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The initial steps of spliceosomal small nuclear ribonucleoprotein (snRNP) maturation take place in the cytoplasm. After
formation of an Sm-core and a trimethylguanosine (TMG) cap, the RNPs are transported into the nucleus via the import
adaptor snurportin1 (SPN) and the import receptor importin-�. To better understand this process, we identified SPN
residues that are required to mediate interactions with TMG caps, importin-�, and the export receptor, exportin1
(Xpo1/Crm1). Mutation of a single arginine residue within the importin-� binding domain (IBB) disrupted the interaction
with importin-�, but preserved the ability of SPN to bind Xpo1 or TMG caps. Nuclear transport assays showed that this
IBB mutant is deficient for snRNP import but that import can be rescued by addition of purified survival of motor neurons
(SMN) protein complexes. Conserved tryptophan residues outside of the IBB are required for TMG binding. However,
SPN can be imported into the nucleus without cargo. Interestingly, SPN targets to Cajal bodies when U2 but not U1
snRNPs are imported as cargo. SPN also relocalizes to Cajal bodies upon treatment with leptomycin B. Finally, we
uncovered an interaction between the N- and C-terminal domains of SPN, suggesting an autoregulatory function similar
to that of importin-�.

INTRODUCTION

A key feature of all eukaryotic cells is their ability to regulate
the flow of macromolecules between various subcellular
compartments. The nuclear envelope is one of the best ex-
amples of this type of cellular partitioning, because the
nuclear pore complexes (NPCs) embedded within this struc-
ture allow for the selective transport of specific RNA and
protein cargoes (reviewed in Rout and Aitchison, 2001;
Suntharalingam and Wente, 2003; Pante, 2004). Individual
cargoes contain nuclear localization signals (NLSs) and/or
nuclear export signals (NESs), which are recognized by nu-
clear transport receptors collectively called karyopherins (re-
viewed in Fried and Kutay, 2003). Karyopherins can be
divided into two subfamilies, called importins and export-
ins, depending on the direction of cargo transport (reviewed
in Mosammaparast and Pemberton, 2004).

Despite their opposing directionalities, most importins
and exportins are structurally related to importin-� (re-
viewed in Harel and Forbes, 2004). Importin-� family mem-
bers are characterized by an N-terminal Ran binding domain
and a series of HEAT repeats (reviewed in Andrade et al.,
2001). The HEAT repeats interact with the FG-rich motifs
present in most nucleoporins and allow for passage of cargo
through the NPC. The direction of cargo transport is regu-
lated by a small GTPase called Ran (Izaurralde et al., 1997).
In the nucleus, Ran exists primarily in the GTP-bound state,

whereas cytoplasmic Ran is predominantly GDP bound.
Nuclear RanGTP promotes dissociation of importins from
their cargoes and association of exportins with their sub-
strates, thereby conferring directionality to the system (Gör-
lich and Mattaj, 1996).

An additional group of adaptor proteins mediates cellular
transport in cooperation with the importin-� superfamily.
These adaptors facilitate transport of cargoes that cannot
bind directly to a given receptor protein. For example, im-
portin-� forms the bridge between most “classical” NLS
motifs and importin-� (Adam and Gerace, 1991; Adam and
Adam, 1994; Moroianu et al., 1995; Weis et al., 1995). The
N-terminal region of importin-� contains an importin-�
binding (IBB) motif, whereas the C-terminal domain medi-
ates recognition of the NLS-containing cargoes (Görlich et
al., 1996; Conti et al., 1998). Interestingly, the N-terminal IBB
domain also contains a weak NLS that is thought to perform
an autoregulatory function (Conti et al., 1998; Kobe, 1999).
Thus, adaptor proteins such as importin-� must shuttle be-
tween the nucleus and the cytoplasm, binding cargo in one
compartment and releasing it in the other. However, trans-
port proteins are not the only factors known to shuttle.

Certain cargo proteins (e.g., cyclins, heterogeneous nu-
clear ribonucleoprotein [RNP] proteins) are known to con-
tain both NLSs and NESs (reviewed in Dreyfuss et al., 2002),
and these factors also shuttle between the nucleus and cy-
toplasm. Sm-RNPs represent a unique category of cargoes,
because they are one of the few factors known to make two
“one-way” trips, traveling from the nucleus to the cytoplasm
and back again, albeit with significant remodeling on each
leg of the circuit (reviewed in Will and Lührmann, 2001;
Kiss, 2004). Interestingly, the RNA component of the RNP
forms an integral part of the signals used for these transport
events. Export of small nuclear (sn)RNA transcripts from the
nucleus to the cytoplasm is mediated by specific factors that
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recognize the RNA pol II-encoded 7-methylguanosine (m7G)
cap structure (Jarmolowski et al., 1994; Ohno et al., 2000;
Masuyama et al., 2004). Once in the cytoplasm, snRNAs are
assembled with core factors, called Sm proteins, forming a
stable RNP. This process is mediated by the activity of the
survival of motor neurons (SMN) protein complex (Meister
et al., 2002; Yong et al., 2004). After Sm-core formation, the
m7G cap is hypermethylated by an enzyme called Tgs1 to
create a 2,2,7-trimethylguanosine (TMG) cap (Mouaikel et
al., 2002, 2003; Verheggen et al., 2002). The TMG cap and the
Sm core form two separable NLSs through which two inde-
pendent import adaptors use the same import receptor,
importin-� (Fischer et al., 1993; Marshallsay and Lührmann,
1994; Palacios et al., 1997). Snurportin1 (SPN) is the adaptor
protein for the TMG cap-dependent pathway (Huber et al.,
1998; Huber et al., 2002), whereas the SMN complex is re-
quired for the Sm-core pathway (Narayanan et al., 2004).
Subsequently, importin-� exits the nucleus in a complex
with RanGTP (Izaurralde et al., 1997; Hieda et al., 1999);
whether components of the SMN complex are exported from
the nucleus is unknown. Recycling of SPN is carried out by
the export receptor exportin1 (Xpo1/Crm1; Paraskeva et al.,
1999).

Human SPN is a 45-kDa protein that contains three
known functional domains, consisting of an N-terminal IBB
motif, a centrally located TMG cap binding domain, and an
ill-defined region responsible for binding to Xpo1 (Figure
1A). The SPN N terminus shares significant similarity with
the IBB domain of importin-�, but the TMG-binding domain
is completely novel, with no obvious similarity to other
RNA-binding proteins (Huber et al., 1998). Despite the fact
that SPN binds to Xpo1 with high affinity, the protein lacks
a discernible leucine-rich NES (Paraskeva et al., 1999). To
better define the motifs within SPN that are important for its
function, we undertook a mutational analysis of the protein.
Using a combination of in vivo localization, in vitro binding,
and nuclear transport assays, we identified specific residues
within both the IBB and TMG domains that are required for
proper SPN function, found evidence for trafficking of SPN
to Cajal bodies, and identified a potential autoinhibitory
interaction. Together, these studies provide important in-
sight into role of SPN in the biogenesis of small nuclear
RNPs.

MATERIALS AND METHODS

Plasmid Construction and Mutant Generation
All deletions, single and block amino acid mutations as well as truncations
were generated using the QuikChange mutagensis kit (Stratagene, La Jolla,
CA); primer sequences are available on request. Deletions involved removal
of the indicated amino acids along with insertion of an in-frame five-residue
linker (5�-ATCGTCGCAGGATCC-3�) that includes a novel BamH I restriction
site used for identification of positive clones. All constructs were subse-
quently sequenced throughout the entire SPN open reading frame. Primers
containing BamH I and Not I restriction sites were used to PCR amplify
human Xpo1 from Myc-Xpo1, and this fragment was subsequently cloned
into pET 24b (Novagen, Madison, WI).

Protein Purification
Glutathione S-transferase (GST)- and His-tagged proteins were expressed in
the Escherichia coli strain BL-21 Star (DE3) (Invitrogen, Carlsbad, CA). Cells
were grown at 37°C to an optical density at 600 nm of 0.6, followed by
induction with 1 mM isopropyl �-d-thiogalactoside (Sigma-Aldrich, St. Louis,
MO). Cells were induced at 30°C for 2 h except for cells expressing RanQ69L
(gift from K. Weis, Department of Molecular and Cell Biology, University of
California, Berkeley, CA), which were induced at 25°C for 4 h. GST- and
His-tagged constructs were purified using either glutathione beads (GE
Healthcare, Piscataway, NJ) or Ni-NTA agarose beads (QIAGEN, Valencia,
CA) as per the manufacturers’ instructions. RanQ69L was purified as de-
scribed previously (Klebe et al., 1993; Nilsson et al., 2001) and loaded with GTP
as described previously (Askjaer et al., 1998).

Generation of Radiolabeled RNA
A plasmid containing an Ascaris U2 snRNA gene driven by a T3 promoter
(gift of T. Nilsen, Center for RNA Molecular Biology, Case Western Reserve
University, Cleveland, OH) was linearized with Sma I. Linearized DNA was
then purified by phenol/chloroform extraction, resuspended in TE buffer, and
used to generate single-stranded RNA. In vitro transcription using the Ribo-
probe system (Promega, Madison, WI) was then conducted in the presence of
radiolabeled UTP, and m7G- or TMG-cap analogs (as directed), and resulting
RNA was purified using Bio-Spin Tris columns (Bio-Rad, Hercules, CA). One
microgram of GST or GST-tagged protein was then incubated with 1.6 � 106

counts of RNA for 1 h at 4°C. Beads were then washed four times with mRIPA
(50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA) containing 2
mM dithiothreitol (DTT) plus protease inhibitor cocktail tablets (Roche Diag-
nostics, Indianapolis, IN) and bound counts determined by an LS6500 scin-
tillation counter (Beckman Coulter, Fullerton, CA).

GST-Pulldown Assays
E. coli lysates containing GST, GST-SPN, or mutant SPN were incubated with
glutathione beads for 1 h at 4°C and washed two times with 1� phosphate-
buffered saline (PBS). All pulldowns used 1 �g of GST-SPN except for
experiments involving Xpo1, which used 2 �g. Glutathione-bead captured
GST, GST-SPN, or mutant SPN was incubated with 1 �g of importin-� for 1 h
at 4°C in 800 �l of mRIPA buffer. Pulldowns using Xpo1 involved incubation
of GST, GST-SPN, or mutant SPN with 150 �l of E. coli lysate expressing
Xpo1-His for 3 h in the presence of 30 �g of RanQ69L-GTP. Leptomycin B
(LMB; Calbiochem, San Diego, CA) was added at 20 nM to E. coli lysate 1 h
preceding the addition to glutathione-bead captured GST-SPN. Reactions
were incubated with gentle inversion for 1 h at 4°C and washed four times
with 1 ml of mRIPA, resuspended in 10 �l of 5� SDS loading buffer, boiled,
and analyzed by SDS-PAGE. After transfer to nitrocellulose, membranes were
probed with the appropriate primary and secondary antibodies before chemi-
luminescence detection (Pierce Chemical, Rockford, IL). The assay shown in
Figure 2B was conducted as described above except that a buffer described in
Paraskeva et al. (1999) was used. This reaction was incubated and washed
in 50 mM HEPES-KOH, pH 7.5, 200 mM NaCl, 5 mM Mg(OAc)2, and 0.005%
digitonin.

Immunochemical Methods
HeLa-ATCC cells were cultured in DMEM (Mediatech, Herndon, VA) sup-
plemented with 10% fetal bovine serum and penicillin/streptomycin (Invitro-
gen) to 70% confluence. Cells were harvested and electorporated using a
GenePulser Xcell electroporator (Bio-Rad) as directed using 2 �g of DNA.
Cells were then seeded on slides (Nalge Nunc International, Rochester, NY)
for 16 h, fixed in 4% paraformaldehyde, and permeabilized in 0.5% Triton
X-100 as described previously (Frey and Matera, 1995). Incubation in 10%
normal goat serum preceded antibody detection. LMB at 20 nM was added to
cell culture media for 1 h before cell fixation.

Solid Phase Binding Assays
Solid phase binding assays were performed essentially as described in Bed-
nenko et al. (2003), with the following modifications. Two hundred nano-
grams of importin-� was adsorbed to each well and GST-SPN binding reac-
tions were performed in PBS containing 0.2% NP-40 and 1% bovine serum
albumin (BSA). GST-SPN was detected using an anti-GST antibody (GE
Healthcare).

Import Assays
HeLa-ATCC cells were grown to 50% confluence on slides (Nalge Nunc
International) and washed once with P buffer [50 mM HEPES-KOH, pH 7.5,
50 mM KOAc, 8 mM Mg(OAc)2, 2 mM EGTA, 1 mM DTT, and 1 �g/ml each
aprotinin, leupeptin, and pepstatin]. Cells were permeabilized with digitonin
in the presence of an ATP regenerating system (0.2 mg/ml BSA, 1 mM ATP,
10 mM creatine phosphate, 50 �g/ml creatine phosphokinase; Roche Diag-
nostics) plus 0.2 mM GTP for 5 min at 26°C. Cells were then washed twice and
incubated in P buffer for 15 min at 26°C to remove endogenous transport
factors. After two washes with P buffer, cells were transferred to T buffer [20
mM HEPES-KOH, pH 7.5, 80 mM KOAc, 4 mM Mg(OAc)2, 1 mM DTT, and
1 �g/ml each of aprotinin, leupeptin, and pepstatin] before performing the
import assay. Import reactions were incubated at 26°C for 30–40 min. Unless
specified otherwise, each reaction contained 0.2 mg/ml tRNA, 0.2 mg/ml
BSA, 1 mM ATP, 10 mM creatine phosphate, 50 �g/ml creatine phosphoki-
nase (Roche Diagnostics), and 40 nM Cy3-labeled U1 or U2 snRNPs (kind gift
from R. Lührmann, Department of Cellular Biochemistry, Max-Planck-Insti-
tute of Biophysical Chemistry, Göttingen, Germany; Sumpter et al., 1992;
Segault et al., 1995; Huber et al., 1998) and 800 ng each of green fluorescent
protein (GFP)-SPN and importin-�. Purified SMN or control complexes
(Pellizzoni et al., 2002; Narayanan et al., 2004) were a gift from G. Dreyfuss
(Howard Hughes Medical Institute, Department of Biochemistry and Bio-
physics, University of Pennsylvania, Philadelphia, PA) and were used at 400
ng/assay. After incubating, cells were washed in transport buffer and then
fixed in 4% paraformaldehyde for 10 min at room temperature and perme-
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abilized with 0.5% Triton for 5 min. Cells were visualized by a Zeiss Axioplan
upright epifluorescent microscope (100� objective). Digital images were
taken with a Hamamstsu ORCA-ER C4742–95 charge-coupled device camera
and Open Lab software (Improvision, Lexington, MA).

Antibodies
A rabbit polyclonal anti-coilin antibody (R124) was generated (Covance Research
Products, Berkley, CA) using a His-tagged fragment of coilin consisting of the
C-terminal 214 amino acids of human coilin. Mouse monoclonal anti-Xpo1 (BD
Biosciences, San Diego, CA), rabbit polyclonal anti-Myc, and mouse monoclonal
anti-GST (Santa Cruz Biotechnology, Santa Cruz, CA) were used at 1:5000,
whereas (R124) was used at 1:600. A His-probe (Pierce Chemical) was used at
1:5000 to detect His-tagged proteins as per the manufacturer’s instructions.
Secondary antibodies used were goat anti-mouse- and goat anti-rabbit-conju-

gated horseradish peroxidase at 1:5000 (Pierce Chemical) and goat anti-rabbit-
conjugated Texas Red (Vector Laboratories, Burlingame, CA).

RESULTS

Mutational Analyses Identify Residues Important for
TMG Binding
SPN contains a small N-terminal IBB domain and a large
centrally located TMG cap binding domain (Figure 1A).
Although the central region of the protein is conserved
among higher eukaryotes (Figure 1B), it does not share
significant similarity with other known RNA binding do-

Figure 1. Schematic of SPN, alignment of SPN orthologues, and TMG cap binding assay. (A) Cartoon of SPN illustrating the TMG cap, Xpo1,
and IBB. The IBB of SPN is defined as amino acid residues 26–65, based on similarity with the IBB of importin-� (Huber et al., 1998). The
region of SPN responsible for Xpo1 binding activity has not been mapped and may not be a modular domain (Huber et al., 1998; Paraskeva
et al., 1999). Based on proteolytic cleavage of SPN and UV cross-linking studies, the TMG-binding domain is thought to span residues 79–301
(Strasser et al., 2004). (B) Alignment of SPN orthologues. Human, frog, worm, fly, and plant SPN proteins are aligned, with identities shaded
dark and similarities shaded light. A subset of the mutations used in this study is illustrated. Asterisks indicate alanine point substitutions
and include R27, K32, R64, W107, and W276. Black bars indicate block alanine substitutions and include 25–27, 30–32, 43–45, 48–52, 63–64,
65–69, and 104–107. Gray bars indicate residues that were deleted and replaced with an amino acid linker consisting of IVAGS and include
39–52, 96–112, 119–134, 135–159, 170–187, 203–214, 255–262, and 266–279. The X indicates residue P291 that was mutated to leucine. Note
that this alignment does not include the predicted C terminus of the Drosophila melanogaster orthologue. Carats (^) mark sites where one or
more amino acids were excluded to facilitate the alignment. (C) Recombinant SPN can distinguish between m7G- and TMG-capped RNA.
GST pulldowns were conducted using GST or GST-SPN and radiolabeled m7G- or TMG-capped U2 snRNA. After a 1-h incubation at 4°C,
complexes were washed and bound counts determined.
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mains. To gain insight into the process of snRNP import, we
set out to define sequences that are critical for SPN function.
As a first step in our analysis, we tested wild-type recombi-
nant GST-SPN for its ability to bind to TMG capped snRNA.
Radiolabeled U2 snRNAs were transcribed in vitro in the
presence of either m7G or TMG cap dinucleotide triphos-
phates. As shown in Figure 1C, GST-SPN specifically recov-
ered TMG- but not m7G-capped RNA, whereas only back-
ground levels of U2 RNA bound to GST alone. We conclude
that, at least by this criterion, recombinant GST-SPN is a
functional protein.

Previous studies used truncation mutants in attempts to
map the various domains of SPN (Huber et al., 1998). There-
fore, we generated a large battery of block substitution and
internal deletion mutants in various conserved regions
throughout the length of the SPN molecule and tested them
for their ability to bind to TMG caps in vitro. The entire data
set is summarized in Table 1. For comparison, the sequence
conservation of the mutated regions is illustrated in Figure
1B. Because tryptophan and other aromatic residues are
known to play important roles in binding to m7G caps
(reviewed in Quiocho et al., 2000; Fechter and Brownlee,
2005), we paid special attention to conserved motifs contain-
ing such residues. Surprisingly, we found that nearly all of
the deletion mutants abolished TMG binding (Figure 2A and
Table 1). We therefore made a number of point and block

substitution mutations in these conserved motifs (e.g.,
W107A, 104-107A, 203-207A, and W276A) and found that
these also significantly reduced binding to TMG capped
snRNAs (Figure 2A and Table 1). Two mutations bordering
the TMG domain (�1-65 and P291L) disrupted TMG binding
only slightly (Figure 2A and Table 1). Together with previ-
ous findings (Huber et al., 1998; Strasser et al., 2004), these
results identify a minimal TMG binding domain, located
between residues 100 and 280.

Point Mutants in the TMG Domain Can Interact with
Xpo1 In Vivo
After import of newly assembled snRNPs, SPN must be
recycled to the cytoplasm to facilitate additional rounds of
snRNP import. Recycling depends on the ability of SPN to
interact with its export receptor, Xpo1 (Paraskeva et al.,
1999). Despite the lack of a discernible NES, Xpo1 binds to
SPN with 50-fold greater affinity than it does to leucine-rich
NES-containing proteins such as HIV Rev (Paraskeva et al.,
1999). We therefore tested whether the Xpo1 interaction with
SPN was sensitive to LMB (Fornerod et al., 1997; Ossareh-
Nazari et al., 1997; Kudo et al., 1998). Treatment with 20 nM
LMB significantly reduced Xpo1 binding to GST-SPN (Fig-
ure 2B), suggesting that SPN binding uses the typical NES
docking site on Xpo1. Using a similar pulldown assay, we
also tested various mutant GST-SPN constructs for their
ability to form a ternary export complex with Xpo1 and
RanGTP in vitro. As shown in Figure 2B, the deletion mu-
tants we tested were dramatically reduced for binding to
Xpo1, although faint bands could be detected upon long
exposures. Two of the TMG point substitution mutants also
bound Xpo1 to a lesser degree; W276A was moderately

Figure 2. SPN mutants defective in TMG-cap binding also fail to
interact with Xpo1. (A) Mutation of residue W107 or residues 104–
107 abolish TMG binding. GST pulldowns were conducted using
GST alone, GST-SPN, and the following GST-tagged SPN mutants:
R27A, W107A, 104–107A, �119-134, �203-214, and P291L in the
presence of radiolabeled, TMG-capped U2 snRNA. After incubation
and washes, bound counts were determined using a scintillation
counter. (B) SPN binding to Xpo1 is extremely sensitive to mutation.
GST pulldowns were conducted using GST, GST-SPN (� LMB) and
the following GST-tagged SPN mutants: 25-27A, R27A, 104-107A,
W107A, �119-134, �203-214, W276A, and P291L in the presence of
lysate expressing recombinant Xpo1-His and containing RanQ69L-
GTP. Western blot analysis was conducted using anti-Xpo1 and
anti-GST antibodies (loading control). Input shows 5% of the total
lysate used in the pulldown.

Table 1. In vitro binding and in vivo localization studies

SPN construct Imp � TMG Xpo1 Localization

Wild type � � � Cytoplasmic
(1-65) ��� n.d. �a Nucleoplasmic
(1-280) �� n.d. �/�b Nuc�Cyto
R27A � �/� � Cytoplasmic
25-27A � �/� �/� Cytoplasmic
30-32A � n.d. n.d. n.d.
43-45A � n.d. n.d. n.d.
48-52A �� n.d. � Nucleoplasmic
63-64A � n.d. n.d. n.d.
65-69A � n.d. n.d. n.d.
104-107A �� � �/� Nucleoplasmic
W107A �c � �/� Cytoplasmic
W107,276A �c � �/� Nuc�Cyto
203-207A �a � �a Nucleoplasmic
W276A �c � �/� Cytoplasmic
P291L �� �/� � Cytoplasmic
�1-65 � �b �b Nucleoplasmic
�39-52 �/� n.d. �/� Nuc�Cyto
�96-112 �� � � Nucleoplasmic
�119-134 � � �/� Nucleoplasmic
�135-159 � n.d. �/� Nucleoplasmic
�170-187 � n.d. � Nucleoplasmic
�203-214 � � �/� Nucleoplasmic
�255-262 � n.d. � Nucleoplasmic
�266-279 � � � Nucleoplasmic

a Binding inferred from localization studies.
b See Huber et al. (1998) and Paraskeva et al. (1999).
c Relocalizes to nucleus upon LMB treatment.
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impaired relative to wild-type SPN, whereas W107A dis-
played significantly reduced binding (Figure 2B).

To characterize the recycling capacities of these TMG do-
main mutants in vivo, we analyzed the steady-state subcel-
lular distributions of various GFP-tagged constructs in the
presence or absence of LMB. As expected, wild-type GFP-
SPN localized to the cytoplasm and redistributed to the
nucleoplasm upon treatment with LMB (Figure 3A). Despite
their reduced capacities for Xpo1 binding in vitro, we found
that the W107A and W276A constructs localized to the cy-
toplasm in untreated cells and relocalized to the nucleo-
plasm upon LMB treatment (Figure 3A). We therefore con-
clude that W107A and W276A functionally interact with
Xpo1 in vivo. In contrast, block substitution or deletion
mutations within the TMG domain resulted in proteins that
did not bind Xpo1 in vitro and localized to the nucleus
under steady-state conditions in vivo (Figure 3A and Table
1). The results suggest that each of the TMG domain mutants
described above can bind to importin-�, because they were
either nuclear in untreated cells or they relocalized to the
nucleus after treatment with LMB (Table 1).

Cargo Binding Is Not a Requirement for SPN
Nuclear Import
The fact that the TMG domain deletion mutants were nu-
clear suggested that SPN can be imported into the nucleus in
the absence of RNA cargo. We decided to test this hypoth-
esis by using the digitonin-permeabilized HeLa cell system
(Adam et al., 1990). As shown in Figure 4, wild-type GFP-
SPN and Cy3-labeled U1 snRNPs were efficiently imported
into the nucleus when incubated with recombinant impor-
tin-� at 26°C. GFP-SPN also was imported in the absence of
the labeled U1 snRNPs (Figure 4), although the level of
nucleoplasmic signal was somewhat variable and localiza-
tion to the nuclear rim was more pronounced (see Discus-
sion). Thus, SPN can be imported into the nucleus in the
absence of exogenous cargo. Because we cannot exclude that
the protein was imported along with endogenous factors
present in the permeabilized HeLa cells, we tested a TMG
domain mutant in this assay. GFP-SPN(104-107A) was used
for these studies, because this construct can bind neither
TMG caps (Figure 2A) nor Xpo1 (Figure 2B) and is nuclear
upon transfection into HeLa cells (Figure 3A). This substi-
tution mutant was therefore used in a nuclear transport
assay by incubating it in the presence of importin-� and
Cy3-U1 snRNPs at 26°C. As shown in Figure 4, GFP-
SPN(104-107A) was imported into the nucleus (albeit with a
pronounced accumulation at the nuclear envelope), but the
construct was completely defective in transporting snRNPs.
These results not only demonstrate that TMG domain mu-
tants are incapable of importing snRNPs but also reveal that
SPN does not require an RNA cargo to access to the nucleus.

Leptomycin B Causes SPN to Localize in Nuclear
Cajal Bodies
As described above, short treatments with LMB resulted in
a dramatic relocalization of GFP-SPN from the cytoplasm to
the nucleus (Figure 3A). Most of the protein was distributed
throughout the nucleoplasm, excluding nucleoli. However,
we were surprised to find that wild-type SPN also accumu-
lated in nucleoplasmic foci. Costaining with anti-coilin an-
tibodies revealed that these foci were, in fact, Cajal bodies
(Figure 3B). Interestingly, the LMB-induced accumulation of
a given construct in Cajal bodies correlated with its ability to
bind TMG-capped RNA. For example, the steady-state dis-
tribution of GFP-SPN(W107A) is primarily cytoplasmic in
untreated cells, but the protein relocalizes to the nucleus

Figure 3. In vivo localization of SPN to Cajal bodies depends upon
TMG binding but not Xpo1 binding. (A) SPN point mutants reduced
for Xpo1 binding in vitro can interact with Xpo1 in vivo. The subcel-
lular localization of GFP-SPN as well as mutant constructs W107A, and
W276A were studied after transient transfection of HeLa cells in the
presence or absence of LMB. GFP-tagged constructs bearing deletions
or block substitutions (�119-134, 104-107A, and �203-214) were found
to be nucleoplasmic in the absence of LMB treatment. (B) Xpo1 and
TMG binding mutants fail to accumulate in Cajal bodies. HeLa cells
were transiently transfected with wild-type GFP-SPN, -SPN(W107A),
or -SPN�203-214 and treated with 20 nM LMB for 1 h. Immunofluo-
rescence was then conducted with anti-coilin antibodies to localize
Cajal bodies. Arrows mark Cajal bodies in the wild-type panel. (C)
Xpo1 is enriched in Cajal bodies in the absence of LMB and is depleted
from these nuclear bodies upon treatment. HeLa cells were transiently
transfected with Xpo1-GFP and treated with 20 nM LMB for 1 h.
Immunofluorescence was then conducted with anti-coilin antibodies to
localize Cajal bodies. Bar, 10 �m.
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after LMB treatment (Figure 3B). Consistent with its inability
to bind TMG caps (Figure 2A), W107A did not accumulate in
the Cajal bodies of LMB-treated cells. Likewise, W276A and
all of the TMG-domain deletion mutants we tested were
negative for Cajal body accumulation upon LMB treatment
(Figure 3, A and B, and Table 1). Thus, only constructs that
were capable of binding to TMG caps accumulated in Cajal
bodies.

Previously, Boulon et al. (2004) showed that Xpo1 can be
detected in Cajal bodies under steady-state conditions. Be-
cause SPN interacts with Xpo1, it was therefore possible that
this interaction was responsible for tethering SPN to Cajal
bodies during LMB treatment. We tested this idea by treat-
ing cells with LMB and then staining for Xpo1 and coilin. As
shown in Figure 3C, Xpo1 localizes to Cajal bodies in un-
treated cells but fails to accumulate in them after LMB
treatment. We therefore conclude that Xpo1 is not the factor
that anchors SPN to Cajal bodies after inhibition of export.

SPN Accumulates in Cajal Bodies after Nuclear Import of
U2 snRNPs
Based on the localization of newly synthesized GFP-tagged
Sm proteins, snRNPs are thought to be imported into the
nucleus and to transiently localize in Cajal bodies before
proceeding on to speckles (Sleeman et al., 1999). The data in
Figure 4 would seem to contradict this interpretation, be-
cause neither Cy3-labeled U1 snRNPs nor GFP-SPN seemed
to accumulate in nuclear foci after the transport assay. How-
ever, Sleeman et al. (1999) also showed that postmitotic Sm
proteins (snRNPs) bypass the Cajal body step and localize
directly to nuclear speckles. Because the Cy3-labeled U1
snRNPs we used in our assays were purified from HeLa
nuclei, they are more similar to postmitotic U1 snRNPs.
Recent work strongly suggests that the final steps of U2
snRNP assembly take place in the Cajal body, involving
addition of SF3a and SF3b to the maturing RNP and con-
version from a 12S to a 17S particle (Will et al., 2002; Nesic et
al., 2004; Tanackovic and Krämer, 2005). We therefore hy-
pothesized that RNPs corresponding to 12S preU2 snRNPs

might target to Cajal bodies. As shown in Figure 5, when
Cy3-labeled U2 snRNPs (12S form) were used in the nuclear
transport assay, localization of both SPN and U2 could
clearly be detected in Cajal bodies. As expected, U1 snRNPs
were imported into the nucleus but did not accumulate in
Cajal bodies (Figure 5). These results demonstrate that SPN
localizes to Cajal bodies after nuclear import of U2 snRNPs.

A Conserved Arginine Residue Is Required for Binding to
Importin-�

As part of our mutational analysis, various SPN constructs
also were tested for their ability to bind importin-�. We
found that neither the deletion nor the substitution muta-
tions within the TMG binding domain had an effect on
importin-� binding, with the exception of SPN(104-107A)
and SPN�96-112, which bound slightly better than wild type
(Supplemental Figure S1 and Table 1). We therefore concen-
trated our efforts within the SPN IBB domain and found
that, as expected, deletion of the entire N-terminal domain
(�1-65) abolished the interaction with importin-� (Figure
6A). However, a smaller deletion in the IBB (�39-52) had
only a modest effect (Table 1). Intriguingly, certain alanine-
scanning mutations of conserved regions within the IBB
disrupted binding to importin-� (e.g., 25-27A), whereas oth-
ers (e.g., 48-52A) enhanced the binding (Figure 6A and Table
1). The molecular implications of the SPN(48-52A) mutation
will be discussed below. Given that SPN(25-27A) failed to
bind to importin-�, the results suggest that this motif con-
tains residue(s) necessary for the interaction.

Because the crystal structure of the IBB of importin-�
complexed with importin-� has been solved (Cingolani et al.,
1999), we compared the IBB domains of SPN and importin-�
(Figure 6B). Notably, in the �/� cocrystal, three importin-�
residues that make direct contacts with importin-� are con-
served in human SPN (Figure 6B, asterisks). Mutation of
only one of these regions (R27) disrupted binding; substitu-
tions within motifs containing the other two residues (K32
and R64) had no effect (Table 1 and Figure 6A). We tested the
GST-SPN(R27A) mutant and found that it fails to interact

Figure 4. SPN import does not require
bound cargo. The ability of GFP-SPN or
-SPN(104-107A) to mediate U snRNP im-
port was examined using an in vitro nuclear
transport assay. Recombinant importin-�
and purified Cy3-labeled U1 snRNPs were
incubated with either wild-type or mutant
His-GFP-SPN constructs and digitonin-per-
meabilized HeLa cells. Top, GFP-SPN and
U1 snRNPs were efficiently imported. Bot-
tom, GFP-SPN(104-107A) was imported
into the nucleus (with pronounced enrich-
ment at the nuclear rim). However, the mu-
tant construct failed to mediate U1 import.
Middle, GFP-SPN was imported in the ab-
sence of added U snRNPs, showing variable
degrees of nuclear accumulation; some cells
displayed prominent rim staining, whereas
others were more uniformly labeled. Import
reactions were incubated at 26°C for 35 min.
Bar, 10 �m.
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with importin-� in vitro (Figure 6A). To measure the appar-
ent binding affinities (i.e., the relative Kd values) of the IBB
mutants, we used a solid phase binding assay (Bednenko et
al., 2003). In agreement with our qualitative analysis (Figure
6A), we found that both the (R27A) and (25-27A) mutations
decreased the affinity of the IBB motif by roughly 20-fold
(Supplemental Figure S2). The apparent affinities of impor-
tin-� for wild-type, (R27A) and (25-27A) SPN constructs
were 4.7 � 1.0, 92.5 � 18.0, and 132.9 � 28.5 nM, respec-
tively.

Importantly, the (R27A) mutation had little effect on
SPN�s ability to bind either TMG caps (Figure 2A) or Xpo1
(Figure 2B), suggesting that these functions were unper-
turbed. We therefore analyzed the subcellular localization of
the two IBB mutants (25-27A and R27A) and found that they
were similar to wild type (Figure 6C). Likewise, treatment
with LMB demonstrated that the constructs were imported
into the nucleus (presumably by an SMN-mediated path-
way, see below) and subsequently exported to the cytoplasm
by Xpo1 in vivo (Figure 6C). This latter finding was inter-
esting because the 25-27A mutant bound poorly to Xpo1 in
vitro (Figure 2B). We also noted that each of the IBB mutant
constructs accumulated in Cajal bodies upon LMB treatment
(Figure 6C), as predicted by their ability to bind TMG-
capped RNAs in vitro (Figure 2A and Table 1). Having
successfully identified a mutant that interacts with Xpo1 but
is incapable of binding to importin-�, we next tested the
GFP-SPN(R27A) construct in a nuclear transport assay.

SPN(R27A) Is Defective in snRNP Import
Together with purified Cy3-labeled U1 snRNPs, GFP-tagged
SPN constructs were assayed for import using recombinant
importin-� and digitonin-permeabilized HeLa cells. As
shown in Figure 7, the import of both GFP-SPN and Cy3-U1
was robust when cells were incubated at 26°C for 35 min.
Strikingly, GFP-SPN(R27A) was incapable of supporting U1
import (Figure 7). Thus, despite the fact that SPN(R27A) can
bind TMG-capped snRNAs, the mutant was defective for

snRNP import in vitro. Significantly, we found that import
of both snRNPs and SPN(R27A) could be rescued by addi-
tion of purified SMN complexes (Figure 7). When control
protein complexes were used, or if importin-� was left out of
the reaction, neither SPN(R27A) nor snRNPs were imported
(Figure 7). These studies provide an explanation for the
nuclear localization of SPN(R27A) upon LMB treatment in
vivo (Figure 6C), demonstrating that SPN binding to the
TMG cap does not interfere with the SMN-mediated, cap-
independent snRNP import pathway (Narayanan et al.,
2004). Furthermore, the results indicate that the interaction
between SPN and importin-� is not required to stabilize
binding of the SMN complex to importin-�.

SPN Subdomains Form an Intramolecular Interaction
During the course of our importin-� binding studies, we
recovered two SPN mutations that actually increased impor-
tin-� binding, relative to wild-type (Figure 6A). One such
mutation was within the IBB (48-52A), whereas the other
was in the C terminus (P291L). One possibility suggested by
these observations is that the C terminus of the protein
adopts a conformation that partially sequesters the N termi-
nus, thereby reducing access to importin-�. We therefore
truncated the C-terminus of the protein and assayed binding
to importin-� relative to wild type. We generated two con-
structs, one truncating the entire C terminus SPN(1-65),
whereas the other removed the last 80 aa, SPN(1-280). No-
tably, both constructs (Figure 8A and Supplemental Figure
S1) bound importin-� to a greater extent than either wild-
type or the P291L mutant.

To directly assay for cross-talk between SPN subdomains,
we generated differentially tagged N- and C-terminal SPN
fragments. Recombinant His-SPN(65-360) was incubated
with GST-SPN(1-65). Western analysis demonstrated that
these two fragments interacted in trans (Figure 8B, lane 3).
Control assays with GST-alone were negative (Figure 8B,
lanes 1 and 2). We reasoned that in the context of the
full-length protein, substitution mutations that increased

Figure 5. SPN accumulates in Cajal bodies after import of U2 but not U1 snRNPs. The localizations of GFP-SPN and U snRNPs after snRNP
import were determined using an in vitro nuclear transport assay. Recombinant importin-� and purified Cy3-labeled U1 or U2 snRNPs were
incubated with wild-type His-GFP-SPN and digitonin-permeabilized HeLa cells. Cajal bodies were localized by immunofluorescence using
an anti-coilin antibody. Bar, 10 �m.

J. K. Ospina et al.

Molecular Biology of the Cell4666



binding to importin-� in cis (i.e., 48-52A and P291L) did so
by disrupting a putative intramolecular interaction between
elements located in the N and C termini. Such a disruption
might allow the SPN IBB domain to adopt a more “open”
conformation. These substitution mutations should also dis-
rupt the ability of isolated N and C termini to interact in
trans. We therefore tested this prediction by introducing
these substitution mutations within the N- and C-terminal
fragment backbones and found that they abolished the in-
teraction (Figure 8B, lanes 4 and 5). Thus, mutations that

stimulate importin-� binding in the context of full-length
SPN disrupted association between the N- and C-terminal
domains of SPN supplied in trans. These data indicate that
the C terminus of the protein can attenuate the affinity of
SPN for importin-� by sequestering the SPN IBB domain.

DISCUSSION

In vitro, Sm-class snRNPs can be imported into the nucleus
via two separate importin-�-dependent pathways (Fischer et

Figure 6. Mutants incapable of binding
importin-� in vitro are efficiently imported
in vivo. (A) Mutation of residue R27 dis-
rupts SPN binding to importin-�. GST-pull-
down assays were conducted using GST
(negative control), GST-SPN, and the fol-
lowing SPN mutants: �1-65 (N-terminal de-
letion of 65 amino acids), R27A, 48-52A or
P291L, along with recombinant His-myc-
importin-�. Western analysis was con-
ducted using anti-myc and anti-GST (load-
ing control) antibodies. Input shows 10% of
the total used in the pulldown. (B) Align-
ment of N-terminal regions of human im-
portin-� and various SPN orthologues (hu-
man, Xenopus, and worm). Residues R27,
K32, and R64 are marked with asterisks,
regions 25–27, 30–32, 48–52, and 63–65 are
overlined with bars. (C) Mutants deficient in
importin-� binding are imported in vivo.
HeLa cells were transiently transfected with
wild-type GFP-SPN, or GFP-tagged SPN
mutants 25-27A and R27A and treated with
20 nM LMB for 1 h. Immunofluorescence
was then conducted with anti-coilin anti-
bodies to localize Cajal bodies. Arrows in-
dicate CBs in untreated cells. Bar, 10 �m.
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al., 1993; Marshallsay and Lührmann, 1994; Palacios et al.,
1997). One pathway depends on the presence of a TMG cap
and is mediated by SPN (Huber et al., 1998, 2002), whereas
the other is cap-independent and relies upon the SMN com-
plex (Narayanan et al., 2004). Previously, we showed that

truncation of the entire IBB domain of SPN resulted in a
protein that localizes primarily to the nucleus (Table 1;
Narayanan et al., 2002). Thus, in vivo, the domain through
which SPN is thought to be imported is actually dispensable
for import. However, the N terminus of SPN also is required

Figure 7. SPN binding to the TMG cap does not interfere with cap-independent import. Digitonin-permeabilized HeLa cells were incubated
at 26°C for 35 min with purified Cy3-labeled U1 snRNPs, recombinant importin-� and either GFP-SPN or GFP-SPN(R27A) in the presence
or absence of purified SMN complexes. Where indicated importin-� was omitted from the import reaction. Note that neither GFP-SPN(R27A)
nor Cy3-U1 snRNPs were imported in the absence of added SMN complexes. Both were imported when 400 ng of purified SMN complexes
were added along with T buffer and an ATP regenerating system (see Materials and Methods). Bar, 10 �m.
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for binding to Xpo1 in vitro (Table 1; Paraskeva et al., 1999),
suggesting that the IBB truncation construct (GFP-SPN�1-
65) is able to access an alternative import pathway. Because
SPN�1-65 retains the ability to bind TMG caps (Huber et al.,
1998), we theorized that import of the mutant protein was
facilitated by an import signal present on newly assembled
snRNPs (Narayanan et al., 2002). We tested this hypothesis
directly, by creating an SPN mutant (R27A) that can bind to
TMG caps and Xpo1 (Figure 2), but not to importin-� (Figure
6A). Interestingly, this protein relocalizes from the cyto-
plasm to the nucleus upon LMB treatment (Figure 6C),
suggesting that SPN(R27A) is imported together with
snRNPs via the cap-independent, Sm-core import pathway.
Consistent with this interpretation, in vitro transport assays
showed that import of the R27A mutant depended upon
addition of the SMN complex and importin-� (Figure 7).
Thus, SPN(R27A) is able to bind to the TMG cap and “pig-
gyback” into the nucleus via the cap-independent snRNP
import pathway.

Cargo Binding and the Directionality of snRNP Transport
Transport adaptors such as SPN or importin-� shuttle con-
tinuously between the nucleus and cytoplasm. In impor-

tin-�, the high nuclear concentration of RanGTP is critical
for release of importin-� from the nuclear side of the NPC
during import, whereas import of SPN-bound complexes
can be achieved in the absence of Ran (Huber et al., 2002).
Our data reveal that cargo binding is not a requirement for
SPN import (Figures 3 and 4) and that internal deletion/
substitution mutations disrupting TMG-cap binding also
inhibited Xpo1 binding (Figure 2). Thus, we conclude that
SPN nucleocytoplasmic shuttling is relatively insensitive to
the presence of cargo and that the mutually exclusive nature
of TMG versus Xpo1 binding (Paraskeva et al., 1999 and
Table 1) provides a mechanism by which newly imported
snRNPs are prevented from being reexported to the cyto-
plasm.

On arrival in the nucleus, newly assembled snRNPs are
thought to target to Cajal bodies before proceeding on to
their final nucleoplasmic destinations (reviewed in Kiss,
2004). Whether SPN accompanies all U snRNP import com-
plexes to Cajal bodies or not is unclear, however, we found
that the protein accumulated in these structures when 12S
U2 snRNPs were used as import cargoes or when export was
blocked with LMB. Curiously, similar experiments with U1
snRNPs revealed that neither U1 nor SPN targeted to Cajal
bodies after nuclear import in vitro. The mechanistic under-
pinnings of this difference will be a subject of future inves-
tigation.

The molecular mechanism that triggers cargo release from
SPN in the nucleoplasm is not well understood. Huber et al.
(2002) showed that RanGTP is not required for SPN trans-
location across the nuclear pore. However, Ran could still
play a role in release of cargo or in dissociation of the import
complex. In this context, it is important to note that
Ran(Q69L)GTP destabilizes complexes between importin-�
and either wild-type (Paraskeva et al., 1999) or mutant SPN
constructs (Supplemental Figure S3). It is possible that cargo
dissociation might even be facilitated by factors present in
Cajal bodies, such as Xpo1. Under steady-state conditions,
GFP-SPN(25-27A) localized in both the cytoplasm and Cajal
bodies (Figure 6C). Thus, SPN can bind to TMG-capped
RNAs while in the nucleus. Given that SPN(25-27A) is
slightly defective in binding to Xpo1, perhaps perturbation
of SPN recycling results in its accumulation in these struc-
tures. Whether the interaction with importin-� plays a role
in modulating SPN�s affinity for TMG cargo is also un-
known. Future experiments will be required to address
these issues.

While this manuscript was under revision, Strasser et al.
(2005) reported the crystal structure of the TMG-binding
domain of human SPN and showed that two tryptophan
residues (W107 and W276) make important contacts with
the TMG cap binding pocket. Strasser et al. (2005) show that
the structure of the TMG domain is primarily composed of
two nearly coplanar � sheets, and the TMG pocket is located
between them. We identified these same residues by phylo-
genetic analysis and showed that they were required for
TMG-binding (Figure 2A and Table 1). Furthermore, mu-
tation of these two residues to alanine also had a signifi-
cant effect on binding to Xpo1 in vitro (Figure 2B), per-
haps due to misfolding of the � strands. Unfortunately,
Strasser et al. (2005) were unable to recover crystals of
full-length SPN or of the TMG binding domain in the
absence of bound TMG cap dinucleotide. Future efforts to
characterize potential interdomain interactions within
SPN (in the presence and absence of bound cargo) should
be informative in this regard.

Figure 8. SPN N- and C-terminal domains interact. (A) The bind-
ing of SPN to importin-� is increased upon mutation or truncation
of the C terminus. Pulldown analysis was conducted using GST,
GST-SPN, GST-SPN(1-65), or GST-SPN(P291L) and recombinant im-
portin-�. The pulldowns were analyzed by Western blot and probed
with anti-myc antibody or anti-GST as the loading control. Input
shows 10% of the total used in the pulldown. (B) The N-terminal IBB
domain and C terminus of SPN interact. GST pulldown assays were
conducted using GST (negative control), GST-SPN(1-65), or GST-
SPN(1-65) containing the 48-52 mutation, referred to as GST(1-65,48-
52A). Lysates containing recombinant His-SPN(65-360), referred to
as SPN-Cter(wt), or His-SPN(65-360) containing the P291L muta-
tion, referred to as SPN-Cter(P291L) were used in the binding
experiments. Western blot analysis was conducted and the blot
probed with a His-probe or anti-GST antibody (loading control).
Inputs show 1% of the total lysate used in the pulldown.
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SPN Autoregulation via an Intramolecular Interaction?
Access to the IBB domain of importin-� is thought to be
regulated by sequences within the C-terminal NLS-binding
domain (Kobe 1999). Disruption of this so-called “autoin-
hibitory” interaction was shown to have functional conse-
quences in yeast (Harreman et al., 2003a,b). Our discovery
that the SPN N and C termini interact suggests that SPN
may function in a similar manner. Thus the current per-
ceived modular character of the SPN IBB domain must be
reevaluated. We favor a snRNP import model wherein fold-
ing of the C terminus regulates the availability of the N-
terminal IBB domain. Consistent with this interpretation, we
found that mutation or removal of the C-terminal domain
increased the binding of SPN to importin-� (Figure 8A and
Supplemental Figure S1) and that interactions between iso-
lated N- and C-terminal fragments of SPN were disrupted
by mutations within either of these subdomains (Figure 8B).
Thus, we conclude that SPN forms an intramolecular inter-
action and that cross-talk between subdomains may modu-
late the efficiency of nuclear import.

To facilitate snRNP import, SPN must form a complex
with both snRNPs and importin-�. The order of complex
formation is unknown. After export and release from Xpo1
in the cytoplasm, SPN is presumably free to bind to the
receptor, the cargo or to itself via an intramolecular interac-
tion. Because an intramolecular interaction would be kinet-
ically favorable, we propose that sequestering of the SPN
IBB might help prevent cargo-less SPN molecules from bind-
ing to importin-� in the cytoplasm, thus reducing the num-
ber of futile import cycles.

A recent structure-function study of Exportin1 also has
also to an autoinhibitory hypothesis regarding the Ran bind-
ing loop of this transport protein (Petosa et al., 2004). Simi-
larly-detailed structural studies, comparing the TMG bound
and unbound states, will be required to demonstrate the
existence of an intramolecular interaction within SPN. How-
ever, our finding that the SPN N and C termini can interact
reveals a common theme among two different transport
adaptors for importin-�. In the future, it will be interesting
to see whether other transport factors use similar mecha-
nisms.
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