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The signal recognition particle is a ribonucleoprotein complex that is essential for the translo-

cation of nascent proteins into the endoplasmic reticulum. It has been shown that the RNA

component (SRP RNA) is exported from the nucleus by CRM1 in the budding yeast. How-

ever, how SRP RNA is exported in higher species has been elusive. Here, we show that SRP

RNA does not use the CRM1 pathway in Xenopus oocytes. Instead, SRP RNA uses the same

export pathway as pre-miRNA and tRNA as showed by cross-competition experiments. Con-

sistently, the recombinant Exportin-5 protein specifically stimulated export of SRP RNA as

well as of pre-miRNA and tRNA, whereas an antibody raised against Exportin-5 specifically

inhibited export of the same RNA species. Moreover, biotinylated SRP RNA can pull down

Exportin-5 but not CRM1 from HeLa cell nuclear extracts in a RanGTP-dependent manner.

These results, taken together, strongly suggest that the principal export receptor for SRP RNA

in vertebrates is Exportin-5 unlike in the budding yeast.

Introduction

The majority of the RNA species, following their
synthesis and processing in the nucleus, are exported
to the cytoplasm. It has been shown that different
RNA species are exported from the nucleus via dis-
tinct export pathways, that is, by distinct sets of
export factors (Jarmolowski et al. 1994; Komeili &
O’Shea 2001; Cullen 2003). Among many RNA spe-
cies, mRNA and spliceosomal U snRNA are initially
m7G-capped and this structure plays important roles
for export of corresponding RNA species (Cullen
2003; Cheng et al. 2006; Nojima et al. 2007). In
contrast, other RNA species such as rRNA, tRNA
and major pre-miRNA do not possess the structure
and instead their RNA bodies are highly structured.
The small (18S) and large (25S in yeasts and 28S in
vertebrates, respectively) rRNAs are commonly
exported by CRM1 (Moy & Silver 1999; Gadal et al.
2001). However, Exportin-5 and Nxf1 also export
the large rRNA in vertebrates and the budding yeast,
respectively (Yao et al. 2007; Wild et al. 2010). Simi-
larly, tRNA is exported by either Exportin-t or

Exportin-5 (Arts et al. 1998; Kutay et al. 1998; Bo-
hnsack et al. 2002; Calado et al. 2002), whereas major
pre-miRNA by Exportin-5 (Yi et al. 2003; Bohnsack
et al. 2004; Lund et al. 2004). Adenovirus VA1
RNA, which is also highly structured, is also
exported by Exportin-5 (Gwizdek et al. 2001, 2003).
Thus, it appears that Exportin-5 and CRM1 are two
major export receptors for uncapped structured RNA
species.

Another example of uncapped structured RNA
species is the RNA component of the signal recogni-
tion particle (SRP) that is involved in the transloca-
tion of nascent polypeptides into the endoplasmic
reticulum (ER) lumen (Egea et al. 2005). SRP is
composed of 6 protein components, SRP9, 14, 19,
54, 68 and 72 in vertebrates, as well as the single
RNA component, SRP RNA. Vertebrate SRP can
be divided into 3 domains, Alu domain, S domain
and the linker region that connects the other two
domains. Alu domain consists of the 50 and 30 termi-
nal regions of SRP RNA and the bound SRP9/14
protein heterodimer. S domain consists of the central
region of SRP RNA, SRP19, SRP54 and the
SRP68/72 heterodimer (see Fig. S1 in Supporting
Information). The former domain is involved in the
translational arrest activity of SRP, whereas the latter
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is involved in the recognition, as mediated by the
bound SRP54 protein component, of both the signal
sequence of nascent polypeptides and the SRP recep-
tor on the ER membrane (Egea et al. 2005).

Experiments using the budding yeast, Xenopus oo-
cytes and mammalian cells led to a proposal of an
assembly model in which SRP RNA associates with
all the protein components except SRP54 in the
nucleolus, is then exported to the cytoplasm, and
finally associates with SRP54 in the cytoplasm (He
et al. 1994; Ciufo & Brown 2000; Politz et al. 2000,
2002; Grosshans et al. 2001; Sommerville et al. 2005).
SRP RNA accumulates in the nucleus in the xpo1-1
ts mutant yeast strain at a nonpermissive temperature,
suggesting CRM1 exports this RNA in the budding
yeast (Ciufo & Brown 2000; Grosshans et al. 2001).
It has been suggested that CRM1 may also export
SRP RNA in vertebrates as leptomycin B (LMB)
treatment of rat cells led to an increased SRP RNA
signal in the nucleolus (Alavian et al. 2004). How-
ever, this could be an indirect effect of LMB as the
authors discussed in the study because the LMB treat-
ment has to be very long (as long as 20 h) to be able
to see the effect, that is, shorter treatments did not
lead to the SRP RNA accumulation. Moreover,
association of CRM1 with SRP RNA has never
been showed (neither in the case of the budding
yeast). Thus, how SRP RNA is exported in higher
species has been elusive. In this report, we carried
out Xenopus oocyte RNA microinjection as well as
biochemical experiments and gathered several lines of
evidence to conclude that Exportin-5 but not CRM1
is the principal export receptor for SRP RNA in ver-
tebrates.

Results

SRP RNA is exported via a CRM1-independent

pathway in Xenopus oocytes

SRP RNA was previously suggested to use the
CRM1-dependent export pathway in the budding
yeast (Ciufo & Brown 2000; Grosshans et al. 2001).
Whether or not vertebrate SRP RNA is also
exported via the same CRM1 pathway was examined
in the well-established Xenopus oocyte microinjection
experiments. To this end, a well-characterized inhibi-
tor of the CRM1-dependent export was used. This
inhibitor was a conjugate of NES peptides coupled to
BSA (BSA-NES), which was shown to saturate
CRM1-dependent export (Fischer et al. 1995; Mas-
uyama et al. 2004).

In the control situation, approximately 50% of
the injected in vitro-transcribed 32P-labeled Xenopus
SRP RNA as well as of DHFR mRNA had been
exported to the cytoplasm during 1.5 h after
nuclear microinjection, whereas the nonexported
U6Dss RNA control stayed in the nucleus (Fig. 1A,
lanes 5 and 6). Approximately 30% of U1DSm had
been exported, whereas tRNAphe had been almost
completely exported. When the same RNA mix-
ture was injected with a saturating amount of BSA-
NES, the export of DHFR mRNA and tRNAphe

was hardly affected as DHFR mRNA uses NXF1/
p15 and tRNAphe uses Exportin-t or Exportin-5
for export (Arts et al. 1998; Kutay et al. 1998;
Komeili & O’Shea 2001; Bohnsack et al. 2002;
Calado et al. 2002; Katahira 2012). In contrast, the
export of U1DSm was severely inhibited as this
RNA uses the CRM1-dependent export pathway
(Fig. 1A, lanes 3 and 4 and Fig. 1B) (Fornerod
et al. 1997). Remarkably, the export of Xenopus
SRP RNA was unaffected (Fig. 1A, lanes 3 and 4
and Fig. 1B). Very similar results were obtained
when human, instead of Xenopus, SRP RNA was
used (Fig. 1C, D). These results suggested that ver-
tebrate SRP RNA is exported via a CRM1-
independent pathway.

Vertebrate SRP RNA is exported via the common

pathway with pre-miRNA and tRNA

To further characterize the export pathway of verte-
brate SRP RNA, we carried out cross-competition
experiments (Jarmolowski et al. 1994). If SRP RNA
shares the same export pathway with certain RNA
specie (e.g., RNA A), export of SRP RNA should
be specifically saturated and inhibited if a large
amount of RNA A is co-injected. As SRP RNA is
uncapped and structured, we first focused on pre-
miRNA and tRNA as competitors. Co-injection of
increasing amounts of human pre-miR-31 strongly
inhibited export of Xenopus SRP RNA as well as of
pre-miR-31 itself, whereas the nucleo-cytoplasmic
distributions of U1DSm and U6Dss RNAs were
unaffected (Fig. 2A). Export inhibition of SRP
RNA was quite effective. Its export was inhibited
by 93.4% by even the lowest amount of competitor.
Similarly, the tRNAphe competitor specifically inhib-
ited export of Xenopus SRP RNA as well as of
tRNAphe itself (Fig. 2B). However, export inhibi-
tion by the tRNA competitor was not as effective
as that by the pre-miRNA competitor. In contrast,
the U1DSm competitor inhibited export of only
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U1DSm itself (Fig. 2C). These results strongly sug-
gested that the primary candidate for the export
receptor for vertebrate SRP RNA is Exportin-5,

considering that pre-miRNA is exported by Expor-
tin-5 and tRNA is exported by Exportin-5 or
Exportin-t.
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Figure 1 Nuclear export of SRP RNA is independent of CRM1. (A) A mixture of in vitro-transcribed 32P-labeled DHFR

mRNA, Xenopus SRP RNA, U1DSm RNA, U6Dss RNA and tRNAphe was injected into the nucleus of Xenopus oocytes either

with 0.2 lg/oocyte of BSA-NES (lanes 3 and 4) or with the same amount of BSA-mut (mutated NES, lanes 5 and 6). DHFR

mRNA and U1DSm RNA were m7G-capped, and other RNAs were uncapped. RNA was analyzed immediately (0 h; lanes 1

and 2) or 1.5 h (1.5 h; lanes 3–6) after injection. N, nuclear; C, cytoplasmic fractions. (B) Quantitation of RNA export from four

independent experiments as in A. (C) The same as A except that human SRP RNA instead of Xenopus SRP RNA was injected

into the nucleus of oocytes either with 0.3 lg/oocyte of BSA-NES or with the same amount of BSA-mut. (D) Quantitation of

RNA export from three independent experiments as in C.
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Exportin-5 mediates export of vertebrate SRP

RNAs

Consistent with the above results, microinjection of
the recombinant human Exportin-5 in Xenopus oo-
cytes stimulated export of microinjected Xenopus SRP
RNA as well as of tRNAphe, but not of U1DSm
RNA (Fig. 3A, lanes 2–5 and Fig. 3B), whereas
microinjection of the recombinant human Exportin-t
stimulated only tRNAphe export (Fig. 3A, lanes 6
and 7 and Fig. 3B). Very similar results were
obtained when human, instead of Xenopus, SRP
RNA was used (Fig. 3C, D). These results suggested
that vertebrate SRP RNA uses the Exportin-5-
dependent export pathway.

To further confirm the above conclusion, a spe-
cific antibody raised against human Exportin-5 or a
control antibody raised against hnRNP K was micro-
injected together with 32P-labeled RNAs. As
expected, export of Xenopus SRP RNA as well as of
tRNAphe and pre-miR-31 was inhibited only by the
anti-Exportin-5 antibody, whereas export of U1DSm
was unaffected (Fig. 4A, B). Export inhibition of
tRNAphe and pre-miR-31 by the antibody was much
weaker than that of SRP RNA. This was because
export of tRNAphe and pre-miR-31 is kinetically
much faster than that of SRP RNA. The same anti-
body but not the control antibody also inhibited
export of human SRP RNA (Fig. 4C, D). In the lat-
ter experiment, we used longer incubation time
(1.5 h) as export kinetics of human SRP RNA is
slower than that of the Xenopus counterpart. Under
these conditions, therefore, export of tRNAphe was
apparently unaffected by the antibody, because of the
fast export kinetics. Nevertheless, these results, taken
together, strongly suggested that Exportin-5 is the
export receptor for vertebrate SRP RNA.
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Figure 2 SRP RNA shares the same export pathway with

pre-microRNA and tRNA. (A) A mixture of 32P-labeled

Xenopus SRP RNA, U1DSm RNA, U6Dss RNA and human

pre-miR-31 was injected into the nucleus of oocytes either

alone (lanes 2 and 3) or with increasing amounts (0.2, 0.5, and

1.0 pmol/oocyte) of unlabeled pre-miR-31 (lanes 4–9). RNA

was analyzed immediately (total; lane 1) or 40 min (40 min;

lanes 2–9) after injection. (B) The same as A except that
32P-labeled tRNAphe and unlabeled tRNAphe (0.2, 1.0, and

5.0 pmol/oocyte) were used instead of pre-miR-31, and the

incubation time was 0 or 30 min. (C) The same as A except

that unlabeled U1DSm RNA (0.5, 1.0, and 2.0 pmol/oocyte)

was used instead of unlabeled pre-miR-31.
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Exportin-5 interacts with SRP RNA

The results so far prompted us to test whether Expor-
tin-5 can interact with vertebrate SRP RNA. As this
interaction could be indirect, that is, adaptor-medi-
ated, we first tested whether Exportin-5 could be
pulled down from HeLa cell nuclear extracts (HNE)
together with exogenously added human SRP RNA.
In vitro-transcribed biotinylated human SRP RNA
was incubated with HNE in the presence or absence
of recombinant RanQ69LGTP, a constitutively active
mutant form of Ran loaded with GTP, the RNA

was then pulled down with streptavidin beads, and
the precipitated protein was analyzed by Western
blotting (Fig. 5). Exportin-5 was only weakly pulled
down by human SRP RNA alone (Fig. 5A, lane 11),
but this interaction was greatly enhanced by the pres-
ence of RanQ69LGTP (lane 12). In contrast, CRM1
was not pulled down under the same conditions. To
further confirm the specificity of the interaction
between Exportin-5 and human SRP RNA, cross-
competition experiments were carried out (Fig. 5B).
Addition of increasing amounts of nonbiotinylated
VA1 RNA as well as nonbiotinylated human SRP
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Figure 3 Exportin-5 mediates nuclear export of SRP RNA. (A) A mixture of 32P-labeled Xenopus SRP RNA, U1DSm RNA,

U6Dss RNA and tRNAphe was injected into the nucleus of oocytes either alone (lanes 2 and 3) or with 150 fmol/oocyte of Ex-

portin-5 (lanes 4 and 5) or Exportin-t (lanes 6 and 7). RNA was analyzed immediately (lane 1) or 15 min (lanes 2–7) after injec-
tion. (B) Quantitation of RNA export from the six independent experiments as in A. (C) A mixture of 32P-labeled DHFR

mRNA, human SRP RNA, U1DSm RNA, U6Dss RNA and tRNAphe was injected either alone (lanes 2 and 3) or with

60 fmol/oocyte of Exportin-5 (lanes 4 and 5) or Exportin-t (lanes 6 and 7). RNA was analyzed immediately (lane 1) or 40 min

(lanes 2–7) after injection. (D) Quantitation of RNA export from the three independent experiments in C.
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RNA itself could competitively inhibit the interac-
tion between Exportin-5 and biotinylated human
SRP RNA (Fig. 5B, lanes 3-9), whereas nonbiotiny-
lated U1DSm had no effect. These results are consis-
tent with the idea that human SRP RNA is one of
the specific export substrates for Exportin-5.

As exogenously added SRP RNA could associate
with SRP proteins as showed by the Western blot-
ting with the anti-SRP14 antibody (Fig. 5A), it was
possible that an adaptor protein(s) in HNE bridged
the interaction between Exportin-5 and SRP RNA.
To test this possibility, we next examined the direct

interaction between recombinant Exportin-5 and
SRP RNA (Fig. 5C). Biotinylated SRP RNA could
pull down recombinant Exportin-5 only weakly, but
this interaction was greatly stimulated by the presence
of RanQ69LGTP (Fig. 5C, lanes 7, 8). These results
indicated that Exportin-5 can directly recognize
human SRP RNA.

Discussion

In this report, we have provided several lines of evi-
dence suggesting that Exportin-5 is the principal
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Figure 4 Endogenous exportin-5 mediates nuclear export of SRP RNA. (A) A mixture of 32P-labeled Xenopus SRP RNA,

U1DSm RNA, U6Dss RNA, tRNAphe and pre-miR-31 was injected into the nucleus of oocytes either alone (lanes 2 and 3) or

with 38 ng/oocyte of anti-Exportin-5 antibody (lanes 4 and 5) or control antibody (lanes 6 and 7). RNA was analyzed immedi-

ately (lane 1) or 40 min (lanes 2–7) after injection. (B) Quantitation of RNA export from the four independent experiments as in

A. (C) The same as A except that human SRP RNA was used and pre-miR-31 was omitted, and the incubation was 0 or 1.5 h.

(D) Quantitation of RNA export from the three independent experiments as in C.
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nuclear export receptor for SRP RNA in vertebrates,
unlike in the budding yeast in which CRM1 plays an
important role. Two major questions arise: How Ex-
portin-5 recognizes vertebrate SRP RNA and why
the export pathway differs between vertebrates and
the budding yeast?

Recognition of vertebrate SRP RNA by

Exportin-5

Exportin-5 mediates nuclear export of many
uncapped structured RNA species including pre-
miRNA, tRNA, large rRNA and adenovirus VA1
RNA (Gwizdek et al. 2001, 2003; Bohnsack et al.

2002, 2004; Calado et al. 2002; Yi et al. 2003; Lund
et al. 2004; Wild et al. 2010). Exportin-5 directly rec-
ognizes the structure of double-stranded (ds) RNA
with 30 overhang in a Ran-GTP dependent manner.
An atomic structure analysis of the Exportin-5, pre-
miRNA and RanGTP complex showed that the
overall structure resembles a baseball mitt and that
the mitt accommodates the dsRNA stem structure of
pre-miRNA (Okada et al. 2009). In addition, a tun-
nel-like structure at the bottom of the mitt recognizes
the RNA’s 30 end protruding from the stem.

Previous structural studies suggested that the
30-end of the vertebrate SRP RNA is located at the
end of helix 5, which forms the linker region and a
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Figure 5 Exportin-5 interacts with SRP RNA. (A) Biotinylated human SRP RNA was incubated with HeLa cell nuclear extracts

(HNE) with or without RanQ69LGTP in buffer A for 30 min at 30°C, and then biotinylated human SRP RNA was pulled

down by streptavidin beads. The precipitated proteins were analyzed by Western blotting. (B) The same as A except that the

nonbiotinylated RNA competitors were used. (C) The pull-down assay using biotinylated human SRP RNA, the recombinant

Exportin-5 and RanQ69LGTP was similarly carried out as A. The precipitated Exportin-5 was analyzed by Western blotting using

anti-His tag antibody.

© 2015 The Authors.

Genes to Cells published by Molecular Biology Society of Japan and Wiley Publishing Asia Pty Ltd.

Genes to Cells (2015) 20, 281–291

Nuclear export of vertebrate SRP RNA

287



portion of Alu and S domains, and is protruding from
the helix (Halic et al. 2004). Therefore, we propose a
model in which helix 5 and the 30 overhang are
directly recognized by Exportin-5. However, it is still
possible that bound protein factors influence the
interaction between Exportin-5 and SRP RNA, for
instance, by keeping the proper RNA secondary
structure that enables more efficient Exportin-5 asso-
ciation or by sterically inhibiting the access of the
export receptor.

Difference between yeast and vertebrate in SRP

RNA export

What is the reason why yeast SRP RNA does not
use the Exportin-5 (Msn5p in yeasts) export pathway?
There are several differences in the structure of SRP
RNA between vertebrates and the budding yeast
(Zwieb et al. 2005; Andersen et al. 2006; Rosenblad
et al. 2009). Most importantly, the structure near the
30-end is quite different. In the case of the budding
yeast SRP RNA, four extra helices (helix 9-12) are
inserted into helix 5 (Fig. S1 in Supporting Informa-
tion). Therefore, we speculate that Exportin-5 cannot
recognize the 30-end of yeast SRP RNA due to the
steric hindrance. Consistent with this idea, yeast SRP
RNA was hardly exported in Xenopus oocytes and
became unstable upon longer incubations (Fig. S2 in
Supporting Information), suggesting that Exportin-5
cannot efficiently function for yeast SRP RNA as an
export receptor.

Moreover, the protein components of SRP are
somewhat different between the two species. Yeast
SRP similarly contains six protein components,
Srp21, 14, 54, 68, 72 and Sec65, in which Srp21
and Sec65 are homologues of vertebrate SRP9 and
19, respectively (Hann & Walter 1991; Stirling &
Hewitt 1992; Brown et al. 1994; Mason et al. 2000;
Rosenblad et al. 2004). However, vertebrate SRP9
forms a heterodimer with SRP14, whereas yeast
counterpart (Srp21) does not. Instead, yeast Srp14
forms a homodimer (Strub et al. 1999; Mason et al.
2000). These differences in the protein composition
may affect the recognition by the export receptors
in both negative and positive ways. There has been
no evidence that CRM1 can directly recognize
RNA. Therefore, it is plausible to assume that one
of the yeast Srp proteins or other SRP-associating
protein(s) has an NES-like sequence and serves as
an adaptor between yeast CRM1 and yeast SRP
RNA.

Experimental procedures

DNA constructs, templates for in vitro

transcription and antibodies

For preparation of the plasmid encoding Xenopus laevis SRP

RNA, a DNA fragment containing the sequence of Xenopus

laevis SRP RNA and EcoRI, DraI, and SalI sites was generated

by RT-PCR using RNA from Xenopus laevis oocytes and the

following primers: 50-AAAGAATTCTAATACGACTCACT
ATAGCCGGGCGCTGTGGCG-30 and 50-AAAGTCGACT
TTAAAAGAACTGTGTCTCG-30, and then the amplified

fragment was inserted into the EcoRI-SalI sites of pSP65.

Cloning of human SRP RNA was similarly carried out using

RNA from HeLa cells and specific primers: 50-AAAGA
ATTCTAATACGACTCACTATAGCCGGGCGCGGTGG-

30 and 50-AAAGTCGACTTTAAAAGAGACGGGGTCT
CG-30. For preparation of the plasmid encoding VA1 RNA, a

DNA fragment corresponding to the sequence of VA1 RNA

was generated by PCR using Adeno-X System 1 Viral DNA

(Clontech) and the specific primers: 50-AAATCTAGAGGG
CACTCTTCCGTGGTC-30 and 50-AAACTGCAGAAAAG
GAGCGCTCCCCCGTTG-30, and the fragment was inserted

into the XbaI-PstI sites of pUC118. A DNA fragment contain-

ing the T7 promoter-VA1 RNA was generated by PCR using

the pUC118-VA1 plasmid and specific primers: 50-AAAG
AATTCTAATACGACTCACTATAGGGCACTCTTCCGT

GGTC-30 and 50-AAAGTCGACTTTAAAAGGAGCGCTC
CCCCGTTG-30, and then the fragment was inserted into the

EcoRI-SalI sites of pSP65.

The pSP65-based plasmids for Xenopus SRP RNA and

VA1 RNA were digested with DraI for in vitro transcription,

whereas the template for human SRP RNA was produced by

PCR using the pSP65-human SRP RNA plasmid and the fol-

lowing primers: 50-TAATACGACTCACTATAGCCGGG
CGCGGTGGCGCGTG-30 and 50-AGAGACGGGGTC
TCGCTATGTTGCCCAGGCTGGAG-30. In vitro transcrip-

tion of these templates would yield the precursor form con-

taining UCUUUU 30-end and the mature form containing

UCU 30-end for Xenopus and human SRP RNAs, respec-

tively. The template for in vitro transcription of pre-miR-31

was generated as previously described (Lund et al. 2004).

For preparation of the plasmid encoding Saccharomyces cere-

visiae SRP RNA, a DNA fragment containing the sequence of

Saccharomyces cerevisiae SRP RNA was generated by PCR using

DNA from Saccharomyces cerevisiae and the following primers:

50-AGGCTGTAATGGCTTTCTGGTGGGATGG-30 and 50-
AAAAATATGGTTCAGGACACACTCCATCC-30, and then

the amplified fragment was inserted into pCRTM4-TOPO

using TOPO TA Cloning Kit for Sequencing (Life Technolo-

gies). The template for in vitro transcription of Saccharomyces

cerevisiae SRP RNA was generated by PCR using the plasmid

encoding Saccharomyces cerevisiae SRP RNA and the following

primers: 50-TAATACGACTCACTATAAGGCTGTAATGG
CTTTCTGGTGGGATGG-30 and 50-AAAAATATGGTTC
AGGACACACTCCATCC-30.
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The pQE60 plasmid for expressing His-tagged human Ex-

portin-5 was kindly gifted from Dr. Jun Katahira (Shibata et al.

2006). For preparation of the plasmid for expressing His-

tagged Exportin-t, a DNA fragment containing the Exportin-t

coding sequence was generated by RT-PCR using RNA from

HeLa cells and specific primers: 50-AAACCATGGATG
AACAGGCTCTAT-30 and 50-TTCATGATCATGAAGT
AGGCACAGG-30, and then PCR was carried out using the

DNA fragment generated by RT-PCR and the following

primers: 50-AAACCATGGATGAACAGGCTCTAT-30 and

50-AAAGGATCCGGGCTTTGCTCTCTGG-30. The ampli-

fied product was inserted into the NcoI-BamHI sites of

pQE60. Polyclonal antibodies against coilin, Exportin-5,

hnRNP K and SRP14 were from Santa Cruz (sc-32860),

Sigma (SAB4200003), MBL (RN019P) and Abcam

(ab155004), respectively. Monoclonal antibodies against

CRM1 and His tag were from BD (611833) and MBL

(D291-3), respectively.

Recombinant proteins

Expression and purification of His-tagged Exportin-5 and

RanQ69LGTP were carried out as described previously

(Ohno et al. 2000; Shibata et al. 2006). Expression and purifi-

cation of His-tagged Exportin-t were carried out as His-tagged

Exportin-5.

RNA-protein binding assay

Biotinylated human SRP RNA was synthesized using MEGA-

script (Ambion) and Biotin-16-UTP (Roche). The competitor

RNAs were also synthesized using MEGAscript. Biotinylated

human SRP RNA was incubated with RanQ69LGTP and

HeLa cell nuclear extracts, with or without the competitor

RNAs in buffer A [20 mM Tris-HCl (pH7.5), 100 mM KCl,

2.5 mM MgCl2, 20% glycerol, 0.5 mM DTT, 0.1% NP-40 and

protease inhibitor cocktail, complete (Roche)] for 30 min at

30°C, and then the mixture was incubated with streptavidin-

sepharose beads (GE Healthcare) for 1 h at 4°C. After the

beads were washed four times with buffer A, the bound mate-

rial was recovered with 1 9 SDS sample buffer and analyzed

by Western blotting. The pull-down assay using the recombi-

nant Exportin-5 was similarly carried out.

Microinjection into Xenopus oocytes

Preparation of 32P-labeled RNAs and their microinjection into

Xenopus oocytes were carried out as described previously

(Masuyama et al. 2004). Preparation of BSA-NES and BSA-

mut was as described previously (Masuyama et al. 2004).
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Supporting Information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web site:

Figure S1 The secondary structures of human and Saccharomy-

ces cerevisiae SRP RNAs.

Figure S2 Saccharomyces cerevisiae SRP RNA was hardly

exported to the cytoplasm in Xenopus oocytes.
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