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Cajal bodies (CBs) are complex organelles found in the nuclei of a
wide variety of organisms, including vertebrates, invertebrates,
plants, and yeast. In most cell types CBs are <1 �m in diameter,
severely limiting the range of experimental observations that can
be made on them. By contrast, CBs in the amphibian oocyte nucleus
(also called the germinal vesicle) are 2–10 �m in diameter. We have
taken advantage of this large size to carry out kinetic studies on
coilin, a protein that is specifically enriched in CBs. We labeled coilin
with photoactivatable green fluorescent protein and analyzed the
movement of the protein by confocal microscopy in unfixed ger-
minal vesicles isolated in oil. We showed that coilin leaves the CB
relatively slowly (minutes rather than seconds) with kinetics similar
to earlier measurements on its entrance. We also showed that
coilin diffuses very slowly within the CB, consistent with its being
in a large macromolecular complex. Finally, we found that the
movement of coilin is not directly affected by the transcriptional
state of the nucleus or ongoing nucleocytoplasmic exchange. These
data on the kinetics of coilin reinforce the conclusion that CB
components are in a constant state of flux, consistent with models
that postulate an active role for CBs in nuclear physiology.

In 1903, the Spanish neurobiologist Santiago Ramón y Cajal
described small, silver-staining structures in the nuclei of

vertebrate neurons (1), which he named accessory bodies. Only
in the past decade, with the discovery of useful molecular
markers, was it realized that homologous structures occur in a
wide variety of animals and plants, including the yeast, Saccha-
romyces cerevisiae (2–4). These structures are now called Cajal
bodies (CBs) in honor of their discoverer. One of the most
commonly used markers for CBs is the protein p80-coilin. Coilin
is highly enriched in CBs (5, 6) and thus can be used to identify
CBs by immunofluorescence. Earlier studies suggested that
coilin is involved in some step in the transport of small nuclear
ribonucleoproteins (snRNPs) to the CBs in the nucleus (7, 8).
More recent data from coilin knockout mice support this view
(9, 10), as does biochemical evidence that coilin can associate
with the survival of motor neurons (SMN) protein (11, 12),
which is part of the machinery for assembly of snRNPs (13, 14).

In an earlier study, we used fluorescence recovery after
photobleaching (FRAP) to show that coilin in the CB is in
dynamic equilibrium with coilin in the nucleoplasm. Analysis of
the FRAP curves revealed three kinetic components with res-
idence times in the CB from several seconds to �30 min. FRAP
data give direct information about entry of components into a
structure, but exit kinetics must be inferred on the assumption
that the system is at equilibrium. To learn more about the exit
of coilin from the CB, we have carried out experiments with
coilin labeled with photoactivatable green fluorescent protein
(PA-GFP) (15). By activating PA-GFP fluorescence inside the
CB, we could monitor the loss of coilin from the CB. Further-
more, by examining the distribution of fluorescence as a function
of time after photoactivation, we showed that coilin diffuses very
slowly within the CB. Finally, we showed that the flux of coilin
in and out of the CB is independent of ongoing transcription or
nucleocytoplasmic exchange.

Materials and Methods
Plasmids and Transcripts. The ORF of the Xenopus coilin gene (16)
was cloned downstream of PA-GFP in the pPA-GFP-C1 vector
(15). A 9-aa hemagglutinin (HA) tag was included at the C
terminus of the coilin sequence. To generate a template for
sense-strand transcripts with a poly(A) tail, we made a PCR
product from the plasmid by using primers CM163 (or ZW33)
and SD5. Finally, the PCR product was transcribed with T3 or
T7 RNA polymerase.

Plasmids were as follows: CM163, 5�-GCAATTAACCCTC-
ACTAAAGGGAAGATCCGCTAGCGCTACCGG-3�; ZW33,
5�-AGTAATACGACTCACTATAGGGAGAGAGCTGGT-
TTAGTGAACC-3�; SD5, 5�(T)30-GCAGTGAAAAAAATG-
CTTTATTTG-3�.

Xenopus U7 small nuclear RNA (snRNA) construct 401 (17)
was linearized with PvuII and transcribed with T7 RNA poly-
merase to generate sense-strand RNA for injection. Alexa
546-UTP (Molecular Probes) was added to the reaction mix to
provide a fluorescent label. Transcripts of Xenopus GFP-coilin
were synthesized as described (16).

Microinjections and Germinal Vesicle (GV) Spreads. Methods for
microinjection of oocytes, isolation of GVs, and preparation of
GV spreads were as described (18). All photoactivation exper-
iments were carried out on CBs in GVs that had been isolated
and squashed in mineral oil. PA-GFP-coilin transcripts were
injected along with Alexa 546-U7 snRNA at an �10:1 ratio to
visualize CBs before photoactivtion.

Photoactivation of PA-GFP. A suitable CB was found in the
microscope field by the red fluorescence of Alexa 546-U7
snRNA. Imaging, photoactivation, and bleaching were then
conducted with a laser scanning confocal microscope (Leica TCS
SP2, Leica Microsystems, Exton, PA), using a �63, 1.4 numerical
aperture oil immersion objective. Images were taken with the
488-nm laser at a single focal plane through the middle of a CB.
Whole CB photoactivation was performed by scanning six times
with the full intensity of a 405-nm laser. For spot activation
within a CB, the 405-nm laser beam was parked for 25 ms without
scanning. A bleached spot within a photoactivated CB was
obtained by applying full intensity of the 405-nm laser for 1 s
without scanning. After photoactivation, images were collected
with the 488-nm laser every 15 s for 1 min, then every minute for
15 min, and finally every 10 min for a total of 1 h. Controls for
minor loss of PA-GFP fluorescence during imaging were per-
formed on GV spreads mounted in PBS. Data were analyzed
with IPLAB SPECTRUM (Scanalytics, Fairfax, VA) and KALEIDA-
GRAPH (Synergy Software, Reading, PA).

Abbreviations: CB, Cajal body; FRAP, fluorescence recovery after photobleaching; GV,
germinal vesicle; PA, photoactivatable; snRNP, small nuclear ribonucleoprotein; HA, hem-
agglutinin; snRNA, small nuclear RNA.
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Results
Targeting of PA-GFP-Coilin to CBs. In Xenopus oocytes, newly
translated coilin is rapidly imported into the GV and specifically
targeted to CBs (19). To verify that the same is true for coilin
labeled with PA-GFP, we injected in vitro-synthesized transcripts
of PA-GFP-coilin into the cytoplasm of Xenopus oocytes. The
PA-GFP tag is at the N terminus of coilin and an HA tag is at
the C terminus. After overnight incubation, we isolated GVs
from the oocytes and extracted their proteins for analysis by
Western blotting (Fig. 1A). Antibodies against GFP and the HA
tag reacted with a single band at �105 kDa, as expected for
full-length PA-GFP-coilin. An antibody against coilin reacted
with this same band and also with endogenous coilin at �75 kDa.
We made spread preparations of the GV contents, fixed with
paraformaldehyde and stained with the same antibodies (Fig.
1B). Staining of CBs with all three antibodies confirmed that
full-length coilin is synthesized from the construct and is prop-
erly targeted to CBs.

Photoactivation of PA-GFP-Coilin in the CB. We simultaneously
injected two in vitro-synthesized transcripts into the cytoplasm of
Xenopus oocytes: PA-GFP-coilin mRNA and Alexa 546-labeled
U7 snRNA. The coilin transcripts are translated in the cytoplasm
into coilin protein, whereas the U7 snRNA is assembled into the
U7 snRNP (20). Both then enter the nucleus and accumulate in
the CBs. The U7 snRNA, which fluoresces red, allows us to
identify CBs before photoactivation of the PA-GFP and serves
as a control for the integrity of the CBs throughout the exper-
iment. The kinetics of PA-GFP-coilin were examined in GVs
isolated in oil. Earlier studies showed that such GVs retain
physiological activity for hours, including RNA transcription (21,
22). Because of its large size (400-�m diameter), the GV must
be squashed under a coverslip to visualize the CBs and other
nuclear components (18).

A suitable CB was located by means of the red fluorescence
of its U7 snRNA. PA-GFP-coilin was then photoactivated in the
whole CB with light from a 405-nm laser. The fluorescence of the
CB was monitored simultaneously at 488 nm (green PA-GFP-
coilin) and 543 nm (red U7 snRNA). Typical results are shown
in Fig. 2A. Over a period of �1 h, the green fluorescence of
PA-GFP-coilin disappears (Fig. 2 A a–d), whereas the red flu-
orescence of U7 snRNA remains invariant (Fig. 2 A f–i). If the
same CB is again photoactivated with the 405-nm laser, the green
fluorescence returns almost to its initial value (Fig. 2 A e),
whereas the red fluorescence remains constant (Fig. 2 A j). The
interpretation of these results is relatively straightforward, based

partly on what we already know from FRAP experiments with
GFP-coilin and U7 snRNA (18). Both coilin and U7 snRNA are
constantly cycling in and out of the CB. At any given time, there
is a small amount of each component in the CB at relatively high
concentration and a much greater amount in the nucleoplasm at
low concentration. PA-GFP-coilin that is activated at the begin-
ning of the experiment leaves the CB over a period of 1 h,
resulting in loss of fluorescence. It is replaced by an equal
amount of unactivated PA-GFP-coilin, which is invisible until it
is photoactivated by another exposure of the CB to 405-nm light.
Cycling of the U7 snRNA cannot be inferred from this experi-
ment, but is known from previous FRAP studies and from the
FRAP experiment illustrated in Fig. 3.

To control for photobleaching during imaging, we isolated
GVs in a saline solution and centrifuged the nuclear contents
onto a microscope slide. In such preparations the nucleoplasm
is washed away and all organelles are in direct contact with the
saline solution. When such isolated CBs are illuminated with
405-nm light, the PA-GFP becomes activated. However, when
the CB is imaged over a period of 1 h at 488 nm, there is only
minimal loss of fluorescence intensity. We used data from such
control CBs for minor correction of PA-GFP intensities ob-
tained in the experiments with oil-isolated GVs (Fig. 2C).

A major advantage of CBs in the oocyte is their large size,
which permits detailed analysis of macromolecules within indi-
vidual CBs. We photoactivated a small spot of PA-GFP-coilin
within a single CB by using the 405-nm laser, and then followed
the loss of fluorescence intensity from this spot (Fig. 2B). Two
features of this experiment were immediately obvious. First, the
loss of intensity was slow, as in the experiments where the entire
CB was photoactivated. Second, the photoactivated area did not
expand to fill the entire CB, as it would have, if the contents of
the CB were in rapid motion.

A detailed analysis showed that three kinetic components
were necessary to fit the loss of fluorescence, and these com-
ponents had roughly the same relative sizes and rate constants
for whole CBs and a spot within a CB (Fig. 2C and supporting
information, which is published on the PNAS web site). More-
over, the rates and relative sizes of the components were similar
to those obtained in our earlier FRAP experiments (18).

Diffusion of PA-GFP-Coilin Within the CB. Although it was clear that
a photoactivated spot did not expand rapidly to fill the whole CB,
visual inspection suggested that the spot diameter did increase
slowly with time. To gain further insight into possible diffusion
of PA-GFP-coilin within the CB, we measured the average

Fig. 1. PA-GFP-coilin is correctly translated in the oocyte cytoplasm, imported into the GV, and targeted to CBs. (A) Western blot of GV proteins from oocytes
that had been injected with transcripts of PA-GFP-coilin. The newly translated protein is detectable as a band at �105 kDa with antibodies against GFP, coilin,
or the HA tag. Endogenous coilin in both control and injected oocytes appears as a band at �75 kDa with anti-coilin antibody. (B) Nuclear organelles from control
oocytes and oocytes injected with transcripts of PA-GFP-coilin. In the injected oocytes, CBs are labeled with antibodies against GFP, coilin, or the HA tag,
demonstrating that PA-GFP-coilin is targeted to CBs. In control oocytes, endogenous coilin is detectable in CBs only with the antibody against coilin. Arrowheads
point to CBs.
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f luorescence intensity in a small circle at the center of the
photoactivated spot and in nine concentric annuli around it. A
plot of intensity against distance from the spot center was fitted
to a Gaussian curve. Curve parameters were determined for the
initial image at time 0, and for each successive image up to 15 min
after photoactivation. The width of the Gaussian curve (�)
increased slowly with time. A plot of �2 against time (Fig. 2D)
yielded a straight line, consistent with a spatially random trans-
port process. Thus, from the slope one can calculate a diffusion
coefficient for PA-GFP-coilin within the CB (23) (for details, see
supporting information). Diffusion coefficients were deter-
mined for 12 CBs, with a range of 0.5–3.7 � 10�3 �m2�sec�1. As
a control, similar measurements were made on CBs from GVs
that had been centrifuged onto a microscope slide and fixed in
paraformaldehyde. The diameter of the photoactivated spot
remained constant in these CBs (Fig. 2D), and there was only a
slight decrease in intensity due to photobleaching.

FRAP Within a Region of Photoactivated PA-GFP-Coilin. To obtain
additional evidence concerning movement of coilin molecules
within the CB, we illuminated a CB in a single spot with the full

intensity of the 405-nm laser for 1 s. After switching to the
488-nm laser, one could see photoactivation of PA-GFP over the
whole of the CB, plus a central bleached spot, where the laser
intensity was highest (Fig. 3Ab). A similar image was seen when
the Alexa 546-U7 snRNA was viewed: a uniformly stained CB
with a central bleached spot. In the case of U7, however, the CB
was fluorescent from the beginning, the new feature being the
bleached area (Fig. 3Ag). During the next hour, the behavior of
the bleached spots was different for coilin and U7 snRNA. The
U7 snRNA behaved as in a typical FRAP experiment (Fig. 3A
h–j). That is, the bleached spot recovered its full intensity due to
import and binding of fluorescent U7 snRNA. The kinetics were
similar to those observed in earlier FRAP experiments (18). The
situation for PA-GFP-coilin was different. Because of exchange
with nonfluorescent PA-GFP-coilin in the nucleoplasm, the CB
gradually lost its f luorescence (Fig. 3B ‘‘unbleached area’’). A
similar decrease in intensity should occur in the central spot, if
there is no bulk movement of photoactivated PA-GFP-coilin
within the CB itself. However, analysis of the intensity data for
the central bleached spot revealed a transient increase during the
first few minutes (Fig. 3B ‘‘bleached spot’’). After this time, the
central spot lost intensity with kinetics essentially identical to
the rest of the CB. We conclude, therefore, that a certain amount
of bulk movement of coilin occurs within the CB on a time scale
of minutes. This observation confirms the more quantitative
analysis made in the spot-photoactivation experiment.

Coilin Kinetics in the CB Are Independent of Ongoing Nucleocytoplas-
mic Exchange. In our typical FRAP or photoactivation experi-
ments, we isolate a GV in oil, squash it under a coverslip, and
carry out observations as quickly as feasible. Under these
conditions, the GV is no longer in contact with the cytoplasm
and there is no ongoing nucleocytoplasmic exchange. To deter-
mine whether the movement of coilin in and out of the CB
subsides after the GV is removed from the oocyte, we isolated
GVs in oil and left them for 4 h before squashing. The kinetics
of fluorescence loss of PA-GFP-coilin (Fig. 4A) or FRAP
kinetics of GFP-coilin (data not shown) were essentially identical
to measurements made on freshly isolated GVs. These results
suggest that the flux of coilin in and out of CBs is independent
of ongoing nucleocytoplasmic exchange, at least over a time
period of 4 h.

Coilin Kinetics in the CB Are Independent of RNA Polymerase (Pol) II
Transcription. Because coilin may play a role in the transport of
snRNPs to the CB, one might expect the kinetics of coilin in the
CB to be influenced by the transcriptional state of the cell. With
this possibility in mind, we examined the behavior of GFP-coilin
and PA-GFP-coilin after inhibition of transcription with
�-amanitin. Oocytes were injected with in vitro synthesized
transcripts of GFP-coilin or PA-GFP-coilin as usual. After
overnight incubation for GFP-coilin or �24 h incubation for
PA-GFP-coilin, 10–20 ng of �-amanitin was injected into the
GV, yielding a final concentration of �10–20 �g�ml, on the
assumption that the inhibitor diffuses throughout the oocyte
volume. To assess the effect of the inhibitor, GVs were isolated
in saline after �20 min and examined by immunostaining. Such
preparations exhibited two features diagnostic of pol II inhibi-
tion: the lampbrush chromosomes were devoid of lateral loops,
and they failed to stain with mAb H14, which recognizes the
C-terminal domain of pol II when serine-5 is phosphorylated
(24). In keeping with earlier �-amanitin experiments, CBs in
such preparations still stained with mAb H14, showing that they
contained phosphorylated pol II (25). GVs were also isolated in
oil and squashed for observation in the confocal microscope. The
CBs in these oil-isolated GVs were subjected to FRAP for
GFP-coilin or photoactivation for PA-GFP-coilin. In both cases
the kinetics of fluorescence recovery or loss were indistinguish-

Fig. 2. Photoactivated PA-GFP-coilin disappears from CBs over a time period
of �1 h. (A) (a) Before activation, the CB is not detectable at 488 nm. (b) After
photoactivation of PA-GFP-coilin with light of 405 nm, the CB fluoresces
strongly at 488 nm. (c and d) Over time, the fluorescence disappears. (e)
Fluorescence in the CB can be reactivated at the end of the observations,
demonstrating that unactivated PA-GFP-coilin from the nucleoplasm has
replaced activated PA-GFP-coilin in the CB. ( f–j) The fluorescence of Alexa
546-labeled U7 snRNA in the same CB remains unchanged during the exper-
iment. (B) An experiment similar to that in A, except that only a small spot
inside the CB was photoactivated. (a and b) Before photoactivation Alexa-
546-U7 snRNA in the CB fluoresces at 543 nm (a), but PA-GFP-coilin in the same
CB is not detectable at 488 nm (b). (c–e) After photoactivation, PA-GFP-coilin
disappears from the CB over a period of �1 h. (C) Quantitative data showing
loss of PA-GFP-coilin from CBs as a function of time after photoactivation. The
kinetics are similar for activation of the whole CB (filled diamonds) and of a
spot within the CB (open circles). (D) Quantitative data showing very slow
diffusion of PA-GFP-coilin within a CB. The increasing diameter (�) of a
photoactivated spot within a CB was determined for a period of 15 min after
photoactivation. From the plot of �2 versus t, one can calculate a diffusion
coefficient (D) from the relationship D � �2�8t (23). A spot within a fixed CB
showed no increase in diameter.
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able from the kinetics in control GVs (Fig. 4 B and C). These
experiments demonstrate that ongoing transcription is not
necessary for the exchange of coilin between CBs and the
nucleoplasm.

Discussion
Earlier studies of GFP-coilin in the nuclei of cultured mamma-
lian cells (26–28) and in the Xenopus GV (18) showed that coilin
in the CB continuously exchanges with coilin in the nucleoplasm.
In the GV, there are three kinetic components with half times
of �14 s, 7.2 min, and 33 min (18). FRAP studies give infor-
mation primarily about the entrance of a component from the
nucleoplasm to the CB. Exit of components can be determined
by fluorescence loss in photobleaching (FLIP) experiments, also
called inverse FRAP or iFRAP (29). In a FLIP experiment, the
area outside the fluorescent object of interest is repeatedly
bleached until all f luorescence has left the object (and the
nucleus or cell, as the case may be). Because of the enormous
volume of the GV, a FLIP experiment to visualize loss of
fluorescence from CBs is not possible. Here, photoactivation of
PA-GFP-coilin provides a direct measure of exit. Our data show
that coilin leaves the CB with kinetics very similar to those of its
entrance. Thus, the data for coilin leaving the CB (Figs. 2C, 3B,
and 4 A and B) cannot be fitted to a single exponential curve, but
require at least three components. The half times of these
components are 53 s, 7.3 min, and 33.5 min (see supporting
information for details). In an earlier study of coilin, we sug-

gested that the relatively slow kinetics of CB components are
consistent with the assembly of large macromolecular complexes
inside the CB (18).

The fine structure of CBs from the Xenopus GV has been
examined by electron microscopy (30). The entire interior of the
body consists of (at least) two kinds of interspersed granules.
One granule has a diameter of 20–30 nm, is heavily contrasted
by osmium and uranium, and closely resembles the interchro-
matin granules that make up the speckles or B snurposomes. The
other granule is 30–50 nm in diameter and is of lower contrast.
Like other nuclear organelles, CBs are devoid of a detectable
limiting membrane or other type of investing material. Further-
more, there is no evident internal skeleton or fibrous network
that could supply rigidity to the body. Granules with diameters
of 20–50 nm, if free in a dilute aqueous solution, would have
diffusion coefficients (D) ranging from �10 to 20 �m2�s�1 (31),
some four orders of magnitude greater than the measured D for
PA-GFP-coilin inside the CB. If we assume that coilin is in one
of the granules, the measured D implies that there are severe
constraints on the free movement of the granules.

High viscosity and�or high physical density (molecular crowd-
ing) could contribute to reduced diffusion. In an earlier study, we
presented qualitative FRAP data suggesting that the viscosity of
CBs is not a significant factor (18). In addition, we have recently
completed an interferometric study of nuclear organelles and
found that the protein concentration inside CBs is only slightly
higher than that of the nucleoplasm in which they are suspended

Fig. 3. Behavior of a photobleached spot within a photoactivated CB. (A) Before photoactivation, the CB is not detectable at 488 nm (PA-GFP-coilin) (a), but
fluoresces strongly at 543 nm (Alexa 546-U7 snRNA) ( f). When illuminated with the full intensity of the 405-nm laser for 1 s, PA-GFP-coilin is photoactivated
throughout the CB and a spot is photobleached where the beam is most intense (b). A spot is also bleached in the Alexa-546-U7 snRNA (g). Over time, the
PA-GFP-coilin disappears, whereas the Alexa-546-U7 snRNA undergoes conventional FRAP (c–e and h–j). (B) Quantitative data showing typical loss of intensity
for PA-GFP-coilin in the photoactivated (unbleached) area of the CB (open circles). Within the bleached spot, the intensity increases for a few minutes and then
decreases with kinetics similar to the unbleached area (filled diamonds).

Fig. 4. The kinetics of coilin in the CB are independent of ongoing nucleocytoplasmic exchange or transcription. (A) PA-GFP-coilin leaves a photoactivated spot
in a CB at the same rate in freshly isolated GVs (filled diamonds) as in isolated GVs held in oil for 4 h before observation (open circles). (B) PA-GFP-coilin leaves
a photoactivated spot in a CB at the same rate in control GVs (filled diamonds) as in GVs from transcriptionally inactive oocytes (�-amanitin injected) (open circles).
(C) FRAP kinetics of GFP-coilin are the same in control (filled diamonds) and transcriptionally inactive oocytes (�-amanitin injected) (open circles).
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(150 mg�ml for CBs versus 110 mg�ml for the nucleoplasm).
Because neither high viscosity nor high physical density is likely
to be a significant factor impeding the movement of granules
inside CBs, there must be other constraints. Attachment of the
granules to a scaffold or matrix could provide such a constraint,
but until now there is no morphological evidence for this type of
structure within the CB. In the absence of other factors, it may
be that CB granules have limited mobility because of strong
cohesive forces. Such forces might also help to explain why CBs
so often have a perfectly spherical shape (4, 32). Lacking both
an external limiting membrane and a rigid skeleton, CBs should
assume a spherical shape, if their constituent granules are
constrained primarily by high cohesive forces.

In summary, our study of PA-GFP-coilin confirms earlier
FRAP analyses showing that CBs are dynamic structures. At
least some of their macromolecular constituents, including coi-
lin, are in dynamic equilibrium with the same constituents in the
nucleoplasm. Our study also reveals the unanticipated fact that
coilin within the CB exhibits extremely slow diffusion. One
possibility is that coilin resides in some of the 25- to 50-nm
granules detected by electron microscopy within the CB, and that
these granules exhibit strong cohesive forces.
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Institute of General Medical Sciences�National Institutes of Health
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