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Abstract

Pre-mRNA splicing proceeds by two consecutive trans-esterification reactions via a lariat-intron
intermediate. We present the 3.8A cryoEM structure of the spliceosome immediately after lariat
formation. The 5°-splice site is cleaved but remains close to the catalytic Mg2™ site in the U2/U6
SnRNA triplex, and the 5’-phosphate of the intron nucleotide G(+1) is linked to the branch
adenosine 2’0OH. The 5’-exon is held between the Prp8 N-terminal and Linker domains, and base-
pairs with U5 snRNA loop 1. Non-Watson-Crick interactions between the branch helix and 5°-
splice site dock the branch adenosine into the active site, while intron nucleotides +3 to +6 base-
pair with the U6 sSnRNA ACAGAGA sequence. Isyl and the step one factors Yju2 and Cwc25
stabilise docking of the branch helix. The intron downstream of the branch site emerges between
the Prp8 RT and Linker domains and extends towards Prp16 helicase, suggesting a plausible
mechanism of remodelling before exon ligation.

Introduction

The spliceosome is a dynamic molecular machinel,2 that catalyzes pre-mRNA splicing in
two sequential trans-esterifications analogous to group Il intron self-splicing3. The major
spliceosomal components - U1, U2, U4/U6, and U5 small nuclear ribonucleoprotein
particles (SnRNPs), and the two large Nineteen and Nineteen Related (NTC and NTR)
protein complexes - assemble de novo on pre-mRNA substrates in an ordered manner4—6.
Initially U1 and U2 snRNPs recognise the 5’-splice site (5’SS) and branch point (BP)
sequences of pre-mRNA: subsequently the pre-assembled U4/U6.U5 tri-snRNP is recruited
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to form the fully assembled spliceosome (complex B). During catalytic activation Prp28
helicase displaces the 5’SS from U1 snRNP and allows it to base-pair with the U6 snRNA
ACAGAGA sequence?,8. Brr2 helicase unwinds the U4/U6 snRNA duplex to release U4
snRNA and its associated proteins9,10, allowing recruitment of the NTC and NTR
complexes. The resulting complex B2t is then remodelled to complex B*, which recruits
step one-specific factors Yju2 and Cwc25. These factors stabilise a network of RNA
interactions comprising U2, U5, and U6 snRNAs, which position the pre-mRNA 5’SS and
BP sequences for catalysis of the first trans-esterification (branching) producing 5’-exon and
lariat intron-3’exon intermediates. The resulting complex C is further remodelled to complex
C* in which the 5’- and 3’-exons are aligned on U5 snRNA loop 1 to produce spliced
mRNA and lariat intron products via the second trans-esterification (exon ligation)11,12.
The spliced mRNA is released and the remaining Intron Lariat Spliceosome (ILS) is
disassembled, recycling the snRNPs for new rounds of splicing.

During this splicing cycle DExD/H box helicases are recruited to the spliceosome at specific
steps to remodel RNA-RNA interactions and induce binding or release of auxiliary
factors13,14. Specifically, after branching, the step one factors Yju2 and Cwc25 are released
by Prp16 helicase and Prp18-Slu7 and Prp22 are recruited to produce catalytically active
complex C*(ref 13). Following exon ligation, the spliced mRNA is released by Prp22
helicasel15 and the residual ILS is disassembled by Prp43 helicase16,17.

Here we describe the cryoEM structure of the spliceosome captured immediately after
branching. This structure provides insight into recognition and positioning of the 5’SS and
branch point at the active site, elucidates how proteins stabilise the architecture of the
catalytic RNA core, and provides a molecular basis to understand the functions of RNA
helicases and auxiliary factors in remodelling the spliceosome.

Overview of the structure

Spliceosomes from the yeast Saccharomyces cerevisiae were assembled on UBC4 pre-
MRNA substrate18 with a mutation of the 3’-splice site (3’SS) sequence UAGJAG to
UACAC, and purified via an affinity-tag on Slu7 or Prp18 (Methods). The purified
spliceosomes contained predominantly lariat intron-3’exon intermediates (Extended Data
Fig. 1), indicating that the purified spliceosomes represent complex C. We obtained a
cryoEM reconstruction at 3.8A overall resolution (Methods; Extended Data Figs. 1-6;
Extended Data Table 1) into which 44 components have been modelled (Fig. 1; Extended
Data Table 2). The U5 snRNP forms the core of the complex, which cradles the active site
(Fig. 1a). Assembling onto this core, the NTC and NTR act as a multipronged clamp that
stabilizes binding of the U2 snRNP core, the substrate, and auxiliary splicing factors to the
U5 snRNP (Fig. 1a-c). The helicase module containing Brr2 and Prp16 protrudes from the
U5 snRNP core (Fig. 1a,b).

As in U4/U6.U5 tri-snRNP19,20, the Large domain of Prp8 (ref. 21) forms the foundation of
the assembly together with the stable foot unit, comprising GTP-bound Snul114 and the N-
terminal domain of Prp8, firmly gripping the U5 snRNA (Fig. 2a,b). Prp8 has undergone a
large structural change including a 30° rotation of the foot with respect to the Large domain
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when compared to U4/U6.U5 tri-snRNP19 (Extended Data Fig. 7). U4 snRNA and its
associated proteins have been released upon unwinding of the U4/U6 duplex by Brr2 (ref 6).
The 3’-domain of U2 snRNP comprising Msl1(U2B”), Leal(U2A”) and the Sm core domain
bridges the Prp8 RNaseH-like domain and the N-terminal HAT (Half-a-TPR)-repeat domain
of Syfl (Fig. 2a). Isyl and Cefl dock with the N-terminal and reverse transcriptase(RT)-like
domains of Prp8 (ref. 21), respectively, and anchor the N-terminal end of Cfl1 together with
Prp45/Prp46 (Fig. 2c¢,d). These interactions support the HAT-repeat arches of Syfl and Cfl1
suspended over the Large domain of Prp8. The 5’-part of U2 snRNA and the 3’-part of U6
SnRNA run side-by-side from the active site forming nine consecutive base-pairs extending
towards the centre of the Syfl HAT-repeat arch (Fig. 2a-e). Bud31 anchors the 5’-stem of U6
SsnRNA to the N-terminal domain of Prp8 (Fig. 2c). Cwc2 is wedged between Bud31, Ecm2
and Prp45 and guides the path of U6 sSnRNA22 (Fig. 2c). U2 snRNA downstream of the
branch helix extends from the active site towards the 3’-domain of U2 snRNP, forming two
stems bridging the U2 Sm ring with Ecm2/Cwc2 and the main body of the complex (Fig.
2d,e). Density for two RNA helices emanating from the U2 Sm ring is consistent with a
stem-loop Ilb/stem llc arrangement and the catalytically competent conformation of the
active site23,24 (Fig. 2f). The C-terminal region of Cwc21 forms a coiled-coil that interacts
with Snul14 (ref. 25) (Fig. 2a) while the N-terminal half of Cwc21 extends towards Prp8
and points into the U5 snRNA stem minor groove.

Two large regions of weak density extend from the well-ordered core of the complex
(Extended Data Fig. 1e). Focused classification allowed us to select subsets of particles (core
+helicase, core+Prp19) (Extended Data Fig. 2), in which less well-ordered components can
be more clearly visualised. The weak density observed in the latter class is readily
attributable to Prp19, Cefl and Snt309 based on its distinct shape first observed in ILS26 but
the weaker density in complex C suggests these proteins are more loosely attached to the
core than in ILS. A large lobe corresponding to a DEAH helicase in contact with Cwc25 is
observed near the intron exit channel, downstream of the BP. Although its limited resolution
does not allow us to build a model de novo, the density is of sufficient quality to fit a DEAH
box helicase model unambiguously (Extended Data Fig. 6; Extended Data Table 2) and it
has been interpreted as Prpl16 as it contacts Cwc25. An even larger domain is observed in
contact with the DEAH helicase domain. The structure of Brr2 helicase coupled to the
Jab1/MPN domain of Prp8 (ref. 27) can be docked into this density, consistent with an
interaction between Prp16 and Brr2 (ref. 28).

Active site

The map shows that the phosphodiester bond at the 5°SS is cleaved and the 5’-phosphate of
the first intron nucleotide G(+1) forms a 2’-5’ phosphodiester linkage with the branch point
adenosine (A70), in agreement with the RNA analysis (Extended Data Fig. 1b and 4b). The
key RNA elements assemble around the active site harbouring the magnesium ion binding
sites (Fig 3). The 3’OH of the 5’-exon remains close to the 5’-phosphate of G(+1) such that
the normal 5°-3” phosphodiester linkage at the 5’SS could be restored with minimal
structural alteration (Fig. 3c). The adenine base of BP A70 is bulged out from the branch
helix and its N1 and 6-amino group are hydrogen-bonded to the 2’OH and O2 of U68
creating a unique backbone conformation which enables the 2’0OH of A70 to project towards
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the 5’-phosphate of intron G(+1) (Fig. 3f). In yeast the intron sequence following the 5’SS is
stringently conserved as GUAUGU?2. The G(+1) base is partially packed against the A70
base while the U(+2) base is within hydrogen-bonding distance of U2 snRNA G37
suggesting a possible base-triple interaction with intron C67 (Fig. 3e). Mutation of G(+1) to
C, or of the branch A70 to C, would disrupt these interactions, consistent with the strong
branching defects observed for these mutations29. Four conserved intron nucleotides
A(+3)U(+4)G(+5)U(+6) form sequence-specific base-pairs with part of the ACAGAGA
sequence of U6 snRNA7,8,30,31. The three 5’-exon nucleotides A(-2)A(-3)A(-4) form
Watson-Crick base-pairs with loop 1 of U5 snRNA11(Fig. 3b, 4). Interestingly, the 5’-exon
winds through a narrow channel between the Large and N-terminal domains of Prp8 formed
during spliceosome activation (via 30° foot rotation) (Extended Data Fig. 7¢) and stabilised
by Cwc21 and the C-terminal domain of Cwc22 (Fig. 4a,b). Cwc22 consists of two HEAT
repeat-containing domains that straddle the 5’-exon tunnel, providing insight into exon-
junction complex deposition in higher eukaryotes32 (Extended Data Fig. 8).

U6 snRNA following the ACAGAGA sequence forms Helices la and Ib by base-pairing with
U2 snRNA and folds back to form an intramolecular stem loop (ISL), in agreement with the
structure inferred from genetics33 (Fig. 3b,d). Helices la and Ib show continuous base-
stacking and the bulged U2 snRNA nucleotides U24 and A25 protrude from Helix | and bind
to the Prp8 RT domain (Fig. 3d,4d,e,5a). The Watson-Crick faces of U6 snRNA nucleotides
G52 and A53 interact with the Hoogsteen faces of G60 and A59, respectively, forming two
consecutive base triples as inferred from genetics34 (Fig. 4e,f). C66 and A79 bulge out from
the ISL (Fig. 3a,b), allowing continuous base-stacking of the bulged U80 with G52 and A53
and stabilizing the catalytic triplex. It has been proposed that pre-mRNA splicing reactions
are catalysed by a two-metal-ion mechanism35. Indeed ligands for the two divalent metal
ions have been identified by stereo-specific phosphorothioate substitutions and metal rescue
experiments36 and density attributable to Mg2* ions is observed adjacent to these ligands
(Extended Data Fig. 5). The 5’-exon 3’OH and the 5’ phosphate of G(+1) remain close to
M1, while U6 snRNA metal ligands have repositioned slightly, in agreement with the
previously observed repositioning of the branch in structures of a branched group 11
intron37. Nonetheless, the branch helix remains “docked” at the catalytic Mg2* site, in
striking contrast to its “undocked” configuration observed in the ILS structure, where it
swings away from the ACAGAGA helix by 90° (ref 26; Extended Data Fig. 5).

The intron downstream of the 5’SS GUAUGU sequence exits the active site near Cwc2,
Ecm2, CIf1, Cefl and Isyl (Fig. 2), re-enters the spliceosome and runs side-by-side with U2
snRNA in the opposite direction through a channel between the Prp8 Endonuclease and
RNaseH-like domains (Extended Data Fig. 7). The intron then forms the branch helix with
the G'W AGUA sequence of U2 snRNA in proximity to the catalytic Mg2* site (Fig. 3b, d)
and exits the active site through a channel made by the Linker and RT-like domains of Prp8

(Fig. 2).

Roles of proteins around the active site

The RNA network at the active centre, comprising U2, U5 and U6 snRNAs and RNA
substrate, is stabilised by a number of proteins (Figs 1,2,4). The catalytic RNA core is
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surrounded by the Linker and the helix bundle (HB) domains of Prp8 (ref.19,21) on one side
and by NTC proteins (Prp45, Prp46, Isyl and Cefl) and step one factors (Yju2 and Cwc25)
on the other side, which together stabilise the catalytic RNA core for branching. Remarkable
stacking of Prp8 Tyr671 and Tyr1620 against bases at positions G(-5) and A(-6) stabilises
the 5’-exon:U5 snRNA loop 1 pairing (Fig. 4b,c). The linker between the N-terminal and
Large domains of Prp8 runs across the major groove of U6 ISL, which is positioned in a
pocket formed by Prp8 and CIf1, and the interactions are sealed by the extended N-terminus
of Cwcl5 (Fig. 4d). Cef1l stabilises the U2/U6 catalytic triplex34 (Fig. 4e,f).

Step one-specific factors probe the branch helix and stabilise its docking at the catalytic core
(Fig. 5). A long a-helix of Cwc25 contacts the RNaseH-like domain and a-finger of Prp8
and its N-terminus is inserted into the widened major groove of the bulged branch helix (Fig.
5b,d). The N-terminus of Yju2 wraps around the branch helix (Fig. 5d) and its Arg4 makes a
base-specific contact with the intron U(+2) while its main chain amide group contacts the
backbone phosphate of the 5’-exon A(-2) (Fig. 4c). Isy1 projects its N-terminus deep into
the active site forming contacts with the phosphate backbone of intron U68. Ser2 of Isyl
forms a hydrogen-bond with the O2 carbonyl group of U(+2) of the intron. One of the Isyl
helices inserts into the minor groove of the ACAGAGA/5’SS helix. Cwc25 forms multiple
contacts with the branch site, consistent with cross-linking experiments38 and its role in
juxtaposition of the 5’SS and BP for branching39,40,41. These spliceosomal factors are
reminiscent of ribosomal proteins L27 and L16, which penetrate into the peptidyl transferase
active site and stabilise tRNA binding42.

Remodelling of the spliceosome

The intron downstream of the BP emerges from the exit channel formed by the Prp8 RT and
Linker domains and the a-finger, and projects towards Prp16 (Fig. 6a). Twelve nucleotides
could span the distance between the last ordered intron nucleotide (BP+6) and the substrate
RNA entry site of Prp16, consistent with Prp16 crosslinking to 4-thiouridine introduced 18
nucleotides downstream of the BP43. Prp16 translocates 3’—5’ towards the BP along the
intron upon ATP hydrolysis43-45. Prp16 would thus pull the branch helix out of its pocket
and hence destabilise the binding of Yju2 and Cwc25 (Fig 6b). The undocked branch helix
would allow the 3’-exon to enter the active site31,45 and bind to U5 snRNA loop 1 (ref
11,12). Consistent with this, destabilisation of the branch helix by Isy1 deletion suppresses
splicing defects caused by Prp16 mutations46. The step two factors, Prp18 and Slu7 are
likely to dock into the space vacated by the branch helix/Yju2/Cwc25 to stabilise the 3’SS
into the active site as Slu7 and Prp18 are in direct contact with the 3’SS bound to U5 snRNA
loop 1 prior to exon ligation47 (Fig. 6b). Prp22 binds the 3’-exon at position +17 (ref. 15).
Translocation of Prp22 on the 3’-exon in the 3° —5’ direction towards the active centrel5,43
would displace Prp18-Slu7, releasing the mRNA. In our structure density assigned to Prp16
is in direct contact with Cwc25 (Fig. 6a), consistent with Cwc25 stabilising Prp16 binding to
the spliceosome prior to branching44. We propose that the branch helix and 3’-exon confer
specificity for auxiliary factors such as Cwc25-Yju2, Slu7-Prp18, which may act as adaptors
that determine the identity of the next DEAH box helicase to remodel the active site.
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The structure of the S. pombe spliceosomal complex26,48 contains a lariat intron but not 5°-
exon or the spliced mRNA. The catalytic RNA core is surrounded by a similar set of NTC
and NTR proteins but the structure lacks step one or step two factors26,48, suggesting this
corresponds to a post-splicing Intron Lariat Spliceosome (ILS)49. Instead Cwf19, a homolog
of the debranching enzyme co-factor Drn150, intrudes between the Large and RNaseH-like
domains of Prp8, occupying the binding sites for Isyl, Cwc25, and Yju2 found in our
complex C. Cwf19 marks the ILS complex for disassembly by displacing the branch helix,
which rotates by 90° in ILS with respect to complex C (Fig. 5¢, Extended Data Fig. 7).

A pronounced conformational change between ILS and complex C is a large rotation of the
NTC (Extended Data Fig. 7d). In ILS the N-terminus of Syfl moves away from the core,
promoting undocking of U2 snRNP. In complex C, the position of U2 snRNP is stabilised by
the formation of stem lic and binding of Prp19. U2 snRNP is in direct contact with the
RNaseH domain of Prp8, which holds Cwc25 in place. This network of interactions suggests
that binding of Prp19 and formation of stem llc in U2 snRNA may have an allosteric effect
on the positioning of the branch helix via step one factors. Extended arches of Syfl and CIfl
may have a role in communicating the signal over long distance.

Our spliceosomal complex C structure reveals the active configuration of the catalytic core,
elucidating the arrangement of the RNA substrate and its interaction with proteins. The
structure accounts for a large body of biochemical and genetic data and provides crucial
insights into substrate docking and catalysis and the role of DEAH helicases and auxiliary
factors in spliceosome remodelling.

Prp18-HA and Slu7-TAPS tagging

SLU7Z-TAPS homology recombination cassettes were generated by PCR from pFA6a-TAPS-
kanMX6, a modified version of pFA6a-TAP-kanMX6 in which the Calmodulin-binding
peptide tag is replaced by two tandem copies of the Strepll tag51. The PCR product was
used to transform yeast strain YSCC1 (MATa prcl prbl pep4 leu? trpl ura3 PRP19-HA)4
selecting for G418-resistance. Prp18 3xHA kanMX6 cassette was transformed into BY4741
strain (MATa his341 leu2A0 met15A0 ura3A0) and selected as above. Integration of the
cassettes was confirmed by PCR and Western blotting.

Sample preparation

The Prp18-HA or Slu7-TAPS yeast strains were grown in a 120 L fermenter, and splicing
extract was prepared using liquid nitrogen method36 essentially as previously described52.
A DNA template for /n vitrotranscription was generated by addition of 2xMS2 stem
loops53 to the 5’-end of the UBC4 pre-mRNA sequencel8, in which the 3’-splice site
sequence UAGAG was mutated to UACAC. Pre-mRNA substrate was generated by run-off
transcription from a plasmid DNA template and labelled at the 3’-end with fluorescein-5-
thiosemicarbazide54. /n vitro splicing reactions were assembled using pre-mRNA substrate
pre-bound to MS2-MBP fusion protein as previously described6,53. The resulting
spliceosomes were bound by amylose-resin in HE-75 (20 mM HEPES KOH pH 7.8, 75 mM
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KCI, 0.25 mM EDTA, 5% glycerol, 0.01% NP-40) and eluted with 12 mM maltose. The
sample was subsequently immobilised on either anti-HA-agarose (for Prp18-HA yeast
extract) or Streptactin resin (for Slu7-TAPS yeast extract) in HE-100 (20 mM HEPES KOH
pH 7.8, 100 mM KCI, 0.25 mM EDTA, 5% glycerol, 0.01% NP-40) and eluted with either
HA peptide (for anti-HA-agarose) or desthiobiotin (for Streptactin resin), essentially as
described55. The eluate was finally dialysed against HE-75 buffer (without glycerol and
NP-40) for EM sample preparation. Analysis of fluorescently labelled RNA showed that pre-
mMRNA is converted to the lariat intron-3’-exon intermediate in our sample and hence it is
referred to as complex C (Extended data Fig. 1b). Our experimental set-up was designed to
purify step 2 complexes after Prp16 action, however the presence of step 1 factors in the
structure and configuration of the active site clearly indicate that the complex has not
undergone Prpl6-mediated remodelling. It has been shown previously13 that in low salt
conditions Prp18, Slu7 and Prp16 associate with complex B* and C. Analysis of protein
components by gel electrophoresis and subsequent mass spectrometry shows that Prp16 as
well as Prp22 are present, in agreement with the previous results (Extended Data Fig. 1a;
Extended Data Table 2)6,13,43.

Electron microscopy

For cryo-EM analysis, Quantifoil R2/2 Cu 400 mesh grids were coated with a 5 — 7 nm-thick
layer of homemade carbon film and glow discharged. After applying 3 mL of the sample, the
grids were blotted for 2.5 — 3 s and vitrified in liquid ethane in FEI Vitrobot MKIII, at 100%
humidity at 4 °C. Grids were loaded into an FEI Titan Krios transmission electron
microscope operated at 300 kV and imaged using a Gatan K2 summit direct electron
detector and a GIF Quantum energy filter (slit width 20 eV). Images were collected in super-
resolution counting mode at 1.25 frames s1 and a calibrated pixel size of 1.43 A. A total
dose of 40 e A2 over 16 s and a defocus range of 0.5 — 4 um were used.

Image processing

A total of 2213 micrographs were subjected to whole-frame drift correction in
MOTIONCORRS56 followed by contrast transfer function (CTF) parameter estimation in
CTFFIND/4 (ref. 57). All subsequent processing steps were done using RELIONS58 unless
otherwise stated. An initial subset of 5000 particles was selected manually and subjected to
reference-free 2D classification. Resulting 2D class averages were low-pass filtered to 20 A
and used as templates for subsequent automated particle picking within RELION59. A total
of 247,603 particles were selected after initial reference-free 2D classification and subjected
to 3D classification (Extended Data Figure 2). An initial 3D reference was prepared by
scaling and low pass-filtering (60 A) the reconstruction of the Intron-Lariat complex
(EMD-6413). A subset of 93,106 particles was selected after 3D classification. Particle-
based beam-induced motion correction and radiation-damage weighting (particle polishing)
followed by 3D Refinement resulted in a final reconstruction at 3.8 A overall resolution and
estimated accuracies of rotations of 1.1° (Extended Data Fig. 3).

Very weak density observed at two peripheral regions of the map corresponds to Brr2/Prp16
(helicase module) and Prp19/Cef1/Snt309 (Prp19 module). We used focused classification
with signal subtraction to improve the resolution of these regions60. The region of interest
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was masked out and the projection of the remaining map was subtracted from the
experimental particles using angular assignment from the last iteration of the 3D auto-refine
run. Subtracted particles were 3D classified without image alignment and the best classes
were selected for further refinement of the original (not subtracted) particles. This resulted in
a smaller subset of the original particles, in which Brr2/Prp16 and Prp19/Cef1/Snt309 are
more homogeneous and consequently the density is significantly improved in those regions
(Extended Data Figure 2 and 3). 3D refinement of the selected 29210 Prp19-selected
particles resulted in a map at overall 5.1A resolution, while 15872 of the helicase-containing
particles yielded a map at 10 A resolution. For the global classification approach we
generated a soft mask around the core of the complex and classified polished particles with
finer angular sampling of 1.8° and local searches of 10°. The resulting two major classes of
37K and 47K particles were refined to 4.1A and 3.9 A respectively. They revealed a subtle
conformational change of the U2 snRNP and Syfl HAT arch correlated with the presence of
WD40 domain near the stem Ilc and I1b region of U2 snRNA. This WD40 domain belongs
to Prpl17 or Prp19, but the local resolution did not allow us to make an unambiguous
assignment. All reported resolutions are based on the gold-standard Fourier shell correlation
(FSC) = 0.143 criterion61. FSC curves were calculated using soft spherical masks and high-
resolution noise substitution was used to correct for convolution effects of the masks on the
FSC curves62. Prior to visualization, all maps were corrected for the modulation transfer
function of the detector. Local resolution was estimated using Resmap63.

Model building

A list of protein and RNA components included in the model is given in Extended Data
Table 2. Building started by docking known structures of S. cerevisiae Prp8, Snul14, U5 Sm
ring, U5 snRNA19, Cwc2 (ref. 64) and Bud31 (ref. 65) into the map. Homology models for
Cef1, Prp45, Prp46, Ecm2 and Cwc15 were built with SWISS-MODEL66, using structures
from the S. pombe intron-lariat spliceosome26 as templates, and were docked into the map.
This accounted for the majority of the protein density in the core, allowing building of the
intron, U6 snRNA and U2 snRNA. RNA extending from the loop 1 of U5 snRNA was
assigned to nucleotides -1 to -16 of the 5’ exon as previously predicted11. A model for the
NTD of Cwc22 was built using SWISS-MODEL based on the structure of the human
Cwc22:elF4Alll complex32 and docked near Snul14. Clear density near the NTD of Cwc22
was interpreted as the MA3 domain at the C-terminus of Cwc22; this domain was built de
novo. A coiled-coil was found contacting domain IV of Snul14. Based on an unpublished
NMR structure from Arabidopsis thaliana (PDB ID: 2E62) and biochemical data25 we
assigned this density to the CTD of Cwc21. Weak density was observed connecting this
coiled-coil to a peptide contacting the 5’-exon. We therefore assigned this peptide as the N-
terminus of Cwc21. Unassigned density remained near the branch-point helix. Based on
secondary structure prediction67 we assigned a portion of this density to Yju2 and were able
to build its NTD de novo; our assignment was supported by clear density for a zinc atom
coordinated by four conserved cysteines. The remainder of the density could then be
assigned to the N-termini of Cwc25 and Isyl.

The majority of the model building described above was for the core of the spliceosome
where the resolution was uniformly between 3.5 — 4.5 A (Extended Data Figure 4). For the
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periphery of the complex, the resolution was more heterogeneous, ranging from 4 to 20 A.
Clear features of the periphery were two large proteins with extended architectures. One of
these proteins started in the core and projected outwards to the periphery. At the core, side-
chains were easily visible for this protein and allowed assignment as the N-terminus of CIf1.
Towards the C-terminus of CIf1 the resolution only allowed building of idealised poly-Ala
helices, which were then assigned sequence based on secondary structure predictions67. For
the other extended protein, few side-chains were visible but helices could be distinguished.
This protein was generally built as poly-Ala helices, and based on secondary structure
predictions67 was assigned as Syfl. A second Sm ring at medium-resolution was found in
the map and was assigned as the U2 snRNA Sm ring. Homology models for the U2 snRNP
proteins Leal and Msl1 were generated using SWISS-MODEL66 based on the structure of
the human U2B”-U2A’-U2 snRNA complex68 and were docked into the adjacent density.
The portion of the U2 snRNA in contact with Msl1 was most consistent with the previously
proposed stem IV + stem V architecture and was built based on the secondary structure
prediction69. Two RNA double helices were observed bridging the U2 Sm ring to Ecm2 and
were assigned as stems I1b and llc of the U2 snRNA. Using 3D classification, we found that
some of the particles contained a large lobe of extra density connected to the reverse
transcriptase and RNase H domains of Prp8 (see above). Although we could not resolve
secondary structure in this region, we could perfectly dock the crystal structure of Brr2 and
the Jab1/MPN domain of Prp8 (ref. 27). The remainder of the density could then well
accommodate an I-TASSER70 homology model of Prp16 based on the crystal structure of
Prp43 (ref. 71). Weak density connected to CIf1 and Syf1 had the characteristic shape of
Prp19-Snt309-Cefl (ref. 26). Focused classification in this region could improve the density
enough to resolve the U-box dimers and thus dock a homology model of these proteins.
Finally, three copies of the Prp19 WD40 domain crystal structure could be docked into very
weak density adjacent to the Prp19 coiled-coils. With the exception of the helicase and
Prp19 modules all models were manually rebuilt in order to obtain the best fit to the cryo-
EM density. The model was refined using REFMAC 5.8 (ref. 72) with secondary structure
restraints generated in PROSMART73 and RNA base-pair and stacking restraints generated
in LIBG74. Extended Data Table 1 summarizes refinement statistics and PBD and EMDB
accession codes.

Map visualisation

Maps were visualised in Chimera84 and figures were prepared using PyMOL (http://
www.pymol.org).
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Extended Data
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Splicing reaction
0 30" C complex
o %
e

Helicase module

»

%*L

Prp19 module

589 A

Ex;Jeno_Ied Data Figure 1. Biochemical characterisation of the complex and initial cryo-EM
analysls.

a, SI)SS-PAGE analysis of the purified sample. Protein identities were confirmed by mass
spectrometry analysis. Protein labels are coloured according to sub-complex identity (dark
blue, U5 snRNP; light blue, helicase module; orange, NTC; yellow, NTR; green, U2 snRNP;
purple, splicing factors; grey, not found in density) b, analysis of the fluorescently labelled
substrate in the sample by denaturing PAGE, showing conversion of linear pre-mRNA (time
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point 0’) into branched lariat-intron intermediate (time point 30’), which is a predominant
species in the purified sample (C complex). The two hairpins on the right depict the 2xMS2
stem-loops attached to the 5’end of the UBC4 pre-mRNA substrate for affinity purification.
¢, a typical cryo-EM micrograph collected on an FEI Titan Krios microscope operated at
300 kV and detected with a Gatan K2 Summit camera. d, reference-free 2D classification
results. e, detail of a single class average with major domains labelled.

Autopicking and initial reference-free 2D classification (248K particles)

3D classification

]
L &

&

37% 23% 22% 18%

3D Refinement
Particle polishing

Helicase module

Focused classification

93K particles with signal subtraction

3.8A

Overall map EMD-4055

3D classification 1
(fine angular sampling)

3D Refinement of
the original particles

4%

37K particles 47K particles 29K particles 16K particles
EM D-4958 EMD-4059 EMD-4056 EMD-4057
4.1A 39A 5.1A 10.0A

Extended Data Figure 2. Overview of the data processing scheme used in this study.
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Iterative 2D classification, template selection and automated particle picking resulted in
248K particles which were classified in 3D with a scaled and low-pass filtered model of ILS
(EMDB-6413) as a reference. The best class was refined to 3.8 A resolution overall. Focused
classification allowed us to obtain two other maps with improved quality of the peripheral
regions (Prp19 and helicase modules, EMD-4056 and EMD-4057). Classification of the core
complex with fine angular sampling and local searches revealed a subtle movement of the
U2 snRNP which correlates with the appearance of the extra density, interpreted as a WD40
domain which belongs to Prp17 or Prp19.
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Extended Data Figure 3. Global and local resolution analysis.
a, two orthogonal sections through the map showing variation in the local resolution as

estimated by Resmap. b, an overall map of the core complex ¢, Gold-standard FSC plots for
three maps used in this study. d, map of the core complex with a helicase module. e, a map
of the core complex with Prp19 module.
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Extended Data Figure 4. Examples of cryo-EM density at the core of the complex with atomic

models built in.

a, U5 snRNA loop 1 with 5’-exon bound. b, the active site with exon, intron, U2 and U6
snRNAs. ¢, two helices of the Prp8 Reverse Transcriptase Thumb/X domain, showing a clear
helical pitch and excellent densities for the side chains. d, Fourier Shell Correlation between
model and the map and cross-validation of the model fitting. (The original atom positions
have been randomly displaced up to 0.5A and refined with restraints against the half1 map
only. FSC was calculated for two half maps. Excellent correlation up to the high resolution
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between the model and the half2 map (which was not used in refinement) cross-validates the
model for overfitting.

a C .
Group IIC intron C complex $pllceosome 9 U2.U6.U5 Intron-lariat Spliceosome
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Extended Data Figure 5. Metal binding by the catalytic core of C complex.
a,b, Structure (a) and schematic representation (b) of the active site of a group I1C intron

trapped in the pre-catalytic state in the presence of Ca?* (PDB 4FAQ, ref. 75). The 5° splice
site scissile phosphate is aligned with the two metals bound at the core in a catalytic
configuration, as shown in b. Note that, in this pre-catalytic structure, the group Il domain
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V1 is not present and therefore the structure does not contain the bulged adenosine
nucleophile required for the branching reaction. As a result, the nucleophile is a water
molecule, rather than the 2’-OH of the branch site adenosine found in spliceosomal introns.
c-d, Structure of the RNA at the active site of spliceosomal C complex, showing the overall
architecture (c), schematic of metal binding (d), and comparison of the model with the EM
density (€). Note conservation of the metal binding residues compared to the group Il intron
(c.f. ref. 36) and proximity of the cleaved G(-1)-G(+1) bond to putative M1. f, Proposed
interactions between U6 snRNA and the two catalytic Mg?* during the transition state for
branching, as inferred from biochemistry36. g, h, Structure (g) and schematic (h) of the
RNA core of the U2.U6.U5 ILS complex in a post-catalytic configuration (PDB 3JB9, ref.
26), likely following release of the mMRNA. The two Mg?* are shown as modelled in the
coordinates deposited by the authors of the ILS structure (PDB 3JB9, ref. 26). In the ILS
structure M1 and M2 are further apart (7.2 A) than in most other structures of RNAs that
coordinate catalytic metals (usually 3.9-5 A); nonetheless the ligands modeled for M1 and
M2 are consistent with the ligands identified biochemically for the two catalytic Mg2*
necessary for splicing (compare PDB 3JB9 and 4R0D with the data in refs. 34 and 36). Note
that the branch helix is undocked from the U6 snRNA metal binding site and G(+1) is far
away from the two Mg?2* at the core. The substrate and snRNAs are colour-coded while
residues that position the catalytic metals are shown in magenta.
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Extended Data Figure 6. Examples of the structures of isolated components.
De novo built proteins are shown in cartoon form, along with a secondary structure diagram

for the novel zinc finger fold of Yju2. Proteins that were modelled into low-resolution
regions by rigid-body docking of crystal structures or homology models (Prp19 module,
Brr2, Prp16, Prp8Jabl/MPNy are shown in their cryo-EM densities.
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a ) -
U4/U6.U5 tri-snRNP Complex C Intron-lariat spliceosome
RNaseH domain movement
Intron Extended
- U2 snRNA branch-point S~
Pred helix :
B-hairpin
S
c
Alpha-finger remodelling
U2 snRNA
U4 snRNA Intron
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PrpgN™® PrpgN™® PrpgN™®
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Extended Data Figure 7. Confor mational changes between U4/U6.U5 tri-snRNP, Complex C and
Intron-Lariat Spliceosome.

a, rearrangement of the RNaseH-like domain with respect to the main body of Prp8 in all
three complexes. b, a-finger (1575-1598) contacting the key RNA and proteins in a context-
dependent manner. ¢, Prp8 N-terminal domain movements along with Prp8 residues
1406-1436 transiently docking on top of the 5’-exon and Cwc21 in complex C, stabilising
the 5’-exon and interdomain contacts in Prp8. d, conformational rearrangements between
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complex C and S.pombe ILS26 showing a coupled movement of the U2 snRNP, Syfl and
Prp19.
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Extended Data Figure 8. Implicationsfor deposition of the Exon-Junction Complex.
In higher eukaryotes exon-junction complexes (EJCs) are deposited 20 — 24 nt upstream of

splice junctions, and form a binding platform for factors involved in nuclear export,
translation, alternative splicing and nonsense-mediated mRNA decay76. The core EJC
components elF4Alll, MAGOH and Y14 are found in human B and C complexes77. Cwc22
is required for elF4AlII recruitment to spliceosomes78-80 and holds it in an open, inactive
conformation32. a, Crystal structure of the elF4AIlll:Cwc22 complex32 docked onto the
spliceosomal C complex via superposition on Cwc22. b, Crystal structure of the core
EJC81,82 superimposed on the previous model via the second RecA domain of elF4Alll. c,
The 5’-exon exiting the channel at the interface between the Prp8 Large and N-terminal
domains is positioned perfectly for the deposition of the EJC, explaining how the Cwc22
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MIF4G domain is involved in determining the distance of EJC deposition from the splice
junction.

Extended Data Table 1
Cryo-EM data collection and refinement statistics.
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Map sharpening B-factor (A2)

Final resolution (A)

Model composition

Protein Residues
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Core Core+Prp191

Core+helicasel

EMDB ID EMDB-4055 EMDB-4056

EMDB-4057

lrepresents a sub-set of the whole dataset (Core).
2 . A
determined by Molprobity83.

30vera|| model including Prp19 and helicase modules.
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Figure 1. Subunit architecture of the spliceosomal complex C.
a-c, three orthogonal views of the complex coloured according to the subunit identity. d, a
list of all 44 modelled subunits of the complex grouped into functional sub-complexes.
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Figure 2. Overview of the core structure.

a, Prp8 and its central role in organizing the entire assembly (SII denotes U2/U6 stem 11). b,
RNA only in the same orientation as in a (ISL, U6 snRNA Internal Stem-Loop; 5’SL, U6
snRNA 5’ Stem-Loop; SL1, U5 snRNA Stem-Loop 1; VSL, U5 snRNA Variable Stem-
Loop; S3, U5 snRNA Stem I11). ¢, Ecm2, Cwc2 and Bud31 binding to the 5’-end of the U6
SnRNA. d, top view of the complex. e, RNA only in the same orientation as in d. f,
Secondary structure diagram for the 3'-end of U2 snRNA.
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Figure 3. Structure of the RNA catalytic core.
a, key RNA elements at the active site. ISL denotes Internal Stem-Loop. b, orthogonal view

illustrating the branch helix and helices la and Ib of U2/U6 snRNA duplex. c, the branch
helix and 5’-exon with the 2’-5" phosphodiester linkage (red arrow). d, intricate RNA
interactions at the active site (dotted lines indicate base triples; dot and star indicate G-U
wobble and other non-canonical base-pairs). e, base-triple interaction between the branch
helix and 5’-splice site. f, a network of interactions in the branch helix. g, Hoogsteen base-
pair between intron A(+3) and G50 of U6 snRNA.
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Figure 4. Proteins at the active site.
a, 5’exon channel formed between the Large and N-terminal domains of Prp8, Cwc21 and

Cwc22. b, 5’exon:U5 loop 1 interaction surrounded by Prp8. Th/X denotes Thumb/domain
X of Prp8 (residues 1300-1375). c, interactions between the 5’-exon, the N-terminal (purple)
and Large (blue) domains of Prp8, and Yju2 (green). Interactions involving protein main and
side chains are shown by solid and dotted lines. d, components surrounding U6 Internal
Stem-Loop. €, Prp8 and Cefl (mybl domain) stabilise the catalytic triplex. HB denotes helix
bundle of the RT domain (residues 750-870). f, structure of the catalytic triplex.
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Figure5. Step 1 factorsand branch site positioning
a, interaction between the RNA catalytic core and Prp8. b, positioning of the branch helix by

step 1 factors. ¢, corresponding view in S.pombe post splicing ILS complex26, showing
dramatic repositioning of the branch helix and its further stabilisation by debranching co-
factor Cwf19. d, a close-up view of step 1 factors interacting with the branch helix.

Nature. Author manuscript; available in PMC 2017 January 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Galej et al. Page 34

Post-step 1 spliceosome Pre-step 2 spliceosome Intron-lariat spliceosome
(Complex C) (Complex C*)

3'-exon

Intron

Figure 6. Therole of helicasesin active site remodelling.
a, the intron sequence downstream from the branch site exits the spliceosome via a channel

in Prp8 and extends towards Prp16. Translocation of Prp16 towards the branch helix would
destabilise step 1 factors and displace the branch helix from its pocket. b, schematic
illustrating how step 1 or step 2 specific factors can determine the specificity of the helicase
recruited to the spliceosome at particular stages of splicing.
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