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SUMMARY

Spliceosomal small nuclear ribonucleoproteins
(snRNPs) are essential components of the nuclear
pre-mRNA processing machinery. A hallmark of
these particles is a ring-shaped core domain gener-
ated by the binding of Sm proteins onto snRNA.
PRMT5 and SMN complexes mediate the formation
of the core domain in vivo. Here, we have elucidated
the mechanism of this reaction by both biochemical
and structural studies. We show that pICIn, a compo-
nent of the PRMT5 complex, induces the formation of
an otherwise unstable higher-order Sm protein unit.
In this state, the Sm proteins are kinetically trapped,
preventing their association with snRNA. The SMN
complex subsequently binds to these Sm protein
units, dissociates pICIn, and catalyzes ring closure
on snRNA. Our data identify pICIn as an assembly
chaperone and the SMN complex as a catalyst of
spliceosomal snRNP formation. The mode of action
of this combined chaperone/catalyst system is rem-
iniscent of the mechanism employed by DNA clamp
loaders.

INTRODUCTION

Molecular chaperones interact transiently with polypeptide
chains, prevent or reverse misfolding, and thereby promote the
adoption of functional tertiary structures. The concept of chaper-
one action also applies to the assembly of multisubunit macro-
molecular complexes. In this case, the primary function is to
orchestrate the joining of individual components into a higher-
order complex. In addition, these chaperones prevent nonspe-
cific or premature interactions. Examples for this type of chaper-
ones (also termed assembly chaperones) include the biogenesis
factors of nucleosomes, proteasomes, or Rubisco (Hirano et al.,
2006; Laskey et al., 1978; Le Tallec et al., 2007; Saschenbrecker
et al., 2007).

The enormous complexity of some ribonucleoprotein particles
(RNPs) has implied that these macromolecular structures may,
likewise, require assisting factors for their formation. In keeping
with this notion, an active and factor-mediated process leads to
the formation of the Sm class of spliceosomal small nuclear ribo-
nucleoproteins (snRNPs) (Fischer et al., 1997; Meister et al.,
2001a; Pellizzoni et al., 2002). This class, as an essential part of
the spliceosome, catalyzes the removal of noncoding sequences
from pre-mRNAs. SnRNPs are composed of a small eponymous
snRNA, as well as common (Sm) and specific proteins. Prior to
their involvement in the splicing cycle, snRNPs undergo a seg-
mented biogenesis pathway, starting with the nuclear export of
the snRNAs. Within the cytoplasm, the seven Sm proteins B-B’
(B’ is an alternatively spliced product of the Sm B gene), D1,
D2, D3, E, F, and G bind to a single-stranded region of the RNA,
termed Sm site. As a result, a toroidal Sm core domain is gener-
ated that interacts with the RNA in its central region (Kambach
etal., 1999; Stark et al., 2001; Urlaub et al., 2001). After additional
modification and processing steps, the RNP is targeted to its nu-
clear site of function (reviewed in Will and Lihrmann, 2001).

The formation of the Sm core domain has been recapitulated
in vitro with purified Sm proteins and snRNA (Raker et al.,
1996). These studies have established a hierarchical maturation
pathway in which Sm proteins initially form the three hetero-olig-
omers D3/B, D1/D2, and E/F/G independent of snRNA. Next,
binding of D1/D2 and E/F/G onto the snRNA leads to the forma-
tion of an Sm subcore intermediate, which is finally converted
into the mature Sm core upon the addition of the D3/B hetero-
dimer. Even though self-recognition of RNA and protein counter-
parts is sufficient for Sm core assembly in vitro, two functional
units, termed PRMT5 and SMN complexes (protein arginine
methyltransferase 5 and survival motor neuron complexes), are
required in vivo (Meister et al., 2002; Paushkin et al., 2002).
The PRMT5 complex is composed of PRMT5, pICin, and
WD45 (Mep50) and recruits Sm proteins via the pICIn subunit
(Friesen et al., 2001; Meister et al., 2001b). PRMT5 symmetrically
dimethylates arginines (sSDMA) within the C-terminal tail domains
of Sm proteins B-B’, D1, and D3, which is believed to enhance
their transfer onto the SMN complex (Brahms et al., 2001; Frie-
sen and Dreyfuss, 2000). The SMN complex composed of
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SMN and Gemins2-8 then facilitates the loading of Sm proteins
onto snRNA, resulting in the formation of the Sm core (Gubitz
et al., 2004; Meister et al., 2001a; Meister and Fischer, 2002;
Neuenkirchen et al., 2008; Pellizzoni, 2007; Pellizzoni et al.,
2002). Reduced expression of the SMN protein is the underlying
cause for spinal muscular atrophy, providing an interesting link
between the biogenesis of snRNPs and disease (Winkler et al.,
2005; Zhang et al., 2008).

Although the factors that mediate Sm core formation have
been identified, the mechanism of this reaction remains elusive.
Here, we have dissected the assembly process by a combination
of biochemical and structural studies. We identify a ring-shaped
6S particle composed of the Sm proteins D1/D2, E/F/G, and
plCIn, which does not allow RNA binding. SnRNP core formation
depends on the activity of the SMN complex, which contacts the
outer surface of this 6S intermediate and displaces plCin. As
a consequence, the Sm proteins adopt an arrangement ready
for snRNA binding and RNP formation. Our data identify pICIin
as an Sm-specific assembly chaperone and the SMN complex
as a catalyst for the transfer of Sm proteins from the 6S complex
onto snRNA.

RESULTS

pICIn Is a Constituent of Two Complexes, Each
Containing Distinct Subsets of Sm Proteins

Previous studies have demonstrated a direct interaction be-
tween pICIn and Sm proteins that occurs in Sm core formation
before the SMN complex is involved (Friesen et al., 2001; Meister
and Fischer, 2002). To understand its role in the biogenesis path-
way, we set out to identify complexes formed between plCln and
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Sm proteins in steady state. When cytosolic extract from HelLa
cells was size fractionated by gel filtration, pICin eluted in two
peaks that correspond to approximate sedimentation values of
20S and 6S, respectively (Figure 1A; see Supplemental Data
available online for transformation of molecular weight into sedi-
mentation values). The Sm protein D1 had an elution profile very
similar to pICIn, whereas PRMT5 and B-B’ were predominantly
found in the 20S peak. Both peak fractions were individually sub-
jected to immunoaffinity purification with anti-plCln antibodies
and analyzed by SDS-PAGE, western blotting, and mass spec-
trometry. These approaches resolved the 20S peak as a complex
formed by pICIn, PRMT5, WD45, and all Sm proteins (Figures 1B,
lanes 3and 9, and 1C, lane 2). Of note, E/F/G in this peak was con-
sistently underrepresented when compared to the other Sm pro-
teins and, in many cases, could only be detected by mass spec-
trometric analyses (see also Figure S1). The 6S peak fraction,
aside from plICIn, contained the Sm proteins D1/D2 and E/F/G
in apparently stoichiometric amounts while being devoid of
D3/B (Figures 1B, lanes 4 and 10, and 1C, lane 3). Furthermore,
immunoblots with the symmetrical dimethylarginine-specific Sm
antibody Y12 revealed that not only the Sm proteins D1, D3,
and B of the 20S complex were methylated, but also D1 in the
6S complex (Figures 1A, 1C, and data not shown). Thus, upon
size fractionation, pICin resolves into two peaks, one containing
only the Sm proteins of the snRNP subcore (6S) and one that is
equivalent to the previously identified PRMT5 complex (20S).

An Ordered Sequence of Events Leads to the Formation
of the 6S Complex

Isolated 6S complex contains equimolar quantities of D1, D2, E,
F, G, and pICIn (Figure 1B, lanes 4 and 10). However, the Sm
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Figure 2. Cooperative Binding of Sm Proteins to pICIn Leads to the Formation of an Assembly-Inactive 6S Complex

Recombinant pICIn was incubated with equimolar amounts of D1/D2 (A), E/F/G (B), a combination of D1/D2 and E/F/G (C), or D3/B (D). The mixtures were sep-
arated by gel filtration, and individual fractions were analyzed by SDS-PAGE (left panel). Chromatograms of the mixtures and of individual building blocks, re-
spectively, are shown (right panel). Asterisks denote impurities. (E) In vitro assembly of 32p_jabeled U1snRNA with either isolated Sm protein hetero-oligomers
(lanes 2 and 3) or pICIn-Sm complexes (lanes 4 and 5). RNP formation was analyzed by native gel electrophoresis. U1snRNA without proteins is showninlane 1. In
lanes 6-10, the same experiment was performed with U1ASm. Lanes 12-14, 16, and 17 depict the complexes used for these experiments.

protein units D1/D2 and E/F/G alone are incapable of forming
a stable complex in the absence of snRNA (Raker et al., 1996).
Therefore, we determined in detail how the five Sm proteins inter-
act with pICin to form the 6S complex. For this, we incubated
plCIn with equimolar amounts of recombinant and unmethylated
D1/D2, E/F/G, or a combination of both. Complex formation was
monitored by gel filtration and subsequent SDS-PAGE. pICin
formed a homogenous complex with D1/D2, as evident by the
strict coelution of the three proteins in identical fractions from
the column (Figure 2A). In contrast, in the presence of pICin,
E/F/G eluted as a separate entity, indicating no or inefficient com-

plex formation (Figure 2B; see also the chromatograms of individ-
ual components in the right panel). However, when pICin was in-
cubated with a mixture of the Sm hetero-oligomers D1/D2 and
E/F/G, a stable complex was formed (Figure 2C) with an identical
elution profile to the 6S complex presented in Figure 1A. These
findings are corroborated by immunoprecipitation of individual
gel filtration fractions with anti-pIClIn antibodies (data not shown).
Thus, the 6S complex forms in a stepwise manner, and the bind-
ing site for the E/F/G heterotrimer is generated by the preceding
formation of a pICIn/D1/D2 trimer. These data also suggest that
methylation of Sm D1 appears to be dispensable for 6S formation.
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plCIn formed a second stable unit with the unmethylated D3/B
hetero-oligomer, i.e., the Sm proteins missing in the 6S complex
(Figure 2D). Interestingly, the pICIn/D3/B complex failed to inter-
act with any of the other two Sm hetero-oligomers and, hence, is
a separate unit (data not shown). This pICin complex is not de-
tected at steady state in size-fractionated cytosolic extracts
(see Figure 1A and data not shown) and, hence, is likely to be
either short lived or to exist only as part of the 20S PRMT5
complex.

Sm Proteins Do Not Associate with ShnRNA

in a pICIn-Bound Form

The 6S complex (pICIn/D1/D2/E/F/G) contains the five Sm pro-
teins required for the assembly of the snRNP subcore, i.e., the in-
termediate formed in vitro on snRNA in the absence of the D3/B
heterodimer (Raker et al., 1996). This raised the question of
whether the Sm proteins of the 6S complex were able to associ-
ate with snRNA. By native gel electrophoresis, we demonstrate
that neither preformed 6S complex alone nor in conjunction
with the pICIn/D3/B heterotrimer forms RNPs on 32P-labeled
U1snRNA (Figure 2E, lanes 4 and 5). In contrast and consistent
with a previous report (Raker et al., 1996), spontaneous forma-
tion of the Sm subcore was observed upon incubation of
D1/D2 and E/F/G with U1snRNA, which is matured into the
snRNP core upon addition of D3/B (Figure 2E, lanes 2 and 3).
No RNPs were formed on RNA lacking a functional Sm site either
with plCIn-bound or free Sm proteins (Figure 2E, lanes 6-10; see
lanes 12-14, 16, and 17 for the protein complexes used). There-
fore, Sm proteins appear to be incompetent to form snRNPs
when they are associated with pICIn. This could either mean
that the 6S complex is a dead-end product in the assembly path-
way or that it acts as a kinetic trap for the bound Sm proteins. If
the latter scenario was correct, pICIn would be a reversible inhib-
itor of snRNP core formation. This calls for another factor to lib-
erate Sm proteins from the plCIn-imposed inhibition and render
them competent to form snRNPs.

Concurrent Transfer of Sm Proteins onto the SMN
Complex and Dissociation of pICin

As the SMN complex is known to promote snRNP assembly
in vivo (Massenet et al., 2002; Meister et al., 2001a; Meister
and Fischer, 2002; Pellizzoni et al., 2002; Shpargel and Matera,
2005), we speculated that it might relieve Sm proteins from the
plCIn-induced inhibition. We addressed this hypothesis by incu-
bating preformed recombinant 6S and plCIn/D3/B complexes
with immobilized, affinity-purified SMN complexes (see
Figure 3A for protein compositions of the complexes involved).
After extensive washing, the retained proteins were analyzed
by SDS-PAGE and western blotting. As shown in Figure 3B,
Sm protein transfer occurred efficiently in both cases, as evident
by an increase of the respective Sm protein levels on the SMN
complex (Figure 3B, lanes 3, 4, 7, and 8, and S2; note that Sm
B comigrates with the light chain of the antibody). This reaction
was strictly dependent on the SMN complex and could not be
observed on a control column (Figures 3B, lanes 23 and 24,
and S3, lanes 11 and 12). Furthermore, we found that the transfer
reaction did not require prior methylation of Sm proteins, as
these were obtained by bacterial expression.
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Next, we addressed whether the tail domains of Sm proteins,
i.e., the sites of sSDMA modification were required for SMN com-
plex binding. For this, we performed the transfer reaction with
a reconstituted plCIn/D3/B complex in which the tail domains
of both Sm proteins were absent (referred to as plCIn/D3-Sm/
B-Sm). The SMN complex efficiently accepted this truncated
D3/B heterodimer, comparable to the Sm proteins of the 6S
complex (Figure S3, lanes 3, 4, 7, and 8). Having established
that Sm proteins are transferred from pICln complexes to the
SMN complex irrespective of their methylation status, we ana-
lyzed the fate of pICin in this reaction. By western blotting, pICin
was shown to be absent from the recipient SMN complex, sug-
gesting its dissociation from Sm proteins during transfer (Figures
3B, lanes 3 and 4, and S3, lanes 3 and 4, pICIn immunoblot panel
in the bottom of the figure).

We next asked which subunits of the SMN complex partici-
pated in the Sm protein transfer reaction. As a prerequisite to ad-
dress this question, we expressed two recombinant SMN com-
plexes that lack Gemins 3, 4, and 5 (SMNAGemin3-5) or Gemins
3,4, 5,6, and 7 (SMNAGemin3-7) and purified them to near ho-
mogeneity (Figure 3A; see Supplemental Data for details). These
units were immobilized onto an anti-SMN antibody resin, and
transfer reactions were performed as described. Surprisingly,
both units took over the Sm proteins in a manner indistinguish-
able from the endogenous complex, concurrent with the dissoci-
ation of pICIn (Figure 3B, lanes 11, 12, 15, and 16). Hence,
loading of the SMN complex with Sm proteins does not require
Gemins 3-7.

However, when the SMN complex was further reduced to
a heterodimer composed of Gemin2 and an N-terminal fragment
of SMN containing residues 1-160 (termed Gemin2/SMNAC),
the transfer reaction was stalled at an intermediate stage. Al-
though Gemin2/SMNAC still interacted with the 6S complex,
the extent of pICIn dissociation was reduced (see arrow in
Figure 3B, lane 19 and pICIn Immunoblot panel). In fact, this
stalled transfer intermediate was stable and could be reconsti-
tuted with the recombinant proteins plCin, Gemin2/SMNAC,
D1/D2, and E/F/G (Figure S4, hereafter referred to as the 8S
complex). Furthermore, transfer of the Sm proteins D3/B from
pICIn onto the Gemin2/SMNAC heterodimer was severely im-
paired (Figure 3B, lane 20). Taken together, these experiments
reveal that a heterotrimeric complex composed of SMN,
Gemin2, and 8 is sufficient to accept all seven Sm proteins
from plICIn. However, the simultaneous removal of Gemin8
and the C-terminal part of SMN from this minimal system re-
duces the capacity to dissociate plCln from Sm proteins and
recruit the Sm proteins D3/B.

Reversal of a Kinetic Trap upon Transfer of Sm Proteins
from 6S onto the SMN Complex

The findings above show that Sm proteins are incapable of asso-
ciating with RNA while bound to pICIn (Figure 2E). The activity of
the SMN compilex, in turn, leads to the displacement of pICin
(Figure 3B). Hence, we considered that this activity is a major
prerequisite for the subsequent formation of snRNPs. In a first
approach, we analyzed the assembly of U1snRNP in the pres-
ence of endogenous SMN complex affinity purified from cyto-
solic extract. As this complex is active per se (Figure 4A,
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Figure 3. Transfer of Sm Proteins from pICIn onto the SMN Complex
(A) SDS-PAGE of protein complexes used for the transfer reactions: recombinant 6S (lane 2), pICIn/D3/B (lane 3), and plCIn/D3-Sm/B-Sm (lane 4) complexes.
Lane 5 shows affinity-purified endogenous SMN complex. Lanes 6-8 show the recombinant SMN subcomplexes SMNAGemin3-5 (lane 6), SMNAGemin3-7
(lane 7), and Gemin2/SMNAC. Bands marked with an asterisk indicate nonspecific proteins; HC and LC indicate heavy and light chains of the antibody used

for affinity purification.

(B) Transfer of Sm proteins from plCIn complexes to the SMN complex. The respective, immobilized complexes (labeled on top) were incubated with either the 6S
complex (lanes 3, 7, 11, 15, and 19), pICIn/D3/B (lanes 4, 8, 12, 16, and 20), or treated with buffer only (lanes 2, 6, 10, 14, and 18). A control purification from HelLa
extract was incubated with the 6S complex (lane 23), pICIn/D3/B (lane 24), or buffer (lane 22) as a control. Proteins retained on the resin were analyzed by SDS-

PAGE and western blotting with anti-pICln and anti-Gemin2 antibodies.

lane 4), a preincubation with a large molar excess of nonlabeled
U1snRNA was performed to exhaust its inherent assembly activ-
ity (see Figure S5 for details). SMN complex treated this way
failed to promote the formation of snRNPs on 32P-labeled
U1snRNA (Figure 4A, lane 2). However, a simultaneous preincu-
bation of the activity depleted SMN complex with 6S complex,
and plCIn/D3/B led to its reactivation and enabled assembly of
the Sm core domain on U1snRNA (Figure 4A, lane 3). No RNPs
were formed on U1snRNA lacking the Sm site (U1ASm)
(Figure 4A, lanes 5-8).

Next, the same reaction was performed with recombinant
SMNAGemin3-5 and SMNAGemin3-7 complexes. As shown
in Figures 4B and 4C, both failed to assemble U1snRNPs
when Sm proteins were lacking (lanes 2). However, when loaded
with 6S and plCIn/D3/B or with 6S alone, they induced assembly
of Sm cores and subcores, respectively (Figures 4B and 4C,
lanes 3 and 4). No assembly was observed when the complexes

were loaded with either plCIn/D3/B alone (Figures 4B and 4C,
lanes 5) or when any of the complexes were incubated with
U1ASm (Figures 4B and 4C, lanes 6-10). Thus, along with exper-
iments described in Figure 3B, we conclude that Sm proteins re-
gain the competence to form snRNPs as a consequence of their
transfer onto the SMN complex and the concomitant dissocia-
tion of pICin.

In contrast, we failed to activate the minimal Gemin2/SMNAC
dimer for snRNP assembly upon incubation with either 6S or
plCIn/D3/B complex (Figure 4D, lanes 2-4). As described in
Figure 3B, the incubation of Gemin2/SMNAC with the 6S com-
plex results in a stalled transfer reaction intermediate. We hy-
pothesized that removal of pICin would resolve this stalled state
and enable Sm subcore formation. To address this, a complex
composed of Gemin2/SMNAC/D1/D2/E/F/G was reconstituted
from recombinant proteins (Figure S6, hereafter referred to as
the 7S complex). Indeed, this complex promoted efficient
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Figure 4. SnRNP Core Formation Correlates with the
Capability of the SMN Complex to Dissociate pICIin
from Sm Proteins

(A) Immobilized, affinity-purified SMN complex was either
mock treated (“endogenous”) or incubated with an excess
of unlabeled U1snRNA to exhaust its assembly capacity (“ac-
tivity-depleted”). After washing, both complexes were incu-
bated with 32P-labeled U1snRNA, and complex formation
was analyzed by native gel electrophoresis (lanes 2 and 4).
In lane 3, activity-depleted SMN complex was incubated
with 6S and plCIn/D3/B complexes and washed before addi-
tion of 32P-labeled U1snRNA. Lanes 5-8 show control reac-
tions on 32P-labeled UT1ASmRNA; lanes 1 and 5 show RNA
only. The band marked with “RNP” corresponds to the Sm
core; the asterisk denotes an RNP lacking Sm proteins.

(B) Assembly reactions on *?P-labeled U1snRNA with re-
combinant SMNAGemin3-5 complex without bound Sm pro-
teins (lane 2) or loaded with the indicated pICIn-Sm complexes
(lanes 3-5). Lane 1 shows RNA only; lanes 6-10 show control
assembly reactions on *?P-labeled U1ASmMRNA.

(C) Assembly reactions as in (B) but with SMNAGemin3-7.
(D) Assembly reaction as in (B) using the Gemin2/SMNAC di-
mer without Sm proteins (lanes 2 and 7) or preincubated with
6S (lanes 3 and 8) and pICIn/D3/B (lanes 4 and 9), respectively.
An in vitro reconstituted complex composed of Gemin2/
SMNAC/D1/D2/E/F/G was incubated with U1snRNA (lane 5)
or UTASmRNA (lane 10) prior to native gel electrophoresis.
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Figure 5. Electron Microscopic Analysis of Assembly Intermediates
(A-D) Reconstituted assembly intermediates (for SDS-PAGE of the respec-
tive complexes, see left panel) were subjected to EM analysis: (A) 6S, (B)
and (C) 8S, and (D) 7S complexes. Note that the 85 complex was either
reconstituted by incubating 6S complexes with SMNAC/Gemin2 (B) or
adding plCIn to 7S complexes (C). Characteristic raw images and class av-
erages of assembly intermediates are shown in the middle and right panel,
respectively. The insets depict a schematic representation of particle
morphology.

assembly of the Sm subcore in a strictly Sm site-dependent
manner (Figure 4D, lanes 5 and 10). From these experiments
we conclude that Sm core formation directly correlates with
the capability of the SMN complex to dissociate pICin from the
Sm proteins. Furthermore, assembly of the Sm core per se re-
quires only a minimal set of subunits of the SMN complex
in vitro, namely SMN and Gemin2. Our recent finding of a minimal
SMN complex in Drosophila melanogaster composed of the
same two proteins further corroborates the latter conclusion
(Kroiss et al., 2008 and Supplemental Discussion).

Structural Analysis of Assembly Intermediates Suggests
a Mechanism for SnRNP Core Formation

As both the 6S (pICIn/D1/D2/E/F/G) and 7S (Gemin2/SMNAC/
D1/D2/E/F/G) complexes contain the same set of Sm proteins,
it was intriguing to ask what makes the first one incompetent
and the latter suitable for Sm subcore formation. We reasoned
that the transition from the inactive to an activated state is ac-
companied by structural rearrangements. To address this, we
conducted electron microscopic (EM) studies of the reconsti-
tuted 6S complex; the stalled Sm protein transfer intermediate
from 6S to SMN complexes, designated as the 8S complex
(Gemin2/SMNAC/pICIn/D1/D2/E/F/G); and the 7S complex as
a subunit of the SMN complex functional in RNP formation.
Due to their decreased susceptibility to proteolysis, we turned
to the highly homologous Drosophila counterparts of the respec-
tive complexes. As shown in Figures 5A-5D, left panel, these
complexes could be efficiently reconstituted from single proteins
and purified to homogeneity. Gel filtration of these complexes in-
dicated molecular masses consistent with a monomeric stoichi-
ometry of each constituent. Moreover, the Drosophila com-
plexes conform to the identical biochemical characteristics
described above for their respective human counterparts (data
not shown).

Typical negatively stained EM fields of all three purified, recon-
stituted complexes revealed a monodisperse population of
asymmetric single particles with well-defined, distinct structural
features (Figures 5A-5D, middle panels). All four analyzed data
sets (6S, 8S[6S+SMNACGemin2], 8S[7S+pICIn], 7S particles)
showed preferential binding orientation of the particles on the
carbon film (87%-94% of the particle views; see Figure S7 for
details). Class averages of the 6S complex exhibit a ring-like ar-
chitecture with a central accumulation of stain (Figure 5A, middle

(E and F) Difference maps identify shared structural elements and lacking
domains in the Sm-containing complexes. The shapes of the respective
complexes are shown on the left side and the difference maps on the right
side of each panel. Differences are visible as bright yellow regions within
the map. For comparison, the contours of the 6S (blue) and 7S (green)
complexes are also drawn in the difference maps.

(E) A comparison of the 6S complex and the 8S transfer intermediate com-
plex reveals shared features in the ring-shaped domain, while the foot-like
domain of the 8S intermediate complex is lacking in the 6S complex. This
suggests that SMN and Gemin2 form the foot-like domain.

(F) Difference map of the 8S transfer intermediate and the 7S complex
shows common features in most parts of both ring-shaped and foot-like
domains, while a minor portion of the ring-like domain is missing in the
7S complex. This suggests that plCin is located within the ring-like density
element. Scale bar, 2 nm.
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Figure 6. The SMN Complex Is a Catalyst of ShnRNP Core Formation

(A) Hypothetical energy profile of snRNP core formation in vivo in the absence (blue line) and presence (green line) of the SMN complex. The model suggests that
formation of the 6S complex results in a kinetic trap for Sm proteins and that the SMN complex acts as a catalyst for the transition from the 6S complex to the
snRNP.

(B) Schematic of the experimental setup to test whether the SMN complex is a catalyst. Due to the stability of the Sm core domain, transfer of Sm proteins from an
assembled core (red RNA) onto unlabeled competitor snRNA (black) is unlikely (upper panel). The hypothesized role of the SMN complex as a catalyst is illustrated
in the lower panel.

(C) ®2P-labeled U1snRNA (lane 1) was incubated with Sm proteins to allow formation of the Sm core domain (lane 2). To the preformed core, a 330-fold molar
excess of Sm-site RNA and increasing amounts of SMNAGemin3-5 were added (lanes 3-9). The reactions were resolved on native gels 2.5 hr later. The
same reactions were performed in the presence of increasing amounts of streptavidin instead of the SMNAGemin3-5 complex (lanes 10-18).

(D) Panel | depicts RNP formation at the indicated time points with 10 pmol each of the 6S complex and RNA and 0.5 pmol of the SMNAGemin3-5 complex (a
catalyst:substrate ratio of 1:20). Panel Il shows assembly of 10 pmol U1snRNA and 0.5 pmol SMNAGemin3-5 complex preloaded with the Sm proteins D1/D2
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and right panels). These particles had a maximum diameter of
about 8-8.5 nm. Notably, these dimensions are comparable to
those reported for the Sm core domain (Kastner and Lihrmann,
1989). In contrast, the shape of assembly active 7S complexes
was strikingly different (Figure 5D, middle and right panels).
Class averages showed elongated particles with a length of
about 11.5 nm. Importantly, the closed ring observed in 6S com-
plexes was now converted into an open clamp (upper domain),
which is packed against a foot-like protuberance (lower domain).
Thereby, the opening of the clamp (oriented to the right side in
Figure 5D) was found in proximity to the foot-like domain. The
transfer intermediate 8S complex still contained the ring shape
of the 6S complex (upper domain) but displayed, additionally,
a foot-like protuberance as the 7S complex (lower domain) (Fig-
ures 5B and 5C, middle and right panels). Notably, the ring do-
main of this particle had a diameter of about 8-8.5 nm and,
hence, has very similar dimensions as the 6S complex. The over-
all length of these particles was about 11.5 nm, similar to that of
7S complexes. To investigate whether the closed and open
states are the result of different conformations or of different ori-
entations on the carbon film, we also tilted the specimen in the
electron microscope. In support of our model, this did not
change the open or closed appearances of individual particles
(data not shown).

Since the 8S complex comprises both structural features of 6S
and 7S complexes and all three complexes contain the five Sm
proteins D1, D2, E, F, and G as a common compositional denom-
inator, we determined the positions of accessory factors by
structural comparison. In particular, the similarity of distinct do-
mains is not only restricted to the overall shape, but is also seen
in fine structural details. All four samples were analyzed indepen-
dently of the respective other three to enable an unbiased struc-
tural characterization of the complexes. Two-dimensional differ-
ence maps of the complexes elucidated shared structural
elements as well as differences (Figures 5E and 5F). 6S and 8S
complexes share the globular ring-like domain (Figure 5E; for
comparison, the shape of the 6S complex is shown as a blue
line in the difference map). We noted minor changes in the
ring-like domain, which most likely represent conformational
changes or slightly varied projections and large deviances in
the foot-like protuberance of the 8S complex (yellow regions).
We attribute the latter to a compositional difference and, there-
fore, suggest that the foot-like domain is the position of Gemin2
and SMNAC, as these two proteins are the only ones lacking in
the 6S complex.

Difference maps of the 8S intermediate and the 7S complex
showed common structural elements in the majority of the
ring-like upper domain and foot-like domain in the lower region
of the complex (Figure 5F). A minor portion of the circular do-
main, however, is missing in the 7S complex, suggesting that
this is the position occupied by pICIn, which is the compositional
difference between the 8S and 7S complex (Figure 5F; for com-
parison, the contour of the 7S complex is shown as a green line in
the difference map). We also observed small differences along
the body of the particle, which we yet again attribute to confor-

mational changes or slightly different adsorption orientations
on the EM grid. Therefore, we suggest that pICin is an integral
component of the ring in the 6S complex, while Gemin2 and
SMN occupy more distal positions on the convex face of an
opened ring in the 7S complex.

The SMN Complex Is a Catalyst of SnRNP Core
Formation

SnRNP core formation, albeit a thermodynamically favorable re-
action (Raker et al., 1996), depends on PRMT5 and SMN com-
plexes in vivo (Meister et al., 2002; Paushkin et al., 2002). We
reasoned that these trans-acting factors are required to modu-
late the energetics of key steps of this reaction. To address
this hypothesis, we deduced the energy profile of the in vivo
Sm core assembly reaction, taking the reaction intermediates
described in Figures 1-5 into account. First, we considered the
energy levels of newly synthesized Sm proteins (the substrates
of the reaction) and the assembled Sm core (the product of the
reaction). Assuming that snRNP assembly in cells is, likewise,
a spontaneous reaction, we suggest that free Sm proteins
must occupy high energy levels along the reaction coordinate,
whereas the Sm core would reflect a global energetic minimum.
The 6S complex must reside in a local minimum along the reac-
tion coordinate since it is stable under steady-state conditions in
extracts. We further postulate that Sm proteins are inhibited from
forming Sm cores out of the pICIn-bound state due to a very high
activation energy barrier (Figure 6A, blue line). On the basis of ex-
periments shown in Figures 3 and 4, we propose that the SMN
complex helps Sm proteins surmount this unfavorable energetic
obstacle (Figure 6A, green line). A consequence of these argu-
ments is that, first, the SMN complex loaded with Sm proteins
occupies another local yet transient energetic minimum and,
second, that the SMN complex acts as a catalyst for snRNP
assembly.

Two strategies were employed to test this assumption exper-
imentally. The first relied on the observation that snRNP cores
are exceedingly stable structures, capable of withstanding treat-
ment with 7 M urea or 2.5 M NaCl (Liautard et al., 1982). Thus,
spontaneous exchange of Sm proteins from an assembled
snRNP core to a free snRNA is unlikely (Figure 6B, top panel).
However, if the prediction of our energetic considerations holds
true, the exchange of Sm proteins should be possible upon ad-
dition of a molar excess of the SMN complex over the Sm pro-
teins of the snRNP (Figure 6B, bottom panel). As concentrated
solutions of catalyst are required for this type of experiment,
we used recombinant SMNAGemin3-5 complex rather than
the endogenous SMN complex. Indeed, addition of an 8-fold
molar excess of SMNAGemin3-5 caused a half-maximal ex-
change of Sm proteins from the preformed snRNP to the unla-
beled RNA (Figure 6C, lane 6), with a total exchange at a
30-fold molar excess (Figure 6C, lane 8). This effect was strictly
dependent on the SMN and Gemin2 subunits of the SMN com-
plex, as incubation with unlabeled RNA alone (Figure 6C, lanes
3 and 12) or with nonrelevant proteins in the presence of unla-
beled RNA had no effect on the stability of the Sm core

and E/F/G, corresponding to single-turnover conditions. A control assembly reaction with 10 pmol 6S complex and RNA incubated in the absence of the
SMNAGemin3-5 complex is shown in panel lll. The bottom panel shows quantification of the experiments. Data are represented as mean + SD (n = 3).
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Figure 7. Model of the Assisted Assembly of ShnRNPs and Structures
of Key Intermediates

(A) The chaperone plCIn initially binds D1/D2 and D3/B (1 and 2). EFG is then
recruited to pICIn/D1/D2 to form the 6S complex (3). Transfer of pICIn-bound
Sm proteins onto the SMN complex coincides with displacement of pICIn and
forms the loaded SMN complex (4). The SMN complex then allows RNA bind-
ing, ring closure, and RNP release (5).

(B) Structural EM models of intermediates of the assembly reaction. 6S (see
also A3) forms a closed ring, 7S holds the Sm proteins in an open configuration
(part of A4), and 8S represents a trapped transition complex from A3 to A4. The
assembled core is derived from EM models of negatively stained snRNP cores.

(Figure 6C, lanes 13-18; see also Figure S8 for additional exper-
iments). Of note, this reaction followed dose-dependent satura-
tion kinetics (data not shown).

In the second approach, we asked whether the SMN complex
is a catalyst of assembly reaction even when present in substoi-
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chiometric amounts and is, thus, capable of multiple turnover re-
actions. To test this possibility, we initially incubated a small
amount of SMN complex (0.5 pmol) loaded with Sm proteins
with a 20-fold molar excess of U1snRNA. To visualize the assem-
bly reaction in native gels, 0.5% of the RNA substrate was radio-
labeled. Under these conditions, the SMN complex delivered its
Sm proteins onto the U1snRNA. However, due to the small
amount of substrate (i.e., Sm proteins) used in this assay and
the low specific activity of the U1snRNA, only marginal assembly
could be observed (Figure 6D, panel Il and lower panel green
line). However, upon addition of a 20-fold molar excess
(10 pmol) of the 6S complex, assembly was stimulated in
a time-dependent manner (Figure 6D, panel | and lower panel
blue line). Under these conditions, 2 pmol RNPs were generated
per hour, directly showing multiple turnover of the substrate (Sm
proteins and snRNA) to product. No assembly was observed
when 6S was incubated with U1snRNA alone, showing the de-
pendence of this reaction on the SMN complex (Figure 6D, panel
Ill and lower panel red line). We conclude that the SMN complex
facilitates snRNP assembly by (1) lowering the activation energy
of the reaction from 6S to snRNP and (2) loading Sm proteins
onto snRNA in a multiple turnover reaction. These results are
consistent with a function of the SMN complex as a catalyst of
snRNP formation.

DISCUSSION

In this study, we have applied a combination of biochemical and
structural approaches to decipher key steps in the assisted as-
sembly of snRNPs. We show that an assembly chaperone, pICin,
initially induces the formation of otherwise unstable higher-order
Sm protein complexes. In this state, a kinetic trap is imposed on
the Sm proteins by bound plICIn, which actively prevents their
premature association with snRNA. Sm protein progression to-
ward the snRNP core is mediated by the SMN complex that dis-
sociates the inhibitory chaperone and catalyzes ring closure on
snRNA. Our postulated mechanism is schematically depicted
in Figure 7.

plICIn Is an Assembly Chaperone for Sm Proteins

pICIn has been described as a component of the PRMT5 com-
plex that recruits Sm protein substrates to the methyltransferase
PRMTS5 (Friesen et al., 2001; Meister et al., 2001b). Our data re-
veal a second function for pICin as an organizer of assembly in-
termediates. The most stable complex contains the Sm proteins
D1/D2 and E/F/G, which are tethered upon pICIn binding into an
RNA-free ring structure (Figure 7A, complex 3). Importantly, the
resulting Sm-heteropentamer cannot form in the absence of
plICIn, as D1/D2 and E/F/G have little affinity for each other in
the absence of snRNA (Raker et al., 1996). How does pICIn in-
duce the formation of this otherwise unstable Sm-heteropen-
tamer? The solution structure of an N-terminal fragment of pICIn
shows that it adopts a fold with several antiparallel B strands,
designated as a pleckstrin homology domain (Furst et al.,
2005). Sm proteins have been reported to associate with each
other by antiparallel § strands (Kambach et al., 1999). Thus, we
suggest that pICIn in the RNA-free 6S complex acts as a struc-
tural counterpart of D3/B in the assembled Sm core domain



(Kambach et al., 1999; Stark et al., 2001). The architecture of the
6S complex as determined by electron microscopy is consistent
with this hypothesis; however, the validation of this model awaits
the elucidation of high-resolution structures.

Pulse-chase experiments performed by G. Blobel and co-
workers demonstrated an RNA-free 6S precursor of snRNP
cores more than two decades ago (Fisher et al., 1985). This pre-
cursor was reported to form early in biogenesis and contained
the Sm proteins E, F, G, and D (only one D protein was known
at that time). Based on its apparent sedimentation coefficient,
composition, and role in assembly, the plCIn/D1/D2/E/F/G com-
plex described here might be identical to this long-sought
precursor.

plCIn formed a second complex containing D3/B in vitro (Fig-
ure 7A, complex 2), which could not be isolated from cellular ex-
tracts as a separate entity. However, the Sm proteins D3/B are
abundantly present in the isolated 20S PRMT5 complex
(Figure 1B). Hence, we believe that plCIn/D3/B is also formed
in vivo but cannot be detected in extracts in steady state be-
cause it is either short lived or remains stably bound to the meth-
yltransferase complex.

Consistent with studies in Xenopus laevis oocytes (Pu et al.,
1999), we find Sm proteins incompetent of forming snRNPs in
a plCIn-bound state. The architecture of the 6S particle suggests
that pICin sterically prevents the RNA from gaining access to its
binding site on the inside of the Sm ring (Kambach et al., 1999;
Stark et al., 2001; Urlaub et al., 2001). Based on the capability
to promote higher-order assemblies and to simultaneously pre-
vent premature RNA binding, pICIn is an assembly chaperone
specific for Sm proteins. Although similar factors have been de-
scribed for the assembly of protein complexes (Hirano et al.,
2006; Laskey et al., 1978; Le Tallec et al., 2007; Saschenbrecker
et al., 2007), to our knowledge, pICin is the first protein of this
class implicated in the assembly of RNPs. We predict that other
RNPs containing Sm proteins in their cores, such as the
U7snRNP, likewise require pICIn as an assembly chaperone (Pil-
lai et al., 2003).

The SMN Complex Acts as a Catalyst to Resolve

a Kinetic Trap in Assembly

We have previously reported that the SMN complex is copurified
upon immunopurification of pICIn from assembly-active ex-
tracts, albeit in a substoichiometric manner (Meister and Fischer,
2002). This finding suggested Sm proteins to be transferred di-
rectly from plCIn to the SMN complex. Indeed, here, we show
that the SMN complex accepts Sm proteins from both 6S and
plCIn/D3/B complexes and simultaneously dissociates plCin.
As a consequence of this reaction, Sm proteins regain the com-
petence to form snRNP particles. Of note, neither the two other
subunits of the PRMT5 complex nor arginine methylation of Sm
proteins appears to be essential for Sm protein transfer onto the
SMN complex in vitro. However, we do not exclude at this stage
that this posttranslational modification might modulate the kinet-
ics or efficiency of this reaction.

We suggest that the failure of Sm proteins to interact with
snRNA as part of the 6S complex is associated with a very
high activation energy barrier in the transition from 6S to the as-
sembled snRNP (Figure 6A). The capability of the SMN complex

to accept Sm proteins from this state and transfer them onto
RNA implies that it lowers this energetic hurdle and, therefore,
is a catalyst of the reaction (Figure 6A). In favor of this idea,
a moderate molar excess of the SMN complex was capable of
melting a preformed snRNP core, an exceedingly thermodynam-
ically stable entity (Liautard et al., 1982). Furthermore, the SMN
complex acts substoichiometrically in snRNP formation and,
hence, exhibits multiple turnover (Figure 6D). These findings in-
dicate that snRNP assembly is a catalyzed reaction in vivo,
with the SMN complex bound to Sm proteins, representing
a transition-state intermediate (Figure 7A, complex 4). Consider-
ing the high abundance of Sm proteins in the cytoplasm, the nu-
clear export of snRNA is likely to be the global rate-limiting step
of snRNP assembly. This unbalanced availability of both sub-
strates may explain the stability of the SMN complex under
steady-state conditions.

An SMN complex composed of only SMN and Gemins 2 and 8
appears to be sufficient for both aforementioned activities (Fig-
ures 3 and 4). However, performing the transfer reaction with
Gemin2/SMNAC has allowed us to uncouple 6S complex bind-
ing and pICIn release (Figure 3B). Also, this complex failed to ef-
ficiently accept pICIn/D3/B (Figure 3B). From these experiments,
we conclude that either Gemin8 and/or the C-terminal portion of
SMN affects pICIn release and, simultaneously, constitutes the
binding site for Sm D3/B.

We obtained further mechanistic insight into the role of the
SMN complex in snRNP core formation by electron microscopy
of assembly intermediates (Figure 5). When the architecture of
the stalled 8S transfer intermediate was compared to 6S and
7S complexes, we found that SMN and Gemin2 occupy posi-
tions on the outer face of the pICIn-Sm protein ring. Thus, the
transfer reaction relieves Sm proteins of the plCIn-imposed ste-
ric hindrance and enables the RNA to access its binding site on
the inner face of the Sm protein ring. How is pICIn dissociation
affected? Binding of the SMN complex onto the outer surface
of the 6S ring may induce a conformational change in the Sm
proteins of the 6S complex that results in plICIn release. The
SMN complex then holds Sm proteins in an open-ring configura-
tion, poised for transfer onto snRNA. These findings also suggest
that the spatial organization of Sm proteins in the snRNP is at-
tained already at the level of the 6S complex, i.e., in an early
stage of assembly (Figure 7B).

Structural Similarity of SnRNP Assembly

with DNA-Clamp Loading

Based on our studies, we hypothesize that the SMN complex-
assisted formation of snRNPs is structurally similar to the
clamp-loading reaction, i.e., the process by which ring-shaped
clamps are placed onto DNA to tether poorly processive DNA
replication enzymes (Ellison and Stillman, 2001; Indiani and
O’Donnell, 2006). Clamp loaders are hetero-oligomeric protein
assemblies that bind and open hexameric clamp rings in an
ATP-dependent manner. ATP hydrolysis then induces a confor-
mational change in the loader, which leads to ring closure and
ejects the clamp onto DNA (Davey et al., 2002; Johnson and
O’Donnell, 2005). What then are the similarities to the formation
of snRNP cores? The Sm core is a toroidal RNP (Kambach et al.,
1999; Stark et al.,, 2001) and is thus structurally similar to
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a replication clamp around DNA (Georgescu et al., 2008). The
SMN complex holds the Sm proteins in an open state poised
for transfer onto RNA (Figure 7B), reminiscent of the clamp-load-
ing complex. Although the eight subunits making up the SMN
complex and ATP are required in cells, a minimal complex com-
posed of SMN and Gemin2 is sufficient to catalyze formation of
the snRNP core in vitro in the absence of ATP. Similarly, a minimal
E. coli clamp loader consisting of the & subunit only transfers
clamps onto DNA without a nucleotide requirement. Thus, it is
intriguing to postulate that cells have evolved two separate
machineries to deal with a similar topological problem in the join-
ing of nucleic acids with proteins. Future studies will elucidate
fine-tuning and regulation of this reaction.

EXPERIMENTAL PROCEDURES

Sm Protein Transfer Assays

Fifty picomoles of the indicated SMN complex were immobilized to 20 pl of an
anti-SMN resin. One hundred picomoles of either 6S or pICIn/D3/B complex
were added and incubated at 37°C for 1 hr. After washing with 3 x 1 ml
PBS, the retained proteins were eluted with SDS-PAGE loading buffer. 50%
of this eluate was analyzed by SDS-PAGE. The rest was subjected to western
blotting with both anti-pICIn and anti-Gemin2 as a loading control.

Sm Protein Strand Exchange Assays

Sm cores were preformed using 3 pmol Sm proteins and 0.3 pmol *2P-labeled
snRNA as described (Raker et al., 1996). To this, 100 pmol of unlabeled Sm site
oligonucleotide (AMAUUUUUGA) and increasing amounts of SMNAGemin3-5
complex were added. After incubation for 2.5 hr at 37°C, the mixtures were an-
alyzed by native gel electrophoresis as described (Meister et al., 2001a). The
indicated SMNAGemin3-5 molar excesses over the Sm proteins were used.

Reconstitution of Sm Protein-Containing Complexes

Due to the strongly contrasting pl values of the assembly factors (pICin, SMN,
and Gemin2) and Sm proteins, direct mixture of these proteins resulted in irre-
versible aggregation. To circumvent this, the respective proteins were mixed in
20 mM HEPES-NaOH (pH 7.5), 1 M NaCl, and 5 mM DTT and dialyzed over-
night to 20 mM HEPES-NaOH (pH 7.5), 0.2 M NaCl, and 5 mM DTT at 4°C.
Complex formation was then monitored by gel filtration run in 20 mM
HEPES-NaOH (pH 7.5), 0.2 M NaCl, and 5 mM DTT, using a Superdex200
10/300 column (GE Healthcare) and subsequent SDS-PAGE of individual
fractions.

Electron Microscopy and Single-Particle Image Processing
For EM sample preparation, purified complexes were subjected to the GraFix
approach using a 5%-20% glycerol gradient (Kastner et al., 2008), and spec-
imens were negatively stained with uranyl formate according to a previously
published protocol (Golas et al., 2003). Images were taken on a Philips
CM200 electron microscope (Philips/FEI, Eindhoven, The Netherlands) using
a 4-fold binned 4 k x 4 k CCD camera (TemCam-F415, TVIPS, Gauting, Ger-
many) at a magnification of 343,000- and 380,000-fold (Sander et al., 2005).
42014, 11126, 31150, and 27131 single-particle images were selected for
the data sets of the 6S, 8S (6S+SMN/Gemin2), 8S (7S+plCIn), and 7S complex,
respectively. Using iteratively refined class averages, single-particle images
were aligned via an exhaustive polar alignment (Sander et al., 2003) and sub-
sequent multivariate statistical analysis (MSA)-based hierarchical ascendant
classification (HAC) in the context of IMAGIC-5 (van Heel et al., 1996) into clas-
ses of 35-40 class members in average. All four data sets were processed in-
dependently of the other three; at no state of image analysis were the results of
one data set used to refine another. After four iterations, the results were sta-
ble. Representative class averages were selected for presentation, and differ-
ence maps were calculated from the normalized, bandpass-filtered class av-
erages using IMAGIC-5.

Additional Experimental Procedures can be found in the Supplemental Data.
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SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Discussion, Experimental Pro-
cedures, eight figures, and two tables and can be found with this article online
at http://www.cell.com/supplemental/S0092-8674(08)01177-X.
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