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Human vaccinia-related kinase (VRK) 1 is a novel serine-
threonine kinase that regulates several transcription fac-
tors, nuclear envelope assembly, and chromatin conden-
sation and is also required for cell cycle progression. The
regulation of this kinase family is unknown. Mass spec-
trometry has permitted the identification of Ran as an
interacting and regulatory protein of the VRK serine-thre-
onine kinase activities. The stable interaction has been
validated by pulldown of endogenous proteins as well as
by reciprocal immunoprecipitations. The three members
of the VRK family stably interact with Ran, and the inter-
action was not affected by the bound nucleotide, GDP or
GTP. The interaction was stronger with the RanT24N that
is locked in its inactive conformation and cannot bind
nucleotides. None of the kinases phosphorylated Ran or
RCC1. VRK1 does not directly interact with RCC1, but if
Ran is present they can be isolated as a complex. The
main effect of the interaction of inactive RanGDP with
VRK1 is the inhibition of its kinase activity, which was
detected by a reduction in VRK1 autophosphorylation and
a reduction in phosphorylation of histone H3 in residues
Thr-3 and Ser-10. The kinase activity inhibition can be
relieved by the interaction with the constitutively active
RanGTP or RanL43E, which locks Ran in its GTP-bound
active conformation. In this complex, the interaction with
VRK proteins does not alter the effect of its guanine ex-
change factor, RCC1. Ran is a novel negative regulator of
nuclear VRK1 and VRK2 kinase activity, which may vary in
different subcellular localizations generating an asym-
metric intracellular distribution of kinase activity depend-
ing on local protein interactions. Molecular & Cellular
Proteomics 7:2199–2214, 2008.

Since completion of the human kinome, a new subfamily of
serine-threonine kinases, known as vaccinia-related kinases
(VRKs),1 has been identified (1) that is composed of three

proteins (2), two of which are catalytically active, VRK1 and
VRK2 (3, 4), and are mainly expressed in proliferating cells (2,
5, 6). These proteins have a conserved kinase domain but
differ in their regulatory region with little conservation
among them or with any other protein. The VRK1 protein is
mostly nuclear (3, 4), although in some cell types it is also
present in the cytosol (7); this subcellular localization is
regulated in response to a specific signal.2 The VRK2 gene
codes for two isoforms. The cytosolic VRK2A isoform cor-
responds to the full length and has 507 amino acids, and its
carboxyl-terminal region has a hydrophobic tail and is mem-
brane-bound to the endoplasmic reticulum and mitochon-
dria (8). The VRK2B isoform is shorter; corresponds to the
first 397 amino acids of isoform A, thus lacking the mem-
brane-anchoring region; and has both a cytosolic and nu-
clear localization; the latter is mainly expressed in cell types
in which the VRK1 protein is cytosolic, thus suggesting a
functional replacement (8).

Human VRK1 is the best characterized protein; it phospho-
rylates several transcription factors related with cellular re-
sponses to stress such as p53 (3, 9–11), forming an autoreg-
ulatory circuit (12); c-Jun (13); and ATF2 (14). VRK1 also
phosphorylates Baf, a protein implicated in the assembly of
nuclear envelope membranes (15, 16) and in the formation of
a functional mitotic spindle (17). Recently VRK1 has been
shown to phosphorylate histone H3 in Thr-3 and Ser-10 res-
idues and is implicated in chromatin condensation (18). VRK1
expression has been correlated with several proliferation
markers in head and neck squamous cell carcinomas (6).
VRK1 expression parallels that of c-myc and c-fos and occurs
early in the G1 phase (19). The phenotype induced by inacti-
vation of VRK1 induces defective cell proliferation and even-
tually cell death, suggesting that VRK1 can participate at
some stage in these processes (10).

Cell-specific biological effects are determined by the inter-
play among signaling pathways in the cells, which are likely to
be determined by the proteins expressed, their interactions,
and their levels in each cell type, but most intracellular pro-
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tein-protein interactions remain to be identified. For the iden-
tification of these interactions the use of proteomics ap-
proaches represents a powerful tool that can identify protein
networks as well as placing the proteins within signaling path-
ways related with different biological processes. Furthermore
the characteristics of specific protein-protein interactions can
also result in the identification of novel protein motifs that can
be used to identify new components of protein networks in
the cell. Elucidation of the components of a signaling pathway
requires the identification of specific protein-protein interac-
tions, which may be either consecutive steps in the pathway
or regulatory elements.

The components of the signaling pathway where VRK1 is
implicated, or other VRK members, are little known, therefore
we decided to search for interacting proteins using a pro-
teomics-based approach. The nuclear Ran GTPase was iden-
tified in this study by proteomics analysis as a partner of VRK
proteins. The small GTPases are a family of signaling proteins
of which the most characterized members are the Ras, Rho,
and Rac proteins (20), all of which are cytosolic and mediate
signals that reach mitogen-activated protein kinase pathways
(21, 22). There is also a nuclear small GTPase, Ran, that
belongs to the Ras superfamily (23–26); its partners in the
nuclei are mostly unknown except for importin proteins that
are implicated in nuclear transport, which is the best well
established function of Ran (25, 27). However, Ran is also
implicated in regulation of kinetochore function (28) and for-
mation of a functional mitotic spindle (29). The active RanGTP
is necessary to form membrane vesicles that are precursors
required for the assembly of the nuclear envelope (30). The
only guanine exchange factor known for Ran is RCC1 (29, 31,
32). Ran participates in chromosome segregation by its inter-
action with RCC1 (28, 29, 31). RCC1 generates a local con-
centration of RanGTP that is necessary for activation of pro-
teins required for kinetochore assembly, spindle formation, or
nuclear envelope formation among other mitotic events (17,
32). Nuclear envelop reformation depends in its early stages
on RanGTP (30, 33). Ran can also activate the mitotic kinase
Aurora A (34). In addition, its GEF, RCC1, is regulated by
phosphorylation in mitosis preventing Ran binding to importin
and turning it to chromosome binding (29).

In this work the nuclear Ran GTPase was identified as a
modulator of VRK activity on itself or on histone H3, an effect
that depends on the activation state of Ran. However, VRK1
did not affect the nucleotide-bound state of Ran. Thus, this
Ran interaction with VRK proteins might regulate their kinase
activity spatially and temporally in the cell, thus contributing to
determining different roles depending on its subcellular local-
ization and representing a functional compartmentalization.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmid pCEFL-GST expresses GST fusion protein in
mammalian cells. VRK1 full-length cDNA was subcloned in vector
pCEFL-GST with restriction sites BamHI-BamHI. Plasmid pCEFL-

GST-VRK2B was described previously (8). Plasmids pCEFL-HA-
VRK1 (10), pCEFL-HA-VRK2A, and pCEFL-HA-VRK2B (8) express the
human proteins tagged with an HA epitope. Different regions of VRK2
were also subcloned as fusion proteins in pCEFL-GST to produce
clones pCEFL-GST-VRK2-N (1–320), pCEFL-GST-VRK2A-C1 (256–
508), pCEFL-GST-VRK2A-C2 (364–508), and pCEFL-GST-VRK2B-C
(256–397). Prokaryotic expression clones in plasmid pGEX-4T ex-
pressing GST-Ran (wild type), GST-RanL43E, and GST-RanT24N
were from C. Walczak (Indiana University) (24). Bacterial expression
constructs 6xHisRCC1, 6xHisRCC1S2A, 6xHisRCC1S11A, and
6xHisRCC1S2,11A and mammalian expression construct RCC1-GFP
were from Y. Zheng (29). The plasmid pGEX-GST-VRK1 expressing
human GST-VRK1 fusion protein was described previously (3) as
were plasmids pGEX-GST-VRK2A and pGEX-GST-VRK2B express-
ing human GST-VRK2A and GST-VRK2B (8). 6xHisVRK1 construct
was generated by subcloning VRK1 cDNA in pET23A vector (Nova-
gen, Merck). VRK1 mammalian constructs pcDNA-VRK1-N-myc and
pGFP-VRK1-C were described previously (3) as were the VRK1 mu-
tant pcDNA-VRK1 K179E-myc (10). The coding region of human
VRK3 cDNA was cloned by RT-PCR using primers VRK3-R1 (5�-
CCGAATTCATGATCTCCTTCTGTCCAGACTGTG-3�) and VRK3-NotI
(5�-TTGCGGCCGCCTAGGGCACCATCGGGAGGCCAATG-3�) and
cloned in the EcoRI-NotI restriction sites of vector pCEFL-HA gener-
ating plasmid pCEFL-HA-VRK3.

Protein Expression and Purification—GST-Ran fusion proteins and
GST-VRK1 were expressed in BL21DE3 cells and purified using glu-
tathione-Sepharose (GE Healthcare) as reported previously (3, 24),
aliquoted, and stored at �20 °C. In some cases, proteins were eluted
using reduced glutathione at 10 or 20 mM. Protein concentrations
were determined by the Bradford assay (Bio-Rad). His-tagged pro-
teins were expressed and purified with TALON Metal Affinity Resin
(BD Biosciences) and eluted with 200 mM imidazole (Merck). Recom-
binant protein histone H3 was purchased from Upstate.

Cell Culture and Transfections—The HEK293T and HeLa cell lines
were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, 2 mM glutamine, and antibiotics (at 37 °C
in 5% CO2). For transient transfections, 106 HEK293T cells were
grown in P100 dishes and transfected 24 h later with the indicated
amounts of plasmids with the jetPEI reagent (Polytransfection, Ilkirch,
France) according to the manufacturer’s recommendations.

Purification of VRK-associated Proteins—For each transfection, a
total of 5 � 107 HEK293T cells were plated in 100-mm culture dishes.
Cells were transiently transfected with pCEFL-GST-VRK1, pCEFL-
GST-VRK2B, or pCEFL-GST using jetPEI reagent. Cells were lysed 48
h post-transfection in lysis buffer containing 1% Triton X-100, 200
mM NaCl, 50 mM Tris-HCl, pH 8.0, 1 mM sodium orthovanadate, 1
mM NaF, and protease inhibitors. After 30 min at 4 °C, insoluble
material was removed by centrifugation. The lysates were incu-
bated with glutathione-Sepharose beads for 12 h at 4 °C. Sepha-
rose beads were extensively washed with lysis buffer and subjected
to 2D electrophoresis.

Two-dimensional Gel Electrophoresis—After the beads were
washed, they were mixed with 250 �l of rehydration buffer (7 M urea,
2 M thiourea, 4% CHAPS, 50 mM DTT, 5 mM tris(2-carboxyethyl)phos-
phine, 15 mg of DeStreak, and 0.5% IPG buffer), vortexed, incubated
for 30 min at 30 °C, and centrifuged for 2 min at 15,000 rpm. The
supernatant was precipitated with methanol/chloroform, and finally
the pellet was resuspended in rehydration buffer. The samples were
applied to 13-cm IPG strips with a nonlinear pH gradient of 3–10
(Amersham Biosciences). Isoelectric focusing was performed at 50 V
for 12 h, 500 V for 1 h, 1000 V for 1 h, a voltage gradient ranging from
1000 to 8000 V for 30 min, and finally 5 h until the voltage reached
35,000 V. Strips were treated with SDS equilibration buffer (375 mM

Tris-HCl, pH 8.8, 6 M urea, 20% glycerol, and 2% SDS) plus 2% DTT
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for 15 min for protein denaturation and after that with equilibration
buffer plus 2.5% iodoacetamide for protein alkylation. The second
dimension electrophoresis was performed on 10% SDS-polyacrylam-
ide gels. The protein spots were visualized with SYPRO Ruby protein
gel staining.

Spot Excision and Tryptic Digestion of Proteins—Spots of interest
were excised automatically using a Proteineer spII robotic spot exci-
sion station (Bruker Daltonics, Bremen, Germany). The digestion was
performed as described previously (35) with minor variations as fol-
lows: gel plugs were washed with 25 mM ammonium bicarbonate and
acetonitrile and subsequently treated with 20 mM DTT in 25 mM

ammonium bicarbonate and 100 mM iodoacetamide in 25 mM am-
monium bicarbonate. Then the gel pieces were rinsed with 50 mM

ammonium bicarbonate plus acetonitrile and dried. Modified por-
cine trypsin, at a final concentration of 12 ng/�l in 25 mM ammo-
nium bicarbonate (Promega, Madison, WI), was added to the dry
gel pieces and incubated at 37 °C for 16 h. Tryptic peptides were
recovered and dried in a speed vacuum system and resuspended
with 0.1% trifluoroacetic acid and 50% acetonitrile in a final extrac-
tion volume of 5 �l.

Mass Determination of Tryptic Peptides and Protein Identification—
For MALDI-TOF peptide mass fingerprinting a 0.5-�l aliquot of matrix
solution (5 g/liter 2,5-dihydroxybenzoic acid in 33% aqueous aceto-
nitrile plus 0.1% trifluoroacetic acid) was manually loaded onto a
400-�m-diameter AnchorChipTM target plate (Bruker Daltonics) probe
and allowed to dry at room temperature. Then 1 �l of the above
extraction solution was added and allowed to dry at room tempera-
ture. Samples were analyzed on a Bruker Daltonics Ultraflex MALDI-
TOF mass spectrometer. The acquisition mass range was set to
680–4000 Da. The equipment was first externally calibrated using
protonated mass signals from a standard peptide calibration mixture
that contained seven peptides (Bruker Daltonics Peptide Calibration
Standard 206196) covering the 1000–3200 m/z range, and thereafter
every spectrum was internally calibrated using selected signals aris-
ing from trypsin autoproteolysis (842.510- and 2211.105-Da peptides)
to reach a typical mass measurement accuracy of �30 ppm. Each
raw spectrum was opened in Bio Tools 2.1 (Bruker Daltonics) soft-
ware and processed and analyzed by Xtof 5.1.1 software (Bruker
Daltonics) using the following parameters: signal-to-noise threshold
of 1, Savitzky-Golay algorithm for smoothing, tangential algorithm
for base-line substraction, and centroid algorithm for monoisotopic
peak assignment. In all cases, resolution was higher than 9000. All
known contaminants (trypsin autoproteolysis and known keratin
peaks) were excluded during the process. The generated peak lists
were copied to the Mascot server (version 2.0, January 2004) and
searched against the Swiss-Prot database (February 22, 2006;
207,132 sequence entries for Fig. 1 or October 11, 2006; 234,112
sequence entries for supplemental Fig. S1). Search parameters
were set as follows: searches were restricted to Homo sapiens
sequences (13,484 sequences for Fig. 1 or 14,780 for supplemental
Fig. S1), up to one missed tryptic cleavage, mass accuracy of 100
ppm, MH� monoisotopic masses, carbamidomethylcysteine as
fixed modification, and methionine oxidation as variable modifica-
tion. Mowse scores with a value greater than 54 were considered as
significant (p � 0.05).

Western Blot Analysis, GST Pulldown Assays, Immunoprecipita-
tion, and Antibodies—Cells were harvested 48 h post-transfection and
lysed with lysis buffer (1% Triton X-100, 200 mM NaCl, 50 mM Tris-HCl,
pH 8.0, 1 mM sodium orthovanadate, 1 mM NaF, and protease inhibi-
tors). 25 �g of total protein lysate were analyzed in SDS-polyacrylamide
gels to check protein expression. For GST pulldown assays, cells were
lysed with lysis buffer, and a total of 1 mg of total cell extract or the
amount of cells specified were incubated with glutathione-Sepharose
beads or with the corresponding GST fusion protein for 2–12 h at 4 °C.

Beads were washed four times with lysis buffer and analyzed in SDS-
polyacrylamide gels. For endogenous VRK1 or Ran immunoprecipita-
tion, cells were lysed with immunoprecipitation buffer (50 mM Hepes, pH
7.5, 50 mM NaCl, 0.1% Tween 20, 1% Triton X-100, 10% glycerol, and
protease and phosphatase inhibitors) 48 h after seeding. Clarified cell
lysates were subjected to Ran immunoprecipitation with a specific
monoclonal antibody or to VRK1 immunoprecipitation with VE1 and
VC1 polyclonal antibodies at 4 °C for several hours followed by incu-
bation with �-Bind beads (GE Healthcare) overnight. Beads were ex-
tensively washed with immunoprecipitation buffer, processed with Lae-
mmli buffer, and analyzed by SDS-PAGE. Human VRK1 protein was
detected with monoclonal 1F6 or polyclonal VE1 antibody (7). Human
VRK2 proteins were detected with a rabbit polyclonal antibody that
recognized both isoforms (8). GST was identified with the monoclonal
antibody B14 from Santa Cruz Biotechnology. Ran was detected with
monoclonal clone 20 (BD Biosciences-Pharmingen). RCC1 was de-
tected with N19 anti-goat polyclonal antibody from Santa Cruz Biotech-
nology. The HA epitope was detected with a specific monoclonal anti-
body from Covance (San Francisco, CA). The secondary antibodies
used for Western blots anti-(mouse-HRP), anti-(rabbit-HRP) or anti-
(goat-HRP) were from GE Healthcare. Luminescence in Western blot
was developed with an ECL kit (GE Healthcare).

In Vitro Interaction Assay—In vitro binding assays were carried out
with purified proteins at the indicated concentrations in 250 �l of
MgCl2 buffer (20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 2.5 mM MgCl2,
0.1% Triton X-100, and 10% (v/v) glycerol). Where specified, nucle-
otides or EDTA were added at 2 mM to perform the loading of
nucleotides to Ran fusion proteins. The loading was carried out at
room temperature for 30 min in a final volume of 50 �l before diluting
to 250 �l in MgCl2 buffer. To perform the in vitro binding assays,
proteins were incubated for 2 h at 4 °C. GST-tagged proteins and
interacting partners were precipitated by addition of 30 �l of gluta-
thione-Sepharose beads. The beads were washed four times with
MgCl2 buffer and analyzed by SDS-PAGE. Proteins were transferred
to Immobilon-P membranes (Millipore) and immunoblotted with the
appropriate antibodies.

VRK1 Kinase Assay—VRK1 kinase activity was determined by
assaying protein phosphorylation in a final volume of 30 �l contain-
ing kinase buffer (20 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 0.5 mM DTT,
and 150 mM KCl), 100 �M ATP, and 5 �Ci of [�-32P]ATP with 1 �g
of GST-VRK1, GST-VRK2A, or GST-VRK2B protein and the indi-
cated amounts of another proteins as substrates or cofactors. In all
assays, the amount of recombinant histone H3 used as substrate
was 1 �g. To perform immunocomplex kinase assays, VRK1 was
immunoprecipitated from HEK293T cells as described above. The
reactions were routinely performed at 30 °C for 30 min (3) and
stopped by boiling in Laemmli buffer. In all cases, GST-VRK pro-
teins or immunoprecipitated VRK1 was incubated previously with
GST-Ran purified proteins or with buffer only 1 h at 4 °C to allow the
interaction before starting the phosphorylation reactions. The phos-
phorylated proteins were analyzed by electrophoresis in 12.5%
SDS-polyacrylamide gels. The gels were stained with Coomassie
Blue (Merck) or transferred to Immobilon-P membranes (Millipore),
and the incorporated radioactivity was measured using a Molecular
Imager FX (Bio-Rad). To detect specific phosphorylated residues of
histone H3, proteins were transferred to Immobilon-P membranes
and immunoblotted with anti-phosphohistone H3 Thr-3 and Ser-10
antibodies (Upstate). When indicated, membranes were stained
with Ponceau stain.

Confocal Immunofluorescence Microscopy—HeLa or HEK293T
cells were plated on 60-mm dishes containing poly-L-lysine-treated
coverslips. 24 or 48 h later, the slides were collected, and cells were
fixed and permeabilized with cold methanol/acetone (1:1) for 10 min
at �20 °C. A 1% bovine serum albumin solution in NaCl/Pi was used
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FIG. 1. Proteomics identification of Ran as an interaction partner of VRK2B. A, experimental design. GST-VRK proteins or GST protein
was transfected in HEK293T cells, and the protein complexes were isolated by glutathione-Sepharose pulldowns. The proteins were separated
in parallel by 2D SDS-PAGE. Spots from the gels of GST-VRK1 and GST-VRK2B were selected for analysis when they did not appear in the
GST control gel. The spots were subjected to trypsin digestion and analysis by MALDI-TOF. B, pulldown of proteins associated to GST-VRK2B.
HEK293T cells were transfected with 8 �g of plasmid pCEFL-GST-VRK2B or 2 �g of pCEFL-GST as control, and the correct expression of the
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to block the cells for 30 min at room temperature. Endogenous Ran
and VRK1 (or VRK2) were detected by consecutive immunostaining
with the specific antibodies described above diluted in blocking so-
lution. Cells were incubated for 1 h at room temperature with each
primary antibody and then with a mixture of the secondary antibodies,
goat anti-mouse Cy2-labeled (GE Healthcare) and goat anti-rabbit
Cy3-labeled (GE Healthcare), for 1 h at room temperature. Nuclei
were stained with 4�,6-diamidino-2-phenylindole (Sigma) for 10 min at
room temperature. Slides were mounted with Gelvatol (Monsanto)
and analyzed with a Zeiss LSM510 confocal microscope.

GDP Unloading/GTP Loading Assays—For GDP release assays,
a stock for several reactions of Ran loaded with radioactive GDP
was made. GST-Ran (1 nmol) in loading buffer (20 mM Tris-HCl, pH
7.5, 100 mM NaCl, 0.1% (v/v) Triton X-100, 1 mM MgCl2, and 6 mM

EDTA) was incubated with 0.185 MBq of [3H]GDP (5 �Ci) (GE
Healthcare TRK 335) in a final volume of 50 �l for 30 min at 24 °C.
To stabilize the bound nucleotide, the protein was diluted with 450
�l of loading buffer containing 20 mM MgCl2, and the dilution was
stored in ice. In each reaction, 50 pmol of loaded Ran (25 �l) was
mixed with an equal volume of reaction mixture. Reaction mixtures
contained RCC1 and VRK1 in exchange buffer (20 mM Tris-HCl, pH
7.5, 100 mM NaCl, and 0.1% Triton X-100) to give final protein
concentrations indicated in the figures and free unlabeled GTP for
exchange in a final concentration of 2 mM. In all cases, loaded Ran
was incubated previously for 15 min at 24 °C with the indicated
amount of VRK1 in exchange buffer or with exchange buffer only in
reactions without VRK1 to allow the interaction. Then RCC1 and
free GTP were added, and the final reaction mixture was incubated
for 5 min at 24 °C to perform the GDP release assay. To stop the
reaction, samples were added to 2 ml of stop buffer (20 mM Tris-
HCl, pH 7.5, 25 mM MgCl2, and 100 mM NaCl) and immediately
filtered through nitrocellulose filters (Millipore). The filters were
washed with 20 ml of stop buffer, transferred to vials, and dissolved
with 1 ml of 2-methoxyethanol (Sigma). Radioactivity that remained
bound to the filters was determined by liquid scintillation counting.
Each reaction was performed in triplicate, and the results are shown
as mean values with error bars indicating the S.E. For GTP binding
assays, the same protocol was performed with the following vari-
ations: GST-Ran was loaded with 0.1 �mol of unlabeled GDP, and
0.007 �M (0.35 �l of) free 35S-GTP (GE Healthcare SJ-1320) was
used for exchange in each reaction. The incorporated radioactivity
was measured at the indicated times in the figures.

RESULTS

Identification of Ran as a Partner of VRK2B and VRK1 by
Mass Spectrometry—To identify proteins that interact with
members of the human VRK protein family an approach
based on the use of a biochemical copurification of com-
plexes using the GST affinity tag coupled with protein iden-
tification using mass spectrometry (MALDI-TOF) was fol-
lowed (Fig 1A). For this aim HEK293T cells were transfected
with mammalian plasmids expressing fusion proteins GST-
VRK1 or GST-VRK2B (the nuclear isoform of VRK2) (8) that

are identical and differ only in the last amino acid (8) and
with the empty vector expressing GST. The correct expres-
sion of the transfected proteins was confirmed in an immu-
noblot analysis (Fig 1B, left, and supplemental Fig S1A, left).
Cell extracts were used for a pulldown of associated pro-
teins using as control GST versus GST-VRK2B or GST-
VRK1. The proteins bound to the Sepharose beads were
separated by isoelectrofocusing followed by an electro-
phoresis in the second dimension. SYPRO Ruby staining
allowed the detection of several different spots pulled down
with GST-VRK2B or GST-VRK1 but not with control GST
that may correspond to proteins specifically bound to VRK
proteins. In both cases, a �25-kDa spot was excised from
gels for MS identification (Fig. 1B, right and supplemental
Fig S1A, right). The analysis of the MALDI-TOF spectrum in
each case showed several tryptic peptide masses that
matched to theoretical masses from the Ran GTPase se-
quence (Swiss-Prot accession number P62826) (Fig. 1C and
supplemental Fig. S1B). For the spot from the VRK2B pull-
down, 12 of the 21 mass values searched matched with
Ran, spanning 39% of the protein sequence (Fig. 1D) with a
score of 170. For the spot from the VRK1 pulldown, 15 of
the 23 mass values matched with Ran, covering 59% of the
full-length protein (supplemental Fig. S1C) with a score of
229. Sequences corresponding to each tryptic peptide are
shown (Fig. 1C, right, and supplemental Fig S1C). These
data indicate that the protein selectively bound to VRK2B or
VRK1 is Ran, the only known nuclear GTPase (36). These
results suggested that Ran can interact with several mem-
bers of the VRK family.

In Vitro Interaction of the Three Human VRK Proteins with
GST-Ran—To further confirm that all human VRK proteins or
their isoforms were able to interact with Ran, in vitro pulldown
experiments were performed. The HEK293T cell line was trans-
fected with plasmids expressing either VRK1 (10, 12) or VRK2B
(8) and also VRK2A or VRK3. Cell extracts from transfected cells
were used for a pulldown with glutathione-Sepharose beads
containing either bacterially expressed GST-Ran or its mutants,
GST-RanT24N that has a non-active conformation and mimics
the GDP-bound state or RanL43E that mimics the GTP-bound
active conformation and does not hydrolyze GTP (24, 37). The
GST-Ran proteins were used to bring down associated proteins
that were detected in immunoblots with an anti-HA antibody
specific for the HA epitope tag used in VRK proteins. The three
GST-Ran proteins, wild type and both mutants, but not the GST
control, were able to stably interact with VRK1 (Fig. 2A), VRK2B

proteins was analyzed by Western blotting 48 h after transfection (left). The lysates were mixed with glutathione-Sepharose beads. Protein
complexes were isolated by pulldown and subjected to 2D SDS-PAGE. Each sample was resolved in a pH range of 3–10, and the second
dimension electrophoresis was performed on 10% SDS-polyacrylamide gels. A spot selected for further analysis is shown in the figure (right);
it was later identified as Ran. IB, immunoblot. C, mass spectrum of the tryptic peptides of the selected spot (left). Mass value (m/z) and putative
amino acid position assignments are indicated above peaks. Assignments were made using Mascot software. m/z value, position, and
sequence of each assigned peptide are shown (right). Abs. Int., absolute intensity. D, peptide coverage map of Ran GTPase; the peptides used
for identification are underlined and bold.
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(Fig. 2B), VRK2A (Fig. 2C), and VRK3 (Fig. 2D). These results
indicate that the three human VRK proteins are able to interact
with human Ran protein.

Next whether VRK1 binding to Ran was concentration-de-
pendent was tested. For this aim an in vitro interaction assay
was performed using a non-limiting concentration of GST-
Ran protein (80 nM) and increasing concentrations of VRK1
protein. The VRK1 bound to Ran was identified in an in vitro
pulldown assay followed by an immunoblot. As the amount of
VRK1-His increased so did the amount bound to GST-Ran

(Fig. 2E), indicating that this interaction is direct and does not
require any additional protein.

Because the nucleotide loading of Ran might affect its
interactions with other proteins such as VRK1, this in vitro
interaction was also determined after loading Ran with either
GDP or GTP to try to determine whether there were differ-
ences based on the bound nucleotide. GST-Ran and His-
VRK1 were incubated in vitro under different conditions re-
garding the presence of nucleotide or EDTA. VRK1 was
detected in the pulldown independently of the nucleotide

FIG. 2. Interaction of the three VRK proteins with Ran. Pulldown with GST-Ran of transfected human VRK1 (A), VRK2B (B), VRK2A (C),
and VRK3 (D) is shown. HEK293T cells were transfected with plasmids pCEFL-HA-VRK1 (5 �g), pCEFL-HA-VRK2B (5 �g), pCEFL-HA-VRK2A
(8 �g), or pCEFL-HA-VRK3 (5 �g) expressing the corresponding human proteins. The protein expression was checked in the cell lysate
prepared 48 h after transfection. Cell extracts were mixed with 10 �g of bacterially expressed and purified GST-Ran, its mutant T24N (inactive)
and L43E (active) forms, and GST as negative control. The mixture was incubated for 2 h at 4 °C with gentle rotation after which they were used
for a pulldown using glutathione-Sepharose beads, and the proteins were detected in immunoblots (IB) with a specific antibody for the HA
epitope present in the VRK proteins or anti-GST to detect whether the pulldowns contained equal amounts of proteins. E, dependence of the
interaction on the concentration of VRK1. Incubations were carried out using a fixed concentration of GST-Ran (80 nM) and increasing
concentrations (as indicated) of VRK1-His purified proteins in MgCl2 binding buffer as indicated under “Experimental Procedures.” The mixture
was incubated for 2 h at 4 °C and used for a pulldown with Sepharose beads. The proteins present in the pulldown were detected in an
immunoblot that was developed using antibodies specific for GST and VRK1. F, in vitro binding of VRK1-His to GST-Ran wild type (wt),
GST-RanL43E, and GST-RanT24N with the addition of GTP, GDP, or EDTA. Incubations were carried out using 0.07 �M VRK1-His and 2 �M

GST-Ran purified proteins loaded with 2 mM GDP, GTP, or EDTA in MgCl2 buffer. A Western blot of the pulldown was developed using
antibodies to GST and VRK1.
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present (Fig. 2F, the first two lanes with wild-type Ran), al-
though it appeared to be stronger in the case of the inactive
GST-RanT24N (Fig. 2F).

Interaction of Endogenous VRK1 with GST-Ran—Endoge-
nous VRK1 protein is expressed at significant levels in
HEK293T cells (Fig. 3A, top gel). Therefore extracts of this cell
line were incubated with GST-Ran beads and used for a
pulldown assay. The GST-Ran protein (Fig. 3A, left lane), but
not the negative control GST (Fig. 3A, right lane), was able to
specifically interact with human VRK1. Next to determine
whether the conformation of Ran could significantly alter the
interaction, a similar assay was performed using three differ-
ent Ran proteins in the pulldown assay. The three Ran pro-
teins, wild type, RanL43E and RanT24N mutants, were able to
interact and brought down the endogenous VRK1 protein
(Fig. 3B).

To confirm this result, a reciprocal experiment was per-
formed to determine whether the endogenous Ran protein
was also able to interact with transfected VRK1. For this aim
HEK293T cells were transfected with plasmid pCEFL-GST-
VRK1, and the expressed fusion GST-VRK1 protein was used
for a pulldown experiment. In the lysate the expression of
transfected proteins as well as endogenous Ran and its inter-
acting protein RCC1 (29) were determined (Fig. 3C, top). In the
pulldown Ran was clearly detected in the corresponding im-
munoblot in which RCC1 was also present in this complex
(Fig. 3C, bottom). To rule out that RCC1 does not directly
interact with VRK1, a similar experiment was performed in
which exogenous RCC1 was transfected (plasmid pGFP-
RCC1) to displace endogenous RCC1 from the complex. This
exogenous GFP-RCC1 protein did not displace the endoge-
nous RCC1 from Ran, but it did compete with VRK1 for some
of Ran because a smaller amount of Ran was detected bound
to VRK1, and no GFP-RCC1 could be detected bound to
VRK1 in the pulldown (Fig. 3D).

Subcellular Localization of Endogenous VRK1 and Ran Pro-
teins and Detection of Their Interaction by Reciprocal Immu-
noprecipitation—As an initial step, whether the two proteins,
VRK1 and Ran, were at least partially colocalized within the
cell was determined. The endogenous VRK1 and Ran proteins
were detected by confocal immunofluorescence in HEK293T
(Fig. 4A) and HeLa (not shown) cell lines. VRK1, detected with
the polyclonal antibody VE1, was mostly localized in the nu-
cleus, and some was localized in the cytosol (7). Ran was
mostly cytosolic with some nuclear aggregation. Both pro-
teins presented some overlap of their signals both in nucleus
and cytosol in interphase (Fig. 4A). In cells that have finished
cell division, Ran was mostly located on, or near, the nuclear
membrane, but its overlap with VRK1 was intranuclear
(Fig. 4B).

To validate the interaction detected between Ran and
VRK1, a reciprocal immunoprecipitation experiment was per-
formed. The expression of the VRK1 and Ran proteins was
first checked in the cell lysate (Fig. 4C, top gel). This extract
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FIG. 3. Binding of endogenous VRK1 with GST-Ran or endoge-
nous Ran with GST-VRK1. A, interaction of endogenous VRK1 and
exogenous Ran proteins. The level of endogenous VRK1 in the
HEK293T used for a pulldown is shown in the gel at the top. The
extract was used for a pulldown with either purified GST-Ran (left) or
GST as negative control (right). The proteins were detected with
antibodies as indicated under “Experimental Procedures.” B, interac-
tion of endogenous VRK1 with different forms of Ran indicated in the
legend (top) and used for a pulldown assay. HEK293T cells (6 � 107)
were lysed, and the expression of endogenous VRK1 was checked
with the 1F6 monoclonal specific antibody for human VRK1 (top gel).
The lysate was incubated with 10 �g of GST-Ran or GST purified
proteins 4–12 h at 4 °C and centrifuged, and the beads were analyzed
in an immunoblot (IB) with specific antibodies to VRK1 and GST
(bottom gel). C, interaction of endogenous Ran with transfected
VRK1. The endogenous proteins Ran and RCC1 in the cell lysate are
shown at the top. HEK293T cells were transfected with plasmids
pCEFL-GST-VRK1 (10 �g) and pCEFL-GST (2 �g), and their correct
expression was checked in the cell lysate prepared 48 h after trans-
fection. The lysate was mixed with glutathione-Sepharose beads for
4–12 h at 4 °C, and the beads were pulled down by centrifugation.
The proteins brought down with the beads were analyzed in an
immunoblot with specific antibodies (lower blot). D, RCC1 does not
bind directly to VRK1. HEK293T cells were transfected with plasmids
pCEFL-GST-VRK1 (5 �g), pCEFL-GST (1 �g), and pGFP-RCC1 (2 �g)
in the combinations indicated in the figure, and their correct expres-
sion was checked in the cell lysate prepared 48 h after transfection.
The expression of endogenous Ran and RCC1 was also checked (top
panel). The lysate was mixed with glutathione-Sepharose beads for
4–12 h at 4 °C, and the beads were pulled down by centrifugation.
The proteins brought down with the beads were analyzed in an
immunoblot with specific antibodies (bottom panel).
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FIG. 4. Subcellular localization of endogenous VRK1 and Ran proteins and detection of their interaction by reciprocal immunopre-
cipitations. A, confocal immunofluorescence microscopy of endogenous VRK1 and Ran proteins in HEK293T cells. VRK1 was detected with
the VE1 polyclonal antibody, and as secondary antibody a Cy3-labeled anti-rabbit antibody was used. Ran was detected with a monoclonal
antibody, and as secondary antibody a Cy2-labeled anti-mouse antibody was used. B, colocalization of endogenous Ran and VRK1 in cells
that have completed division. C, HEK293T cells (2 � 108) were lysed, and the extracts were subjected to immunoblot analysis to check the
expression of endogenous Ran and VRK1 (top panel) with specific antibodies. Half of the extracts were used to perform an immunoprecipitation
(IP) of endogenous Ran with the specific monoclonal antibody and a control immunoprecipitation with a nonspecific monoclonal antibody
(�AU5) (left panel). The other half of the extracts was used to immunoprecipitate endogenous VRK1 with a mixture of two specific polyclonal
antibodies (VE1 and VC1) and to perform a control immunoprecipitation with a nonspecific polyclonal antibody (�FLAG) (right panel). The
immunoprecipitations were subjected to immunoblot (IB) analysis. VRK1 was detected in the Ran immunoprecipitation but not in the negative
control, and Ran was detected in the VRK1 immunoprecipitation but not in the negative control. D, as a positive control, the same conditions
that were used to detect the interaction of VRK1 with immunoprecipitated Ran were used to see the interaction of RCC1 with immunopre-
cipitated Ran. E, colocalization of endogenous Ran and VRK2 in HEK293T cells. VRK2 protein was detected with a rabbit polyclonal antibody.
Ran was detected as described above. DAPI, 4�,6-diamidino-2-phenylindole.
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was used for immunoprecipitation of Ran (Fig. 4C, bottom left)
or VRK1 protein (Fig. 4C, bottom right). In each case a parallel
immunoprecipitation with an antibody of the same isotype
without an endogenous target was performed as negative
control. VRK1 was detected in the Ran immunoprecipitate but
not in the control with a nonspecific (anti-AU5) antibody (Fig.
4C, bottom left). Next the inverse experiment was performed,
endogenous VRK1 was immunoprecipitated, and the Ran
protein was detected in this specific immunoprecipitate but
not in the case of the control with an anti-FLAG antibody (Fig.
4C, bottom right). As a positive control, a parallel experiment
was performed to check whether RCC1 was also detected as
bound to immunoprecipitated Ran following the same exper-
imental conditions used to see the interaction of VRK1 with
immunoprecipitated Ran (Fig. 4D).

Because VRK1 and VRK2 have a high conservation in their
first 396 amino acids, whether there was an overlap between
Ran and VRK2 was also tested. In the case of the endogenous
VRK2 proteins the antibody cannot discriminate between its
two isoforms because the sequence of isoform B corre-
sponds to the first 397 amino acids of isoform A; therefore the
signal has to be distributed in the cytosol and some in nuclei
(8). In HEK293T cells there was a strong overlap between the
cytosolic signal of VRK2 and Ran (Fig. 4E), suggesting that
they might also be forming a complex in this compartment.

Identification of the VRK1 Region Interacting with Ran—To
identify the region of the VRK1 molecule required for the
interaction with Ran, a pulldown with three different con-
structs of VRK1 as targets of GST-Ran was performed. The
VRK1 regions were the full length (amino acids 1–396), amino-
terminal domain (amino acids 1–332), and carboxyl-terminal
domain (amino acids 267–396) as well as the kinase-dead
VRK1(K179E). The full length interacted very well, but there
was a significant loss of binding with either the amino- or
carboxyl-terminal region of VRK1, suggesting that they are
much less efficient (Fig. 5A). These two constructs have an
overlapping region corresponding to residues 267–332 (Fig.
5B). The interaction with kinase-dead VRK1 was also weaker
probably because of the instability of this inactive protein that
lacks autophosphorylation (19). VRK2B is almost identical in
size and structure to VRK1 (8) and thus behaved in a similar
manner (not shown). A similar experiment was performed
using fusion proteins spanning different regions of VRK2 ex-
pressed from plasmids pCEFL-GST-VRK2N (1–320), pCEFL-
GST-VRK2A-C1 (256–508), pCEFL-GST-VRK2A-C2 (364–
508), and pCEFL-GST-VRK2B-C (256–397). In VRK2 the
overlapping region corresponds to residues 256–320 (Fig. 5,
C and D). These regions in both VRK1 and VRK2 have a very
flexible structure that can adapt alternative conformations,
particularly when truncated at one end of the protein as these
protein constructs are. The interaction of RanL43E with VRK1
occurs through the same region as that in Ran because both
behave in a similar way (Fig. 5E). Also the conservation of the
interaction region in the three VRK proteins suggests that they

might compete with each other, as well as with other Ran-
binding proteins containing the same motif, for binding to
Ran. This was tested using VRK3, which was able to partially
compete with VRK1 for the interaction with Ran (Fig. 5F).

RCC1 and VRK1 Can Bind Simultaneously to Ran—The
data available indicate that Ran is able to bind to its GEF, the
RCC1 protein (30, 38), and to VRK1 (this work); therefore it is
possible that both proteins can bind simultaneously to Ran.
First whether VRK1 could bind to RCC1 was determined in a
pulldown assay. The GST-VRK1 protein was unable to bring
down the RCC1 protein by itself (Fig. 6A) indicating that they
do not appear to interact directly even if VRK1 is in a molar
excess over RCC1.

It is possible that when Ran is bound to RCC1 the formation
of this complex might increase Ran affinity for its interaction
partner VRK1. Thus when the Ran-RCC1 complex is formed
there might be a change in conformation of Ran that increases
its binding to VRK1 without displacing RCC1. If that interpre-
tation is correct, in an experiment in which Ran and VRK1
were equimolar, the binding to VRK1 was determined as the
amount of RCC1 was increased. In this case the VRK1 bound
to Ran increased as the amount of RCC1 was raised (Fig. 6B).
A similar result was also obtained when using a molar excess
of Ran (not shown). These results indicate that the binding of
Ran to RCC1 facilitates the incorporation of VRK1 into the
complex.

Ran and RCC1 Are Not Phosphorylated by VRK1 or
VRK2B—Because VRK1 and VRK2B proteins have kinase
activity, whether Ran was also a phosphorylation target of
these kinases was tested. For this aim an in vitro kinase assay
was performed using GST-VRK1 (supplemental Fig. S2A) or
GST-VRK2B (supplemental Fig. S2B), and as substrates Ran,
RanT24N, and RanL43E proteins were used. The autophos-
phorylation of VRK2B and VRK1 was used as positive con-
trols. VRK2B and VRK1 did not phosphorylate any of the Ran
proteins, but the positive control of kinase autophosphoryla-
tion was clearly detected.

Ran is regulated by its interaction with its GEF factor,
RCC1. RCC1 is regulated by phosphorylation in serine resi-
dues that inhibits its binding to importin (39) and promotes its
association required for spindle assembly (29). Therefore, the
phosphorylation of RCC1 by VRK1 might be possible, and this
was tested using a panel of RCC1 phosphorylation mutants in
an in vitro kinase assay (supplemental Fig. S3, A and B). The
same result was obtained with VRK2B (supplemental Fig.
S3C).This phosphorylation was studied with and without the
inclusion of different Ran mutants, but none of them were able
to induce the phosphorylation of RCC1 by VRK1 (supplemen-
tal Fig. S3D). Therefore it can be concluded that VRK1 does
not phosphorylate RCC1.

Ran Down-regulates the Kinase Activity of VRK1 and
VRK2B on Autophosphorylation and on Phosphorylation of
Histone H3—Regulation of kinase activities is an alternative
possibility resulting from a protein-protein interaction. The
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FIG. 5. Mapping the VRK1 region that interacts with Ran. A, mapping the interaction between GST-Ran and VRK1. HEK293T cells were
transfected with constructs expressing the full-length VRK1 (plasmid pCEFL-VRK1-HA), amino-terminal region 1–332 (pcDNA-VRK1-N-myc),
carboxyl-terminal region 267–396 (pEGFP-C-VRK1), or the kinase-dead VRK1 (pCDNA-VRK1-K179E-myc). The lysates were incubated with
10 �g of GST-Ran purified protein and centrifuged, and the proteins in the pulldown were identified with a specific polyclonal antibody for VRK1
(lower panel). The expression of the proteins was determined by Western blot (top panel). B, diagram illustrating the common region between
the different VRK1 constructs and identifying the region of VRK1 needed for interaction with Ran. C, pulldown of endogenous Ran with different
constructs of human VRK2. HEK293T cells were transfected with plasmids pCEFL-GST, pCEFL-GST-VRK2N (1–320), pCEFL-GST-VRK2A-C1
(256–508), pCEFL-GST-VRK2A-C2 (364–508), and pCEFL-GST-VRK2B-C (256–397) expressing different regions of human VRK2. In the
pulldown proteins the presence of endogenous Ran was determined with a specific antibody. D, diagram illustrating the common region
between the different VRK2 constructs and identifying the region of VRK2 needed for interaction with Ran. E, interaction of RanL43E with VRK1.
The experiment was performed as in A. F, partial competition of VRK3 with VRK1 for binding to Ran. The mixture of proteins in the
concentrations indicated in the figure was used for a pulldown of His-VRK1, and the bound proteins were determined by immunoblot (IB). wt,
wild type.
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interaction between Ran and VRK1 might regulate the kinase
activity of the latter. Therefore whether the kinase activity of
VRK1 was affected by its interaction with Ran and whether it
was dependent on any of the different forms of Ran were
tested. For this aim two alternative assays were performed,
autophosphorylation of VRK1 (3) and phosphorylation of his-
tone H3 in Ser-3 and Thr-10 by VRK1 (18). Initially whether
VRK1 autophosphorylation or H3 phosphorylation was af-
fected by any of the different forms of Ran was determined.
The kinetics of phosphorylation reaction is much faster than
complex formation; therefore Ran and VRK1 were preincu-
bated to form a complex before performing the kinase assay.
VRK1 was able to autophosphorylate itself and phosphorylate
H3, but these phosphorylations were inhibited by either wild-
type Ran or the inactive RanT24N, whereas H3 was phospho-
rylated in the presence of the active RanL43E (Fig. 7A). Be-
cause RanL43E is able to stably bind GTP, the assay was also
performed in its presence, but the result was similar to that
without GTP (not shown).

Next a dose-dependent phosphorylation of H3 by VRK1
was performed in an in vitro kinase assay, and at the higher
VRK1 dose, Ran was added at different concentrations.
Autophosphorylation and H3 phosphorylation were depend-
ent on the amount of VRK1 (Fig. 7B). The addition of in-
creasing amounts of Ran inhibited both VRK1 autophos-
phorylation and H3 phosphorylation. The inhibition of
phosphorylation was dependent on the amount of Ran pres-
ent in the assay (Fig. 7B).

To determine whether a similar situation could be detected
with the endogenous VRK1 kinase an experiment was per-
formed in which the endogenous VRK1 protein was immuno-
precipitated from either non-synchronized cells or cells
blocked with nocodazole in the G2/M phase of the cell cycle.
In the case of cells blocked in mitosis, there was an increase
in autophosphorylation of VRK1 (Fig. 7C) as well as an in-
crease in H3 phosphorylation, and both were inhibited by the
inclusion of Ran protein in the assay (Fig. 7C, last two lanes).

It has been reported that VRK1 phosphorylates histone H3
in Thr-3 and Ser-10 (18). Therefore, whether these two resi-
dues were indeed phosphorylated by VRK1 was tested. The
residues were detected using phosphospecific antibodies for
each residue. An in vitro kinase assay was performed in the
absence or presence of Ran (individual reaction components
are shown in Fig. 7D, top), and the products were analyzed
with the antibodies. VRK1 clearly phosphorylated H3 in Thr-3,
which was reduced in the presence of Ran (Fig. 7D, bottom);
however, the phosphorylation in Ser-10 was less noticeable
because this antibody was much less efficient, although the
phosphorylation signal also disappeared in the presence of
Ran. From these experiments we can conclude that, in those
complexes where VRK1 is interacting with Ran, VRK1 has a
reduced kinase activity manifested both in its autophospho-
rylation and on its H3 specific target.

Because VRK proteins, particularly VRK2 and VRK1, have a
highly conserved amino-terminal region with their catalytic
domain (397 amino acids), whether the kinase activity of both
VRK2 isoforms was also inhibited by Ran was also deter-
mined (Fig. 7E). The kinase activity of both VRK2A and VRK2B
in autophosphorylation and on H3 phosphorylation assays
was inhibited by the Ran protein (Fig. 7E).

VRK3 is a kinase-inactive protein (4, 40), and it has been
postulated that it can recover kinase activity by its interaction
with an unknown protein (41). Therefore whether Ran could
recover this activity was tested. An in vitro kinase assay was
performed with VRK3 in the presence of the three forms of
Ran; none of them recovered the kinase activity (Fig. 7E).

Interaction of VRK1 with Ran Does Not Affect the Nucleo-
tide Exchange Activity of RCC1—Because VRK1 is a nuclear
protein the effect on the activity promoted by the nucleotide
exchange factor RCC1 was studied. One possible conse-
quence of the interaction between VRK1 and Ran is to mod-
ulate the nucleotide exchange activity. To try to determine a
possible effect, whether VRK1 could affect the release of GDP
mediated by RCC1 was first determined. For this aim Ran was
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loaded with GDP, and the release of GDP was determined in
the presence of different amounts of RCC1 with and without
an excess of VRK1 protein. RCC1 induced a dose-dependent

release of GDP that was not affected by VRK1 (Fig. 8A).
Alternatively VRK1 might affect the loading of GTP on Ran
induced by RCC1. This potential loading of GTP was studied
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at different time points using different concentrations of RCC1
with and without VRK1. RCC1 increased the amount of GTP
bound to Ran in both a time- and an RCC1 dose-dependent
way, but neither of them was affected by incubation in the
presence of VRK1 (Fig. 8B). From these data it can be con-
cluded that VRK1 does not affect the role of RCC1 in regu-
lating the nucleotide exchange of Ran.

DISCUSSION

The role of proteins interacting with VRK proteins can be of
three main types: either substrates of the kinase reaction
whose interaction is likely to be transient or regulatory pro-
teins that either introduce covalent modifications or alterna-
tively are able to form stable complexes by a protein-protein
interaction, which might affect the enzymatic activity or spec-
ificity of VRK1. In this work we identified Ran as a negative
regulator of VRK1 activity.

The activation of kinases by small GTPases is a well known
mechanism of which activation of mitogen-activated protein
kinase (MAPK) by Ras is probably the best known process

(21, 22). In the inverse situation, the regulation of kinase
activity by interaction with a small GTPase is a little character-
ized effect; the only case identified is the activation of PAK1
activity by Cdc42 (42–44). Ran has been shown to be an acti-
vator of Aurora A (34); thus small GTPase-kinase interactions
can function as a switch of signaling pathways that play a role
in different biological processes that need to be coordinated.
However, there are no data regarding inhibition of kinase activ-
ities by their interaction with any small GTPase protein.

The identification of a stable interaction between VRK pro-
teins and the Ran GTPase opens up new possibilities from a
regulatory point of view. The VRK1 protein is very stable and,
in continuously growing cells, is always present at relatively
high levels (19); because of that it has been associated with
cell proliferation (2, 5, 6). But this kinase, which can regulate
several transcription factors, may not always be necessary,
and therefore it is likely to be regulated either spatially or
temporally. The inhibition of VRK1 kinase activity by RanGDP
suggests that its kinase activity might be regulated in time and
space, a role already known for Ran in other functions such as
in the localization to the nuclear pore during interphase of
Mad1p and Mad2p, two spindle assembly checkpoint pro-
teins (36). In general only one conformation of Ran has the
effect on the target protein, and it is possible that the inhibi-
tion of VRK1 activity by RanGDP might be necessary for its
nuclear import.

The identification of a protein, Ran, that is able to modulate
the kinase activity of a nuclear protein, VRK1, has functional
consequences. This interaction implies that within the nuclei
regions, where these two proteins interact, the kinase activity
is inhibited when Ran is bound to GDP. Although in those
areas where there is an interaction with the GTP-bound form
the kinase is active. Thus although there is a homogeneous
distribution of VRK1 protein in the nucleus, it does not imply
a similar distribution of its kinase activity. This functional
heterogeneity is an important concept regarding the function
of both proteins. The VRK1 protein is also present in the
cytosol of some cell types (8) where Ran is in its inactive
conformation; thus in cytosol, the activity of VRK1 is likely to
be inhibited. The different compositions of protein complexes
that implicate regulation of VRK1 activity are summarized in a
diagram (Fig. 9), and their relative proportions in different
subcellular location will determine the local effect of VRK1. In
the cytosol, the interaction between Ran and VRK2 is more
likely to play a relevant role, but the processes implicated still
need to be identified and characterized. VRK2 modulates
stress response to hypoxia (45) or to IL-1� signal (46).

Phosphorylation of histones by VRK1 was initially identified
for histone H2B (3). Later the unique Drosophila melanogaster
ortholog of this human kinase family, the NHK-1 (nucleosomal
histone kinase), has also been shown to phosphorylate his-
tones and is essential for chromosome condensation and
mitotic progression (47–50). Histone H3 plays an important
role in chromatin condensation once the DNA synthesis has
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been completed. Histone H3 can be phosphorylated by VRK1
in Thr-3 and Ser-10 (18). H3 phosphorylation in Thr-3 has
been shown to be required early in mitosis and was concen-
trated in the central region of the metaphase plate (51); but the
kinase was not known (51) although some studies have de-
tected this activity (52). H3 phosphorylation in Ser-10 has
been detected in mitogen-stimulated fibroblasts (53, 54) and
is indispensable for cell transformation (55), which is also
required for proper chromosome condensation and segrega-
tion (56). The subcellular location of H3 phosphorylated in
Ser-10 has been detected concentrated in the periphery of
chromosome packages in anaphase and telophase and re-
forming nuclei, thus presenting a different temporal and spa-
tial pattern with respect to Thr-3 phosphorylation (51). VRK1
phosphorylation of H3 in both Thr-3 and Ser-10 contributes to
nuclear condensation (18) and might also be acting as a
downstream target of other signaling kinases that have been
shown to phosphorylate H3 in in vivo systems, such as MSK
(58), or haspin (59). H3 phosphorylation in Ser-10 by MSK1/2
has been implicated in the activation of immediate-early re-
sponse genes (60, 61), a role that has also been identified for
VRK13; and in this context, VRK1 might be an alternative
kinase to the Pim1 kinase role in transcriptional complexes
containing Myc (62).

The effect of Ran on the activity of VRK1 indicates that
within the nucleus and depending on the concentration of
each protein they might have different roles creating a func-
tional heterogeneity. VRK1 is located dispersed throughout
nuclei, but Ran activation is dependent on the differential
gradient of RCC1 (29, 32). This differential activity can have an
important role in the regulation of its transcription factors by
phosphorylation that includes p53 (3, 10), ATF2 (14), c-Jun
(13), and probably others that will be identified in the future.
An alternative role of this inhibition of the phosphorylation by
Ran might allow checking for the correctness of DNA replica-
tion. The formation of a complex with VRK1-Ran and non-

phosphorylated RCC1 suggests that this complex is likely to
be in a conformation that binds to chromatin rather than being
implicated in nuclear transport that requires phosphorylation
of RCC1 (29). The importance of intracellular phosphorylation
gradients is exemplified by the role of Aurora B in anaphase
where there is a cross-talk between Aurora B activation and
microtubules (63).

Although VRK1 does not appear to affect the nucleotide-
bound state of Ran, it will be necessary to determine whether
it modulates some of the effects associated with Ran, such as
nuclear transport. Therefore the interaction between VRK pro-
teins and Ran might have additional effects. The interaction
region is conserved among the three VRK proteins and is
shared with other small GTPase-binding proteins, making
feasible the formation of different combinations depending on
intracellular location.

In summary, in this report we have shown that Ran
GTPase, depending on its activation state, is able to regu-
late the kinase activity of the VRK1 and thus has the poten-
tial to generate areas within the cell with different kinase
activity. This represents the first regulatory protein of VRK1
and one of the first nuclear kinases regulated by protein-
protein interactions.
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