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Splicing is a critical processing step during pre-mRNA
maturation in eukaryotes. The correct selection of splice
sites during the early steps of spliceosome assembly is
highly important and crucial for the regulation of alternative
splicing. Splice site recognition and alternative splicing
depend on cis-regulatory sequence elements in the RNA and
trans-acting splicing factors that recognize these elements
and crosstalk with the canonical splicing machinery. Struc-
tural mechanisms involving early spliceosome complexes are
governed by dynamic RNA structures, protein-RNA in-
teractions and conformational flexibility of multidomain RNA
binding proteins. Here, we highlight structural studies and
integrative structural biology approaches, which provide
complementary information from cryo-EM, NMR, small angle
scattering, and X-ray crystallography to elucidate mecha-
nisms in the regulation of early spliceosome assembly and
quality control, highlighting the role of conformational
dynamics.
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Introduction
Splicing of most eukaryotic pre-mRNAs is orchestrated
by the spliceosome, a megadalton complex composed of

five small nuclear ribonucleoprotein particles (snRNPs)
that dynamically assembles ¢ novo on each pre-mRNA
molecule to catalyze the removal of the intronic re-
gions and produce the uninterrupted coding sequence
for protein translation. The exon-intron boundaries are
defined by the recognition of the 5 splice site by Ul
snRNP, and the binding of splicing factor 1 (SF1) and
U2 auxiliary factors to the branch point (BP) site, the
polypyrimidine (PY) tract and the 3’ splice site,
respectively. This promotes binding of the U2 snRNP at
the 3’ intronic region with subsequent assembly of the
U4/U6/U5 tri-snRNP for the activation of a catalytic
complex, which performs the two transesterification
reactions joining two exon sequences and removing the
intron in the lariat form (Box 1) [1—3].

In higher eukaryotes, most pre-mRINAs can be spliced in
variable ways, resulting in several isoforms encoded in a
single gene, which greatly expands the diversity of the
protecome over the genome [4]. This process, called
alternative splicing (AS), is essential for cell differentia-
tion and tissue identity acquisition during development
[5], and its misregulation by mutations in ¢s-regulatory
RNA sequence elements or zrams-acting proteins is
directly linked to several diseases, including cancer [4,6].

The resolution revolution generated by the advances in
cryogenic electron microscopy (cryo-EM), together with
a wealth of biochemical knowledge and availability of
small molecule inhibitors that stall the spliceosome at
different steps, provided unprecedented insight into
structural snapshots of the splicing cycle [7]. Transitions
between the individual steps can involve large rear-
rangements of complexes, mediated by various helicases
[8]. Understanding the underlying structural transitions
and mechanisms is challenging based only on the initial
and final steps. While this has been alleviated by the
capture of intermediate species that help to rationalize
some of these transitions, characterizing dynamic states
and conformational ensembles linked to spliceosome
assembly remains challenging. Moreover, #rans-acting
factors involved in the very early steps of constitutive
splicing and in the regulation of AS are often multido-
main proteins, where individual domains are connected
by flexible linkers [9], enabling conformational dy-
namics that are crucial for their function but escape

www.sciencedirect.com

Current Opinion in Structural Biology 2024, 88:102907


mailto:michael.sattler@helmholtz-munich.de
mailto:michael.sattler@helmholtz-munich.de
https://www.sciencedirect.com/special-issue/10W7TT989FQ
https://doi.org/10.1016/j.sbi.2024.102907
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sbi.2024.102907&domain=pdf
www.sciencedirect.com/science/journal/0959440X
www.sciencedirect.com/science/journal/0959440X

2 Protein Nucleic Acid Interactions (2024)

Box 1. Glossary of key terms and players

Spliceosome cycle

About 99% of splicing events are carried out by the major spliceosome (U2-dependent), in contrast to the small subset regulated by the minor
spliceosome (U12-dependent). The spliceosome is assembled on the pre-mRNA, de novo for each splicing event, following the splicing cycle that
involves the recognition of the splice sites during E to A complexes, the preparation for the catalytic reaction in B complexes and the performance
of the two transesterification reactions, first linking the 5’ of the intron to the adenine in the branch point and then ligating the excised 3’ end of the
first exon with the beginning of the second exon in complexes B* to C to remove the intron in the lariat form.
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Schematic of the splicing cycle with the different spliceosome states. The early complexes (E, A) in splicing assembly are highlighted.

5’ splice site recognition

Human U1 snRNP consists of U1 snRNA and several proteins: the Sm ring (with seven Sm proteins B/B’, D1, D2, D3, E, F and G) that forms
around the U1 snRNA, the 70K protein that interacts with stem loop 1, U1-A protein that interacts with stem loop 2 and U1—C protein that binds the
duplex formed by the 5’ region of the U1 snRNA and the 5’ splice site. U1 snRNP is loaded during the E complex formation and remains bound in
the A complex until the U1 snRNA/5’ splice site duplex is unwound by the helicase PRP28. The 5’ splice site RNA is subsequently transferred to
the U6 snRNP in the B complex and U1 snRNP is released.

3’ splice site recognition

The canonical view of the recognition of the 3’ intronic region involves the initial identification of three cis-elements in the RNA by three splicing
factors in the E complex of a major subset of introns. The branch point sequence is specifically recognized by SF1; upon A complex formation,
SF1 is released, and the BP RNA binds the U2 snRNP by base pairing with the U2 snRNA, to later initiate the first transesterification reaction. The
3’ splice site is initially identified through recognition of the polypyrimidine tract and the 3’ splice site AG by U2AF2 and U2AF1, respectively.
Protein—protein interactions involving UHM/ULM interactions further stabilize the assembly of SF1-U2AF2-U2AF1 at the 3’ intronic region. The
interaction of the SF1 ULM with U2AF2 is replaced by the binding to SF3B1 ULMs in the U2 snRNP in the A complex.

Exon/intron definition

Exon or intron definition refers to mechanisms by which a strong splice site can recruit the spliceosome machinery to an adjacent weaker splice
site. For example, a canonical 3’ intronic region (with a conserved 3’ splice site, a strong PY tract and a canonical BP) would promote the
recognition of an adjacent 5’ splice site with a degenerated motif. This enhanced recruitment is driven by the presence of bridge proteins that
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connect both sites; if the bridge is done through the exon, the mechanism is named exon definition, while if the connection is made through the
intron, the mechanism is intron definition. In humans, exon definition is thought to be the main driving force for the recognition of the adjacent sites

with relatively short exons and introns of variable length (up to 10° nt).
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Schematic representation of the exon and intron definition mechanisms.

detection by cryo-EM or X-ray crystallography. Inte-
grating solution-state techniques like nuclear magnetic
resonance (NMR) spectroscopy or small angle scattering
(SAS) thus provides important complementary infor-
mation on conformational dynamics. Regulation of
alternative splicing in a cell- and tissue-dependent
manner is controlled by a complex splicing code
[10,11], which is governed by the presence of cis-regu-
latory motifs and pre-mRNA structure, expression levels
and interactions with RNA binding proteins, depending
on cell type and developmental stage. The complex
interplay of these factors and conformational dynamics
involved allow a graduated and fine-tuned regulation of
alternative splicing, which can be impaired by disease-
linked mutations in the c¢s-regulatory motifs or zrans-
acting factors involved. Understanding mechanisms of
splicing regulation also enables the development of
splicing modulators for therapeutic approaches for
human diseases, as highlighted by recent approvals of
antisense oligonucleotide and small molecule drugs
[12—14]. In this review, we summarize how recent
findings on structures and dynamics in early spliceosome
assembly expand our understanding of splicing regula-
tion and proofreading in health and disease.

Early recognition of splice sites

Early recognition during the initiation of spliceosome
assembly (E complex formation) involves the initial
identification of exon-intron boundaries (Box 1). Ul
snRNP directly recognizes the 5 splice site, via base
pairing of the Ul snRNA with the beginning of the
intronic region. Concomitantly, splicing factor 1 (SF1)
and the heterodimeric U2 snRNP auxiliary factor UZAE
comprised of U2AF2 and U2AF1, recognize the BP site,
the PY-tract and the 3’ splice site of the major class of
introns, respectively (Figure 1a). RNA recognition in-
volves dedicated RNA-binding domains within these
proteins: KH-QUAZ2 in SF1, two RNA recognition motifs
(RRMs) in U2AF2 and two zinc fingers (ZnFs) in
U2AF1. The recognition of the 3’ region is further
modulated by protein—protein interactions involving
UHM-ULM interactions [1,15,16]. Quantitative

variations in the binding affinity of cognate splicing
factors with c¢s-regulatory RNA motifs and conforma-
tional dynamics allow a graduated quantitative regula-
tion of splicing [9,17]. The initial identification of
intron/exon boundaries is key for accurately defining the
regions that undergo splicing. In the subsequent cata-
lytic steps, the 5 splice site is recognized by U6 snRNP,
while the 3’ splice site is defined by additional factors at
later spliceosome complexes.

Modulation of 3’ splice site recognition by dynamic
protein-RNA interactions

The UZAF heterodimer is essential for 3’ splice site
recognition of most introns during E complex formation.
Solution NMR data revealed that this initial recognition
is highly dynamic, enabling a quantitative regulation of
spliceosome assembly. The unbound UZAF2 RRM1-
RRM2 tandem domains adopt a conformational
ensemble of closed states with the RNA binding site of
RRM1 occluded, and an open state that resembles the
conformation when bound to strong PY-tracts [17,18].
This conformational equilibrium is shifted towards the
open state depending on the “strength”, i.e. binding
affinity of a given PY-tract RNA sequence, thereby
enabling a graduated regulation of 3’ splice site recog-
nition, E complex formation and splicing [17].
Combining Forster resonance energy transfer (FRET)
and NMR experiments, U2AF1 was shown to shift the
equilibrium towards the open conformation of U2AF2
[19,20]. The PY-tract recognition by U2AF2 is further
modulated by the flexible linker connecting RRM1 and
RRM2, which transiently interacts with the RRM2,
thereby rejecting the interaction with weak PY-tracts by
an autoinhibition mechanism [21]. At the same time,
the linker region mediates additional contacts within
RRM1, stabilizing a compact arrangement of the RNA
complex upon binding of strong PY-tracts [21], as is seen
in the crystal structure of U2AF RRM1,2 bound to a
strong PY-tract [22]. This region was also shown to form
contacts with the central nucleotide of the PY-tract in
between the binding regions of RRMs 1 and 2, slightly
selecting for a uracil at this position [23].
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Figure 1
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(a) Canonical recognition of 5 and 3’ splice sites including the novel factor FUBP1. A model of the 5’ site — U1 snRNA duplex is shown on the left, based
on the U1C — RNA cryo-EM structure (pdb: 6gx9 [38]) and the alphafold 2 model of LUC7L [39], fitted to the RNA duplex in a similar orientation as in the
yeast E complex [40]. The NMR-derived structure of FUBP1—-U2AF2 interaction is shown in the middle (pdb: 8p25 [29]) and the crystallographic structure
of the S. pombe U2AF1 ZnFs interacting with the 3’ splice site is shown on the right. Residues that are frequently mutated in cancer (Ser 34, Gin 157) and
affect alternative splicing are highlighted in red (pdb: 7c07 [26]). (b) Regulation of exon 7 inclusion of MALT? pre-mRNA driven by modulation of RNA
structure. hnRNP U is able to stabilize an RNA hairpin that occludes the PY-tract and the 5’ splice sites and, therefore, is not identified by U2AF2 and U1
snRNP (left), respectively. In contrast, hnRNP L binds to the complementary sequences to the PY-tract and 5’ splice site, destabilizing the duplexes and
promoting U2AF2/U1 snRNP binding (right). () RNA binding modes of the RBM39 splicing factor. RRM2 recognizes single-stranded RNA motifs using an
extended version of the canonical RRM binding surface, while RRM1 binds to stem loops using the RRM B-sheet and the $2- 3 loop [35].

Mutants within the U2AF1 ZnFs, associated with acute
myelodysplastic leukemia (AML) and Myelodysplastic
Syndrome (MDS), show different preferences for the
nucleotides flanking the 3’ splice site AG [12,24]. This
results in a genome-wide change of the AS pattern in a
complex manner but also affects the formation of stress

granules in myeloid malignancies [25]. So far, the only
structural studies about how U2AF1 recognizes RNA
through the ZnFs and how the cancer-associated mu-
tations may modulate AS are based on a yeast homolog
[24,26]. Thus, the molecular details of the recognition
of the 3’ splice site by the human protein are not fully
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clear and remain a subject for future studies (Figure 1a).
Several studies have reported that the AG dinucleotide
recognition can be modulated by additional factors, such
as DEK or hnRNPAL1 [27,28]. Structural details are yet
to be resolved and are expected to involve the direct
recognition of the 3’ splice site AG by the ZnFs
of UZ2AF1.

FUBP1 has been recently identified as a key factor in
recognizing the 3’ splice site, especially in long introns,
by binding of its four, flexibly connected KH domains to
a clustered U-rich element upstream of the BP site.
Intrinsically disordered regions in FUBP1 mediate
additional protein—protein interactions with the U2AF2
RRM?2, and with the proline-rich C-terminal region of
SF1 [29]. Thereby, FUBP1 enhances 3’ splice site
recognition depending on the presence of a U-rich cis-
element (Figure la) and may contribute to bridging
interactions with factors at the 5’ splice site (see below).

Spliceosome assembly can also be modulated by the
accessibility of ¢s-elements for splicing regulators, for
example, by RNNA secondary structure that may occlude
splice sites. RNA binding proteins can modulate the
RNA structure and thereby enable an additional layer of
regulation [30,31]. A recent study demonstrated that
RNA secondary structure sequesters the 3’ and 5’ splice
sites flanking exon 7 of the MALT-7 pre-mRNA and thus
inhibits splicing. Combining chemical probing of RNA
structure, NMR and biophysical experiments revealed
the mechanisms by which two RNA binding proteins,
hnRNP U and hnRNP L, antagonistically modulate
exon 7 splicing. While an intrinsically disordered
arginine-glycine-rich (RGG) region in hnRNP U binds
and stabilizes hairpin structures inhibiting exon 7
splicing, hnRNP L shifts the weak and dynamic RNA
secondary structure by binding to and stabilizing single-
stranded conformations, thereby promoting exon 7
splicing. This conformational shift of pre-mRNA struc-
tures exposes the PY-tract and 5 splice site, flanking
exon 7, for recognition by U2AF2 and U1l snRNP and,
therefore, promotes its inclusion [32] (Figure 1b).

It is estimated that about 12 % of the functional 3’ splice
sites are recognized and spliced independent of U2AF2
[33]. Recent studies showed that splicing of short in-
trons with very short PY tracts does not require U2AF2,
but depends on RBM17 (also known as SPF45) to pro-
mote U2 snRNP binding. RBM17 is essential for the
splicing of these short introns via interactions with
SE3B1 in the U2 snRNP [33] and by cooperation with
SAP30BP involving dynamic UHM-ULM interactions
[34]. The precise molecular mechanism of RBM17-
dependent spliceosome assembly remains unknown.
Given that RBM17 does not bind RNA, it is likely that
protein—protein interactions with U2 snRNP compo-
nents may bypass the requirement for direct 3’ splice
site RNA binding.

Another example of non-canonical 3’ splice site recog-
nition involves the splicing factor RBM39, where its
RRM2 recognizes characteristic 3’ splice site features
that are not identified by U2AF2 and promotes U2
snRNP recruitment via a UHM-ULM interaction. In
addition, the RBM39 RRMI1 binds to a stem-loop
sequence that may be part of the pre-mRNA or in the
Ul snRNP (Figure 1c) [35]. This splicing factor is
considered a target for degradation in high-risk neuro-
blastoma, where aberrant AS seems to play a critical
role [36,37].

Modulation of 5’ splice site recognition

Many #rans-acting protein factors influence the binding
of Ul snRNP in AS to modulate exon inclusion or
skipping by recognizing specific cis-regulatory RNA el-
ements. The human Ul snRNP is smaller and simpler
than the yeast particle, but many of the proteins
exclusively found in the yeast version have human ho-
mologs. Although their functions are still not fully un-
derstood, there is evidence that they could act as AS
factors. For example, the dimer of human PRPF39
(homolog of the yeast heterodimer Prp39-Prp42) re-
cruits U1 snRNP to weak 5’ splice sites close to GC-rich
sequences via interaction with the Ul snRNP compo-
nent U1C [41,42]. In fact, other homologs are found to
be recruited to the Ul snRNP via U1C interactions. For
example, RRM2 and RRM3 of TIA1 (Nam8 in yeast)
recognize a PY-rich region downstream of a 5’ splice site.
The TIA1 binding near the 5 splice site is further
enhanced by the direct interaction of its RRM1 and Q-
rich regions to U1C [43,44].

Human LUC7L paralogs (Luc7 homologs) have also
been proposed to interact with UlC and other Ul
snRNP-related factors to regulate alternative 5 splice
site selection. In addition, LUC7L.2 is implicated in the
regulation of energy metabolism and in myeloid neo-
plasms [42,45,46]. A recent study suggests that LUC7L
paralogs can discriminate non-canonical 5’ splice sites by
contacting nucleotides that are either located in the
preceding exon or the intron flanking the GU dinucle-
otide [47] (Figure 1a).

Towards formation of complex A

The loading of U2 snRNP to the correct BP sequence in
the intron involves a major dynamic reorganization of
the complete 3’ splice site region and the U2 snRNP
particle itself (Figure 2a), which is driven by helicases.
Here, two types of helicases, DDX46 (from the DEAD-
box family) and DHX15 (DEAH-box family), with the
help of G-patch containing proteins, drive dynamic
rearrangements and ensure correct complex assembly
and proofreading of BP selection.

A recent cryo-EM structure shows that during U2
snRNP maturation, the DEAD-box helicase DDX42
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Figure 2
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(a) Schematic representation of the 17S particle maturation and early steps of human spliceosome assembly at the 3’ splice. U2 snRNP maturation
involves the protection of SF3B with the helicase DDX42 before loading the U2 snRNA-SF3A complex, displacing DDX42 and promoting TAT-SF1
recruitment. DDX46 is loaded, replacing DDX42, and stabilizes the UHM domain of TAT-SF1. Next, the mature 17S particle is recruited to the intron,
where the BS sequence is recognized by the U2 snRNA after DDX46 has unwound the BSL and TAT-SF1 has been released. The helicase activity of
DDX46 is thought to support the identification and selection of a correct BP. Subsequent rearrangement involves binding of the hinged pocket to the
flipped-out adenine from the BP, creating a conformational change on SF3B1 HEAT repeat domain to a closed conformation and producing the release of
DDX46. The interaction of an acidic loop of DDX46 with a region in the HEAT repeat is now replaced by the interaction with the intron RNA region
corresponding to the PY-tract. SF1, which binds to the BP during early 3’ splice site recognition, is fully released and SF3A2 now strengthens the
interaction with the intron-U2 snRNA duplex. (b) View of SF3B1 HEAT domain binding different factors during the early events: DDX42 N-terminal plug
binds during 17S particle maturation (pdbs: 7evn, 8hk1 [48]) and is replaced by the DDX46 acidic loop (pdb: 7evo, 7vpx [50]). (€) This, in turn, is replaced
by the intronic region of the RNA once the BP is locked (pdb 5256 [61]). In a recent model, SUGP1 is proposed to connect the U2 snRNP with the helicase
DHX15 interacting in the same region through the surrounding areas to the G-patch region [59].

participates in stabilizing the SF3B subunit, and upon
binding of the U2 snRNA, it is replaced by another
helicase, DDX46 (also known as PRP5), resulting in the
matured 17S particle [48]. Further biochemical charac-
terization of the role of the DDX42 helicase in this
maturation process will be important to complement
and rationalize the structural data. In this state, the
branch—point interaction stem-loop (BSL) region of the
U2 snRNA covers the complementary sequence of the
intron BP [49,50].

U2 snRNP appears to be already loosely associated with
3’ splice site components in the E complex by multiva-
lent interactions [51], promoting U2 snRNP proximity to
the BP sequence. Only through ATP-hydrolysis the
complementary sequence of the BP in the U2 snRNA
(BSL) is exposed by a conformational change promoted
by DDX46. This enables the formation of a preliminary
duplex with the BP, resulting in the pre-A complex
arrangement [50]. When the flipped-out BP adenine is
specifically recognized via integration in a pocket created
by SF3B1 and PHF5A, the U2 snRNA/BP RNA duplex is
locked and further stabilized by SF3B6, another major
reorganization step of the U2 snRNP takes place to form

the A-complex [52]. The SF3B1 HEAT-repeat switches
to a closed conformation, forcing the DDX46 release.
The interaction of an acidic loop of DDX46 with a region
in the HEAT repeat is now replaced by the intron RNA
region corresponding to the PY-tract [50]. A similar
reorganization of the U2 snRNP has been observed for
the yeast complexes [53,54]. Unfortunately, to date, no
structure is available for the human A complex, with the
exception of an A-like U2 snRNP particle [52].

Proofreading of the branch point sequence

The pre-A complex constitutes an initial checkpoint for
the correct identification of BP sequences. While the BP
RNA is already specifically recognized in the E complex
by SF1 [55], this interaction has mainly a kinetic role for
3’ splice site recognition [56] and may ensure that the
BP is prepared for recognition by U2 snRNP in pre-A and
A complexes. Recent studies identified the roles of
helicases in proofreading and quality control by various
dynamic interactions of G-patch containing proteins. It
is proposed that proofreading for complementarity to
the U2 snRNA happens through the action of DDX46,
which unwinds suboptimal duplexes at the pre-A stage,
similarly to its helicase function with the BSL [50].
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More recently, the DEAH-box helicase DHX15 has
been suggested to regulate quality control during pre-A/
A complex assembly. To enable this function, the
splicing regulator SUGP1 bridges DHX15 and the U2
snRNP through interactions with its G-patch to the
helicase [57,58] and the surrounding regions of the G-
patch to the HEAT domain of SF3B1 [59]. Intriguingly,
the binding region of SUGP1 in SF3B1 is virtually
identical to the interaction site of DDX46 and the RNA
in the SF3B1 HEAT repeat domain (Figure 2b). In fact,
several cancer-associated mutations occur in this region
of SF3B1, highlighting its importance in splicing regu-
lation [50]. In this disease context, the splicing factor
GPATCHS has been found to be required for the aber-
rant splicing induced by the mutant SF3B1 through a
competing mechanism with SUGP1 for the binding to
the DHX15 helicase [60].

Another recent report has also identified DHX15 in
chromatin-associated purified spliccosome complexes
but with limited presence of SUGP1. This suggests that
other G-patch containing RBPs, including the AS factors
RBMS5/10 link the helicase function of DHX15 to U2
snRNPs [62]. RBM5 and RBM10 are multidomain
proteins known to specifically recognize repressive cis-
elements in the RNA through RRM1-ZnF-RRM2 do-
mains in the N-terminal regions [63—65], promoting
exon skipping. Additionally, they mediate interactions
with proline-rich sequences of Sm proteins in the spli-
ceosomal snRNPs [66]. The recent data show that these
G-patch containing splicing factors are found in all
isolated BP complexes regardless of the presence of ¢s-
elements [62], suggesting more complex mechanisms
for splicing modulation, which involve dynamic confor-
mations and rearrangements [56].

Splice-site bridging during early
spliceosome assembly

The identification of exon-intron boundaries during the
initial steps of the splicing cycle is not limited to direct
recognition of cis-regulatory motifs on the pre-mRNA
but also involves crosstalk between the 3’ and 5 splice
sites by bridging proteins. The binding of these bridging
factors at one splice site promotes the recognition of the
adjacent splice site across the exon (exon definition) or
intron (intron definition) (Box 1). Given that exons in
humans are rather small and homogenous in size
(200—300 nt) while introns can extend up to 10° nt,
exon definition may be an efficient way to initially
recognize 5’ and 3’ splice sites. Regardless of the
mechanism of how the splice sites are recognized and
bridged in the early steps, an initial exon definition
complex requires rearrangement to a cross-intron com-
plex for a productive splicing reaction (the opposite
situation would result in circular RNA). The mecha-
nisms of this shift from exon definition to cross-intron
bridging remain still unknown, although based on

recent structural data distinct possible solutions for this
transition have been proposed [67,68].

Cross-intron connection in yeast

In yeast, only bridging interactions across the intron
have been reported, which likely reflects the reduced
complexity of the gene structures in this organism with
typically one intron per mRNA that undergoes splicing
[69]. These cross-intron connections are already estab-
lished in the E complex, involving Prp40 interacting
with Msl5 (the homolog of human SF1) at the BP and
with U1l snRNP [40,70]. The bridging is maintained in
the pre-A complex where Prp40 now interacts with the
SF3B3 homolog Rsel, while probably Msl5 is destabi-
lized [53]. In the A complex, Prp40 still copurifies but is
not identified in cryo-EM maps; whether it still acts as a
bridging factor is unknown (Figure 3a) [54]. Instead,
after remodeling of the complex, a contact is detected
between Prp39 in Ul snRNP and Leal (homolog of
human U2A’) in the 3’ region of the U2 snRNP, and a
weaker interaction, only detected in some of the parti-
cles, between the SL3-3 of Ul snRNA, the B-propellers
of Rsel (SF3B3) and the C-terminal region of Prp9
(SF3A3). These interactions change the conformation
of the complex and reorient the U2 snRNP to promote
the 5’ splice site transfer from the Ul snRNP to U6
snRNP in the pre—B complex [41] (Figure 3a).

Exon definition and cross-intron bridging

In vertebrates and especially in humans, the presence of
genes with multiple long introns separating the shorter
exons is challenging for the identification of intron/exon
junctions. Here, exon definition offers an efficient
mechanism where the identification of strong splice
sites of one intron helps the recognition of the adjacent,
potentially weaker sites across the exon (Figure 3b)
[71]. These connections are established between U2
snRNP and U1l snRNP particles with the help of SR
proteins as typical bridge factors. These proteins would
recognize SR regions at the 3’ splice site (U2AF1/2) and
in U1 snRNP (70K) at the 5’ splice site and, at the same
time, would interact with conserved RNA sequence
motifs in the exon (exonic splicing enhancers, ESEs);
although it has been shown that such an interaction is
dispensable for SRSF1 bridging [72]. Unfortunately,
structural details of the interaction and the affinity and
specificity that the SR regions would promote during
the exon definition mechanism are scarce.

Available cryo-EM structures of the early complexes of
human spliccosome do not show clear evidence of
bridging [50]. This likely reflects that the intrinsic
flexibility of these complexes prevents high-resolution
cryo-EM analysis, as seen for the yeast E complex,
where only the 5’ region is observed in the cryo-EM
maps [40]. For dynamic complexes, complementary
structural techniques are required to study multivalent
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(a) Cross-intron contacts in yeast: Prp40 interacts with U1 snRNP and Msl5 in complex E, facilitating cross-intron bridging already early in spliceosome
assembly. The Prp40 binding to MsI5 is replaced by an interaction with Rec1 (SF3B1) in the pre-A complex and in the A-complex, Rec1 directly interacts
with the U1 snRNA. The whole complex then accommodates the tri-snRNP in the pre—B complex. (b) Early complexes in humans display multivalent
contacts: already in E complex, SR proteins connect through the exon the two splice sites, while other factors like PRPF40 A/B or FUBP1 are able to
establish connections, in principle, through the intron. In the following stages, other connections are established: U1 snRNA stem-loops are recognized by
SF3A1 from the U2 snRNP and DDX39B also connected to U2AF2. (c¢) High-resolution structures of human bridging factors. The PRPF40A tandem WW
domains recognize a proline-rich peptide in the C-terminal intrinsically disordered region of SF1 (pdb: 8pxx [73]). (d) The UBL domain of SF3A1 (a
component of the U2 snRNP) specifically recognizes the stem loop 4 of the U1 snRNA (pdb: 7pO0v [74]).

interactions between the Ul snRNP and 3’ splice site
components that could take place through the intron or
exon in E and or A complexes.

Prp40 is conserved in humans with two paralogs:
PRPF40A and B, which could have a similar role as
observed in yeast. A recent study presents the structural
basis for the interaction of the PRPF40A tandem WW-
domains with a proline-rich peptide motif in the long
and disordered C-terminal region of SF1. The specificity
of the cognate proline-rich peptide recognition is

enhanced by an autoinhibitory mechanism of proline-
rich sequences flanking the WW domains in PRPF40A,
preventing interaction with sub-optimal binding motifs
in other proteins (Figure 3c) [73]. The study provides
the first structural view of any PRPF40A homolog
(human or yeast) interacting with a BP binding protein,
and has not been visible in cryo-EM studies. A cross-
intron bridging mediated by PRPF40 A/B requires also
the interaction of its FF domains with U1l snRNP com-
ponents, for which complete structural details
remain elusive.

Current Opinion in Structural Biology 2024, 88:102907
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U1 snRNA stem loops 3 and 4 (SL3, SL4) play roles in
establishing interactions with the 3’ splice sites in early
spliceosome assembly (pre-A and A complexes). The C-
terminal UBL-like domain of SF3A1 (U2 snRNP)
directly interacts with SLL4 of the Ul snRNA, estab-
lishing a direct connection between the two particles
(Figure 3d) [74]. In addition, the SL3 is recognized by
the helicase DDX39B (UAP56), which at the same time
interacts with U2AF2 [75]. The recently described 3’
splice site component, FUBP1, is also proposed to
establish direct contact with Ul snRNP proteins [29].

Except for the connections orchestrated by SR proteins,
functional bridging interactions were suggested to occur
mainly across the intron. An initial exon definition
arrangement must change to cross-intron bridging

during the splicing cycle to prevent back-splicing,
although it is not clear when and how this takes place
(Figure 3b). Unfortunately, the observed bridging type
seen in cryo-EM structures is defined by the pre-mRNA
sequence that is provided for the complex assembly.
Typically, exon definition is arranged in early assembly
steps (pre-A and A), while for structural studies of
complex B and successive stages, a cross-intron
arrangement is prepared.

In two recent studies, structures of pre-B and B com-
plexes were obtained via spliceosome assembly in an
exon definition arrangement [67,68]. Notably, the to-
pology of the new exon-defined pre-B complexes re-
sembles the previous intron-defined structures
(Figure 4a). In the work by Yan and Shi [67], the length

Figure 4
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(a) Schematic representation of the intron-defined (left) and exon-defined (right) human pre-B complexes; some of the regions were not properly resolved
in the cryo-EM structures but suggested by additional experiments, like the U1 snRNPs and the bridge proteins (40 = PRPF40A and SR= SRSF proteins)
in the exon-defined complexes. (b) Postulated mechanism for the exon to intron definition switch by Zhang et al. [67], where the tri-snRNP is able to
interact with either U1 snRNP up or downstream the U2 snRNP depending on the local context. In addition, while in the pre-B state, the tri-snRNP would
be able to switch from one U1 snRNP to the other. (c) In the model from Zhang et al. [68], the tri-snRNP is loaded to the U2 snRNP to form the pre—B
complex, the downstream U1 snRNP would interact with U2 snRNP through the bridging factors (e.g. SRSF proteins and PRPF40) and the PRP28
interface would be accessible for another U1 snRNP located upstream of the U2 snRNP, allowing for alternative 5" splice site selection.
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of the selected exon allows the placement of the
downstream U1 snRNP in the position that occupies the
upstream Ul snRNP particle in the cross-intron pre—B
complex [76] via interactions with PRP28. In the study
reported by Stark and Lihrmann [68], the exon is
significantly shorter, promoting dimerization of the
complexes, in which the downstream U1 snRNP is now
located near SF3B in the U2 snRNP. This resembles the
position seen in the cross-exon pre-A complex [50],
while another Ul snRNP binds in trans to the PRP28
interface, i.e. the position of the upstream Ul snRNP in
intron-defined complexes. Interestingly, many of the
bridging connections described for E, pre-A, and A
complexes are also detected by cross-linking/mass
spectrometry experiments in the later exon-defined
pre—B complex, such as those involving SRSF proteins
or PRPF40A, which interact with the SF3A1 proline-rich
region as proposed in the absence of SF1 [73]. In this
case, Stark and Lihrmann propose that all these
bridging interactions occur across the exon.

Finally, two models of cross-exon to cross-intron
arrangement are suggested by these two recent
studies. Yan and Shi propose a model, in which the
loading of the tri-snRNP selects which U1 snRNP par-
ticle would form the pre—B complex, e.g. involving the
upstream (intron-defined) or the downstream (exon-
defined) Ul snRNP. The switch from exon to intron
definition is possible by releasing one Ul snRNP to
engage with the upstream one (Figure 4b). In contrast,
Stark and Lithrmann propose that the downstream Ul
snRNP particle would be placed near the U2 snRNP,
leaving the PRP28 interface free to engage with up-
stream Ul snRNP particles, a model compatible with
alternative 5’ splice site selection (Figure 4c).

Conclusions and future perspectives

Recent developments in cryo-EM methods have greatly
advanced our knowledge of the splicing mechanism and
provided some glimpses into the molecular details
behind early events in splice site selection and proof-
reading. Complementary solution techniques, such as
NMR or fluorescence spectroscopy, are required to
study the dynamic interactions that underlie these
mechanisms and are especially important during early
spliceosome assembly and (alternative) splicing regula-
tion. In fact, while cryo-EM structures provide exciting
structural insights with complexes assembled and puri-
fied in native conditions, a significant fraction of the
expected protein and RNA components are not
observed in the cryo-EM maps due to conformational
flexibility and dynamics, involving extended intrinsically
disordered regions, which can be readily studied using
NMR spectroscopy (see Box 2).

A large number of alternative splicing factors that
modulate splicing of specific pre-mRNAs with key roles
for many cellular processes, are known, but the specific
underlying molecular and structural mechanisms remain
poorly understood. The interactions of these zrans-
acting factors with as-regulatory motifs in the pre-
mRNA typically involve dynamic RNA interactions of
multiple RNA binding domains together with additional
protein—protein interactions that are mediated by
intrinsically disordered regions. Moreover, helicases are
key for the dynamic remodeling of RNPs during the
splicing cycle and are essential for proofreading during
early spliceosome assembly. Much is still to be learned
on the existing conformational states and transitions
with the help of solution techniques, including NMR,
fluorescence spectroscopy, and small angle scattering,

Box 2. Emerging topics and future challenges for understanding splicing regulation.

While truly impressive progress has been made in our understanding of the molecular and structural mechanisms of splicing catalysis during the
spliceosome cycle, detailed and predictive understanding of cell and development-dependent alternative splicing remains poorly understood.

o What are the structural mechanisms that direct early spliceosome assembly and alternative splicing regulation? How do combinatorial
interactions of splicing factors with cis-regulatory RNA elements and spliceosome complexes modulate the utilization of splice sites? What are
the structural mechanisms underlying exon and intron definition? Also, most splicing factors contain intrinsically disordered regions (IDRs),
which can mediate protein—protein interactions or have been implicated in the formation of biomolecular condensates that may modulate
splicing. Potential roles of these interactions, as well as posttranslational modifications of splicing factors in splicing regulation are
just emerging.

o What are the principles that underlie the splicing code? The complex interplay of variations in constitutive and alternative cis-regulatory
RNA elements, and alternative splicing factors in a tissue and developmental-stage dependent manner is still not well understood. Moreover,
the mechanisms involving modulating pre-mRNA structure, RNA modifications, and co-transcriptional splicing are still poorly characterized.
Combining machine learning and artificial intelligence analysis of transcriptome and proteome-wide data with detailed mechanistic and
structural studies will be required to reveal the splicing code.

e How is quality control of splicing achieved? The fidelity of the splicing is crucial, given that single mutations can have dramatic conse-
quences. Some quality control checkpoints have been identified along the splicing cycle, such as the locking of the BP sequence by the U2
snRNP. But general mechanisms and roles of helicases in splicing quality control are still emerging.

e How is misregulation of splicing linked to human disease? Mutations in cis-elements or trans-acting RNA binding proteins are linked to
genetic and neurodegenerative diseases, and splicing plays a role in viral infections. Misregulation of splicing is strongly implicated in several
cancers, where also aberrant levels of splicing factors affect cancer treatment and prognosis. This suggests the modulation of splicing for the
development of innovative therapeutic approaches, as has been demonstrated with first therapies to treat spinal muscular atrophy.
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combined with molecular dynamics simulations to un-
derstand the regulation of AS and proofreading.

The current view on splice site selection during early
steps of spliceosome assembly needs to be expanded by
considering the crosstalk of the different complexes.
How the initial exon definition connection results in a
productive splicing reaction in favor of the cross-intron
arrangement remains unclear. Whether there is a
continuous connection of Ul snRNP — U2 snRNP — U1
snRNP with different or similar bridging mechanisms
through the exon and the intron, or there is a particle
reorganization that leads to a shift of the interaction of
U2 snRNP from the downstream Ul snRNP to the
upstream particle is not known. In addition, the role of
RNA polymerase II in splicing is well appreciated, but
detailed molecular mechanisms still remain to be
determined. Many splicing events take place co-
transcriptionally [77], where the polymerase acts as a
hub to load the splicing factors into the nascent RNA
once their ¢s-elements are transcribed. A recent cryo-
EM study showed one of these interactions between
the U1 snRNP particle and the RNA polymerase I1 [78].

Finally, many of the splicing factors comprise intrinsi-
cally disordered regions and can form liquid conden-
sates, such as nuclear speckles. A role of liquid—liquid
phase separation for splicing mechanism and regulation
has been proposed but remains a subject for further
research [79].

In conclusion, pre-mRNA splicing is an essential aspect
of gene regulation in metazoans and humans. It is
regulated by complex and dynamic interactions between
proteins and RNAs during early spliccosome assembly
[1—3]. Cryo-EM has greatly advanced our knowledge of
the structural mechanisms underlying splicing. Signifi-
cant progress has been made in understanding the dy-
namic recognition of es-regulatory elements by
multidomain RNA binding proteins. These interactions
are crucial for the regulation of spliceosome assembly
and AS and are revealed by solution techniques, such as
NMR and FRET. To further advance structural biology
of splicing and guide the design of splicing modulators as
therapeutics [6,80,81], integrative structural biology
combining cryo-EM, X-ray and solution techniques,
including NMR, in combination with structural models
predicted from deep learning [39,82] will be
most promising.
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