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Serine/arginine-rich (SR) proteins are essential nuclear-localized splicing factors. We have investigated the dynamic
subcellular distribution of the Arabidopsis (Arabidopsis thaliana) RSZp22 protein, a homolog of the human 9G8 SR factor.
Little is known about the determinants underlying the control of plant SR protein dynamics, and so far most studies relied on
ectopic transient overexpression. Here, we provide a detailed analysis of the RSZp22 expression profile and describe its
nucleocytoplasmic shuttling properties in specific cell types. Comparison of transient ectopic- and stable tissue-specific
expression highlights the advantages of both approaches for nuclear protein dynamic studies. By site-directed mutagenesis of
RSZp22 RNA-binding sequences, we show that functional RNA recognition motif RNP1 and zinc-knuckle are dispensable for
the exclusive protein nuclear localization and speckle-like distribution. Fluorescence resonance energy transfer imaging also
revealed that these motifs are implicated in RSZp22 molecular interactions. Furthermore, the RNA-binding motif mutants are
defective for their export through the CRM1/XPO1/Exportin-1 receptor pathway but retain nucleocytoplasmic mobility.

Moreover, our data suggest that CRM1 is a putative export receptor for mRNPs in plants.

In eukaryotes, the protein-encoding genes are tran-
scribed as long precursor molecules (pre-mRNAs)
containing intervening sequences or introns. These
introns are excised by a macromolecular complex, the
spliceosome, consisting of five small nuclear ribonu-
cleoproteins (U1, U2, U4/U6, and U5 snRNPs) and a
large number of non-snRNP-associated proteins (Wahl
et al.,, 2009). The Ser/Arg-rich (SR) proteins are de-
scribed as a phylogenetically highly conserved family
of non-snRNP essential splicing factors that mediate
numerous events in pre-mRNA splicing (Reddy, 2007;
Long and Caceres, 2009). In human, seven canonical
SR proteins have been described with sizes ranging
from 20 to 75 kD: SRp20, 9G8, ASF/SF2 (SRp30a), SC35
(SRp30b), SRp40, SRp55, and SRp75 (Bourgeois et al.,
2004; Long and Caceres, 2009). SR proteins dynami-
cally participate in spliceosome assembly through
both protein-protein and protein-RNA interactions
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and have been recently reported to associate on
nascent pre-mRNAs for cotranscriptional splicing
(Das et al., 2007; Wahl et al., 2009). They promote the
recruitment of the heterodimeric splicing factor U2AF
and the Ul snRNP to the 3’ and 5’ splice sites,
respectively. They also regulate alternative splicing
by determining splice site selection, and this activity is
antagonized mainly by heterogeneous nucleoproteins
of the A and B groups (Graveley, 2000; Matlin et al.,
2005). Although SR proteins appear to have redundant
functions in vitro, individual proteins have specific
activities in (pre-)mRNA metabolism (e.g. alternative
splicing, mRNA export, translation) during the devel-
opment of metazoans (Long and Caceres, 2009).

SR proteins have a modular structure consisting of
one or two N-terminal RNA recognition motifs
(RRMs) and a C-terminal RS domain rich in Arg and
Ser residues with extensive repetition of SR or RS
dipeptides. Some SR proteins, such as 9G8, contain an
RNA-binding CCHC zinc (Zn)-knuckle motif located
between the RRM and RS domains. The RRM is
thought to determine RNA-binding specificity by rec-
ognizing exonic splicing enhancers, whereas the RS
domain is involved in protein-protein and protein-
RNA interactions (Shen et al., 2004). The role of the
Zn-knuckle is less well understood, and the func-
tional relationship between RRM and Zn-knuckle
domains has still to be explored.

At steady state, SR proteins accumulate in nuclear
speckles that may act as storage, assembly, and/or
modification sites from which splicing factors are
recruited to regulate splicing at the active transcription
sites (Misteli et al., 1997). Moreover, a number of SR
proteins, including ASF/SF2, 9G8, and SRp20, shuttle
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continuously between the nucleus and the cytoplasm,
and this dynamic behavior has been tied to their
postsplicing activities such as mRNA export or control
of translation efficiency (Huang and Steitz, 2001;
Huang et al., 2003; Lai and Tarn, 2004; Zhang and
Krainer, 2004; Swartz et al., 2007; Michlewski et al.,
2008). SR proteins have also been involved in genome
stability, RNA stability, and nonsense-mediated decay
(NMD; Zhang and Krainer, 2004). NMD is an mRNA
degradation pathway that detects aberrant transcripts
containing premature termination codons and triggers
their degradation (Kim et al., 2009).

The nucleocytoplasmic transport of macromolecules
occurs through the nuclear pore complex, which is a
specialized edifice embedded in the nuclear envelope.
Several nucleocytoplasmic trafficking pathways have
been described that require so-called karyopherins for
trafficking of molecules larger than approximately 40
to 90 kD. These specific transport receptors bind to
cargo molecules that carry either nuclear localization
signals for nuclear import or nuclear export signals
(NES) for nuclear export (Wang and Brattain, 2007; Xu
and Meier, 2008). The best known import pathway is
mediated by the importin-a/importin-f karyopherins
that bind to nuclear localization signals. One of the
best characterized mammalian export pathways is
mediated by CRM1/XPO1/Exportin-1, which recog-
nizes short Leu-rich-type NES on proteins and is
involved in the export of U snRNAs and ribosomal
subunits (Hutten and Kehlenbach, 2007; Sleeman,
2007; Carmody and Wente, 2009). Identification of
CRM1-specific cargoes has been facilitated by the use
of leptomycin B (LMB), a CRM1-specific inhibitor
(Hutten and Kehlenbach, 2007). While the bulk of
mRNA is exported via the nonkaryopherin Nxfl
(TAP)/Nxt1(p15) heterodimer, CRM1 was also shown
to mediate the nuclear export of a subset of endoge-
nous transcripts and of unspliced (or partially spliced)
viral mRNAs (Gallouzi and Steitz, 2001; Carmody and
Wente, 2009). SR protein-specific nuclear import re-
ceptors, the transportin-SR, interact with the phos-
phorylated RS domain (Lai et al., 2000), which is also
necessary but not sufficient for the cytoplasmic export
of shuttling SR proteins (Caceres et al., 1997). The
human 9G8-shuttling SR protein associates with
mRNA, providing an adapter function in recruiting
the export receptor Nxfl (Huang et al., 2003).

The Arabidopsis (Arabidopsis thaliana) genome con-
tains 19 genes encoding SR-related proteins, some of
which are homologous to the metazoan prototypes
ASF/SF2, SC35, and 9G8, whereas others are plant
specific (Kalyna and Barta, 2004). Many studies have
focused on the cellular distribution of plant SR splicing
factors; like their animal counterparts, they localize
into nuclear irregular dynamic domains similar to
speckles (Ali et al., 2008). Interestingly, a recent report
demonstrated that in tobacco (Nicotiana tabacum)
protoplasts, SR proteins may localize into distinct
populations of speckles, with only partial or no
colocalization (Lorkovic et al., 2008). These recent
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findings add further complexity to our understanding
of SR splicing factor localization and emphasize the
importance of investigating the determinants that
regulate their dynamic distribution in vivo.

RSZp22, a prototypic member of the 9G8 subgroup
of the Arabidopsis SR protein family, exhibits an
unusual dynamic distribution in speckles and also
within the nucleolus. Phosphorylation of the RSZp22
RS domain might influence its subcellular distribution,
including its nucleolar localization (Tillemans et al.,
2005, 2006). This dynamic distribution of a plant SR
factor was unexpected, although human and plant
nucleolar proteome analysis identified many pre-
mRNA-binding proteins, including SR proteins
(Andersen et al.,, 2002; Scherl et al., 2002; Pendle
et al., 2005). We previously suggested that the nucleo-
cytoplasmic shuttling of RSZp22 is at least partly
controlled by the CRM1-dependent export pathway
(Tillemans et al., 2006). Regulatory mechanisms un-
derlying the nucleocytoplasmic transport of plant SR
factors remain poorly understood, and knowledge
about the functions of their RNA-binding motifs in
transport processes is limited. Most previous studies
on the dynamics of plant mRNP-binding proteins
were carried out using ectopic overexpression of
GFP-tagged proteins, which may have changed their
dynamic properties (Tillemans et al., 2005, 2006; Ali
et al., 2008; Lorkovic et al., 2008). Here, we investigate
the dynamics of RSZp22 in stable transformants en-
abling tissue-specific expression of the transgene. To
determine the role of RNA-binding domains in its
dynamics, we performed site-directed mutagenesis on
functional residues within these domains and assessed
the dynamics of the mutant proteins. Our findings
further extend previous results on the dynamic fate of
RSZp22 and demonstrate that RSZp22 is a bona fide
nucleocytoplasmic shuttling SR protein. Our approach
constitutes a very sensitive assay to gain insights into
the relationships between protein domains and dy-
namics and suggests that each RSZp22 structural
RNA-binding domain has a functional role in protein
mobility in vivo.

RESULTS

RSZp22 Nuclear Efflux and Influx Using a
Photoactivatable Reporter Protein

We previously developed a fluorescence loss in
photobleaching (FLIP)-shuttling assay to investigate
the dynamics of SR proteins in vivo after transient
expression. This imaging approach consists of mea-
suring the fluorescence intensity of GFP-tagged pro-
teins within the nucleus during a continuous
photobleaching of a large adjacent cytoplasmic area.
The rate of fluorescence loss in the nucleus is depen-
dent on the nucleocytoplasmic mobility of the protein.
Using this approach, we suggested that RSZp22 is
shuttled between nucleus and cytoplasm (Tillemans
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et al., 2006). To further support this finding, we used
the monomeric Dendra2 protein, which can be irre-
versibly photoactivated from a green to a red fluo-
rescence upon UV and/or blue light irradiation
(Gurskaya et al., 2006). Therefore, a RSZp22-Dendra2
fusion protein was transiently expressed in tobacco
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Figure 1. Nuclear efflux and influx of RSZp22-Dendra2 in living plant
cells. A, Time course of Dendra2 green-to-red UV photoactivation in
tobacco leaf cells transiently expressing P355:RSZp22-Dendra2. The
UV-irradiated cytoplasmic area surrounding the nucleus is boxed (top
right panel). A nucleus that shows a progressive loss of green fluores-
cence and concomitant increase of red fluorescence is indicated by the
arrows. Bar =2 um. B, The kinetics of green and red fluorescences were
fitted with nonlinear regression curves.
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leaf cells (Fig. 1). Before photoactivation, green fluo-
rescence of RSZp22-Dendra2 was only detectable
within the nucleus and no red fluorescence was ob-
served above background level. Upon continuous
photoactivation of a cytoplasmic area using a 405-nm
laser line, the green fluorescence intensity gradually
decreased whereas the red fluorescence proportionally
increased in the nucleus (Fig. 1). The use of photo-
activatable fluorescent protein thus enabled the direct
monitoring of both nuclear efflux and influx of RSZp22
very efficiently. It validates the FLIP-shuttling assay in
transiently transformed cells by demonstrating that
RSZp22 is a nucleocytoplasmic shuttling protein.
However, in our hands, Dendra2 photoactivation by
the harmless 488-nm blue light was never achieved at
the end of the time-lapse experiment, even upon very
intense blue irradiation, and required repetitive intense
UV light irradiation that may be harmful to the cells. In
addition, we failed to obtain Arabidopsis transform-
ants stably expressing Dendra2 fusion proteins. Be-
cause of these drawbacks, we performed all subsequent
dynamic experiments using the FLIP-shuttling assay
on GFP-tagged RSZp22, which proved to be particu-
larly suitable for monitoring protein dynamics in vivo.

Expression Analysis of RSZp22 in Arabidopsis

Although our data validate transient ectopic expres-
sion to study SR protein localization, the use of a
nonnative and strong promoter may alter the dynamic
distribution of SR proteins. There is thus a need to
report on the dynamics of RSZp22 expressed under the
control of its endogenous promoter in stable trans-
genic plants where native dosage and tissue specificity
of expression would be better reflected. To date, infor-
mation on the RSZp2?2 gene expression profile is scarce
(Lopato et al., 2002), and no data are available on
RSZp22 protein expression during Arabidopsis devel-
opment. Therefore, we initially investigated in detail
the expression pattern of RSZp22. We first measured
RSZp22 transcript levels in different tissues by quan-
titative reverse transcription (RT)-PCR. The gene was
expressed at relatively low and similar levels in all
Arabidopsis vegetative and floral organs examined
(Fig. 2A). We also generated promoter-GUS reporter
lines (PRSZp22:GUS). Using both classical blue stain-
ing and fluorescence GUS detection, the PRSZp22:GUS
expression profile was identical in several indepen-
dent homozygous lines, with the exception of a single
line that displayed expression restricted to developing
pollen. During vegetative growth, GUS activity was
observed in various tissues, including primary and
lateral roots (root tips and stele), stems, petioles,
abaxial and adaxial epidermis cells particularly along
the leaf midrib, and in some trichomes. During floral
development, PRSZp22:GUS expression was observed
in unopened flowers (stages 7 and 8; Smyth et al., 1990)
in anther filaments, in anthers, in stigma, and in pollen
tube-transmitting tissue. The expression in immature
anthers was initially stronger in tapetal cells, and as
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Figure 2. RSZp22 expression pro-
file and subcellular localization. A,
Quantitative RT-PCR analyses of
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RSZp22 gene expression in Arabi-
dopsis vegetative and floral organs.

Data (means * sk) are normalized Cauline leaves

Inflorescences —

1st replicate

transcript levels relative to four ref-
erence genes (see “Materials and
Methods”). B, Detection of GUS

Rosette leaves __‘—‘

M 2nd replicate

activity (blue staining, top; green

RS ﬁ

fluorescence, bottom) directed by
the RSZp22 promoter in root, leaf,
and floral tissues. The top row
shows histochemical blue staining,
and the bottom row shows GUS
Imagene Green fluorescence and
chlorophyll red autofluorescence.
The insets show a germinating pol-
len (middle; bar =20 um), an ovule
showing GUS staining in the em-
bryo sac (top right), and an ovule
with its funiculus (bottom right;
bar = 100 um). C, Expression pat-
tern and subcellular localization of
RSZp22-GFP fusion proteins in
root and reproductive tissues of
PRSZp22:RSZp22-GFP  transgenic
plants. The pollen panel shows pol-
len cells (left), trinucleate pollen
cell (top right), and germinating
pollen (bottom right). S, Sperm; V,
vegetative. In the root panel, the
arrows indicate the root tip. In the
stigma panel, the arrows point to
the nuclei of stigmatic papillae.

0

B Prorszp22:Gus

C ProRszp22:RsZp22-GFP

Stigma

stamen matured, expression was seen in developing
pollen. At later floral stages, GUS activity was ob-
served in the upper part of filaments, in stigmatic
papillae, in pollen and germinating pollen, in ovule
funiculi and integuments, and in the embryo sac (Fig.
2B). After pollination and fertilization, GUS activity
was barely detectable in maternal tissues and was not
visible in the embryo. These findings confirm and
significantly extend earlier RSZp22 expression studies
(Lopato et al., 1999, 2002).

Next, we generated transgenic lines express-
ing RSZp22-GFP under the control of the RSZp22
promoter (PRSZp22:RSZp22-GFP). Heterozygous
and homozygous PRSZp22:RSZp22-GFP lines were in-
distinguishable from wild-type plants, indicating that
the expression of the transgene did not alter plant
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development. In agreement with the GUS staining
results, the RSZp22 promoter-driven RSZp22-GFP ex-
pression was observed in the nuclei of distinct cell types
(Fig. 2C). Altogether, these data strongly suggest that
the expression of RSZp22 is restricted to specific cell
types at distinct developmental stages.

RSZp22 Localization and Dynamics in Arabidopsis

Having determined the expression pattern of
RSZp22 promoter-driven RSZp22-GFP in transgenic
lines, we next investigated the dynamic localization of
RSZp?22 in specific tissues. We first assessed whether
the RSZp22-GFP can relocate into the nucleolus. In-
deed, we previously showed using our overexpression
transient assay that RSZp22-GFP concentrates in the
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nucleolus upon phosphorylation inhibition. This
nucleolar localization was specific to RSZp22 com-
pared with the other Arabidopsis SR proteins studied
(Tillemans et al., 2006). In root and pollen cells, we
consistently observed a dynamic relocalization and
accumulation of RSZp22-GFP within nucleoli upon
staurosporine treatment, ATP depletion, and experi-
mental stress (Fig. 3; see “Materials and Methods”).
However, the strand-like concentration of RSZp22
within the nucleoli was not observed, suggesting that
this extreme RSZp22 nucleolar retention may be due to
protein overexpression in the transient assay.

We then asked whether RSZp22 export from the
nucleus to the cytoplasm is CRM1 dependent in dis-
tinct cell types. We thus performed FLIP-shuttling
experiments in root and pollen cells at different de-
velopmental stages and upon LMB treatment (Fig. 4).
RSZp22-GFP nucleocytoplasmic shuttling was evident
from the curves of fluorescence exponential decay in
the nucleus, confirming constant exchange between
nucleus and cytoplasm. The fluorescence of un-
bleached control cells was only very slightly decreased
by photobleaching of the GFP during the time-lapse
experiment (Fig. 4, A and B). LMB treatment had a
more intense inhibitory effect on RSZp22 export in
root cells than in pollen cells, maybe due to the more
impermeable cell wall of pollen (Fig. 4). The fitting of
the FLIP curves revealed faster shuttling kinetics in
root cells than in pollen, with a half-life of approxi-
mately 30 and approximately 60 s, respectively. In
roots, nucleocytoplasmic exchange of half of the
RSZp22-GFP mobile fraction thus required only ap-
proximately 30 s, and approximately 80% of RSZp22-
GFP fluorescence in the nucleus was lost in about 130
s. Upon LMB inhibition, the half-life of fluorescence
was significantly slower in both cell types (Fig. 4).
These results demonstrate that (1) RSZp22 is a bona
fide nucleocytoplasmic shuttling protein, with a
rapid exchange between nucleus and cytoplasm, in

A Experimental stress

Root

Staurosporine

ATP depletion

Pollen
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PRSZp22:RSZp22-GFP plants, and (2) its shuttling is at
least partly controlled by the CRM1 receptor.

Differential Dynamics of RSZp22 RNA-Binding
Domain Mutants

Comparing the FLIP-shuttling kinetics obtained
from transient assays and stable transgenics, we es-
tablished that the transient assay does accurately
assess whether a specific SR protein shuttles between
nucleus and cytoplasm. A major advantage of this
assay is that it can provide reproducible and compa-
rable FLIP decay curves from cell to cell due to rather
constant leaf cell morphology and therefore constant
volume of photobleached cytoplasmic area. Herein,
we specifically mutagenized amino acid residues me-
diating RNA binding in the CCHC Zn-knuckle and
RNP1 motifs to assess whether these RSZp22 struc-
tural domains are required for the functional dynam-
ics of the protein (Fig. 5). It has been shown that the
Zn-knuckle provides RNA binding specificity to
RSZp22 (Lopato et al., 1999) and its human homolog
9G8 (Cavaloc et al., 1999). A NMR spectroscopy study
of the 9G8 RRM-RNA structure revealed that the
aromatic residues of the RRM B-sheet are involved in
direct RNA contact (Hargous et al., 2006). Zn-knuckle
alterations consisted of point mutations of (1) each
single conserved Cys into Ser (C101S, C104S, and
C114S), generating SCHC, CSHC, and CCHS mutants,
(2) all Cys into Ser (SSHS), and (3) all Cys into Ser and
His (H109G) into Gly (SSGS). The rnpl mutant con-
sisted of two point mutations of the aromatic Tyr and
Phe residues (Y40A and F42A; Fig. 5A). It has been
previously shown for other RNA-binding proteins that
these mutations impair the RNA-binding capacity of
either the RRM or the Zn-knuckle but do not induce
the total destructuring of the overall protein (Caceres
and Krainer, 1993; Varani and Nagai, 1998; Gama-
Carvalho et al., 2003; Shomron et al., 2004). Hence,

Figure 3. Nucleolar relocalization of RSZp22
upon experimental stress and phosphorylation
inhibition. Selection of confocal series images
of nuclei in root (A and B) and pollen
(C-E) cells of Arabidopsis stably expressing
PRSZp22:RSZp22-GFP. RSZp22 nuclear lo-
calization is shown in the absence of treat-
ment (A and C) and upon experimental stress
(B), staurosporine (D), and ATP-depletion (E)
treatments. The inset in B shows a transmis-
sion image of the nucleus. Arrows position the
nucleolus (Nu). Bars = 2 um. [See online
article for color version of this figure.]
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Figure 4. Nucleocytoplasmic shuttling of RSZp22 in stable PRSZp22:
RSZp22-GFP Arabidopsis transgenics. FLIP-shuttling was monitored in
the absence (—LMB) and upon LMB (+LMB) treatment in root cells (A),
uninucleate pollen (1n; B), and binucleate pollen (2n; C). The curves
show a significant inhibitory effect of LMB on shuttling (Student’s ¢ test,
P < 0.0001). One hundred percent fluorescence indicates prebleach
fluorescence intensity. As a control, cells were repeatedly scanned
under no-photobleaching conditions and fluorescence was quantified.
Half-time of fluorescence decay for -LMB and +LMB curves were as
follows (in seconds): 30.12 and 81.65 (A), 60.33 and 65.48 (B), and
64.75 and 90.04 (C), respectively. Values are means = s for at least 10
nuclei for roots and 15 nuclei for pollen.

point mutations of RNP1 aromatic residues of the
ASF/SF2 first RRM domain induce a decrease of cross-
linking efficiency to pre-mRNA (Caceres and Krainer,
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1993). Similar mutations in the U2AF65 RRM1 im-
paired its binding to RNA (Gama-Carvalho et al., 2001).

The mutant proteins retained their exclusive nuclear
localization and showed a speckle-like intranuclear
distribution similar to wild-type RSZp22 (Fig. 5B;
Supplemental Fig. S1A). We then analyzed the dy-
namics of wild-type and mutant RSZp22 proteins us-
ing fluorescence recovery after photobleaching (FRAP)
experiments. Speckles were selectively photobleached
and the fluorescence recovered rapidly after photo-
bleaching with nearly identical recovery curves
between RSZp22 and mutant proteins (Fig. 5C; Sup-
plemental Fig. S1B). In contrast to our previous data
obtained with domain-deleted mutants (Tillemans
et al., 2006), our observations here using point muta-
tions of essential residues were highly reproducible
and constant between experiments and did not vary
from cell to cell. Upon staurosporine treatment and
ATP depletion, we observed the absence (RSZp22 and
SCHC) and a very weak (CSHC, CCHS, and rnpl)
fluorescence recovery for bleached proteins. Interest-
ingly, FRAP analysis of the SSHS and SSGS mutants
indicated that these two mutated proteins remain
highly dynamic upon inhibition of phosphorylation
using staurosporine and ATP-depletion treatments
(Fig. 5C; Supplemental Fig. S1B). Altogether, these
data suggest that functional RNP1 and Zn-knuckle
motifs are dispensable for the exclusive nuclear local-
ization and speckle-like distribution of RSZp22. As-
suming that speckles are assembly sites of splicing
factors, our data further suggest that these mutations
weaken but do not completely abolish the ability of
RSZp22 to interact with other splicing partners (see
also fluorescence resonance energy transfer [FRET]
experiments below).

To assess further the mobility and nuclear export of
wild-type and mutated RSZp22 proteins, we then
performed FLIP-shuttling studies. Quantitative anal-
ysis showed nearly identical and rapid rates of nuclear
export of wild-type and all mutant RSZp22 proteins
(Fig. 5D; Supplemental Fig. S1C), indicating that func-
tional RNP1 and Zn-knuckle motifs are dispensable
for RSZp22 nucleocytoplasmic shuttling. LMB treat-
ment blocked the nucleocytoplasmic export of wild-
type RSZp22 and SCHC mutant proteins, which both
show identical shuttling kinetics. In agreement with
the FRAP experiment described herein, this suggests
that the mutation of the first Cys does not impair the
integrity of the Zn-knuckle. On the contrary, all other
mutant forms of RSZp22 preserved their ability to
shuttle upon LMB treatment, albeit at a slower rate
than without the inhibitor (Fig. 5D; Supplemental Fig.
S1C). It is worth mentioning that identical results were
obtained with the SSGS mutant expressed in Arabi-
dopsis leaf cells after transient transformation (Sup-
plemental Fig. S2).

Importantly, our results demonstrate that the nu-
clear retention of RSZp22 upon LMB treatment is not
due to an indirect effect of the inhibition of the CRM1-
dependent nuclear export. Furthermore, the remain-
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Figure 5. Differential dynamics of RSZp22 wild-type and mutant
proteins in tobacco leaf cells. A, Diagram depicting the structure of
wild-type RSZp22 and generated mutant derivatives. RSZp22 contains
an N-terminal RRM domain (dark blue) followed by a CCHC-type Zn-
knuckle motif (ZnK; light blue) embedded in an RGG domain (orange).
Two highly conserved motifs of six (RNP2; not shown in the diagram)
and eight (RNP1) amino acid residues are present within the approx-
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ing shuttling of RSZp22 mutant proteins upon LMB
treatment demonstrates that these point mutants can
be exported through a CRM1l-independent export
pathway. This raises the question whether wild-type
RSZp22 uses alternative nuclear export pathways si-
multaneously. If this is true, differential loss of kinetics
should be observed under LMB treatment between
RSZp22 and a cargo molecule that is strictly depen-
dent on the CRM1 receptor. To address this question,
we performed FLIP-shuttling experiments on the GFP-
fused tomato (Solanum lycopersicum) heat stress tran-
scription factor HsfAl, bearing a C-terminal NES
sequence and described as strictly CRM1 dependent
for shuttling (Heerklotz et al., 2001; Kotak et al., 2004;
Tillemans et al., 2006). The effect of a short-term LMB
treatment was analyzed and the differential inhibition
of nuclear export of RSZp22 compared with HsfAl is
evident from the fluorescence decay curves. LMB
treatment induced a rapid and almost complete nu-
clear retention of GFP-HsfAl but did not slow the
RSZp?22 shuttling rate to the same extent (Supplemen-
tal Fig. S3). Interestingly, these observations suggest
that at least two pathways are responsible for RSZp22
nuclear export.

Although the extreme RSZp22 nucleolar accumula-
tion upon LMB treatment may be due to protein
overexpression, we decided to exploit this feature to
determine the protein determinants required for such
localization. RNA-binding mutants, therefore, were
examined for their dynamic distribution upon LMB
inhibition (Supplemental Fig. S4; Supplemental Table
S1). Our data first confirmed the nucleolar concentra-
tion of wild-type RSZp22 in a high number of cells
(approximately 82%). Mutation within either the RRM
or Zn-knuckle reduced the nucleolar translocation of
all mutant proteins and abolished the formation of
strand-like structures (except for the SCHC mutation).
Altogether, our data suggest that the nucleolar reten-
tion of RSZp22 is determined by its ability to bind RNA.

RSZp22 RNA-Binding Domains and
Molecular Interactions

The FRAP and FLIP-shuttling kinetics suggest that
site-directed mutagenesis of the RNA-binding do-
mains partly impairs the ability of mutant RSZp22

imately 90-amino acid RRM domain. The RS domain is boxed in red.
The mutagenized residues within the RNP1 and Zn-knuckle motifs are
indicated in boldface and underlined letters. B, Selected images of
nuclear fluorescence distribution of GFP-tagged RSZp22 (left) and
SSGS mutant (right) proteins. C, Intranuclear mobility of RSZp22 (left)
and SSGS mutant (right) proteins. FRAP was monitored within speckles
in the absence of treatment (top) and upon staurosporine (middle) and
ATP depletion (bottom) treatments. D, Nucleocytoplasmic shuttling of
RSZp22 (left) and SSGS mutant (right) proteins. FLIP-shuttling was
monitored in the absence (—LMB) and upon LMB (+LMB) treatment. In
C and D, insets show the overlay of wild-type and mutant curves.
Values are means * st for at least 20 nuclei.
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proteins to assemble into molecular complexes. There-
fore, we investigated the interactions of wild-type and
mutant RSZp22 proteins using FRET, which monitors
molecular interactions in vivo by evaluating the trans-
fer of energy from an excited donor (cyan fluorescent
protein [CFP]) to an acceptor (yellow fluorescent pro-
tein [YFP]). Since RSZp22 and RSZ33 have been pre-
viously shown to interact using yeast two-hybrid
assay (Lopato et al.,, 2002), we studied heterodimer
formation of RSZp22-CFP, RSZp22/SSGS-CFP, and
RSZp22 /rnpl1-CFP with RSZ33-YFP in living cells
with FRET-sensitized emission imaging. As positive
controls, we monitored FRET efficiency between
RSZ33-YFP and either SCL30-CFP or SCL30a-CFP,
two SC35-like plant SR proteins, for which strong
interactions have been demonstrated by yeast two-
hybrid and pull-down assays (Lopato et al.,, 2002).
Significant FRET efficiencies were observed for
RSZp22-CFP and RSZ33-YFP in both nucleoplasm
and speckles as well as for RSZ33-YFP and either
SCL30-CFP or SCL30a-CFP, whereas no FRET was
observed in cells coexpressing CFP and YFP (Fig. 6).
The overall FRET signals for RSZ33-YFP and either
RSZp22 /SSGS-CFP or RSZp22/rnpl-CFP were about
half of those measured with wild-type RSZp22, con-
firming an important role for both the Zn-knuckle and
RNP1 motifs in molecular interactions between splicing
factors and/or (pre-)mRNAs.

DISCUSSION

Splicing is regulated by trans-acting factors that
recognize and bind to cis-acting elements along pre-
mRNAs (Chen and Manley, 2009). The dynamic prop-
erties of SR splicing factors have been extensively
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Figure 6. Molecular interactions of RSZp22 wild-type and mutant
proteins. FRET-sensitized emission was measured for the interaction
between RSZ33-YFP and RSZp22-CFP, RSZp22/SSGS-CFP, RSZp22/
rnp1-CFP, SCL30-CFP, and SCL30a-CFP, respectively. The YFP/CFP pair
served as a negative control. Data in the histogram and the table are
means * st of FRET efficiency values in nucleoplasm (n > 30) and
speckles (n > 16). Different letters denote significant differences
between means (Student’s t test, P < 0.05). [See online article for
color version of this figure.]
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studied, especially in mammalian cells. In addition to
splicing, the human nucleocytoplasmic shuttling SR
proteins also function as regulators of mRNA export,
stability, and translation (Zhong et al., 2009). Our
knowledge is more limited on the dynamic distribu-
tion of plant SR proteins, which appear to play im-
portant roles in constitutive and alternative splicing
(Reddy, 2007). In particular, the sequence determi-
nants underlying the control of plant SR protein dy-
namics and nucleocytoplasmic transport are poorly
defined. Here, we have extended our understanding of
the dynamic distribution of RSZp22, an Arabidopsis
homolog of the human 9G8 SR protein, using a range
of functional imaging approaches in transient expres-
sion assays and stable Arabidopsis transgenic plants.
We demonstrate the functional role of RSZp22 RNA-
binding domains in intranuclear mobility, nucleocyto-
plasmic shuttling, and molecular interactions.

SR Protein Dynamics: Contribution of the
FLIP-Shuttling Assay

In mammals, classical assays have used heterokary-
ons to analyze nucleocytoplasmic shuttling of splicing
factors, including SR proteins (Gama-Carvalho et al.,
2001; Cazalla et al., 2002; Sapra et al., 2009). To monitor
the mobility of Arabidopsis SR proteins, transient
expression-based methods have been developed (Ali
etal., 2008; Lorkovic et al., 2008), and cytoplasmic FLIP
was adapted to identify RSZp22 as a shuttling protein
(Tillemans et al., 2006). Tissue-specific expression of
distinct Arabidopsis SR proteins has already been
successful in uncovering their dynamic organization
(Fang et al., 2004). However, most studies were carried
out by ectopically overexpressing SR proteins in
Arabidopsis cell-based assay or in heterologous sys-
tems. With such an experimental approach, it cannot
be fully excluded that ectopic overexpression may
alter the dynamics of SR proteins, including shuttling
kinetics. Here, we have obtained very similar results
concerning RSZp22 mobility using both transient and
stable tissue-specific expression. The only exception
may concern the extreme strand-like RSZp22 nucleolar
concentration under LMB treatment after transient
overexpression.

Overall, we find that transient ectopic- and tissue-
specific expression are complementary with distinct
advantages, and both approaches present important
and unique features that should drive experimental
design. The use of endogenous promoter-driven re-
porter protein allows experimentation in more native
conditions. Furthermore, specific interactions of SR
proteins with other molecules, as well as their post-
translational modifications, may occur in specific cell
types, and this could consequently influence their
dynamic behavior. On the other hand, its simplicity
and sensitivity make transient expression a method of
choice to investigate the dynamics of numerous GFP-
tagged wild-type and/or mutant SR proteins in a
relatively short period of time, as long as precise
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kinetic parameters are not considered. FLIP-shuttling
transient assays may be useful to study the dynamics
of many proteins or macromolecular edifices, and both
Arabidopsis and tobacco are equally suited for such
studies. Although transient ectopic overexpression
may not fully reflect the exact dynamics of SR proteins,
this approach delivers important insights on their
dynamic behavior and allows us to understand how
the nuclear machinery functions in vivo.

RSZp22 Nucleolar Localization

Consistent with our previous data obtained in tran-
sient expression assays (Tillemans et al., 2006), we
showed here in stable transgenics that RSZp22 dis-
plays a specific nucleolar concentration upon phos-
phorylation inhibition and experimental stress. RNA
binding is likely to play a role in nucleolar accumula-
tion of RSZp22, as a reduced relocalization was ob-
served for the RNP1 and Zn-knuckle mutants upon
LMB treatment.

The relocation of RSZp22 to the nucleolus raises the
question of its potential roles in RNA metabolism in
this nuclear compartment. Indeed, recent data suggest
that the nucleolus may play a role in postsplicing
events such as mRNA export and NMD: (1) human
and Arabidopsis nucleolar proteomics identified pro-
teins involved in mRNA metabolism regulation, in-
cluding SR 9G8-like splicing factors (Andersen et al.,
2002; Scherl et al., 2002; Pendle et al., 2005); (2) com-
ponents of the Arabidopsis EJC, which is involved in
mRNA splicing, export, stability, and NMD, were
shown to localize to the nucleolus under hypoxia
conditions (Koroleva et al., 2009), and Arabidopsis
AtPym, which interacts with both Mago and Y14 EJC
core proteins, concentrates in the nucleolus upon LMB
treatment (Park and Muench, 2007); (3) both aberrant
mRNA transcripts and NMD factors UPF2 and UPF3
have recently been identified in nucleolar fractions in
Arabidopsis (Kim et al., 2009). The fact that SR pro-
teins could colocalize with EJC factors within the
nucleolus (or speckles) emphasizes a putative func-
tional association of these proteins. Taking this into
account, we may hypothesize that RSZp22 dynamics
within the nucleolus underlies either its passive bind-
ing to partially spliced or unspliced transcripts or its
direct function in RNA stability and NMD. Indeed, it
was shown that overexpression of several human SR
proteins enhances NMD, the presence of an intact RS
domain being required for this activity (Zhang and
Krainer, 2004).

Role of RSZp22 Domains in Nucleocytoplasmic
Shuttling in Vivo

The roles of SR protein domains in subnuclear
localization and dynamic distribution in vivo have
been extensively studied in mammals. In particular,
the RS domain of shuttling SR proteins has been
shown to be necessary for nucleocytoplasmic trans-
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port (Caceres et al., 1998), a stretch of 10 consecutive
RS dipeptides being sufficient for shuttling (Cazalla
etal., 2002). The RS domain of the nonshuttling human
SC35 protein contains a dominant nuclear retention
signal, which is sufficient to confer nuclear retention to
the otherwise shuttling ASF/SF2 (Cazalla et al., 2002).
Point mutations in the RNP1 motif of the first RRM
domain of ASF/SF2 impair its ability to shuttle
(Caceres et al., 1998). It was also shown that point
mutations of the hSLU7 Zn-knuckle disrupt the zinc
atom binding at this motif and modify its nucleocyto-
plasmic shuttling balance (Shomron et al., 2004). The
9G8, ASF/SF2, and SRp20 shuttling SR proteins di-
rectly bind to Nxf1(TAP) by a short Arg-rich peptide
adjacent to RRMs (Hargous et al., 2006; Tintaru et al.,
2007). These proteins can function as mRNA export
factors, exhibiting a higher affinity to mRNAs when
hypophosphorylated (Huang and Steitz, 2001; Huang
et al., 2003). In mammals, the Nxfl/Nxtl receptor
promotes the export of bulk mRNA, whereas CRM1,
through binding via adapter proteins, can mediate
nuclear export of a subset of endogenous transcripts
and viral mRNAs (Gallouzi and Steitz, 2001; Kimura
et al., 2004; Carmody and Wente, 2009). In plants, an
Nxfl homolog has yet to be identified (Hernandez-
Pinzon et al., 2007).

In this report, we demonstrate that RSZp22-GFP is a
bona fide nucleocytoplasmic SR protein. Cell-specific
expression allowed us to reveal precise shuttling ki-
netic parameters. Fluorescence loss curves indicate a
very rapid nuclear export and import of RSZp22 in
metabolically active tissues such as Arabidopsis root
cells. Interestingly, we provide evidence that continu-
ous RSZp22 nuclear export is mediated by the CRM1-
dependent pathway, even if RSZp22 has no obvious
NES known to bind to CRM1. The presence of func-
tional determinants underlying nucleocytoplasmic
shuttling remained to be clarified. We previously
attempted to identify such determinants by deleting
entire RSZp22 domains. RSZp22 lacking the RS do-
main localizes both in the nucleus and the cytoplasm,
revealing that this domain is crucial for its nuclear
import (Tillemans et al., 2005). In FLIP experiments,
dynamics of RSZp22 mutants either lacking the entire
RRM domain or the RGG and Zn-knuckle motifs was
highly variable from cell to cell, making it impossible
to accurately evaluate their roles in protein shuttling
(Tillemans et al., 2006). Here, this limitation has been
circumvented by introducing point mutations at es-
sential amino acid residues either in RRM or Zn-
knuckle. Our data thus emphasize the benefits of using
targeted mutagenesis rather than domain deletion to
accurately measure the mobility parameters of mutant
proteins. We showed that neither RNP1 nor Zn-
knuckle motifs are key to nuclear localization and
speckle-like organization. We further established that
molecular interactions between splicing factors were
strongly destabilized, although not entirely inhibited,
with Zn-knuckle and RNP1 mutants. This suggests
that both RNA-binding domains might either be
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needed for direct protein-protein interactions or for
mRNA-mediated interactions independent of splicing
factor preassembly. We also provide evidence that
both RSZp22 RNA-binding domains play important
roles in specifying shuttling properties and nuclear
export through the CRM1-dependent pathway. Inter-
estingly, in contrast to ASF/SF2 (Caceres et al., 1998),
mutations of each individual RNA-binding domain do
not inhibit the nuclear export of RSZp22 mutants even
upon inhibition of CRM1, suggesting the existence of a
yet unknown alternative export pathway. This could
also reflect simple passive diffusion of RSZp22-GFP. In
plants, mRNA export might occur through different
pathways, and the use of one of these could depend on
the cellular state or mRNA nature.

Assuming that RSZp22 plays a role in splicing in
vivo (Lopato et al., 1999, 2002; Lorkovic et al., 2008), it
is very likely that this protein is shuttled tethered to
(pre-)mRNAs. Our results strongly suggest that either
RSZp22 is directly involved in mRNA nuclear export
or remains tethered to (aberrantly processed) mRNA
transcripts during transport. Two Arabidopsis CRM1
receptors, termed XPOla and XPO1b, have been iden-
tified (Merkle, 2003), and whether and how they
regulate the nuclear export of specific subpopulations
of mRNAs remain unknown. Nevertheless, it has been
shown that the export of uncapped mRNAs is blocked
by LMB in tobacco cells (Stuger and Forreiter, 2004).

CRM1 might have a more extended role in the
active nuclear export of SR splicing factors and pre-
mRNAs, since shuttling of the Arabidopsis ASF/SF2-
like SRp34 protein is also significantly inhibited by
LMB in transient as well as in stable expression assays
(N. Stankovic and P. Motte, unpublished data). Inter-
estingly, SRp34 colocalizes with AtMago EJC protein
in speckles (Park and Muench, 2007). Altogether, our
findings reveal CRM1 as a putative transport receptor
for mRNPs in plants. Further work should aim to
identify the receptor(s) involved in the alternative
export pathway and investigate the spatial associations
and interconnections between plant export receptors,
mRNAs, EJC proteins, and SR splicing factors. In the
future, the study of the nuclear compartmentalization
linked to nucleocytoplasmic export will shed light on
the regulation of gene expression in plants.

MATERIALS AND METHODS
Binary Vector Construction

The construction of P35S5:RSZp22-GFP and P35S:GFP-LpHsfAl in a pBI121
backbone was described in previous reports (Tillemans et al., 2005, 2006). The
promoter region of RSZp22 (956 bp upstream of the ATG, corresponding to the
entire intergenic region between RSZp22 and the upstream gene At4g31570)
was amplified from Arabidopsis (Arabidopsis thaliana) genomic DNA (ecotype
Columbia [Col-0]). The PRSZp22 amplicon was ligated at the HindIII/BamHI
sites of pBI121 to replace the 35S promoter and create PRSZp22:GUS. To obtain
the PRSZp22:RSZp22-GFP construct, the GUS coding sequence was digested
out of PRSZp22:GUS and replaced by the RSZp22-GFP cassette using BamHI
and Sacl restriction sites.

The mutated RSZp22 versions were obtained by PCR-based site-directed
mutagenesis on the RSZp22 coding sequence cloned in the pGEM-T Easy
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vector using overlapping primers containing the desired mutation. The
mutated coding sequences were digested out of the pGEM-T vector using
BamHI and Kpnl and cloned at the corresponding sites of P35S:RSZp22-GFP to
replace the wild-type coding sequence.

To generate a Dendra2-tagged RSZp22, the Dendra2 coding sequence was
amplified from the Dendra-At-N-vector (Evrogen). The amplicon was then
ligated in P35S:RSZp22-GFP at the Kpnl/Sacl sites to replace the GFP coding
sequence. The CFP and YFP coding sequences were PCR amplified from
pECFP and pEYFP (Clontech). The P35S:CFP and P35S:YFP constructs were
obtained by cloning CFP and YFP into the BamHI/ Sacl sites of the pBI121:P35S
plasmid. The P355:RSZp22-CFP, P355:RSZ33-YFP, P355:RSZp22/SSGS-CFP,
and P35S:RSZp22/rnp1-CFP constructs were generated by ligating the CFP or
YFP fragment at Kpnl/Sacl sites to replace GFP in P355:RSZp22-GFP, P35S:
RSZ33-GFP (Tillemans et al., 2005), P35:SSGS-GFP, and P35S:rnp1-GFP,
respectively. The SCL30-CFP and SCL30a-CFP fusions were generated as
follows: the SCL30 and SCL30a coding sequences were amplified from an
Arabidopsis ¢cDNA library (ecotype Col-0) and ligated to the CFP coding
sequence using Kpnl. The fused sequences were then cloned into the BamHI/
Sacl sites of pBI121:P35S.

All PCRs were carried out using Pfu polymerase (Promega). A list of
primers used in this study is provided in Supplemental Tables S2 and S3.
Independent clones were sequenced in order to detect any mutation. All final
plasmids were electroporated into the Agrobacterium tumefaciens strain GV3101
(pMP90) and subsequently used for plant transformation.

Plant Growth and Plant Transformation

Tobacco (Nicotiana tabacum ‘Petit Havana’) and Arabidopsis transient
transformations by Agrobacterium infiltration were performed as described
(Docquier et al., 2004).

Arabidopsis plants were stably transformed by floral dipping. T1 trans-
formants were selected on plates containing sterile solidified half-strength
Murashige and Skoog medium (Duchefa) containing kanamycin (50 ug
mL ™). Transgenics were potted directly on soil at the two-leaf stage to obtain
T2 and then T3 homozygous lines. Observations and imaging were realized on
five PRSZp22:GUS and four PRSZp22:RSZp22-GFP independent lines, respec-
tively.

For expression profiling, Arabidopsis plants (ecotype Col-0) were hydro-
ponically grown from seeds in Hoagland medium as described (Talke et al.,
2006). After 6 weeks of growth in a climate-controlled chamber at 21°C with a
photoperiod of 16 h at a light intensity of 100 umol m ™2™, root, rosette leaf,
cauline leaf, inflorescence, and silique tissues were harvested separately from
12 plants. The tissues from the individual plants were pooled, frozen in liquid
nitrogen, and stored at —80°C until further processing.

For in vitro pollen germination, drops of solid pollen germination medium
were dabbed with anthers and then incubated for the night at 21°C to 22°C as
described (Johnson-Brousseau and McCormick, 2004).

RNA Extraction, cDNA Synthesis, and
Quantitative RT-PCR

Total DNase-treated RNAs were extracted using the RNeasy Plant Mini Kit
and RNase-free DNase set (Qiagen). Quality and quantity of RNAs were
checked visually by gel electrophoresis and by spectrophotometric analysis.
cDNAs were synthesized from 1.5 ug of total RNAs using oligo(dT) and the
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas).

Quantitative RT-PCR was performed on 384-well plates with an ABI Prism
7900HT system (Applied Biosystems) using Maxima SYBR Green qPCR
Master Mix (Fermentas) as described (Talke et al., 2006) on material from
two independent biological experiments, and a total of six technical repeats
were run for each combination of cDNA and primer pair. The quality of the
PCRs was checked visually through analysis of dissociation and amplification
curves, and reaction efficiencies were determined for each PCR using the
LinRegPCR software (Ramakers et al., 2003). Mean reaction efficiencies were
then determined for each primer pair from all reactions (60 reactions;
Supplemental Table S4) and used to calculate relative gene expression levels
by normalization using multiple reference genes with the qBase software
(Hellemans et al., 2007). Four reference genes (UBQ10, EF1a, At1g58050, and
At1g62930) were selected from the literature (Czechowski et al., 2005). Their
adequacy to normalize gene expression in our experimental conditions was
verified using the geNorm software (average gene expression stability = 0.56;
Vandesompele et al., 2002). Quantitative RT-PCR data evaluation was carried
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out according to recently published guidelines (Gutierrez et al., 2008; Udvardi
et al., 2008).

Analysis of GUS Reporter Lines

Histochemical GUS staining was carried out as described (Jefferson et al.,
1987) on Arabidopsis seedlings grown on half-strength Murashige and Skoog
medium and on tissues of mature plants grown hydroponically. Harvested
tissues were incubated in staining solution for 1 night to 2 d, then ethanol
extracted and fixed before observation. Samples were observed with a Nikon
SMZ1500 stereomicroscope and equipped with a Nikon Digital Sight DS-U1
camera.

For fluorescent observation of the promoter:GUS expression pattern,
samples were incubated in a 50 um Imagene Green (Molecular Probes), 0.1%
Silwet L-77 solution for 2 h at room temperature. Samples were briefly washed
in 0.1% Silwet L-77. Analysis was performed by confocal microscopy using
GFP settings (see below).

Confocal Microscopy, Image Analysis, Photobleaching
Experiments, and Inhibitor Treatments

Leica TCS SP2 and SP5 inverted confocal laser microscopes were used for
live cell imaging. The FRAP and FLIP-shuttling experiments were carried out
as described previously (Tillemans et al., 2006).

FRET analyses were performed on transiently transformed leaf cells using
the Leica FRET-sensitized emission module. Images were collected in a 512- X
512-pixel resolution. Measurements were realized by detection of the fluores-
cent signals of the CFP donor (excitation at 458 nm and emission at 465-505
nm), the FRET (excitation at 458 nm and emission at 525-600 nm), and the YFP
acceptor (excitation at 514 nm and emission at 525-600 nm) in a line-by-line
sequential scan acquisition. Once appropriate image sets were obtained, the
Leica confocal software generated a FRET efficiency for each plotted region of
interest corresponding to nucleoplasm or speckles.

Green Dendra2 was visualized by scanning with a 488-nm excitation light
using a minimal light intensity to avoid photobleaching and 500 to 550 nm for
detection. Photoconversion was achieved by irradiating a region of interest
using a 405-nm UV laser line. After photoconversion, red Dendra2 fluores-
cence was visualized using the 543-nm laser line and detected between 550
and 670 nm.

Fragments of transiently transformed leaves were used for phosphoryla-
tion inhibitor treatments as described previously (Tillemans et al., 2005).
Stably transformed Arabidopsis roots and mature flowers were dissected
under binocular microscope, and fragments of roots and stamens were
incubated in inhibitor solution. Samples were incubated in 50 um staurospor-
ine (Sigma-Aldrich) or water as a control for various time periods (1-4 h). For
ATP depletion, cells were treated with 3 mm sodium azide (Sigma-Aldrich)
and 50 mm 2-deoxyglucose (Sigma-Aldrich) for up to 1 h. For LMB treatments,
LMB (Sigma-Aldrich) was used at a final concentration of 10 nm for transiently
transformed leaves and stably transformed roots and 100 to 200 nm for the
pollen grains of stable transgenics. Plant cells were treated with LMB (or water
as a control) for up to 4 h (up to 2 h for pollen cells) and processed for imaging
as described above. As defined by Tillemans et al. (2006), an experimental
stress results in a long observation period (of minimum 2 h) inducing a
continuous decrease of cellular ATP level.

All observations and treatments were performed in at least three inde-
pendent experiments with stable transgenics and at least after three indepen-
dent transient transformation events. The total number of analyzed nuclei for
each experiment (FRAP, FLIP-shuttling, and FRET) is mentioned in the
corresponding figure legends.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Differential dynamics of wild-type and RSZp22
mutant proteins in tobacco leaf cells.

Supplemental Figure S2. Nucleocytoplasmic shuttling of wild-type
RSZp22 and SSGS mutant proteins in Arabidopsis leaf cells.

Supplemental Figure S3. Comparison of the nucleocytoplasmic shuttling
of RSZp22 and HsfAl.

Supplemental Figure S4. Nucleolar relocalization of RSZp22 wild-type
and mutant proteins upon LMB treatments in tobacco leaf cells.
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Supplemental Table S1. Nucleolar relocalization of RSZp22 wild-type and
mutant proteins upon LMB treatments in tobacco leaf cells.

Supplemental Table S2. List of primers used for vector construction.
Supplemental Table S3. List of primers used for site-directed mutagenesis.

Supplemental Table S4. Sequences and reaction efficiencies of primer
pairs used for quantitative RT-PCR.
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Supplemental Figure S1. Differential dynamics of RSZp22 wild-type and mutant proteins in
tobacco leaf cells.

(A) Nuclear fluorescence distribution of GFP-tagged proteins.

(B) Intranuclear mobility of wild-type and mutant proteins. FRAP was monitored within
speckles in the absence of treatment (top), upon staurosporine (middle) and ATP depletion
(bottom) treatments. The inset in the most top right panel shows an overlay of wild-type and
mutant curves in the absence of treatment. Values are means+/-SEM for at least 10 nuclei.

(C) Nucleocytoplasmic shuttling of wild-type and mutant proteins. FLIP-shuttling was
monitored in the absence (-LMB) and upon LMB (+LMB) treatment. Insets show the overlay

of wild-type and all mutant curves. Values are means+/-SEM for at least 20 nuclei.
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Supplemental Figure S2. Nucleocytoplasmic shuttling of RSZp22 wild-type and SSGS
mutant proteins in Arabidopsis leaf cells.
FLIP-shuttling was monitored in the absence (-LMB) and upon LMB (+LMB) treatment.

Values are means+/-SEM for at least 15 nuclei.
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Supplemental Figure S3. Comparison of the nucleocytoplasmic shuttling of RSZp22 and
HsfAl.

FLIP-shuttling was monitored after a short-term (30 min.) LMB treatment. The arrow
highlights the differential effect of LMB on the fluorescence decay curves of both proteins.

Values are means+/-SEM for at least 20 nuclei.
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Supplemental Figure S4. Nucleolar relocalization of RSZp22 wild-type and mutant proteins
upon LMB treatments in tobacco leaf cells.
Selection of confocal series images of nuclei after 1 h of LMB. The arrow positions the

nucleolus (Nu). Bars =2 um.



Observed nucleolar Observed strand-like

relocalization (%) intranucleolar domains (%)

RSZp22 82.3 18.2

SCHC 48.6 4.3

CSHC 17.9 0

CCHS 40 0

SSHS 50.9 0

SSGS 53.6 0

rnpl 7.6 0

Supplemental Table 1. Nucleolar relocalization of RSZp22 wild-type and mutant proteins upon LMB treatments in

tobacco leaf cells. Values are for at least 70 observed nuclei.



Forward

Reverse

Dendra2

GGGGTACCATGAACACTCCTGGAATCAAT

TCGAGCTCTTACCAAACCTGTGATGGGAG

CFP and YFP (BamHI/Kpnl)

CGGGATCCAAGGAGATATAACAATGGTGAGCAAGGGCGAGGAG

TCGAGCTCTTACTTGTACAGCTCGTCCATGCCGAGGAT

CFP and YFP (Kpnl/Sacl)

GTGGTACCATGGTGAGCAAGGGCGAGGAG

TCGAGCTCTTACTTGTACAGCTCGTCCATGCCGAGGAT

SCL30

TCCCCCGGGGGAATGAGGAGATACAGTCCG

GGGGTACCCC TCTTGGAGATACCTCCACAGA

SCL30a CGGGATCCATGAGGGGAAGGAGCTACACT GGGGTACCCTGGCTTGGTGAACGGTCTTC
RSZp22 CGGGATCCATGTCACGTGTGTACGTCGGAAATTTGGACCCG GTGGTACCACCACCGCTCCTGCTTCTGCGTCT
PRSZp22 TCCCCCGGGCCAAACTTCCAATTTCGTAAGCTC CGCGGATCCACGTGACATTACTTCTGTAACC

Supplemental Table S2: Primers used for vector constructs. The underlined letters show restriction enzyme sites.




Mutation Forward Reverse
SCHC 5" GGCTCTGATTTGAAATCCTATGAATGCGGTGAG 3' 5" CTCACCGCATTCATAGGATTTCAAATCAGAGCC 3'
CSHC 5" TTGAAATGCTATGAATCCGGTGAGACTGGTCAT 3' 5" ATGACCAGTCTCACCGGATTCATAGCATTTCAA 3
CCHS 5" CATTTCGCACGTGAATCCCGTAACCGTGGTGGAA 3' 5" TTCCACCACGGTTACGGGATTCACGTGCGAAATG 3'
SSHS 5" TGGCTCTGATTTGAAATCCTATGAATCCGGTGAGACTGGTCATT 3' 5" AATGACCAGTCTCACCGGATTCATAGGATTTCAAATCAGAGCCA 3'
SSGS 5’ TCCGGTGAGACTGGTGGATTCGCACGTGAATCCCGTAACCGTGGTGGAA 3' 5" TTCCACCACGGTTACGGGATTCACGTGCGAATCCACCAGTCTCACCGGA 3'
Rnpl 5" GCCCGTAGACCACCTGGTGCCGCTGCTCTAGATTTCGAAGATCCT 3' 5" AGGATCTTCGAAATCTAGAGCAGCGGCACCAGGTGGTCTACGGGC 3'

Supplemental Table S3: List of primers used for site-directed mutagenesis. Underlining indicates changed codons.




Gene Forward Reverse Primer efficiency
RSZp22 TTCCGTGCCTTTGGAGTTGT GGCATCCCTAGGATCTTCGAA 1,92 +/- 0,06
QRTEFla TGAGCACGCTCTTCTTGCTTTCA GGTGGTGGCATCCATCTTGTTACA 1,94 +/- 0,05
QRTUBQ10 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT 1,94 +/- 0,06
AT1G58050 CCATTCTACTTTTTGGCGGCT TCAATGGTAACTGATCCACTCTGATG 1,88 +/- 0,07
AT1G62930 GAGTTGCGGGTTTGTTGGAG CAAGACAGCATTTCCAGATAGCAT 1,83 +/- 0,05

Supplemental Table S4: Sequences and reaction efficiencies of primer pairs used for real-time RT-PCR
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