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Why do cells need an assembly
machine for RNA-protein complexes?
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Small nuclear ribonucleoproteins (snRNPs) are crucial
for pre-mRNA processing to mRNAs. Each snRNP con-
tains a small nuclear RNA (snRNA) and an extremely
stable core of seven Sm proteins. The snRNP biogenesis
pathway is complex, involving nuclear export of snRNA,
Sm-core assembly in the cytoplasm and re-import of the
mature snRNP. Although in vitro Sm cores assemble
readily on uridine-rich RNAs, the assembly in cells is
carried out by the survival of motor neurons (SMN)
complex. The SMN complex stringently scrutinizes
RNAs for specific features that define them as snRNAs
and identifies the RNA-binding Sm proteins. We dis-
cuss how this surveillance capacity of the SMN com-
plex might ensure assembly of Sm cores only on the
correct RNAs and prevent illicit, potentially deleterious
assembly of Sm cores on random RNAs.

The small nuclear ribonucleoprotein (snRNP) particles are
major components of the spliceosome, which is the pre-
mRNA splicing machinery in the eukaryotic nucleus. Each
of the major snRNPs contains a small nuclear RNA
(snRNA) — U1, U2, U5 or U4/U6 — as well as seven com-
mon Sm proteins and a set of proteins that are specific to
individual snRNAs [1-7]. The Sm proteins B or B’, D1, D2,
D3, E, F and G are common to all spliceosomal snRNPs,
except U6 snRNP, and are arranged into an Sm core, which
is a seven-membered ring on a uridine-rich sequence
(Sm site) [8-12]. The spliccosomal snRNPs are
abundant (>1x10° Ul snRNP in HeLa cells) and
extremely stable. In fact, there is no indication that they
turn over. Biogenesis of snRNP in higher eukaryotes
involves a complex sequence of discrete steps. The
snRNAs, except U6 snRNA, are transcribed by RNA
polymerase IT and are exported rapidly to the cytoplasm in
association with a cap-binding complex and the export
factor PHAX [13,14]. The formation of the Sm core, shRNP
assembly, occurs in the cytoplasm of vertebrate cells
shortly after the nuclear export of nascent snRNAs [15,16].
Proper assembly of the Sm core, 5'-cap hypermethylation
and 3'-end processing of the snRNAs are required for the
subsequent nuclear import of the snRNPs, which then
function in nuclear pre-mRNA splicing [5,17-21].

Early studies using purified total snRNP proteins sug-
gested that the minimal sequence requirement of Sm-core
assembly in vitro is a region of just 6—10 single-stranded,
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uridine-rich nucleotides [22]. These studies left un-
answered the question of how the Sm proteins distinguish
their targets specifically among the myriad of uridine-rich
RNA sequences in cells. By contrast, microinjection experi-
ments in Xenopus oocytes showed that the Sm site of each
snRNA is not functionally interchangeable in Sm-protein
binding [23]. These studies suggested that the Sm site,
despite being the common binding site for Sm proteins,
might cooperate specifically with other elements of
snRNAs for snRNP assembly. This implies that, although
the assembly of snRNPs shares common Sm proteins and
the Sm site, it is not a simple process but, instead, is a
strictly regulated and coordinated process involving many
factors [23].

Why then, if snRNPs can readily assemble spon-
taneously in vitro, is their biogenesis pathway so complex?
Why, in contrast to other small RNAs such as the small
nucleolar RNAs, which function and assemble in the
nucleus, do snRNAs need to be exported to the cytoplasm
and re-imported at a high energy cost? Here, we review
recent discoveries regarding a molecular machine that
cells employ to assemble snRNPs and suggest possible
explanations for these key questions about ribonucleo-
protein (RNP) biogenesis in cells.

The SMN complex

Important and unexpected insights into the process of
snRNP assembly came from studies on the function of the
survival of motor neurons (SMN) protein [24-27].
Reduced levels of SMN, due to a genetic defect, cause
degeneration of motor neurons in the spinal cord and
result in spinal muscular atrophy (SMA) [28,29]. The SMN
protein is expressed in all eukaryotes tested so far, except
Saccharomyces cerevisiae, and in all cell types of verte-
brate organisms. Particularly high levels of SMN are
expressed in neuronal cells, including motor neurons of the
spinal cord. SMN is found in both the cytoplasm and the
nucleus, where it is concentrated in distinct nuclear
structures (Gems) that are related to, and often associated
with, Cajal bodies [24]. SMN is part of a multiprotein
complex that contains Gemins2-7, including the DEAD-
box RNA helicase Gemin3 [26,30—34] (Figure 1). The SMN
complex is large — sedimenting in sucrose gradients as
hetero-disperse particles of 30—70S — and relatively salt
resistant (750 mM NaCl) [35]. When SMN complexes are
purified at less stringent conditions (e.g. <250 mM NaCl),
they contain several snRNP proteins, including the Sm
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Figure 1. The survival of motor neurons (SMN) complex and its substrates. Gemins2, 3, 5 and 7 bind directly to SMN, whereas Gemins4 and 6 are associated through direct
interaction with Gemins3 and 7, respectively. For simplicity, the SMN complex is depicted in dimeric form, although, from its size (30-70S), it is likely to be a much larger oli-
gomeric structure. The SMN complex interacts directly with several protein targets (left-hand side of figure) through arginine- and glycine-rich domains. These protein targets
are components of diverse ribonucleoprotein particles (RNPs) that function in a wide range of aspects of RNA metabolism (right-hand side of figure) [26,37,39,47-51,58-61].
In addition to interacting with RNA-binding proteins, the SMN complex interacts with several RNA targets [37,54]. Abbreviations: hnRNP, heterogeneous nuclear RNP;

Lsm protein, Sm-like protein; snoRNP, small nucleolar RNP; snRNA, small nuclear RNA; snRNP, small nuclear ribonucleoprotein.

proteins [36,37]. Several of the components of the SMN
complex, including SMN itself, interact with the Sm
proteins [26,30—34,38—40]. Arginine- and glycine-rich
(RG) domains found in the Sm proteins B, D1 and D3
are required for the interaction of these proteins with
SMN. This interaction is enhanced greatly by a post-
translational, symmetric dimethylarginine, modification
that occurs at specific arginines in the RG domains of the
Sm proteins: a reaction carried out by the 20S methylo-
some that contains an arginine methyltransferase called
JBP1 or PRMT5 [41-46] (Figure 2). The co-immuno-
precipitation of Sm proteins with the SMN complex,
and the close subcellular association of SMN-containing
Gems with snRNP-rich Cajal (coiled) bodies first suggested

a possible role for the SMN complex in snRNP biogenesis
and metabolism [24] — a role subsequently demon-
strated by direct-binding experiments [26,30—34,38—40]
(Figures 2,3).

The SMIN-dependent assembly of Sm cores

Experiments in Xenopus oocytes and mammalian somatic
cells revealed an essential role for the SMN complex in
spliceosomal snRNP assembly [25,31,38,47]. Further
evidence that the SMN complex is needed for assembly
of both Sm-site-containing snRNPs and the mixed Sm- and
Lsm (Sm-like)-containing core found in U7 snRNP was
provided using cell extracts and purified components
[36,48—50]. The SMN-dependent assembly of Sm cores in
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Figure 2. The survival of motor neurons (SMN) complex binds to Sm proteins and small nuclear RNAs (snRNAs) in the cytoplasm. The binding of the SMN complex to the
snRNAs depends on the presence of specific, high-affinity (nanomolar) binding domains in the snRNAs. The SMN complex binds the Sm proteins through unique arginine-
and glycine-rich (RG) domains found in three of these — SmB, SmD1 and SmD3 - and through additional interactions of the Gemins with Sm domains. The association
with RG domains is strongly enhanced by the post-translational symmetric dimethylation of specific arginines in these domains, a process that is carried out by the methy-
losome (JBP1 or PRMT5) complex. Several Sm proteins also form a 6S complex with pICIn. Through these specific interactions, the SMN complex brings together the Sm
proteins and snRNAs, and facilitates the assembly of small nuclear ribonucleoproteins (snRNPs). Abbreviations: MEP50, methylosome protein 50; m’G, m’GpppG.
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Figure 3. The role of the survival of motor neurons (SMN) complex in the assembly of spliceosomal small nuclear RNAs (snRNAs). (i) The major Sm-site-containing snRNAs
- U1, U2, U4 and U5 - and the minor spliceosomal snRNAs are transcribed in the nucleus by RNA polymerase Il. The primary transcripts contain a monomethylated
m’GpppG (m’G) cap structure at the 5'-end and are (ii) rapidly exported to the cytoplasm with the 20-kDa and 80-kDa nuclear cap-binding-complex (CBC) proteins and the
export adaptor PHAX. (iii) The formation of the Sm core is required for the subsequent (iv) hypermethylation of the m’G cap of these snRNAs to convert it to a 2,2,7-tri-
methyl guanosine (m3;G or TMG) and for 3'-end maturation [18,62]. A properly assembled Sm core and the TMG cap structure are prerequisites for small nuclear ribo-
nucleoprotein (snRNP) import into the nucleus (v). In the nucleus, the newly imported snRNPs are initially concentrated in Cajal bodies (CBs), from which they
transit to pre-mRNAs for splicing (vi). The SMN complexes in the nucleus are found throughout the nucleoplasm but are particularly concentrated in Gems,
the ‘twins’ of the snRNP-rich CBs.

cell extracts requires ATP hydrolysis [36,48,49]. Depletion bind to snRNAs efficiently [33,36,37,54]. Direct-binding
of the SMN complex from cell extracts prevents the cell experiments with Ul snRNA demonstrated that the
extract from assembling Sm cores, even though only a deletion of the Sm site does not reduce the binding of U1l
small fraction of the Sm proteins are removed with the snRNA to the SMN complex, which indicates that
SMN complex. Therefore, only Sm proteins bound to SMN  sequences in Ul snRNA other than the Sm site are
complexes are active in snRNP assembly — the rest, most necessary and sufficient for binding to the SMN complex
of which are associated with the 20S methylosome and the [37]. Therefore, the SMN complex has an intrinsic
6S complex that contains the Sm-binding protein pICln capacity, independent of snRNP proteins, to bind to
complex, must be sequestered in an inactive form [30,51] snRNAs and bring them into the complex for assembly
(Figure 2). with the Sm proteins. Subsequent experiments have
To facilitate snRNP assembly, the SMN complex must identified the 5-most stem—loop 1 (SL1) of Ul snRNA as
bring together the Sm proteins and an Sm-site-containing  the high-affinity binding sequence for the SMN complex,
snRNA (Figure 3). In vitro experiments have shown that as well as for the assembly of Ul snRNP [37].
there is a strict requirement for ordered binding of the
Sm proteins and the snRNAs to the SMN complex. For Spliceosomal snRNAs contain high-affinity binding
assembly to occur, the SMN complex must bind to the Sm domains for the SMN complex
proteins before binding to the snRNAs [36] (Figures 2,3). There are other Sm-site-containing spliceosomal snRNAs
An RNA-binding activity for SMN was first indicated in ~ that do not contain the Ul SL1 sequence, and yet SMN
ribo-homopolymer-binding experiments [52,53]. Because mediates their assembly with Sm proteins [36]. The SMN
binding to snRNAs must occur after the SMN complex has complex binds directly to all Sm-site-containing major
been bound with at least some of the Sm proteins, it spliceosomal snRNAs, and delineation of the sequence
seemed possible that the Sm proteins might bridge the elements of the snRNAs responsible for SMN-complex
binding of the snRNAs to the SMN complex. However, binding has revealed that, unlike for U1 snRNA, the SMN
SMN complexes washed with high-salt solution, so that all complex binds to U2, U4 and U5 snRNAs through domains
detectable Sm or other snRNP proteins are removed, still near their 3’-ends. All of these snRNAs contain at least one
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well-defined stem—loop structure and include the Sm site
[54] (Figure 4). Although there is no extensive nucleotide
sequence similarity or obvious consensus RNA sequence
among these SMN-complex-binding domains, the SMN
complex binds to all of them with remarkable affinity.
Mapping and deletion analysis cannot separate the
Sm-site sequence from the minimal recognition domain for
SMN-complex binding. Further mutagenesis and more-
detailed binding experiments are needed to determine
whether it is the specific sequence of the Sm sites that is
crucial for binding to the SMN complex or whether the Sm
sites are important for the overall structure and presen-
tation of the adjacent stem loop.

Nevertheless, these findings suggest that the inter-
action between the SMN complex and snRNA occurs
through specific recognition of stem—loop structure(s) in
an orientation-dependent and/or sequence-specific inter-
action. Binding competition experiments indicate that the
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affinities of the various SMN-complex-binding domains for
the SMN complex are not the same, although they all
appear to be in the low nanomolar range, with order of
affinities U4 ~ U1 > U5 > U2. The binding experiments
also suggest that there are at least two high-affinity
RNA-binding sites on the SMN complex [54]. Further
studies are necessary to understand the interaction of the
SMN complex with RNAs.

The SMN complex determines the specificity of snRNP
assembly

The SMN complex binds directly and sequence-specifically
to SL1 of Ul snRNA. Mutations in the SL1 sequence
that impair this binding also impair the assembly of U1l
snRNP in vitro and in Xenopus oocytes [37]. The sequence-
specific binding of the SMN complex to a specific snRNA
is crucial for selection of the snRNA as a target to ensure
Sm-core assembly only on targeted RNA, thus preventing
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Figure 4. Specific domains in small nuclear RNAs (snRNAs) mediate their binding to the survival of motor neurons (SMN) complex. These domains are contained within
the sequences indicated by pink boxes. Abbreviations: m3G, 2,2,7-trimethyl guanosine; SL1, stem-loop 1.
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promiscuous and deleterious binding of Sm proteins to
other RNAs [36]. Although an Sm site and a high-affinity
binding site for the SMN complex are necessary for
Sm-core assembly, it is not sufficient for an RNA simply to
contain these elements. For example, the relative position
of SL1 and the Sm site in Ul snRNA is crucial for
SMN-dependent snRNP assembly. By contrast, purified
total Sm proteins alone assemble Sm cores on these
snRNAs [54]. Thus, the SMN complex scrutinizes the RNA
to ensure that these elements, by both their sequence and
their spatial arrangement, define an authentic snRNA on
which Sm-core assembly can occur. This suggests that the
SMN complex not only provides the platform for binding
both Sm proteins and RNAs (and brings these components
into close spatial proximity for assembly) but also confers
strict specificity to the assembly pathway. In this way, it
functions as an ‘assemblyosome’ to ensure that Sm-core
assembly occurs only on the correct RNA targets.

In physiological systems, there is a need to control the
Sm proteins and prevent their illicit assembly on RNAs
other than the intended snRNA targets. Adventitious
binding of Sm proteins to RNAs would be deleterious to
cells because it would interfere with the functions of the
RNAs. To prevent this, Sm proteins are probably captured
by the methylosome and the 6S pICln complex as soon as
they are translated (Figure 2). After methylation, the Sm
proteins are transferred to the SMN complex so that there
is no free pool of Sm proteins available for assembly
outside of this complex. The SMN complex provides
stringent control over selection of RNA targets by binding
directly to specific sequences found in snRNAs [37,54].
This ensures the delivery of Sm proteins for assembly only
on the appropriate RNAs, and the assembly can then occur
on the adjacent Sm site, at least in part, through the
intrinsic capacity of the Sm proteins for self-association. In
addition to this vital role, the SMN complex probably
enhances the efficiency of Sm-core assembly by reducing
the dimensionality of diffusion of the newly synthesized
Sm proteins and the snRNAs in the complex microenviron-
ment of the cell. Furthermore, a recent study reported a
direct interaction between SMN and trimethylguanosine
synthase 1, suggesting that SMN also functions to recruit
the cap hypermethylase [55]. This indicates that the SMN
complex associates with snRNPs during the entire
cytoplasmic phase and coordinates the correct assembly
and maturation of snRNPs [56,57] (Figure 3).

The SMN complex in the metabolism and assembly of
diverse RNPs

Various studies have suggested that the SMN complex also
plays a role in the assembly and metabolism of other types
of RNPs, including small nucleolar RNPs (snoRNPs),
heterogeneous nuclear RNPs, the complexes that carry out
transcription and pre-mRNA splicing and, possibly, micro
RNPs [26,37,39,47-51,568—61]. It is likely that, given the
numerous RNA-binding proteins with which the SMN
complex interacts, there are several RNA targets for it in
cells, and that it is also involved in the assembly of other
classes of RNPs. For example, SMN interacts with
fibrillarin, a component of box C/D snoRNPs, and GAR1,
a component of box H/ACA snoRNPs. The interaction of

www.sciencedirect.com

these proteins with SMN is, like that of the Sm proteins,
mediated by specific RG domains contained within them
[58,60]. By analogy with the role of the SMN complex in
the assembly of snRNPs; it is reasonable to expect that the
SMN complex is also crucial in snoRNP biogenesis.
Sedimentation in sucrose gradients reveals hetero-
geneity of SMN complexes because it contains particles
of 30—70S. This suggests the existence of SMN complexes
that are compositionally similar, although not identical.
All of these complexes probably contain the SMN-complex
core components, as well as various SMN-complex-inter-
acting substrates (Figure 1). The possibility of diversity
among SMN complexes is consistent with the recent
finding of two non-identical SMN complexes [50]. One
contains the seven Sm proteins and is, thus, charged for
spliceosomal snRNP assembly. The other contains some
Sm proteins but, because Sm D1 and D2 have been
replaced with Lsm 10 and 11, it is charged for assembly of
the mixed Sm-Lsm core found in U7 snRNP, which
participates in the processing of histone mRNA 3’ ends.

Concluding remarks

Because RNA-binding proteins interact readily with their
cognate RNAs, and because specific RNP structures such
as Sm cores can form even on minimal RNAs, there does
not seem to be a reason for cells to need a specialized
molecular machine to govern their associations. Perhaps
the key to understanding the essential function of the
SMN complex in these assembly processes is the fact that
such RNP-assembly reactions can occur so readily. In the
case of the spliceosomal snRNPs, the Sm proteins form
heptameric rings of extraordinary stability on their own,
with minimal RNA sequence specificity. This proclivity to
form such structures poses a great danger to cells because
of the possibility that Sm cores could form on many RNAs,
not only the intended ones. It is reasonable to envision
that, to prevent the Sm proteins from exercising their
promiscuity, they are prevented from roaming freely in the
cell, and that the RNAs with which they are designed to
assemble are selected carefully and escorted to them. To
accomplish this, the Sm proteins, as nascent polypeptide
chains, are captured by the methylosome and/or the 6S
pICIn complex. The subsequent interaction between the
Sm proteins and the snRNAs is orchestrated by the SMN
complex.

We suggest that the assembly of Sm cores on snRNAs in
the cytoplasm, rather than the nucleus, serves to prevent
the Sm proteins from entering the nucleus on their own.
Specific signals in the proteins (in the form of methylated
RG domains) and in the snRNAs ensure high-affinity
binding to the SMN complex. Therefore, a key function of
the SMN complex is to define what a proper snRNA is — to
guarantee the specificity of interaction of Sm proteins and
to restrict it exclusively to intended RNAs. We believe that
the general principle is that, if the resulting RNP is
relatively stable, it is essential to prevent the proteins from
forming the complex in the wrong place, because illicit
assembly would result in occlusion and loss of function of
the RNAs. The remarkable specificity and high affinity of
the SMN complex for several different RNAs that do not
have any obvious sequence similarity raises the question


http://www.sciencedirect.com

[T 7Renos in Cell Biology Vol.15 No.5 May 2004 231

of how it binds to RNA — what is the common motif or
structure in the RNAs, and which protein(s) of the SMN
complex binds to RNA? It will also be important to know
how many (sn)RNAs the SMN complex can handle simul-
taneously. Investigation of the function and structure of
the SMN complex promises to yield important information
about a remarkable RNA—protein assemblyosome, as well
as provide insights into the molecular mechanism of SMA,
a devastating neurodegenerative disease.
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