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Although early studies suggested that little compartmentalization exists within the nucleus, more recent studies on
metazoan systems have identified a still increasing number of specific subnuclear compartments. Some of these com-
partments are dynamic structures; indeed, protein and RNA–protein components can cycle between different domains.
This is particularly evident for RNA processing components. In plants, lack of tools has hampered studies on nuclear
compartmentalization and dynamics of RNA processing components. Here, we show that transient expression of
fluorescent protein fusions of U1 and U2 small nuclear ribonucleoprotein particle (snRNP)-specific proteins U1-70K, U2B�,
and U2A�, nucleolar proteins Nop10 and PRH75, and serine-arginine-rich proteins in plant protoplasts results in their
correct localization. Furthermore, snRNP-specific proteins also were correctly assembled into mature snRNPs. This system
allowed a systematic analysis of the cellular localization of Arabidopsis serine-arginine-rich proteins, which, like their
animal counterparts, localize to speckles but not to nucleoli and Cajal bodies. Finally, markers for three different nuclear
compartments, namely, nucleoli, Cajal bodies, and speckles, have been established and were shown to be applicable for
colocalization studies in living plant protoplasts. Thus, transient expression of proteins tagged with four different
fluorescent proteins is a suitable system for studying the nuclear organization of spliceosomal proteins in living plant
cells and should therefore allow studies of their dynamics as well.

INTRODUCTION

Removal of introns from eukaryotic pre-mRNAs takes place
in the spliceosome, the most complex molecular machine
characterized thus far. Spliceosome assembles from five
small nuclear ribonucleoprotein particles (snRNPs) and nu-
merous additional proteins. Each snRNP consists of RNA
and seven so-called Sm proteins (LSm in U6 snRNP), SmB,
SmD1, SmD2, SmD3, SmE, SmF, and SmG, which are com-
mon to U1, U2, U4, and U5 snRNPs. In addition, each
snRNP contains a set of snRNP-specific proteins (Krämer,
1996; Burge et al., 1999; Kambach et al., 1999; Will and
Lührmann, 2001). After synthesis, snRNAs (except U6
snRNA) are exported to the cytoplasm where they assemble
with seven Sm core proteins and acquire a trimethyl-
guanosine (m3G) cap structure at their 5� end. Such preas-
sembled snRNPs are imported back to the nucleus where
they finally associate with snRNP-specific proteins (Kam-
bach et al., 1999; Will and Lührmann, 2001). The majority of
proteins involved in splicing, including snRNP-specific pro-

teins, enter the nucleus separately by an active transport
mechanism. On nuclear entry spliceosomal components do
not distribute randomly, rather they localize into distinct
subnuclear compartments. The best studied and the most
prominent nuclear compartment is the nucleolus; however,
splicing factors usually do not localize into it. Exceptions are
snRNPs, which transiently pass through the nucleolus on
their nuclear maturation pathway (Sleeman and Lamond
1999a). Splicing factors accumulate in the nucleus in an
irregular network called splicing factor compartment or
speckles (Misteli and Spector, 1998; Sleeman and Lamond,
1999b; Lamond and Spector, 2003). At the ultrastructural
level speckles can be divided into perichromatin fibrils,
which contain nascent transcripts and are usually at the
periphery of splicing factor compartments, and interchro-
matin granule clusters (IGCs). Active genes are not found in
the IGCs, which led to the proposal that this nuclear com-
partment serves as storage/assembly factory for spliceoso-
mal components. Consistent with this idea are observations
that 1) splicing factors move from speckles to their periphery
(perichromatin fibrils) upon activation of transcription, 2)
transcription active sites do not colocalize with IGCs but are
rather found on their periphery, and 3) IGCs increase in size
and in splicing factor content upon inhibition of splicing or
transcription (Dundr and Misteli, 2001; Lamond and Spec-
tor, 2003). Thus, speckles are dynamic structures, and both
their protein and RNA components cycle continuously be-
tween speckles and other nuclear compartments (Misteli
and Spector, 1998; Carmo-Fonseca, 2002a; Lamond and
Spector, 2003). In mammalian cells speckles can be easily
visualized by fluorescence microscopy by using antibodies
against various splicing factors. The most widely used mark-
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ers for speckles are members of serine-arginine-rich (SR)
phosphoproteins, which are involved in splice site selection
in both constitutive and alternative splicing. Localization of
SR proteins in nuclear speckles depends on their phosphor-
ylation status, and phosphorylation/dephosphorylation is
considered as an important regulatory mechanism for re-
cruiting splicing factors from speckles to transcriptionally
active sites (Misteli and Spector, 1998; Carmo-Fonseca,
2002a; Lamond and Spector, 2003).

In addition to speckles, spliceosomal snRNPs also accu-
mulate in a sphere nuclear compartment called Cajal body
(Carmo-Fonseca et al., 1991a,b; Wu et al., 1991; Matera and
Ward, 1993; Visa et al., 1993). Cajal bodies are found in the
nuclei of plant and animal cells, and the number and size of
Cajal bodies per cell are subject to change, depending on cell
type and cell cycle (Gall, 2000; Ogg and Lamond, 2002). Cajal
bodies are very often located at the nucleolar periphery and
even within nucleoli. This feature is particularly prominent
in plant cells where virtually all Cajal bodies localize to
nucleolar periphery (Beven et al., 1995; Boudonck et al.,
1998). The most intriguing feature of Cajal bodies is their
movement; however, their function is still unclear (Boud-
onck et al., 1999; Platani et al., 2000; Snaar et al., 2000). Recent
evidence suggests that Cajal bodies might be involved in
maturation and transport of snRNPs and small nucleolar
ribonucleoprotein particles within the nucleus (Sleeman and
Lamond, 1999a; Carmo-Fonseca, 2002b; Ogg and Lamond,
2002). Moreover, some other functions, in particular their
involvement in the assembly of the transcriptional machin-
ery have been proposed (Gall, 2000, 2001).

Little is known about the organization of spliceosomal
machinery in plant cell nuclei (Simpson and Filipowicz,
1996). One reason is that this issue was not yet systemati-
cally addressed, presumably because of the lack of good
quality antibodies against plant splicing factors. By using
monoclonal antibody against the human U2 snRNP-specific
protein U2B�, and later, green fluorescent protein (GFP)
fusion of potato U2B�, it has been shown that U2 snRNP
accumulates in Cajal bodies and in a diffuse nucleoplasmic
pool in bean, tobacco, Arabidopsis, and onion cells (Beven et
al., 1995; Boudonck et al., 1998; Cui and Moreno Diaz de la
Espina, 2003). In addition, in situ hybridization with U2
snRNA-specific probes revealed the same staining pattern,
indicating that U2B� is a good marker for Cajal bodies in
plant cells (Beven et al., 1995; Boudonck et al., 1998). Simi-
larly, by using U6 snRNA-specific probes it has been shown
that U6 snRNP also accumulates in Cajal bodies as well as in
a diffuse nucleoplasmic pool (Beven et al., 1995). In contrast,
U1 snRNP was rarely found in Cajal bodies (Beven et al.,
1995). More recently, cellular localization of some SR pro-
teins have been analyzed in transgenic Arabidopsis plants
expressing fluorescent protein (FP)-tagged proteins (Ali et
al., 2003; Docquier et al., 2004; Fang et al., 2004). In addition,
RSZ33, a plant-specific SR protein, also was shown to be a
nuclear protein localized in a speckled pattern when ex-
pressed in tobacco protoplasts (Lopato et al., 2002).

In this work, we set out to develop plasmids that can be
used in transient transformation assays in plant protoplasts.
Several proteins with known or unknown subnuclear local-
ization were fused to GFP, red fluorescent protein (RFP),
monomeric RFP (mRFP) (Campbell et al., 2002), yellow flu-
orescent protein (YFP), and cyan fluorescent protein (CFP)
and analyzed for their localization in transiently trans-
formed tobacco and Arabidopsis protoplasts by using confo-
cal laser scanning microscopy. We show that transient ex-
pression of spliceosomal proteins in plant protoplasts results
in their correct localization, and in case of snRNP-specific

proteins, in correct assembly into mature snRNPs, making
this system suitable for studying nuclear organization of the
spliceosomal machinery in living plant cells.

MATERIALS AND METHODS

Construction of Plasmids Expressing RFP, mRFP, YFP,
and CFP
pDEDH-GFP has been described by Lambermon et al. (2000). pDEDH-HA has
been described by Genschik et al. (1997). pDEDH-RFP, pDEDH-mRFP, pD-
EDH-YFP, and pDEDH-CFP were constructed by cloning of RFP (dsRED; BD
Biosciences Clontech, Palo Alto, CA), mRFP (Campbell et al., 2002), YFP (BD
Biosciences Clontech), and CFP (BD Biosciences Clontech) open reading
frames into pDEDH/Nco (Goodall and Filipowicz, 1989; Lambermon et al.,
2000). RFP and mRFP were polymerase chain reaction (PCR) amplified with the
following primers: RFP5� CTGCAGGGATCCATGGTGCGCTCCTCCAAGA-
ACGTC, RFP3� CTGGACATGCATCTACAGGAACAGGTGGTGGCG, mRFP5�
GTCAGCGGATCCATGGCCTCCTCCGAGGACGTCATC,andmRFP3�GACTG-
CATGCATTTCGGCGCCGGTGGAGTGGC, which introduce BamHI and NsiI re-
striction sites (in bold) in front of start and after stop codons, respectively. YFP and
CFP were PCR amplified with the following primers: YFP5� CGTATGGATCCAT-
GGTGAGCAAGGGCGAGGAGC, YFP3� GTCATCTGCAGTTACTTGTACAGC-
TCGTCCATG, CFP5� CGTACGGATCCGTGAGCAAGGGCGAGGAGC, and
CFP3� ATGCGACTGCAGTTAGCTCTTGTACAGCTCGTCCA, which introduce
BamHI and PstI restriction sites in front of start and after stop codons, respectively.
Cut PCR products were ligated into BamHI and PstI opened pDEDH/Nco.

Construction of Plasmids for the Expression of
Fluorescent Protein Fusion Proteins
To clone full-length SCL28, SCL30, SCL30a, SCL33, atSC35 (Lopato et al.,
2002), SRp30, SRp34 (Lopato et al., 1999b), RSZp21, RSZp22 (Lopato et al.,
1999a), RSZ33 (Lopato et al., 2002), RSp31, RSp40 (Lopato et al., 1996), U1-70K
(Golovkin and Reddy, 1996), U2B� (at2g30260), U2A� (at1g09760), Nop10
(at2g20490), SmB (at4g20440), and PRH75 (Lorkovic et al., 1997) into plant
expression vectors pDEDH-GFP and pDEDH-RFP, the coding regions were
PCR amplified by using the following primers: SCL28 5� primer, TGCGC-
CCGGGAATAAACCATGGCTAGAGCGAGAAGCCGGA, 3� primer, TATT-
GCGGATCCACGACTTAAGGATCGAGAAC; SCL30 5� primer, TGCG-
GGTCGACAATAAACCATGAGGAGATACAGTCCGCCTTA,3�primer,TAT-
TGCAGATCTTGGAGATACCTCCACAGACC; SCL30a 5� primer, TGC-
GGGTCGACAATAAACCATGAGAGGAAGGAGCTACAC, 3� primer, TAT-
TGCAGATCTCTGCTTGGAGAACGGTCTC; SCL33 5� primer, TGCGG-
GTCGACAATAAACCATGAGGGGAAGGAGCTACACTCC,3�primer,TATT-
GCGGATCCCTGGCTTGGTGAACGGTCTT; atSC35 5� primer, TGCG-
GGTCGACAATAAACCATGTCGCACTTCGGAAGGTCAGG,3�primer,TAT-
TGCGGATCCTTCCGCAGCATAAGGAGATTG; SRp30 5� primer,
TGCGGCCCGGGAATAAACCATGGGTAGCCGATGGAATCGTACG, 3�
primer, TATTGCGGATCCACCAGATATCACAGGTGAAAC; SRp34 5�
primer, TGCAGGTCGACAATAAACCATGAGCAGTCGTTCGAGTAGA,
3� primer, TATTGCGGATCCCCTCGATGGACTCCTAGTGTG; RSp31 5�
primer, TGCGCCCGGGAATAAACCATGAGGCCAGTGTTCGTCGGCA;
3� primer, TATTGCGGATCCAGGTCTTCCTCTTGGGACTG; RSp40 5�
primer, TGCGGGTCGACAATAAACCATGAAGCCAGTCTTCTGTGGGAA,
3� primer, TATTGCGGATCCCTCGTCAGCTGGTGGCGAAC; RSZp21 5�
primer, TGCGGCCCGGGAATAAACCATGGCGAGGGTTTATGTCGGGA,
3� primer, TATTGCGGATCCCACCCCATTGGCATATGGCG; RSZp22 5� primer,
TGCGGGTCGACAATAAACCATGTCACGTGTGTACGTCGGA, 3� primer, TAT-
TGCGGATCCGCTCCTGCTTCTGCGTCTT; RSZ33 5� primer, TGCGGGTC-
GACAATAAACCATGCCTCGCTATGATGATCGCTA; 3� primer, TATTGCG-
GATCCAGGAGACTCACTTCCTCTAG; U1–70K 5� primer, TGCAGGTCG-
ACAATAAACCATGGGAGACTCCGGCGATCCT, 3� primer, TATGGC-
AGATCTACGAACATACTCTCGCGATTC; U2B“ 5� primer, GTCGAGTC-
GACAATAAACCATGTTAACGGCAGATATACCA, 3� primer, TATTGC-
GGATCCTTTCTTGGCGAAAGAGATG; U2A’ 5� primer, ACTAGGT-
CGACAATAAACCATGGTGAAGCTCACGGCTGA, 3� primer, AGCATGG-
ATCCTTCCTCCATGGGAGCAGAG; SmB 5� primer, ACTAGGTCGAC-
AATAAACCATGTCGATGTCGAAGAG, 3� primer, AGCATGGATCCCTG-
CTGCTGATTATGTG; Nop10 5� primer, ACTAGGTCGACAATAAA-
CCATGTATCTTCAGTGCT, 3� primer, AGCATGGATCCGTACTGGAG-
AGGTGC; PRH75 5� primer, TGCGGGTCGACAATAAACCATGCCT-
TCCCTAATGTTATCTGATAAG, 3� primer, TTATTGCGGATCCATATC-
TCTGGCCTCTACCA. The 5� primers for SCL28, SRp30, RSZp21, RSp31
introduced XmaI restriction sites; 5� primers of SCL30, SCL30a, SCL33,
atSC35, SRp34, RSZp22, RSZ33, RSp40, U2B�, U2A�, SmB, Nop10, and PRH75
introduced SalI restriction sites (in bold), followed by the plant consensus
translation initiation sequence (in italics). The 3� primers for SCL30 and
SCL30a, and U1-70K introduced BglII restriction sites (in bold) in place of the
stop codon, whereas all other 3� primers introduced BamHI restriction sites.
The PCR products were cut with the respective restriction enzymes and
ligated into correspondingly opened pDEDH-GFP, pDEDH-RFP, pDEDH-
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mRFP, pDEDH-YFP, and pDEDH-CFP, resulting in C-terminally tagged GFP,
RFP, mRFP, YFP, and CFP fusion constructs, respectively. The same PCR
products were used for construction of hemagglutinin (HA)-tagged proteins
in pDEDH-HA.

Preparation and Transient Transformation of Tobacco and
Arabidopsis Protoplasts
Nicotiana tabacum SR1 mesophyll protoplasts were isolated and transformed
with 20 �g of plasmid DNA per 1 million of protoplasts by the polyethylene
glycol method as described by Koop et al. (1996). Arabidopsis cell suspension
protoplasts were prepared and transformed as described in Meskiene et al.
(2003). Protoplasts were analyzed 24 h after transformation by confocal laser
scanning microscopy.

Preparation of Whole Cell Extracts from Transiently
Transformed Protoplasts and Immunoprecipitation
Twenty-four hours after transformation protoplasts were collected by centrif-
ugation (15 min, 70 � g), frozen in liquid nitrogen, and resuspended in
protoplast extraction buffer (PEB400; 50 mM HEPES-KOH, pH 7.9, 400 mM
KCl, 2.5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 0.1% Triton X-100),
supplemented with EDTA-free protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany). One hundred microliters of PEB400 was used per 1
million protoplasts. The suspension was shortly vortexed and then sonicated
three times for 6 s. An additional 100 �l of PEB400 was added to the extract,
and the suspension was incubated on ice for 20 min with occasional mixing.
After 15-min centrifugation in an Eppendorf centrifuge at maximum speed at
4°C, the supernatant was mixed with PEB without KCl to adjust KCl concen-
tration to 250 mM (PEB250). Protein extracts prepared from transformed
protoplasts were incubated with anti-GFP mAb (Roche Diagnostics) for 1
hour on ice and then mixed with protein A-Sepharose (Amersham Biosciences
AB, Uppsala, Sweden) and incubated on a rotary shaker additional 3 h at 4°C.
After three washings with 1 ml of PEB200 and one washing with 1 ml of
PEB250 the beads were resuspended in 100 �l of TE buffer containing 0.5%
SDS and extracted with phenol/chloroform. RNA was precipitated by addi-
tion of 40 �g of glycogen and 2.5 volumes of ethanol, labeled by [32P]pCp
ligation and analyzed on 8% denaturing PAA gels. Proteins were precipitated
from the organic phase by addition of 7 volumes of acetone, resuspended in
30 �l of loading buffer, and analyzed by SDS-PAGE and Western blotting. In
cases where only precipitated proteins were analyzed (immunoprecipitations
with anti-m3G and anti-PRH75 antibodies), immunoprecipitates were directly
resuspended in 30 �l of SDS-PAGE loading buffer and analyzed by Western
blotting. In all cases, control immunoprecipitation was performed with pro-
tein A-Sepharose beads alone. Protein extract prepared from 2 million trans-
formed cells was used for one immunoprecipitation. Immunoprecipitations
with anti-m3G (Lührmann et al., 1982) and anti-PRH75 antibodies were per-
formed as described above, except that the antibodies were first bound to
protein A-Sepharose and then mixed with protein extract.

Confocal Microscopy
Images were obtained with a TCS-SP confocal microscope (Leica Microsys-
tems, Heidelberg, Germany). GFP and RFP were excited with an ArKr laser at
476 and 568 nm, respectively. GFP was detected at 510 to 550 nm, and RFP
and mRFP were detected at 630 to 680 nm. YFP was excited by two photon
equipment at 820 nm. Images were exported to Adobe Photoshop software
and prepared for presentation.

SDS-PAGE and Western Blotting Analysis
Proteins were separated by SDS-PAGE on 12% gels and were electroblotted
on a polyvinylidene difluoride membrane (Millipore, Billerica, MA). Blots
were developed by using enhanced chemiluminescence system (Amersham
Biosciences, UK, Little Chalfont, Buckinghamshire, United Kingdom). Anti-
bodies were diluted as follows: mouse monoclonal anti-GFP 7.1 and 13.1
(Roche Diagnostics), 1:1000; rat monoclonal anti-HA 3F10 (Roche Diagnos-
tics), 1:1000; rabbit polyclonal anti-PRH75, 1:500; rabbit polyclonal anti-RZ1,
1:500; goat anti-rat IgG horseradish peroxidase-conjugated (Sigma-Aldrich,
St. Louis, MO), 1:10,000; goat anti-mouse IgG horseradish peroxidase-conju-
gated (Bio-Rad, Hercules, CA), 1:10,000; and goat anti-rabbit IgG horseradish
peroxidase-conjugated (Sigma-Aldrich), 1:20,000.

RESULTS

The lack of specific antibodies against plant spliceosomal
proteins made it impossible to analyze the subnuclear orga-
nization of the splicing machinery in plant cells by indirect
immunofluorescence. However, correct localization of GFP-
tagged proteins in plant cells, among them also some splic-
ing factors (Boudonck et al., 1999; Lopato et al., 2002; Ali et
al., 2003; Docquier et al., 2004; Fang et al., 2004), has been well

documented. For example, a GFP fusion of potato U2
snRNP-specific protein U2B� expressed in stably trans-
formed tobacco BY-2 cells and in Arabidopsis plants was
shown to localize into a pattern that includes diffuse nucle-
oplasmic staining and strong accumulation in Cajal bodies
(Boudonck et al., 1999). In addition, analyses of transgenic
Arabidopsis plants expressing SR proteins SR45, RSp31,
SCL33/SR33, SRp34/SR1, and SRp30 revealed speckled nu-
clear localization patterns (Ali et al., 2003; Docquier et al.,
2004; Fang et al., 2004). However, generation of stable trans-
genic plants or cell suspension lines is time-consuming and
does not allow simultaneous analysis of many proteins. In
particular, colocalization studies that require at least two
different fluorescent markers are very laborious when using
transgenic plants. Therefore, we constructed plasmids for
expression of RFP, mRFP, YFP, and CFP proteins, which
together with the previously described pDEDH-GFP (Lam-
bermon et al., 2000) allow construction of C-terminal FP
fusions of the protein of interest and analysis of fusion
proteins in transient assays in plant protoplasts. All plas-
mids, along with pDEDH-GFP (Lambermon et al., 2000),
were transformed into tobacco mesophyll and Arabidopsis
cell suspension protoplasts and 24 h after transformation
protoplasts were analyzed for the expression of fluorescent
proteins by confocal microscopy. All four fluorescent pro-
teins are successfully expressed in both cell types, showing
localization in both cytoplasm and the nucleus (Supplemen-
tal Figure 1), as reported previously for GFP (Lambermon et
al., 2000). In addition, expression of GFP, CFP, and YFP
proteins also was analyzed by Western blotting, which in-
dicated similar expression levels (our unpublished data), as
expected from the fact that all proteins are expressed from
the same promoter, with the same 5� leader sequence and
the same 3� untranslated region.

Transient Expression of U2 snRNP-specific Proteins U2B�
and U2A�: Markers for Cajal Bodies
To find out whether transient expression of FP-tagged spli-
ceosomal proteins can be used for studying nuclear organi-
zation of the spliceosomal machinery in living plant proto-
plasts, FP fusions of Arabidopsis U2 snRNP-specific proteins
U2B� and U2A� were constructed. Both, U2B�-GFP (Figure
1A) and U2A�-GFP (Figure 1B) fusion proteins as well as
U2B�-mRFP, U2B�-YFP and U2B�-CFP (Figure 1A; our un-
published data) were found in the nucleus within a diffuse
nucleoplasmic pool and in Cajal bodies, which in most cases
localized next to the nucleoli (seen as black areas). Virtually
all cells transformed showed the same localization pattern.
In a small percentage of transformed cells, irrespective of the
FP tag used, both U2B� and U2A� also were found in the
central nucleolar vacuole (Figure 1A, see U2B�-mRFP, and
Figure 1B, broken arrows). The same nuclear patterns were
observed with GFP-tagged SmB protein, a core component
of U1, U2, U4, and U5 snRNPs (our unpublished data; but
see third rows in Figure 4, A and E). The observed nuclear
patterns of U2B� and U2A� resemble that described previ-
ously by means of 1) indirect immunofluorescence with
U2B�-specific antibodies (Beven et al., 1995; Boudonck et al.,
1998); 2) RNA fluorescence in situ hybridization with U2
snRNA probe (Beven et al., 1995); and 3) expression of U2B�-
GFP fusion protein in transgenic Arabidopsis plants and to-
bacco BY-2 cells (Boudonck et al., 1999). However, we have
to mention here that the majority of transformed cells also
showed localization of U2B�-GFP, U2B�-mRFP, U2B�-YFP,
U2B�-CFP, and U2A�-GFP fusion proteins in the cytoplasm
(Figure 1C; shown are only cells expressing GFP fusion
proteins), even 48 h after transformation (also see DISCUS-
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SION). Western analysis of cell lysates prepared from trans-
formed cells showed that U2B�-GFP and U2A�-GFP fusion
proteins are expressed at similar levels without detectable
degradation products (Figure 1D).

Transient Expression of U1 snRNP-specific Protein 70K
To substantiate results obtained with U2 snRNP-specific
proteins, analysis of Arabidopsis U1 snRNP-specific protein
70K (Golovkin and Reddy, 1996) fused to GFP or RFP was
performed. Transient expression of RFP- (Figure 2, A and B)
or GFP (Figure 2C)-tagged Arabidopsis U1-70K protein in
tobacco (Figure 2, A and B; and Figure 2C, left) or in Arabi-
dopsis (Figure 2C, right) protoplasts resulted in accumulation
of fusion proteins in the nucleus, in a characteristic network
of speckles. Only a small portion of both cell types used
showed localization of U1-70K in Cajal bodies (Figure 2C,
broken arrow on the right), consistent with the fact that U1
snRNP does not accumulate in Cajal bodies in plant cells
(Beven et al., 1995). In contrast to FP-tagged U2B� and U2A�
proteins, RFP- and GFP-tagged U1-70K was found exclu-
sively in the nucleus already at the time point when fluo-
rescence can be first detected (usually 4–5 h after transfor-
mation).

Thus, results obtained with transient expression of FP-
tagged U2 and U1 snRNP-specific proteins in protoplasts
provide strong evidence that this system can be used to
study the nuclear organization of the spliceosomal machin-
ery in living plant cells.

Transient Expression of U1 and U2 snRNP-specific
Proteins Results in Correct Assembly into Mature snRNPs
To further substantiate confocal microscopy results obtained
with U1 and U2 snRNP-specific proteins, immunoprecipita-
tions with protein extracts prepared from protoplasts trans-
formed with plasmids expressing U1-70K-GFP, U2B�-GFP
and U2A�-GFP fusion proteins were performed. All three
proteins were efficiently precipitated with anti-GFP anti-
body (Figure 3, A–C, lane 3), and more importantly with
antibody against the m3G cap at the 5� end of U snRNAs
(Figure 3, A–C, lane 4). None of the proteins was found in
the pellet after incubation with protein A-Sepharose beads
alone (Figure 3, A–C, lane 2). In addition, analysis of immu-
noprecipitates obtained with anti-GFP antibody for the pres-
ence of snRNAs revealed efficient coprecipitation of U1

snRNA with U1-70K-GFP (Figure 3D, lane 4) and U2 snRNA
with U2B�-GFP and U2A�-GFP fusion proteins (Figure 3D,
lanes 2 and 3), but not of other spliceosomal snRNAs. Fi-
nally, immunoprecipitations with protein extracts prepared
from protoplasts coexpressing U2B�-GFP and U2A�-HA or
U2A�-GFP and U2B�-HA fusion proteins resulted in efficient

Figure 1. Analysis of FP-tagged U2 snRNP-
specific proteins U2B� and U2A� in transiently
transformed Arabidopsis protoplasts. (A) Localiza-
tion of U2B�-GFP, U2B�-mRFP, and U2B�-YFP fu-
sion proteins. Arrows and arrowheads point to
nucleoli and Cajal bodies, respectively. Broken ar-
row points to the central nucleolar vacuole. (B)
Localization of U2A�-GFP fusion protein. Arrows
and arrowheads point to nucleoli and Cajal bod-
ies, respectively. (C) U2A�-GFP and U2B�-GFP fu-
sion proteins localize to nucleus and cytoplasm.
Arrowheads point to Cajal bodies and arrows to
nucleoli. Bars, 7 �m (A and B) and 25 �m (C). In
A–C, single confocal sections with corresponding
DIC images are shown. (D) Immunodetection of
U2A� and U2B� GFP fusion proteins in protein
extract from transformed protoplasts. Total pro-
tein extracts were analyzed by SDS-PAGE and
Western blotting with anti-GFP antibody. Molec-
ular mass standards in kilodaltons are indicated
on the left.

Figure 2. Analysis of GFP- and RFP-tagged U1 snRNP-specific
protein 70K in transiently transformed tobacco and Arabidopsis pro-
toplasts. (A) Localization of RFP-tagged U1-70K protein in tobacco
protoplasts. Autofluorescence of chloroplasts was collected in blue
channel. Arrowheads point to nuclei. (B) Nucleus of the cell shown
in A at higher resolution. Arrows point to nucleolus. (C) Localiza-
tion of GFP-tagged U1-70K protein in tobacco (left image) and
Arabidopsis protoplasts (right image). Only nuclei are shown. Ar-
rows point to nucleoli and broken arrow points to Cajal body. In
A–C, single confocal sections are shown, with corresponding DIC
images in A and B. Bars, 50 �m (A) and 4 �m (B and C).
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coprecipitation of the two proteins (Figure 3E, lane 3, and
Figure 3F, lane 2), indicating correct assembly of transiently
expressed proteins into mature snRNPs.

Together, immunoprecipitation data and localization
studies by confocal microscopy clearly demonstrated that
transient expression of U1 and U2 snRNP-specific pro-
teins in protoplasts results not only in correct localization
but also in efficient incorporation into mature snRNPs. In
addition, U2 snRNP-specific proteins U2B� fused to GFP,
mRFP, and YFP, and U2A� fused to GFP proved to be
good markers for Cajal bodies in transiently transformed
plant protoplasts.

Colocalization of FP-Tagged Proteins in Transiently
Transformed Plant Protoplasts
Having established a transient expression system in which
FP-tagged proteins localize and assemble correctly, we
asked next whether this system can be used for colocaliza-
tion studies of two different proteins. Arabidopsis protoplasts
were cotransformed with plasmid combinations indicated in
Figure 4, and 24 h later analyzed by confocal laser scanning
microscopy. In general, �50% of transformed cells showed
expression of both FP-tagged proteins.

Because U2B� and U2A� are components of the same
snRNP, we asked whether they colocalize in cotransformed
cells. Arabidopsis protoplasts coexpressing U2B�-mRFP and
U2A�-GFP showed perfect colocalization of proteins in Cajal
bodies and nucleoplasm (Figure 4A, two top rows). This is

consistent with the coprecipitation of these two proteins
(Figure 3, E and F). In addition, coexpression of SmB-GFP
and U2B�-mRFP resulted in colocalization of the two pro-
teins in Cajal bodies and nucleoplasm (Figure 4A, third
row), consistent with the fact that SmB is component of the
U2 snRNP as well.

U1-70K was shown to localize in a speckled pattern in the
nucleoplasm. In addition, in a small percentage of cells
localization in Cajal bodies also was observed (Figure 2C).
This localization pattern is different from those obtained
with U2B� and U2A� proteins. Coexpression of RFP-tagged
U1-70K with U2B�-GFP resulted in partial colocalization in
the nucleoplasm but not in Cajal bodies (Figure 4B, first
row). In cells where U1-70K localized to Cajal bodies, colo-
calization with U2B� also was observed (Figure 4B, second
row, broken arrows), although not to the extent observed in
cells coexpressing U2B� and U2A� (compare second row in
Figure 4B with A). In contrast, coexpression of U1-70K with
SRp34/SR1, an Arabidopsis SR protein that localizes to speck-
les (see below), resulted in perfect colocalization of the two
proteins in speckles (Figure 4, C and D) but not in Cajal
bodies (Figure 4D, broken arrows), consistent with the fact
that SR proteins do not localize to Cajal bodies (also see
Figure 7).

Analysis of Arabidopsis protoplasts coexpressing U2B�-
GFP or U2A�-GFP and Nop10-RFP, an established marker
for nucleoli and Cajal bodies (Supplemental Figure 2A)
showed that Nop10 colocalizes with both proteins in Cajal

Figure 3. Transiently expressed U1- and U2 snRNP-specific proteins assemble into mature snRNP. Immunoprecipitation of U2B�-GFP (A),
U2A�-GFP (B), and U1-70K-GFP (C) fusion proteins. Lane 1, input protein extract. Lane 2, protein extracts incubated with protein
A-Sepharose (pA). Lane 3, immunoprecipitations with anti-GFP antibody (�-GFP). Lane 4, immunoprecipitations with anti-m3G antibody
(�-m3G). The blots are probed with anti-GFP antibody. Arrows in A–C point to U2B�, U2A�, and U1-70K-specific bands, and arrowheads
point to immunoglobulin heavy chains. Bands marked with an asterisk in A are degradation products of U2B�-GFP. Only relevant portions
of the blots are shown. (D) Analysis of anti-GFP immunoprecipitates for the presence of snRNAs. Lane 1, RNA immunoprecipitated with
anti-m3G antibody. Lanes 2 and 3, RNA coprecipitated with U2B�-GFP and U2A�-GFP, respectively. Lane 4, RNA coprecipitated with
U1-70K-GFP. Four spliceosomal snRNAs are indicated. Bands marked with asterisks are of unknown identity. Size markers in nucleotides
are indicated on the left. 5S and 5.8S RNAs, which occur as background, are indicated on the right. (E) Coprecipitation of U2B�-GFP and
U2A�-HA proteins. Protein extracts from protoplasts cotransformed with plasmids expressing U2B�-GFP and U2A�-HA were immunopre-
cipitated with anti-GFP antibody. Lane 1, input protein extract. Lane 2, protein extract incubated with protein A-Sepharose beads alone. Lane
3, immunoprecipitation with anti-GFP antibody. Lane 4, immunoprecipitation with unspecific antibody. The same blot was probed with
anti-GFP (left) and after stripping anti-HA antibodies (right). (F) Coprecipitation of U2A�-GFP and U2B�-HA. Protein extracts from
protoplasts cotransformed with plasmids expressing U2A�-GFP and U2B�-HA were immunoprecipitated with anti-GFP antibody. Lane 1,
protein extract incubated with protein A-Sepharose beads alone. Lane 2, immunoprecipitation with anti-GFP antibody. Lane 3, input protein
extract. Arrowheads in E and F point to immunoglobulin heavy and light chains.
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bodies (Figure 4E, broken arrows) but not in the nucleoli
(Figure 4E, arrows). Colocalization was not observed in
nucleoplasm. These results are consistent with nuclear pat-

terns obtained for each protein separately in which U2B� and
U2A� localized to Cajal bodies and nucleoplasm (Figure 1, A
and B), whereas Nop10 localized to nucleoli and Cajal bod-

Figure 4. Colocalization studies with established markers for Cajal bodies and nucleoli. (A) Colocalization of U2B�-mRFP and U2A�-GFP
(two top rows), and SmB-GFP and U2B�-mRFP (third row). (B) Colocalization of U2B�-GFP and U1-70K-RFP. (C) Colocalization of
U1-70K-RFP and SRp34-GFP in Arabidopsis cell. (D) Colocalization of U1-70K-RFP and SRp34-GFP in tobacco cell. (E) Colocalization of
U2B�-GFP, U2A�-GFP, and SmB-GFP with Nop10-RFP. (F) Colocalization of PRH75-RFP with Nop10-GFP, U2B�-GFP, and U2A�-GFP. Broken
line in the first row delineates the nucleus. In A–F, arrows and broken arrows point to nucleoli and Cajal bodies, respectively. Arrowhead
in SmB row in E points to central nucleolar vacuole. Merged images show superimposition of GFP and RFP (mRFP) signals, which look
yellow in case of colocalization. All images shown are single confocal sections. Bars, 4 �m (A–F).
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ies (Supplemental Figure 2A). Like with U2B� and U2A�,
coexpression of SmB-GFP with Nop10-RFP resulted in colo-
calization of the two proteins in Cajal bodies but not in
nucleolus. In addition, portion of SmB present in the central
nucleolar vacuole did not colocalize with Nop10 (Figure 4E,
arrowhead in SmB-GFP row).

PRH75 is another established marker for nucleoli (Supple-
mental Figure 2, C–E). However, Nop10 also localized to
Cajal bodies (Supplemental Figure 2A), whereas no evidence
for localization of PRH75 in Cajal bodies was provided
(Supplemental Figure 2E). In Arabidopsis cells coexpressing
Nop10-GFP and PRH75-RFP, the two proteins colocalized in
nucleoli but not in Cajal bodies (Figure 4F). This indicated
that PRH75 is not associated with Cajal bodies. Consistent
with this, in cells coexpressing either U2B�-GFP or U2A�-
GFP and PRH75-RFP no colocalization was observed (Figure
4F), confirming that PRH75 indeed does not localize in Cajal
bodies.

Together, colocalization studies presented in Figure 4
clearly demonstrate that coexpression of two proteins with
different subnuclear localizations does not influence each
others localization. Moreover, colocalization was observed
only with protein combinations where this was expected,
indicating that transient expression of two different FP-
tagged proteins is suitable for colocalization studies in living
plant cells.

FP-tagged Arabidopsis SR Proteins Localize into Speckles
In mammalian cells, the majority of pre-mRNA splicing
factors show speckled nuclear localization pattern (Sleeman
and Lamond, 1999b; Dundr and Misteli, 2001; Lamond and
Spector, 2003). SR proteins have often been used as markers
for nuclear speckles, also called SC35 domain, because of
localization of SR protein SC35 in them (Lamond and Spec-
tor, 2003). The Arabidopsis genome encodes for 18 SR pro-
teins (Lorkovic and Barta, 2002) that can be grouped into
subfamilies according to their domain organization (Figure
5). The established transient expression system allowed us to
extend the localization studies to plant SR proteins. Plas-
mids expressing GFP and RFP fusions of 12 of 18 Arabidopsis
SR proteins were constructed, and localization of fusion
proteins was analyzed in tobacco and Arabidopsis proto-
plasts. In both cell types, RFP and GFP fusions of all SR
proteins analyzed were found in the nucleus in a pattern
resembling speckles in mammalian cells (Figure 6A). The
appearance of speckles in tobacco cells varied from irregu-
larly shaped to more regularly shaped dot-like structures
(Figure 6A, compare for example SRp34 and SCL30). In

addition, a diffuse nucleoplasmic staining also was ob-
served. In contrast, speckles in Arabidopsis cells were less
prominent and smaller, and more protein was found in a
diffuse nucleoplasmic pool irrespective of the FP-tag used
(Figure 6A and Supplemental Figure 3). Analysis of protein
expression by Western blotting with anti-GFP and anti-RFP
antibodies revealed that the stronger speckled appearance in
tobacco cells cannot be accounted to aggregation of de-
graded proteins, because no major degradation products
were detected (Figure 6B) (our unpublished data). All im-
ages shown in Figure 6A were taken with living cells 24 h
after transformation; however, analysis of transformed cells
as early as 4–5 h after transformation also revealed nuclear
localization of all proteins analyzed, indicating that the im-
port of SR proteins into nuclei is very rapid. In addition, it
became clear that none of the analyzed SR proteins associ-
ates with nucleoli, seen as black areas inside the nucleus
(Figure 6A, arrows; compare also fluorescence image with
differential interference contrast [DIC] image in Arabidopsis
cells). Because all images in Figure 6A are single confocal
sections, nucleoli are not visible in all nuclei shown. How-
ever, cotransformation of representatives of each subgroup
of Arabidopsis SR proteins fused to GFP with the established
nucleolar marker Nop10 fused to RFP clearly demonstrated
that none of the SR proteins associates with nucleoli (Sup-
plemental Figure 4).

Because some splicing factors, particularly snRNPs, have
been found in Cajal bodies (Carmo-Fonseca et al., 1991a,b;
Spector et al., 1991; Raska et al., 1991; Matera and Ward, 1993;
Beven et al., 1995; this work), we asked next whether SR
proteins localize into this nuclear compartment. Arabidopsis
cell suspension protoplasts were cotransformed with plas-
mids expressing SR proteins fused to RFP and U2B� or U2A�
proteins fused to GFP. Both U2B� and U2A� proteins local-
ized into Cajal bodies and in a diffuse/speckled pattern in
which partial colocalization with SR proteins was detected.
None of the SR proteins localized to Cajal bodies, as evident
from the lack of colocalization with U2B� or U2A� at these
sites (Figure 7; our unpublished data). Thus, we conclude
that in Arabidopsis, like in mammalian cells, SR proteins do
not localize in Cajal bodies.

DISCUSSION

In mammalian cells, splicing factors are found in the nucle-
oplasm in a diffuse pool and in an irregular network called
speckles (Sleeman and Lamond 1999b; Dundr and Misteli,
2001; Lamond and Spector, 2003). In addition, some splicing
factors, particularly snRNPs, accumulate in Cajal bodies
(Carmo-Fonseca et al., 1991a,b; Raska et al., 1991; Spector et
al., 1991; Matera and Ward, 1993; Gall, 2000; Dundr and
Misteli, 2001). The majority of knowledge about nuclear
organization of spliceosomal machinery comes from exper-
iments in which tagged proteins of interest were transiently
expressed in HeLa cells, followed by indirect immunofluo-
rescence detection. By the onset of fluorescent protein tags it
became possible to analyze not only localization of the pro-
teins but also their dynamics in the nucleus (Sleeman et al.,
1998; Boudonck et al., 1999; Sleeman and Lamond, 1999a;
Misteli, 2001; Carmo-Fonseca, 2002a; Lamond and Spector,
2003).

Here, we constructed plasmids that allow expression of
RFP, mRFP, YFP, and CFP fusion proteins in plant proto-
plasts from the same transcription unit, resulting in compa-
rable expression levels. Four different FP tags allowed local-
ization and colocalization studies of plant splicing factors in
living plant protoplasts and in combination with a plasmid

Figure 5. Schematic representation of Arabidopsis SR proteins.
RRM, RNA recognition motif, red ovals; PseudoRRM, orange ovals;
SR domains, blue squares; Zinc knuckles (Zn), yellow ovals; and
serine/proline (SP)-rich domain, green squares.
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designed for the expression of HA-tagged proteins (Gen-
schik et al., 1997) coprecipitation of transiently expressed
proteins also was possible. Advantages of this system are
that there is no need for the fixation of the cells and that in
contrast to generation of transgenic plants or cell suspension
lines, a large number of samples can be analyzed in a very
short time.

Plasmids expressing several Arabidopsis snRNP-specific
proteins fused to FP tags developed in this study were
constructed and tested for their functionality in transiently
transformed tobacco and Arabidopsis protoplasts. Tran-
siently expressed U2B� fused to GFP, mRFP, or YFP in

Arabidopsis cell suspension protoplasts was found in Cajal
bodies and in a diffuse nucleoplasmic pool. Essentially the
same localization pattern was observed for U2A�-GFP fusion
protein. Both fusion proteins also were found to be effi-
ciently incorporated into mature U2 snRNP, as determined
by coprecipitation of the U2 snRNA (Figure 3), indicating
that the observed nuclear patterns are functionally relevant.
In addition, these results correlate well with previously re-
ported expression of the GFP-tagged potato U2B� in trans-
genic Arabidopsis plants and in a stable BY-2 cell line (Bou-
donck et al., 1998; Boudonck et al., 1999) as well as with
patterns described in mammalian cells in which U2 snRNP

Figure 6. Subnuclear localization of Arabidopsis SR proteins. (A) Localization of GFP or RFP-tagged SR proteins in transiently transformed
tobacco and Arabidopsis protoplasts. DIC images are shown to visualize the nuclei in Arabidopsis cells. Arrows point to nucleoli. All images
shown are single confocal sections. Bars, 10 �m. (B) Expression analysis of GFP-tagged SR proteins in tobacco protoplasts. Whole cell extracts
were analyzed by Western blotting with anti-GFP antibody. Molecular mass standards in kilodaltons are indicated on the left.
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also strongly accumulate in Cajal bodies (Carmo-Fonseca et
al., 1991a,b; Matera and Ward, 1993). In contrast, the U1
snRNP-specific protein U1-70K fused to GFP or RFP local-
ized in a speckled pattern, and it was rarely found in Cajal
bodies, although it was efficiently incorporated into mature
U1 snRNP (Figure 3). Subnuclear distribution of U1 snRNP
differs from that of the other spliceosomal snRNPs in both
mammalian and plant cells. In particular, by using U1
snRNA antisense probes and antibodies against U1-70K it
has been shown that U1 snRNP in mammalian cells localizes
in speckles (Carmo-Fonseca et al., 1991a; Carmo-Fonseca et
al., 1991b; Wu et al., 1991; Matera and Ward, 1993; Visa et al.,
1993). Localization in Cajal bodies also was observed; how-
ever, U1 snRNP does not accumulate in them (Matera and

Ward, 1993). A similar situation has been described in pea
root cells by using U1 snRNA antisense probe, with �1% of
cells showing prominent labeling of Cajal bodies (Beven et
al., 1995). Together, results obtained with snRNP-specific
proteins clearly demonstrated that transient expression of
FP-tagged spliceosomal proteins in protoplasts results in
correct localization of fusion proteins and in their assembly
into mature snRNPs. Therefore, this system allows studies of
subnuclear organization of the spliceosomal machinery in
living plant cells.

Using four different FP tags also allowed coexpression of
two different proteins and colocalization studies without
time consuming indirect immunofluorescence procedures.
Indeed, by using cotransformation we were able to demon-
strate that U2B� and U2A� proteins perfectly colocalize, con-
sistent with the fact that they are components of the U2
snRNP. In addition, U2B� and U2A� colocalized with Nop10
in Cajal bodies but did not in nucleoli and nucleoplasm.
Moreover, the two nucleolar markers Nop10 and PRH75 did
colocalize in nucleoli but did not in Cajal bodies. Also, this
allowed us to show that plant SR proteins do not localize to
either nucleoli or Cajal bodies (Figure 7 and Supplemental
Figure 4). Thus, coexpression of two proteins with different
subnuclear localization did not affect each others localiza-
tion, making this transient expression system suitable for
colocalization studies as well.

In addition to chromatin (chromosomes), the nucleus con-
tains numerous compartments, including nucleoli, Cajal
bodies, gems, splicing speckles, and promyelocytic leukemia
bodies (Dundr and Misteli, 2001; Spector, 2001). Compart-
mentalization of the nucleus is considered as an important
feature for proper gene expression (Lamond and Earnshaw,
1998; Misteli and Spector, 1998; Misteli, 2001; Carmo-Fon-
seca, 2002a). Because little is known about compartmental-
ization of plant cell nuclei, one of the goals of this study was
to establish FP-tagged markers for different nuclear com-
partments. The results with U2 snRNP-specific proteins
U2B� and U2A� demonstrated that these two proteins can be
used as markers for Cajal bodies in transiently transformed
protoplasts. In addition to markers for Cajal bodies, Nop10
was established as marker for nucleoli. By using GFP and
RFP fusions of PRH75, a previously reported nuclear RNA
helicase, it was possible in combination with other ap-
proaches to unambiguously show that it is primarily a nu-
cleolar protein (Supplemental Figure 2, C, D, and E). More-
over, analysis of nuclear localization of Arabidopsis SR
proteins by using the same system revealed that they are
good markers for speckles. In both tobacco and Arabidopsis
cells, SR proteins localized into speckles (Figure 6); however,
speckles were less prominent in Arabidopsis cells. Similarly,
expression of U2B�-GFP in BY-2 cells and in Arabidopsis
plants (Boudonck et al., 1998, 1999), fluorescence in situ
hybridization experiments with U2, U1, and U6 snRNA
probes in pea root cells (Beven et al., 1995), and indirect
immunofluorescence on pea and onion root cells with mono-
clonal antibodies against U2B� (Beven et al., 1995; Cui and
Moreno Diaz de la Espina, 2003) also revealed a more diffuse
than speckled nucleoplasmic pattern. Consistent with this,
transiently expressed U2B�-GFP, U2B�-mRFP, U2B�-YFP,
and U2A�-GFP proteins showed more uniform than speck-
led nucleoplasmic localization in Arabidopsis protoplasts.
Similarly, BY-2 cells expressing FP-tagged SR1 (SRp34) and
PK12, an SR protein specific kinase, also showed more dif-
fuse than speckled localization patterns (Savaldi-Goldstein
et al., 2003), indicating that this feature might be intrinsic to
plant cells grown in suspension. The reason for this could be
a difference in chromatin condensation in tobacco and Ara-

Figure 7. Colocalization of SR proteins with U2B� in Arabidopsis
protoplasts. Protoplasts were cotransformed with plasmids express-
ing RFP-tagged SR proteins and GFP-tagged U2B�. All images
shown are single confocal sections. Broken arrows point to Cajal
bodies. Bars, 5 �m.
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bidopsis nuclei. In contrast to highly differentiated tobacco
leaf mesophyll cells, Arabidopsis suspension cells grow and
divide very fast, and therefore they likely have more decon-
densed or active chromatin. Thus, higher gene activity could
result in the recruitment of more splicing factors to assem-
bling spliceosome at nascent pre-mRNAs which, in turn,
would result in smaller speckles and more uniformly dis-
tributed splicing factors. This would be in agreement with
the widely accepted role of speckles as reservoirs that sup-
ply splicing factors for splicing of nascent pre-mRNAs at
nearby genes (O’Keefe et al., 1994; Misteli et al., 1997; Lam-
ond and Spector, 2003). Variations in the appearance of
speckles have also been reported for different mammalian
cells, different strains of HeLa cells and for the same strain of
cells grown at different temperatures (Carmo-Fonseca et al.,
1991b; Matera and Ward, 1993).

In all cells expressing U2 snRNP-specific proteins, a clear
cytoplasmic staining was observed in addition to a predom-
inant nuclear localization (Figure 1C). This does not seem to
be due to overexpression of fusion proteins, as cells with
very low expression levels also showed cytoplasmic local-
ization even 48 h after transformation. One possible expla-
nation of this phenomenon is that the import of U2B� and
U2A� proteins into the nucleus is generally slow. Indeed,
injection of U2B� and U1A proteins into Xenopus oocytes
resulted in their slower accumulation in the nuclei than
reported for other karyophilic proteins (Kambach and Mat-
taj, 1992). It has been speculated that the import of U2B“ and
U1A proteins depends on the number of free binding sites
on their cognate snRNAs in the nucleus (Kambach and
Mattaj, 1992; Kambach and Mattaj, 1994). It is also possible
that FP tags impair nuclear import to some extent. However,
nuclear accumulation of the U1 snRNP-specific protein 70K
and of all plant SR proteins analyzed in this work was found
to be very fast, as no cytoplasmic fluorescence was observed
at any post-transformation time point. This indicates that
overexpression of the fusion proteins may not be a limiting
factor for efficient nuclear import. It is not clear why U2
snRNP localizes into diffuse nucleoplasmic pattern, whereas
the U1 snRNP occurs in speckled pattern. Consistent with
this observation, U2B” and U1-70K did not show significant
colocalization when coexpressed in Arabidopsis protoplasts
(Figure 4B), whereas U1–70K colocalized with SRp34/SR1 in
nuclear speckles (Figure 4, C and D). Further experimenta-
tion, which is beyond the scope of this work, is required to
determine specific features of the import of snRNP-specific
proteins into the nucleus and their assembly into mature
snRNPs.
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