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ABSTRACT 
 

Post-transcriptional RNA modifications are key regulators of translational accuracy and 

efficiency. While ribosomal RNA (rRNA) and transfer RNA (tRNA) modifications have well-

characterized roles in protein synthesis, the functions of messenger RNA (mRNA) codon 

modifications are less understood. However, growing evidence suggests that mRNA codon 

modifications can modulate translation. Naturally occurring mRNA modifications can be 

enzymatically added, such as inosine (I), which is incorporated into mRNA codons to expand 

decoding capacity and remodel the proteome. Alternatively, modifications can result from 

damage to mRNA codons, such as the alkylative lesions 1-methylguanosine (m1G) and 2-

methylguanosine (m2G), which can have potentially unpredictable and harmful consequences. 

This thesis developed a large-scale computational model of the ribosomal A-site (>370,000 

atoms) and performed molecular dynamics (MD) simulations to understand the position-

dependent structural effects of the inosine, m1G, and m2G codon modifications. These 

investigations revealed that modified codons associated with experimentally-observed reduced 

peptide formation rates exhibit tRNA dissociation or distorted decoding center geometries. In 

contrast, modified codons with negligible effects on experimental rates maintain A-site 

conformations that promote productive decoding. Thus, this thesis provides mechanistic insight 

into how mRNA modifications can regulate translation at the atomic level and establishes a 

robust computational method for future studies that strive to understand the roles of numerous 

additional RNA modifications during translation.  
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CHAPTER 1: INTRODUCTION 
 
1.1 Thesis overview 
 

To meet cellular demands, proteins must be synthesized accurately and efficiently by 

the ribosome. Accurate translation depends on coordinated conformational changes and 

interactions between three RNA molecules: messenger RNA (mRNA), which carries the genetic 

code; transfer RNA (tRNA), which decodes mRNA; and ribosomal RNA (rRNA), which catalyzes 

peptide bond formation. All cells employ regulatory mechanisms to fine-tune protein synthesis, 

among which RNA modification plays a central role. To date, over 170 modifications have been 

identified that expand the chemical diversity and function of RNA.1 Dysregulation of RNA 

modifications has been linked to human disease,2 making both mechanistic and systems-level 

investigations important for understanding how these chemical changes alter translation 

dynamics. Many rRNA and tRNA modifications have established structural or functional roles in 

translation, including promoting rRNA folding and ribosome assembly,3 ensuring translational 

fidelity,2, 4-7 and enabling precise kinetic control of decoding.8, 9 In contrast, the effects of mRNA 

modifications on the kinetics and fidelity of translation remain incompletely characterized, with 

relatively few studies directly examining their influence on protein synthesis rates and 

accuracy.10-14 This thesis uses molecular dynamics (MD) simulations to investigate how select 

mRNA modifications influence the structural dynamics of ribosomal decoding. The following 

sections review the molecular mechanisms of translation and how the ribosome modulates 

tRNA–mRNA recognition. The known impacts of RNA modifications in translation are then 

examined, focusing on emerging evidence for roles of mRNA modifications that are introduced 

by enzymes, damage, or artificial means. Finally, the utility of computational biochemistry in 

complementing experimental approaches is discussed in the context of decoding. 
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1.2 Protein synthesis is controlled by RNA 
 

Proteins are biological polymers composed of 20 chemically distinct amino acids and 

perform highly specialized cellular functions, from catalyzing chemical reactions to regulating 

membrane permeability to direct cellular transport processes. In contrast, RNA is built from just 

4 standard ribonucleosides (adenosine (A), guanosine (G), cytidine (C), and uridine (U)), and is 

often characterized as a molecule used for the storage and transmission of genetic information. 

However, RNA molecules exhibit immense functional versatility, carrying out tasks in 

biomolecular catalysis,15, 16 molecular recognition,17 and feedback regulation.18 In fact, accurate 

translation of the genetic code into functional proteins relies on the coordinated effort of three 

classes of RNA: rRNA, tRNA, and mRNA. Translation is carried out by the ribosome, a 

ribonucleoprotein complex conserved across all domains of life (Figure 1.1A). Although proteins 

are essential for the complexity and efficiency of translation by modern ribosomes, rudimentary 

functions of the ribosome (e.g., codon recognition and peptide bond formation) are thought to 

have occurred in primordial ribosomes before proteinization evolved.19 RNA is therefore 

indispensable for translating the genetic code and maintaining protein balance essential to 

cellular homeostasis. 

The expression of genetic information is made possible by specific molecular 

interactions between the codon of mRNA and anticodon of tRNA. During translation, the 

ribosome binds to an mRNA strand containing numerous three-nucleotide codons that specify 

the amino acid sequence for a protein. As the ribosome advances codon by codon, aminoacyl-

tRNA (aa-tRNA) molecules enter the aminoacyl (A) site of the ribosome and attempt to bind to 

the mRNA codon (Figure 1.1B). Base pairing involves hydrogen-bonding interactions between 

mRNA codon bases B1, B2, and B3 (5ʹ to 3ʹ direction) and tRNA anticodon bases B36, B35, and 

B34 (3ʹ to 5ʹ; Figure. 1.1B).  
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Figure 1.1. The structure of the RNA components of the ribosome. (A) Diagram of the 70S 
ribosome RNA in the A/T state with aminoacyl- (blue) and peptidyl- (red) tRNAs bound to the 
mRNA codons in the A- and P-sites of the ribosome, respectively. The rRNA (white) is shown in 
ribbon style with the large subunit (LSU) and small subunit (SSU) indicated. Elongation factor 
thermo-unstable (EF-Tu; green) is bound to the A-site tRNA (blue) and GTP (not shown). (B) 
Codon-anticodon base-pairing interactions in the A-site decoding center. The anticodon stem loop 
(ASL; blue) of tRNA is shown as ribbon with B34–36 shown as sticks. The mRNA codon (teal; B1–
3) is shown as sticks with the phosphate backbone as a ribbon. Hydrogen-bonding interactions 
are depicted as dotted lines. (C) Watson-Crick-Franklin (WCF) and non-WCF (D) nucleobase-
nucleobase hydrogen-bonding interactions between RNA nucleosides (R=ribose). Coordinates for 
ribosome structures used in the figure were extracted from PDB ID 8G5Z. 
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The first two positions (B1:B36 and B2:B35) generally form Watson-Crick-Franklin (WCF) 

base pairs, with A opposite U and G opposite C (Figure 1.1C). The third position (B3:B34), 

referred to as the “wobble” position, permits non-WCF pairings, such as G opposite U (Figure 

1.1D). Codon-anticodon complementarity ensures that only the correct aa-tRNA is selected by 

the ribosome, and consequently, the corresponding amino acid is added to the growing 

polypeptide chain. This process repeats iteratively to build a polypeptide that ultimately folds 

into a functional protein.  

The following section (1.2.1) discusses the overall stages of translation to appreciate the 

evolved interplay in functions between rRNA, tRNA, mRNA, and protein factors. Subsequently, 

Section 1.2.2 covers the process of elongation and the early models of how accuracy is 

preserved during tRNA selection. Section 1.2.3 discusses recent advancements revealing that 

structural dynamics play a more central role in tRNA selection than previously appreciated. 

 
1.2.1 The three stages of protein synthesis: initiation, elongation, and termination, are 
regulated by distinct mechanisms 
 

To translate an mRNA sequence into proteins, the ribosome undergoes three stages: 

initiation, elongation, and termination. While the detailed mechanism for initiation differs 

between prokaryotes and eukaryotes,20, 21 the primary objective is for the ribosome to assemble 

into an elongation-competent form. At the end of initiation, the small subunit (SSU) and large 

subunit (LSU) assemble to form what is denoted as the 70S (80S) ribosomal complex (Figure 

1.1A). The 70S ribosome contains initiator fMet-tRNAfMet (Met-tRNAi
Met in eukaryotes) bound to 

the AUG codon in the peptidyl (P)-site with the aminoacyl (A)-site codon free for elongator aa-

tRNAs to bind (Figure 1.1A). The mechanism of elongation is highly conserved between 

prokaryotes and eukaryotes and involves the iterative decoding of mRNA codons by aa-tRNAs, 

as assisted by several elongation factors (EFs).22 Elongation continues until the ribosome 
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encounters a stop codon (UAA, UAG, or UGA) in the A-site, which is recognized by release 

factors (RFs) that trigger termination by catalyzing hydrolysis of the polypeptide from the 

peptidyl-tRNA (pep-tRNA; Figure 1.1A) in the P-site.20 Ribosome recycling separates the LSU and 

SSU and prepares the ribosome for a new round of translation, with mRNA and deacylated tRNA 

released from the small subunit during or after subunit splitting.20 

Protein synthesis must be controlled by the cell for a balance of protein levels 

(proteostasis) to be maintained. Regulatory control of initiation and termination relies on 

discrete molecular checkpoints. During initiation, discrete regulatory mechanisms include 

initiation factors (IFs), start codon recognition, and additional processes that differ between 

prokaryotes and eukaryotes. In prokaryotes, initiation often depends on Shine-Dalgarno 

recognition and IF-mediated control.20 In eukaryotes, regulatory features include cap-dependent 

scanning, start codon selection, phosphorylation-dependent checkpoints, and microRNA-

mediated inhibition.23 During termination, stop codon recognition at the end of the open 

reading frame (ORF) and RF binding ensure that translation stops correctly. 24 However, the 

continuous, cyclic process of elongation presents challenges for regulation. Given that 

polypeptides typically contain hundreds of amino acids (median length of ~361 and ~267 amino 

acids in eukaryotes and prokaryotes, respectively),25 the ribosome must maintain accuracy over 

many repeated elongation cycles. Errors in individual cycles of elongation can accumulate to 

compromise the function of protein products,26 cause mRNA frameshifting,27 and pause or stall 

the ribosome.28, 29 Indeed, elongation utilizes significantly more energy than initiation or 

termination and compromised elongation is increasingly linked to various human cancers and 

neurodegenerative diseases.30-34 Substantial research effort has therefore been dedicated to 

understanding elongation at the detailed mechanistic level. Section 1.2.2 discusses the current 

understanding of the elongation cycle and its regulatory features.  
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1.2.2 Elongation requires continuous accuracy and efficiency.  
 
 Each elongation cycle includes three phases that are conserved across all domains of 

life. In the first phase, the aa-tRNA binds to the ribosome at the A-site as part of a ternary 

complex (TC) with a GTP-bound EF-Tu.20 Next, peptide bond formation occurs between the A- 

and P-site tRNAs.20 Finally, translocation of the A- and P-site tRNAs to the P- and E-sites, 

respectively, occurs, leaving the A-site vacant for the next codon in the ORF to be decoded by a 

new elongator aa-tRNA.20  

As discussed in Section 1.2.1, fidelity during elongation (i.e., accurate synthesis of 

proteins according to the amino acid sequence encoded in the mRNA) is crucial. This fidelity 

depends in part on base-pairing between the aa-tRNA anticodon and the A-site mRNA codon. 

However, the free energy differences between cognate and mismatch-containing (near- or non-

cognate) base pairs are too small to account for how the ribosome achieves high fidelity aa-

tRNA selection.35 Near-cognate aa-tRNAs (i.e., containing a single mismatch with the codon) 

must be efficiently rejected from the ribosome despite forming base pairs often only 2–3 

kcal/mol less stable than cognate pairs.35 In trinucleotide RNA duplexes, the free energy 

difference (ΔG) of duplex formation can be as small as 2–3 kcal/mol for duplexes containing a 

G:U mispair relative to G:C.35 The frequency of G:U mispair formation is proportional to 

exp	(−Δ𝐺/𝑅𝑇), corresponding to incorrect base pairs forming approximately 1–2% of the time. 

Yet, the error frequency in vivo occurs at frequencies of 10–3 or less in prokaryotes.36, 37 This 

discrepancy between the estimated error frequency due to aberrant near-cognate selection and 

the true in vivo error frequency suggests that additional mechanisms are at play to preserve 

elongation fidelity.  

 Early mechanistic frameworks were described to explain the selectivity of the ribosome 

towards cognate aa-tRNAs by invoking a ‘proofreading’ step.38-41 In the kinetic-proofreading 
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model, discrimination between cognate and near-cognate aa-tRNAs occurs in a multistep 

pathway. The first (initial) selection stage is separated from the second (proofreading) stage by 

irreversible GTP hydrolysis. Irreversible hydrolysis allows correct aa-tRNAs to be rapidly 

accommodated, while near-cognate tRNAs fall are preferentially rejected either before or after 

GTP hydrolysis. Indeed, poly(U)-programmed in vitro translation experiments demonstrated that 

near-cognate ternary complexes hydrolyzed ~48 GTP molecules per peptide bond formed, 

compared to ~1 GTP per peptide bond for cognate Phe-tRNAPhe, confirming the presence of a 

kinetic proofreading mechanism.42 While the kinetic-discrimination framework was a crucial 

development in understanding how accuracy of elongation is maintained, it did not provide 

thorough insight into the elementary kinetic steps. Moreover, the role of structural changes in 

the ribosome were not well-understood from these early kinetic models. More recent 

developments in experimental methodologies, including fluorescence kinetic assays and three-

dimensional structural characterization have built significantly on this initial mechanistic model. 

The detailed mechanism of elongation based on more recent insights will be detailed in the 

following section.  

1.2.3 Recent insights reveal that elongation relies on dynamic conformational rearrangements 
in rRNA, tRNA, and mRNA 
 

Improvements in experimental techniques, particularly fluorescence-based kinetics 

studies, have advanced the mechanistic understanding of initial selection and proofreading, 

culminating in the induced-fit kinetic model (Figure 1.2A-B).43-50 According to this model, 

intrinsic differences in binding free energies play a minimal role during tRNA selection.52 Instead, 

the codon-anticodon pairing for cognate tRNAs induces conformational changes in the decoding 

center that promote acceleration of the forward selection pathway towards eventual peptide 

bond formation.51 Recent work has also provided a wealth of insight into the structural 

dynamics during peptide bond formation and translocation.53, 54 Moreover, advancements in 3D 
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structural determination techniques, such as X-ray crystallography and cryogenic electron 

microscopy (cryo-EM), have generated high-resolution structures of elongation intermediates.45, 

55-75 These structures provide insight into the driving interactions between ribosomal proteins, 

rRNA, tRNA, and mRNA, and strategies used by the ribosome to preferentially select cognate 

over near-cognate aa-tRNAs. 

 
 

Figure 1.2. The kinetic discrimination mechanism of tRNA selection. (A) Sequence of elementary 
steps taking place during initial selection (A) and proofreading (B) based on ensemble kinetics and 
smFRET experiments.20, 51  
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In the first step of the induced-fit kinetic model, aa-tRNA enters the ribosomal A-site in a 

TC with the GTP-bound elongation factor thermo unstable (EF-Tu; eEF1A in eukaryotes; Figure 

1.1A), and adopts the ‘T’ or ‘pre-A/T’ state,44, 50, 56, 59 where the aa-tRNA anticodon is oriented 

towards the A-site and the acceptor domain is associated with EF-Tu (Figure 1.3A). 20, 22 

Importantly, the first step is codon-independent, meaning that 𝑘$ is identical for near-cognate, 

non-cognate, and cognate aa-tRNAs.76 In step 2, the tRNA anticodon attempts to bind to the 

mRNA codon, eventually forming a minihelix with the mRNA codon and adopting the ‘A/T’, or 

codon recognition (CR) state (Figure 1.2A and 1.3B).62, 63, 73 The forward rate constant for codon 

recognition (𝑘%) is comparable for cognate aa-tRNAs and near-cognate aa-tRNAs (180-190 s–1), 52 

but is essentially zero for non-cognate aa-tRNAs. 43 Selectivity at step 2 is instead controlled by 

the reverse rate constant (𝑘&%), which is increased for near-cognate (80–140 s–1) compared to 

cognate (0.2 s–1) aa-tRNAs.51, 52  

During step 3, the 16S rRNA residues in the SSU decoding center (DC), A1492 and A1493 

(A1824 and A1825 in eukaryotes) flip out of helix-44 (h44) to contact the minor groove of the 

codon-anticodon minihelix. In addition, G530 (G626 in eukaryotes) from h18 latches onto the 

minihelix.56, 63, 77 The engagement of these so-called ‘monitoring’ residues initiates domain 

closure, where the SSU shoulder compresses against the body domain.56, 63, 77 Domain closure 

promotes docking of the G domain of EF-Tu onto the sarcin ricin loop (SRL) located within Helix-

95 (H95) of the 23S rRNA (28S in eukaryotes), in the large ribosomal subunit (LSU), forming the 

GTPase-activated (GA) state, while the aa-tRNA remains in the A/T state bound to the GTP-

active EF-Tu (Figure 1.2A and 1.3B).51 𝑘' is preferentially sped up for the cognate aa-tRNAs 

(~120–500 s–1) relative to the near-cognate aa-tRNAs (~0.06–1.3 s–1).52, 78 
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Figure 1.3. Conformations of aa-tRNA (blue) and pep-tRNA (white) during tRNA selection. (A) 
The T conformation of the aa-tRNA (blue) before establishing the codon-anticodon minihelix (PDB 
ID: 5UYK). 56 The mRNA is shown in gray. (B) The A/T conformation after the anticodon establishes 
base-pairing interactions. EF-Tu adopts the GTP-active form (EF-Tu*) if domain closure occurred 
successfully (PDB ID: 5UYM). 56 (C) Classically positioned A/A and P/P tRNAs after accommodation 
is complete (PDB ID: 6WDD). 58 (D) Hybrid A/P and P/E conformations of the tRNAs when the 
ribosome is in the rotated (R) state (PDB ID: 6WDF). 58 
 

In Step 4, GTP hydrolysis occurs when the catalytic histidine-84 (H84) in switch II of EF-

Tu cleaves the γ-phosphate from GTP to form GDP and Pi.79 EF-Tu then rearranges into its GDP-

bound form in step 4, which is more loosely associated with the aa-tRNA, and Pi is released 

(Figure 1.2A). 80 Overall, during initial selection, mismatches between the codon and anticodon 

can cause structural deviations in the minihelix, prevent full engagement of the monitoring 

nucleotides, and increase the likelihood of early TC dissociation from the ribosome.81, 82 
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Proofreading occurs after initial selection, where two different paths are possible. In 

step 6, EF-Tu(GDP) dissociates from the ribosome, allowing the aa-tRNA to either be rejected or 

fully accommodated (Figure 1.2B). In the rejection pathway (step 7; Figure 1.2B), GDP-bound EF-

Tu and aa-tRNA are removed from the A-site. Proofreading is preferentially sped up by a factor 

of 20 for near-cognate aa-tRNA over cognate aa-tRNA.51 In step 5, (aa-tRNA accommodation), 

GDP-bound EF-Tu dissociation allows aa-tRNA to diffuse along the accommodation corridor from 

the ‘A/T’ orientation towards the peptidyl-tRNA (pep-tRNA), adopting the ‘A/A’ or 

accommodated (AC) state (Figure 1.2B and Figure 1.3C).20, 51, 83 Finally, peptide bond formation 

rapidly occurs, and the nascent polypeptide chain is transferred to the aa-tRNA (Figure 1.2B). 

The peptide bond reaction is catalyzed by the rRNA peptidyl transferase center (PTC), which 

involves nucleophilic attack of the pep-tRNA carbonyl C by the α-amino group of the amino acid 

at the 3ʹ-end of the aa-tRNA.84-86 After peptide bond formation, the former aa-tRNA becomes 

the pep-tRNA and the former pep-tRNA is deacylated. 

The third stage of elongation involves the translocation of pep-tRNA and deacylated 

tRNA into the P-site and E-site, respectively. Immediately following peptide bond formation, the 

ribosome undergoes intrinsic thermal rotation between the non-rotated (N) and rotated (R) 

states. 87, 88 In the N state, the pep-tRNA and deacylated tRNA adopt the classical A/A and P/P 

orientations (Figure 1.3C), respectively, whereas in the R state, they adopt hybrid ‘A/P’ and ‘P/E’ 

orientations (Figure 1.3D). 53, 55 GTP-bound EF-G (eEF2 in eukaryotes) preferentially binds to and 

stabilizes the R-state, promotes SSU domain rearrangements,89, 90 loosens rRNA contacts with 

both pep- and deacylated tRNAs to unlock them for movement,91 weakens rRNA bridges to 

allow the SSU head to undergo rapid (microsecond timescale) swivelling,92, 93 to translocate 

deacylated tRNA to the E-site and pep-tRNA to the P-site.51, 53, 91, 93-95 EF-G:GDP and the E-site 

tRNA are then released from the ribosome, completing translocation and opening the A-site for 
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the next aa-tRNA to bind. Importantly, when pep-tRNA and deacylated tRNA move between 

distinct binding sites during translocation, the mRNA reading frame can become misaligned, 

causing a frameshift. Although frameshifting can be due to aberrant translocation,96-98 it can also 

be exploited as a viable ‘recoding’ strategy for certain mRNA sequences.96, 99, 100  

The choreographed structural motions occurring during elongation are pivotal for 

maintenance of translational fidelity. However, these coordinated functions would not occur 

with high efficiency if RNA contained only the limited chemical diversity afforded by the 

canonical nucleotides (A, C, G, or U). In fact, the canonical nucleotides of tRNA, mRNA, and rRNA 

are often modified in a manner that can drastically alter their chemical properties, structural 

dynamics, and functional capabilities during translation.  

1.3 The RNA components of translational machinery (rRNA, tRNA, and mRNA) are chemically 
modified 
 

Naturally occurring modifications are introduced to RNA substrates by enzymes or as a 

result of damage, ranging from isomerization to complex bulky additions.1 The most well-

studied modifications occur in tRNA and rRNA, which both contain abundant and diverse 

modifications,101-104 with crucial roles such as stability, decoding accuracy,105 ribosome-tRNA 

interactions, and translational fidelity.106 As more modifications are discovered due to 

advancements in detection techniques,107 it becomes increasingly important to elucidate their 

roles in altering the structural dynamics of decoding. This section explores how a variety of 

modifications to tRNA, rRNA, and mRNA impact decoding. 

1.3.1 rRNA modifications are highly species-specific, but are clustered in functionally 
important regions of the ribosome 
 

In Escherichia coli, the 16S and 23S rRNA collectively contain 36 modification sites 

comprising 17 unique chemical structures.108 These modifications are clustered in functionally 

important regions of the ribosome, including the PTC,109 A-site (decoding center), P-,110 and E-
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sites, the peptide exit tunnel and interface regions between the SSU and LSU.109 For example, 

two adjacent N6,N6-dimethyladenosine (m6
2A; Figure 1.4A) modifications are incorporated at 

the A1518 and A1519 residues found in a stem-loop at the 3ʹ-end of the 16S rRNA.111 The 

m6
2A1518–9 motif is highly conserved across nearly all organisms as essential modifications for 

ribosome assembly during initiation.112-115 Another functionally relevant adenosine methylation 

is m6A1500,116, 117 which is positioned at h44 near the decoding site, is proposed to stabilize 

ribosomal interactions with aa-tRNA.116  

In eukaryotes, rRNA modifications are generally more abundant than in prokaryotes. For 

example, in humans there are approximately 14 unique chemical modifications found at over 

200 sites.104 Functional roles have been ascribed to numerous rRNA modifications in eukaryotes, 

including ribosome biogenesis and maintaining the fidelity and speed of translation.104, 109, 118, 119 

The absence of rRNA modifications is tied to various human diseases.120 For example, the 

m6A4220 (Figure 1.4A) modification in the 28S rRNA, incorporated by ZCCHC4 in humans, has 

crucial impacts on global translation and may play a role in tumorigenesis.120-122 Absence of the 

1-methyl-3-α-amino-α-carboxyl-propyl pseudouridine (m1acp3Ψ), 2ʹ-O-methylcytosine(Cm)-

1703, and pseudouridine(Ψ)-1243 modifications (Figure 1.4A) have been shown to lead to 

bacterial resistance to the neomycin antibiotic and incorrect amino acid incorporation.118, 123 2ʹ-

O-methylations (Bm, where B can be either A, C, G, or U nucleobases; Figure 1.4A) are abundant 

in the rRNA and have roles in maintaining the efficiency of translation.109, 124-126 Ψ is an C5-

glycoside isomer of U (Figure 1.4B) that is abundantly introduced to rRNA modification with 

crucial functions in maintaining tRNA positioning and driving ribosome conformational changes 

(such as Ψ2919 and Ψ826 in yeast),127, 128 altering rates of translation by ensuring proper H69 

dynamics and stabilizing the interaction between h44 and eEF2 in translocation (such as of 

Ψ2258, Ψ2260, Ψ2264, and Ψ2266 in yeast),119, 129, 130 and many other functions of the 
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ribosome.131, 132 The absence of Ψ609 and Ψ863 in humans was found to interfere with aa-tRNA 

selection and increase miscoding and stop codon readthrough.133, 134 Modifications to rRNA 

suggest a directed evolution towards enhanced function in the core regions of the translational 

machinery, especially in tRNA and mRNA binding sites where decoding occurs. 

 
 
Figure 1.4. Post-transcriptional modifications to RNA. (A) Chemical structures of modified RNA 
nucleosides (R=ribose and B=nucleobase, which is either A, C, G, or U). (B) Modification of the U 
nucleobase to pseudouridine (Ψ). (C) Modification of the A nucleobase to inosine (I).   
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1.3.2 tRNA is heavily modified in the ASL and dysregulated modifications are tied to disease 
 

Just as rRNA modifications cluster in functionally important regions of the ribosome, 

tRNA modifications are concentrated in key structural domains that enable precise codon 

recognition. In fact, tRNA is the most highly-modified class of RNA and contains numerous 

conserved modification sites.135 The majority of the tRNA modifications appear in the ASL 

(Figure 1.1B).135 Experimental work has revealed that ASL modifications are precisely organized 

and formed in conserved sequence positions in vivo, prompting further investigations into the 

consequences of disrupting tRNA modifications on translation.136-138 Modifications that are 

known to impact decoding are predominantly found at the B34 and B37 positions of tRNA and 

many have well-characterized functions.137, 139-145 As discussed in Section 1.2, the wobble B34 

forms base-pairing interactions with the third codon position B3 and is often afforded additional 

flexibility in hydrogen-bonding interactions. Modifications to B34 can tune the flexibility in 

wobble base-pairing.5, 8, 9, 141, 142, 146-149 For example, the C5 atom of U34 in tRNAGln, tRNALys, and 

tRNAGlu is often decorated with a family of complex adducts (hypermodifications) differing by 

organism (e.g., cmo5U in bacteria, nchm5U in archaea, and mcm5U in eukarya; Figure 1.4A), 

whereas a thio group can be incorporated at C2 in place of the carbonyl (s2; Figure 1.4A).150 

Decoding capacity can be altered due to an interplay between functional groups arising from 

modification.7, 151 For example, when a bulky moiety is present at C5 of U, but the thio group is 

absent at C2, the U-turn of the ASL conformation is stabilized and codon reading is restricted to 

just A or G;7, 151 however, if both the bulky moiety and the thio substitution are present, the 3ʹ-

endo sugar pucker is stabilized,152 which permits a unique wobble hydrogen-bonding pattern 

with G that strengthens B3:B34 hydrogen-bonding interactions.144, 147  
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The loss of U34 modifications can impair the efficient translation of AAA, CAA, and GAA 

codons.9, 153 For example, the influence of the yeast mcm5s2U34 (Figure 1.4A) modification on 

ribosomal A-site binding and peptide bond formation was studied by comparing A-site binding, 

dissociation (koff) and association (kon) rate constants, and peptide bond formation rate 

constants (kpep) between wild-type (WT) fully-modified U34, urm1Δ (lacking s2) and elp3Δ 

(lacking mcm5).9 In the knockout strains, the A-site binding was reduced, kon was reduced, koff 

constants were increased, and kpep was reduced.9 A later study further investigated the influence 

of uridine modifications in both yeast and nematodes (Caenorhabditis elegans), finding that loss 

of U34 modifications in tRNA significantly slowed translation of CAA and AAA codons by causing 

the ribosome to pause.153 Moreover, impaired U34 modification lead to accumulation of 

misfolded proteins and aggregates in both yeast and nematodes, indicating that the U34 

modifications are crucial for maintaining efficient protein translation across eukaryotes.153 

Ribosome pausing effects were also investigated for the s2U34 modification during the key 

kinetic steps of elongation (decoding, peptide bond formation, A- and P- tRNA translocation).8 

The lack of s2 modifications was found to cause lower codon affinity of Lys-tRNALys(UUU) 

towards AAA codons, delayed rearrangements following GTP hydrolysis and slower 

translocation. Recently, the loss of the s2 group was found to compromise immune responses in 

plants, such as impeding translation of the immune regulator NPR1 important for salicylic acid 

signaling.154 Therefore, the altered kinetics of decoding caused by hypermodified wobble 

nucleotide modifications can ultimately impact gene expression and phenotype. 

Dysregulated tRNA modifications are associated with the development of several human 

diseases, known as RNA "modopathies".155-157 For example, clinical and in vitro investigations 

have shown that impairment of the FTSJ1 enzyme responsible for methylation of the 2ʹ–oxygen 

at the wobble G34 (Gm34; Figure 1.4A) of tRNAPhe is linked to the development of non-
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syndromic X-linked disability (NSXLID) in humans.158, 159 In the proposed pathogenic mechanism, 

aberrant Gm34 disrupts the ability of the ribosome to select wobble (UUU) compatible tRNAPhe 

with the same efficiency as the cognate (UUC) codon.159, 160 Proper translocation of tRNAs in 

ribosomal binding sites also depends on modifications, in particular at B37.96, 161, 162 For instance, 

the epigenetic silencing of the TYW writer enzymes responsible for the stepwise formation of 

the hypermodified peroxywybutosine (o2yW; Figure 1.4A) at B37 in human tRNAPhe was found to 

disrupt translocation.163 In particular, the lack of o2yW37 causes reading frame shifts along the 

mRNA codon in the ORF for tumor-suppressor gene ROBO1, providing a growth advantage to 

colorectal tumor cells.163, 164  

In several tRNAs, the wobble adenosine base can be converted into inosine (Figure 1.4C) 

via A-to-I editing by tRNA-adenosine deaminases (ADATs).165 This modification confers a 

substantial effect to mRNA decoding by allowing a single tRNA to translate 3 codons in 

eukaryotes.165 In most eukaryotes, 7-8 tRNAs contain I34 and its loss can cause defects in 

translation, potentially leading to the development of disease.165, 166 For example, mutations to 

ADAT3 in humans causes autosomal recessive rare disorders that lead to intellectual 

disability.165, 166 I34 was found to influence translation in human embryonic stem cells (hESCs), 

where in self-renewing cells, ADAT2/3 levels were higher (83-86%) compared to fully 

differentiated cells (60-79%), resulting in increasing A34I modification.167 Thus, I34 was found to 

have a key role in cell fate decisions by managing the translational efficiency in pluripotent stem 

cells.167 The impact of I34 on codon usage bias was examined in another study that found 

removal of I34 by silencing ADAT in N. crassa led to more optimal NNT codon translation with 

respect to NNC codons.168 Another study examined the role of I34 in tRNAs, particularly focusing 

on how it enables efficient translation of low-complexity protein domains (rich in TAPSLIVR 

amino acid sequences) found abundantly in human cells and required for cell adhesion.169 
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Overall, this study found that low-complexity protein translation efficiency was compromised 

when I34-containing tRNA levels were reduced for only codons requiring I34-tRNAs.169 

This section has established that modifications to tRNA are abundant, chemically 

diverse, and well-characterized, with B34 and B37 modifications having proven crucial relevance 

to decoding. Indeed, the entire set of tRNA modifications are known for E. coli, and these 

modifications have been integrated into the standard genetic code table to reveal how specific 

modifications at B34 and B37 contribute to accurate and efficient decoding.170, 171 The increasing 

understanding of tRNA modifications has exciting implications, such as in expansion of the 

genetic code to develop protein-based therapeutics via tRNA engineering.172-174 Although tRNA 

modifications at or near the anticodon, such as at B34 and B37, have been well recognized for 

their importance in decoding, the codon carried by the mRNA is equally critical to this 

interaction. Section 1.3.3 discusses how mRNA modifications within the codon itself are now 

emerging as important contributors to translational control. 

 
1.3.3 mRNA modifications are crucial for proteostasis but have elusive localized mechanistic 
impacts to ribosomal decoding 
 

Despite being historically less studied due to their low known chemical diversity and 

abundance, 175, 176 mRNA modifications have gained attention in recent years due to the highly 

influential roles they hold in translational regulation and potential in preventative and 

therapeutic modalities. 11 As the origin of mRNA modifications (enzymatic, damage, or artificial) 

crucially relates to their cellular roles, the next three subsections detail how mRNA 

modifications introduced by different means influence protein synthesis. In Section 1.3.3.1, 

mRNA modifications introduced by enzymes are discussed, with an emphasis on their 

capabilities in protein regulation. Section 1.3.3.2 discusses various mRNA modifications that 

occur due to oxidative and alkylative damage, which are increasingly being associated with 
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pathological states. Lastly, Section 1.3.3.3 covers artificial mRNA modifications, which are 

scarce, but are emerging for potential use in clinical preventative platforms (e.g., RNA vaccines).  

1.3.3.1 Modifications introduced to mRNA by enzymes 
 

N6-methyladenosine (m6A; Figure 1.4A) is the most extensively studied mRNA 

modification and one of the few with identified writer enzymes (which install the modification), 

readers (which recognize and bind to the modification), and erasers (which remove the 

modification).177 m6A controls protein output by stabilizing transcripts or acting as a recognition 

element for targeted degradation of mRNA.177 Imbalanced m6A levels can promote 

tumorigenesis and cause various cancers.178, 179 Despite no clearly established pathogenic 

mechanism, in vitro studies revealed that m6A modification to bacterial mRNA codons decreases 

the rate of peptide elongation during translation.180 In vivo, m6A is incorporated in thousands of 

mRNA sites,181 and has a known role in modulating mRNA stability.182 Ribosome profiling, RIP-

seq, and reporter assays suggest that the m6A binding proteins YTHDF1/3 and METTL3 improve 

translation efficiency for mRNAs containing m6A modifications.183 In vitro studies with purified 

ribosome systems showed that elongation rates, as measured by the rate of peptide formation 

(𝑘()(), are the slowest when m6A is present in the first position of the codon, while its presence 

in the third position has a minimal impact,13, 184-186 likely due to the more permissive nature of 

wobble pairing. The m6A modification has been shown to disrupt GTP hydrolysis by EF-Tu,13 

possibly due to destabilization of optimal A:U base-pairing geometry.187 Interestingly, while the 

m6A modification interferes with tRNA binding and accommodation, it does not increase errors 

in tRNA selection.13, 184-186 The in vitro results can be reconciled by in vivo findings, and m6A likely 

acts to preserve translational accuracy while regulating translation speed during processes such 

as co-translational folding.183,186 
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There are several other mRNA modifications that are introduced by enzymes that have 

been studied to understand their mechanisms in disease treatment or progression. Some 

notable naturally occurring enzymatic modifications include 5-methylcytosine (m5C; Figure 

1.4A), 2ʹ-O-methylation (Nm; Figure 1.4A), and N4-acetylcytidine (ac4C; Figure 1.4A). m5C is 

widespread in mRNA and was found to suppress full-length protein yield by ~40%  when 

introduced to the middle of the coding sequence at any codon position (B1, B2, or B3) in 

bacterial mRNAs.188 m5C also had context-dependent effects: when introduced to the second 

codon position m5C caused miscoding (incorporation of leucine or isoleucine instead of proline 

at a CCC codon) in a small portion (4%) of elongation events, but no miscoding occurred when in 

the first and third positions.188 On the other hand, the Bm modification did not cause miscoding 

but slightly reduced (10-15%) full-length peptide translation when in the first codon position, 

but significantly reduced translation by 90% and 50% in the second and third positions, 

respectively.188 This effect was attributed to Bm interfering with tRNA accommodation in the A-

site. 188 ac4C enhances translation as determined by in vivo experiments when NAT10 (the 

modification enzyme responsible for ac4C) was depleted which reduced translation efficiency.189 

Moreover, in vitro experiments using reconstituted translation systems showed that ac4C 

improved ribosome engagement in mRNA translation in ribosome profiling experiments.189 The 

effect of ac4C was also context-dependent as it was enriched in the third codon positions to 

stabilize wobble base pairing.189  

As discussed in Section 1.3.2, inosine is a prevalent modification introduced to tRNA. In 

mRNA, adenosine nucleosides are also modified by A-to-I editing by enzymes called adenosine 

deaminases acting on mRNA (ADARs) in eukaryotes.190, 191 While inosine is incorporated in 

multiple classes of RNA (miRNA, viral RNA, rRNA, and tRNA) as well as the non-coding regions of 

mRNA (untranslated regions or introns),192 it can be found in the coding sequence (CDS) of 
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mRNA.193 Inosine has considerable flexibility in base-pairing interactions (e.g., I:C, I:U, and I:A; 

Figure 1.5A) and experimental studies have attempted to elucidate how inosine can regulate 

protein expression.193 In mammals, CDS A-to-I editing regulates protein synthesis for several 

genes and significantly changes protein function.194 A-to-I editing sites can recode protein 

sequences and are often found in exons encoding neurotransmitter receptors and ion channels. 

Inosine modifications to mRNA can therefore alter functional properties of proteins such as G-

protein coupling activity in receptors and ion permeability of ion channels.193, 195, 196 Due to the 

importance of these genes in cellular processes, deficiencies or aberrant excesses of A-to-I 

editing in CDS are linked to human diseases such as neurological disorders,196-199 cancers,200-202 

and immune-related diseases.203, 204 Additionally, pathological consequences of dysregulated 

inosine modification are being identified for the > 1000 sites known for inosine incorporation in 

the human CDS.205  

 
 
Figure 1.5. Representative base-pairing interactions between unmodified and modified RNA 
nucleobases. (R=ribose).  
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The biological impacts of inosine prompted in vitro mechanistic studies carried out with 

reconstituted translation systems.206 TCs decoding a GGG codon with inosine in the first position 

(forming IGG) dissociate more readily, reducing translation rates (~30% reduction) in 

bacteria.206 Preliminary experiments with E. coli reconstituted translation systems performed by 

the Koutmou lab (Chapter 3) have revealed that inosine insertion into the first position of GUG 

codons (IUG) causes reduction in the observed rate constant of dipeptide formation, 𝑘*+,.207 

While 𝑘*+, reflects an accumulation of fMet-Val dipeptides over time and cannot be directly 

assigned to a single elementary step, it likely corresponds to the kinetics of the rate-limiting step 

of aa-tRNA accommodation (𝑘-; Figure 1.2B).207 Moreover, in agreement with the experiments 

for GGG codons, both second and third position modified codons (CIU and GUI, cognate for 

tRNAArg and tRNAVal, respectively) did not reduce 𝑘*+, significantly for fMet-Val or fMet-Arg.  

Inosine is one of the modifications selected for study in this thesis, with the goal to uncover how 

it modulates the structural dynamics of decoding depending on codon position.  

 
1.3.3.2 mRNA modifications due to damage 
 

mRNA modifications can also arise from alkylative or oxidative damage.208-215 Such 

damage is often compared to analogous lesions in DNA, where reactive oxygen species (ROS) or 

UV light can generate harmful adducts on canonical nucleobases.216, 217 To counteract the 

deleterious impacts of DNA damage (e.g., development of cancer or genetic disease), extensive 

repair mechanisms have evolved across all domains of life.216, 217 In contrast to DNA, mRNA is 

more susceptible to the effects of damage.213 Firstly, mature mRNA transcripts have less well-

preserved secondary structures than non-coding RNAs (ncRNAs) such as tRNA and rRNA, and are 

exposed to the surrounding cytosolic environment that may contain noxious chemical agents. 

Secondly, direct enzymatic repair pathways have only been hypothesized for a small number of 

RNA damage modifications (e.g., AlkB repair of m1A or m3C lesions).209, 218-220 Most damaged 
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nucleotides are retained on the mRNA transcript and serve as a marker to degrade the mRNA 

before being translated.209, 211 For example, in eukaryotes, the no-go-decay (NGD) mechanism is 

typically activated when the ribosome stalls due to encountering an impediment on the mRNA 

(e.g., transcripts lacking a stop codon or containing a premature stop codon).221 Recently, NGD 

mechanisms have been found to also be activated in the presence of mRNA nucleobase 

oxidation or alkylation damage.212, 215, 222, 223 Considering that the typical targets of NGD can 

severely disrupt translation by stalling multiple ribosomes during elongation,209 these findings 

suggest that mRNA damage can have particularly harmful outcomes in eukaryotes.212, 224 While 

bacteria do not undergo NGD, similar ribosome-rescue mechanisms (e.g., trans translation) have 

been observed to activate when mRNA damage is present.210 

mRNA damage has been suggested to interfere with the early stages of tRNA selection 

by disrupting the base-pairing interactions in the codon-anticodon minihelix for the cognate aa-

tRNA.12, 184, 185, 208-210, 214 This also means that mRNA can impair tRNA selection accuracy by 

slowing the forward selection steps for cognate aa-tRNAs to rates lower than those for near- or 

non-cognate aa-tRNAs, leading to miscoding. mRNA damage modifications cause ribosome 

stalling or miscoding in a position-dependent manner, as examined in vitro for a number of 

mRNA modifications.208-210, 214  

Val-tRNAVal
cmo5UAC recognizes the GUG codon under normal circumstances, but when the 

first position codon nucleobase contained the O6-methylguanosine (m6G; Figure 1.4A) alkylative 

lesion, the bacterial ribosome only accepted near-cognate Met-tRNAMet
CAU.208 Moreover, m6GAA 

and m6GCC codons, for which the unmodified codons are decoded by cognate Glu-tRNAGlu
UUC 

and Gly-tRNAGly
GCC, led to miscoding of near-cognate Lys-tRNALys

UUU and Ser-tRNASer
GCU, 

respectively, in E. coli.185, 208 To test the impact on the second position m6G, the CGC and AGU 

codons, decoded by cognate Arg-tRNAArg
ICG, and Ser-tRNASer

GCU, respectively, were replaced by 
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Cm6GC and Am6GU codons, which did not lead to miscoding, but instead caused a significant 

reduction (>1000-fold) in 𝑘()( for cognate tRNAs.208 However, in another study on m6G-

modified mRNA, for Gly-tRNAGly
GCC, miscoding of Asp-tRNAAsp

GUC was increased in both E. coli and 

wheat germ extract systems encountering the Gm6GC A-site codon.185 When m6G was 

incorporated in the third codon position of AUG to form AUm6G, peptide-bond formation was 

efficient for both the cognate (Met-tRNAMet
CAU) and near-cognate (Ile-tRNAIlek2

CAU) tRNA.208 

Moreover, for the UGm6G codon, both Trp-tRNATrp and the release factor 2 (RF2) were 

efficiently selected by the ribosome, suggesting little influence of stalling, but potential 

premature translation termination induced by the m6G damage in the wobble position.208  

Damage modifications need not have such nuanced codon position dependency and can 

instead non-specifically disrupt decoding for any aa-tRNAs attempting to bind in the ribosomal 

A-site. For example, the oxidative lesion, 8-oxoG (Figure 1.4A), caused a 3-4 orders of magnitude 

decrease in efficiency of peptide bond formation for modified compared to unmodified codons 

in all three codon positions with only a moderate increase in miscoding.213 Specifically, the Arg-

tRNAArg
ICG and Val-tRNAVal

GAC cognate tRNA for CGC and GUU, both led to poor efficiency of 

peptide bond formation when encountering the 8-oxoCGC and 8-oxoGUU codons, respectively.213 

While the corresponding near-cognate Leu-tRNALeu
GAG and Phe-tRNAPhe

GAA reacted slightly more 

favourably than the cognate counterparts, peptide bond formation was still inefficient.213 The 

trend of overall decreased peptide bond formation efficiency also held true for the 

incorporation of 8-oxoG damage in the second and third positions of the codon.213 A follow-up 

study confirmed that 8-oxoG significantly perturbs tRNA selection regardless of cognate, near- 

or non-cognate base-pairing in the A-site.214 These results were unexpected considering that the 

8-oxoG adduct can base pair with A when in the syn conformation and C when in the anti 

conformation (Figure 1.5B).214 Therefore, for cases in which 8-oxoG:A base-pairing interactions 
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could form, it was suggested to interfere with monitoring by A1492 and G530 with the codon-

anticodon minihelix to prevent codon recognition.214 

Among other alkylation-induced lesions, 1-methylguanosine (m1G) and 2-

methylguanosine (m2G) have been recently identified in Saccharomyces cerevisiae mRNA 

transcripts (Figure 1.4A).12, 176, 185 Although present in a low abundance, two studies have 

reported that both m1G and m2G impact translation elongation in a position-dependent 

fashion.12, 185 Notably, the experimental methods differ between the two cited studies. The first 

study used E. coli-based cell-free translation kits that included the entire pool of native tRNAs.185 

Semi-quantitative mass spectrometry intensities were used to measure the formation of full-

length, mistranslated, or truncated peptides resulting from a damaged nucleotide introduced at 

the first, second, or third position of the sixth codon in a nine-residue polypeptide chain. 

Translation bypass efficiency (TBE) was estimated by comparing the peptide signal ratio 

(modified mRNA vs. competitor) to an unmodified control (i.e., cognate tRNA encountering the 

unmodified codon represents 100% TBE). The second study was carried out by the Koutmou lab 

and utilized a fully reconstituted E. coli translation system with 70S initiation complexes (ICs) 

containing P-site tRNAfMet.12 The percent of dipeptides formed (fMet-Val or fMet-Arg) at the 

endpoint of the assay was precisely quantified for the complexes with m1G or m2G inserted into 

the three codon positions.12 Despite the methodological differences in the studies, both studies 

assessed how m1G and m2G impact translational efficiency relative to unmodified codons. 

Moreover, while the second paper did not measure the observed rate constant, 𝑘*+,, of 

dipeptide formation, the Koutmou group has since measured them for m1G and m2G in all three 

codon positions.207 

The m1G modification disrupts the WCF base-pairing capacity in C:m1G pairs (Figure 

1.5C). In the first study, the first and second position m1G-modified codons (m1GCC and Gm1GC, 
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respectively) caused negligible TBE measures, suggesting complete disruption of protein product 

formation.185 These findings were highly consistent with the study by the Koutmou group and 

recent kinetics measurements,12, 207 where the Val-tRNAVal
cmo5UAC and Arg-tRNAArg

ICG 

encountering the m1GUG and Cm1GU codons, respectively, caused a dramatic reduction in the 

extent of amino acid addition. Both studies were also in agreement with regard to the effects of 

the third position m1G, where the presence of the GGm1G codon had little influence on TBE in 

the first study, and the 𝑘*+, of Val-tRNAVal
cmo5UAC were similar for GUG and GUm1G in the 

Koutmou lab data.12,185,207  

In contrast to m1G, the m2G methyl group is incorporated at the exocyclic amine which 

can allow it to continue participating directly in WCF hydrogen-bonding interactions in G:C base 

pairs (Figure 1.5C). In the first study, the m2G modification moderately impeded translation for 

first (m2GCC; TBE~42%) and second (Cm2GC; TBE~48%) position-modified codons, with the 

largest reduction occurring for the third (GGm2G; TBE~36%) position. In good agreement, the 

Koutmou lab data shows that the m2G modification modestly reduced 𝑘*+, when present in the 

first (Val-tRNAVal
cmo5UAC decoding m2GUG) and second position (Arg-tRNAArg

ICG decoding Cm2GU) 

but had a more substantial impact when in the third (Val-tRNAVal
cmo5UAC decoding GUm2G) 

position.12, 207 These interesting trends in modulation of translation efficiency by m1G and m2G 

damage modifications prompted further investigations of these modifications in this thesis.  

1.3.3.3 Synthetic mRNA modifications have potential therapeutic applications 
 

Another well-studied modification, Ψ, which was discussed in Section 1.3.1 as an rRNA 

modification, is also found in thousands of locations in human mRNA sequences.177, 225-227 Ψ has 

been proposed to enhance mRNA transcript stability to maintain gene expression during cellular 

stress responses.177, 182, 228 Interestingly, Ψ and 1-methylpseudouridine (m1Ψ; Figure 1.4A) are 

crucial modifications in synthetic mRNA therapeutics that improve clinical effectiveness of 
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mRNA vaccines by suppressing the innate immune response and increasing target protein 

production.229, 230 Immunosuppression is accomplished by Ψ and m1Ψ-enriched transcripts 

evading Toll-like receptor (TLR) recognition processes and subsequent downregulation of 

protein factors that detect exogenous RNAs; retinoic acid-inducible gene I (RIG-I) and protein 

kinase R (PKR).231, 232 The immunosuppression improves ribosome loading (the proportion of 

ribosomes bound to mRNA) during initiation.233  

Ψ and m1Ψ slow elongation by stabilizing secondary mRNA structural motifs, making it 

more difficult for advancing ribosomes to unwind the rapidly refolded mRNA structure left 

behind by the downstream ribosome.234, 235 This is suggested to reduce collisions with adjacent 

ribosomes on the same mRNA strand and suppress mRNA degradation pathways to improve 

protein output.234 However, such a hypothesis gives little regard to how Ψ and m1Ψ influence 

local processes during elongation (i.e., translocation and tRNA selection). For example, single-

turnover assays of E. coli in vitro translation systems show that both EF-Tu GTPase activation 

and peptide bond formation were slowed when codons contained Ψ in any position.10 The study 

further found that Ψ-containing codons promote miscoding by selecting near-cognate tRNAs in 

vitro and in vivo, with a ~1.5% rise in incorrect amino acid substitutions in human cells.10 In a 

separate study, ribosome stalling induced by m1Ψ was also found to cause +1 ribosomal 

frameshifting events, leading to mistranslated proteins in vivo and in vitro, and activating off-

target T-cell immune responses.236 The assumption of a global, sequence-independent 

mechanism in the ribosome collision hypothesis ignores these local context-dependent effects 

that may have important roles and off-target effects in development of mRNA modification-

based medicines. The off-target effects observed for m1Ψ indicate that before synthetic mRNA 

modifications are widely applied in clinical settings, a clear understanding of their mechanistic 

roles in translation is needed. As new candidates with therapeutic potential are identified, the 
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need to study their impact on decoding will become increasingly important, including through 

biophysical and computational investigations. Section 1.4 focuses on experimental techniques 

used to investigate decoding and on the growing integration of computer simulations into this 

research workflow.  

1.4 Methods to study the impact of mRNA modifications on decoding structural dynamics  
 

Given the discovery of the role of induced-fit kinetics and structural dynamical changes 

that drive mRNA decoding in the ribosome over the last quarter century, a considerable effort 

has been put forth to use experimental techniques to establish the fundamental structural 

motions of the ribosomal complex during decoding,45, 51, 83, 237 peptidyl transfer,46, 83 and 

translocation.54, 88, 90, 91, 93, 238-243 Since each of these processes involves structural dynamics on 

different spatial and temporal scales, a variety of experimental techniques have been effectively 

applied in different contexts. However, elongation dynamics are challenging to study 

experimentally, requiring many conformational changes that are too rapid (hundreds of 

microseconds to tens of milliseconds) to be captured by many current biophysical methods 

without artificially slowing down reaction speeds.244, 245 However, some experimental techniques 

have been used to study longer time scale movements of the ribosome. Ribosome processes 

have been studied using time-resolved cryo-EM (trEM) using voltage-assisted sprays,246 

microfluidic mixing,247 and Inkjet-based sample application.248  trEM is limited to time 

resolutions of seconds to minutes.55, 88, 242, 249-254 To generate data in the milliseconds range, 

microfluidic mixing has been used on ribosome complexes.252, 255-265 While useful for 

understanding large scale directed processes, these time scales do not capture structural 

fluctuations on relevant time scales for many rapid molecular changes during decoding. 

The precise roles of site-specific mRNA modifications are also difficult or impossible to 

capture experimentally in vivo. At any given instant, mRNA can contain different combinations 
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of multiple modified nucleotides. Despite the abundance of ribosome structures generated 

using methods like X-ray crystallography and cryo-EM, it is infeasible to determine structures for 

many different RNAs with distinct permutations of modifications in specific intermediate kinetic 

states at high resolution. Moreover, to obtain partially unmodified substrates in vivo, 

experiments rely on interrupting the function of modification enzymes, many of which have 

unknown alternate roles or may modify other translationally relevant RNA substrates, making it 

difficult to isolate individual or combined effects of various modification states on the kinetics of 

translation. Unless the modification of interest has a high-specificity eraser enzyme, this pursuit 

becomes virtually impossible for the most conventionally used approach where natively 

modified RNAs are purified from lysate and assembled into programmed ribosomes in vitro. 

Lastly, the central mRNA codon and tRNA anticodon interaction in decoding relies on minute 

changes to local structure and binding affinities, which are inaccessible within current 

spatiotemporal constraints of experimental methods. While there are many studies that have 

given some global insight into how mRNA modifications impact decoding,10,12 they typically do 

not measure rate constants of elementary steps that are central to the tRNA selection 

mechanism, including the rate constants which are selectively increased (𝑘&%, 𝑘&', and 𝑘.; 

Figure 1.2A) or decreased (𝑘-; Figure 1.2B) for near-cognate tRNAs relative to cognate. These 

challenges make it difficult to establish how modification-induced changes to base pairing can 

cause rapid rejection or perturbation to the codon-anticodon minihelix in the ribosome.  

Computational chemistry provides a powerful set of tools to bridge the gaps in our 

understanding of RNA modifications during protein synthesis left from biochemical and 

structural experiments. For example, MD simulations use starting coordinates determined from 

experimental techniques such as X-ray crystallography or cryo-EM and describe the time-

dependent atomistic motion of molecules using Newtonian mechanics and interatomic 
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potentials derived from quantum mechanical calculations and/or experimental data. In light of 

the "resolution revolution" of cryo-EM techniques producing high resolution models of massive 

ribosomal complexes including tRNA, mRNA and ribosomal RNA (rRNA),266 MD simulations using 

starting models built from these structures are an attractive approach for studying the 

conformational and energetic changes occurring in the tRNA and mRNA-bound ribosomal 

complex during translation. Indeed, MD studies have provided crucial insights into the precise 

structural rearrangements and energetic pathways during the selection of cognate tRNAs over 

near-cognate tRNAs,57, 83, 267-269 complementing experimental kinetics data,270-272 NMR,273, 274 and 

fluorescence experiments.268, 275-278 However, only a small selection of mRNA modifications have 

been studied using MD simulations,81, 140, 146, 148, 149, 279 leaving a gap in the literature. This thesis 

will utilize MD simulations on models built for intermediates during decoding to gain crucial 

insight into the structural dynamical changes induced by mRNA modifications. As a significant 

number of MD studies have been completed with the objective of understanding translation, 

Section 2.2 in Chapter 2 is dedicated to exploring these studies and developing a robust and 

accurate computational model to be used in this thesis.  

1.5 Thesis objectives 
 

The central aim of this thesis is to determine how introducing select mRNA codon 

modifications influences the structural dynamics of decoding in the ribosome. To accomplish 

this, all-atom MD (aaMD) simulations will be performed on models of ribosomes containing 

unmodified and modified codons with the cognate aa-tRNA bound at the A-site. Initially, 

Chapter 2 provides the groundwork for developing an effective computational model of the 

ribosome. Chapter 2 is crucial as the A-site model used in this thesis is still new to the literature 

and is relatively challenging to set up compared to simulations of simple systems. In line with 

ongoing efforts to promote transparency and reproducibility in MD simulations,280-282 Section 2.3 
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of Chapter 2 provides full details of the model and methods used in Chapters 3 and 4, including 

how each model was built and parameterized, equilibration and production protocols, a 

computational cost assessment, and details of the trajectory analysis.  

This introductory chapter discussed a number of naturally occurring modifications that 

occur in the mRNA, including those introduced by enzymes (e.g., inosine) or damage (e.g., m1G 

and m2G adducts to G). The goal of the first results chapter (Chapter 3) is to use MD simulations 

to understand how inosine mRNA modifications influence the structural dynamics of decoding in 

the ribosomal A-site and provide a structural explanation for the experimental results collected 

by the Koutmou lab.207 Subsequently, Chapter 4 uses MD simulations to explore the roles of 

recently discovered damage modifications, m1G and m2G, which were also studied by the 

Koutmou lab.207 Chapter 5 summarizes the importance of the present work as a first step to 

understanding mRNA modifications and their fundamental roles in protein regulation, and 

provides suggestions for future work in the Wetmore lab. 
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CHAPTER 2: DEVELOPING A COMPUTATIONAL METHOD FOR SIMULATING THE INFLUENCE OF 
mRNA MODIFICATIONS ON DECODING IN THE RIBOSOME 
 
2.1 Objectives 
 

As discussed in Chapter 1, experimental techniques lack the spatiotemporal resolution 

to directly observe rapid atomistic motions (i.e., timescales on the order of ns–μs) in the 

ribosome. Furthermore, preparation of ribosomal complexes with a wide variety of site-specific 

RNA modifications is time-consuming and laborious. These challenges leave a noticeable gap in 

the understanding of the molecular mechanisms that drive tRNA selection. MD simulations 

provide an essential tool for studying biomolecular processes in fine detail, and can, in principle, 

be used to understand how RNA modifications modulate the rapid local conformational changes 

in the actively elongating ribosomal A-site. However, routine simulations of large heterogeneous 

macromolecular systems (i.e., containing millions to billions of atoms) like the ribosome remain 

computationally demanding. Nonetheless, the number of MD simulation studies of ribosomal 

processes, such as elongation, has steadily increased over the past 25 years,1-5 giving crucial 

insights into various ribosomal processes ranging from co-translational folding of nascent 

polypeptides in the exit tunnel to fast allosteric signal transduction over the entire ribosome.6, 7 

For computational studies to provide reliable insight into biological processes, they must strike a 

balance between the model size, accuracy of the underlying force field, and extent of sampling 

required to investigate specific motions within the ribosome. 

The goals of this Chapter are first to review computational studies on ribosomal 

processes and then to establish a methodology to examine the impact of mRNA modifications 

on ribosomal decoding. In Section 2.2, the relevant literature spanning the approaches that have 

been used to study elongation will be discussed, including the small selection of studies that 

investigated the roles of RNA modifications on ribosomal decoding. Following this review, the 

detailed computational methodology employed in this thesis (Chapters 3 and 4) will be 
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discussed in Section 2.3. Specifically, this section will provide a thorough description of how the 

models were built and minimized, the force field parameters used, and the trajectory protocols 

used for equilibration and production simulations. Additionally, data analysis techniques, 

including establishing trajectory convergence, generation of free energy landscapes (FELs), and 

conformational analysis, and more will be detailed.  

2.2 Computational background 
 

The first class of simulation techniques to be discussed is coarse graining (CG), where 

system conformational sampling is greatly improved at the expense of spatial detail. For 

ribosomal processes that take a significant amount of time (milliseconds to seconds), aaMD is 

prohibitively computationally expensive and cgMD is a commonly used technique. cgMD 

techniques treat groups of atoms as “beads” to reduce the number of degrees of freedom in the 

system and access larger timescales. For example, the resolution in cgMD approaches for 

describing RNA nucleotides can range from extremely coarse (e.g., 1–3 beads per nucleotide in 

the YUP and NAST force fields),8, 9 to moderate (e.g., 6–7 beads in the MARTINI force fields).10, 11 

cgMD simulations also tend to use simpler functional forms for their potential energy functions 

compared to those used in traditional aaMD force fields.10, 11 For example, in a study of the 

dynamics of polypeptides in the exit tunnel, each residue was represented by three identical 

beads, with nonbonded interactions modeled using a simple Lennard-Jones (LJ) potential (no 

Coulombic potential) and bonded interactions described by stiff harmonic terms, omitting angle 

and dihedral potentials.12 cgMD has also been used to develop a sequence-sensitive model of 

protein translocation, using a potential energy function that combines finite extension nonlinear 

elastic (FENE) bonds, repulsive Lennard-Jones interactions, Debye–Hückel electrostatics, and 

sequence-specific interactions with both the membrane and translocon.13, 14 cgMD approaches 

can be complemented by network models, which divide biomolecules into “nodes” connected 
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by harmonic springs with spring constants.15 The potential energy function in anisotropic 

network models (ANMs) and elastic network models (ENMs) is harmonic and centered around 

the native cryo-EM or X-ray structure and dynamics are not sampled (i.e., normal mode analysis 

yields directions and amplitudes of motions, but not real time evolution).15 ENMs and ANMs are 

therefore heavily reliant on experimental structures and have been used to examine global 70S 

ribosomal dynamics during ribosome assembly,16 translocation,17-19 and other processes.20  

Another often-used simulation method is structure-based modeling (SBM).6, 21-25 SBMs, 

also called Gō models, operate on the principle of minimal frustration, meaning that the native-

state interactions are assumed to be strongly stabilizing, while non-native interactions are 

largely ignored or treated as repulsive.26, 27 These models encode native contacts from an 

experimentally-determined structure (e.g., a crystal structure or NMR ensemble) into a 

simplified potential energy function, allowing the system to naturally evolve along a static 

energy landscape.26 While SBMs often use CG, “all heavy-atom” force fields exist and are 

typically used for simulations of the ribosome, such as in the SMOG force field.27 SBMs typically 

do not include any explicit solvent model and treat the system with some coarse-graining 

(treating entire residues as beads or omitting hydrogens).23, 28  

Simplifications to the treatment of RNA nucleotides and protein amino acids in the 

ribosome provide an immense payoff in computational efficiency.29 For example, in SBM 

simulations that use an all-heavy atom force field, ribosome simulations could be as fast as 10-

100 μs/day on a single GPU (149,587 particles in total).27 Indeed, SBMs have been able to 

uncover the pathways of large-scale motions that take place on the order of milliseconds to 

seconds, such as ribosome subunit internal dynamics and rotation,30-31 tRNA diffusion into the 

accommodation corridor during proofreading,21, 32-35 and translocation of A- and P-site tRNAs. 

However, the computational efficiency is drastically reduced (to 1-10 μs/day) for these 
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simulations when solvent and ionic environments are taken into account (186,929 particles in 

total).29 Explicit waters are typically not used in the SBM simulations of ribosomes, which instead 

use an implicit solvent continuum model.29 However, if explicit waters were included, it would 

reduce the efficiency of the calculations by additional orders of magnitude as it is common for 

the number of particles to exceed 2 million atoms in fully-solvated ribosome simulations.36 

cgMD techniques are suitable for sampling slow motions such as large internal 

conformational changes in the ribosome.30,31 However, smaller motions often occur on shorter 

time scales, such as the formation or loss of individual hydrogen bonds between the codon and 

anticodon or decoding center residues in the ribosome. The simplifications in even the most 

detailed cgMD force fields are problematic for studying codon recognition, regardless of the 

number of beads used to represent each nucleotide or amino acid. For example, the lack of 

explicit solvation poses issues for modeling the solvent shielding accomplished by the ribosomal 

monitoring residues.37,38 Moreover, monovalent (K+ and Cl–) and divalent (Mg2+) ions have long-

established roles in maintaining ribosome structure and function.39-44 High-resolution 

experimental structures show tight binding of Mg2+ at functional ribosome sites,45, 46 and kinetics 

studies have found that Mg2+ ions influence the stability of B37 of tRNA and the mRNA in the 

decoding center.47, 48 Despite recent efforts to include ions in SBMs,49 the ion parameters for K+, 

Cl–, and Mg2+ neglect long-range screening and pairwise Coulomb or Lennard-Jones (LJ) terms 

are oversimplified (i.e., by using harmonic or minimal LJ potentials).39 Moreover, structures of 

ribosome complexes indicate that a significant portion of Mg2+ ions coordinate into octahedral 

water complexes, Mg(H2O)6
2+, which interact with the rRNA phosphate backbone via indirect 

coordination.39, 50 The lack of explicit solvation in SBMs neglects the different coordination 

modes of Mg2+ ions or ion-water interactions. For these reasons, the cgMD or SBM approaches 

were not ideal methods for the problems addressed in this thesis. 
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Decoding relies on short-time-scale fluctuations such as changes to solvent and ion 

distributions in the decoding center, hydrogen bonding between the codon and anticodon 

minihelix or interactions between the tRNA and/or mRNA and the ribosomal A-site monitoring 

nucleotides. A technique most suited to sample these relevant dynamics is explicit solvent, all-

atom (including hydrogens) equilibrium aaMD simulations. aaMD simulations come in many 

different flavors, but all use Newtonian mechanics to compute the time-dependent motion of 

each particle in the system. The typical potential energy function for aaMD includes the less-

expensive bonded interactions (bonds, angles and dihedral angles) and the more expensive non-

bonded interactions (short-range van der Waals and long-range electrostatic interactions). From 

an initial set of atomic coordinates typically extracted from available experimental structures 

and initial velocities selected randomly from a Maxwell-Boltzmann distribution, the motion of 

each atom is computed for each time step (~0.5–4 fs) until the desired total simulation time is 

reached. The atomistic treatment in aaMD can often present a computational bottleneck. Even 

with GPU acceleration and multi-core CPU parallelization, most MD studies require access to 

high-performance computing (HPC) resources or special-purpose hardware to achieve 

statistically-relevant sampling. However, fully solvated aaMD simulations of the entire ribosome 

(2–2.5 million atoms) have been reported in the literature to study translational processes 

including translation arrest by the monitoring peptide VemP or antibiotics,51 ribosome surface-

binding enzyme peptide deformylase,52 translocation of tRNAs,36, 53, 54 and other processes.55-63 

While these simulations are detailed given the system size, they often take additional liberties 

compared to conventional all-atom MD, such as using a 4-fs time step. This longer time step is 

enabled by techniques like hydrogen mass repartitioning,64 in which mass is shifted from heavy 

atoms to their bonded hydrogens to lower the vibrational frequencies of bonds involving 

hydrogen atoms. Despite these cost-saving alterations, even speeds for multi-node simulations 
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conducted on supercomputers are slow (~10 ns/day), limiting the scope and quantity of these 

studies in the literature.1, 65 

Given that MD simulations can provide an ensemble of structures and corresponding 

potential energy states, it is possible to calculate relative or absolute free energies using 

specialized simulation methods such as free energy perturbation (FEP).66 FEP is an attractive 

approach for gaining quantitative energetic insights into tRNA selection in the ribosome, as 

binding free energies can be related to experimental measurements of rate or equilibrium 

constants by the linear free energy relationship (LFER).67 FEP simulations introduce a parameter, 

λ, into the standard aaMD force field, which forces the system from an initial and final state 

through a non-physical path. This allows one to avoid needing to simulate slow and rare (high 

energy barrier) physical processes such as the diffusion of tRNA through the intersubunit space 

following EF-Tu mediated GTP hydrolysis.67 FEP and umbrella sampling simulations have been 

used in the context of tRNA selection to study the impact of base-substitutions in the mRNA 

codon or tRNA anticodon on the free energy of binding to the ribosomal A-site.37, 68, 69 For 

example, previous work studied the free energy changes for the cognate tRNAPhe codon-

anticodon pairing interaction upon mutation that produced near- and non-cognate interactions, 

providing free energy estimates in excellent agreement to experiment (deviations of < 0.3 

kcal/mol).68, 70, 71 This study also examined the energetic impacts of post-transcriptional 

modifications, cmo5U34 and m6A37 to tRNAVal, which collectively allow reading of all redundant 

cognate tRNAVal codons [5'-GU(A/G/U/C)-3'].68  

The subsequent rise in available ribosome X-ray and cryo-EM structures showed that the 

tRNA adopts distinct conformations during selection, moving from a bent (A/T) conformation to 

a straight (A/A) conformation after GTP hydrolysis.72, 73 These considerations were included in 

FEP models to establish a more comprehensive selection model, where first and second position 
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substitutions in the mRNA codon were found to cause higher discrimination of tRNAs than those 

in the third (wobble) position.68 A similar study used umbrella sampling to generate the 

potential of mean force (PMF) along the free energy landscape according to a progress variable 

that measures the flipping of monitoring adenine nucleobases A1492 and A1493 in the 16S 

rRNA.74  

While FEP simulations are a tempting choice, they have limitations. Typically, FEP 

requires using a truncated model (tens of thousands of atoms), short time-steps (0.5–1 fs), and 

extensive sampling of both initial and final states to achieve convergence.75 Moreover, FEP 

requires sampling along an unphysical path because it involves an alchemical transformation 

rather than a real, time-dependent transition. Thus, the dynamics observed during the FEP 

process are not physically meaningful at any intermediate λ window. FEP is therefore not well-

suited for studying real-time decoding dynamics. Given the importance of sampling physically 

meaningful induced-fit kinetics to understand codon recognition,76, 77 FEP is not an ideal model 

choice for the present work.  

Perhaps the most common use of explicit solvent aaMD simulations for studying the 

ribosome involves “subsystem” models that extract the ribosome region of interest or include 

only a single ribosome subunit from an experimental structure.7, 38, 59-63, 78-90 For example, 

subsystems of ribosomes in atomistic MD simulations have included regions around the  

PTC,55, 81, 82, 91 exit tunnel,61, 83, 85, 86 or A- and P-sites.59-63 This strategy has been used in studies to 

elucidate decoding principles for tRNA selection within the context of selecting cognate tRNAs 

over near cognate.38, 68, 69 Early studies that used aaMD ribosome subsystems explored how the 

ribosome distinguishes between near-cognate and cognate tRNAs using a combination of shape 

measuring and stability testing, steric hindrance, and hydrogen bond reorganization.38  
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Beyond studying mismatches in canonical nucleotides, the subsystem model approach 

has also been the primary approach for aaMD simulations examining how tRNA and mRNA 

modifications affect ribosomal decoding.92-95 While aaMD studies of tRNA selection in the 

ribosome typically use large segments or even entire subunits during long simulations with 

multiple independent replicas,7, 38, 59-63, 78-90 studies focusing solely on codon recognition tend to 

use smaller models (hundreds of rRNA or amino acid residues), short time scales (<100 ns), and 

lack replicas.92-94, 96 For example, the influence of tRNALeu modification τm5U34 on decoding 

UUG/UUA codons was explored with models containing the ASL bound to each mRNA codon 

and 55S mammalian mitochondrial ribosome residues A916-C917-A918-A919-G920-U921 and 

C254-G255-G256-U257-C258 (A918-919 and G256 are equivalent to monitoring residues A1492-

1493 and G530 in the E. coli ribosome).95 These simulations were carried out for 50 ns, an order 

of magnitude shorter than the typical microsecond-timescale simulations achieved for even 

larger subsystem or whole-ribosome models.2 Moreover, conclusions were based on only single 

simulations (no replicas), which brings into question the reliability and reproducibility of the 

results.95 Importantly, even in 50 ns, the minihelix integrity was visually compromised in half of 

the models studied, which was more likely an artefact of insufficient stabilization of the codon-

anticodon minihelix rather than representative of a real, physical tRNA rejection process.95  

Another study used MD simulations to examine how the s2C32 modification present in 

the E. coli tRNAArg1, but absent in tRNAArg2, contributes to decoding discrimination between three 

synonymous cognate arginine codons (CGU, CGC, and CGA).94 Specifically, s2C32 of tRNAArg1 

blocks recognition of the rarest arginine codon, CGA, while still permitting decoding of CGU and 

CGC. While a substantial number of water molecules (~43,000) and ions (~997 K+ and ~884 Cl–) 

were included, the models of the ribosomal subsystem contained only the ASL, mRNA, and 

surrounding rRNA that was in direct contact to the ASL or mRNA (the specific residues or cut-off 
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distance for inclusion in the model were not provided in the computational details). 

Additionally, only a single-replica 50 ns production simulation was performed, and the 

surrounding rRNA and ASL heavy atoms were held fixed, only allowing the mRNA codon to 

move.  

Across two later studies,92, 96 a slightly more rigorous approach was used to study the 

influence of the t6A37 and ms2t6A37 modifications on tRNALys3, which is postulated to promote 

adequate stability of the minihelix when bound to the AAG codon in insulin mRNA. In these 

studies, the model included the anticodon loop and surrounding rRNA and ribosomal proteins 

within 25 Å of the codon-anticodon minihelix. However, in the first study, the simulation length 

was elongated to 100 ns and trajectories were run in quintuplicate.92 In the second study, 

simulation length was decreased to 25 ns and no replicas were considered.96 In both studies, 

restraints were applied to all heavy atoms in the rRNA, proteins, and mRNA (excluding the 

codon). A similar study examining the influence of different modification patterns present in the 

ASL of tRNALys,3 in the context of the ribosome A-site also suffered from inadequate sampling, 

generating only 4 ns in a single simulation for each model.97 

While tRNA modifications have received some attention in MD simulation studies of 

translation, attention to mRNA modifications has been minimal by comparison. In a study on the 

influence of 2'-O-methylation of mRNA codons and cognate tRNALys3 binding in the ribosomal A-

site, MD simulations were performed on a model consisting of the ASL bound to mRNA and 

surrounding rRNA (total of 150 nucleotides).93 Simulations were conducted for unmodified 

codons (AAA) and codons with 2'O-methylations introduced into either the first or second codon 

position (AmAA and AAmA). In this case, a longer 500 ns simulation was carried out for each 

model, but no replicas. It was unclear whether the backbone atoms were restrained as done in 

the work described above with the same primary computational author.92, 94, 96  
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It is apparent that methodological issues are common in the computational literature 

using aaMD to study the influence of RNA modifications on decoding. The most pertinent issues 

are the likely inadequate model sizes or limited sampling of conformational dynamics either by 

intentionally enforced restraints on motion (in the region of interest rather than just the 

periphery of a truncated model) during production simulations, short timescales, and/or lack of 

replicas. It is unclear why the available computational literature studying RNA modifications 

have such methodological inconsistencies compared to the studies on selection of near-cognate 

and cognate tRNAs using aaMD. Both model types typically use the same cryo-EM or crystal 

structure starting points and should only differ in that tRNA selection studies typically involve 

canonical nucleoside substitutions (e.g., tRNAPhe recognition of UUC vs. UUU codons) rather than 

modified nucleosides (e.g., tRNAPhe recognition of UUΨ vs. UUU codons). Regardless, this 

absence of rigorous modeling leaves a noticeable lack of understanding of the structural 

dynamic influences of tRNA and/or mRNA modifications on decoding.  

2.3 Methodology 
 
2.3.1 A-site ribosome subsystem model building 
 

In this thesis, an A-site ribosomal subsystem model was constructed that includes the 

ternary complex of tRNA:EF-Tu:GTP bound to the mRNA codon and surrounding rRNA and 

protein residues. Initial coordinates were extracted from the full 70S E. coli ribosome cryo-EM 

structure that contains a cognate ternary complex in the A-site (PDB ID: 5UYL). In this structure, 

the tRNA adopts a bent conformation such that the anticodon is bound in the A-site, while the 

acceptor domain is bound to EF-Tu (denoted A/T) and makes contact with the 23S rRNA. The 

ribosomal region of the model included all residues within 30 Å of any atoms in the tRNA, which 

generated a model of ~31,200 atoms (Figure 2.1). Specifically, the full tRNA was included 

because progression of translation is highly dependent on its conformational changes during 
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initial selection. From the SSU, the ribosomal protein s12 and disparate regions of 16S rRNA 

from helices 1, 2, 18, 28, 29, 30, 31, 32, 34, 35, 44 and 45 were included. From the LSU, regions 

from the ribosomal proteins L6, L11, L36, and rRNA helices 69, 89, 90, 91, and 95 were included. 

As the 5UYL structure did not contain resolved magnesium ions bound to the phosphate 

oxygens of rRNA, the 43 magnesium ions were introduced by aligning the 2.0 Å resolution E. coli 

ribosome backbone atoms (PDB ID: 7K00) to the model. Known modifications in the 16S rRNA 

that were not resolved in PDB ID: 5UYL were included by aligning 16S rRNA from PDB ID: 7K00 

and replacing the relevant nucleotides in the model,98 while maintaining the original backbone 

conformation of PDB ID: 5UYL.  

 

Figure 2.1. The ribosomal A-site subsystem model. The modeled region includes the rRNA 
(white) of the LSU and SSU surrounding the A-site aa-tRNA (blue), magnesium ions (green), and 
mRNA (obscured by the SSU rRNA), and ribosomal proteins. The ribosomal proteins are labeled 
according to the E. coli nomenclature (L36 is also included in the model but is not visible from 
this orientahon). Solvent and monoatomic ions were also included in the model but are not 
shown for clarity.  
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The monitoring residues A1492 and A1493 both flip out of the 16S rRNA helix 44 to 

contact the first and second base pairs in the codon–anticodon minihelix through the minor 

groove during codon recognition.77 Numerous cryo-EM structures provide evidence of this state 

occurring for both cognate and near-cognate tRNAs bound in the A-site.72, 73, 84, 98-127 In the cryo-

EM structure (PDB ID: 5UYL), the monitoring adenines adopt a conformation where A1492 is not 

flipped out of helix 44 and A1493 is not fully engaged with the minihelix. However, there is little 

to no map density for nucleotides A1492–3, preventing confident modeling of their positions 

(Figure A.1G). The coordinates of residues 1491–1494 in PDB ID: 5UYL were replaced with those 

from PDB ID: 7K00 by aligning the corresponding backbone atoms. 

Once the template A-site model was built, new models were created by changing the 

full tRNAPhe(GAA)  to tRNAVal(mcm5UAC), tRNAArg(ICG), and mRNA to GUG and CGU codons, 

respectively, and tRNAMet(CAU) to be used as a near-cognate tRNA for GUG and IUG mRNA 

codons. tRNAMet(CAU) contains an additional nucleotide in the tRNA D-loop compared to 

tRNAPhe(GAA). Therefore, the tRNAMet(CAU) D-loop from an E. coli ribosomal complex (PDB: 

4V7B) 128 was superimposed to replace the D-loop coordinates in tRNAPhe(GAA). For each tRNA, 

the parent nucleotides contained in tRNAPhe were first changed to the unmodified forms of the 

sequence corresponding to tRNAVal, tRNAArg, and tRNAMet using the swapna function in 

ChimeraX,129 with the preserve keyword specified so that the cryo-EM backbone conformation 

was unaltered. Next, all native modifications were “grown” into the structures according to a 

fragment residue library using tLEaP in Amber23,130 which does not alter the backbone 

coordinates. A similar procedure was followed for the mRNA sequence, where the A-site 

nucleotides of the 5UYL structure were changed to either GUG, CGU, IUG, CIU, GUI, m1GUG, 

Cm1GU, GUm1G, m2GUG, Cm2GU, or GUm2G. Note that, as previously mentioned for the near-

cognate system with tRNAMet, only the GUG and IUG codons were considered. 
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Before minimization of the entire near-cognate system, the D-loop of the fully modified 

tRNAMet was energy minimized in the absence of the ribosome, solvent, and ions to remove 

atomic clashes using the steepest descent and conjugate gradient procedure described in 

‘System preparation’ with all atoms except the D-loop nucleobases restrained across 5 stages of 

decreasing force constants from 20,000 kJ·mol–1·nm–2 to 1,000 kJ·mol–1·nm–2. The tRNAVal 

containing GUG or IUG were then replaced with the tRNAMet coordinates to complete the initial 

near-cognate models. The amino acids attached to the 3ʹ-end of each tRNA were built by 

forming a covalent link between the carboxyl carbon of the amino acid and the O3ʹ atom of the 

terminal adenosine, while maintaining the amide backbone conformation of the phenylalanine 

present in PDB ID: 5UYL. While the valine moiety fit well in the rRNA pocket, the larger arginine 

(present in the CGU, CIU, Cm1GU and Cm2GU models) clashed with surrounding residues. 

Therefore, the sculpt tool in PyMol was used to manually remove atomic clashes in the CGU 

model.131  Using an energy minimization procedure described in ‘System preparation’, 20,000 

minimization steps were performed with restraints of k=2,500 kJ·mol–1·nm–2 applied to all atoms 

except the 3ʹ adenine and arginine moiety, a 5.0 Å region surrounding the 3ʹ adenine and 

arginine moiety, and all hydrogen atoms, water molecules, and ions. These minimized 

coordinates for the CGU model were copied and the G was swapped to an I, m1G, or m2G for 

CIU, Cm1GU, and Cm2GU, respectively.  

The Amber-formatted topology and coordinate files generated for each A-site ribosome 

model were converted into a GROMACS-compatible format using Acpype.132 GROMACS 2024 

was then used for all system preparation and simulation steps.133 All systems were solvated in a 

periodic truncated octahedral water box with a distance of at least 12 Å from the solute to the 

nearest box face in all directions. The negative charge remaining after the addition of the 

experimental magnesium ions was neutralized by replacing solvent water molecules with K+ 
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ions, and then the salt concentration was set to 150 mM KCl by adding K+ and Cl– ions in 

randomized positions in the solvent with the GROMACS GENION program.133 The number of 

particles in each system are summarized in Table A.1.  

2.3.2 System preparation 
 

All simulations were performed using the AMBER force field (ff99bsc0χOL3 for RNA),134, 

135 ff14SB for ribosomal proteins,136 SPC/E for waters,137 microMg parameters for magnesium 

ions, 138 and previously developed parameters for modified RNA). 139 The partial charges for 

aminoacyl terminal nucleotides were calculated using the RESP-fitting procedure in PyRED.140, 141 

Parameters were assigned using Antechamber for the corresponding GAFF atom types.142 

For all minimization steps, GROMACS index files were generated using selection 

exporters available in MDAnalysis.133, 143 The energy of each system was minimized using 

steepest descent (until convergence criteria were met to a maximum of 10,000 steps) followed 

by conjugate gradient (up to 10,000 steps) minimization. The systems were minimized with 

restraints removed on the minihelix for 20,000 steps and finally with all restraints removed for 

20,000 steps. Minimization was followed by solvent temperature and pressure equilibration, 

where 1,000 kJ·mol–1·nm–2 positional restraints were applied to all heavy atoms. The system 

temperature was equilibrated to 300 K under an NVT ensemble within 50,000 steps using a 2 fs 

time-step and the velocity rescaling thermostat. Following temperature equilibration, the 

pressure was stabilized under an NPT ensemble with the isotropic pressure coupling using the C-

rescale barostat to bring the system pressure to 1 bar over 50,000 steps using a 2 fs time-step. 

For both NVT and NPT equilibrations, the Verlet cutoff scheme was used for neighbor searching 

and nonbonded interactions. The Particle Mesh Ewald (PME) method was used for the long-

range electrostatic interactions, with a Coulomb cutoff of 10 Å. The van der Waals interactions 

were modeled using a force-switching modifier, with a 10 Å cutoff and a switching region 
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starting at 8 Å. All bonds to hydrogen atoms were constrained using LINCS configured with a 

fourth-order expansion and 2 iterations per time step.  

2.3.3 MD production simulation protocol 
 

1 μs production MD simulations were performed in quadruplicate for each model under 

an NPT ensemble, with the temperature held at 300 K using the velocity rescaling thermostat 

and pressure fixed to 1 bar using the C-rescale barostat. The microsecond time scale allowed for 

system convergence, as evidenced by a plateau in the backbone RMSDs of the flexible region 

within the timescale. Moreover, the system sampled local structural changes of interest, 

including the flipping of monitoring bases in the 16S rRNA helix, dissociation of the tRNA from 

mRNA, and large internal conformational changes in the tRNA upon unbinding. Each of the four 

replicas started with a set of unique initial atomic velocities taken randomly from a Maxwell-

Boltzmann distribution at T = 300 K. Previous simulation studies of large ribonucleoprotein 

complexes used hydrogen mass repartitioning and virtual site constraints to allow for a longer 

integration time step of 4 fs, which afforded a significant increase in performance.107, 144 

However, due to the central importance of hydrogen-bonding interactions to the underlying 

dynamics of ribosomal decoding, hydrogen atoms were explicitly modeled in the present work 

and a 2 fs integration time step was implemented. The long-range interactions were computed 

using the particle mesh Ewald algorithm with a real-space cutoff of 10 Å. All Cα and C1ʹ atoms in 

the P-site mRNA, rRNA, and ribosomal protein exceeding a distance of 20 Å from any atoms of 

the aa-tRNA were restrained to the initial positions throughout production simulations (k = 

1,000 kJ·mol–1·nm–2), a procedure used commonly in literature for ribosome subsystem 

simulations.36, 51, 59, 61, 63, 107, 144 The size and time scale chosen for the model allowed sampling of 

conformational changes and interactions known to occur during codon recognition in the A-site, 

including the 16S rRNA monitoring residue dynamics (e.g., base flipping or interactions with the 
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minor groove of the codon–anticodon minihelix) and rapid dissociation of tRNA from mRNA. 

Simulations were performed using an MPI-enabled build of the GROMACS 5 engine with GPU 

acceleration and GPU–GPU interconnect switched on.145 All simulations used a single multi-GPU 

node with 2–8 CPU cores and 2–4 GPUs, with an entire GPU dedicated to the PME summation 

and the rest assigned to particle–particle interactions. During production runs, the nonbonded, 

bonded, and PME calculations were offloaded to the GPU to obtain maximal performance. The 

simulation performance varied depending on the number of GPUs, CPUs, and OpenMP threads 

(Table A.2). 

2.3.4 Analysis of simulations 
 
The programs used for analysis of MD trajectories included CPPTRAJ,146 Pymol,131 ChimeraX,129 

Barnaba,147 and MDTraj.148  

Root-mean-squared deviation (RMSD) was calculated for each system using equation 1. 

𝑅𝑀𝑆𝐷 = 3$
/
∑(𝑥0 − 𝑦0)%        (1) 

where N is the number of data points, 𝑥0  is the position of the 𝑖th atom in the reference cryo-EM 

structure coordinates, and 𝑦0  is the position of the ith atom in the simulation frame. The RMSD 

was computed for backbone atoms of the whole system including the outer 10 Å restrained shell 

region, whole system, A-site tRNA, mRNA, EF-Tu, h18, h45, H69, GAC, SRL, H89, H91, s12, L6, 

L11, and L36.  

Due to the large size of the flexible region of the model, clustering was not used to 

generate representative structures. Clustering algorithms face computational bottlenecks when 

applied to global (large) selections of atoms due to the high dimensionality of the data in the 

pre-clustering step (i.e., for N atoms and M frames, O(N) operations are needed to compute 

RMSD between two frames, and combined with the M x M pairwise distance matrix, cost scales 

as O(NM2)). Therefore, the last frame was extracted from each simulation replica as a 



  71 

representative structure. Representative structures for the tRNA and G530 interactions with the 

codon-anticodon minihelix were generated using the hierarchical agglomerative clustering with 

average-linkage and RMSD as a distance metric. For tRNA, the atoms considered included 

phosphate (P), oxygen (O3', O5'), and carbon (C3', C4', C5') atoms from residues 1-76, focusing 

on the backbone to capture global conformational shifts while ignoring base pair fluctuations. 

For G530 conformations, the clustering routine included all nucleotide atoms from positions 34-

36, 83-85, and G530, excluding hydrogen atoms.  

The root-mean-squared fluctuation (RMSF) was computed according to the equation: 

𝑅𝑀𝑆𝐹 = 3$
/
∑(𝑥0(𝑡) − 〈𝑥0〉)%       (2) 

where N is the number of frames, 𝑥0(𝑡) is the position of the 𝑖th atom at time 𝑡, and 〈𝑥0〉 is the 

quadruplicate ensemble-averaged position of the 𝑖th atom. The RMSF was averaged across the 

quadruplicate ensemble and standard deviations computed to measure how RMSF varied across 

independent simulations.  

The flipping of the two 16S rRNA adenines in helix 44 towards the minor groove of the 

minihelix was measured using a dihedral angle denoted Φ, the monitoring angle. The four points 

of the dihedral angle were designated according to the centers of mass (COM) of four atom 

masks as done in a previous simulation study.74 Specifically, the points were defined based on 

the center of mass of C1407, C1409, G1491, and G1494 nucleobase atoms in the 16S rRNA 

(COM1), the phosphate group of the 3ʹ adjacent nucleobase to the flipping adenine (COM2), the 

nucleobase phosphate group for A1492 or A1493 (COM3), and the nucleobase atoms of either 

A1492 or A1493 (COM4). First, Φ angles were measured from an experimental suite of 126 X-ray 

and cryo-EM ribosomal complexes (Table A.1) to compare with the simulation data (Chapter 

3).60, 72, 73, 84, 99, 105, 119, 121, 123-126, 149-172 The suite included ribosome structures with near-cognate or 

cognate A-site tRNA or without A-site tRNA. The map-model fit tends to be poor for A1492–3 
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with flexible conformations as the map density may be absent or at a poor local resolution. The 

16S A1492–3 map-model fit was assessed using ChimeraX for structures with empty A-site, or in 

the off-on conformation (Figure A.1). The map-model fit was concluded to be poor for PDB IDs 

5KCR, 5MDY, 5MDZ, 5UYK, 5UYN, 5UYL, and 8G7S, and therefore these structures were 

excluded from the dataset (Figure A.1A,C-H), leaving 116 ribosome structures in the final 

dataset.  

The Φ angles were collected for both A1492 and A1493 and plotted over the simulation 

time. A joint probability distribution was generated using the 2D histogram function (of Φ for 

A1492 on the x-axis and A1493 on the y-axis) in NumPy set to 80 bins. The 2D histogram counts 

were converted into a joint probability density, 𝑃(𝑖, 𝑗): 

 𝑃(𝑖, 𝑗) = 1(0,4)
∑ 1(0,4)!,#

         (3) 

with the normalization condition: 

∑ 𝑃(𝑖, 𝑗) = 10,4           (4) 

where i and j represent the bin index of A1492 and A1493, respectively. 𝐻(𝑖, 𝑗) is the array of all 

possible bins where data is partitioned and ∑𝐻 is the total number of data points across all bins. 

The free energy, 𝐺(𝑖, 𝑗), was then computed according to equation 5: 

 𝐺(𝑖, 𝑗) = −𝑅𝑇 ⋅ 𝑙𝑛 D7(0,4)
7$%&

E         (5) 

where 𝑇 = 300	𝐾, R = 1.987 x 10-3 kcal·K–1·mol–1 and 𝑃89: = 1. Since zero probabilities occur in 

MD simulations because of finite sampling limitations despite density-related quantities in true 

physical systems always being nonzero, zero probabilities were substituted by a small value, 

𝑃 = 1 × 10&., to keep 𝑙𝑛J𝑃(𝑖, 𝑗)K defined and finite. Local minima were chosen using the 

scipy.ndimage.minimum_filter, with a size of 10 and a threshold of <0.25 kcal/mol. The COM 
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distance between the monitoring residues (A1492, A1493, and G530) C1ʹ atom and the center of 

mass of all minihelix atoms were calculated using the distance function in cpptraj.  

 To analyze the local solvent distribution in the minihelix minor groove, the watershell 

function from CPPTRAJ was utilized. The number of water molecules within 5 Å of the COM of 

the minihelix minor groove of the first, second, and third base-pairing positions of the codon 

were computed separately. For the GUG systems and modified variants, the COMs included the 

N2 and N3 of G1 and O2 of C36 in the first base pair, the O2 of U2 and N3 of A35 in the second 

base pair, and the N2 and N3 of G3 and O2 of cmo5U34 in the third base pair. For the CGU 

systems and modified variants, the COMs included the O2 of C1 and the N3 and N2 of G36 in the 

first base pair, the N3 and N2 of G2 and O2 of C35 in the second base pair, and the O2 of U3 and 

N3 of I34 in the third base pair. As the first and second base-pairing positions are less prone to 

noise and actively monitored, the datasets for the B1:B36 and B2:B35 were concatenated and 

frequency histograms were generated to compare between models. The ensemble-average and 

standard deviation (S.D.) of the number of waters were tabulated for all three base-pairing 

positions. 

 To assess the proximity of A1492–3 to the minihelix minor groove, interatomic distances 

were computed for A1493 from the COM of the first base pair (B1:B36) and for A1492 from the 

COM of the second base pair (B2:B35) using the distance function in CPPTRAJ.  

Minihelix nucleobase–nucleobase coplanar angles were computed by generating vectors 

orthogonal to the plane defined by nucleobase atoms using the corrplane and vectormath 

functions in cpptraj for each codon–anticodon base pair.  The C1ʹ–C1ʹ distances were computed 

using the distance function in cpptraj between opposing nucleotides in the minihelix. Hydrogen 

bonds were computed using the hbond function in cpptraj and defined using an angle cutoff of 

120° and a distance cut-off of 3.4 Å. 
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The alignment of tRNA within the A-site was calculated by measuring the angle, 𝜃, 

between vectors defining the mRNA codon, 𝑚NN⃗ , and the tRNA body, 𝑡, using equation 6.  

𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠 D 8;;;⃗ ⋅>⃗
||8|;;;;;;;⃗ |	||>|;;;;⃗ |

E         (6) 

The absolute deviation of the angle formed between the center of the anticodon stem 

(ACS) and the central domain junction of the tRNA (Δ!"#) was computed using cpptraj. To 

compute Δ!"#, a reference vector formed between the COM of the central junction of the tRNA 

(base pair 10–25 of the D-arm and residue 44 of the variable loop) and the COM of the 

TΨC/acceptor arm (residues 1–8 and 58–76) was generated from the experimental structure 

coordinates. The analogous vector was subsequently generated for the structure in each 

simulation frame. The dot product between the (fixed) reference vector and the vector for the 

current frame was computed for each frame in an analogous manner to equation 6. Since the 

starting structure exhibits a bent conformation, larger Δ!"# values indicate a higher degree of 

straightening. The distance between the COM of the ASL and the tRNA elbow was also expected 

to increase for straight tRNA (i.e., if the tRNA body is uncompressed). Therefore, the ASL–elbow 

distance was measured between the COM of the ASL (residues 27-43) and the elbow region on 

the acceptor domain (residues 55–57). 

The Barnaba python library was used to cluster the trajectories into conformational 

states using the 𝜀𝑅𝑀𝑆𝐷 metric with the DBSCAN algorithm.147 Barnaba defines a vector, 𝑟, 

expressed in cylindrical coordinates ρ, θ, and 𝑧 measured from the local COM coordinates 

defined by the C2, C4, and O6 atoms of each RNA nucleobase. The relative position and 

orientation between two nucleobases are defined in the cylindrical coordinate system. The 

scaled anisotropic position vector, 𝑟̃, is used to describe the relative coordinates of the 

nucleobases: 
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𝑟̃ = DA&
9
, A'
9
, A(
+
E = (B

9
cos θ , B

9
sin θ , C

+
)       (7) 

where 𝑎 = 5.0 Å and 𝑏 = 3.0 Å so that 1 < 	 𝑟̃ < √2.5, which defines an ellipsoidal region where 

over 99% of stacking and base pairing interactions occur.147 The stacking can be distinguished 

from the pairing by determining the projection of the position vector, 𝑟, along the z-axis. 

Specifically, if the projection is less than 2.0 Å then the base–base contact is defined as pairing, 

while if it is greater than 2.0 Å, it is defined as stacking. With all the scaled vectors, 𝑟̃, the 

structural deviation between RNA structures (α and β) can be calculated by using a cut-off 

distance 𝑟̃DE>*FF and mapping the 𝑟̃ vectors using the 4-dimensional vectorial function G(𝑟̃): 

G(𝑟̃) = 	

⎝

⎜
⎜
⎛

A&G
Ã
sin(𝛾𝑟̃)

A'G
Ã
sin(𝛾𝑟̃)

A(I
Ã
sin(𝛾𝑟̃)

1 + cos(𝛾)⎠

⎟
⎟
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× J(Ã)*+,--&Ã)

K
       (8) 

where 𝑟̃DE>*FF = 2.4 Å and 𝛾 = 	 L
Ã)*+,--

.147 

The metric eRMSD is then defined as: 

eRMSD =	3$
/
∑ r𝐺J𝑟̃4MNK − 𝐺(𝑟̃4M

O)r
%

4,M        (9) 

where α and β represent the two RNA structures being compared and 𝑁 is the number of data 

points. The eRMSD metric depends on the distance between G vectors and allows for structural 

comparison using a continuous function with suitable cut-off distances. To generate 

conformational profiles for the MD trajectories, the eRMSD was used as a clustering metric with 

the DBSCAN algorithm. 

2.4 Conclusions 
 

This chapter discussed the strengths and weaknesses of various MD techniques for 

studying how mRNA modifications impact decoding. This knowledge was used to develop the 

model used in this thesis. Specifically, a ribosome subsystem model was developed that includes 



  76 

the entire ternary complex of aa-tRNA:EF-Tu:GTP in the codon recognition configuration and all 

surrounding Mg2+ ions, rRNA, and proteins. The simulations utilized explicit solvent and aaMD to 

describe the detailed interactions in the decoding center and solvent shielding of the minihelix 

minor groove by A1492–3 and G530. Moreover, the model enables simulations to capture rapid 

local dynamics in the A-site that are inaccessible to experiment, such as fluctuations between 

intra- and extrahelical conformations for 16S monitoring residues, latching of G530 onto the 

minor groove, minihelix structural changes, and conformational changes in the aa-tRNA body. 

Indeed, Chapters 3 and 4 will show that the models developed in this thesis can be used to 

interpret kinetic studies of the impact of mRNA modifications on protein synthesis. 
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CHAPTER 3: THE INOSINE mRNA CODON MODIFICATIONS IMPACT THE STRUCTURAL 
DYNAMICS OF DECODING IN A POSITION-DEPENDENT MANNER  
 
3.1 Objectives 
 

Inosine is introduced to RNA through A-to-I editing by ADAR enzymes in eukaryotes.1 A-

to-I editing deaminates adenosine at the N6 position, altering the chemical structure of the 

nucleoside to resemble guanosine. In mammals, A-to-I editing within coding sequences 

regulates translation elongation and affects genes involved in neurotransmission, including 

those encoding neurotransmitter receptors and ion channels.2-4 Dysregulated inosine 

modification is linked to neurological disorders,4-7 cancers,8-10 and immune diseases.11, 12 

Systems-level studies found that transcripts containing multiple inosines can lead to ribosome 

stalling in vivo, however the mechanisms underlying these effects are not presently 

understood.13 

As discussed in Section 1.3.3.1, a mechanistic study found that inosine caused significant 

reductions in the efficiency of translation relative to the unmodified codon when it was placed 

in the first position.14 In agreement, experiments conducted by the Koutmou lab indicated that 

first position inosine modification to the mRNA codon caused a severe reduction in the rate of 

dipeptide formation, whereas second and third position inosine modification did not.15 It has 

been proposed that the I:C base pair, in addition to reducing the number of hydrogen-bonding 

interactions compared to G:C, also perturbs interactions with 16S rRNA monitoring bases in the 

ribosomal A-site.14 However, these mechanistic effects have not been supported by structural or 

computational studies, making it unclear how inosine can drive these position-dependent 

effects on decoding.   

Codon modifications that impair translational efficiency have been suggested to cause 

the ribosome to recognize aa-tRNA as near-cognate. For example, mechanistic studies of select 

mRNA modifications (e.g., m6A, Ψ, or m1Ψ) found that when modifications were inserted into 
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certain codon positions, cognate tRNAs performed as poorly as, or worse than, near-cognate 

tRNAs.16, 17 While inosine has not been inserted into mRNA codons, it has been inserted into the 

tRNA anticodon, which caused the ribosome to treat tRNA as near-cognate when stop codons 

were encountered at the A-site. 18 It is well known that incorrect tRNAs are efficiently rejected 

during initial tRNA selection, but it is unclear whether the first position inosine codon 

modification causes cognate tRNA to be recognized as such.   

Inosine is often decoded as G, but has also been found to be read as A or U (forming I:A 

or I:U base pairs).13 The expanded decoding capacity of inosine suggests that it may cause 

miscoding (i.e., selection of near- or non-cognate tRNAs). Indeed, incorrect peptide products are 

formed at low levels when inosine was present in codons for both bacteria and eukaryotes.14 

However, it has not been established whether inosine codon modifications can allow near-

cognate tRNAs to bypass selection mechanisms and induce miscoding.  

To uncover the structural basis governing how inosine modifications drive changes to 

the kinetics of elongation, microsecond MD simulations were performed in quadruplicate on 

subsystem models of tRNA:EF-Tu:GTP ternary complex bound to the A-site of E. coli ribosome 

with and without inosine modifications in each codon position (see Chapter 2 for full details). To 

assess whether the inosine causes cognate tRNAVal to be recognized as near-cognate in the 

ribosomal A-site, a model containing near-cognate tRNAMet replacing cognate tRNAVal was built 

without altering the GUG codon (denoted GUGMet). tRNAMet contains U36 instead of C36, and 

therefore introduces a U:G mismatch at the first codon position. The simulations of the 

mismatch-containing GUGMet system were compared to those of cognate tRNAVal with the first 

position inosine modification. To determine if the first position inosine can alter selection of 

near-cognate tRNA, a model was built with near-cognate tRNAMet in the presence of an IUG 

codon (IUGMet).  
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This chapter aims to determine how inosine mRNA modifications influence rapid 

structural changes during early codon recognition, including ribosomal monitoring nucleotide 

responses to modified codon-anticodon base pairs, minihelix geometry alterations, and aa-tRNA 

structural dynamics. These simulations provide a thorough mechanistic understanding to 

rationalize why only first, but not second or third, position inosine codon modifications reduced 

decoding efficiency.  

3.2 Results and discussion 
 
3.2.1 MD simulations of cognate tRNA 
 
 To rationalize the kinetics experiments conducted by the Koutmou lab, this section uses 

MD simulations to understand how inosine impacts the ribosomal recognition of cognate tRNA.  

3.2.1.1 Structural convergence of the ribosome subsystem  
 

To measure the global structural convergence of the ribosome subsystem model, 

backbone root-mean-squared deviation (RMSD) was computed for all residues included in the 

flexible region (i.e., residues not contained in the outer 30 Å restrained “shell”) with respect to 

the starting structure coordinates. The RMSD signified convergence for most models and 

replicas by a plateau within 250 ns, but required a longer amount of time (~750 ns) to converge 

for IUG replicas 3 and 4 (Figure B.1). Variability in the RMSD distribution was quantified by the 

coefficient of variation (𝐶𝑉 = P
:
, where 𝜎 is the standard deviation and 𝑥 is the mean RMSD over 

the quadruplicate ensembles for each system; Table B.1). The CV was lowest for CGU (0.121), 

higher for GUG (0.158) and CIU (0.154), and broadest for GUI (0.271) and IUG (0.221) (Table B.1; 

Figure 3.1A). The IUG and GUI systems each had individual replicas that sampled a high 

percentage of frames in the upper RMSD range (>6 Å), including replica 3 (66%) and 4 (19%) of 

IUG and replica 2 (84%) of GUI. In contrast, no replicas for any other system had >6% of frames 

with RMSDs exceeding 6 Å. All mean RMSDs fell within 3.73–6.50 Å (Table B.1), indicating an 
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expected minor global deviation from the experimental starting structures. Overlays of the 

representative structures from each replica indicate that the models maintain (1) the intactness 

of all complexes and (2) the tertiary fold of all RNA and protein components (Figure 3.1B). The 

deviations in structures between replicas indicate that no significant structural distortions 

occurred that would bias the dataset (i.e., the unrestrained central subsystem components do 

not diffuse away into solvent, the tRNA does not collapse, etc.). Overall, the analysis of the 

global structural features indicates that all models were stable over the trajectory and sampled 

global configurations resembling the experimental starting structure. 

 
Figure 3.1. Structural convergence of MD simulations of the ribosomal A-site subsystem. (A) 
Violin plot of the backbone RMSD distributions with respect to the flexible region of the starting 
structure. (B) Overlays of the last frame of each replica simulation for systems containing 
containing cognate tRNAVal or tRNAArg.  
 

Convergence of individual system components was assessed by measuring the backbone 

RMSD of each subcomponent with respect to the starting structure. The RMSD distributions of 

the selected model components from all five models overlapped substantially, with each 

distribution spanning approximately the same RMSD range and exhibiting peaks in similar 

regions (Figure B.2). The tRNA was chosen to examine and compare local convergence further 
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due to its pivotal role as a physical “adaptor” that spans the intersubunit cavity formed by the 

LSU and SSU near the A-site. 

 
Figure 3.2. Structural convergence of MD simulations of the ribosomal A-site tRNA. (A) Violin 
plot of the RMSD distribution for systems containing cognate tRNAVal or tRNAArg. (B) Overlays of 
the three dominant conformations of the tRNA based on cluster analysis of RMSD with the initial 
coordinates from the cryo-EM structure (black). 
 

 The structure of tRNA is influenced by interactions with the LSU proximal to the 

acceptor stem region and the SSU proximal to the ASL. The convergence of the backbone RMSD 

tRNA itself was clear from the plateau in values across all models and replicas, generally after 

~250 ns, but longer (~750 ns) for IUG replicas 3 and 4, and CIU replica 4 (Figure B.3). In the 99th 

percentile of the RMSD distribution, all models had RMSDs within 2.09–5.67 Å, with 95% of the 

data in the upper quartile (4.78–5.67 Å) contributed by replicas 3 (19%) and 4 (76%) of IUG 

(Figure 3.2A). Due to the independent behavior of its replicas, the IUG model exhibited a 

broader RMSD distribution in the quadruplicate ensemble, with a higher mean RMSD and a 

wider range spanning more extreme values (Figure 3.2A). The representative structures of tRNA 

were generated by cluster analysis (see Chapter 2), generating the three representative 

structures of each identified conformation for each system. The representative structures were 
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overlayed over the starting experimental structure coordinates (Figure 3.2B). The centroids of 

IUG adopted a slightly different conformation from the other systems, where the ASL pivots 

relative to the tRNA body. Moreover, a small shift in conformation was observed in the D-loop 

region for all models close to the elbow of the tRNA, suggesting steric crowding by the LSU 

moderately compresses the tRNA body (Figure 3.2B). However, the dominant structural 

conformations of each model were well-behaved over the simulations, maintaining the native 

tertiary structure of tRNA (Figure 3.2B).  

3.2.1.2 The 16S rRNA nucleotides selectively reduce monitoring in the presence of the IUG 
mRNA codon 
 

 

Figure 3.3. Definition of the monitoring angles (Φ). Center of masses (COMs) are represented by 
colored dots. COM1 (pink) includes C1407, C1409, G1491, and G1494 and is the same for both 
A1492 and A1493. COM2 is shown for A1492 includes the phosphate group of the 3ʹ-adjacent 
residue (A1493). COM3 includes the 5ʹ-phosphate group part of A1492 and COM4 is the 
nucleobase of A1492. COM2, COM3, and COM4 are shifted by 1 residue index in the 3’-direction 
for A1493 Φ. The mRNA (teal) and tRNA (blue) are shown from a top-down view. 
 

Due to the known roles of three 16S rRNA nucleotides (A1492, A1493, and G530) in 

monitoring correct tRNA–mRNA base pairing to allow for progression of codon recognition,19 the 

relative position of each nucleotide with respect to the minihelix was investigated. A1492 and 

A1493 are found in helix-44 (h44) of the 16S rRNA and have been reported to adopt an 

extrahelical (‘flipped-out’ or ‘on’) conformation during active monitoring or an intrahelical 

(‘flipped-in’ or ‘off’) conformation while inactive.20 In the present work, the on and off states 
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were assessed according to the center-of-mass pseudo-dihedral angle for each adenine, 

denoted the monitoring angle, denoted Φ (Figure 3.3), where 120°< Φ < 240° corresponds to 

‘on’ conformations and the ranges 0°< Φ < 60° or 300° < Φ < 360° correspond to ‘off’ 

conformations as defined in previous work.21 

In 116 cryo-EM or X-ray structures of E. coli or T. thermophilus ribosomes containing 

cognate or near-cognate A-site tRNAs or an empty A-site, three distinct conformations were 

identified (Figure 3.4A-B). Specifically, both A1492 and A1493 adopt a flipped-out conformation 

(denoted ‘on-on’ in the present work), only A1493 is flipped out (‘off-on’), or neither nucleotide 

is flipped out (‘off-off’). While the on-on and off-on states are observed for ribosomal complexes 

containing cognate or near-cognate tRNAs, the off-off state was only observed for 30S ribosomal 

subunits with an empty A-site (PDB IDs: 1HNW, 1HNX, 1HNZ, 1J5E, 4V4S, and 4V4R),22-24 or a 70S 

ribosome containing a non-cognate tRNA (PDB ID: 5WF0).25 Intermediate states that do not fully 

satisfy the pre-defined angle requirements for on-on, off-on, or off-off were also present in 

experimental structures.  

Each of the experimentally-reported monitoring conformations were sampled during 

the MD simulations (Figure 3.4B-G). The motions of A1492 and A1493 were often, but not 

always, correlated, with A1492 adopting the off state independently of A1493, but not vice 

versa (Figure 3.5). The motions between the on and off states for A1492 and A1493 comprise 

the large percentage of intermediate states in the simulations. For GUG, the on-on state was 

sampled for a large portion of the MD quadruplicate replica ensemble (62%), with the off-on 

state also present for 6% of the simulation time (Figure 3.4B). A significant portion of the 

conformations adopted represent an intermediate conformation between the states (33%), 

although off-off was never truly sampled (0.1%). Similarly, GUI, CGU, and CIU predominantly 

adopted on-on (18% GUI; 33% CGU; 55% CIU) and intermediate (81% GUI; 66% CGU; 39% CIU) 
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states (Figure 3.4C,E,F). In contrast, IUG only adopted the on-on state for 11% and off-on for 2% 

of the simulation ensemble, while the dominant conformation corresponded to the off-off state 

(25%) (Figure 3.4D). The off-off state being only significantly sampled in this system suggests 

reduced engagement of adenine monitoring bases for the IUG codon-containing ribosome. 

 
Figure 3.4. The experimental distribution and 2D FEL with respect to the monitoring angles (Φ). 
(A) The ‘on-on’ state (green) represents a conformation where A1492 and A1493 are flipped out 
of the 16S rRNA helix-44 (h44). The ‘off-on’ state (yellow) indicates A1492 is intrahelical and A1493 
is flipped out, while ‘off-off’ (red) implies A1492 and A1493 are intrahelical. (B) Plot of Φ measured 
from experimental structures of the ribosome where the x and y axes measure Φ for A1492 and 
A1493, respectively. (C-D) FELs for quadruplicate ensemble MD simulations of each codon system 
containing cognate tRNA. The color bar at the bottom indicates the free energy scale used in the 
FELs (refer to section 2.3.4 for full details about the generation of the FEL plots).  
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Figure 3.5. Time series plots for the monitoring angles of A1492 (blue) and A1493 (red) over the 
simulations of each ribosome subsystem model containing cognate tRNAVal or tRNAArg. The 
independent replica simulations are separated by black lines in the order of replica 1-4. 
 

While Φ is useful for quantifying the preference for intra/extra-helical orientations of 

the 16S A1492–3 residues, Φ does not consider the intermolecular interactions between A1492–

3 and the minihelix minor groove. To consider the intermolecular engagement of A1492–3 with 

the minihelix, the minor groove distances (MGDs) of A1492 from the second base pair and 

A1493 from the third base pair were measured. The MGDs showed that the second and third 

position inosine modification had little influence on the distance of each adenine from the minor 

groove regions in the first and second positions (Figure B.5B). However, for IUG a considerable 
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density was observed for high A1492 and A1493 MGDs, suggesting that the intermolecular 

monitoring was impaired (Figure B.5B). 

 

Figure 3.6. G530 conformations and occupancies during the MD simulations. (A) Diagrams of the 
conformation of G530 from helix-18 (h18) with respect to the minor groove of the mRNA-tRNA 
minihelix. In the ‘on’ state, G530 is centered between the position 1 and 2 of the minihelix minor 
groove. In the ‘semi-on’ state, G530 is centered between position 2 and 3. In the ‘off’ state, G530 
is disengaged completely from the minihelix. (B-C) Conformational occupancies obtained by 
cluster analysis applied to the heavy atoms of G530, the tRNA anticodon (B34-36; colored in blue), 
and the A-site mRNA codon (B1-3; colored in teal) for the quadruplicate ensemble of the GUG and 
IUG systems. The conformations for inosine-modified codon systems containing cognate tRNAVal 
or tRNAArg are shown in Figure B.4. 
 

In addition to A1492 and A1493, G530 helps maintain the minihelix by latching onto the 

first (B1:B36) and second (B2:B35) base pairs through the minor groove, while a semi-on 

(partially latched) state involves interactions with the second and third (B3:B34) base pairs and 

an ‘off’ state implies a disengaged (unlatched) G530 nucleotide (Figure 3.6A). 26 For the GUG 

system, G530 was positioned near the 1st and 2nd residues (“on” conformation) for 93% of the 

simulation, indicating that it still provided stabilization by the hydrophobic effect (Figure 3.6B). 

G530 in the CGU and CIU systems interacted with all three base pairs of the minihelix, 

suggesting interchange between on and semi-on states regardless of the presence of inosine in 

the second position. However, the dominant observed conformation, semi-on, was identical for 
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CGU and CIU (Figure B.4B-D) and was sampled at similar occupancies (CGU: 92%, CIU: 91%), 

indicating little influence of second position inosine on G530 monitoring. The GUI system was in 

the semi-on conformation for the entirety of the simulations (100% occupancy; Figure B.4E) 

which was expected due to the additional hydrophobic stabilization required for the I3:cmo5U34 

base pair. 27, 28 While the G530 in the IUG system spent a significant amount of time in the semi-

on state (55% occupancy; Figure B.4C), it was the only system to truly sample the off state of 

G530 (45% occupancy; Figure 3.6C) as a dominant conformation. The complete absence of G530 

latching and occurrence of the off G530 state suggest reduced monitoring for IUG compared to 

all other codons. 

As discussed in Chapters 1 and 2, part of the role of the monitoring nucleobases A1492–

3 and G530 is to shield the minihelix minor groove from solvent. 19 The G530 conformational 

analysis is useful for understanding favoured orientations of G530 with respect to the minihelix, 

but does not convey how the solvent distribution is impacted by monitoring. To measure the 

degree of solvent shielding over the simulations, the number of waters within 5 Å of each base 

pair in the minihelix minor groove was measured (see Chapter 2 for full details). Values are 

reported as “mean(standard deviation)”, where the standard deviation is computed across 

simulation replicas. The GUG system had 8(2) water molecules on average occupying the region 

within the first two base pairs of the minor groove, while GUI had 4(3), suggesting that the 

minor groove region was more solvent-shielded for GUI than for GUG. The distribution of water 

molecules was not significantly affected for CIU (4(3)) compared to CGU (5(2)). For the IUG 

system, the distribution of water molecules was significantly wider than for GUG (Figure B.5A), 

and the number of water molecules increased (10(5)) compared to GUG. These findings were in 

good alignment with the G530 and A1492–3 conformational analyses wherein IUG most 

significantly impaired the monitoring by all three monitoring bases.  
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3.2.1.3 The minihelix structural alignment is compromised in the presence of the IUG mRNA 
codon 
 

The reduced ribosomal monitoring for IUG compared to other codons raises questions 

about the structures of the minihelix across models. For GUG, CGU, and CIU, the average 

glycosidic distances between opposing nucleotides of all three base pairs (10.3–11.1 Å; Figure 

3.7A) were consistently near values in cryo-EM structures (e.g., 10.3–10.7 Å in PDB ID: 7K00). 

Furthermore, the nucleobase–nucleobase interplanar angles indicate each base pair maintains 

planarity (Figure 3.7B) and measurements of hydrogen-bonding interactions indicate persistent 

interactions between the WCF binding faces (Table B.2) across GUG, CGU, and CIU systems. 

For GUI, due to the flexibility to the I3:cmo5U34 base pair discussed previously, the 3rd 

base pair had a wider distribution of interplanar angles and hydrogen-bonding occupancies, 

while the 1st and 2nd base pairs maintained planarity and hydrogen bonding (Figure 3.7B, Table 

B.3). Nevertheless, the glycosidic distance was within the expected range for all three base pairs, 

suggesting the minihelix was not significantly disrupted for GUI (Figure 3.7B). Although the base 

pair distances and angles indicated that the minihelix remained intact for GUG, CGU, CIU, and 

GUI, IUG had a much higher average glycosidic distance and wider standard deviation for all 

three base pairs (12.8(3.6), 11.7(4.0), and 12.1(4.5) Å for position 1, 2, and 3, respectively; Figure 

3.7B). Moreover, hydrogen-bonding occupancies between opposing nucleobases were 

decreased for all three base pairs from GUG to IUG, from 98% to 74% in the first position, 90% 

to 76% in the second position, and 47% to 23% in the third position (Table B.3). The structural 

variables indicate that the minihelix is significantly disrupted for only the IUG codon. 
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Figure 3.7. Geometric alignment of the codon–anticodon minihelix during the MD simulations. 
(A) Schematic diagram of the tRNA (blue) mRNA (teal) minihelix with base pair numbering (B1, B2, 
and B3) corresponding to the mRNA codon nucleotides from 5ʹ–3ʹ. The C1ʹ glycosidic carbons are 
shown as colored dots. The coplanar angles were computed using the dot product of the vectors 
perpendicular to the least-squares best fit plane defined by the nucleobase atoms enclosed in the 
shaded regions. (B) Glycosidic distances between opposing nucleobases in the minihelix. The error 
bars represent the standard deviation from the mean. (C) Coplanar angles between opposing 
nucleobase aromatic rings in the minihelix shown as a violin plot. The vertical dotted lines 
represent the interquartile range. 
 
3.2.1.4 tRNA dynamics are compromised during recognition of the IUG codon  
 

The conformational dynamics of tRNA also play an important role in initial selection. 

tRNA adopts a bent (A/T) conformation during codon recognition that is held in place by 

interactions with the A-site mRNA and EF-Tu:GTP. 29 After GTP hydrolysis, EF-Tu releases the 

cognate aa-tRNAs to allow for full accommodation and relaxation into a straight (A/A) 

conformation. Alternatively, near-cognate aa-tRNAs can misalign during initial selection and 
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dissociate from the A-site codon while still adhering to EF-Tu, causing premature relaxation into 

a straight conformation. 30 In a previous computational study, 30 the angle between the tRNA 

body and mRNA codon (𝜃, Figure 3.8A) was used to measure the position of the A-site tRNA 

with respect to the mRNA codon. Although the 𝜃 angle was measured only during 

accommodation, near-cognate tRNAs were not truly accommodated in 9% of simulations as 

they failed the codon recognition step. 30 This led to the near-cognate aa-tRNAs dissociating 

from the mRNA and caused distinct populations of 𝜃 to be measured as the aa-tRNA was 

oriented parallel to the ribosomal intersubunit tunnel axis. 30 Thus, 𝜃 was used to measure 

whether the tRNA straightens prematurely (when codon recognition fails) or remains in a bent 

state. In this work, the tRNA was accepted to adopt a bent conformation if 𝜃 was > 90° and a 

straight conformation if 𝜃 was < 90° (Figure 3.8A).  

A bent conformation was well-maintained for GUG (occupancy of 100%; Figure 3.8B-C), 

CGU (100%; Figure B.6B), and GUI (100%; Figure B.6F), with an ensemble-averaged ⟨𝜃⟩ of 

129(11)°, 107(5)°, and 106(5)°, respectively (Figure 3.8A-C; Figure B.6B). CIU had a seemingly 

lower occupancy (93%) of the bent state and a subpopulation within the low range (< 90°) of 𝜃 

(Figure 3.8B). The 1st base pair of the minihelix was disrupted in the second most dominant 

conformation of CIU (occupancy=6%), which shifted the COM of the 1st base pair and decreased 

the angle to fall within the “straight” range despite the conformation clearly being bent (Figure 

B.5E). Despite this disruption, the CIU model maintained a bent state for effectively the entire 

simulation time (99%). The dominant state for the IUG codon was also a bent conformation 

(78% and ⟨𝜃⟩ was ~113(12)°; Figure B.6C). However, the IUG codon also sampled a distinct 

straightened conformation where ⟨𝜃⟩ was ~59(11)° (Figure 3.8B-C), which occurred for 

approximately one-fifth (23%) of the simulation time (Figure 3.8D). The premature tRNA 
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straightening observed for IUG was associated with the tRNA moving away from the mRNA 

while maintaining association with EF-Tu. 

 
 
Figure 3.8. Alignment and conformation of tRNA in the A-site during MD simulations. (A) 
Definition of the alignment angle (θ) between the tRNA (blue) and mRNA (teal). The angle is 
measured as the angle between the tRNA vector (𝑡) along the center of mass of the anticodon 
nucleotides to the C60 nucleotide (U60 in tRNA(Arg)) and the mRNA vector (𝑚NN⃑ ) along the center 
of mass of the 5ʹ nucleotide to the 3ʹnucleotide. (B) Distribution of θ over the quadruplicate 
ensembles for each system. (C-D) Representative bent and straight tRNA conformations sampled 
with the corresponding ensemble-averaged θ values, ⟨θ⟩ (standard deviations enclosed in 
parentheses), and occupancies for GUG (black) and IUG (cyan) in the A-site region. (Occ. = Percent 
occupancy for the conformations). 
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Figure 3.9. Flexibility of the tRNA over MD simulations as measured by root-mean-squared 
fluctuations (RMSFs). The residue of each tRNA is colored according to the blue-white-red 
spectrum denoting the RMSF value. 
 

From a dynamical perspective, the localized flexibility of tRNA plays a crucial role in the 

selection process, where an increased flexibility has been observed in the C49–C72 nucleotides, 

TΨC-loop, and acceptor stem in simulations of non-cognate tRNAs bound to the A-site in the 

A/A conformation. 30 The A/T conformation transitions into the rigid A/A state stabilized by H89 

and the PTC during accommodation. 31 Therefore, we expected that the flexibility trends would 

differ from those of fully accommodated A-site tRNAs positioned closer to the PTC after EF-Tu 

dissociation. Indeed, the mean RMSFs across all models spanned a wide range ~0.5–3.5 Å 



  108 

(Figure 3.9) compared to the ~0.5–2.5 Å range observed in the accommodated tRNA 

simulations in previous work. 30 In the present work, across all models, individual nucleotides 

that were more solvent-exposed typically had high RMSFs. For example, the D-loop nucleotides 

DHU17 had an ensemble-averaged residue RMSF exceeding 2.3 Å in all models (GUG: 3.50(1.4), 

CGU: 3.23(0.5), IUG: 2.33(0.3), CIU: 2.97(0.8), and GUI: 2.47(0.4), all values in Å; Figure B.7). The 

G45 nucleotide, part of the variable loop, also had considerable flexibility in all models (GUG: 

2.4(0.4), CGU: 2.5(0.6), IUG: 3.1(0.8), CIU: 2.8(0.9), and GUI: 2.2(0.8); Figure B.7). However, the 

trends for these individual nucleotides were not always consistent between models. For 

example, the flexibility of G20 present in the tRNAVal sequence was highly flexible in GUG and 

IUG, but not GUI (GUG: 3.43(1.0), IUG: 3.03(1.1), and GUI: 1.98(0.5); Figure B.7), while the 

flexibility of the corresponding D20 residue in tRNAArg was lower (CGU: 2.20(0.7) and CIU: 

1.80(0.5); Figure B.7).  The RMSF of the ASL region (residues 27–43) and ACS region (residues 1–

8 and 66–72) remained similar for GUG, CGU, CIU, and GUI, with ASL values clustering around 

1.7 Å and ACS values between 1.2 and 1.3 Å (Table B.4). Among the GUG, CGU, CIU, and GUI 

models, GUG had the most flexible ASL (1.73(0.3) Å), while CGU and CIU showed the lowest ACS 

fluctuations at 1.24(0.2) Å and 1.26(0.2) Å, respectively (Table B.4). IUG exhibited the highest 

ASL and ACS flexibility (2.04(0.5) Å and 1.63(0.3) Å, respectively; Table B.4). The increased 

flexibility of both ribosome-contacting regions (the ASL and ACS) in the presence of the IUG 

codon (Figure. 3.9, Table B.4) suggests reduced stabilization by the A-site environment, 

consistent with impaired codon recognition. 

Cluster analysis was performed using the eRMSD metric to classify dominant structural 

conformations at the tRNA–mRNA interface (see Chapter 2). In the most frequently sampled 

state across all systems (denoted ‘stacked’), all three nucleobases in both the codon and 

anticodon were optimally stacked for duplex formation (Figure 3.10A). In the second most-
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commonly observed conformation (‘wobble’), hydrogen bonding was disrupted at the wobble 

position. The base pair at the 5ʹ-end of the minihelix is disrupted in the third conformation (‘5'-

disrupted’) (Figure 3.10A). Importantly, the stacked, wobble, and 5'-disrupted maintain the 

minihelix structural alignment. However, in the final conformation (‘rejected’), the proper WCF 

geometries of two or more of the base pairs were disrupted or the tRNA dissociated completely 

and moved far away (> 15.0 A C1ʹ–C1ʹ distance) from the mRNA. 

 
Figure 3.10. Representative conformations obtained by principal component analysis (PCA) of 
eRMSD and clustering over the MD simulations on ribosome subsystems. (A) Conformations 
sampled during simulations. (B) Occupancies of each conformation for each system. (C) 
Occupancy of the rejected and G530 off states over the simulation time. 
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For both models containing unmodified codons (GUG and CGU), the stacked state was 

the most dominant (99% and 93% for GUG and CGU, respectively; Figure 3.10B) across the 

quadruplicate replica ensemble. For CIU, the stacked state remained dominant (88%; Figure 

3.10B). The 5'-disrupted state was only sampled for CIU as a minor conformation (8%; Figure 

3.10B) and was associated with the lowered 𝜃 (Figure B.6E). While the wobble state was a minor 

conformation for GUG (1%), CGU (4%), and CIU (4%) (Figure 3.5B), GUI had an increased 

occupancy of the wobble state (44%) and adopted the stacked state for the remainder of the 

time (55%) (Figure 3.10B). Thus, all four systems maintain minihelix conformations conducive to 

productive selection. In stark contrast, IUG had a lower occupancy of the stacked (32%) and 

wobble (22%) conformations. Furthermore, IUG occupied the rejected state for nearly half (46%) 

of the simulation time (Figure 3.10A), indicating nonproductive selection for only this codon. 

Interestingly, the G530 off conformation was also adopted for a nearly identical percentage for 

IUG codon simulations (45%; Figure 3.6B). The G530 off state was further confirmed to be 

occupied at the same times as the rejected state, suggesting that G530 disengagement may 

exacerbate the loss of minihelix base pairs. In comparison, the A1492–3 off-off state occurred 

for a lower percentage (25%) of the time than G530 off. However, without considering A1493, 

A1492 was in the off state for 53% of the time in IUG simulations, much higher than any other 

model (GUG: 12%, CGU: 8%, CIU: 0%, GUI: 19%). 

3.2.2 MD simulations of near-cognate tRNA 
 

As mentioned in Section 3.1, it has been proposed that mRNA modifications can lead to 

the ribosome treating cognate tRNA in a fashion similar to near-cognate tRNAs. From the 

previous discussion, the cognate tRNA was more rejection-prone in the presence of an IUG 

mRNA codon, suggesting that IUG is treated as near-cognate by the ribosome. To examine this 

hypothesis, simulations were performed with near-cognate tRNAMet, which bears a first position 
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mismatch (G:U) and a GUG codon. In addition, to examine whether inosine causes miscoding 

due to expanded base-pairing capabilities compared to G, simulations were performed on 

systems containing a near-cognate tRNAMet bound to the IUG codon (IUGMet). 

3.2.2.1 Structural convergence of ribosomal subsystem simulations 
 

 
Figure 3.11. Structural convergence of the unrestrained region and A-site tRNA during MD 
simulations of the ribosomal A-site containing cognate tRNAVal or near-cognate tRNAMet. (A) 
Distribution of backbone RMSD of the flexible region with respect to the experimental starting 
structure. (B) Distribution of backbone RMSD of the tRNA with respect to the experimental 
starting structure. 
 

The convergence of the simulations was examined by computing the backbone RMSD of 

the flexible region of the ribosome subsystems (Figure B.8A) and the tRNA (Figure B.8B). The 

time series RMSD plots indicate convergence after 250-500 ns for each replica of the GUG and 

IUG-containing near-cognate systems for both the flexible region and tRNA. Furthermore, the 

RMSD distributions indicated similar ranges of RMSD with CVs of 0.150 and 0.128 for GUGMet 

and IUGMet, respectively (Figure 3.11A-B; Table B.1). The RMSD for GUGMet and IUGMet indicates 

that the systems did not undergo problematic or unrealistic structural distortions. The low 
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RMSD ranges occupied suggest that the dominant conformations exhibited by each system 

maintained the native structural folds of both the global structure and the tRNA. 

3.2.2.2 Near-cognate tRNAMet systems alter monitoring by A1492, A1493 and G530 
 
 The monitoring angles of A1492 and A1493 exhibited correlated behaviour over the 

microsecond simulations for the near-cognate systems, with occasional independent flipping of 

A1492 towards the off-state for GUGMet and IUGMet (Figure B.9). The on-on state occupancy was 

lowered by about two-thirds from GUG (62%) to GUGMet (39%; Figure 3.12A-D). Moreover, 

GUGMet sampled the off-off state for 5% of the simulation compared to 0.1% in GUG (Figure 

3.12A-B). The changes in monitoring from cognate to near-cognate tRNA were not unexpected 

given that the U:G mispair should result in a degree of disengagement of the monitoring bases. 

However, the IUG model impacted A1492–3 monitoring in the GUG model more drastically 

(increased off-off by 25% and decreased on-on by 51%) than the GUGMet model (increased 

occupancy of the off-off state by 5% and decreased on-on by 23%) despite the latter containing 

a mispair in the first position (Figure 3.12B-C).  

Interestingly, when comparing IUG and IUGMet, the on-on state increased from 11% to 

64% and the off-off state was eliminated (Figure 3.12B,D) suggesting that the IUG codon 

completely offsets the monitoring disengagement when in the presence of near-cognate tRNA. 

In fact, the offset resulted in agreement between the IUGMet and GUG monitoring conformation 

occupancies, where on-on was dominant, off-on was minor, and off-off was not significantly 

sampled (on-on: 64% and 62%, respectively; off-on: 1% and 6%, respectively; off-off: 0.1% and 

0.1%, respectively; Figure 3.12B,D). These results suggest that substituting the first base pair 

(G1:C36) to a mismatch (G1:U36) causes a decrease in engagement of A1492–3 that is less 

pronounced than inosine substitution (I1:C36). These effects were also confirmed upon 

investigating the A1492–3 MGDs, for which GUGMet exhibited modest broadening compared to 
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GUG, but for IUGMet the MGDs narrowed and were most densely occupied at short distances for 

IUGMet (Figure B.10). 

 

 
Figure 3.12. The influence of near-cognate tRNA binding on the 2D Free Energy Landscapes 
(FELs) versus the monitoring angles (Φ). FELs for quadruplicate ensemble MD simulations of 
each GUG or IUG systems containing cognate tRNAVal or near-cognate tRNAMet in the A-site. The 
color bar at the bottom indicates the free energy scale used in the FELs (refer to Chapter 2 for 
full details about the generation of the FEL plots).  
 

G530 adopted the on state for GUGMet (occ.=41%; Figure 3.13A) and two not previously 

observed conformations where G530 stacks with the 3rd codon base (denoted G530-G3 stacked; 

occ. 49%; Figure B.11A), and where the G530 base engages with an out-of-frame minihelix 

(denoted “pseudo-on”; 9%; Figure B.11A). For GUGMet, the G530–G3 stacked conformation is 
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structurally related to the G530 semi-on state, as the wobble base pair is often dynamically 

broken and reformed, allowing G3 to flip out of the minihelix and stack with G530 (Figure 

B.11A). However, the G530–G3 stacking interaction precludes proper positioning of G530, 

implying that the conformation disfavours successful codon recognition by near-cognate tRNA. 

In the pseudo-on state, the tRNA anticodon is shifted such that A35 pairs with the first codon 

base G1 instead of U2, leaving U36 unpaired (interacting with A1492) and G3 without an 

anticodon partner, resulting in an unconventional (and likely unproductive) codon recognition 

configuration (Figure B.11A). The dominant conformation for IUGMet corresponded to the G530 

on state (82%), but the off state also occurred as a minor conformation (11%; Figure B.11B). 

Over the remaining simulation time (7%), the G530 base stacked with the A35 of tRNA (denoted 

“G530–A35 stacked”; Figure B.11B). 

 

Figure 3.13. G530 conformations and occupancies during the MD simulations of ribosome 
subsystems containing or near-cognate tRNAMet in the A-site. (A-B) Conformation occupancies 
obtained by cluster analysis applied to the heavy atoms of G530, the tRNA anticodon (B34-36; 
colored in blue), and the A-site mRNA codon (B1-3; colored in teal) for the quadruplicate 
ensemble of the GUG and IUG systems with near-cognate tRNA bound in the A-site. See Figure 
B.9 for all G530 conformations observed for GUGMet and IUGMet. 
 

Moreover, G530 monitoring disruption manifested in different ways for GUGMet and 

IUGMet. The G530 off state was absent for GUGMet, but was highly sampled for IUG, suggesting 

that G530 more readily disengaged from the minor groove in the presence of a modified pair 

compared to the mispair. While G530-off appeared for IUGMet (11%), it was less frequently 

observed than for IUG (45%). GUGMet and IUGMet also exhibited unconventional decoding center 
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configurations (pseudo-on and G530–G3 stacked in GUGMet and G530–A35 stacked in IUGMet) in 

which G530 is associated with the minihelix, but its conformation blocks it from properly 

stabilizing the minihelix minor groove. The G530 on state, which was never sampled for IUG, 

became the dominant conformation (82%) for IUGMet and the second-most occupied 

conformation (41%) for GUGMet. These findings suggest that while monitoring is impaired in both 

near-cognate systems, G530 retains partial functionality through continued sampling of the 

G530 on state. IUGMet displays a more binary response to the minihelix, alternating between 

fully engaged (G530 on; 82%) and disengaged (G530 off; 11%) conformations. In contrast, 

GUGMet elicits a more intermediate behavior, with G530 remaining associated with the minihelix 

throughout the simulations, but occupying non-productive configurations for the majority (59%) 

of the time. 

Both near-cognate systems exhibited compromised G530 latching compared to GUG, 

though the extent of disruption was substantially less pronounced for both near-cognate 

systems than for IUG. In addition to the modestly disrupted monitoring activity by A1492–3 for 

both near-cognate systems, these results suggest that minor groove solvent shielding by G530 

and A1492–3 should be reduced for GUGMet and IUGMet relative to GUG. However, for both 

GUGMet and IUGMet, the average number of water molecules within the vicinity of the minihelix 

minor groove unexpectedly decreased compared to GUG (6 and 5 waters vs. 8 waters in GUG; 

Figure B.12). This result suggests that solvent shielding of the minihelix minor groove is 

improved for both near-cognate systems. However, given the previous findings for the near-

cognate systems where G530 and A1492–3 monitoring was impaired to some degree for GUGMet 

and IUGMet relative to GUG, the enhanced minihelix solvent shielding could not have been solely 

due to the G530 and A1492–3 behaviour. Alternatively, the solvent shielding was likely due to 
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some change in rRNA or protein conformation uniquely occurring in the presence of near-

cognate tRNA that occludes water molecules from interacting with the minihelix minor groove.   

3.2.2.3 The minihelix geometry is disrupted in presence of near-cognate tRNAs but the near-
cognate tRNA does not dissociate from the mRNA codon 
 

The A1492–3 and G530 monitoring function was impaired for both near-cognate 

systems with respect to GUG. However, the milder disruption of G530 monitoring in GUGMet and 

IUGMet compared to IUG suggests a less pronounced structural destabilization of the minihelix in 

the near-cognate systems. Indeed, the magnitude of the standard deviation of the glycosidic 

distances of all three base pairs for GUGMet and IUGMet increased with respect to GUG, but the 

increase was less drastic than that observed for IUG (Figure 3.14A). However, the interplanar 

angles between opposing nucleobases in the minihelix revealed similar broadening for both 

GUGMet and IUGMet as observed for IUG for all three base pairs, suggesting significant distortions 

from WCF geometry (Figure 3.14B). Moreover, hydrogen-bonding interactions were severely 

decreased for both GUGMet and IUGMet with respect to GUG. The first base pair (B1:B36) for both 

GUGMet and IUGMet was decreased from 97% occupancy in GUG to 66% and 78%, respectively, 

comparable to IUG (decreased to 74%; Table B.3). The hydrogen-bonding occupancies in the 

second and third base pairs (B2:B35, B3:B34) were also decreased with respect to the GUG 

system (90%, 20%), in GUGMet (67%, 7%), and IUGMet (81% and 7%), with a similar decrease for 

IUG (76% and 6%; Table B.3). 

The lower standard deviations in the glycosidic distances for all three base pairs in the 

near-cognate systems compared to IUG suggests that the codon and anticodon are not pulled 

apart as far. Indeed, the mean distances observed for the near-cognate systems between the 

glycosidic carbons of the codon and anticodon nucleotides in the second base pair 

(GUGMet:10.3(0.7) Å; IUGMet: 10.8(0.7) Å) were comparable to GUG (10.4(0.5) Å) and significantly 

lower than for IUG (11.7(4.0) Å; Figure 3.14A). The maintained engagement of A1492–3 and 
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G530 may have aided in attempting to enforce base-pairing interactions by forcing proximity 

between the codon and anticodon in the near-cognate systems. However, despite the proximity 

between base pairs, the minihelix structure itself was severely impaired for both GUGMet and 

IUGMet as indicated by the similar trends in coplanar angles between opposing nucleobases and 

the comparable loss of WCF hydrogen-bonding interactions to IUG. The enforcement of this 

proximity between the codon and anticodon implies that the ribosome is still attempting to 

recognize the tRNA, rather than rejecting the tRNA outright, as was observed for IUG. 

 
 
Figure 3.14. Geometric alignment and distance between the codon-anticodon minihelix during 
the MD simulations containing near-cognate tRNAs in the A-site. (A) Glycosidic distances 
between opposing nucleobases in the minihelix. (B) Coplanar angles between opposing 
nucleobase aromatic rings in the minihelix.  
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3.2.2.4 Near-cognate tRNA exhibit increased flexibility and premature straightening 
 
 The alignment of tRNA in the A-site was measured with the 𝜃 variable (Figure 3.8A). 

Relative to GUG, GUGMet exhibited a broader 𝜃 distribution, while IUGMet showed a leftward shift 

in the distribution (Figure. S3.11A). However, neither GUGMet nor IUGMet significantly sampled 

populations at the low range of 𝜃 (Figure B.11A). The GUGMet system sampled two distinct tRNA 

conformations, denoted ‘A/T-I’ and ‘A/T-II’, (Figure B.11B), corresponding to the upper (120–

180°) and middle (90–120°) ranges in the 𝜃 distributions, respectively. The A/T-II state 

represents an ~9 Å shift of the ASL and mRNA codon distal to EF-Tu (i.e., towards the P-site) 

with negligible movement in EF-Tu or the acceptor arm of the tRNA, suggesting tRNA 

straightening (Figure B.11C). Despite the predominantly large 𝜃 (115(9)°) sampled in IUGMet, the 

dominant conformation was also a straight conformation (Figure B.13C). Therefore, while the 

complete dissociation from the mRNA codon in IUG caused a distinguishable shift in 𝜃, the 𝜃 

angle cannot adequately ascertain straightened and bent conformations for tRNAs that 

remained close to the mRNA codon such as GUGMet and IUGMet (Figure 3.14B). 

To better estimate the relative populations of the bent and straight conformations 

during the simulations for the near-cognate systems, the deviation angle of the acceptor stem 

(ACS) relative to the long axis of the tRNA, Δ!"#, was computed. Specifically, the vector formed 

by the COM of the central junction of the tRNA (base pair 10–25 of the D-arm and residue 44 of 

the variable loop) and the COM of the ACS was computed for the reference experimental 

structure, and the dot product angle was computed for each subsequent frame during the 

simulation to measure Δ!"# (Figure 3.15A). Larger Δ!"# angles therefore indicate that the tRNA 

ACS aligns along the axis of the tRNA body and straightens. The COM distance of the ASL to the 

tRNA elbow were also calculated, where larger distances suggest straightening (Figure 3.15A). 

Full calculation details for Δ!"#, and the ASL-elbow distance are discussed in Chapter 2.  
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Figure 3.15. Internal conformations of cognate and near-cognate tRNA systems. (A) Schematic 
diagram of the Δ!"# angle and ASL-elbow distances for straight (red) and bent (blue) 
conformations. The Δ!"# angle is measured with respect to the experimental starting structure 
vector formed from the center of mass (COM) of the junction (base pair 10–25 of the D-arm and 
residue 44 of the variable loop) to the COM of the acceptor arm (ACS; residues 1–8 and 58–76) 
perpendicular to the tRNA principle axis. The ASL–elbow distance is measured between the COM 
of the ASL (residues 27–43) and the elbow on the acceptor domain (residues 55–57). (B) Kernel 
Density Estimate (KDE) plot of ASL–elbow distance and Δ!"#. Darker blue regions represent higher 
occupation probabilities over simulation ensembles. Black contours show increments of ~1/15 of 
the estimated probability density range.  
 

With respect to GUG, the Δ!"# density distributions were broadened significantly for 

IUG, GUGMet, and IUGMet (Figure 3.15B), suggesting sampling of straightened conformations at 

higher Δ!"# angles. Both near-cognate systems sampled Δ!"# angles in the upper range (> 10°) 

more frequently than IUG (Figure 3.15A). IUGMet had the most significant density in the upper 
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range of Δ!"#, suggesting that IUG had the highest degree of tRNA straightening. The ASL–tRNA 

elbow distance was also significantly increased for IUG, GUGMet and IUGMet with respect to GUG, 

with distances of ~46 Å for GUG to distances > 50 Å for IUG, GUGMet, and IUGMet. Both GUGMet 

and IUGMet also had increased ASL–elbow distances compared to IUG, suggesting that tRNA 

lengthens more significantly in the near-cognate systems. Both the increased Δ!"#  and ASL–

elbow distances suggest that premature straightening occurred for IUG, GUGMet, and IUGMet, 

with the most pronounced effects for IUGMet. The premature straightening of tRNA was more 

prominent in the near-cognate systems than either cognate tRNA system, suggesting that even 

when the minihelix remains close to the near-cognate anticodons, the tRNA fails to maintain the 

bent state.  

 
Figure 3.16. Flexibility of the tRNA over MD simulations as measured by root-mean-squared 
fluctuations (RMSFs). The residue of each tRNA is colored according to the blue-white-red 
spectrum denoting the RMSF value. 
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The mean per-residue RMSF values for both GUGMet and IUGMet tRNAs were highly 

consistent (Figure 3.16; Figure B.12). The similarities were confirmed by examining a detailed 

breakdown of the RMSF of each tRNA domain. In the ASL domain, the RMSF for GUGMet 

(1.88(0.4) Å) was only slightly lower than IUGMet (1.93(0.4) Å; Table B.4). Similarly, the TΨC-arm 

(GUGMet: 1.30(0.2) Å; IUGMet: 1.37(0.3) Å) fell within a consistent range of RMSF values for the 

near-cognate models. Comparing the cognate and near-cognate models, the ASL had increased 

fluctuation in the order of GUG (1.73(0.3)) < IUGMet (1.88(0.4)) < GUGMet (1.93(0.4)) < IUG 

(2.04(0.5) Å). On the other hand, the ACS fluctuation trend followed in the order of GUG 

(1.46(0.2)) < GUGMet (1.63(0.3)) ≈ IUG (1.63(0.3)) < IUGMet (1.77(0.4) Å) (Table B.4). The 

contribution to the highest flexibility of the ACS observed in IUGMet was due to the 5ʹ-end of the 

tRNA (residues 1–7) rather than the 3ʹ-end residues, which had comparable RMSFs to GUG 

(Figure B.12). In contrast, GUGMet had the most flexible 3ʹ-terminal adenosine (3.84(1.5) Å) of 

any systems (GUG: 3.00(0.6), IUG: 3.55(1.2), and IUGMet: 2.38(0.4) Å), suggesting that the 

aminoacylated terminal nucleoside is not effectively held in place by domain II of EF-Tu. While 

after GTP hydrolysis the aa-tRNA dissociates from EF-TU:GDP, 32 strong aa-tRNA:EF-Tu 

interactions are meant to be maintained during codon recognition and GTPase activation. 33, 34 In 

the proper progression of mRNA decoding, dissociation of domain 2 of EF-Tu from the CCA tail 

of aa-tRNA occurs after GTPase activation and irreversible GTP hydrolysis or after Pi release. 35, 36 

Therefore, the near-cognate aa-tRNA encountering a GUG codon may lead to faulty interactions 

between EF-Tu and the aa-tRNA. Overall, the RMSF results show that flexibility of the tRNA is 

increased for both near-cognate systems with respect to GUG with similar behavior to IUG. The 

localized flexibility increases in the ribosome-contacting regions (ACS and ASL) suggest that A-

site binding is destabilization for the GUGMet and IUGMet systems is comparable to IUG.  
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In the eRMSD cluster analysis, GUGMet and IUGMet both displayed significantly decreased 

occupancies of the stacked state (GUGMet: 33%; IUGMet: 26%; Figure 3.17A-B) compared to GUG 

(100%) and were slightly decreased with respect to IUG (41%). The wobble conformation was 

occupied for a larger percent of the quadruplicate ensemble for IUGMet (49%) than GUGMet 

(23%), with IUG in the middle (37%). Lastly, the rejected state was sampled for just under half 

the total simulation time in GUGMet (45%), but was slightly lower in IUGMet (25%), which 

marginally exceeded the occupancy in IUG (22%).  

The analysis of aa-tRNA structural dynamics revealed several unique features for the 

near-cognate systems. Although the θ angle distribution was broader for GUGMet and shifted to 

lower values for IUGMet, the θ metric could not distinguish between the bent and straight 

conformations when the ASL remained near the codon. In contrast, both the Δ!"# and ASL-

elbow distances indicated tRNA straightening for near-cognate GUGMet and IUGMet, with broader 

distributions and a higher frequencies of large values. The near-cognate tRNAs, like IUG, also 

exhibited increased flexibility in the ASL and ACS relative to the unmodified systems. Rejected 

conformations were common in GUGMet (45%) and IUGMet (25%), which was comparable to IUG 

(22%). For GUGMet and IUGMet, these findings indicate increased instability in the codon-

anticodon minihelix and loss of the tRNA bent conformation, for GUGMet and IUGMet, without 

tRNA dissociation from the codon. While for IUG, tRNA was rejected outright due to overtly 

compromised G530 and A1492–3 monitoring, the near-cognate tRNAs exhibited a relatively 

minor perturbation to monitoring and solvent shielding was enhanced. These results suggest 

that the near-cognate tRNAs were less prone to immediate ribosomal rejection than IUG. 
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Figure 3.17. Representative conformations obtained by principal component analysis (PCA) of 
eRMSD and clustering over the MD simulations on ribosome subsystems containing cognate 
and near-cognate tRNAs. (A) Conformations sampled during simulations. (B) Occupancies of each 
conformation for each system. 
 
3.3 Conclusions 
 

The MD simulations presented in this chapter offer insight into the structural and 

dynamical consequences of inosine incorporation within mRNA codons during translation. 

Specifically, the simulations demonstrated structural dynamics conducive to productive tRNA 

selection for the GUG, CGU, CIU, and GUI codons. This compatibility stems from three key 

structural features: (1) active engagement of the ribosomal monitoring nucleotides A1492 and 

A1493, and partial to full G530 engagement, (2) stability of the minihelix formed between the 

tRNA anticodon and mRNA codon, and (3) ribosome-mediated suppression of the tRNA ASL and 

acceptor stem dynamics coupled with preservation of the bent conformation of A-site tRNA. 

Each of these features cumulatively suggest efficient codon recognition and that inosine 
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modifications at B2 or B3 do not impair codon recognition. In contrast, the presence of inosine 

in the first position of the mRNA codon (IUG) results in significant structural deviations that 

likely compromise decoding efficiency. The most striking features observed in the simulations 

include increased flexibility and distortion of the minihelix, premature straightening of the tRNA, 

and disengagement of ribosomal monitoring nucleotides. The monitoring adenines A1492 and 

A1493, which normally facilitate correct codon-anticodon recognition, exhibit a higher 

propensity for the ‘off-off’ conformation in IUG, significantly reducing their ability to monitor 

base pairing, while G530 fails to engage in a stable latched conformation and completely 

disengages for nearly half of the sampled simulation time (45%). These alterations collectively 

contribute to rapid tRNA rejection in the presence of the IUG codon. The simulations therefore 

provide a molecular rationale for the differences observed in elongation rates for inosine-

modified mRNAs, where IUG had a  greater-than 8-fold reduction in rates of peptide bond 

formation compared to GUG, but second and third position inosines had negligible impacts.15  

The GUGMet simulations revealed how the first position G:U mismatch may impair 

productive tRNA selection for GUGMet relative to GUG. A1492–3 and G530 monitoring was 

suppressed in the presence of the mismatch, geometric distortions were induced in the 

minihelix at all three base pairs, and the tRNA exhibited significant premature straightening. 

However, GUGMet impairment of selection appeared less severe than for IUG. A1492–3 occupied 

disengaged states for only 5% of the time during simulations, while G530 alternated between 

engaged and perturbed states, including a fully-latched G530 conformation (“pseudo on”) 

despite minihelix distortion. Solvent shielding of the minor groove was increased compared to 

both IUG and GUG, suggesting the ribosome may not immediately reject the near-cognate tRNA, 

like for IUG. Nevertheless, the tRNA exhibited premature straightening and high flexibility, 

indicating  that GUGMet may be able to undergo successful codon recognition, but minihelix 
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distortions and tRNA misalignment recognition may compound to trigger rejection during later 

steps (GTPase activation or proofreading). The first position modified pair (I:U) in IUGMet 

restored A1492–3 engagement, suppressed G530 disengagement, and enhanced solvent 

shielding relative to IUG, indicating that the ribosome tolerated inosine in the first codon 

position better with near-cognate tRNA. However, the minihelix remained geometrically 

perturbed despite the codon remaining close to the anticodon, similar to GUGMet. IUGMet also 

induced premature tRNA straightening and flexibility, suggesting that both the I:U and G:U pairs 

may lead to rejection during GTPase activation or proofreading, which is consistent with the 

reduced observed rate constants of amino acid addition measured by the Koutmou lab.15 

The simulations and analysis performed in this chapter enhance our mechanistic 

understanding of how inosine mRNA modifications influence decoding at the atomistic level. 

Depending on the position of inosine in the mRNA codon and the complementarity of the 

anticodon, molecular mechanisms during initial selection can be drastically altered. Overall, the 

insights gained from this chapter enhance our mechanistic understanding of how inosine mRNA 

modifications influence translation at the atomistic level. The results provide a foundation for 

future investigations into the broader regulatory consequences of inosine or other mRNA 

modifications. 
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CHAPTER 4: METHYLGUANOSINE DAMAGE TO mRNA CODONS MODULATES THE STRUCTURAL 
DYNAMICS OF RIBOSOMAL DECODING 
 
4.1 Objectives 
 

As discussed in Section 1.3.3.2, mRNA is susceptible to chemical damage from UV light, 

reactive oxygen species (ROS), and alkylating agents.1-8 The integrity of the cellular proteome 

relies on preserving accurate mRNA translation, and ribosomal surveillance mechanisms such as 

NGD (no go decay; occurring in eukaryotes only) or trans translation (prokaryotes) are activated 

when the ribosome encounters defective mRNA transcripts.3, 9  The activation of degradation 

indicates that mRNA damage can have severe deleterious impacts on translation, such as 

ribosome stalling or miscoding, if left unchecked.5, 8, 10, 11  

The recently identified alkylation-induced lesions, m1G and m2G, were found to impact 

the efficiency of dipeptide formation differentially depending on their position in the mRNA 

codon. 12, 13 Specifically, m1G abolishes peptide bond formation when present in the first and 

second codon positions, but has a negligible impact when present in the third position.14 In 

contrast, m²G slows peptide bond formation moderately when present in the first (~2-fold 

decrease in 𝑘*+,) and second (~1.6-fold) positions, but causes drastic slowing when in the third 

(>2100-fold) position. 14 To induce these effects, m1G and m2G (among other damage 

modifications) are hypothesized to influence codon-anticodon interactions or ribosomal 

monitoring in the A-site.1-3, 7, 12, 13, 15 However, due to the lack of structural characterization, the 

influence of damaged mRNA on ribosomal dynamics during codon recognition are not currently 

known. 

 MD simulations provide a powerful tool for investigating the structural and functional 

consequences of mRNA modifications at atomic resolution. This chapter aims to rationalize the 

experimental results and clarify the molecular consequences of m1G and m2G incorporation into 

the A-site codon using MD simulations of A-site ribosome subsystem models. 
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4.2 Results and discussion 
 
4.2.1 MD simulations of systems containing m1G codon modifications 
 
 This section investigates the impacts of the m1G modification on ribosomal decoding. As 

discussed in Chapter 1, the m1G modification is situated such that it directly interferes with the 

central G:C hydrogen bond formed between the hydrogen bond donor N1–H1 of G and the 

acceptor N3 of C. For the first and second position modified codons, m1GUG and Cm1GU, it has 

been proposed that the compromised hydrogen-bonding interactions substantially impaired 

elongation, whereas the relative flexibility afforded to wobble base pairs accounts for the 

negligible impact for GUm1G.12, 13 While hydrogen-bonding may play a role, these explanations 

ignore other mechanistically-important details such whether or not m1G impacts ribosomal 

monitoring, codon-anticodon geometry, or tRNA dynamics. The MD simulations performed in 

this section seek to uncover these context-dependent effects on these mechanistic details.  

4.2.1.1 Simulations of A-site ribosome codon systems containing m1G codon modifications 
converge within 1 microsecond 
 

Backbone RMSD of the unrestrained region for each ribosome subsystem was calculated 

to evaluate global convergence over the MD simulations. The RMSD time series for the m1G 

systems converged to stable average values within 500 ns for all replicas of Cm1GU and GUm1G, 

and for replicas 1, 3, and 4 of m1GUG (Figure C.1A). For replica 2 of m1GUG, the RMSD 

converged after ~100 ns and remained stable for ~775 ns before rapidly increasing during the 

final ~125 ns (Figure C.1A). The increase in RMSD was confirmed to result from a rotation of EF-

Tu relative to the tRNA (Figure C.1C) rather than any large-scale structural distortions in the 

rRNA or ribosomal proteins that would reflect unrealistic deviation from the starting 

experimental structure. The RMSD of the tRNA backbone relative to the experimental starting 

structure for replica 2 of m1GUG converged within 500 ns (Figure C.1B). The tRNA backbone 
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RMSDs converged within 500 ns for nearly all replicas across all models, with the RMSDs of 

replica 4 of m1GUG and Cm1GU converging within 750 ns (Figure C.1B).  

 
Figure 4.1. Structural convergence of MD simulations of the ribosomal A-site subsystem model 
with m1G and m2G modifications. (A) Violin plot of the backbone RMSD distributions with respect 
to the starting structures for m1G and m2G-modified compared to unmodified systems. (B-C) 
Overlays of the last frame of each replica simulation for each model.  
 

For each m1G system, there was substantial overlap in the distributions of  backbone 

RMSD for the unrestrained regions (Figure 4.1A). The CVs confirmed high consistency (<4% 

difference) between GUG (0.158), m1GUG (0.162), and GUm1G (0.164), and identical values to 
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the third decimal place for CGU (0.121) and Cm1GU (0.121) (Table C.1). The representative 

structures of each replica for each m1G model showed that the tertiary folds of the unrestrained 

system were maintained in the simulations (Figure 4.1B). The CVs for the backbone RMSD 

distributions of the tRNAs increased for the first (33% difference) and second (62%) position 

m1G modifications compared to the corresponding unmodified systems. However, for GUm1G, 

the CV for the tRNA backbone RMSD decreased by 7% relative to GUG. Moreover, while the 

ensemble-averaged tRNA RMSD was higher for m1GUG and Cm1GU (4.01(0.7) and 3.17(0.8) Å, 

respectively) than for GUG and CGU (3.52(0.5) and 3.05(0.4) Å), it was lower for GUm1G 

(3.00(0.4) Å). The backbone RMSDs of the unrestrained region suggest that m1G modifications 

do not significantly affect fluctuation of the global structure, but there is an increase in the tRNA 

fluctuations for first, second, but not third, position m1G codon modifications.  

4.2.1.2 16S rRNA monitoring is impacted for m1G modified codons 
 

Within individual replica simulations for codons containing m1G, the A1492–3 

monitoring angles (Φ) closely overlapped throughout the simulations, indicating strongly 

synchronized behaviour and shared metastable states (Figure 4.2). Within each replica for the 

m1G simulations, metastable Φ states had similar dwell times and transitions between states for 

A1492 and A1493 occurred concurrently (Figure 4.2). To quantify the degree of correlation 

between the A1492–3 Φ angles, the average linear correlation coefficient (𝑟D) was computed for 

each system (Table C.3; see Chapter 2 for full computational details). For all systems, 𝑟D  was 

greater than 0 (Table C.3), indicating a positive correlation between the Φ of A1492 and A1493 

(i.e., the angles concurrently increase or decrease). The 𝑟D  was consistently greater than or 

approximately equal to 0.8 across all replicas for m1GUG, GUm1G, and Cm1GU, suggesting strong 

coupling of A1492–3 motions and consistency across the ensemble. Interestingly, the ensemble-

averaged 𝑟D  values were higher in the m1G-modified systems (m1GUG: 0.91(0.05), Cm1GU 
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0.89(0.07), and GUm1G 0.89(0.05)) than the unmodified systems (GUG: 0.68(0.17) and CGU: 

0.84(0.15)).  

 
Figure 4.2. Motions of the A1492–3 residues of ribosome subsystem models containing m1G or 
m2G codon modifications during MD simulations as a function of time. Each of the four replica 
trajectories are enclosed by black lines. The blue and red colored lines represent the monitoring 
angle of A1492 and A1493, respectively. The graphs for GUG and CGU can be found in Figure 3.5. 
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Figure 4.3. 2D Free energy landscapes (FEL) as a function of the monitoring angles (Φ) over MD 
simulations of ribosomal subsystems containing m1G or m2G codon modifications. (A-F) FELs for 
quadruplicate ensemble MD simulations of each codon system. The color bar at the bottom 
indicates the free energy scale used in the FELs (refer to Chapter 2 for full details about the 
generation of the FEL plots).  
 

While the time-resolved analysis of A1492–3 captures the difference in monitoring base 

dynamics, it does not reveal how m1G affected the relative energetic preferences of 

conformational states. Time-independent FELs were constructed to examine the distribution of 

A1492–3 conformations and their energetic preferences across the quadruplicate ensembles 

(Figure 4.3A–F). For the m1G-modified systems, the strong correlation between A1492–3 led to 

the majority of measured monitoring angles to cluster along the  ΦA1492= ΦA1493 diagonal. For 

m1GUG, occupancy of the on-on (23%; Figure 4.3A) state was reduced significantly compared to  
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GUG (62%). Cm1GU increased the on-on state occupancy relative to CGU (60% vs. 33%), while 

rarely sampling the off-off state (2%). The GUm1G system adopted the on-on state  for a similar 

percent occupancy (62%) to GUG (61%), but did not significantly sample the off-on state (0.1%).  

Given that both first and second position m1G modifications entirely abolished 

elongation based on kinetics experiments, impaired A1492–3 monitoring was anticipated. 

However, the off-off state was not sampled in m1GUG, and was minimally observed for Cm1GU 

(2%). While m1GUG did lead to a significant reduction in the on-on state occupancy compared to 

GUG, Cm1GU unexpectedly increased the on-on state occupancy (60%) relative to CGU (33%). In 

conjunction with the strong correlated motions between A1492–3 observed for first, second, 

and third position m1G modified codons, these results alone do not suggest significantly 

impaired A1492–3 monitoring.  

As discussed in Section 3.2.1.2, the Φ angles provide an indirect measure of A1492–3 

monitoring by describing solely the intramolecular orientation of the monitoring residues with 

respect to the 16S rRNA. This measurement may be misleading in cases where A1492–3 adopt 

monitoring-like conformations relative to the 16S rRNA, but do not meaningfully engage with 

the codon-anticodon minor groove. Therefore, metrics to assess how A1492–3 interacts with 

the codon-anticodon minor groove were sought for a more comprehensive appreciation of the 

effects of m1G on A1492–3 monitoring. To further analyze how the m1G modification affects 

A1492–3 monitoring of the codon-anticodon minihelix, minor groove distances (MGDs) between 

A1492 and B2:B35, and between A1493 and B1:B36, were computed (Figure 4.4). The MGD 

distributions for A1492 and A1493 were broader for m1GUG and Cm1GU compared to the 

unmodified systems (Figure 4.4).  
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Figure 4.4. 2D Kernel density estimate (KDE) distribution of the A1492–3 minor groove distances 
(MGDs) for ribosomal subsystems containing unmodified codons, m1G, or m2G codon 
modifications. The MGDs are defined as the distance between center of mass (COM) of the A1492 
or A1493 nucleotide from the COM of the B2:B35 or B1:B36 base pair nucleotides, respectively. 
Darker blue regions represent higher occupation probabilities over each simulation ensemble and 
black contours show increments of ~1/15 of the estimated probability density range. 
 

For m1GUG, the highest density MGD contours remained concentrated within the same 

range observed for GUG (~7.5–12.5 Å for A1492 and ~5–12.5 Å for A1493; Figure 4.4). In 

contrast, the low- to  mid-density contours for m1GUG extended toward higher values (>17.5 Å 

for A1492 and >12.5 Å for A1493; Figure 4.4) relative to GUG, confirming that A1492–3 

disengaged from the minihelix minor groove for m1GUG despite not adopting the off-off state. 

For Cm1GU, the highest density contours for A1493 were notably broader, spanning ~7.5–10 Å, 

in contrast to the narrow peak at ~7.5 Å for CGU (Figure 4.4). Cm1GU also extended the low- to 
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mid-density contours toward higher MGDs relative to CGU, suggesting increased sampling of 

A1492–3 disengaged states by A1492–3 (Figure 4.4). In contrast, the MGD distribution for 

GUm1G closely matched that of GUG, with no appreciable broadening or extension towards 

higher values observed across any contour level (Figure 4.4). The MGD broadening suggests 

increased disengagement of A1492–3 from the minihelix minor groove for m1GUG and Cm1GU, 

but maintained engagement for GUm1G. These findings imply that despite A1492–3 residues 

primarily adopting on-on states for all m1G-modified systems, both residues disengaged from 

the minihelix minor groove more frequently for m1GUG and Cm1GU, but not for GUm1G. 

While A1492–3 monitoring is crucial during codon recognition, G530 latching is required 

for SSU domain closure to occur and permit GTP hydrolysis. 16 To examine how m1G-modified 

codons influence G530 latching, the conformations G530 adopted during the trajectory 

ensembles were determined using cluster analysis (see Chapter 2 for computational details). For 

all m1G-modified codon systems, G530 sampled three conformations, including the “on”, “semi-

on”, “pseudo semi-on”, and “off” states (as defined in Chapter 3). The m1GUG system exhibited 

both the pseudo semi-on (64% occupancy; Figure 4.5A) and the off (36%) states. In the m1GUG 

semi-on conformation, the codon base B1 intercalated between the anticodon bases B36 and 

B37, and G530 was positioned in the minor groove between a shifted B2:B34 base pair below 

B36 (Figure 4.5A). For Cm1GU, both the pseudo semi-on (82%) and off (7%) conformations were 

observed (Figure 4.5B), where the pseudo semi-on conformation for Cm1GU also exhibited a 

perturbed minihelix structure (Figure 4.5B). In the Cm1GU pseudo semi-on state, the B2 

nucleobase intercalates with the B1:B36 base pair and B35 of the anticodon due to the steric 

bulk of the methyl group at the WCF binding face (Figure 4.5B). For GUm1G, G530 remained 

engaged for 100% of the simulation time across the quadruplicate ensemble, occupying the on 

(83%) and semi-on (17%; Figure 4.5C) states.  
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Figure 4.5. G530 conformations and occupancies during the MD simulations of ribosomal A-
site models with the m1G modification in the codon. (A-C) Conformation occupancies obtained 
by cluster analysis applied to the heavy atoms of G530, the tRNA anticodon (B34-36; colored in 
blue), and the A-site mRNA codon (B1-3; colored in teal) for the quadruplicate ensembles of 
m1G-modified mRNA codon systems. 
 

The appearance of the G530 off state for m1GUG indicates that the first position m1G 

drove significant disengagement of G530 for a substantial portion of the simulation ensemble. In 

addition, the pseudo semi-on state sampled for m1GUG is not ideal for successful codon 

recognition as the codon-anticodon minihelix geometry is compromised. Similarly, for the 

Cm1GU system, G530 also sampled the off state (7%). Although the pseudo semi-on 

conformation occupancy was lower (82%) than the semi-on for CGU (92%), the codon-anticodon 
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minihelix geometry being disrupted from the WCF geometry suggests that the second position 

m1G also interferes with minor groove engagement by G530. Therefore, the simulations reveal 

that both first and second position m1G promote misaligned conformations between G530 and 

the minihelix, thereby prohibiting codon recognition. Furthermore, the reduced engagement of 

the A1492–3 nucleobases suggests that all three monitoring residues actively reject the m1GUG 

and Cm1GU codons in the A-site. In contrast, the effects of the third position m1G were less 

pronounced. Although G530 exhibited a moderate decrease in the on state occupancy relative 

to GUG (93% vs. 83%), and the appearance of the semi-on state (17%), the minihelix stayed 

intact. This suggests that the semi-on state exhibited by G530 for GUm1G was a true 

intermediate along the G530 latching pathway and does not substantially impair codon 

recognition. These results indicate that m1G modifications at the first and second codon 

positions disrupt G530 latching, whereas the third position modification does not. Therefore, 

A1492–3 and G530 exhibited a greater tendency to disengage from the cognate tRNA when m1G 

was present at the first or second codon positions, but not the third.  

Given the crucial combined role of all three monitoring bases in shielding the minihelix 

minor groove from solvent, 17, 18 these observations prompted further investigation into whether 

this function was compromised for m1GUG and Cm1GU, but preserved for GUm1G. The 

ensemble-averaged number of water molecules contained within 5 Å of the minor groove for 

the first and second base-pairing positions was calculated for all m1G systems (Figure 4.6; See 

Chapter 2 for calculation details). 
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Figure 4.6. Water molecule distribution for the unmodified systems and systems containing m1G 
or m2G codon modifications. Histogram of the number of water molecules (𝑁1.Q) located within 
5 Å of the minor groove for the first and second base-pairing positions of the codon-anticodon 
minihelix.  
 

Compared to GUG, the water histogram distribution shifted rightward and broadened 

substantially for m1GUG (Figure 4.6A), indicating a higher average count of waters and greater 

S.D. (𝑁1.Q of 10(6)) than for GUG (8(2); Table C.4). At the second position, the mean number of 

waters between m1GUG and GUG was the same (8) but the S.D. was noticeably higher for 

m1GUG (5 vs. 2; Table C.4). For the Cm1GU system, the water histogram distribution was skewed 

rightward relative to CGU, indicating that a higher quantity of waters was more frequently found 

in the minor groove throughout the simulation ensemble (Figure 4.6). Moreover, the number of 

water molecules present in the minor groove region was higher for the first and second base 

pairs in Cm1GU (10(7) and 8(5)) compared to CGU (4(2) and 9(4); Table C.4). For GUm1G, there 

were minimal changes in the water distribution compared to GUG aside from a leftward shift (6 

waters for GUm1G vs. 8 waters for GUG; Figure 4.6). The increased abundance of water 

molecules at both the first and second positions for the m1GUG and Cm1GU suggests that 
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solvent shielding of the minor groove was reduced relative to the unmodified codon systems. In 

contrast, solvent shielding was enhanced for GUm1G compared to GUG. Together with the 

increased disengagement of A1492–3 and G530 observed for m1GUG and Cm1GU, but not 

GUm1G, these findings suggest that decoding center organization is selectively perturbed for the 

first and second position-modified systems in a manner that interferes with the monitoring base 

solvent shielding mechanism. 

Compared to the unmodified systems, both m1GUG and Cm1GU systems exhibited 

disengagement of A1492–3, disrupted G530 latching, and increased the number of water 

molecules within the minor groove, indicating a reorganization of the decoding center that 

prevents productive codon recognition. In contrast, GUm1G maintained A1492–3 and G530 

engagement to reduce water accessibility in the minor groove, which collectively suggests that 

the initial selection pathway was not impeded. Collectively, these findings are in agreement with 

the Koutmou lab experiments that found abolished amino acid addition for m1GUG and Cm1GU, 

but no significant influence for GUm1G, compared to unmodified systems.  

4.2.1.3 Distortion of minihelix structure and tRNA misalignment induced by m1G modifications 
 

The detailed investigation of 16S rRNA monitoring revealed mechanisms through which 

m1G modifications impact codon recognition. Monitoring is central to the productive induced-fit 

kinetic mechanism during tRNA selection, as it helps stabilize the codon-anticodon minihelix 

structure. 19 Although several representative structures from the G530 cluster analysis adopted 

non-WCF minihelix geometries (Figure 4.6), a systematic investigation of these geometrical 

perturbations was required. To assess the effects of m1G on the geometric stability of the 

minihelix, two structural parameters were analyzed over the trajectory ensembles: the average 

glycosidic distances between each base pair in the minihelix and the magnitude of coplanar 

angles between opposing nucleobases (Figure 4.7; see Chapter 2 for detailed definitions of these 
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metrics). In addition, to measure the impacts of m1G modifications on the discrete codon-

anticodon interactions, the occupancies of hydrogen-bonding interactions between the WCF 

edges of opposing nucleobases were calculated.  

 
Figure 4.7. Analysis of the minihelix geometry for the m1G modified codon-anticodon minihelix 
during the MD simulations. (A) Glycosidic distances between opposing nucleobases in the 
minihelix. (B) Interplanar angles between opposing nucleobase aromatic rings in the minihelix. 
 

Higher standard deviations in the glycosidic distances and broad coplanar angle 

distributions were observed for the m1GUG and Cm1GU systems compared to GUG and CGU, 

respectively (Figure 4.7A-B). In addition, the concurrent broadening of the distributions of both 

structural variables for the first and second position m1G-modified systems suggests the 

minihelix geometry was perturbed and the tRNA was dissociating from the mRNA (Figure 4.7A-
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B). In contrast, the GUm1G system was relatively unaffected compared to GUG, both exhibiting 

similar glycosidic distance and coplanar angle ranges (Figure 4.7A-B). The occupancies of WCF 

hydrogen bonds were significantly perturbed across all three base-pairing positions for m1GUG, 

with 0% occupancy for any interactions between m1G1···C36 and low occupancies of WCF 

interactions between the U2···A35 and G3···cmo5U34 base pairs (26% and 6%, respectively; 

Table C.5). Hydrogen-bonding occupancies were also decreased for Cm1GU in the first (29%) and 

third (9%) base-pairing positions, with the most severe impact on the m1G2···C35 base pair (5%; 

Table C.5). In contrast, the first and second base pair hydrogen-bonding interactions were 

maintained at high occupancies (94% and 92%, respectively) for the GUm1G system, with the 

third base pair occupancy moderately decreasing from 47% in GUG (Table C.5) to 25% in GUm1G 

(Table C.5).  

The simulation results were in agreement with the simple hypothesis proposed in the 

heading of Section 4.2.1, where hydrogen-bonding interaction occupancies were severely 

reduced or eliminated in all three base-pairing positions for m1GUG and Cm1GU. The glycosidic 

distances and coplanar angles additionally showed that the minihelix is geometrically perturbed 

and the codon dissociates from the anticodon for m1GUG and Cm1GU. The third position m1G 

modification caused a moderate decrease in hydrogen-bonding interaction occupancy as well as 

slight broadening in the coplanar angle distribution for the third base pair. However, GUm1G did 

not perturb the geometry of the first or second base pair or exhibit dissociation of the anticodon 

from the codon. These simulations indicate that the minihelix structure is disrupted for m1GUG 

and Cm1GU, but preserved for GUm1G, which is consistent with experimental results showing 

impaired amino acid addition for m1GUG and Cm1GU, but not for GUm1G. 
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4.2.1.4 m1G codon modifications influence tRNA dynamics in the A-site 
 

The alignment of the tRNA in the A-site of the ribosome was assessed by measuring the 

θ variable (see Chapter 2). m1GUG exhibited a conformation in the low-θ region (0-90°) 

separated from a bimodal distribution in the high-θ region (90-150°; Figure 4.8A). The straight 

conformation exhibited by m1GUG included a conformationally twisted state of the m1G 

nucleotide in conjunction with the misaligned minihelix (Figure 4.8B). The second position m1G 

modification caused a widening and leftward shift of the θ distribution relative to GUG 

distribution. Moreover, Cm1GU exhibited a population with a modal peak of θ	~ 71°, which 

corresponded to a straightened tRNA conformation (Figure 4.8A-B). The GUm1G system 

exhibited a bimodal distribution in the middle-upper range of θ, but the structure maintained 

contact with both the mRNA and EF-Tu in the bent conformation for 100% of the simulation 

time (Figure 4.8B).  

The Δ!"# and ASL-elbow distances were measured to further confirm that straightening 

occurred for m1GUG and Cm1GU. m1GUG favoured higher Δ!"# angles and caused a significant 

broadening of the Δ!"# distribution compared to GUG, indicating that the ACS region relaxed 

with respect to the central axis of the tRNA upon first position modification (Figure C.8). The 

preference for the higher Δ!"# values was also exhibited by Cm1GU, but the ASL-elbow distance 

was shortened, suggesting that straightening was accompanied by a significant compression, 

rather than elongation, of the tRNA body along the principal axis (Figure C.8). tRNA body 

compression also occurred for m1GUG as the increased Δ!"# was not accompanied by increased 

sampling of larger ASL-elbow distances (Figure C.8). The GUm1G system Δ!"# and the ASL-elbow 

distributions overlapped significantly with the corresponding distributions in GUG (Figure C.8), 

confirming that straightening did not occur.  
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Figure 4.8. Alignment and conformation of tRNA in the A-site containing the m1G modification 
in the codon during MD simulations. (A) Distribution of 𝜃 over the quadruplicate ensembles for 
each system. (B) Representative bent and straight tRNA conformations sampled. The parentheses 
show the percent occupancy of the corresponding conformations. 
 

The flexibility of various regions of the tRNA was examined by computing the per-

residue RMSF. m1GUG exhibited high flexibility in all regions of the tRNA, with the most 

dramatic fluctuations in the ASL (2.00(0.5) Å, Table C.6; Figure 4.9). Cm1GU also exhibited high 

flexibility in the ASL (2.29(0.5) Å) but maintained a relatively inflexible ACS region (1.19(0.2) Å; 

Table C.6). The lower RMSF in the ACS region for Cm1GU suggests that EF-Tu maintained 

stronger engagement with Cm1GU than for m1GUG. Although both first and second position m1G 

modifications led to minihelix distortions and tRNA misalignment, the effects on tRNA flexibility 
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were distributed differently: for m1GUG, flexibility was more delocalized across the tRNA body, 

whereas for Cm1GU, flexibility was concentrated in the ASL. 

 
Figure 4.9. Flexibility of the tRNA sampled in MD simulations as measured by root-mean-
squared fluctuations (RMSFs). The residue of each tRNA is colored according to the blue-white-
red spectrum coloring denoting the RMSF value. 
 

The conformation of the A-site minihelix was assessed using cluster analysis with 

Barnaba, which revealed three distinct conformations sampled across the simulations for the 

m1G -modified ribosome subsystems: denoted “stacked”, “wobble”, and “rejected”, respectively 

(defined in Chapter 3). All three m1G modified systems sampled the stacked (m1GUG: 6% 

occupied, Cm1GU: 12%, and GUm1G: 67%) and wobble (14%, 12%, and 33%) states. 
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Figure 4.10. Representative conformations obtained by principal component analysis (PCA) of 
eRMSD and clustering over the MD simulations on ribosome subsystems containing m1G or 
m2G modifications. (A) Conformations sampled during simulations. (B) Occupancies of each 
conformation for each system. 
 
Although the third position m1G modification caused a significant increase in the occupancy of 

the wobble state (1% in GUG to 33% in GUm1G; Figure 4.10B), it sampled the stacked state for 

the majority of the time (67%; Figure 4.10B).  Both the first and second position m1G-modified 

systems favoured the rejected state, occupying this state for 80% and 76% occupancies for 

m1GUG and Cm1GU, respectively, while the rejected state was not sampled for GUm1G (Figure 

4.10B). The substantial increase in occupancy of the rejected state occupancies for first and 
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second position m1G modifications is consistent with the total abolishment of amino acid 

addition observed in the kinetics experiments by the Koutmou group. 14  

In summary, for the m1G systems, the significant premature straightening, increase in 

tRNA flexibility, and high occupancy of rejected conformations for the first and second position 

codon modifications suggest that the cognate aa-tRNA fails to pass the codon recognition 

checkpoint in the ribosomal A-site. In contrast, for GUm1G, tRNA straightening did not occur, the 

tRNA flexibility decreased with respect to GUG, and the tRNA did not sample the rejected state. 

These results are in good agreement with the observed slowed amino acid addition for m1GUG 

and Cm1GU, but not GUm1G.  

4.2.2 MD simulations of systems containing m2G codon modifications 
 
 The kinetics measurements for the m2G-modified systems suggest that the modification 

causes impairment of amino acid addition rates when placed in any of the three codon 

positions, but that the rate reduction is most substantial for GUm2G. 14 It is difficult to justify 

these patterns using hydrogen bonding alone. The m2G modification is positioned on the 

exocyclic amine N2 hydrogen bond donor, which allows it to preserve all three canonical G:C 

base pairs. However, the wobble base pair, as mentioned, is less strictly monitored by the 

ribosome, which allows non-WCF geometries at the third base pair. It is therefore unclear why 

GUm2G impairs amino acid addition so drastically. The simulations in this section offer structural 

insights to rationalize these observed patterns.  

4.2.2.1 Simulations of A-site ribosome codon systems containing m2G codon modifications 
converge within 1 microsecond 
 

For the m2G systems, convergence plateaus in the backbone RMSD for the flexible 

region (Figure C.2A) and the tRNA (Figure C.2B) were reached within 500 ns for most replicas, 

except for tRNA backbone RMSDs of replicas 2 and 4 for Cm2GU, which both converged after 

around 750 ns (Figure C.2A). Although the backbone RMSD of the unrestrained regions 
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converged across all replicas for each system, several replicas stabilized at high RMSD values (>6 

Å), including replica 3 of m2GUG, and replicas 1 and 2 of GUm2G (Figure C.2). As previously 

observed for m1GUG, the spikes in RMSD values for replica 3 of m2GUG and replica 1 of GUm2G 

were found to also arise from the motions of EF-Tu relative to the tRNA (Figure C.2). 

The RMSD distributions for the unrestrained region of all m2G models were significantly 

broadened relative to the unmodified systems (Figure 4.1A), with increases in CVs of 116% for 

m2GUG (0.342), 45% for Cm2GU (0.176), and 61% for GUm2G (0.255; Table C.1). Moreover, high 

RMS deviations were observed for the unrestrained region RMSDs: 21% of m2GUG and 43% of 

GUm2G exceeded an RMSD of 6 Å, while 25% of Cm2GU exceeded 5 Å (Figure 4.1A). The CVs of 

the tRNA backbone RMSD distributions were increased relative to unmodified systems for 

m2GUG, Cm2GU, and GUm2G by 26%, 28%, and 62%, respectively (Table C.2). Although the CV of 

the backbone tRNA RMSD for GUm2G increased significantly relative to GUG, the ensemble-

averaged RMSD was slightly lower for GUm2G (3.36 Å) than for GUG (3.52 Å). The higher 

variability in the tRNA backbone RMSD is attributed to replica 1 of GUm2G, which stabilized at a 

higher average RMSD value than replicas 2–4 (Figure C.2).  

4.2.2.2 16S rRNA monitoring is impacted for m2G modified codons 
 

For the m2G systems, the monitoring angles exhibited substantial variability in 𝑟D  values 

across replicas. Some replicas showed high correlation between A1492 and A1493 (>0.8; replicas 

2,3,4 of m2GUG, 1 and 4 of Cm2GU, and 1 and 3 of GUm2G), while others showed moderate 

(from 0.5-0.8; replicas 3 of Cm2GU; 2 and 4 of GUm2G) or low (<0.55 in replicas 1 of m2GUG, 2 of 

Cm2GU, and 4 of GUm2G) correlation. Despite this heterogeneity in the ensemble statistics, 𝑟D  

values for the m2G-modified systems (m2GUG: 0.69(0.29), Cm2GU: 0.69(0.22), and GUm2G: 

0.77(0.16)) were comparable with the unmodified systems (GUG: 0.68(0.17) and CGU: 
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0.84(0.15); Table C.3). These findings prompted further investigations into the favoured 

conformations of the monitoring bases and their interactions with the minihelix minor groove. 

In the FEL distribution of A1492–3 monitoring angles, m2GUG exhibited a significant 

reduction in on-on state occupancy (29%) from GUG, along with increased sampling of the off-

off state (24%; Figure 4.3D–F). Cm2GU showed a reduction in the on-on occupancy from CGU 

(33% to 5%) and a modest increased sampling of the off-on state (from 1% to 6%). For GUm2G, 

on-on state occupancy decreased by nearly half (62% to 33%), while the off-off state appeared 

with 8% occupancy. Notably, for both m2GUG and GUm2G, A1493 adopted the off state (32% 

and 24%) more frequently than A1492 (23% and 8%), indicating that A1493 was disengaged 

while A1492 remained in either the intermediate or on states. This finding is unusual because, 

while experimental ribosome structures have captured A1492 independently adopting the off 

state in intermediate codon recognition states (see, for example, PDB IDs 4V4Q, 1N34, and 

1N36), 20, 21 no experimental structure to date has shown A1493 adopting the off state 

independent of A1492. Therefore, first and third position m2G modifications may drive aberrant 

decoupling of A1492–3 to slow the progression of codon recognition.  

For m2GUG, the MGDs sampled large A1492 and A1493 distances within the highest-

density contours, indicating significant disengagement of both A1492–3 from the minor groove 

(Figure 4.4). For Cm2GU, broadening of the MGD distribution was observed in the low- to 

moderate-density levels, but the narrow density observed for CGU was maintained in the high 

density contours for Cm2GU (Figure 4.4). For GUm2G, the highest density contours were all 

concentrated at lower A1493 distances than for GUG. However, the A1492 distances displayed 

slightly higher MGDs than GUG within the lowest 5 contour levels (Figure 4.4). The overall MGD 

shifts support the interpretation that A1492–3 are significantly disengaged from the minor 

groove of m2GUG, while Cm2GU, and GUm2G exhibit more moderate disengagement. To 
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examine how effective the monitoring by A1492–3 and G530 was, the number of waters 

contained within the minor groove were measured.  

The water distribution near the minor groove was not significantly affected when 

comparing GUG to m2GUG or CGU to Cm2GU (Figure 4.6). The average and standard deviation of 

water molecules within 5 Å of the minor groove for the first and second base-pairing positions 

were comparable between GUG (8(2) and 8(2)) and m2GUG (9(3) and 6(3); Table C.4). Similarly, 

the number of water molecules for Cm2GU (5(3) and 6(3)) were comparable to CGU (4(2) and 

5(3)). In contrast, for GUm2G, the histogram distribution broadened substantially, with distinct 

populations in the low range (<5 water molecules) and high range (>15 water molecules; Figure 

4.6). While the mean number of water molecules at the first position was similar between 

GUm2G and GUG (9 vs. 8), the shape of the distributions differed significantly (Figure 4.6). The 

distribution for GUm2G is markedly broader and skewed to the right, causing the mode to shift 

to the left with respect to GUG. These aspects of the distribution reflect increased sampling of 

both highly solvent-shielded and solvent-exposed states for GUm2G compared to the other 

systems. Together, the water distribution and MGD analysis results suggest that solvent 

shielding was not substantially affected for first and second position m2G codon modifications. 

Moreover, GUm2G leads to the presence of both highly shielded and poorly shielded states 

whereas shielding was unaffected for m2GUG and Cm2GU relative to the unmodified systems. 

However, the A1492–3 analyses alone were not sufficient to explain the trends observed in 

solvent shielding. For example, the high degree of A1492–3 disengagement for m2GUG does not 

explain how the solvent accessibility of the minor groove was decreased relative to GUG. 

Therefore, the conformational occupancies of G530 were measured to examine whether G530 

engagement was enhanced for m2GUG.  
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The sole G530 conformation sampled for m2GUG was the on state (occ.=99%; Figure 

4.11A), explaining why solvent was excluded from the minor groove despite the disengagement 

of A1492–3 from the minihelix. In contrast, the semi-on state was dominant for Cm2GU and 

GUm2G, at 73% and 76% occupancy, respectively (Figure 4.11B-C). Additionally, both Cm2GU and 

GUm2G exhibited unconventional G530 conformations similar to those observed in the GUGMet 

and IUGMet trajectories described in Chapter 3. In Cm2GU, a conformation in which B34 of the 

anticodon flips out of the ASL and stacks with G530 (denoted “G530–B34 stacked”) was 

observed with 10% occupancy (Figure C.7A). A similar conformation was observed for GUm2G 

(8%), in which G530 stacks with B3 of the codon instead of stacking with B34 (“G530–B3 

stacked”; Figure C.7B). GUm2G also sampled the pseudo semi-on state (11%), in which the WCF 

geometry between the first and second base pairs is completely disrupted (Figure C.7B).  

The G530 monitoring conformation analysis provides a clear rationale for how solvent 

shielding was maintained for m2GUG despite compromised A1492–3 engagement. Compared to 

GUG, the occupancy of the G530 on state for m2GUG was increased from 93% to 99%, 

suggesting that G530 latching was enhanced in the presence of a first position m2G codon 

modification. This G530 behaviour likely compensates for the decreased hydrophobic 

stabilization by A1492–3, thereby maintaining solvent exclusion. This observation explains why 

the water distribution for m2GUG was not significantly different from GUG, despite the larger 

MGDs and increased sampling of the A1492–3 off-off states (Figure 4.3D and 4.4). Similarly, for 

Cm2GU, the number of water molecules in the first base pair position remained comparable 

(CGU: 4(2) and Cm2GU 5(2); Table C.4), consistent with the absence of the G530 off state in both 

systems. However, the reduced occupancy of the semi-on conformation compared to CGU (73% 

vs. 92%) likely accounts for the increased water at the third codon position from 9(3) for CGU to 

13(3) for Cm2GU (Figure 4.11B and Table C.4). Although none of the m2G systems sampled the 
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G530 off state, G530 monitoring was disrupted for GUm2G, where the G530 on state was 

entirely lost (0%) and the semi-on state dominated (76%; Figure 4.11C). The loss of complete 

G530 latching explains the increased variability in the solvent exposure observed for GUm2G in 

the first two base pairing positions. However, it was unclear whether the monitoring bases 

engagement or lack thereof contributed to structural deviations in the codon-anticodon 

minihelix for the m2G-modified systems. In particular for GUm2G, the lack of full disengagement 

by G530 was unexpected due to its greater degree of impaired amino acid addition relative to 

m2GUG and Cm2GU in the corresponding experiments by the Koutmou lab. 14 To assess the 

structural consequences of m2G incorporation, Section 4.2.2.3 examines geometric distortions 

within the codon-anticodon minihelix. 

 

Figure 4.11. G530 conformations and occupancies during the MD simulations of ribosomal A-
site models with the m2G modification in the codon. (A-C) Conformation occupancies obtained 
by cluster analysis applied to the heavy atoms of G530, the tRNA anticodon (B34-36; colored in 
blue), and the A-site mRNA codon (B1-3; colored in teal) for the quadruplicate ensemble of m2G-
modified mRNA codon systems. 
 
4.2.2.3 Distortion of minihelix structure induced by m2G modifications 
 

For m2GUG, the glycosidic distances and coplanar angles were not significantly impacted 

at the first and second base-pairing positions. The third position base pair of m2GUG was 

perturbed slightly as indicated by the increased standard deviation of the glycosidic distance and 

adoption of a population of higher coplanar angles (Figure 4.12A-B). For Cm2GU, the second 

base pair exhibited a broader glycosidic distance distribution, while the first and third base pairs 



  154 

were less affected (Figure 4.12A). The coplanar angle distribution for Cm2GU was modestly 

broadened at the first and third base pairs, with a second distinct population emerging, in which 

most of the fourth quartile of data points exceeded 90° (Figure 4.12B). In contrast, for GUm2G, 

the glycosidic distances showed marked increases in variability across all three base pairs, 

suggesting the anticodon dissociated from the codon (Figure 4.12A). Additionally, GUm2G 

exhibited a substantial increase in the variability of the coplanar angles for all three base pairs 

(Figure 4.12A-B), indicating that proper WCF geometry of the minihelix was lost. 

The WCF hydrogen bonds were maintained at high occupancies in the first and second 

positions for m2GUG (97% and 90%, respectively) with a moderate decrease in the third position 

compared to GUG (47% to 24%; Table B.3 and Table C.5). The Cm2GU system maintained high 

occupancies for the three canonical WCF G:C base pairing interactions between the nucleobases 

of the first base pair, with the lowest occupied GC interaction between the N4–H of C1 with O6 

of G36 (90%), a negligible decrease from CGU (94%; Table B.3). Although both CGU and Cm2GU 

maintained canonical G:C interactions (Figure C.8A-B), the occupancies of all three G:C 

hydrogen-bonding interactions in the B2:B35 were decreased for Cm2GU (Figure C.8A-B and 

Table C.4). In addition, both CGU and Cm2GU exhibited a shifted hydrogen-bonding interaction 

in which the N1 of G2 forms a contact with the O2 of C35, which decreased in occupancy from 

CGU (53%) to Cm2GU (43%). This shifted interaction was accompanied by distortion in the 

minihelix Cm2GU (Figure C.8D), but not CGU (Figure C.8C), consistent with the broader coplanar 

angle distribution for Cm2GU at the second position (Figure 4.12B). Moreover, Cm2GU reduced 

the occupancy of the third position hydrogen bond to 64% (Table C.5) compared to CGU (85%; 

Table B.3). Although the methyl group moiety did not fully disrupt the second base pair for 

Cm2GU at it did for Cm1GU, m2G led to reduced hydrogen-bonding occupancies and coplanarity, 

as well as slightly increased distance between B2 and B35. 
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Figure 4.12. Analysis of the minihelix geometry for the m2G modified codon-anticodon minihelix 
during the MD simulations.(A) Glycosidic distances between opposing nucleobases in the 
minihelix. (B) Interplanar angles between opposing nucleobase aromatic rings in the minihelix. 
 

The GUm2G system caused a significant decrease in the occupancy of the hydrogen-

bonding interactions associated with the unshifted base pairing interaction in the first position 

G:C pair (98% in GUG to 42% in GUm2G). Conversely, the shifted base pair between N1 of G1 and 

O2 of C36 increased modestly, from 23% in GUG to 35% in GUm2G. The occupancy of second 

and third base pair hydrogen bonds were disrupted for GUm2G (36% and 16%) compared to 

GUG (98% and 20%). Therefore, while Cm2GU perturbed minihelix hydrogen bonding, its impact 
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on the first base pair was less severe than for GUm2G. The simulation results indicating that the 

most pronounced minihelix distortions occurred for GUm2G were in good agreement with the 

Koutmou lab group findings that the most severe impairment of amino acid addition occurred 

for GUm2G. To examine whether these distortions to the minihelix affected the tRNA dynamics, 

Section 4.2.2.4 explores the structural features of tRNA bending and dissociation from mRNA. 

4.2.2.4 m2G codon modifications influence tRNA dynamics in the A-site 
 

The unimodal θ distribution observed for GUG became bimodal for m2GUG, yet the 

range of values (90–120°) suggested retention of the bent conformation for 100% of the 

simulation time (Figure 4.13A-B). The θ distribution for Cm2GU closely matched that of CGU, 

suggesting negligible impact on the overall tRNA conformation when m2G was incorporated at 

the second codon position. In contrast, GUm2G exhibited a multimodal θ distribution, where θ 

angles were sampled in the low range (0–90°), as well as a leftward shift of the primary 

population from high (120–150°) to moderate (90–120°) range θ angles, suggesting premature 

tRNA straightening (Figure 4.13A-B). Moreover, for GUm2G, the θ angles corresponded to a 

straight conformation with an occupancy of 16% (Figure 4.13B). The Δ!"# and ASL-elbow 

distance measures confirmed that m2GUG and Cm2GU did not lose the bent conformation 

(Figure C.8). There was only a slight increase (~3°) of Δ!"# for m2GUG and Cm2GU (Figure C.8) in 

the most populated contour, no discernable influence on the ASL–elbow distance for m2GUG, 

and a decrease and narrowing of the ASL–elbow distance for Cm2GU. The straightening was 

confirmed for GUm2G, which exhibited a significant increase in the densities at high (>10°) 

Δ!"#and ASL-elbow distances with respect to GUG (Figure C.8).  
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Figure 4.13. Alignment and conformation of tRNA in the A-site containing the m2G modification 
in the codon during MD simulations. (A) Distribution of the 𝜃 over the quadruplicate ensembles 
for each system. (B) Representative bent and straight tRNA conformations sampled. Parenthesis 
correspond to the percent occupancy of the identified conformation. 
 

The tRNA of the m2GUG and Cm2GU systems exhibited comparable overall flexibility to 

GUG (Figure 4.9). Aside from the ASL, which had a consistent mean RMSF for m2GUG and 

Cm2GU (1.85(0.5) and 1.89(0.3) Å, respectively) compared to GUG (1.73(0.3)), the D-arm, TΨC-

arm, and ACS had decreased RMSFs (Table C.6). Interestingly, the V-loop had remarkably high 

flexibility in Cm2GU (2.00(1.2)), but not in m2GUG (1.42(0.4)), while GUG was intermediate 



  158 

between the two (1.76(0.6)). For GUm2G, the ASL, D-arm, and V-loop flexibility were reduced, 

while the flexibility of the backbone of the TΨC-arm and ACS were slightly increased compared 

to GUG (Table C.6; Figure C.9A-B). However, local regions of both the ASL and ACS were more 

flexible for the GUm2G system compared to GUG; including the cmo5U34 nucleotide and 5ʹ–end 

of the ACS (Figure C.9A-B). The increased residue fluctuations at the anticodon and ACS suggest 

poor induced-fit of the tRNA in the ribosomal A-site for GUm2G compared to GUG, as these 

regions are closest to the SSU and LSU contact points. To assess the overall fit of the tRNA at the 

A-site for the m2G-modified models, the conformational occupancies for the tRNA:mRNA 

interaction were calculated using Barnaba (see Chapter 2 for full calculation details). 

For m2GUG, the occupancy of the wobble conformation increased with respect to GUG, 

from 1% to 38%, and the rejected state was sampled for 3% of the simulation ensemble (Figure 

4.10B). In contrast, for Cm2GU, the rejected state occupancy (28%) was higher than for m2GUG, 

but the stacked state remained the dominant conformation (70%; Figure 4.10B). GUm2G 

sampled the rejected state for half (50%) the simulation time and reduced the sampling of the 

stacked state from 99% in GUG to 9% (Figure 4.10B). The distribution of tRNA conformations in 

the A-site aligns with the Koutmou lab observations that amino acid addition is most impaired 

most for GUm2G, and less severely impacted for m2GUG and Cm2GU. In the simulations, GUm2G 

exhibited the highest occupancy of the rejected state and the most pronounced reduction of the 

stacked conformation compared to m2GUG and Cm2GU. 

In summary, for the m2G-modified systems, GUm2G exhibited the most severe 

impairment of the ability of cognate tRNA to recognize the mRNA codon by causing significant 

tRNA straightening and sampling the greatest occupancy of the rejected state, increasing 

localized residue flexibility in the ASL and ACS, and severely decreasing the stacked state 

occupancy. In contrast, the effects of first and second position m2G modifications to the codon 
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were less pronounced than the third position modification, with little to no tRNA straightening, 

smaller changes in the stacked state occupancies, and lower rejected state occupancies.  

4.3 Conclusions 
 

The MD data presented in this chapter revealed that m1G and m2G alkylative damage 

products can modulate decoding in drastically different ways depending on their position in the 

mRNA codon. Moreover, the simulations rationalize the observed alterations in 𝑘*+, for peptide 

bond formation due to m1G and m2G incorporation into each of the three mRNA codon 

positions.  

The extreme impacts of m1G modifications on rates of peptide bond formation when 

placed in the first and second positions can be explained by perturbed monitoring by all three 

monitoring nucleobases, A1492–3 and G530, which fail to shield the minihelix minor groove 

from solvent and adopt a high proportion of disengaged conformations. The lack of monitoring 

engagement led to aberrant premature straightening of the tRNA, high variability in the 

glycosidic distances, and disrupted coplanarity and hydrogen bonding for all three base pairs in 

the codon-anticodon minihelix, which resulted in substantially increased sampling of the 

rejected conformation. The simulations also revealed that more nuanced structural mechanisms 

can potentially interfere with codon recognition. For example, m1G at the first and second 

positions may lead to overly correlated A1492–3 motions that stabilize incorrect minihelix 

geometries which would presumably decrease the rate of codon recognition. These structural 

features rationalize the trends in the kinetics data collected by the Koutmou group, wherein the 

first and second position m1G modification substantially reduced the observed rate constants of 

amino acid addition, while the third  position did not. 

In the case of m2G, the simulations indicate that A1493 flips into the intrahelical off 

conformation independently of A1492 for m2GUG and GUm2G, which is not an experimentally 
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reported conformation and may signify impaired codon recognition. The A1492–3 and G530 

monitoring were most significantly impaired for GUm2G. Additionally, while the codon-

anticodon minihelix was disrupted for the second and third position m2G variants, GUm2G led to 

an even greater disruption to the minihelix (broader distributions of the glycosidic distances for 

all three base pairs). Moreover, premature straightening of the tRNA was substantial for 

GUm2G, while m2GUG and Cm2GU largely maintained the bent conformation. Although each of 

the three m2G-modified systems sampled the rejected state, GUm2G nearly eliminated the 

stacked state and had the highest occupancy (50%) of the rejected state. Thus, the simulations 

suggest that while impairments to codon recognition were observed for m2GUG and Cm2GU, 

they were most severe for GUm2G. The results for m2G modified systems were also in line with 

the Koutmou group experiments which showed that the observed rates of amino acid addition 

were slowed for all three m2G modification positions in the codon, but most drastically in the 

third. 

Overall, this chapter provided the first structural evidence for the impacts of mRNA 

damage during ribosomal decoding. The simulations revealed detailed mechanisms occurring 

during early tRNA selection that can explain the growing associations between mRNA alkylative 

damage and defective translation.  
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CHAPTER 5: GLOBAL CONCLUSIONS 
 
5.1 Thesis review 
 

RNA is indispensable to translation because of its dual role as an information carrier and 

a catalyst.1 Every known organism relies on rRNA, tRNA, and mRNA to convert genetic 

information into protein, making translation stand out as one of the most universally essential 

processes in biology. Although protein synthesis is regulated by numerous complex cellular 

mechanisms,2-5 RNA modification stands out as a ubiquitous, high-order regulatory strategy.6-10 

The chemical diversification of RNA via modification crucially fine-tunes the accuracy and 

efficiency of translation. The heart of translation, ribosomal decoding, is fundamentally driven 

by choreographed structural dynamics among tRNA, mRNA, and rRNA.3,11-16 It is therefore 

increasingly important to situate RNA modifications within the evolving mechanistic and 

regulatory framework of ribosomal decoding. While the abundance and chemical diversity of 

tRNA and rRNA modifications have attracted considerable research attention, the roles of mRNA 

codon modifications remain poorly understood at the mechanistic level. However, systems-level 

studies are continuously identifying potential roles of mRNA modifications in disease 

prevention.6, 7, 17-21 22, 19, 23-34 35 36, 37 While it has been suggested that mRNA modifications 

modulate decoding during early tRNA selection (i.e., before proofreading),38-44 this hypothesis 

has not been thoroughly examined.  

As discussed in Chapter 1, it is increasingly recognized that stochastic structural 

fluctuations on the nanosecond to microsecond timescale underlies the discrete transitions 

between intermediates during ribosomal decoding. 16 However, these motions are often difficult 

to measure directly using available experimental techniques. The objective of this thesis was to 

establish a robust computational model and utilize MD simulations to characterize how various 
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mRNA modifications impact codon recognition and modulate the structural dynamics of 

ribosomal decoding. 

5.1.1 Inosine, m1G, and m2G mRNA modifications influence codon recognition 
 

Chapter 3 used a ribosomal A-site model to study how the inosine mRNA modification 

affects decoding by cognate aa-tRNA. Inosine plays established roles in decoding, being 

commonly introduced into tRNA at the wobble position (B34) and B37 (adjacent to the 

anticodon). Inosine is also present in mRNA, with approximately 1500 A-to-I editing sites located 

in the CDS in humans. Despite their presence, the majority of these sites do not have assigned 

biological roles nor mechanistic characterization. The Koutmou group measured the apparent 

rate of peptide synthesis in reconstituted translation systems when inosine was placed in the 

first, second, or third codon position (𝑘*+,). The first position inosine codon modification 

substantially reduced the rate, whereas the second and third had no significant impacts. 

MD simulations performed for this thesis (Section 3.2.1) indicated that productive initial 

tRNA selection was favoured among the unmodified (GUG and CGU) and second (CIU) or third 

(GUI) position modified systems. Specifically, though A1492, A1493, and G530 ribosomal 

monitoring nucleotides exhibited conformational flexibility, each remained engaged with the 

minor groove of the codon-anticodon minihelix. Consequently, the minihelix preserved an 

optimal WCF geometry, in line with the induced-fit kinetic mechanism, and the aa-tRNA 

maintained a bent conformation aligned with both the mRNA codon and EF-Tu in the A-site. 

Productive initial selection indicates that these systems would proceed to the second selection 

stage and likely contribute to dipeptide formation. In contrast, these structural features were 

disrupted for the first position (IUG) inosine-modified codon. A1492–3 and G530 exhibited fully 

disengaged conformations, the minihelix WCF geometry was perturbed, and the aa-tRNA 

exhibited premature straightening and complete dissociation from the mRNA codon. The 
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simulations provide a structural explanation for the slowed rate of dipeptide formation 

observed experimentally for IUG (but not I in the other codon positions), 45 implicating disrupted 

monitoring, minihelix instability, and tRNA dissociation during decoding. 

Simulations with near-cognate aa-tRNA (Section 3.2.2) were then performed, motivated 

by two observations. First, the IUG simulations with cognate tRNA exhibited conformational 

rearrangements commonly associated with near-cognate tRNA, 11, 46 prompting the question of 

whether the IUG codon can induce near-cognate-like behaviour in cognate tRNA. This was 

supported by the Koutmou group who found that the 𝑘*+, for near-cognate tRNAMet , which 

exhibits a G:U mismatch at the first codon position (GUGMet), was impaired to a similar extent as 

for IUG. Second, because inosine can expand base-pairing potential, 25 it was hypothesized that 

the IUG codon might permit miscoding by near-cognate tRNAs. To directly assess these 

hypotheses, the Koutmou group measured 𝑘*+, for GUGMet and IUGMet systems, revealing similar 

impairments in dipeptide formation across IUG, GUGMet, and IUGMet. However, the mechanisms 

of differential impaired decoding for cognate or near-cognate systems in the presence of the 

GUG or IUG codon was unclear.  

Simulations on the near-cognate systems (GUGMet and IUGMet) revealed that ribosomal 

monitoring was less disrupted than for IUG. For GUGMet, A1492–3 engagement was moderately 

perturbed, while G530 remained engaged, but adopted noncanonical conformations and a low 

occupancy of the G530 on state. In contrast, IUGMet retained the G530 on state as the dominant 

conformation but also sampled the off state (11% occupancy) and nonproductive 

conformations, while A1492–3 engagement was largely preserved. Despite milder monitoring 

defects relative to IUG, both near-cognate systems exhibited distortions in the minihelix 

geometry and induced premature tRNA straightening. However, unlike IUG, the tRNAs remained 

closely associated with the codon despite misalignment. Thus simulation data for near-cognate 
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tRNA (Section 3.2.2) suggest that disrupted monitoring is not the sole cause of impaired 

decoding. Instead, local instability in the codon–anticodon helix can be sufficient to induce tRNA 

misalignment and straightening, even while monitoring bases do not fully disengage from the 

minihelix. 

Chapter 4 investigated how damage-induced mRNA modifications affect elongation, 

given their emerging relevance to translational stalling. In vivo, mRNA damage can trigger 

ribosome-mediated decay pathways typically associated with obstructive elements in the coding 

sequence, such as stable hairpins or rare codons.36, 47-49 These decay signals can be harmful if left 

unchecked, suggesting that damage lesions within mRNA coding regions may have serious 

pathological consequences.36, 47-49 The Koutmou group performed kinetic assays on two 

alkylative lesions, m1G and m2G, and found distinct position-dependent effects on 𝑘*+, for 

dipeptide formation.45 Specifically, m1GUG and Cm1GU modifications abolished elongation, 

while the GUm1G had no measurable effect. In contrast, although both m2GUG and Cm2GU 

reduced 𝑘*+,, the strongest impairment was observed for GUm2G.45  

For both m1GUG and Cm1GU, MD simulations (Section 4.2.1) revealed that all three 

monitoring bases exhibit impaired function, the codon-anticodon minihelix is disrupted, and the 

tRNA straightens prematurely and dissociates from the mRNA. However, GUm1G did not induce 

any of these structural effects that are detrimental to initial selection. The MD data for the m1G 

systems are therefore in alignment with the kinetics data collected by the Koutmou group 

where m1GUG and Cm1GU, but not GUm1G led to significant impairment of dipeptide formation 

by reducing 𝑘*+,.45 For the m2G systems, A1492–3 and G530 monitoring dynamics were 

perturbed for all three systems, but most significantly for GUm2G. Distortions in the minihelix 

geometry were observed for Cm2GU and GUm2G, but the codon only dissociates from the 

anticodon when the modification is at the third position. Premature straightening was modest in 
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m2GUG and Cm2GU, but substantial in GUm2G. These results were also in agreement with the 

position-dependent impairments observed in the Koutmou lab experiments,45 in which all three 

m2G-modified codons reduced 𝑘*+,, with GUm2G causing the most pronounced effect. Overall, 

these results provide a structural basis for the position-dependent impairments observed in the 

Koutmou lab experiments and suggest that decoding disruption can arise through distinct 

mechanisms depending on the modification and its position in the codon. 

5.1.2. MD simulations reveal novel insights into A-site dynamics during decoding 
 
 The simulations performed in this thesis revealed previously unreported features of 

decoding dynamics that expand the current mechanistic framework for tRNA selection and help 

contextualize the regulatory role of mRNA modifications. Notably, this thesis presents the first 

observations of spontaneous transitions in A1492–3 and G530 from fully engaged to 

intermediate and disengaged conformations without the use of enhanced sampling methods. 

Intrahelical and extrahelical motions of A1492–3 occurred repeatedly on the microsecond 

timescale, with A1492 often, but not always, behaving independently of A1493. The 

conformational preferences observed were consistent with those captured in 116 high-

resolution X-ray and cryo-EM structures (Table A.3 and Section 3.2.1.2).50-85 Moreover, these 

simulations directly sampled rapid rejection and full dissociation of aa-tRNA during codon 

recognition. This process has been observed in structure-based model (SBM) simulations,46 

where codon recognition failure occurs via a motion in which the aa-tRNA loses contact with the 

mRNA codon and orients perpendicular to the body of the tRNA (observed in Chapter 3 in this 

thesis). However, this thesis did not impose the biasing restraints to artificially direct 

progression of the tRNA to the A-site as implemented in SBM simulations, showing that the 

unbiased microsecond aaMD simulations of the ribosome subsystem developed and applied in 

this thesis can sample spontaneous aa-tRNA rejection. Moreover, this thesis is the first to report 
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the rejection for a cognate tRNA in the presence of a chemically modified mRNA codon (as 

observed for IUG, m1GUG, and Cm1GU), showing that modifications can alter the capability of 

the ribosome to select cognate tRNAs.  

The detailed analysis of the simulations further refined existing models of ribosomal 

monitoring. While the results support the prevailing hypothesis that A1492–3 and G530 

contribute to codon recognition via solvent shielding of the minihelix minor groove,86, 87 

additional subtle effects were sampled in the simulation trajectories that provide additional 

context to the experiments. For GUG, CGU, CIU, GUI, and GUm1G, shielding enhanced the 

optimal codon-anticodon WCF geometries. In disrupted systems (e.g., IUG, m1GUG, and Cm1GU), 

solvent exposure led to destabilizing water-mediated interactions. However, a subset of 

perturbed systems (GUGMet, IUGMet, and GUm2G) revealed the unexpected finding that the minor 

groove could become dehydrated, yet still stabilize a perturbed codon-anticodon minihelix 

structure. This finding suggests that solvent shielding of the minihelix minor groove may serve as 

a critical feature to allow ambiguous substrates to enter proofreading, where structural 

misalignment or instability during accommodation ultimately prevents successful decoding.  

5.1.3 MD simulations suggest two alternative aa-tRNA rejection pathways 
 

Together, the insights from this thesis can be integrated into the existing mechanistic 

framework of tRNA selection. The simulations performed in this thesis suggest that mRNA 

modifications modulate tRNA rejection pathways and can be organized into two different tRNA 

rejection pathways. 

Pathway 1: Immediate rejection 

The first pathway is characterized by early, geometry-driven discrimination that occurs 

following codon recognition. Prior work has shown that near-cognate aa-tRNAs enter the codon 

recognition state with rates similar to those of cognate tRNAs, implying that discrimination 
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occurs only after this initial engagement. 16 The simulations in this thesis support a model in 

which improper codon-anticodon geometry prevents the formation of a productive decoding 

center conformation. As a result, the dissociation rate is accelerated, and all three ribosomal 

monitoring bases (A1492, A1493, and G530) disengage within tens to hundreds of nanoseconds. 

This disengagement is accompanied by distortion of the codon-anticodon minihelix, loss of the 

bent tRNA conformation, and full aa-tRNA dissociation from the mRNA codon. As mentioned in 

Section 5.1.2, the rejected tRNA typically adopts an orientation nearly perpendicular to the P-

site tRNA, indicating failed codon recognition, as observed in previous SBM simulations of near-

cognate aa-tRNAs.46 This rejection pathway was most prominent for the IUG, m1GUG, and 

Cm1GU systems in the simulations performed for this thesis. Immediate rejection likely also 

occurs for multiple mismatch-containing (i.e., non-cognate) aa-tRNAs, as they have identical 

forward rates of codon recognition (𝑘% in Figure 1.2A) to cognate and near-cognate aa-tRNAs, 

but never undergo GTPase activation (𝑘' in Figure 1.2A).3, 12, 13 The simulations revealed that the 

structural features characteristic of immediate rejection can be fully captured using the 

ribosomal A-site model.  

Pathway 2: Delayed or conditional rejection 

The second pathway appears to represent cases in which the ribosome is more 

permissive, allowing ambiguous or near-cognate TCs to persist in the A-site despite subtle 

geometric incompatibilities between the codon and anticodon. In this pathway, the monitoring 

bases remain at least partially engaged, and G530 may still latch onto the minor groove, 

hypothetically enabling SSU domain closure. This could, in principle, trigger GTP hydrolysis by 

EF-Tu even if the codon-anticodon geometry is imperfect. However, minor misalignments in the 

A-site may interfere with downstream steps, such as tRNA accommodation. Indeed, previous 

simulation studies have shown that misalignment of aa-tRNA perturbs the trajectory of motion 
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of aa-tRNA along the accommodation corridor,46 in agreement with the drastically slowed 

accommodation rates for near-cognate aa-tRNA relative to cognate aa-tRNA.3, 46 While the 

simulations in this thesis do not model chemical reactions and thus do not purport to predict 

post-GTP hydrolysis outcomes, the reduced tendency for outright rejection by the lack of full aa-

tRNA dissociation for the GUGMet, IUGMet, and GUm2G systems suggests that these TCs may 

follow the second pathway.  

The MD simulations performed in this thesis provide novel structural insights into how 

select naturally-occurring mRNA modifications may cause the ribosome to utilize multiple 

strategies to reject different tRNA substrates at the A-site. However, the structural roles of 

numerous other RNA modifications remain unknown. Section 5.2 discusses how the ribosome A-

site model developed in this thesis can be used to better characterize the structural and 

functional roles of other RNA modifications 

5.2 Future directions 
 

The highly conserved three-dimensional architectures of A-site ribosomal components, 

along with the consistent conformations observed in trapped intermediate states, reflect 

evolutionary pressure to maintain a universal mechanism for decoding. This conservation 

supports the general applicability of the A-site truncation model developed in this thesis for 

studying diverse RNA modifications during initial selection. As detailed in Chapter 2, a single 

template ribosome structure was used throughout Chapters 3 and 4, with the tRNA sequence 

substituted to match tRNAVal, tRNAArg, and tRNAMet, and the A-site codon sequence and chemical 

composition modified to the GUG and CGU codons and their corresponding modified variants. 

Given the established versatility of the A-site model, it can reasonably be applied in future work 

to investigate a wide range of modification contexts. 
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Further applications of the model developed in this thesis may include exploring the 

roles of many of the mRNA modifications covered in Chapter 1 that have postulated roles during 

initial selection. For example, the Koutmou group has collected data for the position-dependent 

effects of various artificial mRNA modifications on the rate of dipeptide formation.45 This 

includes data for the locked nucleic acid modification (LNA; Figure 5.1), the unlocked 

modification (UNA; Figure 5.1), and the 2ʹ-fluoro modification (FNA; Figure 5.1) in all three 

codon positions. The collected data all show remarkable differences in position-dependent 

impacts as were observed for the inosine and methylguanosine modifications explored in this 

thesis. MD simulations would be able to clarify the observed experimental measurements in a 

similar manner. As artificial mRNAs gain recognition as powerful therapeutics, 18 these 

simulations may offer mechanistic insight into the roles of synthetic modifications during 

translation before clinical application. 

 
Figure 5.1. Representative artificial mRNA modifications with potential therapeutic use. 
Abbreviations: LNA=locked nucleic acid, UNA=unlocked nucleic acid, and FNA=2ʹ-fluorinated 
nucleic acid. 
 

Although the model used in this thesis was scientifically robust and significant work was 

undertaken to optimize simulation speeds (approximately 50-130 ns per day, see Chapter 2), the 

simulations required substantial hardware utilization per replica (2–6 V100l, P100, A100, A40, 

A4000, or A4500 GPUs along with 8–16 AMD EPYC 7413, Intel Gold 6148 Skylake, Intel 5-2650 v4 

Broadwell, or Intel Silver 4216 Cascade Lake CPUs). The use of virtual sites was excluded to 

preserve accuracy in hydrogen bonding, but the actual impact of this decision should be further 
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evaluated. If virtual sites can be incorporated without significant loss of accuracy, then 

simulation speeds could nearly double using the same resources. This would enable the 

simulations to be performed with less computational burden.  

To expand on the hypotheses proposed in Section 5.1.3 regarding the second rejection 

pathway, SBM simulation approaches could provide complementary insights into how position-

dependent modifications influence accommodation trajectories, which occur on millisecond 

timescales.12 Software like SMOG (discussed in Chapter 2) supports the inclusion of chemical 

modifications and is well suited for modeling these broader motions. 88-95   

Finally, although not implemented in this thesis, FEP methods offer valuable potential 

for quantitatively linking simulation outputs to experimental kinetics, as discussed in Chapter 

2.87, 96, 97 FEP simulations can be performed on models containing structural intermediates during 

decoding, which makes them useful for understanding how modifications alter the free energy 

landscape during codon recognition, GTPase activation, and accommodation. These simulations 

could therefore complement the aaMD A-site ribosomal model simulations to understand the 

impact of mRNA modifications on the structure-based energetics of tRNA selection.   

5.3 Final remarks 
 

Overall, this thesis provided novel mechanistic insights into the context-dependent roles 

of the inosine, m1G, and m2G mRNA modifications in ribosomal decoding. The ribosomal A-site 

model developed herein proved highly effective in rationalizing experimental kinetic data and 

offered a level of mechanistic detail not accessible through current experimental techniques. 

The simulations demonstrated how dynamics within the decoding center play a central role in 

directing aa-tRNA selection. The strength of the computational approach developed in this 

thesis suggests that a similar protocol can be applied to investigate a wide range of rRNA, tRNA, 

and mRNA modifications to uncover their roles during translation.  
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 25 

Figure A.1. (A-H) Map-model fits for various cryo-EM structures of 16S rRNA. The contour levels for the map density depichons are reported 26 
below each PDB ID code.  27 
 28 

 29 

 30 

  31 



183 
 

Table A.1. The counts for each component of each ribosomal A-site model.  

tRNA mRNA Total 
atoms Water Mg2+ K+ Cl– 

Val GUG 373,759 113,778 43 844 378 
Val IUG 373,757 113,778 43 844 378 
Val GUI 373,593 113,696 43 885 419 
Arg CGU 373,776 113,780 43 842 378 
Arg CIU 373,774 113,780 43 842 378 
Met GUG 373,815 113,777 43 845 378 
Met IUG 373,813 113,777 43 845 378 
Val m1GUG 373,762 113,778 43 844 378 
Val Cm1GU 373,779 113,780 43 842 378 
Arg GUm1G 373,762 113,778 43 844 378 
Val m2GUG 373,762 113,778 43 844 378 
Val Cm2GU 373,779 113,780 43 842 378 
Arg GUm2G 373,762  113,778  43   844 378  
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Table A.2. Simulation performance for the A-site ribosome model for a variety of hardware 
configurations.a,b  

GPU 
count GPU type MPI tasks CPU 

cores CPU type OpenMP 
threads 

Performance 
(ns/day) 

2 A100SXM4 2 4 AMD EPYC 7413 (Zen 3) 2 56.6 
2 A100SXM4 2 8 AMD EPYC 7413 (Zen 3) 4 55.0 
2 A100SXM4 2 16 AMD EPYC 7413 (Zen 3) 8 57.9 
2 A100SXM4 2 24 AMD EPYC 7413 (Zen 3) 12 56.7 
2 A100SXM4 2 32 AMD EPYC 7413 (Zen 3) 16 54.1 
3 A100SXM4 3 6 AMD EPYC 7413 (Zen 3) 2 80.8 
3 A100SXM4 3 6 AMD EPYC 7413 (Zen 3) 2 95.6 
3 A100SXM4 3 12 AMD EPYC 7413 (Zen 3) 4 67.2 
3 A100SXM4 3 24 AMD EPYC 7413 (Zen 3) 8 93.4 
3 A100SXM4 3 36 AMD EPYC 7413 (Zen 3) 12 85.2 
3 A100SXM4 3 48 AMD EPYC 7413 (Zen 3) 16 95.1 
4 A100SXM4 4 8 AMD EPYC 7413 (Zen 3) 2 114.6 
4 A100SXM4 4 16 AMD EPYC 7413 (Zen 3) 4 122.6 
4 A100SXM4 4 32 AMD EPYC 7413 (Zen 3) 8 80.6 
4 A100SXM4 4 48 AMD EPYC 7413 (Zen 3) 12 128.3 

aThe tRNAVal ribosome with a GUG codon model was used for these tests. 
bAll simulations enabled GPU offload and interconnect settings. 
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Table A.3. Monitoring angles (Φ) and conformations of the A1492–3 residues measured in 126 unique 
experimental ribosome structures along with the identity of the A-site tRNA, or “None” if not bound.a,b 

PDB ID ΦA1492 ΦA1493 A1492–3 
Conformation A-site tRNA 

7Y7G 173.7 165.4 on-on Cognate 
8IFC 163.9 159.3 on-on Cognate 
7Y7E 173.8 164.8 on-on Cognate 
8PVA 172.6 164.6 on-on Cognate 
8HU1 177.1 170.1 on-on Cognate 
8EMM 165.0 157.3 on-on Cognate 
7Y7C 174.7 166.1 on-on Cognate 
7K00 169.4 161.6 on-on Cognate 
4V6K 173.5 158.7 on-on Cognate 
8HTZ 175.6 166.4 on-on Cognate 
7Y7H 174.4 167.5 on-on Cognate 
8HSP 174.8 165.2 on-on Cognate 
5UYM 171.0 160.3 on-on Cognate 
8EIU 169.0 161.7 on-on Cognate 

8QOA 174.7 160.3 on-on Cognate 
8G6W 163.9 154.7 on-on Cognate 
7Y7D 176.3 166.7 on-on Cognate 
5UYLb 44.1 146.6 off-on Cognate 
7Y7F 174.1 165.9 on-on Cognate 
5E7K 170.7 159.0 on-on Cognate 

1XMQ 153.3 149.5 on-on Cognate 
7DUJ 169.0 157.3 on-on Cognate 
6NTA 51.0 113.2 off-on Cognate 
1XMO 156.8 148.8 on-on Cognate 
2UXC 156.8 148.0 on-on Cognate 
6O3M 48.7 115.0 off-on Cognate 
7DUL 170.9 160.3 on-on Cognate 
1IBL 155.9 149.5 on-on Cognate 
1IBM 172.6 162.1 on-on Cognate 
1IBK 147.4 135.2 on-on Cognate 

6NUO 45.7 145.8 off-on Cognate 
6GSJ 171.9 159.1 on-on Cognate 
4V8D 167.9 160.4 on-on Cognate 
4V5S 174.5 165.3 on-on Cognate 
5E7K 169.9 161.3 on-on Cognate 

6O3M 46.3 149.5 off-on Cognate 
2UXD 153.7 144.1 on-on Cognate 
5IBB 173.3 162.3 on-on Cognate 
6GSL 172.0 158.7 on-on Cognate 
6NTA 48.5 143.9 off-on Cognate 
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4V5S 172.9 163.4 on-on Cognate 
7DUI 167.7 157.9 on-on Cognate 
4V5R 172.8 164.8 on-on Cognate 
6GSL 172.7 162.2 on-on Cognate 
2UXB 151.0 139.8 on-on Cognate 
7DUK 168.7 159.5 on-on Cognate 
1XNQ 156.6 146.6 on-on Cognate 
8G7P 170.9 162.7 on-on Cognate 
6NUO 49.0 115.7 off-on Cognate 
4V5L 154.7 147.0 on-on Cognate 
5IBB 175.2 164.4 on-on Cognate 

7DUG 168.7 157.7 on-on Cognate 
7DUH 165.5 156.8 on-on Cognate 
4V8D 172.8 166.2 on-on Cognate 
6GSJ 173.9 163.7 on-on Cognate 
2UUC 157.2 149.4 on-on Cognate 
2VQF 154.4 145.8 on-on Cognate 
1XNR 155.1 144.5 on-on Cognate 
4V8N 154.1 147.4 on-on Cognate 
2VQE 156.0 145.7 on-on Cognate 
4V8N 148.8 148.2 on-on Cognate 
2UUA 157.2 148.0 on-on Cognate 
2UU9 157.1 149.6 on-on Cognate 
2UUB 156.9 148.8 on-on Cognate 
8G7Sb 111.2 160.8 on-on None 
5KCRb 346.3 293.7 off-on None 
4V5Y 156.2 130.8 on-on None 
4V5Y 144.8 120.2 on-on None 
5KCS 159.4 179.1 on-on None 
5KCS 159.4 179.1 on-on None 
1FJG 155.4 134.1 on-on None 

5MDYb 40.1 192.6 off-on None 
1HNW 50.3 36.2 off-off None 
1J5E 28.4 359.4 off-off None 
4V4S 52.5 4.8 off-off None 
4V4R 52.5 4.8 off-off None 

5MDZb 44.7 188.3 off-on None 
1HNX 49.3 35.3 off-off None 
6BUW 59.7 116.0 off-on None 
5MDW 45.2 185.9 off-on None 
4V4T 52.5 4.8 off-off None 

6BUW 46.7 97.2 off-on None 
1HNZ 48.0 26.7 off-off None 
5UYKb 38.2 126.0 off-on Near-Cognate 
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5UYP 166.5 138.5 on-on Near-Cognate 
5UYNb 45.3 130.8 off-on Near-Cognate 
4V6L 171.3 152.3 on-on Near-Cognate 
5WFS 174.2 163.4 off-on Near-Cognate 
5UYQ 172.5 158.1 on-on Near-Cognate 
5WF0 62.6 32.5 on-on Near-Cognate 
5WFK 113.8 151.1 off-off Near-Cognate 
5IB7 159.7 151.0 on-on Near-Cognate 
6BZ7 170.0 163.9 on-on Near-Cognate 
1N32 157.7 148.4 on-on Near-Cognate 
5IB7B 155.3 145.8 on-on Near-Cognate 
6OSI 57.8 118.0 on-on Near-Cognate 
6OPE 154.9 144.3 off-on Near-Cognate 
6BZ7 174.7 166.2 on-on Near-Cognate 
1N34 46.2 136.8 on-on Near-Cognate 
6NWY 124.5 113.6 off-on Near-Cognate 
5IB8 19.0 90.1 on-on Near-Cognate 
4V5Q 171.0 161.9 off-on Near-Cognate 
4V5P 174.2 166.2 on-on Near-Cognate 
4V8B 173.3 160.1 on-on Near-Cognate 
6OSI 136.2 118.1 on-on Near-Cognate 
1N33 158.5 147.3 on-on Near-Cognate 
6OJ2 154.1 142.7 on-on Near-Cognate 
6BZ8 171.0 167.2 on-on Near-Cognate 
6OJ2 153.9 145.2 on-on Near-Cognate 
6NSH 51.3 118.7 on-on Near-Cognate 
5IB8 176.0 163.5 off-on Near-Cognate 
6OPE 153.1 145.0 on-on Near-Cognate 
6NWY 65.5 120.8 on-on Near-Cognate 
6NSH 49.6 141.1 off-on Near-Cognate 
4V5PB 168.9 162.2 off-on Near-Cognate 
6GSK 174.5 161.4 on-on Near-Cognate 
6GSK 178.3 150.8 on-on Near-Cognate 
1N36 52.3 130.4 on-on Near-Cognate 
4V5Q 175.9 165.9 off-on Near-Cognate 
4V8B 170.7 160.3 on-on Near-Cognate 
6BZ8 171.4 162.7 on-on Near-Cognate 
4V8C 156.1 146.7 on-on Near-Cognate 
4V8C 156.5 148.3 on-on Near-Cognate 
8G7Q 158.4 151.9 on-on Near-Cognate 

aFor PDB IDs with multiple molecules in the asymmetric unit, both sets of A1492–3 were measured and 
tabulated separately. 
bStructures with poor A1492–3 map-model fit that were not included in the final dataset. 
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 1 

Figure B.1. Root-mean-squared deviaNon (RMSD) from the experimental structure during of MD simulaNons of the ribosomal A-site 2 
subsystem models. Backbone RMSD of the unrestrained residues of the ribosome system with respect to the starhng structure coordinates as a 3 
funchon of simulahon hme for each model containing cognate tRNAVal or tRNAArg.  4 
 5 

 6 

 7 
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 8 

Figure B.2. Backbone structural deviation of system components from the experimental structure. 9 
Backbone RMSDs for each model containing cognate tRNAVal or tRNAArg were computed over the entire 10 
quadruplicate ensemble. “System” includes the entire model with all unrestrained and restrained 11 
residues. The individual components include the tRNA, mRNA, elongation factor Tu (EF-Tu), helical 12 
domains of the 16S rRNA (h18 and h45), the 23S rRNA (H69, H89, and H91), rRNA domains such as the 13 
GTPase activating center (GAC) and Sarcin-ricin loop (SRL), and ribosomal proteins (s12, L11, and L36). 14 
 15 
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 16 
 17 
Figure B.3. Structural convergence of MD simulations of the ribosomal A-site tRNA. Backbone RMSD of the tRNA with respect to the starting 18 
coordinates as a function of simulation time for each model containing cognate tRNAVal or tRNAArg where each column indicates an independent 19 
1000 ns replica simulation. 20 
 21 
  22 
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 23 
Figure B.4. G530 latching conformaNons and occupancies during the MD simulaNons across all models (see Figure 3.6A for definiNons of “on”, 24 
“semi-on” and “off” conformaNons). Conformahon occupancies were obtained by cluster analysis applied to the heavy atoms of G530, the tRNA 25 
anhcodon (B34-36; colored in blue), and the A-site mRNA codon (B1-3; colored in teal) for the quadruplicate ensemble of the GUG, CGU, IUG, 26 
CIU and GUI systems. 27 
  28 
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 29 
 30 
Figure B.5. Monitoring of the codon-anNcodon minihelix by G530 and A1492–3 for cognate tRNA. (A) 31 
Histogram plot of the number of water molecules (𝑁1.Q) located within 5 Å of the minor groove for the 32 
first and second base-pairing posihons of the codon-anhcodon minihelix for the GUG, CGU, IUG, CIU, and 33 
GUI codons. (B) 2D Kernel density eshmate plot of the A1492–3 minor groove distances (MGDs) for GUG, 34 
CGU, IUG, CIU, and GUI codons. The MGDs are defined as the distance between center of mass (COM) of 35 
the A1492 or A1493 nucleohde from the COM of the B2:B35 or B1:B36 base pair nucleohdes, 36 
respechvely. Darker blue regions represent higher occupahon probabilihes over each simulahon 37 
ensemble and black contours show increments of ~1/15 of the eshmated probability density range. 38 
  39 
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 40 

Figure B.6. ConformaNons of cognate aa-tRNAs in the A-site during MD simulaNons of the ribosomal subsystem. (A-F) Representahve bent and 41 
straight tRNA conformahons sampled with the corresponding ensemble-averaged 𝜃 values, ⟨𝜃⟩ (standard deviahons enclosed in parentheses), 42 
and occupancies for GUG (black), CGU (gray), IUG (cyan), CIU (orange), and GUI (green) in the A-site region. A zoomed-in view of the minihelix 43 
region is shown in (E) to visualize the 5ʹ-disrupted minihelix conformahon (see Figure 3.10) that was incorrectly assigned to the straightened 44 
region. 45 
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 46 

Figure B.7. Flexibility of the cognate aa-tRNAs over MD simulaNons as measured by root-mean-squared fluctuaNons (RMSFs). Ensemble-47 
averaged per-residue RMSF line plot of each modified codon system with shaded tRNA domains (green: D-arm, yellow: anhcodon arm, and red: 48 
TΨC arm). The standard deviahons from the mean of each quadruplicate set of simulahons is indicated by light shading centered on each line.  49 
 50 

 51 
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 52 
Figure B.8. Root-mean-squared deviaNon (RMSD) from the experimental structure during of MD simulaNons of the ribosomal A-site 53 
subsystem containing cognate tRNAVal or near-cognate tRNAMet. (A) Backbone RMSD of the unrestrained residues of the ribosome system with 54 
respect to the starhng structure coordinates as a funchon of simulahon hme for each model. (B) Backbone RMSD of the tRNA with respect to the 55 
starhng coordinates as a funchon of simulahon hme. Each column indicates an independent 1000 ns replica simulahon. 56 
 57 
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 58 
 59 
 60 
 61 

62 
Figure B.9. Time series plots for the monitoring angles of A1492 (blue) and A1493 (red) over the 63 
simulaNons of the GUG and IUG codon ribosome subsystem model containing cognate tRNAVal or near-64 
cognate tRNAMet. The independent replica simulahons are separated by black lines in the order of replica 65 
1-4. 66 
 67 
 68 
 69 
 70 
 71 
 72 

 73 

 74 
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 75 

Figure B.10. 2D Kernel density esNmate plot of the A1492–3 minor groove distances (MGDs) for 76 
ribosome subsystems containing cognate tRNAVal or near-cognate tRNAMet. The MGDs are defined as 77 
the distance between center of mass (COM) of the A1492 or A1493 nucleohde from the COM of the 78 
B2:B35 or B1:B36 base pair nucleohdes, respechvely. Darker blue regions represent higher occupahon 79 
probabilihes over each simulahon ensemble and black contours show increments of	~1/15 of the 80 
eshmated probability density range. 81 
 82 

 83 

 84 

 85 

 86 
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 87 

Figure B.11. G530 latching conformaNons in the presence of near-cognate tRNAs. Conformahon 88 
occupancies were obtained by cluster analysis applied to the heavy atoms of G530, the tRNA anhcodon 89 
(B34–36; colored in blue), and the A-site mRNA codon (B1–3; colored in teal) for the quadruplicate 90 
ensemble of the GUGMet and IUGMet systems 91 
 92 
 93 
 94 
 95 
 96 
 97 
 98 
 99 
 100 
 101 
 102 
 103 
 104 
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 105 
 106 

 107 
Figure B.12. Solvent shielding of the codon-anticodon minihelix by G530 and A1492–3 for near-cognate 108 
tRNA. Histogram plot of the number of water molecules (𝑁1.Q) located within 5 Å of the minor groove 109 
for the first and second base-pairing positions of the codon-anticodon minihelix for the GUG, IUG, GUGMet, 110 
and IUGMet codons. 111 
 112 
 113 
 114 
 115 
 116 
  117 
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 118 
Figure B.13. Alignment and conformations of near-cognate tRNAs in the A-site. (A) Distribution of 𝜃 over 119 
the quadruplicate ensembles for each system. (B) Representative A/T tRNA conformations sampled during 120 
GUGMet and IUGMet simulations. (C) Overlay of the A/T-I and A/T-II states, where the A/T-I state is 121 
transparent. The corresponding ensemble-averaged 𝜃 values, ⟨𝜃⟩, and occupancies for GUGMet (red) and 122 
IUGMet (pink) are next to each representative structure. (Occ. = Percent occupancy for the conformations). 123 
 124 
 125 
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 126 
Figure B.14. Comparison between the per-residue root-mean-squared fluctuations (RMSFs) of cognate and near-cognate tRNA systems with 127 
GUG and IUG codons over MD simulations. Ensemble-averaged per-residue RMSF line plot of each modified codon system with shaded tRNA 128 
domains (green: D-arm, yellow: anticodon arm, and red: TΨC arm). The standard deviations from the mean of each quadruplicate set of simulations 129 
is indicated by light shading centered on each line.  130 
 131 
 132 
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Table B.1. Summary of mean RMSD and standard deviations for the backbone atoms of the flexible 133 
region of the ribosome subsystem model with respect to the experimental structure for each replica of 134 
1000 ns MD simulations. 135 

Model Replica Mean RMSD (Å) Standard Deviation (Å) 

GUG 

1 5.07 0.5 
2 4.20 0.4 
3 4.87 0.7 
4 3.88 0.3 

CGU 

1 4.00 0.7 
2 4.19 0.4 
3 3.73 0.3 
4 3.82 0.3 

IUG 

1 3.89 0.3 
2 4.32 0.3 
3 6.21 0.7 
4 5.04 0.9 

CIU 

1 4.66 0.6 
2 4.56 0.6 
3 3.84 0.3 
4 3.81 0.5 

GUI 

1 4.03 0.4 
2 6.50 0.8 
3 4.04 0.2 
4 3.73 0.5 

GUGMet 

1 3.60 0.3 
2 3.87 0.3 
3 4.47 0.4 
4 4.58 0.8 

IUGMet 

1 4.10 0.3 
2 4.27 0.6 
3 3.56 0.4 
4 4.22 0.4 

 136 

 137 
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Table B.2. Summary of mean RMSD and standard deviations for the backbone atoms of the tRNA in the 138 
ribosome subsystem model with respect to experimental structure for each replica of 1000 ns MD 139 
simulations. 140 

Model Replica Mean RMSD (Å) Standard Deviation (Å) 

GUG 
1 3.94 0.4 
2 3.59 0.4 
3 3.42 0.3 
4 3.14 0.3 

CGU 
1 3.21 0.4 
2 3.02 0.3 
3 2.69 0.2 
4 3.26 0.3 

IUG 
1 3.25 0.5 
2 3.68 0.4 
3 3.96 0.5 
4 3.97 0.9 

CIU 
1 3.30 0.4 
2 2.54 0.2 
3 2.73 0.2 
4 3.02 0.6 

GUI 
1 3.59 0.4 
2 3.58 0.6 
3 3.14 0.4 
4 3.14 0.3 

GUGMet 

1 4.40 0.4 
2 3.72 0.3 
3 4.32 0.7 
4 4.61 0.8 

IUGMet 

1 3.27 0.2 
2 4.62 0.4 
3 3.91 0.5 
4 2.88 0.3 

 141 

 142 

 143 

 144 

 145 
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Table B.3. Average distance, angle and percent occupancy of hydrogen bonding interactions between 146 
the B1:B36, B2:B35 and B3:B34 base pairs for each model.a  147 

Model Base pair Interaction Occupancy (%) Avg. Distance (Å) Avg. Angle (°) 

GUG 

G1···C36 N3···H1-N1 98.93 2.97 162.8 
G1···C36 O2···H22-N2 51.74 2.87 162.2 
G1···C36 O2···H21-N2 46.74 2.87 162.3 
G1···C36 O2···H1-N1 22.56 3.26 134.1 
G1···C36 O6···H41-N4 74.82 2.91 162.5 
G1···C36 O6···H42-N4 23.36 2.90 161.3 
U2···A35 N1···H3-N3 98.03 2.97 162.7 
U2···A35 O4···H61-N6 45.68 2.99 158.7 
U2···A35 O4···H62-N6 44.03 2.99 158.8 

G3···OAU34 O4···H21-N2 24.18 2.94 153.1 
G3···OAU34 O4···H22-N2 23.18 2.93 153.2 
G3···OAU34 O4···H1-N1 19.66 2.93 153.3 
G3···OAU34 O32···H1-N1 9.18 2.95 148.9 
G3···OAU34 O30···H22-N2 9.16 2.98 138.1 
G3···OAU34 O31···H22-N2 9.09 2.96 155.2 
G3···OAU34 O31···H21-N2 9 2.95 155.8 
G3···OAU34 O32···H22-N2 8.71 2.95 154.9 
G3···OAU34 O32···H21-N2 8.66 2.95 155.1 
G3···OAU34 O30···H21-N2 8.47 2.98 138.1 
G3···OAU34 O31···H1-N1 7.97 2.95 149.1 
G3···OAU34 O32···HO2'-O2' 7.75 2.80 159.9 
G3···OAU34 O31···HO2'-O2' 5.45 2.81 159.2 

CGU 

C1···G36 O6···H42-N4 51.62 2.91 157.2 
C1···G36 O6···H41-N4 42.64 2.92 155.7 
C1···G36 N3···H1-N1 99.65 2.98 164.3 
C1···G36 O2···H21-N2 51.84 2.90 159.5 
C1···G36 O2···H22-N2 47.48 2.88 160.6 
C1···G36 O2···H1-N1 12.45 3.28 134.3 
C1···G36 N3···H21-N2 6.81 3.29 136.4 
C1···G36 N4···H1-N1 6.69 3.31 136.1 
C1···G36 N3···H22-N2 5.48 3.30 135.7 
G2···C35 N3···H1-N1 78.79 2.99 161.9 
G2···C35 O2···H1-N1 52.99 3.09 143.8 
G2···C35 O2···H21-N2 43.74 2.88 159.5 
G2···C35 O2···H22-N2 41.28 2.88 158.8 
G2···C35 O6···H41-N4 37.73 2.94 156.5 
G2···C35 O6···H42-N4 33.39 2.89 159.3 

U3···INO34 O6···H3-N3 86.28 2.90 155.8 
U3···INO34 O2···H1-N1 84.73 2.97 156.8 
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Table B.3. Continued. 149 

IUG 

INO1···C36 N3···H1-N1 74.62 3.00 159.2 
INO1···C36 O2···H1-N1 41.7 3.20 134.7 
INO1···C36 O6···H41-N4 57.08 2.94 161.6 
INO1···C36 O6···H42-N4 17.36 2.96 161.5 
U2···A35 N1···H3-N3 82.44 2.96 161.4 
U2···A35 O4···H61-N6 38.26 2.95 158.0 
U2···A35 O4···H62-N6 37.8 2.95 158.0 

G3···OAU34 O4···H1-N1 27.27 2.92 153.5 
G3···OAU34 O4···H21-N2 11.52 2.94 148.5 
G3···OAU34 O4···H22-N2 11.27 2.93 148.9 
G3···OAU34 O31···H1-N1 6.33 2.95 150.2 
G3···OAU34 O32···H1-N1 6.25 2.95 150.7 
G3···OAU34 N2···H3-N3 13.76 3.05 159.7 
G3···OAU34 O6···H3-N3 5.66 2.87 159.3 

CIU 

C1···G36 O6···H42-N4 48.12 2.91 156.7 
C1···G36 O6···H41-N4 38.16 2.92 155.5 
C1···G36 N3···H1-N1 91.63 2.99 164.7 
C1···G36 O2···H22-N2 54.04 2.89 160.0 
C1···G36 O2···H21-N2 37.36 2.90 159.5 
C1···G36 O2···H1-N1 10.04 3.29 134.8 
C1···G36 N4···H1-N1 5.36 3.30 136.2 
C1···G36 N3···H22-N2 5.05 3.31 136.0 

INO2···C35 N3···H1-N1 97.31 2.99 160.0 
INO2···C35 O2···H1-N1 73.67 3.15 136.5 
INO2···C35 O6···H41-N4 61.66 2.94 158.4 
INO2···C35 O6···H42-N4 30.61 2.93 159.1 
U3···INO34 O6···H3-N3 89.7 2.91 155.4 
U3···INO34 O2···H1-N1 82.68 2.95 155.0 

GUI 

G1···C36 N3···H1-N1 99.85 2.98 162.3 
G1···C36 O2···H22-N2 58.23 2.88 163.6 
G1···C36 O2···H21-N2 41.44 2.87 163.6 
G1···C36 O2···H1-N1 28.76 3.27 135.1 
G1···C36 O6···H41-N4 68.83 2.90 162.9 
G1···C36 O6···H42-N4 30.48 2.88 163.5 
U2···A35 N1···H3-N3 97.14 2.98 162.5 
U2···A35 O4···H61-N6 46.31 2.92 155.7 
U2···A35 O4···H62-N6 45.21 2.92 155.8 

INO3···OAU34 O2···H1-N1 57.85 2.99 156.0 
INO3···OAU34 O2'···H1-N1 37.82 2.98 153.9 
INO3···OAU34 O6···H3-N3 53.75 2.93 156.4 
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Table B.3. Continued. 151 

GUGMet 

G1···U36 O2···H1-N1 66.17 2.94 154.0 
G1···U36 O6···H3-N3 76.51 2.91 157.4 
U2···A35 N1···H3-N3 78.70 2.985 158.4 
U2···A35 O4···H61-N6 34.24 2.976 158.2 
U2···A35 O4···H62-N6 33.16 2.976 158.4 

G3···4AC34 O2···H1-N1 7.12 2.970 154.3 
G3···4AC34 O30···H21-N2 6.21 2.962 157.4 
G3···4AC34 O30···H22-N2 5.69 2.963 157.8 
G3···4AC34 O30···HO2'-O2' 5.55 2.863 151.7 
G3···4AC34 O30···HO3'-O3' 5.49 2.904 148.5 
G3···4AC34 O2'···1H4-N4 12.56 3.042 153.5 
G3···4AC34 HO2'···1H4-N4 7.85 3.180 144.8 

IUGMet 

INO1···U36 O2···H1-N1 78.36 2.995 161.0 
INO1···U36 O4···H1-N1 6.40 2.861 150.7 
INO1···U36 O6···H3-N3 83.49 2.871 158.8 
U2···A35 N1···H3-N3 81.06 2.982 160.3 
U2···A35 O4···H61-N6 42.51 2.920 159.0 
U2···A35 O4···H62-N6 42.07 2.920 159.2 

G3···4AC34 O2'···H1-N1 35.62 2.997 153.1 
G3···4AC34 N3···H1-N1 12.59 3.088 156.2 
G3···4AC34 O2···H22-N2 9.04 3.030 151.5 
G3···4AC34 O2···H21-N2 8.16 3.030 152.5 
G3···4AC34 O2···H1-N1 7.03 3.174 135.8 
G3···4AC34 O2'···H22-N2 6.64 3.103 142.8 
G3···4AC34 O2'···H21-N2 6.46 3.101 143.0 
G3···4AC34 O6···1H4-N4 17.94 2.891 154.9 

aAcronyms, OAU = uridine-5-oxyacetic acid (cmo5U), INO = inosine, 4AC = N4-acetylcytidine. 152 
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Table B.4. Average RMSF values for domains of the tRNA in the ribosome subsystem models over the 161 
quadruplicate ensembles.a 162 

Model Domain Mean RMSF (Å) S.D.b (Å) 
GUG ASL 1.73 0.3 
GUG D-arm 2.11 0.7 
GUG TΨC-arm 1.34 0.3 
GUG V-loop 1.76 0.6 
GUG ACS 1.46 0.2 
CGU ASL 1.71 0.3 
CGU D-arm 1.75 0.6 
CGU TΨC-arm 1.17 0.2 
CGU V-loop 1.89 1.1 
CGU ACS 1.24 0.2 
IUG ASL 2.04 0.5 
IUG D-arm 1.93 0.5 
IUG TΨC-arm 1.21 0.2 
IUG V-loop 1.77 0.8 
IUG ACS 1.63 0.3 
CIU ASL 1.75 0.4 
CIU D-arm 1.61 0.5 
CIU TΨC-arm 1.12 0.2 
CIU V-loop 1.93 1.1 
CIU ACS 1.26 0.2 
GUI ASL 1.52 0.2 
GUI D-arm 1.53 0.5 
GUI TΨC-arm 1.08 0.2 
GUI V-loop 1.50 0.6 
GUI ACS 1.29 0.3 

GUGMet ASL 1.93 0.4 
GUGMet D-arm 1.72 0.6 
GUGMet TΨC-arm 1.30 0.2 
GUGMet V-loop 1.78 0.6 
GUGMet ACS 1.63 0.3 
IUGMet ASL 1.88 0.4 
IUGMet D-arm 1.73 0.6 
IUGMet TΨC-arm 1.37 0.3 
IUGMet V-loop 1.97 0.6 
IUGMet ACS 1.77 0.4 

aASL domain (anticodon stem loop, residues 27–43), D-arm (residues 10–25), TΨC-arm (residues 51–65), 163 
V-loop (variable loop, residues 44–50) and ACS (acceptor stem; residues 1–8 and 66–72) 164 
bStandard deviation of the mean RMSF 165 
 166 
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APPENDIX III: SUPPLEMENTARY INFORMATION FOR CHAPTER 4 
Figures C.1–9 and Tables C.1–6 
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 193 

Figure C.1. Backbone RMSD of the (A) flexible region and (B) tRNA over the MD simulations of m1G-containing codon systems with respect to 194 
the experimental starting structure. (C) Overlay of the last frame structure (opaque) of the tRNA, mRNA, and EF-Tu for m1GUG replica 2 at 500 ns 195 
(transparent). Each column represents an independent replica trajectory. 196 
  197 
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 198 
Figure C.2. Backbone RMSD of the (A) flexible region and (B) tRNA over the MD simulations of m2G-containing codon systems with respect to 199 
the experimental starting structure. Each column represents an independent replica trajectory 200 
 201 
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 202 

Figure C.3. Backbone RMSD distributions of the tRNA for MD simulations of models containing m1G 203 
(A) and m2G (B) codon modifications.  204 
 205 

 206 

 207 

 208 

 209 
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 211 

 212 
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 215 

 216 

Figure C.5. The 2D Free Energy Landscapes (FEL) of monitoring angles (Φ; see Figure 3.3 its definition) 217 
in the m2GUG system. 218 
FELs for quadruplicate ensemble MD simulations of each codon system. The color bar at the bottom 219 
indicates the free energy scale used in the FELs (refer to Chapter 2 for full details about the generation 220 
of the FEL plots). 221 
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 222 

Figure C.6. Minor conformations of G530 sampled during the m1G and m2G modification containing 223 
mRNA codon systems. Conformation occupancies were obtained by cluster analysis applied to the heavy 224 
atoms of G530, the tRNA anticodon (B34-36; colored in blue), and the A-site mRNA codon (B1-3; colored 225 
in teal) for the quadruplicate ensemble of the m1G and m2G-modified systems 226 
 227 

 228 
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 238 

 239 

 240 

 241 

Figure C.7. Hydrogen-bonding interactions between the B2:B35 base pair in CGU and Cm2GU systems. 242 
(A-B) Standard GC pair hydrogen bond occupancies for CGU and Cm2GU systems. (C-D) Non-standard 243 
hydrogen-bonding orientations. The unrotated view (left) depicts the hydrogen-bonding interactions 244 
without considering the coplanarity between nucleobases while the 90° rotated view (right) shows the 245 
difference in coplanarity between nucleobases for B2:B35 in CGU and Cm2GU. 246 
 247 

 248 

 249 

 250 
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 251 

Figure C.8. Internal conformations of the A-site tRNA with m1G- and m2G-modified codons. Normalized 252 
2D Kernel Density Estimate (KDE) plot of ASL–elbow distance and Δ!"#. Darker blue regions represent 253 
higher occupation probabilities over simulation ensembles. Black contours show increments of ~1/15 of 254 
the estimated probability density range.  255 
 256 
 257 
 258 
 259 
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Figure C.9. Flexibility of tRNA domains for GUG and GUm2G codon systems. (A) Ensemble-
averaged per-residue RMSF line plot of each modified codon system with shaded tRNA domains 
(green: D-arm, yellow: anticodon arm, and red: TΨC arm). (B) Blue-white-red spectrum coloring 
of RMSF value for each of the tRNA domains compared between GUG (top) and GUm2G (bottom). 
 

 

 

 

 

 

 



 

218 
 

Table C.1. Summary of mean RMSD and standard deviations for the backbone atoms of the 
flexible region of the ribosome subsystem model with respect to the experimental structure for 
each replica of 1000 ns MD simulations. 

Model Replica Mean 
RMSD (Å) 

Standard Deviation 
(Å) 

m1GUG 

1 4.10 0.3 
2 5.45 0.7 
3 4.49 0.7 
4 4.29 0.3 

Cm1GU 

1 4.27 0.5 
2 4.10 0.4 
3 3.87 0.3 
4 4.32 0.6 

GUm1G 

1 4.36 0.5 
2 4.05 0.5 
3 4.38 0.3 
4 5.56 0.6 

m2GUG 

1 3.88 0.6 
2 3.95 0.2 
3 7.73 1.4 
4 4.99 0.4 

Cm2Gu 

1 4.11 0.4 
2 4.74 0.7 
3 3.89 0.5 
4 5.20 0.8 

GUm2G 

1 7.56 0.7 
2 6.20 0.8 
3 4.15 0.3 
4 4.76 0.4 
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Table C.2. Summary of mean RMSD and standard deviations for the backbone atoms of the 
tRNA in the ribosome subsystem model with respect to experimental structure for each replica 
of 1000 ns MD simulations. 

Model Replica Mean 
RMSD (Å) 

Standard Deviation 
(Å) 

m1GUG 

1 4.35 0.5 
2 4.55 0.5 
3 3.30 0.3 
4 3.86 0.8 

Cm1GU 

1 2.86 0.4 
2 3.01 0.4 
3 2.86 0.3 
4 3.94 1.1 

GUm1G 

1 3.20 0.5 
2 2.97 0.3 
3 2.85 0.2 
4 2.96 0.3 

m2GUG 

1 3.41 0.4 
2 3.42 0.4 
3 3.88 0.5 
4 2.78 0.3 

Cm2Gu 

1 2.98 0.3 
2 3.14 0.4 
3 3.61 0.8 
4 3.14 0.4 

GUm2G 

1 4.60 0.6 
2 2.99 0.4 
3 2.75 0.2 
4 3.10 0.2 
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Table C.3. Circular correlation coefficients (𝑟D) computed between A1492–3 angle sets for each 
model.  

Model Replica 𝑟D  

GUG 

1 0.94 
2 0.63 
3 0.47 
4 0.66 

CGU 

1 0.94 
2 0.97 
3 0.59 
4 0.86 

m1GUG 

1 0.97 
2 0.93 
3 0.88 
4 0.85 

Cm1GU 

1 0.77 
2 0.94 
3 0.89 
4 0.94 

GUm1G 

1 0.85 
2 0.86 
3 0.89 
4 0.97 

m2GUG 

1 0.20 
2 0.80 
3 0.90 
4 0.86 

Cm2GU 

1 0.84 
2 0.33 
3 0.72 
4 0.87 

GUm2G 

1 0.95 
2 0.78 
3 0.83 
4 0.52 
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Table C.4. Average and standard deviation of the number of water molecules (𝑁1.Q) contained 
within a 5 Å distance from the minor groove of each base-pairing position in the codon-
anticodon minihelix. 

 Base pair 

 1 2 3 

Model 𝑁1.Q S.D. 𝑁1.Q S.D. 𝑁1.Q S.D. 

GUG 8 2 8 2 19 4 
CGU 4 2 5 3 9 3 

m1GUG 10 6 8 5 21 8 
Cm1GU 10 7 9 4 15 4 
GUm1G 6 2 6 2 19 4 
m2GUG 9 3 6 3 18 6 
Cm2GU 5 2 6 3 13 3 
GUm2G 9 7 4 5 17 5 
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Table C.5. Average distance, angle and percent occupancy of hydrogen bonding interactions 
between the B1:B36, B2:B35 and B3:B34 base pairs for each ribosome A-site model with m1G or 
m2G modifications.a  

 

Model Base pair Interaction Occupancy (%) Avg. Dist. (Å) Avg. Angle (°) 

m1GUG 

U2···A35 N1···H3-N3 25.69 3.04 157.8 
U2···A35 O4···H61-N6 16.20 2.99 154.1 
U2···A35 O4···H62-N6 16.20 2.99 154.2 

G3···OAU34 O2'···H1-N1 20.36 2.96 139.6 
G3···OAU34 O1P···H1-N1 10.36 2.89 158.6 
G3···OAU34 O2···H1-N1 9.45 3.12 149.9 
G3···OAU34 O30···H1-N1 6.23 3.03 157.8 
G3···OAU34 O4···H1-N1 5.52 2.91 151.6 
G3···OAU34 O6···H3-N3 5.91 2.90 159.3 

Cm1GU 

C1···G36 O6···H41-N4 38.70 2.95 157.4 
C1···G36 O6···H42-N4 20.19 2.93 155.2 
C1···G36 N3···H1-N1 69.64 2.99 159.2 
C1···G36 O2···H21-N2 38.52 2.86 159.4 
C1···G36 O2···H22-N2 31.50 2.87 159.6 
C1···G36 O2···H1-N1 29.42 3.14 140.8 

m1G2···C35 O2'···2H2-N2 13.34 2.92 155.9 
m1G2···C35 O2'···1H2-N2 12.91 2.99 155.8 
m1G2···C35 N3···2H2-N2 6.34 3.09 150.5 
m1G2···C35 N3···1H2-N2 6.32 3.10 150.9 
m1G2···C35 O2···1H2-N2 6.26 3.01 139.3 
m1G2···C35 O2···2H2-N2 5.30 3.01 139.2 
U3···INO34 O6···H3-N3 9.37 2.97 149.0 
U3···INO34 O2···H1-N1 8.76 3.01 154.7 

GUm1G 

G1···C36 N3···H1-N1 98.18 2.93 159.3 
G1···C36 O2···H22-N2 50.29 2.23 162.1 
G1···C36 O2···H21-N2 49.15 2.25 162.2 
G1···C36 O2···H1-N1 30.00 3.23 134.5 
G1···C36 O6···H41-N4 51.12 2.94 160.4 
G1···C36 O6···H42-N4 42.54 2.93 161.5 
U2···A35 N1···H3-N3 93.81 2.97 161.6 
U2···A35 O4···H62-N6 45.81 2.97 159.0 
U2···A35 O4···H61-N6 45.71 2.97 158.8 

m1G3···OAU34 O32···HO'2-O2' 13.26 2.31 156.4 
m1G3···OAU34 O4···H12-N2 12.39 2.96 151.2 
m1G3···OAU34 O4···H22-N2 12.10 2.96 151.2 
m1G3···OAU34 O30···H12-N2 10.11 3.07 143.5 
m1G3···OAU34 O31···HO'2-O2' 9.97 2.89 153.9 
m1G3···OAU34 O30···H22-N2 9.81 3.07 143.4 
m1G3···OAU34 O31···H12-N2 8.30 3.03 152.7 
m1G3···OAU34 O31···H22-N2 7.81 3.02 152.7 
m1G3···OAU34 O32···HO3'-O3' 6.59 2.82 151.9 
m1G3···OAU34 O32···H12-N2 6.26 3.03 153.3 
m1G3···OAU34 O32···H22-N2 6.16 3.02 153.5 
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Table C.5. Conhnued 

aAcronyms, OAU = uridine-5-oxyacetic acid (cmo5U), INO = inosine, mxG = Nx-methylguanosine (x=1 or 2). 

m2GUG 

m2G1···C36 N3···H1-N1 98.11 3.01 162.0 
m2G1···C36 O2···1H2-N2 97.25 2.88 160.9 
m2G1···C36 O2···H1-N1 22.32 3.26 134.6 
m2G1···C36 O6···H42-N4 67.77 2.91 162.1 
m2G1···C36 O6···H41-N4 29.20 2.92 161.1 

U2···A35 N1···H3-N3 96.95 2.96 161.8 
U2···A35 O4···H61-N6 45.70 2.95 157.2 
U2···A35 O4···H62-N6 44.66 2.96 157.4 

G3···OAU34 O4···H1-N1 28.42 2.90 153.9 
G3···OAU34 O4···H22-N2 7.91 2.95 151.4 
G3···OAU34 O4···H21-N2 7.30 2.94 151.3 
G3···OAU34 O31···H1-N1 5.41 2.95 149.0 
G3···OAU34 O32···H1-N1 5.22 2.95 148.8 
G3···OAU34 N2···H3-N3 23.70 3.05 158.0 

Cm2GU 

C1···G36 O6···H41-N4 51.02 2.93 155.2 
C1···G36 O6···H42-N4 39.12 2.91 155.2 
C1···G36 N3···H1-N1 99.24 2.98 162.9 
C1···G36 O2···H22-N2 56.51 2.88 159.2 
C1···G36 O2···H21-N2 42.82 2.89 160.1 
C1···G36 O2···H1-N1 17.19 3.25 13.1 
C1···G36 N4···H1-N1 6.82 3.30 134.8 
C1···G36 N3···H22-N2 5.94 3.29 136.0 
C1···G36 N3···H21-N2 5.65 3.30 136.3 

m2G2···C35 O2···1H2-N2 66.24 2.91 161.0 
m2G2···C35 N3···H1-N1 66.12 3.00 162.0 
m2G2···C35 O2···H1-N1 43.43 3.12 149.2 
m2G2···C35 O6···H41-N4 43.31 2.90 160.4 
m2G2···C35 O6···H42-N4 21.60 2.88 160.3 
U3···INO34 O6···H3-N3 66.05 2.90 157.0 
U3···INO34 O2···H1-N1 63.55 2.94 159.0 

GUm2G 

G1···C36 N3···H1-N1 72.74 3.00 161.4 
G1···C36 O2···H21-N2 39.29 2.89 159.4 
G1···C36 O2···H1-N1 34.55 3.20 137.0 
G1···C36 O2···H22-N2 3.10 2.89 160.2 
G1···C36 O6···H41-N4 42.17 2.94 160.4 
G1···C36 O6···H42-N4 16.41 2.91 161.3 
U2···A35 N1···H3-N3 79.56 2.94 161.8 
U2···A35 N6···H3-N3 5.57 3.30 13.3 
U2···A35 O4···H62-N6 3.09 2.95 157.0 
U2···A35 O4···H61-N6 32.63 2.95 156.7 

m2G3···OAU34 O4···H1-N1 15.61 2.94 150.5 
m2G3···OAU34 O2'···H1-N1 9.62 3.00 152.1 
m2G3···OAU34 O2···H1-N1 8.44 3.02 157.1 
m2G3···OAU34 O4···H12-N2 6.88 2.97 148.6 
m2G3···OAU34 O6···H3-N3 9.32 2.94 158.2 
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Table C.6. Average RMSF values for domains of the tRNA in the ribosome subsystem models 
over the quadruplicate ensembles.a 

Model Domain Mean RMSF (Å) S.D.b (Å) 

m1GUG 

ASL 2.00 0.5 
D-arm 1.86 0.5 

TΨC-arm 1.28 0.2 
V-loop 1.94 0.9 

ACS 1.57 0.3 

Cm1GU 

ASL 2.29 0.5 
D-arm 1.77 0.6 

TΨC-arm 1.22 0.3 
V-loop 1.71 1.0 

ACS 1.19 0.2 

GUm1G 

ASL 1.66 0.4 
D-arm 1.56 0.5 

TΨC-arm 1.17 0.2 
V-loop 1.66 0.7 

ACS 1.40 0.3 

m2GUG 

ASL 1.85 0.5 
D-arm 1.74 0.5 

TΨC-arm 1.12 0.2 
V-loop 1.42 0.4 

ACS 1.28 0.3 

Cm2GU 

ASL 1.89 0.3 
D-arm 1.67 0.5 

TΨC-arm 1.15 0.2 
V-loop 2.00 1.2 

ACS 1.36 0.2 

GUm2G 

ASL 1.64 0.5 
D-arm 1.68 0.5 

TΨC-arm 1.44 0.3 
V-loop 1.48 0.5 

ACS 1.49 0.4 
aASL domain (anticodon stem loop, residues 27–43), D-arm (residues 10–25), TΨC-arm (residues 
51–65), V-loop (variable loop, residues 44–50) and ACS (acceptor stem; residues 1–8 and 66–72) 
bStandard deviation of the mean RMSF 
 

 

 
 
 


