MOLECULAR AND CELLULAR BIOLOGY, Apr. 2004, p. 2747-2756
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.24.7.2747-2756.2004

Vol. 24, No. 7

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

snRNAs Contain Specific SMN-Binding Domains That Are Essential
for snRNP Assembly

Jeongsik Yong, Tracey J. Golembe, Daniel J. Battle, Livio Pellizzoni, and Gideon Dreyfuss*

Department of Biochemistry and Biophysics, Howard Hughes Medical Institute, University of Pennsylvania School of

Medicine, Philadelphia, Pennsylvania 19104-6148

Received 16 December 2003/Accepted 5 January 2004

To serve in its function as an assembly machine for spliceosomal small nuclear ribonucleoprotein particles
(snRNPs), the survival of motor neurons (SMN) protein complex binds directly to the Sm proteins and the U
snRNAs. A specific domain unique to Ul snRNA, stem-loop 1 (SL1), is required for SMN complex binding and
U1 snRNP Sm core assembly. Here, we show that each of the major spliceosomal U snRNAs (U2, U4, and US),
as well as the minor splicing pathway U11 snRNA, contains a domain to which the SMN complex binds directly
and with remarkable affinity (low nanomolar concentration). The SMN-binding domains of the U snRNAs do
not have any significant nucleotide sequence similarity yet they compete for binding to the SMN complex in a
manner that suggests the presence of at least two binding sites. Furthermore, the SMN complex-binding
domain and the Sm site are both necessary and sufficient for Sm core assembly and their relative positions are
critical for snRNP assembly. These findings indicate that the SMN complex stringently scrutinizes RNAs for
specific structural features that are not obvious from the sequence of the RNAs but are required for their
identification as bona fide snRNAs. It is likely that this surveillance capacity of the SMN complex ensures
assembly of Sm cores on the correct RNAs only and prevents illicit, potentially deleterious, assembly of Sm

cores on random RNAs.

Pre-mRNA splicing is carried out by the spliceosome, a
macromolecular complex in the nucleus of eukaryotic cells.
The small nuclear ribonucleoprotein particles (snRNPs) Ul,
U2, U5, and U4/U6 are major components of the spliceosome.
Each U snRNP contains the corresponding snRNA (U1, U2,
US, or U4/U6), seven common Sm proteins, and a set of
proteins that are specific to individual snRNAs (reviewed in
references 25, 26, and 51). The Sm proteins B/B’, D1, D2, D3,
E, F, and G are common to all splicecosomal snRNPs and are
arranged into a seven-membered ring on the Sm site of the U
snRNA (2, 19, 48). The process of bringing these components
together (snRNP assembly) takes place in the cytoplasm of
vertebrate cells shortly after the nuclear export of nascent U
snRNAs. The formation of the Sm core is required for the
hypermethylation of the 7-methyl guanosine (m’G) cap of
these snRNAs to convert it into a 2,2,7-trimethyl guanosine
(m;G or TMG) (27, 45). Proper assembly of the Sm core, cap
hypermethylation, and 3’-end processing of the U snRNAs are
prerequisites for the subsequent nuclear import of the U
snRNPs, which then go on to function in nuclear pre-mRNA
splicing (7, 8, 15, 16, 27, 29, 51).

Important and unexpected insights into the process of U
snRNP assembly came from studies on the function of the
survival of motor neurons (SMN) protein (6, 21, 22, 28). Re-
duced levels of SMN due to a genetic defect cause degenera-
tion of motor neurons in the spinal cord and result in spinal
muscular atrophy (20, 34). SMN is part of a large multiprotein
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complex which contains Gemin2 (22), the DEAD box RNA
helicase Gemin3 (4), Gemin4 (5), Gemin5 (13), Gemin6 (39),
and Gemin7 (1). Previous studies suggested that the SMN
complex plays a role in the assembly and metabolism of various
ribonucleoprotein particles (RNPs) (including snRNPs,
snoRNPs, and miRNPs) and the machineries that carry out
transcription and pre-mRNA splicing (3, 6, 9, 18, 22, 30, 36, 37,
38, 40, 41, 42, 43). Several of the components of the SMN
complex interact directly with Sm proteins (1, 3, 4, 5, 9, 13, 22,
39, 40). Symmetric dimethylarginine modification of the Sm
proteins by the 20S methylosome containing an arginine meth-
yltransferase (JBP1/PRMTS) enhances the interaction with the
SMN complex (10, 11, 12, 32, 46).

Experiments with Xenopus oocytes and mammalian somatic
cells revealed an essential role for the SMN complex in the
process of U snRNP assembly (3, 5, 6, 33, 42). Further evi-
dence that the SMN complex is necessary for assembly of Sm
site-containing U snRNPs as well as the mixed, Sm-Lsm-con-
taining, U7 snRNP was provided using cell extracts (31, 33, 43,
44). Importantly, a critical role for the SMN complex in deter-
mining the specificity of U snRNP assembly has been recently
demonstrated (43).

To facilitate snRNP assembly the SMN complex must bring
together the Sm proteins and the U snRNAs. An RNA binding
activity for SMN was first indicated by the recombinant SMN
binding to ribohomopolymers (23, 24). The SMN complex
binds directly and with sequence specificity to the stem-loop 1
(SL1) of U1 snRNA, and disruption of this interaction impairs
the assembly of Ul snRNP in the cytoplasm of Xenopus oo-
cytes (52). Furthermore, we demonstrated that the SMN com-
plex has an essential role in determining the specificity of U
snRNP assembly. In these studies, the SMN complex was
shown to be critical for the selection of the specific RNA
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targets and for allowing Sm core assembly on these RNAs only,
thus preventing promiscuous and deleterious binding of Sm
proteins to various RNAs (43).

Other Sm site-containing spliceosomal snRNAs, however,
do not contain the Ul SL1 sequence, and yet SMN mediates
their assembly with Sm proteins (43). Here, we studied the
interaction of the SMN complex with the other spliceosomal U
snRNAs. We show that the SMN complex binds to major spli-
ceosomal U snRNAs directly and with high affinity and we delin-
eate the binding domains of each U snRNA that are necessary
and sufficient for the direct interaction with the SMN complex.
These domains (mini U snRNA fragments) are sufficient for
SMN-dependent assembly of Sm cores. We further demonstrate
that each of the various U snRNAs contains a domain designed to
mediate its interaction with the SMN complex and show that this
interaction is crucial for U snRNP biogenesis.

MATERIALS AND METHODS

Plasmids for in vitro transcription. Plasmids for in vitro transcription of U
snRNAs and their mutations are described elsewhere (8, 15, 17, 27). Construc-
tion of cDNAs for deletion mutants of U snRNAs was described previously (52).
A cDNA clone for UlSwap RNA was constructed by swapping SL1 (nucleotides
17 to 47) and SL4 (nucleotides 140 to 164) of Ul snRNA. A cDNA clone for
U1A3Swap RNA was constructed by swapping SL1A3 and SL4 of UTA3 RNA.

Labeling of RNAs. In vitro transcription and [*?P]UTP labeling of RNAs were
carried out as described previously (52). [*?P]JUTP-labeled RNAs were purified
by electrophoresis on 7 M urea—6% acrylamide gels and precipitated with eth-
anol. RNAs were resuspended in deionized distilled water. 5'- or 3’-end labeling
of U snRNAs was carried out as described elsewhere (53).

Xenopus oocyte microinjections and immunoprecipitations. Injections were
carried out as described previously (52). Briefly, oocytes were harvested and
incubated for 2 h in modified Barth’s solution containing 0.2% collagenase type
II (Sigma). Defolliculated stage V and VI oocytes were collected and used the
next day for microinjection. In a typical injection experiment, 20 nl of [*?P]-
labeled RNA (usually approximately 10° cpm/p.l for each RNA) was injected into
the cytoplasm of oocytes. After incubation, oocytes were homogenized to pre-
pare extracts for further analysis.

Immunoprecipitation of RNA-protein complexes was carried out as described
previously (52). For a typical immunoprecipitation experiment, cytoplasmic frac-
tions were homogenized in 300 pl of ice-cold RSB-150 buffer (10 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 2.5 mM MgCl,) and the insoluble material was pelleted
by centrifugation. The cleared supernatant was incubated with antibodies bound
to protein A-Sepharose (Pharmacia). Immunoprecipitation was performed for
30 min at 4°C with constant rotation, and the reaction mixture was subsequently
washed five times with 1 ml of ice-cold RSB-150 buffer. The immunoprecipitated
RNAs were isolated by proteinase-K treatment followed by phenol-chloroform
extraction and ethanol precipitation. RNAs were analyzed by electrophoresis on
7 M urea-8% polyacrylamide gels and autoradiography.

Limited alkaline hydrolysis and minimal binding analysis. Limited alkaline
hydrolysis was carried out as described previously (53), with the following mod-
ification: 5'- or 3’-end-labeled full-length U snRNA transcripts (100,000 cpm
total) in 5 pl were treated with 0.5 pl of alkaline buffer (0.5 M NaOH, 10 mM
EDTA) at 94°C for 40 s and immediately neutralized by the addition of 0.5 .l of
acid buffer (0.5 M NaOAc [pH 5.2]). After ethanol precipitation, the hydrolyzed
RNA pieces were incubated with the Flag-purified SMN complex or control
purification. The bound RNAs were isolated and analyzed using 8% polyacryl-
amide gel electrophoresis. RNase T1 and alkali digestion ladders of the end-
labeled U snRNA transcripts were used as molecular markers.

Preparation of HeLa cell cytoplasmic extracts. HeLa cell extracts competent
for snRNP assembly were prepared as described previously (43). HeLa S3 cells
were resuspended in equal volumes of reconstitution buffer containing 50 wg of
digitonin/ml and passed five times through a 25-gauge needle on ice. Following
centrifugation for 1 min at 4,000 rpm (7,000 X g), nuclei were discarded and
NP-40 was added to supernatants to achieve a final concentration of 0.01%.
Following centrifugation for 15 min at 10,000 rpm (17,000 X g) and 4°C, super-
natants were collected and stored in aliquots at —80°C.

Purification of native SMN complex. Flag-Gemin2 (SMN complex) or HeLa
Tet-ON cells (control) were grown in the presence of doxycycline (5 pg/ml).
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Total cell extracts in RSB-100 buffer containing 0.1% NP-40 and protease in-
hibitors were incubated with anti-Flag beads (Sigma) for 2 h at 4°C. Supernatants
were discarded and the beads were extensively washed with RSB-100 containing
0.02% NP-40. Three washes were performed for 15 min at 4°C with 10 bead
volumes of RSB-500 containing 0.02% NP-40. The bound proteins were either
equilibrated with 10 bead volumes of RSB-100 containing 0.01% NP-40 for
further experiments or eluted for 1 h at 4°C with 3X Flag peptides (Sigma) at a
final concentration of 0.5 mg/ml. Purified SMN complex was analyzed by sodium
dodecyl sulfate-12.5% PAGE and silver staining.

In vitro binding of RNAs. A total of 10,000 cpm of [*>P]UTP-labeled RNAs
was mixed with the binding buffer (10 mM Tris [pH 7.4], 100 mM NaCl, 2.5 mM
MgCl,, 0.01% NP-40, 10 .M tRNA) and added directly to the purified SMN
complex on the Flag beads. The binding was carried out for 1 h at 4°C. The beads
were then washed five times with 1 ml of binding buffer. For control experiments,
the same procedure was carried out using the beads previously incubated with
extracts from HeLa Tet-On cells. The bound RNAs were isolated and analyzed
by electrophoresis on 7 M urea—-8% polyacrylamide gels.

Equilibrium binding experiments. Binding constants were determined by an
equilibrium binding assay. The SMN complex was prepared as described above
from a stable cell line expressing Flag-Gemin2. The SMN complex immobilized
on anti-Flag beads at a concentration of <100 pM was incubated with increasing
amounts of nonradioactive U4 snRNA supplemented with trace amounts of U4
snRNA transcribed in the presence of [3?PJUTP. Reactions were carried out for
2 h at 25°C in a buffer containing 10 mM Tris (pH 7.4), 100 mM NaCl, 2.5 mM
MgCl,, 0.01% NP-40, and 1 mg of Escherichia coli tRNA/ml. It was found that
the standard approach of washing the beads by resuspension and centrifugation
broke equilibrium, allowing RNA to elute off of the protein during the wash
procedure. Also, eluting the RNA from the beads to quantify the signal on a
polyacrylamide gel introduced error. To overcome these problems, a filter-
binding approach was adapted. After incubation, the reaction mixture was passed
through a nitrocellulose filter using a multiwell vacuum manifold, immobilizing
the beads with SMN complex and bound RNA on the filter. The beads in each
well of the filter apparatus were washed 2X in 200 pl of wash buffer (10 mM Tris
(pH 7.4), 100 mM NaCl, 2.5 mM MgCl,, 0.01% NP-40) and allowed to air dry for
30 min. In this procedure the beads could be washed for only 5 to 10 s, which was
too short a time for RNA to significantly elute from the complex. In confirma-
tion, binding was found to be independent of the wash volume (data not shown).
tRNA also did not contribute to the equilibrium, as the binding was found to be
independent of tRNA concentration. The saturation of SMN with RNA was
determined by directly quantifying the radiolabeled RNA remaining on the
beads after washing. To confirm that the RNA was not degraded, a control
experiment was performed in which the RNA was eluted from the beads by
proteinase K treatment and phenol-chloroform extraction followed by visualiza-
tion of the RNA on a 7 M urea—8% polyacrylamide gel.

The filters were imaged using a Molecular Dynamics PhosphorImager and
ImageQuant software. The resulting data were analyzed using Microsoft Excel
and SigmaPlot software. Background intensities from a control experiment using
a cell line that does not express Flag-Gemin2 were subtracted from the values for
each spot. A least-squares fit for a single binding site was obtained using the
equation Y = B, JRNAJ/(K, + [RNA]), where B, is the maximum SMN
complex saturation with RNA (normalized to 1) and Kypparent) 1S the apparent
equilibrium dissociation constant. The K apparent) Value reported is the average
of the results from three independent experiments.

Assay for in vitro assembly of snRNPs. In vitro Sm core assembly and elec-
trophoretic mobility shift assays were carried out as described previously (43).
For the anti-Sm (Y12) monoclonal antibody inhibition experiment, 3 ug of
purified anti-Sm (Y12) monoclonal antibody was preincubated with HeLa cyto-
plasmic extract for 20 min on ice and used immediately for in vitro assembly.

Immunodepletion of the SMN complex. 100 pl of Flag beads (Sigma) were
divided into four aliquots. Cytoplasmic extracts (50 pl) from HeLa cell lines
expressing Flag-Gemin2 were incubated with the first aliquot of these beads for
1 h at 4°C, and the supernatant was transferred to the next aliquot of beads and
again incubated for 1 h at 4°C. This procedure was repeated four times in total,
and the supernatant after the final incubation was stored in aliquots at —80°C.
Western blotting using the anti-SMN (2B1) monoclonal antibody was performed
to verify the immunodepletion of the SMN complex in the extracts.

RESULTS

Binding of the SMN complex to the major Sm site-contain-
ing spliceosomal U snRNAs. To determine whether the SMN
complex interacts with the Sm site-containing spliceosomal U
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FIG. 1. The SMN complex associates with major spliceosomal U snRNAs in vivo and in vitro. (A) [**PJUTP-labeled U1, U2, U4, or U5 snRNA
was mixed with U6 snRNA, and each RNA mixture was injected into the cytoplasm of Xenopus oocytes. After incubation for 3 h, oocytes were
homogenized and immunoprecipitations were carried out using anti-SMN (2B1) monoclonal antibody and control (SP2/0) antibody. The RNAs
were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels. Lanes labeled “Total” represent 10% of input. (B) Native
SMN complexes were purified from stable cell lines expressing Flag-Gemin2 (as described in Materials and Methods) and were analyzed by sodium
dodecyl sulfate-12.5% PAGE and silver staining. Immunoprecipitation using anti-Flag antibody from the parental HeLa cell line (Tet ON) was
carried out as a control (Control). Components of the SMN complex are indicated on the basis of molecular weight and Western blotting (data
not shown). Half of the total amount of the SMN complex shown in this gel was used for direct RNA-binding experiments. (C) The same mixtures
of RNAs used as described for panel A were added to the Flag-purified SMN complex as shown in Fig. 1B (SMN complex) and incubated for 1 h.
Subsequently, bound RNAs were isolated after washing and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels.

snRNAs, U2, U4, and U5 snRNAs were labeled by transcrip-
tion in vitro in the presence of [**P]JUTP and each snRNA was
mixed with similarly labeled U6 snRNA as an internal control.
These RNAs were injected into the cytoplasm of Xenopus
oocytes, which were then incubated for 3 h. The oocytes were
homogenized, and immunoprecipitations were carried out us-
ing anti-SMN (2B1) or control (SP2/0) antibodies. Consistent
with our previous observations, Ul and U5 snRNAs and, to a
lesser extent, U4 snRNA were efficiently immunoprecipitated
with 2B1 (5, 6). In addition, a small amount of U2 snRNA was
reproducibly immunoprecipitated by 2B1 above the back-
ground level of the control immunoprecipitation (Fig. 1A).
The discrepancy with respect to U snRNA immunoprecipita-
tion in this experiment comes from the epitope recognition of
the 2B1 antibody (unpublished data). These data show that all
the major Sm site-containing spliceosomal U snRNAs associ-
ate with the SMN complex in vivo.

To examine whether the interaction of the SMN complex
with U snRNAs is direct, native SMN complexes were purified
from stably transfected cell lines expressing a Flag-Gemin2
construct under stringent conditions (500 mM NaCl) as de-
scribed previously (1, 39). The complexes isolated using the
Flag epitope under these conditions (as shown in Fig. 1B)
contained all the known integral components of the SMN
complex, including SMN, Gemin2, Gemin3, Gemin4, Gemin5,
Gemin6, and Gemin7 but not the Sm proteins (1, 39, 43). To

test direct binding, purified SMN complexes on anti-Flag beads
were incubated with [**P]JUTP-labeled U snRNAs, U1, U2,
U4, US, and U6. Substitution mutations of the Sm sequences
of each U snRNA (ASm) were produced and tested similarly.
After a 1 h incubation, the beads were precipitated and washed
with the binding buffer and the RNAs bound to the purified
SMN complexes on beads were isolated and analyzed by elec-
trophoresis on 7 M urea—8% polyacrylamide gels. As shown in
Fig. 1C, wild-type (WT) U1, U2, U4, and U5 snRNAs bound
to the SMN complex efficiently. When the Sm site was mu-
tated, however, the binding of U4ASm was significantly re-
duced and the binding of USASm was abolished. The binding
of UIASm and U2ASm was as efficient as that of the corre-
sponding WT snRNAs. Because the SMN complex purified
under these stringent conditions does not contain the Sm pro-
teins, it is not likely that the Sm proteins mediate the binding
to WT U snRNAs (39, 43, 52). The reduced binding of the
SMN complexes to U4ASm and U5ASm suggests that the Sm
sites of these RNAs play a role in the interaction with the SMN
complex (see below). Nonetheless, these experiments demon-
strate that the SMN complex binds to the U snRNAs directly
and that the interaction does not require Sm proteins.
Specific domains of the U snRNAs mediate binding to the
SMN complex. We have previously shown that SL1 of Ul
snRNA is necessary and sufficient for a specific interaction of
U1 snRNA with the SMN complex. However, the other major
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FIG. 2. Mapping of U snRNA domains binding to the SMN complex. (A) The SMN complex-binding domain of Xenopus laevis U2 snRNA.
The 5’ (5'-P*)- and 3’ (3'-P*)-end-labeled U2 snRNA was subjected to limited alkaline hydrolysis in the presence of tRNA (10 wg). The resulting
hydrolyzed RNA ladders were incubated with the SMN complex. The RNA fragments bound to the SMN complex were isolated and analyzed by
electrophoresis on 7 M urea—-8% acrylamide gels. RNase T1-digested RNA ladders of the same RNAs were used as size markers. Solid red arrows
indicate the largest extent of the SMN complex-binding domains. Open red arrows indicate the smallest possible binding fragments. Total, 5%
input; control, binding in control purification. (B) The SMN complex-binding domain of chicken U4 snRNA. The same experiment was performed
using 5" and 3'-end-labeled U4 snRNAs as described for panel A. (C) The SMN complex-binding domain of X. laevis U5 snRNA. The same
experiment was performed using 5'- and 3’-end-labeled U5 snRNAs as described for panel A. (D) The secondary structure of X. laevis U2 snRNA
and its domain for SMN complex binding. The region denoted by the gray box (from nucleotide 100 to the 3’ end) is sufficient for the interaction
with the SMN complex and is designated U2SL4 + 5. (E) The secondary structure of chicken U4 snRNAs and its domain for SMN complex
binding. The region denoted by the gray box (nucleotide 77 to the 3’ end) is sufficient for the interaction with the SMN complex and is designated
U4SL2 + 3. (F) The secondary structure of X. laevis US snRNA and its domain for SMN complex binding. The region denoted by the gray box

(nucleotide 55 to the 3’ end) is sufficient for the interaction with the SMN complex and is designated U5SL2ext.

Sm site-containing U snRNAs do not contain sequences sim-
ilar to that of SL1 of Ul snRNA. We used limited alkaline
hydrolysis to map the binding domains of U snRNAs necessary
for the interaction with purified SMN complexes. The 5'- or
3’-end-labeled U2, U4, or U5 snRNAs were subjected to par-
tial alkaline hydrolysis (53), and the resulting hydrolyzed RNA
ladders were incubated with the SMN complex immobilized on
anti-Flag beads. Bound RNA fragments were purified and
analyzed by denaturing polyacrylamide gel electrophoresis.
These experiments allowed a rough delineation of the subdo-
mains of each U snRNA that are required or dispensable for
binding to SMN complexes. As shown in Fig. 2A and D, the
domain of U2 snRNA necessary for SMN complex binding
encompasses at most the region between nucleotide 100 and
the 3" end of U2. This U2 snRNA fragment is designated
U2SL4+5, as it contains stem-loops 4 and 5 of U2 (Fig. 2D). In
the case of U4 snRNA (Fig. 2B), the SMN complex-binding
domain resides between nucleotide 77 and the 3’ end of U4
and is designated U4SL2+3 (Fig. 2E), although it is possible
that a few nucleotides at the extreme 3’ end are also dispens-

able. The SMN complex binds to U5 snRNA from nucleotide
54 to the 3’ end of US; this domain is designated USSL2ext
(Fig. 2C and 2F). All SMN complex-binding domains of the U
snRNAs (except U1) contain the Sm site, interestingly, and in
the cases of U4 and U5 snRNAs, the Sm sites are located in the
middle of the binding domains (Fig. 2E and 2F). These find-
ings may explain why the substitution mutations in the Sm sites
of U4 and U5 snRNAs described above (U4ASm and U5ASm)
affect the binding to the SMN complex.

The SMN complex-binding domains and the Sm sites are
necessary and sufficient for the Sm core assembly. To further
examine the binding of these domains to the SMN complex,
U2SL4+5, U4SL2+3, and U5SL2ext (mini U snRNA frag-
ments) were transcribed in the presence of [**P]JUTP and
mixed with radiolabeled U6 snRNA as an internal control.
These RNA mixtures were incubated with the purified SMN
complex on beads or with nonspecific proteins purified from
HeLa cells as a control (Fig. 1B). As shown in Fig. 3A,
U2SL4+5, U4SL2+3, and U5SL2ext bind to the SMN com-
plex efficiently. RNA fragments derived from domains exclud-
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FIG. 2—Continued.

ing mini U snRNA fragments did not bind to the SMN com-
plex (data not shown). These data demonstrate that the mini U
snRNA fragments are sufficient for the binding to the SMN
complex. Because the SMN complex-binding domains of U2,
U4, and U5 snRNASs contain the Sm site, we asked whether the
SMN complex-binding domains and the Sm sites of these
RNAs are sufficient for Sm core assembly. U2SL4+5,
U4SL2+3, and U5SL2ext were transcribed in the presence of
[**P]JUTP, and in vitro snRNP assembly was carried out in
HeLa cytoplasmic extracts. Subsequently, assembly reaction
products were analyzed by electrophoresis on 6% native gels.
Figure 3B shows that the mini snRNA fragments from U2, U4,
and U5 snRNAs assemble Sm cores (lanes 2, 6, and 10). To
further confirm that the RNA-protein complexes causing the
shifts on a native gel are genuine Sm cores, HeLa cell cyto-
plasmic extracts were preincubated with anti-Sm (Y12) mono-
clonal antibodies and used for in vitro snRNP assembly. As
shown in Fig. 3B, lanes 4, 8, and 12, anti-Sm (Y12) monoclonal
antibody inhibits the assembly of Sm cores on these mini U
snRNA fragments, confirming that the high-molecular-weight
RNA-protein complexes contain assembled Sm cores. In ad-
dition, immunodepletion of the SMN complex prior to the
assembly reaction results in the inhibition of Sm core forma-
tion, demonstrating that the Sm core assembly on mini U

snRNA fragments is mediated by the SMN complex (lanes 3, 7
and 11). However, immunodepletion of SMN complexes did
not affect the amount of Sm proteins in the cell extracts, as
described previously (data not shown and reference 43). These
results demonstrate that SMN complex binding to Sm site-
containing target RNAs is necessary and sufficient for Sm core
assembly.

U snRNAs bind with high affinity to the SMN complex.
Equilibrium binding experiments were carried out to deter-
mine the affinity of the SMN complex-U snRNA interaction
(Fig. 4A). Purified SMN complexes on anti-Flag beads were
incubated with various amounts of [*?P]JUTP-labeled U4
snRNA, and binding was allowed to reach equilibrium by in-
cubation for 2 h. The complexes with bound U4 snRNA were
isolated by trapping the beads on a nitrocellulose filter and
rapidly washing away the free RNA. The fraction of immobi-
lized SMN complexes saturated with RNA was determined by
quantification of the radioactivity remaining bound to the
beads and was corrected for nonspecific weak interactions with
the beads alone. The bound RNA was confirmed to be a single
full-length species by polyacrylamide gel electrophoresis (data
not shown). Although we were unable to rule out the possibil-
ity of multiple classes of SMN complexes contributing un-
equally to the overall binding (or the possibility that multiple,
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FIG. 3. The SMN complex-binding domains and Sm sequences of
U snRNAs are required for the formation of Sm cores in cell extracts.
(A) Mini snRNA fragments from each U snRNA mapped by minimal
binding analysis using alkaline hydrolysis were transcribed in the pres-
ence of [*?PJUTP and mixed with radiolabeled U6 as an internal
control. RNA mixtures were incubated with the SMN complex or
nonspecific proteins purified from HeLa cells (Control) for 1 h. The
bound RNAs were isolated and analyzed by electrophoresis on 7 M
urea—8% polyacrylamide gels. Total, 10% input; IPs, immunoprecipi-
tations. (B) U2SL4 + 5, U4SL2 + 3 and U5SL2ext were transcribed in
the presence of [**P]JUTP and incubated with buffer (—), HeLa ex-
tracts (CE), the SMN complex-depleted HeLa extracts (ASMN), or
HelLa extracts preincubated with anti-Sm (Y12) monoclonal antibody
(+Y12) for 30 min at 30°C. After assembly reactions, the products
were analyzed by electrophoresis on 6% native polyacrylamide gels
and autoradiography. Sm cores and free RNAs are indicated by brack-
ets.

unequal U4 binding sites are present on each SMN complex),
the data fit well to a model for a single saturable U4 binding
site. We therefore determined an apparent equilibrium disso-
ciation constant [K apparenty] Of 17 £ 2.8 nM, corresponding to
this proposed single type of high-affinity U4 binding site.

The fact that the SMN complex is able to recognize several
U snRNAs suggests that the U snRNAs might share a common
binding domain on the SMN complex. To investigate how the
binding of the SMN complex is affected by the presence of one
or more other U snRNAs, as well as to examine the relative
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FIG. 4. U snRNAs bind with high affinity to the SMN complex.
(A) The affinity of U4 snRNA to the SMN complex was determined by
a nitrocellulose filter binding assay. The SMN complex was incubated
under equilibrium conditions with increasing amounts of U4 snRNA.
A plot of the fraction of SMN complex saturation as a function of U4
snRNA concentration is shown. Error bars represent standard devia-
tions from three independent experiments. (B) Purified SMN com-
plexes were preincubated with nonradioactive Ul, U2, U4, or U5
snRNA at a concentration of 10, 50, or 250 nM for 30 min at 4°C;
subsequently, 10,000 cpm of [32P]UTP-labeled Ul, U2, U4, or U5
snRNA, respectively, was added to the preincubated mixtures and
further incubated for 1 h at 4°C. Bound RNAs were isolated and
analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels.
Total, 10% input.

affinities for the various U snRNAs, competition binding ex-
periments were performed. The SMN complex was incubated
with trace amounts of [**PJUTP-labeled U1, U2, U4, or U5
snRNA and three different concentrations (10, 50, and 250
nM) of nonradioactive Ul, U2, U4, and US snRNAs. After
incubation, the bound RNAs were purified and analyzed by
denaturing polyacrylamide gel electrophoresis. As shown in
Fig. 4B, nonradioactive Ul snRNA effectively competes with
labeled U1, U2, and U5 snRNAs, but not with U4 snRNA, for
SMN complex binding. Similarly, U4 snRNA effectively com-
petes with each of the labeled U2, U4, and US snRNAs for
binding to the SMN complex but is unable to fully compete
with Ul even at very high concentrations. U2 snRNA does not
compete with labeled U1 and U4 snRNAs, but it slightly affects
the binding of itself and U5 snRNA at a high concentration
(250 nM). U5 snRNA significantly competes with labeled U2
and U5 snRNAs but not with U1 and U4 snRNAs. These data
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FIG. 5. SL1 of Ul snRNA inhibits the assembly of Sm core in vitro.
HeLa extracts were added (+) to nonradioactive SL1 or SL1A3 and
incubated for 30 min on ice. Subsequently, [**P]JUTP-labeled U1, U2,
U4, or U5 snRNA was added to the preincubated extracts and the
mixtures were further incubated for 30 min at 30°C; as a control, the
extracts were also mixed with [**P]JUTP-labeled U1, U2, U4, or U5
snRNA, respectively, in the absence of nonradioactive RNAs (lanes 2,
6, 10, and 14). The formation of Sm cores was analyzed by electro-
phoresis on native 6% polyacrylamide gels and autoradiography.

suggest that U4 and U1 might bind in separate or only partially
overlapping sites on the SMN complex, although since they
both can fully compete U2 and US, the arrangement of RNA
binding sites is likely more complex. Despite the possibly com-
plex arrangement of binding sites, the data suggest that there

U1Swap

U1A39wap
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are at least two distinct high-affinity binding sites, one for Ul
and one for U4, while U2 and U5 snRNAs bind less avidly.
SL1 of Ul snRNA can inhibit the assembly of the various
spliceosomal U snRNPs. Microinjection of excess SL1 of Ul
snRNA, but not SL1A3 (which does not interact efficiently
with the SMN complex), into the cytoplasm of Xenopus oocytes
inhibits the binding of the SMN complex to Ul snRNA and Ul
snRNP assembly (52). To determine whether SL1 can interfere
with the assembly of other U snRNPs in vitro, SL1 and SL1A3
were transcribed in vitro without radioactive labeling. HeLa
cell cytoplasmic extracts were incubated with an excess of ei-
ther SL1 or SL1A3 (~2.5 uM), and these extracts were used to
assay snRNP assembly in vitro on [*?P]JUTP-labeled U
snRNAs. Untreated HeLa cytoplasmic extracts were used as a
control. As shown in Fig. 5, lanes 2, 6, 10, and 14, all U
snRNAs tested formed the Sm cores in the extracts. In the
presence of excess SL1, Sm core assembly is inhibited (albeit to
a different extent for each U snRNA) (Fig. 5, lanes 3, 7, 11, and
15). However, preincubation of extracts with SL1A3 did not
inhibit Sm core assembly at all (in the cases of U1, U2, and U5)
or inhibited it only slightly (in the case of U4). These results
indicate that the SMN complex can be saturated with SL1 of
Ul snRNA, leaving no additional SMN complex available for
assembly in the extract. Taken together, these data demon-
strate that interactions of SMN complex with Sm site-contain-
ing major U snRNAs are essential for the assembly of snRNPs.
The relative positions of the SMN complex-binding domain
and Sm site are important for snRNP assembly. To further
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FIG. 6. The correct arrangement of the SMN complex-binding domain and Sm site is required for snRNP assembly. (A) UlSwap RNA was
constructed by swapping SL1 (nucleotides 17 to 47) and SL4 (nucleotides 140 to 164) of U1 snRNA. SL1 of U1 snRNA is highlighted in red, and
SLA4 is highlighted in blue. (B) U1, U1A3, U1 Swap, and U1A3 Swap RNAs were transcribed in the presence of [**PJUTP and incubated with buffer
(—), HeLa extracts (CE), or the SMN complex-depleted HeLa extracts (ASMN) for 30 min at 30°C. Additional assembly reactions were performed
using HeLa extracts in the presence of Y12 monoclonal antibody for antibody supershifting (Y12). The products were analyzed by electrophoresis
on 6% native polyacrylamide gels and autoradiography. Assembled snRNPs are indicated by brackets. (C) The SMN complexes were purified and
incubated with [*?PJUTP-labeled U1, U1A3, U1 Swap, and U1A3 Swap RNAs. Immunoprecipitations were performed using anti-Flag antibodies, and
immunoprecipitated RNAs were analyzed by electrophoresis on 7 M urea—8% polyacrylamide gels. Total, 10% input. (D) snRNP TPs were purified as
described previously by Raker et al. (47). Purified TPs were mixed with [*>P]JUTP-labeled U1, U1A3, Ul Swap, and UIA3 Swap RNAs and further
incubated for 30 min at 30°C. Assembled snRNPs were analyzed by electrophoresis on 6% native polyacrylamide gels and autoradiography.
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FIG. 7. The assembly of Ull snRNP is mediated by the SMN
complex. (A) The SMN complexes were purified and incubated with
[**P]UTP-labeled U11 snRNA. [**P]UTP-labeled SL1A3 was used as
an internal control (Control). Immunoprecipitations were performed
using anti-Flag antibodies, and immunoprecipitated RNAs were ana-
lyzed by electrophoresis on 7 M urea—-8% polyacrylamide gels. Total,
10% input. (B) U1l snRNA was transcribed in the presence of
[**P]UTP and incubated with buffer (—), HeLa extracts (CE), or SMN
complex-depleted HeLa extracts (ASMN) for 30 min at 30°C. Addi-
tional assembly reactions were performed using HeLa extracts in the
presence of Y12 monoclonal antibody for antibody supershifting
(Y12). The products were analyzed by electrophoresis on 6% native
polyacrylamide gels and autoradiography.

understand the requirements for SMN complex-mediated Sm
core assembly, we asked whether the position of the SMN
complex-binding site relative to that of the Sm site of the U
snRNAs affects snRNP assembly. For this purpose, UlSwap
RNA (in which SL1 and SL4 of Ul snRNA were swapped)
(Fig. 6A) and U1A3Swap RNA (in which SL1 of UlSwap was
changed to the corresponding A3 mutation) were constructed.
Ul, U1A3, UlSwap, and UlA3Swap RNAs were transcribed
in the presence of [**P]JUTP, and in vitro snRNP assembly was
carried out using HeLa extracts. Assembled RNA-protein
complexes were analyzed by electrophoresis on 6% native gels.
As shown in Fig. 6B, Sm cores assemble on Ul snRNA (but
not on UIA3) in a SMN complex-dependent manner (lanes 2,
3, and 6) (as previously reported); a Y12 monoclonal antibody
supershift (lane 4) was used to confirm the presence of Sm
cores. Interestingly, the assembly of Sm cores on UlSwap
RNA was impaired, as was the case for the corresponding A3
mutant, UTA3Swap (Fig. 6B lanes 10 and 14).

Next, we asked whether the swapping of domains reduces
the binding efficiency of the SMN complex to the RNA and
whether this subsequently results in impaired Sm core assem-
bly. For this purpose, [**P]JUTP-labeled UlSwap and U1A3
Swap RNAs were incubated with purified SMN complex for
direct binding. As controls, [**P]JUTP-labeled U1l and U1A3
snRNAs were used. Figure 6C shows that UlSwap RNA binds
to the SMN complex as efficiently as WT Ul snRNA. The A3
mutation of both U1 and UlSwap almost impaired the binding
of these RNAs to the SMN complex. These data suggest that
domain swapping of Ul snRNA does not affect the affinity of
this RNA to the SMN complex.

Since swapping of SL1 and SL4 of Ul snRNA may inhibit
the interaction between the Sm proteins and the Sm site, we
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examined whether purified snRNP total proteins (TPs) are
able to associate with these RNAs. For this experiment,
[*?P]JUTP-labeled U1, U1A3, UlSwap, and U1A3Swap RNAs
were incubated with TPs and the assembled products were
analyzed by electrophoresis on 6% native gels. As shown in
Fig. 6D, TPs assemble on these RNAs irrespective of swapping
and mutation in SL1. Taken together, these results indicate
that in addition to the binding of the SMN complex to the
target RNA sequences, correct spatial arrangement of SMN
complex binding on target RNAs is necessary for snRNP as-
sembly.

The assembly of minor splicing pathway U11 snRNP is also
mediated by the SMN complex. In addition to the class of the
major snRNPs that are required for the splicing of most in-
trons, there is a class of low-abundance snRNPs that are re-
quired for splicing of ATAC introns (also referred to as the
minor spliceosome pathway) (14, 35, 49). These include Ul1,
U12, and U4atac snRNPs, all of which contain Sm cores (14,
35, 50). To examine whether the assembly of minor snRNPs is
also mediated by the SMN complex, we tested the direct bind-
ing of the SMN complex to Ull snRNA. To do so, Ull
snRNA was transcribed in the presence of [**P]JUTP and in-
cubated with purified SMN complex. Radiolabeled SL1A3 was
used as an internal control. As shown in Fig. 7A, the SMN
complex binds directly to U11 snRNA. To test whether minor
U1l snRNP assembly is mediated by the SMN complex, in
vitro snRNP assembly was carried out in HeLa extracts or in
SMN complex-depleted HeLa extracts. The products were an-
alyzed by electrophoresis on 6% native polyacrylamide gels. As
shown in Fig. 7B, the assembly of U1l snRNP is mediated by
the SMN complex. These results demonstrate that the SMN
complex binds directly to U1l snRNA and carries out Sm core
assembly on U1l snRNA and indicate that the SMN complex
also has a role in the assembly of the minor pathway U
snRNPs.

DISCUSSION

To perform its essential function in snRNP biogenesis (spe-
cifically in the assembly of the Sm core), the SMN complex
must have the capacity to interact with and bring together the
Sm proteins and the U snRNAs. The recognition of the Sm
proteins is accomplished by binding to the unique RG domains
found in three of these, SmB, SmD1, and SmD3, and this
association is strongly enhanced by the methylation of specific
arginines in these domains, a process that is carried out by the
methylosome/PRMTS complex (10, 11, 12, 32, 46). The bind-
ing to the snRNAs needs to occur after the SMN complex has
already been bound with at least some of the methylated Sm
proteins, and that raised the possibility that the Sm proteins
might be able to bridge the binding of the snRNAs to the SMN
complex. However, SMN complexes washed at high salt con-
centrations, a condition that removes all detectable Sm pro-
teins, still bind snRNAs efficiently (39, 43). Experiments with
Ul snRNA have demonstrated that the deletion of the Sm site
does not reduce the binding of Ul snRNA to the SMN com-
plex, indicating that sequences in U1 snRNA other than that of
the Sm site, which we subsequently identified as SL1, are nec-
essary and sufficient for binding to the SMN complex (52). SL1
was further found to be critical for the assembly of the Sm core
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on Ul snRNA. Mindful of the fact that the other major Sm
site-containing snRNAs that do not contain sequences that
bear obvious similarity to sequences of SL1 also assemble Sm
cores mediated by the SMN complex, we wished to determine
which domains in these snRNAs provide the recognition for
the SMN complex.

We show here that the SMN complex binds directly to all Sm
site-containing major spliceosomal U snRNAs, and we further
delineate the sequence elements of the U snRNAs that are
responsible for SMN complex binding. Unlike U1 snRNA, the
SMN complex binds to U2, U4, and US snRNAs via domains
near their 3’ ends. All of these snRNAs contain at least one
well-defined stem-loop structure and also include the Sm site.
Although there is no extensive nucleotide sequence similarity
or obvious consensus RNA sequence among these SMN com-
plex-binding domains, the SMN complex binds to all of these
with remarkable affinity. The mapping and deletion analysis
could not separate the Sm site sequence from the minimal
recognition domain for SMN complex binding. Further mu-
tagenesis and more detailed binding experiments will be
needed to determine whether it is the specific sequence of the
Sm sites that is important and required for binding to SMN
complex or whether the Sm sites are important for the overall
structure and presentation of the adjacent stem-loop. With
these data taken together, we envision that the interaction
between the SMN complex and the U snRNAs occurs through
specific recognition of stem-loop structure(s) in an orientation-
dependent and/or sequence-specific interaction. The binding
competition experiments suggest that the affinities of the var-
ious SMN complex-binding domains for the SMN complex are
not the same, although all appear to be in the low nanomolar
range and to exhibit a clear order of affinities: U4~U1 > U5
> U2. The binding data suggest that there are at least two
binding sites on the SMN complex for which the snRNAs
compete to various degrees, although the actual arrangement
of RNA binding sites might be more complex.

Early studies using purified snRNP TPs suggested that the
minimal sequence requirement of Sm core assembly in vitro is
simply a region of 6 to 10 single-stranded uridine-rich nucleo-
tides (47). These studies left unanswered the question of how
the Sm proteins distinguish their targets specifically among the
myriads of uridine-rich RNA sequences in cells. In contrast,
microinjection experiments with Xenopus oocytes showed that
the Sm sites of each U snRNA are not functionally inter-
changeable in Sm protein binding (17). These studies sug-
gested that the Sm site, in spite of being the common binding
site for Sm proteins, might cooperate specifically with other
elements of U snRNAs for snRNP assembly (17). These stud-
ies imply that the assembly of U snRNPs, although they share
the common Sm proteins and the Sm site, is not a simple
process but is rather a strictly regulated and coordinated pro-
cess involving many factors. We demonstrate here that the
assembly of snRNPs requires the SMN complex and Sm pro-
teins as well as an RNA containing recognition elements for
both the SMN complex and Sm proteins.

The results seen with mutants of Ul snRNA with swapped
domains show that the SMN-mediated snRNP assembly is
more stringent than can be explained with a simple RNA-
protein association model. The SMN complex recognizes spe-
cific sequence elements within an RNA and scrutinizes the
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RNA to ensure that these elements are arranged correctly in
the context of Sm core assembly. The evidence we provide here
strongly suggests that the SMN complex not only provides the
platform for binding both Sm proteins and RNAs and brings
all components together into close spatial proximity for assem-
bly but also confers stringent specificity to the assembly path-
way by distinguishing the positions of the target sequences
relative to those of the Sm sequences. In this way, the SMN
complex functions as an assemblyosome to ensure that Sm core
assembly occurs only on correct RNA targets.

The observations we present here further expand the reper-
toire of RNA substrates for the SMN complex to include the
minor pathway spliceosomal snRNPs. It is likely, given the
numerous RNA-binding proteins with which the SMN complex
interacts, that there are numerous RNA targets of the SMN
complex in cells and that the SMN complex is involved also in
the assembly of other classes of RNPs. It remains possible that
reduced levels of the SMN protein not only affect the biogen-
esis of U snRNPs but also impair other RNP assembly pro-
cesses, including those that might be specific to motor neurons.
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