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CONSPECTUS: Intron removal from premature-mRNA (pre-

mRNA splicing) is an essential part of gene expression and

regulation that is required for the production of mature, protein-

coding mRNA. The spliceosome (SPL), a majestic machine

composed of five small nuclear RNAs and hundreds of proteins,

behaves as an eminent transcriptome tailor, efficiently performing

splicing as a protein-directed metallo-ribozyme. To select and excise

long and diverse intronic sequences with single-nucleotide precision,

the SPL undergoes a continuous compositional and conformational

remodeling, forming eight distinct complexes throughout each

splicing cycle. Splicing fidelity is of paramount importance to

preserve the integrity of the proteome. Mutations in splicing factors

can severely compromise the accuracy of this machinery, leading to

aberrant splicing and altered gene expression. Decades of biochemical and genetic studies have provided insights into the SPL’s
composition and function, but its complexity and plasticity have prevented an in-depth mechanistic understanding. Single-particle
cryogenic electron microscopy techniques have ushered in a new era for comprehending eukaryotic gene regulation, providing
several near-atomic resolution structures of the SPL from yeast and humans. Nevertheless, these structures represent isolated
snapshots of the splicing process and are insufficient to exhaustively assess the function of each SPL component and to unravel
particular facets of the splicing mechanism in a dynamic environment.

In this Account, building upon our contributions in this field, we discuss the role of biomolecular simulations in uncovering the
mechanistic intricacies of eukaryotic splicing in health and disease. Specifically, we showcase previous applications to illustrate the
role of atomic-level simulations in elucidating the function of specific proteins involved in the architectural reorganization of the SPL
along the splicing cycle. Moreover, molecular dynamics applications have uniquely contributed to decrypting the channels of
communication required for critical functional transitions of the SPL assemblies. They have also shed light on the role of
carcinogenic mutations in the faithful selection of key intronic regions and the molecular mechanism of splicing modulators.
Additionally, we emphasize the role of quantum-classical molecular dynamics in unraveling the chemical details of pre-mRNA
cleavage in the SPL and in its evolutionary ancestors, group II intron ribozymes. We discuss methodological pitfalls of multiscale
calculations currently used to dissect the splicing mechanism, presenting future challenges in this field. The results highlight how
atomic-level simulations can enrich the interpretation of experimental results. We envision that the synergy between computational
and experimental approaches will aid in developing innovative therapeutic strategies and revolutionary gene modulation tools to fight
the over 200 human diseases associated with splicing misregulation, including cancer and neurodegeneration.
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2018, 115, 6584—6589." This was a pioneering work for the
field as it is the very first molecular dynamics simulation of
the spliceosome that elucidates the atomic-level perspective of
the late stage of the splicing cycle.
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Figure 1. Splicing cycle and a schematic of the splicing reaction mechanism. The splicing factors U1, U2, U4, US, and U6 snRNPs bind the conserved
pre-mRNA splice sites (SS) and mediate the assembly of the spliceosome (E, A, pre-B, B). Subsequently, an activation phase is required to rearrange
the spliceosome and move the SS into a catalytically active position (B**). The catalytic reactions (B* and C*) lead to the ligation of the exons (white
and black), whereas the intron-lariat is excised. Finally, the intron-lariat and the mature mRNA are released, and the spliceosome is disassembled.
Helicase proteins, functional for structural rearrangements along the cycle, are shown in red. The branch point adenosine (BPA) in pre-mRNA is

colored in red on the mRNA filament.

Am. Chem. Soc. 2020, 142, 8403—8411.> The elucidation of
the complexity of the spliceosome C complex through all-atom
molecular dynamics simulations and community network
analysis enables the identification of the key channels of
information transfer over long distances that separate
important protein components.

o Borisek, J.; Magistrato, A. All-Atom Simulations Decrypt
the Molecular Terms of RNA Catalysis in the Exon-
Ligation Step of the Spliceosome. ACS Catal. 2020, 10,
$328-5334." Hybrid quantum—classical (QM/MM)
molecular dynamics simulations elucidate that the exon-
ligation step in the spliceosome entails an associative two-
Mg**-ion mechanism, catalyzed exclusively by RNA, where
scissile phosphate aids a proton transfer from the nucleophile
to the leaving group.

e Borisek, J.; Saltalamacchia, A.; Galli, A,; Palermo, G
Molteni, E.; Malcovati, L.; Magistrato, A. Disclosing the
Impact of Carcinogenic SF3b Mutations on Pre-mRNA
Recognition Via All-Atom Simulations. Biomolecules,
2019, 9, 633." Molecular dynamics simulations of the
spliceosome B*" complex show that selected carcinogenic
isoforms undermine intron binding and/or alter the
functional dynamics of Hsh155/SF3B1 protein only when
binding nonconsensus branch point sites.

B INTRODUCTION

The coding regions of nascent gene transcripts, the exons, must
be excised from the intervening noncoding regions, the introns,
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to produce mature transcripts used for protein synthesis. Since
the discovery of introns in 1977, the inherent complexity and
the sophisticated nature of precursor-mRNA (pre-mRNA)
splicing has attracted the interest and stimulated the imagination
of scientists working in different research areas. It is now well
established that the organization of introns and exons in newly
transcribed pre-mRNAs is a hallmark of the genomes of all
organisms, therefore making the splicing process a pivotal step of
gene expression, regulation, and diversification across all
domains of life.’

B THE SPLICEOSOME MACHINERY

Intron removal can rely on self-catalytic RNAs, as in prokaryotes
and some organellar genomes, or depend on a sophisticated,
multi-megadalton and exceptionally dynamic ribonucleoprotein
machinery, the spliceosome (SPL), which catalyzes pre-mRNA
splicing in eukaryotes.”

The SPL comprises approximately 150 proteins and five small
nuclear RNAs (snRNAs), namely Ul, U2, U4, US, and U6
snRNAs, which form distinct small ribonucleoprotein com-
plexes (snRNPs) through an intricate network of interactions.
After assembling de novo at each splicing cycle, the SPL, fueled
by the hydrolysis of ATP, undergoes a series of conformational
and compositional transformations to form eight major
complexes (A, B, B*, B* C, C* P, and ILS) (Figure 1).
These intermediate states shape the long and diverse pre-mRNA
sequences into a conformation that facilitates splicing catalysis.’

The SPL ensures splicing fidelity by recognizing specific
sequence signals in the intron, namely, the §’ and 3’ splice sites

https://dx.doi.org/10.1021/acs.accounts.0c00578
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Figure 2. Cooperative motions underlying the functional dynamics in the spliceosome. Image adapted with permission from ref 1. Copyright (2018)
National Academy of Science USA. (A) Model of the intron-lariat spliceosome (ILS) complex based on the S. pombe ILS cryo-EM structure (PDB
entry 3JB9). (B) Histogram reporting the (per-column) normalized correlation scores (CSs) calculated for each pair of spliceosome components by
accumulating all the Pearson’s correlation coeflicients between residues of the respective components. Spp42 domains and N-terminal motifs are
distinctly considered. CS value ranges from —1 (anticorrelated motions) to +1 (lock-step motions). The most relevant correlations are highlighted
using colored boxes. (C) Gradual displacement of the intron-lariat (IL)/U2 helix. IL/U2 s first engaged by Cwfl9 and Spp42, which cooperatively

promote its unrolling and final displacement.

(5’SS and 3'SS, respectively). The 5’SS, characterized by a
conserved GU sequence at the 5" end of the intron, is recognized
by Ul snRNP during E complex assembly, whereas the 3’SS is
recognized by U2 snRNP during A-complex formation.®
Sequence elements involved in 3'SS selection include the
branch point sequence (BPS), which base pairs with a portion of
the U2 snRNA, a stretch of polypyrimidines (the polypyrimidine
tract, present in higher eukaryotes and recognized by U2AF2),
and an AG dinucleotide at the very end of the intron, recognized
by U2AF1.”~"

After identifying the intron/exon boundaries, the SPL
catalyzes the chemical “snip-and-stitch” splicing process in two
sequential transesterification reactions that require Mg*" ions.’
In the first (branching) step, carried out by the B* complex, a
conserved bulging adenosine located within the BPS, the branch
point adenosine (BPA), attacks the nucleotide at the 5'-end of
the intron, forming a lasso-shaped (lariat) intron and a free 5'-
exon.” In the second (exon-ligation) step, catalyzed by the C*
complex, the free 3’ OH of the 5'-exon attacks the 5'-end of the
3'-exon, resulting in a functional protein-coding mRNA and an
intron-lariat (Figure 1).°

The SPL’s complexity, large size, and extraordinary plasticity
has prevented the attainment of accurate structural information
for decades. Groundbreaking advancements in detector
technology and software algorithms for cryogenic electron
microscopy (cryo-EM)'? made accessible, in 2015, the first
near-atomic resolution structure of the intron-lariat SPL (ILS)
complex from the yeast Schizosaccharomyces pombe."” After the
accomplishment of this milestone, a wealth of structural
information from yeast and human became rapidly available,
ushering in a new era for understanding the molecular basis of
pre-mRNA splicing.® Computational biology approaches have
been used to shed light on new structural information,
illuminating fundamental mechanistic facets of this fascinating
machinery. Specifically, molecular simulations have contributed
to elucidating the function of proteins involved in the SPL’s
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protein/RNA assembly,"” to understanding the mechanism of
faithful recognition of critical regions in pre-mRNA transcripts,4
and to uncovering mechanistic details of splicing reactions.”* In
addition, they have enabled the investigation of the impact of
carcinogenic mutations on SPL dynamics®'® and the molecular
basis of splicing modulation by small molecules as a potential
treatment for diseases linked to mis-splicing events.'>'’

In this Account, by providing an overview of the most recent
applications, we illustrate how molecular simulations are
contributing to the understanding of pre-mRNA splicing in
health and disease.

B FUNCTIONAL ROLES AND PATHWAYS OF
INFORMATION TRANSFER AMONG SPLICEOSOME
PROTEINS

The structures provided by cryo-EM and macromolecular
crystallography represent isolated snapshots of the SPL.
However, biomolecules are in constant motion and exert their
function via precise dynamic transitions. By integrating
Newton’s equations of motion, all-atom molecular dynamics
(MD) simulations can describe the motion of each atom of a
biomolecular system as a function of time, providing an atomic-
level moving picture of the system within the simulated time
frame.'® The forces acting on the atoms are calculated as
derivatives of potentials, referred to as molecular mechanics’
force field (FF), which account in a simplified, yet effective
manner for bond and angle vibrations and for electrostatic and
van der Waals interactions between atoms.®

Principal component analysis (PCA) and cross-correlation
matrices can provide insights into channels of information
transfer among components of a complex.'”

For example, the presence of correlated or anticorrelated
motions of residues or domains occurring over long distances
can indicate communication between critical distal sites in the
complex.

https://dx.doi.org/10.1021/acs.accounts.0c00578
Acc. Chem. Res. 2021, 54, 144—154
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Figure 3. Community network analysis of the spliceosome. Images reproduced with permission from ref 2. Copyright 2020 American Chemical
Society. (A) Model of the C complex spliceosome from the yeast S. cerevisiae cryo-EM structure (PDB entry: SLJ3). (B) 2D graph of the community
network where each community is represented by a circle proportional to the number of residues in the community. The connections’ width accounts
for the intercommunity communication flow (i.e., the totality of communication between residues belonging to the two communities). (C) 3D-
structure (front and back) of the community network, with the communities depicted with the same color-code of (B). (D) Spliceosome
communication routes (front and back). In orange are displayed the highest betweenness residues composing the two principal routes (path I and path
11, highlighted with magenta and yellow arrows, respectively) for signal exchange between CIfl and RNase-H and vice versa.

The first MD study of the SPL was based on the cryo-EM
structure of the ILS complex from yeast S. pombe.”” This
computational work consisted of multireplica all-atom simu-
lations of an explicitly solvated model of the ILS complex,
approaching one million atoms." In this study, MD simulations
enabled the sampling of the conformational space of the system,
while statistical analysis tools served to extrapolate large-scale
motions of the SPL. Among the statistical instruments,
calculation of cross-correlation matrices (or normalized
covariance matrices), based on Pearson’s coefficients, and
PCA provided valuable information about the SPL’s functional
dynamics. Whereas the former allows for a qualitative
identification of the coupled motions taking place between
pairs of residues along the MD trajectory, the latter discloses the
so-called “essential dynamics” of the biomolecule highlighting
the motions with the largest variance through a dimensionality
reduction (Figure 2).

Altogether, the analyses applied to MD simulations of the ILS
complex unveiled the leading role of Spp42 (Prp8 in humans).
This protein was shown to direct the SPL maturation by
governing the motions of the distinct SPL components owing to
its unique multipronged architecture. Among the protein
components, the tight correlation coupling of Cwfl9 and
Spp42 suggested a cooperative function of the two proteins and
the IL/U2 branch helix. Consistently, the essential dynamics
revealed that Cwfl9 and Spp42 promote an electrostatically
driven displacement and an unrolling of the IL/U2 branch helix
(Figure 2). This finding allowed for the functional annotation of
Cwf19 in the IL/U2 branch helix unwinding. Besides being fully
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consistent with the late stage of the splicing cycle taken on by the
ILS complex, the role of Cwf19 was thereafter corroborated by a
cryo-EM study of the human SPL."*'

A remarkable endeavor to identify the communication
channels underlying the SPL functional transition was
successfully carried out in another, more recent, MD study of
the SPL C complex from yeast Saccharomyces cerevisiae.” The
essential dynamics unveiled a hammerlike motion, cooperatively
promoted by the CIf1 protein and the RNase-H domain of Prp8,
which triggers the twisting and repositioning of the IL/U2
branch helix, promoting the transition toward the C* complex.
Moreover, community network analysis (CNA),** successfully
applied to other protein/RNA machines,”® enabled the
identification of the signaling routes (i.e., the pivotal amino
acids) responsible for the communication between these two
critical regions of the C complex. CNA relies on a correlation-
based weighted network, in which the nodes, corresponding to
the Ca atoms of the amino acids, are connected by edges that
reflect the amount of correlations for each pair of residues.
Subdividing this representation into groups of strongly
correlated amino acids (communities) and connecting them
by edges that account for the strength of the communication
flow between different communities, (i.e., obtained as sum of all
intercommunity edge betweenness),”* the CNA unravels the
most relevant communication pathways occurring between
regions involved in critical functional movements (Figure 3).

In this study, the CNA further affirmed the dominant role of
Prp8 in directing the motion of the C complex. Two of the most
important communication routes (Path I and Path II in Figure

https://dx.doi.org/10.1021/acs.accounts.0c00578
Acc. Chem. Res. 2021, 54, 144—154


https://pubs.acs.org/doi/10.1021/acs.accounts.0c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00578?fig=fig3&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00578?ref=pdf

Accounts of Chemical Research

pubs.acs.org/accounts

Figure 4. Group II Intron (GR2I) and spliceosome (SPL)-P complex models deployed in QM/MM simulation studies of catalytic mechanism for the
first and second splicing step. Molecular representations of the GR2I and the SPL-P models are shown in panels (A) and (D), respectively. Magnified
view of the catalytic site in the reacting conformation with arrows depicting the reaction path, and corresponding free energy profile are displayed in
panels (B) and (C), respectively, for GR2I, and in panels (E) and (F), respectively, for SPL-P. Panels (A)—(C) are reproduced with permission from

ref14. Copyright 2016 American Chemical Society.

3) connect CIfl with the RNase-H domain (communities 19
and 185, respectively, in Figure 3) over a distance of 160 A.
Notably, the identified communication routes reveal a potential
binding site along path II that could be used as a target in virtual-
screening studies aimed at drugging the SPL with small-
molecules potentially able to interfere with this information
exchange.”

Taken together, these results show that Prp8, the central hub
of the SPL assembly, plays a critical role in modulating the SPL
functional dynamics by mediating the signal exchange between

functionally critical proteins/regions."”"*
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B CHEMICAL MECHANISM OF SPLICING

The conformational changes occurring along the splicing cycle
are instrumental to place the introns into the optimal
conformation to efficiently and accurately promote pre-mRNA
splicing. Akin to various other nucleic acid processing enzymes,
the SPL and its self-splicing ancestors, group II intron (GR2I)
ribozymes, catalyze intron removal in two transesterification
steps coordinated by two Mg** ions.>*?¢

In 1993, Steitz and Steitz proposed a general two—M§2+—ion
mechanism for DNA/RNA cleavage/ligation.””'#*"~*" Ac-
cording to their proposal, the first metal activates the
nucleophile by acting as a Lewis acid, the second stabilizes the

https://dx.doi.org/10.1021/acs.accounts.0c00578
Acc. Chem. Res. 2021, 54, 144—154
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leaving group, while both ions cooperatively support the
transition state structure.”” In pre-mRNA splicing, where two
phosphoryl-transfer reactions occur consecutively, the role of
the two Mg*" ions is reversed in the two steps. Additional metal
ions (three Mg** in SPL, and two K" in GR2I), cradled within an
intricate RNA network of interactions, stabilize the catalytic core
by minimizing the electrostatic repulsion of the phosphate
backbone.

With this respect, computer simulations can be exploited to
gain unique, atomic-level insights into the reaction mechanism
of splicing. However, they require the use of accurate and
computationally expensive quantum mechanical (QM) ap-
proaches to account for the breaking and formation of chemical
bonds, unlike FF-based MD simulations. Hybrid quantum
mechanics/molecular mechanics (QM/MM) methods allow
simulating the whole biological system in a computationally
affordable manner, treating only the reacting moieties at QM
level, whereas the remainder of the biomolecule and the solvent
are described with a classical FF.*

Nevertheless, the costly computation of the QM region
severely limits the time scales accessible to this approach. As a
result, appropriate statistical mechanics methods including free
energy or enhanced sampling approaches, are employed to
observe the chemical reactions of interest, while simultaneously
estimating the associated kinetic and thermodynamic properties
(reaction free energies).”

The first computational attempt to study the mechanism of
pre-mRNA splicing revolved around the investigation of the first
splicing step of GR2I from Oceanobacillus iheyensis, which, unlike
the first reaction catalyzed by the SPL, can be mediated by a
water nucleophile.' QM/MM MD simulations, based on
density functional theory in combination with thermodynamic
integration, disclosed a dissociative mechanism, in which the
catalytic water releases its proton to the bulk water during the
nucleophilic attack on the scissile phosphate.'* The reaction was
predicted to occur in one step with a free energy cost of 18.8 +
1.5 kcal/mol, in line with an experimental catalytic rate of 0.011
min~" (corresponding to a free energy barrier of ~23 kcal/mol)
accounting also for the metal-dependent folding of the
ribozyme.”' In this context, instead of priming the nucleophile
for attack as proposed in the general two-metal-ion mechanism,
the Mg ion activates the scissile phosphate group (i.e., the
electrophile), leading to a dissociative (metaphosphate-like)
transition state, where the bond rupture is more advanced than
bond formation."*

Following the mechanistic study on GR2I, computational
efforts have been directed toward the SPL. Although none of the
available cryo-EM structures has trapped the catalytic site
configuration completely suitable for studying the catalytic
mechanism, a substantial computational remodeling of the Mg**
ion positions and of the pre-mRNA reactant allowed the
investigation of the first step of splicing catalyzed by the SPL,
leading to the formation of the intron-lariat.’* The calculations
were based on a SPL structure from the yeast S. cerevisiae
trapping the C complex immediately after the branching step. As
observed for GR2I, this study confirmed a dissociative pathway
for the intron-lariat formation, where the nucleophilic proton is
transferred from the O* of the BPA to the O atom at the 3'-
end of the 5'-exon through the scissile phosphate, after
overcoming a free energy barrier of 21.5 kcal/mol.”*

Another step forward in understanding the catalytic
mechanism of SPL-directed pre-mRNA splicing was done
through the study of the second transesterification reaction
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leading to exon-ligation,” which was based on a cryo-EM
structure of the P complex from S. cerevisiae.”® This structure
shared hi§h similarity with that of a G2IR trapped before exon-
ligation,” showing a favorable catalytic site in terms of Mg**
ions positions and their coordination with phosphates of the
catalytic core.”*> QM/MM MD simulations, encompassing a
QM/MM system of ~400 000 atoms, disclosed that the second
step of catalysis (exon-ligation) takes place via an associative
two-Mg**-ion mechanism, featuring a scissile-phosphate-medi-
ated proton transfer from the nucleophile to the leaving group.
The mechanism followed a stepwise pathway via the formation
of a metastable phosphorane-like intermediate.” Therefore,
whereas the first splicing step, in both GR2I and SPL, follows a
dissociative mechanism, the second step agrees with the general
associative two-metal-ion mechanism proposed by Steiz and
Steiz.”” Remarkably, in both SPL studies, only the RNA strands
directly promote catalysis, albeit with critical support from Mg**
ions to activate the nucleophile (in SPL) or the scissile
phosphate (in GR2I), thus stabilizing the transition state and
the leaving group. This endorses the general view of the SPL as a
protein-directed metallo-ribozyme (Figure 4).

Bl ALTERNATIVE AND ABERRANT SPLICING AND ITS
IMPLICATION FOR SPLICEOSOME MUTANT
CANCERS

The crucial importance of splicing fidelity is noted by the fact
that up to one-third of all disease-causing mutations are
associated with splicing defects.”* To ensure faithful splicing,
the SPL must identify exons interspersed between long introns
containing degenerate splice site sequences. The situation is
even more complex considering that pre-mRNAs can undergo
alternative splicing patterns, whereby some exons can be skipped
or some introns can be retained.”> This process, named
alternative splicing (AS), is estimated to occur in 95% of the
pre-RNA multiexon transcripts in eukaryotes.*® AS contributes
to the diversification of the eukaryotic proteome by enabling
production of multiple proteins from a single pre-mRNA
substrate.

Deregulation of AS is strongly associated with distinct
pathological states including several cancer types, neuro-
degeneration, and retinitis pigmentosa.37 Mutations to core
components of the SPL, splicing factors, or pre-mRNA can lead
to aberrant splicing, often eliciting pathologic consequences.
Several disease-associated mutations reside within regulatory
sequences for splicing or within genes encoding for critical
splicing factors. As an example, mutations of Ul snRNA
influence the selection/recognition of 5'SS,”® while mutations in
the splicing factors U2AF1, ZRSR2, SRSF2, and SF3B1 alter the
recognition of the 3'SS, affecting AS of particular substrates.’”
Mutations in the SPL and splicing factors are recurrent in
myelodysplastic syndromes, chronic lymphocytic leukemia, and
in solid tumors, including breast cancer and uveal melano-
ma, 4042

The splicing factor SF3B1, part of the SE3b complex in the U2
snRNP, is the most frequently mutated component of the SPL in
cancers.”” SF3B1 is involved in 3'SS recognition and stabilizes
the interaction between the BPS and the U2 snRNA. SF3B1
mutations have been su%%ested to induce the activation of
cryptic (erroneous) 3'SS."”'”**~* Introduction of mutations
associated with cancer into the yeast orthologue of SF3BlI,
Hshls, also causes aberrant splicing, altering the selection of
3’SS containing certain nonconsensus BPS without affecting
those exhibiting consensus BPS.'” An MD simulation study of
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Figure S. Intron and Hsh15$ protein mutations and their influence on essential dynamics. (A) Key intron recognition site with branch point adenosine
(BPA) at the branch site encircled in black. Alterations A-1U or U-2C weaken the intron-U2 base-pairing, which results in a nonconsensus branch
point sequence (BPS). The intronic sequence at the S’ splice site (SS) is marked by the highly conserved GU nucleotides and ends at the 3'SS by the
conserved AG nucleotides. (B) Sites of mutations associated with hematological malignancies (cyan spheres) and other cancers (black spheres) are
mapped on the Hsh155 protein (yeast ortholog of SF3B1). (C) Essential dynamics as revealed by principal component analysis (PCA) for the wild
type (left) and mutant K33SE (right) Hsh15S protein. The K35SE mutation is highlighted with a cyan sphere. The black arrows indicate the direction
of motion given by the first principal component, and the length of the arrows is proportional to the magnitude of the motion. The differences in the
length indicate the distinct amplitude of the motion in the wild type and mutant system.

the B** complex from the yeast S. cerevisiae was used to model
the molecular mechanism underlying the selection of distinct
BPS caused by SF3B1 mutations.” Mutations to the Hsh155
protein were introduced in silico and compared to B
complexes containing wild type (wt) Hsh15S. In particular, we
considered two frequently observed mutations that are
pathogenic in the human orthologue: K33SE (K666E in
human) and N295D (N626D in human), as well as the
nonpathogenic L378V (I709V in human) variant, used as a
control. In these simulations, wt and mutant Hsh155 were either
binding a consensus or a nonconsensus BPSs (i.e, A>Uor U >
C in RNA positions —1 and —2 from the BPA, respectively).
Hsh1S5S has a disordered N-terminus and a super helical spiral
shape C-terminus, composed of 20 HEAT-repeats.”® The BPA
binding pocket is nestled between the H15—H16 HEAT-
repeats. Peculiarly, most mutations implicated in hematologic
malignancies in SF3B1 cluster at HS—H?7, lying at a distance of
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40 A from the BPA binding pocket. Cross-correlation and PCA
analyses of wt and mutant Hsh15S$ disclosed a springlike motion
of the protein, with two hinge points located at the BPA binding
pocket and at the region where most mutations cluster. This was
also observed in simulations with human SF3B1."” Interestingly,
when a pathogenic variant is introduced in Hsh1SS, intron
binding is destabilized and/or the functional dynamics of
Hsh1SS are altered by a change in the position of these hinges
(Figure S). The carcinogenic mutations (N295D and K33SE)
induce these changes only upon binding of a nonconsensus BPS,
in line with experimental evidence.'”** Conversely, in the
presence of the nonpathogenic L378V variant, no intron
destabilization nor variation of the Hsh155 functional dynamics
was observed.* Although additional work is needed to determine
whether these results extend to human SF3Bl1, this study
identified an intriguing cross-talk between the distant Hsh1S$
mutation and BPA recognition sites, suggesting that the
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Figure 6. Splicing modulators and their binding site at the interface of PHFSA and SF3B1 proteins. (A) Model from the cryo-EM structure of the
human SF3b complex bound to the E7107 inhibitor (PDB ID: SZYA). (B) Close view of the E7107 binding cavity at the interface of the proteins
SF3B1 (gray) and PHFSA (magenta). Hydrogen bonds (dashed green lines), aromatic—diene 7-interactions (dashed black lines highlighted in
magenta) and residues that, when mutated, confer resistance to splicing modulators are shown. (C) Sketch of the splicing modulators E7107,
herboxidiene, and spliceostatin A, wherein the conjugated diene motif is highlighted by a red rectangle.

pathogenic mutants may weaken nonconsensus BPS binding.
Disruption of this cross-talk by cancer-associated mutations
could lead to erroneous recruitment of a cryptic 3'SS.

B SPLICING MODULATORS AS ANTICANCER
AGENTS

Aberrant splicing is prevalent in cancer, affecting virtually every
cancer hallmark. Splicing patterns causing adverse eftects like
proliferation, invasion, and angiogenesis can arise via mutations
to splicing factors, as mentioned above, or through a
dysregulation of splicing factor expression levels.” Moreover,
there is often an unusual burden on the spliceosomal machinery
in cancer, since tumor cells are rapidly dividing and highly
anabolic. This has been described as a type of “splicing
addiction,” and has been especially linked to MYC-driven
cancers.”” Thus, splicing dysregulation creates a vulnerability in
cancer cells, with or without mutations to the SPL or splicing
factors, that can impart sensitivity to splicing inhibitors.
Therefore, small-molecule splicing modulators (SMs) supply a
poteﬂi“asl_ gsg:lective therapeutic approach to counteract can-
cers.” T

Interestingly, besides hosting frequent cancer-driving muta-
tions, SF3B1 is also a target of SMs. These molecules mostly
belong to the spliceostatin, herboxidiene, and pladienolide
families and share a tripartite chemical structure with a central
diene motif (Figure 6). The therapeutic potential of SMs has
been demonstrated in many cancer models,’ and the
pladienolide derivative H3B-8800 is currently in a phase I
clinical trial based on its potent and preferential ability to kill
epithelial and hematologic tumor cells.”" Since mutations to
SE3B1 are linked to distinct tumor types,”> SMs offer the
appealing perspective of novel and personalized approaches for
tissue-agnostic cancer treatment.
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Cryo-EM and crystallographic information revealed that
pladienolide B and E7107, a pladienolide derivative, bind at
the BPA binding pocket, which is nestled between the proteins
PHFSA and the H15-H16 HEAT-repeats of human
SF3B1.'"*? Using this structural information, models of the
whole SE3b complex bound to either E7107, spliceostatin A, or
herboxidiene were built to probe their inhibition mechanism.
MD simulations were used as a tool to assess the impact of
selected SM on the dynamical behavior of the SF3B1 protein,
since, as detailed above, its function revolves around an
opening/closing springlike motion.”®> Remarkably, each SM
was found to differently affect the structural plasticity of SE3B1,
locking its conformational equilibrium into the open state,
which prevents bindin% of pre-mRNA, as suggested from
crystallographic studies.'' These results support and expand
experimental evidence of SM action being not merely limited to
a competitive inhibition, but rather affecting SF3B1’s internal
dynamics.°3 Overall, these findings provide potential valuable
information that could be used for rational-based discovery of
drugs to ﬁ%ht cancers associated with dysregulated splicing
(Figure 6).!

B METHODOLOGICAL PITFALLS ENCOUNTERED BY
MULTISCALE SIMULATIONS

Despite the growing number of successful applications, all-atom
simulations based on cryo-EM structural data of large macro-
molecular machinery, such as the SPL, face some methodo-
logical pitfalls. Often, these structures reach resolutions of 3—4 A
in the central body, while the peripheral components are either
missing or poorly resolved and thus not being completely
amenable to reliable molecular modeling.”*~*° Additionally,
finding a compromise between system size and accuracy is in
many cases not straightforward and remains arbitrary. In the
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process of limiting the size of the system and the consequent
computational cost of the simulations, a fundamental require-
ment is the selection of an insightful model of the SPL being
computationally feasible without compromising the accuracy of
the simulated biological system. However, even after a wise
selection, the SPL model rapidly approaches, and sometimes
even surpasses, one million atoms. In spite of the burgeoning
development of computer hardware and software allowing for
increasingly longer, brute force unbiased MD simulations, the
direct sampling of biologically relevant events taking place
within the SPL machinery (i.e., large conformational changes,
drug-binding/dissociation, RNA binding and remodeling,
splicing reactions) still remains out of reach. The bottleneck is
mostly represented by the extreme computational cost
ascribable to the large size of the systems and the complexity
of underlying biological processes. Although a short conforma-
tional sampling (i.e., the statistics generated by MD simulations)
could be partially addressed by comparing and combining
different replicas of the same system, enhanced sampling
methods still represent the first choice in order to force the
event of interest within a computationally affordable time frame.
These techniques have been successfully adopted to elucidate
the chemical mechanism of splicing.”'**> However, other
events like RNA chaperoning and sculpting promoted by
substantial conformational changes of the SPL as well as
binding/dissociation of drugs, splicing factors, and long RNA
strands pose many challenges even for these methods, calling for
novel or improved algorithms. Finally, MD simulations rely on
FFs, which are inherently approximated. Their limitations, and
associated uncertainties, particularly affect metal-dependent
RNA or protein/RNA machineries, owing to the well-known
flaws of RNA®” and Mg** ion>® parameters. When modeling
such systems, these critical aspects have to be handled with care,
requiring benchmark studies to identify the most appropriate
computational protocol, and a strict experimental validation in
order to obtain trustworthy and meaningful results.” The
reliability of these approaches has also been established by the
successful characterization of allostery,23 selectivity,”” and
catalysis®® of other protein/RNA machineries such as
CRISPR-Cas9.

B SUMMARY AND PERSPECTIVES

In spite of the challenges and limitations listed above, atomic-
level computer simulations have significantly advanced the
comprehension of the splicing mechanism in health and disease
states and have provided the conceptual basis for the
development of novel splicing modulators that selectively target
cancer cells. New methodological advances in computer
simulations, modeling, and analysis techniques will foster longer
and increasingly accurate atomic-level studies of splicing to
address unsolved mechanistic and biological questions. As an
alternative, the use of coarse grain (CG) models, in which
multiple atoms are described as single beads, may enable the
exploration of systems of significantly larger size and for a longer
time scale, bridging the gap between experiments and all-atom
simulations.’

In conclusion, the showcased applications exemplify how
atomic-level computer simulations can contribute to a deeper
comprehension of RNA splicing, a critical step of gene
expression. Molecular simulations clarify, support, and enrich
the available structural, biochemical, and genetic data. We
expect that the synergy between computer simulations and
experiments will lead to a thorough understanding of the
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complex nature of the SPL machinery and will contribute to the
development of splicing-based therapeutic strategies and
revolutionary gene modulation tools for treating the many
diseases associated with splicing mis-regulation.
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