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SMNrp is an essential pre-mRNA splicing factor
required for the formation of the mature
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SMNrp, also termed SPF30, has recently been identi-
fied in spliceosomes assembled ir vitro. We have func-
tionally characterized this protein and show that it is
an essential splicing factor. We show that SMNrp is a
17S U2 snRNP-associated protein that appears in the
pre-spliceosome (complex A) and the mature spliceo-
some (complex B) during splicing. Immunodepletion
of SMINrp from nuclear extract inhibits the first
step of pre-mRNA splicing by preventing the form-
ation of complex B. Re-addition of recombinant
SMNrp to immunodepleted extract reconstitutes both
spliceosome formation and splicing. Mutations in two
domains of SMNrp, although similarly deleterious for
splicing, differed in their consequences on U2 snRNP
binding, suggesting that SMNrp may also engage in
interactions with splicing factors other than the U2
snRNP. In agreement with this, we present evidence
for an additional interaction between SMNrp and the
[U4/U6-US] tri-snRNP. A candidate that may mediate
this interaction, namely the U4/U6-90 kDa protein,
has been identified. We suggest that SMNrp, as a U2
snRNP-associated protein, facilitates the recruitment
of the [U4/U6-U5] tri-snRNP to the pre-spliceosome.
Keywords: assembly/pre-mRNA splicing/SMNrp/SPF30/
spliceosome/U2 snRNP

Introduction

The spliceosome, which catalyses the removal of introns
from nuclear pre-mRNA, contains the small nuclear
ribonucleoprotein particles (U snRNPs) Ul, U2, U4/U6
and U5, and a large number of non-snRNP splicing factors
(Krdamer, 1996; Burge et al., 1999; Staley and Guthrie,
1998 and references therein). U snRNPs purified from
HeLa nuclear extracts under mild conditions can be
distinguished by their characteristic sedimentation as 12S
Ul snRNP, 17S U2 snRNP and 25S [U4/U6-US5] tri-
snRNP. At increased salt concentrations, the [U4/U6-US5]
tri-snRNP particle dissociates into a 20S U5 snRNP and a
12S U4/U6 snRNP, whereas several proteins dissociate
from 17S U2 snRNP, giving rise to its 12S form (Behrens
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and Liihrmann, 1991; Behrens et al., 1993a,b). Each of the
aforementioned U snRNPs contains the so-called Sm
proteins B/B’, D1, D2, D3, E, F and G (Hermann et al.,
1995; Séraphin, 1995 and references therein). Recently,
close relatives of the Sm proteins, termed Like-Sm (LSm)
proteins, have been shown to associate with the U6 snRNA
(Achsel et al., 1999; Salgado-Garido et al., 1999). In
addition, the U snRNPs contain a characteristic set of
specific proteins that are thought to contribute to the
individual functions of each particle (Krdmer, 1996; Will
and Liihrmann, 1997; Reed, 2000)

U snRNPs and non-snRNP splicing factors assemble on
to pre-mRNA in a highly ordered pathway to form the
mature spliceosome. In HeLa cells, pre-mRNA is first
bound by an undefined number of RNA-binding proteins
(complex H). Recognition of the 5" splice site by Ul
snRNP, and binding of additional non-snRNP factors to
the branch-point region then commit pre-mRNA to
splicing (Legrain et al., 1988; Séraphin and Rosbash,
1989; Michaud and Reed, 1991). The resulting complex E
has also been shown recently to contain loosely bound
17S U2 snRNP (Das et al., 2000). In the next step, U2
snRNP stably binds to the branch-point region in an
ATP-dependent fashion, forming the pre-spliceosome
(complex A) (Smith et al., 1989; Fu and Maniatis, 1990;
Zamore et al., 1992; Das et al., 2000). The addition of the
[U4/U6-U5] tri-snRNP particle then marks the conversion
of the pre-spliccosome into the mature spliceosome
(complex B) (Lamm et al., 1991; Maroney et al., 2000).
Within complex B, a series of RNA-RNA rearrangements
occur, which ultimately form a catalytic RNA network of
the spliceosome (Staley and Guthrie, 1998). Once formed,
these RNA-RNA interactions allow the chemical reac-
tions of splicing to occur, as monitored by the appearance
of complex C. Hereafter, the spliceosome is disassembled
and U snRNPs are recycled to engage in a new round of
splicing.

The survival of motor neuron (SMN) protein, which is
mutated in patients with spinal muscular atrophy, has
recently been implicated in the assembly and regeneration
of U snRNPs after the splicing reaction (Lefebvre et al.,
1995, 1998; Pellizzoni et al., 1998). SMN is the only
splicing factor known to date that contains a so-called
Tudor domain (Ponting, 1997). This domain can be found
in a large number of proteins and is anticipated to mediate
protein—protein interactions (Selenko ef al., 2001). Indeed,
the Tudor domain of SMN functions as a protein—protein
interaction surface and mediates binding to the spliceo-
somal Sm proteins (Biihler et al., 1999). Based on its
similarity to SMN, a novel protein termed SMN-related
protein (SMNrp) has been identified (Talbot et al., 1998),
which likewise contains a Tudor domain. Within this
region, the human proteins share 51% identity and 57%
similarity, whereas flanking regions are only poorly
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conserved. Remarkably, in a recent study, SMNrp (here
termed SPF30) has been biochemically purified along with
spliceosomes assembled in vitro (Neubauer et al., 1998).
This raised the intriguing possibility that SMNrp may
function in pre-mRNA splicing.

In this study, we provide evidence that SMNrp is a 17S
U2 snRNP-associated essential splicing factor found in
complexes A and B during the splicing reaction. Immuno-
depletion of SMNrp from nuclear extracts stalls spliceo-
some assembly at complex A and consequently inhibits the
first transesterification reaction of splicing. By mutational
analysis, we show further that the N-terminus and the
phylogenetically conserved Tudor domain of SMNrp are
required for splicing, but engage in distinct interactions.
Finally, evidence is provided that SMNrp interacts in vitro
with the [U4/U6-U5] tri-snRNP, potentially via direct
binding to the U4/U6-90 kDa protein. Based on these data,
we propose that SMNrp enters the pre-spliceosome in
association with 17S U2 snRNP and mediates the subse-
quent assembly of the mature spliceosome.

Results

SMNrp localizes in nuclear domains implicated in
transcription and splicing

SMNrp has previously been shown to localize predomin-
antly in the nucleus when expressed as a green fluorescent
protein (GFP) fusion (Talbot e al., 1998). To examine
further the subnuclear localization of endogenous SMNTrp,
we generated a rabbit polyclonal antiserum against the
full-length protein. The specificity of this serum was tested
by immunoblotting of Xenopus laevis oocyte extract, as
well as nuclear and whole-cell extract from HeLa cells
(Figure 1A). A single band migrating at the predicted size
of SMNrp was detected in all cell fractions tested (lanes
1-3). Furthermore, the same antiserum discriminates
between SMNrp and SMN in western blots (Figure 1A)
and in immunoprecipitations (Figure 4C), indicating that
the antiserum is monospecific.

The intracellular localization of SMNrp was examined
in COS-1 cells by indirect confocal immunofluorescence
microscopy (Figure 1B). The nucleoplasm was strongly
labelled when probed with anti-SMNrp antibodies
(panel 1), whereas pre-absorption of the antibody with
recombinant SMNTrp strongly reduced the signal (panel 5).
The localization of SMNrp appeared to differ from SMN,
which was predominantly cytoplasmic and in nuclear
gems (panels 2 and 3) (Liu and Dreyfuss, 1996). To gain
further insight into the subnuclear distribution of SMNrp,
we examined its localization by electron microscopy
(Figure 1C). In cryofixed HTC cells, intense labelling with
anti-SMNrp antiserum was obtained in the nucleus on the
border of condensed chromatin areas mostly associated
with perichromatin RNP fibrils (Figure 1C, dark areas,
indicated by small arrows) (Fakan, 1994). However, only
marginal labelling was observed in clusters of interchro-
matin granules (large arrows) or at sites of condensed
chromatin (marked ‘C’). Thus, SMNrp predominantly
localizes in perichromatin fibrils, i.e. the nuclear sites
where pre-mRNA splicing takes place (Fakan, 1994).

SMNIrp is essential for mature spliceosome formation

SMNrp associates with the 17S U2 snRNP and
spliceosomal complexes A and B

The above results, together with previous data showing
that SMNrp co-purified with spliceosomes assembled
in vitro (Neubauer et al., 1998), suggested that this protein
may be involved in pre-mRNA splicing. To test this
possibility, we initially analysed whether SMNrp could be
co-eluted with U snRNPs from an anti-m;G-cap affinity
column (Bringmann et al., 1983; Will et al., 1993).
Components of nuclear extract that bound to the column
were eluted with an excess of competing m’G-nucleoside
and analysed by western blotting using anti-SMNrp and
anti-Sm antibodies. SMNrp was eluted along with
U snRNPs from the anti-m3G column, as indicated by
the presence of spliceosomal Sm proteins B/B” and SMNrp
in the same eluate (Figure 2A, lane 2, upper and lower
panels). Neither of these proteins was eluted from a control
column on to which a non-related antibody had been
coupled (lane 3 in both panels). This observation encour-
aged us to analyse further whether SMNrp could bind
directly to a specific class of U snRNPs. For this purpose,
we analysed the sedimentation of SMNrp in nuclear
extract (Figure 2B). As shown in Figure 4B (lower panel),
snRNAs were detected according to their characteristic
sedimentation of the 12S U1 snRNP (lanes 7-10), 17S U2
snRNP (lanes 11-14) and 25S [U4/U6-U5] tri-snRNP
(lanes 15-17). An immunoblot of these fractions revealed
that SMNrp sediments in three major regions of the
gradient corresponding to Svedberg values (S) of <6
(lanes 1-6), 17 (lanes 11-14) and >30 (the pellet
fraction 23) (Figure 2B, upper panel). This sedimentation
pattern is highly reproducible, although the amount of
SMNrp in the 17S region varied between 20 and 80%
depending on the nuclear extract prepared (compare
Figures 2B, 5B and 7).

The sedimentation of SMNrp in the 17S region raised
the question of whether this protein associates with U2
snRNP. Indeed, as shown by radiolabelling of the RNA,
the U2 snRNP could be efficiently co-immunoprecipitated
with SMNrp from these gradient fractions (Figure 2C,
lane 4). Consistently, antibodies directed against the
SF3a subunit of the 17S U2 snRNP co-precipitated
SMNrp from these fractions (data not shown). We
conclude from these data that SMNrp is a 17S U2
snRNP-associated protein.

To test whether SMNrp associates with distinct
spliceosomal complexes, particularly those containing
the U2 snRNP (Behrens et al., 1993a), nuclear extract
was incubated with a radiolabelled pre-mRNA encoded by
the Adenovirus 2 major late transcription unit (pAd48;
Fischer et al., 1995) and analysed by native gel electro-
phoresis (Figure 3). Spliceosomal complexes were subse-
quently transferred to a nitrocellulose membrane and
visualized by autoradiography (lanes 1-3). The same blot
was then probed with anti-SMNrp antibodies (lanes 4-6).
SMNrp was readily detectable in splicing complexes A
and B and in a band of unknown origin (lanes 5 and 6).
However, SMNrp was not detected in complex H or C,
although the absence in the latter may be due to the fact
that this complex is unstable in native gels. These data
suggest that the U2 snRNP-associated SMNrp is incor-
porated into spliceosomal complexes A and B.
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Fig. 1. SMNrp localizes in nuclear domains implicated in transcription and splicing. (A) Detection of SMNrp in HeLa nuclear extracts (NE), whole-
cell extracts (TE) and Xenopus laevis oocyte extracts (OE) by western blotting using anti-SMNrp antibodies. The anti-SMNrp antibody also efficiently
detects recombinant GST-tagged SMNrp (lane 4), but fails to recognize the homologous SMN protein (lane 5). (B) Confocal immunofluorescence
microscopy of COS-1 cells with anti-SMNrp antibodies (1), and with anti-SMN antibody 7B10 (2). Panel 3, superimposed images 1 and 2; panel 4, a
phase contrast of the same cells; panel 5, a control immunofluorescence with anti-SMNrp antibodies pre-adsorbed with recombinant SMNrp; panel 6,
the phase contrast of the same cells. (C) Immunolocalization of SMNrp in the nucleus of an ultrathin section of cryofixed HTC cells by electron
microscopy. Most label is associated with perichromatin fibrils (some indicated by small arrows); interchromatin granule clusters (area surrounded and
indicated by large arrows) and condensed chromatin (‘C’) remain largely unlabelled. In the lower part of the image, some protein can be seen in the

cytoplasm sometimes near the nuclear membrane (NE). Bar, 0.5 pm.

SMNrp is an essential splicing factor

Next we analysed whether antibodies directed against
SMNrp could interfere with pre-mRNA splicing in vitro
and in vivo (Figure 4A and B). Radiolabelled pAd48 was
efficiently spliced when incubated with nuclear extract,
giving rise to the excised intron lariat and the ligated exons
(Figure 4A, lane 6). As reported earlier, the lariat-exon 2
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intermediate that is generated in the first step of splicing
co-migrates with the excised intron lariat in this gel, and
hence cannot be detected as a separate band (Fischer ez al.,
1995). Strikingly, addition of anti-SMNrp antibody
strongly inhibited the first transesterification reaction, as
indicated by the absence of products from either chemical
step of splicing (lanes 3-5), whereas a control antibody did
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Fig. 2. SMNrp is a 17S U2 snRNP-associated protein. (A) Nuclear extract was passed over an anti-m3G/m’G-column (H-20) (lane 2) or a control
column (lane 3). Bound proteins were eluted with m’G-nucleoside and analysed by western blotting. Lane 1 shows 5% of the nuclear extract applied
on to the columns. SMNrp and SmB were detected using anti-SMNrp antiserum and Y12 monoclonal antibody, respectively. (B) Sedimentation
analysis of SMNrp in nuclear extract by linear 15-45% sucrose gradient centrifugation. Proteins from each fraction were analysed by western blotting
using anti-SMNrp antibodies (upper panel). The lower panel shows silver staining of the RNAs from the gradient fractions. (C) SMNTrp is associated
with 17S U2 snRNP. 178 peak fractions were immunoprecipitated with either anti-SMNrp antiserum (lane 4) or an unrelated control antibody (lane 3).
RNAs from the immunoprecipitates (lanes 3 and 4) and 25% of the corresponding supernatants (lanes 1 and 2) were 3’-labelled with [3?P]pCp and

analysed by denaturing RNA gel electrophoresis.

not affect splicing (lane 2). To test whether the inhibitory
effect on pre-mRNA splicing could also be observed
in vivo, we injected pAd48 pre-mRNA into the nucleus of
oocytes that were pre-injected with either anti-SMNrp
antibody or a control antibody (Figure 4B). The subse-
quent analysis of the RNA revealed that the anti-SMNrp
antibody but not the control antibody blocked the first step
of splicing (lanes 2 and 3).

To exclude the possibility that the observed inhibition of
splicing by the antibody was indirect (for example, caused
by steric hindrance of other proteins in the vicinity of
SMNrp) we analysed splicing in nuclear extracts immuno-
depleted of endogenous SMNrp (Figure 4C and D).
Nuclear extract was passed over a protein G—Sepharose
column on to which anti-SMNrp antibodies had been
coupled. As determined by immunoblotting, this pro-
cedure depleted >95% of endogenous SMNrp from the
nuclear extract (Figure 4C, compare lanes 1 and 2 with
3 and 4 in the upper panel), whereas the level of the

homologous SMN protein, which was monitored as a
control, remained unchanged (lower panel). Splicing was
severely inhibited in SMNrp-depleted extract (Figure 4D,
lane 2) when compared with either untreated or mock-
depleted extracts (lanes 1 and 3). Importantly, the
inhibition could be reversed by the addition of purified
recombinant SMNrp to the immunodepleted extract, but
not by an equivalent amount of bovine serum albumin
(BSA) (lanes 4 and 8). The same result was obtained from
independent experiments using different batches of either
recombinant SMNrp or HeLa nuclear extract (Figure 4D,
lanes 5-8). Hence, our data provide direct evidence that
SMNirp is an essential splicing factor required for the first
transesterification reaction.

SMNirp is required for the formation of the

mature spliceosome

To gain insight into the mode of action of SMNrp in
splicing, radiolabelled pAd48 pre-mRNA was incubated
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Fig. 3. SMNrp is a component of splicing complexes A and B.
Radiolabelled pAd48 pre-mRNA was incubated for the indicated

time points with nuclear extract active in splicing and separated by
native gel electrophoresis. The gel was subsequently blotted on to a
nitrocellulose membrane and splicing complexes were visualized by
autoradiography (lanes 1-3). Splicing complexes H, A, B and C are
indicated. The unstable complex C is only visible after extended
exposure and is hence indicated in brackets. SMNrp was visualized by
probing the same blot with anti-SMNrp antibodies (lanes 4-6). The
band marked with an asterisk indicates an SMNrp-specific complex of
unknown identity that does not contain radiolabelled pre-mRNA.

with nuclear extract that was either mock-treated
(Figure 5A, lanes 1-3) or depleted of SMNrp (lanes
4-6). As determined by native gel electrophoresis,
spliceosome assembly occurred efficiently in the control
reaction, as indicated by the early formation of complex H
and the appearance of complexes A, B and C at later time
points (lanes 2 and 3). In striking contrast, spliceosome
assembly in SMNrp-depleted extract proceeded from
complex H to A, but subsequent steps were almost entirely
blocked (lane 4). Since it is expected that a block in
complex B formation results in splicing inhibition at the
first step, these results are consistent with, and in fact,
further corroborate the results shown in Figure 4.
Importantly, the block in spliceosome assembly could
be fully restored by re-addition of SMNrp as indicated by
the formation of complexes B and C at the expense of
complex A (Figure 5A, lanes 5 and 6). Moreover, when
added to immunodepleted extract, recombinant SMNrp
was readily incorporated into 17S U2 snRNP as shown by
gradient centrifugation (Figure 5B, compare upper and
lower panels). Together, these data show that SMNrp is
required for the assembly of the mature spliceosome.

Two distinct domains of SMNrp mediate essential
steps in spliceosome assembly

A sequence alignment of SMNrp from human and Schizo-
saccharomyces pombe indicated that the N-terminus and
the Tudor domain have been highly conserved in evolution
(Talbot et al., 1998; see also Supplementary data, avail-
able at The EMBO Journal Online, for a sequence
alignment of SMNrp with a homologue in S.pombe).
This raised the possibility that these domains mediate
important functions in splicing. Hence, we analysed
whether antibodies directed against either domain could
interfere with splicing in vitro. Two anti-SMNrp anti-
bodies were generated that specifically recognize either
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the N-terminus (Figure 6A, lanes 1-4) or the Tudor
domain (lanes 5-8), but did not cross-react with SMN
(lanes 1 and 5). As shown in Figure 6B, both antibodies
inhibited splicing when added to an in vitro splicing
reaction (lanes 1 and 3), whereas a non-related antibody
had no effect (lanes 2 and 4). To study further the role of
both domains, we generated mutants lacking either the
N-terminus (SMNrpAN) or containing amino acid substi-
tutions in the highly conserved positions 83-87
(SMNrpmul) or 110-115 (SMNrpmu2) of the Tudor
domain (Selenko et al., 2001). Interestingly, in contrast to
wild-type SMNrp (Figure 6C, lanes 4 and 9), none of the
mutants supported the efficient formation of the mature
spliceosome in SMNrp-depleted nuclear extract (compare
lanes 1 and 2 with 4-6 and 9). Moreover, when added to
nuclear extract in excess over endogenous SMNrp,
SMNrpAN and SMNrpmul, but not the wild-type protein,
exhibited a dominant-negative phenotype on pre-mRNA
splicing (Figure 6D, lanes 1-4).

We next asked whether the aforementioned mutations
interfere with the ability of SMNrp to interact with U2
snRNP. Nuclear extract immunodepleted of SMNrp was
incubated with either recombinant wild-type SMNrp,
SMNrpmul or SMNrpAN, and was subsequently analysed
by gradient centrifugation (Figure 7). SMNrp of the mock-
treated extract sedimented at the top of the gradient and in
the 17S range, whereas hardly any signal was detectable in
the SMNrp-depleted extract (compare Figure 7A and B).
Likewise, a fraction of recombinant wild-type SMNrp
(Figure 7C) as well as SMNrpmul (Figure 7D) sedimented
at 17S. In contrast, SMNrpAN could be detected exclu-
sively in the top fractions (Figure 7E). These data suggest
that SMNTrp contains two domains that are essential for its
function in splicing. Both domains are likely to engage in
different interactions, as only the N-terminus but not the
Tudor domain is required for binding to U2 snRNP.

Association of SMNrp with the [U4/U6-U5]
tri-snRNP in vitro

The above data strongly suggested that SMNrp may play
an essential role in the conversion of complex A to the
mature spliceosome. Since this step is marked by the
recruitment of the [U4/U6-U5] tri-snRNP, we next tested
whether SMNrp can also bind to this snRNP particle.
Gradient centrifugation studies revealed no co-sediment-
ation of SMNrp with the [U4/U6-U5] tri-snRNP at low salt
(see gradients in Figures 2B, 5B and 7), arguing against a
stable association that withstands the -centrifugation
procedure. However, when an excess of immobilized
glutathione S-transferase (GST)-tagged SMNrp was
incubated with nuclear extract under splicing conditions,
snRNAs U2, U4, U5 and U6 were specifically eluted with
glutathione peptide (Figure 8A, lanes 2 and 3). The
relatively low amount of U2 snRNA in the eluate is most
likely due to a steric hindrance of the U2 snRNP binding
domain by the N-terminal GST tag (see also Figure 7).
Consistent with the presence of individual snRNAs,
the eluate of the GST-SMNrp column contained US-
specific proteins (220, 200, 116 and 110 kDa), U4/U6-
specific proteins (90 and 60 kDa), [U4/U6-US] tri-
snRNP-specific protein (15.5 kDa), U2-specific protein
(A”) and the Sm proteins (B/B’, D1, D2, D3, E, F and G)
(Figure 8B, lanes 2 and 3). Hence, these data raise the



possibility that SMNrp interacts with not only the U2
snRNP, but also the [U4/U6-U5] tri-snRNP.

A previous study indicated that the [U4/U6-US] tri-
snRNP is labile upon heat treatment and can be dissociated
into the snRNPs U4/U6 and U5 (Utans et al., 1992). To
identify a potential SMNTrp interaction partner within the
[U4/U6-U5] tri-snRNP, we repeated the binding assay
shown in Figure 8 with nuclear extract in which a
substantial fraction of [U4/U6-U5] tri-snRNPs had been
dissociated by repeated freeze—thawing. Under these
conditions only U4, U6 and U2 snRNA eluted from the
GST-SMNrp matrix (Figure 9A). Consistently, the Sm
proteins and the U4/U6-60 kDa and 90 kDa proteins
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(Lauber et al., 1997) were the major U snRNP components
found in the eluate (Figure 9B, compare lanes 2 and 3).
This suggested that a component of the U4/U6 snRNP
mediates binding to SMNrp. Using in vitro binding assays,
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Fig. 5. Spliceosome assembly is arrested in SMNrp-depleted nuclear
extract at the level of complex A. (A) pAd48 pre-mRNA was incubated
with mock-depleted (lanes 1-3) or SMNrp-depleted (lanes 4—6) nuclear
extract and analysed by native gel electrophoresis. Reactions shown in
lanes 5 and 6 were complemented with 1, 5 and 3 pg of recombinant
SMNirp, respectively. (B) Recombinant SMNTrp is incorporated into 17S
U2 snRNP in SMNrp-depleted nuclear extract. Nuclear extract that was
either mock-depleted (upper panel), SMNrp-depleted (middle panel) or
SMNrp-depleted and supplemented with recombinant His-tagged
SMNrp (lower panel) was separated by gradient centrifugation and
analysed by western blotting using anti-SMNrp antibody.

Fig. 4. SMINrp is an essential pre-mRNA splicing factor. (A) Affinity-
purified anti-SMNrp antibodies inhibit pre-mRNA splicing in vitro. The
splicing reactions were pre-incubated for 30 min with 5 pg of control
antibody (lane 2), or 1, 3 or 5 ug of affinity-purified anti-SMNrp
antibody (lanes 3-5). Thereafter, ?P-labelled pAd48 pre-mRNA was
added and incubated for 1 h. RNA was separated on a denaturing RNA
gel and visualized by autoradiography. Lane 6 shows the splicing
reaction in the absence of any antibody; lane 1, the pre-mRNA
transcript. (B) Analysis of splicing in Xenopus laevis oocytes. pAd48
pre-mRNA was micro-injected into the nucleus of oocytes that were
pre-injected with either 200 ng of control antibody (lane 2) or anti-
SMNrp antibody (lane 3). Nuclei from injected oocytes were isolated
60 min later and the RNA analysed as described in (A). (C) Western
blot analysis of SMNrp (upper panel) and SMN (lower panel) in splicing
extracts that were either mock-depleted (lanes 1 and 2) or immuno-
depleted with anti-SMNrp antibodies (lanes 3 and 4). (D) Recombinant
SMNrp reconstitutes pre-mRNA splicing in immunodepleted nuclear
extract. Nuclear extracts that had been either immunodepleted (lanes 2,
4 and 6-8), mock-depleted (lanes 3 and 5) or not treated (lane 1) were
used for splicing of pAd48 pre-mRNA in vitro. Reactions were supple-
mented with either 1 pug (lanes 4 and 6) or 5 pg (lane 7) of recombinant
SMNrp or with 5 ug of BSA (lane 8). The lower part of the autoradio-
graphy is also shown in a longer exposure to visualize better the spliced
product of the reactions.
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Fig. 6. The N-terminus and the Tudor domain of SMNrp mediate essential functions in spliceosome assembly. (A) Western blot analysis of affinity-
purified antibodies directed against the N-terminus (lanes 1-4) and Tudor domain (lanes 5-8) of SMNrp. Recombinant GST-tagged SMN (lanes 1 and
5), SMNrp (lanes 3 and 7), SMNrp lacking the N-terminus (SMNrpAN) (lane 2), Tudor domain of SMNrp (SMNrp-Tu) (lane 6) and nuclear extract
(lanes 4 and 8) were tested to define the specificity of the antibodies. (B) Antibodies directed against the N-terminus and Tudor domain of SMNrp
interfere with pre-mRNA splicing in vitro. Nuclear extract was incubated with either no antibody (lane 5) or antibodies directed against the
N-terminus (lane 1), Tudor domain (lane 3) or an unrelated antibody (lanes 2 and 4). Splicing was analysed as described in Figure 4. The lower part
of the autoradiography is also shown in a longer exposure (lanes 3-5). (C) Recombinant SMNrp harbouring amino acid substitutions in the Tudor
domain or lacking the N-terminus fails to reconstitute spliceosome assembly in vitro. Mock-depleted (lanes 1 and 2) and SMNrp-depleted (lanes 3-9)
nuclear extracts were incubated with 32P-labelled pAd48 pre-mRNA for the indicated time points in the presence of buffer (lanes 1-3 and 7),
recombinant wild-type SMNrp (lanes 4 and 9), SMNrpmul (lane 5), SMNrpmu2 (lane 6) or SMNrpAN (lane 8). The spliceosomal complexes were
separated by native gel electrophoresis and visualized by autoradiography. (D) SMNrpAN and SMNrpmul exhibit a trans-dominant-negative
phenotype on pre-mRNA splicing. 32P-labelled pAd48 pre-mRNA was incubated for 60 min with nuclear extract in the presence of either SMNrp
(lane 4), SMNrpmul (lane 3), SMNrpAN (lane 2) (5 pg each) or buffer (lane 1). Splicing was analysed as described in Figure 4.

neither Sm proteins nor the U4/U6-60 kDa protein
associated to a detectable level with immobilized GST-
SMNrp (Figure 9B, lane 1 and data not shown). However,
SMNrp bound to in vitro translated U4/U6-90 kDa or a
preformed complex composed of U4/U6-90 kDa and
60 kDa (lanes 2 and 3). Likewise, recombinant 90 kDa
protein bound efficiently and in near stoichiometric
amounts to immobilized GST-SMNrp (Figure 9D,
lane 2), whereas no binding was detected to the GST tag
alone (lane 3). These observations suggest that SMNrp
interacts with the [U4/U6-US5] tri-snRNP by a direct
interaction with one of its protein components, namely the
U4/U6-90 kDa protein.
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Discussion

In this study we have functionally characterized SMNrp, a
Tudor domain protein previously shown to share homo-
logy with the SMN protein (Talbot et al., 1998). SMNrp
was recently identified in a preparation of spliceosomal
complexes assembled on pre-mRNA in vitro, suggesting
that it may function in pre-mRNA splicing (Neubauer
et al., 1998). Here we have provided evidence that SMNrp
is an essential splicing factor required for the transition
from the pre-spliceosome (termed complex A) to the
mature spliceosome (termed complex B). In support of
this, we have shown by immuno-electron microscopy that
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Fig. 7. Association of SMNrp mutants with 17S U2 snRNP. Sucrose
gradient centrifugation of SMNrp-depleted extract supplemented

with either buffer (B), 0.5 pg of recombinant proteins SMNrp (C),
SMNrpmul (D) or SMNrpAN (E). The mock-treated extract is shown
in gradient (A). Gradient samples were separated by SDS-PAGE and
SMNirrp visualized by western blotting using an anti-SMNrp antibody.
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Fig. 8. Recombinant SMNrp binds to U2 snRNP and the [U4/U6-US5]
tri-snRNP in vitro. (A) GST-SMNrp or GST tag alone was bound to
glutathione—Sepharose and incubated with nuclear extract active in
splicing. RNAs from the nuclear extract (lane 1), the GST-SMNrp
column (lane 2) and the control column (lane 3) were separated by
denaturing RNA gel electrophoresis and visualized by ethidium
bromide staining. (B) Protein profile of the same fractions as in (A).
Lane 2 shows proteins of U snRNPs affinity purified with H-20
monoclonal antibody.

SMNrp is associated with perichromatin fibrils, i.e. the
major nuclear sites of pre-mRNA splicing (Fakan, 1994).
Furthermore, upon gradient centrifugation of nuclear
extract and immunoprecipitation, we were able to show
that SMNTrp interacts specifically with the 17S form of the
U2 snRNP. During the course of a splicing reaction,
SMNrp was detected in spliceosomal complexes contain-
ing the 17S U2 snRNP, namely complexes A and B. Note
that due to its instability in native gels, it is unclear at
present whether SMNrp interacts with complex C, the
catalytically active spliceosome that also contains the 17S
U2 snRNP (Kridmer, 1996; Burge et al., 1999).
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Fig. 9. Binding of SMNrp to the [U4/U6-US5] tri-snRNP occurs via a
direct interaction with the U4/U6-90 kDa protein. (A) GST-SMNrp
binds specifically to U4/U6 and U2 snRNAs in nuclear extract in which
the [U4/U6-U5] tri-snRNP had been dissociated. RNAs from the
nuclear extract (lane 1), the GST—control (lane 2) and the GST-SMNrp
binding reaction (lane 3) were separated and visualized as described in
Figure 8. (B) Coomassie-stained protein gel of the binding experiment
shown in (A). GST-SMNrp and its degradation products are marked
with asterisks, U2 snRNP-specific proteins as well as Sm proteins with
filled circles, and the U4/U6-specific 60 and 90 kDa proteins with
arrowheads (lane 2). Lane 3 shows the protein profile of the GST—
control column. (C) SMNrp binds specifically to in vitro translated
U4/U6-90 kDa protein. Binding of immobilized GST-SMNrp (lanes
1-3) and GST (lane 4) to in vitro translated and 3°S-labelled U4/U6-
60 kDa protein (lane 1), 90 kDa protein (lane 2) or a mixture of both
(lanes 3 and 4) is shown. Lanes 5 and 6 show 25% of the translated
proteins used in the binding assay. (D) Direct binding of SMNrp to the
U4/U6-90 kDa protein. Coomassie-stained protein gel showing binding
of His-tagged recombinant U4/U6-90 kDa protein to immobilized
GST-SMNi1p (lane 2) or to GST tag (lane 3). Recombinant proteins
used in the binding assay were separated in lanes 5-7.

The most important evidence for a function of SMNrp in
splicing came from our finding that splicing in nuclear
extracts immunodepleted of SMNrp was inhibited at the
first chemical step. Importantly, splicing could be
restored by the addition of recombinant SMNrp, proving
that this effect was due to depletion of SMNrp only.
Furthermore, spliceosome formation in immunodepleted
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extract was halted at the level of complex A, and the re-
addition of SMNrp allowed the progression of this
complex into mature spliceosomes (complex B).
Likewise, anti-SMNrp antibodies blocked the splicing
reaction at the level of complex B formation (Figure 4A
and B and data not shown). We conclude from these data
that SMINrp is a splicing factor required for the assembly
of spliceosomes.

It is unclear at present whether SMNrp is an integral
component of 17S U2 snRNPs or whether this interaction
is transient. SMNrp has not, to date, been identified
among the 11 U2-specific proteins that are present in the
U2 snRNP (Behrens et al., 1993b). However, it is
possible that SMNrp may have eluded detection, since
it co-migrates with the U2 snRNP-specific protein A” in
SDS gels (our unpublished observation). Nonetheless,
given its low abundance in nuclear extracts, it is more
likely that SMNrp interacts only transiently with the U2
snRNP.

Interactions among U2-specific proteins and their
binding to the branch-point region of the pre-mRNA
have been well characterized in the mammalian and the
yeast splicing system (Kriamer, 1996; Burge et al., 1999;
Reed, 2000). The majority of these proteins are required
for binding of the U2 snRNP to the commitment complex
(complex E) to form the pre-spliceosome (complex A)
(Hodges and Beggs, 1994; Reed, 1996; Caspary and
Séraphin, 1998; Caspary et al., 1999 and references
therein). In contrast to these proteins, SMNrp does not
seem to be required for recruiting U2 snRNP to the pre-
spliceosome. This can be inferred from our observation
that U2 addition, a requirement for spliceosomal
complex A formation, is not affected in mammalian
extracts depleted of SMNrp (Figure 5A). Spliceosome
formation was also blocked when SMNrp-depleted extract
was incubated with a mutant lacking the N-terminus
(SMNrpAN), which is not incorporated into the 17S U2
snRNP (Figure 6C). It is worth noting that the mutant also
displayed a dominant-negative effect on splicing in
untreated nuclear extract (Figure 6D). In both cases, the
electrophoretic migration of the complex formed in the
presence of SMNrpAN is identical to that of complex A in
nuclear extracts containing the wild-type protein. In
conclusion, these data suggest that SMNrp is not required
for the addition of the U2 snRNP to the pre-spliceosome,
but instead appears to function in one or more of the
subsequent steps that lead to formation of the mature
spliceosome.

It is attractive to speculate that binding of the [U4/
U6-U5] tri-snRNP to the pre-spliceosome (a hallmark of
complex B formation) could be mediated, at least in part,
by SMNrp. Although still poorly understood, evidence has
been accumulated indicating that [U4/U6-US5] tri-snRNP
addition involves both RNA-RNA and protein—protein
interactions. In metazoans, proteins of the SR class of
splicing factors appear to promote the binding of this
snRNP to the pre-spliceosome (Roscigno and Garcia-
Blanco, 1995). In yeast, the [U4/U6-US] tri-snRNP-
associated protein Prp31p has been shown to engage in
this step (Weidenhammer et al., 1997). At the RNA level,
direct contacts between the U2 snRNP and the [U4/U6-U5]
tri-snRNP have been identified in both experimental
systems (Datta and Weiner, 1991; Wolff and Bindereif,
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1992; Sun and Manley, 1995). However, it is puzzling that
no protein associated with the U2 snRNP has so far been
shown to be involved in this event.

A first hint that SMNrp may interact with other
spliceosomal components in addition to the U2 snRNP
was obtained from the analysis of mutations in its Tudor
domain. As opposed to SMNrpAN, these mutants
(SMNrpmul and SMNrpmu2) retained their binding
affinity for the 17S U2 snRNP, but severely impaired the
ability of SMNrp to rescue complex B formation in
SMNrp-depleted extract (Figures 6D and 7, and data not
shown). Nonetheless, it was unclear whether these muta-
tions indeed abrogated the proposed interaction with the
[U4/U6-US] tri-snRNP, particularly since endogenous
SMNrp had not been detected so far in gradient fractions
containing the [U4/U6-U5] tri-snRNP (Figure 2B). On the
other hand, it seemed possible that an interaction between
SMNrp and the [U4/U6-US] tri-snRNP may not have
withstood the experimental conditions previously applied.
Support for the latter interpretation was obtained from
pull-down experiments (Figures 8 and 9) in which nuclear
extract had been incubated with immobilized GST-tagged
SMNrp. Here, recombinant SMNrp was in large molar
excess over the amount of [U4/U6-U5] tri-snRNP in
nuclear extract. Under these conditions, not only the U2
snRINP, but also the snRNA and protein constituents of the
[U4/U6-U5] tri-snRNP were significantly enriched in the
eluate, whereas Ul snRNP components were absent
(Figure 8). Since more of the U4 and U6 snRNAs were
eluted as compared with U5 snRNA (Figure 8), particu-
larly after repeated freeze-thawing of the extract
(Figure 9), we suspected that SMNrp not only binds to
the fully assembled [U4/U6-US5] tri-snRNP, but also to its
U4/U6 snRNP subunit. Our speculation that this subunit
may harbour an interactor of SMNrp for binding to the
[U4/U6-U5] tri-snRNP was indeed strengthened by the
identification of an interaction between SMNrp and
the U4/U6-90 kDa protein (Figure 9). SMNrp binds
directly to the U4/U6-90 kDa protein, but does not interact
with its binding partner U4/U6-60 kDa (Lauber et al.,
1997). In fact, U4/U6-60 kDa could only be co-purified
with SMNrp when U4/U6-90 kDa was present (Figure 9).
Interestingly, SMNrp also did not bind to the spliceosomal
Sm/LSm proteins (data not shown), which have been
shown to bind to the Tudor domain of its homologue SMN
(Biihler et al., 1999). These data support our view that
SMNrp binds to the [U4/U6-US5] tri-snRNP in a weak, yet
specific, manner via its interaction with the U4/U6-90 kDa
protein. The essential role for SMNrp in splicing,
concisely in spliceosome formation, may therefore be
based on its ability to bind both the U2 snRNP and the [U4/
U6-U5] tri-snRNP. We therefore suggest that SMNrp is
one of the factors that facilitate the recruitment of the [U4/
U6-U5] tri-snRNP to the pre-spliceosome.

Experiments are currently under way to identify the
U2 snRNP protein(s) to which SMNrp binds, and to
characterize the domains involved in this event. Detailed
knowledge about the conditions and the temporal order of
these interactions will be required to clarify whether
SMNirrp acts as a bridging factor between both snRNPs, or
whether it actively induces a structural rearrangement
required for their stable association.



Materials and methods

Localization of SMNrp by immunofluorescence and

electron microscopy

Immunofluorescence studies were carried out as described previously
(Liu and Dreyfuss, 1996). To control the specificity of the antibodies
used, affinity-purified anti-SMNrp antibodies were saturated for 1 h with
a 5-fold molar excess of recombinant SMNrp and used for immuno-
fluorescence. For immuno-electron microscopy, HTC cells were high-
pressure frozen (Hohenberg et al., 1994). The specimens were then
cryo-substituted with acetone and embedded into LR White resin
(von Schack and Fakan, 1993). Ultrathin sections were incubated with
rabbit antiserum against SMNrp (dilution 1:50 or 1:100) following a
protocol previously described (Malatesta et al., 1994), and the antigen
was visualized by a goat anti-rabbit antibody conjugated with 15 nm
colloidal gold particles (Aurion, The Netherlands). Control preparations
were incubated in the reaction mixture that did not contain the primary
antibody. The sections were contrasted with uranyl acetate and lead
citrate and examined in a Philips CM 10 transmission electron
microscope at 80 kV, using a 30—40 um objective aperture.

DNA constructs and expression of recombinant proteins

For cloning of SMNrp, U4/U6-60 kDa and 90 kDa, PCR primers were
designed that match the respective 5" and 3" ends of the full-length cDNA
(Talbot et al., 1998). Using a human fetal brain cDNA library (Clontech)
as a template, full-length cDNAs were amplified by PCR and subcloned
into pET28a and pGEX vectors. Mutations were introduced into SMNrp
cDNA by PCR-mediated mutagenesis. The peptide sequence WSEDG
(amino acids 83-87 of the human SMNrp sequence) was substituted by
FPDSV (SMNrpmul) and the sequence GYGNAE (110-115) by
VFVDAQ (SMNrpmu2). Expression and in vitro translation of
recombinant proteins were carried out as described previously (Biihler
et al., 1999).

GST pulil-down assays and immunoprecipitations

GST-tagged proteins (25-100 pg) were mixed with glutathione—
Sepharose (Amersham Pharmacia Biotech, Germany) and incubated for
1 h at 4°C. After washing, the beads were incubated with 4 ml of nuclear
extract for 1 h at 4°C. The experiment shown in Figure 9A and B was
carried out with nuclear extract that was repeatedly frozen and thawed in
order to destroy the [U4/U6-U5] tri-snRNP. After washing with Roeder D
buffer the bound proteins were eluted with 10 mM glutathione (Sigma).
Fractions were phenol-extracted, and RNA and proteins were analysed by
gel electrophoresis. RNAs were visualized using ethidium bromide, the
proteins by Coomassie Brilliant Blue. Protein bands were identified by
western blotting or by MALDI-TOF as described (Meister et al., 2000).
Immunoprecipitations and 3’-labelling of the RNA were carried out as
described (Biihler et al., 1999; Meister et al., 2000), except that all washes
were carried out with phosphate-buffered saline pH 7.4.

Production of anti-SMNrp antiserum and western blotting

A polyclonal antiserum against SMNrp was generated by repeated
immunization of rabbits using an emulsion of complete Freund’s adjuvant
and purified His-SMNrp (500 pg) or a purified N-terminal fragment of
SMNrrp (amino acids 1-72). Three different animals were injected with a
recombinant fragment (amino acids 72-140 of the human SMNrp
sequence) to produce antibodies directed against the Tudor domain.
Serum was harvested from final bleeds and used for affinity purification of
SMNrp-specific antibodies (Biihler et al., 1999).

Splicing assays
HeLa nuclear extracts were prepared from fresh cells as described by
Dignam et al. (1983). To deplete SMNrp from nuclear extract, 200 pg
of affinity-purified anti-SMNrp antibodies were bound to protein G—
Sepharose beads in the presence of saturation buffer (0.1 mg/ml BSA,
0.1 pg/ml tRNA and 0.1 pg/ml glycogen). Control beads were incubated
with saturation buffer only. Five hundred microlitres of high-salt nuclear
HeLa extract (500 mM KCl, 20% glycerol, 20 mM HEPES-KOH pH 7.9,
1.5 mM MgCl,, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride) were incubated with the protein G-Sepharose beads for 1 h at
4°C. The beads were subsequently pelleted by centrifugation. The
supernatant was dialysed against Roeder D60 buffer and used for splicing
assays.

For in vitro splicing we used the 32P-labelled pre-mRNA substrate
(Fischer et al., 1995). In vitro splicing reactions were essentially
performed as described (Ségault et al., 1995). Reactions contained 30%
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(v/v) nuclear extract, 2 X 10* c¢.p.m. of 32P-labelled pre-mRNA, 3 mM
MgCl,, 40 mM KCI, 2 mM ATP and 10 mM creatine phosphate in a total
volume of 12.5 pl. Pre-incubation with affinity-purified antibodies was
carried out for 30 min at 30°C. Analysis of SMNrpAN and SMNrpmul in
splicing was performed by adding 5 p1g of recombinant His-tagged protein
to the splicing reaction. In reconstitution assays, the splice reaction was
carried out with 40-50% nuclear extract and complemented with 3 or 5 ug
of recombinant His-tagged SMNrp. Reactions were analysed on 5%
polyacrylamide-8 M urea gels. For the analysis of spliceosomal
complexes, 2 ul of glycerol [86% (w/v)] and 2 ul of heparin (5 mg/ml)
were added to the splicing reactions and loaded on to native composite
gels containing 0.5% agarose, 3.5% acrylamide (80:1), 10% glycerol and
0.3X TBE (Nelson and Green, 1986). For reconstitution assays, 3 ug of
recombinant His-tagged SMNrp, SMNrpmul or SMNrpAN were added to
the splicing reactions. Splicing in oocytes was analysed as described in
Fischer et al. (1995).

Sedimentation experiments

Five hundred microlitres of nuclear extract were layered on a 15-45%
linear sucrose gradient containing 150 mM NaCl, 50 mM Tris—-HCI pH 7.4
and 5 mM MgCl,. After centrifugation at 40 000 r.p.m. for 18 h in a
Beckman SW41 rotor, fractions were collected and analysed by western
blotting using anti-SMNrp antibodies. The RNA of each gradient fraction
was phenol-extracted, ethanol-precipitated and visualized by silver
staining (Merril et al., 1983). For reconstitution of 17S U2 snRNPs,
500 pul of SMNrp depleted nuclear extract were incubated with 0.5 ug of
recombinant His-SMNrp, His-SMNrpmul or His-SMNrpAN for 20 min
at 30°C. The sample was layered on to a gradient under the same
conditions as described above. Fractions were analysed by western
blotting using an affinity-purified antibody directed against SMNrp.

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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