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ABSTRACT: The pillar of faithful premature-messenger (pre-mRNA)
splicing is the precise recognition of key intronic sequences by specific
splicing factors. The heptameric splicing factor 3b (SF3b) recognizes the
branch point sequence (BPS), a key part of the 3′ splice site. SF3b
contains SF3B1, a protein holding recurrent cancer-associated mutations.
Among these, K700E, the most-frequent SF3B1 mutation, triggers
aberrant splicing, being primarily implicated in hematologic malignancies.
Yet, K700E and the BPS recognition site are 60 Å apart, suggesting the
existence of an allosteric cross-talk between the two distal spots. Here, we
couple molecular dynamics simulations and dynamical network theory
analysis to unlock the molecular terms underpinning the impact of SF3b
splicing factor mutations on pre-mRNA selection. We establish that by
weakening and remodeling interactions of pre-mRNA with SF3b, K700E scrambles RNA-mediated allosteric cross-talk between the
BPS and the mutation site. We propose that the altered allostery contributes to cancer-associated missplicing by mutated SF3B1.
This finding broadens our comprehension of the elaborate mechanisms underlying pre-mRNA metabolism in eukaryotes.

Pre-mRNA splicing, a pivotal step of gene expression and
diversification, is catalyzed by the spliceosome, an

extraordinarily complex macromolecular machinery composed
of hundreds of proteins and five small nuclear RNAs
(snRNAs).1 The spliceosome converts a premature-messenger
(pre-m)RNA strand into its mature functional form (mRNA)
and long noncoding RNAs by removing intervening intronic
sequences and joining the remaining exons.2,3 To ensure
splicing fidelity and maintain proteome integrity, critical pre-
mRNA sequences must be precisely recognized.4 These are the
5′ and 3′ splice sites, the branch point sequence,5 and the
polypyrimidine tract, located at the exons/introns boundaries
and within the introns, respectively.6 However, the situation is
even more complex since pre-mRNAs can undergo alternative
splicing patterns, whereby some exons can be skipped or some
introns can be retained.
Dysregulation of pre-mRNA recognition is associated with

several diseases (i.e., cancer, neurodegeneration, and genetic
disorders).7 Indeed, recurrent splicing factor mutations alter
the selection of pre-mRNA signaling sequences.8 Mutations of
splicing factors are recurrently found in patient-derived
samples of hematological malignancies (e.g., myelodysplastic
syndrome, chronic lymphocytic leukemia, and chronic
myelomonocytic leukemia)9 while being less common in
solid tumors (e.g., breast cancer and uveal melanoma).10

The heptameric splicing factor 3b (SF3b), a component of
the U2 small nuclear ribonucleoproteins (snRNP), recognizes

a degenerate branch point sequence, containing a conserved
branch point adenosine (BPA) that serves as a nucleophile in
the first splicing step.2,3 The BPA binds at the interface of the
SF3b proteins SF3B1 and PHF5A. SF3B1 contains an
intrinsically disordered N-terminal region (residues 1−400)
and a solenoidal C-terminal region with 20 leucine-rich HEAT
domains (the acronym comes from Huntingtin, elongation
factor 3, the A subunit of protein phosphatase 2A, and the
signaling kinase TOR1).11 Proteins containing HEAT-repeats
represent about 5% of the human proteome and are
widespread in eukaryotes.12 Despite their low sequence
identity, HEAT-repeat proteins share a high structural
conservation with the fundamental HEAT-motif being
composed of two antiparallel and amphiphilic α-helices linked
by intermotif loops, while the HEAT-repeats themselves are
connected by one turn.13,14 Their extended and highly flexible
structure enables HEAT-repeat proteins to accommodate and
plastically respond to various binding partners. SF3B1 is
indeed the assembly platform of several key SPL proteins.15−17

Owing to their exceptional plasticity, HEAT-repeat proteins
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are also susceptible to mutation-induced structural perturba-
tions. Consistently, SF3B1 is the most frequently mutated
splicing factor in the spliceosome.18 K700E, the most recurrent
cancer-associated mutation of SF3B1 (Figure S1),19 was shown
to increase selection of cryptic 3′ splice sites,18 leading to
aberrantly spliced pre-mRNA.20 Most of the recurrent SF3B1
mutations affect the hydrogen-bonding/salt-bridging ability of
the wild-type residue.21 However, the molecular basis of
mutation-induced aberrant 3′ splice site selection remains
elusive.6,18,22,23

To decrypt the molecular mechanisms underpinning
aberrant 3′splice site selection in the presence of the K700E
mutation, we established the impact of K700E mutation on
pre-mRNA recognition by coupling all-atom molecular
dynamics (MD) simulations with dynamical network theory
analysis (NWA).25,26 To this aim, we performed 1 μs long MD
simulations on two SF3b models containing the wild type or
K700E SF3B1 protein (hereafter named as WT and MUT,

Figures 1A and S2). An attentive inspection of the resulting
MD simulation trajectories revealed that while in the WT
model K700 establishes persistent salt-bridges with several pre-
mRNA phosphates, in MUT the negative charge of E700
disrupts these interactions (Figure 1A). This induces a local
remodeling of the RNA-SF3B1 hydrogen-bonding pattern,
which thrusts the pre-mRNA backbone further away from
E700 (Figure S3), as shown by the radial pair distribution
function, g(r), of the pre-mRNA’s phosphates with respect to
K700/E700@Cδ (Figure 1B).
Since the SF3B1 HEAT-repeat motifs were previously

suggested to plastically modulate a cross-talk between the
K700E mutation and the BPA recognition site,22 we inspected
whether the mutation-induced local remodeling could
propagate along the SF3B1 solenoid until the BPA binding
site. We observed that E700 alters the flexibility of SF3B1
HEAT-repeat H5−H8 and H16−H17, flanking the mutation
site and lining the BPA pocket, respectively (Figure S4). These

Figure 1. (A) SF3b/pre-mRNA complex (built on PDB code 5Z58)24 with SF3B1 (white), SF3B3 (cyan), SF3B5 (green), PHF5A (pink), RBMX2
(purple) proteins and pre-mRNA (blue) and U2 (red) are shown as cartoons. Insets (left) show the representative structures extracted from the
molecular dynamics (MD) simulations of the system containing wild type (WT) and K700E (MUT) SF3B1. K700, E700, and the RNA phosphate
groups are shown in balls-and-sticks. (B) Bottom view of SF3B1. The positions of pre-mRNA and K700E mutation are displayed in cyan van der
Waals (vdw) spheres. The radial pair distribution function, g(r), of the distances between K700/E700@Cδ and the intron’s phosphate groups is
shown for the WT (orange) and MUT (blue) SF3B1. Insets show the presence and absence of hydrogen-bonds between K700@NζH/E700@Oδ
and pre-mRNA phosphates.
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findings were also supported by an analysis of the cross-
correlation matrices, showing more homogeneously correlated
motions in these HEAT-repeats and along the SF3B1 solenoid
(Figure S5). Next, to obtain a more comprehensive picture of
the SF3b/pre-mRNA remodeling, we performed a systematic
analysis of all intra- and intermolecular hydrophobic
interactions, hydrogen bonds, and salt-bridges in order to
identify the residues establishing different interactions in the
WT and MUT systems. We observed two big clusters of
residues placed nearby K700E and BPA binding pockets
(Figure 2A), a finding that further supports the existence of a
cross-talk between these sites. Yet, some residues changing
their interaction pattern are also located along the pre-mRNA
strand due to altered protein/RNA interactions. Of note is the
salt-bridge network (Table S1), which, in WT, connects K700
with the U14 phosphate backbone (here BPA is numbered as
zero), U15 and U16 bases, and the salt-bridge engaged by
R828 with C8 phosphate. Additionally, in WT K741 and E783
form a low-occupancy salt bridge (Figure 2B). Due to the
electrostatic repulsion of E700 carboxylic moiety with the pre-
mRNA phosphate groups, in MUT, E700 engages a salt bridge
with K741 and, in turn, E783 forms a stable salt-bridge with
R828. Hence the latter can no longer interact with C8
backbone. This set of switched interactions contributes to
propagating the local pre-mRNA destabilization over a large
distance (Figure 2C).
One of the residues undergoing the largest variation of the

interaction pattern between WT and MUT simulations is
R105@RBMX2 (Figure S6). This protein is part of the
Retention and Splicing (RES) complex which, by selectively
recognizing and binding the polypyrimidine tract, promotes
the correct formation of the spliceosome Bact complex.27

Interestingly, nearby RBMX2 and the K700E mutation site, the
polypyrimidine tract adopts a marked bend (centered on U15
of pre-mRNA, Figure 3A), which is maintained throughout all

MD simulations. This bending could be important for the
proper selection of the BPA; unfortunately, to date, no other
structural data are available on the pre-mRNA binding with the
human SF3b complex. However, a similar bent conformation is
also observed in the homologous splicing factor obtained from
Saccharomyces cerevisiae.
In the WT, R105@RBMX2 engages stable salt-bridges with

the phosphate group of U16, strongly anchoring the pre-
mRNA strand to SF3B1 (Figure 3B,E). We believe that this
salt-bridge, along with those formed by K700 with U14, U15,
and U16, contributes to tweeze and maintain pre-mRNA in
this bent conformation (Figure 3B). In MUT, the salt-bridges
between K700 and the pre-mRNA are lost, triggering an intron
shift and remodeling of the R105@RBMX2 salt-bridge
network (Figure 3C,D). Owing to the lack of the stable
K700 interaction network, in MUT R105@RBMX2 establishes
persistent salt-bridges with U14 and U16 (Figure 3C−E) to
preserve the intron bending.
Another key protein of SF3b is PHF5A, placed at the center

of the SF3B1 solenoid (Figure 1A), which is also critically
involved in pre-mRNA binding. PHF5A contains three zinc-
finger motifs, which confer rigidity and are most likely
instrumental to anchor pre-mRNA as in other DNA/RNA
binding proteins.28 As a result of the mutation-induced
remodeling, the pre-mRNA backbone is also shifted further
from zinc-finger 1 (ZF1), flanking the BPA binding site, as
revealed by the g(r) of the zinc atom with respect to the
phosphonate backbone of pre-mRNA (Figure S7). This also
affects the salt-bridge R57@PHF5A-C7@pre-mRNA, which
holds the pre-mRNA at the center of the SF3B1 solenoid
(Figure S8). The shifting of this residue represents another
stepping stone into the propagation of K700E-induced pre-
mRNA remodeling between the mutation and the BPA site.
Indeed, this residue is also the object of the most recurrent
PHF5A cancer-associated mutation (R57C).29 However, to

Figure 2. (A) Bottom view of SF3B1/PHF5A showing key interactions differing between WT and MUT models. In cyan (hydrophobic) and
yellow (salt bridges), van der Waals spheres highlight the residues whose interactions differ in the two models. The SF3B1 (white), PHF5A (pink),
and pre-mRNA (blue) and U2 (red) are shown as cartoons. (B) Close-up of the salt-bridge interactions around K700 in WT and (C) E700 in
MUT. The mutated residue E700 interacts with K741, which disrupts the K741-E783 interaction seen in the WT structure. Residues are shown in
ball-and-sticks, while pre-mRNA nucleotides are shown in licorice representation. Interactions are marked by black and gray dashed lines.
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the best of our knowledge, no splicing defects are related to
this mutation.
Owing to these long-range structural perturbations, we

sought to trace the whole signaling-pathways connecting the
BPA binding cavity and the K700E mutation site by employing
dynamical network theory analysis (NWA) on the WT and
MUT models. In NWA, the system is represented as a
correlation-based weighted network in which the nodes,
indicated by the residues’ center of mass, are connected by
edges whose weight is proportional to the correlation-strength
between residue pairs.25,26,30 In this manner by computing
cross-correlations values between residues along a MD
trajectory, NWA traces the optimal (shortest) and suboptimal
signaling paths connecting a user-selected source node (here
the K700E mutation) to a sink node (R1074 in SF3B1,
involved in BPA binding).31 The resulting path-lengths are
thus inversely proportional to the signaling strength and to the
amount of correlation existing among their tracing nodes.6,30

NWA has been proven as a valuable tool to investigate the
propagation of allosteric signaling in complex biomolecular
systems. Given the importance of these phenomena in
controlling many fundamental biological functions, several
other state-of-the-art computational techniques are being

developed32 and successfully applied to investigate allosteric
modulation in proteins, also in the presence of hotspot
mutations.33,34

As a result, in WT the signaling-pathways connect K700 and
the BPA pocket via PHF5A (Figure 4A), while in MUT, the
K700E-induced pre-mRNA remodeling diverts most of them
along the SF3B1 solenoid (Figure 4B). This results in longer
paths and thus less effective allosteric cross-talk (Figure 4D).
Notably, the residues showing the higher degeneracy (which
accounts for the number of times a node is present in all paths,
Figure 4C) in both systems belong to helix 2 (Figure S9),
which, facing the inner part of the SF3B1 ring, allows
minimizing the path-length. This finding is consistent with
the perturbation of the intra HEAT-repeat interactions detailed
above (Figures 2A and S6).
Next, we checked if the high-degeneracy nodes (i.e., those

present in more than 75% of all signaling-pathways) were
conserved in SF3B1 protein homologous of lower eukaryotic
systems (Hsh155 in Saccharomyces cerevisiae and the U2
snRNP component prp10 of Schizosaccharomyces pombe).
Remarkably, nearly all degenerate nodes observed in WT are
conserved also in SF3B1 orthologs, while the degree of
conservation vanishes in MUT (Table S2).

Figure 3. (A) Bottom view of the SF3b complex, highlighting the bending of the pre-mRNA near the K700E mutation site. SF3B1 (white), PHF5A
(pink), U2 (red), pre-mRNA (blue), and RBMX2 (purple, transparent) are shown as cartoons. The insets show the salt-bridge network nearby K/
E700@SF3B1 and R105@RBMX2 in (B) WT and (C) MUT models, respectively. Residues are shown in ball-and-sticks, while pre-mRNA is
shown in blue cartoons. Distance distribution between the guanidium group (Cζ atom) of R105 and the phosphate group (phosphorus atom) of
(D) U14 and (E) U16 is shown for the WT (orange line) and the MUT (blue) system. The insets show the distance between the corresponding
atoms (Cζ of R105 and P of the phosphate) measured in the corresponding graphs.
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Taken together, our results unlock the molecular basis of
RNA-mediated signaling across the SF3b complex. Namely, in
the WT, pre-mRNA physically links the two SF3B1 solenoid
extremities, tracing, via PHF5A, a shortcut, which also enables
an allosteric cross-talk between residue 700 and the BPA
binding site. We hypothesize that this signal-exchange may
regulate the recognition from the BPA site to the downstream
signaling sequences (3′ splice site and polypyrimidine tracts)
mediated by different splicing factors that also bind to SF3B1.
The K700E cancer-associated mutation perturbs the inter-
action patterns of the charged residues, placed on the HEAT-
repeat mutational hotspots, provoking a domino of switched
salt-bridged interactions that propagate the K700E-induced
local perturbation over large distances. This weakens pre-
mRNA binding, potentially altering the splice site recognition.
As a result of the remodeling of pre-mRNA interactions in
K700E, the information exchange between the mutation and
BPA binding site is scrambled, diverting the signaling paths
through the SF3B1 solenoid and weakening the signal strength.
Hence, allosteric transmission becomes less effective and more
error-prone. We posit this effect to be even more pronounced
for weakly binding nonconsensus sequences containing cryptic
splice sites, where K700E is known to more dramatically

hinder splicing fidelity. In this scenario, it is tempting to
suggest that this allosteric signaling-disruption may be broadly
shared by other SF3B1 mutations, explaining why SF3B1
cancer-related hotspots mostly involve positively charged
residues (e.g., R625, K666 and K700, Figure S1). Moreover,
a similar mutation-induced altered allosteric cross-talk between
different RRM domains of the U2AF2 splicing factor has been
recently reported6 suggesting that this mechanism may be
common to other proteins involved in RNA binding/
recognition.
Thus, our study broadens the understanding of the

mechanisms underlying mutant-induced aberrant splicing and
enlightens the malleability of HEAT-repeat proteins in
handling RNA processing in health and diseases. With the
SF3b complex being a validated target of splicing modu-
lators,5,35−38 these findings supply intriguing insights and
appealing opportunities for correcting SF3b cancer-associated
structural/dynamical alterations with small molecules.31
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Figure 4. Optimal (thick yellow line) and suboptimal signaling-paths (cyan lines), with nodes depicted as spheres, connecting R1074 (blue), a
SF3B1 residue contributing to branch-point adenosine (BPA) binding, shown as van der Waals spheres, and K/E700 (orange/cyan) for (A) WT
and (B) MUT models. SF3B1 (white) and the PHF5A protein (pink) along with the pre-mRNA (blue strand), and the U2 RNA (red strand) are
shown as cartoons. (C) Histograms showing the node degeneracy in the optimal and suboptimal pathways in WT (orange) and MUT (blue)
systems. In red are highlighted source and sink residues. (D) Histograms showing the distribution of signaling path-lengths for the WT (orange)
and MUT (blue) systems.
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