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Abstract

MFP1 is a conserved plant coiled-coil protein located
on the stroma side of the chloroplast thylakoids, as well
as in the nuclear matrix. It displays species-specific
variability in the number of genes, proteins, and ex-
pression. Allium cepa has two nuclear proteins anti-
genically related to MFP1 with different M, pl,
distribution, and expression, but only the 90 kDa MFP1
protein is a nuclear matrix component that associates
with both the nucleoskeletal filaments and a new cate-
gory of nuclear bodies. The 90 kDa AcMFP1 migrates in
two-dimensional blots as two sets of spots. The hypo-
phosphorylated forms (pl ~9.5) are tightly bound to the
nuclear matrix, while high ionic strength buffers release
the more acidic hyper-phosphorylated ones (pl ~8.5),
suggesting that the protein is post-translationally mod-
ified, and that these modifications control its attach-
ment to the nuclear matrix. Dephosphorylation by
exogenous alkaline phosphatase and phosphorylation
by exogenous CK2, as well as specific inhibition and
stimulation of endogenous CK2 with heparin and sper-
mine and spermidine, respectively, revealed that the
protein is an in vitro and in vivo substrate of this
enzyme, and that CK2 phosphorylation weakens the
strength of its binding to the nuclear matrix. In synchro-
nized cells, the nuclear 90 kDa AcMFP1 phosphoryla-
tion levels vary during the cell cycle with a moderate
peak in G,. These results provide the first evidence
for AcMFP1 in vivo phosphorylation, and open up
further research on its nuclear functions.
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Introduction

The nuclear matrix (NM) is the filamentous network that
provides the scaffold for dynamic nuclear organization and
function (Wasser and Chia, 2000; Shumaker et al., 2003;
Bettinger et al., 2004; Kiseleva et al., 2004; Nalepa and
Harper, 2004). In plants, it comprises a peripheral layer
with associated pore complexes, an internal network of
branched filaments, a dense nucleolar skeleton, and nuclear
bodies (Moreno Diaz de la Espina, 1995; Yu and Moreno
Diaz de la Espina, 1999). Biochemically, the NM is defined
as the residual insoluble fraction after removal of chromatin
and soluble proteins from the nucleus. Its protein compo-
sition is complex and depends not only on the physiological
conditions, cell cycle phase, or differentiation state, but also
on the isolation procedure (Moreno Diaz de la Espina, 1995;
Calikowski et al., 2003). The multiple proteins display
specific nuclear distribution (Moreno Diaz de la Espina,
1995; Gindullis and Meier, 1999; Harder et al., 2000;
Moreno Diaz de la Espina et al., 2003). Some of them are
plant-specific coiled-coil proteins such as NMCP1 and
MFP1 (Meier et al., 1996; Masuda et al., 1997), structural
elements such as the functional homologues of NuMA and
lamins (Li and Roux, 1992; McNulty and Saunders, 1992;
Minguez and Moreno Diaz de la Espina, 1993; Yu and
Moreno Diaz de la Espina, 1999; Blumenthal et al., 2004),
MAR-binding proteins (Meier et al., 1996; Fujimoto et al.,
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2004), transcription factors, components of nuclear com-
plexes, and phosphatases (Nalepa and Harper, 2004).

MFP1 is a protein with dual localization in the NM and in
the chloroplast (Gindullis and Meier, 1999; Jeong et al.,
2003; Samaniego et al., 2006). Orthologues of MFP1 are
present in several plant species, but its functionality is not
yet understood (Harder et al., 2000; Jeong et al., 2003,
2004). The sequenced proteins from tomato, Arabidopsis,
and tobacco contain an N terminus with two conserved
hydrophobic domains (which are part of a chloroplast
signal peptide), a central coiled-coil rod domain, a C-
terminal DNA binding domain, and many CK2 phosphory-
lation motifs. Although the homology amongst species is
not high, some domains are highly conserved (~90%),
showing their relevance on the protein functionality, as are
two of the consensus sequences for CK2 signalling (Meier
et al., 1996; Harder et al., 2000). Recently it has also been
reported that MFP1 is associated with nucleoids in Arabi-
dopsis chloroplasts, suggesting a function for MFP1 at the
interface between nucleoids and the thylakoid membranes
(Jeong et al., 2003, 2004).

Sera against AtMFP1 detected an 80 kDa protein in
onion with similar M, and pI values to MFP1 (R Samaniego,
C de la Torre, S Moreno Diaz de la Espina, unpublished
results). In addition, the anti-LeMFP1 serum detected an
immunologically related 90 kDa nuclear protein, associated
to the nucleoskeletal network of filaments that was highly
enriched in a new category of nuclear bodies (Samaniego
and Moreno Diaz de la Espina, 2000; Samaniego et al.,
2001). The 90 kDa AcMFP1 migrates as an alignment of
spots in two-dimensional (2-D) electrophoresis gels, sug-
gesting the existence of post-translational modifications,
most probably phosphorylation, although other alternatives
could not be excluded. The 90 kDa AcMFP1 presents
two different fractions according to their resistance to high
salt extraction during the NM preparation (Samaniego et al.,
2001). All these data together suggest that the protein is post-
translationally modified, most likely by phosphorylation.

Apart from its structural roles, the NM filament network
is a platform for intranuclear protein—protein and protein—
nucleic acids interactions (Ahmed, 1999; Fujimoto et al.,
2004) involved in the organization of replication, transcrip-
tion/splicing, and remodelling complexes (Samaniego
et al., 2002). It also serves as tracks for intranuclear
transport and nuclear signalling (Meier, 2001; Nalepa and
Harper, 2004). Phosphorylation regulates the association of
numerous proteins to the NM, such as coiled-coil proteins
like NuMA (Saredi et al., 1997), lamins (Hachet et al.,
2004; Takano et al., 2004), and plant lamin-like proteins
(Rose et al., 2003; Blumenthal et al., 2004), nucleolin
(Gotzman et al., 1997), chromatin remodelling proteins
(Reyes et al., 1997; Bérubé et al., 2000), CK2 (Ahmed
et al., 2000), Cdc14B (Nalepa and Harper, 2004), and the
retinoblastoma protein (Rb) (Mancini et al., 1994; Claudio
et al., 2002).

Protein kinase CK2 is a highly conserved and ubiquitous
protein serine/threonine kinase involved in gene expression,
growth, and cell cycle progression in plants (Riera et al.,
2001a, b). CK2 is involved in signal transduction in the NM
and phosphorylates different intrinsic nuclear protein sub-
strates such as topoisomerase II and RNA polymerases
(Zhang et al., 1998; Ahmed, 1999; Yu et al., 2001). The
NM is also an important target for CK2 nuclear signalling
(Wang et al., 2003). At present only two substrates for CK2
have been reported in the plant NM: the pea functional
homologues of lamins (Li and Roux, 1992; Blumenthal
et al., 2004) and tomato MFP1 (Meier et al., 1996).

In this work, the nature of the association of the 90 kDa
AcMFP1 to the NM and the role of CK2 phosphorylation
on the process were investigated. The results demonstrate
that the 90 kDa AcMFP1 is a phosphoprotein whose
binding to the NM depends on its phosphorylation state.
The solubility of the 90 kDa AcMFP1 is regulated by
exogenous CK2 in vitro and can be modified by specific
stimulation and inhibition of the endogenous CK2, sug-
gesting that this protein kinase regulates the protein binding
to the NM in vivo. In meristematic cells the in vivo hyper-
phosphorylation of the protein occurs mainly at the G,
phase of the cell cycle.

Materials and methods

Isolation of nuclei

Allium cepa L. var. francesa bulbs were used to isolate nuclei. Bulbs
were grown in filtered tap water at room temperature for at least 2 d,
and root meristems were collected and homogenized with a high-
speed Ultra-Turrax (8000 g). Nuclear isolation was performed using
30 pm pore filters and low-speed centrifugation as previously
described (Moreno Diaz de la Espina, 1995).

Nuclear matrix extraction with high-salt buffers

This was performed as described by Yu and Moreno Diaz de la
Espina (1999). Briefly, fresh isolated nuclei were incubated in
cytoskeleton buffer (CSK; 10 mM PIPES pH 6.8, 100 mM KCl,
300 mM sucrose, 3 mM MgCl,, 20 mM DTT, 1 mM EGTA, 1.2 mM
PMSF, 2 mg ml~" aprotinin) containing 0.5% Triton X-100. After 5
min incubation, nuclear-soluble and membrane-associated proteins
were removed by centrifugation at 1400 g for 10 min and collected in
the supernatant (S1). The pelleted structures containing the nuclear
insoluble proteins (F1) were digested with 200 pg ml~' RNase-free
DNase I in digestion buffer (DB; 10 mM PIPES pH 6.8, 50 mM KCl,
50 mM NacCl, 300 mM sucrose, 3 mM MgCl,, 20 mM DTT, 1 mM
EGTA, 1.2 mM PMSF, 2 mg ml~! aprotinin, 0.5% Triton X-100) for
30 min at room temperature. Then, 1 M in order ammonium sulphate
was added drop-wise to a final concentration of 0.25 M in order to
remove the DNA and its associated proteins (S2). Pellets (F2)
containing NM with loosely bound proteins were further extracted
with 4 M NaCl to a final concentration of 2 M. This extraction
released the outer proteins (S3) and revealed the NM. Except when
mentioned otherwise, all steps were performed at 4 °C.

Nuclear matrix extraction by the LIS method

This was performed as previously described (Moreno Diaz de la
Espina, 1995) as follows. Purified nuclei were incubated in
100 pug ml~" DNase I diluted in DB for 30 min at room temperature,
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then extracted in 25 mM LIS (3,5-diiodosalicylic acid lithium salt)
buffer (5 mM HEPES-NaOH pH 7.4, 0.25 mM spermidine, 2 mM
EDTA-KOH pH 7.4, 2 mM KCI, 1.2 mM PMSF, 2 mg ml™'
aprotinin) for 15 min in ice. A second incubation was achieved in
200 pg ml~! DNase I dissolved in DB.

Protein analysis

For one-dimensional (1-D) analysis, proteins from each fraction and
its corresponding supernatants after 10% trichloroacetic acid pre-
cipitation were dissolved in 2 X sample buffer (0.125 M TRIS-HCI pH
6.8, 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.002% bro-
mophenol blue). SDS-PAGE was carried out in 10% acrylamide gels
as described previously (Yu and Moreno Diaz de la Espina, 1999).

For two-dimensional (2-D) analysis, samples were washed in
a non-salt buffer (distilled deionized water, 0.5% Triton X-100, 20
mM DTT, 1 mM PMSF, 2 mg ~'ml aprotinin), dissolved in a low
volume of SDS buffer (<2% SDS, 0.125 TRIS-HCI pH 6.8, 10%
2-mercaptoethanol, 20% glycerol, 0.002% bromophenol blue),
sonicated at 22.5 kHz for 5 s and boiled for 5 min. Samples were
then diluted in 2-D buffer (9.8 M urea, 2% pharmalytes pH 3-10, 5%
Triton X-100, fresh 100 mM DTT) until the final ratio of SDS:Triton
X-100 was 1:8, and the final SDS concentration was lower than 0.25%.

2-D SDS-PAGE was performed as previously described (Minguez
and Moreno Diaz de la Espina, 1993) using pharmalytes pH 3-10.
Isoelectric focusing (IEF) immobiline dry strips of 7 cm length and
pH 3-10 (BioRad) were rehydrated, and samples were loaded on the
strips and run at 300 V for 3 h/up to 1400 V in 3.5 h/1400 V for 13 h/
2000 V for 2 h. Afterwards, the strips were equilibrated in SDS buffer
and run in 10% acrylamide gels using a vertical BioRad mini-protean
system. pl markers (Pharmacia) were used to confirm the establish-
ment of the pH 3-10 gradients during the IEF.

Immunoblotting and quantification of band densities

After electrophoresis, proteins were transferred to nitrocellulose
membranes in 50 mM TRIS pH 8.2, 200 mM glycine, 20% methanol,
0.1% SDS, at 100 V for 1 h at 4 °C. Protein band positions were
determined by staining with Ponceau red. After being washed in
0.05% Tween-20 in PBS and blocked in 5% non-fat milk, the
membranes were incubated from 2 h to overnight with anti-MFP1288
antiserum at 1:300-1000 dilution and a peroxidase-coupled anti-
rabbit secondary antibody (Amersham) at 1:15 000 dilution. The 288
antiserum was raised against amino acids 236-439 of LeMFP1
(Meier et al., 1996). This region lies in the central coiled-coil domain
of MFP1, which shows about 40% amino acid identity between
species (Harder et al., 2000). The reaction was revealed by the ECL
system from Amersham. Determination of M, values for the reactive
bands and spots was done with a Molecular Dynamics ImageQuant
Densitometer system.

For heparin and alkaline phosphatase (AP) comparative experi-
ments, total protein concentration of the different samples was
estimated by Bradford’s method and confirmed by Ponceau red
staining. In every line, 8 pig of total protein was loaded. In both cases,
determination of the pl and density quantification for reacting bands
were calculated in densitometrically scanned films from at least three
different experiments, using the Quantity One quantification software
(Bio Rad).

Alkaline phosphatase dephosphorylation

F2 fractions obtained as previously described were suspended in
100 pl DB buffer containing 1 M diethylamine pH 9.9 and increasing
concentrations of 4, 18, 36, and 54 U of calf intestine AP (Roche,
Mannheim, Germany), and incubated for 1 h at 35 °C. Buffers
without the enzyme or containing boiled enzyme were used as
controls. After the incubations, samples were suspended in cold
DB buffer and 4 M NaCl was smoothly added to a final 2 M

concentration. After 15 min incubation in ice, samples were centri-
fuged at 1400 g for 15 min, and NM and S3 fractions collected
for densitometrical analysis.

Exogenous CK2 phosphorylation

Extracted NM fractions were incubated for 1 h at 30 °C with 500 U of
CK2 (New England, Biolabs) in CK2-buffer (20 mM TRIS-HCI pH
7.5, 50 mM KCI, 10 mM MgCl,, 200 uM ATP or [y->>P]ATP), or
without CK2 as the control reaction. Samples were then extracted
again with 2 M NaCl, and the corresponding supernatant (S4) and
pellet (NM2) collected for densitometrical analysis. Films were
exposed for 5 min for immunoblot, and 2448 h for **P autoradi-

ography.

Endogenous CK2-specific inhibition and stimulation

For CK2 inhibition, fresh isolated nuclei were incubated with 100,
200, 300, and 400 nM heparin concentrations diluted in the reaction
mixture (50 mM HEPES, 150 mM NaCl, 10 mM MgCl, 1 mM
PMSF, 2 mg ml™" aprotinin), for 1 h at 35 °C. No heparin was added
to the control reaction mixture. Then NM extraction was performed
as previously described, except for the DNase treatment step, where
buffers were supplemented with heparin. S3 supernatants were
collected for further densitometrical analysis.

For CK2 stimulation, fresh isolated nuclei were incubated in CSK
buffer containing 1 mM spermine and 2 mM spermidine for 5, 10, 15,
and 20 min at room temperature. Control nuclear samples were
incubated for 20 min in CSK buffer. Then NM extraction was
performed as previously described, and S3 supernatants collected for
further densitometrical analysis.

Statistical analysis

Alkaline phosphatase and endogenous CK2 inhibition and stimula-
tion assays are based on quantifiable modifications in the area (mm?)
and optical density (a.u.) of densitometrically scanned bands from
immunoblots. Original data from at least three independent experi-
ments were used in all cases to assess the effect of phosphorylation on
protein extractability by 2 M NaCl. A block design was used to filter
out the variability amongst experiments. Data were analysed by
ANOVA followed by a Newman—Keuls multiple range test for
separation of significantly different means. The level of significance
was 0.05. Results in Figs 1E and 3B are presented in percentages of
control data (see Results).

Immunofluorescence

Isolated nuclear and NM fractions were fixed in 2% paraformalde-
hyde in PBS buffer (pH 7.4) containing 0.5% Triton X-100 for 30
min, centrifuged at 690 g for 10 min and washed in the same buffer
1Xx 30 min. Pellets were suspended in 20 mM glycine for quenching
aldehyde groups and blocked with 2% BSA in PBS with 0.05%
Tween-20 for 30 min. Anti-MFP1 serum 288 was added to the
blocking buffer to a final concentration of 1:30-50, incubated for 1 h
at room temperature, and washed 2X 30 min in PBS with 0.05%
Tween-20. Pellets were incubated with A488-coupled anti-rabbit
secondary antibody (Molecular Probes) for 45 min at room temper-
ature and washed 2X 30 min. Except when mentioned, all steps were
performed at 4 °C and with constant shaking. The labelled fractions
were finally layered on multi-well slides, air dried, stained with 1 pg
ml~' DAPI (4,6' diamidino-2-phenylindole) to check the DNA
extraction, and mounted with Vectashield. Samples were examined in
a confocal microscope (Leica TCS-SP2-AOBS), using the Leica
confocal software and Adobe Photoshop to process the images.

Electron microscopy

Root segments were processed and embedded in LR White resin as
described by Moreno Diaz de la Espina (1995). Post-embedding
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immunogold labelling was performed using an anti-MFP1 288 anti-
serum at 1:30 dilution and 10 nm gold-conjugated anti-rabbit
secondary antibody (Sigma) (1:50). Pre-embedding labelling of
NMs and preparation of resinless nucleoskeletons was performed
as in Yu and Moreno Diaz de la Espina (1999). Samples were
contrasted with uranyl acetate and examined in a Jeol 1230 electron
microscope at 80 kV.

Cell synchronization and BrdU incorporation
For cell cycle analysis, onion bulbs cultured in the dark at 25 °C in
continuous aeration, by bubbling air at 10-20 ml ml™', were sub-
mitted to a 14 h continuous treatment with 0.75 mM hydroxyurea
(HU) (Sigma) freshly prepared at 25 °C, followed by chase periods
of 2, 5, and 7 h in water. Samples treated for 14 h with 0.75 mM
HU were used for very early S analysis. Cell synchronization was
controlled by flow cytometry and metabolic labelling of roots with
10~* M BrdU (Sigma) followed by immunodetection with anti-BrdU
antibody (Becton Dickinson), as described in Samaniego et al. (2002).
Meristematic root segments synchronized at different cell cycle
positions were fixed for 20 min at 4 °C in 4% (v/v) paraformaldehyde
in TRIS buffer (10 mM TRIS pH 7.5, 10 mM EDTA, 100 mM NaCl)
containing 0.1% Triton X-100. After fixation, samples were washed
3% with TRIS buffer and homogenized in lysis buffer (15 mM TRIS
pH 7.5, 2 mM EDTA, 80 mM KCl, 20 mM NaCl, 0.1% Triton X-
100) with an Ultra-Turrax T20 (25N-8G, IKA). Homogenates were
filtered through a 30 um nylon-mesh. The nuclear suspensions were
then centrifuged at 1000 g for 15 min at 4 °C, and the pellets
suspended in lysis buffer until analysis. For estimation of the DNA
content by flow cytometry, isolated nuclei were incubated with
RNase (Boehringer-Mannheim) at 30 pg ml™" for 30 min. Nuclei
were then stained with 100 pug ml~' propidium iodide (Sigma) for at
least 5 min at room temperature. Flow-cytometry analysis was
performed with an EPICS XL analyser (Coulter) equipped with an
argon laser tuned at 488 nm, and fluorescent signals from propidium
iodide-labelled nuclei collected by a 620 nm band-pass filter.

Results

The 90 kDa AcMFP1 protein is a nuclear
phosphoprotein associated with the intranuclear
network and highly enriched in nuclear bodies

Immunofluorescence and high resolution immuno EM with
anti-LeMFP1 serum 288 in Allium cepa proliferating cells
showed that the 90 kDa AcMFP1 is a nuclear protein that
decorates the intranuclear filament network that links the
nucleolus with the nuclear envelope, and is highly enriched
in a type of nuclear body (Fig. 1A, B). When DNA-digested
nuclei were submitted to sequential extraction to elute
soluble proteins and digested chromatin, a fraction of the
protein was removed from the nuclei using high ionic
strength (2 M NaCl) buffers, while a second one resisted the
extraction and remained tightly bound to the NM as
demonstrated by immunoblotting (Fig. 1C) and immuno-
fluorescence and immunogold stainings with the same
serum (Fig. 1A, B; Samaniego et al., 2001).

Dephosphorylation affects the 90 kDa AcMFP1
protein association to the NM

The 90 kDa AcMFP1 displayed up to 11 different phos-
phorylation states in 2-D western blots (Fig. 4, Samaniego

et al., 2001). To investigate the effects of phosphorylation
in the binding of the protein to the NM, isolated chromatin-
depleted nuclei were incubated with increasing concentra-
tions of AP, and the soluble fraction of the protein was
removed by NaCl.

The present results showed that the levels of the 90 kDa
AcMFP1 bound to the NM were progressively increased
after AP incubation. The higher the AP concentrations
used, the higher the levels of 90 kDa MFP1 were recovered
in the NM fraction, reaching a maximum of 160% com-
pared with the control (100%) after incubation with 54 U
AP (Fig. 1D, E). Consequently, the solubilized 90 kDa
AcMFP1 collected in the S3 supernatant progressively
decreased to reach a minimum value of 70% in relation to
controls (Fig. 1D, E). Both results suggest that the hypo-
phosphorylated 90 kDa MFP1 protein fraction remained
tightly bound to the NM, while the association of the
phosphorylated form is weaker, allowing for this form to be
partially removed by high ionic strength. H1 histone levels,
quantified as loading control, showed no significant varia-
tions amongst the different conditions (Fig. 1E).

Exogenous CK2 modifies the solubility of the
90 kDa AcMFP1 protein

To investigate whether CK2 phosphorylation of the 90 kDa
MFP1 modifies its association with the NM, an attempt was
made to elute the matrix-bound protein from nuclear
matrices by exogenous CK2 phosphorylation and a later
high-salt buffer treatment (Fig. 2A). After CK2 incubation,
several protein bands were solubilized by 2 M NaCl ex-
traction, by contrast to untreated controls (Fig. 2B, bottom).
Western blots demonstrated the release of a fraction of the
90 kDa AcMFP1 after CK2 treatment, but not in controls
without CK2 (Fig. 2B, top).

To demonstrate that the change in solubility was indeed
due to phosphorylation, [y-**PO4]JATP was used as a source
of phosphate groups. At least five different bands in the NM
fraction incorporated 32p, became partially extracted by
NaCl, and were collected in the S4 supernatant (Fig. 2C).
One of them corresponded to the 90 kDa AcMFP1, as
demonstrated by the recognition of the corresponding
radioactive band by the anti-MFP1 serum by western blot
(Fig. 2C). Control reactions without added exogenous CK2
showed no detectable **P bands. As expected, in these
reactions the 90 kDa AcMFP1 was exclusively detected in
the NM2 fraction, and not in the corresponding S4 control
fraction (Fig. 2C).

Stimulation and inhibition of endogenous CK2 activity
modifies 90 kDa AcMFP1 solubility

To check if endogenous CK2 had the same effect on the
binding of the 90 kDa AcMFP1 to the NM, assays of

specific CK2 stimulation by spermine and spermidine
(Li and Roux, 1992; Westmark et al., 2002; Tuteja et al.,
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Fig. 1. Nuclear distribution of 90 kDa MFP1 and effect of alkaline phosphatase (AP) dephosphorylation on its association to the NM. (A, B)
Topological distribution of the 90 kDa AcMFP1. (A) The protein appeared associated with the intranuclear network of filaments and was highly enriched
in nuclear bodies in intact (Nu) and DNAse-digested (F2) nuclei and also in nuclear matrices (NM) after incubation with 288 serum against LeMFP1 and
confocal microscopy. The EM-immunolabelling reveals the high accumulation of the protein in a nuclear body analogous to those revealed by
immunofluorescence with the same serum. (B) EM image of a resinless section showing the association of the 90 kDa AcMFP1 to filaments of the
nucleoskeleton after pre-embedding labelling with 288 serum (arrows). (C) Western blots showing the sequential extraction of the 90 kDa AcMFP1
during NM preparation. The protein extracted with NaCl is recovered in the S3 supernatant, while a second fraction is retained in the insoluble nuclear
matrix pellet. (D, E), Effect of alkaline phosphatase dephosphorylation on the 90 kDa AcMFP1 association to the NM. (D) Aliquots from F2 fractions of
the same experiment were incubated with increasing AP concentrations (18, 36, and 54 U with 0 U as control), and further extracted with 2 M NaCl. The
protein collected in both the S3 supernatant and the NM fraction was analysed by western blot with 288 antiserum. AP dephosphorylation produces
a progressive increase in the NM-associated protein, and a parallel decrease in the released protein (S3). As loading control, the nitrocellulose membranes
stained with Ponceau red before immunoblot are shown. The increasing AP concentrations are evident in the S3 membrane, as well as H1 histone variants
(H1) and core histones (CH). (D) Representation of the means and the standard deviations of the bands optical density X area (y) from three independent
experiments, against the four AP treatments (x). Letters show significant differences (P <0.05) when compared with the control value (=100%) and the
previous one. Scale bars: in confocal microscopy images=10 um; in EM images=200 nm.

Alkaline Phosphatase (U)

2003) and of heparin inhibition were performed and their
effects on protein extraction from NM were analysed.

The levels of extracted phosphorylated protein in S3
fractions progressively increased with the time of incuba-
tion with CK2 stimulators, reaching a maximum increase of
150% relative to control (100%), after 20 min incubation
(Fig. 3). Opposite effects were recorded when fresh nuclei
were incubated with increasing heparin concentrations.
A reduction of the extracted phosphorylated protein levels
in S3 was achieved only with heparin concentrations
higher than 300 nM. The lowest level of phosphorylated
protein relative to control was 70%, achieved with 400 nM

heparin incubation (Fig. 3). In both assays, H1 histone
levels in nuclei did not undergo significant variations
compared with the respective control reactions (Fig. 3B).

pl values of the 90 kDa AcMFP1 protein

The experimental isoelectric point (pI) of the hyper-
phosphorylated and hypo-phosphorylated 90 kDa AcMFP1
forms were analysed in 2-D blots of nuclei and NM
fractions, respectively. Specific 2-D buffers containing
different combinations of urea, non-ionic detergents, and
reducing agents, but lacking charged detergents such as
SDS, proved to be useless to solve the 90 kDa AcMFP1.
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Fig. 2. Phosphorylation by exogenous CK2 releases a fraction of 90 kDa MFP1 from the NM. (A) Scheme of the performed experimental assay. NM
fractions prepared by 2 M NaCl extraction (NM1) were incubated with ATP and exogenous CK2, followed by a second 2 M NaCl extraction to release
the CK2 phosphorylated proteins from the NM. The corresponding S4 supernatant and NM2 fractions were collected for further analysis. Control
reactions were performed in the same conditions but without adding CK2. (B) Detection of the phosphorylated 90 kDa AcMFP1 in the S4 supernatant
(top) by western blot with 288 serum. Incubation with CK2 produced phosphorylation of a fraction of the NM-associated 90 kDa MFP1 that was
extracted by the second NaCl extraction and is recovered in the S4 supernatant (arrow), while the most insoluble fraction remained matrix-bound. In the
controls without CK2 there is no release of the protein from the NM (bottom). Coomassie blue staining of a replica gel. The arrowhead points to the
exogenous CK2. (C) The same experimental assay performed with [y->*PO,]ATP. At least five major NM proteins incorporate **P after CK2 incubation,
became partially extractable by NaCl, and were collected in the S4 supernatant (arrowheads). One of them corresponds to the 90 kDa AcMFP1 band
as detected by western blot in the same membrane with 288 serum (arrows).
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Fig. 3. Effect of endogenous CK2 inhibition and stimulation on the 90 kDa MFP1 association with the NM. (A) For inhibition of the nuclear
endogenous CK2, freshly isolated nuclei were treated with increasing heparin concentrations (100, 200, 300, and 400 nM with 0 nM as control), while for
stimulation they were treated with either 1 mM spermine or 2 mM spermidine for increasing periods of time (5, 10, 15, and 20 min, using an incubation of
20 min without polycations as control). Immediately after treatment NMs were prepared by high ionic strength extraction and the S3 supernatants
collected for analysis of the levels of phosphorylated 90 kDa protein solubilized by the 2 M NaCl treatment. The detected levels of AcMFP1 in S3
progressively decreased when heparin concentration increased, and increased with longer incubation times with polycations. H1 histone stained with
Ponceau red is shown as loading control. (B) Representation of the means and the standard deviations of the bands optical density X area (y) from
three independent experiments, against the different treatments: spermine/spermidine (top x); heparin (bottom x). Letters show significant differences
(P < 0.05) when compared with the control values (=100%). Control H1 histone levels did not vary significantly.

For this reason, a double-solubilization method that highly The method consisted of a preliminary solubilization in
improved the efficiency of solubilization of other NM-  buffers containing up to 2% SDS, compatible with sample
associated proteins was optimized (Szekely et al., 1995)  heating, followed by a dilution in a specific 2-D buffer to
and resolved almost 100 well isoelectric-focused spots in  obtain a final 1:8 ratio between SDS and a non-ionic de-
the present NM fractions after silver staining (Fig. 4A). tergent that completely removes the SDS from the protein
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Fig. 4. Detection of the different phosphorylation states of 90 kDa
MFP1 in nuclear and NM proteins separated by 2-D electrophoresis. (A)
Silver staining of total NM proteins obtained by the double-solubilization
method, separated by 2-D electrophoresis through a 3—10 pH gradient.
(B) Western blots from nuclear (Nu) and NM proteins separated by 2-D
with serum 288-detected 90 kDa spots with different pI values. Top: in
the nuclear fraction two spots with a pI ~8.5 were detected that
correspond to the hyper-phosphorylated states of the protein. Middle: in
the NM fraction four hypo-phosphorylated states of the protein were
detected with a pI ~9.5. Bottom: over-exposure of films of the NM
fractions allowed the traces of the hyper-phosphorylated forms with pls
between 8.5 and 9.0 to be detected. (C) 1-D western blot of NM proteins
obtained by the LIS method clearly revealed the 90 kDa AcMFP1 band
which is not resolved in 2-D blots derived from the same extraction
method (not shown).

surfaces. The double-solubilization method includes the use
of reducing agents, SDS, and heat, which break inter- and
intramolecular hydrogen bridges and cancel hydrophobic
interactions, favouring the complete denaturation of 90 kDa
MFP1 protein and preventing aggregation with other
nuclear proteins during IEF, as reported for nucleolin
(Gotzman et al., 1997). Besides, the non-ionic detergent
completely removes the SDS from the proteins’ surfaces,
avoiding a false migration during IEF. Confidence in the
method is guaranteed as pl markers solved in the same
conditions migrated to their expected positions in the pH
gradient.

2-D blots of proteins solubilized by this method revealed
that the experimental pl range of 90 kDa AcMFP1 forms is
basic (9.7-8.5), by contrast to the slightly acidic pI reported
for other MFP1 proteins (~5.5), including the 80 kDa
AcMFP1 (R Samaniego, C de 1a Torre, S Moreno Diaz de la
Espina, unpublished results). 2-D blots from NM fractions
revealed four hypo-phosphorylated forms of the protein in
the range of 9.3-9.7 (Fig. 4B). The pl values of the hyper-
phosphorylated forms could not be obtained from the S3
fractions, due to the high salt concentration of the samples
(>2 M), 8-fold being the highest compatible with IEF. The
analysis of blots from nuclear fractions allowed the iden-

tification of the hyper-phosphorylated forms as two spots at
approximately 8.5 plI, more acidic than those of the hypo-
phosphorylated forms (Fig. 4B).

The more basic hypo-phosphorylated forms (pI 9.5)
would not be detected in the nuclear fractions not pre-
treated with high ionic strength buffers (Fig. 4B). In the NM
fractions they were probably solved due to the 2 M NaCl
cancellation of the ionic interactions between the hypo-
phosphorylated protein and the NM (Friso and Wikstrom,
1999). For the same reason, the 90 kDa AcMFP1 could not
be solved by the double-solubilization method from LIS—
NMs that were prepared by a mild LIS detergent extraction
without using high ionic strength buffers (not shown).
Nevertheless it was detected by 1-D western blot analysis
in both NaCl- and LIS-prepared NMs, as standard 1-D
SDS-PAGE buffers at a concentration higher than 4%
can be heated to produce a good solubilization of the pro-
tein (Figs 1C, 4C).

The 90 kDa AcMFP1 protein has a phosphorylation
peak in the G, of proliferating cells

The in vitro results obtained here demonstrated that
phosphorylation is involved in the binding of the 90 kDa
MFP1 protein to the NM, and suggested that endogenous
CK2 is involved in the regulation of this binding in vivo. To
check whether the 90 kDa AcMFP1 protein might ex-
perience cell cycle specific phosphorylation in vivo, nuclear
and S3 fractions from synchronized meristematic cell pop-
ulations were analysed at four different stages in the cell
cycle.

Meristematic root cells were synchronized by a 14 h
treatment with 10~* M HU which arrests the cell cycle
shortly after S phase initiation but before new DNA chain
elongation takes place. It allows 70% of meristematic cells
to continue the replication process synchronously after their
release from the drug (Pelayo et al., 2001). The levels of
90 kDa MFP1 were analysed at four stages in the cell cycle:
1 h before release from HU (very early S) and 2 h (early-S),
5 h (late-S), and 7 h (G2) after release (Fig. SA). Cycle
position of cells was controlled by flow cytometry (Fig. SA)
and further corroborated by analysing the frequencies
of replicating nuclei and the specific distribution of replic-
ation foci characteristic for each subperiod of the S
phase (Samaniego et al., 2002), after in vivo BrdU incorpor-
ation and later immunolabelling (data not shown).

The levels of total nuclear 90 kDa MFP1 did not vary
significantly through the cell cycle (Fig. 5B). However,
slightly retarded hyper-phosphorylated forms of the 90 kDa
MFP1 were seen in western blots from late-S and G, cells.
The levels of hyper-phosphorylated protein, released by
high ionic strength buffer extraction significantly increased
from late-S reaching a peak in G,, as detected in the S3
supernatants, where only the hyper-phosphorylated pro-
tein forms are detected (Fig. 5B).
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Fig. 5. Variations in the 90 kDa MFP1 phosphorylation levels through
the cell cycle. (A) Experimental design used for the synchronization of
proliferative cells. The bar represents the relative durations of the cell
cycle compartments in the experimental conditions used. The continuous
line corresponds to the duration of the HU treatment and the
discontinuous one to the times of recovery from HU in water. Arrow-
heads mark the points at which samples were taken for analysis. Also
shown is flow cytometry analysis displaying the changes in DNA-content
distribution recorded in the cell population arrested in very early-S (-1),
and at different points after their release from the treatment, early-S (+2),
late-S (+5), and G, phases (+7) (arrows). After continuous 14 h HU
treatment, accumulation of cells with 2C DNA contents and a fall in the
4C content were observed. The progression through S phase of the wave
of synchronized cells after the release of the treatment (arrows) becomes
evident between the +2 and +5 h of recovery. At +7 h, the wave of
synchronized cells had reached G,. (B) Levels of the 90 kDa AcMFP1
protein in both nuclear and S3 fractions at each period of the cell cycle.
The hyper-phosphorylated states are distinguishable as slower 90 kDa
bands (arrows) in the nuclear fractions corresponding to the late-S and the
G, phases, and also in the S3 supernatants after high-salt treatment, where
only hyper-phosphorylated states are detectable. H1 histones stained with
Ponceau red are shown as loading control.

Discussion

90 kDa MFP1 is a phosphoprotein with a basic pl

The results demonstrate that the 90 kDa AcMFP1 is
a phosphoprotein, since it incorporates detectable radio-
active phosphate groups in vitro. Besides, its migration in
2-D blots as an alignment of spots with slight differences in
their net charges reveals the existence of different phos-
phorylation states of the protein.

The present results of 2-D western blots using a double-
solubilization method allowed the estimation of the exper-
imental pl values of the most insoluble forms of the protein,
which could not be achieved by the standard procedures, as
reported for other NM proteins (Szekely et al., 1995), and
confirmed the reliability of the pl values previously calcula-
ted for the 90 kDa MFP1 proteins (Samaniego et al., 2001).

The procedure combining reducing agents, SDS, and
heat, which breaks inter- and intra-molecular hydrogen
bridges and cancels hydrophobic interactions, favours the

complete denaturation of the 90 kDa MFP1 proteins and
prevents aggregation to other nuclear proteins during IEF,
as reported for nucleolin (Gotzman et al., 1997). The more
basic hypo-phosphorylated protein forms (pIs ~9.5) were
more tightly bound to the NM than the hyper-phosphory-
lated ones (pIs ~8.5). These were released from the NM
by high-salt buffers, probably because their higher num-
ber of charged phosphates makes them more hydrophilic.

The pl values of the 90 kDa MFP1 proteins are closer to
those of unrelated nuclear DNA-binding proteins (Bickmore
and Sutherland, 2002) than to those of the MFP1 proteins
themselves, including the 80 kDa AcMFP1, with slightly
acidic pls (~5.5) (Jeong et al., 2004; R Samaniego, C de la
Torre, S Moreno Diaz de la Espina, unpublished results),
and NAC proteins (4.9-7.0), a group of seven plant NM
coiled-coil proteins that have been suggested to function-
ally replace lamins in plants (Blumenthal et al., 2004). This
could be due to sequence differences between them, as
MFP1 sequences are not highly conserved amongst species
(Harder et al., 2000).

Phosphorylation by CK2 regulates the binding of
the 90 kDa AcMFP1 to NM

Phosphorylation plays a role in modulating the functional-
ity and NM association of many nuclear proteins, such as
chromatin-associated proteins, transcription factors, Rb pro-
teins, or nucleoskeletal proteins such as lamins and their as-
sociated proteins and NuMA (Mancini et al., 1994; Saredi
et al., 1997; Dechat et al., 1998; Moir et al., 2000; Hachet
et al., 2004; Kappes et al., 2004; Takano et al., 2004).

Phosphorylation modulates the strength of the binding
of the 90 kDa MFP1 to the NM, without affecting its
intranuclear distribution, since removal of the hyper-
phosphorylated states by NaCl does not significantly
change its distribution in the NM, and neither its associa-
tion to the intranuclear matrix filament network nor to
NBs (see Fig. 1A).

Incorporation of phosphates induces a lower protein
affinity for the NM, possibly because negative charges
reduce the electrostatic interactions between the NM-
associated 90 kDa MFP1 and the intrinsic interacting
proteins in the NM. This mechanism was first reported
for vertebrate lamins more than two decades ago (Gerace
and Blobel, 1980). Now many other NM proteins un-
dergoing this regulation are known, among them chromatin
remodelling proteins (Reyes et al., 1997; Bérubé et al.,
2000), NuMA (Saredi et al., 1997), the p73 polypeptide
from the p53 family (Ben-Yehoyada et al., 2003), and some
transcriptional regulators (De Lucia et al., 2001). In all
cases, hypo-phosphorylation correlates with a strong as-
sociation to the NM, and hyper-phosphorylation with a
looser binding or even protein release.

CK2 is a ubiquitous multifunctional Ser/Thr kinase
active in the cytoplasm and nucleus of proliferating and
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differentiated eukaryotic cells. It is essential for cell cycle
progression and viability, is one of the most conserved
enzymes (Zhang et al., 1998; Riera et al., 2001b), and is
also involved in cellular signaling (Yu et al., 2001). The
NM along with chromatin is a preferential target for CK2 in
the nucleus (Wang et al., 2003) and phosphorylates a variety
of intrinsic proteins in these structures, altering their DNA-
and NM- binding properties (Barz et al., 2003; Kappes
et al., 2004). CK2 undergoes rapid modulations in its
association to the NM by its own phosphorylation and also
by sulphydryl interactions via its B-subunit (Zhang et al.,
1998; Riera et al., 2001a; Yu et al., 2001). CK2 phosphory-
lation changes the chromatin and NM binding properties of
proteins (Barz et al., 2003; Kappes et al., 2004).

In plants, CK2 is involved in vital processes such as
light-regulated gene expression and cell cycle progression
(Riera et al., 2001b). It is essential for initiation and organ-
ization of meristematic activity (Espunya and Martinez,
2003), which correlates with the highest levels of 90 kDa
MFP1 expression (R Samaniego, C de la Torre, S Moreno
Diaz de la Espina, unpublished results). Amongst the
nuclear CK2 substrates identified in plants (Tuteja
et al., 2001; Riera et al., 2001a, b; Ferraris et al., 2002;
Krohn et al., 2002, 2003; Stemmer et al., 2002; Ivanov
et al., 2003; Tuteja, 2003; Daniel et al., 2004), only pea
lamin-like proteins (Li and Roux, 1992), MFP1 (Meier
et al., 1996; Jeong et al., 2004), and the 90 kDa
AcMFP1 (Samaniego et al., 2001) are intrinsic com-
ponents of nuclear matrices. As far as is known, this
is the first evidence for the involvement of endogenous
CK2 in the binding of a protein to the plant NM.

The 90 kDa MFP1 is clearly phosphorylated by CK2 as it
incorporates y->*P in vitro and showed shift banding after
incubation with exogenous CK2. Besides, the results of
specific stimulation and inhibition of the endogenous CK2
demonstrate that the 90 kDa MFPI is a substrate of this
enzyme. This is in agreement with the results for the
chloroplast MFP1 in Nicotiana tabacum, which showed
that CK2 phosphorylation of its C terminus modulates the
DNA-binding activity of the protein (Jeong et al., 2004),
and also with the presence of several consensus sites for the
CK?2 protein kinase in MFP1 proteins (Meier et al., 1996;
Harder et al., 2000). Although attempts to sequence
AcMFP1 proteins from a genomic onion library have failed
and the sequences of the 80 kDa and 90 kDa proteins
are still unknown, the results of double immunoprecipit-
ation of AcMFP1 proteins with sera against the tomato (288)
and Arabidopsis (OSU 91) proteins suggest the conserva-
tion of MFP1 proteins in onion (R Samaniego, C de la Torre
S Moreno Diaz de la Espina, unpublished results).

The multiple distribution pattern of the 90 kDa MFP1 in
nuclear bodies and aggregates associated with the NM
filaments network, and the results of its fractionation
during NM isolation, suggest that the nuclear pool of the
90 kDa MFP1 has different levels of phosphorylation and

is in a dynamic, cell cycle-regulated equilibrium depend-
ing on their phosphorylation by CK2. The NM would
contain a loosely bound hypo-phosphorylated 90 kDa
MFP1 protein pool, extractable with high ionic strength
buffers that would represent a low phosphorylated tran-
sient form that is not detected by shifting, while the NM-
tightly bound protein pool is hypo-phosphorylated and
resists high ionic strength extraction. The last one can be
removed from the NM by in vitro incubation with
exogenous CK2.

The 90 kDa AcMFP1 is differently phosphorylated
along the cell cycle, probably by CK2

Cell cycle-dependent phosphorylation of nuclear proteins,
including CK2 phosphorylation, regulates three major
nuclear processes: DNA-binding, protein redistribution,
and assembly/disassembly of macromolecular complexes
or nuclear subdomains, affecting in all cases the protein
function(s) (Saredi et al., 1997; Joaquin and Watson, 2003;
Kamemura and Hart, 2003; Albert et al., 2004; Allard
et al., 2004).

The detected release of the matrix-associated protein in
G, suggests the existence of a cell cycle-dependent disas-
sembly of the 90 kDa MFP1 in response to a phosphoryla-
tion event due to CK2 in late S and G, phases. Cyclic
phosphorylation patterns have been reported for many NM
proteins. Most of them have a peak in G, such as Rb
(Mancini et al., 1994) and nuclear chromatin- and NM-
binding proteins (Minc et al., 1999; Qiao et al., 2001;
Miccoli et al., 2003). Nevertheless coiled-coil proteins of
the NM with sequence similarity to MFP1 such as lamins
(Moir et al., 2000) and NuMA (Saredi et al., 1997) have
phosphorylation peaks in G, that regulate their disassembly
before the cell enters into mitosis.

Considering the DNA-binding activity of MFP1 pro-
teins (Meier et al., 1996; Jeong et al., 2003), the high
resolution localization of MFP1 in the perichromatin
regions of onion nuclei, where decondensed DNA accu-
mulates (Samaniego er al., 2001), its association with
nucleoids in chloroplasts (Jeong et al., 2003), and taking
into account that in vitro CK2 phosphorylation of chloro-
plast NtMFP1 inhibits DNA binding of the protein (Jeong
et al., 2004), a possible CK2 phosphorylation role modu-
lating the DNA-binding activity of the nuclear MFP1
cannot be discounted.

The 90 kDa MFP1 is not likely to be a basic component
of the expansible core filaments of the NM, as the animal
EAST (Wasser and Chia, 2000), skeletor (Walker et al.,
2000), enaptin, and nuance proteins seem to be (Padmakumar
et al., 2004). Instead, its distribution, the modulation of its
binding to NM by CK2 phosphorylation and its transient
expression in non-proliferating cells depending on tissue
and cell type (Samaniego et al., 2001; R Samaniego, C de la
Torre, S Moreno Diaz de la Espina, unpublished results)
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suggest that the 90 kDa MFP1 might act as an NM protein
involved in DNA binding to this structure.
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