Vigneron et al., 2009) were a gift from T. Lorca (UMR
5237-CNRS, Montpellier, France).

Ran Ser135P antibody was prepared at the CRBM animal facility
by immunizing rabbits with the peptide (CRK VKA KS(PO3H,)l VFH RK)
surrounding the phosphorylated Ran serine-135 sequence after coupling
to thyroglobulin.

Antibodies directed against total Ran, RanBP1, HA (12CA5), Stath-
min Ser16P that recognizes the stathmin protein phosphorylated on serine-
16 were purchased from Santa Cruz Biotechnology, Inc. Antibodies against
Poly-His and against GFP were from Sigma Aldrich and Torrey Pines Bio-
labs, respectively.

Protein expression and purification

Bacterially expressed GSTfused Ran wt, mutants, PAK4wt, and PAK4 cata-
lytic domain were affinity purified using glutathione beads (GE Health-
care). After elution, recombinant proteins were dialyzed against 1x XB
(100 MM KCI, 0.1 mM CaCl,, T mM MgCl,, 50 mM sucrose, and 10 mM
Hepes, pH 7.7). For nucleotide exchange assay, recombinant proteins
were GDP loaded by incubation in 10 mM Tris-HCI, pH 7.5, 100 mM KClI,
1 mM DTT, and 1 mM GDP before elution or trypsin cleavage. Loading
was induced with 5 mM EDTA for 30 min at room temperature. Nucleotide
was locked by the addition of 20 mM MgCl, for 5 min at room tempera-
ture. After elution or cleavage, recombinant GDP-loaded Ran proteins
were dialyzed against exchange assay buffer (20 mM Tris-HCI, pH 7.5,
50 mM NaCl, and 5 mM MgCl,). Histagged Ran wt and mutants, statmin,
as well as RCC1 were purified as described previously (Bompard et al.,
2005). After elution, Histagged Ran proteins and RCC1 were dialyzed
against 1x XB and exchange assay buffer, respectively.

Cell lines, immunofluorescence, immunoprecipitation, and synchronization
Xenopus XL-2 cells were cultured at 27°C in Leibovitz's L-15/water (8:2)
medium supplemented with 10% fetal bovine serum (FBS) and antibiotics.
Human embryonic kidney 293 (HEK293) and Hela cells were maintained
at 37°C in DME supplemented with 10% FBS and antibiotics. Immuno-
fluorescence experiments with XL-2 cells were performed as described pre-
viously (Bompard et al., 2008). In brief, secondary antibodies used were
conjugated to Alexa 488 and 555 from Invitrogen. Cells were mounted in
mowiol with anti-fading N-Propyl Gallate.

HEK293 cells were transfected using jetPEl (Polyplustransfection;
Ozyme) according to the manufacturer’s instructions. 24 h affer transfec-
tion, cells were lysed in MOPS-derived lysis buffer (50 mM MOPS, pH 7.2,
0.5% Triton X-100, 150 mM NaCl, 100 mM sodium phosphate, pH 7.2,
10 mM MgCl,, 10 mM NaF, T mM Na3VOy, and protease inhibitor cock-

tail). Cleared lysates were either directly used for immunoblot analyses or
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immunoprecipitated by incubation with 12CAS5 antibody cross-linked on
protein A agarose beads (GE Healthcare) using dimethyl pimelimidate
(DMP; Sigma-Aldrich) for 1 h at 4°C. Beads were extensively washed with
lysis buffer before immunoblot analysis. To study the binding of wt Ran and
mutants fo various partners during mitosis, HEK293 transfected cells were
either treated with vehicle or 500 ng/ml nocodazole for 14 h before lysis
and immunoprecipitation. Immunoblots were processed with Photoshop
CS2 software (Adobe) and quantified using Image) 10.2 software (NIH
Image; http://rsbweb.nih.gov/ij/).

For synchronization in G1/S, Hela cells were treated for 24 h with
2.5 mM thymidine. For synchronization in G2/M or prometaphase, Hela
cells were released from thymidine block in medium containing 24 pM
deoxycytidine (Sigma-Aldrich) and respectively 10 pM RO3306 (Calbio-
chem) or 40 ng/ml nocodazole (Sigma-Aldrich) for 14 h. Prometaphase-
enriched cells were collected by shake-off. For quantification of mitotic cells,
an average of 80 fields at 20x was acquired, for DNA and tubulin stain-
ing, using the scan slide function of MetaMorph software (MDS Analytical
Technologies). Images of the resultant stacks were threshold and all nuclei,
then all mitotic figures were counted using the integrated morphometry
analysis function of MetaMorph software. These numbers were used to
calculate the mitotic index.

RNA interference

siRNA were transfected into Hela cells using Lipofectamine 2000 reagent
(Invitrogen) as described previously (Bompard et al., 2008). Proteins were
targeted with the following sequences: PAK4 with 5-GGUGAACAU-
GUAUGAGUGU-3" and Luciferase with 5-CGUACGCGGAAUACU-
UCGA-3'. siRNA were purchased from Eurogentec. For evaluation of Ran
Ser135P levels in prometaphase, 36 h after siRNA transfection cells were
incubated in medium containing either vehicle or 100 ng/ml nocodazole
for 14 h. Prometaphase-arrested cells were collected by shake-off and
lysed in RIPA-derived lysis buffer (10 mM NaH,PO,4, 100 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.5% NP-40, 80 mM B-Glycerophosphate, 1 mM
DTT, 50 mM NaF, 1 mM Na3VOy, and protease inhibitor cocktail).

Xenopus egg extracts and MT structure nucleation assays

Xenopus females were obtained from the CNRS breeding center located in
Montpellier, France. Cytostatic factor (CSF) activity-arrested egg exiracts
were prepared as described previously (Cau et al., 2000). In brief, fresh
eggs were dejellied in 2% cysteine (pH 7.8) and washed in XB buffer in the
presence of 6 mM EGTA. Eggs were crushed at 20,000 g for 15 min, and
the cytoplasmic layer was supplemented with an ATP regenerating system,
cytochalasin B, and protease inhibitors, before use.

X-PAK4 or maltose binding protein control immunodepletion of the
extracts were essentially performed as described previously (Hannak and
Heald, 2006) using immunopurified antibodies. Usually 5 pg of immuno-
purified Abn122 antibodies (Cau et al., 2001) were used to immuno-
deplete endogenous XPAK4 from 150 pl of extract. One single round of
depletion is sufficient to remove over 99% of the endogenous X-PAK4.

His- or GSTtagged recombinant Ran was added at 15 pM final con-
centration in the extracts. Both His- and GSTtagged proteins produced
identical phenotypes and were used throughout this study. Recombinant
Histagged RCC1 was added at 2 pM final concentration.

GFP and constitutively active GFP-tagged hPAK4 E/N were purified
from transfected HEK293 cells. In brief, 24 h after transfection cells were
lysed in RIPA-derived lysis buffer. Clarified lysates were immunoprecipi-
tated with GFP antibody for 1 h at 4°C followed by incubation with Dyna-
beads protein A for 30 min at 4°C. Beads were extensively washed in lysis
buffer and 1x XB before use. One fifth of total immunoprecipitation was
used per assay.

X-Rhodamine-labeled tubulin was prepared as described previously
(Hyman, 1991). In all experiments X-Rhodamine-labeled tubulin was
added to the extracts to a final concentration of 50 pg/ml.

Reactions were incubated at room temperature for indicated times.
Aliquots of the reactions were snap-frozen in liquid nitrogen at different
times during the experiment for Western blotting studies. For observation of
Ran-induced MT structures, aliquots were fixed, spun onto coverslips
through a glycerol cushion, and either directly mounted on slides with
mowiol or processed for immunofluorescence as described previously
(Hannak and Heald, 2006) using affinity-purified anti-TPX2 antibodies. For
purifying the MAP fraction, 15 pl aliquots of the reactions were diluted in
200 pl of BRB8O, 5 mM MgCl,, 30% glycerol, layered over a cushion of
BRB80, 5 mM MgCl,, 40% glycerol, and spun for 20 min at room temper-
ature and at 7,000 g in a microfuge. The supernatant was recovered, the
interface of the cushion washed several times with buffer, and the pelleted
MAP fraction resuspended for Western blot analysis.
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Imaging and quantitative fluorescence analyses

Fixed cells and MT structures were viewed using an Axioimager Z1 (Carl
Zeiss, Inc.) with either 10x EC Plan-Neofluar 0.3, 20x Plan-Apochromat
0.8, or 63x Plan-Apochromat 1.4 oil lenses (all from Carl Zeiss, Inc.).
Micrographs were either collected using a CoolSnap HQ2 CCD camera
(Roper Industries) driven by MetaMorph 7.1 software (MT structures) or
using an Axiocam Mrm camera with a structured illumination model
(apotome) driven by Axiovision software. Asters and spindles formed in the
extract were quantified by manual counting of 40 fields at 20x using the
manual count object function of MetaMorph software. Each experiment was
repeated at least three times. Values are expressed as percentage; the total
number of MT structures (asters plus spindles) in the control condition is
given an arbitrary 100% value at each time point; error bars are the SD.

In vitro kinase assay

For Plx-1 and X-PAK4 activities, 0.3 pg of PIx1 purified from baculovirus (a
gift from A. Abrieu, UMR 5237-CNRS, Montpellier, France) or GST-tagged
kinase domain of X-PAK4 (X-PAK4 Cter) were incubated with the indicated
Ran mutants (0.5 pg) or respectively dephosphorylated casein from bovine
milk (0.3 pg; Sigma-Aldrich) or purified recombinant Histagged stathmin
(0.5 pg) for 20 min in 20 pl of kinase buffer containing 1 pl of 1 mM ATP
and 0.5 pl of y-[*?P]ATP. Reactions were loaded on 15% SDS-PAGE, trans-
ferred to PVDF membranes, and visualized by autoradiography.

Nucleotide exchange assay

For EDTA-induced Ran loading, 1 pM GDP-loaded Ran proteins (wt
and mutants) were incubated with T pM MANT-GTP (Invitrogen) in loading
buffer (30 mM potassium phosphate, pH 7.5, 5 mM MgCly, and T mM
B-mercaptoethanol) for 10 min at room temperature before addition of 10 mM
EDTA. Nucleotide exchange was monitored at ambient temperature as FRET at
460 nm after excitation at 290 nm using a POLARstar Omega (BMG Labtech)
plate reader. For RCC1-induced Ran loading, 0.1 or 0.2 pM Histagged RCC1
were incubated in loading buffer containing 1T pM MANTGTP for 10 min at
room femperature before addition of 1 yM GDP-loaded Ran proteins.

Flow cytometry
FACS analyses to defermine cell DNA contents were performed as de-
scribed previously (Bompard et al., 2008).

Online supplemental material

Fig. ST shows that Ran is phosphorylated by subgroup Il PAKs on serine-135.
Fig. S2 shows that Ran partners binding to Ran mutants and that RCC1 bind-
ing to Ran is affected by S135D mutation in vitro. Fig. S3 shows a study of Ran
binding to several partners during mitosis. Online supplemental material is

available at http://www.jcb.org/cgi/content/full /jcb.200912056/DC1.
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