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Abstract

The spliceosome is a dynamic macromolecular machine that assembles on pre-mRNA substrates
and catalyses the excision of non-coding intervening sequences (introns)!-3. Four of the five major
components of the spliceosome, U1, U2, U4 and U5 snRNPs, contain seven Sm proteins (SmB/B’,
SmD1, SmD2, SmD3, SmE, SmF and SmG) in common?,5. Following export of the U1, U2, U4
and U5 snRNAs to the cytoplasm®,’, the seven Sm proteins chaperoned by the survival of motor
neurons (SMN) complex assemble around a single-stranded, U-rich sequence called the Sm site in
each snRNA, to form the core domain of the respective SnRNP particle®,2. Core domain formation
is a prerequisite for re-import into the nucleus®, where these SnRNPs mature via addition of their
particle-specific proteins. Here we present a crystal structure of the U4 snRNP core domain at 3.6
A resolution, detailing how the Sm site heptad (AUUUUUG) binds inside the central hole of the
heptameric ring of Sm proteins, interacting one-to-one with SmE-SmG-SmD3-SmB-SmD1-
SmD2-SmF. An irregular backbone conformation of the Sm site sequence combined with the
asymmetric structure of the heteromeric protein ring allows each base to interact in a distinct
manner with four key residues at equivalent positions in the L3 and L5 loops of the Sm fold. A
comparison of this structure with the U1 snRNP at 5.5 A resolutionl1,12 reveals snRNA-dependent
structural changes outside the Sm fold, which may facilitate the binding of particle-specific
proteins that is crucial to biogenesis of spliceosomal snRNPs.

Proteins in the Sm family are characterized by Sm1 and Sm2 motifs joined by a variable
linker13-15 (Fig. S1). SmB/B’, SmD1 and SmD3 contain extended C-termini whereas SmD2
and SmE contain extended N-termini. The Sm-fold consists of an N-terminal a-helix and a
five-stranded antiparallel B-sheet containing the Sm motifs and folded upon itself16 (Fig.
S2). The subunit interfaces in the SmD1-SmD2 and SmD3-SmB hetero-dimers suggest that
the seven Sm proteins are assembled in a ring' in the snRNP core domain?,18, and this has
been confirmed by the crystal structure of the U1 snRNP at 5.5 A resolution!!,12, Crystal
structure of A. fulgidus Lsm-1 homo-heptamer in complex with penta-uridylate showed how
Lsm-1 provides U-specificityl9 20, However, crystal structures of U1 snRNP at 5.5 or 4.4 A
resolution have left the side chain interactions between the Sm site and Sm proteins
unresolved!! 12 21 Hence, it remains unknown how the heteromeric Sm proteins combine to
specifically recognize the Sm site sequence.
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We solved the structure of the U4 snRNP core domain (Table S1) assembled on a fragment
of U4 snRNA (Fig. S3 and S4), which crystallised?? with 12 copies in the asymmetric unit
(Fig. S5). The seven Sm proteins form a ring with a relatively flat face over which the N-
terminal helices lie, and a tapered face carrying the L4 loops (Fig. 1a). U4 snRNA threads
through the central hole lined by loops L3, L5 and L2 (Fig. 1c). The Sm site sequence is
bound around the inner wall near the rim on the flat face. Its phosphates are exposed in the
hole (Fig. 1b) revealing an irregular backbone conformation (Fig. 2), and its bases projected
into the Sm proteins bound by their loops L3 and L5 also vary in its orientation from nearly
parallel to nearly perpendicular to the ring plane (Fig 2 and S6). The 5” flanking adenine
(A118) is outside the hole, and the 5" stem (U4 SL-11) makes little contact with the Sm
proteins (Fig. 1a). The 3" flanking nucleotides (A126-C127) traverse the hole with
phosphates contacting SmD1 and SmB, and bases contacting L2 of SmD2 and SmF and L5
of SmF. As the 3" stem (U4 SL-I11) emerges on the tapered face with the helical axis
roughly 60° to the plane of the ring, the first base pair (C127:G144) comes into contact with
Trp-25F in loop L2. The 3" unpaired nucleotide (G145) is wedged between SmE and SmF.
Along the 3" stem the phosphates on both strands interact with basic residues from L2 and
L4 loops of all the Sm proteins except SmG, particularly those from the Lysine-rich, long L4
loops of SmD2 and SmB (Fig. S7). These interactions can support the association between
Sm proteins and different sSnRNAs during core domain assembly?23 24,

Small shape differences over the p-sheet of different Sm proteins (Table S2), attributable to
the size differences of the conserved inward pointing residues between the corresponding
Sm1 and Sm2 motifs (Fig. S1), cause the Sm protein ring to be asymmetric. The L3 and L5
loops are held at different heights and orientations relative to the plane of the ring (Fig. S8),
allowing their key residues to contact each nucleotide uniquely. The nucleotide-binding
loops L3 and L5 have the consensus sequences of Asp-hydrophilic-aromatic-Met-Asn
(residues L3.1-L.3.5) and Arg-Gly-(acidic/Asn) (residues L5.1-L5.3) (Table S3). In the co-
crystal structure of A. fulgidus Lsm-1 with penta-uridylate, U specificity is achieved by
sandwiching the uridine base between the side chains of His-37(L3.3) and Arg-63(L5.1),
and hydrogen-bonding of its N3 and O4 atoms respectively with O81 and N&2 of the
invariant Asn-39(L3.5)1°. In the U4 core domain (Fig. 3), however, the base stacking with
the aromatic residue (L3.3) present in five of the Sm proteins, and the interaction with the
Arg/Lys (L5.1) vary along the heptad and from the Lsm-1 example (Fig. 3 and S9), due to
the irregular RNA conformation around the central hole (Fig. 2 and S6) and the sequence
variations in L3 and L5 (Table S3). We have inferred hydrogen-bonding interactions around
the Sm site from the residue positions, corroborated by unambiguous orientation of base
planes and aromatic side chains in the electron density, and the non-crystallographic
symmetry (ncs) agreement in the conformation of the conserved contact residues (Fig. 3).

At the first position of the heptad an adenine is required, since replacement by G abolished
core domain assembly with a U4 oligonucleotide, and replacement by U destabilized the
assembly23. The A119 base is stacked with Tyr-53E(L3.3) and hydrogen-bonded at N3 to
Lys-80E(L5.1), at N6 to Asp-51E(L3.1) and at N1 to Asn-55E(L.3.5) (Fig. 3a),
demonstrating A-specificity of its binding pocket. A salt bridge between its phosphate and
Arg-61D2, which is hydrogen-bonded to Asp-37F (Fig. 3g), stabilizes A119 binding to the
ring. In U1 snRNP and the reconstituted U4 core domain, the N7 atom of this adenine is
unexpectedly nucleophilic in becoming methylated by dimethylsulphate. It indicates a
perturbation of the rt-electron distribution over its double ring system2®, which could result
from multiple hydrogen bonds to the base.

The U120 base is sandwiched between the side chains of Phe-37G and Arg-63G and
hydrogen-bonded at O4 with N&2 of Asn-39G (Fig. 3b). Similarly, the U122 base is stacked
with His-37B and hydrogen-bonded at O4 to Asn-39B (Fig. 3d), except that a different base
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orientation relative to L3 requires His-37B to adopt a different rotamer to achieve stacking
(Fig. S9). These interactions are similar to the Lsm-1 complex!? and account for the cross-
linking of the first and third U to L3 residues of SmG and SmB, respectively26. SmD3 and
SmD1 lack the aromatic residue at L3.3. SmD3 displays U specificity in a novel mode
distinct from LSm-119: U121 is hydrogen-bonded on O4 to both Asn-38D3 and Asn-40D3,
on N3 to Asn-40D3 and on O2 to the peptide amide of Ser-66D3, besides being stacked with
Arg-64D3 (Fig. 3c). U123 forms no stacking interaction (Fig. 3e). Its base is within
hydrogen-bonding distance from the side chain of the invariant Asn-37D1, which is
positioned to form the conserved buttressing hydrogen bonds with Asp-33D11619 20, Thjs
configuration is consistent with U123 adopting an enol tautomer that would present O2(H)
and N3 as the hydrogen-bond donor and acceptor, respectively, to 081 and N&2 of
Asn-37D1. Consequently U123 is accommodated without U-specific base contacts, which
explains the lack of preference for U at this position (Fig. S3e). In human U1 snRNA G
replaces U, and in U1 snRNA of other species all four bases are tolerated
(http//:rfam.sanger.ac.uk)2?. U124 is hydrogen-bonded on 02, not 04, to the invariant
Asn-64D2 (Fig. 3f), and therefore our structure cannot fully account for the preference for U
at this position. His-62D2 while stacking with U124 also interacts edge-to-face with the 5'-
flanking Adenine, A118 (not shown) in some ncs copies. The G125 base is not intimately
associated with SmF, as it is stacked only on one edge between Tyr-39F and Arg-65F, and
too distant for hydrogen-bonding with the invariant Asn-41F (Fig. 3g). Cys-66F, which is
absolutely conserved in SmF, replaces the Gly in L5 without causing a clash. The absence of
G-specific base contacts explains why replacing this G with A had no effect on Sm protein
binding?3, and it is consistent with replacement of this G (Fig. S3e) by other bases in U4 and
U5 snRNAs of different species?’,28. Thus, the last nucleotide of the Sm site heptad acts as a
transition to the variable 3 stem. In the bound heptad the phosphate groups of U120, U121
and U122 are in close proximity. Their negative charge density is likely stabilized by
electrostatically held magnesium ions of indeterminate positions2? or by chelated cations
unresolvable at our resolution.

In mammalian U4 and U5 snRNAs the Sm site heptad and the 3" stem are linked by a single
nucleotide, whereas in U1 and U2 snRNA they are linked by five nucleotides?’ 28,
Structural comparison between U1 snRNP11,12 and the U4 core domain shows that the
snRNAs emerge from the central hole in similar positions (red circle in Fig. 4a and 4b) but
with such different stem orientations that their 3" termini fall on opposite sides of the hole.
In U1 snRNP, the N-terminal 70 residues of U1-70K wrap around the tapered face of the
core domain by skirting around the RNA stalk passing SmD3-SmG-SmE-SmF-SmD211 12,
Mapping the U1-70K N-terminal fragment onto the U4 core domain reveals that the 3’
strand of U4 SL-I11 would obstruct its polypeptide path (Fig. 4c) and hence prevent its
binding to the SnRNP. The N-terminal 97-residue fragment of U1-70K is sufficient to bind
to the U1 core domain but fails to bind to the U5 core domain®. In U5 snRNA the 3" stem
is linked to the Sm site as closely as in U4 (Fig. S3c and S3d) and could exclude U1-70K
analogously.

The N-terminal extension of SmD2 and C-terminal extension of SmD1 are disordered in the
absence of RNA1S. In U1 snRNP, SmD2 forms an extra helix (helix 0) at the N-terminus
that points into the minor groove of RNA helix H (Fig. 4a). This anchors the SmD2 helix 1,
whose C-terminus interacts with U1-70K11,12 21 |n the U4 core domain, the C-terminal
extension of SmD1 forms helix 3, while the N-terminal extension of SmD2 forms helix 0
(Fig. 4b) in the ncs copies where the loop between SmD2 helices 0 and 1 interacts with the
backbone of the 5" stem (Fig. 1a). The U4 SmD1 helix 3 interacting with the U4 SmD2
helix 1 in its SnRNA-dependent orientation might also obstruct U1-70K (Fig. 4b). In U1
snRNP, the SmB helix 1 interacts with the backbone of stem 1111, These snRNA-dependent
structural differences on the flat face of the core domain may, in addition to the ShRNA
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itself, provide selectivity for the cognate particle-specific proteins and play a crucial role in
SnRNP biogenesis.

METHODS SUMMARY

The U4 snRNP core domain was reconstituted from the seven Sm proteins and a variant of
human U4 snRNA16 22 Crystals in space group P3; with 12 complexes per asymmetric unit
were grown by vapour diffusion and diffracted X-rays anisotropically to 3.45 A resolution.
Initial phases were determined by the MAD method using SeMet substitution within Sm
sub-complexes. The structure containing 8101 protein and RNA residues has been refined
under 12-fold ncs restraints at 66.2-3.6 A resolution to Ree 0f 32.1% with excellent
geometry (Table S1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall structure of the U4 snRNP core domain

a, Side view of the core domain showing the ring with its flat face up and tapered face
down. b, View from the flat face of the ring. The N- and C-terminal extensions of the Sm
fold interact between SmD3 and SmB, and between SmD1 and SmD2. c, the heptameric
ring is cleaved along a plane (dark blue patches) through SmG and SmD2, leaving the five
subunits SmG-SmD3-SmB-SmD1-SmD2 that bind the penta-uridylate to form the protein
envelope in the background. Loops L3, L5 and L2 of the Sm fold line the walls of the funnel
shaped hole, whereas L4 is exposed on the tapered face. The bases of the Sm site
nucleotides, such as U120 and U124, are bound between L3 and L5 near the rim on the flat
face.
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Figure 2. The Sm site RNA bindsasymmetrically in the central hole of the heptamer ring
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The Sm site heptad sequence is shown together with Sm proteins in the central hole of the

core domain. Carbon atoms are colour-coded by chain: SmE (yellow), SmG (green), SmD3
(salmon), SmB (light blue), SmD1 (tan), SmD2 (cyan), SmF (purple), RNA (magenta).

Nitrogen, oxygen, sulphur and phosphorus atoms are in blue, red, green and orange,
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Figure 3. Interactions between the U4 Sm site heptad nucleotides and the Sm proteins

a, Al119. b, U120. ¢, U121. d,U122. e, U123. f, U124. g, G125. Shown in dashed lines are
the hydrogen-bonding interactions inferred from the residue configurations. Similarities with
the RNA-free hetero-dimers!® and the Lsm-1 complex!® are present: the invariant Asn(L3.5)
is buttressed by hydrogen bonds with the side chain of Asp(L3.1) and peptide amide of
Gly(L5.2) in six cases (a-b, d-f), and with Glu-36D3(L3.1) via Tyr-62D3 and with the
peptide amide of Gly-65D3(L5.2) in SmD3 (c); Met(L3.4) contributes van der Waals
contacts to the base bound by a neighbouring Sm protein in six cases (a-f), and Gly(L5.2) is
conserved in six cases (a-f) where a side chain would clash with the base contacting
residues. The 2Fo-Fc map is shown sharpened with B=-15 A2 and contoured at ~1.50.
Atom colours are as in Figure 2.
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Figure 4. snRNA-dependent structural changes of the U1 and U4 core domains

a, U1 snRNP1! and b, U4 core domain in the same orientation; ¢, the U4 core domain in
tapered-face view. The N-terminal fragment of U1-70K (green)1,12 is overlaid onto the U4
core domain (b and c), and the Sm folds common to both structures are masked with a white
envelope. The red circle indicates where U1 and U4 snRNAs come out from the central
hole. In U4, the L4 loops of SmB and SmD2 contact the backbone of the 3" stem (b). In
U111 21 smD2 helix h0 points into the minor groove of RNA helix H (hH) (a), but in U4,
SmD2 hO is orientated almost orthogonal to this, with its N-terminus and the C-terminus of
the masked SmD2 h1 both pointing at SmD1 helix h3 (b). The latter is positioned to obstruct
the path of U1-70K (arrow). Moreover the first seven base pairs of the 3’-stem of U4
snRNA (orange) would clash on its 3”-strand with U1-70K (arrow) (c).
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