
Summary. Fibrillarin is known to play an important role in precursor ribo-
somal RNA processing and ribosome assembly. The present study describes
a fibrillarin homolog gene isolated from tobacco BY-2 cells and its expres-
sion during the cell cycle. The cDNA for a fibrillarin homolog, named
NtFib1, was first cloned in Nicotiana tabacum with degenerate primers. It
encodes 314 amino acids and the deduced amino acid sequence has some
highly conserved functional domains, such as the glycine and arginine-rich
(GAR) domain for nucleolar localization and the RNA-binding motif. The
C-terminal region is highly conserved and has 7 �-sheets and 7 �-helices
which are peculiar to fibrillarin. Thus, it is suggested that the fibrillarin ho-
molog of this plant species functions in the same way as the fibrillarin al-
ready known from human and yeast cells. Northern blot analysis of BY-2
cells synchronized with aphidicolin or a combination of aphidicolin and
propyzamide showed that the histone H4 gene was specifically expressed in
the S phase but NtFib1 mRNA remained at high levels during the cell cycle.
Examination of the localization of NtFib1 protein tagged with green-fluo-
rescent protein (GFP) suggested that some persisting in the mitotic ap-
paratus was eventually incorporated into reconstructed nucleoli in late
telophase. Newly synthesized GFP-tagged NtFib1 protein in the cytoplasm
was added to the recycled protein in early mitosis. Highly concentrated
actinomycin D completely inhibited the transcription of genes coding for
rRNA (rDNA) but did not significantly suppress the amount of either
NtFib1 mRNA or protein, although the NtFib1 protein was reversibly dislo-
cated from nucleoli. Although hypoxic shock completely prohibited rDNA
transcription, NtFib1 mRNA remained at the same level as in the control
experiment, even after the 4 h treatment. These results indicate that the tran-
scription of NtFib1 mRNA is not related to rDNA transcription and NtFib1
mRNA is resistant to disrupting factors during the cell cycle.

Keywords: Actinomycin D; Cloning; Fibrillarin; Hypoxia; Nucleolus;
Nicotiana tabacum.

Introduction

Fibrillarin is one of major components constituting the nu-
cleolus. This acidic protein has a molecular weight of
34,000–38,000 and was first identified as B-36 in Physarum

polycephalum (Christensen et al. 1977). Since then it has
been detected in various types of cells (Lischwe et al. 1985,
Ochs et al. 1985b, Guiltinan et al. 1988). Fibrillarin is specif-
ically localized in the dense fibrillar component (DFC) of
the nucleolus and associated with U3, U8, and U13 small
nucleolar RNA (snoRNA) in human cells (Tyc and Steitz
1989). These snoRNA commonly have C(UGAUGA/U) and
D(CUGA) boxes (Smith and Steitz 1997), which function
as guide RNA for site-specific methylation by fibrillarin 
(Bousquet-Antonelli et al. 1997). The methylation of rRNA
precursors has been suggested to play an important role in ri-
bosome maturation in vertebrates (Maden and Hughes
1997). Tollervey et al. (1993) generated temperature-sensi-
tive lethal point mutations in yeast fibrillarin and found that
some alleles prevented synthesis of both 18S and 25S rRNA.
Thus, it is believed that fibrillarin is involved in pre-rRNA
processing and ribosome assembly. This suggests that there
is a positive relation between transcription of genes coding
for rRNA (rDNA) and the NtFib1 gene.

Fibrillarin has been cloned from Saccharomyces cere-
visiae and some animals, such as Xenopus laevis, humans,
Drosophila melanogaster, and Tetrahymena thermophila
(Schimmang et al. 1989, Lapeyre et al. 1990, Aris and Blobel
1991, David et al. 1997). The deduced amino acid sequences
from these cDNAs exhibit some highly conserved domains
and motifs, such as the glycine-arginine-rich (GAR) domain
for nucleolar localization and the RNA recognition motif.
Antibodies against human fibrillarin recognize 37 kDa pro-
teins in onion cells (Cerdido and Medina 1995). Plant fibril-
larin homolog genes were first cloned from Arabidopsis
thaliana (Barneche et al. 2000, Pih et al. 2000). The deduced
amino acid sequence of this fibrillarin homolog is very simi-
lar to fibrillarin and functional domains or motifs are also
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preserved. This suggests that fibrillarin homologs are present
in a great variety of plant cells.

Fibrillarin has been suggested to be one of the argy-
rophilic proteins included in the nucleolus (Roussel and 
Hernandez-Verdun 1994). Argyrophilic proteins have been
found to accumulate on the chromosome surface in anaphase
and eventually be incorporated into the daughter nuclei (Sato
1985, 1988). Dundr et al. (2000) used fibrillarin tagged with
green-fluorescent protein (GFP) to directly follow fibrillarin
in living monkey CMT3 cells. Their results showed that fi-
brillarin was localized in perichromosomal regions in early
anaphase and incorporated into tiny dots, putative nucleolar
organizing regions, in late anaphase. In HeLa cells, GFP-
tagged fibrillarin was found to be associated with the chro-
mosome periphery and to travel in association with
chromosomes during anaphase migration (Savino et al.
2001). Thus, fibrillarin is probably synthesized in mitosis
and accumulates on the chromosomes. However, as fibril-
larin mRNA is not transcribed in mitosis, its synthesis does
not seem to be controlled at the transcriptional level.

The purpose of this study was to identify fibrillarin ho-
molog genes in tobacco BY-2 cells and then to determine
whether there is a relationship between rDNA transcription
and gene expression of a fibrillarin homolog. The results
show that inhibition of rDNA transcription did not reduce
the amount of fibrillarin homolog mRNA and protein but
that the mRNA is stable during mitosis.

Material and methods

Plant cell culture and synchronization

Tobacco BY-2 cells (Nicotiana tabacum L. cv. Bright Yellow 2) were grown
in a modified Linsmaier and Skoog medium supplemented with 3% su-
crose, 370 mg of KH2PO4, 1.0 mg of thiamine hydrochloride, and 0.2 mg of
2,4-dichlorophenoxyacetic acid per liter in an Erlenmeyer flask on a recip-
rocating shaker at 110 strokes per min at 25 °C, as described elsewhere
(Nagata et al. 1981). For synchronization of the cell cycle at S phase, 20 ml
of 7-day-old culture was added to 100 ml of medium containing 5 mg of
aphidicolin (Wako, Osaka, Japan). The cells were cultured for 24 h and then
washed with aqueous 3% sucrose solution. They were resuspended in fresh
medium without aphidicolin and further cultured for 18 h. Synchronization
of the cell cycle by the sequential aphidicolin-propyzamide treatment was
basically the same as described by Kakimoto and Shibaoka (1988). Briefly,
cells were first cultured for 24 h in medium containing 5 mg of aphidicolin
per ml and washed with aqueous 3% sucrose solution. After 3.5 h in fresh
medium without aphidicolin, propyzamide was added to a final concentra-
tion of 5 mM and the cells were cultured for further 6 h. They were then
washed, resuspended in fresh medium, and further cultured for 18 h.

Measurement of mitotic index

Cells collected at given times from the synchronized suspension culture
were fixed overnight at 4 °C in 3.7% formaldehyde in 0.067 M phosphate
buffer (47 mM Na2HPO4 and 20 mM KH2PO4, pH 7.17). They were
washed in 0.067 M phosphate buffer, stained for DNA with 1 �g of

4�,6-diamidino-2-phenylindole (DAPI) (Sigma, Steinheim, Federal Repub-
lic of Germany) per ml. More than 1000 cells were counted for measure-
ment of the mitotic index using a fluorescence microscope equipped with a
Nikon epi-illuminator (Tokyo, Japan).

Cloning and sequencing of fibrillarin cDNA

Total RNA was extracted from BY-2 cells using the Extract-A-Plant RNA
isolation kit (Clontech, Palo Alto, Calif., U.S.A.). RT-PCR was performed
using the total RNA, degenerate primers (5�-GAY GTI GCI CAR GC-3�

and 5�-GC RTG RTC ICK YTC RWA IGG YTC IAR IGT-3�) and Ready To
Go RT-PCR beads (Amersham Biosciences, Tokyo, Japan) according to the
GeneAmp PCR System 2400 manufacturer’s instructions (Perkin-Elmer,
Boston, Mass., U.S.A.). The amplified PCR products were subcloned using
the TOPO TA cloning kit (Invitrogen, Carlsbad, Calif., U.S.A.). The inserts
were confirmed to be putative fibrillarin gene fragments by sequencing with
the BigDye Terminator Cycle Sequencing FS Ready Reaction kit (Applied
Biosystems, Tokyo, Japan) and an ABI 310 sequencer (Applied Biosys-
tems). The plasmid DNA containing the fibrillarin fragment was linearized
by BamHI and used as template for the generation of a probe. A digoxigenin
(dig)-labeled RNA probe was generated by in vitro transcription using lin-
earized template, DIG RNA labeling mix (Roche Diagnostics, Tokyo,
Japan), and T7 RNA polymerase (Toyobo, Osaka, Japan). To obtain a full-
length cDNA clone of the tobacco fibrillarin homolog, plaque screening was
carried out using the tobacco BY-2 �ZAP cDNA library (kindly provided by
K. Mizuno, Osaka University) and a dig-labeled RNA probe. Positive
cDNA clones were amplified by PCR using M13 forward and M13 reverse
primers, and then the amplified fragments were cloned into the pCR 2.1
vector using the TOPO TA cloning kit. Sequencing of cDNA cloned into the
pCR 2.1 vector was performed with the BigDye Terminator Cycle Sequenc-
ing FS Ready Reaction kit and the ABI 310 sequencer. Alignment of the de-
duced amino acid sequence of the full-length cDNA (named NtFib1,
accession number AB207972) was performed by CLUSTAL W.

Generation of antisense RNA probe specific to NtFib1

PCR was carried out with cloned pCR 2.1 as template, primers (5�-AGCG
GATAACAATTTCACC-3� and 5�-AATTAACCCTCAACTAAACCC-3�)
and KOD-plus-DNA polymerase (Toyobo). In vitro transcription for the
generation of a dig-labeled antisense RNA probe was carried out at 37 °C
for 2 h using purified PCR products and DIG RNA labeling mix. The reac-
tion was stopped by addition of EDTA and the transcripts were precipitated
with ethanol and NaOAc. The RNA probes were vacuum dried and then
dissolved in autoclaved distilled water.

Northern blot analysis

Total RNA (5 �g) was separated by electrophoresis on 1.2% agarose
formaldehyde gels. The RNAs were stained in gels with ethidium bromide
and their profiles were photographed with a Polaroid camera or captured by
a LAS-1000 UVmini (Fujifilm, Kanagawa, Japan). The RNAs were trans-
ferred onto nylon membranes (Hybond N�; Amersham Biosciences) and
the membranes were rinsed in 2� SSC (300 mM NaCl, 30 mM tri-sodium
citrate). They were dried in air and then exposed to ultraviolet light for 4 min
using a UV Transilluminator (Vilber Lourmat, Marne La Vallee, France).

Hybridization was carried out overnight at 68 °C with antisense RNA
probes specific for NtFib1 mRNA or histone H4 mRNA. The antisense
RNA probe for histone H4 mRNA was prepared from Hordeum vulgare L.
cv. Akashinriki. The membranes were washed twice in 2� SSC containing
0.1% sodium dodecyl sulfate (SDS) for 5 min at 68 °C and were
then washed twice for 15 min in 0.1� SSC containing 0.1% SDS at
68 °C. Signals were detected with the chemiluminescence detection kit 
using CSPD (disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2�-(5�-chlo-
ro)tricyclo[3.3.1.13,7]decan}-4-yl)phenyl phosphate) as substrate (Roche
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Diagnostics) and were exposed to X-ray film (Fujifilm) or incorporated by
a LAS-1000 UVmini.

Inhibition of RNA transcription

Actinomycin D (AMD) (Wako) was dissolved in 50% ethanol to make a
5 mg/ml stock solution. First, we examined the relationship between AMD
dose and DNA transcription. Cell suspension culture was treated with 0.05,
5, 25 or 50 mg of AMD per ml for 1 or 4 h. Immediately, [5�-3H]uridine
([3H]uridine) (Perkin-Elmer) was added to each suspension culture to a final
concentration of 185 kBq/ml and incubated for a further 30 min. Total RNA
extraction and electrophoretic separation of RNAs followed by transfer onto
nylon membranes were performed as described above. For detection of ra-
dioactivity, fluorography was employed. The membrane was placed between
the plastic films of a hybridization bag and was moistened with a liquid scin-
tillation cocktail (Beckman Instruments, Fullerton, Calif., U.S.A.). The bag
was then sealed and chemiluminescence signal was exposed to an X-ray
film (Fujifilm) for 3–4 weeks at 4 °C in a desiccated dark box.

Hypoxic conditions have been suggested to inhibit RNA transcription
(Fernandez-Gomez et al. 1984, Gimenez-Abian et al. 1985). Such condi-

tions were attained by boiling the medium for 5 min and immediately 
cooling down to 25 � 1 °C with cold tap water. Measurement with a dis-
solved-oxygen meter (Toa Electronics, Tokyo, Japan) indicated that the dis-
solved oxygen (O2) concentration was approximately 1.5 mg/l. The treated
medium was immediately poured into a vial (volume, 22 ml) and 0.7 g of
fresh weight of 4-day-cultured cells was suspended in it. The vial was sealed
with Parafilm and cells were cultured for 0.5, 1, 2, or 4 h at 25 °C in the dark
without shaking. [3H]uridine was added to each culture at a final concentra-
tion of 92.5 kBq/ml and the cells were incubated for a further 30 min. Ra-
dioactive signals were detected by fluorography as described above.

GFP::Ntfib1 construction, transformation, and selection of transformants

We used a Gateway binary vector pGWB6 (T. Nakagawa, Shimane Uni-
versity, Japan, unpubl.) for expression of the GFP::NtFib1 fusion protein.
This vector was derived from pABH-Hm1 (Mita et al. 1995) by replacing
the �-AmyP-GUS region with a sequence consisting of the cauliflower
mosaic virus 35S promoter, sGFP and the R-cassette. Full-length NtFib1
cDNA was amplified using a forward primer with an additional CACC 
sequence (5�-CACCATGGTTTGCACCAACTAGAGGTGG-3�) and a re-
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Fig. 1. Amino acid sequence alignment of fi-
brillarin homologs. The amino acids identical
to residues in NtFib1 are shaded. The N-ter-
minal glycine- and arginine-rich domain is
overlined. The C-terminal region has 7 �-
sheets and 7 �-helices. The RNA-binding mo-
tif is indicated by a solid-line box. Dotted-line
boxes are conserved methyltransferase motifs
(Niewmierzycka and Clarke 1999). Three pos-
itively charged residues (asterisks) are strictly
conserved in the fibrillarin protein family. Se-
quence accession numbers are as follows:
Nicotiana tabacum, AB207972; Arabidopsis
thaliana, ATG5G52470; Homo sapiens,
P22087; Xenopus tropicalis, NP_989101;
Caenorhabditis elegans, Q22053; Saccha-
romyces cerevisiae, NP_010270; Methanocal-
dococcus jannaschii, NP_247681



verse primer with a stop codon (5�-CTAGGCAGCAGCCTTTTGCTT
CTTT-3�), and pCR 2.1 containing NtFib1 cDNA as a template. The result-
ing PCR product was cloned into the Gateway pENTR/D-TOPO cloning
vector (Invitrogen) according to the manufacturer’s instructions. The inser-
tion of NtFib1 cDNA was confirmed by sequencing. The pGWB6 vector
and the entry vector containing NtFib1 cDNA were used in an LR recombi-
nation reaction (Invitrogen) according to the manufacturer’s instructions.
The resultant expression vector was electroporated into Agrobacterium
tumefaciens, which was used to transform tobacco BY-2 cells. Transgenic
lines were obtained by selection with 100 �g of kanamycin per ml. The
transformed BY-2 cells were maintained in modified LS liquid medium by
subculturing every week, according to the standard BY-2 culture protocol
(Nagata et al. 1992). The concentration of antibiotics was gradually de-
creased and transformed BY-2 cell lines, which grew at a speed similar to
that of wild-type BY-2 cells, were established.

Fibrillarin-GFP localization was analyzed in cells fixed with 3.7%
formaldehyde in 0.067 M phosphate buffer under a Nikon epifluorescence
microscope. Images were captured by a cooled charge-coupled-device
camera BS-41L (Britran, Saitama, Japan). Digital images were processed
by deconvolution using Image-Pro Plus version 4.5 software (MediaCyber-
netics, Silver Spring, Md., U.S.A.).

Results

Characterization of the tobacco fibrillarin homolog

We first isolated a fibrillarin homolog cDNA from tobacco
BY-2 cells and named it Nicotiana tabacum fibrillarin ho-
molog (NtFib1). The cloned full-length NtFib1 cDNA is
about 1.2 kb and has an open reading frame for a protein of
314 amino acids. The deduced amino acid sequence of this
protein was compared with fibrillarin-like proteins from var-
ious organisms (Fig. 1). NtFib1 shares 83% amino acid se-
quence identity with the Arabidopsis thaliana fibrillarin
homolog, 73% with human fibrillarin, and 66% with yeast
fibrillarin. It is 42% identical to Methanocaldococcus jan-
naschii fibrillarin. Although the amino acid sequences of fib-
rillarin homologs differ somewhat among organisms, NtFib1
retains all important functional domains and motifs peculiar
to fibrillarin. Variations in the amino acids sequence are al-
most all restricted to the N-terminal region. However, this re-
gion contains the glycine- and arginine-rich domain (GAR
domain), which is required for the nucleolar localization of
this protein. The GAR domain is characterized by the typical
consensus sequence GGR(G/D/S)(G/F). The C-terminal re-
gion of NtFib1 includes 7 �-sheets and 7 �-helices, like
those from other organisms, and shows a higher degree of
amino acid sequence homology with other fibrillarin ho-
mologs. This region has an important functional amino acid
sequence forming the putative RNA-binding (GCVYAVEF)
motif and several motifs from S-adenosyl-L-methionine
(AdoMet)-dependent methyltransferase concerved in archae-
bacterial fibrillarin homologs (Deng et al. 2004). Three posi-
tively charged residues surrounding the AdoMet-binding site
are strictly conserved in all of the fibrillarin protein family.

NtFib1 gene expression during the cell cycle

When the cell cycle of tobacco BY-2 cells was synchronized
with aphidicolin, the mitotic index began to increase after 4 h
and attained the highest value of about 30% at 8 h (Fig. 2).
The histone H4 gene was expressed at high levels between 0
and 4 h and at low levels between 6 and 12 h after removal of
aphidicolin. At 14 h, histone H4 mRNA transcription began
to increase again. These results agree with the previous re-
port that histone H4 mRNA transcription increases 3- to 10-
fold above the basal level in G1 phase (Heintz 1991). Thus,
we roughly categorized the period from 0 to 4 h as the S–G2

phase, 4 to 12 h as the mitotic phase, and 14 to 18 h as the
G1–S phase. NtFib1 was strongly expressed in the S–G2 and
the G1–S phases or interphase. In contrast to the histone H4
gene, however, NtFib1 mRNA remained at high levels during
the course of mitosis.

The high level of retention of NtFib1 mRNA in mitosis
may be due to incomplete synchronization of the cell cycle
with aphidicolin. We, therefore, employed the double syn-
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Fig. 2 A, B. Gene transcription of a tobacco fibrillarin homolog in cells
synchronized by aphidicolin. A Mitotic index after release from the aphidi-
colin block. B Cells were collected for Northern blot analysis at time points
corresponding to those indicated in panel A. Total RNAs (5 �g/lane) were
electrophoretically separated on a 1.2% agarose gel, blotted, and hybridized
with dig-labeled antisense RNA probes for the NtFib1 and histone H4
genes. rRNA, stained with ethidium bromide, was used as a control and hi-
stone H4 expression was used as a marker for S phase. Signals for NtFib1
mRNA are strong in S phase but are also present in mitosis



chronization technique which first blocks cells at early S
phase with aphidicolin and then at preprophase with propy-
zamide. This technique remarkably raised the mitotic index
to about 80% at 0 and 1 h after release from propyzamide
(Fig. 3). It then rapidly dropped to a low level at 3 h and in-
creased again after 12 h. The histone H4 gene was scarcely
expressed in the period from 0 to 3 h and specifically ex-
pressed between 4 and 12 h, with a notable peak at 9 h.
Hence, we designated the period from 0 to 3 h as the mitotic
phase and that from 3 to 12 h as the G1–G2 phase. Although
signals for NtFib1 mRNA were somewhat conspicuous in
the middle of the G1–G2 phase or interphase, a large amount
of the mRNA still persisted in the mitotic phase. Although
the results suggest that NtFib1 mRNA transcription takes
place in the G1–G2 phase, it is not certain whether the high
level of retention of NtFib1 mRNA in mitosis reflects con-
stitutive gene expression or NtFib1 mRNA stability. This led
us to examine the effects of inhibiting DNA transcription on
the signals for NtFib1 mRNA.

AMD is widely used to inhibit DNA transcription. This
drug is dissolved in 0.5% aqueous ethanol solution; there-
fore, we first confirmed that the alcoholic solution did not
perturb rDNA transcription (Fig. 4). AMD did not show any
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Fig. 3 A, B. Gene transcription of a tobacco fibrillarin homolog in cells
synchronized by sequential aphidicolin-propyzamide treatment. A Mi-
totic index after release from the propyzamide block. B Cells were col-
lected for Northern blot analysis at time points corresponding to those
indicated in panel A. Total RNAs (5 �g/lane) were electrophoretically
separated on a 1.2% agarose gel, blotted, and hybridized with dig-labeled
antisense RNA probes for the NtFib1 and histone H4 genes. rRNA,
stained with ethidium bromide, was used as a control and histone H4 ex-
pression was used as a marker for S phase. Although no signal for histone
H4 mRNA can be seen, NtFib1 mRNA shows a strong signal in mitosis

Fig. 4. Effects of AMD on rDNA transcription. AMD was added to the
cell suspension at doses of 0.05, 5, 25, or 50 �g/ml and incubated for 1 or
4 h. Cells were immediately incubated for further 30 min in medium con-
taining 185 kBq of [3H]uridine per ml. Total RNA was extracted and elec-
trophoretically separated on an agarose gel. Each lane was loaded with
20 �g of RNA. Separated RNAs were transferred onto a nylon membrane
and radioactivity was detected by fluorography. rRNA, stained with ethid-
ium bromide, was used as a control. The 0.5% ethanol that was used to dis-
solve AMD does not affect rDNA transcription. rDNA transcription is
partially inhibited by 5 �g of AMD per ml and completely inhibited by 25
and 50 �g of AMD per ml. 45S, newly synthesized precursor rRNA; 25S
and 18S, matured rRNAs

Fig. 5. Effects of AMD on NtFib1 mRNA transcription. Cells were treated
with 0.05, 5, 25, or 50 �g of AMD per ml for the indicated times and total
RNA was immediately extracted. Total RNAs were electrophoretically sep-
arated on a 1.2% agarose gel. Each lane was loaded with 5 �g of RNA. Nt-
Fib1 mRNA was then analyzed by Northern blot. rRNA, stained with
ethidium bromide, was used as a control. No significant difference was
seen in the signal at a dose of 0.05 �g/ml over 10 h. The NtFib1 mRNA
signal intensity gradually increased at a dose of 5 �g/ml but gradually de-
creased at doses of 25 and 50 �g/ml with increasing treatment time

inhibitory effects on rDNA transcription at a concentration
of 0.05 �g/ml. rDNA transcription was markedly suppressed
by 5 �g of AMD per ml and it was completely inhibited by
treatment with 25 and 50 �g of AMD per ml for 1 and 4 h.
We examined NtFib1 mRNA transcription in the presence of
AMD at concentrations of 0.05, 5, 25, and 50 �g/ml for 10 h
(Fig. 5). No significant change in the intensity of the NtFib1
mRNA signals was seen at 0.05 �g/ml. Interestingly, the sig-
nals gradually increased at a dose of 5 �g/ml as the treat-



levels (Fig. 5), although rDNA transcription was completely
inhibited (Fig. 4).

The amount of NtFib1 mRNA remained at the same level
under hypoxic conditions for at least for 4 h, although rDNA
transcription was completely blocked at 0.5 h and thereafter
(Fig. 6).

Localization of the NtFib1 protein during the cell cycle

We examined how NtFib1 protein modifies its localization
during mitosis (Fig. 7). The GFP-tagged NtFib1 protein be-
gan to diffuse as many spots from the nucleolus into the nu-
cleoplasm in prophase. At metaphase, there was a strong
GFP signal in the mitotic apparatus and a moderate one in
the cytoplasm. The GFP signal became conspicuous around
chromosomes in early anaphase and many bright spots be-
gan to appear here in late anaphase. These bright spots are
apparently the structures previously called prenucleolar bod-
ies (PNB) (Ochs et al. 1985a, Jimenez-Garcia et al. 1994).
The small PNBs fused with each other to form large PNBs
or the nucleolus during the course of telophase. They were
eventually reconstructed into a single large nucleolus in in-
terphase. Notably, the cytoplasm fluoresced moderately after
metaphase until early anaphase but became dark in late
anaphase. The cells transformed with the construct encoding

ment time was prolonged. In contrast, NtFib1 mRNA gradu-
ally decreased at concentrations of 25 and 50 �g/ml as the
exposure time increased but persisted at least for 10 h at high
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Fig. 7 a–g. Behavior of GFP-tagged NtFib1 proteins during the cell cycle. a, a�, and a	 Prophase. b, b�, and b	 Metaphase. c, c�, and c	 Anaphase. d,
d�, and d	 Early telophase. e, e�, and e	 Mid telophase. f, f�, and f	 Late telophase. g, g�, and g	 Interphase. GFP-tagged NtFib1 protein appears to dis-
perse into the mitotic apparatus during the period from prophase to metaphase. The cytoplasm shows a moderate signal for NtFib1 protein. This dis-
appears in anaphase with the concomitant appearance of an intense signal around chromosomes. The GFP-tagged NtFib1 protein forms spots similar
to PNBs in telophase and these are eventually incorporated into the nucleolus in interphase. Bar: 10 �m

Fig. 8 a, b. Cells transformed with the GFP
construct. The nucleoli (n) do not show bright
fluorescence but the nucleoplasm is brightly
stained. Bar: 10 �m

Fig. 6. Effects of hypoxia on NtFib1 gene transcription. Cells were sus-
pended in hypoxic medium and cultured for the indicated times without
shaking. A final concentration of 92.5 kBq of [3H]uridine per ml was
added to the medium and culture was continued for an additional 30
min. Radioactive signals were detected by fluorography. rRNA, stained
with ethidium bromide, was used as a control. DNA transcription was al-
most completely inhibited. NtFib1 mRNA was detected by Northern blot
analysis. The signal remained stable during the 4 h hypoxic treatment
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Fig. 10. Restoration of nucleoli after removal
of AMD. Cells were first treated with 5 �g of
AMD per ml for 6 h and then transferred to
new medium without AMD. Many bright
spots in the nucleoplasm were gradually in-
corporated into nucleoli. Bar: 10 �m

Fig. 9. Dislocation of GFP-tagged NtFib1 proteins from nucleoli into the nucleoplasm by treatment with AMD. Administration of AMD at concentrations
of 5 and 50 �g/ml dislocates GFP-tagged NtFib1 protein from the nucleoli into the nucleoplasm, where it appears as many bright spots in a time-dependent
manner. Bar: 10 �m

GFP alone showed strong fluorescence in the cytoplasm but
not in the nucleoli (Fig. 8).

AMD reversibly changes the localization of NtFib1 protein

Tobacco BY-2 cells were continuously treated with 5 or
50 �g of AMD per ml and monitored at 0.5, 1, 4, and 10 h
(Fig. 9). An abnormal appearance of the nucleolus was
first distinguished at 0.5 h. Many green-fluorescent spots
similar to the PNBs were seen around the nucleolus and
they increased in number with the treatment time. The nu-
cleolus sometimes broke into two or three nucleolar enti-
ties. After treatment for 10 h, the nucleolus completely
disappeared and the nucleoplasm was filled with many
bright spots. No difference in the timing of the appearance
of bright spots was seen between treatment with 5 and
50 �g of AMD per ml.

When cells treated with 5 �g of AMD per ml for 6 h were
transferred into new medium without AMD after washing in
3% sucrose solution, the bright spots gradually decreased in
number and large spots appeared concomitantly (Fig. 10).
After growth in AMD-free medium for 4 h, each cell con-
tained one or two nucleoli but no bright spots. Thus, AMD
reversibly dislocates NtFib1 proteins from the nucleolus into
the nucleoplasm.

Discussion

Fibrillarin or its homologs have been recorded in only a few
plant species. The present study is the first to describe a fi-
brillarin homolog in N. tabacum. The homology of the
amino acid sequence of these proteins reflects the phylogeny
of organisms. NtFib1 shows higher homology with the Ara-
bidopsis thaliana fibrillarin homolog than with those of ver-



tebrates and the lowest homology with archaebacteria fibril-
larin. Variability in the amino acid sequence is mostly re-
stricted to the N-terminal region. However, NtFib1 retains all
the domains and functional motifs common to human fi-
brillarin and yeast Nop1p. These include the N-terminal
glycine- and arginine-rich domains required for nucleolar 
localization of nucleolus-targeted proteins. The C-terminal
domain of NtFib1 is also very conserved and contains 7 
�-sheets and 7 �-helices. Saccharomyces cerevisiae fibril-
larin contains several motifs that are conserved in AdoMet-
dependent methyltransferases (Niewmierzycka and Clarke
1999). The AdoMet-binding site is associated with three
positively charged amino acid residues which are believed to
interact with the negatively charged phosphate backbones of
the snoRNAs (Deng et al. 2004). Amino acid sequences
showing high homology with these motifs are also present in
NtFib1. Wang et al. (2000) mapped temperature-sensitive
mutations found in yeast fibrillarin to the Methanococcus
jannaschii homolog and found that many of them are clus-
tered in the core of the methyltransferase-like domain. Thus,
it is believed that fibrillarin and fibrillarin homologs function
as methyltransferases in pre-rRNA processing and ribosome
assembly.

It has been reported that the histone H4 gene is specifi-
cally expressed in the S phase and its mRNA is unstable
(Yang et al. 1994, Reichheld et al. 1998). This is largely in
agreement with the present results, which show that histone
H4 mRNA attained the culmination of its accumulation in
the middle of the S phase but completely disappeared in mi-
tosis. Northern blot analysis indicated that NtFib1 mRNA re-
mained at high levels throughout the cell cycle with a
somewhat increased level in interphase. This high level of re-
tention of NtFib1 mRNA is expected to reflect NtFib1 gene
expression throughout the cell cycle and NtFib1 mRNA
stability.

AMD increased NtFib1 mRNA signal intensity at a dose
of 5 �g/ml for 10 h, while the signal decreased at doses of
25 and 50 �g/ml with increasing treatment time. AMD is
known to exert different effects on DNA transcription de-
pending on its concentration: it specifically inhibits rDNA
transcription at lower concentrations, while the transcription
of all types of RNA is disrupted at higher concentrations.
The effective inhibition at lower concentrations is due to the
high GC content of rDNA because AMD specifically binds
to GC-rich double-stranded DNA, interfering with the action
of RNA polymerase I (Ochs et al. 1985a, Dousset et al.
2000). Thus, 5 �g of AMD per ml effectively inhibits rDNA
transcription but not DNA transcription into mRNA. The
proportion of NtFib1 mRNA to total RNA is, therefore, ex-
pected to increase at a dose of 5 �g of AMD per ml. On the

other hand, 25 and 50 �g of AMD per ml slightly decreased
NtFib1 mRNA signal intensity during 10 h of treatment.
Highly concentrated AMD may completely inhibit DNA
transcription into mRNA (Nakagawa and Sakurai 2001,
Masuda et al. 2003). In the present study, rDNA transcrip-
tion was completely suppressed at doses of 25 and 50 �g/ml.
Hence, the high level of retention of NtFib1 mRNA through-
out the cell cycle is probably not due to continuous transcrip-
tion of the NtFib1 gene but to the stability of NtFib1 mRNA.
NtFib1 mRNA stability was also indicated by the effects of
hypoxic treatment of the cells. When plants are submerged
in preboiled water that has less than half the oxygen concen-
tration of nonboiled water (Sato and Yamada 1996a), the nu-
cleolus becomes clearly segregated into two regions, the
dense fibrillar component and the granular component, in a
short time and finally degrades after several hours (Sato and
Yamada 1996b). It has been reported that hypoxic shock
with preboiled water drastically reduces the ATP level in
plant cells, prohibiting rDNA transcription (Fernandez-
Gomez et al. 1984). This is supported by the present work:
just 30 min exposure to hypoxia was enough to completely
suppress rDNA transcription. In contrast, NtFib1 mRNA re-
mained at the same level during hypoxic treatment for at
least 4 h. The Northern blot analysis using cells treated with
AMD or hypoxia also indicated that inhibition of rDNA
transcription does not cause a decrease in NtFib1 mRNA
transcription. This does not seem to be compatible with the
idea that NtFib1 is required for pre-rRNA processing. How-
ever, plant fibrillarin has been suggested to be part of a com-
plex that is able to process pre-rRNA (Saez-Vasquez et al.
2004).

The degradation of mRNA is an important determinant in
the regulation of gene expression, especially for proteins that
should be active for a short period, such as factors that con-
trol the cell cycle. A mechanism for transcript stability has
been reviewed by Tourriere et al. (2002). They mention that
the 5� cap structure consisting of 7-methylguanosine bound
at the 5� end of the mRNA molecule by the 5�-5�-triphos-
phate linkage makes mRNA resistant to degradation by 5� to
3� exonucleases. Loop formation of mRNA also contributes
to its stability: specific proteins associated with the 3�

poly(A) tail bind to the 5� cap structure to inhibit decapping
(Caponigro and Parker 1995, Muhlrad et al. 1995). Other
factors have also been suggested to be involved in mRNA
stability (Binder et al. 1994, Xu et al. 1997, Evdokimova
et al. 2001).

The unusual behavior of fibrillarin during the cell cycle
may require the stability of NtFib1 mRNA. GFP-tagged
fibrillarin in human cells has been found to be present at
the chromosome periphery during mitosis and eventually
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incorporated into the daughter nuclei (Savino et al. 1999).
In early telophase, fibrillarin is concentrated in PNBs,
which first assemble at the chromosome surface and then
flow into the nucleolus (Savino et al. 2001). Pre-ribosomal
ribonucleoproteins synthesized in the previous cell cycle
may contribute to postmitotic nucleologenesis (Dousset
et al. 2000). The present study of the localization of fibril-
larin during the cell cycle also suggests that some of the
previously synthesized fibrillarin persists through mitosis
and is recycled for the formation of new nucleoli in the
next cell cycle.

HgCl2 has been shown to dislocate fibrillarin from the nu-
cleolus in human cells (Chen and Mikecz 2000). The au-
thors of that study argue that mercuric ions bind to subunits
of RNA polymerase and thereby inhibit rRNA synthesis.
This agrees with the present observation that inhibition of
DNA transcription with AMD dislocates fibrillarin from the
nucleolus to the nucleoplasm with the PNB-like structures.
Interestingly, the nucleolus recovers when AMD is removed
from the medium. The same result has been reported for hu-
man cells by Chen and Jiang (2004), who also showed that
AMD causes dislocation of fibrillarin from nucleoli with
small nucleoplasmic spots, but in this case the dislocation
was reversible after removal of the drug from the medium.
Thus, AMD treatment does not remarkably reduce the total
amount of fibrillarin per cell in interphase, although it does
dislocate it from the nucleolus.

GFP signals for fibrillarin were barely visible in the cyto-
plasm during the period from late anaphase to interphase,
but this region exhibited a relatively high signal intensity
from prophase to early anaphase. This suggests that fibril-
larin newly synthesized in early mitosis migrates into the
spindle or that some trapped in the spindle leaks out into the
cytoplasm. Although it is possible that some of this protein
comes from the nucleolus in the previous cycle, a proportion
may be synthesized in mitosis and accumulate on the chro-
mosome surfaces in anaphase to be incorporated into the
daughter nuclei. Since NtFib1 mRNA slightly increased in
interphase, NtFib1 gene transcription probably takes place
in this period. As no DNA transcription occurs in mitosis,
NtFib1 mRNA is required to persist through mitosis for its
translation in mitosis. Thus, this may be the reason why
NtFib1 mRNA remains stable during mitosis. We need to
determine that NtFib1 mRNA is actually translated in mito-
sis to confirm this conclusion.
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