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     This research investigates the many roles and applications of ribonucleic acids 

(RNAs). Nobel Prize recognized discoveries and recent advances in biomedicine 

underscores RNA’s emerging significance as a key molecule for pharmaceutical 

innovation and vaccine development. This thesis focuses on the structural dynamics 

of RNA molecules ultimately relevant to major global health concerns of antibiotic 

resistance and Human Immunodeficiency Virus (HIV) infection. In addressing 

antibiotic resistance, the conformational flexibility of prokaryotic rRNA sequence 

targeted by antimicrobials and those derived from an off-target eukaryotic rRNA 

sequence was characterized using Nuclear Magnetic Resonance (NMR) spectroscopy. 

NMR can characterize both local and global RNA dynamics across multiple 

timescales. These results may contribute to improving the efficacy of RNA-targeted 

antimicrobials. Similarly, the conformational flexibility of an RNA sequence specific 

to HIV type 2 was examined using NMR spectroscopy to gain deeper insight into its 



  

dynamic properties. Characterizing the structural dynamics of these HIV type 2 RNA 

may inform strategies to enhance the efficacy of RNA-targeting therapeutics and 

expand the existing body of knowledge regarding their cellular function. Such 

insights could ultimately facilitate the development of drugs designed to recognize 

and bind biologically relevant HIV type 2 RNA conformations. Finally, this work 

integrates an educational component that details pedagogical strategies for teaching 

advanced RNA-related topics, namely solution nuclear magnetic resonance (NMR) 

spectroscopy dynamics experiments and NMR relaxation data analysis to 

undergraduate students. 
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Chapter 1 

1.0 Focus of the chapter 

     I have focused on the binding site within the Aminoacyl- site (A-site) in rRNA and the uracil bases 

within the TAR-2 sequences of HIV-2 RNA. Both of which are RNA sequences of interest for drug 

development of antivirals and antimicrobials. In this chapter, I outline the urgency of antibiotic resistance 

and discuss how specific antimicrobials target the A-site and cause the production of aberrant proteins, 

the need to develop new drugs that specifically target HIV-2, and dynamics previously studied on the 

TAR-2 sequence.  

 

1.1 Antibiotic resistance: a void in drug development and its state of urgency 

      The golden age of antibiotic development (1930-1980’s) was a magnificent time filled with countless 

discoveries of new antimicrobials suitable to tackle all manner of bacteria1-2. Despite the exciting 

breakthroughs which promised resolution to countless illnesses, the impending potential for antibiotic 

resistance always lay ominously on the horizon. Antibiotic resistance may be defined as bacteria which 

are no longer susceptible to medicinal approaches of eradication 3. Antimicrobial resistance is associated 

with over a million deaths globally in the year 2022 alone 5. The recent Global Burden of Disease (GBD) 

findings highlight that, despite noble attempts, the world has yet to curb antibiotic resistance 5. The World 

Health Organization (WHO), in agreement with these reports, has declared antibiotic resistance to be a 

major public health threat 6. Additionally, the Global antimicrobial resistance and use surveillance system 

(GLASS) report, notes that the ramifications of antibiotic resistance may accrue healthcare costs of a 

trillion USD by the year 2050 6.  

       There are over ten classes of antimicrobials; yet all classes have been documented to suffer from 

antibiotic resistance 13. WHO has emphasized the urgency to address antibiotic resistance, and there are 

many means by which this can be accomplished. One approach to solving the public threat of antibiotic 

resistance is through the improvement of efficacy in currently existing drug classes 14-17.  
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      While both Gram-negative and Gram-positive bacteria can become resistant to antimicrobials, data 

has shown that Gram-negative bacteria tend to become resistant more often than Gram-positive 18. This 

may be due to some structural differences between the two 18. With this being noted there is a need to 

prioritize Gram-negative bacteria when developing approaches to solving the problem of antimicrobial 

resistance.  One type of Gram-negative bacteria that is resistant to multiple antibiotics. is Escherichia. 

coli (E. coli).  

 

1.2 Antimicrobials capitalize on the biological process of protein synthesis 

              While most antibiotic classes target proteins, RNA can also adopt elaborate structures, making 

RNA suitable for drug targeting 19. Antimicrobials can bind at a ribosomal site in either the Aminoacyl site 

(A-site) of the 16S rRNA within the 30S small subunit, or the Peptidyl site (P-site) or the Exit (E-site).   

Some of the Antimicrobials that currently bind to the rRNA of bacteria include Chloramphenicol, 

Puromycin, Lincomycin and Clindamycin, Tetracycline, and Paromomycin 20 (Figure 1.1). Paromomycin 

binds to the A-site of the rRNA in the place of the incoming amino-acylated tRNA (Figure 1.2) 21. This 

binding may lead to the eventual production of aberrant proteins 22-24. Aberrant proteins have the potential 

to kill cells 24. 



 

 

3 

 

 

Figure 1.1 Protein data bank (PDB) structure 1J7T shows the contacts made between the 

aminoglycoside, Paromomycin (Magenta) and the rRNA fragment (cyan). We draw attention to the 

contacts made by water-bridged hydrogen bonds between the prokaryotic A-site’s adenine 1942 (yellow) 

and 1493 (yellow). The red and white structures represent the water molecules which bridge hydrogen 

bond contacts (some hydrogen bonds may be obscured due to the angle of image).   
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Figure 1.2 The typical process of translation at the ribosome would be halted at step 1 in the event a drug 

were to bind to the adenines 1492 and 1493 127 

 

 

      The typical means by which cells make proteins, for the sustainment of life, is through non-membrane 

bound organelles called ribosomes (Figure 1.3) 25. Ribosomes can be found in the cytoplasm of 

prokaryote and eukaryote cells and exist in the mitochondria of eukaryotes. The steps by which the 

ribosomes synthesize proteins remain fundamentally the same regardless of where the ribosome is in the 

cell. The ribosome structurally consists of two main subunits: The large subunit and the small subunit. 

These subunits are made of ribosomal RNA and ribosomal proteins.  Within either of these subunits 

exists the Aminoacyl site (A-site), the Peptidyl site (P-site) and Exit site (E-site). These three sites serve 

as the assembly line by which proteins are manufactured; and were first discovered by Warner & Rich in 

1964 26. The manufacturing process begins at the A-site and can be divided into three main stages 

consisting of initiation, elongation and termination. 
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Figure 1.3 (a)  Prokaryotic ribosome and (b) Eukaryotic ribosome and their rRNAs53 

       The initiation of translation starts with the first tRNA (carrying methionine) binding to the P site, not 

the A site, on the ribosome. The A site (Aminoacyl site) is for the next incoming tRNA during elongation, 

while the P site (Peptidyl site) holds the growing chain, and the E site (Exit site) is where tRNA leaves. A 

charged transfer RNA (tRNA) carrying an anticodon binds to a complementary codon on the messenger 

RNA (mRNA) strand. The two specific adenine residues that ensure the correct anticodon binds to the 

complementary mRNA's codon are A1492 and A1493 of the 16S ribosomal RNA (rRNA) in prokaryotes 

(Figure 1.4) 27. These invariant adenines form A-minor type interactions in the minor groove of the first two 

base pairs of the codon-anticodon helix. This interaction acts as a crucial proofreading mechanism by 

sterically monitoring the geometry of the helix; thus, ensuring the accuracy of the protein product made 27 
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Figure 1.4 (a) Shows a simplified model of a bacterial E. coli ribosome with identifying labels. (b) Adapted 

from textbook 53 the 16S rRNA is shown with a red box denoting the location of the A-site sequence. (c) a 

fragment of the A-site sequence which contains the key adenines 1492 and 1493. 

 

      Several biophysical studies have shown that adenines 1492 and 1493 will bulge out into an extra 

helical conformation to hydrogen bond with the incoming amino acylated tRNA’s codon 27-30. The codon-

anticodon interaction is checked by A1492 and A1493 in the A-site, and only after this verification and 

subsequent peptide bond formation does the ribosome move, effectively shifting the tRNAs to the P and 

E sites, continuing the elongation cycle 27. (Figure 1.5). At termination phase of translation, a stop codon 

(UAA, UAG, UGA) enters the ribosome's A-site. This triggers release factors to bind, which causes the 

ribosome to release the completed polypeptide chain and dissociate, ending the process.  

    Previous work 167 from the Pilch group underscores the significance of the intra and extra helical 

movements. The Pilch group investigated how aminoglycosides affect the conformational dynamics of 

these two adenines A1492 and A1493. They substituted the adenine at position 1492 in this A-site with 

the fluorescent base analogue 2-aminopurine (2AP). Using steady-state and time-resolved 2-aminopurine 

fluorescence spectroscopy, they quantified the lifetimes of the intrahelical and extra helical states in the 

absence and presence of four aminoglycosides. These aminoglycosides served as representatives of the 

four subclasses of aminoglycosides. 

    Their data showed that, with or without drugs present, 1492 and 1493 exchange between intra and 

extrahelical conformations. When testing with aminoglycosides, it was noted that the average 

fluorescence intensity values decreased. This signaled a reduction in 1492 and 1493’s mobility, and a 

stabilization of an extra-helical conformation. This very immobilization correlated with the potency of the 

drugs. This suggests that restricting the motion of 1492 and 1493 into an extra-helical state is a key 

determinant of antibacterial activity. However, fluorescent tags have been known to perturb RNA 

dynamics; thus to re-monitor this observation first without drugs and later with drugs would be meaningful 

to compare with the work of the Pilch lab This study serves as my motivation to observe the lifetimes of 
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the intra and extra helical states without drugs using solution NMR; solution NMR is a minimally 

perturbing technique suited for dynamics in solution.  

 

Figure 1.5 The process by which an incoming tRNA and its anticodon bind to the appropriate mRNA’s 

codon 126  

 

 

    In the case of ribosomes found within eukaryotic cells, it is desirable to make non-aberrant proteins, 

however if one wishes to impede bacteria cells, then making toxic proteins may be capitalized on. Several 

broad-spectrum Gram-negative antimicrobials are designed to engage adenines 1492 and 1493 by 

binding to them through hydrogen or water-bridged hydrogen bonds 20-21.  While the A-site may be the 

intended target of the antimicrobials, the antimicrobials are not full-proof. There have been reports of off-

targeted binding in the corresponding positions in the human 18S rRNA or the mitochondrial 12S rRNA 31-

34. These off-targeted bindings can be due to pre-existing genetic mutations in sequences 31-34. It is 

hopeful that understanding the movement of adenines 1492 and 1493 may lead to improvements in these 

antimicrobials and specifically to Gram-negative multidrug resistant bacteria, such as E. coli. While there 
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is a vast amount of Gram-negative multidrug resistant bacteria, this thesis will focus on the E. coli bacteria 

as a model bacterium.  Better understanding of the "flipping in and out" conformation of A1492 and A1493 

may aid in designing new, more effective antibiotics with reduced side effects and the ability to overcome 

resistance. 

1.3 HIV: A global epidemic and its deficit in treatment options 

      While WHO declared antibiotic resistance to be a major threat, it has delineated human 

immunodeficiency virus (HIV) to be a global epidemic 35. HIV is a chronic virus which weakens the 

immune system and if untreated, leads to AIDS 36. HIV is generally transmitted through blood, birth and 

bodily fluids.  HIV exists in two major strains: HIV type 1 (HIV-1) and HIV type 2 (HIV-2) 36-37. While both 

may result in AIDS, there are some noteworthy differences between the two.  HIV-2 is slower to show 

phenotypic expression when compared with HIV-1.  A delay in the expression of outward symptoms can 

be challenging as this may result in the infected individuals unknowingly transmitting the virus to others 

and not receiving treatments in efficient timing 38. Another difference between the two strains can be 

found in their lack of pharmacological therapy options 39-40. To date there are 6 major classes of FDA 

approved medicinal options for HIV patients. These six classes are known as follows: Non-nucleoside 

Reverse Transcriptase Inhibitors (NRTIs), Nucleoside Reverse Transcriptase Inhibitors (NNRTIs), 

Protease Inhibitors, Fusion Inhibitors, CCR5 Antagonists, Integrase Strand Transfer Inhibitors (INSTIs), 

Post-attachment Inhibitors and Capsid Inhibitors (Table 1.1). They all possess varying mechanisms of 

action. These eight classes all encounter resistance. These medications’ side effects along with other 

rationale have been documented as discouraging patients from consuming their medication consistently 

as directed 41-42. Inconsistent medication doses have been shown to cause viral resistance 43.  Surely, 

there is a need to develop high performing medication that is effective and can treat both HIV-1 or HIV-2.  
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Table 1.1 A summary of the different first line of defense drug classes used to treat HIV. The applicability of 

these drugs to treat HIV-1 and HIV-2 is delineated. 44-63 

 

 

1.4 RNA is a promising choice to address needs for treatment options regarding antimicrobials 

and HIV-2 

 

      The global threat of antimicrobials resistance coupled with the ever-present potential to spread HIV-2, 

signals the need for a solution. Ribonucleic acid (RNA) has proven a viable drug target through its role in 

the COVID-19 vaccine development 64.  Perhaps, RNA may serve as a suitable therapeutic target for 

antibiotic resistance and HIV-2. While it is common to manufacture antimicrobials towards targeting 

proteins, RNA proves itself a suitable alternative is through the many tertiary structures it can form: G-

quadruplexes, pseudoknots, loops, bulges, triple helices and many others 19.  

     Additionally, RNA is produced in the cell before proteins 66. This implies that targeting RNA would be 

attacking in an upstream fashion rather than downstream as with protein targeting. Some illnesses 

specific to RNA do not possess proteins to target; this can be seen in examples of noncoding RNA. 

Finally, while most antimicrobials do target proteins, targeting RNA would make way for the novel 

therapeutics which may result from RNA drug discoveries.  It is worthwhile to underscore that RNA is not 

being proposed to be superior to protein targets; but rather it is proposed that RNA may be another 
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excellent target for antimicrobials. The key objective is to either improve performance of the currently 

available drug classes or to develop novel drug classes which target RNA.  

    RNA may indeed prove powerful in addressing antibiotic resistance, but also in serving as a drug target 

for the viral strand with fewer medication options: HIV-2. HIV 1 and 2 both have strikingly similar 

Transactivation Response element RNA (TAR-1 and TAR-2 respectively) sequences. The sequences 

(Figures 1.6 and 1.7) of TAR are located at the 5’ end of the HIV (1 or 2) genome. The TAR sequence is 

within the R (repeat) region of the 5’ long terminal repeat (LTR) downstream from the transcription 

starting site. The TAR forms a stem loop structure that binds with the protein, Tat. This binding event 

recruits enzymes that proliferate viral transcription. 

 

Figure 1.6 (a) HIV-1 (PDB: 9DE7) and (b) HIV-2 (PDB: 1AKX) TAR RNA tertiary structures71,75 
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Figure 1.7 Comparison of the secondary structure HIV-1 and HIV-2 fragment sequences of RNA. The 

color magenta indicates the singular nucleotide difference between the two sequences. The color cyan 

highlights the uracils which are of particular focus throughout this thesis. 

 

 

      The TAR RNA found in HIV is special.  Despite the mutations that take place in the mRNA of HIV-1 

and HIV-2, the TAR sequences remain conserved 73. An obstacle in developing suitable binding drugs 

may arise if the sequence landscape is often changing due to the frequency of mutations to the 

sequences. The conserved nature of the TAR RNA sequences makes the TAR RNA appear to be an 

attractive option for the development of binding drugs. Already it has been discovered that the TAR RNA 

serves as a critical site of binding within the framework of HIV replication74. The TAR RNA is located 

within the HIV particle, within its capsid lies the HIV RNA. The TAR sequence is located on the 5’ end of 

the untranslated region of the sequence.  
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Figure 1.8  (a) shows a simplified model of the HIV particle: glycoproteins (green), capsid (pink), 

enzymes are circular shaped, and RNA (white)  (b) depicts the nucleotide positioning of the TAR 

sequence.  

 

 

      Within TAR-1 is a binding pocket of nucleotides that participate in a binding reaction with a protein, 

Tat 75. This binding is believed to take place between the nucleotides, U23, G26, A27, U38, C39 of the 

TAR-2, and an arginine-rich motif (Figure 1.9) in Tat 75. The protein, Tat, is important because as a trans 

activator it activates the transcription needed for HIV replication74.  
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Figure 1.9  (a) Zoomed out view of Argininamide complex (Magenta) with TAR-2 RNA (Cyan) (PDB: 

1AJU) 75 (b) Zoomed in view of Figure 1.9 (a) Argininamide complex (magenta), U23 (cyan), G26 (red), 

A27 (yellow), U38 (green), C39 (royal blue). Contacts are shown in yellow. 

 

   Shorter, representative sequences TAR-1 and TAR-2 are used because they are more practical and 

cost-effective for study while still retaining the original function in vitro and in vivo (Figure 1.7) 76.  Given 

the nature of TAR-2’s role in the HIV’s life cycle, and the previous success of others in developing TAR-1 

specific small molecules, targeting TAR-2 would be an excellent approach in creating more effective 

treatments for HIV-2.  

 

     Before we discuss the dynamics experiments which have been conducted to study TAR-2 and A-site 

sequences, it is imperative to detail the different biophysical tools often used in such experiments. While 

our work specifically utilizes NMR, it is worthwhile to highlight other tools and explain their limitations 

which justify why we did not perform our analysis with said tools. It is additionally insightful to detail the 

different available approaches for making our RNA samples, while we elected to use a chemo-enzymatic 

approach, all techniques are excellent. Many of the other methods are being used within our lab for other 

projects currently as equipment and reagents are becoming available.  

 

Chapter 2 

2.0 The focus of chapter 2 

     In this chapter, I outline the biophysical techniques available for studying the dynamics and 

conformational changes of biomolecules such as RNA, a highly dynamic biomolecule that plays a crucial 

role in many biological processes, and understanding its motions is a valuable step in pre-clinical drug 

development. In this chapter, I discussed the capabilities and limitations of these various techniques, and 

underscore why some were more suitable than others for my research.  Finally, I illustrated the 
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chemoenzymatic pathway for synthesizing an isotopically labeled guanine nucleotide, a process in which 

I directly contributed. 

      

     Table 2.1 A summary table of the advantages and disadvantages of a few common dynamics probing 

techniques84-101, 121

 

 

 

2.1 Biophysical tools for dynamics analysis 

   X-ray crystallography has been used to study structures of biomolecules 84-86.  Yet, limitations to this 

instrumentation persists specific to RNA.  RNA is negatively charged due to its phosphate backbone. This 

negative charge can impede its ability to crystallize and be studied. Another biophysical                                                                                                                                 

tool used for dynamics measurements is Förster Resonance Energy Transfer (FRET) 90 and it's more 

detailed version: single-molecule FRET (smFRET) 91.  Both tools find their power in fluorescence-

detected energy transfers.   Yet, both smFRET and FRET require a covalent attachment of a fluorophore 
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molecule.  It has been proven that the attachment of fluorophores can impact the dynamics of RNA 

92.  This would prevent the observation of the RNA in its least altered, natural state.  A fourth popular tool 

used for studying RNA dynamics is small-angle x-ray scattering. This tool allows scientists to determine 

the radius of gyration, the maximum particle dimension, and if the RNA is rigid or flexible. However, SAXS 

is limited in that it cannot provide nucleotide specific information 93.  A fifth exciting instrumental tool for 

studying dynamics is cryogenic electron microscopy (Cryo-EM).  Cryo-EM is a wonderful technique for 

large molecules; the drawback is that cryo-EM is not well-suited for small (<50 kDa) or highly dynamic 

RNA 94.  

 

2.2 Nuclear Magnetic Resonance for RNA dynamics analysis 

     A particularly useful tool used for studying RNA dynamics is NMR 95-101. NMR leverages the magnetic 

properties possessed by atomic nuclei and applies radiofrequency pulses to probe the underlying 

structures. By manipulating the radiofrequency pulses, the user can execute various experiments to study 

changes in motion to biomolecules over a wide range of time scales. Additionally, through the means of 

pulse manipulation (pulse programs) it is possible to elucidate structures. Furthermore, NMR allows for 

the use of water-based buffers with minimal salt additives to study the RNA in its near-natural state. NMR 

allows scientists to study atom-specific dynamics and accomplishes this in real-time across a wide-range 

of time scales (Figure 2.1). NMR has been used to study large (>90nt) and small (<30nt) RNAs102.  
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Figure 2.1 Various biological events that can be seen on the timescales of NMR experiments 103 

 

     NMR is a viable choice for studying RNA dynamics. NMR makes possible the goal of understanding 

RNA better for the sake of future development of drugs tailored to RNA structures. To execute this goal of 

research, two objectives must be accomplished: (1) the selection of a method by which the RNA is 

produced, and (2) the incorporation of the required isotopic labels for NMR analysis into the RNA. The 

remainder of this chapter is dedicated to highlighting the many approaches used in achieving those two 

objectives, with a further delineation of what approaches were used within this thesis.  

 

 2.3 In vitro transcription 

    While there are many methods for producing RNA, in vitro transcription remains a classic, this may be 

due to its ability to make RNAs of small or large (up to 10kB) lengths. In vitro transcription mimics the 

process of what takes place in the cell but does so within a test tube. A DNA template, a DNA promoter 

sequence, nucleotide triphosphates, thermostable inorganic pyrophosphatase and buffers are combined 
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with a catalyzing enzyme (e.g.: RNA T7 Polymerase). In this reaction, the catalyzing enzyme will bind to 

the promoter sequence to transcribe the DNA sequence into RNA. The pH and temperature at which this 

reaction takes place is designed to mimic in-cell activity; thus, pH is approximately 7.5 and the 

temperature is 37°C. The nucleotide triphosphates have potential to be isotopically labeled; the 

incorporation of isotopic labels from this technique could result in uniform labeling or nucleotide specific 

labeling. The RNA that is made from this must be further purified after removing any remaining DNA, 

unused nucleotide triphosphates and proteins104.  

 

2.4 Enzymatic ligation of RNA fragments 

     A method by which RNA is made is through enzymatic ligation of fragmented RNA. In this technique, 

several pre-made RNA strands are joined together using enzymes such as RNA ligase, to create one 

longer strand of RNA. They are joined by making a phosphodiester bond between the 3’ hydroxyl group 

of one RNA fragment and the 5’- phosphate of another fragment of RNA.  This reaction requires optimal 

pH (7.5) and temperature (37°C) to carry forth the reaction. The RNA fragments may have pre-existing 

isotopic labels. This is an ideal approach for introducing specific isotopic or structural modifications for 

very large RNA of lengths that solid-phase chemical RNA synthesis cannot accommodate106-107.  

 

2.5 In Vivo Labeling Using Bacterial Systems (Biomass labeling) 

     Another method used to make RNA with isotopic labels is by in vivo isotopic labeling. This technique 

produces isotopically labeled RNA through growing bacterial systems, in culture media containing stable 

isotope-labeled nutrients for the bacteria.  Examples of these nutrients would be: ¹³C-glucose, ¹⁵N-

ammonium salts, or deuterated water. The bacteria systems will use these nutrients and the isotopic 

labels are incorporated into the RNA which the bacteria make.  However, this results in RNA transcripts 

that are uniformly labeled. The RNA from bacteria can be extracted and then purified.   This approach is 

especially useful for producing large quantities of uniformly labeled RNA 87,108-110.  
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2.6 Segmental Labeling (SegModTeX) 

     A recently developed method from the D’Souza lab for labeling RNA is SegModTeX (Segmental 

Modification and Template-directed Extension). SegModTeX uses a mutant DNA polymerase that can 

add nucleotides to RNA primers, in efforts to extend the primers. These nucleotides can be isotopically 

labeled. This small RNA primer is annealed to a complement DNA template. It is through this that the fully 

desired RNA sequence is formed.  Due to this experimental design, differently labeled nucleotides can be 

used through multiple successions of RNA extensions. This enables the introduction of different labeling 

patterns throughout a single final RNA molecule. RNA will be purified after completion of elongation 111.  

     While many options for making isotopically RNA are available, many do have cost, reagent or labelling 

pattern limitations. To circumvent these limitations, the Dayie lab has fine-tuned a method, chemo-

enzymatic synthesis, by which we can couple any isotopically labeled nucleobase to an isotopically 

labeled ribose to form a nucleotide triphosphate. This nucleotide triphosphate with its site-specific labeling 

can further be incorporated into RNA.  

 

2.7 Chemo-enzymatic synthesis 

   In the chemo-enzymatic synthesis approach, a nucleobase may be isotopically labeled through 

traditional synthesis. This nucleobase can then be coupled to a ribose to form NTPs. We have found this 

approach to permit control over the labeling patterns, but also to be cost-effective.  An example of chemo-

enzymatic synthesis can be seen through [13C-8]-Adenine triphosphate synthesis, and the synthesis of 

another purine is discussed in the subsequent chapter117-118. There are many eligible isotopic atoms one 

may use for labeling. These atoms are discussed in greater detail in the subsequent paragraphs112-116. 
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Scheme 2.1 The chemo-enzymatic synthesis pathway to make ATP-[13C-8]; red = 13C.   115-116  

 

2.8 isotope labels for NMR spectroscopy  

     Isotopes are the same elements within the periodic table, but they have different masses due to 

variations in the number of neutrons present in the element’s atomic nucleus.  Scientists have found 

many uses for isotopic labels. NMR that focuses on RNA has made extensive use of isotopic labels.  

RNA’s can vary in size, and as they increase in nucleotide length, they produce far more peaks and broad 

peaks due to their size. This leads to peak overlaps (Figure 2.2).  However, the replacement of atoms 

with their isotopic labels can simplify the NMR spectra as they will function as a flashlight and be the only 

atoms that appear on the resulting spectra. These isotopic labels can be made with different labeling 

patterns (Figure 2.3). The deuterium, proton, 13-carbon, and 15-nitrogen, atoms are often utilized to 

facilitate RNA studies via NMR. 1H and 2H are two isotopes of the hydrogen atom.  1H is sensitive to the 

NMR and has a high natural abundance of ~100% (Table 2.2). Its sensitivity to the NMR is often 

capitalized upon, by using 1H in multi-dimensional NMR experiments. In contrast, the heavier 2H is not as 

sensitive to the NMR and requires a probe to detect the 2H specifically 119-120. A 13C isotope is used 

heavily in RNA studies performed on NMR.  Specific labeling patterns with the 13C isotope would enable 

the differentiation of signals specific to purines or pyrimidines119-120. Nitrogen atoms are present in all the 

nucleotides which make up RNA. Certain nitrogen atoms, such as the N-7 position on Guanine, are 
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notably involved in various biological and drug binding events. This makes them an excellent option for 

replacing the 14N naturally present isotope with the 15N NMR-active isotopic labels 119-120. 

 

Figure 2.2 The chemical shift values of Carbons, Protons and Nitrogens from RNA nucleobases and 

riboses124-123 

 

Table 2.2 The natural abundance and gyromagnetic ratio values of 1H, 2H, 13C, 31P, 15N and 19F isotopes 

(Refence needed) 
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Figure 2.3 Examples of a site-specifically labeled nucleotide (left) and a uniformly nitrogen and carbon 

labeled nucleotide right). 
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Chapter 3  

3.0 The focus of chapter 3 

     In this chapter, I focus on understanding the dynamics of RNA NMR spectroscopy. I highlight what is 

known about RNA’s base pairings, imino protons, and physical principles which enable the measurement 

of flexibility and motion. I explain how relaxation experiments such as R1, R2, hNOE, and CPMG provide 

insight into molecular dynamics, and how magnetization transfer is effected by INEPT (Insensitive Nuclei 

Enhanced by Polarization Transfer). In short, this chapter aims to bridge the structural picture of RNA with 

the dynamics revealed by NMR relaxation experiments. 

       

3.1 RNA is a biomolecule in motion 

     RNA is not a static macromolecule; it can move and take on different conformations to participate in 

critical functions such as, catalysis, folding, binding and molecular recognition 83, 168-169,91. NMR relaxation 

measurements report on the internal and overall motions of the RNA 91, 170-171. Experiments such as 

longitudinal (R₁) and transverse (R₂) relaxation, the heteronuclear NOE (hNOE), and the Carr-Purcell-

Meiboom-Gill (CPMG) based R2 report on motions over various timescales, spanning ps- ms 172-175,134 . By 

combining these measurements, a dynamic picture of the RNA can be formed. 

 

3.2 RNA has many structural components observable through NMR 

     RNA molecules have secondary and tertiary structures that are stabilized by many interactions 

including canonical and noncanonical base pairings 176-177. The helical regions of RNA form through 

Watson-Crick base pairs or through non-Watson-Crick base pairs.  

 

     The helical regions create stable structures, while bulges, internal loops, and pseudoknots can be 

flexible. Within all of these of these regions and base-pairings, are uracils and guanines, excellent for 
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NMR observation thanks to their imino protons (Figure 3.1). They are visible in the 10-15ppm region of 

the NMR and thus useful in probing hydrogen bonding and base-pair stability 110.  

 

Figure 3.1 The imino protons are depicted in red color on the (a) guanine and (b) uracil nucleobases.  

 

     Due to imino protons participating in the hydrogen bonds that constitute RNA helices, their NMR 

signals can be seen only when protected from solvent exchange. This provides a means to directly probe 

structural integrity and base-pair lifetimes.  

     The monitoring of RNA motions offers a window into conformational dynamics, which is fundamental to 

RNA’s activity and functions. NMR relaxation experiments, such as R1, R2, hNOE, and CPMG dispersion, 

detect the motion of RNA in efforts to characterize timescales of flexibility and exchange 172-175,134.  

 

3.3 Efficient magnetization transfer is key in visualizing relaxation experiments 

     NMR relaxation suffers from a key limitation: most nuclei, such as ¹³C and ¹⁵N, possess low sensitivity 

due to their small gyromagnetic ratios (Table 2.1). To directly detect these signals in the NMR is a 

challenge. However, in 1979, efficient magnetization transfer from the abundant and highly sensitive ¹H 

spins became the solution 178. The solution is known as the INEPT utilizes scalar (J) coupling between 

heteronuclei and protons to transfer magnetization. The transfer of magnetization improves the 

heteronuclear signal significantly. As a result, INEPT is often incorporated into relaxation NMR pulse 

programs. 
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3.4 Definition of Relaxation in NMR 

     When the RNA sample is placed in a magnetic field B₀, the spins will align to produce a net 

magnetization M₀ along the Z-axis. A radiofrequency pulse tips this magnetization away from equilibrium, 

and relaxation processes will return it to equilibrium179-180. Equation 3.1 describes this for inversion 

recovery. 

  Equation (3.1a) 

𝑀𝑧(𝑡) = 𝑀0(1 − 𝑒−𝑡/𝑇1) 

     T₁ (longitudinal) relaxation describes the recovery of magnetization along the Z-axis through energy 

exchange with the surrounding lattice 179-180 . 

This description is the simplified 1D 1H T1 inversion recovery experiment. To obtain an R1 

relaxation rate for 13C or 15N, more complex NMR pulse programs are used that include INEPT modules 

to transfer magnetization from protons to the carbons, pulses to eliminate any initial insensitive (13C) 

magnetization or transverse magnetization, and phase sign alternating to allow for a single exponential 

decay87-91 which can be fit to this equation (3.1b)  

Equation (3.1b) 

𝑦(𝑡) = 𝑦0
−𝑅1𝑡 

 

 Meanwhile T₂ (transverse) relaxation describes the loss of phase coherence among the spins in the XY-

plane 181-182. The two have inverse relationships with their rates. 

 

3.5 Mechanisms of Relaxation 

     Two major sources of relaxation in RNA are dipole-dipole coupling and chemical-shielding anisotropy 

(CSA). Dipole-dipole relaxation happens when nearby atomic nuclei affect each other’s magnetic fields as 

molecules tumble in solution, causing changes that let the spins transition into different energy levels 183. 
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CSA relaxation happens due to the electrons around a nucleus shielding it unevenly in different 

orientations. As the RNA moves, this uneven shielding changes over time, and that creates fluctuating 

magnetic fields 184.  Both R₁ and R₂ (the rates for T1 and T2 respectively) can be expressed via the 

spectral density function J(ω). Spectral density function depicts how efficiently motions at frequency ω 

modulate magnetic interactions; this is seen in equations 3.2 and 3.3.  

 

  Equation (3.2) 

 

   𝑅1 = 3(𝑑2 + 𝑐2)𝐽(𝜔𝑆) + 𝑑2[𝐽(𝜔𝐼 − 𝜔𝑆) + 6𝐽(𝜔𝐼 + 𝜔𝑆)] 

 

  Equation (3.3) 

𝑅2 =
1

2
(𝑑2 + 𝑐2)[4𝐽(0) + 3𝐽(𝜔𝑆)] +

𝑑2

2
[𝐽(𝜔𝐼 − 𝜔𝑆) + 6𝐽(𝜔𝐼 + 𝜔𝑆) + 6𝐽(𝜔𝐼)] + 𝑅𝑒𝑥  

            𝑑 = (
𝜇0ℎ𝛾𝑆𝛾𝐼

16 𝜋2𝑟𝑆𝐼
3 ) and 𝑐 = 𝜔𝑆∆𝜎𝑆/3            (Definition in 3.3) 

   In equations 3.2 and 3.3 γ depicts the gyromagnetic ratios and ω depicts the Larmor frequencies. 

These equations-based relationships highlight how relaxation depends on molecular motion through J(ω). 

For isotropic tumbling, J(ω) is given by: 

  Equation (3.4) 

        𝐽(𝜔) =
𝜏𝐶

1+(𝜔𝜏𝐶)2) 

    where 𝜏𝐶  is the rotational correlation time. The relationship between R₁, R₂, and J(ω) allows quantitively 

modelling flexibility. 

3.6 Importance of dynamics experiments 

     By comparing R₁ and R₂ and hNOE measurements the parts of a molecule that are dynamic or static 

are revealed. Relaxation experiments can provide insight into motions that are used in RNA activity and 
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function. Yet, these experiments require the ability to observe weak heteronuclear signals with sufficient 

sensitivity. This is challenge is overcome by the INEPT sequence. 

 

3.7 Purpose and Importance of INEPT 

     The INEPT pulse sequence allows for the detection of nuclei with low sensitivity, such as ¹³C and ¹⁵N. 

INEPT transfers polarization from ¹H to the heteronucleus via scalar coupling 178. This process increases 

signal intensity of the ¹³C or ¹⁵N.  INEPT relies on the J-coupling Hamiltonian (2πJ I·S). Delays within the 

pulse program allows proton magnetization to evolve into an antiphase state, which then is converted into 

the heteronuclear magnetization.  

 

3.8 Product-Operator Description 

     The evolution of the density matrix seen in INEPT and its accompanying pulse program is as follows: 

 

 

(𝜑 =  𝜋𝐽𝜏)
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1𝐻𝑧 →
90𝐻

𝑥

− 𝐻𝑦 

2 − 𝐻𝑦 →
𝐽

− [𝐻𝑦𝑐𝑜𝑠 (𝜑) − 2𝐻𝑥𝐶𝑧𝑠𝑖𝑛 (𝜑)] 

3 →
180𝐻

𝑥

− [−𝐻𝑦𝑐𝑜𝑠 (𝜑) − 2𝐻𝑥𝐶𝑧𝑠𝑖𝑛 (𝜑)] 

→
180𝐶

𝑥

− [−𝐻𝑦𝑐𝑜𝑠 (𝜑) + 2𝐻𝑥𝐶𝑧𝑠𝑖𝑛 (𝜑)] 

4 →
𝐽

𝑐𝑜𝑠 (𝜑)[−𝐻𝑦𝑐𝑜𝑠 (𝜑) + 2𝐻𝑥𝐶𝑧𝑠𝑖𝑛 (𝜑)] − 𝑠𝑖𝑛 (𝜑)[2𝐻𝑧𝐶𝑧𝑐𝑜𝑠 (𝜑) + 𝐻𝑦𝑠𝑖𝑛 (𝜑)] 

5 = 𝐻𝑦[𝑐𝑜𝑠 2 𝜑 − 𝑠𝑖𝑛 2 𝜑] − 2𝐻𝑧𝐶𝑧[2𝑠𝑖𝑛 𝜑𝑐𝑜𝑠 𝜑] = 𝐻𝑦𝑐𝑜𝑠 (2𝜑) − 2𝐻𝑧𝐶𝑧𝑠𝑖𝑛 (2𝜑) 

= 𝜑 = 𝜋/4 − 2𝐻𝑧𝐶𝑧 

6 − 2𝐻𝑧𝐶𝑧 →
90𝐶

𝑥

− 2𝐻𝑧𝐶𝑦 

7 − 2𝐻𝑧𝐶𝑦 →
𝜔𝐶𝑡1

− 2𝐻𝑧[𝐶𝑦𝑐𝑜𝑠 (𝛺) + 𝐶𝑥𝑠𝑖𝑛 (𝛺)](𝛺 = 𝜔𝐶𝑡1) 

8 →
90𝐶

−𝑥

− 2𝐻𝑧[𝐶𝑧𝑐𝑜𝑠 (𝛺) − 𝐶𝑦𝑠𝑖𝑛 (𝛺)] ≈ −2𝐻𝑧𝐶𝑧𝑐𝑜𝑠 (𝛺) 

9 − 2𝐻𝑧𝐶𝑧𝑐𝑜𝑠 (𝛺) →
reverse INEPT

𝐻𝑦𝑐𝑜𝑠 (𝛺) 

𝐻𝑦𝑐𝑜𝑠 (𝛺) →
90𝐻

±𝑥

𝐻𝑥𝑐𝑜𝑠 (𝛺) 

     where the trigonometric identities cos (2𝜑) = cos 2 𝜑 − sin 2 𝜑 and sin (2𝜑) = 2sin 𝜑cos 𝜑 were used in 

the last step. The delay τ is set equal to 1/(4𝐽𝐻𝐶), rendering sin(2𝜑) = 1  when 2𝜑 = 𝜋/2. As a result, the 

density matrix before the carbon 90° pulses at the end of the first INEPT period is:  

                             ρ =  −2𝐻𝑧𝐶𝑧 

     After the subsequent two 90° pulses on carbon and the second INEPT refocused delay, this term 

becomes +𝐻𝑥, which produces a single resonance line for the in-phase ¹𝐻𝑥 cos (𝑤𝑡) signal that can be 

seen on the NMR when carbons are decoupled during acquisition. This product operator formalism shows 

the transfer of the proton polarization to the carbon spin and back to the proton spins promotes the ability 

to detect even nuclei with lower gyromagnetic ratio. 
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3.9 R₁ (Longitudinal Relaxation) and R₂ (Transverse Relaxation) 

     The R₁ experiment monitors how starting from protons carbon magnetization is created by INEPT 

along the z-axis (Cz) and allowed to decay as a function of time. The data is fitted to equation (3.1b) to 

obtain T₁ and R₁ = 1/T₁.  R₁ values are sensitive to molecular motions on the picosecond to nanosecond 

(ps-ns). The R₂ experiment monitors the decay of transverse magnetization in the XY-plane using 

(Equation 3.3). It includes contributions from chemical exchange. The observed R₂ relationship is seen 

below as: 

 

  Equation (3.5) 

    R₂(observed) = R₂⁰ + Rex 

    where Rex represents exchange broadening. Larger R₂ highlight regions of rigidity or reduced flexibility 

superimposed on potential contributions from conformational exchange processes (motions occurring on 

the micro- to millisecond timescale).. Thus, the R1 and R2 experiments are excellent options for detecting 

fast motions on the ps-ms timescale. 

 

3.10 hNOE (Heteronuclear NOE) 

     In the hNOE experiment, proton saturation significantly affects the intensity of the heteronuclear peaks 

through cross-relaxation effects, specifically the dipolar coupling between the saturated protons and the 

observed carbon nuclei. Rigid regions show lower hNOE values, while flexible regions show larger 

values. Collectively, R₁ and R₂, hNOE may highlight key areas of flexibility. The equation relating hNOE 

to relaxation is seen in equation 3.6; with its definitions noted. 

 

        Equation (3.6) 

ℎ𝑁𝑂𝐸 == 𝐼𝑆𝐴𝑇 /𝐼𝑁𝑂_𝑆𝐴𝑇 = 1 + (
𝛾𝐼

𝛾𝑆

)
 𝑑2

𝑅1

[6𝐽(𝜔𝐼 + 𝜔𝑆) − 𝐽(𝜔𝐼 − 𝜔𝑆)] 
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                                               𝑑 = (
𝜇0ℎ𝛾𝑆𝛾𝐼

16 𝜋2𝑟𝑆𝐼
3 )        (Definition in eq 3.6)                       

                                       𝐽(𝜔) =
𝝉𝑪

𝟏+(𝝎𝝉𝑪)𝟐       (Definition in eq 3.6) 

     Here the steady state NOE is define as 𝐼𝑆𝐴𝑇 /𝐼𝑁𝑂_𝑆𝐴𝑇 where 𝐼𝑆𝐴𝑇 and 𝐼𝑁𝑂_𝑆𝐴𝑇  are signal intensities of the 

carbon nucleus measured when the proton nucleus is in the saturated and in the equilibrium states, 

respectively. 

 

3.11 CPMG (Relaxation Dispersion) 

    The Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiment provides insight into 

conformational exchange occurring on µs-ms timescales. It allows for the measurement of the effective 

transverse relaxation rate 𝑅2,eff as a function of the 180° pulse frequency 𝜈CPMG (equation 3.6).  

  Equation (3.6) 

𝑅2,eff(𝜈CPMG) = 𝑅2
0 + 𝑅𝑒𝑥(𝜈CPMG) 

 

    When a nucleus exchanges between two states, A and B, with chemical-shift difference, Δω, with total 

exchange rate (equation 3.7)     

 Equation 3.7  

                                                        𝑘𝑒𝑥 = 𝑘𝐴𝐵 + 𝑘𝐵𝐴.   

 

 

      A common description for fast exchange (𝑘𝑒𝑥 ≫ |Δω|), is seen in the Carver–Richard’s equation: 

  Equation (3.8) 
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𝑅𝑐𝑝𝑚𝑔(𝜏𝑐𝑝) =
1

2
(𝑅2

𝐴 + 𝑅2
𝐵 + 𝑘𝑒𝑥 −

1

2𝜏𝑐𝑝

𝑐𝑜𝑠ℎ−1 [𝐷+ cosh(𝜂+) − 𝐷− cos(𝜂−)]) 

 

                              𝜂± = √2𝜏𝑐𝑝[±𝜓 + (𝜓2 + 𝜉2)1/2]
1/2

  (Definition in eq. 3.7) 

                                      𝐷± =
1

2
[±1 +

𝜓+2∆𝜔2

(𝜓2+𝜉2)1/2]      (Definition in eq. 3.7) 

                 𝜓 =  (𝑅2
𝐴 − 𝑅2

𝐵 − 𝑝𝐴𝑘𝑒𝑥 + 𝑝𝐵𝑘𝑒𝑥)2 − ∆𝜔2 + 4𝑝𝐵𝑝𝐴 𝑘𝑒𝑥
2    (Definition in eq. 3.7) 

                          𝜉 = 2∆𝜔 (𝑅2
𝐴 − 𝑅2

𝐵 − 𝑝𝐴𝑘𝑒𝑥 + 𝑝𝐵𝑘𝑒𝑥)    (Definition in eq. 3.7) 

 

     where 𝑅2
𝐴/𝐵

 is the R2 rate, and pA/B are the relative populations of the A/B states. In the CPMG 

experiment conformational exchange of nuclei is represented by a non-flat CPMG curve when plotting 

R2,eff as a function of the various frequencies used when the 180° pulses are applied (vCPMG). In the 

absence of exchange, CPMG curve is flat. If no exchange is taking place 𝑅2,eff = R₂⁰.  Δω scales with 

magnetic field B₀, thus, it is necessary to conduct CPMG experiments at multiple fields so that 𝑘𝑒𝑥 and 

Δω can be determined independently.  When doing data analysis, the 𝑅2,eff values are fitted to Carver-

Richard’s 156 or Bloch- McConnell equations 155. The CPMG experiment can complement R₁, R₂, and 

hNOE by broadening the range of NMR relaxation data into the region of kinetics. 

 

3.12 Summary of chapter 3 

     NMR relaxation measurements reveal how RNA moves. NMR experiments can transform static 

structural data into a dynamic picture of RNA. R₁ and R₂ describes how magnetization returns to 

equilibrium, the hNOE shows high-frequency motions, and CPMG can detect conformational exchanges. 

Present in all these experiments is the INEPT sequence. INEPT transfers magnetization from protons to 

heteronuclei with smaller gyromagnetic ratios. These experiments are used in the subsequent chapters 
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along with isotopically labeled RNA; for it is isotopic labels which facilitate the use of relaxation 

experiments. 

 

 

 

Chapter 4 

4.0 The focus of chapter 4 

      In this chapter I detail the biological importance of a specific nitrogen position in the nucleobase of 

guanine. I share the synthetic route that was used to synthesize this nucleobase with a nitrogen-15 label 

on the N-7 position of guanine. I also provide NMR spectra which validates the success of the synthesis. 

This nucleobase was used in a paper by a previous lab member, Dr. Mary Taiwo. As a result, the HSQC 

spectra appear in her thesis as well 7.  

 

4.1 Guanine’s N-7 position has biological and NMR significance   

      The guanine N7 position is a hub for many biological events: it is a site for molecular recognition, 

metal ion coordination, and drug binding 21,185, 186-187. This position is situated on the imidazole ring. The 

N7 position has a lone pair and thus can act as a hydrogen bond acceptor. This allows guanine to involve 

itself in tertiary and catalytic interactions. 

     N7 has a role in RNA capping. In the eukaryotic messenger RNA (mRNA), guanine is methylated at 

N7 to form 7-methylguanosine (m⁷G). This produces the 5′ cap structure 185. The methylation leaves a 

positive charge on purine ring, which may increase its π-stacking with proteins and promotes binding to 

the cap-binding complex. The methylation also protects RNA transcripts from 5′ exonuclease degradation. 

     Beyond the scope of capping, N7 is important due to its accessibility and coordinating potential. The 

N7 atom can coordinates Mg²⁺ or other divalent ions, and this stabilizes tertiary structures 186-187. The N7 

can also participate in noncanonical hydrogen bonds, like in Hoogsteen 188-190 and G-quadruplex motifs 

191-193. 
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     The chemical environment of N7 additionally makes it a target for drugs and electrophilic agents. 

Drugs that bind to N7 can alter RNA conformation, as seen in paromomycin 21.  In the NMR, guanine N7 

can be used to probe for structure105 and dynamics 106. Site-specific 15N labeling enables measurement of 

relaxation parameters such as R₁, R₂, and heteronuclear NOE. This can reveal motions across many 

timescales. CPMG relaxation dispersion studies on N7-labeled RNA may show conformational exchange 

using the Bloch–McConnell and Carver–Richards equations. 

     Given the importance of this site, I synthesized a guanine nucleobase isotopically enriched with 15N 

specifically at the N7 position. This labeled nucleobase served as the control for subsequent NMR 

investigations with other peers in the lab. What follows is the synthetic protocol used for the preparation of 

the 15N7 - guanine that was adapted from other work 106,194. 

 

4.2 The synthetic route used to make 15N7 - guanine 

     [5-15N]-2,4,5-triaminopyrimidin-4(3H)-hydroxyl sulfate. 2,6-diaminopyrimidin-4(3H)-one, 

commercially purchased, (1.00 g, 7.95 mmol) and sodium nitrite (0.58 g, 8.41 mmol) were dissolved in 13 

mL of 3M sodium hydroxide. The homogenous solution was added dropwise to 16.5 mL of glacial acetic 

acid with stirring and cooling on ice. The pink suspension which formed was centrifuged at 7500 rpm for 5 

min and resuspended in water. The supernatant was decanted and the residue was resuspended in 24.5 

mL of hot water to yield a pink suspension. The reaction was kept at 100 oC and several portions of 

sodium dithionite were added to the suspension, with stirring till the suspension eventually turned pale-

yellow. The mixture was cooled in an ice bath for 30 min and 1.8 mL of concentrated sulfuric acid was 

added gradually to the suspension with stirring until the solution turned bright yellow in color. 

Subsequently, the suspension was heated at 85 oC for 4 h and allowed to cool to room temperature. The 

cooled suspension was centrifuged at 7500 rpm for 5 min and the resulting residue was resuspended in 

ethanol and centrifuged at 7500 rpm for 5 min. The suspension was filtered and washed with excess 

ethanol to yield 1.90 g of a compound  (100%) as a pale-yellow solid. 
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     [7-15N]-Guanine. [5-15N]-2,4,5-triaminopyrimidin-4(3H)-hydroxyl sulfate (1.90 g, 7.95 mmol) was 

dissolved in 3.6 mL formamide and 0.54 mL of formic acid and then refluxed at 110 oC and 180 oC for 1hr 

and subsequently for 2hr, under argon. A yellow precipitate was formed after cooling on ice for 30 

minutes. The precipitate was filtered, rinsed with water and ethanol, and dried. The yellow solid was 

dissolved in 7.2 mL of 10% NaOH and reacidified dropwise with formic acid until pH 4. The off-white 

precipitate was filtered and washed severally with water to yield 0.69 g of pure compound guanine (58%) 

as an off-white solid. 

 

 

Scheme 4.1 This schematic shows the pathway to synthesizing isotopically labeled guanine on the N-7 

position. The synthesis begins with a nitrosylation followed by a reduction, then acid treatment step. This 

renders a yield of 100%. However, this synthesis combines the nitrosylation step into the reduction step. 

Thus, NMR is available exclusively for the final two steps. Finally, the ring is closed through a n-

formylation with a final yield of 58%. The alcohol tautomerizes and this yields the final product of the 15N7- 

Guanine.  
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4.3 NMR of the synthesis of [7-15N]-Guanine 

 

 

1H NMR (600 MHz, DMSO-d6): 𝝳 = 10.46 (b, 1H, OH), 8.94 (b, 1H, NH2) 6.35 (s, 4H, 2NH2), 

6.20 (s, 2H, NH2) ppm. [5-15N]-2,4,5-triaminopyrimidin-4(3H)-hydroxyl sulfate. The two 

peaks come from the two amino groups attached directly to the ring, and each one gives a 

broad looking singlet because their protons are exchanging rapidly in solution. They have 

different chemical shifts because the two ring positions, C4 and C6’s amino groups are in 

different chemical environments. These peaks do not come from the amino group that contains 

the ¹⁵N label, that labeled group appears separately at 8.94 ppm 
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1H NMR (600 MHz, DMSO-d6, DCl): 𝝳 = 8.96 (d, 2JHN = 5.92 Hz) ppm [7-15N]-Guanine. The peaks 

correspond to the H8 proto. The doublet comes from scalar coupling between H8 and the ¹⁵N label at N7. 

 

 

1H-15N NMR long range HSQC 10 mM NaOD in D2O [7-15N]-Guanine 
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4.4 Summary of chapter 4 

     In this chapter I detailed the synthesis and logic behind an isotopically labeled guanine at the N7 

position. By emphasizing the biological and structural importance of this site, the work established shows 

how isotopic labeling can enhance the precision of NMR-based characterization of RNA. While this 

chapter focused on synthesizing a single label, my next chapter extends this concept by applying a 

different isotopic label to investigate biologically relevant processes that occur on NMR-detectable 

timescales 

 

Chapter 5 

5.0 The focus of chapter 5   

     In this chapter, I document the thermal stability and dynamics differences between prokaryotic and the 

eukaryotic A-site rRNA by NMR. I also tested thermal stability using UV spectroscopy. It was 

hypothesized, that thermal stability would be alike due to secondary and tertiary sequence similarities, but 

differences in dynamics would be noted, and this logic was rooted in prior publications 117,121, 167. We 

determined the rates of exchange specific to adenines 1492/1493 and compared them between both 

rRNAs. We found subtle differences in the rates of exchange of the residues in question, along with minor 

differences in thermal stability. The results from this chapter could be useful in understanding the thermal 

stability and dynamics differences between the pathogenic and host rRNA in complex with 

aminoglycosides and may help in the development of more specific antibacterial agents. This work was 

done in efforts to publish a paper in which I and a prior member of the lab, Dr. M. Taiwo would both be 

first authors. Some of the data in this chapter may appear in her thesis as well. This has been approved 

by our P.I., T. K. Dayie.   

 

5.1 The sequence location of Adenines 1492 and 1493 

     Aminoglycosides are a class of antimicrobials that treat Gram-negative bacteria 125. Certain 

aminoglycosides disrupt the event of translation by binding to specific nucleotides in the rRNA of bacteria 
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126. Translation, in prokaryotes and eukaryotes involves the appropriate contacts between the anticodon 

cognate transfer RNA and the codons of the messenger RNA (mRNA) in a region of the ribosome: the 

aminoacyl site (A-site) 27. The A-site is in helix 44 of the 16S rRNA (prokaryotes) or 18S rRNA 

(eukaryotes) 127. 

 

5.2 Sequence and crystallographic differences in the prokaryotic and eukaryotic rRNA  

     The eukaryotic and prokaryotic sequences have great similarities; 11 of the 15 of the internal loop are 

conserved 128. One of these differences can be noted as the nucleotide at 1408 position is a guanine in 

prokaryotes and an adenine in eukaryotes 128,129.  As we mentioned earlier, aminoglycosides are intended 

to bind to bacterial sequences, yet off-target binding has been reported in eukaryotic sequences 31-34. 

Given the accelerating rate of antibiotic resistance there is a need for the design of new or functionally 

improved compounds that can bind the 16S rRNA with greater specificity.  As underscored in chapter 1, 

rRNA has a major role in protein synthesis. This role has been well-leveraged by aminoglycosides 130,131. 

Therein lies the importance in understanding the differences between the structures and conformation of 

the prokaryotic and eukaryotic A-site RNA; this may promote the design or improvement of antimicrobials 

that bind specifically to the bacterial RNA.  

     Previous crystallographic research from the Westhoff group finds that despite the sequence 

conservations between the prokaryotic and eukaryotic A-site rRNAs, there are conformational differences 

between the two 133 (Figure 5.1).  
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Figure 5.1. An adaptation of the crystal states as pictured in the crystal studies cited 133. (a) prokaryotic 

bulge containing adenines 1492 and 1493. (b) Eukaryotic bulge containing adenines 1492 and 1493. 

 

 

     Both rRNAs have an asymmetric bulge positioned between an upper and lower helical stem 132,133. 

Westhoff's group used fragments of these two rRNA sequences and found that the bulge region can 

adopt an “off” and “on” conformation 132, 133. The defining characteristic of the “on” state is the flipping-out 

of the Adenines 1492 and 1493. As previously mentioned, these two adenines interact with incoming 

tRNA 27, 134, for the prokaryotic and eukaryotic sequences. It is this event that enforces the correct pairing 

between the anticodon of the cognate tRNA with the codons from the mRNA 127. It is aminoglycosides 

that will bind in the place of tRNA at the A-site’s A1492/1493 nucleotides and disrupt this organized 

process to cause miscoding during translation 135.   

 

5.3 NMR is a tool which may provide comparative details about dynamics and thermal stability  

     While work has been completed to compare the structures and conformation of the prokaryotic and 

eukaryotic A-site fragment sequences, minimal is known about the differences in the dynamics via NMR. 

As mentioned in chapters 2 and 3, NMR is a tool that allows for probing structural and conformational 

states on a wide timescale 136 that X-ray crystallography cannot capture.  
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5.4 The prokaryotic and eukaryotic A-site rRNA possess different thermal stabilities 

     The rRNA used in this work are fragments that recapitulate the behavior of their wild types 128. Both 

rRNAs comprise a three-nucleotide internal bulge flanked by a lower and upper helix. Both rRNAs have 

UUCG tetraloops that caps the upper helix. This was added in this study to enhance stability in the 

structures (Figure 5.1).  All adenines from both prokaryotic and eukaryotic sequences were isotopically 

labeled with 13C on the 8 positions of the nucleobase (Figure 5.2). 

 

 

Figure 5.2 Secondary structure of the rRNA constructs (a) prokaryotic A-site rRNA (b) eukaryotic A-site 

rRNA. The sequence differences are highlighted in red color, and the adenines of interest are in yellow. 
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Figure 5.3 (a) Secondary structure of prokaryotic A-site rRNA; The sites of the isotopic label are 

highlighted in red color. (b) The placement of the adenine nucleotide triphosphate which shows the 

carbon label in red. 

 

5.5 1-dimensional proton NMR of the imino region can be used to test nucleotide specific thermal 

stability in RNA 

     There are many regions within a typical 1-D proton NMR that would be specific to a particular type of 

proton’s presence. The imino proton region ranges between 10 and 15 ppm 123-124. The imino region is 

helpful in conducting NMR melting experiments. These experiments can study the thermal stability of 

RNA. Imino protons are involved in hydrogen bonding with base pairs, and their peaks change to depict 

structural rearrangements. As temperature increases, the hydrogen bonds in base pairs that possess 

imino protons begin to dissociate. This leads to a broadening and eventual disappearance of imino proton 

peaks. These changes were monitored for our RNAs to gain insight into sequence stability. A further 

discussion of the results is seen in the subsequent paragraphs. 
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5.6 NMR melt analysis reveals similar structural stability of prokaryotic and eukaryotic A-site 

rRNA 

     It is desirable to know the stability of the specific nucleotides in these sequences.  NMR provides 

nucleotide-specific information 141. A typical one-dimensional NMR spectrum of the imino proton chemical 

shift region (10-15 ppm) shows peaks from the imino protons from guanines and uracils. These protons 

are visible when either guanines or uracils are hydrogen bonded to an A, G, C or U base. The imino 

region of a spectrum reflects the secondary structure of an RNA. Additionally, the transition between a 

folded (bonded) and unfolded (unbonded) state can be monitored by the initial broadening and the final 

disappearance of imino peaks as a function of increasing temperature due to the exchange of protons 

with the solvent water.  

     In this experiment we monitored the melting of the two rRNA constructs as we increased the 

temperature from 278K to 326K in 10K increments. Previous work from members of the group provided 

resonance assignments. The disappearance of imino peaks followed in this order: non-canonically 

bonded nucleotides, the A-U pairs, and the G-C base pairs (Figure 5.4). Interestingly, the G-C base pair 

near the bulge was the first to break when compared to other G-C pairs located in the upper and lower 

helices. This may be explained by the likely additional stacking interactions between adjacent base pairs 

in the helix which are not present in the bulge. In both the prokaryotic and eukaryotic rRNA, the amino 

peaks of G2, G4, G16 and G25 were visible through 316K; this indicates that those are very stable. 

Unfortunately, I could not monitor the adenine residues of both the prokaryotic and eukaryotic rRNAs in 

the bulge as they do not have imino protons. In the prokaryotic and eukaryotic rRNA the guanines and 

uracils that participated in Watson-Crick bonding were still visible at 316K. For additional confirmation of 

the similarities in stability, I used Python to calculate area under the curves using an image analyzing 

code which allowed me to derive the total area under the curves per heat increment of each rRNA. This is 

seen in the appendix (Figure 1 and 2 a-f). It co-confirms these two sequences are overall similar in their 

NMR melt profiles. 
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Figure 5.4 The NMR melt data of the prokaryotic (a) and eukaryotic A-site rRNA (b) The 1H-imino region 

can be seen to range from 276 to 326 K.    
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5.7 R1, R2 and hNOE+ 1 NMR experiments can be used to assess differences in flexibility of the 

adenines 

     On the picosecond-to-nanosecond (ps-ns) time scale, spin relaxation experiments may provide 

information about motions within the rRNAs. Longitudinal (R1) relaxation experiment depicts the decay of 

longitudinal magnetization with a rate constant R1. The transverse relaxation experiment describes the 

decay of magnetization in the XY-plane with a rate constant of R2. Finally, the heteronuclear Nuclear 

Overhauser Effect (hNOE) measures the rate at which proton magnetization is transferred to the 

heteroatom via their dipolar interaction. While the suite of relaxation experiments do not explicitly reveal 

the rate of chemical exchange that contributes to relaxation, these experiments do allow for a deeper 

understanding of the flexibility or rigidity of the nucleotides being probed (Figure 5.5). In addition, we can 

further characterize the flexibility of the adenines by obtaining the ratio between the R2 and R1 rates 

(Figure 5.6). The R2/R1 ratio depicts flexibility of a nucleotide, and in future studies may be useful in 

generating other flexibility parameters.  

 

 

Figure 5.5 Bar chart shows the summary of the suite of spin-relaxation experimental results for the 13C-8 

adenine labeled sequences. Findings present eukaryotic A1492 to be of greatest flexibility followed by 

A1493. A similar trend of flexibility is seen in the prokaryotic A1492 and A1493. Comparatively, the 

eukaryotic A1492/93 is more flexible than the prokaryotic.  
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Figure 5.6 The R2/R1 ratios derived from experimental 13C-8 adenine relaxation measurements for 

eukaryotic and prokaryotic rRNA at 600 MHz with a temperature of 25°C. The error bars represent ± 

standard deviation. 

 

5.8 CPMG NMR as an NMR tool to observe exchange on a nucleotide-specific level 

    To further understand the differences in dynamics between the two rRNA’s adenines, we elected to 

use the Carr-Purcell-Meiboom-Gill (CPMG) experiment. This choice was rooted in the experimental 

success from prior publications using this rRNA system 145. Our CPMG experiment works to obtain the 

R2eff  during a constant-time period constituted by a train of equally spaced 180º refocusing pulses.  This 

dispersion curve is the R2eff plotted against the various frequencies applied (𝜈CPMG) 140. A flat curve implies 

there is not chemical exchange in the µs-ms timescale of the observed nuclei. In contrast, a non-flat 

dispersion curve implies the presence of chemical exchange.  In our experiment we fit this data to a two-

state chemical exchange model141,142. Through this we were able to gain insight into the kinetics (kex) of 

the adenines 1492/1493 within the prokaryotic and eukaryotic A-site rRNA constructs. 
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5.9 Dynamics differences exist between the two rRNAs on the ps-ns and µs-ms timescales 

    We compared both the thermal stability and the dynamics of the two sequences.  We were interested 

in the dynamics differences at the location of nucleotides A1492 and A1493. This was a key point of focus 

due to their role in the fidelity of translation, and their current use in aminoglycoside drug performance. 

We used relaxation NMR experiments to accomplish this goal. We began our dynamics probing 

experiments with the longitudinal (R1), transverse (R2) and hNOE + 1 NMR experiments (Figure 5.5). We 

report that longitudinal experiments show enhanced flexibility in favor of prokaryotic rRNA, but differences 

between eukaryotic and prokaryotic flexibility is minimal (Appendix table 1). R2 data and hNOE + 1 data 

co-confirm these conclusions.  Additionally, the R2/R1 ratio (Figure 5.6) suggests there may be enhanced 

flexibility in the eukaryotic adenines as compared to the prokaryotic. We then used relaxation NMR 

(CPMG) to find the effective transverse relaxation rates (R2eff) of the H8 atoms of the adenines 1492 and 

1493 on the µs-ms timescale via a 1H-based Carr–Purcell–Meiboom–Gill (CPMG) experiment that our 

group has used in several previous publications 145. In the prokaryotic rRNA (Figure 5.7), we saw fast 

exchange taking place in both A1492 and A1493. The rate of exchange occurring is seen in (Table 5.1)1.  
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Figure 5.7 1H relaxation dispersion curves plotted as a function of R2,eff against the 1H CPMG pulse 

frequency of the prokaryotic A-site rRNA at a constant-time delay of 40 ms. This data was obtained at 

600 and 800 MHz. A non-flat dispersion curve indicates the presence of exchange. The data was fit to the 

Bloch McConnell exchange model 167-168 using the RINGNMR software to obtain kex values 169.   
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Figure 5.8 1H relaxation dispersion curves plotted as a function of R2,eff against the 1H CPMG pulse 

frequency of the eukaryotic A-site rRNA at a constant-time delay of 40 ms. This data was obtained at 600 

MHz.and 800 MHz. A non-flat dispersion curve indicates the presence of exchange. The data was fit to 
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the Bloch McConnell exchange model 167-168 using the RINGNMR software to obtain kex values 169. Yet, 

the data from A1492 in the eukaryotic A-site rRNA could not be fit using this software 

 

     The eukaryotic A-site rRNA’s Adenines 1492 and 1493 underwent fast and slow exchange 

respectively (Figure 5.8). 1492 had a fast kex exchange and 1493 had a slow kex exchange (Table 5.1) 

However, not all data could be fit by RINGNMR due to high error. After fitting the data with a 2-state 

exchange model in RINGNMR, we then used NESSY to report on exchange in 3-state models for slow, 

fast and intermediate regimes; the curves for those successfully fit, can be found in the appendix 

(Appendix Figure 3 (a-e)). Like RINGNMR 169, NESSY uses a statistical model framework for selection 

of best fit 195. While RINGNMR uses AIC and RMS to select the best model for the user, NESSY uses 

residuals, maximum likelihood fitting, AIC and F-tests. NESSY could not fit the eukaryotic A-site rRNA 

1493 and thus reported it to have no exchange. NESSY reported the prokaryotic adenine 1492 to have a 

kex value of 516.90 ± 62.78 s-1 and 4788.30 ± 577.68 s-1 on the 600 and 800MHz, respectively. Adenine 

1493 in the prokaryotic sequence had a kex value of 1878.53 ± 144.47 s-1 and 3771.02 ± 229.74 s-1 on the 

600 and 800MHz, respectively. In the eukaryotic sequence NESSY could not fit adenine 1492 and 1493 

from the 800MHz data. NESSY did conclude that the adenine 1493 based on 600MHz data had a kex 

value of 3889.66 ± 930.909 s-1, but NESSY could not fit adenine 1492 from the 600MHz data. (Table 5.1) 

summarizes these results.  
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Table 5.1 The summarized findings from NESSY and RINGNMR software for the CPMG data 

 

 

      In short, the R1, R2, hNOE+ 1, and CPMG experiments underscore that while there are similarities in 

the thermal stabilities and secondary sequences, there are key differences in the rates of exchange from 

the prokaryotic bulge region compared to the eukaryotic A-site rRNA. Previous experiments 167 show the 

results of fluorescence studies using the 2-AP fluorescent analog of adenine. This enables the 

observation of A1492 and A1493 in the A-site rRNA of the prokaryotic sequence. When the base was 

stacked and intrahelical, its fluorescence readings were low. When the base flipped out or became extra-

helical, fluorescence increased.  Thus, by measuring fluorescence intensity, they inferred the intrahelical 

and extra helical lifetimes. While they did not compare the prokaryotic and eukaryotic sequences, they did 

compare if the binding affinity or the extrahelical lifetimes were connected to the potency of the 

aminoglycosides (Table 5.2) 
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Table 5.2 The summarized results from previous literature 167  depicting the connection between extra-

helical life times and the potency of an aminoglycoside 

 

 

     Their study showed no correlation between binding affinity and potency, but rather found an 

association of longer extra helical lifetimes with drug potency. This connection motivated our study to 

examine differences in these lifetimes between the prokaryotic and eukaryotic sequence. Our results 

emphasize the need to factor in RNA dynamics into the drug design process.  

 

5.10 Summary of chapter 5 

     Aminoglycosides function by modulating the nucleobases A1492 and A1493, and this results in 

aberrant protein synthesis 125. While aminoglycosides are effective, the matter of their selectivity could be 

improved upon. The eukaryotic A-site rRNA is quite like the prokaryotic A-site rRNA, and their interaction 

with aminoglycosides have been associated with some deleterious side effects 31-34. In efforts to design 

new antimicrobials or improve current ones, the specificity by which binding takes place must be 

improved. If the adenine 1493 of the eukaryotic A-site rRNA is in slower exchange this implies it spends 

more time in the extra helical position than its eukaryotic counterpart. Improvements in this area of 

research require an initial understanding of the dynamics involved and the differences between the 

eukaryotic and prokaryotic systems.  Thus, we probed the differences and similarities in dynamics µs-ms 

timescale by NMR and tested their thermal stabilities using UV spectroscopy and NMR. Future studies 
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from our group may consist of utilizing other adenine specific isotopic labeling patterns to co-confirm the 

findings herein.  

 

CHAPTER 6 

6.0 The focus of chapter 6 

      In this chapter, I describe dynamics studies of an HIV-2 RNA. I purified an isotopically labeled uracil 

nucleotide triphosphate and successfully incorporated it into the TAR-2 RNA fragment. I then run a series 

of dynamics experiments with this RNA and summarize the main findings of these. Understanding this 

aspect of the TAR RNA has proven fruitful in drug development for the TAR-1 RNA sequence 

79.  Additionally, this chapter uses TAR-2 RNA as a model construct for teaching undergraduates with little 

to no pre-existing knowledge about NMR theory.  Within the chapter I share an overview of the cadence 

and techniques I used to teach a NMR theory and relaxation data processing course. I anticipate that this 

material could be adapted to teaching first year graduate students about NMR theory and relaxation data 

processing as well.  

 

6.1 TAR-2 RNA is a target which has been previously researched 

    The Human Immunodeficiency Virus (HIV) negatively impacts millions around the globe 35.  HIV is 

predominantly found in two types: HIV-1 and HIV-2. As stated in chapter 1, these two have differences in 

their regions where found, and speed in progression to AIDS.148-151.  Chapter 1 discussed the RNA 

element in HIV, which is paramount to the replication process is the Trans-Activation Response element 

(TAR).  TAR is present in both HIV-1 and HIV-2.  As mentioned in chapter 1, the site of binding in the 

HIV-1 TAR, Tat complex has been identified as an arginine-rich region 151-153. Considering this, the 

Williamson group executed various NMR dynamics experiments using an HIV-2 TAR-argininamide 

complex 75,76. This experiment was a model for the aforementioned binding interaction between HIV-1 

TAR RNA and the Tat protein.  Like the behavior of HIV-1 TAR, the HIV-2 TAR binds to Tat. This binding 

catalyzes conformational changes within the HIV-2 TAR RNA based on their work.  



 

 

52 

 

          The Williamson group performed their TAR-2 NMR-based studies uniformly labeled with 15N 

and 13C 73, 147 RNA.  However, uniform labeling patterns are known to introduce scalar and dipolar 

couplings complicating analysis of NMR measurements.113, 155-156.  Couplings can impact the detection of 

NMR peaks from RNA and limit the accuracy of the findings 155–156. In efforts to circumvent this obstacle, 

our chemo-enzymatic labeling approach was used for the incorporation of site-specific labeling (Figure 

6.1)157.  The use of these labels allowed us to explore NMR experiments that were previously not 

available for use 72.  This work promoted more detailed findings by using the previously not accessible 

experiment, CPMG, and this work rendered results with enhanced accuracy surrounding the dynamics of 

the therapeutic target, TAR-2 construct. 

 

 

Figure 6.1 (A) The TAR-1 and TAR-2 secondary structures. The red-colored C in TAR-1 remains the key 

secondary sequence difference between the two. The two, uracil nucleotide triphosphate (UTP) structures 

are shown in (B) and (C).  The yellow labeling serves to be indicative of the placement of a carbon-13 

isotopic label. (B) shows the uniformly labeled UTP, while (C) shows the 1’,3’, 6-13C, 5-2H site-specifically 

labeled UTP. 

 

              In this work, we used NMR spectroscopy to observe the dynamics of the HIV-2 TAR RNA 

sequence (TAR-2), with focus devoted to the uracil residues via our site-selective 13C chemo-enzymatic 
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labeling technique. The specific labeled (1’,3’, 6-13C, 5-2H) positions, and nucleotides can be seen in 

Figure 6.1. We used Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion and transverse spin 

relaxation dispersion (R2), longitudinal spin lattice relaxation dynamics and heteronuclear NOE (R1, hNOE 

+ 1) measurements to look at the TAR-2 13C6-H6 spin system on the picosecond to millisecond timescale. 

Improved knowledge of these dynamics and how they facilitate interactions with the Tat protein could 

promote the design of medication which targets the HIV-2 TAR RNA.  

 

 

 

6.2   R1 experiment with TAR-2 fragment RNA displays differences in flexibility between uracils 

located in bulges and helices  

    We wanted to know where the TAR-2 RNA’s internal motions would be detected; thus, we planned and 

performed a series of high-frequency NMR experiments specific to monitoring the 13C6-H6 spin system of 

the uracils.  We recorded their longitudinal (R1) relaxation, transverse (R2) relaxation, and relaxation 

dispersion (CPMG) values. The R1 experiment is commonly used to probe relaxation decay of longitudinal 

magnetization.  In this experiment we use several 2D NMRs at varying delay times; we plot the 13C6-H6 

uracil signal intensities versus delay times to obtain an exponential decay curve, and from the exponential 

decay fitting equation, the relaxation rate, R1 can be determined (Figure 6.2).  

    To extract the longitudinal relaxation rate (R1), the signal versus delay time plot is fitted to a single-

exponential function using the RELAXFIT MATLAB script for each uracil residue. Error analysis was 

executed using the same RELAXFIT MATLAB script with a duplicate delay data point (Figure 6.2)159,160. 

In this experiment, the possession of an elevated R1 value is connected to having enhanced flexibility 

when compared with a low R1 value.161,162 We deduced from the R1 experiment that the13C6 atoms on the 

uracil in the bulge decay faster than the 13C6 atoms on the uracil in the helices; we also assumed, based 

on this experiment, that the 13C6 atoms on the uracils in the bulges are more flexible than those in the 

helices.  
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6.3 hNOE + 1 experiment with TAR-2 fragment RNA highlights the flexibility of the uracils.  

         The hNOE + 1 experiment may provide extra dynamics content when added to  R1 and R2 data. The 

hNOE + 1 experiment detects flexibility on the picosecond time scale.166 The experiment observes 

fluctuations in spin magnetization of a heteronuclear system when a proton is saturated by rf pulses163. 

This experiment found in Figure 2, that there are elevated hNOE+1 signals from half of the Uracils 

studied. Here we see the beauty of our lab-signature, site-specific labels. They removed any potential 

unwanted cross relaxation effects. When working with uniform 13C labels, it is a possibility that the 

adjacently isotopically labeled carbons‘ protons may undergo 13C longitudinal cross relaxation. This would 

lead to increased intensities (enhanced hNOE + 1 signals) of peaks on the resulting 2D spectra. Yet, 

these site-specific labels afforded the option to remove any potential cross relaxation which could have 

occurred by exchanging the hydrogen on H5 with a deuterium.  Therefore, we removed the potential for 

the C5 carbon’s proton which is adjacent to our 13C labeled C6’s proton to experience any enhanced 

detections of hNOE + 1 signals. 

 

6.4 R2 relaxation dispersion experiment shows a similar trend that the uracils located in the bulge 

are more flexible than uracil in helices 

     We determined the R1 (longitudinal relaxation rate) value from the uracils studied in the NMR 

experiments. Additionally, we used a NMR experiment to find the R2 (transverse relaxation rate constant) 

158,163,164. From this experiment we find that flexible nucleotides have decreased R2 values161-162. Figure 6 

shows the normalized peak intensities versus delay times from the R2 experiment. Single exponential 

decay curve fitting and error analysis was achieved by using RELAXFIT.159,160   When the intensities are fit 

to an exponential decay curve, a R2 value of each of the six uracils could be derived.  We found that the 

13C6 uracils with the lowest R2 values were the ones in the bulges.   
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Figure 6.2 The uracil relaxation measurements for 1’,3’, 6-13C, 5-2H -UTP in TAR-2 RNA from 600 MHz at 

25 °C. Uracil R1, and R2, rates and steady-state hNOE measurements are shown herein. The error bars 

represent ±  s.d.  The Residues U31, U23 and U25 show high R1, hNOE, and low R2. This suggests the 

occurrence of increased internal motions within these residues. The Y-axis depicts rates (1/s) of R1 and 

R2 and the dimensionless unit of hNOE + 1.  

 

 

    We compared the R1, R2 and NOE+ 1 data, and saw that the 13C6 atoms on the uracils in the bulges 

were more dynamic than those in the helices. We also compared the flexibility of the 13C6 atoms on the 

uracils by studying the ratio between the R2 and R1 rates. The R2/R1 ratio is an extra analysis that can 

provide us with an additional way of looking at the data (Figure 6.3). The R₂/R₁ ratio yields a normalized, 

field-independent picture of the molecular motion the TAR-2 experiences by incorporating the R₂ and R₁ 

relaxation processes. Both R₁ and R₂ primarily reflect ps-ns motions due to dipole-dipole and chemical 
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shielding anisotropy relaxation mechanisms. The ratio of the two also report on motional heterogeneity 

across nucleotides. However, RNA is dynamic and may deviate from the average of this ratio. The 

average of this ratio bar provides a baseline for differences in motion. Deviations from the baseline, seen 

as elevated R₂/R₁ ratios, would signal that those nucleotides may be experiencing conformational 

exchange170. This would prompt the investigating a slower timescale of NMR relaxation experiments. 

 

Figure 6.3 The R2/R1 ratios derived from experimental uracil C6 relaxation measurements for 1’,3’, 6-13C, 

5-2H -UTP labeled TAR-2 at 600 MHz with a temperature of 25°C. The error bars represent ± standard 

deviation. 

 

 

6.5 CPMG experiment with TAR-2 fragment RNA will show which H6 atoms on the uracils are in 

exchange. 

     From the R1, R2, hNOE +1  experiments, we learned that the uracils in the bulges are more flexible 

than those in the helices (Figure 6.2). Yet, there remains a lack of knowledge regarding which uracils are 

in exchange. CPMG will be used to measure the effective transverse relaxation rates (R2eff) of the uracils 

on the µs-ms on both a 600 and 800 MHz NMR spectrometer magnetic fields. 165-167  In our CPMG 

experiment, the R2eff will be determined using a constant-time period containing a train of equally spaced 

180º refocusing pulses.146 The conformational exchange will be seen by a non-flat curve in a plot of R2eff 
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as a function of the CPMG field (𝜈CPMG). A flat dispersion curve will imply that no exchange in the nuclei 

could be detected on that timescale. We will fit the data to a two-state chemical exchange model using 

the Carver-Richards equations shown in chapter 3 167,168. With the assistance of RINGNMR software,171 

we will gain insight into the kinetics (kex) of which the uracils underwent fast, slow or no exchange on the 

µs-ms timescale.  

 

 

Chapter 7 

7.0 Author contributions for chapter 7 

     The research and data presented in this chapter were conducted as part of a collaborative project with 

Frances Stump, a fellow graduate student in the Chemistry & Biochemistry Department. Both of us 

contributed equally to experimental design, data collection, and analysis. As a result, figures 6.1 and 6.2  

may also appear in Frances’s thesis submitted to the University of Maryland, College Park. The inclusion 

of these materials in both theses reflects our shared contribution to the work and has been approved by 

our advisor, Dr. T.K. Dayie.  

 

7.1 Learning objectives of teaching NMR theory and dynamics to undergraduate students  

     NMR spectroscopy has been used as an instrument in the field of TAR RNA-based drug development 

171. One instrumental steppingstone used in the pathway to TAR RNA-based drug discovery was the 

structure and dynamics analysis of its intended therapeutic target using NMR 172-176, 79. Recent data states 

that only a small percentage of chemistry and biochemistry undergraduates will attend graduate schools 

179. This implies that many of these undergraduates will enter the work force upon graduation with their 

undergraduate biology STEM degrees.  It was desirable to equip these students with skills which may be 

transferable to various biological occupations.  It was our overall research goal to provide students with 

the ability to interpret dynamics data from a simple NMR experiment on at minimum a novice level. Our 

goal was executed by implementing the following objectives: to equip the students with background 

knowledge in classical NMR theory, teach the students about RNA structure assignment through NMR 
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data base BMRB, educate students in the classical T1 experiment theory, and provide the students with 

our previously collected raw T1 data from the work with the TAR-2 construct.  The students used this raw 

data to reprocess and draw their own conclusions about the flexibility of the uracil residues. Students 

were provided with pre and post-assessments which covered multiple choice and open response 

questions from all the specific goals of teaching. The pre and post assessments were used to document 

the furtherance of their knowledge in the subject matter; the pre-assessment was administered on the first 

day or class, and the post-assessment was administered on the last day or class. Students were also 

given, simultaneously to the pre and post assessments, a pre and post self-assessment.  The self-

assessment was useful in gauging the growth of the students’ confidence levels in the subject matter.  

 

7.2 Practicum cadence of teaching material 

     The curriculum for this course was designed to be taught in three lectures; however, the material may 

be expounded upon in deeper detail to promote a longer series of lectures being taught. We developed 

this course with several assumptions regarding the students’ pre-existing knowledge relevant to the 

course.  We assumed students would recall the following foundational concepts: electron donating and 

withdrawing properties, the periodic table of elements, atoms, basic organic chemistry functional groups, 

and the radiation spectrum. This implies that a great deal of traditionally needed physics, quantum 

mechanics, and other underlying theory was not a prerequisite for learning.  This was intentional as we 

desired to develop a curriculum that could be taught to those of diverse educational foundations. In this 

first lecture we taught students about the theory of NMR, the components of the NMR spectra, not 

specific to biomolecules, and the interpretation for simple pulse programs.  In the second lecture we 

taught the students to interpret the NMR spectra relevant to RNA nucleotides, to utilize the BMRB for 

RNA structures, and the inversion recovery theory of the relaxation experiment, T1. In the final lecture we 

provided students with raw NMR files from a T1 experiment performed on a RNA structure. In this final 

lecture, the students learned how to independently process the data and determine the R1 values of the 

nucleotides which were monitored during the T1 experiment. They also were educated concerning the 

relationship between T1 and R1, and how R1 values relate to flexibility. 
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7.3 Teaching NMR theory and dynamics to undergraduates improves self-confidence and general 

understanding  

      From the results of the pre/post-assessments and the pre/post self-assessments, we find that the 

students improved significantly in both their self-confidence and their understanding of the subject matter 

(Figures 7.1 and 7.2).  The students assembled a research poster which was presented at a NASA-

hosted symposium. One of the students has since joined me in my work and has rerouted his plans of 

becoming a medical doctor, to becoming a chemist with great interest in applying to UMD for fall 2026 to 

join the Dayie lab.  

 

 

Figure 7.1 The average scores of self-assessments per question. These scores are compared to the pre- 

and post-self-assessments. (cyan) The post self-assessment compared with the (magenta) pre-self-

assessment results show the significant growth in self confidence which came from the students. 
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Figure 7.2 The bar chart shows the results of the pre and post assessments administered to the student. 

While students improved in all areas overall, we find that the areas which students developed significantly 

in were the classical NMR theory, NMR RNA dynamics, and NMR RNA data analysis sections.  

 

7.4 Summary of the work in chapter 6 and 7 

     We probed dynamics across the ps-ns and μs-ms timescales to comprehend the internal motions of 

the HIV-2 TAR-2 RNA sequence. We witnessed a general trend of greater flexibility in the bulge residues 

when compared to those in helices. This trend was consistent across R1, R2 and hNOE experiments 

(Figures 6.2 and 6.3). These results aligned with earlier studies conducted on uniformly 13C-labeled HIV-

2 TAR RNA but provide more detailed insights by resolving the U31 and U42 peaks which were 

previously not visible due to scalar couplings 72. It is worthwhile to underscore that the longitudinal 

relaxation rates measured in this thesis are lower than those reported in the Williamson group’s work with 

the exception of U23. This alludes that prior values may have been overestimated. R1, R2 and hNOE 

experiments were useful in comparing flexibility between the groups of uracils. These experiments had 

limitations in that they could not highlight residue-specific exchange rates. This limitation will be 

addressed by incorporating the CPMG experiment. CPMG will showcase detailed nucleotide-specific 

exchange on the μs-ms timescale. Through the CPMG experiment we will learn which uracils are in slow 

exchange, fast exchange or experiencing no exchange. The CPMG information is critical for uncovering 

TAR-2 RNA's functional dynamics. This work is a part of a larger effort to assemble a full picture of the 

HIV-2 TAR RNA's structural and dynamic ensemble. We also used the R1 experimental results and 

incorporated it into an undergraduate teaching practicum.  The general feedback from the student body 
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was positive and this course has encouraged students from the class to participate in NMR-based 

undergraduate research. The future work is to build on this by systematically studying the dynamics of 

each nucleotide in the TAR-2 sequence using various isotopic labels. It is anticipated that we will be able 

to map the full range of conformational states accessible to TAR-2 RNA as has been accomplished with 

the TAR-1 sequence which has resulted in medicinal developments 79. It may also be exciting to see 

future iterations of our practicum take place with minor improvements to the lecturing style.  

 

 

 

 

Chapter 8 

8.0 The focus of chapter 8 

     The future directions of this research expand the use of our isotopes to further characterize the 

dynamics of the A-site and TAR-2 sequences by NMR and complementary spectroscopic methods. Both 

sequences are connected to major global challenges: antimicrobial resistance and HIV. Both rely on 

nucleotides that participate in binding events to perform their activity. The use of site-specific ¹³C-8 

adenine labeling has proven to be effective at monitoring nucleotide-level motions on the ps-ns and µs-

ms timescales. A coherent next step of this research is to extend our labeling strategies to other rRNA 

constructs, such as the one found in human mitochondria, to better understand way to improve 

aminoglycosides. Or to incorporate other labels into the TAR-2 sequence to fully map the dynamics of the 

RNA. 

 

8.1 Future directions 

     An immediate direction includes the incorporation of the ¹³C-8 adenine label to the mitochondrial A-site 

rRNA. Aminoglycosides are reported to exhibit off-target interactions with this mitochondrial rRNA. 

Although mitochondrial and bacterial ribosomes possess distinct sequence variations and thus, observing 

their conformational exchange is of interest. An investigation of the counter parts of adenines 1492 and 

1493 in the mitochondrial rRNA 121 would reveal whether these nucleotides experience similar or distinct 

dynamic behavior relative to the bacterial and cytosolic eukaryotic A-site sequences. By using the same 
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labeling scheme used in Chapter 5, it would be possible to compare all three rRNA under identical NMR 

experimental conditions. The longitudinal and transverse relaxation experiments (R₁, R₂, and hNOE) 

would characterize flexibility, while CPMG R1r and CEST relaxation dispersion experiments would identify 

differences in conformational exchange between the intra and extra helical lifetimes. 

 

      For TAR-2 future directions, the ability to apply the use of our adenine label to nucleotides within the 

TAR-2 sequence would be enlightening as there is an adenine involved in the binding pocket, A27 63. 

Generating TAR-2 fragments that are specifically isotopically labeled at A27 is a powerful method to 

resolve these microsecond-millisecond, site-specific dynamics that are otherwise difficult to observe. This 

data would complement the work accomplished in chapter 6.  

      

    While NMR is a well-suited technique for studying site-specific dynamics in RNA, other spectroscopic 

tools may be useful as well.  UV melting could be used to compare the thermal stability of the bacterial, 

mitochondrial and eukaryotic A-site constructs. Those findings could be compared with NMR for co-

confirmation.  

          Furthermore, my results and methods presented throughout this dissertation suggest an additional 

direction: using labeled RNA NMR data for computational modeling. Molecular dynamics simulations 

using data generated by R₁, R₂, hNOE, and relaxation dispersion-derived may be vital for identifying and 

characterizing the relevant conformational states that facilitate functional interactions, directly impacting 

the rational design and efficacy of new drugs. This data may assist in visualizing transient conformations 

that are difficult to isolate through experimental means. This would also assist in predicting behavior of 

the RNAs as well. 

 

8.2 Summary of chapter 8 

     In summary, future research will involve applying the new ¹³C-8 adenine labeling method to study 

mitochondrial A-site rRNA, and the Tat-binding pocket of TAR-2. If NMR relaxation is integrated with UV 

melting, such studies can provide a more comprehensive and comparative study of RNA conformational 

dynamics, in efforts to better understand and anticipate activity. 
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Appendices 
 

RNA preparation 

The 27-nt and 30-nt RNA fragments used in this study were synthesized from DNA templates (TAR:    

5´-GGC CAG AGA GCT CCC AGG CTC AAT CTG GCC TAT AGT GAG TCG TAT TAG-3´), (A-site 

Bacteria: 5´-mGmGC GAC TTC ACC CGA AGG TGT GAC GCC TAT AGT GAG TCG TAT TAG-3´), (A-

site Human: 5´-mGmGC GAC TTT TCC CGA AGG AGC GAC GCT ATA GTG AGT CGT ATT TAG-3´)  

(promotor sequence: 5´- CTA TAG TGA GTC GTA TTA G-3´) purchased from Integrated DNA 

Technologies (IDT) Coralville, IA. Site selectively labeled 8-13C-ATP (A-site rRNA samples) and 1’,3’,6-

13C,5-2H (TAR-2 sample) were synthesized via a T7 polymerase-based in-vitro transcription reaction from 

DNA templates. The different RNAs were synthesized in a 10 mL reaction carried out at 310 K for 3 h. The 

reaction mixture was composed of 1X transcription buffer (40 mM Tris-HCl pH 8.0, 1 mM spermidine and 

0.01% TritonX-100), 80 mg/mL PEG, 1 mM DTT, 20% DMSO, 2.5 mM NTPs (e.g.: 2.5mM ATP, 2.5mM 

GTP, 2.5mM CTP, or 2.5mM UTP) that were unlabeled and or site selectively labeled, 7.5 mM MgCl2, 0.3 

µM single strand DNA template for the individual RNA, 2 U/µL thermostable inorganic pyrophosphatase 

(TIPP) and 10 mg/mL T7 RNA polymerase. Following transcription, the RNAs were purified by 12% 

preparative acrylamide gel and electroeluted at 200 V in 1X TBE (Tris Borate Ethylenediaminetetraacetic 

acid (EDTA)). The samples were then exchanged into deionized water, lyophilized and then dissolved in 

1X NMR buffer (50 mM sodium phosphate (pH 6.5), 50 mM sodium chloride, 0.1 mM EDTA, 0.1 mM, 0.1 

mM 4,4-Dimethyl-4-silapentane-1-sulfonic acid (DSS), 100% D2O, 0.02% NaN3). The average 

concentration of the purified samples as determined using a Nanodrop at 260 nm was 0.5 mM. The molar 

extinction coefficients used were 387.5 mM-1 cm-1 TAR-2 and 283 mM-1 cm-1 for A-site sequences.  
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NMR data  

All NMR experiments were performed at 298 K on an Avance III Bruker Ultrashield Plus 600 MHz 

spectrometer equipped with a triple resonance probe (1H, 13C, and 15N) or a 800 MHz spectrometer with a 

QCI-31P cryoprobe. 2D and pseudo-3D data were processed and displayed using the Bruker software 

Topspin version 4.0.7 and RINGNMR software.  

 

 

R1 and R2  (A-site RNA specific) 

 Transverse relaxation optimized spectroscopy (TROSY) based pulse sequences adapted from 

earlier works were used to obtain R1, and R2, data. R2 relaxation rates were measured by carrying out an 

R2 experiment. For the pseudo-3D R1 and R2, experiments, a hard 180º pulse was applied during the 

second INEPT period in place of selective pulses normally applied for decoupling of 13C-13C scalar 

couplings in a uniform labeled RNA. The carrier and sweep widths for the indirect dimensions were 

optimized for the C6, atom. The 13C carrier was set to 140.4 ppm for UTP-C6 and the 1H carrier was set to 

4.7 ppm. The sweep width was set to 4.0 ppm for F1 dimension and 8.6 ppm for F2 dimension. The recycle 

delay (D1) in the R1, hNOE and R2 experiments were set to 2.5 s recycle; 6 (R1) and 7 (R2) delay times 

were used to extract relaxation rates. The delay times for the R1 experiments were: 0.05, 0.1, 0.2 

(duplicate), 0.4, 0.5, 0.6, and 0.7 seconds, while the R1ρ measurements were performed using delay times 

of 4 (duplicate), 8, 16, 28, 36, 48 milliseconds. The coupling constants for all experiments were set to 185 

Hz for the C6 atom. For each FID, an average of 64 scans and 1024 complex points were collected. The 

coupling constants for all experiments were set to 185 Hz for the uracil 13C6 atom. For each FID, an average 

of 64 scans and 1024 complex points were collected. The 1H spectra were referenced to internal DSS while 

the 13C dimension was referenced by multiplying the proton frequency at 0 ppm by the gyromagnetic ratio 

(γ) of 1H to 13C. The MATLAB program RELAXFIT was used for relaxation rate extraction and Monte-Carlo 

error estimation was made from duplicate delay times for R1 experiment and R2.  From the R1 and R2 values 

obtained, corrected R2 values were determined using the following equation:  
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𝑅2 = (
𝑅1𝜌

𝑠𝑖𝑛2𝜃
) − (

𝑅1

𝑡𝑎𝑛2𝜃
)  ;  𝜃 =   tan−1 (

𝜔1

Ω
) 

 

Equation 1 

𝜔1 is equal to the strength of the spin-lock field (1.6 kHz) and Ω is equal to the 13C chemical shift offset in 

Hz.  

 

hNOE (A-site RNA specific) 

The hNOE experiment consisted of duplicates of saturated and unsaturated NMR experiments; 

this was done to perform error analysis.  To saturate the proton, a hard 180° pulse was applied. The 

saturated hNOE experiments used a saturation delay (D35) of 5s. The unsaturated hNOE, used a delay 

(D9) of 6.5s was used. The NOE+1 values reported in Figure 7 were obtained using the equation:  

 

𝑁𝑂𝐸  + 1  = ( 
𝐼𝑠𝑎𝑡 − 𝐼𝑛𝑜 𝑠𝑎𝑡

𝐼𝑛𝑜 𝑠𝑎𝑡

) 

Equation 2 

 

1H CPMG (A-site RNA specific) 

     For relaxation dispersion CPMG experiments, R2eff rates were obtained using a CPMG module 

consisting of a train of 180º pulse inserted between a series of delays (𝜏CPMG- π- 𝜏CPMG). The R2eff is 

expressed as a function of the frequency at which the 180º pulses are applied (𝑉𝐶𝑃𝑀𝐺) during a constant 

relaxation time51 (𝜏𝑟𝑒𝑙𝑎𝑥) where 𝜏𝑟𝑒𝑙𝑎𝑥 = 2 × 𝑁 × 𝜏𝐶𝑃𝑀𝐺 . The coupling constant was set to 215 Hz. For 

each FID, an average of 16 scans and 1024 complex points were collected. The recycle delay for this 

experiment was set to 2.5s, and a constant-time delay (TCPMG) of 40ms was employed. Each delay 
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curve can be fit to analytical solutions for quantifying slow, intermediate or chemical contribution to 

transverse relaxation rates. 

 

R1 and R2  (TAR-2 RNA specific) 

 Transverse relaxation optimized spectroscopy (TROSY) based pulse sequences adapted from 

earlier works were used to obtain R1, and R2, data. R2 relaxation rates were measured by carrying out an 

R2 experiment. For the pseudo-3D R1 and R2, experiments, a hard 180º pulse was applied during the 

second INEPT period in place of selective pulses normally applied for decoupling of 13C-13C scalar 

couplings in a uniform labeled RNA. The carrier and sweep widths for the indirect dimensions were 

optimized for the C6, atom. The 13C carrier was set to 140.4 ppm for UTP-C6 and the 1H carrier was set to 

4.7 ppm. The sweep width was set to 4.0 ppm for F1 dimension and 8.6 ppm for F2 dimension. The recycle 

delay (D1) in the R1, hNOE and R2 experiments were set to 2.5 s; 6 (R1) and 7 (R2) delay times were used 

to extract relaxation rates. The delay times for the R1 experiments were: 0.05, 0.1, 0.2 (duplicate), 0.4, 0.5, 

0.6, and 0.7 seconds, while the R2 measurements were performed using delay times of 4 (duplicate), 8, 16, 

28, 36, 48 milliseconds. The coupling constants for all experiments were set to 185 Hz for the C6 atom. For 

each FID, an average of 64 scans and 1024 complex points were collected. The coupling constants for all 

experiments were set to 185 Hz for the uracil 13C6 atom. For each FID, an average of 64 scans and 1024 

complex points were collected. The 1H spectra were referenced to internal DSS while the 13C dimension 

was referenced by multiplying the proton frequency at 0 ppm by the gyromagnetic ratio (γ) of 1H to 13C. The 

MATLAB program RELAXFIT was used for relaxation rate extraction and Monte-Carlo error estimation was 

made from duplicate delay times for R1 experiment and R2.  From the R1 and R2 values obtained, corrected 

R2 values were determined using the following equation 1 as used for the A-site rRNAs.  

 

 

hNOE (TAR-2 RNA specific) 

The hNOE experiment consisted of two replicates of saturated and unsaturated NMR experiments; 
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this was done to perform error analysis.  To saturate the proton, a hard 180° pulse was applied. The 

saturated hNOE experiments used a saturation delay (D35) of 5s. The unsaturated hNOE, used a delay 

(D9) of 6.5s was used. The NOE+1 values reported in Figure 7 were obtained using the equation 2 as used 

for the A-site rRNAs. 

 

 

 

Table 1. R1, R2 and hNOE +1 (Spin relaxation) rates of 13C nuclear spins of A1492 and A1493 (P = 

Prokaryotic; E = Eukaryotic) 

 

 

 

 

 

Table 2. R1, R2 and hNOE +1 values for TAR RNA (Spin relaxation) rates of the uracils 
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Appendix Figure 1 (a-f). The imino melt area under curve calculations for the prokaryotic rRNA A-site. 

The plots show the general reconstructions of the NMR spectra coded in python to receive a total area 

under all peaks. The code extracts each trace by using a small number of user-selected guide points and 

automatically interpolating all intermediate values along the curve. After calibrating the x-axis from pixel 

space to ppm, it converts the traced intensity profile into numerical arrays and integrates them using the 

trapezoidal rule. The script then processes all traces in the image, compiles their calibrated data, and 

exports both the raw traces and the calculated areas into an Excel file. The data shows a decrease in as 

bonds break in the presence of heat. An overall 83% decrease in peak area can be noted. Comparably, 

the prokaryotic sequence is more stable than the eukaryotic sequence.   
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Appendix Figure 2 (a-f). The imino melt area under curve calculations for the eukaryotic rRNA A-site. 

The plots show the general reconstructions of the NMR spectra coded in python to receive a total area 

under all peaks. The code extracts each trace by using a small number of user-selected guide points and 

automatically interpolating all intermediate values along the curve. After calibrating the x-axis from pixel 

space to ppm, it converts the traced intensity profile into numerical arrays and integrates them using the 

trapezoidal rule. The script then processes all traces in the image and compiles their calibrated data. The 

data shows a decrease in area as bonds break in the presence of heat. An overall 90% decrease in peak 

area can be noted. Comparably, the eukaryotic sequence is less stable than the eukaryotic sequence. 

Python code is seen below . 

 

import numpy as np 
import matplotlib.pyplot as plt 
from PIL import Image 
import pandas as pd 
 
# ---------- helper functions ---------- 
 
def calibrate_x_axis(img): 
    """ 
    Click 14 ppm tick (left) then 10 ppm tick (right). 
    Returns slope, intercept so that: 
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        ppm = slope * x_pixel + intercept 
    """ 
    fig, ax = plt.subplots() 
    ax.imshow(img) 
    ax.set_title("Click 14 ppm tick, then 10 ppm tick on the x-axis") 
    pts = np.array(plt.ginput(2, timeout=-1)) 
    plt.close(fig) 
 
    x1, x2 = pts[:, 0] 
    ppm1, ppm2 = 14.0, 10.0 
 
    slope = (ppm2 - ppm1) / (x2 - x1) 
    intercept = ppm1 - slope * x1 
    return slope, intercept 
 
 
def digitize_trace(img, slope, intercept, label, n_dense=400): 
    """ 
    Digitize one trace with sparse clicks and interpolate between them. 
 
    Steps: 
      1) Click two baseline points for that temperature. 
      2) Click ~10–30 guide points along the trace with left click. 
         Right or middle click to finish. 
      3) The function interpolates between x,y guide points to create 
         a dense curve, converts to ppm and intensity, and integrates. 
 
    Returns: 
        x_ppm (np.ndarray), intens (np.ndarray), area (float) 
    """ 
    # ---- baseline selection ---- 
    fig, ax = plt.subplots() 
    ax.imshow(img) 
    ax.set_title(f"{label}: Click TWO baseline points near this trace") 
    base_pts = np.array(plt.ginput(2, timeout=-1)) 
    plt.close(fig) 
 
    baseline_y = base_pts[:, 1].mean() 
 
    # ---- sparse guide points ---- 
    fig, ax = plt.subplots() 
    ax.imshow(img) 
    ax.set_title( 
        f"{label}: Click guide points along the trace (left click).\n" 
        "Right or middle click when finished." 
    ) 
    pts = np.array(plt.ginput(-1, timeout=-1)) 
    plt.close(fig) 
 
    if len(pts) < 2: 
        raise ValueError(f"Not enough points selected for {label}.") 
 
    # sort by x so the curve is single valued in x 
    order = np.argsort(pts[:, 0]) 
    x_click = pts[order, 0] 
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    y_click = pts[order, 1] 
 
    # dense interpolation in pixel space 
    x_pix_dense = np.linspace(x_click[0], x_click[-1], n_dense) 
    y_pix_dense = np.interp(x_pix_dense, x_click, y_click) 
 
    # convert x pixels → ppm 
    x_ppm = slope * x_pix_dense + intercept 
 
    # convert y pixels → intensity (baseline_y - y, so peaks are positive) 
    intens = baseline_y - y_pix_dense 
 
    # trapezoidal integration over the whole digitized region 
    area = np.trapz(intens, x_ppm) 
 
    # quick check plot 
    fig, ax = plt.subplots() 
    ax.plot(x_ppm, intens, marker='.') 
    ax.set_xlabel("ppm") 
    ax.set_ylabel("intensity (arb. units)") 
    ax.set_title(f"Digitized trace (interpolated): {label}\nArea = {area:.3g}") 
    ax.invert_xaxis() 
    plt.show() 
 
    return x_ppm, intens, area 
 
 
# ---------- main script ---------- 
 
def main(): 
    # 1) load your PNG 
    img_path = r"C:\Users\rdani\Downloads\NMR Images\Human\Human NMR Melt.png" 
    img = np.array(Image.open(img_path)) 
 
    # 2) calibrate x-axis once 
    slope, intercept = calibrate_x_axis(img) 
 
    # 3) list all traces you want to digitize (top to bottom or whatever order you prefer) 
    labels = ["276 K", "286 K", "296 K", "306 K", "316 K", "326 K"] 
 
    traces = {} 
    areas = {} 
 
    for lab in labels: 
        x_ppm, intens, area = digitize_trace(img, slope, intercept, lab, n_dense=400) 
        traces[lab] = (x_ppm, intens) 
        areas[lab] = area 
        print(f"{lab}: area = {area:.6g}") 
 
    # ratio examples 
    if "306 K" in areas and "316 K" in areas: 
        a306 = areas["306 K"] 
        a316 = areas["316 K"] 
        if a306 != 0: 
            print(f"316 K / 306 K area ratio: {a316 / a306:.3f}") 
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    # 4) save everything to Excel 
    out_path = "digitized_traces_all_temps.xlsx" 
    with pd.ExcelWriter(out_path) as writer: 
        # one sheet per trace 
        for lab in labels: 
            x_ppm, intens = traces[lab] 
            df = pd.DataFrame({"ppm": x_ppm, "intensity": intens}) 
            # Excel sheet names can not contain ":" so strip or replace 
            sheet_name = lab.replace(":", "_") 
            df.to_excel(writer, sheet_name=sheet_name, index=False) 
 
        # summary sheet 
        df_summary = pd.DataFrame( 
            { 
                "Label": labels, 
                "Area": [areas[lab] for lab in labels], 
            } 
        ) 
        writer.sheets  # force writer to be created 
        df_summary.to_excel(writer, sheet_name="Summary", index=False) 
 
    print(f"All digitized traces written to {out_path}") 
 
 
if __name__ == "__main__": 
    main() 
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Appendix Figure 3 (a-e). The curves produced by NESSY that correspond to the results detailed in the 

main text. (a, b, d and e) represent data from the bacteria rRNA sequence and (c) is from the human 

rRNA sequence 

     NESSY analyzed the CPMG data by taking the manually entered 𝑅2,eff from each 𝜈CPMGand attempted 

to fit them to many different exchange models. These models ranged from no exchange to more complex 

multi-parameter exchange models. As an initial reference, NESSY will test a no-exchange model where 

the 𝑅2,effis independent of refocusing frequency. This is seen below. 

𝑅2,eff(𝜈CPMG) = 𝑅2
0. 

 

Then, NESSY evaluated other exchange models. NESSY begins with the two-site Carver–Richards 

model, which accounts for exchange contributions through the equation seen below 

𝑅2,eff(𝜈CPMG) = 𝑅2
0 + 𝑅ex(𝜈CPMG), 
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where the analytical exchange term is seen below 

𝑅ex(𝜈CPMG) =
𝑝𝐴𝑝𝐵  Δ𝜔2 𝑘ex

𝑘ex
2 + (𝜋𝜈CPMG)2

. 

   Additionally, NESSY In addition to testing two-state models, NESSY can test for 3-state slow, fast and 

intermediate exchange.  For every candidate model, NESSY optimized all parameters by looking for the 

lowest root-mean-square deviation between the predicted and experimental 𝑅2,effvalues. NESSY then 

computed the Akaike Information Criterion (AIC), which penalizes unnecessary parameters to prevent 

any over-fitting. NESSY compares AIC across all the available models (3-state slow, fast and 

intermediate exchange) for fitting. Then, NESSY selects the statistically best-supported model for each 

residue based on those factors.  
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Appendix Figure 4. The NMR files from a T1 1H- 13C experiment using the TAR-2 construct. Uracil is labeled 

with a 13C isotope on 6-position and deuteration on the 5-position of the nucleobase 

 

 



 

 

76 

 

 

 Appendix Figure 5. Analysis of the fit from a 1H- 13C  R2 experiment using the TAR-2 construct. Displayed 

are the transverse relaxation rate values adjusted by Matlab code 147-148. Uracil is labeled with a 13C 

isotope on 6-position and deuteration on the 5-position of the nucleobase.  
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Appendix Figure 6. CPMG data from the TAR-2 mentioned in the text. Files depict intensity changes as 

an effect of various frequencies (displayed on each data file) applied. CPMG depits a 1H- 13C  R2 

experiment. Uracil is labeled with a 13C isotope on 6-position and deuteration on the 5-position of the 

nucleobase.  
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Experiment 

Type 

NMR 

Spectrometer 

Folder Name Pulse Program 

CPMG NMR600 

 

CP800 

 

 

 

NMR600 

 

 

CP800 

 

241216_RO_RD_FS_TAR-2-

BASE_CPMG 

 

240202RitaRegan_Asite_Alabel_Base

_CPMG 

 

2023_07_16_CPMG-test 

 

Mary_SEL_ATP_HC_RNA_CPMG_

_BASE_9_14_20 

 

Mary_1',5',8_13C_ATP_HC_RNA_B

ase_9_28_20 

 

tkd_TROSY_HCP_

1HCPMG.RML 

hNOE  

NMR600 

 

Mary_1',5',8_13C_ATP_HC_RNA_1

1_7_19 (Expt 100) 

 

250122_FPS_RD_RO_tar-

2_Base+HNOE 

TKD_13C_TrosyN

OESat_NoDecSelt 

R1  

NMR600 

 

241031_FPS_RD_tar-2_Base_t1 

 

 

Mary_1',8_13C_ATP_HC_RNA_11_

15_19 

 

 

 

13C_TD_T1_ALH

10ms_3D_HN 

R2  

NMR600 

 

241114_RD_FS_TAR-

2_Base_HSQC_T1rho 

 

Mary_1',8_13C_ATP_HC_RNA_11_

15_19_New 

 

 

 

Hsqctretf2gpsi3d 
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