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Macromolecular complexes, rather than individual
biopolymers, perform many cellular activities. Faithful
assembly of these complexes in vivo is therefore a vital
challenge of all cells, and its failure can have fatal
consequences. To form functional complexes, cells use
elaborate measures to select the “right” components
and combine them into working entities. How assembly
is achieved at the molecular level is unclear in many
cases. Three groups (Jin and colleagues, pp. 2391–2403;
Xu and colleagues, pp. 2376–2390; and Tang and
colleagues in Cell Research) have now provided insights
into how an assembly factor specifically recognizes
substrate RNA molecules and enables their usage for
assembly of Sm-class uridine-rich small nuclear RNA–

protein complexes.

Uridine-rich small nuclear RNA–protein complexes
(UsnRNPs) are major building blocks of the spliceosome,
a dynamicmacromolecularmachine that catalyzes the re-
moval of introns from eukaryotic precursor messenger
RNA (pre-mRNA) molecules (Wahl et al. 2009). To cope
with the task of splicing, there are high steady-state levels
of cellular UsnRNPs in higher eukaryotes, reaching up to
an estimated concentration of 10 µM per nucleus of a
somatic cell. Therefore, efficient production of UsnRNPs
andmaintenance of their steady-state levels are crucial for
eukaryotic cells.
Sm-classUsnRNPs contain a particle-specific snRNA, a

set of seven common Sm proteins, and a variable number
of additional proteins unique to each complex (Will and
Lührmann 2001). Upon synthesis by RNA polymerase II,
snRNAs receive an m7G cap. For assembly of UsnRNPs,
the m7G-capped UsnRNAs are transiently exported to
the cytoplasm. The Sm proteins then bind to a single-
stranded uridine-rich sequence of the snRNAs, the Sm
site, resulting in the formation of a toroidal Sm core (Pom-
eranz Krummel et al. 2009; Weber et al. 2010; Leung et al.

2011). This core is a common structural denominator of
all UsnRNPs and enables several subsequent steps in
the biogenesis pathway, including the hypermethylation
of the m7G cap of the snRNAs to an m2,2,7G cap and the
nuclear import of the assembled UsnRNP core particles.
After further maturation, UsnRNPs are eventually incor-
porated into spliceosomes.
The cytosolic assembly of UsnRNP cores requires an

amazingly large number of trans-acting factors. These
are organized in two multisubunit machineries: the pro-
tein arginine methyltransferase 5 (PRMT5) complex and
the survival motor neuron (SMN) complex. The PRMT5
complex acts early in the assembly pathway, facilitating
the formation of higher-order Sm protein complexes (Cha-
ri et al. 2008). These building blocks are handed over to the
SMN complex, whose major function is to combine the
Sm proteins with the cognate snRNAs to form the Sm
cores (Chari et al. 2009; Matera and Wang 2014). The
SMN complex comprises the name-giving protein SMN
along with eight other proteins, termed Gemin2–8 and
unrip.
While SMN and Gemin2 have been implicated in Sm

protein binding (Zhang et al. 2011; Grimm et al. 2013),
only little was so far known about the function of the oth-
er SMN complex subunits during UsnRNP formation.
Two studies in this issue of Genes & Development (Jin
et al. 2016; Xu et al. 2016) and a report published in Cell
Research (Tang et al. 2016) now provide insights into a
possible role of Gemin5 during Sm core RNP assembly.
This WD40 repeat protein has been shown to specifically
bind UsnRNAs (Battle et al. 2006) and the m7G cap (Bra-
drick and Gromeier 2009) and hence was implicated in
the selection of RNA substrates for the assembly reaction.
Detailed interaction studies based on U4 snRNA in the
present studies further revealed that the N-terminal tan-
demWD40 domains of Gemin5 can bind Sm site-contain-
ing RNAmolecules and m7G cap moieties independently
in vitro and in vivo (Jin et al. 2016; Tang et al. 2016; Xu
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et al. 2016). However, a 3′ stem–loop of U4 snRNA, previ-
ously also implicated in Gemin5 binding (Lau et al. 2009),
was dispensable for stable complex formation. Based on
these findings, the investigators of all three studies went
on to determine crystal structures of the WD40 region of
Gemin5 alone or in complexwith various RNAmolecules
bearing complete or truncated Sm sites as well as with
m7G cap mimics (Fig. 1A–D). The structures show that
the two WD40 domains are tightly connected, with the
N terminus of the protein completing theWD40 propeller
of the second WD40 domain. The m7G cap is ac-
commodated in a specific pocket on the second WD40
domain, while Sm site regions of the RNAs bind predom-
inantly to the first WD40 domain by a combination of
stacking interactions, hydrogen bonding, and electrostatic
contacts with the RNA backbone. Extensive mutational
studies in combinationwith binding assays were conduct-
ed by all three groups to elucidate the contributions of
specific protein and RNA residues to the observed
interactions.

Surprisingly, two different registers were observed for
RNAs bound to the Gemin5 WD40 domains. The two
binding modes agree with two shifted bands observed in
electrophoretic gel mobility shift assays (Jin et al. 2016).
The most extensive contacts to Gemin5 were seen with
a 13-nucleotide (nt) RNA bearing a central Sm site (Fig.
1B; Jin et al. 2016). In that structure, the three 5′-terminal
residues of the Sm site (A1–U3) form an extended stack be-
tween the twoWD40 domains. The following U4–U6 res-
idues circle across the first WD40 domain, and nucleotide
U7 binds to a pocket on the second WD40 domain, while
further downstream residues lack extensive protein con-
tacts. One group (Tang et al. 2016) observed a shorter
RNA oligonucleotide comprising a complete Sm site
plus an additional downstream residue bound in the
same manner. However, in the hands of the other two
groups (Jin et al. 2016; Xu et al. 2016), short oligonucleo-
tides comprising Sm site residues 1–7, 1–8, or 1–9 occu-
pied identical pockets on the first WD40 domain but
were shifted 2 nt in the 3′ direction relative to the first
binding mode (Fig. 1C). In these latter structures, the G8
nucleotide came to lie in the pocket that also accommo-
dates the m7G cap on the second WD40 domain (Fig.
1C). However, this latter interaction is presumably not re-
alized by full-length snRNAs, asmutations designed to in-
terfere with accommodation of residue 8 in the cap-
binding pocket had essentially no effect on the RNA affin-
ity (Jin et al. 2016; Xu et al. 2016). Furthermore, G8 did not
occupy this pocket when the cocrystallized oligonucleo-
tide contained more than one additional residue down-
stream, as shown by cocrystallization with an RNA
bearing an extra 2 nt 3′ of the Sm site (Xu et al. 2016).

Apart from snRNP assembly, Gemin5 has been impli-
cated in a number of other RNA-related processes (Pineiro
et al. 2015). In vivo interaction and stability studies by Xu
et al. (2016) add to this spectrum of Gemin5 functions by
providing preliminary evidence for a putative additional
role of Gemin5 in P-body-related snRNA surveillance.
Thus, in principle, the two different RNA-binding modes
seen in the present analyses might relate to different

Figure 1. Possible role of Gemin5 in UsnRNP assembly. (A)
Alignment of the Sm sites and neighboring nucleotides of thema-
jor spliceosomalU1,U2,U4, andU5 snRNAs.U4 snRNA, used in
the present studies, is boxed. Sm site nucleotides are numbered 1–
9 and colored blue to red in a 5′-to-3′ direction. Smproteins F, E,G,
D3,B,D1, andD2areassembledonnucleotides 1–7of theSmsites
to formSmcores. (B,C ) Structures of theGemin5N-terminal tan-
demWD40domains in complexwith a 13-nucleotide (nt) (B) and a
7-nt (C ) oligomer containing a complete or partial Sm site, respec-
tively (basedon Jin et al. 2016).The twoRNAmolecules bindwith
different registers across a positively charged concave surface
formed by both WD40 domains. Three consecutive uridines
(U5, U6, and U7 or U3, U4, and U5 of the Sm site) bind in an anal-
ogousmanner and at identical pockets to the center of the protein
(black lines). Nucleotides 3′ of U7 in B lack extensive contacts to
the protein. U8 in C occupies a pocket on the second WD40
domain that also accommodates the m7G cap (seeD). (D) Binding
of an m7GpppG mimic of a 5′-capped snRNA to a pocket on the
second WD40 domain (based on Xu et al. 2016). The second gua-
nine base is disordered in the structure. (Close-up) N2 of m7G is
buried in the pocket. Anm2,2,7G cap bearing two additionalmeth-
yl groups onN2 could not be accommodated due to the disruption
of hydrogen bonds and steric hindrance. (E) Model for the role of
Gemin5 in Sm core assembly. Gemin5 could bind snRNAs con-
comitantly via the m7G cap and the Sm site. Nucleotides 3′ of a
Sm site would be free to engage in initial contacts to the partially
assembled Sm proteins on the SMN complex. A shift in the regis-
ter of Sm site binding onGemin5 could feed Sm site nucleotides 6
and 7 into their binding pockets on D1 and D2, respectively. The
shift in register could involve a loop of the first WD40 domain oc-
cupying a position where Sm site nucleotides 1–3 are initially
bound on Gemin5. After subsequent handover of Sm site nucleo-
tides 1, 2, and 3 to Sm proteins F, E, and G, respectively, Gemin5
might still hold onto the cap, protecting it fromhypermethylation
until theD3–B heterodimer has been assembled on Sm site nucle-
otides 4 and 5. After assembly of the Sm core has been completed,
another handover of the cap fromGemin5 to the capmethyltrans-
ferase TGS1 would have to occur in this scenario.
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functional scenarios. However, as the central Sm site-
binding region of Gemin5 is apparently designed to recog-
nize three consecutive uridines (Fig. 1B,C, black lines), a
condition that can be met in different ways by most Sm
sites (Fig. 1A), it is tempting to speculate that they might
represent different snapshots of snRNA handover from
Gemin5 to the Sm proteins (Fig. 1E). Thus, Gemin5might
initially recognize snRNAs via two of their key features:
an m7G cap and a uridine-rich Sm site. Although not
directly shown by the structural analyses, concomitant
recognition of the cap and Sm site could avoid binding
of many other RNAs that harbor stretches of uridines.
Holding on to the cap, Gemin5 might then allow sliding
of the RNA into the partly assembled Sm protein ring
on the SMN complex (Fig. 1E). Once contacts of RNA nu-
cleotides downstream from the Sm site to the perimeter of
the Sm proteins have been established, strong binding of
the Sm proteins to the Sm site (Raker et al. 1999) might
provide the driving force that pulls the RNA away from
Gemin5. The handover might additionally be supported
by a loop in the first WD40 domain of Gemin5, which
can interfere with the binding of the 5′ end of the Sm
site in the first register (residues A1–U3) and thus might
help to “push” the RNA into the second register or
away from Gemin5 (Fig. 1B,C).
At the end of the transaction, Gemin5 might still hold

on to the m7G cap (Fig. 1E). Thus, after completion of Sm
core assembly, another transfer of the m7G cap from
Gemin5 to the methyltransferase TGS1, which catalyzes
cap hypermethylation (Mouaikel et al. 2002) and inter-
acts with the SMN protein (Mouaikel et al. 2003), might
be required. Notably, binding affinities of Gemin5 for Sm
site oligonucleotides as well as for the m7G cap were
found in the low micromolar range (Jin et al. 2016; Xu
et al. 2016). Thus, Gemin5 interacts with both key recog-
nition elements on the snRNAs with only moderate
strength, as would be suitable for transient binding and
thus consistent with its putative snRNA-channeling
functions.
Gemin5 is lacking in a number of organisms, which

nevertheless assemble snRNPs efficiently, and snRNPs
can be effectively assembled in vitro without Gemin5
(Raker et al. 1996; Raker et al. 1999; Kroiss et al. 2008),
calling the importance of Gemin5-mediated snRNA se-
lection or channeling for snRNP assembly into question.
Importantly, work presented in the three reports now
also provides interesting new tools to further study these
and possibly other putative Gemin5 activities. For in-
stance, a number of Gemin5 variants have been identified
that selectively interfere with either cap or Sm site bind-
ing. By replacing wild-type Gemin5 with such variants,
it may be possible to test to what extent Sm proteins are
assembled on noncognate RNAs in vivo upon such ma-
nipulation. Furthermore, in light of the multiple putative
transfer processes of snRNA elements initially bound by
Gemin5, it would be interesting to study the effects of
the DEAD-box RNA helicase Gemin3, which is also asso-
ciated with the SMN complex, on these transitions. Final-
ly, future studies should address the question of to what
extent and how UsnRNP assembly is influenced by addi-

tional RNA-binding activity, as seen previously for the C-
terminal coiled-coil region of Gemin5 (Fernandez-Cha-
morro et al. 2014), and by Gemin5 oligomerization via
its C-terminal region (Xu et al. 2016).
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