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Assembly of the spliceosomal small nuclear ribonucleoparticle (snRNP) core requires the participation of the
multisubunit SMN (survival ofmotor neuron) complex, which contains SMNand several Gemin proteins. The SMN
and Gemin2 subunits directly bind Sm proteins, and Gemin5 is required for snRNP biogenesis and has been im-
plicated in snRNA recognition. The RNA sequence required for snRNP assembly includes the Sm site and an ad-
jacent 3′ stem–loop, but a precise understanding of Gemin5’s RNA-binding specificity is lacking. Herewe show that
the N-terminal half of Gemin5, which is composed of two juxtaposed seven-bladed WD40 repeat domains, recog-
nizes the Sm site. The tandem WD40 repeat domains are rigidly held together to form a contiguous RNA-binding
surface. RNA-contacting residues are located mostly on loops between β strands on the apical surface of the WD40
domains. Structural and biochemical analyses show that base-stacking interactions involving four aromatic residues
and hydrogen bonding by a pair of arginines are crucial for specific recognition of the Sm sequence.We also show that
an adenine immediately 5′ to the Sm site is required for efficient binding and thatGemin5 can bind short RNA oligos
in an alternative mode. Our results provide mechanistic understandings of Gemin5’s snRNA-binding specificity as
well as valuable insights into the molecular mechanism of RNA binding by WD40 repeat proteins in general.
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Splicing of pre-mRNA is catalyzed by a large dynamic ri-
bonucleoprotein complex known as the spliceosome,
which not only faithfully churns out mature messengers
but also is responsible for generating diverse proteomes
in eukaryotes through alternative splicing. The spliceo-
some is assembled on pre-mRNA from U-type small
nuclear ribonucleoparticles (snRNP) and additional splic-
ing factors. The five major spliceosomal snRNPs—U1,
U2, U4, U5, and U6—share some common features but
differ in composition and structures, as required by their
distinct roles in spliceosome assembly and splicing reac-
tions (Will and Luhrmann 2011; Papasaikas and Valcarcel
2016). All spliceosomal snRNPs contain a characteristic
noncoding RNA ranging in size between 100 and 200 nu-
cleotides (nt) in humans, a heptameric Sm/Lsm protein
complex, and varying numbers of snRNP-specific protein
components. U1, U2, U4, and U5 snRNAs are transcribed

by RNA polymerase II (Pol II) and then travel to the cyto-
plasm for assembly of the snRNP core and snRNA matu-
ration, including 2,2,7 trimethylation of the guanosine
cap and 3′ end trimming (Battle et al. 2006a; Neuen-
kirchen et al. 2008; Li et al. 2014). The assembly of the
snRNP core, composed of snRNA and the seven-member
Sm protein complex, depends on a conserved short RNA
sequence motif known as the Sm site. U6 snRNA differs
fromothermajor spliceosomal snRNAs in several aspects:
It is transcribed by Pol III, contains a γ-monomethylated
cap, and lacks a conserved Sm site, and the core snRNP
is formed by the association of Lsm proteins, which are
distinct members of the Sm family of proteins (Reddy
et al. 1987; Singh and Reddy 1989; Achsel et al. 1999;
Mayes et al. 1999).
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The Sm-dependent assembly of snRNP in vivo requires
coordinated actions of the PRMT5 and SMN (survival of
motor neuron) complexes. In mammalian cells, the
PRMT5 complex is composed of PRMT5 (the catalytic
subunit of the arginine symmetric dimethylase complex),
MEP50, and pICln. The PRMT5 complex is a 20S methyl-
osome that catalyzes arginine symmetric dimethylation
of the B, B′, D1, and D3 subunits of the Sm protein com-
plex (Battle et al. 2006a; Neuenkirchen et al. 2008; Li
et al. 2014). PRMT5 is an obligatory dimer, and, in the
presence of MEP50, further dimerizes to form a hetero-
octameric 4x(PRMT5–MEP50) complex (Sun et al. 2011;
Antonysamy et al. 2012). MEP50 and pICln direct the en-
zymatic activity of PRMT5 toward Sm proteins. In partic-
ular, pICln alone can form a ring-shaped 6S complex
composed of SmD1/D2 and SmF/E/G, while methylation
of SmB/D3 is believed to take place with pICln in the
methylosome complex (Friesen et al. 2001b; Meister
et al. 2001b; Pesiridis et al. 2009; Grimm et al. 2013). A
separate arginine symmetric dimethylase, PRMT7, can
also methylate Sm proteins (Gonsalvez et al. 2007). Argi-
nine methylation of Sm proteins is required for proper
snRNP biogenesis. A conventional wisdom is that argi-
nine symmetric dimethylation increases the binding af-
finity between Sm proteins and SMN, which contains a
Tudor domain known to preferentially recognize symmet-
rically dimethylated arginines (Brahms et al. 2001; Friesen
et al. 2001a; Liu et al. 2010; Tripsianes et al. 2011).

The SMN complex is composed of SMN, Gemin2–8,
and UNRIP (Li et al. 2014). SMN is the product of the spi-
nal muscular atrophy (SMA) disease gene. Loss or muta-
tion of SMN results in motor neuron degeneration in
the spinal cord, and the disease is the leading genetic
cause of infant mortality. SMN interacts with Gemin2,
which in turn binds the SmD1/D2/E/F/G pentamer to
form an snRNP assembly intermediate complex (Chari
et al. 2008; Zhang et al. 2011). Gemin3 is aDEAD-box pro-
tein believed to be responsible for the ATP-dependent
snRNP assembly activity in early studies, but subsequent
in vitro studies using purified systems have cast doubt on
the ATP dependence during snRNP assembly (Meister
et al. 2001a; Pellizzoni et al. 2002; Chari et al. 2008; Kroiss
et al. 2008). Gemin3 interacts with both SMN and
Gemin4, whose function in snRNP assembly remains
unclear (Charroux et al. 1999, 2000). Similarly, little is
known about the precise functions of Gemin6–8 and
UNRIP apart from the observations that Gemin6 and
Gemin7 both possess an Sm fold domain and form a het-
erodimer capable of binding Sm proteins in vitro (Ma
et al. 2005). This structural feature of Gemin6 and
Gemin7 suggests that they may serve as an Sm dimer sur-
rogate during snRNP assembly.

Gemin5 is the snRNA-binding subunit of the SMN
complex (Gubitz et al. 2002; Battle et al. 2006b). Based
on sequence prediction, it contains 13 WD40 repeats,
and the snRNA-binding region is mapped to theWD40 re-
peat domains (Lau et al. 2009). The snRNA region for
binding the SMN complex has been mapped to the Sm
site and an adjacent 3′ stem–loop (Yong et al. 2004;
Golembe et al. 2005). An exception is found with U1

snRNA, which requires a 5′ SL1 stem–loop for binding
the SMN complex (Yong et al. 2002). A recent study re-
vealed a special U1 snRNP assembly pathway dependent
on the U1-70K protein, which binds SL1 (So et al. 2016).
This finding perhaps explains the observation that
Gemin5 is not strictly needed for snRNP assembly in vi-
tro, judged by an assay using purified systems (Neuen-
kirchen et al. 2015). The binding of the SMN complex
and Gemin5 to the Sm site is sequence-specific, but the
nucleotide sequence for the stem–loop appears to be un-
important. The Sm-dependent binding of Gemin5 has
been attributed to its WD40 repeat domains (Lau et al.
2009). The WD40 repeat domain is a β-propeller structure
traditionally considered to be a versatile protein–protein
interaction module (Xu and Min 2011). Nevertheless, an
increasing number of WD40 repeat domains have shown
up as sequence-specific RNA-binding units (Tycowski
et al. 2009; Chan et al. 2014; Schonemann et al. 2014).
To date, only very limited information is available about
the structural basis for sequence-specific RNA binding
by WD40-like domains (Loedige et al. 2015), but more ex-
amples of RNA-interacting WD40 repeat domains are
turning up in the rapidly developing high-resolution
cryo-electron microscopy (cryo-EM) studies of spliceoso-
mal complexes (Yan et al. 2015, 2016; Agafonov et al.
2016; Galej et al. 2016; Rauhut et al. 2016; Wan et al.
2016). To facilitate mechanistic understanding of snRNP
assembly and elucidate the structural basis for RNA rec-
ognition by the unorthodox RNA-binding module, we de-
termined the structure of the WD40 repeat domains of
Gemin5 in complex with RNA fragments encompassing
the Sm site. Our result not only revealed the molecular
basis for Sm site recognition by Gemin5 but also greatly
advanced the understanding of sequence-specific RNA
binding by the WD40 repeat protein in general.

Results

Structure of the WD40 repeat domains of Gemin5

Human Gemin5, consisting of 1508 amino acid residues,
is the largest subunit of the SMN complex. The snRNA-
binding region of Gemin5 is mapped to its N-terminal
half, which is predicted to contain 13 WD40 repeats. We
expressed a large Gemin5 fragment (amino acids 1–726)
—termed G5N, encompassing the reported snRNA-bind-
ing region—using baculovirus-infected insect cells and
crystallized the protein. The 2.0 Å structure shows that
the G5N region encompassing residues 3–722 is folded
into two seven-bladed WD40 repeat domains. The two
WD40 repeat domains are juxtaposed next to each other,
with the very N-terminal short strand joining the second
WD40 repeat domain (amino acids 4–10 and 378–722) as
the last strand, by anti-parallelly pairing with the very
C-terminal strand (Fig. 1A). The firstWD40 repeat domain
is an all-β-strand structure, with the first blade formed by
residues 11–61, constituting the blade “missing” from se-
quence prediction (Fig. 1A). Several short helices are found
embedded in loops connecting neighboring blades and in
those between adjacent strands within the same blade,
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more often in the second WD40 repeat domain. The two
WD40 repeat domains are rigidly held together, with the
apical surfaces of the two propeller domains, defined by
the side of the N-terminal ends of their first β strands,
placed at an angle of ∼70°. An extended surface region
traversing the two apical surfaces forms a contiguous elec-
tropositive gorge where snRNA could potentially bind
(Fig. 1B).

RNA-binding property of G5N

It was reported that Gemin5 binds the snRNA region en-
compassing the Sm site and an adjacent 3′ stem–loop, and
its G5N domain binds snRNA in an Sm-dependent man-
ner (Battle et al. 2006b; Lau et al. 2009). The C-terminal
region of Gemin5 was also reported to harbor a noncanon-
ical RNA-binding site (Fernandez-Chamorro et al. 2014).
We first set out to isolate a minimal RNA segment for
G5N binding and probe whether the G5N domain is nec-
essary and sufficient for specific recognition of the Sm site
using in vitro transcribed full-length U4 snRNA and
chemically synthesized short oligos (Fig. 2A). As shown
in Figure 2A,G5Nbindswell to the full-lengthU4 snRNA

and a synthetic 30-nt U4 snRNA fragment containing the
Sm site and an adjacent 3′ stem–loop, recapitulating the
earlier result obtained using full-length Gemin5 (Battle
et al. 2006b). Surprisingly, we found that G5N also binds
well to shorter U4 snRNA fragments containing the Sm
site but without the 3′ stem–loop (Fig. 2A). In particular,
a 13-nt RNA fragment containing a centrally located Sm
site (5′-G-2C-1A0A1U2U3U4U5U6G7A8C9A10-3′) binds
G5N efficiently. Hence, we used this RNA fragment as
the template to probe the binding requirement of individ-
ual bases (Fig. 2B). We found that replacement of the first
or the third uracil (Ura2 or Ura4) within the heptameric
Sm sequence with a cytosine most severely affected the
binding of G5N, as also observed with full-length Gemin5
(Battle et al. 2006b), and cytosine replacement of other
bases within the Sm sequence affected G5N binding to
varying but less severe degrees. Interestingly, changing
Ade0 outside of the Sm motif to a cytosine also compro-
mised the binding by G5N (Fig. 2B).

Structure of the G5N–RNA complex

To determine the structural basis for Sm site recognition
by Gemin5, we crystallized and solved a 1.9 Å structure
of G5N in complex with the 13-nt U4 snRNA fragment.
There are two G5N–RNA complexes in one crystallo-
graphic asymmetric unit (Supplemental Fig. S1). The two
complexes superimpose well, with the proteins aligned
with an RMSD (root mean square deviaion) of 0.62 Å in
Cα positions, while the two RNAmolecules aligned with
anRMSDof0.81Åfornucleotides fromAde0toAde10, en-
compassing the entire Sm site. In one complex, the very 5′

end guanine is disordered, while, in the other complex,
both the first guanine and the second cytosine are ordered,
and their bases stacked together. In the latter case, the first
two bases also contact a neighboring symmetry-related
protein molecule; hence, their exact conformation may
be influenced by crystal packing. In both complexes, the
first 2 nt are not involved in tight interactions with their
cognate proteinmolecules; hence, their precise conforma-
tion is immaterial for the remainder of our analyses.
In the structure, the RNA adopts an extended confor-

mation and is bound along the positively charged gorge
formed by the tandem WD40 repeat domains (Fig. 3A).
The 5′ end of RNA is inserted in the cleft between the
two domains; the segment spanning Ade1–Ura5 primarily
contacts the first WD40 repeat domain, and the 3′ end
nucleotides starting from Ura6 interact mainly with the
second WD40 repeat domain. Conspicuous base contacts
are observed for Ade0 and Ade1–Ura6 of the Sm site
(Fig. 3B). For Ade0, its adenine ring stacks with the indole
ring of Trp422, and its extracyclic amino group contacts
Met403. Both Ade1 and Ura2 make hydrogen bonds
with the guanidino group of Arg335, and Ura2 also con-
tacts Met357 via van der Waals interaction. Ura3 base
stacks with Tyr15 in a rather open space, while Ura4
base-stacks with Trp14, and its extracyclic hydroxyl
groups form hydrogen bonds with the main chain amino
group of Trp14 and the guanidino group of Arg359, respec-
tively. The ring amino group of Ura5 and the carbonyl

Figure 1. Overall structure of the WD40 repeat domains of
Gemin5. (A) Ribbon diagram showing that an N-terminal short
β strand completes the C-terminal β-propeller structure (magen-
ta) and showing four following β strands (yellow) form the first
blade of the N-terminal seven-bladed β-propeller structure
(green). (B) The surface electrostatic potential of G5N shows a
continuous positively charged region (enclosed in the green
dashed line) potentially capable of binding RNA. The partially
transparent surface is superimposed with the ribbon representa-
tion of G5N and is viewed from a direction similar to that in A.
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oxygen attached to the C2 atom of the pyrimidine ring
form hydrogen bonds with the carboxylate group of
Asn13; the same set of atoms of Ura6 interacts with the
hydroxyl group of Tyr383 in addition to stacking its py-
rimidine ring with Phe381 (Fig. 3B).

The bases of Gua7, Ade8, and Cyt9 do not directly con-
tact the protein (Fig. 3C). Gua7 and Cys9 are stabilized by
Watson-Crick base-pairing with Cyt9 and Gua7, respec-
tively, from the other complex within the asymmetric
unit (Fig. 3C). The base of Ade8 ladder-stacks in between
Gua7 and Cyt9 and packs parallelly against the Ade8
base from the neighboring complex. At present, it is not
clear whether the RNA–RNA contacts have any physio-
logical meanings, but indicates that the involved bases
have flexible conformation in the absence of other binding
partners. In addition to stacking with Cyt9, Ade10 makes
protein contactswith several residues form the central lin-
ing of the second β propeller, including Tyr474, Leu580,
Lys641, andAsn605,mostly viavanderWaals interactions
(Fig. 3C).Apart from thebase interactions described above,
a number of G5N interactions with the phosphate back-
bone and the ribosemoieties are eminent.Of note is the in-
volvement of several arginine residues, as their positively
charged side chains favorably interact with the negatively
charged phosphate groups of the RNA backbone (Fig. 3C).

One arginine, Arg33, interacts with both the 2′-OH group
of Ura5 and the phosphate group of Ura6 via its guanidine
nitrogens. Two aromatic residues, Tyr660 and Phe705, in-
teract with the RNA backbone via van der Waals interac-
tion. Tyr660 interacts with the phosphate group of Cyt9,
while Phe705 supports the binding of Ura5 by contacting
its sugar moiety (Fig. 3C).

Biochemical analysis of determinants
for RNA-binding specificity

To validate the structural findings and assess the degree of
importance of the aforementioned Gemin5 residues in
snRNA binding, we generated 11 point mutants of G5N
and tested their bindings to the 13-mer U4 snRNA frag-
ment and to in vitro transcribed full-length U4 snRNA
by electrophoretic mobility shift assay (EMSA) and
fluorescence polarization assay (FP) (Fig. 4). For the four
aromatic residues stacking with RNA bases, we individu-
ally changedTrp422 andPhe381 tonegatively charged glu-
tamateand aspartate, respectively, andTrp14andTyr15 to
alanines. Tyr383 was changed to a phenylalanine to
probe the loss of the hydrogen bonds between Tyr383
andUra6.TheW422EandF381Dmutantsmimic the inac-
tivating aromatic residue mutant of the canonical RNA

Figure 2. snRNA-binding properties of G5N. (A, left panel) Schematic diagram showing U4 snRNA fragments used for electrophoretic
mobility shift assay (EMSA) experiments. The Sm sequence is highlighted with red-shaded boxes. The 13-nt RNA fragment used for sub-
sequent studies is numbered following a scheme indicated below the nucleotide sequence. (Right panel) EMSA results of the binding of
G5N to the indicated RNAmolecules. A 3:1 protein to RNAmolar ratiowas used. (B) The binding of G5N to the 13-nt RNA fragment and
its base substitution derivatives. Each nucleotide of the Sm site and a 5′ adenine were individually changed to a cytosine, and protein to
RNA molar ratios of 1, 2, and 3 were used in EMSA.
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recognition motif (RRM) protein SF2/ASF (Caceres and
Krainer 1993); the W14A and Y15A mutants are intended
to minimize perturbations to neighboring RNA-binding
residueswhile abolishing stackingwithUra4 andUra3, re-
spectively.The rest of the involved residues are changed to
either an alanine or a glutamate based on considerations of
the nature of their interactions with RNA.
Figure 4A shows that all four aromatic residue mutants

designed to disrupt base stacking essentially lost bindings
to RNA.While it is easy to understand that disruption of π
stacking results in diminished or loss of binding of RNA to
protein, the contribution of stacking interaction to RNA-
binding specificity is less intuitive. There are at least two
factors that can contribute to the binding specificity: One
is the stacking efficiency due to the differences between
purines and pyrimidines and the substituent effect of dis-
tinct nucleotide bases, as exemplified in sequences-specif-
ic recognition of RNase T (Duh et al. 2015), and the other
is the involvement of aromatic residues in shaping up the

binding site (i.e., via shape complementarity and energetic
coupling of adjacent amino acid residues), as exemplified
in RNA recognition by U1A protein (Oubridge et al.
1994; Shiels et al. 2002). An examination of the binding
sites involving Trp14, Tyr15, Phe381, and Trp422 (Fig.
3A,B) reveals that stacking between Ura3 and Tyr15 oc-
curs in a relatively unrestrained open space, suggesting
that this binding site may be more tolerant to base substi-
tution—an observation relevant to our discussion of alter-
native modes of RNA binding later. In addition to the
base-stacking aromatic residues, two base-contacting ar-
ginine mutants, R335E and R359A, also severely compro-
mised RNA binding (Fig. 4A). Met357 (which, together
with R335, coordinates the binding of Ura2) also showed
its crucial role in RNA binding. The remaining four mu-
tants—M403E, N13A, Y383F, and R33A—displayed re-
duced but detectable levels of RNA binding.
EMSA results using in vitro transcribed full-length U4

snRNA generally agree with that obtained using the 13-

Figure 3. G5N–RNAcocrystal structure. (A) The 13-merU4 snRNA fragment is bound in the positively charged region at the interface of
the tandem WD40 repeat domains and the C-terminal WD40 domain. The G5N structure is shown in a surface representation colored
according to its surface electrostatic potential ([blue] positive; [red] negative; [white] neutral) and is viewed from the same direction as
in Figure 1A. The RNA is shown in a stick model ([green] carbon; [blue] nitrogen; [red] oxygen; [orange] phosphorus) and is numbered
as in Figure 2A. (B) A stereo diagram showing the interaction of the first 9 nt of RNA with G5N. The involved amino acid residues are
shown in a stick model, with the carbon bonds involved in contacting RNA bases colored yellow, and the carbon bonds (labeled with or-
ange letters) involved in non-base-contacting interactions colored cyan. Hydrogen bonds are indicated with magenta dashed lines, and
aromatic residues involved in stackingwithRNAbases are superimposedwith a dot representation. (C ) G5N–RNA interactions involving
the last 4 nt. A neighboring G5N–RNAwithin the same asymmetric unit is shown with the protein in a gray ribbon representation, and
the RNA is shown in a stick model with the bonds connected to phosphorus atoms colored orange.

Structure of Gemin5–RNA complex
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mer RNA (Fig. 4A). An interesting exception is that the
W14A mutant appears to still be able to bind full-length
U4 (Fig. 4A). The precise reason for this difference is as
yet unexplained, but a possible scenario may be that
when full-length U4 snRNA is bound, a conformation
change of Arg359, which also directly contacts Ura4, re-
models the binding site to enable a stronger interaction
with Ura4, partly offsetting the loss of base stacking intro-
duced by the W14A mutation (Fig. 3B).

To gain quantitative feelings about the contribution of
the involved residues in RNA binding, we measured their
RNA-binding affinities by FP using a 5′-fluorescien iso-
thiocyanate (FITC)-labeled 13-mer RNA (Fig. 4B–E). The
wild-type G5N binds the RNA oligo with a dissociation
constant (KD) of 0.24 µM, while the four aromatic residue
mutantsW14A,Y15A, F381D, andW422E bindRNAwith
KD values of 41.7, 7.3, 21.1, and 19.8 µM, respectively,
ranging from30-fold to 170-fold reduction in binding affin-
ities. The two base-contacting arginine mutants R335E
and R359A, with KD values of 96.7 and 46.6 µM, also se-
verely compromised RNA binding. The M357A mutant
has a KD of 8.1 µM, while M403E, N13A, Y383F, and
R33A bind RNA with KD values of 2.0, 1.4, 3.8, and 3.3
µM, respectively (Fig. 4B–E). The FP and EMSA results
agreewell and strongly corroborate our structural findings.

Alternative RNA-binding mode

The complex structure ofG5Nwith the 13-merRNA indi-
cates that major protein contacts occur through the RNA
region encompassing Ade0–Ura6. We therefore wondered
whether G5N and its mutants could bind short RNA frag-

ments in a similar fashion. Earlier, we demonstrated that
G5N could bind an 11-mer RNA containing a centrally lo-
cated Sm sequence (Fig. 2A). We chose the 11-mer RNA, a
9-mer containing a centrally located Sm site, and an 8-mer
with one adenine added to the 5′ of the 7-mer Sm sequence
for testing and used wild-type G5N and M403E, W422E
R335E, and M357A mutants, which affect interactions
with 5′ end nucleotides Ade0, Ade1, and Ura2, as the
probes. Figure 5 shows that the 11-mer RNA binds G5N
and its derivatives in a manner identical to that of the
13-mer RNA. Oddly, two shifted bands appeared in G5N
bindings to the 9-mer and 8-mer RNA (Fig. 5, bottom pan-
el). In the laneswithG5Nmutants, the bottombanddisap-
peared, but the top band largely remained. A close
examination of EMSA results with 13-mer and 11-mer
RNA also revealed a previously unnoticed faint top band
(Fig. 5). We conclude that the bottom band represents
RNA binding in a manner observed in the cocrystal struc-
ture, and the top band indicates an unexplained binding
mode insensitive to G5N mutations known to affect
RNA binding through its 5′ end nucleotides.

To reveal the alternative RNA-binding mode, we at-
tempted to cocrystallize G5N with shorter RNA oligos
but without success. We then tried to soak the native
G5N crystal with shorter RNA fragments. The G5N–

RNA complex structures obtained by soaking with
9-mer, 8-mer, and 7-mer (Sm sequence only) oligos are
largely the same; hence, we refer to the structures collec-
tively here using the 7-mer (bare Sm site) structure as a
representative unless explicitly specified otherwise.
The new structure shows that Ura5 is disordered, and
Ura6 has a relatively weak density, while Ade1 base-

Figure 4. Determinants for RNA-binding specificity. (A, top panel) EMSA of the binding of the wild-type (WT) and indicated mutants of
G5N to the 13-merU4 fragment used for obtaining the cocrystal structure. A 2:1 protein to RNAmolar ratiowas used in the assay. (Middle
panel) Binding of G5N and its mutants to in vitro transcribed full-length U4 snRNA. (Bottom panel) G5N and its mutants used for EMSA
experiments. (B–E) FP measurements of binding affinities of the wild-type and mutant G5N proteins to the 13-mer RNA. The derived
dissociation constant (KD) values are shown.
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stacks with Tyr15—a position occupied by Ura3 in the
original 13-mer RNA cocrystal structure (Fig. 6A). Super-
position of the two structures shows that Ura2, Ura3,
and Ura4 are all bound in positions out of registry by 2
nt relative to that in the 13-mer structure; i.e., they are
bound in the locations of Ura4, Ura5, and Ura6 of the
13-mer structure, respectively (Fig. 6A). Owing to the oc-
cupation by identical nucleotides in the new and old
structures, the two sets of the uracil triplet interact
with G5N identically. Ura6 has a weak density in the
7-mer structure, while it is disordered in several other
soaked structures; hence, its conformation may be con-
sidered flexible. A main difference involves Gua7, which
is situated in the central pore of the second WD40
domain, stacked by Tyr474 on one side and surrounded
by Leu580 and Asn582 on the other side (Fig. 6A). In ad-
dition, the extracyclic amino group of Gua7 makes a hy-
drogen bond with the carboxylate group of Glu541, the
amino group at ring 1 position hydrogen bonds with
the main chain carbonyl of Thr540, and the N3 atom
forms a hydrogen bond with the hydroxyl group of
Asn582 (Fig. 6C). A Y474A mutant does not affect the
binding of G5N to the 13-mer RNA but does clear the
minor top band in EMSA, indicating that the soaked-in
7-mer structure indeed represents an alternative, minor
RNA-binding mode (Fig. 6B).

Binding of the 7-methylguanosine (m7G) cap to G5N

Gemin5 can exist in SMN-free forms alone or in complex
with Gemin3 and Gemin4 (Battle et al. 2007), but little is

known about the SMN-independent functions ofGemin5.
Biochemical pull-down experiments identified Gemin5 as
a m7G cap-binding protein (Bradrick and Gromeier 2009),
an observation that could benefit the search for Gemin5’s
SMN-independent cellular functions. The m7G-binding
site was also mapped to theWD40 repeat domains of Ger-
min5, thus enabling us to experimentally determine the
m7G-binding site by soaking a m7G cap analog, m7GTP,
into the native crystal of G5N. Interestingly, the base of
m7G binds G5N in the same location and in the same
manner as Gua7 in the 7-mer structure (Fig. 6C). This
mode of cap binding differs from the canonical mode of
cap recognition, inwhich two aromatic residues sandwich
the cap (Fechter and Brownlee 2005). In the present struc-
ture, Tyr474 stacks m7G from one side, but the other side
is contacted by Leu580 and Asn605. The methyl group of
m7G points away from the WD40 domain and is not

Figure 5. Binding of shorter RNA fragments to G5N. EMSA
analysis of the binding of G5N and selected mutants to the indi-
cated RNA fragments, all encompassing an intact Sm site. A 3:1
protein to RNAmolar ratiowas used. Please note the positions of
the shifted bands when 9-mer and 8-mer oligos are used.

Figure 6. Alternative RNA-binding mode of G5N. (A) The
soaked-in 7-mer Sm RNA is superimposed with the cocrystal
structure with 13-mer RNA. The 7-mer RNA is shown in a stick
model colored according to the scheme in Figure 3, while the coc-
rystallized 13-mer RNA is colored gray. The green labels indicate
the identity of the 7-mer RNA nucleotides, while the preceding
black labels separated by a slash indicate nucleotide positions
in the cocrystallized 13-mer RNA. Tyr474, Asn582, and Leu580
from the soaked-in G5N structure are superimposed as a stick
model, with carbon atoms colored magenta. Please note that
the conformation of Tyr474 is changed from that in the cocrystal-
lized structure (yellow) to accommodate the binding of Gua7. A
loop connecting blades 5 and 6 of the first WD40 domain, which
is ordered in native and soaked-in G5N structures (magenta) but
disordered in the cocrystal structure, is superimposed. (B) EMSA
analysis of the binding of the Y474Amutant to the 13-mer RNA.
Wild-type G5N and N13A and R359Amutants were used as con-
trols. (C ) Binding of them7GTP cap analog toG5N at the site that
bound Gua7 in the soaked-in 7-mer RNA complex.
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interacting with other residues. The specificity for m7G
over unmethylated guanosine seen in pull-down ex-
periments may be attributed to enhanced stacking inter-
action due to charge delocalization resulting from
guanosinemethylation (Hu et al. 1999). The rest of the in-
teractions involving hydrogen bonds between Glu541,
side chain hydroxyl, and main chain carbonyl groups of
Asn582 and the carbonyl of Thr540 conform to the gene-
ral properties of a canonicalm7G recognition site (Fig. 6C).
Thus, the observedm7G location in the central pore of the
second WD40 domain constitutes a novel type of cap-
binding site. Clearly, it can also bind a nonmethylated
guanine base in a proper context, such as Gua7 of the 7-
mer RNA. It is also clear that m7G cap cannot bind
Gemin5 simultaneously with snRNA in either the
manner of 7-mer RNA binding (due to overlap of the
Gua7-binding site) or the 13-mer binding mode (because
of steric conflicts introduced by the phosphate moiety of
m7G cap).

Discussion

Owing to the fundamental importance of snRNPs in eu-
karyotic lives, it is imperative to understand the processes
governing their assembly and biogenesis in molecular de-
tails. Great progress has been made in understanding
the structure and function of the central snRNP assembly
machine, the SMN complex (Battle et al. 2006a; Neuen-
kirchen et al. 2008; Li et al. 2014). Considerablemechanis-
tic insights about the formation of the Sm protein
complex have been gained from the determination of
structures of key assembly intermediates, including the
complex of Gemin2, the Gemin2-binding domain of
SMN, and the SmD1/D2/E/F/G pentamer as well as the
6S pICln-SmD1/D2E/F/G complex and a stalled transfer
intermediate, including the 6S complex together with
SMN and Gemin2 (Zhang et al. 2011; Grimm et al.
2013). By comparison, themechanism for snRNA recogni-
tion during snRNP assembly is less well understood. Al-
though Sm proteins are capable of binding snRNA at the
Sm site, they are trapped in a state unable to bind RNA
by Gemin2 (Zhang et al. 2011; Grimm et al. 2013). This
observation reinforces the notion that some components
of the SMN complex need to bring the correct RNA to
the vicinity of the SMN/Sm protein complex intermedi-
ate to further the assembly process. The most obvious
and best-studied snRNA-binding component of the
SMN complex is Gemin5, although some concerns about
its precise function remain to be clarified. One concern
arises from the absence of Gemin5 homologs in lower or-
ganisms, such as Caenorhabditis elegans and yeasts
(Kroiss et al. 2008). However, it is not impossible that an
as yet unidentified RNA-binding protein unrelated to
Gemin5 may transiently associate with the SMN com-
plex to fulfill the role of Gemin5. Another concern is
that Gemin5 appears to be not needed for snRNP assem-
bly in vitro (Neuenkirchen et al. 2015). There are several
possible explanations for this observation. First, the effi-
ciency of snRNP assembly may be different in in vitro

and in vivo settings. Second, as has become clear recently,
different snRNPs, such as U1,may have additional assem-
bly pathways (So et al. 2016). Thus, Gemin5 remains the
most viable candidate for snRNA recognition during
snRNP core assembly, although additional functions of
Gemin5 unrelated to its roles in snRNP assembly have
begun to emerge (Pineiro et al. 2015).

The precise mechanism of snRNA recognition by
Gemin5 was unknown until this study. The predicted
WD40 repeat fold of Gemin5 did not help in understand-
ing its RNA-binding mode, as WD40 repeat domains
have not been well characterized as RNA-binding pro-
teins. To date, the crystal structure of only one WD40-
like protein bound to RNA has been determined (Loedige
et al. 2015). Our results revealed for the first time the
mechanism by which two WD40 repeat domains form
an integral RNA-binding unit, as indicated by the impor-
tance of the interface between the two WD40 repeat do-
mains in RNA binding. One common feature regarding
RNA binding by WD40-like domains that resulted from
this study is that RNA-contacting residues are located pri-
marily on loops on the apical surface of the propeller-like
structure—a characteristic perhaps useful for analyzing
other WD40-like RNA-binding proteins in general. Re-
cent cryo-EM structures of several spliceosomal complex-
es have revealed the involvement in RNA binding of
several spliceosomal WD40 repeat proteins; e.g., Cwf17/
U5-40K and Prp46 (Yan et al. 2015; Agafonov et al. 2016;
Wan et al. 2016). However, both Cwf17/U5-40K and
Prp46 contact dsRNA regions via surface areas on the pe-
rimeter of the β propellers, and, in both cases, the protein–
RNA contacts do not appear to be base-specific.

Our analyses show that specific recognition of snRNA
by the WD40 repeat domains of Gemin5 is mainly
through seven contiguous nucleotides (a 5′ extra-Sm ade-
nine followed by 6 nt of the Sm sequence), consistent with
the updated U4 Sm recognition sequence of AAUUUUU
from reanalysis of the spliceosomal U4 snRNP core
domain structure (Li et al. 2016). In agreementwith earlier
results, our structural and biochemical analyses showed
that the first and the third uracils of the Sm site are essen-
tial for snRNA recognition by Gemin5 (Battle et al.
2006b). Our study also revealed contributions of other nu-
cleotides important for efficient recognition. One superfi-
cial discrepancy between our result and the reported
snRNA-binding property of Gemin5 may be the role of a
3′ stem–loop for snRNA recognition (Battle et al. 2006b).
However, it is worth pointing out that, in addition to
the N-terminal WD40 repeat domains, the C-terminal
domain of Gemin5 has been reported to possess RNA-
binding activity (Fernandez-Chamorro et al. 2014). It is
possible that the C-terminal domain can bind the 3′

stem–loop of snRNA. It is also possible that additional
surface area of the WD40 repeat domains may bind the
stem–loop to increase binding affinity, such as in the
case of spliceosomal WD40 proteins, as it has been noted
that the exact sequence of the stem–loop is unimportant.
Regardless, it is fair to say that specific recognition of the
Sm site by the WD40 repeat domains of Gemin5 is now
backed by a solid mechanistic foundation.
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The G5N–13-mer RNA complex was crystallized with
two protein–RNA complexes in one asymmetric unit,
and 3 nt from each complex base-paired with each other
in the structure. Thus, a natural question is whether this
structure is physiologically meaningful. There are strong
reasons to believe that themode of Sm site recognition re-
vealed by the structure represents the manner by which
the tandemWD40 repeat domains ofGemin5 bind snRNA
in solution. First, the contacts between the two protein–
RNA complexes are not due to crystal contacts, as they
are contents within one crystallographic asymmetric
unit. The base pairing indicates that the conformation of
these three U4 bases, which are not the ones involved in
recognition by the heptameric Sm ring in the U4 snRNP
core structure (Li et al. 2016), is flexible when the 13-mer
RNA is bound to G5N. In fact, we believe that the flexible
conformation of Gua7 and Cyt8 may have important im-
plications for snRNP core assembly, as we discuss below.
Second, our mutagenesis results show that all of the
base-interacting residues contacting Ade0 to Ura6 behave
as expected from the structure. In particular, mutation of
Gemin5 residues contacting Ade0, Ade1, and Ura2—
namely, Trp422, Arg335, and Met357, which do not
contact RNA in the alternative binding mode with 7-
mer RNA—significantly affected the 13-mer and full-
length U4 snRNA binding (Figs. 4, 5). Third, it may be
more than coincidental that our identification of the
AAUUUUU sequence (not the traditionally thought
AUUUUUG Sm sequence) as the recognition site for the
WD40 domains of Gemin5 agrees perfectly with the
modeofU4snRNArecognitionby theSmprotein complex
in the U4 snRNP core (Li et al. 2016). Altogether, we be-
lieve that there is compelling evidence supporting the no-
tion that reading of the AAUUUUU sequence by G5N as
revealedby the13-merRNAcocrystal structure represents
a bona fide mode of snRNA recognition by Gemin5.
An important question is how our structural knowledge

about the G5N–RNA complex may advance our under-

standing of the process of snRNP core assembly. An exam-
ination of the U4 snRNP core structure revealed that
while the AAUUUUU sequence curls around to interact
with Sm proteins with one base for every Sm subunit in
the order of SmF–E–G–D3–B–D1–D2, the single-stranded
region between the Sm site and the 3′ stem–loop of U4
snRNA is snugged into the central pore of the Sm ring
(Fig. 7A). As pointed out earlier, binding of the Sm se-
quence to the assembly intermediate SMN2–SmD1–D2–
F–E–G (SMN2–Sm5) complex is blocked by the N-termi-
nal region of Gemin2 (G2N), but G2N does not interfere
with the binding of Sm proteins to the single-stranded re-
gion immediately 3′ to the Sm sequence. Therefore, it is
an attractive hypothesis that the binding of Gemin5 to
the Sm sequence, possibly in conjunction with of the
C-terminal domain binding to the 3′ stem–loop, delimits
the single-stranded region of snRNA, which will then be
presented to the Germin2–Sm5 complex for initial bind-
ing through the single-stranded region (Fig. 7B). It is worth
pointing out that the Sm sequence is in an extended con-
formation when it is bound to Gemin5; therefore, G2N
may not need to come off the Sm5 unit when the
Gemin5-bound snRNA approaches the Gemin2–Sm5
complex. It is likely that snugging the single-stranded re-
gion of snRNA onto the central channel of Sm5 via the
opening reserved for SmB/D3 binding will bump Gemin5
off snRNA, leaving the Sm bases searching for the right
Sm subunit to bind. At this stage, there is no hindrance
to prevent the association of the SmB/D3 heterodimer
with the Sm5 complex, as G2N is not in a position to in-
terfere with the joining of SmB/D3 to the Sm protein com-
plex. Closure of the Sm protein ring will drive the Sm
nucleotides to bind their energetically favorable cognate
sites in the Sm protein subunits, and this will conflict
with the Germin2 binding to the Sm proteins, hence re-
sulting in the dissociation of Gemin2 and the completion
of the snRNP core assembly. However, it should be cau-
tioned thatwhile our proposedmechanism is an attractive

Figure 7. A stretch of nucleotides 3′ to the Sm site is
important for snRNP assembly. (A) A model with
Gemin2 and a short region of SMN (Protein Data Bank
[PDB] ID 3s6n) bound to the U4 snRNA (PDB ID 4wzj).
The SmB/D3 heterodimer was removed for viewing clar-
ity and tomimick the pentameric Sm assembly interme-
diate. Gemin2 and SmD1–D2–F–E–G are shown in a
surface representation, with Gemin2 colored in cyan,
and the Sm proteins colored in gray. The SMN fragment
is shown in a cartoon representation colored in red. The
13 nt used for cocrystallization is shown in a stick repre-
sentation, with the carbon bonds colored magenta for
nucleotides belonging to the heptameric A0A1U2U3U4-

U5U6 sequence involved in G5N binding and green for
the remaining nucleotides. U4 snRNA outside of the
13-mer region is shown in a cartoon representation
with the backbone colored brown. An inset at the top
right displays an enlarged view of the boxed area of the
main figure. (B) An illustration of how Gemin5 may
delimit the free single-stranded region of U4 snRNA 3′

to the AAUUUU G5N recognition sequence (colored red) for presentation to Gemin2 (labeled G2N and G2C) bound the Sm pentamer.
A hypothetical C-terminal region of Gemin5 bound to the 3′ stem–loop is shown.
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and testable scenario, alternative sequences of eventsmay
be equally possible, such as dissociation of Gemin2 prior
to the binding of SmB/D3. A novel feature of our proposal
is that Gemin5 binding delimits the free single-stranded
region of snRNA, preparing the snRNA for efficient as-
sembly of the snRNP core.

Our careful analyses also revealed that theWD40 repeat
domains of Gemin5 could bind short RNA oligos contain-
ing the Sm site in an alternative mode, particularly with
short oligos having a 3′ end guanine. The structural ratio-
nale for the alternative mode of RNA binding is that the
central pore of the secondWD40 repeat domain has a pro-
pensity for binding a guanine, and the binding site for the
second Smuracil (Ura3) in the 13-mer structure (i.e., stack-
ing via Tyr15) has a relaxed nucleotide specificity due to
their interaction by base stacking in a rather open environ-
ment. Furthermore, the five contiguous uracils in the Sm
sequence can shift binding positions without introducing
binding energy penalties. These features of Gemin5 en-
abled the binding of short Sm-containing RNA oligos in
an alternative fashion. Stabilization of the loop connecting
blades 5 and6 (amino acids∼270–283) of the firstWD40 re-
peat domain in the preformed crystal lattice of the native
Gemin5 crystal, which prevents the soaking in of RNA
with long 5′ extensions, probably also made the RNA oli-
gos more susceptible to the adaptation of the alternative
binding mode (Fig. 6A). We think that this mode of RNA
binding is reflective of Gemin5’s general and versatile
RNA-bindingability,whichmaybe important for its broad
roles in RNA-related biological processes, such as transla-
tional regulation (Bradrick and Gromeier 2009; Pineiro
et al. 2015; Workman et al. 2015; Francisco-Velilla et al.
2016). Additionally, the guanine-preferred central pore of
the second WD40 repeat domain of Gemin5 may be suit-
able for targeting small molecules to interfere with its
functions in certain RNA-related biological processes.

Materials and methods

Protein expression and purification

The cDNA fragment encoding anN-terminal fragment of human
Gemin5 encompassing the WD40 repeat domains (G5N, amino
acids 1–726) was inserted between EcoRI and NotI sites of the
pFastBac-HTC vector for generation of recombinant baculovirus.
Wild-type and mutant G5N proteins were expressed using the
Bac-to-Bac baculovirus expression system (Invitrogen) in Sf21
cells. For protein purification, G5N or its derivatives were first
purified by Ni-NTA (Novagen) affinity column and eluted in a
buffer containing 20 mM HEPES (pH 7.5), 90 mM NaCl, 250
mM imidazole, and 5% glycerol. The 6X his tag was removed
by TEV protease, and the proteins were further purified by hepa-
rin and gel filtration column chromatography (Superdex 200 10/
60 XK column, GE Healthcare) in a buffer containing 20 mM
HEPES (pH 7.5), 100 mM NaCl, 5% glycerol, and 1 mM DTT.
The peak fractions containing highly purifiedG5N or itsmutants
were concentrated to ∼10 mg/mL for later use in crystallization
and RNA-binding assays.

Crystallization

Crystals of G5N were grown in 0.1 M sodium malonate (pH 7.0)
and 12% polyethylene glycol (PEG) 3350 by hanging-drop vapor

diffusion at 16°C. The complex of G5N and a 13-nt synthetic
U4 snRNA oligo (5′-GCAAUUUUUGACA-3′) was formed by in-
cubating the protein (∼7mg/mL) with RNA in amolar ratio of 1:2
for 1 h on ice. Crystallization screeningwas carried out by sitting-
drop vapor diffusion at 16°C. Diffracting crystals were grown in
4% tacsimate (pH 8.0) and 16% PEG 3350. Crystals of G5N in
complex with 9-nt (5′-CAAUUUUUG-3′), 8-nt (5′-
AAUUUUUG-3′), or 7-nt (5′-AUUUUUG-3′) RNAwere obtained
by soaking nativeG5N crystals with either 0.15 or 0.45mMRNA
for 20 h at 16°C in a solution containing 0.1 M HEPES (pH 7.5),
14% PEG 8000, and 25 mM MgCl2. G5N–m7GTP complex crys-
tals were generated by soaking native G5N crystals with 0.5 mM
m7GTP (Sigma, M6133) in 0.1 M sodium malonate (pH 7.0) and
12% PEG 3350 for 24 h at 16°C.

Data collection and structure determination

The native structure of G5N was solved by single-wavelength
anomalous dispersion (SAD) using a Pt derivative prepared by
soaking native G5N crystals with 1 mM K2Pt(NO2)4 in the crys-
tallization solution for 24 h before data collection. A 2.0 Å native
data set and a 3.0ÅplatinumderivativeSADdata setwere collect-
ed at beamlineBL18U1of theShanghai SynchrotronRadiationFa-
cility (SSRF) at a wavelength of 0.9786 Å using a Pilatus 6M
detector, and the data were processed using HKL3000 (Otwinow-
ski and Minor 1997). Four heavy atoms were located by SHELXD
(Sheldrick 2010), and SAD phasing was performed using PHENIX
(Adams et al. 2010). A polyalaninemodel of the structurewas first
built usingCOOT (Emsley andCowtan 2004), and the finalmodel
was rebuilt with PHENIX using the high-resolution native data
set and refined to 2.0 Å using PHENIX and COOT.
The 1.9 Å G5N–13-nt RNA cocrystal data set was collected at

beamline BL17U of SSRF at a wavelength of 0.9792 Å using an
AreaDetector SystemsCorporation (ADSC)Quantum315r detec-
tor and was processed using HKL2000. The structure was solved
by molecular replacement with PHASER (McCoy et al. 2007) us-
ing the protein-alone structure as the search model. There were
two G5N–RNA complexes in one asymmetric unit. The density
of the two RNA chains was clear, allowing unambiguous model
building (Supplemental Fig. S2). The final model was built with
COOT and refined using RefMac (Murshudov et al. 1997). The
2.1 Å G5N–7-nt RNA data set was collected at beamline
BL18U1 of SSRF, and the structure was solved by molecular re-
placement with PHASER. The RNA model was built with
COOT, and the structure was refined using PHENIX. Additional
soaked-in structureswith8-ntand 9-ntRNAwere solvedbymeth-
ods similar to that of the 7-nt RNA complex. The 2.5 Å G5N–

m7GTP data set was collected at beamline BL17U of SSRF at a
wavelength of 0.9788 Å using an ADSC Quantum 315r detector
and processed using HKL2000. The structure of G5N–m7GTP
was solved by molecular replacement using a native structure as
thesearchmodelwithPHASER.Therewasnodensity for the third
phosphate group of m7GTP in this structure; thus, it was not
modeled.
Details of X-ray data collection and structure refinement are in

Supplemental Table S1. Atomic coordinates and X-ray diffraction
data for the structure of native G5N and that of the 13-nt, 7-nt,
and m7GTP complexes with G5N have been deposited in Protein
Data Bank under the accession codes 5H1J, 5H1K, 5H1L, and
5H1M, respectively.

EMSA

Full-length human U4 snRNA was in vitro transcribed with the
MEGAscript kit (Ambion) according to the manufacturer’s
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instructions. Chemically synthesized short RNA oligos used for
EMSA and crystallization were purchased from Takara. For
EMSA experiments, 80 ng of each RNA was incubated with the
indicated amounts of wild-type or mutant G5N proteins for
30 min on ice in a 10-µL reaction in 20 mM HEPES (pH 7.5),
100 mM NaCl, 5% glycerol, and 1 mM DTT. The RNA–protein
complexes were separated by 10% native PAGE gel, stained
with SYBR Green (Thermo Fisher Scientific) in 0.5×TBE for
10 min, and analyzed on a Gel Doc EZ imager system (Bio-Rad).

FP

Custom-synthesized 5′-FITC-labeled 13-mer RNA (Takara) was
mixed at 100 nM with increasing amounts of G5N proteins in a
buffer containing 20 mM HEPES (pH 7.5) and 100 mM NaCl.
The mixtures were incubated for 20 min at room temperature.
The measurements were performed on an Envision multimode
plate reader (PerkinElmer). The binding affinity (KD value) was
calculated by nonlinear regression fitting of a model of one site-
specific binding with Hill slope using GraphPad Prism 5 software
following a published protocol (Zhou et al. 2014).
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