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ABSTRACT: Alternative splicing events increase the transcrip-
tomic and proteomic complexity in cancers. Overexpression of
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), a highly conserved lncRNA, is widely known to
promote cancer development, one mechanism for which may be
through the regulation of alternative splicing and, thereby, gene
expression. Its regulatory interactions with proteins have been a
subject of much interest, yet little research has been carried out on
the mechanisms adopted. It has been observed thatMALAT1 binds
to RNA-binding protein with serine-rich domain 1 (RNPS1), being
colocalized in the nuclear speckles, and together, these two binding
partners may regulate alternative splicing. Upregulated RNPS1 is
predicted to play a key role in the pan-cancer development. Experimental tertiary structure of full-length MALAT1 is currently
lacking despite the availability of the 3D structure of 3′ expression and nuclear retention element. We hypothesize that the
computationally modeled tertiary structures of the specific binding motifs in the M-region, E-region, and full-length structures of
MALAT1 may adopt a modular structure and bind to the RNPS1 loop region of RS/P domain involved in exon skipping, interacting
in a manner fully consistent with the biochemical experiments. Extensive observations using the powerful molecular dynamics (MD)
simulations of MALAT1 regions bound to RNPS1 suggested that all three regions form interactive, yet stable complexes. The
ranking of the MM-GBSA- and MM-PBSA-derived binding free energies between these complexes corroborated well in the MD
simulations and experiments. Energy decomposition analyses suggested that arginines in the RNPS1 protein are among the major
contributors toward the binding free energies as calculated by MM-GBSA present in the Amber package; while among the
nucleotides, the major contributors were nucleotides with G and A nucleobases, with more contributory effect in comparison to
arginines, across the bound M-region, E-region, and full-lengthMALAT1. This suggests that specific purines play a greater role in the
complex formation, in a loop-specific manner, and the more proactive approach in complexation tilts toward MALAT1. To the best
of our knowledge, our studies are the first studies taking a unique approach, utilizing the binding motifs to deduce a tertiary structure
of MALAT1, toward our understanding of the lncRNA−protein interactions, stability, and binding on a structural basis. The
therapeutic implications of targeting this complex formation to regulate splicing and hence, oncogenesis, is further envisaged.

■ INTRODUCTION
Alternative splicing is a fundamental event in the regulation of
gene expression in cancers, apart from constitutive splicing,
which is efficiently performed by the spliceosome. Occurring
due to exon skipping, which is the most common primary
mode in mammals as well as other modes such as mutually
exclusive exons, alternative 5′ and 3′ splice junction usage,
thereby contributing to the infinite diversity of gene products
(mRNAs, lncRNAs, and proteins), alternative splicing is
governed by a plethora of trans-acting proteins binding in cis
to the generated transcript.1 While the structure and function
of the spliceosome has been studied extensively, using
molecular dynamics (MD) simulations,2 there is a dearth of

an understanding of the exact molecular and regulatory
mechanisms involved, and the current picture of a “splicing
code”3 is far from being perfect. This, coupled with the fact
that several newly emerging molecules such as long noncoding
RNAs (lncRNAs) may play a role in the splicing regulation of
downstream genes, while themselves undergoing this RNA
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maturation step, renders the current state of our understanding
even more nebulous. Hence, it is crucial to contemplate these
lncRNA molecules and attempt to fully understand their
interplay with other macromolecules.
Since the early 1990s, the general idea that the mammalian

genomes can be transcribed pervasively4 began to take shape.
High-throughput cDNA sequencing and chromosome-wide
tiling arrays generated a remarkable variety of RNA content,
being transcribed in a genome-wide manner. Encyclopedia of
DNA Elements (ENCODE) and Functional Annotation of
Mammals (FANTOM) consortia together led to the discovery
of hundreds of lncRNAs across the kingdoms of life. These
were identified in small numbers initially, for example, as X-
inactive specific transcript (Xist) lncRNA involved in X-
chromosomal inactivation,5,6 as H19 lncRNA, an onco-fetal
gene,7 as Airn, antisense to the imprinted Igf 2r gene,8 and as
Drosophila heat shock-inducible 93D or hsrω gene involved in
the regulation of several biological processes.9

While a majority of these lncRNAs discovered are yet to be
functionally ascribed, research gleaned from studying a few of
these macromolecules have started to reveal common
mechanisms of action, especially in the realm of intricate
RNA−protein interactions.10 Exemplifying this, Translocated
in LipoSarcoma, an RNA-binding protein (RBP), is allosteri-
cally modulated by induced ncRNAs to regulate gene
expression (through the inhibition of transcription) acting in
cis,11 whereas XIST lncRNA drives the recruitment of an
important silencing factor SPEN/SHARP, which binds to
RNA,12 to spatially amplify its abundance across the inactive X
chromosome, and mediates chromosome-wide gene silenc-
ing.13 Other lncRNAs have been shown to function as
molecular decoys or sponges by functioning as RNA-
dependent effectors and/or through the sequestration of the
proteins. A classic example of this is muscle-specific lncRNA,
Long Intergenic Non-Protein Coding RNA, Muscle Differ-
entiation 1 (LINCMD1) which binds and sequesters miRNAs
called miR-133 and miR-135 to regulate the expression of
transcription factors such as Myocyte Enhancer Factor 2C
(MEF2C) and Mastermind-like 1 (MAML1), which, in turn,
regulate the muscle-specific gene expression.14 Moreover, the
binding of zinc-finger transcription factor called CCHC-type
zinc finger Nucleic Acid Binding Protein (CNBP) with
Braveheart (Bvht) lncRNA is implicated in the heart cell
lineage differentiation.15 Taking these examples into account,
lncRNA−protein complexes have demonstrated regulatory
activities at various stages of gene expression, and dissection
of the structural basis of such interactions can provide a major
understanding on their potential mechanisms of action.
LncRNAs also have the potential to assist proteins in

performing the regulation of RNA splicing, stability, and
degradation processes in the realm of pan-cancer gene
expression and drug sensitivity/resistance.16,17 Furthermore,
lncRNAs have also been observed to play a role in RNA
splicing. Dysregulated RNA splicing is a characteristic feature
present at a pan-cancer level.18 As structure is related to the
functioning of macromolecules, structure-wise, secondary and
tertiary structure formation has been discovered in several
lncRNA molecules. Small sections of lncRNAs, termed
modules, present in SRA,19 in COOLAIR20 and in HOTAIR21

have been shown to possess secondary structures capable of
folding independently, in some cases, in a modular fashion.
This reveals that specific regions of lncRNAs are capable of
forming distinct functional structures. As an instance, Bvht

lncRNA is thought to be a modular lncRNA, with the full 3-D
fold possessing distinct binding modules for CNBP binding.15

Metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) has been shown to form triple helical structure
at its 3′end that protects it from exonucleases.22 In another
study, putative expression and nuclear retention element
(ENE)-like structures were found at the 3′ ends of MALAT1
and MENβ ncRNAs with U-rich internal loops.23 Furthermore,
this 3′ end was observed to demonstrate structural
conservation between human, zebrafish, and lizard, implying
that this 3′ end might be critical for MALAT1 functioning.24

Another lncRNA, MEG3, was shown to form tertiary structure
interactions with two distal motifs forming pseudoknot
interactions between H11 and H27, using atomic force
microscopy.25 UV cross-linking experiment and RNA model-
ing using RNAComposer was used to generate a 3D model of
RepA functional domains adopting a compact state, and with
tertiary contacts between subdomains D2 and D3.26

Among these lncRNAs,MALAT1 (also known as NEAT2), a
highly conserved ∼8000 nucleotide spliced noncoding RNA,27

has been widely studied. The mature transcript of this lncRNA
is retained in the nucleus and is thought to function as a
molecular scaffold for various macromolecular complexes
between RNA-binding proteins (RBP) and RNA. This nuclear
speckle-localized lncRNA28 can interact directly or indirectly
with proteins, through being a target gene of Early Growth
Response 1 (EGR1) transcription factor in pan-cancer drug
sensitivity/resistance,16 through its aiding in the regulation of
gene expression, through interaction with nuclear methyl-
transferase-like protein 16 (METTL16) contributing to its
oncogenic activity29 and through interaction with serine/
arginine (SR) proteins involved in the splicing regulation.30 Its
ubiquitous expression across major tissues31 and increased
stability of the transcribed RNA32 along with a strong
promoter activity implies that MALAT1 has potentially crucial
functional roles in the mammalian cells. Initially identified as a
lncRNA with expression levels being higher in primary lung
tumor with high metastatic potential,27 MALAT1 has since
then been reported in various lymphoid or solid tumors
specifically correlating its elevated expression to metastasis and
tumor progression. While the overexpression of MALAT1 has
been studied extensively in various cancer types, its interaction
with proteins has also been a subject of much interest. Yet little
research, especially in the area of transient or permanent
complex formation, has been carried out in this direction.

RNA-binding protein with serine-rich domain 1 (RNPS1) is
a 305 amino acids long protein33 which is considered to be a
part of the post-splicing multiprotein complex involved in the
surveillance and nuclear export of mRNA. The gene encoding
this serine-rich protein was observed to be upregulated and
differentially expressed in 15 types of cancer, including cervical
cancer, in a comprehensive study carried out by Saleembhasha
and Mishra.17 Furthermore, in the same study, interaction of
RNPS1 with lncRNAs such as PVT1 and RP11-1149O23.3 was
hypothesized to possibly aid in the regulation of its mRNA
translation in the cytoplasm and also in the AURKA translation
regulation, respectively, providing novel insights into the
regulation of pan-cancer gene expression. Another study
unveiled the contribution of RNPS1 in cancer development
by showcasing RNPS1-mediated alternative splicing favoring
the Rac1b/RhoA signaling axis, possibly contributing to
metastasis and invasion of cervical cancer cells.34 This
demonstrated the involvement of RNPS1 in the regulation of
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several oncogenic alternative splicing events. Interestingly,
Tripathi and colleagues30 showed that the interaction between
MALAT1 and serine/arginine (SR) splicing factors was
implicated in regulating the levels of phosphorylated SR
proteins, specifically in the nuclear speckles. Through this
mechanism, MALAT1 modulated the alternative splicing of
pre-mRNAs in HeLa cells. Taken together, these observations
indicate that the RBP, RNPS1, and the abundantly expressed
MALAT1 lncRNA, both are involved in the alternative splicing
events in the cancer cells and may potentially interact. Indeed,
in the research carried out by Miyagawa et al.,35 in vitro, certain
fragments of MALAT1, namely, region M, region E, and full-
length MALAT1, when bound with RNPS1, directed MALAT-
1 localization to nuclear speckles. This suggested that
MALAT1 might play important roles in key molecular
processes inside the nucleus and the cell.
While various lncRNA−protein interaction studies have

provided us with an understanding of the complex behavior of
biological processes, subcellular localization, and the diverse
functions, the implication of lncRNA−protein interactions in
gene regulation and the structural basis of their actions is yet to
be fully understood. Studies on RBPome dynamics have been
enabled using the orthogonal organic phase separation
(OOPS) approach for both coding and noncoding RNAs of
more than 60 nucleotide bases in length.36 Conformational
changes can be assessed using microsecond temporal
resolution of HS-AFM.37 On the other hand, methods such
as capture hybridization analysis of RNA targets (CHART)38

and cross-linking and immunoprecipitation (CLIP)39 have
faced challenges as the expression levels of lncRNAs in
mammalian cells are extremely low and hence, these are
difficult to purify. These experimental limitations come to the
fore upon noticing that only one MALAT1 region, the 3′ ENE
and A-rich tract, is available as a tertiary structure in the
Protein Data Bank (PDB) with ID 4PLX.40 Computational
methods such as MD simulations have proven to be versatile in
uncovering the structural landscape of biomolecular inter-
actions involved in several diseases and deciphering the
functional mechanisms. For instance, the structure-based
effects of natural inhibitor (−)-epigallocatechin gallate
(EGCG), an ATP-competitive inhibitor, on the conforma-
tional dynamics of GRP78, wherein its binding alters the
conformation of nucleotide binding domain41 and subse-
quently modulates the conformation of substrate binding
domain42 of GRP78, thereby inhibiting GRP78 activity in
glioblastoma, have been determined through powerful MD
simulations. In another study employing MD simulations in
the studies of the spliceosome machinery, the long-range
interaction channel between distal proteins of the spliceosome
has been explored, supporting the crucial roles of Clf1 and
Cwc2 splicing cofactors and Prp8 protein.43 Another study has
incorporated MD simulations to showcase the spliceosome as a
protein-directed ribozyme through functional dynamics of
intron lariat spliceosome complex with Spp42 protein.44 In
another instance, the partially folded 3′-ENE conformation and
the ENE triplex core (4PLX) of MALAT1 have been subjected
to MD simulations, and overall analysis pointed to a globally
dynamic and a globally static behavior of these two forms,
respectively.45 Spurred by these studies, we reasoned that a
global and modular tertiary structure within regions of
MALAT1 may exist, in addition to a well-defined secondary
structure, and these regions could possibly interact with RBP,
aiding in alternative splicing events in cancer. Herein, utilizing

the powerful MD simulations and binding free energy (BFE)
calculations through MM-GBSA to investigate the landscape of
complex formation, dynamics, and binding interactions, we
present a detailed structural and mechanistic study of
MALAT1-RNPS1 lncRNA−protein complex interactions.
Moreover, using the 3D structure of binding motifs, we have
taken a unique approach, the first such approach to the best of
our knowledge, in the tertiary structure prediction of motifs in
MALAT1 regions found to bind experimentally to RNPS1.35

These detailed structural observations show that a vibrant and
complex regulatory mechanism of lncRNA actions exists in the
gene expression world.

■ RESULTS
Motif Structures of MALAT1. As has been noted above,

chemical probing through low-SHAPE reactivity has revealed
3′ end of MALAT1 to exist with a well-defined structure in a
triple helix conformation and forming stable base pairing
interactions.22 In fact, several modular folds, motifs, and
domains of MALAT1 may exist along its length that are yet to
be probed structurally. A study by Miyagawa et al.35 to
understand the localization pattern of MALAT1 required
construction of a series of plasmids encoding MALAT1 cDNA
fragments of ∼1 kb length each. These fragments, named from
region A to region O, showed differential staining patterns,
with regions E and M reported to be essential for MALAT1
localization to nuclear speckles. Furthermore, these regions
were also shown to bind to RNPS1 using filter-binding assay in
this same study and were observed to possess the nuclear
speckle-localization signals, using SRSF2 (SC35) immunos-
taining.

On this basis of the colocalization of MALAT1 and RNPS1
to nuclear speckles as well as binding with each other, we
surmised that these binding interactions may involve transient
complex formation and critical interactions for the functioning
in the regulation of gene expression. This requires a more in-
depth study of these interactions at a structural level.

It is no surprise that the unavailability of the full-length
experimental RNA structure, consisting of several thousands of
nucleotides, is a barrier. This is compounded by the fact that
the present in silico tools are incapable of modeling RNA
tertiary structures with more than 500 nucleotide length. This
is because of the computational intractability of the many-body
problem with the RNA backbone being composed of six
torsion angles. Furthermore, there is a dearth of information
on the actual binding site/area within these regions of
MALAT1. This limitation challenged us to employ a unique
approach of working with short motifs gleaned from RBPmap
computational tool (http://rbpmap.technion.ac.il/).46 Accord-
ing to the RBPmap developers, users can select motifs from a
database of “223 human/mouse and 51 Drosophila melanogast-
er experimentally defined motifs, extracted from the literature
as a position-specific scoring matrix (PSSM)”. This tool maps
the binding site of RBP on lncRNA nucleotide sequences
accurately by quantifying a significant match score for motifs in
lncRNA sequences in terms of Z-score coupled to p-value of
<0.05, when the sites are reported as the putative binding
sites.46 False-positives are also removed or reduced while
scoring significant matches. Toward this end, we considered
the topmost binding motifs obtained through RBPMap for E-
region (1961-3040 nucleotides length), M-region (6008-7011
nucleotides length), and full-length MALAT1 (1-8379
nucleotides) (Figure 1) for our studies and modeled the
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secondary structure of these motifs through RNAfold47 (Figure
2) as follows. First, these MALAT1 region sequences were
provided as an input to RBPmap which scanned and searched
for motifs that could possibly bind to RBPs. The motif with the
highest binding specificity with the highest p-value (p-value <
0.05) was taken into account. A total of 56, 59, and 57
nucleotides were present in each topmost motif in E-region,
M-region, and full-length MALAT1 region, respectively. The

extracted sequences of these motifs were then taken as inputs
for secondary structure modeling via RNAfold. The minimum
free-energy structures of MALAT1 motifs, which are predicted
using dynamic programming algorithms and loop-based energy
models as given by Zuker and Stiegler48 under standard salt
concentration of 1 M and 37 °C temperature with RNA
parameter set according to the Turner free energy model,49

were considered as the working secondary structures. The

Figure 1. Mapping of the E-region, M-region, and full-length regions on the whole sequence of MALAT1 (NCBI accession number
NR_002819.4). Regions comprising nucleotides from 1961-3040 and 6008-7011 are considered as E- and M-regions, respectively.

Figure 2. Minimum free-energy secondary structures of MALAT1 motifs (a) E-region; (b) M-region; and (c) full-length MALAT1, as obtained
from RNAfold.

Figure 3. Energy minimized tertiary structures of MALAT1 region motifs predicted through RNAComposer (a) M-region motif in yellow color,
(b) E-region motif in blue color, and (c) full-length region motif of MALAT1 in gray color.
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secondary structure model of the E-region motif comprised
two hairpin loops, three stems, one multibranched loop, and
one open loop-like terminal structure; while the M-region
motif had one hairpin loop, two stems, one multibranched
loop, one bulge, and one open loop-like terminal structure, and
the full-length-region motif contained two hairpin loops, three
stems, one multibranched loop, and one open loop-like
terminal structure. Both canonical Watson−Crick base pairing
as well as noncanonical base pairing such as U-G were
observed in all of these secondary structures.
Afterward, the dot-bracket notations of secondary structures

of the binding motifs of these regions, wherein a sequence of
length n is represented by a string of equal length consisting of
matching dots and brackets, were considered for tertiary
structure prediction via RNAComposer50 (Figure 3). The
overall architecture of the obtained tertiary structures of E-
region and full-length region motifs was more compact,
whereas that obtained for M-region motif had an unfolded/
partially folded conformation at one end. These obtained
structures were validated using MolProbity tool, used for the
model validation of nucleic acid and protein structures. For a
given RNA system, it gives a model score called clashscore
based on all-atom contact, covalent geometry, and backbone
conformational criteria along with sugar pucker analysis
tailored for RNA. This clashscore, which is calculated based
on the number of serious steric overlaps (>0.4 Å) per 1000
atoms, is measured with 100th percentile representing the best
model among structures of comparable resolution and zeroth
percentile as the worst model.51 For the models obtained via
RNAComposer after energy minimization, MolProbity gave a
clashscore of 99, 98, and 99 percentile for M-region, E-region,
and full-length MALAT1 motif models, respectively, showing
that the models obtained were accurate in their resolution.
Visualizing all the three structures as right-handed helix with
more than one helix in the motifs of M-region and full-length
region through Dissecting the Spatial Structure of RNA
(DSSR) structural analysis tool,52 we observed that the 3D
structure of E-region motif had six non-Watson−Crick base
pairs (bps) between the atoms out of a total of 16 bps, while
that of the M-region motif had eight non-Watson−Crick bps
out of a total of 16 bps. The 3D structure of the binding motif
of the full-length region had six non-Watson−Crick bps out of
a total of 15 bps.
To gain more confidence in our structural models, we

extended these short motif regions by some nucleotides at each
flanking end and used these extended structures, to include the
sequence environment and in order to approach the currently
available limitation of 500 nucleotides, and modeled them in
RNAComposer. Superimposing the individually modeled
tertiary structures to these new models, we found that the
two structures matched closely for the E-region motif (Figure
4a). The M-region motif also aligned well (Figure 4b) barring
a small portion at one terminal end which is not aligned well,
most probably due to the effect of a long flexible loop at this
terminal end as seen in Figure 3a, the presence/absence of
neighboring residues in the full-length structure as well as
sequence length on folding. This agreement, in general,
provides us a degree of confidence in the correct modeling
of the individual secondary and tertiary structures.
RNPS1 Structure Modeling. Human RNPS1 amino acid

sequence retrieved from NCBI with accession number
NP_006702 was fed to the Iterative Threading ASSEmbly
Refinement (I-TASSER) web server,53 and default parameters

were used. The model was generated on a eukaryotic ASAP
core complex (PDB ID 4A8X, A chain) as a template with
sequence identity of 99%. The ASAP complex is a complex of
Acinus, RNPS1, and SAP18 subunits, involved in the
transcriptional regulation, pre-mRNA splicing, and quality
control.54 While the human RNPS1 protein sequence retrieved
from NCBI is a longer sequence of 305 aa, that present in PDB
ID 4A8X is a shorter sequence of 88 aa only, and so the longer
sequence was subjected to computational modeling. Five
models were generated, and the first model with high TM-
score and highest sequence identity (99%) to the template was
taken into account. Template modeling (TM) score represents
a measure of structure accuracy when the native structure is
known.55 RNPS1 model structure consisted of about eight
alpha-helices and seven beta-strands along with several loops
(Figure 5a).

We also retrieved AlphaFold2 structure with UniProt ID
Q15287 (Figure 5b) showing 100% sequence identity with
NP_006702 (from NCBI). Generated with the neural
network-based artificial intelligence technology, and MSA
using homologous proteins, the RMSD upon superposition of
I-TASSER-generated and AlphaFold2-generated structures was
60.472 Å across all 305 pairs! With 72 pruned atom pairs, the
value was 0.780 Å (Figure 5c). An X-ray crystallographic
structure for regions 159−244 of RNPS1 (not full-length) is
available with PDB ID 4A8X, and this region was predicted
with high pLDDT score by AlphaFold2. The rest of the
AlphaFold2-predicted structure (not present in the PDB) was
found to be highly unstructured, and per-residue model
confidence in these locations showed a low to very low
pLDDT score (Figure 5b). In these same unstructured regions,
I-TASSER, which generates a model through ab initio folding
based on replica-exchange Monte Carlo simulations, when
homologous templates are not available, predicted a far more
ordered structure, with the correct geometry as shown by
Ramachandran plots.

Protein structural modeling relies on proper conformational
sampling, energy scoring, and structural refinement which can
be derived either from ab initio, knowledge-based, and/or
hybrid approaches. AlphaFold256 predicts the structure of a
protein based on multiple sequence alignments and coevolu-
tionary information achieving near-experimental resolution of
protein structure but faces the limitation or accuracy in
predicting regions of proteins that have few intrachain contacts
and when the median alignment depth is <30 sequences. The
model predicted by AlphaFold2 for full-length RNPS1 was

Figure 4. Superimposition of the individually modeled tertiary
structures of (a) E-region motif (in red color; and (b) M-region motif
(in blue color) with the motifs present in the extended structure (in
yellow and pink colors, respectively), as observed in UCSF Chimera.
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low-confidence in many parts (Figure 5b). We, therefore,
employed I-TASSER, one of the most successful prediction
methods in the community-wide CASP experiments, ranking
number 1 as Zhang-server in CASP14 in the year 2020.53 This
template-based method reassembles structural fragments from
various threading templates using computational algorithm of
replica exchange Monte Carlo simulations, and the solid
pipeline predicts a highly reliable protein structure. We
generated our RNPS1 model using this server, and the
Ramachandran plot analysis of the energy-minimized predicted
structure showed that the model structure was observed to
display good stereochemical properties. Hence, we used the I-
TASSER-generated structure for our further work.
RNPS1 Binding to the Structural Motifs of MALAT1

Uses Loops in RS/P Domain as Predominant Secondary
Structures in the Interfaces. The work published by
Saleembhasha and Mishra17 hypothesized the RNPS1 as a
key coding gene upregulated in at least 15 types of cancer, and
so, potentially involved in pan-cancer development. A separate
study from the same laboratory postulated MALAT1 as a
possible master regulator of genes involved in the pan-cancer
multidrug resistance.16 Interestingly, RNPS1 (an RBP) was
shown to influence MALAT1 localization to nuclear speckles,
through an in vitro study, which showed disruption of

MALAT1 localization through the depletion of RNPS1. In
this same study, purified RNPS1 was also shown to bind to
MALAT1 RNA, using a filter-binding assay.35 Accordingly, we
were interested in understanding the structural basis of this
interaction in order to gain more insights to decipher the laws
of lncRNA interactions with macromolecules and understand
the mechanistic aspects. Specifically, we wanted to know if
RNPS1 binding affected the conformational dynamics of
MALAT1, and vice versa. We also wanted to ascertain the
binding sites and the contribution of intermolecular
interactions to this binding. Therefore, in order to first
generate a complex structure, we performed molecular docking
of the 3D binding motifs of MALAT1 with RNPS1 using
ClusPro57 with blind docking. We also performed blind
docking with another tool, PatchDock.58 While PatchDock
employs geometry-based rigid docking algorithm, ClusPro
applies an energy-based rigid docking algorithm based on the
fast Fourier transform correlation. This tool finds shape
complementarity in molecules through docking transforma-
tions and performs root-mean-square deviation (RMSD)
clustering to obtain the best scoring of the structure. We
observed that the interacting sites were consistent in both the
predictions, lending credence to our docking approach (Figure
6).

Figure 5. Structure of the RNPS1 protein. (a) RNPS1 structure (305 amino acids) modeled via I-TASSER using eukaryotic ASAP core complex
with human RNPS1 (88 amino acids) subunit (PDB ID: 4A8X) as a template; (b) AlphaFold2-predicted RNPS1 structure (UniProt ID: Q15287)
color-coded with pLDDT values showing per-residue model confidence ranging from dark blue (very high; pLDDT > 90) to light blue (high; 90 >
pLDDT > 70) to yellow (low; 70 > pLDDT > 50) to orange (very low; pLDDT < 50); and (c) RNPS1 structure derived from I-TASSER (in
golden color) superimposed on AlphaFold2-derived structure (in blue color) using Chimera visualization tool.

Figure 6. Upper panel: ClusPro-docked structures of (a) E-region motif of MALAT1 (in blue color) docked with RNPS1; (b) M-region motif of
MALAT1 (in yellow color) docked with RNPS1 and; (c) full-length MALAT1 motif (in gray color) docked with RNPS1. RNPS1 protein structure
is shown in purple color. Lower panel: PatchDock-docked structures of the (d) E-region motif of MALAT1 (in orange color) docked with RNPS1;
(e) M-region motif of MALAT1 (in red color) docked with RNPS1 and; (f) full-length MALAT1 motif (in green color) docked with RNPS1.
RNPS1 protein structure is shown in cyan color.
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The modeled structures of MALAT1 motifs interacted with
RNPS1 (Figure 6), through several hydrogen bonding and
nonbonded interactions (Figure S1: E-region−RNPS1 inter-
actions; Figure S2: M-region−RNPS1 interactions; and Figure
S3: full-length-region-RNPS1 interactions). Interestingly, the
binding site in RNPS1 was the arginine−serine/proline-rich
(RS/P) domain, comprising residues 238−305 (UniProt ID
Q15287). While the RNA-recognition motif (RRM) domain
(161−240 residues) exhibits broad RNA-binding functions,
the RS/P domain is involved in the protein−protein
interactions and is observed to be necessary for interaction
with hTra2β, nuclear localization, and exon-skipping.59 Since
MALAT1 is also localized to nuclear speckles and is observed
to bind to this same RS/P region in our blind docking studies,
we were intrigued if the RS/P region can also bind RNA apart
from proteins. Indeed, studies using UV-cross-linking60,61 show
that the RS domain can potentially contact the pre-mRNA
branchpoint and thus can directly bind to and interact with
both RNA and protein.62 Another recent study observed RS
regions of SRSF1 protein to exhibit binding preference for
RNA rich in purines.63 This indicates that MALAT1 and
RNPS1 may form a tight lncRNA−protein complex at the
designated sites in an energetically favorable binding mode.
While the most tight interaction with RNPS1 was that of the
M-region motif, with a lowest energy score of −3984.2 kcal/
mol, that of the lowest energy structure with the E-region motif
and the motif of full-length MALAT1 were of the value of
−3638.5 and −3403.5 kcal/mol, respectively, and hence, there
was less tight binding than the former interaction. PatchDock
scores also ranked these regions similarly. These energies from
the docked structures ranged from the motifs of bound M-
region (highest) to bound E-region to bound full-length
MALAT1 (lowest) and fully conform to the independent
experimental observations35 where the binding affinity as
determined by filter-binding assay with M fragment RNA was
much stronger as compared to E fragment RNA and full-length
MALAT1.
Atomistic details of the docked conformations revealed a

number of hydrogen bonding and nonbonded interactions
between RNPS1 and MALAT1 regions. R34, K44, W263,
R265, R271, R273, R278, R280, R285, R286, and R288 of
RNPS1 were the common RNPS1 residues that showed
hydrogen bonding with all of the MALAT1 regions studied

(Figures S1−S3). Structural mapping showed that these
arginines are enriched in the loop region of RNPS1. Our
data also suggest that RNPS1 binding may aid in the
compaction of both regions and full-length MALAT1 lncRNA,
as seen from the docking energy analyses. These observations
are fully in accordance with the in vitro study carried out by
Miyagawa et al.35 as noted above, which our docking study
corroborates well.
Intrinsic Global Dynamics of MALAT1 Regions Bound

to RNPS1. In order to explore how RNPS1 binding affects
MALAT1 conformation at the atomistic level and vice versa,
we performed MD simulations simulating the in vivo
conditions inside the living cells. MD simulations of three
individual MALAT1 motif structures and the three docked
complexes of these regions, respectively, were analyzed. Three
plots, for free-form MALAT1 motifs, for MALAT1 motifs in
complex, and for RNPS1 in complex were generated for each
parameter (RMSD, RMSF, and Rg) over a simulation time of
100 ns for each system totalling 600 ns of MD production run.
Considering the RMSD plots, the backbone atoms of RNPS1
(C, CA, N) and MALAT1 (P, O5′, C5′, C4′, C3′, and O3′)
were taken into account. The free-form 3D motifs of MALAT1
regions showed a high RMSD value ranging from 0.5 (initial
trajectories) to 2 nm, as expected (Figure 7a). In the docked
complexes, in the case of MALAT1 RNA, while there is an
initial rise in RMSD values in the full-length region, the
conformations in all of the regions under study quickly stabilize
over time at an average value of about 0.75 nm (M-region) to
1.5 nm (full-length region) (Figure 7b). Consequent upon
complex formation with RNPS1, conformations of the same
MALAT1 region motifs show lowered RMSD values, also as
expected, as the mobility decreases when the molecules are in
the bound form. Analyses using backbone atoms of RNPS1
conformations (Figure 7c) in the E-region−RNPS1 (red line)
and full-length MALAT1-RNPS1 (green line) docked com-
plexes showed an average RMSD of ∼0.85 and ∼0.75 nm,
respectively. M-region−RNPS1 docked complex (black line)
fluctuates between ∼0.75 and ∼0.95 nm during the first 25 ns
simulation. After this initial period of fluctuation, the docked
complex continues fluctuating with higher average values of
∼1.1 and ∼1.5 nm over the course of the simulation. These
larger fluctuations in the M-region−RNPS1 docked complex
might be attributed to the conformational dynamics of a highly

Figure 7. Root-mean-square deviation (RMSD) plots: (a) RMSD vs time plot of backbone atoms of only M-region (in black color) vs E-region (in
red color) vs full-length region motifs (in green color) of MALAT1, present in a free form; (b) RMSD vs time plot of backbone atoms of M-region
bound to RNPS1 (in black color) vs bound E-region (in red color) vs bound full-length region motifs (in green color), present in the docked
complexes; (c) RMSD vs time plot of backbone atoms of RNPS1 bound to M-region (in black color) vs bound to E-region (in red color) vs bound
to full-length region motifs (in green color). Superimposition of conformations at different time points was performed relative to the energy-
minimized, equilibrated structure.
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dynamic region comprising amino acid residues 100−160 of
this protein, as seen from the RMSF graph (Figure 8c), which
may not interact with or is bound by the M-region of
MALAT1, as is also evident from the absence of these amino
acid residues in its PDBsum interaction map (Figure S2), and
therefore exists as a freely flexible form.
To understand the degree of local fluctuations in the atomic

positions in the trajectories of the bound RNA−protein
complex, we calculated the root-mean-square fluctuations
(RMSF) of these structures. As expected, fluctuations in the
free form of MALAT1 regions are the highest (Figure 8a)
which get lowered when in the bound form, where the M-
region motif shows the highest fluctuation (Figure 8b). The
fluctuations in the RNPS1 protein molecule in the M-region−
RNPS1 docked complex are larger than those of the other two
docked complexes, as is observed from the RMSF plot (Figure
8c). Notably, the largest increases in flexibility occur around
residues 130−145 (which are present within highly fluctuating
residues 100−160) in both the M-region−RNPS1 and full-
length-RNPS1 complexes. There is also a high degree of local
fluctuations in the initial parts of RNPS1 in both these
complexes. The E-region−RNPS1 bound complex shows
decreased flexibility among all, implicating the E-region to be
far more ordered when bound by RNPS1. We further
compared the global motions and compactness of our systems
using radius of gyration (Rg) of the free form of MALAT1
(Figure 9a) and bound form of MALAT1 (Figure 9b) and

RNPS1 protein (Figure 9c). Rg of the free form of MALAT1
appears compact across the trajectories with the E-region motif
loosening a little. Rg of bound MALAT1 across these
complexes showed compact conformations except for a little
displacement, again in the E-region, across the trajectories. Rg
of RNPS1 across the complexes was found to be ranging
between 2.25 and 2.55 nm, demonstrating the compactness
and the stability of the protein in the docked complexes during
the entire simulation time. It is worthwhile to mention that in
the E-region-bound RNPS1, the protein appears more compact
than the RNA throughout the time points. Taken together,
these observations show the M-region of MALAT1 to be more
interactive and proactive toward complexation with RNPS1,
despite its higher degree of flexibility due to the presence of an
unfolded/partially folded region at one end in its tertiary
structure. As the hydrogen bond interaction stabilizes the
complex, hydrogen bonding plots show all three systems
demonstrating a stable complex over the course of the
trajectories (Figure 9d).
Relative Binding Free Energies Using Generalized

Born and Poisson−Boltzmann Models Reveal that
Simulations Recapitulate the Preferential Binding of
MALAT1 Regions In Vitro. Calculation of binding free
energies was performed by the gmx_MMPBSA64 version with
GROMACS files. Strikingly, binding energy calculations
revealed the same ranking of M-region, followed by E-region
and then full-length structure of MALAT1, toward the binding

Figure 8. Root-mean-square fluctuation (RMSF) plots: (a) RMSF plot of only M-region (in black color) vs E-region (in red color) vs full-length
region motifs (in green color) of MALAT1, present in a free form; (b) RMSF plot of bound MALAT1M-region (in black color) vs bound E-region
(in red color) vs bound full-length region motifs (in green color), present in the docked complexes; and (c) RMSF plot of RNPS1 bound to M-
region (in black color) vs bound to E-region (in red color) vs bound to full-length region motifs (in green color).

Figure 9. Radius of gyration (Rg) and global hydrogen bond plots: (a) for free-form MALAT1 regions, M-region is depicted in black color, E-
region in red color, and full-length region motifs is shown in green color; (b) for bound MALAT1 regions, M-region is depicted in black color, E-
region in red color, and full-length region motifs is shown in green color; (c) for RNPS1 bound to MALAT1 regions over time, for RNPS1 bound
to M-region (in black color), to E-region (in red color), and to full-length region motifs (in green color); and (d) global hydrogen bond plots for
RNPS1 bound to M-region (in black color) vs bound to E-region (in red color) vs bound to full-length region motifs (in green color).
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affinities, as is observed from our docking studies as well as
previously published experiments35 as noted above. The
average deltaG binding ± SEM from generalized Born (GB)-
based calculations was found to be −361.07 ± 2.69 kcal/mol
for bound M-region, −335.37 ± 2.79 kcal/mol for bound E-
region, and −297.77 ± 3.04 kcal/mol for bound full-length
region of MALAT1, respectively (Table 1). We also performed
Poisson−Boltzmann (PB)-based calculations using the same
parameter values as GB-based calculations, and the results
agreed with GB-based calculations in the ranking of the bound

regions. The average deltaG binding ± SEM from PB-based
calculations were found to be −749.16 ± 3.58 kcal/mol for the
bound M-region, −736.70 ± 2.62 kcal/mol for the bound E-
region, and −673.21 ± 3.44 kcal/mol for the bound full-length
region of MALAT1, respectively. These negative binding
energies also show that these complexes are favorable under
the solvation conditions. Notably, and as expected, major
favorable contributions to this binding energy come from
electrostatic contributions, ΔEEL, as observed from Table 1.
As is also expected, electrostatic contributions to the solvation
free energy, ΔEGB, are unfavorable across these complexes
because this is the energy used to desolvate the particles
present in the binding interface.
Residue Contributions Using Energy Decomposition.

To identify the major residue contributors to the BFE
calculated by the MM-GBSA method, total decomposition
contribution calculations using generalized Born decomposi-
tion energies for residues within 4 Å in both the receptor and
the ligand showed that in the M-region-bound RNPS1,
Arg273, Lys7, Lys8 (all these three in hydrogen-bonding
interactions), and Arg271 in nonbonded contacts were among
the topmost major ranked contributors (Figure 10a). In the E-
region-bound RNPS1 (Figure 10b), Arg286 in nonbonded
contacts contributed most to the binding energy, followed by
Arg288 (in hydrogen-bonding interaction) and Arg284
(nonbonded contacts), while in the full-length MALAT1
motif-bound RNPS1, Arg273, Arg265, and Trp263, all these
three residues in hydrogen-bonding interactions ranked high
(Figure 10c).

Among the nucleotides, G25, A24, and A40 nucleotides,
through the interactions of their base-sugar−phosphate,
sugar−phosphate, and base-phosphate moieties, respectively,
in the E-region (Figure 10a and Figure S1) and A50 and A48
of the M-region nucleotides, through the interactions of their
base-phosphate and sugar−phosphate moieties, respectively,
displayed the highest negative values toward energy con-
tributions (Figures 10b and S2). G48, G49, and A47
nucleotides in full-length MALAT1, through the interactions
of their base-sugar−phosphate, sugar−phosphate, and sugar−
phosphate moieties, respectively (Figures 10c and S3), were
the ones with the highest negative total energy values.
Interestingly, all of these RNA residues with higher energy
contributions are purines and are present in the internal or
terminal loops, rather than that in stems, in their respective
secondary structures. This also revealed that purines in
MALAT1 regions interacted with RNPS1 more strongly than
pyrimidines, and hence, may contribute more toward the
binding free energies.

■ DISCUSSION
LncRNA interactions with macromolecules such as DNA,
RNA, and proteins are the driving forces in the regulation of
several cellular and molecular processes, in health and in
diseases.10 Messenger RNA stability, splicing, and degradation
processes have been found to be regulated by lncRNA
molecules, while several RBPs are bound by lncRNAs to
regulate the activity of these proteins, and vice versa. Even
poly(A) tail length control of bulk RNA can be accomplished
in vivo by an RBP, ZC3H14,66 which is evolutionarily
conserved, is observed to be localized to nuclear speckles
and undergoes alternative splicing. MALAT1, a highly
conserved long noncoding RNA, is a dynamic biomolecule
capable of undergoing compositional and conformational

Table 1. MM-GBSA Calculations for BFE and Its
Components (Average ± SEM in kcal/mol) for M-Region,
E-Region, and Full-Length MALAT1- RNPS1 Bound
Structures. SD: Sample Standard Deviation, SEM: Sample
Standard Error of the Mean, SD(Prop.) and SEM(Prop.):
SD and SEM Obtained with Propagation of Uncertainty
Formula, Respectively

Energy
component Average

SD
(Prop.) SD

SEM
(Prop.) SEM

M-region: In kcal/mol
Delta (Complex−Receptor−Ligand)

ΔBOND 0.00 5.80 0.00 1.83 0.00
ΔANGLE −0.00 10.07 0.00 3.18 0.00
ΔDIHED −0.00 8.41 0.00 2.66 0.00
ΔVDWAALS −256.60 9.53 8.24 3.01 2.61
ΔEEL −3806.75 7.79 64.76 2.46 20.48
Δ1−4 VDW −0.00 5.44 0.00 1.72 0.00
Δ1−4 EEL −0.00 2.01 0.00 0.63 0.00
ΔEGB 3739.38 7.73 62.08 2.44 19.63
ΔESURF −37.10 0.31 0.59 0.10 0.19
ΔGGAS −4063.35 12.31 65.85 3.89 20.82
ΔGSOLV 3702.28 7.73 61.66 2.45 19.50
ΔTOTAL −361.07 14.53 8.50 4.60 2.69

E-region: In kcal/mol
Delta (Complex−Receptor−Ligand)

ΔBOND 0.00 12.49 0.00 3.59 0.00
ΔANGLE 0.00 17.36 0.00 5.49 0.00
ΔDIHED 0.00 7.65 0.00 2.42 0.00
ΔVDWAALS −221.72 12.71 9.35 4.02 2.96
ΔEEL −3979.21 9.23 24.96 2.92 7.89
Δ1−4 VDW −0.00 7.33 0.00 2.32 0.00
Δ1−4 EEL −0.00 1.20 0.00 0.38 0.00
ΔEGB 3897.81 8.79 23.45 2.78 7.41
ΔESURF −32.25 0.15 1.07 0.05 0.34
ΔGGAS −4200.93 15.71 25.63 4.97 8.10
ΔGSOLV 3865.56 8.79 23.07 2.78 7.30
ΔTOTAL −335.37 18.00 8.84 5.69 2.79

Full-length: In kcal/mol
Delta (Complex−Receptor−Ligand)

ΔBOND −0.00 5.94 0.00 1.88 0.00
ΔANGLE −0.00 22.15 0.00 7.00 0.00
ΔDIHED −0.00 4.73 0.00 1.50 0.00
ΔVDWAALS −198.30 4.01 7.92 1.27 2.50
ΔEEL −3610.34 12.83 36.94 4.06 11.68
Δ1−4 VDW −0.00 6.88 0.00 2.18 0.00
Δ1−4 EEL 0.00 1.62 0.00 0.51 0.00
ΔEGB 3540.47 14.44 34.96 4.56 11.05
ΔESURF −29.60 0.40 0.69 0.13 0.22
ΔGGAS −3808.64 13.44 42.20 4.25 13.35
ΔGSOLV 3510.87 14.44 34.38 4.57 10.87
ΔTOTAL −297.77 19.73 9.60 6.24 3.04
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changes, while playing multi-faceted roles. While several
biochemical and biophysical studies on MALAT1 have been
reported till date, with a 3D structure of its 3′ ENE region
generated using X-ray crystallization at 3.1 Å resolution,40

presence of a well-defined full-length tertiary structure is
lacking, and speculations are ongoing whether globally,
MALAT1 possesses a compact, disordered, or an extended
form.67 Given their large nucleotide length (MALAT1 has
∼8.3k nt-long sequence), presence of multiple transcripts of
the same gene, and their dynamic binding with proteins and
other macromolecules, lncRNAs are difficult to be analyzed via
high-resolution methods of structural determination. However,
the secondary structure elucidation of a few of the known
lncRNAs, including group I68 and group II introns69 as well as
HOTAIR,21 has shown that these indeed contain a modular
structure. Cryo-EM structures of few of the known RNA−
protein complexes including spliceosomes70 and ribosomes71

have also been obtained. What remains to be fully understood
is whether or not some or all of the lncRNAs exist as well-
defined modular structures and, if they indeed have, how
exactly do they interact and carry out their dynamic binding
with proteins, their potential binding partner biomolecules.
Our MD simulation results lay a step in this direction by
providing structural insights into the ubiquitously expressed
MALAT1 lncRNA and its interaction with an RBP, RNPS1,
which has been observed experimentally.35 Our study has
corroborated this interaction between MALAT1 and RNPS1,
on a structural basis, besides furnishing key novel insights on
the mechanism of alternative splicing in cancers.
Given the weak sequence conservation of lncRNAs,

identifying homologues is challenging, especially when
compared to that of the protein-coding genes. Through our
novel computational approach, we report that the structural
motifs of MALAT1 with no known homologues may be
capable of forming both the secondary and tertiary structures.
As these are observed to be flexible in nature, the structures
obtained can adopt various conformations. This observation is
not surprising as a study showed the structural conformational
flexibility of HIV-1 RNA (47-nucleotides dimer) through both
cryo-EM and MD simulations.72 The dynamic conformations
of lncRNAs might confer multiple biological relevance to these
molecules.
The secondary structures of both the motif regions, namely,

E- and M- regions of MALAT1 appear as distinct structures
with no sequence homology. These regions, further modeled as
3D structures, adopt a specific conformation and are observed
to bind to the RS/P domain of RNPS1 with high affinities,

albeit differing in their strength of binding. This binding
categorization is in sync with the in vitro binding of fragments
of MALAT1 with RNPS1,35 and its effect on the localization of
MALAT1 has also been observed. Our MD simulation results
reveal that RNPS1 binds to the M-region motif with the
highest binding affinity as revealed by MM-GBSA binding
energy calculations, followed by the E-region and then the full-
length region motifs. Even though the data do not achieve full
quantitative convergence because of the computationally
demanding task due to a large complex system with many
degrees of freedom such as this, MD simulations are capable of
providing a wealth of information pertaining to RNA-protein
complex structural dynamics.73

In one study, simulations of the partially folded MALAT145

observed a large increase in RMSD, with an initial increase
between 15 and 30 Å (corresponding to 1.5 and 3 nm,
respectively). The core folded form had an RMSD of 5 Å
(corresponding to 0.5 nm). Our simulation studies found
MALAT1 regions in the bound complex showing RMSD values
between 0.75 and 1.5 nm, which remain stable throughout the
trajectory period. This shows that the modeled structures are
in a properly folded form in the complex, consistent with that
of the core ENE triple helix of MALAT1.45 Mapping of the
binding free energies across multiple complexes in our study is
consistent with the docking energies from our studies as well as
previously published experimental observations, as noted
above. In particular, arginines are the largest contributors to
this free energy of binding across complexes, as is usually
expected.

In the case of the higher BFE contributors from MALAT1,
purines (G and A) were observed across all of these complexes
studied (Figure 10). Another common theme running through
all of these complexes is that these purines are almost always
found in internal or terminal loops in their secondary
structures (Figure 2), with some purines forming non-
Watson−Crick base pairs. This propensity of purines to bind
more efficiently is observed in several examples, such as in the
binding modes of serine/arginine (SR) proteins, which are
known to possess RRM. Interacting through its ΨRRM, the
specific GGA region of 5′-UGAAGGAC-3′ RNA was observed
to be bound by SRSF1 using isothermal titration calorimetry
experiments and regulates alternative splicing of target
transcripts.74 In a most recent study,63 RS region of SRSF1,
apart from RRM region, was also observed to bind to G-
quadruplex from ARPC2 mRNA, preferring purines over
pyrimidines. It is also widely observed that the purine-rich
sequences in RNAs are highly conserved, and single-stranded

Figure 10. Per-residue energy decomposition plot in decomposition calculations for (a) E-region−RNPS1 complex; (b) M-region−RNPS1
complex; and (c) full-length−RNPS1 complex.
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regions such as the terminal, internal, and junction loops are
the major sites harboring these.75 SRA lncRNA, riboswitches,
and eukaryotic ribosomes harbor a number of purine-rich
single-stranded regions.67 Purine bases are also commonly
observed to occur in the triplex structures as in the crystal
structure of the SAM-II riboswitch aptamer domain.76 In one
study, Drosophila RBP UNR was observed to interact most
strongly with the purine-rich region of the lncRNA roX2
fragment (nucleotides 316−379), located within the stem−
loop 6 secondary structure, using electrophoretic mobility shift
experiments.77 Arginine was observed to interact with either
the O6 or N7 atoms, but not with both simultaneously, on
guanine, in a single-bond interaction type.78 Ours and these
other observations indicate that there must be some general
principles in the amino-acid−base contacts across all the
lncRNA−protein complexes, similar to those observed in
protein−DNA complexes.78 Loops appear to be the most
commonly involved secondary structure regions compared to
stems/helices, preferably due to their increased accessibility on
a structural basis. Why are the purines more involved than
pyrimidines in such contacts is a question yet to be answered
completely in the context of lncRNA molecules, and it would
require a larger data set to arrive at a robust conclusion. Given
that ENCODE and FANTOM consortia have generated huge
amounts of sequence and annotation data, a reproducible
answer to this question is not far away.
The fact that MALAT1 may bind to RS/P region of RNPS1

involved in binding to hTra2β, an exonic splicing enhancer-
binding protein, or may be involved in exon skipping, leads us
to deduce a potential mechanism. Preferential MALAT1
binding may disrupt the protein-protein interaction of this
RS/P region with hTRA2β, leading to an aberrant splicing.
Overall, our near-accurate computational approach can be
extended to the other lncRNA molecules, as well. We have
shown that despite the longer lengths of these lncRNAs
creating a challenge, their 3D structures can be determined by
utilizing this unique approach encompassing the binding
motifs. Furthermore, multinanosecond-long all-atom MD
simulations can provide unprecedented insights into the
lncRNA−protein interactions and binding energies and
dispense a noteworthy piece of information for a thorough
mechanistic understanding of such interactions in the
regulation of gene expression.

■ MATERIALS AND METHODS
Preparation of Molecular Structures. 3D Motifs of

MALAT1. The RefSeq transcript of MALAT1 was retrieved
from NCBI with accession ID NR_002819.4. This long
sequence was split into multiple regions,35 E-region (1961−
3040 nucleotides) and M-region (6008−7011 nucleotides) of
MALAT1. Structural modeling, especially that of tertiary
structures, using the whole sequence length, was unfeasible
as none of the in silico tools known could model the tertiary
structures with more than 500-nucleotide length. We therefore
took a unique approach by taking into account motifs, shorter
sequences that comprise a potential protein-binding region.
We employed RBPmap database (https://rbpmap.technion.ac.
il/), a web server that enables accurate mapping and prediction
of the binding motifs of RBP on a query RNA sequence.46 A
weighted-rank score is calculated around each putative binding
site. This is carried out to reflect the propensity of suboptimal
motifs to cluster around significant motif.

= *
=

S S2WR
rank 1

rank
rank

rank

max

Where, according to the developers, “rankmax is the number
of suboptimal sites within the 50 nts window and Srank is the
match score of each ranked suboptimal site”. Thereafter, Z-
scores are calculated coupled to a p-value, and the putative
binding sites are reported when p-value < 0.05.

The E-region, M-region, and full-length MALAT1 sequences
from the RefSeq transcript were provided in a FASTA format,
and the human genome was considered for the motif search.
With ∼150 motifs obtained as the output, the motif having the
highest p-value (p-value < 0.05) was considered. This
narrowed down our search to the RBM24 motif for the M-
region, UNK motif for the E-region, and RBM5 motif for full-
length MALAT1. We modeled the secondary structure of these
motifs of E-region, M-region, and full-lengthMALAT1 through
RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi), a powerful computational tool that predicts
secondary structures based on the minimum free-energy
conformation.47 It uses an algorithm based on loop-based
energy models and dynamic programming in creating optimal
subproblems, to generate MFE structures using stacking and
destabilizing energies, created by Zuker and Steigler, 1981.48

The free energy F(s) of an RNA secondary structure is treated
as the sum of the contributing free energies FL of loops L
contained in its secondary structure. The dot-bracket notation
outputs of these secondary structures were taken for tertiary
structure modeling via a fully automated 3D structure
prediction tool, RNAComposer version 1.0 (https://
rnacomposer.cs.put.poznan.pl/). RNAComposer uses the
RNA FRABASE database of RNA secondary structures and
elements of tertiary structure, such as “residues, base pairs,
multiplets, dinucleotide steps, stems, and single-stranded
regions of loops (apical, bulge, internal, and n-way
junctions)”.50 3D elements/fragments of a given sequence as
an input are computed as per structural similarity in RNA
FRABASE and then joined by loop modeling, followed by
further refinement, to predict a 3D structure of sequences less
than 500 nucleotides. This was followed by energy
minimization using UCSF Chimera version 1.17.3. MolProbity
version 4.5.2 (http://molprobity.biochem.duke.edu/), a tool,
was used for the RNA structure validation.51 The 3D structure
was analyzed using DSSR tool (http://web.x3dna.org/)52 to
identify Watson-Crick and non-Watson−Crick base pairs and
structure classification.

RNPS1 Structure Modeling. The sequence of human
RNPS1, a 305 amino acids long protein, was retrieved from
NCBI with accession ID NP_006702 and was modeled using
I-TASSER web server version 5.1(https://zhanggroup.org/I-
TASSER/)53 as no full-length structure exists as yet in the
PDB. The protein was modeled on a eukaryotic ASAP core
complex (PDB ID 4A8X, A chain) as a template with highest
percent sequence identity of 99% with 88 amino acids long
RNPS1 present in this complex, and was energy minimized in
UCSF Chimera.79 The Ramachandran plot obtained in
PROCHECK version 3.5.4 (https://saves.mbi.ucla.edu/)80

showed 2.3% residues in disallowed regions (with 72.1%
residues in the most favored region). AlphaFold2-modeled
structure of the human RNPS1 (UniProt ID Q15287) showing
100% sequence identity with NCBI sequence NP_006702 was
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also retrieved from AlphaFold2 database (https://alphafold.
ebi.ac.uk/).56

RNA−Protein Molecular Docking. To obtain crucial
structural insights into the complex formation, MALAT1-
RNPS1 docking was performed using rigid body docking
protocol of ClusPro version 2.0 (https://cluspro.bu.edu/login.
php)57 considering the “balanced” model with 70,000
rotations. Besides protein−protein docking, ClusPro2 has
also been developed to accept RNA as a receptor, with all the
supported RNA residues and atomic data available (https://
cluspro.org/rna.php). The RNA molecule (MALAT1) was
treated as a receptor, and RNPS1 protein was treated as a
ligand. ClusPro2 adds polar hydrogens before docking. The
biggest cluster size representative, which is the topmost hit as
well as with the lowest energy, is used as a starting complex for
MD studies. We also corroborated this docking with another
docking tool, PatchDock (https://bioinfo3d.cs.tau.ac.il/
PatchDock/) with default parameters.58

PDBsum Generate (https://www.ebi.ac.uk/thornton-srv/
databases/pdbsum/), a program that generates schematic
representations of nucleic acids (DNA/RNA)−protein com-
plex interactions as a nucplot, was considered for the structural
interaction analysis.81

MD Simulation and Contact Analyses. MD simulations
were performed on six systems, including three individual RNA
systems, namely, motifs of M-region, E-region, and full-length
MALAT1, and their respective docked complexes with RNPS1.
GROMACS 2021 with amber99SB force field, the current
state-of-the art force field,82 was used. Each structure was
solvated in an octahedral water box with the TIP3P water
model83 with a cutoff distance of 10 Å from the wall of the box.
Sodium and chloride ions were added to the system and in
order to constrain the covalent bonds involving hydrogen
atoms, the LINCS algorithm was used.84 The long-range
electrostatic interactions were calculated using particle mesh
Ewald summation algorithm.85 For the nonbonded inter-
actions, a cutoff of 10 Å was set. Each system was minimized
for 50,000 steps using a steepest descent algorithm. After the
minimization, each system was equilibrated in two phases, at
300 K using a V-rescale thermostat and 1 atm pressure using a
Parinello−Rahman barostat. Finally, the nonconstrained
production run of each system was conducted for 100 ns
with an integration step of 2 fs. Combining all of the replicates
of the six systems, trajectories of a grand total of 600 ns MD
simulations were obtained. The trajectory analyses including
the RMSD, clustering, RMSF, and radius of gyration (Rg) were
calculated using GROMACS analysis tools, XMGRACE
plotting tool https://plasma-gate.weizmann.ac.il/Grace/,86

and VMD version 1.9.3 (https://www.ks.uiuc.edu/Research/
vmd/).87 The hydrogen bond (H-bond) occupancy was
calculated using the GROMACS module gmx hbond.
BFE and Decomposition Analyses. BFE and decom-

position analyses were carried out using gmx_MMPBSA
version 1.6.3,64 which incorporates mmpbsa.py version 16 of
Amber biomolecular simulations package.65 Default parameters
were used, with igb8 for the GB-Neck2 model and a salt
concentration set to 0.15 M. Also, a high dielectric constant of
10 was specified because of the presence of a high number of
charged residues at the protein−RNA interface. PB-based
calculations using the same parameter values as the GB-based
calculations were also performed. BFE, DeltaGbind, is calculated
as per the following equation

G G G GDelta :bind complex RNA protein

where Gcomplex, GRNA, and Gprotein are the free energies of
complex, RNA, and protein, respectively. Implicit solvation is
used, and the total solvation free energy of a molecule is a
combination of electrostatics and nonelectrostatic components

= +G G GDelta Delta Deltasolv el nonel

For per-residue decomposition analysis, residues within 4 Å
in both the receptor and ligand were taken into account. From
the decomposition calculation output files, delta values were
taken into account for the analysis. Plots were plotted using the
gmx_MMPBSA_ana tool. Positive energy values were
removed while plotting. The images were rendered through
PyMol88 and Chimera visualization tools.
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