
Unique Sm core structure of U7 snRNPs:
assembly by a specialized SMN complex
and the role of a new component, Lsm11,
in histone RNA processing
Ramesh S. Pillai,1,4 Matthias Grimmler,2 Gunter Meister,2,5 Cindy L. Will,3 Reinhard Lührmann,3

Utz Fischer,2 and Daniel Schümperli1,6

1Institute of Cell Biology, University of Bern, 3012 Bern, Switzerland; 2Max Planck Institute of Biochemistry, 82152
Martinsried, Germany; 3Max Planck Institute of Biophysical Chemistry, 37070 Göttingen, Germany

A set of seven Sm proteins assemble on the Sm-binding site of spliceosomal U snRNAs to form the
ring-shaped Sm core. The U7 snRNP involved in histone RNA 3� processing contains a structurally similar but
biochemically unique Sm core in which two of these proteins, Sm D1 and D2, are replaced by Lsm10 and by
another as yet unknown component. Here we characterize this factor, termed Lsm11, as a novel Sm-like
protein with apparently two distinct functions. In vitro studies suggest that its long N-terminal part mediates
an important step in histone mRNA 3�-end cleavage, most likely by recruiting a zinc finger protein previously
identified as a processing factor. In contrast, the C-terminal part, which comprises two Sm motifs interrupted
by an unusually long spacer, is sufficient to assemble with U7, but not U1, snRNA. Assembly of this
U7-specific Sm core depends on the noncanonical Sm-binding site of U7 snRNA. Moreover, it is facilitated by
a specialized SMN complex that contains Lsm10 and Lsm11 but lacks Sm D1/D2. Thus, the U7-specific
Lsm11 protein not only specifies the assembly of the U7 Sm core but also fulfills an important role in U7
snRNP-mediated histone mRNA processing.
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Sm and Sm-like (Lsm) proteins have been found in eu-
karyotes, archaea, and eubacteria. They are characterized
by two closely spaced, conserved Smmotifs 1 and 2 (Her-
mann et al. 1995; Seraphin 1995) which adopt a fold con-
sisting of an �-helix followed by five �-strands (Kambach
et al. 1999b). A common characteristic of Sm/Lsm pro-
teins is their tendency to form oligomers that can close
into hepta- or hexameric ring structures which, in turn,
control various aspects of RNA metabolism.

The seven prototype Sm proteins B/B�, D1, D2, D3, E,
F, and G form the so-called Sm core structure around the
conserved Sm-binding site, RAUUU/GUUGR, of the spli-
ceosomal small nuclear RNAs (snRNAs; Lührmann et
al. 1990; Raker et al. 1996; Kambach et al. 1999a; Will et
al. 1999). The formation of this structure occurs in the
cytoplasm and was recently shown to be ATP-dependent

and mediated by specific assembly factors. A key player
in this process is the “survival of motor neurons” (SMN)
protein which is mutated in the neuromuscular disorder
spinal muscular atrophy (for review, see Meister et al.
2002; Paushkin et al. 2002). SMN is part of the so-called
SMN complex, which is composed of at least 18 distinct
proteins, including all Sm proteins. In vitro reconstitu-
tion of the assembly reaction revealed that Sm proteins
first associate with the SMN complex and are subse-
quently transferred to the U snRNA (Meister et al.
2001a; Pellizzoni et al. 2002). The functioning of the
SMN complex is regulated by the PRMT5 complex. This
complex introduces symmetrical dimethylarginines in
Sm proteins B/B�, D1, and D3, thereby increasing their
affinity for SMN (Brahms et al. 2001; Friesen et al. 2001;
Meister et al. 2001b).

In contrast to the canonical Sm proteins found in the
Sm core of spliceosomal small nuclear ribonucleopro-
teins (snRNPs) and the U7 snRNP (see below), the Lsm
proteins 1–8 form alternative structures on different
classes of RNAs (for review, see He and Parker 2000).
Lsm 2–8 associate with the U-rich 3� end of U6 snRNA
in the nucleus, whereas Lsm 1–7 form a cytoplasmic
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particle involved in mRNA degradation. In addition, re-
cent evidence indicated that Lsm proteins are associated
with the U8 small nucleolar RNP (Tomasevic and Pecu-
lis 2002) and play a role in pre-tRNA maturation (Kufel
et al. 2002).

Although the U7 snRNP shares some structural fea-
tures with spliceosomal snRNPs, it is not involved in
pre-mRNA splicing, but rather in the processing of his-
tone mRNA 3� ends (for review, see Müller and Schüm-
perli 1997; Dominski and Marzluff 1999). The Sm-bind-
ing site of U7 snRNA has a noncanonical sequence, and
affinity-purified U7 snRNPs contain the Sm proteins
B/B�, D3, E, F, and G but lack Sm D1 and D2 (Pillai et al.
2001). A 14-kD subunit of U7 snRNPs was identified as
a new Sm-like protein, termed Lsm10, with high simi-
larity to Sm D1. Based on these findings, we postulated
that Lsm10 and an additional Sm-like protein might re-
place the missing Sm D1 and D2 proteins in a U7-spe-
cific Sm core structure. A candidate for this missing sub-
unit was an ∼50-kD protein identified in purified U7
snRNPs (Pillai et al. 2001).

Here we characterize the 50-kD protein as Lsm11, a
new, unusual member of the Sm/Lsm protein family,
which appears to replace Sm D2. This unique Sm core
organization led us to ask whether the U7-specific Lsm
proteins functionally contribute to histone RNA 3� pro-
cessing, and how the formation of the U7-specific Sm
core is specified. We show that Lsm11 is involved in
both of these processes. We demonstrate a functional
role in histone RNA processing for the long N-terminal
extension of Lsm11. In contrast, the C-terminal part of
Lsm11 encompassing its two Sm motifs, together with
Lsm10 (Pillai et al. 2001) and the special Sm-binding site
of U7 snRNA, all participate in specifying the formation
of the U7 Sm core. Further, we provide evidence that,
like the assembly of spliceosomal U snRNPs, assembly
of the U7 snRNP is ATP-dependent and factor-mediated.
However, we show that U7 snRNP assembly is not me-
diated by the SMN complex that mediates spliceosomal
U snRNP assembly. Rather it is facilitated by a special-
ized SMN complex that lacks Sm D1 and D2 but con-
tains the U7-specific proteins Lsm10 and Lsm11. Thus,
our data suggest that both the assembly and the function
of the U7 snRNP are specified by its unusual set of Sm/
Lsm proteins.

Results

Sequence of the U7-specific 50-kD protein Lsm11

To characterize the 50-kD U7 snRNP protein, we iso-
lated it from a preparative SDS-polyacrylamide gel of af-
finity-purified U7 snRNPs (Pillai et al. 2001) and identi-
fied tryptic peptides by nano-electrospray tandem mass
spectrometry coupled to the Sequest database search al-
gorithm (Chittum et al. 1998). A total of 11 identified
peptides were found to be encoded by related human and
mouse expressed sequence tags (ESTs). From these, a
complete cDNA sequence was reconstructed using addi-

tional overlapping ESTs and the human genomic se-
quence on chromosome 5 (AC026407). The human gene,
represented by UniGene cluster Hs.187117, encodes a
protein of 360 amino acids (Fig. 1). The sequence of the
corresponding mouse protein (UniGene Mm.45659, 361
amino acids) is 89% identical to the human one. We note
that the Xenopus homolog (AF514310) is shorter by 69
amino acids.

The identified protein contains the conserved Sm
motifs 1 and 2 (Hermann et al. 1995; Seraphin 1995) and
will hence be called Lsm11. However, very unusual for
an Sm/Lsm protein, the two Sm motifs are separated by
138 amino acids in human and mouse, and by 99 amino
acids in Xenopus Lsm11. Most of this intervening se-
quence is not conserved between mammals and am-
phibia. Moreover, Lsm11 has an extensive N-terminal
extension, but lacks a C-terminal tail following Sm mo-
tif 2.

Lsm11 can be cross-linked to U7 snRNA

To test whether Lsm11 is an integral U7 snRNP compo-
nent, affinity-purified polyclonal antibodies against re-
combinant Lsm11 were used to detect Lsm11 by West-
ern blotting. The antibody reacted with a single protein
of 45–50 kD in a Resource Q fraction from HeLa cell
nuclear extract enriched for U7 snRNPs (Fig. 2A, lane 1);
no signal could be detected in unfractionated whole-cell
or nuclear extract, presumably because of the low abun-
dance of Lsm11. The band seen in the Resource Q frac-
tion could be enriched by precipitation with a biotinyl-
ated oligonucleotide complementary to the 5� end of U7
snRNA and magnetic streptavidin beads (Fig. 2A, lane 3),
but not by precipitation with beads alone (Fig. 2A, lane
2), indicating that the detected protein is indeed part of
the U7 snRNP.

We showed previously that the Sm proteins G and
B/B�, as well as proteins of either 50 kD in mouse nuclear
extracts (Mital et al. 1993) or 40 kD in Xenopus oocytes
(Stefanovic et al. 1995a), can be cross-linked by UV irra-
diation to the Sm-binding site of U7 snRNA. Based on its
size in mammals and Xenopus, and on its affiliation with
the Sm/Lsm protein family (Fig. 1), Lsm11 was a likely
candidate for the third cross-linkable protein. To test
this hypothesis, we analyzed UV adducts formed in HeLa
nuclear extract. U7 snRNA and its photoadducts were
detected by annealing a radiolabeled oligonucleotide
complementary to the 5� end of U7 snRNA prior to SDS-
PAGE. As expected, we observed the three UV adducts
described above for mouse nuclear extracts (Fig. 2B, lane
1). When Lsm11 was immunoprecipitated from the UV-
irradiated nuclear extract, uncross-linked U7 snRNA
and all three photoadducts were coprecipitated (Fig. 2B,
lane 3), but no labeled products were precipitated by
beads lacking antibody (Fig. 2B, lane 2). Significantly,
after boiling the UV-irradiated nuclear extract, only the
50-kD photoadduct was immunoprecipitated (Fig. 2B,
lane 4), demonstrating that this adduct indeed contains
the Lsm11 protein.

Pillai et al.

2322 GENES & DEVELOPMENT



The N terminus of Lsm 11 is essential for histone
RNA 3� end processing

To investigate whether Lsm11 plays a role in histone
RNA processing, we first used a special type of assay. We
had noticed that a chimeric RNA containing the process-
ing region of histone pre-mRNA physically linked to U7
snRNA sequences (Fig. 3B), when injected into Xenopus
oocytes, remained cytoplasmic but was cleaved at the
histone processing site (Stefanovic et al. 1995b). This
cleavage, like the normal nuclear reaction, was depen-
dent on all conserved sequences of the histone pre-
mRNA and U7 snRNA moieties, and these had to be
present in cis on the same polynucleotide chain.

Importantly, both the input RNA and the 3� cleavage
product contain Sm/Lsm proteins bound to the U7 Sm-
binding site, and this can be exploited to analyze by im-
munoprecipitation whether a complex containing a spe-
cific protein is functional in processing. Thus we in-
jected synthetic mRNAs encoding HA-tagged full-length
murine Lsm11 cDNA (HA-mLsm11FL) and various HA-
tagged deletion mutants (see Fig. 3A) into oocytes and
allowed for their translation. The oocytes were then
challenged with the radiolabeled, chimeric histone-U7
RNA. After a 3-h incubation, cytoplasmic extracts were
prepared and subjected to immunoprecipitation with ei-
ther anti-Sm or anti-HA antibodies to enrich for total
snRNPs or for particles containing HA-tagged Lsm11,
respectively. When the labeled RNA from oocytes in-
jected with HA-mLsm11FL mRNAwas analyzed by poly-
acrylamide gel electrophoresis, the anti-Sm immunopre-

cipitate revealed some uncleaved chimeric RNA, but a
large fraction of the RNA was cleaved (Fig. 3C, lane 2).
Note that this immunoprecipitate contained RNP com-
plexes assembled with endogenous Lsm11 as well as
complexes containing HA-mLsm11FL. Precipitations
carried out with beads in the absence of antibody (Fig.
3C, lane 3) or with beads and anti-HA antibodies in oo-
cytes expressing HA-tagged green fluorescence protein
(GFP; Fig. 3C, lane 8) contained low amounts of nonspe-
cifically precipitated input RNA, but no cleaved RNA. In
the oocytes expressing HA-mLsm11FL, both processed
and unprocessed RNAs were precipitated by anti-HA an-
tibody (Fig. 3C, lane 4), indicating that the chimeric
snRNPs assembled with HA-mLsm11FL were functional,
and providing a reference for the analysis of Lsm11 de-
letion mutants described below. As expected, the
amount of labeled RNA precipitated was lower than
with anti-Sm antibodies, suggesting that only a small
proportion of the formed complexes contained HA-
mLsm11FL.

An internal deletion of 77 amino acids in the spacer
between the two Sm motifs did not substantially alter
the proportion of cleaved RNA (Fig. 3C, lane 5; �sp77). In
contrast, the cleavage activity was reduced by removing
the first 104 amino acids (Fig. 3C, lane 6; �N104) and
completely abolished by deleting 140 amino acids at the
N terminus of Lsm11 (Fig. 3C, lane 7; �N140). The
amount of input RNA recovered for �N104 was some-
what lower than for the full-length protein, but still
higher than for the beads and HA-GFP controls. How-
ever, such a decrease was not evident for �N140 and,

Figure 1. Sequence alignment of Lsm11 proteins of human (Hs; SwissProt P83369; UniGene Hs.187117; genomic sequence
AC026407), mouse (Mm; GenBank AF514309; UniGeneMm.45659; LocusLink 72290) and X. laevis (Xl; GenBank AF514310; UniGene
Xl.13277). Residues conserved between at least two proteins are shown in inverse print. The conserved Smmotifs 1 and 2 are indicated
by shaded boxes. The consensus sequence was adapted from previous sources (Hermann et al. 1995; Achsel et al. 1999). (h) Hydro-
phobic amino acids.
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moreover, transfection experiments in mammalian cells
indicated that all of the truncated proteins were still
functional for assembly into U7 snRNPs (see Fig. 4, be-
low). Furthermore, all four HA-tagged Lsm11 variants
were expressed in similar amounts and could be copre-
cipitated by anti-Sm antibodies to a similar extent (data
not shown).

These experiments indicated that the N terminus of
Lsm11 is essential for histone pre-mRNA cleavage. This
was also supported by histone RNA processing reactions
carried out in nuclear extract from K21 mouse mastocy-
toma cells (Stauber et al. 1990); in such a reaction, a
histone H4 pre-mRNA substrate was cleaved, resulting
in the formation of two 5� cleavage products differing by
two nucleotides (Fig. 3D, lane 1). Incubation of the ex-
tract with immobilized GST-tagged N terminus of
Lsm11 (the first 136 amino acids), followed by removal
of the bound material, led to an approximately twofold
reduction in processing activity (Fig. 3D, lane 4), whereas
only a minimal reduction was observed with immobi-
lized GST (Fig. 3D, lane 3). This difference was not due
to a reduction in U7 snRNA concentration, as was re-
vealed by a primer extension analysis (data not shown).

Rather, this result suggested that the N-terminal frag-
ment sequestered an important processing factor.

A good candidate for this factor is the 100-kD zinc
finger protein (ZFP100) that has been implicated in sta-
bilizing the interaction between histone pre-mRNA and
the U7 snRNP (Dominski et al. 2002; see Discussion).
Indeed, in vitro translated ZFP100 was found to bind in
vitro to GST-tagged Lsm11 N terminus (Fig. 3E, lane 3)
but not to GST alone (Fig. 3E, lane 2). Moreover, the N
terminus of Lsm11 and ZFP100 also interacted in a yeast
two-hybrid assay (A. Gruber and D. Schümperli, un-
publ.). These data therefore suggested that Lsm11 exerts
its essential role in histone 3�-end processing at least in
part through an interaction with ZFP100.

The C-terminal Sm domain of Lsm11 and the special
Sm-binding site of U7 snRNA are determinants
for forming the U7 Sm core

Although the above experiments indicated that the N
terminus and more than half of the sequence between
the two Smmotifs are not required for Lsm11 to interact
with the chimeric RNA, we wanted to analyze more spe-
cifically the ability of the truncated proteins to assemble
into U7 snRNPs in mammalian cells and to discriminate
between U7 and U1 snRNA. For this purpose, we ex-
pressed HA-mLsm11FL and various deletion mutants in
human 293T cells by transient transfection of appropri-
ate expression plasmids. U7 or U1 snRNPs were precipi-
tated from nuclear extracts using biotinylated oligo-
nucleotides complementary to the 5� end of the corre-
sponding snRNA. The HA-tagged proteins were then
detected in the precipitates by Western blotting with
anti-HA antibody. Neither the two N-terminal deletions
nor the internal deletion removing 77 amino acids be-
tween the two Sm motifs abolished the incorporation of
Lsm11 into U7 snRNPs (Fig. 4A). Moreover, all three
truncated proteins associated more efficiently with U7
than with U1 snRNA, similar to the full-length protein.
Thus, the C-terminal Sm domain containing the two Sm
motifs is not only sufficient for snRNP assembly in gen-
eral, but also carries the specificity for preferential asso-
ciation with U7 snRNA.

This point was corroborated by an additional finding.
As Lsm10 is very similar to Sm D1 and therefore Lsm11
presumably replaces Sm D2 in the U7-specific Sm core,
we fused the N-terminal 136 codons of murine Lsm11 to
codon 1 of human SmD2 and analyzed the association of
the resulting protein with U7 and U1 snRNAs after
transfection into 293T cells. In contrast to HA-
mLsm11FL and its various deletion mutants, this Sm D2
fusion was preferentially incorporated into U1 snRNPs
(N136-D2; Fig. 4A) and, in this respect, behaved simi-
larly to endogenous Sm D2.

Replacing the original Sm-binding site of U7 snRNA
(AAUUUGUCUAG; SmWT) with a consensus sequence
derived from spliceosomal snRNAs (AAUUUUUGGAG;
Sm OPT) was previously shown to result in U7 snRNPs
that did not function in histone RNA 3� processing
(Grimm et al. 1993; Stefanovic et al. 1995a) and in the

Figure 2. Lsm11 can be cross-linked to U7 snRNA. (A) Poly-
clonal antibodies to Lsm11 recognize a specific 45–50-kD poly-
peptide. Samples of a Resource Q U7 peak fraction (RQ; Pillai et
al. 2001) were separated by SDS-PAGE, Western blotted, and
analyzed with affinity-purified Lsm11 antibody (lane 1). The
same band was also detected by the Lsm11 antibody in affinity-
purified U7 snRNPs (U7, lane 3), but not in a control precipita-
tion with beads alone (lane 2). (B) Characterization of a UV-
cross-link between Lsm11 and U7 snRNA. (Lane 1) Nuclear
extract was subjected to UV irradiation and, after incubation
with a radiolabeled oligodeoxynucleotide complementary to the
5� end of U7 snRNA, subjected to SDS-PAGE and autoradiog-
raphy. The detected bands correspond to noncross-linked U7
snRNA and UV-adducts to Sm G, B/B� (very faint), and an ∼50-
kD polypeptide, respectively (Mital et al. 1993). (Lane 3) Before
oligonucleotide annealing and SDS-PAGE, the extract was sub-
jected to immunoprecipitation by Lsm11 antibody; all UV ad-
ducts as well as noncross-linked U7 snRNAwere precipitated as
parts of intact U7 snRNPs. (Lane 2) Precipitation as in lane 3,
but without antibody. (Lane 4) Same as in lane 3, except that the
extract was boiled prior to immunoprecipitation to denature
snRNPs; only the uppermost UV-adduct was precipitated, indi-
cating that it contains Lsm11.
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abrogation of the ∼40-kD cross-link in Xenopus oocytes
(Stefanovic et al. 1995a). Most likely, this lack of func-
tionality was due to a failure of U7 Sm OPT RNA to
incorporate Lsm11, especially given the above finding
that Lsm11 is required for histone RNA processing. We
therefore investigated which type of Sm-binding se-
quence would allow association of U7 RNAwith Lsm11.
For this purpose, HA-mLsm11FL protein was expressed
in 293T cells along with two different versions of U7
snRNA. Both contained an identical 5�-terminal tag of 28
nucleotides, but the Sm-binding site either had the Sm
WT (28-WT RNA) or the Sm OPT sequence (28-OPT
RNA). After precipitation of the RNAs from nuclear ex-
tracts with a biotinylated oligonucleotide complemen-
tary to the 28-nucleotide tag, we indeed found HA-
mLsm11FL to be present in higher amounts in the affin-
ity-enriched 28-WT snRNPs than in the corresponding
sample from cells transfected with 28-OPT (Fig. 4B).
When comparing the band intensities, note that the 28-
WT snRNA accumulates in the nucleus approximately
three times less efficiently than 28-OPT RNA (Grimm et
al. 1993; Pillai et al. 2001). This was confirmed by re-
probing the Western blot with Y12 anti-Sm antibody,
which detects the Sm B/B� protein present in both the

28-WT and 28-OPT snRNPs (Fig. 4B). Thus, specific in-
corporation of Lsm11 into U7 snRNPs is to a large extent
dictated by the special Sm-binding site of U7 snRNA.

U7 Sm core assembly is active and factor-mediated

Next, we asked how the unique U7 Sm core domain is
formed in the environment of the cell. To address this
question, we used an in vitro assembly system based on
Xenopus egg extract that faithfully mimics in vivo con-
ditions (Müller et al. 2000). Initially we tested whether
incubation of wild-type U7 snRNA in this extract re-
sulted in the formation of the U7-specific Sm core
domain. In vitro-transcribed Sm WT and Sm OPT U7
snRNAs were incubated with egg extract and subse-
quently immunoprecipitated with antibodies directed
against Sm core components. The Y12 antibody copre-
cipitated both the Sm WT and Sm OPT U7 RNAs, indi-
cating that both RNAs are associated with Sm proteins
(Fig. 5A). In contrast, precipitation by an antibody
against Xenopus Lsm10 was only efficient with Sm WT
and very inefficient with Sm OPT RNA, indicating a
strong preference of Lsm10 for the special Sm-binding
site of U7 snRNA also in this in vitro assembly system.

Figure 3. The N terminus of Lsm11 is essential for
histone RNA 3� end processing. (A) Structure of various
constructs containing murine Lsm11. An HA tag intro-
duced at the N terminus and the Sm motifs are shown
in dark gray and black, respectively. (B) The chimeric
histone-U7 RNA (12/12-U7 RNA; Stefanovic et al.
1995b) used in C contains 49 nt of histone pre-mRNA
upstream and 36 nt downstream of the cleavage site
(vertical arrow), a connector segment of 28 nt, and 65 nt
of U7 RNA sequence. The Sm-binding site is indicated
by a black bar. (C) Synthetic mRNAs encoding HA-
tagged versions of Lsm11 (see A) or of GFP were in-
jected into the cytoplasm of X. laevis oocytes. After
overnight incubation to allow for translation of the re-
combinant proteins, the oocytes were challenged with
radiolabeled, chimeric histone-U7 RNA (see B) and fur-
ther incubated for 3 h. Cytoplasmic extracts were sub-
jected to immunoprecipitation with either anti-Sm or
anti-HA antibodies to enrich for total snRNPs or for
particles containing HA-tagged Lsm11, respectively,
and the radiolabeled RNA was analyzed by denaturing
polyacrylamide gel electrophoresis and autoradiogra-
phy. (Lane 1) Input chimeric RNA. (Lane 3) Precipita-
tion of HA-mLsm11FL extract with beads lacking anti-
body. (D) Lsm11 N terminus sequesters histone RNA
processing factor(s) from K21 mouse mastocytoma cell
nuclear extract (Stauber et al. 1990). Note that process-
ing by the extract (lane 1) is strongly reduced by prein-
cubation of the extract with immobilized GST-tagged
N terminus of Lsm11, followed by removal of the
bound material (lane 4), but is only slightly affected by
a similar treatment with immobilized GST (lane 3).
(Lane 2) Incubation in extract inactivated by 15 min
preincubation at 50°C. (E) Lsm11 N terminus binds to
ZFP100 (Dominski et al. 2002) in vitro. Radiolabeled in

vitro translated ZFP100 was incubated with glutathione beads preloaded with GST (lane 2) or GST-mLsm11N-term (lane 3), and the
bound material was analyzed by SDS-PAGE and autoradiography. Lane 1 shows 1/10 volume of input material.
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Because antibodies reacting with Xenopus Lsm11 were
not available, but Lsm11 can be cross-linked to U7 sn-
RNA (Fig. 2B), we performed UV-cross-linking experi-
ments to detect Lsm11 in the assembled complexes. As
expected, a UV-adduct corresponding to Sm G could be
generated after in vitro assembly of both Sm WT and Sm
OPT U7 RNAs (Fig. 5B, lanes W,O, respectively). Note
the somewhat higher electrophoretic mobility of this
UV-adduct with Sm OPT RNA, which was observed pre-
viously after assembly in Xenopus oocytes microinjected
with these same U7 snRNAs (Stefanovic et al. 1995a). A
band previously identified as a UV-adduct with Sm Bwas
observed for Sm OPT RNA, but was too faint to be de-
tected for Sm WT RNA (this strong difference in inten-
sity also agrees with earlier findings from oocyte injec-
tions; Stefanovic et al. 1995a). Importantly, only SmWT,
but not Sm OPT U7 RNA could be cross-linked to a
protein of ∼40 kD which, by analogy with Figure 2B and
based on our previous mapping of this cross-link to the

Sm-binding site of U7 snRNA (Stefanovic et al. 1995a),
most likely represents Lsm11. In contrast, an Sm-bind-
ing site mutant of U7 snRNA (Sm MUT) that does not
assemble into snRNP complexes (Grimm et al. 1993;
Stefanovic et al. 1995a; Müller et al. 2000) did not form
any UV adducts (Fig. 5B, lane M). As the cross-linking
patterns of the three RNAs exactly corresponded to
those previously characterized after assembly in micro-
injected Xenopus oocytes (Stefanovic et al. 1995a), these
results are compatible with the notion that the assembly
system based on Xenopus egg extract faithfully recapitu-
lates U7 snRNP assembly as it occurs in vivo.

Next, we analyzed whether U7 snRNP assembly is an
active and factor-mediated process as had been reported
for spliceosomal U snRNPs (Meister et al. 2001a; Pelliz-
zoni et al. 2002). When an assembly reaction was ana-
lyzed by native gel electrophoresis, a complex migrating
significantly slower than the RNA alone was observed
(Fig. 5C, lane 1). Control experiments indicated that this
complex could be supershifted by Y12 anti-Sm antibody
(data not shown) but was not formed on U7 Sm MUT
snRNA (Fig. 5D, lane 4), consistent with earlier findings
(Müller et al. 2000). Thus, the slowly migrating complex
represented the assembled U7-specific Sm core structure
that could be immunoprecipitated by Y12 and Lsm10
antibodies (Fig. 5A).

Several lines of evidence suggested that U7 snRNP as-
sembly in the egg extract is energy-dependent and medi-
ated by an SMN complex. First, incubation of the assem-
bly reaction at 4°C instead of 20°C or in the presence of
ATP-�S instead of ATP strongly impaired complex for-
mation (data not shown). Previous findings had shown
that these conditions block U1 snRNP assembly (Meis-
ter et al. 2001a). Second, preincubations with antibodies
against Gemin2 and Gemin4/GIP abolished assembly
(Fig. 5C, lanes 2,3, respectively), whereas a control anti-
body directed against the HA tag had only a minimal
effect (Fig. 5C, lane 4). Third, and most importantly, im-
munodepletion of SMN and Gemin2 from the egg ex-
tract completely blocked snRNP formation with both
Sm WT and Sm OPT U7 snRNAs (Fig. 5D, lanes 5,6),
whereas a mock-depleted extract was still active (Fig.
5D, lanes 2,3). As expected, no complexes were formed
with U7 Sm MUT RNA (Fig. 5D, lanes 4,7). Taken to-
gether, these experiments indicated that the formation
of the U7 Sm core is an ATP-dependent process mediated
by an SMN complex.

Evidence for separate SMN complexes containing
either Sm D1/D2 or Lsm10/11

The Sm core domain of the U1 snRNP is generated by an
SMN complex that contains all canonical Sm proteins.
By analogy, we surmised that assembly of U7 snRNPs
would be mediated by a specialized SMN complex con-
taining the Sm proteins B/B�, D3, E, F, G, and, addition-
ally, the U7-specific Lsm proteins 10 and 11. Indeed,
Lsm10 and Lsm11 were detectable in purified SMN
preparations from HeLa cells by Western blot analysis
(Fig. 6C, lane SMN-1). However, compared to the other

Figure 4. Association of HA-tagged Lsm11 with U7, but not
U1, snRNA. (A) Human 293T cells were transiently transfected
with plasmids encoding the various HA-tagged Lsm11 proteins
shown in Figure 3A or a fusion between HA tag, the first 136
amino acids of Lsm11, and Sm D2 (N136-D2). Nuclear extracts
were incubated with biotinylated oligonucleotides complemen-
tary to the 5� ends of U7 or U1 snRNA and precipitated with
magnetic streptavidine beads. The samples were subjected to
SDS-PAGE and immunoblotted with anti-HA antibody. (−) Pre-
cipitation by beads without oligonucleotide; (input) sample of
original nuclear extract. (B) Western blots detecting Lsm11 and
Sm B/B� proteins associated in 293T cells with U7 snRNAs
containing either the wild-type Sm-binding site or a consensus
Sm-binding sequence derived from spliceosomal snRNAs. The
cells were cotransfected with plasmids encoding either Sm WT
or Sm OPT U7 RNA (Stefanovic et al. 1995a), modified with a
28-nt sequence tag at the 5� end (Pillai et al. 2001), and with the
plasmid encoding HA-mLsm11FL. Nuclear extracts were pre-
pared and processed as described for A, except that precipita-
tions were performed with magnetic streptavidine beads with
(+) or without (−) biotinylated oligonucleotide complementary
to the 28-nt tag. Anti-HA and Y12 anti-Sm antibodies were used
to detect HA-mLsm11FL and Sm B/B�, respectively. (input)
Sample of original 28-OPT extract.
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Sm proteins, Lsm10 and Lsm11 were underrepresented.
This finding raised the question of whether an SMN
complex containing all Sm proteins was able to bind
Lsm10 and Lsm11 additionally, or whether binding of
these proteins was mutually exclusive with binding of
other Sm proteins such as Sm D1/D2.

To address this issue, cytoplasmic HeLa cell extracts
were subjected to immunoprecipitation with either Y12
anti-Sm antibody or an antiserum reacting with Sm D1
and D2. Both antibodies precipitated similar amounts of
SMN and D1/D2 proteins as detected by Western blot-
ting (Fig. 6A, lanes 1,3). In contrast, Lsm10 was detected
only in the Y12 precipitate, not in the anti-D1/D2 im-
munoprecipitate (Fig. 6A, lanes 5,6). To further verify
these results, we stably transfected HeLa cells with HA-
tagged Lsm10 and immunoprecipitated cytoplasmic ex-
tracts with either Y12 or anti-HA antibody. The immu-
noprecipitates were then analyzed by Western blotting
with various antibodies. Whereas both immunoprecipi-
tates contained Sm B/B� and SMN, the anti-Sm precipi-
tate contained Sm D1/D2 (which migrated in a single
band on this particular gel), but only trace amounts of
HA-Lsm10 (Fig. 6B, lanes 2). In contrast, the anti-HA
precipitate was devoid of Sm D1/D2 but contained HA-

Lsm10 (Fig. 6B, lane 3). Moreover, Lsm11 was barely if at
all detectable in the input nuclear extract and in the Y12
precipitate, but clearly visible after anti-HA precipita-
tion. These results strongly indicated that there were
two separate SMN entities, one containing Sm D1/D2
and the other containing Lsm10 and Lsm11.

From the above, it seemed likely that the SMN com-
plex containing Lsm10 and Lsm11 was the entity medi-
ating the formation of the U7 Sm core. We were able to
elucidate this point due to our observation that some
SMN complex preparations lacked detectable Lsm10 and
Lsm11 (Fig. 6C, lane SMN-2). Thus, two such SMN com-
plex preparations either lacking or containing Lsm10/11,
but containing similar amounts of Sm proteins (as exem-
plified by Western blotting for B/B� and D1/D2), were
incubated with Sm WT, Sm OPT, and Sm MUT U7
RNAs, and Sm core assembly was subsequently analyzed
by immunoprecipitation with Y12 antibody. Strikingly,
the SMN complex lacking Lsm10/11 was almost com-
pletely inactive in U7 Sm WT assembly but promoted
Sm core formation on Sm OPT RNA (Fig. 6D, panel
SMN-2). In contrast, the SMN complex containing
Lsm10/11 promoted assembly on both RNAs (panel
SMN-1). No assembly could be observed in either case

Figure 5. U7 snRNP assembly in Xenopus egg extract is mediated by an SMN complex. (A) Detection of Xenopus Lsm10 in assembled
particles. Radioactively labeled Sm WT or Sm OPT U7 snRNAs (Stefanovic et al. 1995a) were incubated with X. laevis egg extract at
20°C for 30 min. Immunoprecipitations were performed with beads lacking antibody (−), polyclonal antiserum against X. laevis Lsm10
(XL10), or monoclonal anti-Sm antibody Y12. RNA extracted from the precipitates was subjected to denaturing polyacrylamide
electrophoresis and autoradiography. (B) Detection of Lsm11 photoadduct in assembled particles. Sm WT (W), Sm OPT (O) U7
snRNAs, or U7 snRNA containing a severely mutated Sm-binding site (SmMUT; M) were subjected to assembly as in A. The products
were UV-irradiated and then subjected to SDS-PAGE and autoradiography. The molecular masses (in kilodaltons) of marker proteins
and the positions of the free U7 snRNAs and of photoadducts with the Xenopus Sm G, Sm B/B�, and Lsm11 proteins are indicated. (C)
Preincubation of extracts with antibodies against SMN complex components inhibits U7 snRNP assembly. Sm WT U7 snRNA was
subjected to assembly as in A. The reaction was subsequently analyzed by electrophoresis on a 5% nondenaturing polyacrylamide gel
(lane 1). In the other lanes, the egg extracts were preincubated with anti-Gemin2 (lane 2), anti-Gemin4/GIP (lane 3), and anti-HA (lane
4) antibodies. (D) Immunodepletion of extracts for SMN complex components prevents U7 snRNP assembly. The extracts were either
mock-depleted (lanes 2–4) or immunodepleted with antibodies against SMN and Gemin2 (lanes 5–7). Assembly reactions were
performed as in A, using Sm WT (W), Sm OPT (O), or Sm MUT (M) U7 snRNAs. (Lane 1) U7 Sm WT RNA in the absence of extract.
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for Sm MUT RNA lacking a functional Sm-binding site.
Together, these data indicated that a specialized SMN
complex containing only the appropriate Sm/Lsm pro-
teins (i.e., Sm B/B�, D3, E, F, and G, together with Lsm10
and 11) is responsible for assembling the U7-specific Sm
core.

Discussion

Lsm 11 and the U7 snRNP-specific Sm core

By identifying the ∼50-kD U7 snRNP protein as Lsm11,
a new member of the Sm/Lsm protein family (Fig. 1), we
have now obtained a complete picture of the unique U7
Sm core structure. Twelve years ago, U7 snRNPs were
shown to contain some or all standard Sm proteins, as

well as additional proteins of 14 and 50 kD (Smith et al.
1991). Moreover, apart from the Sm proteins G and B/B�,
proteins of 50 kD in mammalian cells (Mital et al. 1993)
and of 40 kD in Xenopus oocytes (Stefanovic et al. 1995a)
could be cross-linked to U7 snRNA. The cross-link to
the 40-kD protein in frog oocytes occurred within the
Sm-binding site of U7 snRNA, four and two nucleotides
downstream from the Sm G and B/B� cross-links, respec-
tively (Stefanovic et al. 1995a). This was difficult to rec-
oncile with the notion of an snRNP-specific protein that
did not belong to the Sm core. Especially when structural
models of the Sm core were proposed (Kambach et al.
1999b; Törö et al. 2001), it became clear that the hepta-
meric ring structure would cover a certain stretch of
RNA and that close associations of other proteins with
the same nucleotide stretch would be highly unlikely.

Figure 6. Association of Lsm10 and Lsm11 with a specialized SMN complex. (A) Lsm10 and Sm proteins D1/D2 are associated with
separate SMN complexes. Cytoplasmic extract from HeLa cells was immunoprecipitated with an antibody reacting with Sm D1/D2
(lanes 1,5) or with Y12 anti-Sm antibody (lanes 3,6). (Lanes 2,4) Samples of the extracts prior to precipitation. The blots were probed
with antibodies specific for SMN, D1/D2, or Lsm10 as indicated. (B) HA-tagged Lsm10 and Sm proteins D1/D2 associate with separate
SMN complexes. Cytoplasmic extract from HeLa cells stably expressing HA-tagged human Lsm10 was immunoprecipitated with Y12
antibody (lane 2) or with antibody against the HA peptide (lane 3). (Lane 1) Sample of the extract prior to precipitation. The blots were
probed with antibodies against D1/D2, HA, Lsm11, SMN, or with Y12 antibody (revealing Sm B/B�) as indicated. (C) Separate SMN
complex preparations differ in their Lsm10 and Lsm11 content. Two different preparations of SMN complex (Meister et al. 2000) were
analyzed by SDS-PAGE and Coomassie staining (top panels) and by Western blotting (bottom panels) with antibodies against Lsm10,
Lsm11, Y12 antibody (revealing Sm B/B�), or with D1/D2 antibody as indicated. Note that preparation SMN-2 does not contain
detectable amounts of Lsm10 or Lsm11. The positions of molecular size markers (M), their sizes in kilodaltons, and the positions of
prominent protein bands are indicated. (D) Failure of SMN complex lacking Lsm10/11 to assemble U7 snRNA with its wild-type
Sm-binding site. SMN complexes 1 and 2 characterized in C were used in assembly reactions with Sm WT (W), Sm OPT (O), or Sm
MUT (M) U7 snRNAs. Assembled complexes were detected by immunoprecipitation with Y12 anti-Sm antibody followed by dena-
turing polyacrylamide gel electrophoresis and autoradiography of the radiolabeled U7 RNAs.
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We then demonstrated that purified U7 snRNPs lacked
the two standard Sm proteins D1 and D2, but that the
14-kD U7-specific protein was a new member of the Sm/
Lsm protein family, which we named Lsm10 (Pillai et al.
2001).

The finding that Lsm11 is also an Sm/Lsm protein
identifies the final element of the variant U7 Sm core.
Indeed, Lsm11 is the third protein that can be UV-cross-
linked to the U7 snRNA Sm-binding site (Fig. 2B). Be-
cause Lsm10 resembles Sm D1 (Pillai et al. 2001), Lsm10
and Lsm11 most likely take the positions occupied by
D1 and D2, respectively, in standard Sm cores. This is, in
fact, supported by the unusual structure of Lsm11. With
a predictedMW of ∼40 kD, it is by far the largest Sm/Lsm
protein found to date, exceeding Sm B/B� by ∼16 kD. This
extra mass is found in two positions. Lsm11 does not
have a C-terminal tail like the Sm proteins B/B�, D1, and
D3. Instead, the first Sm motif is preceded by 170 N-
terminal amino acids, and 138 amino acids separate the
Sm motifs 1 and 2. In most Sm/Lsm proteins, the spacer
separating these motifs is very short (1–8 amino acids).
Only Sm D2 and its Lsm counterpart, Lsm3, have some-
what longer intervening sequences (21 and 20 residues,
respectively), and these proteins also have N- rather than
C-terminal extensions flanking the Sm domain, al-
though these extensions are much shorter than in
Lsm11. None of our experiments have indicated any role
for this intervening sequence, be it in U7 snRNP assem-
bly or in histone RNA processing, and the region be-
tween the two Sm motifs is not very well conserved
between Lsm11 proteins of different species.

The contribution of Lsm11 to histone RNA 3�
end processing

As shown here, the N-terminal extension of Lsm11 plays
an essential role in histone RNA processing (Fig. 3). A
functional role for Lsm10 or Lsm11 was not unexpected,
because, as already mentioned, U7 Sm OPT RNA was
found to be nonfunctional in histone RNA processing
(Stefanovic et al. 1995a). Our present data indicate that
this defect is due to the formation of a standard Sm core
containing SmD1/D2, as opposed to the U7-specific core
containing Lsm10/11, and not to a deficiency of the RNA
mutation acting in some other way.

The N-terminal domain contains several patches of
conserved residues and one region rich in A, R, and G
residues that contains four of the 10 RG dipeptides found
in the human protein (mouse 2/6, Xenopus laevis 5/7). It
is not yet knownwhether these residues carry symmetri-
cal dimethylarginine modifications, similar to those pres-
ent on the RG-rich tails of Sm proteins B/B�, D1, and D3,
or of Lsm4 (Brahms et al. 2000, 2001). It will be interest-
ing to see which, if any, of these sequences contribute to
histone RNA processing. However, although our experi-
ments demonstrate that the N terminus of Lsm11 plays
an essential role, they do not preclude that the C-termi-
nal part, or Lsm10, may also participate in processing.
For the C-terminal part (of Lsm11), or Lsm 10, however,
it will be more difficult to analyze a possible functional

role, because they are also required for U7 snRNP assem-
bly.

Several other Sm/Lsm proteins, such as the Sm core
components of the U1 snRNP (Zhang et al. 2001) or the
Escherichia coli Hfq protein (Möller et al. 2002; Zhang et
al. 2002), have previously been shown to contribute to
the functions of their respective RNPs. In these cases,
the Sm/Lsm proteins appeared to act by improving the
basepairing between the short regulatory RNA and its
target mRNA or pre-mRNA. However, Lsm11 seems to
stimulate histone RNA processing in a different way,
that is, by interacting with at least one essential process-
ing factor. This conclusion is based on our finding that a
nuclear processing extract loses part of its activity after
adsorption to immobilized N terminus of Lsm11 (Fig.
3D). In spliceosomal snRNPs, such functional roles are
more typically associated with the snRNP-specific pro-
teins that bind to other parts of these more complex
snRNAs. In this context, it is noteworthy that proteins
of the Sm core can stabilize the association of the U1-C
and U1-70K proteins with the U1 snRNP (Nelissen et al.
1994). Therefore the spliceosomal Sm core may allow for
a modular exchange of various functional proteins, de-
pending on the particular snRNA involved, whereas the
U7-specific Sm core directly incorporates specialized
functional features via its Lsm11 protein (and possibly
also via Lsm10).

An important factor interacting with the N terminus
of Lsm11 appears to be ZFP100 (Fig. 3E; A. Gruber and D.
Schümperli, unpubl.). This zinc finger protein was origi-
nally identified based on its ability to bind to an RNP
complex composed of the histone RNA 3�-terminal hair-
pin and its cognate RNA-binding protein, HBP/SLBP
(Dominski et al. 2002). In turn, HBP/SLBP has been
shown to contribute to histone RNA processing by sta-
bilizing the interaction between histone pre-mRNA and
the U7 snRNP (Streit et al. 1993; Spycher et al. 1994;
Dominski et al. 1999), and ZFP100 may be mediating
this effect. Thus Lsm11may contribute to stabilizing the
U7-histone pre-mRNA complex after all, but may do so
indirectly through the formation of a bridge with ZFP100
and HBP/SLBP. This does not preclude other, more direct
roles that Lsm11 or ZFP100 may play in histone RNA
processing or additional, yet unknown processing factors
that may be tethered to the processing complex via ei-
ther Lsm11 or ZFP100.

Formation of the Sm core—A specificity problem

The special composition of the U7 Sm core and its func-
tional importance for histone RNA processing pose an
important specificity problem for the assembly of U
snRNPs. The proven function of Lsm11 (see above) and
the finding that U7 Sm OPT snRNPs are not only defi-
cient in histone RNA processing (Stefanovic et al. 1995a)
but, when present in oocytes containing endogenous
wild-type U7 snRNPs, even exert a dominant negative
phenotype (B. Stefanovic and D. Schümperli, unpubl.)
strongly suggest that U7 snRNPs incorporating Sm D1
and D2 would be nonfunctional and even inhibitory for
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histone RNA processing. Conversely, Sm D1 and D2
might have specific functions in spliceosomal snRNPs.
Thus the cell should have effective means to prevent
such potentially toxic associations of “wrong” Sm/Lsm
proteins with a given snRNA. Our data suggest that U7
snRNP assembly is indeed controlled at several levels.

For Lsm11, we have identified which part of the pro-
tein is important for this specificity. The N-terminal ex-
tension and much of the spacer between the two Sm
motifs are dispensable for assembly with U7 snRNA as
well as for discriminating against U1 snRNA (Fig. 4A).
Moreover, the main feature of U7 snRNA deciding
whether or not Lsm11 gets incorporated is the special
Sm-binding site (Fig. 4B). Because Lsm10, which consists
of a compact Sm domain and a very short C-terminal
extension, was shown to have a very similar specificity
(Pillai et al. 2001), the main determinants for forming the
U7-specific Sm core structure appear to be the Sm do-
mains of Lsm10 and Lsm11 and the sequence of the Sm-
binding site.

In the context of a cell, the formation of the U7 Sm
core is an ATP-dependent process mediated by an SMN
complex (Fig. 5), and SMN must therefore be involved in
the specificity of U7 snRNP assembly. This is consistent
with a previous report which suggested that the SMN
complex serves as a specificity factor for snRNP assem-
bly (Pellizzoni et al. 2002). The SMN complex was found
to prevent the spontaneous (potentially promiscuous) as-
sociation of Sm proteins with RNAs and to allow assem-
bly of Sm proteins on U snRNAs exclusively. Further
evidence suggested that the specificity of the SMN-me-
diated assembly of U1 snRNPs is at least partly due to a
direct contact of the SMN complex with hairpin 1 of U1
snRNA (Yong et al. 2002). The picture emerging from
this was one of a separate recognition of the U snRNA by
the SMN complex using RNA features, at least some of
which are distinct from the Sm-binding site.

However, for the U7 snRNP, the problem is more dif-
ficult than just preventing non-snRNAs to get as-
sembled, and the strategy used to solve this problem ap-
pears to be different. Our results with U7 Sm OPT RNA
indicate that a difference of three nucleotides in the Sm-
binding site is all that is required to switch from the
formation of one type of Sm core to the other (Fig. 4B;
Pillai et al. 2001). The other parts of the U7 snRNA, its
5� end complementary to histone pre-mRNA and the 3�-
terminal hairpin, can be replaced without changing the
specificity of assembly (Gilmartin et al. 1988; Pillai et al.
2001). Therefore the SMN complex must be able to rec-
ognize and specifically combine the U7-specific Lsm10
and Lsm11 proteins and the Sm-binding site of U7
snRNA.

This specificity problem may be somewhat alleviated
by the formation of certain Sm/Lsm protein oligomers.
The standard Sm proteins form discrete heterodimers
and -trimers (B/D3, D1/D2, F/E/G) that act as interme-
diates of Sm core assembly in spliceosomal snRNPs
(Raker et al. 1996, 1999). In this respect, it is noteworthy
that the two Sm proteins missing from the U7 snRNP,
D1 and D2, are part of the same heterodimer. We have

obtained preliminary evidence that Lsm10 and the Sm
domain of Lsm11, when coexpressed in E. coli, form a
soluble heteromeric complex (R. Pillai and D. Schüm-
perli, unpubl.). However, it is not yet clear whether “il-
legitimate” heterodimers, for example, between Lsm10
and D2 or between D1 and Lsm11 can be formed. If this
were not the case, then the specificity problem would be
reduced to the selection of the right combination be-
tween only four Sm/Lsm protein subcomplexes.

Even granted this reduction in complexity, the SMN
complex must deal with the problem of distinguishing
between U snRNAs with only slightly different Sm-
binding sites and assigning the right combination of Sm/
Lsm proteins to each of them. Important in this respect
is our finding that there are at least two separate entities
containing SMN and some common Sm proteins, one
containing Lsm10 and Lsm11, and the other containing
Sm D1/D2 (Fig. 6A–C). Moreover, only Lsm10/11-con-
taining SMN complexes can mediate the assembly of the
U7 snRNP, whereas a complex that contains only the
seven canonical Sm proteins fails in the same reaction
(Fig. 6D). It therefore appears that the Sm/Lsm compo-
sition of the SMN complex, together with the Sm-bind-
ing site of the RNA, determines what type of Sm core
structure is generated. Mismatches, if they occur, must
be recognized early during complex formation and elimi-
nated rapidly, as there seems to be hardly any overlap
between the two types of complexes. The challenge for
the future will be to determine how these two SMN
complexes arise and how they prevent a misincorpora-
tion of Sm/Lsm proteins into the respective Sm core do-
mains.

Materials and methods

U7 snRNP purification and protein microsequencing

The methods used for the purification of U7 snRNPs from HeLa
cell nuclear extracts, including affinity selection with a bioti-
nylated oligonucleotide complementary to U7 snRNA, and the
method for microsequencing at the Harvard Microchemistry
Facility have been described (Pillai et al. 2001).

Plasmids

IMAGE EST clones were obtained through the Resource Center
and Primary Database, Berlin (RZPD). The Lsm11 ORF was am-
plified by PCR from murine EST AI536381 and subcloned into
the pcDNA3-HA vector (Pillai et al. 2001) for expression in
mammalian cells as an N-terminal HA tag fusion (HA-
mLsm11FL). The murine cDNA was chosen because full-length
human EST clones were not available. Deletions of Lsm11 were
made by PCR yielding the following HA-tagged constructs: HA-
mLsm11�N104 (deletes 104 amino acids at the N terminus), HA-
mLsm11�N140 (deletes first 140 amino acids), and HA-
mLsm11�sp77 (deletes amino acids 246–322, i.e., a major part of
the spacer region between the Sm motifs).

For expression in E. coli, a truncated version of the ORF lack-
ing the first 139 amino acid codons was amplified from human
EST H16126 and inserted into pET 28a (Novagen) as an N-ter-
minal His-tagged fusion (His-hLsm11�N-term). The region encod-
ing the first 136 amino acids of mouse Lsm11 (up to a SmaI
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restriction site) was amplified by PCR and cloned into the
pGex4T3 vector (Pharmacia) resulting in the GST-mLsm11N-term

plasmid. The X. laevis Lsm10 ORF was amplified from a Xeno-
pus cDNA library by PCR and cloned into pET28a (His-
xLsm10). Details of the constructs are available on request.

The plasmids encoding 28-WT and 28-OPT U7 snRNA de-
rivatives (Pillai et al. 2001) and chimeric histone-U7 RNA (12/
12-U7 RNA; Stefanovic et al. 1995b) are as described.

Antibodies

His-hLsm11�N-term and His-xLsm10 were produced in E. coli
BL21 (Pharmacia). For each, the insoluble protein was recovered
from the pellet fraction, resolved by SDS-PAGE, and a gel frag-
ment mixed with adjuvants was used for immunization of rab-
bits. The polyclonal antibodies were affinity-purified using the
respective recombinant proteins blotted onto nitrocellulose
membrane essentially as described (Pillai et al. 2001). The an-
tibody against His-hLsm11�N-term is usually referred to as anti-
body against human Lsm11. Antibodies against Sm D1 and D2
were obtained by immunization of rabbits with purified recom-
binant D1/D2 heterodimer [a generous gift from C. Kambach
(Paul Scherrer Institut, Life Sciences, Villigen, Switzerland)] and
purified as described (Meister et al. 2001a). Other antibodies
used were: polyclonal antibodies to hLsm10 (Pillai et al. 2001) or
monoclonal antibodies against Sm proteins B/B�, D1, and D3
(Y12; Lerner et al. 1981), SMN (7B10; Meister et al. 2000), or
against the HA tag (BabCo), respectively.

Mammalian cell culture experiments

HeLa cells stably expressing Lsm10 have been described (Pillai
et al. 2001). The preparation of nuclear and cytoplasmic ex-
tracts, immunoprecipitations, experiments with 28-U7 snRNAs,
and Western blots were performed as described (Pillai et al.
2001). Photoadducts between U7 RNA and certain Sm/Lsm pro-
teins were detected by UV-cross-linking of nuclear extracts, fol-
lowed by annealing of a radiolabeled oligonucleotide comple-
mentary to the first 18 nucleotides of U7 snRNA, SDS-PAGE,
and autoradiography (Mital et al. 1993; Stefanovic et al. 1995a).

Processing and interaction experiments

Most experimental procedures concerning X. laevis oocytes
were done as described (Stefanovic et al. 1995a,b). Capped, un-
labeled mRNAs encoding various HA-tagged mLsm11 proteins
or HA-tagged green fluorescence protein were transcribed in
vitro from linearized plasmids using T7 polymerase and subse-
quently polyadenylated using yeast poly(A) polymerase accord-
ing to the manufacturer’s instructions (USB Corp./Amersham).
The mRNAs were injected into the oocyte cytoplasm, followed
by incubation at 18°C for 16 h to allow for protein expression.
After a second cytoplasmic injection with radiolabeled chimeric
12/12-U7 RNA (see above), the oocytes were further incubated
for 3 h. Cytoplasmic extracts were prepared and subjected to
immunoprecipitations with anti-Sm (Y12) or anti-HA antibod-
ies. RNA from the pellet fraction was recovered by phenol ex-
traction and analyzed on a 12% denaturing polyacrylamide gel.
As control, the HA-tagged proteins were analyzed for expression
and for incorporation into snRNPs by Western blotting with
anti-HA antibody without or with prior immunoprecipitation
with Y12 antibody, respectively.

Histone RNA 3� end processing in nuclear extract of K21
mouse mastocytoma cells was analyzed as described (Stauber et
al. 1990). For certain experiments, extracts were incubated with
glutathione beads preloaded with GST or GST-mLsm11N-term,

followed by removal of the beads. These recombinant proteins
had been produced in soluble form in E. coli BL21 and purified
by glutathione affinity chromatography according to the manu-
facturer’s instructions (Pharmacia). A pSP64 plasmid encoding
human ZFP100 (Dominski et al. 2002; a gift from Z. Dominski,
UNC Chapel Hill) was used to produce 35S-methionine-labeled
protein in rabbit reticulocyte lysate (TnT kit, Promega). The
translation products were then mixed with glutathione sepha-
rose beads preloaded with either GST or GST-mLsm11N-term

and incubated for 2 h. After washes with PBS, the bound and
input material was analyzed by SDS-PAGE and autoradiogra-
phy.

In vitro assembly of U7 snRNPs

Mouse Sm WT, Sm OPT, and Sm MUT U7 snRNAs (Stefanovic
et al. 1995a) were in vitro-transcribed and gel-purified. Next,
20,000 cpm of each RNA was incubated with 1 µg tRNA and 2
µL X. laevis egg extract (Müller et al. 2000). Reactions were
incubated for 30 min at 20°C and subsequently loaded on a 5%
nondenaturing gel. When required, the egg extracts were prein-
cubated for 10 min with antibodies against Gemin2, Gemin4/
GIP (Meister et al. 2001a), or against the HA tag (BabCo) prior to
addition of RNA. Alternatively, the extracts were immunode-
pleted of Xenopus SMN and Gemin2; in fact, the same batches
of depleted and mock-depleted extracts were used for which the
depletion was previously shown to completely remove SMN
and Gemin2, while the mock-depletion had no effect on their
levels (Meister et al. 2001a). For immunoprecipitation experi-
ments, in vitro assembly reactions were incubated with anti-
body-bound Protein G sepharose beads for 2 h, followed by
washes and analysis of precipitated RNAs. For UV-cross-link-
ing, samples were irradiated with UV light, and the labeled
RNA and photoadducts were analyzed by SDS-PAGE as de-
scribed (Stefanovic et al. 1995a).

SMN complexes were purified from HeLa cells (Meister et al.
2000), and assembly reactions with these complexes were per-
formed as described (Meister and Fischer 2002).
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