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In vivo kinetics of Cajal body components
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small nuclear ribonucleoprotein (snRNP) biogenesis.

In most cell types, CBs coincide with nuclear gems,
which contain the survival of motor neurons (SMN) complex,
an essential snRNP assembly factor. Here, we analyze the
exchange kinetics of multiple components of CBs and
gems in living cells using photobleaching microscopy. We
demonstrate differences in dissociation kinetics of CB
constituents and relate them to their functions. Coilin and
SMN complex members exhibit relatively long CB residence
times, whereas components of snRNPs, small nucleolar RNPs,
and factors shared with the nucleolus have significantly

C ajal bodies (CBs) are subnuclear domains implicated in

shorter residence times. Comparison of the dissociation
kinetics of these shared proteins from either the nucleolus
or the CB suggests the existence of compartment-specific
retention mechanisms. The dynamic properties of several CB
components do not depend on their interaction with coilin
because their dissociation kinetics are unaltered in residual
nuclear bodies of coilin knockout cells. Photobleaching
and fluorescence resonance energy transfer experiments
demonstrate that coilin and SMN can interact within CBs,
but their interaction is not the major determinant of their
residence times. These results suggest that CBs and gems
are kinetically independent structures.

Introduction

Cajal bodies (CBs) are evolutionarily conserved nuclear
domains present in yeast, animal, and plant cells (Matera,
1999; Gall, 2000; Ogg and Lamond, 2002; Verheggen et
al., 2002). This conservation points to important, albeit
poorly understood, nuclear functions for these structures.
CBs contain a wide variety of components, including factors
involved in pre-mRNA splicing, preribosomal RNA (pre-
rRNA) processing, and histone pre-mRNA 3’ maturation, as
well as basal transcription factors for RNA polymerases 1, I,
and III and telomerase RNA (Matera, 1999; Gall, 2000;
Zhu et al., 2004). Pulse-chase labeling reveals that CBs are
not major sites of transcription; the absence of poly A* and
rRNA within CBs also suggests they are not directly involved
in processing these RNAs (Matera, 1999). Many CB com-
ponents are shared with the nucleolus, and CBs frequently
localize to the nucleolar periphery or within nucleoli (Ochs
et al., 1994; Gall, 2000; Verheggen et al., 2002). CBs have
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recently been implicated in post-transcriptional modification
of newly assembled spliceosomal U snRNAs (Darzacq et al.,
2002; Jady et al., 2003) and in the maturation of small
nuclear ribonucleoprotein (snRNP) complexes (Sleeman
and Lamond, 1999a; Stanek et al., 2003). Furthermore, they
are also likely involved in aspects of snoRNA metabolism,
including 5'-cap hypermethylation, 3'-end trimming, and
assembly of small nucleolar RNPs (snoRNPs; Carmo-Fonseca,
2002; Verheggen et al., 2002).

CBs are molecularly defined by the presence of the marker
protein coilin (Raska et al., 1991). In most cell types and tis-
sues, CBs also contain the survival of motor neurons (SMN)
protein (Matera and Frey, 1998; Carvalho et al., 1999;
Young et al., 2000). SMN is part of a multiprotein complex
that plays an essential role in the assembly of spliceosomal
snRNPs (Meister et al., 2002; Paushkin et al., 2002). In the
absence of a functional SMN complex, snRNPs are improperly

Abbreviations used in this paper: CB, Cajal body; iFRAP, inverse fluorescence
recovery after photobleaching; FRET, fluorescence resonance energy
transfer; MEF, mouse embryonic fibroblast; rRNA, ribosomal RNA;
SMN, survival of motor neurons; snRNP, small nuclear ribonucleoprotein;
snoRNP, small nucleolar ribonucleoprotein; Tgsl, trimethylguanosine
synthase 1.
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assembled, resulting in defects in pre-mRNA splicing (Fi-
scher et al., 1997). In some cell lines and certain fetal tissues
(Liu and Dreyfuss, 1996; Sleeman and Lamond, 1999b;
Young et al., 2001), the SMN complex localizes in separate
nuclear structures, called gems (Gemini of CBs). The lo-
calization of SMN to CBs is regulated by the methylation
status of the RG box in coilin (Boisvert et al., 2002; He-
bert et al., 2002).

Using time-lapse fluorescence microscopy in living cells,
several groups have shown that CBs are mobile within the
nucleoplasm (Boudonck et al., 1999; Platani et al., 2000,
2002). Furthermore, Handwerger et al. (2003) demon-
strated that GFP fusions of both coilin and TATA-binding
protein are dynamically exchanged between the CB and the
nucleoplasm in isolated Xenopus oocyte nuclei, although the
exchange is slow in comparison to the nucleoplasmic mobil-
ity of these proteins (Handwerger et al., 2003). Further-
more, FRAP experiments in mammalian cells suggest rapid
exchange of fibrillarin, SMN, and coilin from CBs (Snaar et
al., 2000; Sleeman et al., 2003). These observations suggest
that CBs are dynamic structures.

In this work, we have systematically investigated the dy-
namic properties of various CB components. To this end,
we have analyzed the kinetics of 14 proteins belonging to
several functionally distinct groups of CB components, in-
cluding factors involved in pre-mRNA splicing, pre-rRNA
processing, and snoRNA biogenesis. Using a modified pho-
tobleaching technique termed inverse fluorescence recovery
after photobleaching (iFRAP), we find three kinetically dis-
tinct groups of components within CBs. Furthermore, fluo-
rescence resonance energy transfer (FRET) experiments
provide evidence for coilin~-SMN, coilin—coilin and SMN-
SMN interaction within the CB. The residence times of CB
components that localize to residual CBs were not depen-
dent on coilin, and the residence times of coilin and SMN in
CBs were independent of their physical interaction. The
sum of our observations provides a kinetic framework for
CB components in vivo and has implications for the dy-
namic functional interplay of nuclear subcompartments.

Results

We use iFRAP to study the kinetics of fluorescently tagged
CB components in living cells. In iFRAP, the entire nucleus
with the exception of a small region of interest containing a
CB is bleached using a pulsed laser. The loss of fluorescence
signal in the CB is then monitored by time-lapse micros-
copy. The rate of decay is a good approximation for the dis-
sociation kinetics of the observed protein from the region of
interest (Dundr et al., 2002; Phair et al., 2004). iFRAP, as
opposed to FRAP, is the method of choice for these experi-
ments because it provides a relatively direct indication of a
protein’s residence time in a nuclear structure, and the mea-
surement is independent of the size of the structure.

Coilin dynamics

First, we tested the dissociation kinetics of the CB marker
protein coilin. To this end, a previously characterized Hela
cell line (Sleeman et al., 1998; Platani et al., 2000) stably ex-
pressing GFP-coilin was used (Fig. 1 B). When iFRAP was

applied to these cells, a small fraction of the fluorescence sig-
nal was lost within the first 5 s after the bleaching event, fol-
lowed by a slow decline of the CB signal. After ~200 s, a
plateau representing the dissociation/association equilibrium
of the unbleached population of molecules was reached (Fig.
1 J). Although the rapid initial loss likely reflects of a frac-
tion of loosely bound or diffusing GFP-coilin, the slow loss
of the majority of protein indicates that GFP-coilin is tem-
porarily retained in the CB. The ~200-s plateau indicates
that coilin resides in mammalian CBs on the order of 2-3
min (Fig. 1 J). Typical measurement errors in all experi-
ments were ~15%. Equivalent results were obtained by
transient transfection of full-length GFP-coilin (Fig. 1 A;
unpublished data). These results are consistent with the re-
ported dynamic exchange of coilin from CBs in isolated Xe-
nopus oocyte nuclei, although Xenopus coilin exhibited sig-
nificantly longer residence times (Handwerger et al., 2003).

To probe in more detail the mechanism of coilin retention
in CBs, we transiently expressed a series of previously char-
acterized GFP-coilin deletion mutants (Fig. 1 A; Hebert and
Matera, 2000; Hebert et al., 2001; Shpargel et al., 2003).
Most of the mutants were generated by progressive trunca-
tions of the COOH terminus; the other constructs con-
tained an internal deletion of the RG box or an NH,-termi-
nal truncation of the self-association domain (Fig. 1, A-I).
With the exception of GFP-coilin (94-576), which is en-
tirely nucleoplasmic, all of the mutant constructs localize to
CBs when expressed at low to moderate levels (Hebert and
Matera, 2000). Notably, the (1-248) and (1-315) con-
structs show additional accumulations in nucleoli (Fig. 1, D
and E). As shown in Fig. 1 J, the iFRAP curves for the
(1-248), (1-315), and (1—482) constructs have dissociation
kinetics similar to the wild-type protein (Fig. 1 J; P > 0.1).
In contrast, the (1-92), (1-161), and ARG box mutants are
distinct from the other constructs during the first 100 s after
bleaching (P < 0.001 for all). The later portions of all of the
curves appear similar to the wild-type protein, suggesting
that a common element is responsible for tethering these
proteins to CBs. As a control, iFRAP on the (94-576) mu-
tant, which does not localize to CBs, results in very fast loss
of signal from a CB-sized region of the nucleoplasm within
5 s (unpublished data). In summary, the domain spanning
residues 94-248, which binds to Nopp140 (unpublished
data) and contains a cryptic NoLS (Hebert and Matera,
2000) and the RG box, appears to contribute significantly to
the CB retention kinetics. Thus, although the primary,
steady-state CB localization element is located within the
NH,-terminal domain, two additional regions play impor-
tant roles in the dynamic retention of coilin in CBs.

Kinetics of splicing and RNP assembly factors

In addition to coilin, the CB contains a large number of
components involved in pre-mRNA splicing. To determine
the dynamic properties of splicing factors in the CB, we
tested the dissociation kinetics of human snRNP core pro-
teins GFP-SmB (Fig. 2 A), GFP-SmD1 (Fig. 2 B), and the
U4/U6 snRNP assembly factor GFP-SART3 (Fig. 2 C) in
transiently transfected Hela cells. GFP-tagged versions of
these proteins have previously been demonstrated to be in-
corporated into snRNPs or to interact with them (Sleeman
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Figure 1. iFRAP on coilin and coilin mutants.

(A) Full-length coilin (1-576) and coilin mutants

fused to GFP at the NH, terminus. The putative
coilin nucleolar localization signal (NoLS),
nuclear localization signals (NLS), and serine
patches from amino acids 242-259 and 312-325
(green boxes) are indicated. The NLS in the
mutant (1-92) was added exogeneously. (B—F)
Localization of GFP-coilin (B), GFP-coilin 1-92
(C), GFP-coilin 1-248 (D), GFP-coilin 1-315

| (E), and GFP-coilin 1-482 (F) in Hela cells.

| CBs are indicated by arrows. Note that mutants
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1-248 and 1-315 are also present in nucleoli.
(G-1) iFRAP on GFP-coilin (G), GFP-coilin
1-92 (H), and GFP-coilin 1-248 (l). Cells were
imaged before and after photobleaching of the
entire nucleus with the exception of one CB.
The loss of fluorescent signal was monitored
using time-lapse microscopy. The unbleached
CBs monitored are indicated by arrows and are
shown as enlarged insets. Pseudocolored images
are shown with high signal levels in red/yellow
and low signals in blue. (J) Quantification of
iFRAP kinetics. Mutants 1-92, 1-161, and ARG
showed faster loss than wild-type and the
other mutants. Averages from at least 20 cells
from two independent experiments are shown.
Typical measurement errors were ~15%.
Bars, 2 wm; insets, 0.5 pm.

and Lamond, 1999a; Stanek et al., 2003; unpublished data),
suggesting that these proteins are functional. Consistent
with their presence in a discrete complex, the fluorescence
decay curves for the Sm proteins were superimposable, and
these proteins displayed dissociation kinetics that were sig-
nificantly faster than GFP-coilin (Fig. 2 D; P < 0.001).
More than 50% of the initial fluorescence signal was lost
within 30 s, whereas in comparison, 50% reduction for

GFP-coilin was only reached after 100 s (Fig. 2 D). The U4/
U6 snRNP assembly factor SART3 showed even more rapid
dissociation from CBs (Fig. 2 D; P < 0.001), consistent
with biochemical data suggesting a transient association of
SART3 with the U4/U6 snRNP (Bell et al., 2002; Stanek et
al., 2003). Together, these observations suggest that pre-
mRNA splicing factors have significantly shorter residence
times in CBs than coilin.
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Figure 2. iFRAP of spliceosomal CB components. (A—-C) Localization

of spliceosomal CB components GFP-SmB (A), GFP-SmD1 (B), and
GFP-SART3 (C). (D) Quantification of iFRAP kinetics. GFP-SmB and
GFP-SmD1 exhibit similar dissociation kinetics from CBs, which are
faster than GFP-coilin loss. In contrast, GFP-SART3 is only transiently
associated with CBs. Values represent averages from at least 20 cells =
SDs. Bar, 2 pm.

The observation that U3 snoRNA precursors accumulate
in CBs has led to the proposal that the CB represents a site
of snoRNP assembly before transport to their sites of action
in the nucleolus (Verheggen et al., 2002). Accordingly, sev-
eral snoRNP-processing factors localize both to the nucleo-
lus and the CB. To analyze the dissociation kinetics of CB
components involved in the assembly and the maturation of
U3 snoRNP, we performed iFRAP on two protein compo-
nents of U3 snoRNP. NHPX/15.5k associates with 3'-
extended, monomethylated U3 precursors and also U4/U6
snRNP, whereas fibrillarin associates with the mature U3
snoRNP (Verheggen et al., 2002). In iFRAP analyses, GFP-
NHPX and fibrillarin-GFP showed dissociation kinetics
similar to the other snoRNP components, consistent with
the possibility that they are in the same complex (Fig. 3 G;
P > 0.1). Additionally, we also tested the dissociation kinetics
of CB proteins involved in pseudouridylation, ribose meth-
ylation, processing, and transcription of pre-rRNAs: GFP-
GARLI (Fig. 3 B), GFP-Nopp140 (Fig. 3 D), B23-GFP (Fig.
3 E), and GFP-UBF1 (Fig. 3 F). GFP-U3-55k (Fig. 3 C)
showed virtually identical dissociation kinetics, but did ex-
hibit a somewhat faster initial loss of signal (Fig. 3 G). The
iFRAP data demonstrate that these components dissociated
more rapidly from the CB than coilin (P < 0.001), but with
kinetics similar to the spliceosomal core proteins (Fig. 2 D;
P > 0.1). More than 50% of the initial fluorescence signal
was lost within 30 s, whereas in comparison, 50% reduction
for GFP-coilin was only reached after 100 s (Fig. 3 G).
Thus, factors involved in modification and processing of
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Figure 3. iFRAP of nucleolar CB components. (A-F) Localization

of nucleolar CB components in Hela cells. (A) fibrillarin-GFP, (B)
GFP-GART1, (C) GFP-U3-55k, (D) GFP-Nopp140, (E) B23-GFP, and
(F) GFP-UBF1. (G) Quantification of iFRAP kinetics. All nucleolar
CB components followed similar dissociation kinetics from CBs
with the exception of GFP-UBF1. GFP-coilin dissociation kinetics
are show for comparison. Values represent averages from at least 20
cells = SDs. Bar, 2 pm.

pre-tfRNA including fibrillarin-GFP, GFP-NHPX/15.5k,
GFP-GARI1, GFP-Nopp140, B23-GFP, and possibly GFP-
U3-55k share similar dissociation kinetics. In contrast, the
RNA polymerase I transcription factor GFP-UBF1 exhib-
ited significantly faster dissociation kinetics from CBs. More
than 50% of the initial fluorescence signal in the CB was
lost within 5 s, suggesting only very transient association

with CBs.

Compartment-specific retention of nucleolar
components in CBs

To evaluate whether components that are shared between
the CB and the nucleolus are retained in the two compart-
ments by the same or different retention mechanisms, we
performed iFRAP on several of these shared components in
either nucleoli or CBs. Fibrillarin-GFP, GFP-Nopp140, and
B23-GFP exhibited similar dissociation kinetics from CBs
(P > 0.1). The dissociation kinetics of all proteins from nu-
cleoli were significantly slower, and >50% of the initial
fluorescence signal of fibrillarin-GFP and GFP-Nopp140
was lost within 120 s and B23-GFP within 200 s, whereas
the same fraction of fluorescence signal was lost within 30 s
in CBs (Fig. 4; P < 0.001). The differences in loss kinetics

are not due to the different sizes of the two compartments
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Figure 4.  Compartment-specific retention mechanism in CBs
and nucleoli. Quantification of iFRAP kinetics. The nucleolar CB
components, fibrillarin-GFP, GFP-Nopp140, and B23-GFP exhibit
significantly faster dissociation kinetics from CBs compared with
nucleoli, indicating that they are retained in both nuclear compart-
ments by specific retention mechanisms. Values represent averages
from at least 20 cells = SDs.

because partial bleaching of the nucleolus yields identical re-
sults. In addition, the mutant coilin 1-248, which resides
both in the CB and the nucleolus, showed identical dissocia-
tion kinetics in the two compartments (unpublished data).
Together, the observed differences suggest the existence of
compartment-specific retention mechanisms for proteins in
CBs and nucleoli.

Coilin is not required for retention

Because coilin is the most prominent CB marker and has
been suggested to be a structural component of CBs, it
might play a critical role in the retention of other CB com-
ponents within this nuclear suborganelle (Hebert and Mat-
era, 2000). To address this question, we made use of mouse
embryonic fibroblasts (MEFs) derived from coilin knockout
mice containing residual nuclear bodies enriched in nucle-
olar components (Tucker et al., 2001; Jady et al., 2003).
The dissociation kinetics of GFP-Nopp140, fibrillarin-GFP,
and GFP-GAR1 from residual CBs in coilin ™~ cells are sim-
ilar to those in control cells (P > 0.1), indicating that coilin
is not required for determining the residence of these nucle-
olar proteins in CBs (Fig. 5). Dissociation kinetics of fibril-
larin-GFP and GFP-GARI were somewhat faster in MEF
cells than in Hela cells. The tsy for both proteins in MEFs
were ~10 s, whereas they were ~20 s in HeLa cells. In
contrast, no significant difference was observed for GFP-

Nopp140 (compare Fig. 3 with Fig. 5).

SMN and coilin have similar residence times in the CB
In most cell types, CBs and gems overlap completely (Liu
and Dreyfuss, 1996; Matera and Frey, 1998; Carvalho et al.,
1999; Sleeman and Lamond, 1999b). The interaction of
coilin and SMN requires symmetrically dimethylated argi-
nines in the coilin RG box (Hebert et al., 2002). To com-
pare the dissociation kinetics of coilin and SMN from CBs,
we performed iFRAP on GFP-SMN (Fig. 6 A), which was

Cajal body component dynamics | Dundr etal. 835

coilin +/+ coilin -/-
-
% »
<
Q
o
L
O
C
1
—— coilin +/+
8 o coilin -
c
(]
o
7}
o
o
=
S
©
=
il
7]
()
Y
0 . . r .
0 50 100 150 200
D time (s)
1
—— coilin +/+
5] — coilin
c o8
8
7}
8,1
o \
=
(v
:_:u, 04 )
° %‘\ ;
.g )
& 02
Fibrillarin
0 . . . .
0 50 100 150 200
im
E time (s)
1
——coilin +/+
8 —— coilin -/
c 03
Q
5}
17}
[0}
| o
o
=
v
© o
=
il
7}
 o.
14
time (s)
Figure 5. Coilin-independent dissociation kinetics. (A and B)

GFP-GART1 was expressed in coilin®’* MEFs (A) or in coilin™~
MEFs (B). In contrast to the normal localization of GFP-GART1

in coilin™* cells (A, arrow), in the absence of coilin GFP-GAR1
localized in residual CBs (B, arrow). (C-E) Quantification of iFRAP
kinetics. The dissociation kinetics of GFP-Nopp140 (C), which
directly interacts with coilin, fibrillarin-GFP (D), and GFP-GAR1
(E) from CBs is unaffected in the absence of coilin. Averages from
at least 20 cells are shown. Typical measurement errors were ~15%.
Bar, 2 pm.
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Figure 6. iFRAP on RNP assembly GFP-SMN
machinery. (A-C) Localization of
expressed gem components in Hela
cells. (A) GFP-SMN, (B) Gemin3-GFP,
and (C) GFP-Tgs1. (D) Cells expressing
GFP-SMN were imaged before and after
photobleaching of the entire nucleus
with the exception of one CB/gem as
shown in pseudocolor. The unbleached
CB/gem monitored is indicated by
arrows and is shown as enlarged insets.
(E) Quantification of iFRAP kinetics. The
components of SMN protein complex,
GFP-SMN, Gemin3-GFP, and GFP-Tgs1
exhibit similar dissociation kinetics from
CBs. Values represent averages from
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previously characterized and shown to coimmunoprecipitate
with Gemin2 (Sleeman et al., 2003), a core member of the
SMN complex. The loss of GFP-SMN fluorescence in CBs
was nearly identical to that of GFP-coilin, indicating that
both proteins have similar CB residence times (Fig. 6 E),
consistent with biochemical data demonstrating their physi-
cal interaction (Hebert et al., 2001).

To further explore the kinetic behavior of the SMN pro-
tein complex in CBs, the dissociation kinetics of another
core member of the SMN protein complex, Gemin3, was
measured (Fig. 6 B). Gemin3-GFP had similar dissociation
kinetics as both SMN and coilin (Fig. 6 E). Furthermore,
the dissociation kinetics of GFP-Tgs1 (Fig. 6 C), the trimeth-
ylguanosine synthase, were similar to those of GFP-SMN
and Gemin3-GFP (Fig. 6 E; P > 0.05). Because hTgs1 was
recently shown to directly interact with SMN (Mouaikel et
al., 2003), these observations indicate that certain SMN-
interacting partners reside in CBs for longer periods of time

than do snRNP and snoRNP components.

Coilin and SMN interact in the CB in vivo

Because coilin and SMN have similar CB retention dynam-
ics (Fig. 6), we were interested to test whether coilin physi-
cally interacts with SMN within the CBs of intact living nu-
clei. Previous work has shown that SMN and coilin form
complexes in vivo (Hebert et al., 2001), and that methyla-
tion of the coilin RG box motif is required for recruitment
of SMN to CBs (Hebert et al., 2002). However, it was not
clear from the biochemical data whether SMN and coilin in-
teract in the nucleoplasm, the CB, or in both places. To test
whether these proteins interact in CBs, we performed FRET

by acceptor photobleaching in living cells (Karpova et al.,
2003; see Materials and methods for details). In acceptor
photobleaching FRET, energy transfer between the donor
and the acceptor is reduced or eliminated when the acceptor
is irreversibly bleached, resulting in an increase in donor
fluorescence as an indicator of physical interaction between
the test proteins (Karpova et al., 2003). CFP-coilin and
YFP-SMN were coexpressed in Hela cells, the YFP-SMN
acceptor was bleached, and the fluorescent signal of CFP-
coilin was monitored in living cells (Fig. 7 A). Upon bleach-
ing, an ~6.5 = 1.2% increase in donor CFP-coilin fluorescence
was observed, indicating an in vivo interaction of coilin and
SMN in CBs (Fig. 7 B). Reversal of the tags to CFP-SMN
and YFP-coilin gave a similar increase in donor CFP-SMN
fluorescence of ~6.29 = 1.3% (unpublished data). A fusion
protein between CFP and YFP served as a positive control
and yielded a 14 * 1.3% increase in fluorescence signal
(Fig. 7 B). As negative controls, an increase of <0.5 = 0.2%
was observed for coexpressed CFP and YFP, and a loss of
fluorescence signal was detected in a CB in the same nucleus
to which no acceptor bleaching had been applied (Fig. 7
B). To demonstrate that the positive FRET signal was not
merely due to the accumulation of the two proteins in the
CB, we performed FRET between fibrillarin-CFP and YFP-
coilin or fibrillarin-CFP and YFP-SART3, which are all con-
centrated in the CB but have not been found to physically
interact. FRET signals for these pairs were similar to nega-
tive controls and were 0.75 *= 0.54 for fibrillarin/SART?3
and 1.19 =% 0.61 for fibrillarin/coilin (Fig. 7, E and F). In-
teraction of coilin and SMN in the nucleoplasm could not
be accurately assessed due to the low nucleoplasmic signal of
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Figure 7. Coilin and SMN interact in CBs in vivo. Acceptor bleaching
FRET was performed on living HeLa cells coexpressing (A) CFP-SMN
and YFP-coilin. The acceptor (YFP-coilin) was irreversibly bleached,
resulting in an increase in donor (CFP-SMN) fluorescence, suggestive
of physical interaction between coilin and SMN. Note the increase
of fluorescence intensity of CFP-SMN in pseudocolored CB after the
bleach (arrow, inset). (B—F) Quantification of FRET. A fusion protein
between CFP and YFP was used as a positive control. Coexpressed
monomeric CFP and YFP and a CB in the same nucleus to which no
acceptor bleaching had been applied were used as negative controls.
A significant increase of CB donor fluorescence in CBs was detected
for CFP- SMN/YFP-coilin (B), CFP-coilin/YFP-coilin (C), CFP-SMN/
YFP-SMN self-interaction (D), fibrillarin-CFP/YFP-coilin (E), and
fibrillarin-CFP/YFP-SART3 (F). Averages from at least 20 cells are
shown. Error bars represent SEM. Bar, 2 um.

SMN (unpublished data). Furthermore, when purified, re-
combinant proteins are incubated in vitro, coilin and SMN
each have the ability to self-oligomerize (Lorson et al., 1998;
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Hebert and Matera, 2000). To test whether these proteins
self-interact in vivo in CBs, we performed acceptor FRET
between CFP-coilin and YFP-coilin or CFP-SMN and
YFP-SMN (Fig. 7, C and D). An ~10.26 * 1.7% increase
of CB donor fluorescence was detected for CFP-coilin, and
an ~5.23 = 0.6% increase of CB donor fluorescence was
detected for CFP-SMN (Fig. 7, C and D). We conclude that
coilin interacts with SMN and that both proteins self-inter-
act in the CB in vivo.

CBs and gems are kinetically independent structures
Our observation that coilin and SMN interact with each
other in vivo and have similar CB residence times led us to
investigate whether the residence times of the two proteins
depends on their mutual presence. To test this possibility,
we coexpressed CFP-coilin and YFP-SMN in HelLa cells in
the presence of an untagged version of the coilinARG mu-
tant. This mutant construct is defective in its interaction
with SMN, but retains the ability to localize in CBs (Hebert
etal., 2001). Thus, in a wild-type coilin background (i.e., in
HelLa cells), overexpression of untagged coilinARG should
result in formation of distinct YFP-SMN foci (i.c., gems). As
expected, in the absence of untagged coilinARG, CFP-coilin
and YFP-SMN colocalized in CBs and gems were not ob-
served (Fig. 8 A). However, in the presence of an excess of
coilinARG, YFP-SMN protein was mislocalized in gems
(Fig. 8 B). A fraction of the YFP-SMN signal colocalized
with CFP-coilin in CBs, presumably due to the presence of
endogenous coilin (Fig. 8 B). However, in a large number of
cases, overexpression of coilinARG resulted in the physical
separation of CBs, and no distinct gems (Fig. 8 B). The in-
duced separation allowed us to independently assess the ki-
netics of the tagged coilin and SMN proteins in CBs and
gems. iFRAP analysis revealed that coilin and SMN display
the same dissociation kinetics from their separated nuclear
bodies as they do in combined CB/gem cells (Fig. 8, C and
D; P > 0.1). To confirm the similar dissociation kinetics of
coilin and SMN from separated CBs and gems, respectively,
we performed iFRAP on HeLa-PV cells in which CBs and
gems are naturally separated (Liu and Dreyfuss, 1996). Con-
firming our observations, we find virtually identical iFRAP
kinetics for coilin from combined CBs in wild-type cells and
separated CBs in Hela-PV cells (Fig. 8 E; P > 0.1). Simi-
larly, we find identical iFRAP kinetics for SMN from com-
bined gems in wild-type cells and separated gems in Hela-
PV cells (Fig. 8 F; P > 0.1). Furthermore, for SMN these
results were confirmed in coilin knockout cells (Fig. 8 G),
where gems are distinct from residual CBs (Tucker et al,,
2001). In these cells, YFP-SMN had dissociation kinetics
similar to those in control wild-type cells and in gems sepa-
rated from CBs by overexpression of coilinARG (Fig. 8 G;
P > 0.1). These results demonstrate that the kinetic proper-
ties of coilin and SMN are independent of the integrity of
the combined CB/gem structure.

Self-interaction of coilin and SMN in separated CBs
and gems

The simplest explanation for the observed kinetic indepen-
dence of CBs and gems is that coilin and SMN residence
times are determined by their respective homotypic interac-
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Figure 8. CB and gems are kinetically
independent domains. (A) CFP-coilin and
YFP-SMN colocalize in CBs in Hela cells
(arrow). (B) When CFP-coilin and YFP-SMN are
coexpressed with an untagged dominant ARG
coilin mutant, CBs physically separate from
gems (arrows). (C-G) Quantification of iFRAP
kinetics. (C and D) YFP-coilin and YFP-SMN
exhibit indistinguishable dissociation kinetics
in their respective separated organelles as in
unseparated CB/gems in control cells. (E and F)
YFP-coilin and YFP-SMN exhibited indistinguish-
able dissociation kinetics from CBs and gems,
respectively, in HeLa wild-type and Hela-PV
cells where CBs and gems are naturally separated.
(G) GFP-SMN also shows similar dissociation
kinetics in coilin™" cells where gems are naturally
separated from residual CBs. Averages from at
least 20 cells are shown. (H and 1) Self-interaction
of coilin and SMN in separated CBs and gems
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tions. A prediction from this model is that coilin and SMN
maintain self-interactions within separated CBs and gems.
To directly test this prediction, pairs of CFP- and YFP-
tagged coilin or SMN were expressed together with the un-
tagged coilinARG mutant. The self-interaction potential of
coilin and SMN in the separated CBs and gems was then
tested by FRET in living cells. Upon bleaching, we observed
an ~10.3 = 1% increase in donor CFP-coilin fluorescence

and an ~6.4 * 0.9% increase in donor CFP-SMN fluores-

cence (Fig. 8, H and I). These experiments show that homo-
typic coilin—coilin and SMN-SMN interactions are main-
tained in physically separated CBs and gems.

Discussion

We have analyzed the dynamic properties of a number of
protein components of CBs in intact, living cells using pho-
tobleaching microscopy. We identify three distinct kinetic



groups of CB components, and provide evidence that coilin
alone does not determine the dissociation kinetics of CBs.
Most importantly, our results suggest that the kinetic prop-
erties of CB/gem components are independent of the physi-
cal association of the two compartments.

Kinetically distinct CB components

In comparing the dissociation kinetics of 14 CB proteins us-
ing iFRAP, we found three distinct kinetic classes. The
group of CB proteins with the longest residence times in-
cludes coilin, SMN, Gemin3, and Tgs1. These proteins typ-
ically reside in CBs on the order of minutes. Consistent with
previous biochemical and subcellular localization analyses
(Carvalho et al., 1999; Hebert et al., 2001, 2002), we pro-
vide direct evidence for an interaction of SMN and coilin
within CBs by FRET analysis. We cannot directly determine
whether these complexes are stable within the nucleoplasm
or if they exchange from CBs as intact complexes. However,
the comparable retention dynamics of SMN-associated pro-
teins are consistent with this latter possibility. Thus, the
SMN complex might not only exist during early steps of Sm
assembly in the cytoplasm, but might also remain associated
with the assembled snRNPs after their import into the nu-
cleus, perhaps functioning in later steps of snRNP matura-
tion in CBs (Narayanan et al., 2002; Jady et al., 2003; Slee-
man et al., 2003). This interpretation is consistent with
heterokaryon assays showing that newly imported GFP-Sm
proteins are targeted only into CBs that contain SMN (Slee-
man et al., 2001). This scenario is also supported by our ob-
servation of similar dissociation kinetics of GFP-Tgsl and
GFP-SMN and by the recent finding that Tgsl physically
associates with the SMN complex (Mouaikel et al., 2003).
Furthermore, the observation that 3’-extended U3 snoRNA
precursors with a monomethylated m’G-cap were detected
in CBs also suggests that 5'-cap trimethylaton of U3
snoRNA occurs in CBs (Verheggen et al., 2002).

The second kinetic group of CB proteins contains nucle-
olar snoRNP components and the spliccosomal snRNP core
proteins. These proteins have significantly faster dissociation
kinetics than coilin and the SMN-associated proteins. We
find that fibrillarin-GFP, a box C/D snoRNP factor, and the
box H/ACA snoRNP component GARI have similar disso-
ciation kinetics from CBs, suggesting that the two snoRNP
classes might have analogous mechanisms of retention in
CBs. This latter scenario is supported by the fact that GFP-
Nopp140, which is associated with both classes of snoRNDPs,
exhibited comparable dissociation kinetics from CBs as both
snoRNP classes. Because 3'-extended precursor U3 snoRNA
is only associated with NHPX/15.5k but not with fibrillarin,
our data are consistent with findings that the majority of U3
snoRNA detected in CBs are mature U3 snoRNDPs (Ver-
heggen et al., 2002). The dissociation kinetics of these pro-
teins was significantly slower than that of the third (and fast-
est) kinetic group containing the U4/U6 assembly factor
SART3 (Bell et al., 2002) and RNA polymerase I transcrip-
tion factor UBF1. GFP-SART3 exhibited dissociation kinet-
ics, indicating that its association with CBs lasts only a few
seconds. This kinetic behavior is in agreement with the ob-
servation that SART3 is only transiently associated with sn-
RNPs, and supports a model in which SART3 delivers U6
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to the CB where U4/U6 snRNP (re)assembly may occur
(Bell et al., 2002; Stanek et al., 2003).

The rapid exchange dynamics of CB components, in the
range of seconds to minutes, indicates that all measured pro-
teins are dynamic and are continuously exchanged between
the nucleoplasm and CBs. Proteins are likely retained in
CBs via transient interaction with less mobile CB compo-
nents. The dynamic nature of CB association also suggests
that any putative modification steps taking place within the
CB are relatively rapid and occur on the order of seconds.
Furthermore, our observations are consistent with the possi-
bility that many proteins may enter CBs nondiscriminatorily
and that collisions with interacting partners lead to their re-
tention. This scenario might explain why certain CB com-
ponents are retained in CBs only when their partner protein
is present, for example in a cell cycle-dependent manner
such as cyclin E and p220~*AT, a substrate of the CB compo-
nent cyclin E/cdk2 (Liu et al., 2000; Wei et al., 2003).

The observed dynamic nature of CB components is in
agreement with the demonstration of dynamic exchange of
proteins from several other nuclear compartments, including
nucleoli and splicing factor compartments (Phair and Mis-
teli, 2000; Snaar et al., 2000; Chen and Huang, 2001;
Dundr et al., 2002; Handwerger et al., 2003; Sleeman et al.,
2003). In contrast, at least some components of promyelo-
cytic leukemia bodies appear to be more stably associated
(Boisvert et al., 2001). Dynamic exchange of CB compo-
nents has also been demonstrated for coilin, TATA-binding
protein, and U7 snRNA from CBs in Xenopus germinal vesi-
cles, although in this system coilin resides in CBs for up to
~30 min (Handwerger et al., 2003). The reason for the sig-
nificantly longer residence time of coilin in CBs from Xeno-
pus is unclear, but might be due to lower levels of rRNA and
snRNA metabolism. In agreement with our observations, a
rapid exchange of fibrillarin and coilin from CBs in mam-
malian cells has previously been reported (Snaar et al., 2000;
Sleeman et al., 2003). In contrast to our iFRAP experi-
ments, FRAP analysis has suggested slower exchange of
SMN compared with coilin (Sleeman et al., 2003). The ap-
parent discrepancy is likely explained by different measure-
ment technique and the smaller nucleoplasmic pool of SMN
compared with coilin (Sleeman et al., 2003). Because FRAP
recovery kinetics (but not iFRAP loss kinetics) are sensitive
to the size of the unbleached pool, the smaller unbleached
nucleoplasmic pool of GFP-SMN compared with GFP-coi-
lin may result in underestimation of exchange kinetics when

using FRAP.

Compartment-specific retention mechanisms

Comparison of the dissociation kinetics of nucleolar compo-
nents that also localize in CBs revealed that nucleolar CB
components reside in CBs for a significantly shorter time
than they do in nucleoli, indicating the existence of com-
partment-specific retention mechanisms. These kinetic dif-
ferences between CBs and nucleoli might be due to interac-
tions of the nucleolar pool of the processing components
with pre-rRNA during modification and maturation steps.
Because CBs do not contain any pre-rRNA transcripts, re-
tention is reduced in CBs, resulting in faster dissociation.
This interpretation is supported by the fact that truncated
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mutants of fibrillarin-GFP lacking the RNA-binding do-
main exhibit significantly faster kinetics in nucleoli than
wild-type fibrillarin (Snaar et al., 2000). Similarly, when
nucleolar rRNA transcription is selectively inhibited by ac-
tinomycin D, pre-rRNA processing components nucleolin,
fibrillarin, B23, and Rpp29 exhibit faster kinetics in the nu-
cleoli (Chen and Huang, 2001). In contrast, the inhibition
of transcription of all three RNA polymerases by actinomy-
cin D does not affect the dissociation kinetics of coilin from
CBs, although the structures are relocated to the nucleolar
periphery (unpublished data). The even slower dissociation
kinetics of GFP-B23 from the nucleolus in comparison to
the snoRNP components might reflect its function not only
as a processing enzyme but also as a protein chaperone in the
assembly of preribosomal subunits (Szebeni et al., 2003),
which have longer residence time in nucleoli than the rela-
tively short-lived pre-rRNA processing intermediates (Laz-
dins et al., 1997; Chen and Huang, 2001).

Kinetic independence of CBs and gems

The fact that coilin has one of the longest residence times of
all CB components might suggest that it is a structural ele-
ment. Consistent with this model, coilin is a multi-interac-
tive protein that, apart from interacting with itself (Hebert
and Matera, 2000; this paper), associates with SMN, SmB/
B’ (Hebert et al., 2001), and Nopp140 (Isaac et al., 1998).
However, loss of coilin in mice does not result in complete
disappearance of CBs, but rather causes relocalization of var-
ious CB components into at least three distinct types of re-
sidual nuclear bodies, suggesting that coilin is not essential
for the maintenance of nuclear compartments that contain
many of the CB components (Tucker et al., 2001; Jady et
al., 2003). Nevertheless, coilin does clearly play a critical role
in recruitment of CB components to a combined CB/gem
structure. Similarly, the SMN protein interacts with a multi-
tude of partners including spliceosomal snRNPs and nucle-
olar snoRNPs, fibrillarin, GAR1, nucleolin, and B23 (Frie-
sen and Dreyfuss, 2000; Jones et al., 2001; Pellizzoni et al.,
2001; Lefebvre et al., 2002). However, in contrast to coilin,
whose self-interaction domain targets it to CBs, SMN re-
quires the presence of coilin for its recruitment into CBs
(Hebert et al., 2001; Tucker et al., 2001). Despite the phys-
ical association and the direct interaction of coilin with
SMN, CBs and gems are kinetically autonomous compart-
ments because the dissociation kinetics of several respective
components remain unchanged upon separation of the two
structures. The basis for this kinetic autonomy may be the
ability of SMN and coilin to maintain self-interactions
within the separated nuclear bodies. These observations
paint a picture in which two independent nuclear structures,
the CB and gem, are spatially superimposed due to the dy-
namic interaction of their marker proteins.

One possible advantage of fusing the two structures into
one spatially overlapping domain might be that the concen-
tration of substrates (e.g., snRNDPs) and enzymes (e.g., SMN
complexes) increases the efficiency of RNA metabolism.
Conceivably, SMN—snRNP complexes might localize to the
CB after passage through nuclear pores; coilin could then
dissociate this complex by competing for SMN’s Sm-bind-

ing sites (Hebert et al., 2001). This would allow for modifi-
cation of snRNAs by CB components such as the scaRNPs
(Darzacq et al., 2002; Jady et al., 2003). However, such a
pathway cannot be an obligate one, as coilin is not an essen-
tial protein. Another possibility is that gems represent a stor-
age depot for excess nuclear SMN complexes, forming in
response to the methylation status of coilin and/or Sm pro-
teins. Clearly, uncovering the complex links between CBs
and gems will require further investigation of the structural,
functional, and dynamic relationships between these two
nuclear subcompartments.

Materials and methods

Plasmid construction

Construction of GFP-coilin and GFP-coilin mutants (Hebert and Matera,
2000; Hebert et al., 2001), GFP-SmB and SmDT1 (Sleeman and Lamond,
1999a), GFP-SART3 (Stanek et al., 2003), fibrillarin-GFP, protein B23-GFP
(Dundr et al., 2000), GFP-GART1 (Pogacic et al., 2000), GFP-U3-55k (Pluk
et al., 1998), GFP-UBF1 (Dundr et al., 2002), GFP-SMN (Sleeman et al.,
2001), and GFP-Tgs1 (Mouaikel et al., 2003) have been described as
listed. GFP-Nopp140 (pTM95) was generated by cloning PCR-amplified
GFP from pGreenLantern (CLONTECH Laboratories, Inc.) into pTM38 to
which the COOH terminus of Nopp140 was added as described previ-
ously (Isaac et al., 1998). Gemin3-GFP was PCR amplified out of pcDNA-
Gemin3 (Ou et al., 2001) before subcloning into pEGFP-N3 as a
Bglll-Kpnl fragment. YFP-NHPX/15.5k (Leung and Lamond, 2002) was re-
subcloned into pEGFP-C1 as a BspE1-Kpnl fragment. GFP-SMN was re-
subcloned into pECFP-C1 and pEYFP-C1 as a BspEl-EcoRI fragment. Un-
tagged ARG coilin was subcloned into pPCMV-sport6 vector.

Cell culture and transfection

Hela wild-type, HelLa-PV, and MEFs were grown in DME (Invitrogen) sup-
plemented with 10% FCS (Invitrogen), 1% glutamine, and penicillin and
streptomycin at 37°C in 5% CO,. The cells were electroporated with an
electroporator (model ECM 830; BTX) using 5 wg plasmid DNA and 15 pg
sheared salmon sperm carrier DNA in a 2-mm gap cuvette at 200 V, 1-ms
pulse, 4 pulses, and 0.5-s intervals. After electroporation, the cells were
plated in Lab-Tek® Il chambers (Nalgene), and after ~6 h the medium was
changed to DME with 25 mM Hepes without phenol red (Invitrogen). In
cotransfection experiments, the ratio of ARG-coilin to CFP-coilin (SMN) to
YFP-SMN (coilin) was 3:1:1.

Photobleaching

iFRAP experiments were performed on a confocal microscope (LSM 510;
Carl Zeiss Microlmaging, Inc.) with a 100x/1.3 N.A. Plan Apochromat oil
objective and 3X zoom. GFP was excited with the 488-nm line of argon
laser, and GFP emission was monitored above 505 nm as described previ-
ously (Dundr et al., 2002). Cells were maintained at 37°C with an Air
Stream incubator (ASI 400; Nevtek). The whole nuclear area of transfected
cells was bleached except for a small region of one CB using the 488-nm
laser line at 100% laser power. Cells were monitored in 0.5-s intervals for
195 s. To minimize the effect of photobleaching due to imaging, images
were collected at 0.1% laser intensity. For quantification, the loss of total
fluorescent intensity in the unbleached region of interest was measured us-
ing software from Carl Zeiss Microlmaging, Inc. Background fluorescence
was measured in a random field outside of the cells. For each time point,
the relative loss of fluorescent intensity in the unbleached region of interest
was calculated as: I = (Iy — BG)/(l, — BG)*(Ty, — BG), where |, is the
background-corrected average intensity of the region of interest during
prebleach, and Ty, is the background-corrected total fluorescence intensity
of a neighboring control cell. Typical measurement errors in all experi-
ments were ~15%. For statistical comparison of iFRAP data, t tests on ts,
(defined as time after bleaching when 50% of the initial fluorescence sig-
nal was lost) were performed.

FRET

FRET experiments were performed on a confocal microscope (LSM 510;
Carl Zeiss Microlmaging, Inc.) with a 100X/1.3 N.A. Plan Apochromat oil
objective and 3X zoom. FRET was measured using the acceptor pho-
tobleaching method (Karpova et al., 2003). In the presence of FRET,



bleaching of the acceptor (YFP) results in a significant increase in fluores-
cence of the donor (CFP). A single CB was bleached for 500 ms in the YFP
channel using the 514 argon laser line at 100% intensity. Before and after
the bleach, CFP images were collected to assess changes in donor fluores-
cence. To minimize the effect of photobleaching due to imaging, images
were collected at 0.1% laser intensity. To ensure that bleaching due to im-
aging was minimal, the level of bleaching in each experiment was moni-
tored by collecting five CFP/YFP prebleach and postbleach image pairs.
Each image was collected first in the CFP channel, and then in the YFP
channel. The gain of the photomultiplier tubes was adjusted to obtain the
best possible dynamic range. The FRET efficiency as a percentage of Er was
calculated as: Er = (Ipost = lpre) X 100/lp05, Where I is the prebleach CFP
intensity in the last prebleach image, and I, is the postbleach CFP inten-
sity in the bleached region of the first post-bleach image. As a negative
control, an unbleached CB in the same cell was measured, or FRET be-
tween monomeric CFP and YFP was measured in the nucleoplasm. As a
positive control, a CFP-YFP fusion protein was used.
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