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6.1. Introduction

The fundamental concept underlying antisense technology is relatively straightforward:
impeding the transmission of genetic instructions from DNA to protein through
complementary binding of a nucleic acid sequence to a specific mRNA using Watson-
Crick base pair hybridization [1-2]. A majority of human disorders stem from aberrant
protein synthesis or dysfunctional protein activity. Antisense oligonucleotide-based drugs
(ASOs/AON:s) selectively bind to their target mRNAs, possess the ability to prevent the
formation of the disease-associated proteins and modulate their gene expression. By
definition, ASOs/AONSs can be developed to address a wide range of gene-transmitted
disorders as cancer, cardiovascular diseases including numerous inflammatory and
infectious ailments [3-7]. Such utilization of ASOs/AONs as a therapeutic approach
represents a distinct strategy compared to the use of traditional medications [8-11].
Unlike the monoclonal antibodies and small pharmacological compounds, these
synthetic ASOs/AONSs collaborate with their corresponding sense mRNAs, reduce the
production of disease-causing proteins, thereby achieving the intended therapeutic
outcome. These antisense-driven therapeutics often exhibit greater specificity, rendering

them to be more powerful and less detrimental compared to traditional medications.

Antisense oligonucleotides (ASOs/AONSs) are modified nucleic acids that have
been chemically altered to achieve complementarity with their target mRNAs. These
mRNAs form hybrid duplexes with the ASOs through Watson-Crick base pairing. In the
RNase H dependent mechanism of antisense activity, the cellular endonuclease
Ribonuclease H (RNase H) catalyse the cleavage of RNA in an RNA/DNA substrate via
a hydrolytic mechanism which cleave RNA backbone phosphodiester bonds to leave a 3'
hydroxyl and a 5' phosphate group [12-13]. RNase H is a family of on-sequence-specific
endonuclease enzymes with a shared substrate specificity for the RNA strand of
DNA/RNA duplexes. When an ASO binds to an mRNA, it activates the RNase H, which
selectively cleaves the RNA strand from the ASO/RNA hybrid duplexes [14-16].

The concept of using antisense oligonucleotides as therapeutic agents was first
introduced by Zamecnik and Stephenson in 1978 [17]. Nevertheless, due to their inherent
instability in biological environments, ASOs tend to degrade rapidly even before forming
duplexes. To address this issue and ensure a robust antisense response, chemical

modifications are required to enhance their stability, binding affinity, and facilitate
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cellular uptake. Initially, one of the non-bridging oxygen atoms in the phosphodiester
backbones of the nucleotides was replaced with a sulphur atom [18-19].
Methylphosphonates and phosphoramidates, collectively known as the first-generation
ASOs, garnered considerable attention, but it was phosphorothioates (PSs) that proved to
be most efficient in promoting RNase H activity [20-22]. A PS-ASO prescribed to treat
cytomegalovirus-induced retinitis made history as the first antisense medication to be
commercially available, under the brand name "Vitravene" (ISIS-2922), following FDA
approval in 1998 [23]. However, the specificity, binding affinity, and cellular uptake of
PSs occasionally fell short of expectations. As a result, second-generation ASOs were
introduced to address these limitations, focusing on enhancing the pharmacokinetics of
the ASOs by targeting the 2'-hydroxyl group of the furanose sugar ring. Among the most
extensively studied second-generation ASOs are 2'-O-methyl (OMe) and 2'-O-
methoxyethyl (MOE), known for their reduced toxicity and higher binding affinities [24-
26]. To address the challenges of nuclease resistance and binding affinity, sugar-based
modifications were combined with the PS backbone linkage, giving rise to chimeric
ASOs [27]. This strategic fusion aimed to maximize the benefits of both approaches.
Numerous FDA-approved antisense medications in the market feature these chimeric
ASOs, utilizing a combination of PS-DNA and MOE modifications. The FDA has
granted approval to a range of chimeric antisense medications, such as Oblimersen,
Nusinersen and Eteplirsen to address conditions spanning cancer, spinal muscular
atrophy and Duchenne muscular dystrophy [28-30]. To advance beyond the capabilities
of PS and MOEs, third-generation ASOs including locked nucleic acids (LNAs), Bridged
Nucleic Acids (BNAs), GuNA, morpholino oligonucleotides were developed [31-34].
LNAs are regarded as the most promising among the third-generation ASOs featuring a
methylene bridge connecting the 2'-oxygen and the 4'-carbon of the furanose sugar ring,
effectively securing their linkage. Comparative studies conducted by medicinal chemists
considering LNA ASOs and natural oligonucleotides demonstrated enhancements in
thermodynamic stability, nucleic acid recognition, water solubility, sequence specificity,
biostability, and advantageous hybridization kinetics [35-37]. However, many of these
constructs faced rapid degradation by nucleases and posed hepatotoxicity concerns,
failing to activate the RNase H cleavage mechanism [38]. Subsequently, through
structural enhancements to MOEs and LNAs, the effectiveness of these ASOs was

significantly boosted, achieving a three-to-five-fold improvement (EDso = 2.5 mg/kg)
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without inducing hepatotoxicity [39-40]. Continuous refinement efforts in tailoring LNA
structures led to the development of potent LNA analogues known as BNAs, strategically
designed to overcome LNA ASO limitations. Extensive research and development have
yielded promising results with 2",4'-BNANC analogues such as 2',4-BNANC[NH], 2',4'-
BNAN‘[NMe], N-Me-aminooxy BNA, and N-MeO-amino BNA, effectively addressing
the LNA ASO limitations [41-42]. In comparison, BNAs exhibit much greater nuclease
resistance than PSs and LNAs. In-vitro and in-vivo studies of BNA modifications have
demonstrated their superior stability at elevated temperatures, enhanced in-vitro
performance, and a fivefold improvement in in-vivo efficacy compared to MOE ASOs.
Further efforts to optimize their antisense activity continue by exploring novel
modifications. Nonetheless, a comprehensive understanding of the diverse array of
antisense modifications currently in use remains a critical goal for advancing the field of

antisense therapeutics [43-50].

To elucidate the structural and functional significance of these ASOs a thorough
investigation employing the RNase H is required. All RNases H have an active site
centered on a conserved sequence motif composed of four negatively charged amino acid
residues, aspartate, glutamate and a histidine residue often referred to as the DEDD motif
[12-13]. By definition, these charged residues directly participate in the catalytic
function, requires two metal ions for catalysis which cleave the phosphodiester bonds of
RNA on either end of the cut site with a two-metal-ion catalysis mechanism involving
magnesium and manganese ions under physiological conditions. Data from experiments
and computer simulations suggests the enzyme uses the conserved histidine to activate a
water molecule attached to one of the metal ions. The transition state, joins with the
protonated phosphate and the deprotonated alkoxide leaving group to produce an
intermediate. The glutamate, which has an increased pKa is used to protonate the leaving
group. However, it is yet unclear how the cleft product releases itself. Henceforth, the
present chapter aims to identify the important amino acid residues which might play an
important role in stabilizing the duplexes at the active site of RNase H and in molecular
recognition of the RNAse H in specifically identifying the RNA strand from the
ASO/RNA hybrid duplexes. The goal is to evaluate the structure-activity relationship of
20-mer modified ASO/RNA hybrid gapmer-type duplexes implementing a few novel
LNA-analogue antisense modifications (A1-A5), along with the standard LNA, PS-DNA

and MOE antisense modifications complexed with a Human RNase H catalytic domain.
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6.2. Materials and Methods

6.2.1. Force-field parameters and systems building for MD simulations

This chapter describes the structure and dynamics of modified ASO/RNA hybrid
gapmer-type duplexes in complex with the Human RNase H catalytic domain. Starting
structures of the duplexes were built on the crystal structure of a 20-mer RNA/DNA
substrate complexed with Human RNase H1 catalytic domain (PDB ID: 2QKB as
reported by Nowotny et al.) [13]. The built in duplexes include wild type DNA/DNA,
RNA/DNA, RNA/RNA duplexes and modified ASO/RNA hybrid gapmer-type duplexes
containing five novel LNA-based antisense modifications A1, A2, A3, A4, AS along with
the standard LNA and MOE antisense modifications. In modifications A1-A5, the 2'-
carbon and 4'-carbon of the sugar moiety are linked by five different conformationally
constrained functional groups implemented considering the PS backbone linkage where
one of the non-bridging oxygen atoms from the sugar-phosphate backbone was replaced
by Sulphur. The modifications are LNA based. In all the modifications, the 2'-oxygen
and 4'-carbon of the ribose sugar ring are linked to each other by five different
conformationally constrained functional groups, designed by infusing different oxy or
nitro groups into the parent LNA structure. In accordance with the five nucleobases,
force-field parameters for the antisense alterations A1-A5 were developed and reported
in literature [50]. The AMBER software programs all-atom MD simulation framework
was used for building of the duplexes and running the MD simulations [51]. Gaussian09
software was used to derive partial atomic charges at the M06-2X/-311G** level of
theory and RESP fitting was completed using the antechamber module of AMBER [52-
53]. Five residues from ASO strand’s 5" and 3’ end was specifically modified integrating
them into gapmer-type duplexes. The systems were explicitly solvated with TIP3P water
boxes after the charge was neutralized by the addition of Na“/Cl" as counter ions [54].
Using the leap module, the complete duplex building process was carried out
implementing the standard force field parameters "DNA.OL15" for DNA, "RNA.OL3"
for RNA, and using developed force-field parameters for the A1-AS5 antisense alterations

[50,55-56].
6.2.2. Simulation Protocol and Trajectories Analyses

The built in systems were energy minimized to create correct initial structures wherein

initial positional restrictions of 100 kcal/mol were used to keep the solute atoms stable,
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which was then followed by a gradual reduction and eventual removal of all restrictions.
Energies were minimized using the steepest descent method for 5000 steps. The systems
were then heated gradually from 0 K to 300 K in NVT canonical ensemble with 100
kcal/mol limitations on each solute atom. Following heating, the systems proceeded
through equilibration with initial restrictions of 100 kcal/mol and gradually relaxing the
constraints on every solute atom in NPT conditions. The systems were then allowed to
simulate under production run conditions for 1 ps simulation time and the trajectories
were used for analysis. Particle Mesh Ewald approach was used to simulate the system
under periodic boundary conditions while taking the long-range electrostatics into
consideration [57]. The SHAKE method was used to perform MD integration with a 2.0
fs time step on all bonds containing hydrogen atoms [58]. Langevin temperature
equilibration scheme was used to maintain the system temperature. The cut-off distance
for non-bonding encounters has been set at 10. NPT conditions were maintained
throughout the production simulation run and the pair-list was updated at every 5000
steps. To account for the statistical variance in the computations, replica sets of MD
simulations accounting to two data sets Set-I & Set-II were performed, each trajectory
corresponding to 1 ps simulation time. The RMSD, RMSF, sugar pucker, N-glycosidic
dihedral angles, inter-strand and intra-strand phosphate distances, H-bonds, Solvent
Accessible Surface Area (SASA) all were computed using the CPPTRAJ module of
Amber Tools [59]. Base-pairing, Base-stacking and Helix-turning all were observed
using the NASTRUCT module of AMBER. The free energies of all the duplexes were
calculated using the MMGBSA module of AMBER [60].

6.3. Results and Discussion

This chapter discusses the dynamic properties and energetics of the 20-mer ASO/RNA
hybrid gapmer-type duplexes in complex with RNase H implementing the designed
antisense modifications (A1-AS5) along with the standard antisense modifications PS-
DNA, MOE and LNA as the control systems [50]. In modifications A1-AS, the 2'-carbon
and 4'-carbon of the sugar moiety are linked by five different conformationally
constrained functional groups. All the modifications were implemented considering the
PS backbone linkage where one of the non-bridging oxygen atoms from the sugar-
phosphate backbone was replaced by Sulphur. The modified residues were inserted in
five residues from ASO strand’s 5" and 3’ end keeping the middle ten residues PS-DNA

modified resulting into gapmer-type duplexes, depicted in Scheme 6.1.
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Scheme 6.1: A Schematic representation of the modified ASO/RNA hybrid gapmer-type

duplexes complexed with dimeric RNase H [Enzyme I & Enzyme-II] catalytic domain.
6.3.1. Stability of the modified ASO/RNA hybrid gapmer-type duplexes

Simulations were conducted for eight modified ASO/RNA hybrid gapmer-type duplexes
complexed with the RNase H (a) PS-DNA/RNA-RNaseH (b) PS-MOE/RNA-RNaseH
(c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-A2/RNA-RNaseH (f) PS-
A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-A5/RNA-RNaseH. To
understand how the ASO/RNA duplexes structural characteristics changed over the
course of the simulation, structures of the duplexes have been pictured at 500™ ns and
1000 ns from the 1 ps simulation trajectory, plotted in Figure 6.1, for both of the
simulation sets (Set-I & Set-II). An unligated RNase H was also considered for the
simulations for comparison. From Figure 6.1 it was observed of the ASO/RNA duplexes
to be stable at the catalytic domain of RNase H maintaining stable Watson-Crick base-

pairing, base-stacking pattern and helix-turning throughout the simulation time.

Replica Simulation-I Replica Simulation-IT
RNaseH (a) (PS-DNA)YRNA- (b) (PS-MOE)YRNA- RNaseH (a) (PS-DNA)RNA- (b) (PS-MOE)RNA-
RNaseH RNaseH RNaseH RNaseH

500t ns 500t ps 500t s 300t ps 500tk ps

. L J
( \\3_,
e § J_L;%\ o
d —
1000t" ns 1000t ns 1000t ns 1000t ns 1000th ns 1000t ns

Page |6.6



Chapter |6

(c) (PS-LNA)RNA-
RNaseH

Replica Simulation-I

(d) (PS-A1)RNA-
RNaseH

(e) (PS-A2)RNA-
RNaseH

500t ns

(c) (PS-LNA)RNA-
RNaseH

Replica Simulation-IT

(d) (PS-A1)RNA-
RNaseH

(e) (PS-A2)RNA-
RNaseH

500t ns

1000t ns 1000 ns 1000t ns 1000t ns 1000t ns 1000 ns
Replica Simulation-I Replica Simulation-IT
() (PS-A3)RNA- (2) (PS-A4)RNA- (b) (PS-AS)RNA- () (PS-A3)RNA- (2) (PS-A4)RNA- (h) (PS-A5)YRNA-
RNaseH RNaseH aseH aseH RNaseH RNaseH
7
A
500" ns 500 ns
jt
1000t ns 1000 ns 1000t ns 1000t ns 1000t ns 1000t" ng

Figure 6.1: Structures of the ASO/RNA duplexes (a) PS-DNA/RNA-RNaseH (b) PS-
MOE/RNA-RNaseH (c¢) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-
A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-
A5/RNA-RNaseH complexed with dimeric RNaseH at 500" ns and end structures at

1000" ns obtained from the 1us simulation trajectory, for both the sets of simulation

[Set-1 & Set-II].
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The structures acquired from the complete simulation trajectory were compared with
their respective initial structures reviewing the RMSD plots encompassing the whole
duplex presented in Figure 6.2 and RMSD plots of the RNaseH alone are plotted in
Figure 6.3. Each of the duplexes appeared to be fluctuating potentially within and around
a range of 2 to 6 A RMSD values with an exception for the PS-MOE/RNA duplex.
Calculated average RMSD values of the systems (a)-(h) exhibited an average RMSD of
5.16, 7.04, 5.55, 5.84, 3.88, 6.29, 4.66 and 4.90 A and 4.84, 8.03, 4.23, 4.36, 5.22, 5.58,
5.95 and 5.15 A for Set-I and Set-II, respectively. RMSD of PS-MOE is higher for both
the sets of simulation whilst rest of the duplexes are exhibiting relatively similar RMSDs
compared to the PS-DNA and PS-LNA/RNA control systems. The ASO/RNA duplexes
overall RMSD data over time indicated that duplex stability is well preserved in each

case for the entire duration of the simulation for both the sets of simulation.

RMSD Plot of modified ASO/RNA duplexes in complex with RNase H
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Figure 6.2: RMSD plots of the ASO/RNA duplexes (a) PS-DNA/RNA-RNaseH (b) PS-
MOE/RNA-RNaseH (c¢) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-
A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-
AS5/RNA-RNaseH of simulation trajectories from two data sets [I & II] each simulated

for 1 ps simulation time.
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In Figure 6.2, the average RMSD values for (b) PS-MOE/RNA-RNaseH is higher
compared to rest of the complexes for the both sets of simulation. 2'-O-methoxyethyl
(MOE) is a chemical modification involving the addition of a methoxyethyl group at the
2'-position of the ribose sugar in RNA or DNA molecules.

Base
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H H
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o] o CH, |
| \.\/’\O/ S o
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| o—pP—0
© |
O.
2"-0-methoxy-ethyl RNA Locked Nucleic Acid
(MOE) (LNA)

The higher RMSDs associated with MOE modifications compared to the rest of the
ASO/RNA duplexes can be attributed to bulkiness of the MOE group, inducing changes
in backbone flexibility, steric hindrance, and interactions with the surrounding
environment. The addition of the methoxyethyl group at the 2'-position of the ribose
sugar introduces bulkiness to the nucleic acid molecule. This bulkiness leads to increased
steric hindrance and alterations in the conformational dynamics of the molecule. MOE
modifications also introduce conformational heterogeneity, resulting in a broader range
of structural states as the molecule explores a larger conformational space. This increased
conformational heterogeneity results in higher RMSDs sampled during MD simulations.
Rest of the modifications are LNA, BNA modified RNA nucleotides which have a bridge
artificially added at the 2' and 4' positions of the ribose to produce restricted RNA
molecules. LNA, BNAs are known for their enhanced stability due to the presence of a
methylene bridge that locks the ribose ring in the C3'-endo sugar conformation.
Additionally, LNAs are known to exhibit stronger hybridization with complementary
nucleic acid sequences compared to unmodified DNA or RNA. This increased stability
can lead to fewer conformational changes and the enhanced binding can lead to more
stable secondary structures, lowering their RMSD fluctuations over time. Thus, the MOE
modified duplexes were exhibiting higher deviations compared to the rest of the systems.
The presence of such bulky group as MOEs may also influence the interactions between
the modified nucleic acid molecule and its surrounding environment, such as solvent

molecules or binding partners.
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RMSD Plot of RNase H (Enzyme-I)
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Figure 6.3: RMSD plots of the RNase H alone from the (a) PS-DNA/RNA-RNaseH (b)
PS-MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-
A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-
AS5/RNA-RNaseH complexes of simulation trajectories from two data sets [Set-I & Set-

II] each simulated for 1 ps simulation time.
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6.3.2. MM-GBSA of the modified ASO/RNA hybrid gapmer-type duplexes

Using MM-GBSA, one can theoretically estimate the binding affinities between the ASO
and the target RNA sequence, which is crucial for designing ASOs with optimal binding
properties. While it's commonly applied to study protein-ligand interactions, it can also
be adapted for protein-protein, protein-RNA or ASO/RNA duplexes. However, it's
important to note that MM-GBSA predictions are approximations and may not always
accurately reflect experimental binding affinities. The MM-GBSA binding free energy
values for each of the ASO/RNA duplexes in complex with RNase H were calculated

taking into account the complete simulation trajectory presented in Table 6.1.

Table 6.1: MM-GBSA of the ASO/RNA duplexes (a) PS-DNA/RNA-RNaseH (b) PS-
MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-
A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-
A5/RNA-RNaseH of simulation trajectories from data sets [Set-I & Set-1I] each
simulated for 1 us simulation time.

Replica Simulation-I

Name COde G(ASO/RNA)—RNaseH GRNaseH GASO/RNA AG
(a) PS-DNA/RNA-RNaseH -15604.94 -7568.13 -7824.22 -212.59
(b) PS-MOE/RNA-RNaseH -14862.60 -7592.78 -7037.51 -232.31
(c) PS-LNA/RNA-RNaseH -14944.52 -7593.77 -7215.49 -135.27
(d) PS-A1/RNA-RNaseH -15198.79 -7592.54 -7420.24 -186.01
(e) PS-A2/RNA-RNaseH -15214.74 -7599.88 -7389.26 -225.59
(f) PS-A3/RNA-RNaseH -15024.58 -7585.01 -7236.79 -202.78
(g) PS-A4/RNA-RNaseH -15576.39 -7605.26 -7767.59 -203.54
(h) PS-A5/RNA-RNaseH -15304.55 -7625.42 -7473.23 -205.90

Replica Simulation-II

Name COde G(ASO/R.\IA)-RNaseH GR.\IaseH GASO/RNA AG
(a) PS-DNA/RNA-RNaseH -15537.88 -7579.03 -7835.46 -123.39
(b) PS-MOE/RNA-RNaseH -14864.54 -7604.85 -7024.81 -234.88
(c) PS-LNA/RNA-RNaseH -14988.52 -7591.53 -7167.87 -229.11
(d) PS-A1/RNA-RNaseH -15165.51 -7572.02 -7368.55 -224.95
(e) PS-A2/RNA-RNaseH -15172.03 -7599.10 -7383.10 -189.83
(f) PS-A3/RNA-RNaseH -15020.71 -7603.49 -7239.14 -178.08
(g) PS-A4/RNA-RNaseH -15560.77 -7599.93 -7780.14 -180.70
(h) PS-A5/RNA-RNaseH -15232.37 -7598.78 -7445.29 -188.30
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MM-GBSA binding free energy values of all the ASO/RNA duplexes for the entire
simulation trajectory were calculated considering the RNase H as the target protein
receptor, the modified ASO/RNA duplexes as the binding ligand and the ASO/RNA
duplexes in complex with the RNase H as the receptor-ligand complex. In case of
modified ASO/RNA duplexes, RNase H is activated by the ASO/RNA duplexes which
then specifically cleaves the RNA strand from the ASO/RNA duplexes in a targeted
manner. In Table 6.1, free energy (G) of RNase H has nearly identical energy values and
free energy of the ASO/RNA duplexes varied depending on the type of antisense
alterations. Free energy of PS-DNA/RNA is highest negative and PS-MOE/RNA is
lowest negative. PS-DNA being an immediate analogue of natural DNA is exhibiting the
highest stability as natural DNA compared to the rest of the modifications for both Set-I
& Set-11 simulation trajectories. Next to PS-DNA, A4 modification is exhibiting higher
stability for both Set-1 & Set-II simulation trajectories. A1, A2, A5 have almost similar
free energies and A3 has the lowest free energy among the proposed modifications,
suggesting A3 modifications to be less stable comparatively. These modifications are
LNA modified RNA nucleotides known for their enhanced stability due to the presence
of a methylene bridge that locks the ribose ring in the C3'-endo sugar conformation
leading to fewer conformational changes which can lead to more stable secondary
structures, lowering their RMSD fluctuations over time. Additionally functionalising
them have stabilized the modifications over PS-LNA modifications. PS-LNA is
exhibiting lower stability compared to the proposed modifications and almost nearing
PS-MOE modifications for both Set-I & Set-II simulation trajectories. As already
discussed, higher RMSDs associated with PS-MOE modifications compared to the rest
of the ASO/RNA duplexes were observed due to bulkiness of the MOE group.
Accordingly, free energy of PS-MOE modified ASO strand is indicative of higher
deviation or movement of the MOE modified ASO strand. However, the free energy of
binding (AG) is the highest for the PS-MOE/RNA-RNaseH system, for both Set-I1 & Set-

II simulation trajectories.

Overall, MM-GBSA binding energies estimated for the entire simulation
trajectory predicted that modifications PS-DNA, PS-A2, PS-A3, PS-A4 and PS-AS from
Set-I and PS-LNA and PS-A1 from Set-II have comparable AG values with the PS-MOE
modifications. Thus, depending on these results one may infer that the suggested

modifications are as stable as MOE:s.
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6.3.3. Oligomer Duplex Dynamic Structure: Inter-Strand and Intra-Strand PP
distances of the modified ASO/RNA hybrid gapmer-type duplexes

Structural framework of the duplexes described by the molecular double helix of the
nucleic acids elucidate the overall width of the duplex as well as the major and minor
groove width of the helices. To observe the structural framework of the modified
ASO/RNA duplexes, average inter-PP and intra-PP distances for both the strands for the
entire simulation trajectory are plotted in Figure 6.4 and Figure 6.5 respectively. Inter-
strand PP distances of the duplexes for both the sets of simulation were varying in case
of the ASO/RNA duplexes compared to wild type duplexes. Longer intra-strand PP
distances (~7 A) are used to explain the C2"-endo sugar puckering observed in B-type
duplexes, while shorter intra-PP distances (~5.9 A) are used to describe the C3'-endo
sugar puckering observed in A-fype duplexes [61-62]. The residues are highly fluctuating
however no residue exhibited intra-PP distance > 7 A, thus the residues were maintaining

C3'"-endo conformation throughout the simulation.

The orientation of the sugar-phosphate backbone in relation to the sugar or the
nucleobases and the nucleotide distribution puckering are closely related to the oligomer
duplex structure. The A-form and B-form conformations in a duplex, respectively, are
represented by the sugar puckers in nucleic acids, which are either in the C3'-endo
conformation (pucker phase values: 0°-40°) or the C2"-endo conformation (pucker phase
values: 120°-180°) [63-64]. In an effort to establish an overall B-form geometry, DNA
type resides drive a larger population of sugar puckers into the C2"-endo conformation,
whereas RNA type resides drives a larger population of sugar puckers into the C3"-endo
conformation. The connections between the nucleotides sugar-puckering and N-
glycosidic dihedral angles are a clear reflection of the variations in non-bonded conflicts
brought on by the C2"-endo versus C3"-endo conformations. The N-glycosidic dihedral
angle chi (y) measures the impact of variations on the distance between atoms directly
attached to the C1’ carbon that forms the glycosidic bond with RNA. The sugar and
nucleobase are two separate objects having an internal degree of freedom, as evidenced
by the N-glycosidic bond and its chi (y) torsion angle. Although chi () can adopt a wide
range of values, structural constraints limit the values that chi (y) can adopt given
explicitly stated preferences. Syn glycosidic angles are unusual in nucleotides with C3'-
endo sugar puckers because of the steric conflict between the nucleobase and the H3’

atom, which is directed towards the base in this particular pucker mode.
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Figure 6.4: Inter-strand PP distances of the RNase H alone from the (a) PS-DNA/RNA-
RNaseH (b) PS-MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-
RNaseH (e¢) PS-A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH
and (h) PS-A5/RNA-RNaseH complexes of simulation trajectories from two data sets
[Set-I & Set-11] each simulated for 1 us simulation time.
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Figure 6.5: Intra-strand PP distance of the ASO/RNA duplexes (a) PS-DNA/RNA-
RNaseH (b) PS-MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-
RNaseH (e) PS-A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH
and (h) PS-AS5/RNA-RNaseH of simulation trajectories from two data sets [Set-1 & Set-

II] each simulated for 1 ps simulation time.
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6.3.4. Torsion Angle Dynamics: Sugar-pucker and N-glycosidic torsion distribution

of the modified ASO/RNA hybrid gapmer-type duplexes

To estimate the extent of conformational integration of the ASO/RNA duplexes, sugar
pucker distribution of the nucleotide residues throughout the duplex are presented in
Figure 6.6. In Figure 6.6, terminal residues from either end of the ASO strand of the
duplex systems (a) and (b) are PS-DNA and PS-MOE modifications exhibiting C2"-endo
conformation. Duplexes (c)-(h) are LNA and LNA-based contained antisense
modifications expected to exhibit C3"-endo conformation. Accordingly, terminal residues
from either end of the ASO strand of the duplex systems (c)-(h) are exhibiting strictly
C3'"-endo conformation throughout the simulation. The PS-DNA modified non-terminal
residues from the ASO strands (a)-(h) are exhibiting C2"-endo conformation, as expected.
On the other hand, the RNA strand residues from the ASO/RNA duplexes for all the
duplex systems is expected to exhibit C3-endo conformation for all the residues i.e., for
both the non-terminal as well as the terminal residues from the complete strand.
Compared to the RNA strand of the wild type duplexes, the RNA strand residues of the
modified ASO/RNA duplexes although majority were exhibiting C3'-endo conformation,
few are seen to fluctuate from the ideal C3'-endo conformation exhibiting a in between
C3"endo and the C2’-endo conformations. Overall, the RNA strand residues are
influenced by their complementary ASO strand residues, for both the terminal and the

non-terminal residues.

To examine the rigidity of the nucleotide residues across the duplex the N-glycosidic
torsion distribution of the monomer nucleotides from both strands of the ASO/RNA
duplexes is presented in Figure 6.7. As already discussed, two primary low-energy
conformations for the A-form and B-form duplexes, where ranges of +90° to +180° and -
90° to -180° belong to the anti-conformation while values in the range of -90° to +90°
relate to the syn-conformation. Figure 6.7 shows that the monomer nucleotides from the
ASO strand have chi () values ranging from -120° to -180° and the RNA strand residues
have values ranging from -60° to -180°, both of which indicate that the residues are in an
anti-conformation. The duplexes attempted to maintain their relative sugar-base
orientations to be in anti-conformation throughout the duration of the simulation, despite
residues from the ASO strands containing the antisense modifications being observed

influencing the N-glycosidic torsion distribution on their complementary RNA strands.
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Figure 6.6: Sugar pucker distribution of the ASO/RNA duplexes (a) PS-DNA/RNA-
RNaseH (b) PS-MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-
RNaseH (e) PS-A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH
and (h) PS-A5/RNA-RNaseH of simulation trajectories from two data sets [Set-I & Set-

II] each simulated for 1 ps simulation time.
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Figure 6.7: Chi distribution of the ASO/RNA duplexes (a) PS-DNA/RNA-RNaseH (b)
PS-MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-
A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-

AS5/RNA-RNaseH of simulation trajectories from two data sets [Set-I & Set-II] each
simulated for 1 ps simulation time.
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6.3.5. Backbone flexibility of the modified ASO/RNA hybrid gapmer-type duplexes
To explore the influence of the duplex backbone flexibility of the ASO/RNA duplexes,

residue wise RMSF of backbone heavy atoms were calculated for each nucleotide from
both the nucleic acid strands, plotted in Figure 6.8. RMSF plots of the RNaseH alone are
plotted in Figure 6.9. Compared to the non-terminal residues, the terminal residues
typically exhibit higher flexibility, due to positional arrangement of being at the end.
Accordingly, terminal residues of the duplexes demonstrated high fluctuations compared
to the non-terminal residues. Detailed analysis of the fluctuations revealed that non-
terminal residues of the modified systems however exhibited different fluctuations for
different sets. Of all the duplexes, the PS-MOE/RNA showed highest fluctuations in set-I
and PS-A4/RNA showed highest fluctuations in set-II. The PS-A5 ASO modified strand
is exhibiting lowest fluctuations in set-I and PS-A5 ASO modified strand is exhibiting
lowest fluctuations in set-II for the entire simulation time.

RMSF Plot of modified ASO/RNA duplexes in complex with RNase H
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Figure 6.8: RMSF plot of ASO/RNA duplexes (a) PS-DNA/RNA-RNaseH (b) PS-
MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-
A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-
AS5/RNA-RNaseH of simulation trajectories from two data sets [Set-I & Set-II] each
simulated for 1 ps simulation time.
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6.3.6. H-Bond interactions, Base-pairing, Base-stacking and Helix-turning of the

modified ASO/RNA hybrid gapmer-type duplexes

The acceptor-donor residues, average bond distances, average bond angles, bond
residence frames for the complexes (a)-(h) with HBond interactions > 50 % occupancies
from the simulation trajectories from both the data sets [Set-1 & Set-II] were studied. H-
Bond parameters of duplexes are in well agreement with the crystal data values
corresponding to the A-form or the B-form conformation [65]. Amino acid residues
forming HBond interactions for more than 50% residence time has been sorted and
plotted in Table 6.2 which includes some common amino acid residues as ASN-19,
ARG-47, TRP-93, SER-101, ILE-107, TRP-243, SER-251 at the active site of RNase H
found to have interacted with all the modified ASO/RNA duplexes. Thus, apart from the
aspartate and glutamate amino residues the same amino acid residues ASN-19, ARG-47,
TRP-93, SER-101, ILE-107, TRP-243, SER-251 are stabilising the ASO/RNA duplexes
at the active site of the RNase H.

Table 6.2: Participating residues of the ASO/RNA duplexes (a) PS-DNA/RNA-RNaseH
(b) PS-MOE/RNA-RNaseH (c) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e)
PS-A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-
A5/RNA-RNaseH with HBond interactions > 50 % occupancies of simulation

trajectories from two data sets [Set-1 & Set-II] each simulated for 1 ps simulation time.

ASO/RNA-RNaseH

Systems

(a) PS-DNA/RNA-
RNaseH

(b) PS-MOE/RNA-
RNaseH

(c) PS-LNA/RNA-
RNaseH

Acceptor Residues

U 320, TDS_327, CDS_328,
GDS_336

ASN 19, A 313,C 314,
C 315,U 316, U 319,

C 321, C3 322, MOG 324,
MOA 326, MOT 327,

CDS 328, ADS 329,
TDS_334, CDS_335,
GDS_336

GLU 204, G 304, U 320,
LSG 324, CDS 328,
ADS_329, TDS_334,
CDS_335, GDS_336

Donor Residues

TRP 93, SER 101, ARG 197,
SER 229, SER 251

ASN 19, ARG 21, ARG 47,
THR_49, TRP_93, SER_101,
ASN 108, GLY 131,

ARG 143, ARG 146,

ARG 197, GLN 201,

ASN 228, TRP 243,

THR 250, SER 251,

ARG 296, GDS 331

ARG 23, ARG 47, THR_ 49,
TRP 93, SER 101, GLU 105,
ASN 108, ASN 200,

MET 230, TRP_243,

THR 250, SER 251, HIE 278,
U 320
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SER 17, ASN_19, ARG 21,
THR 49, GLN 51, TRP_93,
SER_101,ILE 107, GLY 131,
ASN_170, ARG 171,

ARG 172, ARG 197,
ASN_200, ASN_258, U_320,
AlA 325, A1A 326

ASN 170, ASN 200,
GLU 204, A 313, C 315,

U 316, U 320, C_321,

C3 322, A1G 324, AIT 327,
TDS 332, TDS_334,

CDS 335, GDS_336

(d) PS-A1/RNA-RNaseH

U 316, U 320, A2T 327,
CDS_328, ADS_329,
GDS 331, TDS 332,
GDS_336

SER 17, ARG 21, TRP 93,
SER_101, ARG 197,
TRP 243, SER 251, ASN_200

(e) PS-A2/RNA-RNaseH

CYS 16, A 313,C 314,
C 315,U 316,U 320,
(f) PS-A3/RNA-RNaseH ~ CDS 328, GDS 331,
TDS_332, TDS 334,
CDS 335, GDS_336

SER 17, SER 18, ASN 19,
ARG 21, THR 49, TRP 93,
SER 101, ILE_107, ARG 146,
GLN_201, SER 251, C 314

SER 17, THR 49, ASN 78,
TRP 93, SER_101, ARG 146,
ARG 197, THR_199,
ASN 228, TRP 243,

C_312,U 316,C 321,
C3_322, A4G_324, A4T 327,

(g) PS-A4/RNA-RNaseH ADS 329, TDS 334,

GDS_336 SER 251, ARG 296

GLU 204, C_314, C 315, SER 17, ASN_19, ARG 21,

U 316, U _320,C3 322, ARG 47, THR 49, TRP 93,
(h) PS-AS/RNA-RNaseH ~ ADS 329, GDS_330, SER 101, ASN 200,

GDS 331, TDS 334, TRP 243, SER 251,

GDS 336 GLY 281, ARG 296, U 320

6.3.7. SASA of the modified ASO/RNA hybrid gapmer-type duplexes

Solvent accessible surface area (SASA) and MM-GBSA binding free energy have long
been acknowledged in research on drug-protein stability and protein folding as essential
components to comprehend the underlying chemistry between two molecules [66]. The
SASA value represents the surface area of the ASO and RNA that is accessible to the
surrounding solvent, which can give insights into the extent of interaction between the
molecules and their environment. From SASA, one can analyse the changes in surface
area upon duplex formation, which can indicate the binding strength and stability of the
ASO/RNA complex. SASA can thus provide insights into the structural dynamics of the
ASO/RNA complex, such as the degree of hydration and solvent accessibility of specific
regions, which can further inform drug design strategies. Results of SASA values in
Table 6.3 revealed that for the particular nucleic acid sequence were solvation of the

modified ASO/RNA duplexes in presence of the RNase H was similar as the standard
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antisense modifications PS-DNA, PS-MOE and PS-LNA for both Set-I & Set-II
simulation trajectories. This implies that the modified ASO/RNA duplexes were very
much accessible to the nearby environment for various electron-exchange activities,
which may have facilitated their interaction with RNase H and the solvent environment,

affecting their antisense activity.

Table 6.3: SASA of the ASO/RNA duplexes (a) PS-DNA/RNA-RNaseH (b) PS-
MOE/RNA-RNaseH (¢) PS-LNA/RNA-RNaseH (d) PS-A1/RNA-RNaseH (e) PS-
A2/RNA-RNaseH (f) PS-A3/RNA-RNaseH (g) PS-A4/RNA-RNaseH and (h) PS-
AS5/RNA-RNaseH of simulation trajectories from two data sets [Set-I & Set-II] each
simulated for 1 us simulation time.

Replica Simulation-I Replica Simulation-II
Name Code SASA s SASA pNasert SASA ssorna)  SASAgnasen
O/RNA)
(a) PS-DNA/RNA-RNaseH 13899.65 5410.04 14061.40 5849.41
(b) PS-MOE/RNA-RNaseH 13648.24 5838.37 13581.98 5725.78
(c) PS-LNA/RNA-RNaseH 14312.44 5848.45 13425.76 5511.67
(d) PS-A1/RNA-RNaseH 13750.03 5467.51 13289.56 5321.99
(e) PS-A2/RNA-RNaseH 14261.80 6230.74 14289.00 6155.82
(f) PS-A3/RNA-RNaseH 13393.93 6127.22 13937.32 6139.20
(g) PS-A4/RNA-RNaseH 13577.66 5861.09 13699.49 6176.52
(h) PS-A5/RNA-RNaseH 13566.76 5909.71 14029.14 6060.40

6.4. Summary

Simulations were conducted to study the structure and dynamic properties of a set of 20-
mer ASO/RNA hybrid gapmer-type duplexes complexed with a Human RNase H
catalytic domain, implementing five novel LNA-analogue antisense modifications with
respect to well established LNA, MOE antisense modifications. Replica sets of MD
simulations accounting to two data sets (Set-I & Set-1I) were performed, each simulated
for 1 ps simulation time. Stability of the duplexes throughout the simulation trajectories
were studied by observing their RMSD plots. The duplexes were fluctuating potentially
within and around a range of 2 to 6 A RMSD values. The PS-MOE/RNA exhibited
higher RMSD compared to the rest of the duplexes. RMSD data over time for the
modified ASO/RNA duplexes showed that duplex stability is well retained for the full

simulation trajectory for both sets of simulation.
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Structures of the ASO/RNA gapmer-type duplexes were maintaining stable
Watson-Crick base-pairing, base-stacking pattern and ideal helix-turning for both the sets
of simulation. Base pairing is crucial for the creation of functional RNAs because it helps
to maintain the folded structure of the RNA molecules by utilizing the 2'-OH group of
the ribose sugar ring in base pairing interactions [67-68]. Since the LNA-based
alterations are 2'-OH based modifications, this will have an impact on the modified
ASO/RNA duplexes active base pairing conformations. The changed monomer
nucleotides should create effective base pairing with the RNA nucleotides in order to
bind sequence precisely to their target RN As. For this to happen, the same should exist in
an anti-conformation, a feature of the A-form helix typically observed in RNAs [69].
Additionally, the changed nucleotides in contact with the RNAs should cause the RNA
nucleotides to adopt or maintain an N-fype conformation that favors C3'-endo sugar
puckering, reducing the ribose sugar's conformational flexibility and boosting local
phosphate backbone organization. Base pairing, base stacking, and helix turning are thus
closely tied to the distribution of nucleotides sugar puckers, and consequently to how the

phosphate backbone is oriented in relation to either the sugar or the nucleobases.

In case of inter and intra-strand distances, residues are seen to fluctuate more for
the modified ASO/RNA gapmer duplexes although no residue exhibited intra-strand
distance >7 A. Because these are hybrid duplexes, residues are seen to fluctuate more.
Possible reasons suggest duplexes were adjusting highly within the RNase H catalytic
domain. As such, inter-strand distances of the modified ASO/RNA duplexes were also
varying compared to the wild type duplexes which are lying in the acceptable range of
19-20 A, for both the sets of simulations. For the sugar puckering, the PS-DNA and PS-
MOE contained ASOs are exhibiting C2-endo conformation for the terminal residues
and for the LNA and LNA-based contained ASOs, terminal residues from either end of
the ASO strand are exhibiting C3"-endo conformation. PS-DNA modified non-terminal
residues from the ASO strand are exhibiting C2-endo conformation. On the other hand,
the RNA strand residues are influenced by their complementary ASO strand residues.
Compared to the RNA strand of the wild type duplexes, the RNA strand residues of the
modified ASO/RNA duplexes although majority were exhibiting C3'-endo conformation,
few are seen to fluctuate from the ideal C3"-endo conformation exhibiting a in between

C3'-endo and the C2"-endo conformations.
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The effect of changes on the distance between atoms immediately linked to the
C1’ carbon that forms the glycosidic bond with RNA is measured by the N-glycosidic
dihedral angle. The N-glycosidic bond and the accompanying chi () torsion angle show
that the sugar and nucleobase are two distinct objects with an internal degree of freedom.
Despite having the ability to take on a wide variety of values, structural limitations
restrict the values that chi () can take on for clearly stated preferences. Because of the
steric conflict between the nucleobase and the H3’ atom, which is directed towards the
base in this specific pucker mode, syn glycosidic angles are unusual in nucleotides with
C3'-endo sugar puckers. The stiffness and reliance of each changed nucleotide on the
sugar-nucleobase orientation so that the modified nucleotides reside in an anti-
conformation were investigated using the N-glycosidic dihedral angle chi (). In case of
the modified ASO/RNA duplexes their relative sugar-base orientations were attempted to
maintain anti-conformation throughout the simulation, despite residues from the ASO
strands containing were influencing the N-glycosidic torsion distribution on their

complementary RNA strands.

RNase H identification of antisense duplexes is greatly influenced by the
flexibility of the sugar-phosphate backbone. An RNA-binding groove and a spatially
conserved phosphate-binding pocket that defines a DNA-binding site make up the
enzyme's active site. The minor groove width of the DNA/RNA duplexes at the
phosphate binding pocket of the DNA-binding channel varies depending on the
backbone's flexibility [70]. When it comes to modified ASO/RNA duplexes, backbone
flexibility thus plays a key role in imparting dominant antisense activity. Compared to
the non-terminal residues, terminal residues of the duplexes demonstrated high
fluctuations and similar pattern of flexibility for both modified as well as the wild type
duplexes. The specific van der Waals contacts and H-bond interactions at the active site
of RNase H are crucial for the binding of the DNA/RNA duplexes because they allow for
close fitting and surface complementarity of the sugar-phosphate backbone of the DNA.
Common amino acid residues ASN-19, ARG-47, TRP-93, SER-101, ILE-107, TRP-243,
and SER-251 located at the active site of RNase H were found to interact with both the

wild-type and modified ASO/RNA gapmer duplexes.

Because SASA and MM-GBSA binding free energy have long been

acknowledged as essential elements to comprehend the underlying chemistry in research
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on protein folding and drug-protein stability, therefore will help us better comprehend the
solvation pattern including the stability of the duplexes. It has been discussed already
that surface area of contact between the duplexes and the water molecules increases as
the SASA values increase, demonstrating that duplexes are more soluble in water. For the
particular nucleic acid sequence, solvation of the modified ASO/RNA duplexes in
presence of the RNase H was similar as the standard antisense modifications MOE and
LNA. This suggests that the duplexes were highly accessible to the adjacent solvent
environment following engagement with the RNase H, which may have affected their
ability to bind to the solvent environment and possibly caused a rise in SASA values
after complexation, affecting their antisense activity. In the RNase H dependent
mechanism of antisense activity, RNase H is activated by the ASO/RNA duplex which
specifically cleaves the RNA strand from the ASO/RNA duplex. Thus, it is expected of
the RNA/DNA duplex to be more stable at the active site of RNase H. MM-GBSA
binding energies of the wild type duplexes estimated for the entire simulation trajectory
predicted RNA/DNA duplex to have higher affinity or is more stable at the active site of
the RNase H catalytic domain. Given that DNA homo duplexes are less stable compared
to RNA homo duplexes and RNA/DNA hybrid duplexes in nature it was observed that
free energy of RNA/RNA is highest and DNA/DNA is lowest with RNA/DNA being the
intermediate. In case of modified ASO/RNA duplexes, free energy of binding was
highest for the PS-MOE/RNA-RNaseH system, for both simulation trajectories. MM-
GBSA binding energies estimated for the entire simulation trajectory predicted rest of the

modifications to have comparable AG values with the PS-MOE modifications.
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