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A B S T R A C T

The evolution of homologous and functionally equivalent multiprotein assemblies is intriguing considering
sequence divergence of constituent proteins. Here, we studied the implications of protein sequence divergence on
the structure, dynamics and function of homologous yeast and human SF3b spliceosomal subcomplexes. Human
and yeast SF3b comprise of 7 and 6 proteins respectively, with all yeast proteins homologous to their human
counterparts at moderate sequence identity. SF3b6, an additional component in the human SF3b, interacts with
the N-terminal extension of SF3b1 while the yeast homologue Hsh155 lacks the equivalent region. Through
detailed homology studies, we show that SF3b6 is absent not only in yeast but in multiple lineages of eukaryotes
implying that it is critical in specific organisms. We probed for the potential role of SF3b6 in the spliceosome
assembled form through structural and flexibility analyses. By analysing normal modes derived from anisotropic
network models of SF3b1, we demonstrate that when SF3b1 is bound to SF3b6, similarities in the magnitude of
residue motions (0.86) and inter-residue correlated motions (0.94) with Hsh155 are significantly higher than
when SF3b1 is considered in isolation (0.21 and 0.89 respectively). We observed that SF3b6 promotes func-
tionally relevant ‘open-to-close’ transition in SF3b1 by enhancing concerted residue motions. Such motions are
found to occur in the Hsh155 without SF3b6. The presence of SF3b6 influences motions of 16 residues that
interact with U2 snRNA/branchpoint duplex and supports the participation of its interface residues in long-range
communication in the SF3b1. These results advocate that SF3b6 potentially acts as an allosteric regulator of SF3b1
for BPS selection and might play a role in alternative splicing. Furthermore, we observe variability in the relative
orientation of SF3b4 and in the local structure of three β-propeller domains of SF3b3 with reference to their yeast
counterparts. Such differences influence the inter-protein interactions of SF3b between these two organisms.
Together, our findings highlight features of SF3b evolution and suggests that the human SF3b may have evolved
sophisticated mechanisms to fine tune its molecular function.
1. Introduction

Homologous proteins arise through divergent evolution and perform
similar functions in different organisms with some differences in func-
tional features (Povolotskaya and Kondrashov, 2010; Tatusov et al.,
1997). It is generally accepted that sequence variations may confer
functional specializations in terms of substrate specificity (Kim et al.,
2000), efficiency (Dermitzakis and Clark, 2002) and allosteric regulation
(Chan et al., 2017). Here, we define homologous multiprotein complexes
as functionally equivalent molecular assemblies in two different
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organisms with most of the components in the two assemblies being
evolutionarily related. In homologous multiprotein complexes, in which
assembled proteins work together, it is unclear how divergent evolution
of the constituent proteins influences the function of such assemblies in
different organisms. One such example of a homologous multiprotein
complex that differs in the composition and yet conserves function is the
spliceosome subcomplex SF3b (Sun, 2020; Will et al., 1999).

SF3b in yeast comprises of 6 proteins namely Hsh155, Cus1, Rse1,
Hsh49, Rds3 and Ysf3 (Fig. 1A). Corresponding homologues in the
human SF3b are SF3b1, SF3b2, SF3b3, SF3b4, SF3b14b and SF3b5 (Sun,
f; Bact, activated B spliceosome assembly; BPS, branch-point sequence; DOPE,
is; SF3b1iso, SF3b1 in isolation; SF3b1SF3b6�bound, SF3b1 bound to SF3b6; RMSD,
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Fig. 1. SF3b complex in yeast and human.
A) Shown is the surface representation of
yeast (left) and human (right) SF3b com-
plexes. Each protein component is colored
differently, with labels pointing to their
location in both complexes. A cross symbol
indicates the absence of SF3b6. B) Cartoons
depicting Pfam domains present in the yeast
(top) and human (bottom) SF3b proteins.
The length scale of the cartoon reflects pro-
tein sequence length. Domain names and
boundaries are marked for SF3b proteins that
are labelled as per human nomenclature.
Pfam domains referred as SF3b1 (Pfam id:
PF08920) and SAP (Pfam id: PF02037) are
assigned uniquely to human SF3b1 and
SF3b2 proteins, respectively.
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2020). In addition, the human SF3b contains another integral protein
SF3b6 (or p14) for which there is no recognizable yeast homologue (van
der Feltz and Hoskins, 2019) (Fig. 1A). SF3b complex is a major con-
stituent of U2 and U11/U12 snRNPs (Golas et al., 2003; Will et al., 1999;
Zhang et al., 2020). In the major class spliceosome, it participates in early
stages of splicing starting from complex A to activated B spliceosome
(Bact) assembly to i) recognize branch-point sequence (BPS), ii) stabilize
U2 snRNA/BPS duplex and iii) prevent pre-mature transesterification
step (Gozani et al., 1996; Lardelli et al., 2010; Will and Lührmann, 2011).
Mutations in the SF3b complex are observed to disrupt the spliceosome
assembly (Wang and Rymond, 2003) and affect the selection of BPS
(Cretu et al., 2016; Darman et al., 2015; Tang et al., 2016). SF3b1 is one
of the largest proteins in the human SF3b with a long N-terminal
extension (490aa) and 20 HEAT repeats that adopt a superhelical struc-
ture (Cretu et al., 2016). Frequently observed mutations in several cancer
conditions such as myelodysplastic syndrome, chronic lymphocytic leu-
kemia and uveal melanoma are located in the HEAT repeats of SF3b1
(Alsafadi et al., 2016; Yoshida and Ogawa, 2014). The N-terminal
extension of SF3b1 acts as a scaffold to interact with other spliceosomal
proteins U2AF65, CAPERα, PUF60, SF3b6 etc (Loerch and Kielkopf,
2016), that are not uniformly conserved across eukaryotes (Stelzer et al.,
2016). Interestingly, in yeast, the equivalent N-terminal extension of
human SF3b1 and an interacting partner SF3b6 are both absent
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(Dziembowski et al., 2004; van der Feltz and Hoskins, 2019; Zhang et al.,
2018), suggesting significant divergence in the evolution of SF3b
complex.

SF3b6 a component of SF3b seen in humans but not in yeast harbours
a RNA recognition motif (RRM). Some studies have reported that SF3b6
directly interacts with branch-point adenosine to recognize BPS (Mac-
Millan et al., 1994; Query et al., 1996; Will et al., 2001). On the other
hand, some others have demonstrated that SF3b6 lacks the specificity for
the BPS and neither discriminates adenosine monophosphate over
adenine nor single stranded RNA over double stranded RNA/DNA (Perea
et al., 2016; Spadaccini et al., 2006). Also, structural studies show that
the RNA binding region in the RRM of SF3b6 is impeded by its own helix
α3 and C-terminal tail as well as by an interacting region from SF3b1
(Schellenberg et al., 2006, 2011). We observe from the available major
spliceosome structures that Tyr22 of SF3b6 which is suggested to directly
interact with bulged branch-point adenosine is spatially distal (~54 Å)
from the branch-point adenosine (Fig. S1). Although the pre-mRNA
binding site of SF3b6 is occluded and the distance is large, it is unclear
whether inherent dynamics and conformational transitions of U2 snRNP
(van der Feltz and Hoskins, 2019) could contribute to pre-mRNA binding.
Therefore, it is interesting to examine the role of SF3b6 when the SF3b
complex is integrated into the spliceosome in humans, especially since it
is absent in yeast and seems to have a unique role.
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In this study, we compare yeast and human SF3b complexes based on
sequence, 3-D structure and dynamics of their individual proteins. Firstly,
using sequence analysis, we probed for homologues of individual com-
ponents of the complex in all organisms and compared their sequences.
We find that the yeast and human SF3b proteins are moderately
conserved. SF3b6 is universally absent in the Saccharomyces genus,
which includes yeast, as well as in several other lineages across eukary-
otes. We note that the N-terminal region of SF3b1 homologues in such
species have evolved to compensate for the loss of SF3b6. Secondly, we
probed for the plausible role of SF3b6 in the spliceosome assembled
form, particularly in the Bact state, using in silico anisotropic normal
modes, perturbation-response scanning and structural network analyses.
Our studies suggest a possible role for SF3b6 in allosteric regulation of
SF3b1, with potential relevance in alternative splicing. Finally, we
analyzed Bact spliceosome assembly structures to study the implications
of sequence divergence of constituent proteins in the yeast and human
SF3b complexes. Here, our results highlight inherently variable features
within the homologous SF3b structures. We find that such variations are
primarily contributed by differences in the relative orientation of human
SF3b4 vis-a-vis its yeast homologue Hsh49 as well as in the interaction
patterns of SF3b3-SF3b5 and SF3b3-SF3b1 interfaces. Together, these
observations provide insights into the implication of species-specific
sequence diversity of the various components in the homologous SF3b
complexes and their impact on structure and function.

2. Materials and methods

2.1. In silico structure preparation for SF3b1 and SF3b1-SF3b6 complex

In all the 9 cryo-electron microscopy (cryo-EM) atomic models of
SF3b complex representing early stages of human spliceosome assem-
blies (Bertram et al., 2017; Charenton et al., 2019; Cretu et al., 2016;
Finci et al., 2018; Haselbach et al., 2018; Zhan et al., 2018; Zhang et al.,
2018) (Table S1), the N-terminal extension of SF3b1 is only partly
resolved due to its intrinsically disordered nature. Interface identification
(Tina et al., 2007) of these complexes and previous experimental studies
on SF3b1 and SF3b6 interaction (Perea et al., 2016; Schellenberg et al.,
2006; Spadaccini et al., 2006; Will et al., 2001) have revealed that the
N-terminal residues from 373 to 415 of SF3b1 is the binding site for
SF3b6. However, atomic positions for certain residues in this region are
not available. Among the 9 assembly structures of spliceosome, confor-
mational differences in the SF3b1 as well as SF3b6 structures are small
(average Cα root mean square deviation (RMSD): 1.1 Å and 1.3 Å
respectively, refer Table S2). Therefore, we selected activated spliceo-
some assembly structure or Bact which corresponds to the Protein Data
Bank (https://www.rcsb.org/, PDB) entry 5Z58 for the analysis (Berman
et al., 2002; Zhang et al., 2018). This structure contains structural in-
formation for the entire SF3b complex at a better resolution (4.9 Å) with
coordinates for side chains. We generated an in silico model for SF3b1
bound to SF3b6 using comparative modeling (�Sali and Blundell, 1993)
and built missing regions in the SF3b6 binding site. Keeping
SF3b1-SF3b6 complex structure from human Bact entry as the reference
(PDB code: 5Z58), we used X-ray crystal structure of SF3b6 bound to
SF3b1 fragment as a template to build missing segments in the N-ter-
minal extension of SF3b1 and SF3b6 (PDB code: 2F9D) (Schellenberg
et al., 2006). Of the 100 generatedmodels, the best model based on DOPE
score was selected for analysing SF3b1-SF3b6 complex. To study SF3b1
in the uncomplexed state, SF3b6was removed in silico from the generated
model of the complex structure. Likewise, missing regions were built for
SF3b1 structure obtained from the isolated SF3b complex (PDB code:
5IFE) (Cretu et al., 2016), using Bact structure as a template (PDB code:
5Z58).

2.2. Normal mode analysis and perturbation-response scanning analysis

Intrinsic dynamics of a protein can be studied by representing the
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protein molecule as an elastic network model and by calculating their
normal modes using normal mode analysis (NMA). 3-D models of SF3b1
and SF3b1-SF3b6 complex as well as cryo-EM structure of the yeast ho-
mologue Hsh155, belonging to the same functional Bact assembly state
(PDB code: 5GM6) (Yan et al., 2016) were used as inputs for NMA.
Anisotropic network models were built at Cα level for all three structures
with a distance cut-off of 15 Å to connect Cα atoms by virtual springs
following which normal modes were calculated. Network construction,
normal mode calculation and related analysis were performed using the
ProDy package (Atilgan et al., 2001). To compare features of dynamics
among SF3b1 in isolation, SF3b1-SF3b6 complex and Hsh155, mean
square fluctuations of residues and cross-correlation matrices were
calculated. This would capture the magnitude of residue motions and
coupling between fluctuations of each residue pair. In addition, collec-
tivity which corresponds to the proportion of residues moving in a
correlated fashion was calculated. The top 20 lowest frequency modes
were used to derive cross-correlations between residue fluctuations of all
possible pairs within a structure. Similarity in the strength of correlations
between two cross-correlation matrices was measured using RV coeffi-
cient. This value computes the degree of closeness between two sets of
multivariate data by generalizing Pearson correlation coefficient (Smilde
et al., 2009).

To study the effect of SF3b6 binding on SF3b1, we performed
perturbation-response scanning analysis (Atilgan and Atilgan, 2009) on
SF3b1 using ProDy package. Here, systematic directed forces are applied
on a selected residue over 1000 times in randomly chosen directions. For
each perturbation, the magnitude and direction of displacement of every
other residue present in the anisotropic network model were measured,
and the average over 1000 perturbations was calculated to determine the
effectiveness of the residue.

2.3. Network analysis of SF3b1

Long-range residue-residue communication can facilitate allostery
(del Sol et al., 2007). Here, to examine whether SF3b6 binding causes an
allosteric effect, we performed network analysis using webPSN (Felline
et al., 2020) for SF3b1 considered in isolation and in complex with
SF3b6. Themethod integrates graph-based protein structure network and
elastic network model-based NMA to combine inherent structural com-
munications and their dynamics properties. Based on cross-correlation
between two residue motions (�0.6) and their frequency of association
(�5%) in all possible structural communications between two extreme
ends in the structure, the method identifies a metapath (Seeber et al.,
2015). Metapath provides information about the most recurrent
long-range communication present within a protein.

2.4. Structural variability in the constituent proteins of SF3b complex

We screened a number of entries corresponding to spliceosome
structures available in the PDB (Berman et al., 2002) to identify yeast and
human spliceosomes having an intact SF3b complex. We found that the
SF3b complex structures are also available in a spliceosome unintegrated
form and in the context of 17S U2 snRNP but only for human (Cretu et al.,
2016; Finci et al., 2018; Zhang et al., 2020), and therefore such structures
were not considered for comparative studies with yeast. In addition,
conformational differences among multiple structures of SF3b proteins in
the distinct functional states of spliceosome assembly were examined
(Konagurthu et al., 2006; Ye and Godzik, 2004). These structures showed
average Cα RMSDs of 1.2 Å for humans and 1.0 Å for yeast SF3b proteins
(Table S2). Since conformational differences are small among distinct
functional states, two cryo-EM structures (PDB codes: 5GM6 from yeast
(Yan et al., 2016) and 5Z58 from human (Zhang et al., 2018)) corre-
sponding to Bact assembly were selected as reference structures for
comparing structural features of homologous SF3b complexes. Structural
comparison of SF3b homologues was performed by superposing indi-
vidual proteins as well as the entire SF3b complex (Schr€odinger, 2015).

https://www.rcsb.org/
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This was performed to determine structural variability contributed by
differences in the position and orientation of SF3b proteins within the
complex. Here, Cα distance of residue pairs that are aligned in the
sequence and superposed in the structure was calculated. Residues
showing Cα distance above 2.0 Åwith respect to their equivalent residues
in the homologue are defined as structurally variable regions. This
threshold was decided based on the structural difference observed due to
experimental conditions (described in the next section). Further, we used
5 Å distance cut-off to select topologically equivalent residues for the
calculation of global Cα RMSDs when superposed in isolation. The same
set of residue pairs were considered in the global Cα RMSD calculations
when the entire SF3b complex was superposed. Intrinsically disordered
regions were predicted using three algorithms (Ishida and Kinoshita,
2007; Jones and Cozzetto, 2015; M�esz�aros et al., 2018) and a region is
considered disordered only when at least two algorithms predict it to be
disordered. Sequence similarity and identity between yeast and human
SF3b homologues were calculated using a global sequence alignment
algorithm (Needleman and Wunsch, 1970).

2.4.1. Inherent structural difference in cryo-EM structures
To account for structural differences resulting from different experi-

mental conditions, we retrieved cryo-EM structures of protein macro-
molecular complexes deposited in the PDB (accessed on November 13,
2019). We selected the available cryo-EM structures which fell within the
resolution range of 3.0–6.5 Å. The dataset of 2668 cryo-EM structures
was pruned further to obtain pairs of the same protein structures (iden-
tical sequence) with the same oligomeric state and same protein
composition but obtained from different cryo-EM experiments. Uncertain
positions were excluded from the analysis based on the B-factor value
(above 200). As a result, 1814 pairs of structures corresponding to 162
unique proteins were compared. We estimated that an average Cα RMSD
of proteins among multiple cryo-EM structures of the same assembly is
0.8 Å with a standard deviation of 0.4 Å. Also, the Cα distance between
every superposed residue pair was computed for 412908 topologically
equivalent positions. We found that the average distance of Cα atoms is
0.7 Å with a standard deviation of 0.6 Å. Hence, we employed 2.0 Å as a
threshold to identify genuine structural variability between yeast and
human SF3b homologues. Distributions of global RMSDs and Cα dis-
tances in this control dataset are provided in Fig. S2.

2.5. Recognition of inter-protein, protein-RNA interactions, molecular
cavity and calculations of protein interface area

Interactions among SF3b proteins were determined using Protein
Interactions Calculator (PIC) (Tina et al., 2007). Interactions between
proteins and U2 snRNA/pre-mRNA were obtained from NUCPLOT and
hbplus programs (Luscombe et al., 1997; McDonald and Thornton,
1994). V-cleft cavity present in the SF3b3/Rse1 between BPA and BPC
domains was analyzed using CASTp (Tian et al., 2018). Inter-protein
interface area was calculated using the total solvent accessible area
(SA) of each protein partner and protein complex (interface area ¼
SAproteinAþSAproteinB-SAABcomplex). Solvent accessible surface area calcu-
lations were performed using NACCESS program (Hubbard and Thorn-
ton, 1993).

3. Results and discussion

3.1. Overview of sequence divergence in the yeast and human SF3b
complexes

SF3b is a conserved multiprotein spliceosomal subcomplex with a
varied number of components in humans and yeast. Fig. 1A shows inte-
gral components of human and yeast SF3b complexes in which six pro-
teins viz. SF3b1/Hsh155, SF3b2/Cus1, SF3b3/Rse1, SF3b4/Hsh49,
SF3b14b/Rds3 and SF3b5/Ysf3 are homologous while the SF3b6 is
unique to humans. In the heart-shaped SF3b complex, SF3b1/Hsh155,
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SF3b14b/Rds3 and SF3b5/Ysf3 form the core and the remaining proteins
occur on the surface. Pairwise-sequence alignments (Needleman and
Wunsch, 1970) between six yeast and human SF3b homologues show
that the percentage sequence identity lies in the range of 16%–53% with
the mean value of 29% (Table S3). Of the six homologues, SF3b14b and
Rds3, which are located at the core, share the highest sequence identity
(53%), followed by SF3b1 and Hsh155 that interact with U2 snRNA/BPS
duplex (37%). SF3b2 and Cus1, which are located at the surface, share
the lowest sequence identity and show a high length difference of 459aa.
This can be viewed in the light of mean, minimum and maximum
sequence identities of 58%, 26% and 100%, respectively observed be-
tween 80 conserved yeast and human proteins that make up the ribosome
assembly (protein list was retrieved from RPG database (Nakao et al.,
2004)). A similar comparison for 29 proteins that form RNA polymerase
assemblies (I, II and III) in yeast and human (Cramer et al., 2008) showed
sequence identities ranging from 16% to 71% with the mean value of
38%. While SF3b, RNA polymerase and ribosome are essential, we find
from the distribution of sequence identities that SF3b proteins have
relatively lower sequence conservation than components of the other two
complexes. Sequence domain assignment based on Pfam database (Eddy,
2009; El-Gebali et al., 2019) indicates that domain content at the
N-terminus of SF3b1 and SF3b2 varies from their corresponding yeast
homologues (Fig. 1B). Moreover, three human SF3b proteins viz. SF3b1,
SF3b2, SF3b4 are longer and have a higher proportion of intrinsically
disordered regions compared to their yeast counterparts (Table S3). Such
features hint that these SF3b proteins are relatively versatile and may
elicit add-on functional roles (Chen and Moore, 2014). Indeed, SF3b1
and SF3b4 are shown to play other biological functions as well (Sun,
2020).

SF3b6, an additional protein in humans, may have been present in the
eukaryotic ancestor (Collins and Penny, 2005). Hence, the loss of SF3b6
in the yeast SF3b complex implies that the protein may have been
deselected during evolution. To understand whether the loss of SF3b6 is
specific to yeast, we probed for SF3b6 homologues in eukaryotes. Our
homology searches (refer Supplementary Text S1 and Table S4) reveal
that SF3b6 was not identified in 215 species that cover members of
Saccharomyces genus as well as others spanning several lineages of eu-
karyotes, including a few metazoans and infectious Trypanosoma para-
sites (Fig. S3A and Table S4B). It is important to note that homologues of
the other SF3b proteins are observed in these species. Further, we
identified the interaction interface region between SF3b1 and SF3b6
using human SF3b structures (Table S1) and studied the extent of
sequence conservation (refer Supplementary Text S2). The interface re-
gion resides largely in the N-terminal extension of SF3b1. Our result
shows that the N-terminus of SF3b1 has diverged extensively in species
that lack SF3b6 such as yeast (Fig. S3B). This suggests that SF3b1 ho-
mologues have evolved to counter the loss of SF3b6. Taken together,
SF3b6 is absent in 215 eukaryotic species in a lineage-specific manner
and the SF3b complex in these organisms may function like their yeast
counterpart (Table S4B). Our dataset of their distribution in various eu-
karyotes will serve as a useful reference set to probe and predict the
organization of SF3b complexes across eukaryotes using the currently
available 3-D structures of yeast and humans.

3.2. SF3b6 influences the global motions of SF3b1

We investigated the role of SF3b6 in the human SF3b complex based
on dynamical features. Since SF3b6 primarily interacts with the SF3b1,
we analyzed the influence of SF3b6 binding on the intrinsic dynamics of
SF3b1. We first compared the available 9 SF3b1 structures and 7 SF3b6
structures representing early stages of spliceosome assemblies (Bertram
et al., 2017; Charenton et al., 2019; Cretu et al., 2016; Finci et al., 2018;
Haselbach et al., 2018; Zhan et al., 2018; Zhang et al., 2018) to determine
the conformational differences between different functional stages. We
observed that Cα RMSDs for SF3b1 and SF3b6 are 1.1 Å (804 residues)
and 1.3 Å (97 residues), respectively (Table S2). This indicates that there
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is no significant conformational change in SF3b1 and SF3b6 structures
among pre-B, pre-catalytic B and Bact spliceosome assemblies. We used
Bact assembly structure as a representative for the analysis since it has
structural information for the entire SF3b complex. Missing regions at the
SF3b6 binding site of SF3b1 (positions 373–415) were built using
comparative modeling. The final in silico prepared structure includes
SF3b6 binding and HEAT repeat regions (370–1304) of the SF3b1 (refer
Materials and Methods).

We performed anisotropic elastic network model-based NMA on
SF3b1 in isolation (henceforth referred as SF3b1iso) and on SF3b1 bound
to SF3b6 (henceforth referred as SF3b1SF3b6�bound). Global motions
derived from NMA and characterized by low-frequency normal modes
represent high collective large scale motions and explain the mechanistic
basis of protein functions (Atilgan et al., 2001). Analysis of the two
lowest frequency normal modes shows that they represent ‘open-to-close’
and ‘twist’ movements in the SF3b1SF3b6�bound. We measured square
inner product (SIP) for the two lowest frequency modes between
SF3b1SF3b6�bound and SF3b1iso to find similarity in the residue mean
square fluctuation profiles, where SIP value of 1 implies identical pro-
files. SIP of 0.2 indicates that the magnitude of residue fluctuations of
SF3b1 is remarkably different between the first two global motions in the
SF3b6 bound and unbound forms (Fig. 2A). We find that collectivity, a
measure to capture the proportion of residues concertedly involved in
Fig. 2. Comparison of residue fluctuation profiles among Hsh155 (grey), SF3b1 i
green). Results are shown only for the common region that includes 20 HEAT repe
maximum residue fluctuation observed in the protein anisotropic elastic network m
from the comparison. B) Collectivity of top 20 normal modes (left panel) and vector r
SF3b1iso (maroon) and SF3b1SF3b6�bound (green) in the first (left) and second (right)
are labelled.
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each large scale motion, is far lower for SF3b1iso in the first two global
motions (0.14 and 0.05) than that for SF3b1SF3b6�bound (0.58 and 0.64)
(Fig. 2B). We find that such a poor collectivity in SF3b1iso is on account of
large scale motions concentrated only in the N-terminal extension
without the involvement of HEAT repeats (Movie S1). This suggests that
when SF3b1 is not bound to SF3b6, its N-terminal extension is flexible
and large scale motions of HEAT repeats are not observed in the first two
global motions. However, SF3b1iso does experience large scale motions of
HEAT repeats exhibiting ‘open-to-close’ and ‘twist’movements in the 5th
and 6th modes, respectively (Fig. 2B). This observation suggests that the
mode preference of these global motions in SF3b1 has changed in the
absence of SF3b6. The ‘twist’movement in SF3b1iso has collectivity value
of 0.62, which is similar to that of SF3b1SF3b6�bound (0.64) indicating that
the proportion of residues involved in this motion is comparable between
SF3b6 bound and unbound forms (Movie S2).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.crstbi.2021.05.003.

In the case of ‘open-to-close’ movement, SF3b1iso has a poor collec-
tivity value of 0.24 compared to that of SF3b1SF3b6�bound (0.58). Earlier
studies have shown that when SF3b complex is not associated with the
spliceosome assembly, such as in the isolated SF3b complex or in the 17S
U2 snRNP structures, SF3b1 adopts an ‘open’ conformation relative to
the conformation observed in the spliceosome assemblies (Maji et al.,
n isolation (SF3b1iso, maroon) and SF3b1 bound to SF3b6 (SF3b1SF3b6-bound,
ats and C-terminus. A) Residue mean square fluctuations are normalized by the
odel and residues corresponding to sequence insertions/deletions are excluded
epresentation (right panel) of the magnitude and direction of residue motions of
global motions. In the collectivity profile, ‘open-to-close’ and ‘twist’ movements

https://doi.org/10.1016/j.crstbi.2021.05.003
https://doi.org/10.1016/j.crstbi.2021.05.003
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2019; Rauhut et al., 2016; Zhang et al., 2020). This implies that the
‘open-to-close’movement is relevant to the association of SF3b1 with the
spliceosome assembly. Upon SF3b6 binding, our study shows that this
movement, involving more residue participation is observed to be the
lowest frequency global motion for SF3b1.
3.3. SF3b6 binding modulates the coordinated inter-residue motions of
SF3b1

Inter-residue communications within a tertiary structure are essential
for coordinating large scale motions in a protein. We compared inter-
residue communications, in ‘open-to-close’ and ‘twist’ movements be-
tween SF3b1iso and SF3b1SF3b6�bound, in terms of coupling in the residue
fluctuations represented as cross-correlation matrices. Heatmap in
Fig. 3A shows the difference in correlated motions of the Cα atoms for all
residue pairs between SF3b1iso and SF3b1SF3b6�bound. Positive values (>0
to 1) indicate that the correlation of residue motions is stronger in
SF3b1SF3b6�bound than in SF3b1iso while negative values (<0 to �1)
indicate the opposite. The value 0 indicates that the strength of corre-
lation for a given residue pair is the same between SF3b1iso and
SF3b1SF3b6�bound. As shown in the top triangle of Fig. 3A, SF3b6 binding
significantly affects the correlation of residue motions in the ‘open-to-
close’ and ‘twist’ movements of SF3b1. When we extend the analysis to
the 20 generated modes, the influence of SF3b6 binding is found to be
substantial, not only at the N-terminal extension where it binds but also
at many other regions of the 20 HEAT repeats (lower triangle in Fig. 3A).
To understand the effect of SF3b6 binding on the U2 snRNA and pre-
mRNA interacting regions, we focused on changes in the correlated
motions between SF3b6 binding site and RNA binding residues when
SF3b6 interacts with SF3b1. Results from the normal modes of
SF3b1SF3b6�bound show that residues at the SF3b6 binding site of SF3b1
viz. Arg395-Asp405, Lys413-Pro417, Tyr421, Arg425 and Ala428 have
higher correlated motions with pre-mRNA binding residues than in
SF3b1iso (Fig. 3B). These pre-mRNA binding residues are present in the
HEAT repeats of H1, H3, H4 and H6 (Lys496, Leu500, Ala514, Ala515,
Gln518, Lys522, Tyr588, Arg590, Glu622, Arg630, Gln699 and Lys700).
In contrast, the correlation of the same SF3b6 binding residues with other
pre-mRNA binding residues located in the H6, H9 and H15–H19
Fig. 3. SF3b binding modulates inter-residue correlated motions in the SF3b1. A
SF3b1SF3b6�bound that represents the strength of correlated motions of Cα atoms for a
‘open-to-close’ and ‘twist’ movements (upper triangle) as well as difference in the
(lower triangle). B) and C) show difference in the cross-correlation values of SF3b6
SF3b1iso and SF3b1SF3b6�bound. Positive value (>0) indicates stronger correlation for a
value (<0) indicates stronger correlation in the SF3b1iso compared to SF3b1SF3b6�bo
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(Glu714, Arg831, Lys1070-1071, Arg1074-1075, Gln1104-Gln1107,
Agr1109, Asn1142, Lys1149, Val1183, Gln1186 and His1225) is lower
in SF3b1SF3b6�bound compared to that of SF3b1iso. Hence, SF3b6 binding
modulates the coordinated inter-residue motions between its binding site
and pre-mRNA interacting regions.

Likewise, in the presence of SF3b6, a few U2 snRNA interacting res-
idues (Pro509, Lys513, Leu516, Arg517 and Arg558) located in the H1
and H2 regions experience moderately enhanced correlated motions
while residues His1069, Ser1223, Pro1224, Pro1257, Ala1258 and
Arg1259 located in the H15, H19 and H20 regions exhibit decreased
correlated motions with the SF3b6 binding site (Fig. 3C). Among them,
His1069 shows strong correlations with SF3b6 binding residues in
SF3b1iso and the strength of the correlations is weakened upon SF3b6
binding. It interacts with a guanine base at the position 31 of the U2
snRNA that base pairs with cytosine of pre-mRNA at position 147 within
the U2 snRNA/BPS duplex. We infer from these observations that SF3b6
binding influences the motions of His1069, which could potentially
affect its interaction with the U2 snRNA/BPS duplex. Taken together,
SF3b6 modulates the magnitude and coherency of residue motions,
including pre-mRNA and U2 snRNA binding residues in the SF3b1.

Furthermore, as SF3b1 functions in the spliceosome assembly, we
studied the influence of other protein interactions in the context of
spliceosome. Here, we first recognized the other spliceosomal proteins
within the complex that interact with SF3b1. Based on the maximum
distance criteria (7 Å) used in the PIC (Tina et al., 2007) and results from
PISA server (Krissinel and Henrick, 2007), we find that SF3b1 interacts
with 16 other proteins in addition to SF3b6 in the spliceosome assembly
in one or other functional states (Table S5). To account for the effect of
these proteins, we systematically studied changes in features of the dy-
namics of SF3b1-SF3b6 complex in their presence. For this, we compared
inter-residue correlated motions of SF3b1 in the binary (SF3b1-SF3b6
complex) and ternary complex (SF3b1-SF3b6-SF3b1 interacting protein
complex), which includes SF3b1 interacting proteins. It should be noted
that since structures of some of the SF3b1 interacting proteins contain
long missing segments (Table S5), we considered domains/regions
proximal to SF3b1 alone, to generate reliable elastic network models.
Differences in the cross-correlation matrices of SF3b1 between these
complexes indicate that Smad1, Dhx16, SF3b3, Bud13, Prp8, Rnf113a,
) Heatmaps show difference in cross-correlation matrices between SF3b1iso and
ll residue pairs. Left panel shows difference in the cross-correlations matrices of
cross-correlation matrices of 20 modes between SF3b1iso and SF3b1SF3b6�bound

binding site with pre-mRNA binding sites and U2 snRNA binding sites between
given residue pair in the SF3b1SF3b6�bound compared to SF3b1iso while negative

und.
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SF3b14b and Snw1 have a substantial effect on the inter-residue corre-
lation motions of SF3b1 (Fig. S4, left panel in the paired heatmaps).
Given these effects, we next examined the effect of SF3b6 on the intrinsic
dynamics of SF3b1 in the presence of other SF3b1 interacting proteins.
This was done by taking the binary complex of SF3b1 bound to SF3b1
interacting protein (SF3b1-SF3b1 interacting protein) and comparing its
cross-correlated residue motions with the ternary complex having SF3b6.
For example, cross-correlation matrices of SF3b1 were compared in the
context of SF3b1-Smad1 and SF3b1-Smad1-SF3b6 complexes. We
observed that in most cases, SF3b6 binding significantly alters the
correlated residue motions even when another SF3b1 interacting protein
is bound (Fig. S4, right panel in the paired heatmaps). Therefore, SF3b6
exerts a strong influence on the intrinsic dynamics of SF3b1 even in the
presence of other spliceosomal proteins.
3.4. Intrinsic dynamics of SF3b1 is similar to that of yeast Hsh155 when
SF3b6 binds at the N-terminus

We have shown that SF3b6 alters residue motions of SF3b1 and fa-
cilitates its coherent ‘open-to-close’movement. The N-terminal extension
of SF3b1 that forms the SF3b6 binding site is absent in the yeast homo-
logue Hsh155 (Fig. S3B). The structural difference between SF3b1 and
Hsh155 is observed to be small with Cα RMSD of 1.5 Å when considering
20 HEAT repeats and the C-terminal tail (Table S3). Given the similarity
in overall topology, the intrinsic dynamics of these two homologous
proteins is expected to be similar when compared in isolation. However,
we observed a contrasting result. The magnitude of residue fluctuations
of Hsh155 in the first two lowest frequency normal modes, corresponding
to ‘open-to-close’ and ‘twist’ movements, are closer to that of
SF3b1SF3b6�bound (SIP 0.86) as compared to SF3b1iso (SIP 0.21) (Movie
S3). This is further evident from the residue mean square fluctuations
profile of Hsh155 HEAT repeats H6–H15, which aligns well with that of
SF3b1SF3b6�bound (grey line in Fig. 2A). To compare the extent of corre-
lation in the inter-residue motions of Hsh155 to that of SF3b1SF3b6�bound

and SF3b1iso, we used RV coefficient, which captures the extent of sim-
ilarity between two cross-correlation matrices (Smilde et al., 2009). Here
again, the RV coefficient of Hsh155 and SF3b1SF3b6�bound

cross-correlationmatrices of 20 generated normal modes is 0.94, which is
Fig. 4. Comparison of inter-residue correlation matrices between Hsh155 an
indicates difference in the cross-correlation matrices between Hsh155 and SF3b1iso

Hsh155 and SF3b1SF3b6�bound. Black boxes highlight notable differences in the stren
cross-correlation matrices between Hsh155 and SF3b1 (without N-terminal). In bo
SF3b1SF3b6�bound/SF3b1 without N-terminal, whereas negative value indicates the
repeats are labelled by numerical numbers.
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higher than that of Hsh155 and SF3b1iso (0.89). These results indicate
that SF3b6 binding influences SF3b1 such that the extent of similarity in
the concerted residue motions of homologous SF3b1 and Hsh155 is
increased.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.crstbi.2021.05.003.

Nevertheless, detailed comparisons of the dynamical features of
Hsh155 dynamics were also performed and we observed many differ-
ences from SF3b1SF3b6�bound. Inter-residue correlated matrices reveal
considerable differences in the strength of residue cross-correlations
between Hsh155 and SF3b1SF3b6�bound. For example, inter-residue
correlated motions between H1–H5 and H7–H11 are higher in
SF3b1SF3b6�bound as compared to Hsh155 (Fig. 4A, upper triangle). In
contrast, region H7–H13 exhibits a stronger correlation with H16–H20
and the C-terminal tail of Hsh155 as compared to SF3b1SF3b6�bound.
Similar differences are also observed when Hsh155 is compared to
SF3b1iso (Fig. 4A, lower triangle). Since the N-terminal extension is
unique to SF3b1, we extended our studies to probe for its role in the
observed differences in the intrinsic dynamics. For this, we used the
human SF3b1 structure as a control in which the N-terminal extension
and the binding partner SF3b6 are missing (PDB code: 5IFE). Again, we
compared the features of dynamics of HEAT repeats between Hsh155 and
this structure. The RV coefficient of cross-correlation matrices between
Hsh155 and SF3b1 (without the N-terminal) is 0.99, indicating that inter-
residue concerted motions are similar between them. As can be seen in
Fig. 4B, the difference between cross-correlation matrices of Hsh155 and
SF3b1 (without the N-terminal) is smaller than the differences observed
between Hsh155 and SF3b1SF3b6�bound/SF3b1iso. This finding is further
supported by the normalized mean square fluctuation profiles of Hsh155
and SF3b1 (without the N-terminal) that have a SIP value of 0.95, indi-
cating high similarity (Fig. S5). These results demonstrate that the extent
of similarity between Hsh155 and SF3b1 (without the N-terminal) is
higher than that between Hsh155 and SF3b1SF3b6�bound or SF3b1iso. We
therefore reckon that the presence of highly flexible N-terminal extension
modulates the dynamical nature of superhelical HEAT repeats in SF3b1.
When SF3b6 is bound, the flexibility of the N-terminal extension is
reduced because of which the SF3b1 motions are similar to those of
Hsh155 from yeast which lacks the long N-terminal extension and SF3b6.
d SF3b1iso/SF3b1SF3b6-bound/SF3b1 (without N-terminal). A) Lower triangle
. Upper triangle indicates difference in the cross-correlation matrices between
gth of residue correlations. B) Shown in the upper triangle is difference in the
th figures, positive value indicates residue correlation is stronger in SF3b1iso/
residue correlation is stronger in Hsh155. Regions corresponding to 20 HEAT

https://doi.org/10.1016/j.crstbi.2021.05.003
https://doi.org/10.1016/j.crstbi.2021.05.003
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3.5. SF3b6 influences U2 snRNA/BPS duplex binding site in SF3b1:
potential relevance in alternative splicing

SF3b1 is directly involved in BPS recognition and hence mutations or
small molecules binding in the SF3b1 are known to affect BPS selection,
leading to alternative splicing (Alsafadi et al., 2016; Corrionero et al.,
2011; Darman et al., 2015; Maguire et al., 2015; Seiler et al., 2018; Zhang
and Meng, 2020). Further, SF3b1 contributes to the regulatory mecha-
nism of alternative splicing by serving as a scaffold for the binding of
alternative splicing modulators at its N-terminal extension viz. CAPERα,
PUF60 and SPF45 (Corsini et al., 2007, 2009, 2009; Loerch et al., 2014).
Therefore, any perturbations to SF3b1 may potentially influence BPS
selection. Since our results from NMA show that SF3b6 binding impacts
the dynamical behaviour of SF3b1, including distal regions from the
binding site (Fig. 3), they point to the possibility of SF3b6 playing an
allosteric role. To probe for this, we performed perturbation-response
scanning analysis on SF3b1. In the analysis, directed forces were
applied on SF3b6 binding residues 1000 times and average changes in
the atomic positions of all other residues in SF3b1 were calculated to
determine effectiveness of the perturbed residues. Effectiveness is a
measure to quantify the magnitude and direction of atomic displacement
(refer Materials and Methods). Based on the effectiveness profile, resi-
dues that are sensitive to SF3b6 binding can be identified. Our results
show that among the 21 identified SF3b6 interacting residues, pertur-
bations of 10 residues viz. Asp405-Pro409, Tyr412, Ile472, Asp476,
Lys477 and Lys496 elicit maximum responses in the SF3b1 structure
(Fig. 5A). Effectiveness of these residues upon perturbations is higher
than that of residues adjacent to SF3b6 binding region (Arg390 and
Ser400), that were considered as background effectiveness profiles (cyan
lines in Fig. 5A). Indeed, these changes are largely reflected in the N- and
C-terminus of the superhelical structure formed by the 20 HEAT repeats.
The high impact SF3b6 binding residues are clustered near HEAT repeats
H1 and H2 (Fig. 5B).

To understand the significance of this effect, we considered pertur-
bation effects at Lys700 in SF3b1. Substitution of lysine to glutamate at
700th position is the most frequently occurring mutation in several
cancers and has been shown to drive the selection of alternative BPS
(Cretu et al., 2016; Darman et al., 2015). Lys700 interacts non-covalently
with the uracil base 158 of pre-mRNA (Fig. S6). Upon glutamate sub-
stitution, this interaction is lost and creates unfavourable negatively
charged environment for uracil phosphate anion. Such a change might
contribute to the altered BPS selection, leading to cancers. Our analysis
reveals that perturbation at Lys700 impacts all 20 HEAT repeats in the
SF3b1 protein (green line in Fig. 5A), pointing to a critical role for the
residue in the network of inter-residue communications. Therefore,
Fig. 5. Effect of perturbation of SF3b6 binding site on SF3b1. A) shown are effect
residues (Arg390 and Ser400) adjacent to SF3b6 binding sites, considered as backgrou
20 heat repeats are labelled. B) Spatial position of selected SF3b6 binding residues (s
perturbations exhibit higher effect on the SF3b1 than the background signal as show
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effectiveness profile of Lys700 was taken as a positive control and
compared with the effectiveness profiles of SF3b6 binding residues. We
observe that perturbations of SF3b6 binding residues exert significant
effect on the pre-mRNA binding residues (Lys496, Leu500, Ala514,
Ala515, Gln518, Lys522, Tyr588 and Arg590) and U2 snRNA binding
residues (Pro509, Lys513, Leu516, Arg517, Arg558 and
Pro1257-Arg1259), similar to the effect seen for the Lys700 perturbation
(vertical dashed lines in Fig. 5A).

Furthermore, we performed a structural network analysis of
SF3b1SF3b6�bound, to study the effect of SF3b6 binding in the long-range
communication occurring in the SF3b1 (refer Materials and Methods).
Analysis of metapath representing the most recurrent long-range
communication in the SF3b1 indicates that one of the pre-mRNA inter-
acting residues (Leu500) is involved in long-range communication. When
SF3b6 is bound, its interface residues in the SF3b1 viz. Asn396, Phe408,
Ile472, Tyr474 and Pro537 participate in the long-range communication
(Fig. S7A). Perturbation-response scanning analysis shows that Phe408
and Ile472 have a significant impact on the pre-mRNA and U2 snRNA
binding residues. However, when we compare these results with that of
SF3b1iso, we find that in the absence of SF3b6, these residues do not
participate in the long-range communication (Fig. S7B). Hence, SF3b6
binding appears to influence the interface residues into participating in
the long-range communication passing through a pre-mRNA interacting
residue within the SF3b1.

It has been shown by earlier mutational studies that BPS recognition
is largely conserved between yeast and humans and proofreading of BPS
selection is likely regulated in multiple stages in the spliceosome (Car-
rocci et al., 2017; Kaur et al., 2020; Tang et al., 2016). Here, we have
investigated the potential role of SF3b6, that is unique to humans and
binds at the N-terminal extension of SF3b1, during pre-B to Bact stages of
spliceosome through various analyses such as NMA,
perturbation-response scanning and structural networks. Our studies
demonstrate that SF3b6 has a substantial influence on the intrinsic dy-
namics of SF3b1 and notably on the U2 snRNA/BPS duplex binding site
which is distal to SF3b6 binding site. Such effects in other protein com-
plexes have been associated with allosteric regulations (Dobbins et al.,
2008; Swapna et al., 2012; Tandon et al., 2021). Therefore, we predict
that SF3b6 acts as an allosteric regulator of human SF3b1 that modulate
BPS selection during alternative splicing. Further biochemical experi-
ments and transcriptome studies under SF3b6 knockout conditions could
shed light on these findings.
3.6. Structural variability in homologous SF3b complexes

We next extended our study to understand the inherent variability
iveness profiles of SF3b6 binding residues (purple lines), effectiveness profiles of
nd signal (cyan lines) and effectiveness profile of Lys700 (green line). Regions of
hown as ball and stick representation in magenta) in the SF3b1 structure whose
n in the left panel (A).
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present in the SF3b complex by comparing structural features of yeast
and human SF3b proteins. To recognize regions of significant structural
variability, we carried out a control study in which deviation in the
global structure and Cα position of equivalent residues was calculated in
multiple structures of the same protein determined through independent
cryo-EM studies (refer Materials andMethods). This was done to quantify
conformational differences among the cryo-EM structures of a given
protein. We found that the distribution of Cα deviation of identical res-
idues among multiple cryo-EM structures of same proteins is 0.7 � 0.6 Å
(mean � standard deviation). Hence, we used 2 Å as a threshold distance
to identify local regions in the cryo-EM structures of SF3b proteins whose
structure differ between yeast and human homologues.

The structural comparison shows that although the overall architec-
ture of SF3b complex is conserved (Fig. 6A), only HEAT repeats of SF3b1/
Hsh155 and SF3b14b/Rds3 share the highest structural similarity be-
tween yeast and human with Cα RMSDs of 1.3 Å and 1.2 Å, respectively
(Table S3). This observation emphasizes that in terms of structural fea-
tures, SF3b1/Hsh155 and SF3b14b/Rds3 are the most conserved pro-
teins among the six common SF3b proteins. Notably, sequences of these
two proteins are relatively better conserved between yeast and human
than other SF3b proteins. SF3b1/Hsh155 is a large protein that acts as a
structural scaffold for the SF3b complex. SF3b14b/Rds3 is located at the
core of SF3b complex and its knotted zinc-finger motif interacts with the
pre-mRNA segment that succeeds U2 snRNA/BPS duplex (Fig. 6A).
Further, we find that the extent of structural similarity is higher between
homologues when they are superposed in isolation as compared to when
they are superposed in the context of the whole SF3b complex (Fig. 6B).
For example, the structural difference between SF3b14b and Rds3 is
increased (Cα RMSD 1.6 Å) when superposed them in the context of the
whole SF3b complex. Likewise, the Cα RMSD of SF3b3/Rse1 is increased
from 3.0 Å to 4.5 Å upon superposing the whole complex. In both the
contexts, local variability in the structure was recognized by identifying
regions with Cα distances of �2 Å between their topologically equivalent
residues (refer Materials and Methods). Fig. 6B highlights local regions
with structural variation observed by superposing respective homolo-
gous structures in isolation (thickened region) as well as by superposing
them with the entire complex (colored red). We observed that the HEAT
Fig. 6. Structure comparison of yeast and human SF3b complexes. A) Superposi
proteins of SF3b and homologous proteins are shown in gradients of the same color.
succeeds U2 snRNA/BPS duplex. Cys61 that coordinated with the Zn atom is colo
differences between yeast and human SF3b proteins. Regions with Cα distance above 2
cartoon representation. Thickened region indicates regions with structural differences
when superposed along with the whole SF3b complex. Given below the cartoon re
perposed in isolation (left) and with the entire complex (right) separated by ‘,’.
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repeats of SF3b1/Hsh155 are well conserved between yeast and humans
with structural deviations in a few loops, N-terminal helix and C-terminal
tail. Also, despite being a well-conserved protein, SF3b14b/Rds3 shows a
structurally variable region encompassing Cys61 that coordinates with a
Zn atom in the SF3b complex (Fig. 6A). Such zinc coordination in the
unusual knotted fold of SF3b14b/Rds3 functions as a platform for SF3b
assembly (Van Roon et al., 2008). SF3b5/Ysf3, another core protein,
shows that 22% of their structure is variable. Together, it indicates that
core proteins harbour considerable structural variations between ho-
mologous SF3b complexes.

In the case of the surface proteins, the availability of structural co-
ordinates for SF3b2/Cus1 is low and we observe no significant structural
variations in these regions. SF3b4/Hsh49 has two RRMs, of which RRM1
shows Cα RMSD of 1.5 Åwhen compared in isolation. Interestingly, when
we superpose the structures in the context of the whole SF3b complex, it
shows a large structural deviation having Cα RMSD of 14.6 Å for the same
set topologically equivalent residues (Fig. S8A). This implies that the
relative orientation of RRM1 differs in the yeast and human SF3b com-
plexes. Further, structural coordinates of RRM2 and a 202aa long
disordered C-terminal tail of human SF3b4 are unavailable in the struc-
tures of early stages spliceosome assemblies (Table S1). However, the
RRM2 structure is available in the isolated 17S U2 snRNP structure
(Zhang et al., 2020), suggesting it may adopt flexible conformation when
present within the spliceosome assemblies. In contrast, both RRMs of
yeast Hsh49 assume a stable and globular structure in the available
spliceosome structures including Bact assembly (Fig. S8B) suggesting that
it adopts a more defined conformation than SF3b4 within the spliceo-
some assembly. Next, we find that SF3b3/Rse1 shows the largest struc-
tural variation covering 68% of the topologically equivalent regions.
Given such large structural differences, we performed a detailed assess-
ment of the extent of structural variations in SF3b3/Rse1 in the context of
protein-protein interactions and protein association in the assembled
form.

3.7. SF3b3 and Rse1 interact differently with their SF3b protein partners

SF3b3 comprises of three intertwined seven-bladed β-propeller
tion of yeast and human SF3b complexes. Color represents different constituent
Shown within the box is the interaction of SF3b14b/Rds3 with pre-mRNA that
red blue (referred yeast structure, PDB code: 5GM6). B) Shown are structural
.0 Å between equivalent residues are highlighted by thickness as well as color of
when superposed in isolation. Color red indicates structural differences observed
presentations are Cα RMSD values of homologous protein structures when su-
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domains referred to as BPA, BPB and BPC that require 6�, 5�, 22� twist,
respectively to superimpose well with their equivalents in Rse1 (Movie
S4). Since Bact structure was chosen as the reference, we analyzed
whether the observed structural differences in SF3b3/Rse1 are specific to
Bact assembly or indicate inherent structural variability. To address this,
we examined SF3b3/Rse1 structures from all available early stages
spliceosome assembly structures of yeast and humans, as well as human
SF3b structure solved independently and not in the context of spliceo-
some assembly (Bai et al., 2018; Bertram et al., 2017; Charenton et al.,
2019; Cretu et al., 2016; Finci et al., 2018; Haselbach et al., 2018;
Plaschka et al., 2017, 2018, 2018; Rauhut et al., 2016; Yan et al., 2016;
Zhan et al., 2018; Zhang et al., 2018) (Table S1). Here, we find that the
centroids of BPA, BPB and BPC domains show 0.8 Å, 9.6 Å and 6.7 Å
deviation, respectively, in the overlaid structures of SF3b3 and Rse1
(Fig. 7A). The dihedral angle between BPA and BPC centroids differs by
14� while that between BPB and BPC differs by 6�, suggesting that the
positions and orientation of these three domains differ between SF3b3
and Rse1 within the SF3b complex, irrespective of the functional states of
spliceosome assembly.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.crstbi.2021.05.003.

Further, analysis of local structures reveals that eight regions vary in
the secondary structural conformation between SF3b3 and Rse1
(Fig. 7B). Of these, five regions are associated with sequence insertions/
deletions (Fig. S9). Notably, Rse1 has a 15-residue long insertion of he-
lical structure at position 1234 that dislodges a successive helix by ~23 Å
with 45� tilt, as compared to its equivalent helix in SF3b3 (Movie S4).
These variations result in differences in the size of V-cleft cavity observed
at the junction of BPA and BPC domains (Fig. S10) that is occupied by
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SF3b5/Ysf3 and the C-terminal tail of SF3b1/Hsh155. Interface areas of
SF3b3 with SF3b5 and SF3b1 in the human SF3b complex are larger by
491 Å2 and 531 Å2 than the respective interfaces in the yeast homologue.

The C-terminal tail of SF3b1 has additional interactions with SF3b3
and the interface involves insertions of 13 residues in SF3b3 and a single
residue in SF3b1 with reference to their respective yeast homologues
(Fig. 7C). Likewise, we observe that the C-terminal region of SF3b5 is
disordered while its equivalent region adopts helical conformation in
Ysf3 (Fig. 7D, right bottom panel). The interface between SF3b5 and
SF3b3 contains a 10-residue insertion in SF3b3 compared to Rse1. To
examine the influence of these factors on SF3b3/Rse1 and SF3b5/Ysf3
interaction, we generated an in silico chimeric complex where SF3b5 is
replaced by Ysf3 using structural superposition within the V-cleft cavity
of SF3b3 (Fig. 7D). However, several short contacts involving 9 residues
in Ysf3 were observed in the resultant chimeric model identified using
WHATIF (Vriend, 1990) (Fig. 7D, right bottom panel). A steric clash was
also observed between the Cα atoms of Gly79 in Ysf3 and Ala201 in
SF3b3 (Fig. 7D, right top panel). This suggests that Ysf3 as it occurs in
yeast, cannot be accommodated within the V-cleft cavity of human
SF3b3. Clearly, sequence variations of SF3b3/Rse1 influence the local
conformations of its interacting partners.

To quantify the effect of such sequence variation at the interface re-
gions, we calculated residue propensity at the interfaces (refer Supple-
mentary Text S3). We find that cysteine, methionine, phenylalanine,
threonine, tryptophan, proline and valine differ in their interface pro-
pensities in yeast and human SF3b complexes (Fig. S12). Subsequently,
we compared the interaction energies of interfaces to understand the
influence of altered residue propensity and unique interaction patterns
(refer Supplementary Text S4). As anticipated, we observe that the
Fig. 7. Local structural variability in SF3b3/
Rse1. A) Centroids corresponding to BPA, BPB and
BPC domains of human SF3b3 (maroon)/yeast Rse1
(grey) are shown with details on centroid distance
between respective domains of two homologues and
inter-domain angles among three domains. Cen-
troids were defined from multiple structure super-
position. For structure superposition, 9 available
structures were used for SF3b3 and 5 available
structures were used for Rse1. B) Regions with dif-
ference in the conformation of secondary structures
between SF3b3 (red) and Rse1 (blue) are high-
lighted and symbol ‘*’ indicates 15aa long helix
insertion in Rse1. C) Shown are interactions be-
tween C-terminal tail of SF3b1 (navy) and SF3b3
(orange, top panel). Sequence insertion is high-
lighted in red and interacting residues are shown in
ball and stick representation. In bottom panel, the
topologically equivalent regions in yeast are high-
lighted (magenta). D) Cartoon representation of
SF3b3 (orange) associated with SF3b5 (pink) and
Ysf3 (blue). In the right panel, bottom figure shows
the superposed structure of Ysf3 on to SF3b5 and
residues that have short contacts with SF3b3 are
highlighted in ball and stick representation. Top
figure depicts a short contact observed between Cα
atoms of Ala201 in SF3b3 and Gly76 in Ysf3.
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interaction energies of the interfaces also show differences between SF3b
complexes of yeast and humans (Table S6). The observed energy differ-
ence is largely contributed by sidechain hydrogen bonds, van der Waals
interactions and hydrophobic effect. Collectively, these variations show
that inter-protein interactions between these homologous SF3b com-
plexes are tailor-made for each system. Our reports on the character-
ization of interfaces and species-specific interaction patterns are useful
for modeling and determining accurate 3-D structures of homologous
SF3b complexes of other species based on human or yeast SF3b
structures.

Furthermore, we examined the relevance of such structural variations
in the context of spliceosome assembly. In the human Bact spliceosome
assembly, SF3a3 interacts with BPC domain of SF3b3 sharing interface
area of 655 Å2 (Fig. S11A). However, we observed that Prp9 (homologue
of SF3a3) is missing in the corresponding yeast Bact assembly though the
protein is observed in other early stages namely A, pre-B and B of yeast
spliceosome assemblies. Likewise, Brr2 closely interacts with BPB
domain of Rse1, whereas the homologue (SNRNP200) shows no detect-
able interaction with SF3b3 in the human Bact assembly (Fig. S11B).
These observations imply that protein-protein interactions involving
SF3b3/Rse1 are also different between yeast and human Bact assembly
that could influence the local structure of SF3b3/Rse1. Possibly such
variations could explain differences in the mechanism of their spliceo-
some activation, as suggested elsewhere (Kastner et al., 2019). Also, it is
worth noting that the nature of interaction protein partners is markedly
different between yeast and human SF3b proteins (refer Supplementary
Text S5 and Table S7). Given that they perform versatile roles by inter-
acting with a diverse set of protein partners (Sun, 2020), the difference in
their protein-protein interaction networks may be a significant factor in
conferring unique sequence and structural signatures at the interfaces of
SF3b complex, as observed in this study.

Taken together, this investigation highlights local structural vari-
ability between homologous yeast and human SF3b complexes. Since
protein-protein interfaces are known to be well conserved in evolution
(Choi et al., 2009; Mintseris and Weng, 2005; Swapna et al., 2012), our
observation of structural variability, altered residue propensity and
variations in the interaction strength indicates that interfaces in the SF3b
complex have evolved distinctly and considerably. As SF3b is a potential
anticancer drug target (Kotake et al., 2007), the interface variations re-
ported here could be exploited for modulating SF3b assembly through
small molecules targeting conserved or variable regions for therapeutic
purposes (Bonnal et al., 2012; Chen et al., 2017; Rosell and Fern�an-
dez-Recio, 2018).

4. Conclusions

SF3b complex in the spliceosome functions to screen and recognize
BPS in the nascent pre-mRNA, one of the key primary steps in splicing
that governs the expression of protein isoforms. The complex is ancient in
eukaryotes and hence is anticipated to capture adaptive evolutionary
changes. This is evident in yeast and human SF3b proteins that differ
considerably in their length and sequence domain content. Also, the
presence of an additional SF3b6 makes the human SF3b complex unique
from its yeast counterpart. In this study, we examined the overall dif-
ferences between these two homologous complexes with a view to un-
derstanding the extent and role of sequence and structural variation in
the assembly of SF3b. As a result, we were able to recognize the points of
inherent variability between these complexes that could have a direct
bearing on the assembly, molecular function and interactions of various
proteins within the complex.

Firstly, we show that SF3b proteins are moderately conserved. SF3b6
is absent in all members of the Saccharomyces genus considered here
including yeast and in several lineages of eukaryotes. Our normal mode
and network analyses demonstrate that SF3b6 promotes ‘open-to-close’
and ‘twist’movements of SF3b1 by enhancing collective residue motions.
SF3b6 modulates the motions of its binding site and distal regions,
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encompassing residues that interact with U2 snRNA/BPS duplex. Also,
upon SF3b6 binding, the interface residues participate in long-range
residue communication in the SF3b1. These results point to an allo-
steric role for SF3b6, with potential implications in alternative splicing,
and such a role may be critical for only a specific set of eukaryotes in
which it occurs. Further, our comprehensive structural comparison
shows that the relative orientation of human SF3b4/yeast Hsh49 is
different within the SF3b complex. Sequence indels confer species-
specific interface interaction patterns for human SF3b3 and yeast Rse1.
Also, interface regions of these two homologous SF3b complexes differ
substantially based on the propensities of certain residues and the
interaction strength between protein partners. Such variations may help
tailor inter-protein interactions of homologous yeast and human SF3b
complexes.

Our results on these structural variations will help to select appro-
priate templates for homology modeling or model fitting in cryo-EM
maps, to build more accurate 3-D structures of SF3b complexes in
other organisms. Similar analyses on ribosomal proteins revealed that
lineage-specific structural variabilities reflect the organism lifestyle and
are associated with the repurposing of structural elements for multiple
functions (Melnikov et al., 2018). This may well be the case here since
SF3b proteins viz. SF3b1, SF3b3, SF3b4 and SF3b5 are associated with
multiple functions (Sun, 2020) and interact with diverse protein part-
ners. For example, the disordered C-terminal tail is known to mediate
SF3b4 interactions with other proteins namely p180 and bone marrow
PRI-A, which seem to be absent in yeast (Camacho et al., 2009; Ueno
et al., 2019; Watanabe et al., 2007). We find that the presence of C-ter-
minal tail influences the conformation of RRM2 in SF3b4 while such
effect is non-existent in Hsh49. Our reports on differences in the 3-D
structure and interface regions within the SF3b complex highlight local
regions in the proteins that may be associated with their multi-functional
roles. Indeed, such findings will guide future structural studies of SF3b
through X-ray crystallography or cryo-EM techniques in other organisms.
In summary, with the limited available data from yeast and humans, the
integrative analysis performed here serves as a starting point to gain
insights into evolutionary excursions of the conserved SF3b complex.
Further, more biochemical and structural studies from diverse eukaryotes
will be required to study the functional implications of SF3b divergence.
We believe that similar analysis on other protein systems could deepen
our understanding of the functional specialization of homologous com-
plexes/assemblies, which is now feasible with the burgeoning avail-
ability of cryo-EM assembly structures.
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