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During the splicing of introns from precursor messenger RNAs (pre-mRNAs), the U2
small nuclear ribonucleoprotein (snRNP) must undergo stable integration into the
spliceosomal A complex—a poorly understood, multistep process that is facilitated by
the DEAD-box helicase PrpS5 (refs.*™*). During this process, the U2 small nuclear RNA
(snRNA) forms an RNA duplex with the pre-mRNA branch site (the U2-BS helix), which
is proofread by Prp5 at this stage through an unclear mechanism®. Here, by deleting
the branch-site adenosine (BS-A) or mutating the branch-site sequence of an actin
pre-mRNA, we stall the assembly of spliceosomes in extracts from the yeast
Saccharomyces cerevisiae directly before the Acomplex is formed. We then determine
the three-dimensional structure of this newly identified assembly intermediate by
cryo-electron microscopy. Our structure indicates that the U2-BS helix has formed in
this pre-A complex, but is not yet clamped by the HEAT domain of the Hsh155 protein
(Hsh155"T), which exhibits an open conformation. The structure further reveals a
large-scale remodelling/repositioning of the Ul and U2 snRNPs during the formation
ofthe A complex that is required to allow subsequent binding of the U4/U6.U5
tri-snRNP, but that this repositioning is blocked in the pre-A complex by the presence

of Prp5. Our data suggest that binding of Hsh155" to the bulged BS-A of the U2-BS
helix triggers closure of Hsh155"€"T, which in turn destabilizes Prp5 binding. Thus,
Prp5 proofreads the branch site indirectly, hindering spliceosome assembly if
branch-site mutations prevent the remodelling of Hsh155"AT, Our data provide
structural insights into how a spliceosomal helicase enhances the fidelity of

pre-mRNA splicing.

Toisolate aspliceosome assembly intermediate formed directly before
the Acomplex thatstill contains Prp5 (Extended DataFig.1a), we carried
outsplicingin S. cerevisiae cell extracts with an actin (Act) pre-mRNAin
whichthe BS-Ais deleted (Extended Data Fig.1b). With this ABS-A sub-
strate, splicingis blocked before catalytic step 1 (Extended DataFig.1c),
consistent with previous results®. Spliceosomal complexes formed on
ABS-A Act pre-mRNA lack the U4/U6.US tri-snRNP, but contain stoi-
chiometricamounts of Uland U2 snRNPs (Extended Data Fig. 1d). The
proteins Prp5, Msl5 and Mud2 are also abundant, whereas Cus2 is absent
(Extended Data Fig.1e and Supplementary Table 1), indicating that these
complexes stall after Prp5 hydrolyses ATP, but before the tri-snRNP
has docked. We next carried out single-particle cryo-electron micros-
copy (cryo-EM) and determined the structure of the ABS-A complex
at an average resolution of 5.9 A (ranging from roughly 4.5 A for Ul to
approximately 15 A for U2) (Extended Data Table 1and Extended Data
Fig.2).Further classification and multibody refinementimproved the
resolution of the stable U1 snRNP region and adjacent U2 5’ region to
4.1Aand 8.3 A, respectively (Extended Data Fig. 2). By fitting known
X-ray structures of spliceosome components into the EM density map

(Extended Data Table 2), together with protein crosslinking coupled
with mass spectrometry (CXMS) (Supplementary Table 2), we gener-
ated a three-dimensional (3D) model of the ABS-A complex (Fig. 1).
This complex consists of two major elongated domains—compris-
ing the Ul and bipartite U2 snRNPs—that are connected by two main
bridges (Fig.1).

The U2-BS helix is not clamped by Hsh155

Hsh155"*ATadopts a closed conformation after U2 has integrated stably
into the spliceosome, clamping the U2-BS helix and binding the bulged
BS-Ainapocket formedbyRds3 (PHF5A in humans; see Extended Data
Fig. 1f for asummary of yeast and human protein names) and HEAT
repeats 15-17 of Hsh155 (refs.” ') (Extended Data Fig. 1g). It is unclear
at present what triggers this functionally important structural change.
In the ABS-A complex, Hsh155"¥AT exhibits an open conformation, as
in the isolated human17S U2 (ref. ™) but in notable contrast to its con-
formationin yeast Acomplexes (Figs.1,2a and Extended Data Fig. 3a)
and pre-B, Band B** complexes”®'*3, Stem-loop (SL) llaof U2snRNA is
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Fig.1| Three dimensional cryo-EM model of the yeast pre-A complex.
a, b, EM density map (a) and molecular architecture (b) of the S. cerevisiae
spliceosomal pre-A complex. a, Purple, better-resolved Ul density; grey blue

bound by Hsh155, Cusland Prp9inthe ABS-A complex, in a similar man-
ner to thatseeninthe human17S U2 snRNP and subsequently formed
spliceosomal complexes (Extended Data Fig. 3b). Anextended helical
density element is located directly upstream of SLIla. This element is
longer than the U2 branchpoint-interacting stem-loop (BSL), which
isfound in the isolated U2 snRNP and sequesters U2 nucleotides that
base pair with the branchsite™* (Extended Data Fig. 3¢, d). Amodelled,
extended U2-BS helix—lacking a bulged BS-A and comprising 13 base
pairs—fits well into this density element (Extended Data Fig. 3c), indi-
cating thatan extended U2-BS helix has formed. On the basis of CXMS
data, the Prpllzincfinger (Prp11%") could be positioned at the top of the

a Human 17S U2 snRNP

U2-BS helix

Fig.2| The Hsh155 HEAT domain has an open conformationinthe pre-A
complex. a, Conformation of the SF3B1and Hsh155 HEAT domains and
positionof the U2-BS helixand U2 snRNA SLIand SLIlainhuman 17S U2 snRNP
(Protein DataBank (PDB) (https://www.rcsb.org) accession number 6Y5Q) and
intheS. cerevisiae pre-A and A complexes (PDB 6G90). These domains were
aligned viaHsh155 heat repeats 19-20, Rsel®™ and U2 SLIla. Olive green, SLIla
nucleotides; reddish orange, pre-mRNA branch-site nucleotides; purple, BSL

Yeast pre-A complex

U2-BS helix
" Hsh155

b U2 3’-region
U1 snRNP

U2 snRNA

° Hsh155
U2 5’-region
and green, better-resolved densities of the 3"-and 5-regions of U2 snRNP;
translucent grey, cryo-EM map of the pre-A complex.

U2-BS helix (Extended Data Fig. 3e, f), akin to its positionin A, pre-B,
B and B** complexes’®>35 In the ABS-A complex, the U2-BS helix is
located further away from the carboxy (C)-terminal HEAT repeats of
Hshi155"AT compared with its position in the A to B** complexes, and
itisnot sequestered by Hsh155"¥"T (Fig. 2a and Extended DataFig. 3g).
Thus, formation of the U2-BS helix alone does not appear to trigger
closure of Hsh155" T, As the U2-BS helix has formed, but Hsh155"  still
exhibitsan open conformationand Prp5isstably bound (see below), we
conclude that ABS-A complexes are stalled at a pre-A-complex stage,
after Prp5-mediated formation of the U2-BS helix, but during/before
it carries out its proofreading function.

Yeast A complex

U2-BS helix

U2-BS helix é ‘=

nucleotides that later form the U2-BS helix; yellow, BSL nucleotides forming
the extended part of the U2-BS helix; dark green, remaining BSL nucleotides;
blue, SLI. b, Fit of Prp5*¢'into the pre-A EM density. ¢, Location of the Prp5
RecAland RecA2 domainsin the pre-A complex.d, Prp5*Al contacts U2 snRNA
nucleotides that connect the U2-BS helix to U2 SLIla. The positions of Prp5
aminoacids (located outside of the SAT motif) that when mutated suppress
branch-site mutations are indicated inblack.
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Location of Prp5in the pre-A complex

Prp5 was initially proposed to ‘proofread’ formation of the U2-BS
helix by coordinating the rate of U2-BS base pairing with its ATPase
activity®. However, more recent studies uncovered a correlation
between increased PrpS5 retention in early spliceosomal complexes
and decreased tri-snRNP recruitment, suggesting that the physical
presence of Prp5, rather than its ATPase activity, has akey role inits
proofreading function'. In the human 17S U2 snRNP, the Prp5 RecA
(Prp5*A) domains sequester the BSL together with the TAT-SF1 protein
and the C-terminal HEAT repeats of SF3B1 (ref. ), thereby preventing
formation of the U2-BS helix. We find here that, in the yeast pre-A com-
plex, Cus2 (human TAT-SF1) has dissociated and the Prp5*¢“* domains
are located between the U2 3’-region and the U2-BS helix (Fig. 2b, c
and Extended Data Fig.4a-d). Compared with their positionin17S U2
snRNP, the Prp5*A domains in the pre-A complex are located further
away from Hsh155" 7 with RecAl fitting well into the niche formed by
theamino (N)-terminal region of Prp9 (Prp9™™), with whichitinteracts,
and the U2-BS helix (Fig. 2b, c and Extended Data Fig. 4c-e). Moreo-
ver, Prp5** now contacts the U2 snRNA strand that connects SLIla
and the U2-BS helix (Fig. 2d). This is consistent with the crosslinks of
Prp5 to this region (nucleotides 45-49) of yeast U2 snRNA observed
previously with a Prp5-associated S. cerevisiae spliceosomal complex
(designated the Prp5-associated intermediate complex, or FIC) formed
on a pre-mRNA with a mutated branch site’. Finally, CXMS indicates
that the NTR of Prp5 interacts extensively with Hsh155 HEAT repeats
1-7in the pre-A complex (Extended Data Fig. 4a, b), consistent with
previous biochemical studies”.

Pre-A formationinvolves U2 remodelling

Comparison of the structures of the yeast pre-A complex and human
17S U2 snRNP suggests that, in addition to Prp5**, there are other
changesin the organization of U2 components during pre-A formation.
Relative toits positionin17S U2, the U2 3’-region has moved (Extended
DataFig. 4d, e) and its new location in the pre-A complex s stabilized
by newly formed contacts between the U23’-and 5’-regions (Extended
DataFig. 4d, e). This movement is a prerequisite for formation of the
pre-Acomplex, asitgenerates the binding pocket for the repositioned
Prp5®* (Fig. 2b, c and Extended Data Fig. 4). In the pre-A complex,
Prp5tecA establishes new contacts with the shifted 3’-region by inter-
acting with Prp9™™® (Fig. 2b, c and Extended Data Fig. 4), preventing
the further movement of the U2 3’-region that is ultimately required
to allow the tri-snRNP to dock to the A complex (see below).

Prp40bridges Uland U2 snRNP in pre-A complex

The U1snRNP structure in the pre-A complex (Extended Data Fig. 5a)
is highly similar to that observed in the yeast E, A and pre-B com-
plexes™* indicating that Ul does not undergo substantial remod-
elling during early spliceosome assembly. As in the aforementioned
complexes, base pairing between the 5’-splice site and the UL snRNA is
also stabilized by Yhcl and Luc7 in the pre-A complex (Extended Data
Fig.5b). Although only three FF domains of Prp40 (domains 4-6) could
be located in the yeast E complex'®, CXMS allowed us to map all six of
the FF domains of Prp40 in the pre-A complex (Fig. 1 and Extended
DataFig. 5¢, d). FF1and FF6 bind Luc7 and Snpl, respectively, tether-
ing Prp40 to U1, while FF2-FF5 form an extended binding platform
that interacts with numerous proteins, including Snu71 and U2 Rsel.
The interaction of FF4 with the WD40 [3-propeller domain B (BPB) of
Rsel forms a bridge between the Ul and U2 snRNPs (denoted bridge
1) (Extended Data Figs. 5d, 6a, b) that is not observed in yeast A com-
plexes®™. Bridge 1also contains the C-terminal region of Snu71, as numer-
ous crosslinks between it and the FF2 and FF3 domains of Prp40, as
well as with Rsel®™, are detected (Extended Data Fig. 5d). In the pre-A
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complex, Uland U2 are connected by a second bridge comprisingintron
nucleotides upstream of the branch site (Extended Data Fig. 6a, c).
Althoughthe Prp40 WW domain and Msl5-Mud2 could not be localized
based solely onthe EM density, CXMSindicates that Msl5-Mud2is likely
to be located near the U2-BS in the pre-A complex, and furthermore
remains bound to the Prp40 WW domain (Extended Data Fig. 6d and
Supplementary Table 2).

Pre-A complex with a U257A branch-site mutation

Mutations in the conserved yeast branch-site sequence upstream of the
BS-A that weaken the U2-BS interaction—including a U-to-A mutation
at position 257 of Act pre-mRNA (two nucleotides upstream of the BS-A)
(Extended DataFig.1b)—do not completely block splicing but do lead
to theaccumulation of spliceosomes inwhich Prp5isretained but the
tri-snRNP has not yet joined*'. To determine whether this mutation
stalls spliceosome assembly at the pre-A stage, we purified the com-
plexes that form on Act U257A pre-mRNA and determined their cryo-EM
structure (Extended Data Fig. 7). The RNA and protein compositions of
the purified U257A and ABS-A complexes were identical (Extended Data
Fig.1d, eand Supplementary Table1), and an overlay of the U257A and
ABS-A complexes revealed a highly similar, if not identical, structure
at the present level of resolution (Extended Data Fig. 7). Indeed, the
structural model of the ABS-A pre-A complex fits well without further
adjustmentinto the EM density of the U257A complex (Extended Data
Fig.7). Thus, with the U257A mutant, an extended U2-BS helix has also
formed, Hsh155"¥"Tisinan open conformation, and Prp5®*!is docked
to Prp9"™and situated close to the U2 snRNA, indicating that U257A
complexes are also stalled at the same pre-A stage. The highly similar
structure of both pre-A complexes indicates that they represent a physi-
ologicallyrelevantintermediate that—at least in the case of U257A—can
also progress along the wild-type spliceosome assembly pathway.

Dynamics of the pre-A to A transition

Comparison of our pre-A complex with the previously published yeast
Acomplex® reveals that the transition from the pre-A to the A complex
involves large-scale remodelling that requires displacement of Prp5
(Fig. 3, Extended Data Fig. 8 and Supplementary Video 1). First, the
U2 3’-region rotates by roughly 55° relative to the U2 5’-region during
A-complex formation. Inthe pre-A complex, this rotational movement
is prohibited by the Prp5** domains, which bind in amutually exclusive
manner with the new position of Prp9"™, the long a-helix of Prp21 and
the Prpll 3-sandwich, in the subsequently formed A complex. Second,
UlsnRNProtates by roughly 45° during the transition from the pre-Ato
the A complex, such that Prp39 now interacts with Leal. A prerequisite
for Ul movement is the dissociation of Prp40 from Rsel, and thus the
apparent dissolution of U1-U2 bridge 1 (Fig. 3). The repositioning of
Ul and the U2 3’-region is essential to generate the binding platform
needed to dock the U4/U6.U5 tri-snRNP during formation of the pre-B
complex (Fig.3). Our studies thus provide astructural explanation for
why the docking of tri-snRNPisinhibited when Prp5isretained in yeast
prespliceosomes'®.

Mechanism of proofreading by Prp5

Thecryo-EMstructures presented here provide structuralinsightsinto
the mechanism by which Prp5 proofreads the U2-BS helix (Fig. 4). The
pre-Aand17S U2 structures are consistent with amodelin which, after
U2interacts with the Ecomplex, ATP hydrolysis by Prp5leads torelease
of Cus2 and unwinding of the BSL. This allows formation of the U2-BS
helix and repositioning of the U2 3’-region and Prp5®¢*, generating
the pre-A complex (Fig. 4). The new proofreading (or rather, ‘fidelity
checkpoint’) position of Prp5**in the pre-A complex transiently pre-
vents the further movement of the U2 3’-domain needed to forman A



Pre-A complex
3’-region

Prp9 !

Tri-snRNP

Fig.3|Prp5blocks therepositioning of Uland U2 snRNPs thatisrequired to
form the tri-snRNP-binding site. Molecular organization of Uland U2 snRNPs
inS. cerevisiaepre-A, A (PDB 6G90) and pre-B complexes (PDB5ZWM and PDB
5ZWN).Movements of Uland U2 snRNPs during the pre-Ato A transitionare

complex that can subsequently bind the tri-snRNP. As deletion of the
BS-Ahinders the closure of Hsh155"AT but does not affect the stability
of the U2-BS helix per se, correct binding of the bulged BS-A by Hsh-
155"¥AT and Rds3 is likely to be a major trigger for the conformational
change in Hsh155"¥AT, Furthermore, in the pre-A complex, the U2-BS
helix is probably flexible, enabling it to intermittently move closer to
Hsh155"AT which ‘probes’ for its presence. Thus, we propose that when
astable U2-BS with a bulged BS-A is formed, movement of the U2-BS
into the open Hsh155"" [eads to insertion of the BS-A into its binding
pocket and closure of the HEAT domain (Fig. 4). Previous mutational
analyses of Hsh155 indicated that alignment of the U2-BS duplex with
conserved, positively charged amino acids in the C-terminal half of
Hsh155 is crucial for closure', and this alignment could thus help to
properly position the bulged BS-A inits binding pocket.

Closure of Hsh155"T would destabilize not only the Prp5"™® that
bindstoit, butalso the Prp5** domains (Fig. 4). Although the latter do
notinteract with Hsh155"47, the coordinated movement of Hsh155"A7
and Prp5"™and the U2 snRNA nucleotides contacted by Prp5*¢*! could
alsolead to the displacement of Prp5*“* and subsequent release of the
entire Prp5 protein. Release of Prp5 would then allow rotation of the
U2 3’-region and formation of an Acomplex (Fig. 4). If the U2-BS helix
lacks abulged BS-A, binding of the latter by Hsh155%¥AT and Rds3 would

Wild-type g
pre-mRNA

U2 3'-region

Prp5
NTR
Pre-A complex

U2 5’-region

Pry
NTR ~C-A7p
U2 snRNP

Cus2 Branch-site

mutant
pre-mRNA

' open

Prp5

NTR
Pre-A complex

Fig.4 |Model for Prp5-mediated proofreading of the U2-BS helix. For
simplicity, in this depiction of our proposed mechanism of proofreading by
Prp5, Rds3 of the BS-A-binding pocketis not shown, and the U1 snRNP has been
omitted from the spliceosomal pre-A and Acomplexes. The closure of

A complex

Rotation of
3’-region
blocked

% open

Pre-B complex

Tri-snRNP

indicated by curved arrows. All structures were aligned asin Fig.2. For
simplicity, the ULsnRNA stem-loopsinthe poorly resolved region of the U1
snRNParenotshowninthe pre-A, Aand pre-B complexes.

be blocked (Fig. 4). This would prevent the closure of Hsh155"#T and
release of Prp5, blocking the progression of spliceosome assembly
and potentially targeting the stalled complex for discard (Fig. 4). As
branch-site mutations that destabilize the U2-BS duplex also hinder
spliceosome assembly and lead to Prp5 retention®'®, the stability of
the U2-BS duplex per se may also affect the conformational state of
Hsh155"AT in pre-A complexes. A destabilized U2-BS helix could also
potentially prevent proper bulging of the BS-A%, and in this way hinder
closure of Hsh155"FAT,

Various mutations in Prp5 can suppress branch-site mutations,
including those inthe Prp5 DPLD motif (whichisimportant for theinter-
action of Prp5 with the U2 snRNP*) and also mutations in its SAT motif
and those in adjacent regions of RecAl that have no effect on ATPase
activity, such asK372E,N399D and G401E>%. The Prp5™**° mutant, the
SAT mutant TAG and the DPLD mutant AAAA have reduced affinity for
yeast prespliceosomes and enhance the binding of tri-snRNPs to splice-
osomes’®. Our pre-Astructures provide insight into how some of these
mutations may destabilize Prp5binding. Inpre-A complexes, the Prp5N™®
containing the DPLD motif still interacts with Hsh155"¥" (Extended
DataFig.4b), and thus mutation of this motifis likely to destabilize the
Prp5"™-Hsh155" T interaction. In pre-A complexes, amino acids K372,
N399 and G401 are located in the Prp5 region that interacts with the

Prp5
destabilized Prp9

Prp5

closed closed

A complex

Rotation of
3’-region
blocked

1 U2-BS
5 helix

—> Discard

Hsh155"Tand release of Prp5 may be highly coordinated events that occur
simultaneously rather than sequentially. The dashed arrow indicates that some
mutationsin the branch-site sequence, including U257A, do not completely
abolish conversion of the pre-A complexinto the Acomplex.

Nature | Vol 596 | 12 August 2021 | 299



Article

single-stranded U2 snRNA between SLIlaand the U2-BS helix (Fig. 2d).
Consistent with less-stable Prp5binding, these mutationsintroduce a
negative charge that would destabilize the RecA1-U2 snRNA interac-
tion. Although the SAT motifis not located ata Prp5-proteininterface,
some SAT mutations might alter the conformation of RecAl, thereby
indirectly destabilizing its interaction with Prp9"™®. Indeed, several
SAT mutations alter the equilibrium between the open and closed con-
formations of the Prp5~¢* domains?®?. Together, our results indicate
that Prp5 does not proofread the U2-BS helix directly, but instead
proofreads the RNP conformation of pre-A complexes, and hinders
progression of spliceosome assembly if mutations in the branch site
alter the formation of a productive, closed conformation of Hsh155"T,
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Preparation of yeast whole-cell extracts

Yeast whole-cell extracts were prepared from the Saccharomyces cer-
evisiae3.2.AID/CRL2101strain (MATalpha, prp2-1, ade2, his3, lys2-801,
ura3) (agiftfromR.-). Lin)®. Yeast were grown ina100-litre fermenter
and extracts were prepared as previously described’.

Affinity purification of pre-A complexes

Uncapped actin pre-mRNA lacking the branch-site adenosine (ABS-A
Actpre-mRNA) was tagged at its 5’-end with three MS2 aptamers and
transcribed invitro using T7 RNA polymerase from a template prepared
with the QuikChange Il site-directed mutagenesis kit (Agilent). Yeast
ABS-A pre-A spliceosomal complexes were assembled for 45 min at
23 °Cinal75 mlsplicing reaction containing 40% yeast whole-cell
extract and 1.8 nM ABS-A Act pre-mRNA with prebound MBP-MS2
fusion protein. The splicing reaction was subsequently chilled on
ice and cleared by centrifugation for 10 min at 9,000 rpmat4°Cina
Fibrelite F14-14 x 50 cy rotor (Thermo Fisher Scientific). It was then
loaded onto two columns, each packed with 600 pl amylose resin
(New England BioLabs) that were pre-equilibrated with GK75 buffer
(20 MM HEPES-KOH pH 7.9,1.5mM MgCl,, 75mMKClI, 5% glycerol, 0.01%
NP40, 0.5 mMdithiothreitol (DTT) and 0.5 mM phenylmethylsulfonyl
fluoride (PMSF)). The matrix with bound complexes was washed with
3 ml GK75 buffer and spliceosomes were eluted with 15 mM maltose in
GK75buffer. For electron microscopy, peak elution fractions contain-
ing approximately 40 pmol of spliceosomal complexes were pooled
(Imltotal volume), crosslinked with 0.2 mM BS3 (Thermo Fisher) for
lhonice,andloaded ontoal7 mllinear10-30% (v/v) glycerol/0-0.1%
glutaraldehyde gradient containing GK75 buffer. Samples were centri-
fugedfor17hat24,400r.p.m.inaSureSpin 630 rotor (Sorvall) and col-
lected manually from the top in 28 fractions of 555 pl each. Crosslinking
was stopped by adding 50 mM glycine, pH 7.7, and incubating for 2 h
onice. Fractions were analysed by Cherenkov counting in a Tri-Carb
2100TRscintillation counter (Packard). Two peak fractions containing
2.4 pmol of spliceosomal complexes were buffer-exchanged to GK75
with no glycerol, and concentrated to 250 plin an Amicon Ultra-0.5
centrifugal filter unit Ultracel-50 (Merck), and then used for prepa-
ration of cryo-EM grids. Pre-A complexes assembled on the U257A
Act pre-mRNA were purified as described above, with the following
modifications. The template for in vitro transcription of the U257A
Act pre-mRNA was purchased from Genscript. Pre-A complexes were
assembledina 252 mlsplicing reaction containing1.7 nM pre-mRNA;
before preparation of cryo-EM grids, three peak gradient fractions
were buffer exchanged to GK75 buffer containing 0.3% glycerol and
samples were concentrated to 100 pl.

RNA and protein composition of pre-A complexes

Todetermine the RNA and protein composition of the pre-A complexes,
we purified the complexes essentially as described above, except that
we used a12-mlsplicing reaction, we washed spliceosomes bound toan
amylose matrix with 10 ml GK150 and 10 ml GK75 buffer,and we did not
incubate the eluted complexes with BS3. Furthermore, the complexes
were fractionated on a10-30%glycerol gradientlacking glutaraldehyde
by centrifugationina TH660 rotor (Thermo Fisher Scientific) for16 h
at 21,500 r.p.m. RNA and proteins were separated on NuPAGE 4-12%
Bis-Tris gels (Invitrogen) and visualized by staining with SYBR Gold
(Invitrogen) and Coomassie, respectively. The entire lanes were cut
into 23 slices (680 fmol ABS-A pre-A) or 16 slices (170 fmol U257A pre-A)
and proteins were in-gel digested with trypsin overnight. Resulting pep-
tides were separated on a C18 column using an UltiMate3000 (Dionex)

ultrahigh performance liquid chromatography system, and analysed
by electrospray ionization mass spectrometry ina Thermo Scientific Q
Exactive HF (ABS-A pre-A) or Orbitrap Exploris 480 mass spectrometer
(U257A pre-A). Datawere acquired using Thermo Exactive Series 2.8 SP1
and Orbitrap Exploris 480 3.0 software. The U257A pre-A complex was
measured in duplicate, and a sum of both measurements is shown in
Supplementary Table 1. Proteins were identified by searching fragment
spectraagainstthe . cerevisiae Genomic Database (SGD; https://www.
yeastgenome.org) using Mascot v.2.3.02 as asearch engine. Forimmu-
noblotting, proteins were separated ondenaturing 4-12% NuPAGE gels,
transferred to Amersham Protran 0.2-pm nitrocellulose membranes
(Cytiva), immunostained with an Amersham ECL Western Blotting
Detection Kit (Cytiva), and visualized with an Amersham Imager 680
(Cytiva). Antibodies against the yeast Prp5 and Leal proteins were pro-
vided by S.-C. Cheng.

Protein-protein crosslinking and identification

For CXMS experiments, spliceosomes were assembled in a400-ml
(experiment 1) or 300-ml (experiment 2) splicing reaction contain-
ing40% yeast whole-cell extract from the 3.2.AID/CRL2101 strain. Fol-
lowing MS2 affinity selection, purified spliceosomal complexes were
crosslinked with 250 uM BS3 for 1 h at 8 °C in a total volume of 3 ml.
The reaction was split in half and loaded onto two 17-ml10-30% (v/v)
glycerol gradients and centrifuged in a Surespin 630 rotor (Thermo
Fisher Scientific) for 16 h at 24,400 r.p.m. The gradients were fraction-
ated by hand fromthe top into 28 fractions. Three peak fractions from
eachgradient, containing approximately 15 pmol of pre-A complexes,
were pooled and the crosslinked complexes were pelleted by ultracen-
trifugation in a S100-AT4 rotor (Thermo Fisher Scientific) and ana-
lysed as previously described®. After tryptic digestion, peptides were
reverse-phase extracted using Sep-Pak Vac tC18 1cc cartridges (Waters)
and fractionated by gel filtration on a Superdex Peptide PC3.2/30 col-
umn (GE Healthcare). Next, 50 pl fractions corresponding to an elution
volume of 1.2-1.8 mlwere analysed in triplicate on a Thermo Scientific
Q Exactive HF-X (Experiment 1) or Orbitrap Exploris 480 mass spec-
trometer (Experiment 2) using Thermo Exactive Series 2.9 and Orbitrap
Exploris 480 1.1 software, respectively. Protein—protein crosslinks
were identified using the pLink 2.3.9 search engine (pfind.ict.ac.cn/
software/pLink) and filtered at a false discovery rate (FDR) of 1% or 5%
according to the developer’s recommendations?%,

EM sample preparation and image acquisition

Purified ABS-A or U257A pre-A complexes were absorbed for 15 min or
25min, respectively, to athin-layer carbon film that was subsequently
attached to R3.5/1 Quantifoil grids. Next, 3.8 pl of sample buffer was
appliedtothe grid and excess buffer was removed using an FEI Vitrobot
loaded with pre-wetted filter paper, with ablotting force of 7, blotting
time of 6.5s,at100% humidity and 4 °C. The sample was subsequently
vitrified by plunging into liquid ethane. All cryo-EM data of the ABS-A
pre-A complex and dataset1ofthe U257A pre-A complex were acquired
at 300 kV on a FEI Titan Krios electron microscope (Thermo Fisher
Scientific), equipped with a Cs corrector. Images were recorded in
integration mode at x120,700 magnification, corresponding to a cali-
brated pixel size of 1.16 A at the specimen level, using a Falcon Ill direct
electron detector. Micrographs were recorded via a Thermo Fischer
EPU 2.1, using an exposure time of 1.02 s with 40 movie frames and a
total dose of 44 e~ per A. In total, 87,604 and 9,170 micrographs were
recorded for the ABS-A pre-A complex and dataset1ofthe U257A pre-A
complex, respectively. Dataset 2 of the U257A pre-A complex (18,332
micrographs) was acquired at 300 kV on an FEI Titan Krios electron
microscope (Thermo Fisher Scientific), in integration mode at a cali-
brated pixel size 0f 1.06 A at the specimen level, using a Falcon Il direct
electron detector. Micrographs were recorded viaa Thermo Fischer
EPU 2.1, using an exposure time of 1.02 s with 40 movie frames and a
total dose of 58 e per A%
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Image processing

Frames were dose-weighted, aligned and summed with MotionCor
2.0 (ref.?). The defocus values and equiphase averaging (EPA) of
the micrographs were determined using Getf?®. Micrographs with a
defocus range of 1 pm to 4 pm and a resolution of better than 4.3 A
based on EPA estimation were retained for further processing. For the
ABS-A pre-A complex, 74,230 out of 87,604 summed micrographs were
further processed. Initially, approximately 5.4 million particles were
automatically picked using Gautomatch (https://www2.mrc-lmb.cam.
ac.uk/research/locally-developed-software/zhang-software/). They
were then extracted with a box size of 440 x 440 pixels, and binned
to 110 x 110 pixels (pixel size of 4.64 A) in RELION 3.0 (http://www2.
mrc-Imb.cam.ac.uk/relion/index.php/Main_Page). Several iterations of
reference-free two-dimensional (2D) classification were performedin
RELION 3.0, and ‘bad classes’ showing fuzzy or uninterpretable features
were removed, yielding 3,143,491 ‘good particles’. Asubset of 308,419
particles was used to generate an initial 3D map using the ab initio
reconstruction function in cryoSPARC?. Using the ab initio model,
this subset of particles was further 3D classified into five classes in
RELION 3.0. The best class showing clear features of Ul and U2 snRNP
was selected, and the more flexible U2 snRNP region of this map was
erased using UCSF Chimerav.1.13.1(ref.*°). The remaining U1 snRNP was
low-pass filtered to 35 A and used as 3D reference for further 3D clas-
sification for the entire dataset. The retained 3,143,491 particles after
2D classification of the entire dataset were splitinto 3 subsets and each
subset was 3D classified into 5 classes. The best classes of each subset
were combined, yielding 986,393 particles, which were then centred
and re-extracted to 200 x 200 pixels (pixel size of 2.32 A) and further
classified into four classes. After 20 iterations of consensus classifica-
tion (7.5° sampling interval without local search), a mask was placed
around the U1snRNP and thelocal angular search range was limited to
20° with afiner sampling interval of 3.7°. The best class (with 504,547
particles) was selected, centred and re-extracted with an original pixel
size of 1.16 A with a box size of 400 x 400 pixels and refined with a mask
around the ULsnRNP, resulting inamap at 4.3 A resolution. Next, using
the alignment parameters from the aforementioned masked 3D refine-
ment, the 504,547 particles were focus classified with a mask around
the high-resolution Ul core, into 4 classes. The best class (containing
226,656 particles) was selected and refined into a map of the entire
pre-Acomplexwith anaverage resolution of 5.9 A (ranging from roughly
4.5 A at the Ul region to roughly 15 A at the U2 region). The Ul and U2
regions were further improved by multibody refinement to 4.1A and
10 Arespectively. To furtherimprove the U2 region, we re-extracted the
504,547 particles into a smaller box size of 140 x 140 pixels (pixel size
of 2.32 A) with the U2 snRNP centred, and 3D classified into 5 classes
withamask around the U2 snRNP. The best class, with160,894 particles,
was selected and multibody refined with masks around the U2 5’-and
3’-regions, resulting in a map at 8.3 A resolution for the 5’-region and
oneat9.5Aresolution for the 3’-region. All the aforementioned resolu-
tions were estimated on the basis of the RELION gold-standard Fourier
shell correlation (0.143 criterion).

For the U257A pre-A complex, initially 460,854 and 869,306 par-
ticles were extracted from dataset 1 and dataset 2, respectively, and
rescaled to 110 x 110 pixels, to the same pixel size of 4.64 A, in RELION
3.0 (http://www2.mrc-Imb.cam.ac.uk/relion/index.php/Main_Page).
Afterseveraliterations of reference-free 2D classification, 697,892 ‘good
particles’ from the two datasets were combined and classified into four
classes by 3D classification with only the Ul part as the starting model,
to avoid model bias. No class resembling the structure of the mature
A complex was observed. Three classes had no discernible structural
features of Ul or U2 snRNPs. One class (of 240,145 particles) clearly
exhibited the structure of a pre-A complex, and was selected, centred
and re-extracted with a pixel size of 2.32 A with a box size 0f 220 x 220
pixels. Re-extracted particles were further 3D classified into four classes

with a mask around the Ul part, yielding one class that showed clear
secondary structures. This class (80,853 particles) was selected and
refinedinto amap of the entire pre-A complex withan averageresolu-
tion of10.4 A. Multibody refinement improved the Ul part to 7.5 A. To
improve the U2 part, we further classified the 80,853 particles with a
mask around the U2 part into four classes, and two classes showing
clear U2 density were combined, 3D refined and multibody refined,
yielding the U2 part of the structure with 13 A resolution. All of the
aforementioned resolutions were estimated on the basis of the RELION
gold-standard Fourier shell correlation (0.143 criterion).

ABS-A pre-A model building and refinement

Templates for the Ul and U2 proteins and RNA were obtained wher-
ever possible from published structures (Extended Data Table 2).
The U1 snRNP components, except Prp40, were initially docked as
rigid bodies into the 4.1 A EM map of the Ul region. In the central part
of the U1 snRNP (resolution ranging from 3.7 A to 4.3 A), side chains
were manually adjusted into the map using Coot v.0.8.9.2 (ref. ). The
entire model of the U1 snRNP, excluding Prp40, was combined and
subjected toreal-space refinementin PHENIX v.1.13-2998 (ref. ), with
secondary-structure restraints. The solution structure of the Prp40 FF1
domain and the homology model of domains FF2-FF6 predicted by the
SWISS-MODEL suite® were truncated to polyalanine, docked into the
pre-A map as rigid bodies, and were not refined owing to the limited
resolution. The model of Hsh155 (H1-H15) was based on human SF3B1
(H1-H15) but with the sequence changed to that of yeast Hsh155. The
model of the ABS-A U2/BS helix (U2 nucleotides 32-46; Act1 pre-mRNA
nucleotides 254-268) was generated by deleting the BS-A from the
model of the wild-type U2-BS helix using Coot. All U2 snRNP compo-
nents were docked into the U2 map as rigid bodies without further
adjustments, except that Prp9 (amino acids 328-362) and Prp21 (amino
acids173-192) were slightly adjusted using Coot to better fit the EM den-
sity,and the linker between the U2-BS helix and SLIla (U2 nucleotides
47-49) was de novo modelled using Coot. All modelled components
in the U2 region were modelled as polyalanine and were not refined
owing to the limited resolution. The structural model for the ABS-A
pre-A complex was fit into the EM density obtained for complexes
formed on the U257A mutant ActI pre-mRNA. The video showing the
structural dynamics seen during the transition from the pre-A to the
A complex was generated using ChimeraX v1.1.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The coordinate files have been deposited in the Protein Data Bank
(https://www.rcsb.org) as follows: U1 snRNP region, PDB accession
number 70QC; U2snRNP region, PDB 70QB; and composite truncated
model of the pre-A complex, PDB 7OQE. The cryo-EM maps have been
deposited in the Electron Microscopy Data Bank (https://www.ebi.
ac.uk/pdbe/emdb/) as follows: U1 snRNP region of the ABS-A pre-A com-
plex, EMD accession number 13029, and of the U257A pre-A complex,
EMD13031; U2snRNPregion of the ABS-A pre-A complex, EMD 13028,
and of the U257A pre-A complex, EMD 13032; and overall reconstruc-
tion of the ABS-A pre-A complex, EMD 13033, and of the U257A pre-A
complex, EMD13030. We used the S. cerevisiae Genome Database (SGD;
https://www.yeastgenome.org) in this study.
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Extended DataFig.1|Biochemical characterization of S. cerevisiaepre-A
spliceosomal complexes. a, Early assembly of the S. cerevisiae spliceosome.
Whereas Prp5and Tat-SF1(Cus2inyeast) are stable components of the human
17SU2snRNP, they appear to be less-stably associated with the yeast U2 snRNP.
The spliceosome undergoes numerous structural and compositional
rearrangements during its assembly and catalysis of pre-mRNA splicing®**°.
Conserved DEXH/D-box RNA helicases areimportant driving forces for these
rearrangements, and also ensure the proper recognition of the branch site (BS)
and the 5-and 3"-splice sites (ss) via proofreading mechanisms®*¥. Initially an E
complexis formedinan ATP-independent manner. In the yeast Ecomplex (also
denoted the commitment complex), the 5-ssis bound by U1 snRNP, and the BS
and3-end of the intron are bound by a heterodimer of Msl5and Mud2. RNP
rearrangements thatlead to the stable association of U2 snRNP and enable the
formation of a U2-BS helix—in whichanadenosineis bulged, specifyingitasthe
nucleophile for catalytic step 1of splicing—require the ATP-dependentaction
of the DEAD-box RNA helicases Sub2 (refs. 3®3%; UAP56 in humans) and Prp5
(refs.**%), U2 nucleotides that base pair with the BS are initially sequestered in
astem-loop structure denoted the BSL'**. Sub2 may free the BS region by
displacing Msl5 (refs. **?), while Prp5 has been proposed to displace U2 snRNP
proteins, including Cus2 (TAT-SF1in humans), from the BSL™*. This frees U2
nucleotides to base pair with the BS, and leads to the formation of the A
complexwith stably bound U2 snRNP. b, Structure of the BSL and U2-BS helices
formed onan Act pre-mRNA wild-type (WT) BS (UACUA(A)C, where the BS-Ais
inbold), ABS-A (UACUAC) or U257A (UACAA(A)C) branchssite. Note that the
exact conformation of the U257A U2-BS helix is not clear. The U2-BS helix is
highlightedin purple, and the extended U2-BS helix, in which the number and
nature of base-pairinginteractions varies depending on the pre-mRNAintron
sequence, is highlighted in yellow. ¢, Deletion of the BS adenosine from the Act
pre-mRNA stalls splicing before the first catalytic step. Splicing was performed

intwoindependent experimentsinyeastextract for 30 min at 23 °C with wild-
type (lanel) or ABS-A (lane 2) Act pre-mRNA containing MS2 aptamers for
affinity purification. *Position of the loading well. **Band artefact not related
to pre-mRNA splicing. For gel source data, see SupplementaryFig.1.d, RNA
(left gels) and protein (right gels) composition of purified yeast pre-A
complexes formed on ABS-A and U257A Act pre-mRNA. RNA and protein were
analysed on NuPAGE gels and visualized by staining with SYBR Gold or
Coomassie, respectively, in twoindependent experiments. Note that fewer
picomoles of the U257A pre-A complex wereloaded onto the geland,asa
consequence, proteins of lower molecular weight are poorly or not at all visible.
e, PrpSispresentinboth U257A and ABS-A pre-A complexes. Proteins from
affinity-purified U257A or ABS-A pre-A complexes (asindicated above each
lane) were analysed by westernblotting in two independent experiments with
antibodies against S. cerevisiae Prp5 or Leal (used to ensure equal loading).

f, Proteins localized inthe S. cerevisiae pre-A complex and their human
homologues (shownin parentheses). Only U1-70K, Ul-A and U1-C have been
identified as stable components of human U1 snRNPs. Human homologues of
Snu56 and Prp42 have not beenidentified. g, Residues forming the BS-A-
binding pocket. The bulged BS-Aisboundinapocket composed of residues
R744,N747,V783 and Y826 of Hsh155and residue Y36 of Rds3 (refs. ”®%%). The
BS-Aribose and 5-phosphate are also located near Hsh155 residues K740 and
K818, respectively. Most of these residues are evolutionarily highly conserved.
AHsh155K818A mutationis lethal, as are mutations in residues of Hsh155 that
contact the backbone of nucleotides directly adjacent to the bulged BS-A".
However, many of the Hsh155 residues forming the BS-A binding pocket are
nonessential. Thatis, single alanine substitutions at K740, R744,N747 and V783
do notaffect yeast viability, but they do affect recognition of the branch site'.
Substitutions with bulkier amino acids decrease the use of nonconsensus
branchsites, whereas substitutions with smalleramino acids increase usage®”.



Article

a ~5.4 million particles from 74,230 micrographs

|4x coarsed, reference-free 2D classification
subset ofl— 3,143,491 particles
308,419 particles”

g reference
U2 region erased in Cm

Split into 3 subsets
U1 region filtered to 35A

3D classification into 5 classes for each subset

subsetl f subset2 | subset3 ]
- wy ‘,‘f | | ? .s\ |
20.1% ) Tl171% v 15.0%

A\

2x coarsed,
re-centered on
the U2 snRNP

\i’ - éea%
_\%’
17.2%

3D classification|

with a mask| . D
around the| ¢ 18:1%
U2 snRNP
G hd
- — B s

A 15.8%
J‘:‘16.2% b ’

. «

R P - Vg%

31.9%

%,

30.2% 9% )
160,894 particles
. 3D classification with | 2x coarsed, re-centered refined with a mask|
i 9) a mask around Ul | (986,393 particles) around U2
S - - - -
. L U2 region
ULmask 49 A ﬁ 9.0 A resolution
Y &

Multibody refinement

&G
U2 5' region U2 3' region
8.3 A resolution 9.5 A resolution

o

29.5%
| S—

21.8%
Re-extracted in original pixel size,
refined with a mask around U1.

4.4 A resolution

mask around % 3%—’.& g

U1 high resolution part

-
21.3% 43.1% 15.5% 20.1%
Consensus refinement |217,460 particles
£
e
\ e * Multibody refinement

U1 region
4.1 A resolution

pre-A complex <
5.9 A resolution

9 1.0
1.0 .0
Map of pre-A
Map of Ul
. Map of U2 0.8
08 Map of U2 5' region
Map of U2 3' region
0.6 0.6
@ R osd
L i
0.4 0.4 4
0.254
0.2 0.2
0.143=F ========= "\ - qcccccccnnnn

0.1

015 0.2
Resolution (1/A)

Extended DataFig.2|See next page for caption.

U2 3' region

U2 5' region

ul
u2
U2 5' region
U2 3' region

0.05 0.1 0.15 0.2

Resolution (1/A)

0.25 0.3 0.35



Extended DataFig.2|Cryo-EM and image processing for the ABS-A pre-A
complex. a, Computationsorting scheme. All majorimage-processing steps
aredepicted. Foramore detailed explanation, see the Methods sectionon
‘Image processing’. b, Typical cryo-EM micrograph (out of a total of 74,230) of
theS. cerevisiae pre-A complex recorded at x120,700 magnification with a
TitanKrios microscopeusingaFalconlll directelectron detector operatingin
integration mode at a calibrated pixel size of 1.16 A. ¢, Representative cryo-EM
2D class averages of the yeast pre-A complex reveal considerable flexibility
betweenthe UlsnRNP and the U2 snRNP.d, Left, local-resolution estimations
ofthe cryo-EMreconstruction of the UL1snRNP. Right, plot showing the
distribution of orientations for the particles contributing to the Ul
reconstruction. e, Left, local-resolution estimations of the cryo-EM
reconstructions of the U2 5-and 3"-regions. Right, plot showing the
distribution of orientations for the particles contributing to the
reconstructions of the U2 5-and 3-regions. f, AFourier shell correlation (FSC),
calculated using the ‘post-processing’ routinein RELION, indicates a global

resolution of 5.9 A for the entire yeast pre-A complexand of 4.1A,8.3Aand 9.5A
for the multibody-refined U1, U2 5-and U2 3"-regions, respectively. The
resolution was limited to 5.9 A on average, owing to the movement of the Ul and
U2 snRNPsrelative to each other. Signal subtraction combined with local
refinementimproved the more stable U1snRNP part to 4.1A resolution,
whereas the bipartite U2 snRNP exhibited considerable internal flexibility and
was refined only to 9 Aresolution. As the U2 5-region—which is composed of
the SF3b proteins, U2 SLIIa/b and the U2-BS helix—is attached to the more
stable UlsnRNP and is therefore less flexible, furtherlocal classification and
refinementimproved the resolution of the U2 5 regionto 8.3 A. The U2
3’-region—which comprises the U2 Sm core, U2 SLII, and Leal and U2-B” bound
to U2SLIV, plus the adjacent SF3a core (thatis, regions of Prp9, Prplland Prp21
whose crystal structure has been determined previously**)—does not contact
the U1snRNP and therefore exhibits the greatest flexibility relative to the rest
ofthe complex. g, Map versus model FSC curves for the U1, U2, U2 5-and U2
3"regions, using PHENIX mtriage®.
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Extended DataFig. 3| Open conformation of Hsh155"5AT and spatial
organization of the U2-BS helixand U2 SLIla/bin the pre-A complex. a, Left,
fitof Hsh155"4Tand Rds3 to the pre-A EM density; and right, fit of SF3B1, PHF5A
and the N-terminal helix of Prp5 to the human 17S U2 density (PDB accession
code 6Y5Q). Previous biochemical studies showed that the N-terminal region
(NTR) of yeast Prp5Sbinds to HEAT repeats (HRs) 1-6 and HR 9-12 of Hsh155
(ref.V),and in the human 17S U2 snRNP cryo-EM structure, binding to SF3B1HR
9-12involves along a-helix of the human Prp5"™ (ref. ). EM density that would
accommodate ananalogous a-helix of the yeast Prp5"™is not apparentin the
pre-A complex. However, CXMS indicates that the Prp5"™® still interacts
extensively with Hsh155, albeit solely with HR1-7 (see Extended Data Fig. 4b).
Base pairing of U2 snRNA with the pre-mRNA branch site (BS) is stabilized by
the major scaffolding protein SF3B1(Hsh155in S. cerevisiae) of the SF3b
heteromeric complex, whose HEAT domain undergoes a conformational
change during early spliceosome assembly. Hsh155"AT and SF3B1"*AT exhibit an
open conformationinthe pre-A complex and the 17S U2 snRNP, respectively.
The closed conformations of the HEAT domains of human SF3B1and of yeast
Hsh155observedinthe A to B**spliceosomal complexes are very similar.
Likewise, the open conformation, whichwe observe here for the first time for
Hsh155, also appears to be highly similarin human U2 snRNP and the

S. cerevisiae pre-A complex. b, Similar spatial organization of U2 snRNASLIIa,
Prp9%" (SF3A3 in humans) and Cus1 (SF3B2in humans) in the human 17S U2
snRNP (PDB 6Y5Q) and S. cerevisiae pre-A, A (PDB 6G90) and B (PDB SNRL)
complexes. Aligned viaU2 SLIlaand HR19-20 of SF3B1/Hsh155. Inthe pre-A
complex, SLIIb canbe localized downstream of SLIla and is bound by RRM2 of
Hsh49. ¢, Fit of amodelled 13-base-pair extended U2-BS helix, lacking abulged
A,toEMdensity adjacenttoSLIlain the pre-A complex. d, Overlay of EM density
accommodating the U2-BS helix in the yeast pre-A complex (grey) and EM
density accommodating the BSLin human17S U2 (green) (PDB 6Y5Q). Aligned
viaU2SLIllaand HR19-20 of SF3B1/Hsh155. The sequences of the S. cerevisiae
and human U2 BSLs are highly conserved™, allowing ameaningful comparison

with the fit of the yeast U2-BS helix. Although the BSL in yeast and human is
predicted to forma9-base-pair stem™, inthe human17S U2 snRNP, the base of
the BSLstemiscontacted by ashorthelix of SF3A3 (designated the separator
helix), which ensures that the stemis only 8 base pairsinlength'. e, Fitinthe
pre-AEM density of the Prp11°™ at the top of the U2-BS helix. f, Protein
crosslinks supporting the positioning of the Prp117™f in the pre-A complex.
Numbers (colour coded to match protein colours) indicate the positions of
crosslinked lysine residues, which are connected by black lines. The Prp11°™
appearstoactindependently of the other SF3a proteins and to dock to the end
ofthe extended U2-BS helix concomitantly with, or soon after, its formation.
Asthe Prp117"* has thus far been observed at this position solely after formation
ofthe U2-BS helix, its locationin the pre-A complexis consistent with the
conclusion thataU2-BS helix has formed. Itis likely that the Prp11“"* and the
Prp9separator helix may cooperate in keeping additional intron nucleotides
frominteracting with the U2snRNA, and at the same time in stabilizing theend
of the U2-BS helix. During clamping of the U2-BS helix by Hsh155"AT, Prp114"*
movestogether with the U2-BS helix and remains associated with the end of
thehelixinthe A, pre-B, Band B** complexes. g, Side view showing that the U2-
BS helixislocated further away from the C-terminal HRs of Hsh155"*Tin the
pre-A complex compared withits positioninthesS. cerevisiae Acomplex and the
positionof the BSLin human17S U2 snRNP. Aligned via Hsh155 HR19-20,
Rsel®™and U2 SLIla. Olive green, SLIla nucleotides; red orange, pre-mRNABS
nucleotides; purple, BSL nucleotides that later form the U2-BS helix; yellow,
BSL nucleotides forming the extended part of the U2-BS helix; dark green, the
remaining BSL nucleotides; blue, SLI. Movement away from Hsh155"*T would
beneededtofreetheSLI-containing 5-end of U2snRNA to undergo the
rotational movements necessary to generate an extended U2-BS helix. During
the transition from the pre-Ato the A complex, the U2-BS helix moves back
towards the Hsh155 C-terminal HRs such that the corresponding region of the
U2snRNA thatcontacts the C-terminal HRsin17S U2 islocated in a similar
positioninthe A complex.
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Extended DataFig. 4 |Repositioning of the Prp5 RecA domains and the U2
3"-region during formation of the pre-A complex. a, Domain organization of
theS. cerevisiae (y) and human (h) DEAD-box helicase Prp5, with the amino-acid
boundaries of each domainindicated below. b, Protein crosslinks support the
positions of the PrpSNTR and RecA domainsin the pre-A complex. Numbers
(colour coded to match protein colours) indicate the positions of crosslinked
lysine residues, which are connected by black lines. The proposed path of Prp5
aminoacidslocated more N-terminally of the RecA domainsisindicated by a
dashed line. Thatthe PrpSNTRand RecAldomains, but not RecA2 (and
presumably alsoits C-terminal region), interact with other pre-A components
is consistent with previous studies showing that, after destabilization of the U2
BSL, Prp5"™and Prp5ReA! are sufficient for the subsequent ATP-independent
function of Prp5 during A-complex formation™. ¢, Two different views of the fit
ofthe Prp5RecAland RecA2 domainsinanopen conformationinto the pre-A
EM density (low-pass filtered to 10 A). A closed conformation of the Prp5tecA
domain does not fit well to the EM density (not shown). The open conformation
of PrpSfoundinthe pre-A complexindicates that, after ATP hydrolysis, the
RecA domainsareableto transit spontaneously from the closed conformation
backto the open conformation while probably remainingboundto U2.d, e, The
positions of the Prp5*¢* domains and the U2 3"-region plus SF3a proteins,
relative to SF3b, are differentin the human17S U2 snRNP and the yeast pre-A
complex. Aligned viaU2 SLIlaand HR19-20 of SF3B1/Hsh155. A cryo-EM
structure of anisolated S. cerevisiae U2 snRNP is currently lacking. However,

the high conservation of the sequence of yeast U2 proteins and their human
homologues, and the similar structures of their conserved domains, suggests
that the molecular architecture of theisolated U2 snRNPis similarin

S. cerevisiaeand humans. Thus, acomparison of the structures of the human
17SU2snRNP and yeast pre-A complex reveals structural remodelling that the
U2 snRNP most likely undergoes during formation of the pre-A complex. An
alignment of the U2 5"-region in both complexes suggests that the U2 3-region
isrepositioned after U2 stably interacts during formation of the pre-A complex.
Specifically, the U2 3’-domain (that s, the 3-region minus the SF3a core) and
the Prp9"™ rotate towards the Prp5*¢* domains, whereas the Prp11 -sandwich
and Hsh49**M2 move towards Prp9*". The shifted position of the U2 3-region is
stabilized by different molecular bridges formed between the U2 3”-and
5-regions. Inthe pre-A complex, the bridge formed by U2-B” RRM2, Prp9
(human SF3A3) and Rsel®“ (human SF3B3) inthe 17S U2 snRNP (denoted bridge
B)isdisrupted, which allows the 3’-region to move further away fromthe
Rsel®"C. This then allows Hsh49%"™2to dock on top of the Prp9%™, and by binding
toPrp9 ononesideand the Prpll B-sandwich domain onthe other,anew bridge
involving Hsh49%""2js formed. Moreover, in the isolated human17S U2 snRNP,
U2SLIIb formsasecond bridge (denoted bridge A) between the U23-and
5-regions thatis not stabilized and is only poorly resolved. By contrast, in the
pre-A complex, Hsh49%*M2 now binds to the loop of SLIIb and thereby stabilizes
the position of SLIIb.
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Extended DataFig. 5| Molecular architecture of the U1snRNPin the pre-A
complex. a, Two different views of the spatial organization of the yeast U1
snRNP, with the density shown on the left and the molecular model on the right.
b, The U1-5’ss helix is stabilized in the pre-A complex by Luc-7 and Yhcl, in the
same manner as in the yeast Eand A complexes. Top, fit of the U1-5’ss helix plus
Luc7and Yhcltothe pre-AEM density. Bottom, the U1-5’ss helix and adjacent
proteins.c, Fitof the Prp40 FF1-6 domains in the pre-A EM density. Top, domain
organizationoftheS. cerevisiae Prp40 protein; below, amino-acid boundaries
of each domain. WW, domain containing two conserved tryptophans that are
spaced 20-22 amino acids apart; FF, domain containing two conserved
phenylalanines atits Nand C termini. d, Protein crosslinks between Prp40,
Prp5"™and other pre-A-complex proteins. Numbers (colour coded to match

protein colours) indicate the positions of crosslinked lysine residues, which are
connected by black lines. Prp40, Snu71and Luc7 formastable trimer*® thatin
the cryo-EMstructure of the yeast E complex'®bridges the U1 snRNP to the
branchsite, and we show here that they also help to bridge U1snRNP to U2
duringthe early stages of prespliceosome formation. Inhumans andin
Schizosaccharomyces pombe, Prp5 facilitates formation of the Acomplex by
bridging the Uland U2 snRNPs*, with the Prp5 N-terminal RS domain
interacting with proteins of the SF3b complex?. Although S. cerevisiae Prp5
lacks an N-terminal RS domain, CXMS dataindicate thatits N terminus also
interacts with Snu71and Rsel®*®. Therefore, the bridge formed by Rseland the
Prp40-Luc7-Snu71trimerinthesS. cerevisiae pre-A complex probably serves as
ananchoring point for Prp5’s N terminus.
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Extended DataFig. 6 |Molecularbridges connecting the Uland U2 snRNPs
inthe pre-A complex. a, Fit of the molecular model of the entire pre-A complex
into the EM density (low-pass filtered). The two main bridges that connect the
Uland U2snRNPsareindicated by arrows. The boxes indicate the regions
expandedinb, c.b, Close-up of bridge 1formed mainly by the interaction of
Prp40withRsel.Bridgelis disrupted duringthe transition fromthe pre-Ato
the A complex (see Fig.3 and Supplementary Video 1). Deletion analyses of
Prp40 showed that although FF domains 3-6 are dispensable for yeast viability,
they convey a considerable growth disadvantage when absent*®. Thereis also
evolutionary conservation of the presence of four or more of the FF domains
inPrp40 from various organisms*¢, suggesting that FF3 and FF4
haveimportantroles during spliceosome assembly and/or splicing. Our
crosslinking dataindicate that Snu71also extensively contacts Rsel®® and FF2
of Prp40 (see Extended Data Fig. 5d). Itis conceivable that, in the absence of
Prp40FF3-FF4, Snu71still interacts with Rsel1®®, the latter being a protein-
proteininteractiondomain thatinteracts with different proteinsinthe
subsequently formed Band B**spliceosomal complexes. ¢, Close up of bridge 2
thatis formed by intron nucleotides between the U2-BS helix and the 5-ss. By
analogy to the situationin later spliceosomal complexes'?, these intron
nucleotides are likely to be chaperoned by Hsh49**™! and Prp117™. Intron
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Hsh155

nucleotides of the Act pre-mRNA (but not of other pre-mRNAs such as Ubc4)
forma hairpinthatcanbelocalized adjacent to the ULsnRNP already inthe E
complex'®. Theresolutionis not sufficient to determine the exactintron
nucleotides comprising this stem. Note that the intron hairpinis not part of
bridge2.d, Alower threshold reveals EM density below the U2-BS helix,
adjacent to the open Hsh155"¥AT domain, that probably corresponds to the
Mud2-Msl5 dimer. The EM map is low-pass filtered to 30 A resolution. Protein
crosslinks supporting the localization of MsI5-Mud2 adjacent to the U2-BS
helix are shown. Numbers (colour coded to match protein colours) indicate the
positions of crosslinked lysine residues, which are connected by black lines.
Msl5-Mud2 could not be precisely modelled into the EM density, presumably
because of their structural flexibility. However, on the basis of CXMS data, we
tentatively position MsI5-Mud2into weak density directly downstream of the
branchsite, close to the U2-BS helix, with Mud2 being bound to the 3-end of
theintron. Formation of the U2-BS helix requires that Msl5 hands the branch
siteover to the U2snRNA, and thus Msl5should already be displaced from the
branchsiteinthe pre-A complex. Therefore, retention of MsI5-Mud2 close to
the U2-BS helix would be consistent with the binding of Mud2 to the intron
downstream of the branchsite.
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Extended DataFig.7|Cryo-EM and image-processing of the U257A pre-A
complex. a, Computationsorting scheme, with all majorimage-processing
steps depicted. Foramore detailed explanation, see the Methods section on
‘Image processing’. b, Typical cryo-EM micrograph (out of a total of 27,502) of
theS. cerevisiae U257A pre-A complex recorded at x120,700 magnification with
aTitanKrios microscopeusingaFalconllldirectelectron detector operatingin
integration mode at a calibrated pixel size of 1.16 A. ¢, Representative cryo-EM
2D class averages of the yeast U257A pre-A complex.d, FSC calculated using the
‘Post-processing’ routinein RELION indicates a global resolution of 10.4 A for
the entire yeast U257A pre-A complex, and resolutions of 7.5 A and 13 A for the
multibody-refined Uland U2 regions, respectively. The global resolution was
lower than that of the ABS-A pre-A complex, mainly because of the lower
number of particles analysed. e, Overlay of the EM densities of the ABS-A

(purple)and U257A (grey) pre-A complexes. f, Fit of the 3D model of the ABS-A
pre-A complexinto the EM density of the U257A pre-A complex. Note that, for
both complexes, density encompassing PrpSis first observed atalower
threshold. An extended U2-BS helix has also formed in complexes formed on
the U257A mutant. However, the precise conformation of the helix cannot be
discerned. The Hsh155"*T domain s in an open conformation and Prp5 s still
bound at the same position, and the same U1-U2 bridges are also observed,
indicating that the U257A complexes are also stalled at the same pre-A stage.
g, Fitofthe extended U2-BS helix from the ABS-A pre-A complexinto the
U257A pre-AEM density. h, Fit of the Prp57¢“* domains and U2-BS helix from the
ABS-A pre-Amodelintothe EM density of the U257A pre-A complex.i, Fit of the
Prp40 FF domains and Rse1®"® (which comprise bridge 1) from the ABS-A pre-A
modelinto the EM density of the U257A pre-A complex.
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Extended DataFig.8|Movement of Uland U2 snRNPs during the transition
from the pre-A to the Acomplex. a, Close-up of therotation of the U2 3-region
after therelease of Prp5. The 3-region rotates around the indicated axis by
roughly 55°. To better show the movement of the 3-region, the SmD2 proteinis
inyellow. For simplicity, only the 3-region of U2 plus U2 SLIl and the U2-BS
helix areshowninthe pre-A complex and the yeast Acomplex (PDB 6G90). The
pre-Aand A complexes are aligned via U2 SLIlaand HR19-20 of Hsh155.

b, Close-up of the movement of the U1snRNP and 3-region of U2. Atop view is
shown, with the black dot indicating the pivot point of the U2 3"-region, which
rotates by roughly 55°in the plane of the paper. For simplicity, only the region
of ULsnRNP that contains Prp39is shown. The U1snRNP rotates around the

—

A complex

Prp5

indicated axis by roughly 45°.In the pre-A complex, Prp39 and Lealare
separated by roughly 130 A, but the movements of Ul and U2 bring them into
close proximity inthe Acomplex. Even though Lealis not essential in
S.cerevisiae, its depletion prevents formation of the Acomplex, and adding
back Lealrestores A-complex assembly*. The Prp39-Lealinteractionisa
structural marker for the formation of amature Acomplex, and as suchits
absenceinthe pre-Acomplexisaclearindicationthat our complex hasstalled
atanearlier assembly stage. Thisinteractionis also maintainedinthe pre-B
complex®and s therefore also astructural marker for the conformation that
allows joining of the tri-snRNP.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

ABS-A pre-A complex

U257A pre-A complex

Ul snRNP U2 snRNP Pre-A Ul snRNP U2 snRNP Pre-A
region region complex region region complex
(EMD-13029) (EMD-13028) (EMD-13033) (EMD-13031) (EMD-13032) (EMD-13030)
(PDB 70QC) (PDB 700B) (PDB 70QE)
Data collection and
processing
Magnification 120,700 120,700 120,700 Data 1: 120,700 Data 1: 120,700 Data 1: 120,700
Data 2: 132,000 Data 2: 132,000 Data 2: 132,000
Voltage (kV) 300 300 300 300 300 300
Electron exposure (e”/A?) 44 44 44 Data 1: 44 Data 1: 44 Data 1: 44
Data 2: 58 Data 2: 58 Data 2: 58
Defocus range (um) 1-4 1-4 1-4 1-4 1-4 1-4
Pixel size (A) 1.16 1.16 1.16 Data 1: 1.16 Data 1: 1.16 Data 1: 1.16
Data 2: 1.06 Data 2: 1.06 Data 2: 1.06
Symmetry imposed C1 C1 Cc1 C1 C1 C1
Initial particle images (no.) 5.4 million 5.4 million 5.4 million 1.3 million 1.3 million 1.3 million
Final particle images (no.) 217,460 160,894 217,460 80,853 39,593 80,853
Map resolution (A) 41 9.0 5.9 75 13 104
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Map resolution range (A)
U1 region 3.7-6.0 4-9 6-9 8-10
U2 5’ region 7-12 10-15 10-15 20-30
U2 3’ region 10-12 20 10-15 20-30
Prp40 15 20-30
Refinement
Initial model used (PDB n/a n/a n/a n/a n/a n/a
code)
Model resolution (A) 4.4
FSC threshold 05
Model resolution range (&) 4.4
MAap sharpening B factor -240 -600 -300 -300 -600 -600
(A%
Model composition
Non-hydrogen atoms 30386 26445 64053
Protein residues 3078 4555 8039
Ligands 0 0 0
B factors (A?)
Protein 62.8
Ligand
R.m.s. deviations
Bond lengths (&) 0.004
Bond angles (°) 1.0
Validation
MolProbity score 16
Clashscore '
Poor rotamers (%) S.4
0.44
Ramachandran plot
Favored (%) 95.42
Allowed (%) 4.14
Disallowed (%) 0.44




Extended Data Table 2 | Summary of modelled proteins and RNA in the yeast pre-A structure

Sub-complexes |Protein/RNA Chain ID UniProt ID Total residues Modeled Residue Template modeling approach
Mud1 A P32605 298 2-46; 55-125; 133-148 6N7R Docked and adjusted
Snpl B Q00916 300 1-91; 94-188 6N7R Docked and adjusted
Yhcl C Q05900 231 3-197; 6N7R Docked and adjusted
Prp39 D P39682 629 288-553; 561-627 6N7R Docked and adjusted
Prp42 E Q03776 544 1-544 6N7R Docked and adjusted
Nam8 F Q00539 523 161-242; i%lz_.‘ézz?s; 432-449,; 6N7R Docked and adjusted
Snu56 G Q03782 492 43-170; 185-295 6N7R Docked and adjusted
Luc?7 H Q07508 261 4-19; 38-140; 172-244 6N7R Docked and adjusted
Snu71 J P53207 620 1-52; 260-311 6N7R Docked and adjusted

U1 snRNP SmB b P40018 196 2-63; 73-131 6N7R Docked and adjusted
Sm D3 d P43321 101 3-95 6N7R Docked and adjusted
Sm D1 h Q02260 146 1-49; 58-73; 78-119 6N7R Docked and adjusted
Sm D2 i Q06217 110 8-80; 83-108 6N7R Docked and adjusted
SmE e Q12330 94 8-63; 73-93 6N7R Docked and adjusted
SmF f P54999 86 12-84 6N7R Docked and adjusted
Sm G g P40204 77 2-48; 53-77 6N7R Docked and adjusted
Prp40 K P33203 583 134-189 2B7E docked

203-552 2KFD; 3HFH predicted model, docked

U1l snRNA 1 568 1-26; 34-565 6N7R Docked and adjusted

Msl1 Y P40567 111 28-111 6G90 Docked
Leal w Q08963 238 1-170 6G90 Docked
Hsh155 o P49955 971 161-758 6Y5Q Docked
759-971 6G90 Docked
Rsel P Q04693 1361 S11000, 016 DS, 100p1de1  ©9%0 Docked
Cusl Q Q02554 436 125-213; 239-353; 361-376 6G90 Docked
Hshdg R Qo181 213 986, 106144, 247185 18- 6690 Docked
Rds3 S Q06835 107 2-93 6G90 Docked
Ysf3 z POCO74 85 2-84 6G90 Docked
SmB S P40018 196 12-54;76-102 6G90 Docked
Sm D3 \ P43321 101 4-85 6G90 Docked

U2 snRNP Sm D1 t Q02260 146 1-48;78-101 6G90 Docked
Sm D2 u Q06217 110 17-108 6G90 Docked
SmE w Q12330 94 10-63; 71-93 6G90 Docked
Sm F X P54999 86 12-84 6G90 Docked
Sm G y P40204 77 2-76 6G90 Docked

Prp5 p P21372 849 206-698 4Ly Docked
Prp9 T P19736 530 et b T e 6G90 Docked and adjusted
Prp1l U Q07350 266 34-47; 51-104, 121-136; 149- 6G90 docked
Prp21 \% P32524 280 89-206; 220-228 6G90 Docked and adjusted
U2 snRNA 2 1175 32-46 5NRL Docked
47-49; 74; 78 de novo
50-73; 79-86; 108-122; 139-
150;1089-1109; 1115-1130; 6G90 Docked
1138-1154; 1159-1169
pri(r:nTRlN A | 691 -2-8 6N7R Docked and adjusted
intron r;a(\aigzjig,nggknown 6N7R Docked
246-253 5ZWM Docked
254-268 5NRL BS-Adeleted, Docked

RNA and protein regions were modelled and fit into the EM density of the ABS-A pre-A complex, as indicated.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection Thermo Fischer EPU 2.1, Thermo Exactive Series 2.8 SP1, Orbitrap Exploris 480 3.0

Data analysis MotionCor v.2, Getf v.1.06 , Gautomatch v.0.56, RELION 3.0, UCSF Chimera v.1.13.1, ChimeraX v.1.1, cryoSPARC v.2.1, Coot v. 0.8.9.2,
SWISS-MODEL suite, pLink v.2.3.9, PHENIX v. 1.13-2998, MASCOT v.2.3.02

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
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- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The coordinate files have been deposited in the Protein Data Bank as follows: U1 snRNP region (PDB-70QC), U2 snRNP region (PDB-70QB) and composite truncated
model of the pre-A complex (PDB-70QE). The cryo-EM maps have been deposited in the Electron Microscopy Data Bank as follows: U1 snRNP region of the ABS-A
pre-A complex (EMD-13029) and of the U257A pre-A complex (EMD-13031), U2 snRNP region of the ABS-A pre-A complex (EMD-13028) and of the U257A pre-A
complex (EMD-13032), and overall reconstruction of the ABS-A pre-A complex (EMD-13033), and of the U257A pre-A complex (EMD-13030).The S. cerevisiae
Genome Database (SGD) was used in this study: https://www.yeastgenome.org.
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Sample size No statistical methods were used to predetermine sample size. As many independently recorded images are acquired as part of cryo-EM data
collection, the sample sizes are sufficient. For isolation of yeast pre-A complexes, an empirically determined amount of yeast whole cell
extract was used to obtain amounts sufficient for the EM and biochemical analyses
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Data exclusions  No data were excluded.

Replication All attempts at replication were successful. Cryo-EM reconstruction inherently contains a high degree of multiplicity arising from being
averaged over a large number of independent observations.

Randomization  Samples were not allocated to experimental groups, as this is not a procedure relevant in cryo-EM data processing.
Blinding Investigators were not blinded during data acquisition and analysis because it is not a common procedure for the methods employed. The

methods would not be possible if the investigators were blinded, and furthermore the data processing procedure requires a priori knowledge
of the sample to be performed optimally.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
[ ] Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology |:| MRI-based neuroimaging

[ ] Animals and other organisms

[ ] Human research participants
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[] clinical data
Antibodies
Antibodies used Antibodies against S. cerevisiae Prp5 and Leal.
Validation These antibodies were provided by Dr. Soo-Chen Cheng and have been described in a previous publication: Liang & Cheng,

Genes Dev. 29, 81-93 (2015).
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