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ABSTRACT 

RNA interference (RNAi) is a natural mechanism by which short strands of RNA, such as 

small interfering RNA (siRNA), directly control the activities of genes through targeted gene 

suppression. RNAi can theoretically degrade any disease-related gene in a sequence-specific 

manner, thereby preventing disease. As a result, siRNA is a promising therapeutic. Indeed, 

drugs based on siRNA have emerged to treat various diseases, including cancer, viral 

infections, and genetic disorders. Despite their potential, siRNA-based therapeutics pose 

developmental challenges due to several inherent properties such as easy degradation in vivo 

and unwanted off-target effects, which reduce their potency. The introduction of chemical 

modifications into nucleotides has been employed to improve the drug-like properties of 

siRNA, with five such drugs having been approved by the United States Food and Drug 

Administration (FDA). These drugs are used to treat diseases such as hereditary transthyretin 

mediated amyloidosis, acute hepatic porphyria, and primary hyperoxaluria type 1, and 

hypercholestomia. However, to rationally design improved drugs, we must know how existing 

versions work. Although an important step in this process is understanding the chemical 

structure of the drugs and other chemically-modified siRNA duplexes, this information is 

currently limited, primarily due to the extensive time requirements associated with 

experimental procedures. To bridge the gap in our understanding of useful siRNA 

modifications and thereby accelerate the transition from discovery and development to clinical 

trials, this research uses long-timescale molecular dynamics (MD) simulations to analyze the 

structural preferences of the 5 siRNA drugs approved by the FDA, namely Patisiran, Givosiran, 

Lumasiran, Inclisiran, and Vutrisiran, and to examine how diverse chemical modification 

patterns influence the overall siRNA structure and interactions with human argonaute-2, the 
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protein that facilitates gene suppression. My findings provide valuable insight into the changes 

in the structural dynamics, and interactions induced by chemical modifications, offering 

valuable information to assist the development of new siRNA drug with enhanced therapeutic 

efficacies. 
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CHAPTER 1: INTRODUCTION 

1.1 Thesis Overview 

The importance of RNA-based medicines came into the global spotlight during the 

COVID-19 pandemic, when mRNA vaccines played a crucial role in controlling the spread 

of the virus. 1 These vaccines demonstrated how powerful RNA technologies can be in 

treating and preventing disease. A key reason mRNA vaccine worked so well during the 

pandemic was the use of chemical modifications,1-5 which are small, chemical changes to 

the RNA building blocks that typically make the drugs more stable and less likely to trigger 

immune reactions. 

The success of mRNA vaccinees has sparked growing interest in using similar 

approaches for other types of RNA treatments, including a promising class of drugs called 

small interfering RNAs (siRNAs). These molecules can block harmful genes associated 

with a particular disease and have already been approved for treating diseases like 

hereditary transthyretin mediated amyloidosis, acute hepatic porphyria, primary 

hyperoxaluria, and high cholesterol.6-8 However, despite their proven potential, many 

challenges remain in the use of siRNA therapeutics. Indeed, siRNA molecules can break 

down quickly in the body, and sometimes cause side effects by interacting with the wrong 

targets. 9 To overcome these issues, scientists have turned to using chemical modifications 

to improve drug performance.7,9 To design even better drugs to treat more diseases, 

information about the impact of the chemical modifications on the structure and function 

of the RNA-based drug is required. However, this information is currently lacking in the 

literature, at least in part because of difficulties gaining this information for a range of 

chemical modifications through traditional ‘wet’ lab experiments.  
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My research uses the tools of computational chemistry to explore how chemical 

modifications commonly used in existing siRNA drugs affect RNA structure and function. 

While some previous computational studies have looked at how small chemical changes 

impact siRNA behavior, most have focused on molecules with only one or two 

modifications.10-12 In contrast, real-world siRNA drugs include many modifications across 

the entire drug and therefore my work will fill an important void in the literature. In addition 

to detailing the structure and dynamics of both unmodified and fully modified siRNA 

molecules, I will look at how modified siRNAs interact with a key protein in the body that 

helps them do their job (called human Argonaute-2). The overarching goal of my work is 

to better understand how different types and patterns of chemical modifications influence 

structure and functions of siRNA, which could guide the development of safer and more 

effective RNA treatments in the future. In the remainder of this chapter, I outline the basic 

structure of nucleic acids and RNA modifications in biology, introduce the therapeutic 

relevance of siRNA and its mechanism of action through RNA interference (RNAi), discuss 

the importance of chemical modifications in siRNA drug development, review key 

experimental and computational findings related to siRNA modifications, and summarize 

the main approach used in my work. 

1.2 Nucleic Acid Structure 

Nucleic acids are fundamental macromolecules that exist in two naturally occurring 

forms: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).13,14 These biomolecules 

play essential roles in cellular processes, with DNA primarily serving as a stable, double-

stranded repository of genetic information, while RNA participates in diverse functions, 

including gene expression, catalysis, and regulatory mechanisms.13,15 In the central role of 



 

3 
 

RNA in the flow of genetic information, messenger RNA (mRNA) serves as an 

intermediary carrier of genetic instructions,16 while transfer RNA (tRNA) acts as a 

molecular adaptor that facilitates the translation of this information into a functional 

protein.17 This translation process is catalyzed by the ribosome, a large ribonucleoprotein 

complex that ensures the accurate pairing of mRNA codons with the corresponding 

aminoacylated tRNAs and catalyzes peptide bond formation.18 Beyond its role in protein 

synthesis, RNA performs numerous gene regulatory and expression roles, particularly in 

eukaryotic and multicellular organisms. Small interfering RNA (siRNA), microRNA 

(miRNA), PIWI-interacting RNA (piRNA), and small nuclear RNA (snRNA) are critical 

for gene expression regulation, RNA silencing, and other cellular processes.19-32 

Consequently, RNA can be broadly categorized into protein-coding RNA and noncoding 

RNA (ncRNA), with the latter comprising the majority of RNA species and playing 

essential roles in gene expression, and cellular regulation.32 

The basic structural unit of both DNA and RNA is the nucleotide (Figure 1.1).14 A 

nucleotide consists of three components: a nitrogenous base, a pentose sugar, and a 

phosphate group. The combination of only the nitrogenous base and the sugar (without the 

phosphate group) is referred to as a nucleoside.33 In nucleoside and nucleotides, the sugar 

component is either β-D-2'-ribose in RNA or β-D-2'-deoxyribose in DNA. A phosphate 

group is attached at the 5' position and a nitrogenous base covalently linked at the C1' 

position via a β-glycosidic bond in a nucleotide.34 The nitrogenous bases fall into two 

categories: purines (adenine and guanine) and pyrimidines (cytosine, uracil, and thymine, 

Figure 1.2). While both DNA and RNA contain adenine (A), guanine (G), and cytosine (C), 

RNA uniquely incorporates uracil (U) instead of thymine (T), which features an additional 

methyl group at position 5 and is present in DNA. 



 

4 
 

 

Figure 1.1: Structural representation of an RNA nucleotide, highlighting the three main 

components: the phosphate moiety (orange), ribose (green), and the nucleobase (red). 

 
Figure 1.2: Chemical structures of the five standard nucleobases from left to right: 

adenine, guanine, cytosine, uracil, and thymine. Adenine and guanine are purines, while 

cytosine, uracil, and thymine are pyrimidines. Uracil is found in RNA, whereas thymine is 

its DNA counterpart. 

Nucleotides polymerize to form polynucleotide chains with directionality, meaning 

they have chemically distinct 5′ and 3′ ends. The 5′ end of the chain has an exposed 

phosphate group from the first nucleotide, while the 3′ end has a free hydroxy group in the 

last nucleotide. During polymerization, new nucleotides are added exclusively to the 3′ end, 

with the 5′ phosphate of an incoming nucleotide forming a phosphodiester bond with the 3′ 

hydroxy of the growing strand. The so-called phosphodiester linkage establishes the sugar–

phosphate backbone that is essential for nucleic acid stability and function.33, 35-37 

Early X-ray diffraction studies identified two predominant duplex conformations of 

nucleic acids: the B-form and A-form (Figure 1.3).15,36-38 The B-form is the most common 

conformation, particularly in DNA, and is characterized by a thin, elongated helical 
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structure, with approximately 10 base pairs per turn and a helical rise of >3.0 Å per base 

pair.39,40 In contrast, RNA predominantly adopts the A-form, which is shorter and wider, 

featuring an average of 11 base pairs per turn and a helical rise of ~2.6 Å per base pair.41 

Within the double strand of DNA, each nucleobase is engaged in Watson-Crick hydrogen 

bonds with the complementary base in the opposing strand to form G:C and A:T base pairs 

(Figure 1.4).42 The genetic code is stored in the specific sequence of nucleotides, with 

accurate hydrogen bonding between complementary bases preserving the integrity.32 

 

Figure 1.3: Structural representations of (a) B-form and (b) A-form nucleic acid duplexes. 

 

Figure 1.4: Structures of the adenine–thymine (A:T), adenine–uracil (A:U), and guanine–

cytosine (G:C) canonical Watson-Crick base pairs, illustrating specific hydrogen-bonding 

patterns and base complementarity. 

RNA mostly exists in the single-stranded form, but there are several RNA that are 
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double-stranded like viral RNA and siRNA.32 Like DNA, RNA duplexes are composed of 

four nucleotide monomers (A, C, G, and U) engaged in Watson-Crick hydrogen bonds to 

form G:C and A:U base pairs (Figure 1.4). The presence of the 2′-hydroxy (2′-OH) group 

in ribose introduces structural and chemical differences between RNA and DNA. This 

functional group reduces the chemical stability of RNA by promoting intramolecular 

cleavage via acid- and base-catalyzed hydrolysis, making RNA more transient than DNA.32 

Additionally, the 2′-OH serves as a versatile hydrogen-bond donor and acceptor, facilitating 

the compact packing of RNA helices and enabling RNA to form complex architectures 

unavailable to DNA.32,43-47 

Given the central and diverse roles of RNA, particularly in gene regulation, as well 

as the unique structural architectures adopted, RNA has become a promising target for 

therapeutic applications, especially through the design of chemically-modified small RNAs 

such as siRNAs. This thesis focuses on understanding how chemical modifications 

influence siRNA structure and function, an area important for the rational design of more 

effective RNA-based therapeutics. The next section examines the biological roles of 

various RNA modifications, setting the foundation for the subsequent discussion on the 

therapeutic potentials of siRNA. 

1.3 RNA Modifications and Their Biological Relevance 

RNA modifications are pivotal post-transcriptional modifications that influence the 

fate of RNA in regulating gene expression and various biological processes.48 RNA are 

recognized and acted upon by specific "writers" (enzymes that add modifications), 

"erasers" (enzymes that remove modification), and "readers" (proteins that interpret the 

modifications).49 As of 2024, about 170 modifications have been characterized in different 
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RNA and have been well documented.48,50 The most extensive studies have been on tRNA, 

mRNA, and ribosomal RNA (rRNA). For instance, N6-methyladenosine (m6A) is one of 

the most prevalent mRNA modifications,51-55 and is known to destabilize RNA duplexes 

by altering the pattern of hydrogen bond donors and acceptor at either the canonical or non-

canonical positions, leading to locally unstructured regions. In contrast, 

N1-methyladenosine or (m1A) disrupts standard Watson-Crick base pairing and introduces 

a positive charge,56-59 which can reshape local RNA structure and promote electrostatic 

interactions with the phosphate backbone. 5-methylcytosine (m5C) is suggested to alter the 

overall helical structure, potentially making the RNA more rigid or compact,60-63 depending 

on the modification position. Additionally, pseudouridine (Ψ) improves base stacking and 

favors a C3′-endo sugar pucker,64-68 which enhances RNA rigidity and can affect both 

secondary structure and translation efficiency.  

RNA modifications can modulate the expression of genes involved in metabolic 

pathways, thereby participating in the reprogramming of cellular metabolism in both 

healthy and disease states, such as cancer and metabolic disorders.48 RNA modifications 

also play essential roles in immunometabolism, regulating how immune cells respond to 

various stimuli and pathogens.48,60,69,70 Changes in RNA modification states can affect the 

activation, proliferation, and function of immune cells, highlighting their importance in 

both immune responses and immune-related diseases.48,70 For example, m6A-modified 

transcripts of key metabolic regulators can alter the metabolic pathways in cancers, 

enhancing their proliferation and survival.71-73 Alterations in m1A levels can have 

downstream effects on cellular growth and protein synthesis, crucial for metabolic 

homeostasis.48,74,75 Similarly, m5C modifications have been found to regulate the stability 

of certain long noncoding RNAs (lncRNAs), which in turn can control the expression of 
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metabolic enzymes and transcription factors critical for various metabolic processes.76,77 

Additionally, Ψ-modifications have been shown to be associated with renal function 

damage and the risk of terminal-stage hypertensive disease, and support the translation of 

mRNAs encoding metabolic enzymes, thereby influencing metabolic flux.48,75,76 

In addition to the involvement in diseases, there are clinical implications of RNA 

modifications, where they can play a large role in treatment strategies.1 Modified 

nucleotides can significantly improve the half-life and reduce the immunogenicity of 

therapeutic RNA, enhancing their efficacy in various treatments.2,78 For example, the 

success of mRNA vaccines during the COVID-19 pandemic exposed the potential of using 

RNA modifications to enhance the stability and efficiency of mRNA therapeutics.1 Also, 

drugs targeting the m6A methylation machinery (e.g., FTO inhibitors) have shown promise 

in enhancing the efficacy of existing chemotherapies by improving the apoptosis of cancer 

cells in acute myeloid leukemia (AML).79 Recently, the use of chemical modifications has 

presented opportunities to reduce off-target effects, increase pharmacokinetics and 

pharmacodynamics effects, and improve the precision of siRNA-based therapies used for 

treatment of several diseases.7,9 These advancements underpin the transformative potential 

of RNA modifications in shaping the next-generation siRNA-based therapies. Therefore, 

the subsequent sections focus on the role of siRNA in gene regulation and how chemical 

modifications can optimize the therapeutic potential. 
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1.4 Overview of siRNA-Based Therapeutics 

1.4.1 RNA Interference (RNAi) 

 
Figure 1.5: Schematic illustration of the RNAi mechanism. 

 siRNA is involved in RNAi, and RNAi is a highly conserved post-transcriptional 

gene regulation mechanism that plays a crucial role in cellular defense against external 

invasion by genetic elements.6,9,28,29,31,43,80-86 The RNAi pathway is initiated in the 

cytoplasm by the endoribonuclease Dicer (Figure 1.5), which processes long, double-

stranded RNA (dsRNA) or short hairpin RNA (shRNA) into mature siRNA duplexes of 

21-23 nucleotides, typically bearing 3' overhangs. siRNA duplexes are then loaded into the 

RNA-induced silencing complex (RISC), a multiprotein assembly that includes human 

Argonaute-2 (hAgo2). Within RISC, RNA helicases assist strand separation of siRNA in 

an ATP-dependent manner.30 The sense strand is discarded, while the antisense strand 

serves as a guide to direct sequence-specific binding to the target mRNA. This interaction 
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facilitates cleavage of the target transcript by hAgo2, leading to gene silencing.29,30,84,87 

siRNA has innate advantages over small molecular therapeutics and monoclonal 

antibody drugs because of its reliance on Watson–Crick base pairing with mRNA rather 

than the need to recognize the complicated spatial conformation of a protein.9 Indeed, small 

molecule and monoclonal antibody drugs require a high level of structural precision and 

therefore are complex and challenging to develop.88 Theoretically, any gene of interest can 

be targeted by siRNA since only the correct nucleotide sequence of the targeting mRNA 

needs to be selected.7 As a result, siRNA therapeutics have a shorter research and 

development span, and a wider therapeutic area than small molecule or antibody drugs. 

This affords the opportunity to selectively target and silence mRNA products of genes that 

were previously considered to be “undruggable” targets.89,90 Over the past two decades, 

siRNA-based therapeutics have demonstrated significant potential for treating a range of 

diseases, including hypercholestomia, primary hyperoxaluria, hepatic porphyria.7,9,91,92 

This therapeutic potential of siRNA was ultimately realized through chemical 

modifications, which will be explored in greater detail in the next section. 

1.4.2 Importance of siRNA Modifications in Therapeutic Applications 

 While unmodified siRNA serves in the natural RNAi pathway and siRNA has high 

therapeutical potential, clinical applications of siRNA pose several developmental 

challenges.93-95 siRNAs have low bioavailability and are rapidly cleared, particularly by the 

kidneys due to their large size and anionic charge.7,96 siRNAs are also highly susceptible to 

nuclease degradation, leading to a short half-life.93 Once inside the target tissue, siRNAs 

must overcome cellular uptake barriers, as they do not naturally cross membranes, and 

endosomal trapping can further restrict their availability.97,98 Additionally, siRNAs risk 
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being mistaken for viral RNA by immune sensors, such as toll-like receptors, potentially 

triggering an undesirable immune response.7,99 These factors including poor stability, 

off-target effects, immunogenicity, and delivery difficulties significantly limit the 

therapeutic efficacy of siRNA and may lead to unintended toxicity.  

 There are two major solutions that have been curated to address these challenges 

associated with the clinical application of siRNA drugs: (1) using innovative delivery 

mechanisms and (2) introducing chemical modifications to siRNA. Currently, two major 

delivery mechanisms have been used: (i) formulation of the siRNA into nanocarriers that 

allow for transfection into target cells (e.g. lipid nanoparticle)98,100 and (ii) conjugation of 

the siRNA to a targeting ligand that binds to a specific receptor of target cells (e.g., 

N-acetylgalactosamine, GalNac).100-102 Meanwhile, chemical modifications have been 

shown to play a crucial role in improving the performance of siRNA drugs and various 

modifications have been implemented to enhance the stability and drug-like properties of 

siRNA.83,103,104 The introduction of chemical modifications into siRNA may affect several 

structural and functional properties, including the susceptibility to ribonuclease 

degradation, recognition and processing by the RNAi machinery, toxicity, thermal stability 

(melting temperature), and maintenance of the A-form RNA helical structure.83,105-107 This 

thesis focuses on elucidating how such chemical modifications impact siRNA structure and 

interactions. 
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Figure 1.6: Sequence of the FDA approved siRNA therapeutics showing their 

modification patterns. 

As a result of chemical modifications, several siRNA drugs have been approved by 

the United States Food and Drug Administration (FDA, Figure 1.6) and have been on the 

market since 2018,108 twenty years after RNAi was discovered. The first siRNA drug, 

Patisiran, was approved in August 2018 for the treatment of Hereditary Transthyretin-

Mediated Amyloidosis (hATTR).108 This was followed by Givosiran (November 2019) for 

Acute Hepatic Porphyria (AHP),109 Lumasiran (November 2020) for Primary 

Hyperoxaluria Type 1 (PH1),110,111 Inclisiran (December 2021) for 

hypercholesterolemia,112 and Vutrisiran (June 2022) as another treatment for hATTR.7,113 

Additional candidates, such as Fitusiran, Teprasiran, Cosdosiran, and Tivanisiran, are 

currently in various stages of clinical development.9,114 The growing number of approved 

and emerging siRNA therapeutics highlights the role of chemical modifications in 
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enhancing siRNA performance and clinical viability. The next section reviews key 

experimental findings that shed light on the diverse impacts of these modifications.  

1.5 Overview of Experimental Studies on siRNA Modifications 

Among the chemical modifications to siRNA, ribose modifications (Figure 1.7) are 

the most used in the FDA-approved drugs, with the 2′-O-Me group at the 2′ position of the 

ribose being one of the most widely used and considered to be one of the most promising 

chemical strategies for the development of clinically viable siRNA-based drugs.89,115,116 

Experimental studies have demonstrated that the 2′-O-Me modification can significantly 

affect siRNA stability and function.106,117 Ultraviolet and circular dichroism (CD) 

spectroscopic data have shown that methylation at the 2'-OH position of polyadenylic acid 

(poly A) enhances the thermal stability of the double-stranded structure, suggesting that the 

modification may confer subtle changes in the helical geometry, base stacking interactions, 

and backbone rigidity.118 Another study conducted in vitro degradation assays, showing 

that 2′-O-Me-modified siRNAs exhibit enhanced resistance to ribonucleases compared to 

unmodified siRNAs.119,120 This finding was supported by in vivo studies where siRNAs 

containing 2′-O-Me modifications showed increased nuclease stability and circulation time 

when used to silence targeted genes in human and mice cells.107,121 In addition, other studies 

showed that introducing 2′-O-Me into siRNA reduced the activation of innate immune 

responses, highlighting its role in minimizing off-target immune responses.122,123 In 

contrast to the known impact of the 2′-O-Me modification, excessive incorporation of 2′-

O-Me into siRNAs, specifically modifying every nucleotide, completely abolishes gene 

silencing activity in cell-based assays.81,124  
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Figure 1.7: Examples of chemical modifications incorporated into ribose for potential use 

in siRNA-therapeutics. 

The 2′-F modification has been widely investigated for its compatibility with siRNA 

function and its ability to enhance duplex stability.125-128 Experimental studies demonstrate 

that incorporating 2′-F groups, particularly at pyrimidine positions, preserves siRNA 

silencing activity both in vitro and in vivo.129,130 Additional studies have confirmed that 

siRNAs modified with 2′-F pyrimidines retain silencing efficiency in vitro,131,132 with 
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similar efficacy in vivo.95 Furthermore, combining 2′-F pyrimidines with 2′-O-Me purines 

yields RNA duplexes with enhanced nuclease resistance and longer half-life, leading to 

improved performance compared to unmodified siRNA in vivo.133 UV melting analyses 

have also demonstrated that 2′-F modifications increase the thermal stability of RNA 

duplexes, as shown by higher melting temperatures in both fully and partially modified 

sequences.127 Another previous study have reported successful crystallization of a fully 

2′-F-modified RNA octamer duplex, and the crystallization of another octamer remained 

unsuccessful suggesting that extensive 2′-F substitution may impair the formation of 

high-quality, crystallizable helices.127 Other chemical modifications like locked nucleic 

acid, 2′-O-methoxyethyl RNA, glycol nucleic acid etc., have also been tested for their 

enhanced thermal stability and nuclease resistance, meanwhile, they have not been 

incorporated into any FDA approved therapeutics yet.83 

 

Figure 1.8: Examples of chemical modifications incorporated into the phosphate backbone 

for potential use in siRNA-therapeutics. 

Substituting non-bridging oxygen in the phosphate of the siRNA backbone with 

sulfur, producing a PS linkage (Figure 1.8), enhances the stability of siRNA molecules.106 

This modification, originally introduced in 1967134-136 by Eckstein and later expanded upon 

in their 2014 study,137 has been experimentally demonstrated to protect siRNA from 
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nuclease degradation by promoting binding to carrier plasma both in vitro and in vivo. 

Another study found that systemically delivered PS-modified siRNA exhibited prolonged 

serum stability and resistance to enzymatic degradation, which translated to improved 

silencing efficacy in mice models.138 However, another study revealed that when PS 

modifications are applied extensively across both strands of the siRNA duplex, RNAi 

efficiency can be impaired.139 This study suggests that such modifications may interfere 

with strand separation or reduce affinity for argonaute proteins, thereby compromising the 

RISC assembly.139 Using fluorescence microscopy and uptake assays, another experiment 

showed that PS-modified siRNA enters cells via clathrin-mediated endocytosis due to non-

specific interactions with cell surface proteins, suggesting that PS modified 

oligonucleotides could enter cells without the aid of transfection agents, thereby enhancing 

cellular uptake of siRNA.140 

Substitution of native nucleobases with chemically modified analogs (Figure 1.9) 

has been explored experimentally to enhance siRNA stability and modulate its biological 

properties.103 Several analogs have been introduced, including pseudouridine, 

2′-thiouridine, and dihydrouridine,141,142 as well as synthetic bases like 5-nitroindole,103,143 

hypoxanthine,144 5-halouracil,130 N-ethylpiperidine triazole-modified adenosine,145,146 

N²alkyl-8-oxoguanine,147,148 N2-propyl/N2-cyclopentyl-2-aminopurines,103 N²-

benzylguanine,149 2,6-diaminopurine,130 and O6-[2-(2-nitrophenyl)propyl]guanine.150 

These modifications have been shown to increase duplex thermal stability by enhancing 

hydrogen-bonding efficiency within base pairs. Notwithstanding these potential 

advantages, nucleobase modifications have not gained widespread application in 

therapeutic siRNA design. This could be because functional assays have demonstrated that 

extensive nucleobase substitutions interfere with effective RISC loading or target 
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recognition, leading to reduced gene silencing efficiency.103  

 

Figure 1.9: Examples of chemical modifications incorporated into a nucleobase for 

potential use in siRNA-therapeutics. 
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 Despite significant advances in the field of siRNA therapeutics, several key gaps 

remain in our knowledge. In particular, structural insights into chemically modified siRNAs 

are limited. High-resolution atomic structures from X-ray crystallography and NMR have 

primarily focused on unmodified or minimally modified RNA duplex.151,152 The crystal 

structure of the guide strand of siRNA in hAgo2 complex (PDB ID: 5JS2),151 which 

contains alternating 2′-O-Me and 2′-F modifications, has been characterized to examine the 

binding mode and compatibility of the modifications with hAgo2. Nevertheless, 

fully-modified siRNA duplex, and fully-modified siRNA-hAgo2 complexes remain largely 

uncharacterized at atomic resolution. This scarcity of structural characterization impedes 

our ability to understand how these modifications alter duplex geometry and conformation. 

To the best of my knowledge, only one high-resolution X-ray crystallography structure 

exists for fully-modified siRNAs in complex with hAgo2,151 making it difficult to assess 

how chemical changes affect siRNA recognition and dynamics within the RNAi 

machinery. While some studies have characterized modified siRNA interactions with 

hAgo2,153,154 they do not include high-resolution crystal structures of such complexes. 

Finally, current experimental structural studies often provide only static snapshots, with 

limited information on the dynamic conformational behaviors of fully-modified siRNAs in 

solutions or in complex with proteins. These limitations underscore the need for 

computational approaches that can fill this gap in knowledge by providing atomic-level, 

time-resolved insight into the behavior of chemically-modified siRNAs. Computational 

chemistry offers a powerful framework to investigate how modifications affect siRNA 

structure, dynamics, and function. The next section provides an overview of computational 

strategies for modeling RNA structure and dynamics, laying the foundation for the methods 

applied in this thesis. 
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1.6 Overview of Computational Approaches for RNA Structure 

 Computational chemistry provides a robust mechanism for understanding 

molecular systems at an atomic level by simulating their behavior using the principles of 

quantum mechanics, classical mechanics, and statistical mechanics. Various computational 

techniques operate at different resolutions depending on the nature of the problem. 

Quantum mechanical (QM) methods, such as density functional theory (DFT) and Hartree-

Fock theory, solve the Schrödinger equation and are used to study the electronic structure, 

reactivity, and energetics of molecules with high accuracy. Due to their computational 

intensity, these methods are typically applied to small molecules or localized regions of 

larger systems, such as enzymatic active sites, where detailed electronic information is most 

important. Molecular mechanics (MM) approaches used in molecular dynamics (MD) 

simulations apply classical mechanics techniques and empirical force fields to model the 

motions and interactions of large biomolecular systems over time, providing insights into 

conformational dynamics. These techniques are often integrated or used in multiscale 

modeling frameworks, enabling a comprehensive understanding of chemical and biological 

systems that is difficult to gain using more traditional experimental methods. MD 

simulations have evolved into an important and widely used computational tool that allows 

scientists to model the detailed microscopic dynamical behavior of many different types of 

systems.155-158 By modelling the interactions between particles using classical mechanics, 

MD provides atomistic insights into the structural and dynamic behaviour of molecular 

systems, and thus serves as a practical and powerful alternative for investigating system 

properties such as conformational changes, protein folding, or binding based on the 

microscopic interactions and energetics that govern molecular behaviour.32,159-161 These 

simulations have been pivotal in juxtaposing computational results with experimental 
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observations. Several advancements in MD methodologies have addressed limitations, 

including short time scales and inaccuracies in force fields,162-164 leading to a remarkable 

agreement between computational predictions and experimental data. 

Previous MD simulations have yielded in-depth analyses of structural intricacies, 

stability, sequence-dependent attributes, and functional characteristics of nucleic acids.165 

When combined with quantum mechanical (QM) approaches, MD simulations have 

successfully elucidated structure–function relationships in small-molecule therapeutics. 

For example, MD simulations and molecular orbital calculations revealed that, although 

both trifluorothymidine (FTD) and 5-fluorouracil can be incorporated into DNA, only FTD 

induces significant double-helix destabilization through enhanced dispersion and 

halogen-bonding interactions, particularly involving the trifluoromethyl group, thereby 

explaining its unique and potent anti-tumor effects.166 MD simulations have further been 

used to understand the sequence-dependent structural behaviour of RNA structure and 

sensitivity to water and ion environments.167-169 Advances in MD force fields have further 

improved the accurate representation of RNA conformational preferences.32,165 Similarly, 

a combined DFT and MD simulations study analysed 33 sugar-modified uridine and 

cytidine nucleotides, revealing that sugar puckering influences Watson–Crick base pair 

stability, south-type sugars strengthen C:G and weaken U:A interactions, while most 

modifications minimally affect base stacking, except for glycol nucleic acids, which 

significantly disrupt stacking.10  

While previous computational studies have advanced our understanding of 

modified RNA structural dynamics, most of the studies focused on unmodified or 

partially-modified RNA duplexes, on individual modifications in isolation, and 

modifications on nucleotides. There remains a substantial gap in our understanding how 
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fully-modified siRNA duplexes, especially those incorporating 2'-O-Me and 2'-F 

modifications in the FDA-approved drugs, affect RNA structure and dynamics. This thesis 

aims to address this gap by applying MD simulations to investigate the structural and 

dynamics implications of full chemical modifications in siRNA duplexes. 

In addition to characterizing the structural properties of siRNA duplexes, it is 

equally important to investigate their interactions with key biological partners, most 

especially, hAgo2, which plays a central role in RNAi. There are relatively few 

computational studies focusing on the siRNA–hAgo2 complex. One study performed a 

single 1 μs MD simulation of hAgo2 complexes with guide strands, using bacteria 

argonaute structure as template to model hAgo2.12 The study investigated the effects of 

individual chemical modifications such as 2′-O-Me, 2′-O-Benzyl, and 2′-O-methoxyethyl 

(2′-O-MOE) at guide strand positions 2, 3, 5, and 14, based on the hypothesis that these 

positions influence RNAi activity.12 The computational analysis focused on how these 

modifications affect binding interactions and the conformational dynamics of the 

complex.12 Building on this, another study combined molecular docking and a single 1 μs 

MD simulation to explore RNAi-based therapeutic strategies against SARS-CoV-2, using 

the above model without incorporating chemical modifications in the siRNA strands.170 

Additionally, 25 ns MD simulations have been used to examine seven unmodified siRNAs 

targeting tdp43 mutants in complex with hAgo2, observing notable conformational 

switching between “open” (the MID and PAZ domains move away from each other, while 

the PAZ and N-terminal domains come closer) and “closed” (PAZ domain moves closer to 

the MID domain) states, with high flexibility in the PAZ domain that anchors the 3′ end of 

the siRNA guide strand.171 In addition to the lack of replica simulations in these studies, 

there is no computational study on a full chemically-modified or FDA-approved siRNA in 
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complex with hAgo2. The existing computational studies have only examined individual 

chemical modifications such as 2′-O-Me, 2′-F, or PS. Consequently, there exists a 

knowledge gap in the understanding of the structural impact of diverse ribose modifications 

on the interactions with hAgo2, including potential synergistic or antagonistic effects 

among binary modification patterns in the same siRNA duplex as seen in the 

FDA-approved siRNA therapeutics. Therefore, in addition to examining RNA duplexes, 

this thesis aims to address this gap by applying MD simulations to investigate how chemical 

modifications in siRNA duplexes influence the interactions with hAgo2. 

1.7 Thesis Objectives 

 This thesis uses computational methods to investigate how full and diverse chemical 

modification patterns influence the structural properties of siRNAs and their interactions 

with hAgo2. Emphasis is placed on the modification patterns present in the first five FDA-

approved siRNA therapeutics. Using long-timescale MD simulations, I will explore how 

differential sequence and modification patterns influence the siRNA duplex conformation, 

dynamics, and recognition by the key components of hAgo2. By systematically analyzing 

fully-modified siRNAs in isolation and in complex with hAgo2 at an atomic resolution, 

this work contributes to the broader literature by providing insights that are currently 

lacking due to the scarcity of high-resolution structural data.  

In Chapter 2, I will investigate the structural properties of the duplexes of the first 

five FDA-approved siRNA therapeutics namely Patisiran, Givosiran, Lumasiran, 

Inclisiran, and Vutrisiran. Based on published sequences, I will model each drug in the 

original chemically-modified form, as well as generate corresponding canonical RNA, 

canonical DNA, full 2′-fluorinated, and full 2′-O-methylated analogs. These siRNA 
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duplexes will be subjected to long-timescale all-atom MD simulations in explicit solvent 

to capture their structural dynamics under physiological conditions. Given that the 

structural integrity of siRNA is critical for RNAi activity, 129, 130 my detailed analyses will 

evaluate the impact of chemical modifications on the local and global siRNA 

conformations, including the backbone geometry, sugar puckering, and overall helical 

structure.  

In Chapter 3, I will investigate the siRNA–hAgo2 complexes. I will use one 

sequence examined for the duplex study namely, Givosiran, which is the first siRNA drug 

with full and diverse chemical modifications to be approved by FDA.  This will involve 

constructing the modified siRNA-guide strand complexes and simulating their interactions 

with hAgo2 to assess how specific chemical modifications influence binding interactions 

and conformational dynamics within the RISC. This analysis will provide insight into how 

chemical modifications modulate siRNA–hAgo2 interactions critical for RNAi activity, 

complementing the duplex-level investigations in Chapter 2.  

Finally, Chapter 4 presents the major conclusions drawn from this work and outlines 

potential directions for future research in this field. Collectively, this thesis addresses 

critical gaps in the understanding of the structural and dynamic of chemically-modified 

siRNA duplexes, with a particular emphasis on FDA-approved siRNA therapeutics. The 

findings are expected to inform rational design principles for next-generation siRNA 

therapeutics. 
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CHAPTER 2: IMPACT OF CHEMICAL MODIFICATIONS ON siRNA 

DUPLEXES 

2.1 Introduction 

As discussed in Chapter 1, RNA interference (RNAi) is a highly conserved post-

transcriptional gene regulation mechanism that plays a crucial role in cellular defense 

against external invasion by genetic elements.1-13 The RNAi pathway is initiated in the 

cytoplasm by the endoribonuclease Dicer (Figure 1.5), which processes long dsRNA or 

short hairpin RNA (shRNA) into mature siRNA duplexes of 19–25 nucleotides, typically 

bearing 3' overhangs. siRNA duplexes are then loaded into the RNA-induced silencing 

complex (RISC), a multiprotein assembly that includes human Argonaute-2 (hAgo2). 

Within RISC, RNA helicases assist siRNA to undergo strand separation in an 

ATP-dependent manner.14 The sense strand is discarded, while the antisense strand serves 

as a guide to direct sequence-specific binding to the target mRNA. This interaction 

facilitates cleavage of the target transcript by hAgo2, leading to gene silencing.4,11,14,15 

Over the past two decades, siRNA-based therapeutics have demonstrated 

significant potential for treating a range of diseases, including hereditary transthyretin 

mediated amyloidosis, acute hepatic porphyria, primary hyperoxaluria, and high 

cholesterol.9,16-18 While unmodified siRNA serves in the natural RNAi pathway, clinical 

applications are hindered by the short half-life (rapid degradation) of canonical RNA in 

biological environments.19-21 To enhance siRNA stability and drug-like properties, 

chemical modifications have been introduced to the canonical nucleotides.10,22,23 One of the 

most common modifications used to improve siRNA function is the replacement of one 

non-bridging oxygen atom of each phosphate group(s) in the backbone with sulfur 

atom(s).24 This phosphorothioate (PS) modification has been reported to significantly 
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increase hydrophobicity and resistance to nuclease and phosphodiesterase activity, which 

promotes siRNA binding to carrier plasma proteins.9,25,26 Ribose modifications at the 

2'-position have also been widely reported to improve nuclease resistance since 

ribonucleases require the 2'-OH group for RNA hydrolysis, but the 2'-OH group is not 

essential for the silencing effect of siRNA.2,6,19,23,27-43 Among sugar modifications, the 2'-

O-methyl (2'-O-Me) modification, a naturally occurring RNA modification in mammalian 

cells,10 is frequently employed in siRNA therapeutics due to its low toxicity and 

compatibility with both the sense and antisense strands.36 However, experimental 

investigations have shown extensive incorporation of 2'-O-Me can reduce or even abolish 

RNAi activity.42,44 In contrast, alternating 2'-O-Me modifications with unmodified RNA 

nucleotides generally preserves siRNA functionality while providing substantial resistance 

to nuclease degradation.2,10,36,42-44 The 2'-fluoro (2'-F) modification has also been studied, 

demonstrating siRNA functionality while enhancing duplex resistance to nuclease 

activity.39,45,46 The incorporation of 2'-F modifications in the canonical residues makes the 

modified ribose adopt the C3′-endo conformation, increases thermal stability, and preserves 

siRNA activity in vitro and in vivo.21,45,46 Additionally, combining 2'-F modifications at 

pyrimidines with 2'-O-Me modifications at purines has been shown to result in remarkable 

resistance to serum nucleases and significantly improve biological performance in 

vivo.42,43,47 Several other modifications, such as glycol nucleic acid (GNA),48 locked 

nucleic acid (LNA),49-51 ethyl-bridged nucleic acid (ENAs),52 and 2′-O-methoxyethyl RNA 

(2′-O-MOE)53 have also been experimentally explored (Figure 2.1). While heavy 

modification of siRNA with any single type of chemical modifications generally results in 

decreased activity, the limited introduction or alternation of modifications with other 

modification types helps retain RNAi efficiency.2,10,51,54-57 
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Figure 2.1: Structures of chemically-modified RNA components designed for use in siRNA 

therapeutics 

As previously discussed in Chapter 1, five siRNA drugs have been approved by the 

United States Food and Drug Administration (FDA, Figure 1.6). Despite advancements in 

siRNA therapeutics design and use, no experimentally resolved structure exists for any 

FDA-approved siRNA drug to the best of our knowledge. While some properties of siRNA, 

like the thermal stability and nuclease resistance have been studied,39,40,46 detailed 

atomic-level characterization remains limited. Specifically, it was found that maintaining 

an A-form helical conformation is crucial for siRNA function, with deviations in the 

A-form structure disrupting RNAi activity.42 Experiments have shown that modifications 

like 2'-O-Me and 2'-F reinforce A-form geometry and enhances the thermal stability 

(melting temperature) without abolishing RNAi efficiency.37-40,42,44,58,59 Given the 

structural dependence of RNAi activity,42 further structural analyses are essential for the 

rational design of next-generation siRNA therapeutics. 
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While various experimental techniques have been employed to determine RNA 

structures, each method presents inherent limitations. X-ray crystallography is a powerful 

tool, but the inherent flexibility of RNA makes crystal contacts harder to come by at a 

sufficient resolution.60 Cryo-electron microscopy (cryo-EM) requires highly-specialized 

and expensive equipment and usually less suitable for small molecules like siRNA.61 

Small-angle scattering (SAS) offers only low-resolution information on RNA structure,62 

while nuclear magnetic resonance (NMR) spectroscopy is laborious and constrained by 

spectral overcrowding.63 Consequently, significant gaps remain in our understanding of 

how chemical modifications influence the structures of siRNA. Computational approaches 

like molecular dynamics (MD) simulations can offer atomic-level insights by using 

molecular mechanics (MM) force fields to capture the time-dependent behavior of 

molecular systems, which could enable a detailed understanding of how modifications 

influence siRNA dynamics and interactions. While previous MD studies have explored 

ribose conformation of the modifications like 2'-O-Me, 2'-O-MOE and 2'-F used in 

siRNA,32-34 modification of siRNA bases and their effect on the duplex melting 

temperature,22 and modified siRNA-hAgo2 complexes,64-66 systematic investigations of 

full chemically-modified FDA approved siRNA drugs are lacking. Furthermore, these 

studies either use short timescales (25 – 500 ns) or lack replicas, limiting the usefulness of 

the information obtained. Therefore, a broader, systematic analysis of chemically-modified 

siRNA drugs is still needed to understand the impacts of the modifications on the 

conformation and dynamics of siRNA. 

This study employs MD simulations to examine the impact of chemical 

modifications on siRNA structure using the nucleobase sequences of the first five FDA-

approved siRNA drugs (Figure 1.6). For each drug nucleobase sequence, five models were 
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constructed that vary in the 2'-ribose substituents throughout the strand. Specifically, each 

nucleotide was modeled in the canonical RNA form, the canonical DNA form, fully 2'-O-

Me substituted (OMeNA), fully 2'-F substituted (FNA), or the sugar modification pattern 

found in the original drug. By comparing these differentially 2'-substituted duplexes, we 

reveal how the structural dynamics of RNA are differentially influenced by the sugar 

modification pattern, addressing key gaps in the atomic-level understanding of how 

modifications impact RNA structure, and providing insights necessary for the rational 

design of improved siRNA therapeutics. 

2.2 Computational Methods 

To generate the modification sequences investigated in the present study, the 

unmodified A-form and B-form duplexes were first constructed for the nucleobase 

sequences corresponding to each of the 5 FDA-approved drugs (Figure 1.6) using the Build 

Structure tool implemented in UCSF Chimera.67 The 2'-O-Me and 2'-F nucleotide 

modifications were then introduced using GaussView 6.0.16.68 Although synthetic siRNAs 

are commonly designed with 2-nucleotide 3' overhangs to mimic natural Dicer-generated 

siRNAs, experimental studies have demonstrated that the absence of the 3' overhangs does 

not impact siRNA function,2,43 and may instead offer greater resistance to exonucleolytic 

degradation.2 Therefore, the 3' overhangs were not included in the sense or antisense strand 

in the present work. Additional models were generated using the nucleobase sequence of 

Patisiran and the modification pattern of the remaining four drugs (denoted Pati-Vutri, Pati-

Incli, Pati-Luma, or Pati-Givo). 

Amber force fields were implemented, with RNA nucleotides modelled using χOL3 

and DNA nucleotides using OL15.69,70 The partial charges for the modified nucleotides 
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were acquired using geometries optimized with the HF/6-31G(d) level of theory and the 

PyRED online RESP charge fitting server.71,72 Generalized Amber Force Field (GAFF2)73 

parameters were produced for the modified nucleotides using parmchk2 from 

AmberTools21.74 Each system was solvated in a truncated-octahedral TIP3P75-77 water box 

such that the solute is at least 12 Å from the edge of a box face in any direction, neutralized 

with Na+, and NaCl added to 150 mM to mimic physiological conditions. The number of 

ions added was determined using the SLTCAP calculator.78  

Each system was minimized, heated, and equilibrated. Specifically, the 

minimization of the solvent, hydrogen atoms of the solute, solute, and all atoms was 

performed sequentially in four stages each involving 11,000 steps using the steepest descent 

(4,000 steps) and conjugate gradient (7,000 steps) methods, and a 100 kcal·mol-1Å-2 

restraint on the relevant atoms. Next, each system was heated in 6 increments from 10 K to 

310 K in 50K increments over the course of 120,000 simulation steps and then equilibrated 

using 5 x 10,000 step segments while applying decreasing restraints on the solvent from 25 

to 1.5 kcal·mol-1Å-2 to ensure gradual relaxation at the desired temperature and pressure of 

1 bar. 

Finally, 1 μs unrestrained MD simulations using the NPT ensemble were carried 

out in quintuplicate on each system using AMBER20.74 The temperature was held at 310 

K using the Langevin thermostat,79,80 with a collision frequency of 3 ps-1. A Berendsen 

barostat81 was employed to maintain the pressure at 1 bar with a relaxation interval of 2 ps. 

The periodic boundary condition was applied, and the non-bonded interactions were 

calculated using the particle mesh Ewald method82,83 with a cutoff distance of 10 Å. The 

SHAKE algorithm84 was used to constrain the bonds involving hydrogen atoms to allow 

for two femtosecond timesteps. The coordinates were saved every 50 ps for analysis, 
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generating 100,000 frames total per system over all replicas. During the initial MD 

simulations, the FNA duplex exhibited extensive fraying, which contributed to duplex 

destabilization. Given our interest in characterizing a fully fluorinated duplex, we applied 

distance restraints between all heavy atoms involved in Watson–Crick base pairing (1.80 

Å and 3.90 Å for the lower and upper bounds, respectively). To validate this approach, we 

compared helical parameters between the unrestrained and restrained FNA duplexes 

(Appendix A, Figure A.1d). The analysis revealed no significant deviations in regions of 

the duplex that remained unfrayed. To further justify this strategy, we compared the 

restrained FNA duplex to the canonical RNA duplex. The insignificant differences in the 

FNA and RNA structural parameters predicted from our simulations is consistent with 

previous experimental findings showing that fully 2′-F-modified RNA octamers adopt 

structures similar to native RNA for the same nucleobase sequence.45 Nevertheless, 

although crystallization of a fully 2′-F-modified RNA octamer was successful, another 

octamer of a different sequence (f(CCCCGGGG)) yielded only low-resolution diffraction, 

and attempts to improve crystal quality or obtain alternative crystal forms were 

unsuccessful.45 This suggests that extensive 2′-F substitution may impair crystallization.  

The cpptraj85 module of AmberTools2174 was used to analyze the MD trajectories averaged 

over all datasets. Root-mean-square deviation (RMSD) was carried out to ensure system 

convergence (Appendix A, Figure A.11). Clustering was carried out to obtain 

representative structures based on the RMSD of atomic positions of all heavy atoms and 

we evaluated the duplex flexibility by analyzing the root-mean-square-fluctuation (RMSF). 

The sugar puckering of the canonical and modified nucleotides was evaluated using 

Barnaba.86 Helical parameters were also evaluated using the nastruct command and in-

house scripts, which utilize the same algorithms, definitions, and units for helical 
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parameters, and groove sizes as X3DNA.85,87-90 To assess helical width, we analyzed intra 

and interstrand backbone distances, specifically monitoring O5'⋯O3' distances both 

between strands and adjacent nucleotides along the same strand throughout the simulation. 

Terminal base pairs and base pair steps were excluded from structural analyses to avoid 

artifacts arising from the increased fluctuations typically observed at the termini during MD 

simulations.87,91-93 The average measurements across datasets and across replicas are 

reported to produce a single value for each duplex. The calculations of standard deviations 

and standard errors of the mean were performed to assess the measure of observed 

differences. To ensure the reliability of the reported means, estimated errors for the 

calculated structural parameters were determined, which are within a 95% confidence 

interval and are provided in Appendix A, thereby confirming the statistical relevance and 

reliability of the results. 

2.3 Results 

2.3.1 2'-O-Me, 2'-F, and Patisiran Modification Patterns Induce A-form Helices  

Patisiran stands out among FDA-approved siRNA drugs due to its distinctive 

pattern of nucleoside modifications.94 Specifically, among the 19-base pairs, 2'-O-Me 

modifications occur in all pyrimidine nucleotides in the sense strand and two uridines in 

the antisense strand, while the remaining nucleotides in the duplex are unmodified and 

additional TT DNA overhangs exist on both 3'-ends. Thus, containing eleven 

modifications, this is the only partially-modified siRNA drug currently approved. 

Furthermore, unlike other siRNA therapeutics, Patisiran does not contain 2'-fluoro or 

phosphorothioate modifications.  

To understand the impact of the Patisiran modification pattern on the structure of 



 

42 
 

RNA duplexes, MD simulations were initially performed on 19-mer canonical RNA and 

DNA duplexes with the same nucleobase sequence context as the drug. As widely reported 

throughout the nucleic acid literature,33,34,95-97 the RNA duplex exhibits 11 base pairs per 

turn, an average rise per base pair of 2.6 ± 0.2 Å, and a predominant C3'-endo sugar pucker 

throughout the simulations (Table 2.1), structural features that are characteristic of an A-

form duplex. In contrast, the DNA duplex contains 10 base pairs per turn, an average rise 

per base pair of 3.2 ± 0.1 Å, and a predominant C2'-endo sugar pucker (Table 2.1), key 

features of a B-form duplex. Furthermore, consistent with A-form nucleic acids being wider 

and shorter than their B-form counterparts,95,96,98 the average interstrand distance is slightly 

larger for RNA (16.4 ± 0.1 Å) compared to DNA (16.1 ± 0.2 Å, Table 2.1), while the 

average intrastrand distance is smaller for RNA (3.9 ± 0.05 Å) than DNA (4.3 ± 0.03 Å; 

Table 2.1). 

Table 2.1: Average (and standard deviation) of structural parameters of canonical and 

chemically-modified nucleic acids from 5 replicas of 1 μs MD simulations. 

Feature Canonical DNA OMeNA FNA Patisiran 

Sugar Pucker C3'-endo C2'-endo C3'-endo C3'-endo C3'-endo 

Rise/Base 

Pair 

2.62 (0.15) 

Å 

3.24 (0.11) 

Å 

2.16 (0.12) 

Å 

2.68 (0.14) 

Å 

2.18 (0.25) 

Å 

Base 

Pairs/Turn 

11 10 11 11 11 

Intrastrand 

Distance 

3.90 (0.03) 

Å 

4.27 (0.03) 

Å 

3.91 (0.09) 

Å 

3.91 (0.06) 

Å 

3.95 (0.05) 

Å 

Interstrand 

Distance 
16.42 (0.05) 

Å 

16.12 (0.16) 

Å 

16.54 (0.13) 

Å 

16.44 (0.21) 

Å 

16.62 (0.14) 

Å 

 

Upon complete duplex modification to 2'-O-Me (OMeNA) or 2'-F (FNA) 

nucleotides or the introduction of the ribose modification pattern of Patisiran, 11 base pairs 

per turn, an average rise per base pair of 2.2 Å – 2.7 Å, and a dominant C3'-endo sugar 

conformation are observed throughout the simulations (Table 2.1). Furthermore, the 
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average interstrand distances falls between 16.4 Å and 16.6 Å, while the average intrastrand 

distance is 3.9 ± 0.01 Å. Thus, our simulations highlight that all modified duplexes retain 

the general A-form structural characteristics of canonical RNA, as previously described by 

experiments.88,90 

2.3.2 2'-O-Me, 2'-F, and Patisiran Modification Patterns Fine-Tune the Structure of 

the Canonical RNA Duplex 

Although the ribose modifications promote global properties consistent with an 

A-form helical conformation, the structural dynamics must be investigated to determine 

whether 2'-O-Me, 2'-F, and Patisiran modification patterns impart any distinct structural 

features to the duplex. First, we consider the distribution and equilibrium of the sugar 

conformations across the modified duplexes. The pseudorotation phase angles (P), which 

is the parameter that describes the conformation of five-membered sugar rings in nucleic 

acids, sampled by ribose during MD simulations on canonical RNA span a broad range of 

values in the northern region of the plot (0–72° and 288–360°; Figure 2.2a). Although 

(unmodified) ribose favors the C3'-endo pucker (0–36°), the structural dynamics permits 

sampling of alternative conformations, such as C4'-exo (36–72°), C1'-endo (288–324°), and 

C2'-exo (324–360°). In contrast, FNA displays a more diverse puckering distribution than 

RNA, with clusters appearing at multiple angular orientations (P = 0–72°, 108–180°, and 

288–360°; Figure 2.2c), suggesting that the 2'-F modification enables sampling of both C2'-

endo (144–180°) and C1'-exo (108–144°) in addition to the conformations sampled by 

RNA. There is a pronounced effect of 2'-O-Me substitution on the sugar pucker, with the 

modification restricting the conformational variability (i.e., P falls between 0–50° and 300–

360°; Figure 2.2b) and tight clustering sugar conformations around C3'-endo and C2'-exo. 
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Finally, Patisiran exhibits a strong preference for the C3'-endo sugar pucker, displaying 

conformational variability similar to RNA, yet occasional flexibility, as indicated by minor 

sampling of the C2'-endo conformation (Figure 2.2d). These observations demonstrate that 

chemical modification type and pattern can markedly influence sugar pucker dynamics in 

RNA, either restricting or enhancing conformational flexibility. 

 

Figure 2.2: Distribution of the pseudorotation phase angle (P) sampled by the ribose of (a) 

canonical RNA, (b) FNA, (c) OMeNA, and (d) Patisiran across 5 replicas of 1 μs MD 

simulations. 

To understand how differences in the sugar puckering dynamics associated with 

modification type and pattern influence nucleotide flexibility, we analyzed the RMSF over 

the course of the simulations (Figure 2.3a). Patisiran and OMeNA exhibit a similar pattern 

of lower RMSF values compared to RNA, FNA and DNA across both strands, indicating 

more rigid duplexes relative to the others. In contrast, canonical RNA, FNA, and DNA 

show relatively higher RMSF values, suggesting greater flexibility. This infers that the 

differences in the dynamics of the sugar puckering are propagated throughout the entire 

duplex. 
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Figure 2.3: (a) Root-Mean-Square fluctuations (RMSF in Å) and (b) radius of gyration 

(RoG in Å) for canonical and chemically-modified nucleic acids across 5 replicas of 1 μs 

MD simulations. 

To further assess the impact of chemical modifications on the structure of the 

nucleic acid duplex, the nucleic acid structural parameters (base pair, base pair step, and 

helical parameters) were evaluated across all residues in the duplexes. Heatmaps 

illustrating the deviations in structural parameters of modified nucleic acids relative to 

canonical RNA are presented in (Figure 2.4 and Appendix A; Figure A.5). Each column 

represents the deviation in average structural parameters between RNA and the modified 

duplexes, with color gradients indicating the magnitude of the difference. Blue denotes 

RNA parameter average values are larger, while red shows that the average value of the 

modified duplexes are greater than canonical RNA, with the intensity of each color 

reflecting the extent of the variation. Among the parameters evaluated, roll, inclination, and 

x-displacement exhibited the most pronounced deviations, and are the focus of the 

discussion below. 
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Figure 2.4: Heatmaps of the deviations in the key structural parameters of modified nucleic 

acids relative to canonical RNA of Patisiran nucleobase sequence. Each row represents the 

difference between RNA and the modified nucleic acids in the columns. Blue shows a 

positive value difference, while red shows a negative value difference. 

RNA can be distinguished from DNA by higher roll and inclination, and lower x-

displacement values,99 which is evident in the heatmap (i.e., the DNA column exhibits an 

intense blue or red color in the case of x-displacement).  Among the modified duplexes, 

FNA demonstrates the smallest deviations from RNA in all parameters as indicated by 

minimal color gradient. Specifically, FNA exhibits deviations less than –1.3° to 2.8° for 

inclination, –0.3 Å to 0.3 Å for x-displacement, and –0.8° to 1.9° for roll. This also occurs 

throughout all other parameters (see Appendix, Figures A.7 – A.9). In contrast, OMeNA 

displays more pronounced structural deviations from RNA as shown by the increased 

intensity in the color gradient, with values ranging from –13.7° to –3.0° for inclination, –

0.9 Å to 2.0 Å for x-displacement, and –8.6° to –2.9° for roll. OMeNA consistently shows 

the greatest deviation across all parameters compared to other modified RNA duplexes (see 

Appendix, Figures A.7 – A.9). Similarly, Patisiran showed significant differences from 

canonical RNA, with deviations spanning –16.4° to –0.2° for inclination, –0.4 Å to 1.1 Å 
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for x-displacement, and –10.2° to –1.6° for roll. Overall, OMeNA and Patisiran exhibit 

similar structural deviations from RNA, with increased base pair inclination and roll and 

reduced x-displacement. The more pronounced global distortions observed upon the 

introduction of 2'-O-Me modifications into canonical RNA compared to the effects of 2'-F 

modifications, reinforce the differential structural dynamics (RMSF and sugar pucker) 

discussed earlier. 

To understand how differences in structural dynamics and parameters impact the 

overall shape of the duplexes, RoG was compared (Figure 2.3b). Canonical RNA and FNA 

exhibit a comparable average RoG (29.6 ± 1.1 Å and 29.9 ± 1.2 Å, respectively) and no 

substantial structural deviations were observed between canonical RNA and FNA (Figure 

2.3b). Previous comparisons between RNA and partially or fully 2′-F–modified RNA 

duplexes using X-ray crystallography have shown minimal differences in both local and 

overall helical geometry. 45 While minor differences are observed across multiple metrics, 

including rise per base pair (Table 2.1), RMSF (Figure 2.3a), helical parameters (Figure 

2.4), and RoG values (Figure 2.3b), they are not sufficient to impact the global RNA 

structure.  

Patisiran and OMeNA display similar average RoG (26.1 ± 1.1 Å and 25.9 ± 0.6 Å, 

respectively). Indeed, OMeNA and Patisiran exhibit a similar increased roll and inclination 

relative to RNA, which results in a smaller RoG than for RNA that reflects a more compact 

helix than RNA and FNA. As a result, the global conformations of Patisiran and OMeNA 

closely resemble each other (Figure 2.5), but are structurally distinct from RNA. Indeed, 

although both Patisiran and OMeNA share structural similarities with canonical (A-form) 

RNA, the modifications induce a slightly thicker (smaller interstrand backbone distances) 

and shorter duplex (smaller rise per base pair values, Table 2.1). These subtle differences 
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at each base pair step have a large impact on the global helical structure. 

 

Figure 2.5: Global structure of RNA, DNA, OMeNA, FNA, and Patisiran (L-R). 

Together, these findings demonstrate that while all modified duplexes adopt an 

A-form conformation, the type and pattern of chemical modification fine-tunes the 

structural properties of the canonical duplex. While FNA and RNA have similar structural 

features, OMeNA is distinct from RNA. Therefore, Patisiran, which has several 2'-O-Me, 

but no F modifications, looks more like OMeNA than RNA.  

2.3.3 2'-F and 2'-O-Me Modifications Have Synergistic Effects on RNA Structure, 

Highlighting their Importance for Givosiran, Lumasiran, Inclisiran, and Vutrisiran 

Givosiran is the second FDA-approved siRNA therapeutic and exhibits a distinct 

chemical modification pattern compared to Patisiran. Unlike Patisiran, all nucleotides in 

Givosiran are chemically modified, with a combination of 2'-O-Me and 2'-F modifications 

distributed throughout the duplex.9,18 Among the 21-base pairs, twenty-six nucleotides are 

2'-O-Me modified and sixteen nucleotides are 2'-F modified, with the majority of the 2'-F 

alterations existing on the antisense strand. Both the sense and antisense strands of the 
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Givosiran duplex contain phosphorothioate linkages at the 5' terminal ends on the first 2 

linkages, and the antisense strand contains phosphorothioate linkages at the 3'-terminal 

overhangs, making Givosiran the first fully modified siRNA drug approved for treatment 

of disease.  

To assess the structural properties of Givosiran, key conformational parameters 

distinguishing A-form and B-form nucleic acids were analyzed as done for Patisiran (Table 

2.2). Despite the presence of full or mixed chemical modifications, the canonical Givosiran-

based duplexes including OMeNA, FNA, and Givosiran consistently retain key A-form 

structural features,33,34,95,98 similar to those observed for Patisiran (Table 2.2). These 

include 11 base pairs per turn, a dominant C3'-endo sugar pucker conformation throughout 

the simulations, and an average rise per base pair ranging from 2.1 to 2.7 Å. The interstrand 

and intrastrand backbone distances also remained comparable to canonical RNA, with 

values between 16.4–16.5 Å and 3.8–3.9 Å, respectively.  

Table 2.2: Average (and standard deviation) of structural parameters of canonical and 

chemically modified nucleic acids from 5 replicas of 1 μs MD simulations. 

Feature Canonical DNA OMeNA FNA Givosiran 

Sugar Pucker C3'-endo C2'-endo C3'-endo C3'-endo C3'-endo 

Rise/Base 

Pair 

2.65 (0.09) 

Å 

3.27 (0.07) 

Å 

2.14 (0.11) 

Å 

2.73 (0.10) 

Å 

2.51 (0.17) 

Å 

Base 

Pairs/Turn 

11 10 11 11 11 

Intrastrand 

Distance 

3.90 (0.02) 

Å 

4.27 (0.03) 

Å 

3.90 (0.03) 

Å 

3.91 (0.06) 

Å 

3.84 (0.02) 

Å 

Interstrand 

Distance 
16.41 (0.07) 

Å 

16.10 (0.20) 

Å 

16.49 (0.10) 

Å 

16.41 (0.26) 

Å 

16.41 (0.10) 

Å 

 

Similar to the analysis conducted for Patisiran, we next investigated how distinct 

chemical modification patterns in Givosiran, OMeNA, and FNA influence the structural 

dynamics of RNA duplexes by examining the distribution and equilibrium of the sugar 
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conformations. Both FNA and OMeNA modifications influence the ribose pucker to 

varying extents (Figure 2.6a–c). The conformational flexibility observed in FNA for 

Patisiran is similarly seen in Givosiran, indicating a consistent effect across different 

sequences. In contrast, OMeNA shows a more confined pucker distribution predominantly 

in the northern region, mirroring the behavior previously observed in Patisiran. However, 

OMeNA occasionally samples sugar conformation in the southern region. In contrast, the 

Givosiran modification pattern displays the most conformationally restricted sugar 

conformational distribution among the four modification sequences. Specifically, the 

pseudorotation phase angles of Givosiran are tightly clustered around the C3'-endo region 

(P = 0–50° and 324–360°; Figure 2.6d), reflecting a pronounced bias toward the C3-endo 

conformation. This highlights how different chemical modification types and patterns can 

significantly modulate the sugar conformational dynamics in RNA. 

 

Figure 2.6: Distribution of the pseudorotation phase angle (P) sampled by the ribose of (a) 

canonical RNA, (b) FNA, (c) OMeNA, and (d) Givosiran across 5 replicas of 1 μs MD 

simulations. 

The RMSF was evaluated over the course of the simulations (Figure 2.7a, and 

Appendix, Figure A.10). To understand how differences in sugar conformational dynamics 

associated with modification patterns influence nucleotide flexibility, in contrast to what 

we observed for Patisiran, canonical RNA, FNA and Givosiran show comparable 

nucleotide fluctuations in both strands throughout the simulation (i.e. higher RMSF values). 
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However, as discussed for Patisiran, OMeNA exhibits distinct fluctuations (lower RMSF 

values) from those observed in other modified duplexes. This suggests 2'-F is playing a role 

in moderating how OMe modification differentially influences the dynamics of the entire 

nucleotide in a duplex with the Givosiran modification pattern.  

 

Figure 2.7: (a) Root-Mean-Square fluctuations (RMSF in Å) and (b) radius of gyration 

(RoG in Å) for canonical and chemically modified nucleic acids across 5 replicas of 1 μs 

MD simulations. 

Among the base pair, base pair step, and helical structural parameters, roll, 

inclination, and x-displacement still exhibit the most pronounced trend. FNA exhibits the 

smallest structural deviation relative to canonical RNA (Figure 2.8, and see Appendix, 

Figures A.7–A.9). Specifically, FNA displays deviations ranging from –0.3° to 4.0° for 

inclination, –0.2 Å to 0.4 Å for x-displacement, and –0.1° to 1.8° for roll. In contrast, 

OMeNA demonstrates significantly greater deviations from RNA, spanning –15.3° to –2.3° 

for inclination, 0.5 Å to 2.2 Å for x-displacement, and –9.4° to –1.1° for roll. This trend is 

similar to that observed in Patisiran nucleobase sequence. These findings shows that while 

2'-O-Me substitutions introduce significant global base pair distortions, 2'-F modifications 

in FNA result in minimal perturbation of global structural parameters. Difference in the 

Givosiran structural parameters from canonical RNA vary at each base pair and step 
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throughout the helix, with deviations ranging from –6.6° to 4.8° for inclination, 0.02 Å to 

1.3 Å for x-displacement, and –4.3° to 3.2° for roll. Also, the effect of the sugar 

modification type is evident at the level of the individual base pairs and steps. This gives 

rise to a distinct fingerprint in the heatmap. The color variation corresponds to the presence 

of either 2′-F or 2′-O-Me modifications at specific positions. For example, in the Givosiran 

column in Figure 2.8, the last three rows show consecutive 2′-F modifications in the sugar 

of the 2nd, 3rd, and 4th nucleotides from the 5′-end of the antisense strand. Additionally, 

alternate rows contain 2′-F modifications, which is clearly reflected in the Givosiran color 

scheme. Interestingly, the intensity of the red/blue colour associated with the 2'-O-Me 

modifications appears attenuated in the Givosiran modification sequence compared to 

OMeNA. This reduced colour intensity likely reflects the interplay between different sugar 

modifications within the same sequence context, suggesting a modulation of structural or 

dynamic properties due to the combination of 2'-F and 2'-O-Me substitutions.  

 

Figure 2.8: Heatmaps of the deviations in the key structural parameters of modified nucleic 

acids relative to canonical RNA of Givosiran nucleobase sequence. Each row represents 

the difference between RNA and the modified nucleic acids in the columns. Blue shows a 

positive value difference, while red shows a negative value difference. 
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This is supported by a previous experiment that suggested that a 21-nt siRNA with 

alternating 2'-O-Me/2'-F modification is an attractive design for creating functionally active 

duplexes.42,43 The simulation data highlights that the presence of diverse modifications 

better fine-tunes the duplex structure than unmodified duplex, leading to overall structural 

parameters distinct from OMeNA (unlike Patisiran). In fact, as shown in Table 2.2, the rise 

per base pair of the FNA duplex is higher than that of the canonical RNA duplex, while the 

OMeNA duplex has a lower value. The rise per base pair for the Givosiran duplex falls 

between those of OMeNA and FNA, and most closely resembles that of canonical RNA 

than either modified duplex. This observation is consistent with the heat map patterns 

described above, which reflects the local structural influences of sugar modifications.  

To further investigate how differences in nucleotide flexibility and local helical 

parameters affect the global conformation of the duplexes, we evaluated the RoG as a 

measure of the overall structural compactness (Figure 2.7b). The canonical RNA, FNA, 

and Givosiran duplexes exhibit comparable RoG values of 32.8 ± 1.1 Å, 33.0 ± 1.3 Å, and 

31.4 ± 1.2 Å, respectively, indicating similar global structural compactness. In contrast, the 

OMeNA duplex shows a markedly lower RoG (28.0 ± 0.4 Å), consistent with a more 

compact helical structure as observed for the Patisiran nucleobase sequence context. Hence, 

the RoG of Givosiran again falls between those of FNA and OMeNA, supporting the 

conclusion that the combined effects of 2'-O-Me and 2'-F modifications result in local and 

global structural properties that are intermediate to those for either fully modified duplex. 

 The above analysis suggests that since Givosiran incorporates both 2'-O-Me and 

2'-F modifications, the drug does not attain the same level of structural compaction as 

OMeNA. This must be attributed to the presence of the 2'-F residues, which modulate the 

local flexibility and prevent rigidity associated with a uniform 2'-O-Me substitution pattern. 
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This observation is further supported by the RMSF (Figure 2.7a), where Givosiran exhibits 

nucleotide fluctuation patterns more closely aligned with canonical RNA and FNA than 

OMeNA, reflecting the dynamic influence of the 2'-F modifications. Additionally, 

representative structures from the MD simulations reinforce this conclusion (Figure 2.9), 

showing high structural similarity between Givosiran and canonical RNA. Canonical RNA 

and FNA also show striking similarities, whereas OMeNA retains a distinct, more 

condensed conformation. These observations are corroborated by multiple structural 

metrics, including the rise per base pair (Table 2.2), RMSF (Figure 2.7a), and RoG (Figure 

2.7b), which collectively demonstrate that Givosiran adopts a more RNA-like global 

conformation despite containing 2'-O-Me chemical modifications, largely due to the 

simultaneous presence of 2'-F substitutions. 

 

Figure 2.9: Global structure of RNA, OMeNA, FNA, and Givosiran (L-R). 

Similar analyses of Lumasiran, Inclisiran, and Vutrisiran support the conclusions 

drawn for Givosiran (Figure 2.10), primarily due to their modification patterns involving a 

combination of 2'-O-Me and 2'-F substitutions. Among the siRNA drug sequences 
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analyzed, the modification patterns associated with the drugs exhibit the most 

conformationally confined sugar puckers, indicating a stronger preference for the C3'-endo 

conformation compared to duplexes containing only 2'-O-Me or 2'-F modifications 

(Appendix, Figure A.3). OMeNA remains structurally distinct from all other modified 

analogues (Appendix, Figure A.4), whereas there are no substantial structural differences 

among canonical RNA, drugs, and FNA (Appendix, Figure A.3). Furthermore, the 

chemical modification patterns impart distinct structural fingerprints in the heatmaps 

(Figure 2.10 and Appendix, Figure A.5), which are characteristic of each drug sequence, as 

seen for Givosiran. For instance, the roll parameter of Lumasiran in Figure 2.10 highlights 

the impact of 2′-F modifications at specific positions from the 5′-end of the antisense strand 

such as positions 2, 6, and 8, which correspond to the bottom rows moving upward in the 

Lumasiran column. 

 

Figure 2.10: Representative heatmaps of the deviations in the key structural parameters of 

modified nucleic acids relative to canonical RNA for Lumasiran, Vutrisiran and Inclisiran. 

Each row represents the difference between RNA and the modified nucleic acids in the 

columns. Blue shows a positive value difference, while red shows a negative value 

difference. 

The primary difference between Patisiran and the other FDA approved drugs is the 

absence of 2'-F modifications, which are a significant feature in the modification sequence 

of the remaining four approved drugs. The heatmaps reveal that the color gradients for these 
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drug sequences are generally less intense than those for Patisiran, indicating reduced 

deviations in roll, x-displacement, and inclination from the RNA baseline across many base 

pairs. This further underscores that there is a synergistic effect between 2'-O-Me and 2'-F 

modifications in Givosiran, Lumasiran, Inclisiran, and Vutrisiran that reduces the structural 

deviation from canonical RNA arising from the 2'-O-Me modifications. Indeed, 2'-F 

appears to counterbalance the rigidity introduced by 2'-O-Me into the structural features of 

RNA, resulting in a global structure closer to the RNA baseline. 

2.3.4 Structural Impacts of 2'-O-Me and 2'-F Modifications on Canonical Duplex are 

Nucleobase Sequence Independent 

To validate the consistency and significance of the combined effects of 2'-O-Me 

and 2'-F and the unique structural fingerprints observed in the structural parameter 

heatmaps for Givosiran, Lumasiran, Inclisiran, and Vutrisiran, which we hypothesise is due 

to modification pattern, we evaluated the impact of different sugar modification patterns 

across various nucleobase sequence contexts. Specifically, the structural parameters of 

Patisiran, which is the only FDA-approved siRNA drug lacking 2′-F modifications were 

compared to those of duplexes, that retain the nucleobase sequence of Patisiran but adopt 

the modification patterns of Givosiran, Lumasiran, Inclisiran, and Vutrisiran, respectively 

(denoted Pati-Givo, Pati-Luma, Pati-Incli, and Pati-Vutri). The resulting heatmaps of the 

deviations in structural parameters of the modified nucleic acids relative to canonical RNA 

demonstrate that combinations of 2'-O-Me and 2'-F modifications induce characteristic and 

reproducible structural changes that are largely sugar modification dependent, but sequence 

independent (Figures 2.11 and 2.12). Interestingly, the deviation in structural parameters 

from RNA for Patisiran are very different from those of its analogs (Pati-Givo, Pati-Luma, 
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Pati-Incli, and Pati-Vutri), where the nucleobase sequence remains constant, but the 

modification pattern differs (Figure 2.11). In contrast, each Patisiran variant exhibits 

changes in the RNA structural parameter that closely resemble those of the clinically-

approved drug that shares the identical modification pattern (Figure 2.12). This reinforces 

the previous conclusion that the specific structural impacts of 2'-O-Me and 2'-F 

modifications on the canonical RNA duplex are primarily driven by the modification 

pattern, generating a distinct fingerprint that is independent of the underlying nucleotide 

sequence. 

 

Figure 2.11: Heatmaps of the deviations in the key structural parameters of Patisiran 

analogs relative to Patisiran. Each row represents the difference between RNA and the 

Patisiran analogs in the columns. Blue shows a positive value difference, while red shows 

a negative value difference. 
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Figure 2.12: Heatmaps of the deviations in the key structural parameters of Patisiran 

analogs relative to the drugs. Each row represents the difference between RNA and the 

Patisiran analog in the columns. Blue shows a positive value difference, while red shows 

a negative value difference. 
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2.4 Discussion 

Our results indicate that the 2'-O-Me and 2'-F modifications considered in this study 

result in A-form helices with differentially altered structural characteristics compared to 

RNA duplexes. This finetuning of RNA structure can be critical for interactions with the 

RISC to effectively mediate RNAi.4,6,42,44,100 The full 2'-O-Me modification in OMeNA 

induces a more rigid structure (Figure 2.3, 2.5, 2.7 and 2.9), effectively “squishing” the 

RNA duplex into a more compact conformation. Previous experiments showed that 2'-O-

methylation may confer some subtle changes in the helix geometry, the stacking 

interactions and the rigidity of the backbone of polyadenine.101 This rigidity could reduce 

the conformational flexibility that is necessary for RISC recognition and activity, thereby 

could impair RNAi functionality. This observation is supported by prior experimental 

findings showing that incorporation of 2'-O-Me nucleotides into either the sense or 

antisense strand of siRNA significantly reduced Enhanced Green Fluorescent Protein 

(EGFP) gene silencing to ~25% or ~16%, respectively, while fully 2'-O-Me-modified 

siRNA duplexes completely abolished RNAi activity. 10, 42, 44  

In contrast, FNA introduces a degree of fluctuation in the sugar pucker distribution 

of the RNA duplex and disrupts the helical geometry. Our simulations demonstrated that 

FNA exhibits a more diverse distribution of sugar pucker conformations, sampling both 

C2'-endo and C3'-endo puckers, which may increase the structural instability of the duplex 

However, when distance restraints were applied to maintain base pairing during molecular 

dynamics (MD) simulations (see Methods and Appendix A.1), the structural properties of 

the FNA duplex closely resembled those of a canonical RNA duplex. Supporting this 

observation, previous studies have shown that fully 2′-F-modified RNA octamers can adopt 

structures similar to native RNA.45 Although crystallization of a fully 2′-F-modified RNA 
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octamer was reported, the crystallization of another octamer diffracted only to low 

resolution, and attempts to improve crystal quality or obtain alternative crystal forms were 

unsuccessful.45 Notably, while 2′-F modifications have been shown to enhance siRNA 

duplex efficacy in cells, 46 such studies typically involved only partial modifications, unlike 

the fully modified FNA duplex investigated here. 

Interestingly, we observed synergistic structural effects when a mixture of 2'-F and 

2'-O-Me modifications are included in a duplex. It was found that siRNA duplex with a 

mixture of 2'-F and 2'-O-Me modifications can have greater stability in serum and improved 

in vivo performance.42,43,47 In fact, the heatmaps provide a striking visual representation of 

the structural fingerprints associated with 2'-F and 2'-O-Me modifications. Each 

modification results in distinct deviations from the canonical RNA baseline, allowing the 

structural influence of these modifications to be tracked in a quantitative manner. The 

heatmap for FNA showed minimal deviation from RNA, suggesting that the 2'-F 

modification alone preserves much of the duplex characteristics of RNA. This is supported 

by previous experiments that proposed no structural differences between canonical RNA 

and 2'-F-modified RNA.40,45 This finding was particularly evident in the roll, x-

displacement and inclination parameters, which are crucial for defining the helical structure 

of nucleic acids. In contrast, the heatmap for OMeNA displays a more pronounced effect 

on the RNA baseline in roll, x-displacement and inclination parameters, indicating that the 

2'-O-Me more significantly alters the duplex structure. In addition, the introduction of 2'-

O-Me into the RNA duplex confers structural rigidity to the duplex.  

Since Patisiran contains only 2'-O-Me modifications and canonical RNA 

nucleotides, the Patisiran heatmap showed similarity to that of OMeNA. In contrast, the 

combination of 2'-O-Me and 2'-F modifications in siRNA therapeutics like Givosiran, 
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Lumasiran, Inclisiran and Vutrisiran fine-tunes the duplex structure in a way that more 

closely preserves RNA-like structural properties than duplexes containing only a single 

type of modification. This suggests that the 2'-F modification moderates the structural 

alteration (increased conformational rigidity and compactness) and the larger deviations in 

key structural parameters induced by 2'-O-Me. This, in turn, may enhance the ability of the 

duplex to interact with RISC and contribute to the conformational flexibility required for 

effective RNAi.34,43 Most importantly, the combination of 2'-O-Me and 2'-F modified 

nucleotides leads to a unique structural fingerprint for each modification pattern. This 

distinction in the heatmaps for each drug underscores the subtle, but critical differences 

between the modifications and their combined effects on RNA structure. 

A particularly interesting aspect of our study is the sequence independence of the 

structural changes induced by the 2'-O-Me and 2'-F modifications. By comparing different 

RNA duplexes with varying nucleobase sequences but enforcing the same modification 

patterns, we found that the structural changes observed for a given drug, particularly in 

parameters such as roll, inclination and x-displacement, were primarily driven by the 

sequence of chemical modifications. This sequence independence highlights the robustness 

of modifications to influence RNA structure. This finding is important for the design of 

siRNA therapeutics, as it suggests that the effectiveness of 2'-O-Me and 2'-F modifications 

may be generalized across various nucleobase sequences. This insight could streamline the 

design of future RNA therapeutics by focusing on the modification pattern rather than 

individual sequence variations. 

2.5 Conclusion 

Our study highlights the significant structural consequences of 2'-O-Me and 2'-F 
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modifications and modification patterns on RNA duplexes, including the synergistic 

influences. The uniform modification of RNA duplexes with 2'-O-Me or 2'-F has a clear 

impact on structural features such as sugar puckers and helical parameters, which can either 

enhance or diminish structural dynamics of RNA. Importantly, the distinct fingerprint 

observed in the duplex structural features according to the 2'-modification pattern provides 

a valuable tool to predict how specific modifications and modification patterns influence 

RNA structure and function, paving the way for the design of more effective siRNA-based 

therapeutics. Finally, the sequence independence of these structural changes suggests that 

these modifications have broad applicability across different siRNA sequences, pointing to 

a simplified design process for RNA therapeutics. 
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CHAPTER 3: IMPACT OF CHEMICAL MODIFICATIONS ON siRNA 

INTERACTIONS WITH hAGO2 

3.1 Introduction 

Argonaute proteins are the central effectors of RNA-induced silencing complexes 

(RISCs) that use the sequence information of small regulatory RNAs (typically 21 to 23 

nucleotides in length) to recognize, bind, and silence complementary target RNAs.1-9 

Argonaute proteins are part of a highly conserved gene family found across plant and 

animal genomes. They are especially amplified in the nematode Caenorhabditis elegans, 

which encode at least 26 distinct genes belonging to the Argonaute family.10 Among the 

Argonaute family, Argonaute-2 (Ago2) is the only member with endonucleolytic activity, 

making it a critical target for therapeutic siRNA design.11-14  

The Argonaute protein architecture is highly conserved and consists of four 

characteristic domains: N-terminal, PAZ (PIWI-Argonaute-Zwille), MID (middle), and 

PIWI.11, 15 The N-terminal and PAZ domains are connected by the L1 linker, while the PAZ 

and MID domains are linked via L2.16 siRNA binding occurs within a cleft formed between 

the N–PAZ and MID–PIWI lobes (Figure 3.1), with the guide strand being positioned and 

the mRNA target recognition occurring in this channel.17 

 

Figure 3.1: Schematic illustration of siRNA guide strand anchored in hAgo2 before 

complementary binding to target mRNA. 

Functionally, the MID domain recognizes the 5'-end of the guide RNA,18-25 while the PAZ 
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domain anchors the 3'-end and releases the 3'-end post-target cleavage.14, 26, 27 Additionally, 

the N-terminal domain facilitates duplex unwinding,4,28 while the PIWI domain harbors the 

catalytic site responsible for target mRNA cleavage.13,14,22,29 Structural and biochemical 

studies have shown that the seed region of the guide strand (nucleotides 2–8) is critical for 

target recognition and binding.20,29-37 Furthermore, experiments have emphasized that 

maintaining an A-form helical structure of the siRNA duplex is essential for efficient RNAi 

activity.17,32,38,39 

Given the therapeutic promise of siRNA, chemical modifications have been widely 

applied to enhance the drug-like properties of siRNA.40-46 For instance, modifications at 

the 2'-position of ribose (e.g., 2'-O-methyl, 2'-fluoro) are commonly found in FDA-

approved siRNA therapeutics.40,47-58 These modifications have been proposed to alter the 

structural dynamics of siRNA, including duplex geometry, and interactions with RNA-

binding proteins, like hAgo2.40,49,50,52,59-64 However, despite the growing number of FDA-

approved siRNA drugs incorporating modifications at the 2'-position of the sugar, the 

dynamic and structural effects of such modifications on hAgo2–siRNA complexes remain 

poorly understood.  

Molecular dynamics (MD) simulations have emerged as a powerful tool for 

exploring the structural dynamics of proteins and nucleic acids, and RNA–protein 

complexes, including those involving chemically-modified nucleic acids,65-67 thereby 

providing atomistic insights that complement experimental methods such as X-ray 

crystallography, NMR, and cryo-EM. In this light, MD simulations have been used to 

provide an enhanced understanding of the structural dynamics and functional mechanisms 

of prokaryotic Argonaute proteins, such as Thermus thermophilus Argonaute (TtAgo).68-71 

For instance, MD simulations performed using the AMBER force field and SPC water 
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model with GROMACS revealed that the interdomain motions of the PAZ, MID, and PIWI 

domains, along with the arginine-rich RNA-binding channel, play essential roles in 

stabilizing guide RNA interactions and enhancing catalytic activity.68 All-atom MD 

simulations conducted with the CHARMM force field and TIP3P water model using the 

NAMD software package demonstrated that TtAgo can accommodate G:U wobble base 

pairs and allow seed region mismatches without major structural disruption.69 The 

conformational flexibility of the PAZ domain was identified as a key factor in enabling this 

tolerance. Using MD simulations (CHARMM and implicit solvation, Generalized Born 

(GB) Model), another study showed that varying Mg²⁺ concentrations modulate the 

structural flexibility of Ago2.70 Lower Mg²⁺ levels were found to increase protein dynamics 

and destabilize the RNA duplex, conditions that favor RNA slicing activity. Furthermore, 

all-atom MD simulations using the AMBER99SB force field and TIP3P water model 

performed with GROMACS revealed that guide-strand loading in TtAgo follows an 

induced-fit mechanism, driven by the flexibility of the L1-PAZ hinge.71 

In contrast, there are relatively few computational studies focusing on the siRNA–

hAgo2 complex. Molecular docking combined with a single 1 μs all-atom MD simulation 

(without replicas) using the Amber software, χOL3 and FF12SB force fields, and the TIP3P 

water model was used to investigate RNAi–based therapeutic strategies against SARS-

CoV-2.72 This approach was based on a previously established model of the hAgo2–siRNA 

complex.73 However, in contrast to the original study, the siRNA strands in this work were 

not chemically modified. The simulations aimed to assess the binding stability and 

structural compatibility of native siRNAs within the hAgo2 complex, providing insights 

into the feasibility of unmodified siRNA constructs for antiviral RNAi applications. Using 

MM-GBSA free energy analysis, they proposed the siRNA–hAgo2 construct with the most 
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stable binding that warrants further experimental exploration. Additionally, a single short 

(25 ns) all-atom MD simulation using GROMACS with the AMBER99-ILDN force field 

and TIP3P water model was used to examine the structural dynamics of hAgo2 in complex 

with seven unmodified siRNAs targeting mRNA corresponding to mutant TDP-43.74 The 

simulation revealed conformational switching between the “open” (the MID and PAZ 

domains move away from each other, while the PAZ and N-terminal domains come closer) 

and “closed” (PAZ domain moves closer to the MID domain) states, with flexibility in the 

PAZ domain being responsible for anchoring the 3′ end of the guide strand. These findings 

underscore the role of domain dynamics in siRNA recognition and binding stability. 

Furthermore, a single 1 μs all-atom MD simulation (without replicas) using Amber 

software, χOL3 and FF12SB force fields, and the TIP3P water model was used to 

investigate how chemical modifications such as 2′-O-Me, 2′-O-Benzyl, and 2′-

methoxyethyl (2′-MOE) at positions 2, 3, 5, and 14 of the siRNA guide strand influence 

conformational dynamics and binding interactions with hAgo2.73 The hAgo2 was 

computationally modeled from the TtAgo structure.73 Both the full trajectory and a 

truncated 500 ns segment were analyzed to conclude that more bulky modifications 

interfere with the key siRNA−hAGO2 noncovalent interactions, while less bulky 

modifications have no significant impact. 

As described above, these studies all lacked simulation replicas that have been 

shown to be required for adequate sampling to produce reliable results for proteins75 and 

nucleic acids.76 Additionally, no study to date has investigated fully chemically-modified 

siRNAs or FDA-approved siRNA drugs in complex with hAgo2 at an atomic resolution. 

Furthermore, no experimentally-resolved structural model currently exists for FDA-

approved drug complexes with hAgo2, highlighting a gap in the structural understanding 
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of clinically-relevant RNAi therapeutics that must be filled to aid the design of improved 

therapeutics. 

To bridge current gaps in our understanding regarding the structural properties of 

FDA-approved siRNA drugs in complex with critical cellular machinery, this study aims 

to construct a novel hAgo2 model bound to a fully-modified seed region of Givosiran guide 

strand and conduct extensive MD simulations. Givosiran, as the first FDA-approved siRNA 

drug with complete chemical modifications, including both 2'-O-methyl (2'-O-Me) and 2'-

fluoro (2'-F) substitutions, will be used in this study. This is important because the previous 

chapter has demonstrated a synergistic effect of these modifications on siRNA structural 

dynamics.  The work in this chapter specifically aims to elucidate how 2'-O-Me and 2'-F 

chemical modifications alter the structure, dynamics, and binding interactions within the 

siRNA–hAgo2 complex. The findings will provide critical insights into the structural and 

functional effects of chemical modifications, aiding the rational design of next-generation 

siRNA therapeutics. 

3.2 Computational Details 

3.2.1 Model Preparation 

 The initial protein coordinates were obtained from a high-resolution X-ray crystal 

structure of hAgo2 bound to a nucleic acid duplex (comprising a 21-nt guide strand and 9-

nt target mRNA, PDB ID: 4W5O, 1.80 Å resolution).33 To ensure structural completeness, 

missing amino acid residues within flexible loops (residues 1–21, 89, 90, 119–126, 270–

275, 297–305, and 822–835) were reconstructed using homology modeling with 

MODELLER77 to generate energetically favorable conformations consistent with the 

crystallographic backbone. All non-protein crystallographic entities, such as solvent 



 

74 
 

molecules and co-crystallized small ligands (phosphate ions, phenol, and isopropyl alcohol) 

were removed. The refined hAgo2 model was then structurally aligned to the original 

crystal structure with the resulting Cα RMSD being less than 2.0 Å, indicating that the 

modeled residues preserved the overall structural integrity of the protein. 

Because the seed region is essential for target recognition and binding 

specificity,78,79 the bound nucleic acid duplex present in PDB ID: 4W5O was excluded from 

the computational model due to its poorly arranged base pairs within this key region. 

Instead, the coordinates for a well-resolved RNA duplex were extracted from a separate 

siRNA–hAgo2 complex with a lower resolution (PDB ID: 6N4O, 2.90 Å resolution),80 

wherein the guide strand and mRNA exhibit proper base pairing throughout the seed region. 

The two crystal structures were superimposed, and the misaligned RNA duplex from PDB 

ID:4W5O was replaced with the duplex from PDB ID:6N4O, which contains 21-nt guide 

strand and 8-nt target mRNA. The corresponding 8-nt of the guide strand was kept while 

the remaining nucleotides were truncated. 

The guide strand sequence from the PDB ID:6N4O crystal structure was modified 

using UCSF Chimera81 to generate the Givosiran guide strand. First, the native nucleobase 

sequence was mutated to match the canonical Givosiran sequence. This sequence was then 

systematically altered to introduce specific 2'-chemical modifications, generating fully 2'-

O-Me substituted (OMeNA), fully 2'-F substituted (FNA), and the exact ribose 

modification pattern present in Givosiran (Drug). Thus, three distinct modified duplexes 

alongside an unmodified version were considered for comparison. To minimize structural 

deviations, residues were replaced while maintaining the original phosphodiester linkages, 

thereby preserving the backbone conformation to ensure the starting models remained close 

to the experimentally-determined crystal structure. 
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The Amber force field was implemented, with RNA nucleotides modelled using 

χOL382 and protein residues with FF19SB.83 The partial charges for the modified 

nucleotides were acquired using geometries optimized at the HF/6-31G(d) level of theory 

and the PyRED online RESP charge fitting server.84,85 Generalized Amber Force Field 

(GAFF2)86 parameters were produced for the modified nucleotides using parmchk2 from 

AmberTools21.87 The protonation states of the histidine residues were determined at pH 

7.0 using H++.88 Each system was solvated in a truncated-octahedral TIP3P89-91 water box 

such that the solute is at least 16 Å from the edge of a box face in any direction, neutralized 

with Na+, and NaCl added to 150 mM to mimic physiological intracellular conditions. The 

number of ions added was determined using the SLTCAP calculator92 (Table 3.1). 

Table 3.1: Number of ions and water molecules added to each siRNA-hAgo2 complex 

model. 

System Water Na+ Cl⁻ 

RNA 44,356 92 117 

OMeNA 44,338 97 122 

FNA 44,347 97 122 

Givosiran 44,352 92 117 

3.2.2 MD Simulation Protocol 

Initially, the positions of all solvent molecules and ions were minimized using 4,000 

steps of steepest descent, followed by 6,000 steps of conjugate gradient minimization, while 

the solute (siRNA–hAgo2 complex) was constrained with a force constant of 

100 kcal·mol⁻¹·Å⁻². Subsequently, heavy atoms of the solvent and ions were restrained with 

the same force constant, and hydrogen atoms in the system were minimized using 2,500 

steps each of steepest descent and conjugate gradient minimization. Next, the solute 

(complex) was minimized using 10,000 steps of steepest descent, followed by 10,000 steps 

of conjugate gradient minimization, while solvent and ion molecules remained restrained 
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(100 kcal·mol⁻¹·Å⁻²). Finally, the entire system was subjected to unrestrained minimization 

involving 2,000 steps of steepest descent and 3,000 steps of conjugate gradient 

minimization. 

Following minimization, the solute was restrained with a force constant of 

25 kcal·mol⁻¹·Å⁻², and the system was heated from 10 K to 310 K in 50 K increments using 

a Langevin thermostat with a collision frequency of 3 ps⁻¹ and a 1 fs time step, over 120,000 

simulation steps. The system was then equilibrated in five consecutive segments of 10,000 

steps each, during which restraints on the solvent were gradually reduced from 25 to 

1.5 kcal·mol⁻¹·Å⁻², ensuring a smooth relaxation to 310 K and a pressure of 1 bar.  

Five independent 1 μs unrestrained production MD simulations were conducted for 

each system using the NPT ensemble in AMBER20.87 The temperature was maintained at 

310 K using the Langevin thermostat93,94 (collision frequency = 3 ps⁻¹), and the pressure 

was controlled at 1 bar with a Berendsen barostat95 (relaxation time = 2 ps). The periodic 

boundary condition was applied, and long-range electrostatics were treated using the 

particle mesh Ewald method96,97 with a 12 Å cutoff for non-bonded interactions. The 

SHAKE98 algorithm was employed to constrain bonds involving hydrogen atoms, allowing 

a 2 fs time step during production runs. 

3.2.3 Analyses 

 The cpptraj99 module of AmberTools2187 was used to analyze each MD trajectory, 

with reported results averaged and standard deviations evaluated over the entire datasets. 

RMSDs with respect to the first frame of the production simulations were calculated for 

the heavy backbone atoms of the protein (Cα, C, and N) and RNA (P, O5′, C5′, C4′, C3′, 

and O3′) using cpptraj. Heavy atom RMSF of the protein residues during MD simulations 
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were also calculated using cpptraj. Hydrogen-bond occupancies were evaluated based upon 

the heavy atom distance (acceptor-donor) cut-off of 3.0 Å and an angle cut-off of ≥135°. 

To calculate the binding free energy of the complex, residues within 5 Å of the siRNA–

hAgo2 interface were selected, and 5,000 snapshots were extracted from the MD 

trajectories at 100 ps intervals for subsequent analysis. The binding free energy for the 

siRNA−hAgo2 complex was computed using the molecular 

mechanics/Poisson−Boltzmann surface area (MM/PBSA) method.100 Clustering was 

carried out to obtain representative structures based on the RMSD of all heavy atoms. 

Helical parameters were evaluated using the NAstruct command and in-house scripts 

according to the same algorithms, definitions, and units for helical parameters and groove 

sizes as employed by X3DNA.99,101-104 

3.3 Results 

3.3.1 Simulated siRNA–hAgo2 Complexes Retain Key Structural Features of 

Experimental Crystal Structure 

The average structures derived from MD simulations of each siRNA–hAgo2 

complex (canonical–hAgo2, FNA–hAgo2, OMeNA–hAgo2, and Givosiran–hAgo2) 

appear structurally similar. Therefore, the image shown in Figure 3.2a illustrates the 

canonical–hAgo2 complex as a representative example to visually convey the overall 

structural features common to all models. Structural overlays of the simulated complex 

with the crystallographic structures of hAgo2 (PDB IDs: 4W5O and 6N4O) reveal a high 

degree of conservation of the secondary structure of the protein. The structural alignment 

confirms that the overall architecture of hAgo2 remains intact during the simulation, as 

supported by an all-atom RMSD of less than 6.8 Å relative to the experimental starting 
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structure (Figure 3.2b and Appendix B.1). The conformational states depicted in the RMSD 

plot (Appendix B, Fig B.1) (blue trace) for the protein primarily reflect localized 

fluctuations, particularly within residues 819–831 of the PIWI domain. These variations 

are minor and do not significantly influence the overall structure or function of the complex, 

as the affected residues are situated over 5 Å away from the active site (seed region). 

Consequently, the observed RMSD deviations are considered negligible. These localized 

fluctuations are visually highlighted by the red rectangle in (Appendix B, Fig B.2). The 

target RNA (green plot) exhibits greater structural deviation compared to the guide RNA 

(red plot), with more fluctuation across the simulation timeframe. However, the guide RNA 

maintains relatively consistent RMSD values. Despite these differences, both remain below 

3 Å, indicating structural stability during the simulation.  

 

 

Figure 3.2: A) Average representative structure of canonical siRNA–hAgo2 complex from 

5 replicas of 1 μs MD simulation. The area circled in red shows the 5’-end of the guide 



 

79 
 

strand anchored in the MID domain of hAgo2. B) Best representative structures from 5 * 

1 μs MD simulation superimposed on crystal structure (PDB ID: 4W5O). C) Model of the 

local interacting residues that are 5 Å away from the guide strand. 

The RoG of all heavy atoms was employed to assess the overall compactness of the 

interacting domain (5 Å away from the seed region) in siRNA–hAgo2 complexes during 

MD simulations (Appendix B, Figure B.3). As a measure of mass distribution relative to 

the center of mass, RoG provides insight into the global compactness of the complex,105 

where abrupt deviations may suggest system expansion or denaturation. All complexes 

(i.e., involving RNA, FNA, OMeNA, or Givosiran) maintained RoG values within a narrow 

range of 33–34 Å, with no significant fluctuations or sharp transitions observed throughout 

the trajectories. This indicates that the complexes remained structurally compact and 

conformationally stable across the simulations regardless of the type or pattern of 

modifications. 

The RMSF plots (Appendix B, Fig B.4) of the protein backbone reveal that the N-

terminal and PIWI domains are the most flexible regions in all complexes. The MID 

domain is less flexible and more rigid than all other domains in the complex. Furthermore, 

the modeled siRNA–hAgo2 complex preserves key structural features observed in crystal 

structures, including the stable anchoring of the 5′-end of the guide strand within the MID 

domain pocket (shown in red circle, Figure 3.2a), and the proper threading of the seed 

region through the nucleic acid binding channel.31,33,36,37 These results demonstrate that the 

computational model developed in this chapter closely mirrors the experimental structure, 

and this agreement supports the reliability of the model for subsequent analyses. 
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3.3.2 Local Structural Stability, Flexibility, and Compactness of the Seed Region Are 

Maintained Across Chemically Modified siRNA–hAgo2 Complexes 

To investigate the structural implications of chemical modifications on siRNA–

hAgo2 interactions, we focused on the seed region of the guide strand, a critical domain 

known to mediate primary interactions within the RISC.78,79 Indeed, crystallographic 

structures of siRNA–hAgo2 complexes29, 33, 36 consistently identify the seed region as being 

crucial for hAgo2 recognition and binding. All analyses were restricted to residues within 

5 Å of the guide strand (Figure 3.2c), effectively capturing the local environment and 

interaction network in this domain. The structural stability of the complexes was evaluated 

by computing the RMSD of protein and RNA backbone atoms with respect to the starting 

structure throughout the MD simulations (Figure 3.3a). All systems exhibited global 

conformational stability, with RMSD values consistently below 3.5 Å and typically ranging 

between 0.5 Å and 2.5 Å for both protein and RNA. 

 

Figure 3.3a: Root-mean-square-deviation (RMSD) for the interacting region within the 

siRNA–hAgo2 complex (a) RNA (b) FNA (c) OMeNA (d) Givosiran over 1 μs MD 

simulations across 5 replicas. 
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RMSF analysis reveals the patterns of per residue movements across the protein 

and nucleic acid components (Figure 3.3b). In all complexes, the majority of hAgo2 

residues within this interaction domain exhibit RMSF values ranging from 0.6 to 4.6 Å, 

indicating an overall stable complex. While the overall interaction domain is structurally 

stable, certain amino acid residues exhibit increased atomic fluctuations, indicating 

localized flexibility within specific regions of the protein structure. A603 within the PIWI 

domain consistently displays the highest degree of flexibility across all systems, with 

RMSF values of 4.44 Å (RNA), 4.61 Å (FNA), 6.24 Å (OMeNA), and 3.79 Å (Givosiran), 

identifying this residue as a conserved dynamic region independent of siRNA chemical 

modifications. Similarly, the second most dynamic residue within this interaction region is 

R814, located in the PIWI domain, which demonstrates higher flexibility, with RMSF 

values of 2.22 Å (RNA), 2.79 Å (FNA), 2.87 Å (OMeNA), and 2.02 Å (Givosiran). This 

further suggests localized structural flexibility within the PIWI domain. Interestingly, the 

lowest RMSF is observed in the Givosiran-modified system, potentially reflecting 

enhanced local rigidity due to the synergistic effects of 2′-F and 2′-O-Me modifications. In 

contrast to hAgo2, the guide strands of siRNA in all complexes exhibit lower RMSF values, 

fluctuating between 0.6 and 1.6 Å, indicative of a less flexible region within the 

siRNA–hAgo2 interacting domain and a tightly bound siRNA, resulting in reduced 

fluctuations. 
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Figure 3.3b: Root-mean-square-fluctuations (RMSF) for the interacting region within the 

siRNA–hAgo2 complex (a) RNA (b) FNA (c) OMeNA (d) Givosiran over 1 μs MD 

simulations across 5 replicas. 

 
Figure 3.3c: Radius of gyration (RoG) for the interacting region within the siRNA-hAgo2 

complex (a) RNA (b) FNA (c) OMeNA (d) Givosiran over 1 μs MD simulations across 5 

replicas. 

Consistently, all complexes involving RNA, FNA, OMeNA, or Givosiran maintain 

RoG values within a narrow range of 15–16 Å, with no significant fluctuations or sharp 

transitions observed throughout the trajectories (Figure 3.3c). This indicates that the 
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interacting domains remained structurally compact and conformationally stable across the 

simulations regardless of the type or pattern of modifications and are reliable for subsequent 

analysis.  

3.3.3 Critical siRNA–hAgo2 Interactions in the MID Domain are Preserved but 

Modulated by 2′ Modifications 

A previous crystallographic study has demonstrated that the seed sequence of the 

RNA occupies a narrow binding groove on hAgo2, where each backbone phosphate from 

the second nucleotide (A2) to the 8th nucleotide (C8) forms interactions with protein 

residues (Appendix B, Fig B.5).29,74 The study confirmed that the Watson-Crick face of the 

first nucleotide interacts with the peptide backbone of G524 and T526, and the phosphate 

of A2 forms hydrogen bonds with the main and side chains of N551 and Q548. 

Furthermore, A3 and A4 interact with K566 and R792, respectively, G5 contacts Y804 and 

both the main chain and side chain of S798, U6 engages K709, G7 contacts R761, and C8 

interacts with the main-chain amine of A221. Another complementary study identified 

contacts within the MID and PIWI domains of hAgo2.9 The study revealed that residues 

K566, K709, H753, Y790, R792, S798, and Y804 interact with phosphates of nucleotide 3 

through nucleotide 6 of the guide strand, while S220, R357, R714, and R761 engage 

phosphates of nucleotide 7 through 9.9 

Building upon these experimental observations, our study employs MD simulations 

to systematically investigate how Givosiran-like chemical modifications influence these 

interactions between the seed region of the siRNA guide strand and hAgo2. Particular 

attention is given to whether the experimentally-observed contacts are preserved, disrupted, 

or modulated in the presence of ribose modifications. As an initial control, MD simulations 



 

84 
 

of the canonical siRNA–hAgo2 complex revealed that the nucleotide at the 5′-end of the 

guide strand is primarily recognized by the amino acid residues G524 (amide oxygen of the 

backbone) and T526 (backbone amide hydrogen) of hAgo2, forming stable hydrogen-

bonds with the uracil base (Figure 3.4a). Specifically, U5···G524 and T526···U5 

interactions were observed with percentage occupancies of 75 ± 6% and 32 ± 6%, 

respectively. FNA retains these hydrogen-bond interactions observed in the canonical 

siRNA–hAgo2 complex, with occupancies decreasing to 65 ± 6% for U5···G524 and 

relatively consistent 30 ± 7% for T526···U5, (Figure 3.4b), while in OMeNA, the 

percentage occupancies for the U5···G524 interaction decreased to 57 ± 28% from the 

observed value of canonical siRNA–hAgo2 complex and similar values of 32 ± 14% for 

T526···U5, respectively (Figure 3.4c). In Givosiran, these interactions with G524 and T526 

of hAgo2 are still observed, but the average occupancies substantially reduce and have 

greater variability, being 42 ± 30% and 19 ± 12%, respectively (Figure 3.4d).  
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Figure 3.4: Representative structures of siRNA–hAgo2 complexes showing interactions at 

the MID domain for: (A) unmodified, (B) 2′-F, (C) 2′-O-Me, and (D) Givosiran (combined 
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2′-F/2′-O-Me) modified siRNA. Protein is colored in wheat and magenta, interacting siRNA 

residues are colored by atom. The red dashed lines indicate the noncovalent interactions 

between nucleotides of siRNA and MID domain residues of hAgo2. 

  The residue adjacent to the 5′-end of the guide strand, adenosine, is also recognized 

by the MID domain of hAgo2. 29, 37, 106 MD simulations of the canonical siRNA–hAgo2 

complex shows that the interactions at this site are primarily mediated by the phosphate 

backbone, which forms noncovalent interactions with N551 and Q548 of hAgo2, along 

with a nucleobase-mediated contact involving N562 with N3 of adenosine (Figure 3.4a). 

The hydrogen-bond interactions occur between one amide hydrogen (HD22) of the side 

chain of N551 and the non-bridging phosphate oxygen (OP2,  N551⋯A), the backbone and 

side chain amide hydrogen of Q548 and the non-bridging phosphate oxygens (two 

instances; OP2 and OP1) Q548⋯A, and amide hydrogen of the side chain of N562 with 

the N3 atom in the adenine base (N562⋯A), with percentage occupancies of 86 ± 3%, 68 

± 4%, 17 ± 5%, and 16 ± 1%, respectively (Figure 3.4a). Upon substitution of the 2′-OH 

group with 2′-F in the FNA–hAgo2 complex, these interactions are retained and while the 

occupancy of the (A)OP1···NE2(Q548) interaction increases to 37 ± 12%, the other 

interactions are similar with occupancies of 87 ± 3%, 74 ± 8%, and 17 ± 3%, respectively 

(Figure 3.4b) indicating somewhat similar interactions. In contrast, the 2′-O-Me 

modification in the OMeNA–hAgo2 complex preserves the noncovalent interactions with 

the backbone of adenosine, but disrupts the base-specific contact, thereby reducing the 

interactions to only N551⋯(A) and both Q548⋯(A), with the occupancy of 

(A)OP1···NE2(Q548) interaction increasing significantly to 50 ± 6%, and occupancies of 

the other interactions decreasing to 66 ± 28%, and 61 ± 9%, respectively (Figure 3.4c). The 

base interaction was lost because OMe at the 2′-position in the ribose extends towards 

N562, pushing the amino acid residue away from the siRNA. The Givosiran–hAgo2 
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complex that contains 2′-F modification in the ribose at this nucleotide maintains all key 

interactions of the canonical siRNA–hAgo2 complex, including the base-specific contact 

with increased persistence over the MD simulations. Specifically, the occupancies of both 

Q548⋯(A), and N562⋯(A) interactions rise to 81 ± 5%, 47 ± 10%, and 19 ± 3%, 

respectively and the N551⋯(A) interaction is consistent with canonical siRNA–hAgo2 

complex with occupancy of 88 ± 1% (Figure 3.4d). This demonstrates that the 2′-F 

substitution found in FNA and Givosiran at position 2 preserves and amplifies key 

hydrogen-bond interactions, including those involving the nucleobase, but the bulkier 

2′-O-Me modification disrupts nucleobase-level recognition by displacing residues such as 

N562. 

Our MD simulations highlight that adenosine, the 3rd nucleotide of the guide strand, 

appears to mark the boundary of the 5′ terminal within the seed region and is recognized 

by residues from two distinct protein domains, albeit with relatively low occupancy (less 

than 50%). The primary non-covalent interactions at this site involve the non-bridging 

phosphate backbone (OP1) of the nucleotide and are mediated by all three hydrogen atoms 

on the terminal amino group of K566 (MID domain) and one of the terminal hydrogens on 

the NH1 guanidinium group of the R792 side chain (PIWI domain). In the unmodified 

complex, the most prominent interactions in the MD simulations are R792⋯A, with an 

occupancy of 39 ± 15%, and three hydrogen bonds involving K566⋯A (targeting the OP1 

of the backbone), each having 29 ± 2% occupancy (Figure 3.4a). Upon full 2′-F 

modification (FNA), the R792⋯A occupancy drops substantially to 13 ± 2%, while 

K566⋯A interactions are maintained with occupancies of 32 ± 5%, 31 ± 0%, and 31 ± 4%, 

respectively (Figure 3.4b). In the OMeNA system, the occupancy of K566-mediated 
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interactions decreases slightly to 26 ± 4% for each interaction. Meanwhile, R792-H⋯A is 

rather inconsistent with occupancy of 19 ± 22% and thus likely represents a transient 

contact (Figure 3.4c). In Givosiran, where the nucleotide remains fluorinated, the 

K566⋯(A) interaction is more than observed for OMeNA (34 ± 4%, 31 ± 5%, and 

31 ± 3%), while the occupancy of the R792⋯(A) interaction increases to 21 ± 4%, which 

is greater than the observed for OMeNA–hAgo2 and FNA–hAgo2 complexes, but less than 

the canonical siRNA–hAgo2 complex (Figure 3.4d). This interaction pattern in Givosiran 

resembles that of FNA and canonical RNA, as the 2′-F modification maintains more 

persistent protein contacts than the bulkier 2′-O-Me group in OMeNA. 

Overall, the 2′-O-Me and 2′-F modifications in the guide strand preserve most of 

the interactions within the MID domain of hAgo2, maintaining recognition of the 5′ 

terminal nucleotides. However, the persistence of these interactions is modulated by the 

specific chemical modification, with 2′-F enhancing or finetuning the key contacts, 

especially those involving backbone and nucleobase recognition, while 2′-O-Me tends to 

decrease or displace such residues due to steric hindrance. 

3.3.4 Key siRNA–PIWI Domain Contacts in hAgo2 Persist but are Influenced by 2′ 

Modifications 

The PIWI domain of hAgo2 serves as the catalytic core of the RISC and is 

responsible for cleaving the target mRNA between positions 10 and 11 relative to the guide 

strand.8,13,14 As a result, precise interactions between the guide strand and the PIWI domain 

are essential for efficient siRNA-mediated gene silencing. Given that all residues of the 

guide strand in the Givosiran-like siRNA are chemically modified, we investigated the 

effects of these modifications on siRNA–PIWI domain interactions in comparison to 
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OMeNA, FNA, and the unmodified siRNA.  

Throughout the MD simulations of the canonical siRNA–hAgo2 complex, the 

fourth nucleotide from the 5′-end of the guide strand (a guanosine) is consistently 

recognized by the phenolic hydrogen (HH) of Y790, one of the terminal guanidinium 

hydrogens (HH21), and one of the hydrogen (HE) of the side chain nitrogen of the 

guanidinium group of R792 within the PIWI domain of hAgo2, forming hydrogen bonds 

with both non-bridging phosphate backbone (Figure 3.5a). Y790 establishes a highly 

conserved hydrogen bond with OP1 of the phosphate group, maintaining this interaction 

for 99 ± 0% of the simulation time. In addition, R792 engages in multiple hydrogen bonds 

with both OP1 and OP2 of the same phosphate group, utilizing distinct donor atoms. 

Specifically, hydrogen bonds are formed between OP1 and HE of R792 for 68 ± 12% of 

the simulation time, while a separate interaction between HH of R792 and OP2 persists for 

78 ± 23% of the trajectory. Upon fluorine modification (i.e., in the FNA–hAgo2 complex), 

the interactions observed in the canonical complex are largely retained. Y790 continues to 

maintain the OP1 hydrogen bond for 99 ± 1% of the simulation time. R792 preserves two 

OP1 interactions, one involving HH atom (not observed in canonical complex) with an 

occupancy of 53 ± 9%, and another involving the HE atom, although the occupancy of this 

interaction decreases to 42 ± 15%. However, the hydrogen bond with OP2 is less frequent, 

occurring only 28 ± 11% of the time (Figure 3.5b). In OMeNA, the Y790⋯OP1 interaction 

remains persistent (98 ± 1%), and the R792⋯OP1 interaction involving HH is observed for 

78 ± 9% of the simulation. A significant change is that the interaction with OP2 and the 

OP1 interaction involving HE are completely lost in this system (Figure 3.5c). Interestingly, 

in Givosiran, where the same nucleotide is modified with fluorine, the hydrogen-bonding 

interactions diverge from that of FNA. Specifically, only two prominent interactions are 
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maintained: the conserved Y790⋯OP1 hydrogen bond (99 ± 1%) and a consistent 

R792⋯OP1 interaction via the HH donor atom (90 ± 1%). All other hydrogen-bonding 

interactions, including those with OP2 and the HE interaction with OP1, are absent, as 

observed for OMeNA complex (Figure 3.5d). 
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Figure 3.5: Representative structures of siRNA–hAgo2 complexes showing interactions at 

the PIWI domain for: (A) unmodified, (B) 2′-F, (C) 2′-O-Me, and (D) Givosiran (combined 

2′-F/2′-O-Me) modified siRNA. Protein is colored in magenta, interacting siRNA residues 

are colored by atom. The red dashed lines indicate the noncovalent interactions between 

nucleotides of siRNA and PIWI domain residues of hAgo2. 

For adenosine, the fifth nucleotide from the 5′-end of the guide strand, MD 

simulations highlight that S798 and Y804 form multiple hydrogen bonds with the 

phosphate backbone through both their side-chain hydroxyl groups and additional 

backbone NH (in the case of S798). The hydrogen bond formed between S798, and the 

phosphate group (via OP1) is highly conserved, with the occupancy exceeding 90% and 

standard deviation being < 3% across all complexes, including those involving unmodified 

RNA, FNA, OMeNA, and Givosiran. However, the interaction between Y804 and the OP2 

atom of the adenine phosphate group displays varying degrees of occupancy depending on 

the chemical modification. In the unmodified RNA duplex, Y804⋯OP2 hydrogen bond is 

persistent for approximately 96 ± 2% of the simulation time. The occupancy decreases 

slightly in FNA (86 ± 13%) and OMeNA (90 ± 7%), while in Givosiran, which also 

contains a 2′-O-Me modification at this site, the interaction is largely preserved for 95 ± 

1% of the simulation time (Figure 3.5a-d). This shows that while both 2′-O-Me and 2′-F 

modifications can slightly reduce the occupancy of the Y804⋯OP2 hydrogen bond relative 

to canonical RNA, the 2′-O-Me modification in the context of Givosiran closely preserves 

the native interaction pattern. This suggests that 2′-O-Me is better tolerated at this position 
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than 2′-F, enabling Givosiran to maintain interactions with hAgo2 comparable to canonical 

RNA. 

The uridine nucleotide in the 6th position on the guide strand is consistently 

recognized by amino acids R761, K709, and H753 regardless of the chemical modification 

present on the ribose moiety. In the unmodified RNA duplex, the hydrogen attached to the 

backbone amide group of R761 forms a stable noncovalent interaction with one of the non-

bridging phosphates atoms, (OP1), which is maintained for 87 ± 9% of the simulation time. 

K709 exhibits multiple hydrogen bonds from each hydrogen on the terminal amino group 

(HZ1, HZ2, and HZ3) and the other non-bridging phosphate atom (OP2), with individual 

occupancies of 28 ± 4% (Figure 3.5a). In the FNA–hAgo2 complex, the interaction with 

R761 is preserved (84 ± 15%), FNA interacts with H753 and exhibits an occupancy of 57 

± 9%. K709 maintains multiple OP2 interactions with each hydrogen on the terminal amino 

group, each occurring 25 ± 4% of the simulation time (Figure 3.5b). In the OMeNA–hAgo2 

complex, the 2′-modification results in consistent occupancies in R761⋯U (80 ± 15%), 

H753⋯U (43 ± 28%), and K709⋯U interactions (24 ± 4% per interaction, Figure 3.5c). In 

Givosiran–hAgo2 complex, R761 continues to engage the OP1 atom, with 81 ± 3% 

occupancy, and K709 maintains the multiple OP2 interactions with the three hydrogen 

atoms on the terminal ammonio group, each occurring for 29 ± 2% of the simulation time 

(Figure 3.5d). While the core phosphate backbone interactions involving R761 and K709 

are largely retained across all systems, modifications such as 2'-F and 2'-O-Me subtly alter 

the local hydrogen-bonding landscape, mostly impacting the H753 interaction. 

Guanosine (nucleotide 7) of the guide strand in the siRNA–hAgo2 complex is 

recognized by an extensive hydrogen-bonding network involving primarily R761, R714, 

and R375 (L2; linker domain). In the unmodified duplex, R761 forms a dominant hydrogen 
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bond via the hydrogen attached to the backbone amide group with the OP2 atom of the 

phosphate backbone, with 61 ± 25% occupancy (Figure 3.5a). R714 also interacts robustly 

with the phosphate backbone, forming hydrogen bonds with OP2 through the hydrogen on 

the terminal guanidinium nitrogen groups (60 ± 40% and 40 ± 16%) donors. In the FNA–

hAgo2 complex, guanosine remains coordinated through a similar network. R761 retains 

the primary interaction with OP2 via the guanidino hydrogen, with increased occupancy 

(76 ± 17%), and a secondary interaction through the other guanidino hydrogen on the 

terminal nitrogen (33 ± 11%). R714 preserves single interaction with OP2 via same donor 

atom as the unmodified nucleotide (51 ± 38%, Figure 3.5b). In the OMeNA–hAgo2 

complex, R761 forms a highly persistent hydrogen bond with the non-bridging phosphate 

oxygen (OP2) through the backbone amide hydrogen, with an occupancy of 83 ± 7%. 

Additionally, one of the terminal guanidino hydrogens provides a stabilizing interaction 

(54 ± 5%). R714 shows the most prominent engagement across all complexes, donating 

hydrogen bonds to OP2 through both terminal guanidino hydrogens (68 ± 27% and 

47 ± 18%). Meanwhile, the OMeNA modification introduces another interaction between 

R375 with OP1 observed for 33 ± 15% of the simulation time (Figure 3.5c). In the 

Givosiran–hAgo2 complex, R761 maintains robust interactions with OP2 through both its 

backbone amide hydrogen (82 ± 8%) and guanidino hydrogen (50 ± 8%) as observed in 

OMeNA. R714 retains dual engagement with OP2 via the guanidino hydrogens (65 ± 27% 

and 37 ± 27%), while R375 forms the most persistent interaction across all systems with a 

hydrogen bond to OP1 (48 ± 10%, Figure 3.5d). These results indicate that the FNA 

modification does not significantly disrupt the canonical phosphate recognition network, 

and the new contacts introduced in the OMeNA complex suggest that the 2′-O-Me 

substitution subtly reshapes the local hydrogen-bonding network, enabling broader residue 
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participation in guide strand recognition. This subtle fine-tuning of the local hydrogen-

bonding landscape not only maintains native contacts but also recruits new residues, such 

as R375, to participate in guide strand recognition. Such fine-tuning may enhance the 

siRNA guide strand recognition. 

The 8th nucleotide (adenosine) of the guide strand is primarily recognized through 

interactions with L1 domain residues S220, A221, and T222, along with R761. In the 

unmodified siRNA–hAgo2 complex, a persistent hydrogen bond is formed between OP1 

and the side chain hydroxyl of S220, with high occupancy (84 ± 9%, Figure 3.5a). 

Additional local interactions include hydrogen bonds between the 3′-OH of the nucleotide 

and the backbone oxygen of A221 (25 ± 9%), as well as a transient interaction with the side 

chain hydroxyl of T222 (23 ± 13%). In the FNA–hAgo2 complex, this hydrogen-bonding 

pattern is largely conserved and the S220⋯OP1 interaction remains preserved (70 ± 26%), 

and R761 interacts with OP2 via the guanidino group (52 ± 26%). However, the T222⋯O3′ 

and A221⋯O3′ interactions are lost, suggesting a subtle conformational shift at the 3′ end 

due to the 2′-F modification (Figure 3.5b). In the OMeNA–hAgo2 complex, the S220⋯OP1 

interaction is further enhanced (90 ± 7%), and the R761⋯OP2 interaction shows a slight 

increase (59 ± 26%). Also, as seen in the FNA complex, the hydrogen bonds with A221 

and T222 are lost (Figure 3.5c). In the Givosiran–hAgo2 complex, the interaction with 

S220 remains highly conserved (83 ± 10%), and the R761–OP2 contact displays the highest 

occupancy among all systems (81 ± 12%), suggesting longer electrostatic interactions. The 

A221 interaction persists (31 ± 9%) as in the canonical context but the T222 interaction is 

lost (Figure 3.5d). 

Overall, the PIWI domain of hAgo2 recognizes the guide strand of siRNA 
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regardless of 2'-F and 2′-O-Me modifications. However, the level of interaction varies with 

the modification pattern, with Givosiran exhibiting enhanced interactions throughout this 

domain likely due to the synergistic effect of the two types of 2′ substitutions. Chemical 

modifications at the ribose moiety such as those introduced in FNA and OMeNA do not 

disrupt this interaction network. Instead, they maintain or, in some instances, enhance the 

overall hydrogen-bonding framework, thereby supporting robust guide strand recognition 

by hAgo2 across chemically diverse siRNA analogs. However, differences in the 

occupancy and persistence of individual hydrogen bonds suggest nuanced effects of these 

modifications on local interaction dynamics. These findings align with prior experimental 

observations from the crystal structure indicating that hAgo2 does not critically depend on 

direct hydrogen bonding with the 2′-OH groups of the guide strand for RNA 

recognition.9,33,36  

3.4 Synergistic Effects of 2′-F/O-Me Modifications Enhance siRNA–hAgo2 Binding 

To evaluate the binding efficiency of each siRNA modification, MM/PBSA energy 

calculations100 were performed for all siRNA–hAgo2 complexes. Specifically, the binding 

free energy (∆G0
bind) was calculated as below. 

∆Gbind = ∆Gcomplex – (∆Gligand + ∆Gprotein)  (eq. 3.1)  

where each G (free energy) term is made up of: 

G = EMM + Gsolv – TS     (eq.3.2) 

EMM is the molecular mechanics energy from the force field calculations in the gas-phase 

made up of non-bonding interactions (sum of van der Waals and electrostatic). 

Gsolv represents how favorable it is to transfer molecules from vacuum into solvent and is 

composed of polar solvation, and nonpolar solvation energies.  
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The entropy term (TS) was not included, as its estimation through normal mode analysis is 

computationally expensive and often unreliable for RNA systems due to the need for 

extensive sampling and the poor convergence of entropy values, especially in biomolecules. 

Moreover, since the compared systems are structurally similar, entropic contributions are 

expected to cancel out, making their omission acceptable for capturing relative binding 

trends. 

The resulting binding free energies, along with their respective energy components, (i.e., 

van der Waals (∆EVDW), electrostatic (∆EELEC), polar solvation, and nonpolar solvation 

energies) are listed in Table 2. Across all complexes, electrostatic interactions are the 

primary contributors to siRNA–Ago2 binding affinity, with the Givosiran–hAgo2 complex 

exhibiting the most favorable electrostatics. While polar solvation energies are consistently 

unfavorable, these are offset by favorable gas-phase interactions. FNA–hAgo2 and 

canonical–hAgo2 complexes exhibit comparable binding free energies, both of which are 

more favorable than that of the OMeNA–hAgo2 complex. Despite similarities in ∆EVDW 

and ∆EELEC across the modified and unmodified systems, the Givosiran modification 

pattern, which carries both 2'-F and 2'-O-Me modifications, demonstrates the strongest 

overall binding. This suggests a synergistic effect of these chemical modifications and 

corroborates the enhanced hydrogen-bond interactions for Givosiran discussed in the 

previous subsections. Overall, the MM/PBSA results indicate that siRNA–hAgo2 binding 

is primarily driven by electrostatics and further modulated by solvation and dispersion 

forces, with mixed 2'-F/O-Me modifications enhancing complex binding interactions. 

Table 3.2: Binding free energy components (using MMPBSA) of the siRNA– hAgo2 

complexes (RNA, FNA, OMeNA, and Givosiran) calculated from 5 replicas of 1 μs MD 
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simulations. Values are presented as mean ± standard error of the mean (SEM), with 

standard deviation (SD) across datasets are shown in parentheses. 

Systems ∆EVDW ∆Eelec ∆EPB ∆Enpolar ∆Edisper ∆Ggas ∆Gsolv ∆G 

RNA 

–122.4 

(6.9) 

–2458.6 

(50.1) 

2424.8 

(44.8) 

–89.3 

(2.2) 

167.3 

(2.9) 

–2580.9 

(49.3) 

2502.7 

(44.8) 

–78.3 ± 

2.0 

(14.6) 

OMeNA 

–121.0 

(8.3) 

–2434.3 

(72.9) 

2403.7 

(70.1) 

–92.3 

(3.7) 

170.9 

(4.6) 

–2555.3 

(72.1) 

2482.3 

(71.2) 

–73.0 ± 

2.4 

(20.1) 

FNA 

–120.2 

(7.6) 

–2451.1 

(58.3) 

2417.7 

(49.3) 

–89.8 

(3.2) 

165.9 

(5.3) 

–2571.3 

(59.0) 

2493.7 

(50.4) 

–77.5 ± 

2.8 

(16.8) 

Givosiran 

–121.6 

(10.4) 

–2479.2 

(36.6) 

2441.7 

(34.9) 

–91.2 

(3.5) 

167.1 

(4.7) 

–2600.8 

(38.1) 

2517.6 

(34.8) 

–83.2 ± 

2.2 

(15.6) 

3.5 Conclusion 

This study provides the first detailed computational account of how chemical 

modifications at each residue in the seed region influence siRNA interactions with hAgo2, 

the core protein effector of the RISC. To our knowledge, no previous modeling or 

simulation-based studies have systematically examined the residue-level impact of such 

modifications on hAgo2 recognition. Through MD simulations, we demonstrate that 2′-O-

Me and 2′-F modifications preserve the key binding interaction at the siRNA–hAgo2 

interface, particularly in the MID and PIWI domains, where the seed region of siRNA is 

anchored. Importantly, our findings show that these chemical modifications do not totally 

disrupt the canonical siRNA–hAgo2 contacts, but rather subtly fine-tune the persistence of 

key interactions depending on their chemical nature. When both modifications are present 

within the same duplex (i.e., the Givosiran-like design), the modifications act 

synergistically to further enhance guide strand recognition by hAgo2. This suggests that 

such synergistic effects improve the siRNA–hAgo2 interaction, could potentially 

contribute to the increased silencing potency of fully-modified siRNA, which is a key factor 
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in the therapeutic efficacy of siRNA drugs.40,47,49,50,52,58,107-110 Overall, the siRNA–hAgo2 

models and simulation strategies developed herein offer a valuable benchmark for 

structure-based optimization of chemically-modified siRNAs. Furthermore, the results for 

the modified duplexes deepen our understanding of the consequences of guide strand 

modifications and lay the groundwork for the rational design of next-generation RNAi 

therapeutics. 
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CHAPTER 4: THESIS SUMMARY AND FUTURE DIRECTIONS 

4.1 Summary 

 The development of siRNA-based therapeutics has been advanced by the strategic 

incorporation of chemical modifications, especially at the 2′-position of ribose. Among 

these modifications, 2′-O-methyl (2′-O-Me) and 2′-fluoro (2′-F) have gained prominence 

for their ability to modulate siRNA function because of their use in FDA-approved siRNA 

therapeutics.1 The introduction of chemical modifications into siRNA may affect several 

structural and functional properties, including the susceptibility to ribonuclease 

degradation, recognition, and processing by the RNAi machinery, toxicity, thermal stability 

(melting temperature), and maintenance of the A-form RNA helical structure.2-5 While 

several studies have explored the impact of modifications on properties such as the thermal 

stability of siRNA,6,7 resistance to ribonucleases,8-10 and circulation time in the 

bloodstream,11 the knowledge about the impact of chemical modifications on the structure 

of siRNA is missing. This gap is particularly important because experimental evidence 

underscores that maintaining the A-form helical structure is essential for siRNA function 

and any significant deviation from this structure has been shown to abolish RNAi 

activity.12-14 This thesis has employed computational methodologies to investigate the 

structural impacts of chemical modifications on siRNA, particularly focusing on their 

effects on the siRNA duplex and duplex interactions with hAgo2, a key protein in the RISC. 

Using all-atom molecular dynamics (MD) simulations, this work provides detailed insights 

into how these chemical modifications affect the geometry, flexibility, and biological 

recognition of siRNA molecules. 

 In Chapter 2, I systematically analyzed fully-modified RNA duplexes derived from 
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the first five FDA-approved siRNA drugs to assess how 2′-O-Me and 2′-F substitutions 

influence the structural features of A-form helices. The results revealed that 2′-O-Me 

modifications introduce conformational rigidity and effectively compress the RNA duplex. 

This structural rigidity may hinder the ability of the duplex to adapt to the conformational 

requirements of RISC loading and activity. On the other hand, the 2′-F modification better 

preserves RNA-like structural characteristics, but makes the pucker adopted by the sugar 

throughout the helix more diverse and disrupts the helical structure of the duplex when 

fully modified without the restraint, suggesting a potential trade-off between thermal 

stability and preservation of the helix. Most importantly, duplexes containing a 

combination of 2′-O-Me and 2′-F substitutions, such as those observed in Givosiran, 

Lumasiran, Inclisiran and Vutrisiran, exhibit a synergistic effect, whereby the 2′-F 

modification appears to counterbalance the rigidity induced by 2′-O-Me, and the diverse 

sugar pucker adopted by the sugar throughout the helix introduced by 2′-F is tempered by 

the presence of 2′-O-Me, collectively fine-tuning the duplex conformation to more closely 

resemble that of canonical RNA. Structural fingerprinting using heatmaps of helical 

parameters (e.g., roll, inclination, x-displacement) further illustrates how individual and 

combined modifications distinctly influence RNA geometry. A particularly interesting 

observation is the nucleobase sequence-independence of the structural changes induced by 

the modifications. Across different siRNA nucleobase sequences, the presence of 2′-O-Me 

and 2′-F modifications consistently altered structural parameters in a reproducible manner. 

This finding underscores the dominant role of chemical modifications over nucleobase 

sequence in dictating RNA conformation. Importantly, these structural trends were 

consistent across all five FDA-approved siRNA drugs studied, underscoring the 

generalizability of the observed effects, and offering a robust framework for generalizing 
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design principles in siRNA drug development.  

In Chapter 3, I examined how the structural effects seen for isolated duplexes 

manifest in the context of the siRNA–hAgo2 complex using the nucleobase sequence of 

Givosiran for the siRNA. The consistency across diverse sequence contexts is the reason 

for focusing on a single representative drug, in the siRNA–hAgo2 interaction modeling 

presented in Chapter 3. To my knowledge, no previous modeling or simulation-based 

studies have systematically investigated the residue-level impact of chemical modifications 

within the seed region on hAgo2 recognition, nor has a structural model of a fully-modified 

seed region siRNA–hAgo2 complex been reported. In this work, we present and 

characterize the first such model, featuring a fully chemically-modified seed region of 

siRNA guide strand bound to hAgo2. All-atom MD simulations of modified guide strands 

bound to hAgo2 revealed that both 2′-O-Me and 2′-F modifications are well tolerated within 

the MID and PIWI domains, which are critical for anchoring the seed region. The 

modifications do not completely disrupt canonical siRNA–hAgo2 interactions. Instead, 

they subtly modulate the persistence of hydrogen bonds, most often enhancing interaction 

lifetimes throughout the simulations. This likely contributes to the increased binding 

affinity, which is essential for sustained silencing activity in vivo. 3, 15-17 These findings 

offer molecular-level insights into how guide strand design influences RISC loading, 

thereby providing a valuable platform for future structure-based optimization of siRNA 

therapeutics. 

The insights from this thesis help bridge the knowledge gap between clinically-

relevant chemical modification strategies and their structural consequences at both the 

RNA duplex and protein-binding levels. By elucidating how specific 2′-O-Me and 2′-F 

modifications influence siRNA conformation and hAgo2 recognition, this work reinforces 
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the rationale behind current therapeutic designs and provides a predictive framework for 

developing novel siRNA sequences that preserve RNA-like helical integrity. The detailed 

atomistic understanding developed here is broadly applicable and can be extended to guide 

the rational design of other RNA-based therapeutic platforms that rely on the introduction 

of chemical modifications, including miRNA mimics, antisense oligonucleotides, and 

mRNA vaccines. 

4.2 Future Directions 

While this thesis provides key insights into the structural effects of 2′-modifications 

on siRNA duplexes and their interactions with hAgo2, several important questions remain 

for future investigation. One such question revolves around the positional effects of 

chemical modifications. The current work focused on fully-modified duplexes to explain 

the global structural consequences of 2′-O-Me, 2′-F, and their combination according to 

existing FDA-approved drugs. However, therapeutic siRNAs often feature asymmetric or 

position-specific modification patterns, such as selective placement of 2′-O-Me at seed 

positions and 2′-F at other locations.18-24 Future simulations should systematically explore 

how the position of the modifications along the siRNA strands influence key RNAi-related 

outcomes, including cleavage efficiency, strand selection, and off-target binding. Another 

important direction involves mechanistic studies of RNAi catalysis. While this work 

focuses on structural interactions between the seed region of siRNA guide strand and 

hAgo2, an essential determinant of RNAi efficacy is the ability of hAgo2 to catalyze target 

mRNA cleavage.25-33  

Another important direction for future work is expanding the chemical modification 

landscape. While this thesis focused on 2′-O-Me and 2′-F modifications, several other 
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chemical modifications, including phosphorothioates, unlocked nucleic acids (UNAs),34 

glycol nucleic acids (GNAs),35 locked nucleic acid (LNAs),34,36, 37 ethyl-bridged nucleic 

acids (ENAs),38 and 2′-O-methoxyethyl (2′-O-MOE)19 (Figures 1.7–1.9) are increasingly 

being explored for use in siRNA therapeutics. Incorporating these modifications into 

similar MD simulation models will deepen our understanding of how different chemistries 

modulate siRNA structure, flexibility, and protein binding, and will expand the design 

toolkit for next-generation siRNA drugs. Lastly, as structural datasets on RNA 

modifications continue to grow,39,40 there is a valuable opportunity to integrate atomistic 

simulation data with machine learning approaches. By training models on structural 

features such as helical parameters, and sugar pucker distributions, it may become possible 

to predict the functional efficacy of novel siRNA designs prior to experimental validation. 

This data-driven strategy could enable high-throughput screening of chemically-modified 

siRNAs, accelerating the discovery and optimization pipeline for RNA therapeutics. 

4.3 Final Remarks 

 Taken together, this thesis provides a novel understanding of the structural 

consequences of ribose modifications in siRNA therapeutics. By linking detailed RNA 

duplex-level conformational analyses with molecular modeling of siRNA–hAgo2 

interactions, this work established a computational framework for the rational design of 

next-generation siRNA drugs. The observed synergistic effects of 2′-O-Me and 2′-F 

modifications, along with the discovery that these structural alterations are largely 

nucleobase sequence independent, present a compelling strategy for enhancing siRNA 

stability and efficacy. As a result, the models, structural insights, and computational 

approaches developed herein lay a foundation for the precision engineering of siRNA 
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therapeutics with improved potency. 

4.4 References 

(1) Gangopadhyay, S.; Gore, K. R. Advances in siRNA therapeutics and synergistic effect 

on siRNA activity using emerging dual ribose modifications. RNA Biol. 2022, 19 (1), 452-

467. 

(2) Manoharan, M. RNA interference and chemically modified small interfering RNAs. 

Curr. Opin. Chem. Biol. 2004, 8 (6), 570-579. 

(3) Behlke, M. A. Chemical modification of siRNAs for in vivo use. Oligonucleotides 2008, 

18 (4), 305-319. 

(4) Chernikov, I. V.; Vlassov, V. V.; Chernolovskaya, E. L. Current Development of siRNA 

Bioconjugates: From Research to the Clinic. Front. Pharmacol. 2019, 10, 444. 

(5) Chernikov, I. V.; Gladkikh, D. V.; Meschaninova, M. I.; Ven'yaminova, A. G.; Zenkova, 

M. A.; Vlassov, V. V.; Chernolovskaya, E. L. Cholesterol-Containing Nuclease-Resistant 

siRNA Accumulates in Tumors in a Carrier-free Mode and Silences MDR1 Gene. Mol. 

Ther. Nucleic Acids 2017, 6, 209-220. 

(6) Bobst, A. M.; Rottman, F.; Cerutti, P. A. Effect of the methylation of the 2′-hydroxyl 

groups in polyadenylic acid on its structure in weakly acidic and neutral solutions and on 

its capability to form ordered complexes with polyuridylic acid. J. Mol. Biol. 1969, 46 (2), 

221-234. 

(7) Pallan, P. S.; Greene, E. M.; Jicman, P. A.; Pandey, R. K.; Manoharan, M.; Rozners, E.; 

Egli, M. Unexpected origins of the enhanced pairing affinity of 2'-fluoro-modified RNA. 

Nucleic Acids Res. 2011, 39 (8), 3482-3495. 

(8) Takahashi, M.; Nagai, C.; Hatakeyama, H.; Minakawa, N.; Harashima, H.; Matsuda, A. 

Intracellular stability of 2'-OMe-4'-thioribonucleoside modified siRNA leads to long-term 

RNAi effect. Nucleic Acids Res. 2012, 40 (12), 5787-5793. 

(9) Volkov, A. A.; Kruglova, N. y. S.; Meschaninova, M. I.; Venyaminova, A. G.; Zenkova, 

M. A.; Vlassov, V. V.; Chernolovskaya, E. L. Selective Protection of Nuclease-Sensitive 

Sites in siRNA Prolongs Silencing Effect. Oligonucleotides 2009, 19 (2), 191-202. 

(10) Morrissey, D. V.; Lockridge, J. A.; Shaw, L.; Blanchard, K.; Jensen, K.; Breen, W.; 

Hartsough, K.; Machemer, L.; Radka, S.; Jadhav, V.; et al. Potent and persistent in vivo 

anti-HBV activity of chemically modified siRNAs. Nat. Biotechnol. 2005, 23 (8), 1002-

1007. 

(11) Liu, X.; Wang, W.; Samarsky, D.; Liu, L.; Xu, Q.; Zhang, W.; Zhu, G.; Wu, P.; Zuo, 

X.; Deng, H.; et al. Tumor-targeted in vivo gene silencing via systemic delivery of cRGD-

conjugated siRNA. Nucleic Acids Res. 2014, 42 (18), 11805-11817. 

(12) Ku, S. H.; Jo, S. D.; Lee, Y. K.; Kim, K.; Kim, S. H. Chemical and structural 

modifications of RNAi therapeutics. Adv. Drug Deliv. Rev. 2016, 104, 16-28. 

(13) Crooke, S. T.; Witztum, J. L.; Bennett, C. F.; Baker, B. F. RNA-Targeted Therapeutics. 

Cell Metab. 2018, 27 (4), 714-739. 

(14) Ya-Lin Chiu, T. M. R. RNAi in Human Cells: Basic Structural and Functional Features 

of Small Interfering RNA. Mol. Cell 2002, Volume 10 (Issue 3), Pages 549-561. 

(15) Deleavey, G. F.; Damha, M. J. Designing chemically modified oligonucleotides for 

targeted gene silencing. Chem. Biol. 2012, 19 (8), 937-954. 



 

111 
 

(16) Allerson, C. R.; Sioufi, N.; Jarres, R.; Prakash, T. P.; Naik, N.; Berdeja, A.; Wanders, 

L.; Griffey, R. H.; Swayze, E. E.; Bhat, B. Fully 2'-modified oligonucleotide duplexes with 

improved in vitro potency and stability compared to unmodified small interfering RNA. J. 

Med. Chem. 2005, 48 (4), 901-904. 

(17) Choung, S.; Kim, Y. J.; Kim, S.; Park, H.-O.; Choi, Y.-C. Chemical modification of 

siRNAs to improve serum stability without loss of efficacy. Biochem. Biophys. Res. 

Commun. 2006, 342 (3), 919-927. 

(18) Hu, B.; Zhong, L.; Weng, Y.; Peng, L.; Huang, Y.; Zhao, Y.; Liang, X. J. Therapeutic 

siRNA: state of the art. Signal Transduct. Target. Ther. 2020, 5 (1), 101. 

(19) Prakash, T. P.; Allerson, C. R.; Dande, P.; Vickers, T. A.; Sioufi, N.; Jarres, R.; Baker, 

B. F.; Swayze, E. E.; Griffey, R. H.; Bhat, B. Positional Effect of Chemical Modifications 

on Short Interference RNA Activity in Mammalian Cells. J. Med. Chem. 2005, 48 (13), 

4247-4253. 

(20) Kenski, D. M.; Butora, G.; Willingham, A. T.; Cooper, A. J.; Fu, W.; Qi, N.; Soriano, 

F.; Davies, I. W.; Flanagan, W. M. siRNA-optimized Modifications for Enhanced In Vivo 

Activity. Mol. Ther. Nucleic Acids 2012, 1 (1), e5. 

(21) Shinohara, F.; Oashi, T.; Harumoto, T.; Nishikawa, T.; Takayama, Y.; Miyagi, H.; 

Takahashi, Y.; Nakajima, T.; Sawada, T.; Koda, Y.; et al. siRNA potency enhancement via 

chemical modifications of nucleotide bases at the 5'-end of the siRNA guide strand. RNA. 

2021, 27 (2), 163-173. 

(22) Yu, A.-M.; Choi, Y. H.; Tu, M.-J. RNA Drugs and RNA Targets for Small Molecules: 

Principles, Progress, and Challenges. Pharmacol. Rev. 2020, 72 (4), 862-898. 

(23) Guo, F.; Li, Y.; Yu, W.; Fu, Y.; Zhang, J.; Cao, H. Recent Progress of Small Interfering 

RNA Delivery on the Market and Clinical Stage. Mol Pharm 2024, 21 (5), 2081-2096. 

(24) Egli, M.; Manoharan, M. Re-Engineering RNA Molecules into Therapeutic Agents. 

Acc. Chem. Res. 2019, 52 (4), 1036-1047. 

(25) Mallick, B.; Sharma, A. R.; Lee, S. S.; Chakraborty, C. Understanding the molecular 

interaction of human argonaute-2 and miR-20a complex: A molecular dynamics approach. 

J. Cell. Biochem. 2019, 120 (12), 19915-19924. 

(26) Sheng, G.; Zhao, H.; Wang, J.; Rao, Y.; Tian, W.; Swarts, D. C.; van der Oost, J.; Patel, 

D. J.; Wang, Y. Structure-based cleavage mechanism of Thermus thermophilus Argonaute 

DNA guide strand-mediated DNA target cleavage. PNAS 2014, 111 (2), 652-657. 

(27) Bhandare, V.; Ramaswamy, A. Structural Dynamics of Human Argonaute2 and Its 

Interaction with siRNAs Designed to Target Mutant tdp43. Adv. Bioinformatics 2016, 2016, 

8792814. 

(28) Miyoshi, T.; Ito, K.; Murakami, R.; Uchiumi, T. Structural basis for the recognition of 

guide RNA and target DNA heteroduplex by Argonaute. Nat. Commun. 2016, 7, 11846. 

(29) Frank, F.; Sonenberg, N.; Nagar, B. Structural basis for 5'-nucleotide base-specific 

recognition of guide RNA by human AGO2. Nature 2010, 465 (7299), 818-822. 

(30) Jiang, H.; Sheong, F. K.; Zhu, L.; Gao, X.; Bernauer, J.; Huang, X. Markov State 

Models Reveal a Two-Step Mechanism of miRNA Loading into the Human Argonaute 

Protein: Selective Binding followed by Structural Re-arrangement. PLoS Comput. Biol. 

2015, 11 (7), e1004404. 

(31) Zhu, L.; Jiang, H.; Sheong, F. K.; Cui, X.; Gao, X.; Wang, Y.; Huang, X. A Flexible 

Domain-Domain Hinge Promotes an Induced-fit Dominant Mechanism for the Loading of 

Guide-DNA into Argonaute Protein in Thermus thermophilus. J. Phys. Chem. B. 2016, 120 

(10), 2709-2720. 



 

112 
 

(32) Hutvagner, G.; Simard, M. J. Argonaute proteins: key players in RNA silencing. Nat. 

Rev. Mol. Cell Biol. 2008, 9 (1), 22-32. 

(33) Olina, A. V.; Kulbachinskiy, A. V.; Aravin, A. A.; Esyunina, D. M. Argonaute Proteins 

and Mechanisms of RNA Interference in Eukaryotes and Prokaryotes. Biochemistry (Mosc) 

2018, 83 (5), 483-497. 

(34) Doessing, H.; Vester, B. Locked and Unlocked Nucleosides in Functional Nucleic 

Acids. Molecules 2011, 16 (6), 4511-4526. 

(35) Janas, M. M.; Schlegel, M. K.; Harbison, C. E.; Yilmaz, V. O.; Jiang, Y.; Parmar, R.; 

Zlatev, I.; Castoreno, A.; Xu, H.; Shulga-Morskaya, S.; et al. Selection of GalNAc-

conjugated siRNAs with limited off-target-driven rat hepatotoxicity. Nat. Commun. 2018, 

9 (1), 723. 

(36) Elmen, J.; Lindow, M.; Schutz, S.; Lawrence, M.; Petri, A.; Obad, S.; Lindholm, M.; 

Hedtjarn, M.; Hansen, H. F.; Berger, U.; et al. LNA-mediated microRNA silencing in non-

human primates. Nature 2008, 452 (7189), 896-899. 

(37) Mook, O. R.; Baas, F.; de Wissel, M. B.; Fluiter, K. Evaluation of locked nucleic acid–

modified small interfering RNA in vitro and in vivo. Mol. Cancer Ther. 2007, 6 (3), 833-

843. 

(38) Morita, K.; Hasegawa, C.; Kaneko, M.; Tsutsumi, S.; Sone, J.; Ishikawa, T.; Imanishi, 

T.; Koizumi, M. 2′-O, 4′-C-Ethylene-bridged nucleic acids (ENA) with nuclease-resistance 

and high affnity for RNA. Nucleic Acids Symposium Series 2001, 1 (1), 241-242. 

(39) Liu, W. W.; Zheng, S. Q.; Li, T.; Fei, Y. F.; Wang, C.; Zhang, S.; Wang, F.; Jiang, G. 

M.; Wang, H. RNA modifications in cellular metabolism: implications for metabolism-

targeted therapy and immunotherapy. Signal Transduct. Target. Ther. 2024, 9 (1), 70. 

(40) Cappannini, A.; Ray, A.; Purta, E.; Mukherjee, S.; Boccaletto, P.; Moafinejad, S. N.; 

Lechner, A.; Barchet, C.; Klaholz, B. P.; Stefaniak, F.; Bujnicki, J. M. MODOMICS: a 

database of RNA modifications and related information. 2023 update. Nucleic Acids Res. 

2024, 52 (D1), D239-D244. 



 

113 
 

APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

 

 
Figure A.1: (a) U-FNA showing base pair fraying at the subterminal (b) U-FNA with the 

helix disrupted (c) A-FNA showing no fraying at the terminal as a result of reduction in 

the number of F-modifications (d) Base pair parameters showing the deviation between 

unrestrained (U-) and fully restrained (R-) FNA for Givosiran. 

To assess the structural stability of FNA duplexes in the context of Givosiran, we compared 

the base pair parameters of unrestrained (U-FNA) and fully distant restrained (R-FNA) MD 

simulations. The unrestrained FNA duplex exhibited extensive base pair fraying (Figure 

A.1a), particularly at the termini, resulting in a disruption in the helical structure (Figure 
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A.1b). Interestingly, this fraying was absent in other modification patterns that included F 

substitutions, suggesting that the destabilization is specific to the fully fluorinated system. 

To test this hypothesis, we designed an alternating FNA duplex (A-FNA) where the 

fluorine modifications were introduced in an alternating pattern across the duplex. This 

strategy successfully eliminated the terminal fraying (Figure A.1c), reinforcing the 

conclusion that excessive fluorination is responsible for the observed structural instability. 

Given our interest in characterizing a fully fluorinated duplex, we applied distance 

restraints between all heavy atoms involved in Watson–Crick base pairing. To validate this 

restraint strategy, we compared helical parameters between U-FNA and R-FNA (Figure 

A.1d). The analysis revealed no significant deviations across the duplex, apart from minor 

differences at the termini, confirming that the applied restraints preserved native-like 

structural features. 
 

Table A.1: Average (and standard deviation) of structural parameters of canonical and 

chemically modified nucleic acids from 5 replicas of 1 μs MD simulations. 

Features RNA DNA OMeNA FNA Lumasiran 

Sugar Pucker C3'-endo C2'-endo C3'-endo C3'-endo C3'-endo 

Rise/ 

Base Pair 

2.63 (0.17) 

Å 

3.25 (0.12) 

Å 

2.17 (0.26) 

Å 

2.73 (0.13) 

Å 

2.48 (0.18) 

Å 

Base 

Pairs/Turn 11 10 11 11 11 

 RNA DNA OMeNA FNA Inclisiran 

Sugar Pucker C3'-endo C2'-endo C3'-endo C3'-endo C3'-endo 

Rise/Base Pair 

2.67 (0.15) 

Å 

3.22 (0.14) 

Å 

2.40 (0.15) 

Å 

2.72 (0.17) 

Å 

2.55 (0.18) 

Å 

Base 

Pairs/Turn 11 10 11 11 11 

 RNA DNA OMeNA FNA Vutrisiran 

Sugar Pucker C3'-endo C2'-endo C3'-endo C3'-endo C3'-endo 

Rise/Base Pair 

2.63 (0.12) 

Å 

3.24 (0.12) 

Å 

2.34 (0.16) 

Å 

2.68 (0.12) 

Å 

2.42 (0.12) 

Å 

Base 

Pairs/Turn 11 10 11 11 11 
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Figure A.2: Interstrand and intrastrand backbone distances for Lumasiran, Inclisiran and 

Vutrisiran. 
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Figure A.2:(a-d) Schematic of the distribution of the pseudorotation phase angle (P) 

sampled by the ribose of canonical RNA, FNA, OMeNA and drugs (Lumasiran, Inclisiran 

and Vutrisiran) from (top-bottom) throughout 1 μs MD simulations across 5 replicas. 
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Figure A.3: Root-mean-square fluctuations (RMSF) for canonical and chemically 

modified nucleic acids (in Å) over 1 μs MD simulations across 5 replicas. 
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Figure A.4: Heatmaps illustrating the deviations in structural parameters of modified 

nucleic acids relative to canonical RNA.
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Figure A.5: L-R: RNA, OMeNA, FNA, and drugs global structures.
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Figure A.6: Heatmaps illustrating the deviations in structural parameters (base pair) of modified 

nucleic acids relative to canonical RNA. 
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Figure A.7: Heatmaps illustrating the deviations in structural parameters (base pair step) of 

modified nucleic acids relative to canonical RNA. 



 

122 
 

 
Figure A.8: Heatmaps illustrating the deviations in structural parameters (helix) of modified nucleic acids relative to canonical RNA. 

Reproducibility Tests for Averages for Helical Parameters Among Replicas Used to Make Heatmaps and Confidence Interval 

At 95% 

An excel document with all the data is attached to this supplementary information. 

Atomic Coordinates For RNA, Drug, Omena, FNA And DNA For Patisiran, Givosiran, Lumasiran, Inclisiran and Vutrisiran 

Respectively 

All atomic coordinates files have been attached to the document. 
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Figure A.9: Root-mean-square fluctuations (RMSF) for the sense strand of canonical and 

chemically modified nucleic acids of Patisiran and Givosiran (in Å) over 1 μs MD simulations 

across 5 replicas. 

 

 
Figure A.11: Root-mean-square deviation (RMSD) for all duplexes (in Å) over 1 μs MD 

simulations across 5 replicas.



 

124 
 

APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 
Figure B.1: Root-Mean-Square-Deviation (RMSD) for the whole siRNA-hAgo2 complex (a) RNA 

(b) FNA (c) OMeNA (d) Givosiran over 1 μs MD simulations across 5 replicas. 

 
Figure B.10: Localized conformational fluctuations within the hAgo2 domain (residue 819-831) 

are highlighted by the red rectangle. 
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Figure B.3: Radius of Gyration (RoG) for the whole siRNA-hAgo2 complex (a) RNA (b) FNA (c) 

OMeNA (d) Givosiran over 1 μs MD simulations across 5 replicas. 

 

 
Figure B.4: Root-Mean-Square-Fluctuations (RMSF) for the whole siRNA-hAgo2 complex 

(a) RNA (b) FNA (c) OMeNA (d) Givosiran over 1 μs MD simulations across 5 replicas. 
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Figure B.5: Guide siRNA recognition by domains of hAgo2 reported in experimental crystal 

structure (PDB ID:4W5O) 


