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Nucleosome assembly protein 1 (NAP1) is conserved from yeast to human and facilitates the in vitro assembly of nucleosomes
as a histone chaperone. Inconsistent with their proposed function in the nucleus, however, many NAP1 proteins had been
reported to localize in the cytoplasm. We investigated the subcellular localization of tobacco (Nicotiana tabacum) and rice (Oryza
sativa) NAP1 family proteins first by identification of interacting partners and by direct examination of the localization of
green fluorescent protein-tagged proteins. Through treatment of tobacco cells with leptomycin B and mutagenesis of nuclear
export signal, we demonstrated that Nicta;NAP1;1 and Orysa;NAP1;1 shuttle between the cytoplasm and the nucleus.
Together with the demonstration that tobacco NAP1 proteins bind histone H2A and H2B, our results support the current
model and provide additional evidence that function of NAP1 as histone chaperones appears to be conserved in plants. In
addition, we show that tobacco NAP1 proteins interact with tubulin and the mitotic cyclin Nicta,CYCB1;1, suggesting a role for
NAP1 in microtubule dynamics. Interestingly, in spite of their high homology with the above NAP1 proteins, the other three
tobacco proteins and Orysa;NAP1;2 did not show nucleocytoplasmic shuttling and were localized only in the cytoplasm.
Moreover, Orysa;NAP1;3 that lacks a typical nuclear localization signal sequence was localized in both the cytoplasm and the
nucleus. Finally, we show that only Orysa;NAP1;3 could be phosphorylated by casein kinase 2« in vitro. However, this
phosphorylation was not responsible for nuclear import of Orysa;NAP1;3 as being demonstrated through mutagenesis studies.
Together, our results provide an important step toward elucidating the molecular mechanism of function of the NAP1 family

proteins in plants.

Nucleosome assembly protein 1 (NAP1) family
proteins are considered as histone chaperones, which
are conserved from yeast (Saccharomyces cerevisiae) to
human and are proposed to facilitate assembly of
newly synthesized histone H2A and H2B into a dim-
mer, transfer the dimmer to replicating DNA in the
nucleus, and act synergistically with ATP-dependent
chromatin remodeling factors to facilitate assembly
and remodeling of chromatin (Ishimi et al., 1984; Yoon
et al.,, 1995; Ito et al., 1997, McQuibban et al., 1998;
Nakagawa et al., 2001; Levenstein and Kadonaga,
2002). Consistent with this view, genetic studies reveal
important functions of NAPI in several organisms. In
yeast, deletion of NAP1 altered the expression of about
10% of all nuclear genes, suggesting the requirement
of NAP1 for correct chromatin function (Ohkuni et al.,
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2003). Knocking out of NAP1 in Drosophila melanogaster
dramatically reduced viability of the fly, which became
more severe and penetrant in offspring, a phenotype
characteristic of nucleosome remodeling factor defi-
cient mutants (Lankenau et al., 2003). In mouse, knock-
ing out of the neuron-specific NAP1-homolog-2 gene
resulted in embryonic lethality at the mid-gestation
stage, suggesting a role of NAPI in neuronal cell
proliferation (Rogner et al., 2000).

In addition, it has been shown that yeast NAPI plays
important roles during mitotic progression, possibly
via interactions with several mitotic factors includ-
ing CIb2 (a mitotic cyclin), Gin4 (a kinase), and NBP1
(a nuclear protein; Kellogg and Murray, 1995;
Kellogg et al., 1995; Altman and Kellogg, 1997; Shimi-
zu et al., 2000). More recently, Miyaji-Yamaguchi et al.
showed that the yeast NAP1 protein is a nucleocyto-
plasmic shuttling protein and its shuttling is important
for its function in mitotic progression (Miyaji-
Yamaguchi et al., 2003). Some animal NAP1 proteins
showed a cell cycle phase-dependent localization in
either cytoplasm or nucleus (Ito et al., 1996; Rodriguez
et al., 1997; Rogner et al., 2000), suggesting that they
might also be nucleocytoplasmic shuttling proteins.
Furthermore, animal NAP1 proteins form complexes
with the casein kinase 2 (CK2) and the transcriptional
coactivator p300/CREB (Li et al., 1999; Ito et al., 2000;
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Figure 1. Western-blot analyses of tobacco NAP1 proteins. A, A total of
0.1 ug of recombinant Nicta;NAP1;1, Nicta;NAP1;2, Nicta;NAP1;3,
and Nicta;NAP1;4 proteins were analyzed using antibodies raised
against Nicta;NAP1;3 (aNicta;NAP1;3) or Nicta;NAP1;4 (aNicta;
NAP1;4). The asterisks indicate bands of the proteins used in antibody
production. B, Twenty micrograms of total protein extracts of synchro-
nized tobacco BY2 cells at S, G2, M, and G1 phases of the cell cycle
were analyzed using indicated antibodies. For competition, recombi-
nant Nicta;NAP1;3 or Nicta;NAP1;4 proteins were added to a final
concentration of 20 ug/mL together with antibodies in the incubation
solution. The arrowheads indicate positions corresponding to the size
of antigens.

Rodriguez et al., 2000; Shikama et al., 2000; Asahara
et al., 2002), suggesting that they are also involved in
functions possibly independent of their histone chap-
erone activity.

In higher plants, several NAP1 homologs have been
identified in a given species including tobacco (Nico-
tiana tabacum), rice (Oryza sativa), maize (Zea mays),
and Arabidopsis (Arabidopsis thaliana; Dong et al.,
2003; http://www.chromdb.org/). We have previ-
ously shown that tobacco and rice NAP1 family pro-
teins could bind in vitro animal histones and that the
tobacco proteins Nicta;NAP1;3 and Nicta;NAP1;4 were
localized in the cytoplasm, whereas the rice protein
Orysa;NAP1;1 was localized in both the cytoplasm
and the nucleus (Dong et al., 2003). A cell cycle depen-
dent translocation of plant NAP1 proteins between
the cytoplasm and the nucleus was, however, not
observed by the use of partially synchronized tobacco
suspension cells (Dong et al., 2003).

Here, we show that tobacco NAP1 proteins bind
plant histones H2A and H2B. More interestingly, we
show that tobacco NAP1 proteins can also interact
with tubulin and the mitotic cyclin Nicta;CYCB1;1;
suggesting that plant NAP1 proteins may play a role in
microtubule dynamics. We further addressed the sub-
cellular localization of the tobacco and rice NAP1
family proteins through identification and functional
characterization of nuclear export signal (NES) and
nuclear localization signal (NLS). Our results provide
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important information about the intracellular locali-
zation and signals involved in nucleocytoplasmic
shuttling of the tobacco and rice NAP1 proteins,
suggesting specific functions of the NAP1 family in
higher plants.

RESULTS

Production and Specificity of Antibodies against
Tobacco NAP1 Proteins

The tobacco NAP1 family proteins Nicta,NAP1;L1,
Nicta,NAP1;2, and Nicta;NAP1;3 share approximately
81% to 85% amino acid sequence identity to each other,
but only approximately 67% to 68% identity with
Nicta;NAP1;4. We used Nicta;NAP1;3 and Nicta;
NAP1;4 proteins to immunize mice for antibody pro-
duction. While the antiserum against Nicta,NAP1;4
(aNicta;NAP1;4) recognized all four tobacco proteins,
the antiserum against Nicta;NAP1;3 (aNicta,NAP1;3)
only recognized Nicta;NAP1;1, Nicta;NAP1;2, and
Nicta;NAP1;3 (Fig. 1A), suggesting that aNicta;NAP1;3
specifically recognizes the C-terminal region that is
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Figure 2. Identification of proteins binding to tobacco NAP1 proteins
by pulldown assays. A, The pulldown fractions by Nicta;NAP1;4-
coated beads from total protein extracts of transgenic Arabidopsis
plants expressing YFP, H2B-YFP, and H2A-YFP were analyzed by
western blotting with a polyclonal anti-GFPantibody. The input fraction
represents 5% of total proteins used in pulldown. Arrowheads mark the
positions of YFP, H2B-YFP, and H2A-YFP proteins. B, The pulldown
fractions by Nicta;NAP1;4- or Nicta;NAP1;3-coated beads from total
protein extracts of tobacco BY2 cells were analyzed by western blotting
with indicated antibodies. Arrowheads mark the positions of Nicta;
NAP1;3, B-tubulin, and CDKA proteins.
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Figure 3. Tobacco NAP1 proteins bind Nicta;CYCB1;1. A, Purified
recombinant proteins were analyzed by SDS-PAGE gel. Lane 1, M,
marker; lane 2, GST; lane 3, GST-Nicta;CYCB1;1; lane 4, 6XHis-
Nicta;CYCB1;1. B, Western-blot analysis of GST (lane 2) and GST-
Nicta;CYCB1;1 (lane 3) with the polyclonal antibody raised against
6XHis-Nicta;CYCB1;1. Note that only GST-Nicta;CYCB1;1 (indicated
by an arrowhead in A as well as in B) but not GST was specifically
recognized by the antibody. C, Binding of recombinant GST-Nicta;
CYCB1;1 to recombinant tobacco NAP1 proteins was determined
by ELISA using the antibody against 6xHis-Nicta;CYCB1;1. The mean
values with error bars were derived from three independent experi-
ments. D, Pulldown assays. Total protein extract from tobacco BY2 cells
was subdivided into two and incubated with GSTor GST-Nicta;CYCB1;1
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lacking from Nicta;NAP1;4 but is conserved in the
other three tobacco proteins (Dong et al., 2003).
Western-blot analyses on total protein extracts of
tobacco cells revealed a single major band recognized
by aNicta;NAP1;3, which can be competed by in-
creasing concentrations of recombinant Nicta,NAP1;3
protein (Fig. 1B, top). This band most likely comprises
Nicta;NAP1;1, Nicta;NAP1;2, and Nicta,NAP1;3 pro-
teins that are similar in molecular mass and therefore
would migrate at a same position in the gel. Alterna-
tively, the single band could also reflect cell cycle
phase-specific expression of the different tobacco
NAP1 proteins. Our experiments currently cannot dis-
tinguish these possibilities. The aNicta;NAP1;4 an-
tibody recognized a band corresponding to the size
of Nicta;NAP1;4, but also an additional band corre-
sponding to the size of the other three NAP1 proteins
(Fig. 1B, bottom). A weaker band of lower molecular
mass was also revealed by both antibodies, particu-
larly visible after extensive exposure (Fig. 1B, bottom),
which could be a degradation product or unrelated
cross-reactive protein. Although slight variations (less
than 2-fold) were detected in some experiments, the
level of the tobacco NAP1 proteins did not change
significantly and consistently with a specific phase
of the cell cycle. This observation is in agreement with
our previous northern data showing that the different
tobacco NAPI genes are expressed relatively con-
stantly during the cell cycle (Dong et al., 2003).

Tobacco NAP1 Proteins Bind Histone H2A and H2B as
Well as Tubulins and the Mitotic Cyclin Nicta;CYCB1;1

Using pulldown assays we could demonstrate that
Nicta,NAP1;4 specifically interacts with H2B-yellow
fluorescent protein (YFP) as well as H2A-YFP but not
YFP alone (Fig. 2A). Similar results were obtained for
Nicta;NAP1;3 (data not shown). These results are
consistent with the proposed role for NAP1 proteins
as H2A/H2B chaperones and with our previous
ELISA data performed with animal histones (Dong
et al., 2003). The same fractions were also analyzed for
the presence of other binding proteins. These experi-
ments showed that tobacco NAP1 proteins can interact
with each other (Fig. 2B, left). The detection of differ-
ent tobacco NAP1 proteins in the pulldown assays
clearly indicates their potential to form heteromeric
complexes. Formation of homo- or heterodimeric com-
plexes has already been reported for mammalian
NAP1 homologs (Shikama et al., 2000). Our results
provide additional evidence that heteromeric complex
formation appears to be conserved among NAPI1
proteins from different organisms.

Our previous observation that tobacco NAP1
proteins colocalize with the mitotic spindle and the

coated beads. The pulldown fractions were analyzed by western blotting
with indicated antibodies. Arrowheads indicate bands corresponding to
sizes of Nicta;NAP1;4 (left) and Nicta;NAP1;3 (right) proteins.
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phragmoplast (Dong et al., 2003) prompted us to
analyze their potential interactions with tubulins and
cell cycle regulatory proteins. As shown in Figure 2B
(middle), tubulin was found to interact with both
Nicta;NAP1;3 and Nicta;NAP1;4. The results also
suggest that Nicta;NAP1;4 has a higher binding activ-
ity for tubulin than Nicta;NAP1;3. We did not de-
tect any interaction between tobacco NAP1 proteins
and the plant-specific cyclin-dependent kinase CDKB
(Porceddu et al., 2001). In contrast, a weak signal
could be detected for CDKA (Fig. 2B, right), a
PSTAIRE-containing cyclin-dependent kinase that
associates with different cyclins to control cell cycle
progression (Stals and Inze, 2001).

Yeast and Xenopus NAP1 interact with B-type
cyclins (Kellogg and Murray, 1995; Kellogg et al.,
1995). The weak signal for CDKA detected in our pull-
down assay could have therefore resulted from the in-
teraction between tobacco NAP1 proteins, CDKA, and
B-type cyclins. To test this possibility directly, we ex-
pressed the tobacco B-type cyclin Nicta;CYCB1;1
fused to a 6XHis or glutathione S-transferase (GST)
tag in Escherichia coli (Fig. 3A) and used the 6XHis-
Nicta;CYCBI1;1 protein for antibody production. The
aNicta;CYCB1;1 antibody specifically recognized
GST-Nicta;CYCB1;1 but not GST (Fig. 3B). ELISA
analysis showed that Nicta;,CYCB1;1 bound to all
four tobacco NAP1 family proteins. The binding
affinity of Nicta;CYCB1;1 was higher for Nicta;NAP1;1
and Nicta;NAP1;3 than for Nicta;NAP1;2 and Nicta;
NAP1;4 (Fig. 3C). Furthermore, Figure 3D shows that
NAP1 proteins were specifically precipitated from
tobacco total protein extracts by the GST-Nicta;
CYCB1;1 but not by GST beads. Together, our results

GFP-Nicta;NAP1;1
control +LMB

1%

GFP-Nicta;NAP1;2
control + LMB
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demonstrate that tobacco NAP1 proteins bind to
Nicta;CYCB1;1.

Inhibitor Treatment and Mutagenesis Reveal
Nucleocytoplasmic Shuttling of Nicta,NAP1;1
But Not the Other Three Tobacco NAP1 Proteins

The green fluorescent protein (GFP)-Nicta;CYCB1;1
fusion protein could be detected in both the cytoplasm
and nucleus (Criqui et al., 2001; A. Dong, unpublished
data), but the GFP-Nicta;NAP1;3 and GFP-Nicta;
NAP1;4 fusion proteins appeared to localize only to
the cytoplasm (Dong et al., 2003). GFP-Nicta;NAP1;1
and GFP-Nicta;NAP1;2 were also localized in the
cytoplasm (Fig. 4, A and D). To test if the tobacco
NAP1 proteins could dynamically shuttle between the
nucleus and the cytoplasm, we first examined their
localization in cells after treatment with leptomycin B
(LMB), a specific nuclear export inhibitor (Toyoshima
et al., 1998). As shown in Figure 4B, LMB treatment
resulted in accumulation of GFP-Nicta;NAP1;1 in the
nucleus in more than 90% of cells. In contrast, GFP-
Nicta;NAP1;2 (Fig. 4E) as well as GFP-Nicta;NAP1;3
and GFP-Nicta,NAP1;4 (data not shown) fusion pro-
teins remained localized in the cytoplasm in the pre-
sence of LMB.

Tobacco NAP1 proteins contain a 16-amino acid
sequence in their N-terminal regions that is similar to
the NES of the yeast NAP1 protein (Fig. 5). To examine
whether these sequences function as active NES sig-
nals, we constructed mutant proteins lacking the corre-
sponding regions. As shown in Figure 4C, deletion of
the NES-like sequence in GFP-Nicta;NAP1;1 resulted
in nuclear accumulation of the protein. However,

Figure 4. Intracellular localization and nu-
clear export of the tobacco NAP1 family
proteins. Transgenic tobacco BY2 cells ex-
pressing GFP-fused NAP1 proteins were visu-
alized by fluorescence confocal microscopy.
GFP fluorescence (green) images are shown
together with bright-field differential interfer-
ence contrast images. Cells treated with the
nuclear export inhibitor (+LMB) or expressing
mutant proteins containing deletion of the
nuclear export signal sequences (ANES) were
compared with untreated cells expressing
wild-type proteins (control). Both GFP-Nicta;
NAP1;1 (A) and GFP-Nicta;NAP1;2 (D) were
localized only in the cytoplasm. Either LMB
treatment (B) or NES deletion (C) resulted in
nuclear accumulation of Nicta;NAP1;1, but
not Nicta;NAP1;2 (E and F). GFP-Nicta;
NAP1;3 and GFP-Nicta;NAP1;4 gave similar
results as GFP-Nicta;NAP1;2. For space rea-
sons, images on Nicta;NAP1;3 and Nicta;
NAP1;4 are not shown. The asterisks mark
positions of nucleoli inside the spherical
nuclei. Bars = 10 um.

A NES
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Figure 5. Schematic presentation and comparison of nuclear transport
signal sequences of the tobacco and the rice NAP1 family proteins. A,
Two acidic regions involved in histone binding are highly conserved in
all NAP1 proteins and are shown by yellow boxes. An NLS sequence
(shown as green box) was identified in the central region for all but
except Orysa;NAP1;3 proteins. Only Orysa;NAP1;1 contains a second
NLS, which is located in the C-terminal region of the protein. A region
(shown as pink box) showing high sequence homology to the NES of
the yeast NAPT protein is conserved in all tobacco and rice NAP1
proteins. Sites matching to the consensus sequence of the CDK/cyclin-
and CK2-phosphorylation sites are indicated. B, Sequence alignment of
NES sequence of tobacco, rice, and yeast NAP1 proteins.

deletion of the NES-like sequence in Nicta,NAP1;2 did
not alter the cellular localization pattern of the GFP-
Nicta;NAP1;2 protein (Fig. 4F). Similar results were
obtained for GFP-Nicta;NAP1;3 and GFP-Nicta;
NAP1;4. These results are consistent with the previous
observations of the localization of all four NAP1
proteins after treatment with LMB. The data suggest
that under our experimental conditions, only Nicta;
NAP1;1is anucleocytoplasmic shuttling protein whose
nuclear export is mediated by an NES-dependent
transport in tobacco BY2 cells. The absence of nuclear
accumulation of the other three tobacco NAP1 proteins
suggests that they are either transported by a tempo-
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rally or functionally different mechanism that did not
operate in BY2 cells under our experimental conditions
or that they are exclusively localized in the cytoplasm.

Rice NAP1 Family Proteins Also Exhibit Specific
Nucleocytoplasmic Shuttling

To investigate whether the different activity in
nucleocytoplasmic shuttling observed with the to-
bacco NAP1 family is common in plants, we studied
the rice NAP1 family proteins. The rice genome con-
tains three genes encoding NAP1 proteins (Fig. 5). Like
the tobacco proteins, all three rice proteins contain the
conserved NES sequence. The rice protein Orysa;
NAP1;1 contains, in addition to the conserved central
NLS, a second NLS at its C-terminal region (Fig. 5),
and the GFP-Orysa;NAP1;1 fusion protein was local-
ized in both the cytoplasm and the nucleus (Dong et al.,
2003; Fig. 6A). To test if this C-terminal NLS is re-
sponsible for the observed nuclear localization, we
substituted the inside hydrophobic Pro by a Thr. The
resulting mutant protein Orysa;NAP1;1 P348T showed
an exclusive cytoplasmic localization (Fig. 6A), indi-
cating that this C-terminal sequence is a bona fide NLS
and is responsible for the nuclear accumulation of
GFP-Orysa;NAP1;1. Deletion of the NES sequence of
Orysa;NAP1;1 resulted in an enhanced nuclear local-
ization as compared to the wild-type protein (Fig. 6A),
indicating that the identified NES plays a role in the
nuclear export of the protein. This conclusion is further
supported by the observations that Orysa;NAP1;1
P348T was localized in both cytoplasm and nucleus
in cells treated with LMB (data not shown) and that
the mutant protein containing double mutations of the
NLS and NES was localized in both cytoplasm and nu-
cleus (Fig. 6A). These later results further indicate that
in addition to the C-terminal NLS other signals exist
and are involved in nuclear import of the Orysa;NAP1;1
protein. Together, our results clearly show that Orysa;
NAP1;1 is a nucleocytoplasmic shuttling protein.

Orysa;NAP1;2 has an NES and NLS organization
similar to the tobacco NAP1 proteins (Fig. 5), and GFP-
Orysa;NAP1;2 was localized only in cytoplasm (Fig.
6B). Deletion of the NES sequence in Orysa;NAP1;2
did not affect the intracellular localization of the
protein; the mutant protein like the wild-type Orysa;
NAP1;2 was localized exclusively in the cytoplasm
(Fig. 6B). Moreover, treatment of cells with LMB did
not result in nuclear localization of Orysa;NAP1;2
(data not shown). Thus, Orysa;NAP1;2 shows very
similar localization activity as the tobacco proteins
Nicta;NAP1;2, Nicta;NAP1;3, and Nicta,NAP1;4.

Typical NLS could not be identified from the Orysa;
NAP1;3 sequence. Interestingly, GFP-Orysa;NAP1;3
was localized in both the cytoplasm and the nucleus
(Fig. 6C). Deletion of the conserved NES sequence in
Orysa;NAP1;3 did not increase nuclear accumulation
of the protein (Fig. 6C).

Together, our results on the rice NAP1 family further
confirm the previous data on tobacco proteins, which

Plant Physiol. Vol. 138, 2005
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Figure 6. Intracellular localization
and functional characterization of nu-
clear transport signals of the rice NAP1
family proteins. Intracellular localiza-
tion of wild-type and mutant proteins
of Orysa;NAP1;1 (A), Orysa;NAP1;2
(B), and Orysa;NAP1;3 (C) was exam-
ined as described in Figure 4. Muta-
tions include Pro-to-Thr substitution
within the C-terminal NLS (P348T),
NES deletion (ANES), and the combi-
nation of both mutations in Orysa;
NAP1;1, NES deletion in Orysa;
NAP1;2 and Orysa;NAP1;3, as well
as Ser-to-Ala substitution within the
CK2-phosphorylation site at the
C-terminal end of Orysa;NAP1;3
(S297A). See legend of Figure 5 for
details of schematic presentation of
protein structures and that of Figure 4
for cell images.

B
Orysa;NAP1;2

| |

ANES

C
Orysa;NAP1;3

-

ANES

B

reveal the different importance of the NES sequence
in the localization of different NAP1 proteins. It is
particularly striking that Orysa;NAP1;3 does not carry
any typical NLS sequence but was nevertheless local-
ized in both the cytoplasm and nucleus.

The Orysa;NAP1;3 Protein Could Be Specifically
Phosphorylated by CK2

Many examples show that posttranslational modifi-
cations can regulate intracellular localization of pro-
teins (Jans and Hubner, 1996; Kaffman et al., 1998; Dong
et al., 2002). Our findings that NAP1 proteins bind
B-type cyclin prompted us to test phosphorylation of

Plant Physiol. Vol. 138, 2005

NAP1 proteins. The pulldown fraction from plant
protein extracts by p13°““!-beads, which specifically
bind CDK/cyclin kinase complexes (Bégre et al., 1997),
could efficiently phosphorylate Orysa;NAP1;3 but not
the other rice and tobacco NAP1 proteins (Fig. 7A). In
this experiment, however, we could not exclude some
possible contaminations by other types of kinases that
might be copurified with CDK/ cyclin complexes in the
fraction. We next used purified recombinant casein
kinase 2a (CK2a) protein produced in E. coli to test the
phosphorylation of NAP1 proteins. As shown in Figure
7B, CK2a specifically phosphorylated Orysa;NAP1;3
but not the other rice and tobacco NAP1 proteins. The
specificity of CK2a kinase was further confirmed by the
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use of its specific inhibitor, heparin, which inhibited
phosphorylation of Orysa;NAP1;3 (Fig. 7C). Together,
these results show that Orysa;NAP1;3 but not the other
examined NAP1 proteins could be phosphorylated by
CK2 kinase.

Our previous data show that NAP1 proteins can
form heterodimers and bind histones. We next tested
whether the phosphorylation of Orysa;NAP1;3 by
CK2a could be influenced by histones and other
NAP1 proteins. At approximately 1:1 molar ratio, his-
tones stimulated phosphorylation of Orysa;NAP1;3,
whereas a higher amount of histones inhibited the
phosphorylation (Fig. 8). This result indicates that
histone-associated Orysa;NAP1;3 is a good substrate
of CK2a. Increasing amounts of either Orysa;NAP1;1 or
Orysa;NAP1;2 protein progressively inhibited phos-
phorylation of Orysa;NAP1;3 (Fig. 8). Binding of CK2«
by Orysa;NAP1;1 or Orysa;NAP1;2 possibly impaired
its kinase activity toward Orysa,NAP1;3.

The CK2-Phosphorylation Site Is Located at the
C-Terminal End and Is Not Required for the
Nuclear Localization of Orysa;NAP1;3

CK2 kinases catalyze the phosphorylation of the
Ser or Thr residue within an S/TxxD/E consensus
sequence (Meggio and Pinna, 2003). A number of se-
quences matching the CK2 consensus phosphorylation
site could be identified in the tobacco and rice NAP1
proteins (Fig. 5). A comparison between different
NAP1 proteins revealed that two of these sites are
uniquely present at the C-terminal region of the Orysa;
NAP1;3 protein. We tested the most C-terminal lo-
cated site, *’SDEE*® as a possible target of CK2-
phosphorylation. Substitution of the Ser by Ala within
this site, Orysa;NAP1;3 S297A, abolished the phos-
phorylation of the protein by CK2« (Fig. 7D), indicating
that this site is responsible for Orysa;NAP1;3 phos-
phorylation by CK2a. Then we tested the role of phos-
phorylation in protein localization by analyzing the
intracellular localization of the Orysa,NAP1;,3 S297A
mutant protein. As shown in Figure 6C, the Orysa;
NAP1;3 S297A mutant protein was, like wild-type

Figure 7. In vitro phosphorylation of the tobacco and rice NAP1 family
proteins. A, Phosphorylations of NAP1 proteins by p13°Y“'-bound
CDK/cyclin kinases. The p13°*Y“'-Sepharose pulldown fraction from
total protein extract of tobacco BY2 cells was used to test phosphor-
ylation of histone H1, tobacco (Nicta;NAP1;1 to Nicta;NAP1;4), and
rice (Orysa;NAP1;1 to Orysa;NAP1;3) NAP1 proteins. B, Phosphory-
lation of NAP1 proteins by CK2a kinase. Purified recombinant GST-
CK2a produced in E. coli was tested in phosphorylation of casein and
NAP1 proteins. C, Heparin inhibits the phosphorylation of Orysa;
NAP1;3 by CK2a. Phosphorylation of Orysa;NAP1;3 by CK2a was
tested in the absence (=) or presence (+) of heparin. D, The mutant
Orysa;NAP1;3 S297A protein is defective in phosphorylation by CK2a.
The top sections show the Coomassie Brilliant Blue R250 stained
proteins on the SDS-PAGE gels and the bottom sections show the
corresponding autoradiography for phosphorylated (radioactive la-
beled) proteins. An E. coli protein that was copurified with Orysa;
NAP1;2 and phosphorylated by CK2a is indicated by asterisks in B.
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Figure 8. Phosphorylation of Orysa;NAP1;3 by CK2a can be influ-
enced by histones and other NAP1 proteins. Different quantities
of core histones (+Histone), NAP1 proteins (+Orysa;NAPT;
1, +Orysa;NAP1;2), and bovine serum albumin protein (+BSA) were
tested as effectors in the in vitro phosphorylation of Orysa;NAP1;3 by
CK2a. Coomassie Brilliant Blue R250-stained proteins on the SDS-
PAGE gels (A) and autoradiography of Orysa;NAP1;3 phosphorylation
(B) were shown. Phosphorylation of effector proteins was not observed.
Arrows indicate positions of the Orysa;NAP1;3 protein.

protein, localized in both the cytoplasm and nucleus.
Therefore, it is unlikely that phosphorylation of
Orysa;NAP1;3 is responsible for nuclear import of
this protein.

DISCUSSION

Our experimental data showing that the tobacco
NAP1 family proteins interact with H2A/H2B and
that the tobacco protein Nicta;NAP1;1 as well as the
rice protein Orysa;NAP1;1 shuttles between the cyto-
plasm and the nucleus are consistent with the current
model in which yeast and animal NAP1 proteins are
proposed to bind newly synthesized H2A and H2B in
the cytoplasm, transport the histones to the nucleus,
and deposit H2A/H2B on preformed H3/H4-DNA
complex during nucleosome formation (Krude and
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Keller, 2001; Loyola and Almouzni, 2004). Interest-
ingly, the other three tobacco NAP1 proteins as well as
the rice protein Orysa;NAP1;2 could not be detected in
the nucleus under our experimental conditions, sug-
gesting that they have specific functions in the cyto-
plasm. Our observation that tobacco NAP1 proteins
interact with tubulin and with the B-type cyclin
Nicta;CYCB1;1 suggests that plant NAP1 proteins
may play a role in microtubule dynamics.

Microtubule dynamics is essential during assembly
of the mitotic spindle, which is induced specifically by
B-type cyclins during mitosis. Sea urchin cyclin B but
not cyclin A induces destabilization of microtubules
when cells enter into mitosis (Verde et al.,, 1992).
Ectopic expression of a nondegradable Nicta;CYCB1;1
mutant in tobacco cells alters microtubule organi-
zation and dynamics and impairs formation of the
phragmoplast, a plant specific microtubule array
(Weingartner et al., 2004). Nicta,CYCBI;1 is localized
in the cytoplasm in early G2 phase and translocated to
the nucleus during G2/M transition (Criqui et al.,
2001). The presence of NLS- and NES-like sequences in
the N-terminal region of Nicta;CYCB1;1 is consistent
with nucleocytoplasmic shuttling of the protein. It is
known that low doses of microtubule-binding drugs
that do not affect the tubulin monomer-polymer
equilibrium can functionally cause mitotic arrest
(Jordan et al., 1993). In NAP1-deficient yeast mutant,
microtubules are more resistant to benomyl, which
destabilizes microtubules (Kellogg and Murray, 1995).
Furthermore, it was reported that in the absence of
NAP1, Clb2 was unable to efficiently induce mitotic
events and yeast cells underwent a prolonged delay at
the short spindle stage in spite of a normal level of
CDK/ClIb2 kinase activity (Kellogg and Murray, 1995).
The physical interaction between NAP1 and B-type
cyclin, which is conserved in yeast, Xenopus, and
tobacco (Kellogg et al., 1995; this study), together with
our identification of tubulin as a NAP1-binding pro-
tein strongly suggests that tobacco NAP1 proteins
function together with B-type cyclins in the regula-
tion of microtubule dynamics. The localization of both
plant NAP1 proteins (Dong et al., 2003) and Nicta;
CYCB1;1 (Criqui et al., 2001) with mitotic spindle and
phragmoplast further supports this view.

Animal NAP1 proteins are phosphorylated at mul-
tiple sites by CDK/cyclin B and CK2 kinases, and it is
hypothesized that phosphorylation may alter intracel-
lular localization and/or the stability of the NAP1
proteins (Kellogg et al., 1995; Li et al., 1999; Rodriguez
et al., 2000). Using either p13°"“’-pulldown tobacco
CDK/cyclin kinase fraction or purified recombinant
rice CK2a kinase, we could detect phosphorylation
only on Orysa;NAP1;3 but not on the other rice and
tobacco NAP1 proteins. We further identified the
CK2-phosphorylation site and tested its function by
mutagenesis on Orysa;NAP1;3. Surprisingly, the mu-
tant Orysa;NAP1;3 S297A protein, which is defective
in phosphorylation by CK2, showed a similar pattern
of intracellular localization as wild-type protein,
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suggesting that phosphorylation at this site had no
effect on Orysa;NAP1;3 nuclear transport. Moreover,
similar intensity of fluorescence was observed on
transgenic cells for GFP-tagged wild type and the
mutant Orysa;NAP1;3 S297A proteins, suggesting
that phosphorylation also did not affect the protein
stability. Precise function of this phosphorylation is
currently unknown. In addition to this characterized
CK2-phosphorylation site on Orysa;NAP1;3, we iden-
tified several other potential CDK/cyclin- and CK2-
phosphorylation site sequences on Orysa;NAP1;3 as
well as on the other plant NAP1 proteins (Fig. 5).
Although these sites could not be phosphorylated by
CK2q in vitro in our experimental conditions, it is not
excluded that they could be phosphorylated in vivo,
particularly because plants contain multiple types of
CDK/cyclin and CK2 kinases (Vandepoele et al., 2002;
Riera et al., 2004). Future research will be needed to
resolve these different issues and it is likely that
additional roles of phosphorylation in NAP1 function
still await discovery.

Our studies identify a bona fide function for the
C-terminal located NLS and the N-terminal located
NES in the transport of Orysa,NAP1;1. Although the
N-terminal located NES sequence is conserved in
the other rice and tobacco NAP1 proteins (Fig. 5),
only Nicta;NAP1;1 but not the other NAP1 proteins
showed an NES-dependent transport in our ex-
perimental conditions. Furthermore, Orysa;NAP1;3,
which does not contain any typical NLS sequences,
could enter the nucleus. Together, our data suggest
existence of additional but uncharacterized signals
that are involved in nuclear transport of plant NAP1
proteins. Although NLS and NES sequences have yet
to be characterized, human NAP1 family proteins also
exhibit a complex pattern of intracellular localization.
While the human NAP1 was localized exclusively
in the cytoplasm (Marheineke and Krude, 1998), the
human NAP1-homolog-2 protein was localized in the
cytoplasm during G1 phase and onto the condensing
chromatin within the nucleus during S phase (Rogner
et al., 2000) and the human NAP1-homolog-4 was
localized in the cytoplasm during G0/G1 phase and
in the nucleus during S phase (Rodriguez et al., 1997).
It is different in yeast, where only one NAP1 pro-
tein exists, which is statically localized in the cyto-
plasm but with ability of nucleocytoplasmic shuttling
(Miyaji-Yamaguchi et al., 2003). It is possible that in-
tracellular localization provides a means of func-
tional specialization of the NAP1 family proteins in
plants and animals.

MATERIALS AND METHODS
Production of Recombinant Proteins

The entire coding region of Nicta;CYCB1;1 cDNA (Criqui et al.,, 2001)
was amplified by PCR using 5'-GCCATGGATAACAATAGTGTTGG-3' and
5'-CAAGCTTATTAGTCTAAGCTAGAGAGATC-3' primers. The PCR prod-
uct was subsequently cloned between the Ncol and HindIII sites in pET-30a
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(Novagen), resulting in pET-30a-Nicta,CYCB1;1. To produce recombinant
6XHis-Nicta;,CYCB1;1, freshly pET-30a-Nicta,CYCB1;1-transformed E. coli
BL21(DE-3) cells were grown at 37°C to an Ay, of 1.0, then induced by
0.1 mm isopropylthio-B-galactoside for 3 h. The bacteria were collected by
centrifugation, subsequently resuspended in buffer A (20 mm Tris-Cl, 0.5 M
NaCl, 0.2% Tween 20, 0.5 mm EDTA, 1 mm dithiothreitol [DTT], 1 mm
phenylmethylsulfonyl fluoride [PMSF], 5% glycerol, pH 9.5), and lysed by
sonication. After centrifugation at 8,000g for 20 min to remove inclusion bodies
in which the majority of 6XHis-Nicta;,CYCB1;1 proteins are found, the pre-
cipitate was washed twice with buffer B (buffer A in the presence of 2 M urea)
and then solubilized in buffer C (buffer A in the presence of 8 M urea). After
centrifugation at 20,000¢ for 30 min, the supernatant was loaded onto a Ni**-
Sepharose Fast Flow column (Pharmacia Biotech Europe, Freiburg, Germany),
which had been treated with 0.1 M Ni,SO, and preequilibrated with buffer D
(buffer C in the absence of EDTA). After extensive wash with buffer E (buffer D
in the presence of 60 mm imidazole), the retained proteins were eluted from the
column with buffer F (20 mm Tris-Cl,0.15MNaCl, 0.3 mimidazole, 1 mm DTT, 8 M
urea, pH 9.5). The eluted fraction was dialyzed against buffer G (20 mm Tris-Cl,
8 M urea, pH 9.5) and used directly to produce antibody.

To obtain soluble recombinant GST-fused Nicta;CYCB1;1 protein, the
Nicta;CYCB1;1 cDNA was cloned into pGEX-KG from pET-30a-Nicta;CYCB1;1
resulting in pGEX-KG-Nicta,CYCB1;1. Freshly pGEX-KG-Nicta;,CYCB1;1
transformed Escherichia coli DH5a cells were grown at 30°C to an Ay, of 0.6,
then induced by 0.1 mm isopropylthio-B-galactoside for 2 h. The bacteria were
collected by centrifugation, resuspended in buffer 1 (1X phosphate-buffered
saline [PBS], 0.1% Triton X-100, 1 mm EDTA, 1 mm DTT, 1 mm PMSF, and 5%
glycerol), and lysed by sonication. After centrifugation at 20,000¢ for 30 min,
the supernatant was loaded onto a glutathione-Sepharose-4B column
(Amersham-Pharmacia Biotech, Uppsala), which had been pre equilibrated
with buffer 2 (1X PBS, 1 mm DTT, and 1 mm PMSF). The column was washed
first with 5 bed volumes of buffer 3 (1X PBS, 0.1% Triton X-100, 1 mm DTT,
and 1 mM PMSF) then with 5 bed volumes of buffer 2. The retained GST-
Nicta;CYCB1;1 was eluted from the column with buffer 4 (50 mm Tris-Cl,
10 mm glutathione, pH 7.5). After dialysis against 1X PBS, the purified GST-
Nicta,CYCB1;1 protein was stored at —80°C.

Recombinant GST-fused CK2« protein was produced and purified accord-
ing to the same procedure ascribed for GST-Nicta;,CYCB1;1 protein. Pro-
duction and purification of recombinant tobacco (Nicotiana tabacum) and rice
(Oryza sativa) NAP1 proteins were as previously described (Dong et al., 2003).

Production of Antibodies and Western-Blot Analyses

The purified recombinant 6xXHis-fused Nicta;NAP1;3, Nicta;NAP1;4, and
Nicta;CYCBI1;1 proteins were used to raise antibodies in mice. The antiserums
were used at a dilution of 1:2,000 for western blot and of 1:5,000 for ELISA.
Western-blot analyses were performed as described (Criqui et al., 2001).

Protein Binding Assays between Tobacco NAP1 and
Nicta;CYCB1;1 Proteins

ELISA was used to check the binding of recombinant tobacco NAP1
proteins to Nicta;CYCBI1;1, according to Rodriguez et al. (1997). Purified
recombinant tobacco NAP1 proteins were used to coat the wells of microtiter
plates (Nunc, New York). The purified recombinant GST-Nicta;,CYCB1;1 was
assayed at different concentrations to bind the NAP1 proteins-coated wells.
The retained GST-Nicta;CYCB1;1 was determined by using the polyclonal
antibody directed against 6XHis-Nicta;CYCB1;1 as the primary antibody, the
horseradish peroxidase-conjugated anti-mouse antibody as the second anti-
body, and 3,3',5,5'-tetramethylbenzidine as substrate. Reactions were quan-
titated by recording the As5 using a Bio-Rad model 450 Microplate Reader.

Pulldown Assays

Ten milligrams of purified recombinant proteins Nicta;NAP1;3 and
Nicta;NAP1;4 were coupled to 2 mL of BrCN-activated Sepharose 4B resin
(Amersham-Pharmacia Biotech). The resulting resin was used in pulldown
assays according to a previously described protocol (Yu et al., 2004). Total
protein extracts from both tobacco BY2 cells and transgenic Arabidopsis
(Arabidopsis  thaliana) plants expressing YFP, H2A-YFP, or H2B-YFP
(Benvenuto et al., 2002; Yu et al., 2003) were used. The pulldown fractions
were analyzed by western blot using specific antibodies: the anti-Nicta;
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NAPL;3 and —Nicta;NAP1;4 mice polyclonal antibodies at a dilution of
1:2,000, the anti-GFP rabbit polyclonal antibody (Molecular Probes, Leiden,
The Netherlands) at a dilution of 1:5,000, the anti-B-tubulin mice monoclonal
antibody (Amersham) at a dilution of 1:5,000, and the anti-PSTAIRE rabbit
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution
of 1:2,000.

GFP-Fusion NAP1 Constructs

Construction of GFP-Nicta;NAP1,3, GFP-Nicta;NAP1;4, and GFP-Orysa;NAP1;1
under the control of the dexamethasone-inducible promoter in pTA7002
(Aoyama and Chua, 1997) has been previously described (Dong et al., 2003).
GFP-Nicta;NAP1;1, GFP-Nicta;NAP1;2, GFP-Orysa;NAP1;2, and GFP-Orysa;
NAP1;3 in pTA7002 were constructed through similar cloning procedures.
Constructs encoding mutant proteins with NES deletion or amino acid sub-
stitutions within NLS or CK2-phosphorylation sites were obtained by the use
of a mutation kit (TaKaRa Bio, Kyoto).

Tobacco Cell Culture, Transformation, and Localization
of GFP-Fused NAP1 Proteins

Transgenic tobacco BY2 cells for different GFP-NAPI fusion constructs
were obtained by Agrobacterium-mediated transformation (Shen, 2001). They
were maintained by weekly subculture as described for untransformed cells
(Nagata et al., 1992).

Dexamethasone induction of transgene expression and microscopy anal-
yses of transgenic tobacco cells were performed as previously described
(Shen, 2001). LMB-treatment experiments were performed by adding 20 nm
LMB to tobacco cells, which had been induced by 24-h incubation with
dexamethasone. Effects of LMB on protein localization were examined every
5 to 10 min following 30 min to 2 h after its addition.

p13°U“L-Sepharose Affinity Binding and Kinase Assays

p13°Y“!-Sepharose affinity binding was used to precipitate CDK/cyclin
complex according to Bogre et al. (1997). The precipitated fraction was used
to test phosphorylation of histone H1 and recombinant NAP1 proteins as
described (Bogre et al., 1997; Criqui et al., 2001).

Phosphorylation of NAP1 Proteins by
Recombinant CK2«

CK2a phosphorylation was performed essentially as described (Hériché
et al., 1997). Briefly, 2 ug of recombinant NAP1 protein was incubated with
2 ng of purified recombinant GST-OsCK2e« in 20 uL kinase buffer (50 mm Tris-
Cl, 10 mm MgCl,, 0.1 M NaCl, 1 mm DTT, pH 7.5) in the presence of 5 uCi 2P-y-
ATP at 30°C for 20 min. Casein (Sigma-Aldrich Chimie, Saint Quentin
Fallavier, France) was used as a control substrate. For inhibitor assays, heparin
(Sigma) was added at a final concentration of 20 ug/mL to the reaction.
Reaction products were separated on 12% to 15% SDS-PAGE gels. Proteins on
the gel were visualized by Coomassie Brilliant Blue R250 staining and
radioactive products by autoradiography.

Upon request, all novel materials described in this publication will be made
available in a timely manner for noncommercial research purposes, subject to
the requisite permission from any third-party owners of all or parts of the
material. Obtaining any permissions will be the responsibility of the requestor.

Tobacco and rice NAP1 family genes are named according to the guide by
the Commission on Plant Gene Nomenclature and are with the following
sequence accession numbers: AJ438613 for Nicta;NAP1;1 (formerly named
NtNAP1_L1), AJ438614 for Nicta;NAP1;2 (formerly named NtNAP1_L2),
AJ438615 for Nicta;NAP1;3 (formerly named NtNAP1_L3), AJ438616 for
Nicta;NAP1;4 (formerly named NtNAP1_L4), AJ438611 for Orysa;NAP1;1
(formerly named OsNAP1_L1), AJ438612 for Orysa;NAP1;2 (formerly
named OsNAP1_L2), and AY830122 for Orysa;NAP1;3 (formerly named
OsNAPI_L3).
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