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In cytoplasm, the survival of motor neuron (SMN) complex delivers pre-small nuclear RNAs (pre-snRNAs) to the
heptameric Sm ring for the assembly of the ring complex on pre-snRNAs at the conserved Sm site [A(U)4–6G].
Gemin5, a WD40 protein component of the SMN complex, is responsible for recognizing pre-snRNAs. In addition,
Gemin5 has been reported to specifically bind to the m7G cap. In this study, we show that the WD40 domain of
Gemin5 is both necessary and sufficient for binding the Sm site of pre-snRNAs by isothermal titration calorimetry
(ITC) and mutagenesis assays. We further determined the crystal structures of the WD40 domain of Gemin5 in
complex with the Sm site or m7G cap of pre-snRNA, which reveal that theWD40 domain of Gemin5 recognizes the
Sm site and m7G cap of pre-snRNAs via two distinct binding sites by respective base-specific interactions. In ad-
dition, we also uncovered a novel role of Gemin5 in escorting the truncated forms of U1 pre-snRNAs for proper
disposal. Overall, the elucidated Gemin5 structures will contribute to a better understanding of Gemin5 in small
nuclear ribonucleic protein (snRNP) biogenesis as well as, potentially, other cellular activities.
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The spliceosome orchestrates the removal of introns from
pre-mRNAs and processes them into distinct mRNA iso-
forms, contributing to an enormous repertoire of diverse
maturemRNAs poised for translation into eukaryotic pro-
teins (Chen andMoore 2014;Matera andWang 2014). The
core of this spliceosomal macromolecular machine is
built from small nuclear ribonucleic proteins (snRNPs),
which consist of small nuclear RNAs (snRNAs) and their
respective associated proteins (Scotti and Swanson 2016).
The biogenesis of major snRNPs requires the export of
their pre-snRNA subcomponents from the nucleus for
processing in the cytoplasm followed by the import of
themature snRNAs back into the nucleus (Will and Luhr-
mann 2001; Matera and Wang 2014). The maturation of
the snRNAs in the cytoplasm consists of a series of tightly

regulated, strictly ordered molecular events highlighted
by the assembly of the Sm ring and hypermethylation of
them7G cap (Matera andWang 2014). It has been reported
that the survival of motor neuron (SMN) complex facili-
tates the assembly of the Sm ring complex on the Sm
site [A(U)4–6G] of pre-snRNAs and safeguards against aber-
rant snRNP biogenesis and splicing-associated human
syndromes, such as spinal muscular atrophy and cancers
(Pellizzoni et al. 2002; Golembe et al. 2005; Matera and
Wang 2014; Chabot and Shkreta 2016).

Gemin5, a core component of the SMN complex, is
thought to confer the specificity of SMN-mediated pre-
snRNA recognition. It has been proposed to be the pre-
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snRNA-binding anddelivery component of the SMNcom-
plex (Battle et al. 2006b) and exhibits strict sequence spe-
cificity for the Sm site of pre-snRNAs (Yong et al. 2010).
By means of deletion mapping, it has been suggested that
the WD40 domain of Gemin5 mediates the specific bind-
ing to the Sm site and the adjacent variable 3′-terminal
stem–loop structure of the pre-snRNAs (Lau et al. 2009).
Surprisingly, the SMNcomplex is also capable of associat-
ing with a truncated form of U1 pre-snRNAs (U1-tfs),
which lacks the Sm site but retains the m7G cap structure
and shunts the U1-tfs into processing bodies (P bodies)
for degradation (Ishikawa et al. 2014). Moreover, another
study suggests that the WD40 domain of Gemin5 associ-
ates with the m7G cap structure (Bradrick and Gromeier
2009), a signature 5′ end cap cotranscriptionally added to
the 5′ end of all transcripts from RNA polymerase II.
Hence, although the significance of the unique binding
event between the WD40 domain of Gemin5 and the Sm
site of pre-snRNAs is well established for snRNAmatura-
tion (Matera et al. 2007;Muller-McNicoll andNeugebauer
2013), the biological significance of Gemin5’s binding to
pre-snRNAs via the m7G cap is still unclear.
WD40 domain-containing proteins participate in a

broad spectrum of cellular processes, including signal
transduction, cytoskeletal assembly, cell cycle control,
chromatin dynamics, and transcription regulation. Mal-
functions of these proteins contribute to the pathogenesis
of various human diseases, such as cancer (Li and Roberts
2001). TheWD40 domain serves as a rigid scaffold for pro-
tein–protein/DNA interactions and the coordination of

downstream events, such as ubiquitinylation and histone
methylation (Xu and Min 2011). To understand how the
WD40 domain of Gemin5 recognizes the Sm site of pre-
snRNAs and the m7G cap, we determined the crystal
structures of the WD40 domain of Gemin5 in complex
with either the Sm site RNA or the m7GpppG cap. We
also found that Gemin5 binds U1-tfs via their m7G caps
in vivo and shunts these defective pre-U1 snRNAs into
P bodies for controlled RNA degradation. Overall, we pro-
pose a mechanistic model to explain the roles of cytoplas-
mic Gemin5 in delivering intact pre-snRNAs into the
snRNP biogenesis pathway and defective pre-snRNAs
for proper disposal.

Results

The WD40 domain of Gemin5 binds to the Sm site of
pre-snRNAs

The SMN complex is indispensable for the cytoplasmic
processing and maturation of snRNPs, the core compo-
nents of the eukaryotic spliceosome, while Gemin5 is
the only known component of the SMN complex that
directly recognizes pre-snRNAs (Gubitz et al. 2002;
Yong et al. 2010). Gemin5 is highly conserved in metazo-
ans and consists of a WD40 domain at its N terminus
and a coiled-coil domain at its C terminus (Fig. 1A; Sup-
plemental Fig. S1). Deletion mapping analysis has sug-
gested that the WD40 domain of Gemin5 is both
necessary and sufficient for specific binding to pre-

Figure 1. TheAUUUmotifwithin theSmsite
of pre-snRNAs is the major determinant for its
binding interaction with Gemin5. (A) Domain
architecture of full-length humanGemin5 pro-
tein. (B) The secondary structure of the human
U4 pre-snRNA fragment (nucleotides 81–145).
The Sm site of U4 pre-snRNA (119–125) is
boxed. Sequence alignments of the Sm sites
from different pre-snRNAs are presented at
the top. The key 119AUUU122 motif within
the different pre-snRNAs is colored in blue.
(SL) Stem–loop ofU4pre-snRNA. (C ) The bind-
ing affinities of the Gemin5 WD40 domain to
different fragments and mutants of U4 pre-
snRNA. (D) Representative ITCbinding curves
for the binding of the Gemin5 WD40 domain
(amino acids 1–739) to different RNAs derived
from U4 pre-snRNA. Derived Kds and respec-
tive standard deviations are also indicated. Ad-
ditional nucleotides of U4 pre-snRNA
preceding and following the Sm site are
underlined.
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snRNAs via the conserved Sm site and the adjacent vari-
able 3′-terminal stem–loop structure of pre-snRNAs
(Yong et al. 2004, 2010), which is found only in snRNAs
(Fig. 1B). To further investigate Gemin5-mediated recog-
nition of pre-snRNAs, we measured by isothermal titra-
tion calorimetry (ITC) and compared the binding
affinities and thermodynamic parameters of the human
Gemin5 WD40 domain with different RNAs derived
from U4 pre-snRNA (Fig. 1C; Supplemental Table S1).
Our binding results displayed that a fragment of U4 pre-
snRNA (nucleotides 118–125: 118AAUUUUUG125) binds
to theWD40 domain of Gemin5 with a dissociation cons-
tant (Kd) of 2.4 µM (Fig. 1C, row 4), and the addition of ex-
tra nucleotides at the 5′ or 3′ end, including adding the 3′

stem–loop structure, enhanced their binding affinities
only mildly, ∼1.3-fold to 2.0-fold (Fig. 1C [rows 1–4], D).
Therefore, our binding data revealed that the Sm site
of U4 pre-snRNA is sufficient for binding to the WD40
domain of Gemin5.

Crystal structure of the WD40 domain of Gemin5 in
complex with the Sm site RNA (118AAUUUUUG125)

To gain insights into the molecular mechanism of the Sm
site recognition by the WD40 domain of Gemin5, we de-
termined the crystal structures of the human Gemin5
WD40 domain alone and in complex with the Sm site
RNA (118AAUUUUUG125) at 1.65 Å and 1.80 Å resolu-
tions, respectively (Fig. 2A,B; Table 1).

The structure of theWD40 domain of Gemin5 includes
14 WD40 repeats, which form two seven-bladed β propel-
lers (namedWD1 andWD2, respectively), and bothWD40
β propellers of Gemin5 adopt the canonical WD40 fold
(Fig. 2A; Smith et al. 1999; Stirnimann et al. 2010; Xu
and Min 2011). The two β propellers are connected by
two interpropeller loops, with the first repeat of WD1
packing against the last repeat of WD2, and the last repeat
of WD1 packing against the first repeat of WD2 (Fig. 2A).
The top surfaces of these two β propellers, tilted slightly
against each other, face in the same general direction
and form a positively charged concave. The cocrystal
structure of Gemin5 and the Sm site RNA of the U4
(118AAUUUUUG125) complex revealed that this positive-
ly charged concave accommodates the Sm site RNA (Fig.
2B; Supplemental Fig. S2). The overall crystal structure of
theWD40 domain of Gemin5 did not change significantly
upon binding to the Sm site RNA, as the rootmean square
deviation (RMSD) between the backbones of the two
Gemin5 structures is just ∼0.2 Å (Supplemental Fig. 3).
In the Gemin5–118AAUUUUUG125 complex structure,
the A119–U122 and U124–G125 nucleotides were mod-
eled into electron density. A118 and most of U123 were
not visible in the electron density map (Supplemental
Fig. S4A).

A119–U122 is accommodated in the positively charged
concave of the WD40 domain of Gemin5, while U124
points to the solvent, and G125 resides in a pocket of
the top surface of WD2, respectively (Fig. 3A). The purine
ring of the adenosine (A119 inU4 pre-snRNA; the first nu-
cleotide in the Sm site) stacks with Tyr15 of Gemin5, and
the amino group of its purine ring forms two water-medi-
ated hydrogen bonds with the side chain of Glu197 of
Gemin5 (Fig. 3B). Both Tyr15 and Glu197 are evolution-
arily conserved in Gemin5 (Supplemental Fig. S1), and
mutating Tyr15 or Glu197 to alanine reduced the binding
affinity of Gemin5 to 118AAUUUUUG125 RNA by ∼7.5-
fold and 16.8-fold, respectively (Fig. 4A). On the other
hand, substitution of the A119 for C presumably would
introduce electrostatic repulsion with Tyr15 of Gemin5
between their carbonyl groups, while substitution of
the adenosine 119 for G (guanosine) or U (uridine)
would introduce electrostatic repulsion with Glu197 of
Gemin5 (Supplemental Fig. S5). The substitution of
A119 with G or C dramatically reduced the binding of
118AAUUUUUG125 toGemin5, althoughwe could not ex-
clude the possibility that the mutant RNA fragment
may adopt a different conformation to bind Gemin5
(Fig. 1C). Hence, an adenosine nucleotide is strongly pre-
ferred in this binding pocket for the recognition of
118AAUUUUUG125 by Gemin5.

The first uridine of the Sm site RNA (U120 in U4 pre-
snRNA) stacks with the indole ring of Trp14, and one car-
bonyl group from its pyrimidine ring also forms a hydro-
gen bond with the main chain NH group of Trp14 (Fig.
3C). U120 also forms several hydrogen bonds with
Ser11, Pro12, Trp14, and Arg359 of Gemin5 (Fig. 3C). Sub-
stitution of U120 for C, which is of similar size, would dis-
rupt its hydrogen bond with Trp14 of Gemin5 and
introduce steric clashes (Supplemental Fig. S6A).

Figure 2. Crystal structures of human Gemin5 in apo form or in
complex with the Sm site RNA. (A) The Gemin5 WD40 domain
(amino acids 1–739), which contains two seven-bladed β propel-
lers (colored in blue and green, respectively). Loops linking the
two propellers are colored in yellow. (B) Gemin5 in complex
with a Sm site RNA of U4 pre-snRNA (118AAUUUUUG125).
Gemin5 is colored the same as inA. (Red) Adenosine; (orange) uri-
dine; (cyan) guanosine. The missing U123 is denoted by dashes.
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Similarly, substitution of U120 for a purine base (G or A)
would disrupt the hydrogen bond network and introduce
steric clashes with surrounding residues. Consistent
with these findings, mutating U120 to either C or G or
mutating Trp14 to alanine significantly diminished the
binding ability of Gemin5 to the Sm site RNA (Figs. 1C,
4A; Supplemental Table S1). Taken together, U120, the
first uridine of the Sm site RNA, is snugly accommodated
in a uridine-specific binding pocket of Gemin5.
The second uridine (U121) of the Sm site RNA does not

show stacking interactions with Gemin5 but still forms
hydrogen bonds with Gemin5 through its pyrimidine
and ribosyl moieties (Fig. 3D). The pyrimidine ring of
U121 forms a direct hydrogen bond and a water-mediated
hydrogen bond with Asn13 and Tyr14/Arg66 of Gemin5,
respectively, while the ribosyl ring of U121 forms another
hydrogen bond with the side chain of Arg33 of Gemin5
(Fig. 3D). Uridine appears to be favored at this position
compared with other bases: Substitution of U121 by C
would cause a steric clash with the side chain of Arg66
and disrupt the water-mediated hydrogen bond between
Arg66 and the pyrimidine ring of U121 (Supplemental
Fig. S6B), as would substitution of U121 by a purine nucle-

otide. Accordingly, mutation of U121 of the Sm site RNA
to either C or G decreased its binding affinity to Gemin5
by about threefold and fivefold, respectively (Fig. 1C; Sup-
plemental Table S1).
The third uridine (U122) of the Sm siteRNAstackswith

Phe381 of Gemin5 on one side and is flanked by the side
chain of Lys428 on the other side (Fig. 3E). Furthermore,
the base of U122 also forms two hydrogen bonds with
themain chainNH group of Phe381 and the side chain hy-
droxylate group of Tyr383, respectively, while the phos-
phate moiety of U122 forms a hydrogen bond with the
side chain of Arg33 of Gemin5 (Fig. 3E). Substitution of
U122 for other nucleotides would disrupt those base-me-
diated hydrogen bonds with Phe381 and Tyr383 of
Gemin5 and introduce electrostatic repulsion (Supple-
mental Fig. S6C). Therefore, the two base-mediated hydro-
gen bonds with Phe381 and Tyr383 are the structural
determinants for sequence selectivity at this position
(Fig. 3E). In accordance with this notion, our binding
data indicate that mutation of U122 to either C or G abro-
gated the binding of the Sm site RNA to Gemin5 (Fig. 1C;
Supplemental Table S1), while mutating Phe381 to ala-
nine severely diminished the binding affinity between

Table 1. Data collection and refinement statistics

Apo Gemin5
Gemin5–
AAUUUUUG

Gemin5–
AAUUUUUGAG Gemin5–m7GpppG Gemin5–GpppG

Data collection
X-ray source APS 19ID APS 19ID FR-E APS 19ID FR-E
X-ray wavelength 0.9792 Å 0.9793 Å 1.5418 Å 0.9794 Å 1.5418 Å

Data reduction
Space group P 1 21 1 P 1 21 1 P21 P 1 21 1 P 1 21 1
a, b, c 60.81 Å, 124.41 Å,

61.03 Å
58.03 Å, 124.20 Å,

60.75 Å
57.86 Å, 124.52 Å,
60.60 Å

58.65 Å, 124.86 Å,
60.94 Å

58.24 Å, 125.34 Å,
60.91 Å

β 119.49° 116.92° 116.77° 117.52° 117.11°
Resolutiona 48.71 Å–1.65 Å

(1.68 Å–1.65 Å)
47.84 Å–1.80 Å

(1.84 Å–1.80 Å)
28.92 Å–1.85 Å
(1.90 Å–1.85 Å)

48.02 Å–1.95 Å
(2.00 Å–1.95 Å)

32.51 Å–1.80 Å
(1.84 Å–1.80 Å)

Unique reflections 93,484 (4501) 71,182 (4215) 65,191 (4031) 55,703 (3879) 69,342 (3909)
Rsym 0.091 (1.015) 0.103 (0.877) 0.131 (0.924) 0.079 (0.615) 0.053 (0.596)
I/σI 10.8 (1.3) 21.2 (2.3) 14.8 (1.9) 11.0 (1.8) 17.9 (2.2)
CC1/2 0.997 (0.495) 0.998 (0.750) 0.998 (0.592) 0.997 (0.847) 0.999 (0.784)
Completeness 98.9% (97.8%) 100.0% (100.0%) 99.9% (99.9%) 98.7% (97.6%) 96.8% (91.5%)
Friedel redundancy 3.8 (3.8) 7.4(7.5) 7.3 (7.0) 3.9(3.9) 3.8(3.6)

Refinement
Resolution 48.47 Å–1.65 Å

(1.68 Å–1.65 Å)
47.84 Å–1.80 Å

(1.84 Å–1.80 Å)
28.90 Å–1.85 Å
(1.90 Å–1.85 Å)

48.02 Å–1.95 Å
(2.00 Å–1.95 Å)

32.51 Å–1.80 Å
(1.84 Å–1.80 Å)

Reflection used/free 88,765/4684 67,561/3587 61,867/3294 52,871/2802 65,400/3464
Rwork/Rfree 16.4%/19.3% 16.8%/19.8% 16.4%/20.4% 17.9%/21.8% 16.7%/20.1%
Number of atoms/
average B-factor
Protein 5920 Å2/21.4 Å2 5220 Å2/24.6 Å2 5252 Å2/21.8 Å2 5218 Å2/36.0 Å2 5373 Å2/27.6 Å2

RNA N/A 128 Å2/40.9 Å2 82 Å2/35.3 Å2 33 Å2/45.1 Å2 35 Å2/42.3 Å2

RMSDs
Bond lengths 0.017 Å 0.013 Å 0.016 Å 0.014 Å 0.016 Å
Bond angles 1.6° 1.5° 1.5° 1.5° 1.5°

Molprobity
ramachandran
favored/outliers

97.2%/0.0% 97.6%/0.0% 97.4%/0.0% 96.0%/0.0% 97.4%/0.0%

aHighest-resolution shell.
(N/A) Not applicable.
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Gemin5 andSmsiteRNA (Fig. 4A), underlining the impor-
tance of the third uridine of the Sm site RNA in Gemin5-
mediated binding interaction with pre-snRNAs.

In contrast to the A119–U122 residues of the Sm site
RNA, U123–G125 only make minor contributions to
the Sm RNA binding. The majority of U123 is not visible
in the electron density map, except its phosphate group,
which does not directly interact with Gemin5. U124
points to the solvent and forms two hydrogen bonds
with Lys428 and Arg684 via its base and phosphate
groups, respectively (Fig. 3F). Although G125 of the Sm
site RNA (118AAUUUUUG125) resides in a binding pock-
et at the top surface of WD2 (Fig. 3G), it seems that this
binding pocket could accommodate only a terminal nu-
cleotide, while G125 is an internal nucleotide in U4
pre-snRNA, implying that this G125 binding event is
probably artificial. To investigate whether G125 of the
Sm site RNA could also bind to Gemin5 as an internal nu-
cleotide, we cocrystallized Gemin5 with a longer U4 pre-
snRNA fragment, 118AAUUUUUGAG127, in which G125
becomes an internal nucleotide. Consistently, the RNA
binding mode in this new complex is conserved with

that of the Gemin5–118AAUUUUUG125 complex struc-
ture, except that G125 does not contact Gemin5 any-
more, as expected (Supplemental Fig. S4B). In the new
complex, the extra nucleotides at the 3′ end of G125 of
the U4 pre-snRNA prevented the G125 residue from be-
ing positioned into thatWD2 pocket of Gemin5 anymore.
Since the accommodation of G125 byWD2 affects the ori-
entation of 118AAUUUUUG125, it is possible that the lon-
ger U4 fragment may adopt an alternative conformation
to contact Gemin5.

To evaluate the relative significance of the U123–G125
residues ofU4pre-snRNA in the interactionwithGemin5,
we replaced U123, U124, or G125 of the Sm site RNA
(118AAUUUUUG125) with other nucleotides and found
that thesemutations decreased the Sm siteRNA’s binding
affinity to Gemin5 only slightly, by ∼1.4-fold to 3.3-fold
(Fig. 1C), suggesting that U123–G125 make only minor
contributions to the Gemin5 binding. We also tested the
binding of the shorter Sm site RNA 118AAUUUU123 to
Gemin5 and found that its binding affinity to Gemin5
was slightly weaker than 118AAUUUUUG125 (3.4 vs. 2.4
µM). In contrast, a Sm site RNA mutant (nucleotides
118–145) with the 119AUUU122 motif replaced with
119CCCC122 did not bind to Gemin5 at all (Fig. 1C). Taken
together, our structural and mutagenesis data demon-
strate that the oligouridine sequence within the Sm site
of pre-snRNAs is a strong determinant of recognition by
the Gemin5 WD40 domain.

In addition to the Gemin5–RNA complexes, only one
WD40–DNA complex (DDB2) and twoWD40–RNA com-
plexes (Cwf17 and its human ortholog, U5-40K) have been
reported (Supplemental Fig. S7; Scrima et al. 2008; Yan
et al. 2015; Agafonov et al. 2016). Unlike Gemin5, DDB2
uses its top surface, andCwf17 uses its side surface to con-
tact the backbones of the respective nucleic acid ligands
(Scrima et al. 2008; Yan et al. 2015). In contrast to the
WD40 domain of Gemin5, neither DDB2 nor Cwf17 binds
to DNA or RNA in a sequence-dependent manner.

Lau et al. (2009) reported that Trp286 of Gemin5 is key
in recognizing the Sm site of pre-snRNAs. In ourGemin5–
RNA complex crystal structures, Trp286 is buried inside
the WD40 domain rather than solvent-exposed, so it
does not directly contact any nucleotide but contributes
to the formation of the WD1 β propeller. In our hands,
the W286A mutant of Gemin5 (1–739) was insoluble, in
contrast to the other mutants that we purified in this
study. We speculate that the previously reported W286A
mutant may have been similarly misfolded and therefore
incapable of binding.

Crystal structure of the WD40 domain of Gemin5
in complex with m7GpppG

A previous study suggested that the immunoprecipitated
Gemin5 protein from 293T cells associates either directly
or indirectly with m7GpppG, a m7G cap mimic, but not
GpppG (Bradrick andGromeier 2009). Our ITCbinding re-
sults show that the WD40 domain of Gemin5 exhibited a
binding affinity to m7GpppG 35-fold stronger than to
GpppG (4.0 vs. 140 µM) (Fig. 4A). Additionally, Gemin5’s

Figure 3. A relatively surface-exposed binding site characterized
by respective base-specific interactions dictates Gemin5-mediat-
ed recognition of the Sm site of pre-snRNA. (A) Detailed depic-
tion of intermolecular interactions between key residues of
Gemin5 and the 119AUUUUUG125 Sm site RNA, with the two
seven-bladed WD40 β propellers and the loops linking them col-
ored in blue, green, and yellow, respectively. (Red) Adenosine; (or-
ange) uridine. Gemin5 is shown as a ribbon. The RNA
nucleotides and key residues of Gemin5 are shown as sticks.
Key intermolecular interactions of Gemin5 residues with A119
(B), U120 (C ), U121 (D), U122 (E), U124 (F ), and G125 (G) of the
Sm site RNA. In B–G, the models are overlaid on a 2Fo–Fc σ-
weighted map contoured at 1.5 σ (gray cage).
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binding activity toward m3GpppG was undetectable by
ITC (Fig. 4A). Collectively, our ITC binding data indicate
that the WD40 domain of Gemin5 binds directly to m7G-
containing RNAs with high selectivity.
We next determined the crystal structures of theWD40

domain of Gemin5 in complex with m7GpppG or GpppG
at 1.85 Å and 1.80 Å resolutions, respectively (Table 1).
The two complex structures could be readily superim-
posed with the apo form of Gemin5 with an RMSD of
∼0.3 Å, indicating that the binding ofm7GpppG orGpppG
to Gemin5 does not cause significant overall changes of
Gemin5 (Supplemental Fig. S3). In both crystal structures,
only one nucleotide (m7G or G) was resolved, and guanine
was accommodated in a deep pocket at the WD2 top sur-
face (Fig. 5A; Supplemental Figs. S4C, S8).
The purine ring ofm7Gwas sandwiched between the ar-

omatic ring of Tyr474 and the side chains of Leu580 and
Asn582 (Fig. 5B; Supplemental Fig. S9A), similar to the
guanine ofG125 in theGemin5–118AAUUUUUG125 com-
plex structure (Figs. 3G, 5B). Similar stacking has also
been observed in other m7G or m3G RNA–protein com-
plex structures, including CBC20–m7GpppG (Mazza
et al. 2002), EIF4E–m7GpppG (Marcotrigiano et al. 1997),
PARN–m7GpppG (Wu et al. 2009), Dcps–m7GpppG (Gu
et al. 2004), and snurportin–m3GpppG (Supplemental
Fig. S9B–F; Strasser et al. 2005). In addition to the stacking
interaction, the m7G cap also forms several guanine-spe-
cific hydrogen bonds with Gemin5, including those be-
tween its purine 2 amino group and the backbone
carbonyl groups of Asn582 and Thr540 and the hydrogen

bond between its purine N1 group and the carbonyl group
of Thr540 (Fig. 5B). Interestingly, the methyl moiety
attached to the purine N7 of the m7G cap is in proximity
to the acidic hydroxyl group of Tyr474, which would in-
troduce an extra electrostatic interaction between the
pronounced positive charge at the methylated N7 of
m7GpppG and the side chain of Tyr474 (Fig. 5B; Supple-
mental Fig. S9A). This kind ofmethylation-mediated elec-
trostatic interaction has also been observed in theCBC20–
m7GpppG structure, in which the methyl moiety of the
m7G cap is proximal to the hydroxyl group of Tyr43 in
CBC20 (Supplemental Fig. S9B; Mazza et al. 2002). This
additional electrostatic interaction would explain why
Gemin5 preferentially binds to m7GpppG over GpppG
(Figs. 4A, 5B; Supplemental Fig. S9A). In contrast, the 5′

m3G cap, doubly methylated at the 2 amino position
(N2) in addition to single methylation at the N7position,
would not only suffer the loss of the two hydrogen bonds
with Thr540 and Asn582 of Gemin5 but also experience
steric clashes with the backbone carbonyl groups of these
amino acid residues. Accordingly, we did not detect any
binding between Gemin5 and m3GpppG (Fig. 4A).
In addition to the m7G cap, the three phosphate groups

of m7G also interact with Gemin5 (Fig. 5B). Specifically,
the first (γ) and the third (α) phosphate groups form hydro-
gen bonds with the side chain hydroxyl groups of Tyr474
and Tyr660 of Gemin5, respectively. The α phosphate
group forms a salt bridge with the side chain of Lys641
(Fig. 5B). Furthermore, the phosphate recognition mode
in the Gemin5–m7GpppG complex structure is conserved

Figure 4. Gemin5-mediated recognition of the m7G
cap of pre-snRNAs represents a novel independent
binding event with unique cellular functions. (A) The
binding affinities of the Gemin5 WD40 domain and
its mutants toward the Sm site RNA, m7GpppG,
GpppG, m3GpppG, and m7G-capped full-length U4
pre-snRNA, respectively. The Kd values were mea-
sured by ITC analysis, and the standard deviations of
the Kd values are also indicated. (B) In vivo binding of
Gemin5wild type (G5-WT), Gemin5m7G capmutants
(G5-Y474A and G5-K641A), and Gemin5 Sm site mu-
tants (G5-W14A and G5-Y15A) to pre-U1 and U1-tfs,
respectively. G5-WT-HEF (HA-TEV-Flag)-associated,
G5-W14A-HEF-associated, G5-Y15A-HEF-associated,
G5-Y474A-HEF-associated, and G5-K641A-HEF-asso-
ciated RNA–protein complexes were prepared by im-
munoprecipitation and separated by SDS-PAGE.
RNAs were detected by denaturing urea-PAGE–North-
ern blot analysis with the probes as indicated. (IP: Flag)
The isolated RNA–protein complex; (1% input) the cell
extract used for the immunoprecipitation. 7SK-5′ and
Met-tRNA were employed as loading controls. (C )
Evaluation of the impact of Gemin5 knockdown on
U1-tfs in cells. Stealth siRNA against Gemin5 (si) or
scRNA (sc; negative control) was transfected into
293T cells. The levels of pre-U1 and U1-tfs were exam-
ined by Northern blot analysis with Met-tRNA as the
loading control. The knockdown of Gemin5 was con-
firmed by immunoblot (IB) with β-actin and GADPH
as the loading controls.
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in the Gemin5–GpppG complex structure (Supplemental
Fig. S10). By evaluating the individual roles of the above
key residues of Gemin5 in recognizing the m7GpppG
cap, we found that neither the Y474A nor the K641A
Gemin5 single mutant bound to the m7GpppG cap based
on ITC analysis (Fig. 4A), underlining the essentiality of
both the guanine- and phosphate-binding interactions in
Gemin5-mediated m7GpppG cap recognition.

The 5′ m7GpppG cap and the Sm site of pre-snRNAs
bind independently to Gemin5

Our structural and binding studies revealed that the
m7GpppG cap and the Sm site RNA bound to two differ-
ent sites of the WD40 domain of Gemin5. Given the
well-established role of Gemin5-mediated pre-snRNA
binding in the snRNP biogenesis pathway, we next aimed
to investigate how these two binding events affect each
other. Our ITC analysis shows that, even though the
Y474A mutant of Gemin5 lost the m7GpppG cap-bind-
ing ability, it retained affinity to the Sm site RNA compa-
rable with that of wild-type Gemin5 (Fig. 4A). On the
other hand, the F381A mutant of Gemin5 displayed a sig-
nificantly diminished affinity toward Sm site RNA com-
pared with wild-type Gemin5 but bound to the
m7GpppG cap almost as strongly as wild-type Gemin5
(Fig. 4A), implicating that these two binding events are
largely independent.

To corroborate these findings, we synthesized full-
length U4 pre-snRNA and added a 5′ m7G cap to mimic

native m7G-capped U4 pre-snRNA. Our ITC binding re-
sults can be fit in a dual binding site model between the
WD40 domain of Gemin5 and the full-lengthm7G-capped
U4 pre-snRNA, with Kds of 1.0 and 5.0 µM (Supplemental
Fig. S11A). Hence, Gemin5’s interaction with the full-
length U4 pre-snRNA exhibited similar binding affinities
compared with respective affinities of Gemin5’s binding
to the Sm site RNA or the m7GpppG cap individually
(Figs. 1C, 4A). Furthermore, the Sm site-binding mutant
F381A of Gemin5 bound to m7G-capped U4 pre-snRNA
with a Kd of 3.6 µM, similar to that of wild-type Gemin5’s
binding to m7GpppG (Fig. 4A; Supplemental Fig. S11B).
On the other hand, the 5′ m7G-binding site mutant
Y474AofGemin5 bound to 5′ m7G-cappedU4 pre-snRNA
with a Kd of 1.6 µM, comparable with that of wild-type
Gemin5’s binding to Sm site RNA (Fig. 1C; Supplemental
Fig. S11C).Moreover, the doublemutant Y474A/F381A of
Gemin5 displayed very weak affinity toward U4 pre-
snRNA (Kd > 100 µM) (Supplemental Fig. S11D). Taken
together, these results suggest that the binding of the 5′

m7GpppG cap and the binding of the Sm site RNA to
wild-type Gemin5 are two virtually independent binding
events. In addition, the Sm site and the m7G cap are the
only two important sites within the full-length pre-
snRNAs that are directly recognized by theWD40 domain
of Gemin5.

In addition to theWD40 domain, Gemin5 also contains
a C-terminal domain predicted to contain a coiled-coil re-
gion. To investigatewhether theC-terminal domain binds
to pre-snRNAs, we purified the C-terminal domain of
Gemin5 (amino acids 843–1508) and found that it behaved
as a polymer (∼600 kDa) in solution (Supplemental Fig.
S12), suggesting that the coiled-coil domain could medi-
ate homopolymerization of Gemin5. We then performed
an EMSA gel shift assay to examine its binding to full-
length U4 pre-snRNA. In contrast to its N-terminal
WD40 domain, the C-terminal domain of Gemin5 did
not display any detectable binding toward full-length U4
pre-snRNA (Supplemental Fig. S12).

Gemin5 recognizes m7G-capped pre-snRNAs in vivo

In order to validate the snRNA-binding partners of
Gemin5 in vivo, we constructed a doxycycline-inducible
cell line expressing HEF (HA-TEV-Flag)-tagged Gemin5
and purified the Gemin5-associated complex. The
Gemin5-bound U1, U2, U4, and U5 pre-snRNAs and
U1-tfs were then separated by urea-PAGE (Supplemental
Fig. S13A) and subjected to in-gel RNase digestion fol-
lowed by nano-scale liquid chromatography-mass spec-
trometry (LC-MS) analysis (Supplemental Fig. S13B–F).
U1-tfs are ∼120 nucleotides in length, are truncated
forms of U1 pre-snRNAs lacking the Sm site and the fol-
lowing stem–loop 4 (SL4) but retaining the m7G cap
structure, and coexist with wild-type U1 pre-snRNAs
in vivo (Ishikawa et al. 2014). Our LC-MS results show
that Gemin5 bound to both m7G-capped and 5′ m3G-
capped U1, U2, U4, and U5 snRNAs in cells (Supplemen-
tal Fig. S13B–F). The m7G-capped pre-snRNAs are al-
most undetectable in total snRNA analysis (<1% for

Figure 5. Crystal structure of the Gemin5 WD40 domain in
complexwith them7G cap of pre-snRNA. (A) Gemin5 in complex
with m7GpppG (cyan). The second guanosine was not resolved.
(B) A detailed depiction of intermolecular interactions between
key residues of Gemin5 and m7GpppG. m7G (cyan sticks) is ac-
commodated into the top surface of the WD2 of Gemin5 (green).
The three phosphate moieties (orange) following the m7G are de-
noted as γ, β, and α, respectively. Gemin5 is colored the same as in
Figure 2A. The m7G-binding residues of Gemin5 (green) and the
m7G (cyan) are shown as sticks. Hydrogen bonds are shown as
black dashes.
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U1/U2/U4 and ∼1.2% for U5), but Gemin5 enriched
m7G-capped pre-snRNAs >100-fold, estimated from the
detection limits of the LC-MS assay (Supplemental Fig.
S14). Given the inability of Gemin5 to recognize the 5′

m3G cap structure as demonstrated above (Fig. 4A),
Gemin5 might bind to the 5′ m3G-capped pre-snRNAs
via their intact Sm site inside cells. Gemin5 could also
bind and enrich the m7G-capped U1-tfs (Supplemental
Fig. S12F), supporting the m7G cap-mediated recognition
of U1-tfs by Gemin5 in vivo. As a control, SmB could
recognize all regular snRNAs but not the U1-tfs (Supple-
mental Fig. S13B–F). Therefore, Gemin5 could bind inde-
pendently to both the m7G cap and the Sm site of pre-
snRNAs in vivo.

The m7G cap–Gemin5 interaction governs the fate
of U1-tfs in cells

Our previous SMN pull-down coupled with nano-scale
LC-tandem MS (LC-MS/MS) analysis had shown that the
SMNcomplex could associatewithnovelU1-tfs (Ishikawa
et al. 2014), and we show here that it is Gemin5 that is re-
sponsible for binding U1-tfs (Supplemental Fig. 13F). Fur-
thermore, our RNA pull-down analysis revealed that the
m7GpppG-binding site mutants Y474A and K641A of
Gemin5 displayed significantly reduced in vivo binding
to U1-tfs compared with wild-type Gemin5 as well as the
Sm site-binding mutants W14A or Y15A of Gemin5 (Fig.
4A,B, left). On the other hand, the Sm or m7GpppG site
mutants of Gemin5 did not show drastic changes in their
in vivo affinities to full-length U1 pre-snRNAs (Fig. 4B,
left), suggesting that Gemin5-mediated binding to either
the m7GpppG cap or the Sm site of U1 pre-snRNAs alone
provides sufficient affinity to pull down comparable
amounts of U1 pre-snRNAs from cells.
Exogenous expression of the m7GpppG-binding site

mutants Y474A and K641A of Gemin5 in cells signifi-
cantly and selectively decreased U1-tfs levels, implying
that these cap site mutants of Gemin5 had a dominant-
negative effect on endogenous wild-type Gemin5, and
the loss of the Gemin5-mediated m7G cap-binding events
resulted in destabilization of U1-tfs in cells (Fig. 4B, right).
None of these point mutations of Gemin5 affected in vivo
binding of Gemin5 to other components of the SMN com-
plex (including SMN, Gemin3, and Gemin6) or levels of
other m7G cap-associated proteins (including CBP80,
PHAX, and TGS1) (Supplemental Fig. S15A,B left panel).
In addition, exogenous expression of these point mutants
of Gemin5 in cells did not significantly affect the expres-
sion levels of all of these proteins (Supplemental Fig. S15B,
right panel).
To examine the cellular impact of the loss of specific in-

teraction between Gemin5 and the m7G cap on U1-tfs in
cells, we depleted endogenous Gemin5 in cells. Interest-
ingly, Gemin5 knockdown resulted in a drastic reduction
of the endogenous level of U1-tfs in cells (Fig. 4C), further
suggesting that Gemin5 stabilizes cellular U1-tfs and that
Gemin5’s interaction with U1-tfs represses the uncon-
trolled degradation of U1-tfs outside P bodies (Ishikawa

et al. 2014). To confirm the effect of Gemin5–m7G cap in-
teraction alone on U1-tfs, we cotransfected a truncated
form of U1 pre-snRNA that lacks the Sm site and SL4
(y18Sn-ΔSmSL4; a U1-tfs mimic) with the wild type and
the m7G cap mutants of Gemin5 (Y474A and K641A)
(Supplemental Fig. S15C). Exogenous expression of the
m7G cap-binding mutants of Gemin5 (Y474A and
K641A) resulted in a significant reduction of cellular lev-
els of the U1-tfs mimic (y18Sn-ΔSmSL4) as compared
with the wild-type Gemin5, providing another layer of
evidence that the recognition of the m7G cap of U1-tfs
by Gemin5 stabilizes U1-tfs (Supplemental Fig. S15C).
As a control, the cellular levels of 7SK-5′ and Met-tRNA
controls did not change (Supplemental Fig. S15C). Collec-
tively, these data support that Gemin5 binds directly
to U1-tfs via their m7G caps and stabilizes these pre-
snRNA mutants.

Discussion

Gemin5 of the SMN complex is responsible for recogniz-
ing pre-snRNAs and transferring them to the Sm ring
complex for assembly. Our crystal structures, comple-
mented with mutagenesis experiments, reveal that the
WD40 domain of Gemin5 selectively recognizes the Sm
site and them7G capmainly via the firstWD40 β propeller
and the second WD40 β propeller, respectively. Gemin5-
mediated bimodal recognition of pre-snRNAs provides a
stringent double-checkmechanism for snRNP biogenesis.
Remarkably, our data also revealed that the binding of
Gemin5 and them7G cap of defective pre-snRNAs, which
lacks the Sm site, shunts these truncated pre-snRNAs
away from the normal snRNP biogenesis pathway, there-
by contributing indirectly to the selective generation of
bona fide spliceosomes.

Gemin5 safeguards snRNP integrity by providing genuine
pre-snRNAs to the Sm complex

Raker et al. (1996) provided evidence that the Sm ring
complex can be assembled onto the Sm site RNA in vitro.
During the assembly, the SmE–F–G trimer and the
SmD1–D2 dimer are recruited to the Sm site RNA before
enlisting the SmD3–B dimer, which completes the con-
struction of the Sm ring complex. SmD2, SmG, and SmB
display strictly uridine-specific pockets (Weber et al.
2010). Since the addition of the SmD3–B dimer is the final
step in the formation of the heptameric ring (Raker et al.
1996), the proper assembly of snRNPs is initially thought
to be likely dependent on SmD2 and SmG for recognizing
the correct RNAs in vivo. However, it was later reported
that substitutions at any uridine of U121–U124 within
the Sm site RNA 118AAUUUUUGA126 surprisingly does
not significantly affect the assembly process of the Sm
ring complex on the Sm site RNA in vitro (Raker et al.
1999), thereby raising the risk of improper assembly.
Given the very low frequency of RNA missplicing
events in normal cells and thus the highly effectivemech-
anism for generating bona fide cellular spliceosomes,
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we hypothesized the existence of an error-proof mecha-
nism for capturing the correct RNAs in cells prior to the
engagement of the components of the Sm ring complex
with pre-snRNAs.

In this study, we provided mechanistic evidence that
mostly the first WD40 β propeller of Gemin5 recognizes
the Sm site RNA in a highly sequence-dependent binding
fashion, and the precise docking of the Sm site of pre-
snRNAs [A(U)4–6G, especially the 119AUUU122 keymotif]
to the exposed shallow groove of Gemin5 through base-
specific interactions would accurately position the pre-
snRNA for subsequent transfer from the SMN complex
to the heptameric Sm ring complex during the Sm core as-
sembly. Specifically, the recognition of oligo uridine at
the Sm site of pre-snRNAs by Gemin5 probably prevents
the misincorporation of other incorrect RNAs into
snRNPs by compensating for the low sequence selectivity
of the Sm ring complex. Therefore, our study provides
mechanistic insights into how the SMN complex uses
Gemin5 as a component to stringently scrutinize poten-
tial RNA substrates, leading to the tightly regulated deliv-
ery of pre-snRNAs into the Sm core assembly.

A possible model of pre-snRNA transfer from Gemin5
to the Sm ring complex

Gemin5 is well known for its association with pre-
snRNAs prior to their incorporation into the Sm ring com-
plex, leading to the biogenesis of snRNPs (Battle et al.
2006a,b). Our data presented above collectively indicate
that the WD40 domain of Gemin5 binds to the Sm site
of pre-snRNA in a sequence-specific manner. Notably,
the published crystal structure of the U4 snRNP shows
that the Sm site heptad (AUUUUUG) binds deep inside
the central hole of the Sm heptameric ring, with basically
each Sm protein recognizing one base (Weber et al. 2010;
Leung et al. 2011). In contrast, our Gemin5–Sm site
RNA complex structures reveal that, when loaded onto
Gemin5, the Sm site RNA is mostly solvent-exposed
(Fig. 2B). As a result, the pre-snRNA itself would likely en-
dure necessary conformational changes during the trans-
fer. Furthermore, Raker et al. (1999) found that regions
outside the Sm site also facilitate the snRNP assembly,
which is consistent with the observation that the 3′ se-
quence flanking the Sm site also makes contact with the
Sm complex in the known snRNP structures (Weber
et al. 2010; Leung et al. 2011). Therefore, it is plausible
that the initial interaction of the Sm proteins with
Gemin5-captured pre-snRNAs may occur at the free 3′

flanking sequence of the Sm site of these pre-snRNAs.

A working model of Gemin5 in quality control and
maturation of pre-snRNAs

Given that Gemin5 can recognize pre-snRNAs at two in-
dependent sites (namely, the Sm site and them7G cap), we
cannot exclude the possibility that Gemin5 molecules
could homopolymerize to cooperatively recognize a single
pre-snRNA molecule in cells, suggesting the existence of
Gemin5-mediated bimodal recognition signals for ensur-

ing the correct RNAs are prevented from entering into
the snRNP biogenesis pathway. In agreement with this
notion, we also found that Gemin5 could recognize the
defective form of pre-U1 snRNAs, U1-tfs, via binding to
theirm7G caps and shunts these defective Sm site-lacking
pre-snRNAs away from the snRNP biogenesis pathway.
As a P-body-associated protein, Gemin5 might direct
U1-tfs to P bodies for organized degradation, although
we could not exclude other possibilities (Fierro-Monti
et al. 2006). Collectively, we propose a working model
for Gemin5-guided quality control and maturation of
pre-snRNAs inside the cytoplasm. On the one hand,
through their N-terminal WD40 domains, two Gemin5
molecules can bind the same pre-snRNA molecule at
the m7G cap and the Sm site, respectively. On the other
hand, their C-terminal coiled-coil domains can homodi-
merize to stabilize their interactions with pre-snRNAs
in the cytoplasmic microenvironment.

As the association of the SMN complex with the Sm
proteins precedes its interaction with pre-snRNAs (Pelliz-
zoni et al. 2002; Yong et al. 2002), this Gemin5-guided
capture of cytoplasmic pre-snRNAs into the SMN com-
plex brings the correct RNA molecules into close pro-
ximity to the Sm proteins, which have low intrinsic
selectivity for pre-snRNAs. The Sm site-bound Gemin5
molecule is then displaced by the Sm proteins during
Sm core assembly. The subsequent conversion of m7G
tom3G at the 5′ cap of the pre-snRNAmolecule abolishes
the direct binding of the other Gemin5 to the matured
snRNA,which is now ready to be imported into the nucle-
us for snRNP assembly (Fig. 6A). These Gemin5-guided
mechanisms ensure the integrity of the maturation pro-
cess for pre-snRNAs in the cytoplasm prior to their nucle-
ar import for generation of a bona fide spliceosome.
Overall, our findings elucidate the molecular mechanism
behind Gemin5-mediated recognition of the Sm site of
pre-snRNAs during snRNA maturation. More important-
ly, we provide evidence for a novel interaction event
between the m7G cap of pre-snRNAs and the WD40
domain of Gemin5.

Interestingly, thematuration of snRNAs specifically in-
side the cytoplasm probably provides an advantage of
compartmentation to avoid undesired assembly of ran-
domRNAs into snRNPs inside the nucleic acid-rich envi-
ronment of the nucleus. This nuclear membrane shield,
while effective, is likely not sufficient to prevent the
production of spliceosomes containing defective RNA
subcomponents. The novel functional role of Gemin5-
mediated recognition of them7G cap of U1-tfs in shunting
these defective U1 pre-snRNAmutants into P bodies pro-
vides an additional surveillancemechanism inside the cy-
toplasm to ensure the integrity of U1 snRNA maturation
(Fig. 6B). It is natural to speculate about the existence of
other similar Gemin5-guided surveillance mechanisms
for controlling the quality of other species of pre-snRNAs,
and this deserves future investigation. Meanwhile, the
functional significance of the Gemin5-mediated recogni-
tion of the m7G cap of intact pre-snRNAs in the normal
snRNPbiogenesis pathwaywill likely be of compelling in-
terest to the field.
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Other potential cellular functions of Gemin5

Given the low sequence selectivity of the Sm ring com-
plex for uridine-rich RNAs in vitro (Wahl et al. 2009),
our findings highlight the surveillance capacity of
Gemin5 of the SMN complex in ensuring that Sm cores
could be assembled only on pre-snRNAs, thereby safe-
guarding the cells from defective spliceosomes. However,
besides pre-snRNAs, few other RNAs inside cells also
contain the Sm site-like sequence motif. For example,
Gemin5 in the nucleus can regulate the translation of
the SMN proteins via its association with the 3′ Sm site-
like sequence of SMN mRNAs (Workman et al. 2015). In
addition, the telomerase RNA subunit TER1 also harbors
the Sm site at its 3′ terminus (Seto et al. 1999; Leonardi
et al. 2008; Gunisova et al. 2009), upon which the Sm
and Lsm complexes assemble during telomerase biogene-
sis (Tang et al. 2012), implying a potential role of nuclear
Gemin5 in recognition of TER1 at the Sm site. Thus, anal-
ogous to Gemin5’s role in snRNA maturation, Gemin5’s
potential recognition of other cellular RNAs containing
these Sm site-like sequence motifs in the nucleus may
have important functional significances and deserves fu-
ture investigations. Additionally, Gemin5 does not exist
only as a component of the SMN complex but has also
been found in the Gemin3–Gemin4–Gemin5 complex
(Battle et al. 2007; Otter et al. 2007) and an IRES-specific
ribonucleoprotein complex (Pacheco et al. 2009). Collec-
tively, our findings in this study provide the structural

foundation to facilitate the elucidation of the potentially
pleiotropic cellular functions of Gemin5.

Materials and methods

Protein expression and purification of human Gemin5

The WD40 domain of Gemin5 (residues 1–739) was cloned into
the vector pFBOH-LIC and expressed in Sf9 insect cells. Sf9 cells
(0.8 L; 4.5 × 106 cells per milliliter) were infected with 8 mL of P3
recombinant baculovirus and grown in a 2.8-L shake flask at 100
rpm and 27°C. HyQ SFX insect serummedium containing 10 µg/
mL gentamicin was used as the culture medium. Infected cells
were harvestedwhen viability dropped to 80%–85%, normally af-
ter 48 h. Harvested cells were washed with ice-cold PBS buffer,
flash-frozen in liquid nitrogen, and stored at −80°C for purifica-
tion. The recombinant protein, which contains an N-terminal
6xHis tag, was purified on a Ni-NTA resin (Qiagen) and further
purified by Superdex 200 gel filtration column (GE Healthcare)
in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM DTT
(dithiothreitol). Purified Gemin5 protein was concentrated to
15–20 mg/mL and stored at −80°C before further use.

Crystallization of apo Gemin5 and its complex with a Sm site
RNA

The apo form of Gemin5 was crystallized in a condition of 0.1 M
sodium citrate (pH 5.5–6.5) 0.2 M ammonium acetate, and 15%
PEG 4000 using the sitting drop vapor diffusion method at 18°C
by mixing 1 µL of the protein solution with 1 µL of the reservoir

Figure 6. A proposed model depicting Gemin5-driven molecular mechanisms responsible for the quality control and maturation of
snRNAs inside the cytoplasm. (A) Through their N-terminal WD40 domains, two Gemin5 proteins recognize one pre-snRNA molecule
via both them7G cap and the Sm site, respectively, while the polymerization of these twoGemin5molecules via their C-terminal coiled-
coil domains stabilizes their binding interactions with the pre-snRNA molecule. As the association of the SMN complex with the Sm
proteins precedes its interaction with pre-snRNAs (Pellizzoni et al. 2002; Yong et al. 2002), this Gemin5-guided capture of cytoplasmic
pre-snRNAs into the SMN complex brings the correct RNA molecules into close proximity to the Sm proteins, which have an intrinsic
low specificity for recognizing pre-snRNAs. The Sm site-boundGemin5molecule is then displaced by the Sm proteins during the Sm core
assembly. The subsequent conversion of m7G to m3G at the 5′ cap of the pre-snRNAs leads to the dissociation of the other Gemin5 mol-
ecule. These Gemin5-guided mechanisms ensure the integrity of the maturation process for pre-snRNAs in the cytoplasm prior to their
nuclear import for generation of bona fide spliceosomes. (B) Gemin5 recognizesU1-tfs via them7G cap and escorts them to the P bodies for
controlled RNA turnover, thereby shunting these U1 pre-snRNA mutants away from the normal U1 snRNP biogenesis pathway.
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solution. For the Gemin5–118AAUUUUUG125 complex, the
Gemin5 protein andRNAweremixed in a ratio of 1:1.5. The crys-
tals, which appeared in 2–3 d in the same conditions as those of
apo Gemin5, were then soaked with 0.5 mM 118AAUUUUUG125

RNA for another day in the same reservoir solution. The crystals
of the Gemin5–118AAUUUUUGAG127 complex were obtained
the same way.
For the Gemin5–m7GpppG or Gemin5–GpppG complex,

m7GpppG and GpppG were purchased from Sigma-Aldrich. The
crystals of either complex were obtained by soaking the crystal
of apo Gemin5 with 1.0 mM m7GpppG or GpppG for 24 h
using sitting drop in a condition of 0.1 M sodium citrate (pH
6.5), 0.2 M ammonium acetate, and 18% PEG 4000. Before
flash-freezing crystals in liquid nitrogen, all crystals were soaked
in a cryo-protectant consisting of 90% reservoir solution plus
10% glycerol.

Structure determination

Diffraction data were collected under cooling at 100 K as shown
in Supplemental Table 1. Reflection intensities were integrated
with the Denzo-ScalePack (Otwinowski and Minor 1997) or
XDS (Kabsch 2010)–Pointless–Scala/Aimless (Evans andMurshu-
dov 2013) pipeline. For each Gemin5–RNA complex, diffraction
intensities from two similar crystals were merged. The Gemin5
apo structurewas solved bymolecular replacement using the pro-
grams Phaser (McCoy et al. 2007) and Molrep (Vagin and Teplya-
kov 2010) as well as SCWRL (Canutescu et al. 2003) models
derived from ProteinData Bank (PDB) (Berman et al. 2000) entries
3OW8 (Xu and Min 2011), 2HES (Srinivasan et al. 2007), and
3DM0 (Ullah et al. 2008) on the FFAS03 server (Jaroszewski
et al. 2005). ARP/wARP was used for phase improvement (Perra-
kis et al. 1997) and automated protein chain tracing (Perrakis
et al. 1999). Phaser molecular replacement with apo Gemin5 co-
ordinates solved the m7GpppG complex structure, whereas the
RNA and GpppG complexes did not require a renewedmolecular
replacement search.
Restraints for them7GpppG ligandwere prepared with the pro-

gram Grade server (http://grade.globalphasing.org/cgi-bin/grade/
server.cgi) and coordinates fromPDB entry 3HXI. Models were it-
eratively validated, rebuilt, and refined on the MolProbity (Chen
et al. 2010) server in Coot (Emsley et al. 2010) and Refmac (Mur-
shudov et al. 2011), respectively. Data collection and refinement
statistics are summarized in Table 1 (Yang et al. 2004; Gildea
et al. 2011).

Synthesis of the m7G-capped full-length U4 pre-snRNA

Full-length U4 pre-snRNA was synthesized from the DNA tem-
plate by using the Megashortscript kit (Invitrogen) following
the product instructions. RNeasy minicolumns (Qiagen) were
used for further purification of synthesized snRNA. The capping
kit (New England Biolabs) using the vaccinia virus capping en-
zyme was used to add m7G at the 5′ position of the synthesized
U4 pre-snRNA. Next, the m7G-capped U4 pre-snRNAs were an-
nealed and used for further experiments.

ITC binding assay

Measurements were performed at 25°C with a VP-ITC microcal-
orimeter (MicroCal, Inc.) or nano-ITC (TA, Inc.). All of the RNA
fragments used in this study, except the m7G-capped U4 pre-
snRNA, were purchased from Integrated DNA Technologies,
Inc. RNAs were dissolved and dialyzed in buffer containing 20
mM Tris-HCl (pH 7.5) and 150 mM NaCl in diethylpyrocarbon-

ate-treated RNase-free water. The concentrations of proteins
and RNA fragments were estimated with absorbance spectro-
scopy using their extinction coefficients at 280 and 260 nm, re-
spectively. VP-ITC was performed by injecting 10 µL of 0.2–
0.44 mM RNA solution into a sample cell containing 7–15 µM
protein. Fifteen to 25 injections were performed with a spacing
of 180 sec and a reference power of 15 µcal/sec. Binding isotherms
were plotted and analyzed with Origin software (MicroCal, Inc.)
after subtraction of their respective RNA-only controls. The ther-
modynamic parameters, including the Kd, enthalpy (ΔH), entropy
(ΔS), and free energy (ΔG), were calculated by fitting in a “one-
site” model from the titration curves (Supplemental Table S1;
Supplemental Fig. S16). The error bars for those parameters
were obtained from the nonlinear least-squares curve fittings.
Nano-ITC was used to examine the binding of Gemin5 wild

type or mutants to the m7G-capped U4 pre-snRNA. Two micro-
liters of protein solution (120–150 µM)was injected into a sample
cell containing 8 µMm7G-capped U4 pre-snRNA. Data were pro-
cessedwithNanoAnalyze (TA, Inc.) software and fitted in a “one-
site” or “two-site” model after subtraction of protein-only con-
trols (Supplemental Fig. S11).

Construction of plasmids expressing Gemin5 with a point
mutation

Site-directed mutagenesis was performed using the expression
plasmid encoding Gemin5 wild type fused with a C-terminal
HEF tag (pcDNA5-FRT/TO-G5-WT-HEF) (Ishikawa et al. 2014).
The plasmid DNA (50 ng) was amplified by PCRwith the follow-
ing set of mutagenesis primers: 5′-TCATAAGAAGACTGTAGC
TACTTTAGCCTG-3′ and 5′-CAGGCTAAAGTAGCTACAGT
CTTCTTATGA-3′ for G5-Y474A-HEF (corresponding toGemin5
mutant Y474A), 5′-AGGGCATACGGCCGCGATTACCAGT
GT-3′ and 5′-ACACTGGTAATCGCGGCCGTATGCCCT-3′

for G5-Y641A-HEF (Y641A), 5′-CTCCCCCAACGCGTACTG
CGCCCGCTGCAG-3′ and 5′-CTGCAGCGGGCGCAGTAC
GCGTTGGGGGAG-3′ for G5-W14A-HEF (W14A), and 5′-CT
CCCCCAACTGGGCCTGCGCCCGCTGCAG-3′ and 5′-CTG
CAGCGGGCGCAGGCCCAGTTGGGGGAG-3′ for G5-Y15A-
HEF (Y15A). After digestion with methylation-specific endonu-
cleaseDpn I, the PCR productwith pointmutationswas prepared
by using Escherichia coli (DH5α). Point mutations were con-
firmed by DNA sequencing.

Cell culture and transfection

Flp-In T-REx 293 and 293T cells were cultured by standardmeth-
ods in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal calf serum, 100 U of
penicillin G (Sigma-Aldrich), and 100 µg/mL streptomycin
(Wako) at 37°C in a humidified atmosphere of 95% air and 5%
CO2. Expression plasmid was transfected into the cells using Lip-
ofectamine 2000 or Lipofectamine RNAiMAX reagent (Thermo
Fisher Scientific).

Preparation of doxycycline-inducible cell lines expressing
G5-WT-HEF or its point mutants

Flp-In T-REx-293 cells were cultured inDMEMat 37°C, seeded in
a 24-well plate, and transfected with 2 µL of Lipofectamine 2000
containing 0.25 µg of the respective expression plasmid and 0.25
µg of pOG44 vector (Thermo Fisher Scientific). Once the cultured
cells reached >90% confluence (∼24–48 h after transfection),
hygromycin B (Thermo Fisher Scientific) was added to their
DMEM (containing 10% fetal bovine serum) at a final
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concentration of 100 µg/mL. Cells were then cultured for another
2 wk in the presence of 100 µg/mL hygromycin B by changing the
culture medium every 2 d. Culture of selected cell colonies was
scaled up for further experiments.

Isolation of the RNA–protein complex associated
with G5-WT-HEF or its point mutants

The Flp-In T-REx 293 cells containing G5-WT-HEF or its point
mutants were induced for expression with 1 µg/mL doxycycline
for 48 h in 150-mmdishes. The cells were then harvested, washed
oncewith PBS, lysed by vigorousmixing for 30 sec in 1mL of lysis
buffer (50mMTris-HCl at pH8.0 containing 150mMNaCl, 0.5%
[w/v] IGEPAL-CA630, 1 mMPMSF), and incubated for 20 min on
ice. Soluble whole-cell lysates were prepared by centrifugation at
20,000g for 20 min at 4°C and incubated with 10–15 µL of anti-
Flag M2 agarose beads (Sigma-Aldrich) for 3 h at 4°C with rota-
tion. The beads were washed five times with 1 mL of lysis buffer
and once with 50 mM Tris-HCl (pH 8.0) containing 150 mM
NaCl, and then RNA–protein complexes (RNPs) were eluted
from the beads with 500 µg/mL Flag peptide in the same buffer.

Extraction of proteins and RNAs from RNPs or soluble whole-
cell lysates

RNPs or soluble whole-cell lysates were mixed vigorously with
an equal volume of 2× RNA extraction buffer (10 mM Tris-HCl
at pH 8.0 containing 7 M urea, 350 mM NaCl, 1% SDS, 10 mM
EDTA) and buffered phenol/chloroform solution (pH 8.0). The
aqueous and organic phases were separated by centrifugation at
20,000g for 30 min at 4°C. 2-propanol equal to the volume of
the aqueous phase was added for precipitation of RNAs, whereas
4 vol of 2-propanol was added to organic phase for precipitation of
proteins. Next, the RNAs or proteins were collected by centrifu-
gation at 20,000g for 30 min at 4°C. Each precipitate was rinsed
with 75% ethanol and air-dried.

Denaturing urea-PAGE and Northern blotting

RNAs were separated by urea-PAGE (7.5 M urea, 9% polyacryl-
amide) in 0.5× TBE running buffer at 12.5 V/cm for 2–3 h and
transferred electrophoretically to a Hybond-N+ membrane (GE
Healthcare) in 0.5× TBE using a semidry blotting apparatus.
Themembranewas dried, exposed to UV irradiation, and blocked
with 40 µg/mL salmon sperm DNA in prehybridization buffer
containing 5× SSC (saline–sodium citrate buffer), 20 mM NaH2-

PO4 (pH 7.5), 7% SDS, and 2× Denhardt’s solution for at least 1
h. After blocking, membranes containing cross-linked RNAs
were hybridized with their respective oligonucleotides labeled
with biotin overnight at 50°C. The hybridized membrane was
washed twice with wash buffer A (3× SSC, 25 mM NaH2PO4 at
pH 7.5, 5% SDS) for 15 min and twice with wash buffer B (1×
SSC, 1% SDS) for 15 min at 50°C. RNAs hybridized with bio-
tin-labeled DNA were stained with a chemiluminescent nucleic
acid detection module (Thermo Fisher Scientific) and detected
with an LAS4000 luminescent image analyzer (GE Healthcare).

SDS-PAGE and Western blot analysis

Proteins were separated by SDS-PAGE and transferred to a poly-
vinylidene difluoridemembrane (Ishikawa et al. 2014). Themem-
branes were blocked with 5% nonfat dried milk in TBST (Tris-
buffered saline containing 0.1% [w/v] Tween 20) for 1 h and
then incubated with their respective antibodies for 1 h at room
temperature. The membranes were then washed three times

with TBST for 10 min, incubated with a secondary antibody con-
jugated with horseradish peroxidase for 1 h at room temperature,
and washed three times with TBST for 10 min. Clarity Western
ECL substrate (Bio-Rad) was used for detection with an LAS4000.

Coexpression analysis of y18Sn-tagged pre-U1 constructs
and Gemin5 mutants

Exogenously expressed y18Sn-tagged U1 and its derivative con-
structs were prepared as reported previously (Ishikawa et al.
2014). They were mixed with G5-WT-HEF or point mutant con-
structs, respectively, and transfected into 293T cells with Lipo-
fectamine 2000 reagent. At 24 h after transfection, cells were
harvested and collected by centrifugation at 1200g for 5 min at
4°C. Four-fifths of the collected cells were used for RNA extrac-
tion, while the remaining cells were used for protein extraction.
Total RNAs were prepared with TRIzol reagent (Thermo Fisher
Scientific), and total proteins were obtained with RIPA buffer
(20 mM Tris-HCl at pH 8.0, 150 mM NaCl, 2mM EDTA, 1%
sodium deoxycholate, 0.1% SDS, 1% Triton X-100). RNAs and
proteins extracted from the cells were analyzed as described pre-
viously (Ishikawa et al. 2014).

RNAi

293T cells (5 × 105 cells) were cultured in 35-mmdishes until they
reached 80% confluency and were then transfected with 5 µL of
Lipofectamine RNAiMAX and 100 pmol of the following stealth
siRNAs: 5′-CAAACCAUUCGAAUCUGGAGCUGUU-3′ and 5′-
AACAGCUCCAGAUUCGAAUGGUUUG-3′ for Gemin5 (si)
and 5′-CAAUUACAAGCGUCUCGAGUCAGUU-3′ and 5′-
AACUGACUCGAGACGCUUGUAAUUG-3′ for Gemin5-nega-
tive control (sc). The cells were transferred to 100-mm dishes
24 h after transfection. The transfected cells were cultured in
DMEM supplemented with 10% fetal bovine serum and harvest-
ed at 72 h after transfection. Proteins and RNAs were analyzed as
described previously (Ishikawa et al. 2014).

MS-based RNA analysis

Gemin5 (G5-WT-HEF)-associated snRNAswere separated by 8M
urea/9%(w/v) PAGE followedbydetectionwithSYBRGold stain-
ing (Invitrogen) and in-gel digestion with RNase T1 (Taoka et al.
2010). SmB-associated RNAs were separated on a PLRP-S 300 Å
column (2-mm I.D. × 100mm in length, 3-mmparticle size) (Poly-
mer Laboratories) at 60°Cby a 60-min linear gradient from12%to
16% acetonitrile in 100 mM triethylammonium acetate (pH 7.0)
containing 0.1 mM ammonium phosphate dibasic (Yamauchi
et al. 2013). RNAs were detected by monitoring absorbance at
A260 and were then digested with RNase T1 in 100 mM triethy-
lammonium acetate (pH 7.0) for 60min at 37°C. All of the result-
ing oligonucleotidemixtures were analyzed by the nano-flow LC-
MS/MS system (Taoka et al. 2009; Nakayama et al. 2015)
equippedwitha genome-orienteddatabase searchengine,Ariadne
(Nakayama et al. 2009). The Q-Exactive mass spectrometer
(Thermo Scientific) was operated in a data-dependent mode so
that it was automatically switched between MS and MS/MS ac-
quisitions. Survey full-scanmass spectra (m/z 500–2000) were ac-
quired with a mass resolution of 35,000 at m/z 200. For the five
most intense mass peaks in a survey scan with an intensity that
was >25,000 counts per second, each peak was isolated within a
3-m/zwindow for fragmentation. Themass peaks were fragment-
ed by higher-energy collisional dissociation with a normalized
collision energy of 20%. Ariadne-based RNA identification was
performed using the genome database ofHomo sapiens (reference
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assembly version GRCh37 obtained from ftp://ftp.ncbi.nlm.nih.
gov/genomes/H_sapiens under the following parameters: maxi-
mum number of missed cleavages, 1; variable modification pa-
rameter, one methylation per RNA fragment for any residue;
RNAmass tolerance, ±20 ppm; and MS/MS tolerance, ±50 ppm.
Atomic coordinates and structure factors for structures of

Gemin5 in apo form and in complex with GpppG, m7GpppG,
118AAUUUUUG125, and 118AAUUUUUGAG127 have been
deposited into the PDB with accession codes 5TEE, 5THA,
5TEF, 5GXH, and 5GXI, respectively.
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