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Abstract. 

 

Cajal bodies (CBs) are subnuclear organelles
that contain components of a number of distinct path-
ways in RNA transcription and RNA processing. CBs
have been linked to other subnuclear organelles such as
nucleoli, but the reason for the presence of nucleolar
proteins such as fibrillarin in CBs remains uncertain.
Here, we use full-length fibrillarin and truncated fibril-
larin mutants fused to green fluorescent protein (GFP)
to demonstrate that specific structural domains of fibril-
larin are required for correct intranuclear localization
of fibrillarin to nucleoli and CBs. The second spacer do-
main and carboxy terminal alpha-helix domain in par-
ticular appear to target fibrillarin, respectively, to the

nucleolar transcription centers and CBs. The presence
of the RNP domain seems to be a prerequisite for cor-
rect targeting of fibrillarin. Time-lapse confocal micros-
copy of human cells that stably express fibrillarin-GFP
shows that CBs fuse and split, albeit at low frequencies.
Recovered fluorescence of fibrillarin-GFP in nucleoli
and CBs after photobleaching indicates that it is highly
mobile in both organelles (estimated diffusion constant
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), and has a significantly larger mobile
fraction in CBs than in nucleoli.
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Introduction

 

The mammalian nucleus achieves a remarkably high level
of compartmentalization despite the absence of separating
membranes. This may occur either to perform its many
functions in an organized fashion or as a result of these ac-
tivities. A large variety of subnuclear organelles has been
described, including nucleoli, Cajal bodies (CBs),
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 inter-
chromatin granule clusters, Promyelocytic leukemia bod-
ies, and gems (reviewed in Lamond and Earnshaw, 1998).
The nucleolus is a highly dynamic structure that assembles
at the ribosomal gene clusters and plays a role in many
processes related to ribosome biogenesis. In addition, it is
involved in the export of certain mRNAs and in process-
ing of small RNA molecules (reviewed in Pederson, 1998).
Electron microscopy reveals that the nucleolus consists of
three different regions: fibrillar centers, dense fibrillar
component, and granular component (Beven et al., 1996).
Ribosomal RNA transcription apparently takes place
within the dense fibrillar centers (Cmarko et al., 1999),
possibly at the border with fibrillar centers (Dundr and
Raska, 1993; Hozak, 1995). The nucleolus contains a large
variety of proteins, including topoisomerase I, ribosomal

protein S6, and Nopp140, and small nucleolar RNP com-
ponents (snoRNP), such as U3 small nuclear (sn)RNA,
NAP57, and fibrillarin (Matera, 1998).

CBs are highly conserved from plants to humans (de la
Espina et al., 1982; Williams et al., 1983; Aris and Blobel,
1991; Beven et al., 1995), suggesting that they may fulfill
essential cellular functions. CBs were first discovered as
“nucleolar accessory bodies” by Ramón y Cajal in 1903,
and have since then been shown to be structures of 

 

z

 

0.2–
1.5 

 

m

 

m containing the protein p80 coilin. This protein is
present in a transcription-dependent concentration in CBs
in combination with a diffuse nucleoplasmic pool (re-
viewed in Puvion-Dutilleul et al., 1991). P80 coilin has
been demonstrated to target U7 snRNP to the CBs and to
sites of histone pre-mRNA synthesis through association
of a portion of the CBs with histone genes (Frey and Ma-
tera, 1995; Bellini and Gall, 1998). CBs have also been im-
plicated in gene regulation as they associate with the gene
loci of several U small nuclear RNA (snRNA) in a tran-
scription-dependent manner (Smith et al., 1995; Gao et al.,
1997; Schul et al., 1998; Frey et al., 1999).

Several aspects of a structural and/or functional connec-
tion between nucleoli and CBs have been elucidated. For
example, expression of certain p80 coilin mutants results
in loss of endogenous CBs, a dramatic disruption of nucle-
olar architecture and loss of RNA polymerase I activity
(Bohmann et al., 1995a). CBs are often found adjacent to
or within nucleoli in some cell types (Malatesta et al., 1994;
Ochs et al., 1994) and these organelles share a number of
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components including NAP57, Nopp140, and fibrillarin
that may form a link between nucleoli and CBs. NAP57
and its yeast ortholog Cbf5p are both members of the box
H/ACA snoRNPs and function in pseudouridylation of ri-
bosomal RNA (Ganot et al., 1997; Lafontaine et al., 1998).
Nopp140 interacts with the largest subunit of RNA poly-
merase I in vivo and functions in the transcription of
rRNA genes (Chen et al., 1999). In addition, Nopp140
moves between nucleolus and cytoplasm, and between nu-
cleolus and CBs and interacts directly with p80 coilin
(Isaac et al., 1998). The function of fibrillarin in the CB is
far from clear, but it may contribute to the molecular link
between nucleoli and CBs in a manner similar to Nopp140.

Fibrillarin is highly conserved in sequence, structure,
and function in eukaryotes (Schimmang et al., 1989; Hen-
riquez et al., 1990; Lapeyre et al., 1990; Aris and Blobel,
1991; Jansen et al., 1991; Girard et al., 1993; Turley et al.,
1993; Cappai et al., 1994; David et al., 1997). Fibrillarin,
named Nop1p in yeast, is an essential component of box
C/D snoRNPs (Tyc and Steitz, 1989; Aris and Blobel,
1991; Baserga et al., 1991) that function in site-specific 2
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O

 

-methylation of pre-rRNA (Kiss-Laszlo et al., 1996; Ty-
cowski et al., 1996; Dunbar and Baserga, 1998). Fibrillarin
is directly involved in many posttranscriptional processes
including pre-rRNA processing, pre-rRNA methylation,
and ribosome assembly (Tollervey et al., 1993). Human
fibrillarin consists of 321 amino acids and is predicted to
have a molecular mass of 36 kD and three structural do-
mains (Aris and Blobel, 1991). 80 NH

 

2

 

-terminal amino ac-
ids comprise a glycine and arginine–rich (GAR) domain
(Aris and Blobel, 1991) that is also present in fibrillarin of
yeast and 

 

Xenopus

 

, but not in 

 

Tetrahymena

 

 fibrillarin
(David et al., 1997) and in a fibrillarin homologue of 

 

Meth-
anococcus jannaschii

 

 (Wang et al., 2000). A central region
of 

 

z

 

90 amino acids resembles an RNA-binding domain
present in various snRNP proteins. The COOH terminus
contains a small domain that may form alpha helices (Aris
and Blobel, 1991). The crystal structure of a fibrillarin ho-
mologue from the hyperthermophile 

 

Methanococcus jan-
naschii

 

 shows a homodimerization domain in the NH

 

2

 

-ter-
minal region and a methyltransferase-like domain in the
COOH-terminal region (Wang et al., 2000).

Since fibrillarin is present in both nucleoli and CBs, we
sought to identify signal sequences that target these or-
ganelles. To this end, we constructed a number of trun-
cated fibrillarin mutants, which were expressed as fusion
proteins with green fluorescent protein (GFP) as an in
vivo marker for protein localization. The distribution pat-
terns of these fusion proteins in human cells indicate that
separate domains target fibrillarin to nucleolar transcrip-
tion centers and to CBs. In particular, the COOH-terminal
alpha (

 

a

 

) domain appears to target fibrillarin to CBs,
while the second spacer domain seems to target fibrillarin
to nucleolar transcription centers, but this occurs only in
the presence of the RNP domain. We also show that fibril-
larin is highly mobile in both nucleoli and CBs.

 

Materials and Methods

 

Plasmid Constructs

 

Cloning was performed according to standard techniques (Sambrook et al.,
1989). Full-length fibrillarin cDNA was amplified from total RNA of U-2

 

OS cells by standard reverse transcription (RT)–PCR procedures using spe-
cific primers containing an XbaI site. Enzymes used in this reaction were
M-MLV RT (Life Technologies) and Pwo polymerase (Roche Diagnostics
GmbH). The COOH terminus of fibrillarin cDNA was fused in frame to the
GFP coding sequence by inserting it into the XbaI site of pGFP alpha (cycle
III) (Crameri et al., 1996), which also contained a neomycin resistance gene.
NH

 

2

 

- and COOH-terminal deletion mutants of fibrillarin were generated by
PCR from cDNA in an identical fashion. Internal mutants were constructed
with primers spanning the junction between the remaining domains. All
constructs were confirmed by sequencing.

 

Cell Lines, Cell Culture and Transfections Assays

 

Human osteosarcoma (U-2 OS) cells and HeLa cells are standard Ameri-
can Type Culture Collection cell lines. Cells were grown on sterile un-
coated microscope glass slides in Dulbecco’s Modified Eagle medium
without phenol red containing 4.5 mg/ml glucose and 110 

 

m

 

g/ml sodium
pyruvate, supplemented with 10% fetal calf serum, 0.03% glutamine, and
1000 U/ml penicillin/streptomycin (all from Life Technologies). Cells were
cultured at 37

 

8

 

C in a 5% CO

 

2

 

 atmosphere. Protein synthesis was inhibited
by incubating the cells in medium containing 50 

 

m

 

g/ml cycloheximide
(Sigma-Aldrich) for 4–6 h. Transient transfections of U-2 OS and HeLa
cells were performed at 

 

z

 

60% confluence using DOTAP under condi-
tions recommended by the manufacturer (Roche Diagnostics GmbH).
Cells were analyzed by fluorescence microscopy 4–48 h after transfection.
Distribution patterns of full-length or truncated fibrillarin-GFP were ana-
lyzed in 50–100 cells in at least two separate experiments. Plasmid DNA
used in transfections was purified from bacterial cultures using maxiprep
columns (QIAGEN). Transfected U-2 OS cells were grown in the pres-
ence of 400 

 

m

 

g/ml G418 (Promega) to obtain stable transfectants, and
fibrillarin-GFP localization patterns were analyzed in 

 

z

 

30 stable clones
by fluorescence microscopy. The FibGFP cell line was established from a
representative clone.

 

Fixation and Immunofluorescence

 

Cells grown on glass slides were washed in PBS and fixed for 15 min with
3.7% wt/vol paraformaldehyde in CSK buffer (5 mM Pipes, pH 6.8, 50
mM NaCl, 150 mM sucrose, 1.5 mM MgCl

 

2

 

, 1 mM EDTA) at room tem-
perature. Cells were permeabilized before standard indirect immunofluo-
rescence (Carmo-Fonseca et al., 1992) with 0.5% Triton X-100 (Sigma-
Aldrich) in CSK buffer for 5 min at room temperature. The following
antibodies were used: fibrillarin monoclonal antibody 72B9 (dilution 1:2),
p80 coilin monoclonal antibody 5P10 (dilution 1:200), GFP monoclonal
antibody 3E6 (dilution 1:100) (Quantum Biotechnologies Inc.), goat anti–
mouse Cascade Blue (dilution 1:50), and goat anti–mouse Alexa 594 (dilu-
tion 1:500) (both from Molecular Probes, Inc.). U3 snRNA was detected
by hybridization with a complementary 2

 

9

 

-

 

O

 

-methyl-RNA oligomer di-
rectly labeled with TAMRA. Fluorescence microscopy was carried out
with a DM epifluorescence microscope, equipped with appropriate filter
sets and a cooled CCD camera, or with a TCS confocal scanning laser mi-
croscope (Leica) using excitation wavelengths of 488 and 567 nm. Images
were composed in Adobe Photoshop.

 

RNA Isolation and Northern Blotting

 

Northern blot analysis was performed according to standard methods
(Sambrook et al., 1989). Total RNA was isolated from U-2 OS and fibril-
larin-GFP cells by Trizol Reagent (Life Technologies). PolyA

 

1

 

 RNA was
isolated from total RNA by the Poly ATtract mRNA isolation system
(Promega) according to the protocol provided by the manufacturers. Spe-
cific probes for either fibrillarin or GFP RNA were generated by standard
PCR methods from fibrillarin-GFP plasmid and labeled by random prim-
ing method with 

 

a

 

-

 

32

 

P-CTP.

 

Analysis of GFP Localization Patterns in Living Cells

 

Analysis of fibrillarin-GFP in living cells was carried out on cells grown on
glass bottom petri dishes (MatTek Corp.) in the presence of Hepes-buff-
ered RPMI 1640 without phenol red containing 2.0 mg/ml glucose, 5% fe-
tal calf serum, 0.03% glutamine, and 1,000 U/ml penicillin/streptomycin.
All reagents were obtained from Life Technologies. Dishes were placed in
a temperature-controlled ring (Harvard Apparatus Inc.) on the stage of
an Axiovert 135 TV inverted microscope (Carl Zeiss, Inc.). Images were
acquired with a Xillix Microimager charge-coupled device camera, using a
40

 

3

 

, 1.3 NA oil immersion lens, which was maintained at 37

 

8

 

C by a con-
trolled lens heater (Bioptechs). In addition, the system included motor-
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ized shutters. Images were processed using ColourProc. Image stacks of
cells were recorded with a TCS confocal microscope equipped with a tem-
perature ring and controlled lens heater to maintain a temperature of
37

 

8

 

C. Image stacks were collected using a 100

 

3

 

 NA 1.4 PL APO lens, and
analyzed with accompanying software.

 

Fluorescence Recovery after Photobleaching

 

FRAP experiments were performed on a TCS confocal scanning laser mi-
croscope. Cells expressing fibrillarin-GFP were grown as for living cell
analysis. Specific parts of the nucleus were bleached by laser beam park-
ing for up to 5 s (White and Stelzer, 1999). Photobleaching removed 

 

,

 

5%
of total fluorescence. Image stacks of bleached and control cells in the
same visual field were collected before and at a number of time points af-
ter bleaching, requiring 

 

z

 

30 s per stack. Corresponding differential inter-
ference contrast images were also recorded. Quantitative analysis of
amount of fluorescence in bleached regions relative to unbleached regions
was performed with TCS software and Excel. Estimation of the effective
diffusion coefficients (D

 

eff

 

) was carried out as described in Endow and Pis-
ton (1998) and Yguerabide et al. (1982).

 

Results

 

Fibrillarin-GFP Is Targeted to CBs and to Transcription 
Centers within Nucleoli

 

The localization and dynamic behavior of fibrillarin in liv-
ing cells was studied by transient transfection of human
U-2 OS and HeLa cells with a plasmid that codes for fibril-
larin fused to GFP. Distribution patterns of fibrillarin-
GFP were recorded by fluorescence microscopy at several
times after 4–48 h. These images showed that fibrillarin-
GFP was present at each of the time points both in nucle-
oli and in CBs immunofluorescently stained for p80 coilin
(Fig. 1). Control experiments demonstrated that expres-
sion of fibrillarin-GFP did not alter the structure of nucle-
oli and CBs and that fibrillarin-GFP and endogenous
fibrillarin had similar localization patterns in U-2 OS and

Figure 1. Control experiments validated the use
of fibrillarin-GFP as a marker for fibrillarin lo-
calization. U-2 OS cells were transfected with
fibrillarin-GFP, fixed, and subjected to indirect
immunofluorescence staining. Scale bars indi-
cate 10 mm. (a and d) Fibrillarin-GFP localized
to Cajal bodies and in a nonuniform manner to
nucleoli. (b) Localization of fibrillarin antigen in
fibrillarin-GFP–expressing cells showed com-
plete colocalization of fibrillarin-GFP with fibril-
larin antigen. (c) Detection of endogenous fibril-
larin in untransfected U-2 OS cells showed a
distribution pattern similar to that of fibrillarin-
GFP. (e and f) Localization of p80 coilin antigen
was compared in cells expressing fibrillarin-GFP
(e) and in untransfected U-2 OS cells (f).

Figure 2. Schematic overview of mutant fibril-
larin-GFP fusion constructs, showing the pre-
dicted domains in the secondary protein struc-
ture (Aris and Blobel, 1991). Each of the
constructs was fused to GFP at its carboxy termi-
nus. U-2 OS cells were transiently transfected
with these constructs, and the localization of
truncated fibrillarin-GFP was analyzed after
z24–30 h. GAR, glycine arginine rich domain;
RNP, putative ribonucleotide binding domain; a,
putative a-helical domain. 1 and 2 designate, re-
spectively, the first and second spacer connecting
these domains. Bar, 10 mm. *Detection of mu-
tant fibrillarin-GFP in distinct subcellular com-
partments is indicated as: C, cytoplasm; N,
nucleoplasm; No, nucleolus; TC, nucleolar tran-
scription centers; and CB, Cajal bodies. Detec-
tion of fusion protein in most cells is indicated as

(1), detection in z50% of the cells as (1/2), or in almost none of the cells as (2). ‡Cajal bodies are present in cells expressing mutant
fibrillarin-GFP, as detected by p80 coilin antibody 5P10. The presence of p80 coilin in Cajal bodies is indicated as (1), while the pres-
ence of p80 coilin in numerous small foci throughout the nucleoplasm was labeled as (2).
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FibGFP cells (Fig. 1). Both endogenous fibrillarin and
fibrillarin-GFP showed nonuniform staining of nucleoli
with higher intensities in regions corresponding to tran-
scription centers (TCs), as indicated by bromouridine
incorporation (results not shown). Furthermore, both
fibrillarin-GFP and endogenous fibrillarin showed peri-
chromosomal localization in metaphase cells (results not
shown) (Jimenez-Garcia et al., 1989; Yasuda and Maul,
1990), and fibrillarin-GFP expression did not alter the av-
erage numbers of CBs present in these cells (Table I). We
used this system to examine which parts of the fibrillarin
protein were required to target fibrillarin to nucleolar TCs
and to CBs by transient expression of truncated fibrillarin-
GFP fusion proteins. The deleted regions were predicted
from the secondary structure of fibrillarin and involve the
three structural domains in combination with two inter-
vening spacers (Aris and Blobel, 1991) as shown in Fig. 2.
Each of the constructs was transfected to U-2 OS cells, and
its localization pattern was analyzed 24–30 h after trans-
fection. Distribution patterns of each fibrillarin-GFP fu-
sion protein were found to be identical in fixed and living
cells (results not shown).

 

Specific Targeting of Fibrillarin to CBs Requires the 
COOH-Terminal 

 

a

 

 Domain

 

Truncated fibrillarin mutant 

 

Da

 

-GFP lacking the pre-
dicted COOH-terminal 

 

a

 

-domain was not present in CBs
(Fig. 3, d–f), but localized to nucleolar TCs. The average
number of CBs detected by p80 coilin staining in these
cells was indistinguishable from that in full-length fibril-
larin-GFP expressing cells (Table I). Transfection of mu-
tant 

 

a

 

-GFP (consisting of only the 

 

a

 

-domain fused to
GFP) revealed a diffuse distribution pattern throughout
the cell (Fig. 3, g–i) similar to the localization of the GFP
vector alone (results not shown). These results suggested
that the 

 

a

 

-domain was required, but not sufficient, for tar-
geting of fibrillarin to CBs.

 

Deletion of Both Second Spacer and 

 

a

 

 Domains Results 
in Relocation of Nuclear Proteins

 

Transfection of 

 

Da

 

2-GFP, lacking both 

 

a 

 

and second
spacer domains, to U-2 OS cells resulted in two predomi-
nant GFP expression patterns. In the first, 

 

Da

 

2-GFP accu-
mulated in numerous small foci in the nucleoplasm, but
nucleoli remained unstained (Fig. 3, j–l). In the second
pattern, transfected cells showed this punctuate nucleo-
plasmic distribution together with a uniform staining of

the nucleoli (Fig. 4 a). Additional observations suggested
that 

 

Da

 

2-GFP expression altered certain aspects of nu-
clear organization and functioning. First, cell viability was

 

Table I. Fibrillarin-GFP Expression Does Not Affect
the Average Number of CBs per Cell

 

Number of CBs per cell

Average SD

 

n

 

U-2 OS 2.9 1.3 159
Transient expression fibrillarin-GFP 3.4 1.4 100
Stable expression fibrillarin-GFP 3.3 1.3 215
(FibGFP cells) 3.3 1.3 215

 

Da

 

-GFP (transient) 2.7 1.3 100

 

Cajal bodies were detected with p80 coilin antibody 5P10 in untransfected and
transfected U-2 OS cells. 

 

n

 

, number of cells in which the number of Cajal bodies per
cell was counted. Average numbers of Cajal bodies per cell and standard deviations
were calculated from these data. 

Figure 3. Distribution patterns of full-length and truncated fibril-
larin fused to GFP. U-2 OS cells were transiently transfected with
each of the constructs, and the localization of truncated fibril-
larin-GFP was analyzed after z24–30 h. The identity of the mu-
tant concerned was indicated to the left of the images. Bars, 10
mm. (Left) The (mutant) fibrillarin-GFP distribution; (middle)
localization of p80 coilin in the same cell as detected by mono-
clonal antibody 5P10. (Right) Merged images of (mutant) fibril-
larin-GFP distribution (green) and p80 coilin (red). (a–c) Full-
length fibrillarin-GFP is present both in nucleolar TCs and in Ca-
jal bodies. (d–x) Distribution patterns of mutant fibrillarin-GFP
constructs. These are discussed in detail in the text.
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reduced, cell morphology deteriorated, and stable trans-
fection was not possible. Second, p80 coilin was not
present in CBs in most (76%;

 

 n 

 

= 100) of the cells, but was
distributed to numerous small foci throughout the nucleo-
plasm (Figs. 3 k and 4 b). U3 RNAs colocalized exactly
with p80 coilin in these small foci, suggesting that CBs
were fragmented (Fig. 4, a–e). Furthermore, snRNP com-
ponents of the splicing machinery were diffusely distrib-
uted in the nucleus, whereas they accumulate in speckles
in normal U-2 OS cells (results not shown). Taken to-
gether, these results pointed to a dominant negative effect
of 

 

Da

 

2-GFP expression on functioning or organization of
endogenous fibrillarin that perturbs nuclear organization.

 

The Second Spacer Domain Targets Fibrillarin to TCs

 

Comparison of the localization patterns of the mutants

 

Da

 

-GFP and 

 

Da

 

2-GFP suggested that the second spacer
domain targeted fibrillarin to nucleolar TCs. To test this,
we specifically deleted the second spacer domain in mu-
tant 

 

D

 

2-GFP. Its expression resulted in aberrant distribu-
tion patterns similar to those described for 

 

Da

 

2-GFP. In
contrast to 

 

Da

 

2-GFP–expressing cells, cells expressing 

 

D

 

2-
GFP contained p80 coilin in CBs and in a weak nucleo-
plasmic pool in most cells (80%;

 

 n 

 

= 100) (Fig. 3, p–r).
Thus, the relocation of nuclear factors like p80 coilin and
U3 snRNA observed in 

 

Da

 

2-GFP–expressing cells did not
occur in 

 

D

 

2-GFP–expressing cells. 

 

a

 

2-GFP was distributed
throughout the entire cell (results not shown), as was

 

a

 

-GFP. This indicated that the presence of the second
spacer domain was required but not sufficient for correct
targeting of fibrillarin to nucleolar TCs.

 

The RNP Domain Is Required for Fibrillarin Targeting 
to Nucleolar TCs and CBs

 

Expression of mutant, lacking only the RNP domain, re-
sulted in a diffuse staining of both nucleoplasm and nucle-
oli (Fig. 3, m–o). Nuclear organization appeared to be
normal, as p80 coilin was present in CBs in the majority
of these cells. However, 

 

D

 

RNP-GFP did not localize to
CBs. The presence of the RNP domain therefore ap-

peared to be required, but not sufficient, for correct fibril-
larin targeting.

 

The GAR Domain of Fibrillarin Contains a Nucleolar 
Localization Signal

 

U-2 OS cells were transfected with GAR-GFP to deter-
mine the function of the GAR domain in fibrillarin target-
ing since the GAR domain of RNA helicase II/Gu contains
a nucleolar localization signal (Ou et al., 1999). GAR-
GFP–expressing cells displayed an exclusively nuclear lo-
calization with diffuse staining of nucleoli and nucleoplasm
(Fig. 3, s–u). Nucleolar staining in these cells was uniform
and TCs and CBs were not discernible. The complemen-
tary mutant 

 

D

 

GAR-GFP localized exactly as full-length
fibrillarin-GFP in combination with a diffuse staining of
both nucleoplasm and cytoplasm (Fig. 3, v–x). Taken to-
gether, these results suggested that the GAR domain con-
tained a nucleolar localization signal that was not required
to target fibrillarin to nucleolar TCs or CBs, but appeared
to increase the efficiency of fibrillarin targeting. GAR1-
GFP and 

 

D

 

GAR1-GFP expression patterns were identical
to those of GAR-GFP and 

 

D

 

GAR-GFP, respectively. This
showed that the first spacer domain did not have any ob-
servable effect on fibrillarin targeting (results not shown).

 

Dynamic Behavior of CBs in Living Human Cells: 
Observation of Fusion and Splitting Events

 

We studied the dynamic behavior of fibrillarin in living hu-
man cells using a stable U-2 OS cell line, FibGFP, express-
ing fibrillarin-GFP. Fibrillarin-GFP in FibGFP cells acted
identical to fibrillarin-GFP expressed in transiently trans-
fected cells, and thus colocalized with endogenous fibril-
larin. FibGFP cells and U-2 OS cells also contained similar
numbers of CBs (Table I). Furthermore, Northern blotting
of polyA

 

1

 

 RNA showed that messenger RNA expression
levels of fibrillarin-GFP and endogenous fibrillarin were
similar (results not shown). This indicated that expression
of fibrillarin-GFP did not affect the expression level of en-
dogenous fibrillarin. Therefore, we concluded that FibGFP
cells provided a suitable model to examine fibrillarin mo-

Figure 4. Expression of mutant Da2-GFP results
in redistribution of p80 coilin and U3 snRNA to
the same small foci distributed throughout the
nucleus. Cells were transiently transfected with
Da2-GFP, and U3 snRNA sequences were de-
tected in combination with p80 coilin staining.
Bar, 10 mm. (a) Da2-GFP is present in a large
number of nuclear foci, and is diffuse in nucleoli.
(b) p80 coilin immunofluorescently detected by
monoclonal antibody 5P10 is found in hundreds
of small dots dispersed throughout the nucleo-
plasm. Each of these foci has a low fluorescent
intensity relative to that of normal Cajal bodies.
(c) Detection of U3 snRNA by hybridization
with a specific 29-O-methyl RNA oligonucle-
otide directly labeled with TAMRA. U3 snRNA
is present in nucleoli and in a large number of
nuclear foci. (d) Merged image of Da2-GFP
(green) and p80 coilin (blue). (e) Merged image
of p80 coilin (blue) and U3 snRNA (red). Note
the colocalization of p80 coilin and U3 snRNA
factors in the small nuclear foci.
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bility in living cells. To determine whether CBs exhibit dy-
namic behavior in human cells, we followed the intranu-
clear positions of CBs in living FibGFP cells by time lapse
CSLM for 

 

z

 

1 h. To reconstruct a three-dimensional repre-

sentation of intranuclear CB positions, image stacks of
each cell were collected, taking 

 

z

 

30 s per stack. This en-
abled us to ascertain that the CBs actually fused (or split),
instead of merely passing over or below each other in dif-

Figure 5. Cajal bodies in Fib-
GFP cells are can fuse or split.
The intranuclear position of Ca-
jal bodies was followed for z1 h
by time-lapse confocal laser
scanning microscopy in z120
cells. Collection of image stacks
through cells permitted three-
dimensional reconstruction of
the nucleus in order to ascertain
that Cajal bodies occupied the
same focal plane. Most Cajal
bodies remained stationary dur-
ing this time (arrowheads). Bars,
10 mm. (a–c) Confocal images of
a fusion event (arrows). Two
Cajal bodies moved towards
each other, merged, and formed
one large CB. (d) Correspond-
ing differential interference con-
trast image. (e–g) Confocal im-
ages of a splitting Cajal body
(arrows). One Cajal body splits
into two independent Cajal bod-
ies that subsequently move away
from each other. (h) Corre-
sponding differential interfer-
ence contrast image.

Figure 6. Example of a FRAP
experiment. FibGFP cells were
seeded on glass-bottom petri
dishes and selected regions of
the cell were photobleached by
laser beam parking for up to 5 s.
Images were collected on a TCS
NT confocal scanning laser mi-
croscope (Leica). Bars, 10 mm.
(a–d) Selection of time points
demonstrating the bleaching
and fluorescence recovery in
two CBs (arrows). Image stacks
were recorded before bleaching
(a), immediately after bleaching
(b), and at 12 min (c) and 40 min
(d) after photobleaching. (e–i)
Selection of time points showing
FRAP of a nucleolus (arrow).
Image stacks of this cell and
control cells are shown before
bleaching (e), immediately after
bleaching (f), and 9 min (g) and
55 min (h) after bleaching. (i)
Corresponding differential in-
terference contrast image. (j)
Quantitative analysis of FRAP
of nucleoli (e–h) and Cajal bod-
ies (a–d). Recovered fluores-
cence over time was quantified
relative to an unbleached cellu-
lar compartment with TCS NT
software and Excel.
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ferent focal planes. The intranuclear positions of CBs in a
large majority of cells (z98%) did not change significantly
in this time. A major change in CB position was observed
in the remaining 2% of the cells (2 of 120 cells), including
movement of two CBs towards each other, followed by fu-
sion to form one large CB (Fig. 5, a–d), and splitting of one
CB into two independent CBs (Fig. 5, e–h).

Fibrillarin-GFP Is Highly Mobile in both CBs 
and Nucleoli

The relative mobility of fibrillarin-GFP molecules through
nucleoli and CBs was assessed by FRAP measurements of
fibrillarin-GFP in these subnuclear organelles. Confocal la-
ser scanning microscopy image stacks of bleached and un-
bleached cells in the same visual field were recorded before
and after bleaching. The amount of fluorescence in the
three-dimensional region of interest at each time point was
compared with the fluorescence intensity of an unbleached
region in the same visual field. Photobleaching was irre-
versible (reviewed in White and Stelzer, 1999; Phair and
Misteli, 2000) and did not affect cell viability, as FRAP ex-
periments performed in the presence of propidium iodide
showed that this compound remained excluded from the
nucleus even after repeated exposure of the cell to pho-
tobleaching. The effective diffusion coefficients of fibril-
larin-GFP determined from FRAP data were similar for
nucleoli (n = 17) and CBs (n = 8) (Table II and Fig. 6). This
indicated that movement of fibrillarin-GFP into CBs and
nucleoli occurred at approximately the same rate. How-
ever, the mobile fraction of fibrillarin-GFP was significantly
smaller in nucleoli (53 6 4%) than in CBs (83 6 11%; P ,
0.05). Inhibition of protein synthesis did not change the Deff
or the mobile fraction, indicating that de novo protein syn-
thesis was not required for recovery of fluorescence. FRAP
analysis of a selection of truncated fibrillarin mutants sug-
gested that the mobility of GAR-GFP was much higher
than that of full-length fibrillarin and resembled the mobil-
ity of GFP itself. We were unable to estimate accurate Deff
values, since recovery in these cases was extremely fast
compared with the time intervals required to collect images
(typically 30 s). In contrast, DGAR-GFP showed a Deff sim-
ilar to that of full-length fibrillarin (Table II).

Discussion
The nucleolar functions of fibrillarin are well established
and include pre-rRNA processing, pre-rRNA methyla-
tion, and ribosome assembly (Tollervey et al., 1993). Sev-
eral models have been proposed to explain the presence of
fibrillarin in CBs. The first model suggests that CBs origi-
nate from nucleoli, and fibrillarin may therefore be
present in CBs as a structural constituent (Matera, 1999).
The second model suggests that maturation processes or
association with other nucleolar proteins occur during
transit of newly synthesized fibrillarin through CBs. In an
analogous manner, newly assembled snRNPs associate
with CBs before they are transported to their final nuclear
destinations, the interchromatin granule clusters and peri-
chromatin fibrils, resulting in a maturation pathway for
nuclear snRNPs through the CB (Sleeman and Lamond,
1999; Carvalho et al., 1999). Protein complexes required
for transcription of all three polymerases also preassemble
within CBs in Xenopus laevis before these unitary parti-

cles are transported to the sites of their activity (Gall et al.,
1999). A third model suggests that fibrillarin performs one
or more specific functions in CBs, perhaps in parallel with
its nucleolar functions. Posttranscriptional processing of
both rRNA and snRNA results in similar base and sugar
modifications, such as 29-O-methylation. This suggests
that also the same or related enzymes may carry out these
functions (Sleeman et al., 1998). As a fibrillarin homo-
logue in Methanococcus jannaschii has been shown to con-
tain a methylase fold (Wang et al., 2000), this enzymatic
activity of fibrillarin may also be required in CBs. Here,
we assess how the results of our study fit with the predic-
tions generated by these models.

Fibrillarin-GFP Localization to CBs and Nucleoli 
Does Not Involve a Large Temporal Lag Phase

Transient expression of fibrillarin-GFP in U-2 OS cells
shows that targeting of fibrillarin to nucleoli and CBs may
occur simultaneously or with a short temporal lag phase of
,4 h. Fibrillarin-GFP expression is not sufficient at
shorter time points, and formation of the GFP fluorophore
includes a rate-limiting step lasting several hours (Heim et
al., 1994), thereby preventing the discrimination of distinct
localization patterns. Nopp140 does not appear to chaper-
one fibrillarin to CBs, since Nopp140 only becomes visible
in CBs z12 h after its appearance in nucleoli (Isaac et al.,
1998). The dynamics of fibrillarin localization also seem
different than those of snRNPs, and a number of sno-
RNAs, which transit slowly through CBs (Gall et al., 1999;
Natarayan et al., 1999; Sleeman and Lamond, 1999),
thereby arguing against the second model. Fibrillarin may
instead transit rapidly through CBs before transport to nu-
cleoli occurs, as is suggested for the nucleolar protein
NO38 (B23) (Peculis and Gall, 1992; Gall et al., 1999).
However, the presence of Da-GFP in nucleolar TCs but
not in CBs suggests that fibrillarin can reach these or-
ganelles by separate pathways. This observation provides
support for the third model, but is inconsistent with the
first model.

The a, Second Spacer, and RNP Domains Are 
Required for Intranuclear Targeting of Fibrillarin

Complex signals appear to direct fibrillarin to the nucleus
and to its intranuclear destinations. This is also the case for
a number of other nucleolar proteins including p80 coilin
(Bohmann et al., 1995b), nucleolin (Ginisty et al., 1999),
and U2B0 (Boudonck et al., 1999). The deletion study
demonstrates that fibrillarin requires the RNP, second

Table II. Estimated Deff and Mobile Fractions of 
Fibrillarin-GFP in Nucleoli and in CBs

Mobile fraction SD Deff n

% % mm2 s21

Fibrillarin-GFP in CBs (full-length) 83 11 0.02 17
Fibrillarin-GFP in nucleoli (full-length) 53 4 0.02 8
DGAR-GFP in CBs 90 ND 0.03 2

Cajal bodies or nucleoli in U-2 OS cells expressing full-length or truncated fibrillarin-
GFP were photobleached by laser beam parking for up to 5 s. Image stacks were
recorded by a time-lapse confocal scanning laser microscope to quantify fluorescence
recovery relative to the fluorescent intensity of an unbleached object in the same visual
field. Quantification was carried out by TCS NT software and Excel. Deff was
estimated as described in Endow and Piston (1998) and Yguerabide et al. (1982). n,
number of independent bleaching experiments.
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spacer, and a domains (amino acids 133–321) for correct
localization. The second spacer domain and the a domain
target fibrillarin, respectively, to nucleolar TCs and CBs,
but this occurs only in the presence of the RNP domain.
The second spacer domain also seems to be required for
localization of p80 coilin to CBs. The region correspond-
ing to the a domain in a Methanococcus jannaschii fibril-
larin homologue contains an alpha helix followed by two
beta strands that are part of a methyltransferase-like do-
main, which may be involved in enzymatic functioning of
fibrillarin (Wang et al., 2000). A similar domain has been
identified in yeast Nop1p (Niewmierzycka and Clarke,
1999). The mechanism that the a domain employs to tar-
get fibrillarin to CBs remains unknown. The transport of
fibrillarin to CBs may result from its presence in com-
plexes with certain snRNPs or proteins. Fibrillarin is gen-
erally complexed to box C/D U snoRNPs (Tollervey et al.,
1993) and a direct interaction between unspecified regions
of fibrillarin and U16 box C/D snoRNA has been reported
(Fatica et al., 2000). This is supported by our observation
that correct localization of fibrillarin does not occur in the
absence of the RNP domain, which is most likely to inter-
act with these factors. The observation that fibrillarin con-
tains a specific signal in its amino acid sequence to target it
to CBs also implies that the presence of fibrillarin in CBs
may be necessary for other reasons than being a structural
remnant due to the nucleolar origin of CBs.

Fibrillarin targeting to nucleolar TCs seems to require
the second spacer domain, which may well be required for
functional activity of fibrillarin as the nucleolar TC is
thought to represent the site where fibrillarin performs its
enzymatic activities (Dundr and Raska, 1993; Tollervey et
al., 1993; Hozak, 1995; Beven et al., 1996; Lazdins et al.,
1997; Cmarko et al., 1999). Point mutations in this region
of yeast fibrillarin (Nop1p) cause defects in rRNA assem-
bly and cleavage, thereby supporting its functional role
(Tollervey et al., 1993). Expression of Da2-GFP appears to
have a detrimental effect on nuclear organization or func-
tioning even in the presence of endogenous fibrillarin. Sim-
ilar dominant negative effects have been shown for mutants
of other proteins, such as p80 coilin (Bohmann et al., 1995a)
and Nopp140 (Isaac et al., 1998). Again, this demonstrates
the vital importance of the second spacer and a domains in
targeting and possibly also in functioning of fibrillarin.

The GAR and First Spacer Domains Do Not Have 
Distinct Functions in Fibrillarin Targeting

The NH2-terminal GAR domain of fibrillarin appears to
contain a nucleolar localization signal, as does the GAR
domain of RNA helicase II/Gu (Ou et al., 1999). Nucleolar
targeting of the GAR domain may also occur through in-
teractions with other ribosomal proteins, as has been
shown for nucleolin (Bouvet et al., 1998). The GAR do-
main has recently been reported as necessary and suffi-
cient for targeting of AtFbr1, a fibrillarin homologue in
Arabidopsis, to nucleoli (Pih et al., 2000). However, in this
study, no distinction was made between uniform and non-
uniform staining of nucleoli. The GAR domain of human
fibrillarin apparently increases the efficiency of fibrillarin
targeting to nucleoli, but is neither sufficient nor required
for targeting of fibrillarin. It is not conserved in prokary-
otic fibrillarin (David et al., 1997; Wang et al., 2000), and

point mutations with detrimental effects on the function-
ing of Nop1p in yeast have not been identified in this
region (Tollervey et al., 1993). This suggests that the GAR
domain is not required for enzymatic functioning of fibril-
larin. The first spacer domain, which does not have any
observable effect on fibrillarin localization, corresponds to
a novel NH2-terminal fold in Methanococcus jannaschii
fibrillarin that acts as a homodimerization domain in the
crystal (Wang et al., 2000). This implies that even though
the first spacer domain may function as a dimerization do-
main in eukaryotes, it is not required for specific targeting
of fibrillarin.

Cajal Bodies as Dynamic Compartments in 
Mammalian Cells

The intranuclear positions of CBs in most cells stably ex-
pressing full-length fibrillarin do not change within 1 h, but
CBs in z2% of the cells do show movement. Analysis of
confocal image stacks demonstrates clearly that CBs can
fuse or split. These observations are consistent with data
reported for CB dynamics in Arabidopsis root cells (Bou-
donck et al., 1999). Similar events are also observed in
other mammalian cell types expressing GFP-coilin, al-
though at a higher frequency (Platani, Swedlow, and La-
mond, manuscript in preparation). The functional sig-
nificance of these events remains unknown. CBs may act
as transport shuttles between nucleoplasm and nucleoli
(Boudonck et al., 1999), but the low frequency of CB
movement suggests that additional transport mechanisms
are likely to exist.

Fibrillarin-GFP Is Highly Mobile, and Its Mobile 
Fraction Is Larger in CBs than in Nucleoli

It is unlikely that the only function of fibrillarin in CBs is
that of a structural component, since binding of fibrillarin-
GFP to nucleoli and CBs in FRAP experiments is exten-
sive and rapid. This implies that fibrillarin molecules are
only present at CBs and nucleoli for a short time. The esti-
mated effective diffusion constant of 0.02 mm2 s21 for
fibrillarin in nucleoli and CBs is similar to the value that
Phair and Misteli (2000) have reported. The mobile frac-
tion of fibrillarin-GFP molecules is significantly larger in
CBs than in nucleoli (84% vs. 53%; P , 0.05). The func-
tional significance of this difference is yet unknown, but
mobile and immobile fractions of fibrillarin-GFP may rep-
resent molecules with different cellular functions, such as
enzymatic versus structural roles. Alternatively, different
amounts of fibrillarin may be stored at these sites. The
high mobile fraction of fibrillarin-GFP in CBs would then
indicate that relatively few of these molecules serve struc-
tural roles. Return of fluorescent fibrillarin-GFP to CBs
also continues in the absence of newly formed fibrillarin.
This argues against the second model, which explains the
presence of fibrillarin in CBs as transit of newly formed
fibrillarin through CBs in a maturation or assembly path-
way. Several observations suggest that trafficking of fibril-
larin-GFP may occur in any direction between nucleo-
plasm, CBs, and nucleoli, and is most likely governed by a
passive mechanism (Phair and Misteli, 2000). First, bleach-
ing of large nucleolar structures does not result in de-
creased fluorescence intensity in CBs. Second, unbleached
CBs are not required for recovery of fluorescence in
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bleached CBs or nucleoli. Thus, in agreement with conclu-
sions reached by Matera (1998), CBs do not appear to
function as storage sites for nucleolar factors. A variant of
the second model proposes that recycled fibrillarin mole-
cules transit through the CB to be preassembled into pro-
tein complexes associated with polymerase I transcription
(Gall et al., 1999). The continuous binding of fibrillarin to
CBs may therefore reflect an ongoing flow of proteins and
snoRNA components first heading for preassembly in
CBs, and then to their sites of biological activity. However,
the presence of Da-GFP in nucleolar TCs, but not in CBs,
demonstrates that this process is not absolutely required
for targeting of fibrillarin-GFP to nucleoli.

FRAP experiments with complementary mutants,
namely GAR-GFP and DGAR-GFP, suggest that their
different localization patterns are reflected by differences
in dynamic behavior. GAR-GFP shows diffuse nuclear
staining and uniform nucleolar staining, and probably does
not interact with the same nuclear factors as fibrillarin.
FRAP data of this mutant suggest that its fluorescence re-
covery is at least one order of magnitude faster than that
of full-length fibrillarin. It is instead similar to the speed of
fluorescence recovery of GFP alone. This suggests that
GAR-GFP diffuses freely throughout the nucleus. In con-
trast, the distribution patterns of full-length fibrillarin and
DGAR-GFP are similar with the addition of a dispersed
staining of the nucleoplasm. This may reflect the involve-
ment of these proteins in interactions with the same
nuclear factors. FRAP data again support this, as DGAR-
GFP displays kinetics similar to those of full-length fibril-
larin. In conclusion, though the function of fibrillarin in
CBs remains to be elucidated, it is appealing to speculate
that fibrillarin is involved in similar enzymatic reactions in
CBs as in nucleoli (Sleeman et al., 1998). To clarify this,
the identification of nuclear factors interacting with the
structural domains of fibrillarin will be needed.
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