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Abstract The mechanism of nuclear export of RNAs in
yeast and animal cells is rapidly being uncovered, but
RNA export in plants has received little attention. We
introduced capped and uncapped fluorescent mRNAs into
tobacco (Nicotiana plumbaginifolia) protoplasts and stud-
ied their cellular localization. Following insertion, capped
transcripts were found in the cytoplasm, while uncapped
messengers transiently appeared in the nucleus in about
one-quarter to one-third of the cells. These mRNAs were
trapped by the nuclear export-inhibiting drug leptomycin
B, pointing to an export mechanism in plants similar to
Rev-NES-mediated RNP export in other organisms.
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Introduction

Cytoplasmic messenger RNAs reside in mRNA-protein
complexes (mMRNPs) that contain a number of proteins,
including poly(A) binding proteins and a set of proteins
in the 50-60 kDa size range coined core-mRNPs, which
have been studied extensively in animal cells. These pro-
teins are involved mainly in posttranscriptional regulation
and transport of RNA (reviewed by Evdokimova and
Ovchinnikov 1999). Intriguingly, there are hardly any data
on core-mRNPs and their role in mRNA handling in
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plants, which is surprising considering the widespread use
of wheat germ lysate for in vitro translation. It is still
unknown whether nuclear export in plants is mediated by
mechanisms similar to those used in other eukaryotic cells.
In animal cells and yeast, nuclear export of mRNA is
mainly mediated by two different processes (recently re-
viewed by Cullen 2003). Most mRNA is exported by a
cargo system that recruits a Ran GTPase (Clouse et al.
2001; Izaurralde 2002; Perez-Alvarado et al. 2003). These
mRNAs are fully processed (Zenkhusen et al. 2002). A
second pathway uses exportin 1, also termed Xpol-export
or Crm1-export (Fornerod et al. 1997a,b; Stade et al. 1997;
Neville and Rosbash 1999; Brennan et al. 2000; Libri et al.
2002). This process can be blocked by the Streptomyces
metabolite leptomycin B (LMB; Hamamoto et al. 1983),
which binds specifically to exportin 1 (Nishi et al. 1994;
Fukuda et al. 1997). By binding to exportin 1, LMB pre-
vents interaction of leucine-rich nuclear export signals
(NES) with their export receptor (Fukuda et al. 1997,
Kudo et al. 1998), thus retaining proteins and RNPs in the
nuclei of yeast and other eukaryotes (Stade et al. 1997;
Fornerod et al. 1997a,b; Wolff et al. 1997; Kudo et al.
1998).

It is not clear why multiple mRNA export pathways
exist, and how RNAs select their carrier (or vice versa),
although certain peptide motifs of RNA binding proteins
might be involved in targeting mRNA to either the Crm1-
or the Ran-driven pathway (Gallouzi and Steitz 2001).
Using cell permeable peptide fragments derived from
HuR on the one hand, as well as pp32 and APRIL, which
mediate CRM1-mediated import, on the other hand, it
could be shown that these particular motifs are necessary
and sufficient to access one or the other nuclear export
mechanism. There are no reports on the existence of, or
requirement for, either of these export pathways for
mRNA export in plants. Synthetic mRNAs delivered to
plant cells are translated (e.g., Gallie 1991; Gallie et al.
1995; Tanguay and Gallie 1996), indicating that behavior
of exogenous mRNA is physiologically relevant. While
studying localization of fluorescent mRNAS in plant cells
during heat stress (Stuger et al. 1999) we observed tran-
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sient localization of uncapped transcripts in the nucleus.
The LMB sensitivity of mRNA export from plant nuclei
strongly suggests the presence and necessity of the ex-
portin system in plants. We loaded tobacco protoplasts
with different mRNAs and found that introduced mes-
sengers could be UV-crosslinked to different proteins.
Uncapped, but not capped, transcripts transiently ap-
peared in the nucleus immediately after transformation.
LMB trapped the message inside the nucleus; a role for
exportinl-like proteins in nuclear mRNA export in plants
is therefore likely.

Materials and methods
RNA synthesis

Messengers were transcribed with the mCap mRNA capping kit
(Stratagene, Amsterdam, The Netherlands) in the presence of re-
combinant RNase inhibitor (Promega, Mannheim, Germany) ac-
cording to standard protocols using either a-(*’P)-UTP (NEN,
Boston, Mass.) or fluorescein-12-UTP (Roche Biochemicals,
Mannheim, Germany), respectively. To synthesize uncapped RNA,
the capping reagent was omitted from the reaction and the amount
of GTP was increased to match the concentration of the other nu-
cleotides.

In situ localization of RNA

Fluorescein-labeled RNA (approximately 40 pg/cell) was inserted
into 15,000 tobacco (Nicotiana plumbaginifolia) leat protoplasts
using polyethylene glycol, and cells were fixed and collected by
sedimentation as described previously (Stuger et al. 1999). The
experiment was performed with three different mRNAs and was
repeated twice. After attachment to polylysine-coated coverslips,
cells were washed twice with 50 mM Tris/HCI, pH 7.8; 150 mM
NaCl (PBS), stained with DAPI (4’,6-diamino-2-phenylindole) for
10 min, then washed with PBS again. Cells were mounted in PBS
containing 75% glycerol and 0.1% phenylenediamine. DAPI- and
fluorescein-labeled mRNA was photographed under a Zeiss Axio-
phot fluorescence microscope (Zeiss, Jena, Germany).

UV crosslinking

Radiolabeled mRNA (luc-Asy) was inserted into 50,000 tobacco
protoplasts according to Stuger et al. (1999). After a 2 h incubation,
cells were collected by 5 min centrifugation at 500 g, transferred to
lids clipped from microcentrifuge tubes floating on ice water, ir-
radiated with 2 J/cm® of 254 nm light using a UV-crosslinker
(Stratagene), and lysed with 10 mM Triton X-100. The lysate was
incubated with RNase A (40 ug/ml, 30 min at 37°C), proteins were
precipitated with acetone and separated on a 12% SDS-PAGE gel
(Laemmli 1970), which was vacuum-dried and autoradiographed.
Similarly, 20 ul of a cleared tomato (Lycopersicon peruvianum)
cell lysate (Stuger et al. 1999) was used for crosslinking with and
without 100 ng yeast tRNA.

Results and discussion

Introduction of mRNA into tobacco protoplasts and as-
sociation with cytoplasmic proteins

We introduced radiolabeled mRNAs into protoplasted to-
bacco mesophyll cells and protoplasts from tomato and
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Fig. 1a, b In vivo and in vitro crosslinking. a After transformation
with radioactive labeled luciferase (luc) mRNA (luc-As), tobacco
protoplasts were harvested immediately (/eft lane) or incubated for
2 h (right lane). Cells were collected and the mRNA covalently
attached to proteins by UV-crosslinking. b A nucleus-free tomato
cell lysate was incubated with 32p_labeled mRNA (luc-As) in the
presence (right lane) or absence (left lane) of 100 ng yeast tRNA.
After crosslinking, proteins were separated by SDS-PAGE. The
position and size (kDa) of marker proteins is indicated on the left of
each panel. Arrowheads Cross-linked proteins (note that tRNA
competes with a protein at 30 kDa (open arrowhead in b), while the
other prominent protein at 50 kDa was not affected)

Arabidopsis cell cultures. For polyethylene glycol-medi-
ated transformation, we used about 40 pg radiolabeled
capped firefly luciferase (luc) mRNA per cell. While no
mRNA could be re-isolated from tomato or Arabidopsis
cells, half of the RNA could be recovered from the to-
bacco protoplasts after transformation. Approximately 15—
20% of the added RNA (i.e., 30-40% of the RNA that
entered the cells) was still intact after 2 h, as judged from
gel electrophoresis and autoradiography (not shown). This
is in agreement with a half-life of 100 min for luc mRNA
as reported by Gallie (1991). To check the quality of the
re-isolated mRNA, we analyzed its ability to bind RNP
proteins. To detect binding of cellular proteins to the in-
troduced messengers, cells loaded with radioactive mRNA
were irradiated with UV light, lysed, and treated with
RNase A. Three labeled bands were visible on an SDS-
PAGE gel (Fig. 1a), at about 30, 50, and over 90 kDa.
When labeled mRNA was crosslinked to proteins in a
tomato cell lysate, the 30 kDa band disappeared upon
addition of excess tRNA (Fig. 1b). SDS-PAGE gels of
purified mRNP particles from Xenopus oocytes contained
protein bands of similar size. A protein of about 110 kDa
was identified as nucleolin, the 50 kDa band contained
mRNP 3+4, a known translational regulator (Yurkova and
Murray 1997). The 30 kDa protein bound any nucleotide



Fig. 2 Cap-dependent nuclear
import of mRNA. Fluorescein-
labeled luciferase mRNA with-
out (upper panels) and with
(lower panels) a 5" 1r°GpppG
cap was introduced into tobacco
protoplasts. Cells were fixed
and analyzed after transforma-
tion at the times indicated. Top
rows: RNA fluorescence. Bot-
tom rows: DNA (DAPI) fluo-
rescence. Background in DAPI
images is due to staining of
chloroplast and mitochondrial
DNA. DAPI images were
slightly overexposed to visual-
ize chloroplast DNA in addition
to nuclei

triphosphate in Xenopus oocytes (Meric et al. 1997),
which may explain why unlabeled tRNA competed with
mRNA for binding to the 30 kDa protein in the tomato
cell extract. The UV crosslinking patterns, together with
translation of luc mRNA introduced in tobacco protoplasts
(Gallie 1991), indicate that synthetic mRNAs introduced
into tobacco protoplasts bind cytoplasmic mRNA-binding
proteins in a physiologically relevant way and therefore
might behave like endogenous messengers.

Uncapped but not capped mRNA is rapidly imported
into the nucleus of tobacco protoplasts

The cellular localization of inserted messengers was re-
solved within the first 10 min after introduction using
fluorescein-labeled transcripts. Introduction of fluorescent
RNA into cells has been successfully employed to study
nuclear import of RNase MRP RNA (Jacobson et al.
1995) and sn(0)RNAs (Jacobson and Pederson 1998a;
Lange et al. 1998a,b), nuclear localization of srpRNA
(Jacobson and Pederson 1998b), and cytoplasmic distri-
bution of mRNAs during heat stress (Stuger et al. 1999).
Figure 2 shows the location of luciferase RNA (fluores-
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cein) and DNA (DAPI) inside tobacco protoplasts. Vir-
tually all cells showed sufficient fluorescence to assess
subcellular localization. Uncapped mRNA entered the
nucleus in around one-quarter to one-third of transform-
ed cells immediately following introduction (Fig. 2, top
row), while transcripts with a 5’'m7-GpppG cap remained
in the cytoplasm (Fig. 2, third row). We observed the
same for tomato histone H4 and HSP17 mRNAs (not
shown). We do not know the mechanism by which un-
capped mRNAs enter the nucleus. However, transfer of
RNAs from cytoplasm to nucleus is not uncommon, and
has been extensively studied for 5S rRNA and snRNAs
(DeRobertis et al. 1982; Fischer et al. 1991; Michaud and
Goldfarb 1992). Since the presence or absence of the cap
was the only initial difference between the RNAs, inter-
action with cap-binding proteins may have prevented
nuclear import of the capped messenger. Within 5 min
most of the RNA was found in the cytoplasm, after
10 min hardly any nuclear localization was visible any-
more, both for capped and uncapped transcripts (Fig. 2).
Similar results were obtained with messengers coding for
tomato histone H4 protein and HSP17.6 (not shown). It is
possible that the uncapped RNA acquired a cap inside the
nucleus. However, experiments using tobacco and other



- leptomycin B

+ leptomycin B

Fig. 3a, b Nuclear retention of uncapped mRNA by leptomycin B
(LMB). Fluorescein-labeled luciferase mRNA was introduced into
tobacco protoplasts incubated a without and b with LMB. Cells
were fixed and analyzed after transformation at the times indicated

plant protoplasts indicate that translation of uncapped
messengers is far less efficient than that of capped tran-
scripts (e.g., Gallie 1991), which argues against such a
scenario. Either way, several studies indicate that a cap is
not required for nuclear export (reviewed by Izaurralde
and Adam 1998).

Nuclear export of mRNA in tobacco protoplasts
is blocked by LMB

When tobacco protoplasts were treated with 100 nM
LMB, 10 min prior to transformation, we found that nu-
clear mRNA was trapped (Fig. 3, third row), while un-
treated cells export labeled transcripts (Fig. 3, top row).

Capped transcripts still resided in the cytoplasm (not
shown), indicating that these messengers indeed did not
enter the nucleus, as opposed to an import/export event
too fast to be detected in this experimental system, Since
LMB blocks interaction of NESs with their receptors, our
results suggest that export of mRNA in tobacco is medi-
ated by NES-carrying proteins and possibly involves a
plant counterpart of exportinl/Crm1p. This is in line with
results from Stade et al. (1997), who showed that mRNA
export in Saccharomyces cerevisiae utilizes such a path-
way and Brennan et al. (2000), who could demonstrate
that human genes containing AU-rich elements were re-
tained in the nucleus after application of LMB. The LMB-
sensitivity of mRNA export in our experiments with to-
bacco protoplasts, the LMB-insensitivity of most mRNA
export in mammalian cells and Xenopus oocytes, and the
conflicting data for yeast suggest that pathways for
mRNA export can vary considerably among and within
species. The question of which pathways and receptors
are used in different systems will probably continue to
present a challenge for some time to come.

Acknowledgements We thank Minoru Yoshida for the generous
gift of leptomycin B before it became commercially available;
Sigrid Ranostaj and other colleagues for technical assistance; Da-
niela Wagner, Frank Landgraf, Dudley Page, and Hendrik Raué for
critical reading of the manuscript. This work was supported by the
Deutsche Forschungsgemeinschaft (DFG).

References

Brennan CM, Gallouzi IE, Steitz JA (2000) Protein ligands to HuR
modulate its interaction with target mRNAs in vivo. J Cell Biol
151:1-13

Clouse KN, Luo MJ, Zhou Z, Reed R (2001) A ran independent
pathway for export of spliced mRNA. Nat Cell Biol 3:97-99

Cullen BR (2003) Nuclear RNA export. J Cell Sci 116:587-597

DeRobertis EM, Lienhard S, Parisot F (1982) Intracellular transport
of microinjected 5S and small nuclear RNAs. Nature 295:572—
577

Evdokimova VM, Ovchinnikov LP (1999) Translational regulation
by Y-box transcription factor: involvement of the major mRNA-
associated protein, p50. Int J Biochem Cell Biol 31:139-149

Fischer U, Darzymkiewicz E, Tahara SM, Dathan NA, Luhrmann
R, Mattaj IW (1991) Diversity in the signals required for nu-
clear accumulation of U snRNPs and variety in the pathways of
nuclear transport. J Cell Biol 113:705-714

Fornerod M, Ohno M, Yoshida M, Mattaj IW (1997a) CRM1 is an
export receptor for leucine-rich nuclear export signals. Cell
90:1051-1060

Fornerod M, van Deursen J, van Baal S, Reynolds A, Davis D,
Murti KG, Fransen J, Grosveld G (1997b) The human homo-
logue of yeast CRM1 is in a dynamic subcomplex with CAN/
Nup214 and a novel nuclear pore component Nup88. EMBO J
16:807-816

Fukuda M, Asano S, Nakamura T, Adachi M, Yoshida M,
Yanagida M, Nishida E (1997) CRM1 is responsible for in-
tracellular transport mediated by the nuclear export signal.
Nature 390:308-311

Gallie DR (1991) The cap and poly(A) tail function synergistically
to regulate mRNA translational efficiency. Genes Dev 5:2108—
2116

Gallie DR, Caldwell C, Pitto L (1995) Heat shock disrupts cap and
poly(A) tail function during translation and increases mRNA



stability of introduced reporter mRNAs. Plant Physiol 108:
1703-1713

Gallouzi IE, Steitz JA (2001) Delineation of mRNA export path-
ways by the use of cell permeable peptides. Science 294:1895—
1901

Hamamoto T, Gunji S, Tsuji H, Beppu T (1983) Leptomycins A
and B, new antifungal antibiotics. I. Taxonomy of the pro-
ducing strain and their fermentation, purification and charac-
terization. J Antibiot 36:639-645

Izaurralde E (2002) A novel family of nuclear transport receptors
mediates the export of messenger RNA to the cytoplasm. Eur J
Cell Biol 81:577-584

Izaurralde E, Adam S (1998) Transport of macromolecules between
the nucleus and the cytoplasm. RNA 4:351-364

Jacobson MR, Pederson T (1998a) Localization of signal recogni-
tion particle RNA in the nucleolus of mammalian cells. Proc
Natl Acad Sci USA 95:7981-7986

Jacobson MR, Pederson T (1998b) A 7-methylguanosine cap
commits U3 and U8 small nuclear RNAs to the nucleolar lo-
calization pathway. Nucleic Acids Res 2:756-760

Jacobson MR, Cao LG, Wang YL, Pederson T (1995) Dynamic
localization of RNase MRP RNA in the nucleolus observed by
fluorescent RNA cytochemistry in living cells. J Cell Biol
131:1649-1658

Kudo N, Wolff B, Sekimoto T, Schreiner EP, Yoneda Y, Yanagida
M, Horinouchi S, Yoshida M (1998) Leptomycin B inhibition
of signal-mediated nuclear export by direct binding to CRM1.
Exp Cell Res 242:540-547

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680-685

Lange TS, Borovjagin AV, Gerbi SA (1998a) Nucleolar localiza-
tion elements in U8 snoRNA differ from sequences required for
rRNA processing. RNA 4:789-800

Lange TS, Borovjagin A, Maxwell ES, Gerbi SA (1998b) Con-
served boxes C and D are essential nucleolar localization ele-
ments of Ul4 and U8 snoRNAs. EMBO J 17:3176-3187

Libri D, Dower K, Boulay J, Thomsen R, Rosbash M, Jensen TH
(2002) Interaction between mRNA export commitment, 3'-end
quality control and nuclear degradation. Mol Cell Biol 22:
8254-8266

103

Meric F, Matsumoto K, Wolffe AP (1997) Regulated unmasking
of in vivo synthesized maternal mRNA at oocyte maturation.
J Biol Chem 272:12840-12846

Michaud N, Goldfarb D (1992) Microinjected U snRNAs are im-
ported to oocyte nuclei via the nuclear pore complex by three
distinguishable pathways. J Cell Biol 116:851-862

Neville M, Rosbash M (1999) The NES-Crm 1 p export pathway is
not a major mRNA export route in Saccharomyces cerevisiae.
EMBO J 18:3746-3756

Nishi K, Yoshida M, Fujiwara D, Nishikawa M, Horinouchi S,
Beppu T (1994) Leptomycin B targets a regulatory cascade of
crml, a fission yeast nuclear protein, involved in control of
higher order chromosome structure and gene expression. J Biol
Chem 269:6320-6324

Perez-Alvarado GC, Martinez-Yamount M, Allen MM, Gros-
schedel R, Dyson HJ, Wright PE (2003) Structure of the factor
ALY: insights into posttranscriptional regulatory and mRNA
nuclear export processes. Biochemistry 42:7348-7357

Stade K, Ford CS, Guthrie C, Weis K (1997) Exportin 1 (Crmlp) is
an essential nuclear import factor. Cell 90:1041-1050

Stuger R, Ranostaj S, Materna T, Forreiter C (1999) Messenger
RNA-binding properties of nonpolysomal ribonucleoproteins
from heat-stressed tomato cells. Plant Physiol 120:23-31

Tanguay RL, Gallie DR (1996) The effect of the length of the
3'-untranslated region on expression in plants. FEBS Lett
394:285-288

Wolff B, Sanglier JJ, Wang Y (1997) Leptomycin B is an inhibitor
of nuclear export: inhibition of nucleo-cytoplasmic transloca-
tion of the human immunodeficiency virus type 1 (HIV-1) Rev
protein and Rev-dependent mRNA. Chem Biol 4:139-147

Yurkova MS, Murray MT (1997) A translation regulatory particle
containing the Xenopus oocyte Y box protein mRNP3+4. J Biol
Chem 272:10870-10876

Zenkhusen D, Vinciguerra P, Wyss JC, Stutz F (2002) Stable
mRNA formation and export require cotranscriptional recruit-
ment of the mRNA export factors Yralp and Sub2p by Hprlp.
Mol Cell Biol 22:8241-8253



