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Chapter |5
5.1. Introduction

A majority of diseases in people are caused by abnormal protein synthesis or abnormal
protein activity. These disease-causing proteins can be stopped by preventing the transfer
of genetic information from DNA to mRNA which can be achieved by antisense
oligonucleotide-based medications (ASOs/AONs) that complementary bind a nucleic
acid sequence to specific mRNAs employing Watson-Crick base pair hybridization [1-2].
In contrast to the use of conventional medicines, usage of ASOs as medicinal agents
constitutes a unique therapeutic method [3-4]. Unlike monoclonal antibodies and
pharmaceutical substances these synthetic ASOs/AONs bind with their corresponding
sense mMRNAs and limit the production of disease-causing proteins, which is the
anticipated therapeutic effect. ASOs can be created to treat a variety of gene-transmitted
diseases, such as cancer, cardiovascular conditions, as well as numerous inflammatory
and infectious diseases [5-9]. These antisense-driven treatments have higher specificity,

making them more potent and beneficial over conventional drugs.

Antisense oligonucleotides (ASOs) are modified nucleic acids that have been
chemically altered to achieve complementarity with their target mRNAs [10]. These
ASOs/AONs form hybrid duplexes with the target mRNAs through Watson-Crick base
pairing. Depending on the oligonucleotide chemistry, there are a number of ways for
antisense-mediated gene inactivation. The two most frequent are translation arrest caused
by steric obstruction of ribosomal read-through and enzymatic cleavage of the mRNA
strand by recruitment of Cellular Endonuclease Ribonuclease H (or RNase H) [11-13]. In
the RNase H dependent mechanism of antisense activity, an ASO binds to an mRNA,
activates the RNase H which selectively cleaves the mRNA strand from the ASO/mRNA
hybrid duplexes [14-16].

The RNA strand of DNA/RNA duplexes is the common substrate specificity for
the RNase H family of non-sequence-specific endonuclease enzymes [17-18]. By
breaking phosphodiester bonds in the RNA backbone to leave behind a 3' hydroxyl and a
5' phosphate group, the RNase H hydrolyses the cleavage of RNA in a DNA/RNA
substrate. The conserved sequence motif, known as the DEDD motif, is the focal point of
the active site of all RNases H. It is made up of four negatively charged amino acid
residues: aspartate, glutamate, and a histidine residue. These charged residues are by

definition directly involved in the catalytic function and require two metal ions for
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catalysis. Under physiological conditions, a two-metal-ion catalysis mechanism
involving magnesium and manganese ions cleaves the phosphodiester bonds of RNA on
either end of the cut site [19]. Experimental and computational data indicate that the
enzyme activates a water molecule bonded to one of the metal ions via the conserved
histidine. An intermediate is created when the transition state combines with the
protonated phosphate and the deprotonated alkoxide leaving group. The leaving group is
protonated by glutamate, which has a higher pKa. Nevertheless, it is still unknown, how
the cleft product releases itself. Experimental evidence from time-resolved
crystallography and related nucleases indicates that a third ion is brought into the

process's active site.

In chapter 3 we studied the structural and electronic properties of some existing
antisense modifications (ASOs) both at the monomer and at the oligomer level. 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 cellular uptake. The concept of using ASOs as therapeutic agents was first
introduced by Zamecnik and Stephenson in 1978 [20] and up till date phosphorothioates
are known to best serve as substrates for RNase H when bound to their complementary
RNA targets however with slightly lower activity than the natural phosphodiester
oligonucleotides [21-26]. Thus, in chapter 4, we tried to propose a few novel antisense
modifications which may be useful to pharma industries, and studied their structural and
electronic properties both at the monomer and at the oligomer level. However, for
successful clinical application, the modified ASOs should possess high resistance to
endonucleases RNase H, high affinity for target complementary RNA sequences and
bind by Watson-Crick base pairing forming ASO/RNA duplexes along with excellent
RNA selectivity. The cellular endonuclease RNase H is activated by the ASO/RNA
duplexes which specifically cleaves the RNA strand from the ASO/RNA duplexes in a
targeted manner. With the gapmer method, oligonucleotides with increased affinity for
RNA targets and coupled RNase H activity can be produced. Additionally, chimeric
oligonucleotides with modified wings and with gaps more than five deoxynucleotides in
the gap show effective antisense activity [27-31]. Gaps of less than four
deoxynucleotides do not allow RNase H to cleave of the target RNA and those with gaps

of five deoxynucleotides are cleaved at 3-fold slower rate than unmodified substrates.
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Cleavage of the duplexes by RNase H is the most desirable antisense mechanism. Thus,
when the RNA substrate is organized, the rate of RNase H cleavage is greatly decreased.
To elucidate the structural and functional significance of RNase H, a thorough
investigation employing the RNase H is required to know the mechanism of interaction
of the RNase H with the wild type duplexes as DNA/DNA, RNA/RNA homo duplexes
and DNA/RNA hybrid duplexes. Henceforth, the present chapter aims to identify the
important amino acid residues which might play an important role in stabilizing wild
type duplexes at the active site of RNase H and in molecular recognition of the RNase H
in specifically identifying the RNA strand from the wild type duplexes. Accordingly in
the subsequent chapter 6, we will study the structure and dynamics of the various
ASO/RNA hybrid gapmer-type duplexes of both existing and the proposed novel

antisense modifications in complex with RNase H catalytic domain.

By reducing the ASO length (from 20-mer to 14-mer), the potency of MOE based
ASOs in animals was increased 3- to 5-fold (EDso = 2-5 mg/kg) without producing
hepatotoxicity. But results from chapter 3 and 4 elucidated that the 14-mer duplexes were
too small to be stable and to study elaborate structural and dynamics at a scale of 1 ps
simulation time. Longer duplexes can provide a larger sample size, which will increase
the statistical power of the study and that any observed effects or behavior are more
likely to be meaningful and not just random fluctuations. Thus, studying long duplexes
(long DNA or RNA strands) over small duplexes can provide more comprehensive
insights into the behavior and properties of nucleic acids. In biological systems, nucleic
acids often exist as long strands rather than short segments. By studying long duplexes,
we can better mimic the natural conditions and interactions of nucleic acids, understand
more of complex interactions, such as secondary structures, tertiary interactions, and
cooperative binding effects. Longer duplexes also enable the identification and
characterization of sequence motifs and structural elements that may not be present or
easily discernible in shorter duplexes. These motifs can be important for regulatory
functions or for interactions with other molecules. While studying small duplexes can be
valuable for understanding specific aspects of nucleic acid structure and function,
studying long duplexes offers a more comprehensive view that better reflects biological
reality and has broader applicability. Thus, the goal of the subsequent chapters is to
evaluate the structure-activity relationship of 20-mer duplexes complexed with a Human

RNase H catalytic domain.
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5.2. Materials and Methods

5.2.1. Systems building for MD simulations

This chapter describes the structure and dynamics of wild type DNA/DNA, RNA/DNA
and RNA/RNA duplexes in complex with a 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.) [32]. The built in duplexes include the wild type DNA/DNA,
RNA/DNA and RNA/RNA duplexes. The AMBER software programs all-atom MD
simulation framework was used for building of the duplexes and running the MD
simulations [33]. 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 [34-35]. 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 [36]. Using the leap module, the complete duplex
building process was carried out implementing the standard force field parameters

"DNA.OL15" for DNA and "RNA.OL3" for RNA [37-38].
5.2.2. 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,
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 [39]. The SHAKE method was used to perform MD integration with a 2.0
fs time step on all bonds containing hydrogen atoms [40]. 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
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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 [41]. 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 [42].

5.3. Results and Discussion
5.3.1. Stability of the DNA/DNA, RNA/DNA and RNA/RNA duplexes

Simulations were conducted considering wild type duplexes (a) DNA/DNA (b)
RNA/DNA (c) RNA/RNA without RNase H and the wild type duplexes complexed with
RNase H (d) DNA/DNA-RNaseH (¢) RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH.
To understand how the duplexes structural characteristics changed over the course of
simulation, structures of the duplexes have been pictured at 500" ns and 1000™ ns from
the 1 us simulation trajectory, plotted in Figure 5.1, for both of the simulation sets (Set-I
& Set-1I). From Figure 5.1 it is observed of the bare duplexes to exhibit stable Watson-
Crick base-pairing, base-stacking and helix-turning to be maintained throughout the
simulation time. The duplexes complexed with RNase H were also stable at the catalytic
domain of the RNase H maintaining stable Watson-Crick base-pairing, base-stacking
pattern and helix-turning. 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 5.3 and RMSD plots of the
RNaseH alone are plotted in Figure 5.2. Each of the duplexes appeared to be fluctuating
potentially within and around a range of 2 to 6 A RMSD values. Calculated average
RMSD values of the systems (a)-(f) exhibited an average RMSD of 4.34, 3.94, 3.79,
4.05, 3.41, 435 A and 4.67, 3.47, 3.62, 4.90, 4.05, 481 A for Set-I and Set-II,
respectively. RMSD of (a) DNA/DNA and (d) DNA/DNA-RNaseH is higher for both the
sets of simulation. The duplexes overall RMSD data over time indicated that duplex
stability is well preserved in each case for the entire simulation trajectory for both the

sets of simulation.
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Figure 5.1: Structures of the wild type duplexes (a) DNA/DNA (b) RNA/DNA, (c)
RNA/RNA and the wild type duplexes complexed with dimeric RNaseH (d) DNA/DNA-
RNaseH (e) RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH at 500" ns and end
structures at 1000™ ns obtained from the 1 us simulation trajectory, for both the sets of

simulation [Set-I & Set-II].
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Figure 5.2: RMSD plots of the RNase H alone from the (d) DNA/DNA-RNaseH (e)
RNA/DNA-RNaseH and (f) RNA/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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RMSD Plot of wild type duplexes in complex with RNase H
9.1 T T T T T T T T T T I T I T I

4 b

-4 | @
0 I | 1 | ! | | | ! | I | ! | I | | | 1 (b)
0 100 200 300 400 500 600 700 800 900 1000
Time (ns) [Replica simulation-I] (¢)
9-1 T ] T I T I T I T I T ] T I T l T l T

E (d)

iM ity

HM Ml‘u'* W "f "" . W MMW”* f#ﬂ

1 | 1 I 1 I 1 l 1 I 1 | ! | | 1 [ 1 | 1
00 100 200 300 400 500 600 700 800 900 1000
Time (ns) [Replica simulation-II]

Figure 5.3: RMSD plots of (a) DNA/DNA (b) RNA/DNA, (c) RNA/RNA, (d)
DNA/DNA-RNaseH (e) RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH of simulation

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

5.3.2. Oligomer Duplex Dynamic Structure: Inter-Strand and Intra-Strand PP
distances of the DNA/DNA, RNA/DNA and RNA/RNA duplexes

Molecular double helix of nucleic acids is made up of two sugar-phosphate backbones
twisted together to form the structural framework of duplexes. Longer intra-strand
phosphate-phosphate (PP) distances (~7 A) are used to explain the C2-endo sugar
puckering observed in B-fype duplexes and shorter intra-PP distances (~5.9 A) are used
to describe the C3'-endo sugar puckering observed in A-fype duplexes [43-44]. Average
inter-PP and intra-PP distances of the wild type duplexes for both the strands for the
entire simulation trajectory are plotted in Figure 5.4 and Figure 5.5 respectively. Inter-
strand PP distances describe the overall width of the and in Figure 5.4, duplexes are seen
to be lying in the acceptable range of 19-20 A, for both the sets of simulations (Set-I &

Set-1I), for the entire simulation time.

In Figure 5.5, clear distinction is observed for the DNA, RNA residues where the
DNA residues are exhibiting intra-strand PP distances greater than RNA residues, for

homoduplexes. However, residues are seen to fluctuate more in case of the hybrid
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duplexes. The increased fluctuation observed in RNA/DNA hybrid duplexes compared to
DNA/DNA and RNA/RNA non-hybrid duplexes can be attributed to several factors:

Chemical Differences: DNA and RNA have different chemical properties due to
variations in their sugar backbones (deoxyribose in DNA vs. ribose in RNA) and
nucleobases (thymine in DNA vs. uracil in RNA). These chemical differences can lead to
variations in the stability and dynamics of hybrid duplex formation, resulting in

increased fluctuation.

Base Pairing Specificity: RNA/DNA hybrids may exhibit different base pairing
specificities compared to DNA/DNA or RNA/RNA duplexes due to the presence of both
RNA and DNA strands. The interactions between RNA and DNA bases may not be as
stable or specific as those between two identical strands, leading to increased fluctuation

in hybrid duplexes.

Structural Flexibility: RNA strands are generally more flexible than DNA strands due to
the presence of an additional hydroxyl group in the ribose sugar. This increased
flexibility can contribute to greater structural fluctuations in RNA/DNA hybrid duplexes
compared to DNA/DNA and RNA/RNA duplexes.

Conformational Dynamics: The combination of RNA and DNA strands in hybrid
duplexes can introduce additional conformational dynamics, such as fluctuations in
backbone conformation and base stacking interactions. These dynamics may contribute
to increased fluctuation in hybrid duplexes compared to homoduplexes formed by

DNA/DNA or RNA/RNA interactions.

Protein Interactions: Hybrid duplexes may interact differently with proteins compared to
homoduplexes formed by DNA/DNA or RNA/RNA interactions. Proteins involved in
processes such as RNA processing, RNA interference, or DNA repair may recognize and
bind specifically to RNA/DNA hybrids, leading to alterations in the stability and

dynamics of these duplexes.

Overall, the combination of chemical differences, base pairing specificity, structural
flexibility, conformational dynamics, and protein interactions may have contributed to
the increased fluctuation observed in DNA/RNA hybrid duplexes compared to
DNA/DNA and RNA/RNA hybrid duplexes.
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Figure 5.4: Inter-strand PP distance of (a) DNA/DNA (b) RNA/DNA, (c) RNA/RNA,
(d) DNA/DNA-RNaseH (e) RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH of

simulation trajectories from two data sets [Set-I & Set-II] each simulated for 1 us

simulation time.
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5.3.3. Torsion Angle Dynamics: Sugar-pucker and N-glycosidic torsion distribution

of the DNA/DNA, RNA/DNA and RNA/RNA duplexes

The sugar-pucker conformation describes the orientation of the sugar ring with respect to
the adjacent phosphate groups in the backbone of nucleic acids. The 4A-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°) [45]. Bigger population of
sugar puckers is directed by DNA into the C2"-endo conformation in an effort to produce
an overall B-form geometry, and a larger population of sugar puckers is directed by RNA
into the C3"-endo conformation in an effort to produce an overall 4-form geometry. In
DNA/DNA duplexes, the predominant sugar-pucker conformation is C2"-endo, and the
glycosidic torsion angle tends to favor the anti-conformation. In RNA/DNA and
RNA/RNA duplexes, the sugar-pucker conformation can include both C2"-endo and C3"-
endo. Sugar pucker distribution of nucleotide residues throughout the duplexes are
presented in Figure 5.6 to estimate the extent of such conformational integration of the
sugar puckers. According to Figure 5.6, all of the nucleotides from the RNA strand have
sugar puckers that fall between 0’-40’, indicating that they were all in the C3"-endo
conformation during the simulation. Regarding the DNA strands, all of the nucleotides
sugar puckers fall between 120™-180’, indicating that they were all in the C2™endo

conformation during the simulation.

The N-glycosidic torsion angle describes the rotation about the glycosidic bond
(between the sugar and the base) in nucleic acids. Experiment along with theory
anticipated two primary low-energy conformations for the 4-form and B-form duplexes,
where the chi () torsion angle, which describes the relative sugar-nucleobase orientation
in conventional nucleic acids. Values in the range of +90° to +180° and -90° to -180°
belong to the anti-conformation while range of -90° to +90° relate to the syn-
conformation [46]. The chi (y) torsion distribution of the monomer nucleotides from both
strands of the ASO/RNA duplexes is presented in Figure 5.7 to examine the rigidity of
the nucleotide residues across the duplex. Figure 5.7 shows that the monomer
nucleotides from the DNA strand have chi (y) values ranging from -60° to -180° and the
residues from the RNA strand have values ranging from -120° to -180°, both of which
indicate that the residues are in an anti-conformation typical of A-form or B-form

conformations in duplexes.
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Figure 5.6: Sugar pucker distribution of (a) DNA/DNA (b) RNA/DNA, (¢c) RNA/RNA,
(d) DNA/DNA-RNaseH (e) RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH of
simulation trajectories from two data sets [Set-I & Set-II] each simulated for 1 pus

simulation time.
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Figure 5.7: N-glycosidic torsion distribution of (a) DNA/DNA (b) RNA/DNA, (c)
RNA/RNA, (d) DNA/DNA-RNaseH (e) RNA/DNA-RNaseH and (f) RNA/RNA-
RNaseH of simulation trajectories from two data sets [Set-I & Set-I1] each simulated for

1 us simulation time.
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5.3.4. Backbone flexibility of the DNA/DNA, RNA/DNA and RNA/RNA duplexes

Human RNase H identification of antisense duplexes is greatly influenced by the
flexibility of the sugar-phosphate backbone. Therefore, backbone flexibility of duplexes
significantly contributes to the transmission of dominant antisense activity. Directionality
and flexibility of the nucleotides throughout the duplex are provided by the sugar-
phosphate backbone of nucleic acid duplexes. To explore the influence of the duplex
backbone flexibility residue wise RMSF of backbone heavy atoms calculated for each
nucleotide from both the nucleic acid strands are plotted in Figure 5.8. RMSF plots of the
RNaseH alone are plotted in Figure 5.9. In comparison to the non-terminal residues, the
terminal residues typically exhibit higher flexibility. Accordingly, terminal residues of
the duplexes demonstrated higher fluctuations compared to the non-terminal residues.
Duplexes may have tried to adjust more during simulation Set-I as the nucleotide
residues are seen to fluctuate more in case of simulation Set-I compared to simulation

Set-11.

RMSF Plot of wild type duplexes in complex with RNase H
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Figure 5.8: RMSF plot of (a) DNA/DNA (b) RNA/DNA, (c) RNA/RNA, (d)
DNA/DNA-RNaseH (e) RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH of simulation

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

Page |5.22



Chapter |5

RMSF Plot of RNase H (Enzyme-I)
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Figure 5.9: RMSF plots of the RNase H alone from the (d) DNA/DNA-RNaseH (e)
RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH complexes of simulation trajectories

from two data sets [Set-I & Set-I1] each simulated for 1 us simulation time.
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5.3.5. H-Bond interactions, Base-pairing, Base-stacking and Helix-turning of the

DNA/DNA, RNA/DNA and RNA/RNA duplexes

Noting the importance of the amino acid residues at the active site of the catalytic
domain; the acceptor-donor residues, average bond distances, average bond angles, bond
residence frames for the complexes (d)-(f) with HBond interactions > 50 % occupancies
from the simulation trajectories from both the data sets [Set-1 & Set-11] 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 duplex structure of the DNAs and RNAs [47].
Amino acid residues from the RNase H catalytic domain forming HBond interactions
with the duplexes for more than 50% residence time has been sorted and plotted in Table
5.1. It was observed that 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 interacted with
all the three wild type DNA/DNA, RNA/DNA and RNA/RNA duplexes. Thus, apart
from the aspartate and glutamate amino residues a few amino acid residues as ASN-19,
ARG-47, TRP-93, SER-101, ILE-107, TRP-243, SER-251 are stabilising the duplexes at
the active site of the RNase H.

Table 5.1: Participating residues of (d) DNA/DNA-RNaseH (e) RNA/DNA-RNaseH and
() RNA/RNA-RNaseH complexes with HBond interactions > 50 % occupancies of
simulation trajectories from two data sets [Set-I & Set-II] each simulated for 1 ps

simulation time.

ASO/RNA-RNaseH

Acceptor Residues Donor Residues
Systems

SER 17, ASN 19, ARG 47,
TRP 93, SER 101, ILE 107,
ARG 197, TRP 243, THR 250,
SER 251, ILE 257, ASN 258,
ARG 296, DG 333

SER 17, ASN 19, ARG 47,
THR 49, GLN 51, TRP 93,
SER 101, ILE 107, ARG 146,
ASN 228, TRP 243, SER 251,
ILE 257, C 314, DG 333

ASN 19, ARG 47, TRP 93,
SER 101, ILE 107, ASN_108,
ARG 146, ARG 197, TRP 243,
SER 251, ASN 258, G 331

GLN 51, DC 315, DC 321,
DT 327, DC 328, DA 329,
DG 330, DT 332, DG_333,
DT 334, DC_335,DG 336

DNA/DNA-RNaseH

CYS 16, GLN 51, C 315,
U 316, U 320, DC 328,
DA 329, DT 332, DT 334,
DC_335,DG 336

RNA/DNA-RNaseH

ASN 19, C 314, C 315,
RNA/RNA-RNaseH U 327, C 328, A 329,
U 334, C 335,G 336
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5.3.6. SASA and MM-GBSA of the DNA/DNA, RNA/DNA and RNA/RNA duplexes

Research on protein folding and drug-protein stability has long recognized solvent
accessible surface area (SASA) and MM-GBSA binding free energy as crucial factors to
understand the underlying chemistry [48]. Studying the SASA and MM-GBSA free
energies of the wild type duplexes will therefore help us better comprehend the solvation
pattern including the stability of the duplexes. As a result, the SASA and MM-GBSA
binding free energy values for each of the duplexes were calculated taking into account
the complete simulation trajectory presented in Table 5.2 and Table 5.3, respectively. A
duplex's nucleotide residues can be categorized as buried or exposed based on SASA
values. The greater the SASA values, the greater the surface area of contact between the
duplexes and the water molecules, indicating duplexes increased solubility in water.
Accordingly, results of SASA values in Table 5.2 revealed that for the particular nucleic
acid sequence, solvation of the wild type DNA/DNA, RNA/DNA, RNA/RNA duplexes
in presence of the RNase H were higher than the DNA/DNA, RNA/DNA, RNA/RNA
duplexes without the RNase H for both Set-I & Set-II simulation trajectories. This
implies that the duplexes were very much available to the nearby solvent environment
upon interaction with the RNase H influencing their binding capacity with the solvent

environment, which may have led to increased SASA values post complexation.

Table 5.2: SASA of (a) DNA/DNA (b) RNA/DNA, (c) RNA/RNA, (d) DNA/DNA-
RNaseH (e) RNA/DNA-RNaseH and (f) RNA/RNA-RNaseH of simulation trajectories

from two data sets [Set-I1 & Set-11] each simulated for 1 ps simulation time.

Replica Simulation-I Replica Simulation-11
Name Code SASA(ASO/RNA) SASARNaseH SASA(ASO/RNA) SASARNaseH
DNA/DNA 3538.41 i 3531.31 i
RNA/DNA 3690.69 i 3645.11 i
RNA/RNA 3605.76 i 3636.02 i
WREDINAS — 2opn 20 14227.48 5565.14 13737.74
RNaseH
RNA/DNA- 5598.77 13948.03 5496.58 13727.87
RNaseH
IENAE N 5199.94 13619.40 5691.77 13971.66
RNaseH
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MM-GBSA binding free energy values of all the duplexes for the entire simulation

trajectory were computed with the equation:

AGBinding = GComplex - GRNaseH - GDuplex

Herein, the energies were calculated considering the RNase H as the target protein
receptor, the wild type duplexes as the binding ligand and the wild type duplexes in

complex with the RNase H as the receptor-ligand complex.

In the RNase H dependent mechanism of antisense activity, RNase H is activated by an
RNA/DNA duplex which specifically cleaves the RNA strand from the RNA/DNA
duplex in a targeted manner. Thus, it is expected of the RNA/DNA duplex to be more
stable at the active site of RNase H. Accordingly, the binding free energy change (AG) is
the highest for the RNA/DNA-RNaseH complex and lowest for DNA/DNA-RNaseH and
RNA/RNA-RNaseH complex being the intermediate. A slight difference in binding
energy between RNA/DNA-RNaseH and RNA/RNA-RNaseH complexes might be
attributed to the structural and chemical differences between RNA and DNA molecules.
As seen in Table 5.3, free energy (G) of RNase H has nearly identical energy values and
free energy of the wild type duplexes varied depending on the type of nucleic acids. Free
energy of RNA/RNA duplex is highest and DNA/DNA is lowest with RNA/DNA duplex
being the intermediate. RNA/RNA duplex is more stable than DNA/RNA duplex. This
might be because of the presence of the 2'-hydroxyl group in RNA, which can participate
in additional hydrogen bonding interactions. Thus, RNA/DNA hybrids typically have
slightly lower stability compared to RNA/RNA non-hybrids due to differences in base
pairing. RNA/DNA hybrids hence may exhibit greater structural flexibility compared to
RNA/RNA non-hybrids due to differences in backbone conformation and flexibility
between RNA and DNA molecules. This flexibility of RNA/DNA duplex could affect the
overall stability of the RNA/DNA-RNaseH complex and contribute to the observed
difference in binding energy. Additionally, the enzyme's active site may interact
differently with the two types of hybrids, influencing the overall stability of the
complexes. RNaseH might tolerate certain mismatches in the RNA/DNA hybrid region
more effectively than in RNA/RNA non-hybrids. This tolerance can contribute to
RNaseH to have different affinities or specificities for RNA/DNA hybrids compared to
RNA/RNA non-hybrids, leading to differences in binding energy in the RNA/DNA-
RNaseH complex compared to the RNA/RNA-RNaseH. Overall, the slight difference in
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binding energy between RNA/DNA-RNaseH and RNA/RNA-RNaseH systems likely
arises from a combination of these factors, including the chemical properties of RNA and
DNA molecules, the tolerance of mismatches, structural flexibility, and enzyme

specificity.

Regarding the lower stability of the DNA/DNA-RNaseH, RNase H enzymes have
evolved to specifically recognize RNA/DNA hybrids rather than DNA/DNA duplexes.
The active site of RNase H is optimized to cleave the RNA strand in RNA/DNA hybrids,
which is complementary to the DNA strand. DNA/DNA duplexes do not have the same
level of recognition and interaction with the enzyme, leading to lower stability at the
active site. DNA also lacks the 2'-hydroxyl group present in RNA. This hydroxyl group
in RNA molecules can form additional hydrogen bonds, enhancing the stability of RNA-
containing hybrids like RNA/DNA or RNA/RNA duplexes. The absence of this group in

DNA reduces the number of potential H-bonding interactions, resulting in lower stability.

Thus, the 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, for both Set-I & Set-II

simulation trajectories.

Table 5.3: MM-GBSA of (d) DNA/DNA-RNaseH (¢) RNA/DNA-RNaseH and (f)
RNA/RNA-RNaseH complexes of simulation trajectories from two data sets [Set-I &

Set-II] each simulated for 1 ps simulation time.

Replica Simulation-I

N Cod
ame Code G G AG

(Duplexes)-RNaseH RNaseH Duplexes (keal/ mol)
DNA/DNA-RNaseH -15173.24 -7787.56 -7246.22 -139.47
RNA/DNA-RNaseH -15626.02 -7757.00  -7594.08 -274.94
RNA/RNA-RNaseH -15902.64 -7758.15 -7893.04 -251.44

Replica Simulation-11

Name Code G(Duplexes)-RNaseH GRryasen GDuplexes (kcaAl/G mol)
DNA/DNA-RNaseH -15189.22 -7799.82 -7227.32 -162.08
RNA/DNA-RNaseH -15609.30 -7770.04  -7590.48 -248.79
RNA/RNA-RNaseH -15899.78 -7771.63 -7884.81 -243.34
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5.4. Summary

Simulations were conducted to study the structure and dynamic properties of a set of 20-
mer wild-type DNA/DNA, RNA/DNA, RNA/RNA duplexes complexed with a Human
RNase H catalytic domain. Replica sets of MD simulations accounting to two data sets
(Set-1 & Set-IT) were performed, each simulated for 1 ps simulation time. Structures of
the duplexes obtained at the 500" ns and 1000™ ns were maintaining stable Watson-Crick
base-pairing, base-stacking pattern and ideal helix-turning for both the sets of simulation.
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. RMSD of DNA/DNA and DNA/DNA-RNaseH is slightly
higher. RMSD data over time for the wild type duplexes showed that duplex stability is

well retained for the full simulation trajectory for both sets of simulation.

The duplexes preferred their natural organizations where RNA residues were A-
type with C3"-endo sugar puckering and DNA residues were B-type with C2"-endo sugar
puckering maintaining stable anti-conformations typical of A-form or B-form
conformations in duplexes [49-51]. Intra-strand distances of the sugar phosphate
backbone exhibited clear distinction for the DNA, RNA residues from the homoduplexes
where the DNA residues exhibited intra-strand distances greater than RNA residues as
per expectation. In case of the hybrid duplexes, residues are seen to fluctuate more
although no residue exhibited intra-strand distance >7 A. Inter-strand distances of the
wild type duplexes are lying in the acceptable range of 19-20 A, for both the sets of
simulations. Nucleotide residues from the RNA strand have sugar puckers in the C3"-
endo conformation and nucleotide residues from the DNA strand have sugar puckers in
the C2"-endo conformation. Monomer nucleotides from the wild-type duplexes all are in
anti-conformation typical of 4-form or B-form conformations in duplexes. Compared to
the non-terminal residues, terminal residues of the duplexes demonstrated high
fluctuations and similar pattern of flexibility throughout the residues. One important
finding includes the HBond interactions which revealed a few 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 all three the wild-type duplexes.
Henceforth, this research has predicted the critical amino acid residues stabilizing the

wild type duplexes at the active site of RNase H, throughout the simulation time.
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For the particular nucleic acid sequence, solvation of the wild type duplexes in
presence of the RNase H was higher than the bare wild type duplexes without the RNase
H. 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 RNA/DNA duplex which
specifically cleaves the RNA strand from the RNA/DNA 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
MM-GBSA binding energies estimated for the entire simulation trajectory predicted free
energy of RNA/RNA is highest and DNA/DNA is lowest with RNA/DNA being the

intermediate.
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