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ABSTRACT OF THE THESIS
“Studies on Structure and Dynamics of Bridged Nucleic Acid based ASOs Using
Density Functional Theory and Molecular Dynamics Approach for Targeted RNA Therapeutics”

With the discovery of next-generation sequencing, one can now determine the genetic roots of any
disease, inciuding Cancer, Huntington's, Parkinson's, Rheumatoid Arthritis, Alzheimer's etc.
Ai’cnougn this knowiedge has been e]fec’civeiy appiied and accepted for diagnosis the science is still
iagging behind in terms of pnawnaceu’cicai tnerapies to correct the genetic abnormalities that
underlie these diseases. As our understanding of genetics deepens, so does our aioiiity to expiore
innovative treatments. Gene therapy represents a unique ﬁroniier in the treatment of genetic
disorders, wherein tailoring therapies to an individual's genetic profile allows for more targeted and
effective interventions. Therefore, the current time calls for the creation of medications for
personaiized genomics.

Over the past century, the ioiotechnoiogy and pnarmaceuticai sectors have eﬁecﬁveiy created
tecnniques to tnerapeuticaiiy target proteins. While there has been considerable progress in creating
small-molecule dmgs to therapeuticaiiy target proteins, RNA based inerapeuiics provide a more
direct approach that alter the RNA function leading to faulty proteins. Using RNA as a therapeutic
target has a number of benefits such as the their capacity to interact with targets that are
"undruggable" for a protein or small molecule otherwise; their capacity to target a majority of
cellular RNAs, their capacity to qviickiy modiﬁ/ the mRNA construct's sequence in order to create
customized treatments or Vespond toa changing pathogen, the direct translation of genetic ﬁndings
into dmg discovery programs, incividing the eﬂ’iciency and speed of the dmg discovery process. By
targeting specific genetic mutations or variations, RNA therapeutics can address the root causes of
genetic diseases with a level of specificity unparalleled by conventional treatments.

As research continues to unravel the complexities of RNA biology, the potential for
‘transfownative treatments ﬁ'om traditional supportive measures to Cutting—edge precision medicine
has oﬁered i/iope fov im]m’oved outcomes for individuals aﬁﬂected ioy genetic disorders. One
prominent category of such RNA therapeutics is the use of ASOs. By precisely targeting and

modulating the expression of specific genes, ASOs offer a tailored approach to managing disease
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conditions at the molecular level. This ability to tailor treatments to an individual's genetic profile
opens new avenues for precision medicine. RNA therapeutics thus also holds immense promise in
the realm of personaﬁzed medicine. This thesis exp[oved the key feamres of some of the known as
well as a few pvoposed antisense modiﬁcations both at the monomer and oligomer level.

The vesearch work investigates a few BNA antisense modiﬁcaﬁons both at the molecular and
o[igomer level. Followed by this, the study aims to design and understand the structural and
funcﬁona[ signiﬂcance of proposed ﬁve novel LNA-based antisense modiﬁcaﬁons labeled as A1, A2,
A3, A4, As by estab[ish'mg each with the ﬁve standard nucleobases Adenine(A), Guanine(G),
Cytosine(C), Thymine(T) and Uracil(U). Since PSs can induce the Human RNase H functions, all the
modiﬁcaﬂons were ﬁ,ufther imp[emented with the PS backbone [inkage. O[igomer hybrid dup[ex
stability and gene silencing potential of the ASOs are described by performing a detailed classical
Molecular Dynamics simulation study on modiﬁed ASO/RNA duplexes and dup[ex gapmers, the
ASO strand containing the antisense modiﬁcaﬁons targeting protein PTEN mRNA sequence of 14-
mer in length. This research assisted in comparing the structure-activity relationship of the
antisense modifications and development of a systematic DFT & MD method-based paradigm for
designing beneficial antisense modifications tuned for specific requirements. The active site of
RNases H, known as the DEDD motif contains fow negative[y charged amino acid residues. The
charged residues bind to two metal ions that are Vequired for cata[ysis. Under physio[ogica[
conditions these are magnesium ions, but usua“y manganese also supports enzymatic activity.
Based on expevimental evidence and computer simulations the enzyme activates a water molecule
bound to one of the metal ions with the conserved histidine. The transition state is associative in
nature and forms an intermediate with protonated phosphate and deprotonated alkoxide leaving
group. The leaving group is protonated via the glutamate. However, the mechanism of the release of
the cleaved product is still unresolved. Exper[menta[ evidence ﬁ'om time-resolved crysta“ogvaphy of
similar nucleases points to a role of a third ion in the reaction recruited to the active site. Therefore,
the current research also includes a detailed MD simulation study of 20-mer wild type DNA/DNA,
RNA/DNA, RNA/RNA hybrid duplexes including modified ASO/RNA hybrid gapmer-type duplexes
containing BNA and the proposed LNA-based antisense modifications in complex with the Human
RNase H catalytic domain.
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This thesis has been assembled into seven chapters, four of which summarizes the research ﬁndings.
The conclusion and future prospects of the study are addressed separately in the end of the thesis in

chapter seven.

Chapter 1: General Introduction and Review of Literature

Chapter 1 discusses a iorie]C overview of the vesearch suioject invoiving RNA therapeutics and a
detailed literature review of the various antisense modifications with a focus on Bridged Nucleic Acid
(BNA) based antisense modiﬁcations as well as the limitations that have been recognized in the
broad area of the research sviioject. Overall, this chapter describes a concise background of the study,

research questions addressed so far and oiojectives adopted for the current research work.

Chapter 2: Overview of Computational Tools and Methodologies

Chapter 2 discusses very briefly the computational techniques and the tools required to complete the
work presented in the thesis. The most popuiar Density Functional Theory (DFT) under Quantum
mechanics (QM) method and Molecular Dynamics (MD) under Molecular Mechanics (MM) method
are the major cornputationai methods ernpioyed to carry out this research work. Details about level
of theories ie., functionals and basis sets used to calculate the structures and chemical properties are
discussed in particulars. Force—ﬁeid parameterization protoco [s, charge generation methods and
simulation ]orotocois are also mentioned in iorief. Additionaiiy, the cnapter also lists the soﬁware

programs utilized to conduct the research work.

Chapter 3: Bridged Nucleic Acid (BNA) ASOs over Locked Nucleic Acid (LNA) ASOs and their
impact on the structure and stability of ASO/RNA duplexes.

In Chapter 3, monomer nucleotides of bare and phosphorothioate (PS) modified LNA, N-MeO-
amino-BNA,  2"4" BNAYINH], 2"4 BNA"“[NMe]  and N-Me-aminooxy-BNA  antisense
modifications were considered for an elaborate DFT based quantum chemical study to estimate their
molecular level structural and electronic properties. Oligomer hybrid duplex stability is described by
pe}forming a detailed MD simulation study iay incorporating the PS-LNA, PS-BNA antisense
modifications onto 14-mer ASO/RNA (5"-CTTAGCACTGGCCT-3'/3"-GAAUCGUGACCGGA-5")
duplex gapmers targeting protein PTEN mRNA nucleic acid sequence. Replica sets of MD

simulations were performed accounting to two data sets, each simulated for 1 ps simulation time.
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Results from both molecular and oiigomer level anaiysis pvedicted the MO—isosuﬁ‘aces of the LNA,
BNA monomer nucleotides being embedded in the nucleobase region upon duplex formation with
target RNAs, the non-RNase H activating segment of the du]o lexes would be less available for various
eiectvon—exchange processes. Also, for the pav’cicuiar nucleic acid sequence solvation of the dupiexes
ai’chough were higher compaved to the natural oiigonucieo’cides, but their ioinding energies being
relatively lower may lead to decreased antisense activity. Gapmers modified with LNAs has been
reported of potent knockdown activity with hepatotoxic side effects and based on our presumptions
the BNA gapmers with similar drawbacks as the LNAs will further keep causing hepatotoxic side
eﬁcects as LNA gapmers. Hence, ﬁne tuning the existing LNA, BNA antisense modiﬁcations to obtain
superior binding affinity and higher nuclease resistance is an outmost necessity. This research
assisted in fovecasting structure-activity Veiationship of the LNA, BNA antisense modiﬁcations and a
systematic DFT & MD method-based paradigm for designing advantageous antisense modifications

tuned for speciﬁc requirements.

Chapter 4: Design of LNA analogues using a combined Density Functional Theory and Molecular
Dynamics approach for RNA therapeutics.

In Cha]oter 4, we are proposing five novel LNA anaiogues (A1-As) for modifying antisense
oiigonucieotides and es’caioiishing each with the ﬁve standard nucleobases Adenine (A), Guanine (G),
Cytosine (C), Tiaymine (T) and Uracil (U), respectiveiy. Monomer nucleotides of these modiﬁcations
were considered for a detailed DFT based quantum chemical analysis to determine their molecular
level structural and electronic properties. A detailed MD simulation study was done on a 14-mer
ASO (5'-CTTAGCACTGGCCT-3") duplex containing the modifications, targeting PTEN mRNA.
Results from both molecular and oligomer level analysis clearly depicted LNA level stability of the
modifications, the ASO/RNA duplexes maintaining stable Watson-Crick base-pairing preferring
RNA—mimicking A—form dupiexes. No’caioiy, monomer MO iso-swfaces for both purines and
pyrimidines were mzy'oriy distributed on the nucleobase region in mody'ications A1, A2 and in the
bridging unit in modifications A3, A4, A5 suggesting A3/RNA, A4/RNA, As5/RNA duplexes to
interact more with RNase H and solvent environment. Accovdingiy, solvation of A3/RNA, A4/RNA,
As/RNA duplexes were higher compared to LNA/RNA, A1/RNA, A2/RNA duplexes. This study has
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resulted in a successfu[ archetype for creating advantageous nucleic acid modiﬁcations tailored for
particular needs, fulfilling a useful purpose to design novel antisense modifications which may
overcome the drawbacks and improve the pharmacokineﬁcs of existing LNA antisense

modiﬁcaﬁons.

Chapter 5: A Study on Structure and Dynamics of wild type DNA/DNA, RNA/DNA and RNA/RNA
hybrid duplexes in complex with Human RNase H catalytic domain.

In Chapter 5, we have pevformed a detailed MD simulation study of 20-mer DNA/DNA, RNA/RNA,
RNA/DNA hybrid dup[exes, ﬁree human Ribonuclease H (RNase H) enzyme and RNase H bound to
the wild type DNA/DNA, RNA/RNA, RNA/DNA dup[exes to explore the Ve[ationship between the
structure and dynamics of these wild type dup[exes in comp[ex with RNase H cata[ytic domain.
RNase H is a family of non-sequence-specific endonuclease enzymes with shared substrate specificity
for the RNA strand of DNA/RNA duplexes. This research work was performed to understand the
mechanism of RNase H in specifically identifying the DNA/RNA hybrid duplex over DNA/DNA and
RNA/RNA. Rep[ica sets of MD simulations were peﬁovmed accounting to two data sets, each
simulated for 1 ps simulation time. The trajectories were analyzed for observing structural
deviations, dup[ex stabiﬁty, inter-strand and intra-strand binding, solvent accessible suvface areas
and binding affinity with the RNase H. Results from our analysis clearly revealed that for the
particular nucleic acid sequence binding of the DNA/RNA hybrid to RNase H to be higher
compared to DNA/DNA and RNA/RNA homodup[exes. The active site of near[y all RNases H
contains fow negaﬁvely charged amino acid residues, centered on a conserved sequence motif
composed of aspartate and glutamate resicues, often also a histidine referved to as the DEDD motif.
One significant observation in support of the study revealed the active participation of some
common amino acid residues as ASN-19, ARG-47, TRP-93, SER-101, ILE-107, TRP-243, SER-251 which
were found to interact with the dup[exes for the entire simulation time. This research thus assisted
in forecast'mg the structure-activity Ve[aﬁonship of the wild type dup[exes in comp[ex with the
endonuclease enzyme RNase H and 'Lden’ciﬁed some of the important amino acid residues apart
from the DEDD motif residues which might play an important role in stabilizing the duplexes at the

active site of RNase H.
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Chapter 6: A Study on Structure and Dynamics of modified ASO/RNA hybrid gapmer type duplexes
in complex with Human RNase H catalytic domain.

In Chapter 6, we have pevfowned a detailed MD simulation smdy of 20-mer PS-DNA/RNA, PS-
MOE/RNA, PS-LNA/RNA, PS-A1/RNA, PS-A2/RNA, PS-A3/RNA, PS-A4/RNA, PS-A5/RNA hybrid
gapmer-type dup[exes to exp[ore the Velationsh'qo between the structure and dynamics of these
duplexes in complex with RNase H in specifically identifying the RNA strand from the modified
ASO/RNA duplexes. The study aims to determine the effect of the proposed antisense modifications
by our group (A1 -As) with respect to the well-established modiﬁcaﬁons (PS, MOE, LNA). Because the
work focuses on antisense modifications, gapmer type duplexes were considered. Replica sets of MD
simulations of free RNase H enzyme and RNase H bound hybrid gapmer duplexes with the different
antisense modifications were performed accounting to two data sets, each simulated for 1 ps
simulation time. The trajectories were ana[yzed for observing structural deviations, duplex s’cabi[ity,
inter-strand and intra-strand distances and binding affinity with RNase H. Results from our
ana[ysis clear[y revealed the gapmers consisting of the A3, A4 and As modiﬁcaﬁons are showing
strong binding to the RNase H. Other parameters like solvent surface accessible areas and binding
energies are also showing favorable effects for these proposed modifications. In continuation of the
previous work, compared to the wild type duplexes, HBond analysis of the modified ASO/RNA
duplexes revealed the active participation of the same amino acid residues ASN-19, ARG-47, TRP-93,
SER-101, ILE-107, TRP-243, SER-251 which were found to interact with the modified ASO/RNA
o{up[exes as well as the wild type o{up(exes for the entire simulation time. These results assisted in
forecasting the structure-activity relationship of modified ASO/RNA duplexes in complex with
RNase H and identified the amino acid residues apart from the DEDD motif residues which might
play an important role in stabilizing modified ASO/RNA duplexes at the active site of RNase H. This
research is thus encouraging to design more novel antisense modiﬁcaﬁons as such; however,
syn’chesis and expevimen’ca[ validation is necessary.

Chapter 7: Conclusion and Future Prospects

Chapter 7 summarizes the overall illustrative message of the entire work presented in this thesis and
makes an effort to incorporate the upcoming research work direction that can be used to improve

the understanding and validate the progress of the present research work.
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