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ABSTRACT 

 

Jared T. Baisden: Probing excited conformational states involved in microRNA biogenesis 

 (Under the direction of Qi Zhang) 
 

MicroRNAs are evolutionarily conserved small, non-coding RNAs, ~20-22 nucleotides in 

length, which serve as critical gene regulators in many aspects of biological processes, including 

development, cellular proliferation, differentiation, and apoptosis. Due to this central regulatory 

role of microRNAs, their biogenesis is tightly regulated through the binding of multiple protein 

activators/suppressors and sequence-specific recognition motifs that are utilized by the biogenesis 

machineries. While the importance of these microRNA sequences in their self-regulation of 

biogenesis has just begun to be unveil, most of these RNA elements are highly dynamic and have 

evaded high-resolution structural studies by conventional structural biology techniques. In my 

thesis work, I have developed and applied state-of-the-art solution-state nuclear magnetic 

resonance (NMR) techniques, which enabled me to overcome technical challenges in high-

resolution structural and dynamic characterization of these flexible RNAs. Together with 

mutagenesis and functional assays, I have first characterized structure, dynamics, and function of 

the precursor of microRNA-21 (pre-miR-21), one of the first identified human microRNAs, which 

also functions as an oncogene involved in tumorigenesis, progression, and metastasis. My results 

unveiled a pH-dependent conformational ensemble in pre-miR-21 that spontaneously reshuffles 

the secondary structure of the entire apical stem-loop region, where the alternative excited 

conformation transiently sequesters the bulged adenine into a non-canonical protonated A+–G 

mismatch and confers a two-fold enhancement in Dicer processing. Next, I have studied the 
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mismatch GHG (mGHG) motif in primary microRNAs, an essential RNA recognition site for the 

microprocessor (Drosha/DGCR8). Remarkably, my results revealed that the mGHG motif also 

exists as a pH-dependent conformational ensemble that involves a sparsely populated and short-

lived protonated state. Furthermore, I showed that these inherent excited-state-mediated dynamics 

correlate with microRNA recognition and/or productive cleavage by the microprocessor complex. 

Together, these studies suggest that microRNA can encode a complex conformational landscape 

to direct functional outcomes, adopting multiple conformations that result in differential enzymatic 

fitness for each cleavage step of the canonical microRNA biogenesis pathway and exemplifying a 

novel RNA-centric regulation of microRNA biogenesis. 
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CHAPTER 1 - INTRODUCTION 

 

MicroRNA Biogenesis 

MicroRNAs are highly conserved, small noncoding RNAs that regulate more than 60% of 

protein coding genes at the post-transcriptional level1–5. Most microRNAs are initially transcribed 

by RNA polymerase II as introns of protein-coding genes or from independent coding genes into 

long primary transcripts (pri-miRNAs) that feature 5’ 7-methylguanosine caps and 3’ poly-A 

tails6,7. In the canonical biogenesis pathway, pri-miRNAs are subsequently processed into ~70 

nucleotide precursor hairpins (pre-miRNAs) by the Microprocessor complex, consisting of one 

RNase III family enzyme, Drosha, and two DiGeorge Critical Region 8 proteins (DGCR8)8,9. Pre-

miRNAs are then exported from the nucleus to the cytoplasm by Exportin-5 (Ref. 10) and further 

processed into ~20 base-pair miRNA/miRNA* duplexes by another RNase III family enzyme, 

Dicer, in complex with transactivation-responsive RNA binding protein (TRBP)11,12. The resulting 

single-stranded mature miRNA is incorporated into the miRNA-inducing silencing complex 

(miRISC), which regulates protein expression by repressing translation, promoting deadenylation, 

and/or cleaving target mRNA13.  

Due to their essential regulatory roles, miRNA biogenesis is tightly regulated to ensure 

proper gene expression3–5, and abnormal miRNA regulation has often been associated with cancer, 

neurological disorders, cardiovascular diseases and others14,15. Although they share the same set 

of enzymes in the canonical biogenesis pathway, individual microRNAs exhibit cell-type and cell-

state specific expressions. Remarkably, even those clustered on the same primary transcript can be 

differentially processed in a tissue-specific manner3–5. Over the past decade, it has been shown that 
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specific sequences and structures of pri-/pre-miRNAs can be recognized by processing 

machineries and protein factors for regulation16–25. For example, pri-miRNAs that possess a UGU 

motif in the apical loops are preferentially processed by the Microprocessor18,19, pre-miRNAs 

encoding a two-nucleotide distance between the cleavage sites and the apical bulge/loop structures 

are more accurately processed by Dicer20, and miRNAs that feature stable basal stems in pri-

miRNAs and flexible apical loops in pri-/pre-miRNAs are more efficiently processed by 

biogenesis machineries21. In addition, altering secondary structures and even primary sequences 

of pri-/pre-miRNAs via protein binding22, enzymatic-driven nucleotide modification23,24
 and 

disease-linked mutation25
 can further influence the outcome of microRNA biogenesis3. During 

these regulatory processes, it is often perceived that protein factors act on the largely passive pri-

/pre-miRNAs to direct their maturation outcome. However, despite many non-coding RNAs 

having been shown to actively explore their conformational dynamics for function26, it remains 

elusive whether pri-/pre-miRNAs can play an active role in modulating miRNA biogenesis in the 

absence of protein factors. This is largely due to our limited high-resolution structural and dynamic 

knowledge of most pri-/pre-miRNAs, where key regulatory elements of pri-/pre-miRNAs, such as 

the apical stem-loop region, also known as the pre-element region, are often too flexible to be 

studied by conventional structural biology approaches.  
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Figure 1.1 - Canonical biogenesis pathway of microRNAs 

Most microRNAs are produced through the canonical biogenesis pathway, where they are 

recognized for their similar hairpin structure and apical loop. After cleavage by Drosha and Dicer, 

one strand of the miRNA duplex is loaded into AGO2 to form the miRISC, where it functions to 

repress tune translation through repression and mRNA degradation.  
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MicroRNA-21 

 

MicroRNA-21, one of the first identified human miRNAs, functions as an oncogene 

involved in tumorigenesis, progression, metastasis, and cell survival, where its biogenesis is 

regulated at both transcriptional and post-transcriptional levels. Originally described by Thomas 

Tuschl in 200127, further sequence requirements for function in human cells was determined by 

Bryan Cullen in 2003. Primary microRNA-21 is transcribed from a coding region of chromosome 

1728. Despite being located in an intronic region, it has its own promoter, resulting in a 3434 

nucleotide-long transcript. miR-21 is processed through the canonical microRNA biogenesis 

pathway; changes in the levels of mature sequence has been linked to a large number of human 

cancers28–30. Many miR-21 tumors classify as “oncogene addicted,” where addition of anti-miR-

21 is sufficient to inhibit tumor cell growth, increasing apoptosis and decreasing cell 

proliferation31. The increased production of this microRNA has been correlated with more 

aggressive tumors, with mature levels being correlated with higher rates of metastasis and cell 

growth30. These essential roles in cancer survival and progression have guided research towards a 

comprehensive, mechanistic understanding of miR-21 regulation and upregulation in cancer (Fig 

1.2). Initial work on mRNA targets revealed that the seed sequence for this particular microRNA 

interacts Programmed Cell Death 4 (PDCD4)32. miR-21 has also been shown to directly target 

Tropomyosin (TPM1), Sprouty RTK Signaling Antagonist 2 (SPRY2), and mapsin, as well as 

influencing other important pathways29,30. A number of transcription factors, including Nuclear 

Factor 1 B (NF1B), Signal Transducer and Activator of Transcription 3 (STAT3), Activator 

Protein 1 (AP-1), and Transforming Growth Factor Beta (TGFß) have been shown to regulate miR-

21 transcription. Aside from increasing transcription, the binding of KH-type Splicing Regulatory 

Proteins (KSRP) has been shown to promote enzymatic processing throughout the biogenesis 
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pathway. Sequence focused studies33 have shown that the pre-element region of pri-/pre-miR-21 

serves as an important element for regulating miR-21 biogenesis, as mutations to the apical loop 

result in decreased biogenesis. The sequence for the precursor of miR-21 is highly conserved 

across vertebrates, spanning fish, avian, and mammalian species28, likely due to its essential role 

in regulating cell survival. 

Due to the prevalent upregulation of miR-21 in cancer, its potential as a therapeutic target 

has been widely recognized. Numerous studies have focused on the inhibition of a particular step 

in the biogenesis of miR-21, including small molecule inhibitors, modified peptides, and RNA 

binding proteins to varying levels of success. Designed peptide like inhibitors for the cropping step 

- Peptoids34 - and dicing - macrocyclic peptides35 -have reached KD’s on the lower micromolar 

range, but these studies are largely proof-of-principle, and still require significant progress in 

design and optimization before they would be clinically relevant. A peptide developed through 

phage display36, which interacts with the apical loop of pri-/pre-miR-21, was shown to permeate 

cells and therapeutically inhibit miR-21 production at concentrations of ~1µM. RNA binding 

proteins that include an optimized RNA recognition motif (RRM) have been de novo designed to 

target the terminal loop of miR-21, inhibiting both major endonuclease steps37. Chimeras of this 

designed RRM attached to Giardia Dicer were shown to specifically degrade precursor miR-21. 

Approaches for high-throughput testing of microRNA inhibitors38 , termed “AbsorbArray,” have 

directly verified that approved anti-cancer drugs currently target miR-21 production. Given all of 

these developments, there is still no treatment in the clinic for tumors overexpressing miR-21, and 

targeting miR-21 remains an area of extensive research. 

A major roadblock to the design and improvement of miR-21 therapeutics has been the 

lack of a high-resolution structure of the apical loop of pri-/pre-miR-21. The lack of structural 
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information on such a critical region for RNA biogenesis is due to the intrinsically dynamic nature 

of the apical loop in microRNAs. Dicer preferentially cleaves substrates with unfolded apical 

loops39, which explains the conservation of unfolded apical loops across various microRNAs. miR-

21 has previously been shown to be capped by an unfolded apical loop. One group created an 

oligonucleotide model of the miR-21 apical loop in an attempt to solve the structure. This NMR 

construct, which used native sequence, resulted in imino proton exchange rates that were too rapid 

for classical 1H-1H NMR characterization, likely due to two stacked GoU wobble base pairs that 

tentatively formed in the apical stem. In order to create a refined structural model, this group 

stabilized these potential GoU base pairs to G-C base pairs40, locking down the pre-element region 

and enabling structure modeling by restrained molecular dynamics to generate an NMR ensemble 

of modified miR-21 to an average Root Mean Square Deviation (RMSD) of 2.53Å. Another NMR 

group35 expanded on this work using exchangeable 1H-1H NMR experiments performed on an 

oligonucleotide model of native pri-/pre-miR-21 in concert with distance constraints from non-

exchangeable 1H-1H NOEs. This resulted in a largely unfolded apical loop, which was attributed 

to changes in secondary structure, or intrinsic unfolding among the precursor element. Further 

structure refinement using chemical shift values with FARFAR41 yielded a more uniform, yet 

unfolded apical loop that was subject to perturbation by small molecules. Aside from these two 

major studies, only one other microRNA precursor element structure is deposited in the Protein 

Data Bank - miR-20 (Ref 42), which has a more rigid apical loop that opens up upon binding to 

protein cofactors. These studies highlight the dynamic nature of pri-/pre-miRNAs, implying the 

requirement of a dynamic ensemble and a diverse folding landscape for proper microRNA 

biogenesis and regulation. A computational study25 on structural dynamics in microRNA precursor 

regions highlighted miR-125a. In this work done by François Major’s group, a single nucleotide 
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polymorphism (SNP) in miR-125a was shown to preserve the lowest energy solution structure but 

alter the higher energy folding landscape - causing a larger population of the apical loop to occupy 

higher energy structures. This computationally proposed change in the ensemble of free energy 

folding structures correlated with a change in biogenesis, revealing that changes in the 

conformational space of microRNA precursors had the potential to alter biological function. All 

together, these previous works illustrate the dynamic nature of the apical loop of pri-/pre-miRNA 

and bring into question the contribution of the RNA substrate, and its dynamic ensemble, to 

regulation in microRNA biogenesis.  

 
Figure 1.2 - miR-21 activity in cancer cells. 

miR-21 is independently transcribed, with its own transcription factors. It interacts with a number 

of cellular mRNA targets when upregulated in cancer cells. Figure adapted from Secuklu, S.D. et 

al, 200928 and Krischecky A.M. and Gabriely G, 200930. 
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Mismatch GHG Motif 

The microprocessor complex, which consists of Drosha and DGCR8, is the first 

endonuclease step in the biogenesis pathway. This cropping step, which cleaves primary 

microRNA into their corresponding precursors, was discovered co-currently by three research 

groups9,43,44, which described the functional complex between Drosha and DGCR8. Since primary 

microRNAs are transcribed by Pol II and have the same characteristics as messenger RNA, their 

secondary structure must contain unique elements that enable the microprocessor to distinguish 

them from other RNA sequences (Fig 1.2). Overall, primary microRNAs adopt very similar 

structures, and usually contain a double stranded hairpin of approximately 3 helix turns capped 

with an unfolded terminal loop45. A model structure, including the RNA motifs, secondary 

structure, and Drosha/DGCR8 binding sites is shown in Figure 1.3. The 60-80 nucleotide primary 

microRNA hairpin is canonically flanked by long sequences of single stranded RNA at its base. 

The regions between the helix and terminal loop have been named the ‘apical junction’ and ‘basal 

junction’ respectively (Figure 1.3). Aside from the hairpin structure, a number of essential RNA 

motifs18,33,45,46 have been described as determinants of primary microRNA hairpin processing. 

These conserved motifs influence the cleavage site of the microprocessor complex. 5’ of the basal 

junction, a UG motif, a UGUG motif in the terminal loop after the apical junction, and a CNNC 

motif 3’ of the basal junction, which reside at -11, +22, and -14 nucleotides from the endonuclease 

cleavage sites, respectively (Figure 1.3). Interestingly, most primary microRNAs do not contain 

all three of these motifs, meaning the microprocessor uses a combination of motifs to enable 

accurate recognition and cleavage. More recently, de novo design of primary microRNAs47 

illuminated another essential motif that regulates recognition and licensing of cropping. A 

mismatch GHG motif residing ~7 base pairs away from the Drosha cleavage site has been shown 



  9 

to enable single nucleotide precision for the cropping step. The microprocessor complex has been 

shown to tolerate multiple mismatches and wobbles throughout the hairpin structure, which made 

this specific sequence motif indiscernible from the intrinsic variability of native hairpins until it 

was bioinformatically determined through an exhaustive search using sequentially modified 

microRNAs48. As of yet, little work has been done to determine the exact solution structure of 

these primary microRNA motifs, and if a particular structure in the RNA structural ensemble is 

essential for recognition and cleavage by Drosha. As the processing machinery has been shown to 

tolerate multiple bulges and mismatches in the hairpin, and a simple mismatch has been shown to 

preferentially interact with Drosha, we hypothesis that RNA dynamics may play an important role 

in the regulation of microRNA biogenesis at this essential step. 

 

 
Figure 1.3 - Recognition sites for the microprocessor 

Including the overall hairpin structure, 4 sequence motifs enable precise cleavage by the 

microprocessor. UG and CNNC motifs reside at the basal junction, UGU resides at the apical 

junction, and the mismatch GHG motif is located in the lower stem of the hairpin. Figure adopted 

from Kwon et. al, 201948. 
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CHAPTER 2 - VISUALIZING A PROTONATED RNA STATE THAT MODULATES 

MICRORNA-21 MATURATION 

 

Introduction 

Here, using NMR RD spectroscopy and Dicer processing assays, we set out to characterize 

the structural dynamics of microRNA-21 precursor (pre-miR-21) and examine how the intrinsic 

RNA conformational plasticity may contribute to miRNA maturation. MicroRNA-21, one of the 

first identified human miRNAs49, functions as an oncogene involved in tumorigenesis, 

progression, metastasis, and cell survival50, where its biogenesis is regulated at both transcriptional 

and post-transcriptional levels51. Previous studies have shown that the pre-element region of pri-

/pre-miR-21 serves as an important element for regulating miR-21 biogenesis. Mutations that 

stabilize the pre-element inhibit Microprocessor processing of pri-miR-21 (Ref. 33), whereas 

binding of KSRP at this location promotes enzymatic processing of pri-/pre-miR-21s52. By 

carrying out NMR RD measurements, we discovered that the pre-element region of pri-/pre-miR-

21 exists as a pH-dependent ensemble, which undergoes a two-state structural transition and 

dynamically accesses a low-populated (~ 1 – 15%) transient, yet kinetically stable (lifetime ~ 0.8 

ms) state referred to as an excited state (ES) across physiologically relevant ranges of pH (pH ~ 

6.5 – 8.0). With 15N CEST NMR spectroscopy, we were able to directly measure, for the first time, 

an adenine N1 protonation event, which occurs at the Dicer cleavage site and underlies this unique, 

pH-dependent structural transition. This adenine protonation corresponds to a concerted secondary 

structural reshuffling of the entire pre-element region, transitioning the adenine from a bulged 

residue in the ground-state (GS) conformation to being sequestered into a non-canonical A+(anti)–
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G(syn) base pair in the ES. We further demonstrated that these distinct structures are processed 

differently by Dicer, where the ES-mimicking substrate is processed to mature miR-21 with a two-

fold enhancement in efficiency over its GS counterpart. Hence, despite adopting an apparently 

simple secondary structure, pre-miR-21 encodes a dynamic ensemble at its pre-element region that 

encapsulates environmentally sensitive states with distinct fitness for processing. With the 

emerging view of RNA ES as a ‘hidden’ layer for regulation26, our results further suggest that 

miRNA processing intermediates may employ ES-encoded dynamic ensembles as potential means 

to regulate microRNA biogenesis in response to environmental and cellular stimuli. 

Results 

The pre-element region of pre-miR-21 samples distinct conformational states 

The miR-21 precursor consists of the pre-element region and miR-21/miR-21* helix, and is 

predicted to fold into a hairpin structure with four double-stranded helices, three bulges, and one 

apical loop (Fig. 2.1a). To focus on the pre-element region, we designed a shorter RNA construct, 

preE-miR-21, which contains the entire pre-element and the adjacent helix from the miR-21/miR-

21* stem (Fig. 2.1b). NMR 1H-1H Nuclear Overhauser Effect Spectroscopy (NOESY) experiment 

on the imino region provides an excellent characterization of RNA secondary structure, as one 

imino resonance is expected for a canonical Watson-Crick base pair and two imino resonances are 

expected for a G-U wobble pair. Except for the formation of Watson-Crick base pairs at the lower 

stem, the pre-element of miR-21 does not adopt a stable conformation, as only weak imino 

resonances of G-U wobble pairs can be observed in the NMR 1H-1H NOESY spectrum (Fig. 2.1c). 

This observation is consistent with previous NMR studies on miR-21 precursor35,40, where 

mutations of the pre-element were made to quench the structural flexibility into a single 

conformational state40. When we carried out an NMR 13C-1H heteronuclear single quantum 
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correlation (HSQC) experiment that probes non-solvent-exchangeable signals, surprisingly only 

20 out of a total of 29 expected NMR resonances from preE-miR-21 were observed at room 

temperature (Fig. 2.1c). This spectroscopic behavior resembles the typical NMR phenomenon of 

exchange broadening, where interconversion between two or more states can lead to the 

disappearance of NMR signals. Indeed, by raising the temperature from 25oC to a more 

physiologically relevant 35oC, most of the missing resonances reappeared in the NMR 13C-1H 

HSQC spectrum (Fig. 2.1c), confirming the presence of conformational exchange. 

Recent developments of NMR R1 in the rotating frame (R1ρ) RD spectroscopy have opened 

new avenues to quantify microsecond-to-millisecond conformational changes and made it possible 

to study RNA ESs that are too low-populated and short-lived to be detected by conventional 

techniques53–57. Here, we carried out both on-resonance and off-resonance low spin-lock field R1ρ 

RD experiments to quantify the exchange process in preE-miR-21. For residues from the miR-

21/miR-21* stem region, we observed flat RD profiles for base (C2, C5, C6, and C8) and sugar 

(C1’) carbons (Fig. 2.1d and 2.2), which are consistent with one stable helical conformation of this 

region. In contrast, residues within the pre-element region, ranging from the bulge residue A22 to 

the stem residue A35 (Fig. 2.1d and 2.3), display power and offset dependent RD profiles. Indeed, 

these RD profiles can be global-fitted to a single two-state (GS ↔ ES) exchange process. These 

results reveal that the pre-element region is not only conformationally flexible, but also 

dynamically interconverts between at least two structurally and kinetically distinct states, where 

the ES has a low population (pES) of 15.2 ± 0.3% and a short lifetime (ES = 1/kEG) of 816 ± 15 µs 

(Fig. 2.1d).  

 

 



  13 

 

Figure 2.1 - NMR characterization of preE-miR-21. 

(a) Secondary structure of pre-miR-21 with dicer cleavage sites highlighted as scissors. (b) 

Secondary structure of preE-miR-21 construct derived from NMR data, where Watson-Crick base 

pairs, GU wobbles, and potential Watson-Crick base pairs are highlighted with lines, filled circles, 

and open circles, respectively. (c) NMR 1H-1H NOESY spectrum of the imino proton region of 

preE-miR-21 at 10°C and 13C-1H HSQC spectra of base carbon (C6 and C8) region of preE-miR-

21 at 25°C and 35°C. (d) Representative 13C on-resonance and off-resonance relaxation dispersion 

(RD) profiles at 35°C showing dependence of R2 + Rex on spin-lock power (eff/2) and offset 

(/2), respectively, where  is the difference between the spin-lock carrier frequency and the 

observed resonance frequency. RD profiles of A40 are fit to a single-state model and RD profiles 

of A22 and A35 are fit to a global two-state model using the Bloch-McConnell equation. Error 

bars are experimental uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 

independently measured peak intensities. 
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Figure 2.2 - 13C R1ρ RD profiles of preE-miR-21 residues without apparent chemical 

exchange. 

On- and off-resonance 13C RD profiles depicting spin-lock power (eff/2) and offset (/2) 

dependence of R2 + Rex measured at pH 6.45. Solid lines represent the best fits to a single-state 

model using the Bloch-McConnell equation. Error bars, experimental uncertainties (s.d.) estimated 

from mono-exponential fitting of n = 3 independently measured peak intensities. 
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Figure 2.3 - 13C R1ρ RD profiles of preE-miR-21 residues that undergo chemical exchange at 

pH 6.45. 

Solid lines represent the best fits to a global two-state exchange model (kex = 1445 ± 17 s-1 and pE 

= 15.2 ± 0.3%) using the Bloch-McConnell equation. Error bars, experimental uncertainties (s.d.) 

estimated from mono-exponential fitting of n = 3 independently measured peak intensities. 
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The ES involves transient protonation at the Dicer cleavage site  

To gain structural insights into the ES, we utilized NMR chemical shifts, which are one of 

the most sensitive measurements for probing local chemical environments. We examined ES 

carbon chemical shifts (ES = GS + ∆), where ∆ is the chemical shift difference between ES 

(ES) and GS (GS) extracted from the two-state analysis of an R1ρ RD profile (Fig. 2.4). Among 

all the extracted ES chemical shifts, the base carbon C8 of bulge A22, which resides at the Dicer 

cleavage site, displays the largest deviation (∆) with a ~1.49 ppm down-field shift from its GS 

position (Fig. 2.1d and 2.4). Notably, we were not able to obtain the RD profile for base carbon 

C2 of A22, as the C2H2 resonance remains severely broadened beyond detection in the NMR 13C-

1H HSQC (Fig. 2.5a), suggesting even larger perturbations in carbon C2 and/or proton H2 chemical 

shifts between ES and GS. The dramatically different behavior of C8H8 and C2H2 resonances 

from the same base is reminiscent of recent NMR studies on transiently N1-protonated 

adenines58,59. 

To examine whether the exchange process could be due to possible protonation events, we 

increased the pH of the sample from 6.45 to 8.04, aiming to shift the equilibrium towards non-

protonated states. Indeed, the NMR 13C-1H HSQC spectrum recorded at pH 8.04 exhibits much 

higher quality, where exchange broadening of most resonances is substantially reduced, such that 

the A22-C2H2 resonance can be readily observed (Fig. 2.5a). Low spin-lock field NMR R1ρ RD 

measurements provide further quantitative support that the observed exchange involves a 

protonated ES of the pre-element region of miR-21 (Fig. 2.5b and 2.6). Global fit of RD profiles 

showed that the GS ↔ ES equilibrium is significantly shifted towards GS at pH 8.04, where the 

ES population (pES) is reduced to a mere 1.1 ± 0.1%. In addition, a two-state analysis of the RD 

profile of base carbon A22-C2 further revealed a remarkable 7.9 ppm difference between its GS 
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and ES chemical shifts, resulting in an ES chemical shift of 144.5 ppm (Fig. 2.5b and 2.6). This 

significantly up-field shifted C2 chemical shift is consistent with C2 chemical shifts reported for 

stably N1-protonated adenines, strongly suggesting that A22 is protonated at the N1 site in the ES. 

Recently, we have developed nucleic-acid-specific 15N CEST NMR spectroscopy to study 

RNA conformational exchanges using non-proton-bonded nitrogens as probes60. This technique 

also enables direct evaluation of the protonation status of adenines in low-populated and short-

lived states, which have remained elusive to date. By measuring 15N CEST profiles at pH 8.04, we 

were able to unambiguously identify that A22 is transiently protonated at N1 (Fig. 2.5c). Unlike 

N1 of A30, which is not protonated and displays an apparent single-dip CEST profile, the nitrogen 

CEST profile of A22-N1 exhibits two distinct intensity dips that correspond to two alternative 

conformations. A two-state analysis of the CEST profile validates that A22-N1 probes the same 

two-state exchange process, where extracted ES population (pES-CEST ~ 1.1 ± 0.1%) and lifetime 

(ES-CEST ~ 645 ± 114 µs) from 15N CEST are very similar to those obtained from 13C R1ρ RD at 

pH 8.04 (pES-R1ρ ~ 1.1 ± 0.1%, ES-R1ρ ~ 823 ± 109 µs). The ES chemical shift of A22-N1 directly 

supports a protonated N1 with an unprecedented up-field shift of 67.3 ± 0.2 ppm to 157.7 ppm, 

residing well among resonances of proton-bonded imino nitrogens in RNA (~134-152 ppm in Gs 

and ~154-165 ppm in Us). 

To obtain more insights into the A22 (GS) ↔ A22+ (ES) transition, we further carried out 

carbon R1ρ RD and nitrogen CEST measurements on base (C2, C8, N1) and sugar (C1’) moieties 

of A22 at pH 6.96 and 7.47 (Fig. 2.5d and 2.7). Consistent with being a protonation-dependent 

process, the population of A22+ gradually increases from ~ 1% at pH 8.04 to ~ 15% at pH 6.45. 

Surprisingly, the lifetime of the ES A22+ remains largely unperturbed between pH 6.45 and pH 

8.04, where the average lifetime is ES ~ 847 ± 49 µs (Fig. 2.5e). In contrast, the apparent lifetime 
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of the GS, which is derived from the extracted rate of exchange (GS = 1/kGE), reduces substantially 

from GS ~ 74 ms at pH 8.04 to GS ~ 5 ms at pH 6.45 (Fig. 2.5e). The high population of A22+ at 

pH 6.45, which otherwise would be close to zero based on the intrinsic pKa (~ 3.5) of free adenine 

N1 site61, further suggests that A22 has a distinct protonation propensity when compared with 

other unstructured adenines. Consistent with this observation, pH-dependent chemical shift 

analyses showed a pKa value of 5.84 ± 0.08 for A22, which is substantially shifted towards neutral 

pH from adenines in the apical-loop that have an average pKa value of 4.17 ± 0.06 (Fig. 2.5f and 

2.8). Taken together, these results unambiguously revealed that preE-miR-21 undergoes a pH-

dependent conformational transition, where A22 at the Dicer cleavage site is specifically 

protonated in the ES. 
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Figure 2.4 - MCSF plots for preE-miR-21. 

Comparison of GS, ES, mutant carbon chemical shifts. Shown are differences between the 

observed chemical shifts (black) and the chemical shifts of GS (blue) and ES (red) extracted from 

13C R1ρ RD profiles at pH 6.45, G38U mutant at pH 6.45, and preE-miR-21 at pH 4.81. The 

apparent discrepancies between ES base carbon chemical shifts of A-C2/C8s and C-C5/C6s and 

their corresponding chemical shifts at pH 4.81 are likely due to intrinsic protonation at A-N1s and 

C-N3s at pH 4.81. 
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Figure 2.5 - PreE-miR-21 populates a protonated excited state with a neutral shifted pKa 

(a) NMR 13C-1H HSQC spectra of base carbon (C2, C6, and C8) region of preE-miR-21 at pH 

6.45 and pH 8.04. (b) 13C off-resonance RD profiles of A22-C2 at pH 8.04. (c) 15N CEST profiles 

of A30-N1 and A22-N1 at pH 8.04, which are fit to a single-state and a two-state model, 

respectively, using the Bloch-McConnell equation. (d) The pH-dependent 13C off-resonance RD 

profiles of A35-C8 at spin-lock power of eff/2 =299 Hz. (e) The pH-dependent apparent 

lifetimes of GS and ES from RD analysis. (f) The pH-dependent population of the excited state 

based on R1ρ RD data and A22-C8 chemical shift (CS) for extracting an apparent pKa of A22. 

Representative pKa derived from unpaired A29, A30 and A35 is shown in black. Error bars are 

experimental uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 independently 

measured peak intensities. 
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Figure 2.6 - 13C R1ρ RD characterization of preE-miR-21 at pH 8.04. 

(a) On- and off-resonance 13C RD profiles of residues that are exchange-broadened at lower pH 

points, including A22-C2, G38-C8, and G38-C1’. Solid lines represent the best fits to a global 

two-state exchange (kex = 1228 ± 51 s-1 and pE = 1.1 ± 0.1%) using the Bloch-McConnell equation. 

(b) Comparison of GS, ES, mutant carbon chemical shifts. Shown are differences between 

observed chemical shifts (black) and chemical shifts of GS (blue) and ES (red) extracted from 13C 

R1ρ RD profiles at pH 8.04, G38U mutant at pH 6.45, and preE-miR-21 at pH 4.81. Error bars, 

experimental uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 independently 

measured peak intensities. 
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Figure 2.7 -  NMR RD characterization of pH-dependent chemical exchange of residue A22. 

Shown are 13C R1ρ RD profiles of A22-C2/C8/C1’ and 15N CEST profile of A22-N1 at (a-b) pH 

8.04, (c-d) pH 7.47, and (e-f) pH 6.96. Solid lines represent the best fits to a global two-state 

exchange model at individual pH condition using the Bloch-McConnell equation, resulting in pE 

= 1.1 ± 0.1% at pH 8.04, pE = 3.4 ± 0.1% at pH 7.47, and pE = 6.4 ± 0.1% at pH 6.96. Error bars, 

experimental uncertainties (s.d.) estimated from n = 3 independently measured peak intensities for 

CEST profiles and mono-exponential fitting of n = 3 independently measured peak intensities for 

R1ρ RD profiles. 
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Figure 2.8 -  NMR characterization of pH-dependent changes of preE-miR-21. 

(a) 13C-1H HSQC spectra of base carbons (C6 and C8) of uniformly 13C/15N-labeled preE-miR-21 

at pHs 4.35, 6.45 and 8.04. (b) 13C-1H HSQC spectra of base carbons (C8) of adenine-specifically 

13C/15N-labeled preE-miR-21 with pH ranging from 4.35 to 8.04. (c) 13C-1H HSQC spectra of base 

carbons (C2) of adenine-specifically 13C/15N-labeled preE-miR-21 with pH ranging from 4.35 to 

8.04. 
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The transient protonation couples global secondary structural reshuffling  

How does the excited state stabilize a site-specific protonation? To address this, we first 

evaluated the role of each structural motif of the pre-element region – the bulge, the stem, and the 

apical loop – in the observed conformational transition (Fig. 2.9a-c and 2.10). Bulge A22 is the 

site of protonation. Without A22, we could not detect any conformational exchange within the rest 

of the pre-element region, as evidenced with flat RD profiles for the A22-deletion mutant (Fig. 

2.9a). Not only is a protonated A22 the result of the structural transition, this protonation may 

likely be the chemical basis that triggers the larger transition across the entire pre-element region. 

In addition to the indispensable bulge A22, we found that both a weak stem and a flexible apical 

loop are needed to achieve the structural transition. Stabilizing the two G-U wobble pairs with G-

C Watson-Crick pairs completely quenches the exchange (Fig. 2.9b); replacing the apical loop 

with a highly structured UUCG tetraloop also eliminates the transition (Fig. 2.9c). These results 

suggest that the pre-element region serves as a unified structural entity to enable a concerted 

transition towards stabilizing the protonated excited state. The rate of exchange (kex = kGE + kEG ~ 

1445 s-1) is an order of magnitude slower than rates observed from local structural changes 

involving transient adenine protonation62, but similar to the secondary-structure-based long-range 

communication observed HIV-1 TAR RNA63, further supporting a global secondary structural 

reshuffling of the pre-element region. 

To further delineate the secondary structure of the excited state, we employed a mutate-and-

chemical-shift-fingerprinting strategy (MCSF)62. In this approach, mutations are introduced to 

stabilize conformational features unique to a proposed/predicted ES secondary structure, which 

are then validated by comparing chemical shift differences between the mutant and wild-type 

(∆mut) to those extracted from NMR RD profiles (∆RD). Here, we used MC-fold64 to predict 
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possible alternative low-energy secondary structures of preE-miR-21. Strikingly, most of the 

predicted structures share a common feature of an A22-G38 base pair, whereas the remaining pre-

element adopts various secondary structures that are distinct from the ground-state conformation 

(Fig. 2.11). Being protonated at N1, A22 could potentially be base paired with G38 in the ES, 

albeit in the A+(anti)–G(syn) form rather than the conventional A(anti)–G(anti) pair, where the 

syn conformation of G38 is indicated with the down-field chemical shift of base carbon C8 (∆ES 

= 2.6 ppm) at pH 8.04 (Fig. 2.6). An interesting structural feature of the A+(anti)–G(syn) pair is 

that it largely retains an overall A-form-like geometry with an inter-sugar distance of 10.4 Å65, 

whereas the A(anti)–G(anti) pair substantially widens this distance to 12.9 Å66 and subsequently 

distorts the helical geometry of neighboring base pairs (Fig. 2.9d).  

To test this proposed ES structural feature, we mutated G38 to a uridine, which not only 

sequesters A22 into a base pair, but also maintains an A-form geometry at the site of mutation. 

The G38U mutant converges into a single state as evidenced by flat RD profiles (Fig. 2.9e and 

2.12), and largely represents the ES of preE-miR-21 based on chemical shifts. Good agreement 

was observed between ∆G38U and ∆RD for 15 out of 19 base and sugar carbon resonances from 

the pre-element residues with detectable RD profiles, including A22(C1’), C23(C1’), G28(C1’), 

A29(C2/C8), A30(C8), U31(C1’), C32(C1’), U33(C6), C34(C6), A35(C1’/C2/C8), U36(C6), and 

C39(C5) (Fig. 2.9f, 2.6 and 2.4). The agreement of sugar carbon C1’s of A22 and C23 further 

supports the ES adopting an A-form-like backbone geometry at the site of protonation. The 

deviations between ∆G38U and ∆RD for base carbons C2 and C8 of A22 can be attributed to 

protonation-induced major chemical shift perturbations in the wild-type, which cannot be 

recapitulated with this mutation. However, the deviations for C32-C5 and U36-C1’ could be due 

to their relatively small chemical shift differences (<0.5 ppm) and/or local conformational 
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perturbations in the wild-type from the mutation, which is subject to future investigation. As the 

G38U mutant closely mimics the ES, it also provides some insights into the two residues (U24 and 

U26) in the pre-element region that showed no detectable RD. For U24-C6, its flat RD profile can 

be explained with essentially identical chemical shifts between the ground and excited states as 

indicated with ∆G38U ~ 0, whereas the lack of detectable RD for U26-C6 may be due to additional 

local conformational perturbations that are subject to further studies (Fig. 2.12). To provide 

independent validation of the chemical shift fingerprints of the ES, we compared ∆G38U to 

chemical shift differences of the wild type between pH 8.04 and pH 4.81 (∆pH), where the low 

pH value was chosen to shift the population towards the protonated ES without inducing global 

protonation of adenines and cytosines. Good agreement was observed between ∆RD and ∆pH, 

except for some major deviations from unpaired adenines and cytosines that are likely due to rapid 

protonation at pH 4.81 given their intrinsic pKas (~ 3.5 – 4.2) when unpaired (Fig. 2.9f, 2.4 and 

2.6 ). In particular, excellent agreement between ∆RD and ∆pH of A22-C2 and A22-C8 

complements the G38U mutant. Taken together, low pH and G38U are each able to recapitulate a 

portion of the ES structure, with low pH chemical shifts matching changes in A22 residues, and 

G38U chemical shifts matching throughout the rest of the structure. These results strongly suggest 

that pre-miR-21 undergoes a global structural reshuffling at the pre-element region, where A22 is 

transiently protonated and forms a distinct A+(anti)–G(syn) base pair in the ES. 
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Figure 2.9 - Excited-state structure of preE-miR-21 

(a-c) Secondary structures and representative 13C on-resonance and off-resonance RD profiles of 

bulge, stem, and loop mutants. (d) Sugar-sugar (C1’-C1’) distances of A-U Watson-Crick base 

pair, A-G mismatch, and A+-G mismatch. (e) Secondary structure and representative 13C on-

resonance and off-resonance RD profiles of ES-mimic mutant. (f) Comparison of carbon chemical 

shifts for the GS, ES, the mutant mimics, and wild-type construct at pH 4.81. Error bars are 

experimental uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 independently 

measured peak intensities. 
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Figure 2.10 - NMR characterization of preE-miR-21 mutants. 

Shown are 13C-1H HSQC spectra of base carbons (C6 and C8) and 13C R1ρ RD profiles of 

uniformly 13C/15N-labeled (a) ∆A22 “bulge”, (b) GC “Stem”, and (c) UUCG “Loop” mutants at 

pH 6.45. Solid lines represent the best fits to a single-state model using the Bloch-McConnell 

equation. Error bars, experimental uncertainties (s.d.) estimated from mono-exponential fitting of 

n = 3 independently measured peak intensities. 
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Figure 2.11 - Secondary structure prediction of preE-miR-21 and mutant by Mfold and MC-

Fold. 

(a) M-fold predicted secondary structure of preE-miR-21, which contains G-U base pairs as 

observed in NMR data of the ground state. (b) MC-Fold predicted secondary structures of preE-

miR-21. Shown are the top 5 lowest-energy structures, ranked with ∆G relative to the lowest 

predicted structure. The A22-G38 base pair is predicted in all MC-Fold structures. (c) M-fold 

predicted secondary structure of preE-miR-21 G38U mutant. (d) MC-Fold predicted secondary 

structures of preE-miR-21 G38U mutant. Shown are the top 5 lowest-energy structures, ranked 

with ∆G relative to the lowest predicted structure. Both M-fold and MC-Fold predict the same 

lower stem structure of preE-miR-21 G38U mutant, which is also consistent with NMR data. 

 



  30 

 
Figure 2.12 - NMR characterization of preE-miR-21 excited-state mimic. 

Shown are (a) 13C-1H HSQC spectrum of base carbons (C6 and C8) (black) that overlays with 

13C-1H HSQC spectrum of WT preE-miR-21 at pH 6.45 (green) (b) 1H-1H imino NOESY 

spectrum, and (c) 13C R1ρ RD profiles of uniformly 13C/15N-labeled G38U mutant at pH 6.45. 

Solid lines represent the best fits to a single-state model using the Bloch-McConnell equation. 

Error bars, experimental uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 

independently measured peak intensities. 
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The miR-21 precursor encodes states with differential Dicer processivities 

The conformational transition of pre-miR-21 is the protonation-driven base pairing of the 

bulged A22 that resides specifically at the location of Dicer cleavage. Hence, it is of interest to see 

how these structural changes may affect Dicer cleavage of the miR-21 precursor. To examine this, 

we designed GS- and ES-mimicking substrates and performed processing assays using 

commercially available recombinant human Dicer (Fig. 2.13a). For the GS-mimicking substrate 

(pre-miR-21GS), we mutated the two G–U wobbles with two G–C pairs, which was shown to 

stabilize the flexible stem that forms in the ground state. For the ES-mimicking structure (pre-miR-

21ES), we incorporated a G38U mutation to the full-length pre-miR-21. We would like to note that 

the G38U mutant, which recapitulates key ES structural features, cannot perfectly mimic the 

electrostatic property of the protonated ES. However, since Dicer cleaves the phosphate backbone, 

we anticipate structures of the backbone, rather than the base pairing identity of the ES, may 

influence Dicer activity. In order to generate a native-like precursor with 5’-terminal phosphate 

group and sequence, we fused a hammerhead ribozyme to the 5’-end of full-length miR-21 

precursor. During in vitro transcription, the hammerhead ribozyme self-cleaves, and the resulting 

miR-21 precursor is 5’-end phosphorylated and labelled with [-32P] ATP. Remarkably, GS- and 

ES-mimicking substrates exhibited substantially different Dicer processivities (Fig. 2.13b). As can 

be seen, ~ 23 ± 6% of pre-miR-21GS was cleaved by Dicer to generate mature miR-21, which is 

essentially identical to a processivity of ~ 26 ± 9% for the wild-type substrate (pre-miR-21WT). 

This is consistent with pre-miR-21WT occupying ~99% GS under the assay condition of pH 8.04. 

In contrast, Dicer processed pre-miR-21ES much more efficiently than its GS counterpart, where 

double the amount of substrate (~ 48 ± 6%) was converted to mature miR-21. Together, these 

results not only unveil differential fitness of the GS and ES of the pre-element region of the pre-
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miR-21 for miR-21 maturation, but further exemplify the importance of RNA structures in 

directing the overall outcome of miRNA biogenesis. 

 

 
Figure 2.13 - Excited state of preE-miR-21 enhances dicer processing  

(a) Secondary structures of the wild-type, ground-state mimic, and excited-state mimic of pre-

miR-21. (b) Dicer processing assays of wild-type and mutant pre-miR-21s, quantification using 

ImageQuant shown on right (** denotes p ≤ 0.01 via student T-Test). Shown are means and 

standard deviations (s.d.) from n = 4 independent assays. 
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Discussion 

Here, by integrating structural, dynamic, and functional analyses on miR-21 precursor, we 

showed that the intrinsic conformational plasticity of miRNA processing intermediates can serve 

as a new layer of regulation for miRNA biogenesis. Often, structural changes in pri-/pre-miRNAs 

can be induced upon binding to protein regulators22, nucleotide modifications such as ADAR1-

mediated adenine-to-inosine editing23 and METTL1-mediated methylation24, and disease-linked 

mutations25. RNA structural motifs are also important factors in recognition by processing 

machineries for miRNA biogenesis, where altering primary and/or precursor structures of a target 

miRNA can further lead to altered biogenesis, inducing a change in physiological outcomes3. In 

contrast to these adaptive changes, we found that pre-miR-21 encodes a dynamic ensemble in its 

apical stem-loop region that undergoes spontaneous structural transitions between two kinetically 

and functionally distinct states (Fig. 2.14). In the ground state, the two Dicer cleavage sites reside 

within a largely unstructured region; in contrast, both locations become structured in the excited 

state. Relative to the ground state, the excited state conformation more closely resembles the 

optimal structure for Dicer, where both cleavage sites are base-paired and positioned two-

nucleotides away from a flexible apical loop20, hence, providing a better topology for Dicer 

cleavage. 

 A hallmark of the ES of pre-miR-21 is protonation of the adenine residue at the Dicer 

cleavage site. Protonation is a fundamental chemical property and one of the smallest chemical 

modifications on nucleic acids61. The intrinsic pKas for protonation of adenines and cytosines are 

acidic and reside far from the physiological pH ranges. However, by adopting sophisticated 

structures, RNA can shift acidic pKas toward neutral pHs, such that specific ionization can be 

achieved under physiological conditions for function61. For example, the universally conserved 
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adenine residue at the active site of the ribosome has a shifted pKa to serve as a general acid-base 

catalyst for peptide formation67, whereas the murine leukemia virus (MLV) recoding signal 

employs a protonated adenine as a structural factor to stabilize a compact pseudoknot in order to 

allow the ribosome to bypass the Gag stop codon58. Here, protonation provides the crucial 

chemical basis for pre-miR-21 to form the A+(anti)–G(syn) base pair, which ensures the cleavage 

site adopting an overall A-form-like topology in the ES. Without being protonated, the adenine 

residue may still be able to pair with the upper stem guanine residue, albeit in the form of A(anti)–

G(anti) mismatch, which is likely functionally indistinguishable from the GS. Another feature of 

the protonation event in pre-miR-21 is that the underlying structural transition occurs at the 

millisecond timescale, which is substantially faster than those involved in major structural 

changes, such as the adenine protonation in MLV58. This fast GS ↔ ES interconversion could 

enable pre-miR-21 to rapidly reach new equilibrium upon a transient high acid load due to disease-

induced metabolic shifts, modulating maturation of miR-21 in response to environmental stimuli. 

Despite displaying distinct in vitro outcomes, a functional understanding of the role of pre-miR-

21 protonation in regulating biogenesis will require future investigations that evaluate the response 

of pre-miR-21 under various cellular conditions such as hypoxia and acidosis. 

Interestingly, the spontaneous conformational transition in pre-miR-21, which involves 

secondary structural reshuffling of the pre-element region, is reminiscent of that observed in 

Lin28-dependent regulation of the biogenesis of let-7 family of miRNAs68. In general, RNA 

secondary structural changes encounter large kinetic barriers, hence, need to be catalyzed by 

external factors such as RNA-binding proteins. Both domains of Lin28 work cooperatively to bind 

two independent RNA elements to induce the regulatory structural changes of pri-/pre-let-7s. In 

contrast, pre-miR-21 accomplishes such structural changes without protein factors by accessing 
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an excited state, where the bulged adenine base pairs with the upper stem guanine residue, 

propagating a global change in strand register. Here, all three structural elements of the apical 

stem-loop – the bulge, metastable stem, and flexible loop – are essential to achieve this concerted 

movement, and eliminating any of them abolishes the spontaneous transitions in pre-miR-21. 

While our observation represents the first example of an excited state in pre-miRNAs, an ES-based 

mechanism for remodeling distant motifs has also been recently reported in HIV-1 TAR RNA63. 

Since the apical stem-loop is a common structural feature among all pri-/pre-miRNAs, we 

speculate that many miRNA processing intermediates may encode similar ES-based 

conformational plasticity for long-range communication across their regulatory pre-element 

regions, which is further supported by a recent computational modeling of secondary structural 

ensembles of miRNAs25. 
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Figure 2.14 - Modulation of miR-21 maturation with a protonation-dependent structural 

ensemble  

Protonation at N1 site of A22 sequesters the bulged adenine into a non-canonical A+–G mismatch 

and is associated with a long-range conformational reshuffling of the pre-element region. This 

structural rearrangement results in a conformation that is better suited for Dicer processing to 

generate mature miR-21. 
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Methods 

Sample preparation 

Unlabeled, uniformly 13C/15N-labeled, and adenine-specifically 13C/15N-labeled preE-miR-

21 samples and mutants were prepared as previously described69. Briefly, after in vitro 

transcription, samples were ethanol precipitated, gel purified using 15% denaturing 

polyacrylamide gel, electro-eluted with the Elutrap system (Whatman), purified with an 5 mL Hi-

Trap Q anion-exchange column (GE Healthcare), and desalted by exchanging into H2O using an 

Amicon filtration unit with 3K Da MW cut-off membrane (Millipore). Samples were then 

concentrated and exchanged into NMR buffers with 50 mM KCl and 50 M EDTA, where 10 mM 

acetate buffers were used for pHs at 4.35, 4.96, and 5.41, and 10 mM sodium phosphate buffers 

were used for pHs at 5.98, 6.45, 6.96, 7.47, and 8.04. For H2O samples, 5% D2O was added. For 

D2O samples in sodium phosphate buffer, H2O samples were lyophilized and redissolved in the 

same volume of 99.996% D2O (Sigma). For D2O samples in sodium acetate buffer, samples were 

exchanged into 10 mM acetate buffer with 50 mM KCl and 50 M EDTA in D2O.  

NMR spectroscopy 

All NMR experiments were carried out on a Bruker Avance III 600 MHz spectrometer 

equipped with a 5-mm triple-resonance (TCI) cryogenic probe. Exchangeable proton spectra were 

recorded using H2O samples at 283 K, and nonexchangeable proton spectra were recorded at 298 

K and 308 K using H2O and D2O samples. Spectra were processed and analyzed with TOPSPIN 

3.5 (Bruker), NMRPipe70, NMRView71, and Sparky 3.110 (University of California, San 

Francisco, CA). The assignments for preE-miR-21 were obtained with samples at pHs 6.45 and 

8.04 and the assignments for its mutants were obtained with samples at pH 6.45 using 2D NOESY, 

2D TOCSY, 1H-15N HSQC, 1H-13C HSQC, 2D HCCH-COSY, and HCN experiments on 



  38 

unlabeled, uniformly labeled and adenine-specifically 13C/15N labeled samples with standard 

protocols72. The apparent pKa values of adenines were obtained by fitting pH-dependent excited-

state population and chemical shift to the Henderson-Hasselbalch equation as described 

previously73. 

13C R1 relaxation dispersion measurements and data analysis 

The on- and off-resonance relaxation dispersion profiles were measured using the 1D 

selective R1 experiment developed by Al-Hashimi and co-workers55 and a constant-time approach 

described by Kay and co-workers54, where R1ρ values were obtained from a single delay period 

(TEX). For on-resonance experiments, the relaxation delay was set to TEX = 32 ms; for off-resonance 

experiments, the relaxation delay was set to TEX = 40 ms, except TEX = 16ms for A22-C8 and A35-

C1’ and TEX = 24 ms for C23-C6, U36-C6, and G28-C1’. Relaxation rates were determined by 

fitting peak intensity to a single exponential decay as R1  = -ln(IT/I0)/TEX , where IT is the decayed 

peak intensity and I0 is the reference peak intensity. Relaxation rate errors were estimated by 

intensity deviations between three duplicates at TEX = 0 and the signal-to-noise ratios in 1D spectra. 

The largest of the two errors was reported. For on-resonance experiments, eleven 13C spin-lock 

fields (ω/2π) of 100, 199 (x2), 299, 399, 498 (x2), 786, 982, 1474, 1965 (x2), 2456, and 2947 Hz 

were employed, (x2) indicates performed in duplicates. Due to large C-C couplings, the lowest 13C 

spin-lock field (ω/2π) of 100 Hz was not used in measuring on-resonance C5/C6/C1’ RD profiles. 

For off-resonance experiments, three 13C spin-lock fields (ω/2π) of 299, 498, and 786 Hz were 

used. For ω/2π = 299 Hz, the 13C offsets ranged between -600 and 600 Hz with a spacing of 100 

Hz and a smaller spacing of 50 Hz between -200 and 200 Hz; for ω/2π = 498 Hz, the 13C offsets 

ranged between -1000 and 1000 Hz with a spacing of 200 Hz from -1000 to -800 Hz and from 800 

to 1000 Hz, a spacing of 100 Hz from -800 to -100 Hz and from 100 to 800 Hz, and single points 
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at -50 and 50 Hz; for ω/2π = 786 Hz, the 13C offsets ranged between -2000 and 2000 Hz with a 

spacing of 500 Hz from -2000 to -1000 Hz and 1000 to 2000 Hz, a spacing of 250 Hz from -1000 

to -500 Hz and 500 to 1000 Hz, and a spacing of 100 Hz from -500 to -100 Hz and from 100 to 

500 Hz, and single points at -50 and 50 Hz. 13C spin-lock powers were calibrated according to the 

1D approach by Guenneugues et al74. as previously described69,75. 

Relaxation dispersion profiles were analyzed as described previously69. Briefly, on- and 

off-resonance relaxation dispersion profiles were obtained by measuring the rate of decay of 

magnetization over the spin-lock period as a function of spin-lock power (ωeff/2π) and spin-lock 

offset (Ω), respectively, where Ω = ωrf - Ωobs is the frequency difference between the spin-lock 

carrier frequency (ωrf) and the observed resonance frequency (Ωobs). The R1 profiles of residues 

displaying conformational exchange were fit to a two-state exchange model between the ground 

(G) and excited (E) states based on the Bloch-McConnell equation76, 
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where R1G/E is the longitudinal relaxation rate of the ground/excited state, R2G/E is the transverse 

relaxation rate of the ground/excited state, ωG/E is the offset of the applied 13C spin lock with a 

strength of ω1 from the chemical shift (ΩG/E) of the ground/excited state, and kGE and kEG are 

forward and backward exchange rates as defined by kGE = pE kex and kEG = pG kex. Here, kex = kGE 

+ kEG is the rate of exchange, pG and pE are populations of ground and excited states, respectively, 

and Ωobs = pG ΩG + pE ΩE and ΩE = ΩG + Δω, where Δω is the chemical shift difference between 

the ground and excited states. Ground state and excited state magnetizations at the beginning of 



  40 

the TEX period are along the effective spin-lock field as, IxG/E = pG/E sin(θ), IyG/E = 0, IzG/E = pG/E 

cos(θ), where θ = arctan(ω1/Ω) is the effective tilt angle. Fitting parameters are R1 = R1G/E, R2 = 

R2G/E, Δω, kex, and pE, where we assume R1G = R1E and R2G = R2E. Since the applied 13C spin-lock 

powers are strong enough to decouple C-C couplings, the relaxation dispersion profiles of C1’, 

C5, and C6 were analyzed the same as C2 and C8 profiles. For global fitting of dispersion profiles 

at individual pH condition, spin specific R1, R2, and Δω were used, whereas kex and pE were fit 

globally. For residues without conformational exchange, the two-state model was simplified to a 

one-state model by fixing all exchange parameters (rate of exchange kex and population of excited 

state pE) to 0. All profiles were fitted using an in-house OriginLab® program with a Levenberg-

Marquardt algorithm. 

15N CEST measurements and data analysis 

15N CEST profiles were measured using a recently developed 2JNH-based 2D 1H-15N HSQC 

CEST experiment pulse sequence that monitors longitudinal two-spin order (2NzHz) as described 

previously60. The 15N carrier was set to 224.9 ppm with a spectral width of 6 ppm, and the 15N 

offsets ranged between -6000 Hz and 3000 Hz with a spacing of 200 Hz, except for a of spacing 

of 50 Hz from -4200 to -3800 Hz and from 600 to 1000 Hz. With a relaxation period of TEX = 0.1 

s, two 15N B1 fields (ω/2π) of 52.1 Hz and 104.7 Hz were used at pH 8.04 and one 15N B1 field 

(ω/2π) of 52.1 Hz was used at pH 7.47 and 6.96. 15N spin-lock powers were calibrated according 

to the 1D approach by Guenneugues et al74. as previously described69,75. For all measurements, 

three spectra with TEX = 0 s were recorded for reference in data fitting and error estimation. 

CEST profiles were analyzed as described previously60. Briefly, CEST profiles were 

obtained by normalizing peak intensity as a function of spin lock offset Ω to the peak intensity 

recorded at TEX = 0, where Ω = ωrf - Ωobs is the difference between the spin-lock carrier (ωrf) and 



  41 

the observed peak (Ωobs) frequencies. Measurement errors were estimated based on both triplicates 

performed at TEX = 0 s and the baseline of CEST profiles. Two-spin order 15N CEST profiles for 

A22-N1 at various pHs displaying conformational exchange were fit to a two-state exchange 

model between the ground (G) and excited (E) states based on the Bloch-McConnell equation76 

that describes magnetization evolution in a coupled two-spin 15N-1H system77,78, 
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where vG/E is the magnetization matrix, RG/E is the relaxation matrix, R1G/E is the 15N longitudinal 

relaxation rate, R2G/E is the 15N transverse relaxation, R1HNG/E is the 15N-1H two-spin order 

relaxation rate, R2HNG/E is the 15N antiphase relaxation rate, ηzG/E is the N-H dipolar-

dipolar/nitrogen CSA cross-correlated relaxation between the 15N longitudinal and two-spin order 

elements, ηxyG/E is N-H dipolar-dipolar/nitrogen CSA cross-correlated relaxation between 15N 

transverse and antiphase magnetizations, ωNG/E is the offset of the applied 15N B1 field with a 

strength of ω1, and JNHG/E is the 15N-1H scalar coupling for the ground (G) and excited (E) states, 

and kGE and kEG are forward and backward exchange rates as defined by kGE = pE kex and kEG = pG 

kex. Here, kex = kGE + kEG is the rate of exchange, pG and pE are populations of ground and excited 

states, respectively, and ωG = obs and ωE = ωG + Δω, where Δω is the chemical shift difference 

between the ground and excited states. Ground state and excited state magnetizations at the 
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beginning of the TEX period are the two-spin order (2NzHz) along Z and are set to be at populations 

of pG and pE. The fitting parameters are Δω, kex, pE, R2 = R2G/E, R1HN = R1HNG/E, and R2HN = R2G/E + 

R1HNG/E - R1G/E as described previously60,79. To simplify data fitting, ηzG/E and ηxyG/E were set to 0 

as they have been shown not to affect the extracted Δω, kex, and pE values60,80, and R1G/E were set 

to 0, as the data does not constrain determination of R160. For residues without conformational 

exchange, the two-state model was simplified to a one-state model by fixing all exchange 

parameters (rate of exchange kex and population of excited state pE) to 0. All profiles were fitted 

using an in-house OriginLab® program with a Levenberg-Marquardt algorithm. 

Preparation of Dicer substrates 

Pre-miR-21 substrates were prepared by in vitro transcription, where a hammerhead 

ribozyme (HH) was fused to the 5’-end of pre-miR-21s to generate 5’-OH substrates with wild-

type 5’-end nucleotide. Sequences of the pre-miR-21 substrates are as follows, 

HH-Pre-miR-21 WT: 

CUAAUACGACUCACUAUAGGAGCUACUGAUGAGGCCGAAAGGCCGAAACCCGAAA

GGGUCUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAGUC

GAUGGGCUGUC 

 

HH-Pre-miR-21 GC Mutant: 

CUAAUACGACUCACUAUAGGAGCUACUGAUGAGGCCGAAAGGCCGAAACCCGAAA

GGGUCUAGCUUAUCAGACUGAUGUUGACCGUUGAAUCUCACGGCAACACCAGUCG

AUGGGCUGUC 

 

HH-Pre-miR-21 G38U Mutant: 

CUAAUACGACUCACUAUAGGAGCUACUGAUGAGGCCGAAAGGCCGAAACCCGAAA

GGGUCUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGUCAACACCAGUC

GAUGGGCUGUC 

 

After in vitro transcription, samples were exchanged into H2O using Amicon filtration units 

(Millipore) with 10K Da MW cut-off membranes. The resulting substrates were subsequently 

subject to 5’-end 32P-labeling with T4 Polynucleotide Kinase (T4PNK) (New England Biolabs 

Inc.). 50 l of RNA at 400 nM was incubated in a solution containing T4PNK buffer, 20 U T4PNK, 
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and -32P ATP at 35C for 30 minutes before being gel purified by 20% denaturing polyacrylamide 

gel. The 32P-labeled RNAs were extracted from the gel by crushing and soaking in 250 mM NaCl 

in 1xTBE buffer for 24 hours before filtering and exchanging multiple times into H2O using an 

Amicon filtration unit (Millipore) with a 10K Da MW cut-off. 32P-labeled substrates were stored 

at -20C prior to dicer processing assay. 

Dicer processing assays 

 32P-labeled pre-miR-21 substrates were heated to 95C for 5 minutes and then placed on 

ice for 5 minutes to anneal the precursor hairpin. 6 l substrate was mixed with 2 l of 5x dicing 

buffer (12 mM HEPES, 1 M NaCl, and 0.02 mM EDTA at pH 7.8) and 2 l of 25 mM MgCl2. In 

a separate tube, concentrated Dicer enzyme (Genlantis, Inc.) was diluted in 1x dicing buffer (2.4 

mM HEPES, 200 mM NaCl, 4 M EDTA) and mixed with an equal volume of 10 mM ATP. 2 l 

of ATP/Dicer mixture (10 mM ATP and 0.2U Dicer) was added to each tube of 6 l substrate and 

incubated at 35C overnight. Reactions were quenched by adding 1.6 U proteinase K (New 

England Biolabs Inc.), 2 l of 0.5 M EDTA and incubated for 45 minutes at 35C. Samples were 

denatured in formamide with trace bromophenol blue and xylene cyanol, ran on a 15% denaturing 

polyacrylamide gel, visualized using Amersham Typhoon 5 Biomolecular Imager (GE Healthcare) 

and analyzed with Image Quant (GE Healthcare) using peak area and rubberbanding for 

background deletion. All assays were carried out in quadruplicate to estimate experimental errors. 

RNA secondary structure prediction 

All RNA secondary structures were predicted based on sequences using programs Mfold81 

and MC-Fold64 using standard input options. 
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CHAPTER 3 - MIR-21 PRECURSOR AND DICER 

 

Introduction 

The human version of Dicer, DICER1, is 1,922 amino acids long, and contains multiple 

domains, including: ATP binding, helicase, DUF283, PAZ, dsRBD, and two RNaseIII catalytic 

domains82. Dicer’s PAZ domain has two basic pockets that bind to the 5’ and 3’ ends of the pre-

miRNA. This domain interacts with the 5’ phosphate and the binding pocket is arranged such that 

Dicer prefers a two-nucleotide overhang at the 3’ end. Dicer itself functions as a “molecular 

ruler,”83 and measures two helix turns – 22 nucleotides away – from the 5’ and 3’ ends, thus 

reliably cleaving to produce the ~22 (typically 21-25) nucleotide dsRNA product from which a 

strand is selected and loaded into the Argonaute protein to form the active RNA-induced silencing 

complex.  

The dicing step has a number of effector molecules, most notably the 366 amino acid 

protein TARBP84, which contains two dsRNA binding domains and a Dicer binding domain. 

Although not essential for precursor microRNA processing, TARBP has been shown to increase 

dicing efficiency. KSRP52 has also facilitates Dicer processing of specific precursor microRNAs, 

including miR-21, through its interaction with the terminal loop. Human DICER1 has been the 

subject of numerous studies, and a number of important Dicer structures have been published to 

date, originating with the structure of the Piwi Argonaut Zille (PAZ) and RNase III domains of 

Giardia Dicer by Jennifer Doudna in 200682. Since then, deeper structural interrogation has been 

performed, including mutations in the  PAZ domain83, and finally a structure of the entire Dicer 
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protein by cryogenic electron microscopy (Cryo-EM)85,86. These studies, which have been 

performed in the absence of substrate, have brought to light the dynamic nature of Dicer’s 

interaction with pre-miRNAs and propose multiple structural rearrangements that are necessary 

for the regulation and activation of Dicer. However, recent structural studies39  have shown that 

Dicer continues to be dynamic after substrate loading, and that conformational sampling likely 

occurs for regulation of Dicer loading, but that substrate rearrangement may enable access to a 

dicing competent state. Meaning that dicing is not only a multi-step process, but that protein and 

RNA structural rearrangement is necessary for productive dicing to occur. After elucidating the 

pH dependent structural rearrangement of pre-miR-21, here we set out to determine in more depth, 

the contribution of each precursor structure on dicing activity. We show that pre-miR-21 and the 

corresponding ES mutant are preferentially processed by Dicer when compared with a GS locked 

mutant. While confirming the importance of this structural rearrangement, we also uncover a 

unique pH dependent dicing phenomenon, that likely involves pH dependent interactions between 

the RNA substrate and dicer. We also show that this substrate-dicer interaction is RNA dependent 

and may serve as another mechanism for dicer mediated cleavage of pre-miRNA substrates.  

Results 

Recombinant Dicer differentially cleaves each state of miR-21 

As the miR-21 precursor adopts two structures in solution, we wanted to determine the 

effect of these structures on Dicer turnover rates at various pH points. Although typically 

performed around pH 8, Dicer has been shown to remain active at lower pH points87, with reduced 

activity at pH as low as 5.5. To begin, we designed precursor miRNA substrates (Fig 3.1a), adopted 

from previous studies on human Dicer84. We then tested commercially available Dicer from 

Genlantis at various pH points to see if there were pH dependent changes on Dicer activity (Fig 
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3.1b,c). As Let-7g is known to undergo a structural rearrangement in solution39 that is Dicer 

dependent but should not respond to pH, we included it as a control. Monitoring both miR-21 and 

Let-7g substrates, enzymatic activity was greatly reduced at lower pH, stopping product formation 

even after an extended incubation at 37˚C. Genlantis enzyme decreased in activity almost 

uniformly, but activity was more noticeable for Let-7g at low pH, even though this substrate had 

been processed less efficiently at higher pH. Although this suggests an inhibitory mechanism for 

the excited state of miR-21 at lower pH, the lowest pH point tested, 6.0, is above the pKa of the 

protonated adenine in miR-21 (~5.8). It is important to note that Genlantis enzyme is known to 

process microRNAs very inefficiently, taking hours to observe the activity shown in these assays. 

This contrasts with cellular conditions, where these precursors are processed in minutes84.  
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Figure 3.1 - Genlantis Dicer assays at varying pH  

(a) Precursor construct for miR-21 and Let-7g used in Dicer assays. Note: an additional 3’C was 

added to create a 2-nucleotide overhang, which is a more ideal substrate, and has been used instead 

of the native sequence in previous studies84. (b) Dicer assays for miR-21 and Let-7g precursor 

performed at typical Dicing pH: 7.7 down to pH 6.0. First lane of each RNA loaded without Dicer, 

and respective products labeled for Let-7g shown on the right. (c) ImageQuant quantification of 

mature product from Dicer assays performed for miR-21 and Let-7g, referenced to total 32P counts 

in each lane. 
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Recombinant Dicer is active at low pH and differentially cleaves each state of miR-21 

In order to more accurately recreate the dicing that occurs in cell, we repeated Dicer assays 

using a recombinantly expressed and purified enzyme. As shown by previous research, highly 

purified recombinant Dicer, which complexes with TRBP, processes precursors similar to the 

enzymatic turnover that occurs in cells. For this reason, recombinant Dicer enzyme was prepared 

and used to perform a duplicate set of Dicer assays (Fig 3.2a). Unlike Genlantis Dicer, this 

recombinantly expressed enzyme not only required significantly reduced incubation time (~30 

minutes), but it also yielded higher amounts of mature product and continued to be active at lower 

pH points. Again, we initially tested cleavage of miR-21 in comparison to Let-7g. This time, we 

noted significantly higher amounts of cleavage for Let-7g as the pH decreased, while miR-21 

dicing slowed in response to changes in pH. Most importantly, our recombinant enzyme stock was 

more capable of cleaving at pH points that approached the pKa of the protonated adenine in miR-

21, meaning that the RNA substrate should be equally populated at the lowest pH tested. In order 

to directly confirm the contribution of both states, we tested GS and ES mutants as described 

previously (Figure 2.5). Notably, the ES mimic is preferentially cleaved at high pH, which mimics 

the data shown for Genlantis Dicer. At lower pH, the ES mimic is still preferentially processed, 

but overall Dicer activity is decreased (Fig 3.2c). At low pH, the GS mimic is poorly cleaved, with 

overall mature production stagnating to almost zero. Wild type miR-21 closely resembles the 

plotted population average, which accounts for contributions in substrate fitness from both the GS 

and ES. To further confirm the processing efficiencies of these substrates through multiple 

turnovers, we also performed time course assays for recombinant Dicer at high (Fig 3.2c) and low 

pH (Fig 3.2d). At high pH of 7.77, the ES mimic is preferentially cleaved, producing mature 

product at a much faster rate in initial turnover conditions for the first point at 2 minutes, and 



  49 

creating more product throughout the rest of the time course, reaching almost 100% cleavage. At 

high pH, we expect precursor miR-21 to mimic the ground state, as it occupies ~99% ground state 

in these conditions. We observe similar levels of initial turnover for miR-21 and the GS mimic, as 

well as overall processing efficiency throughout the experiment, confirming that the GS mimic 

matches the substrate fitness of wild type precursor miR-21. At low pH of 6.51, the ES mimic is 

still preferentially cleaved over the wild type substrate, producing more product in initial turnover 

and through multiple turnovers. The GS mimic is much less processed and shows slower rates of 

product formation than the ES. At this lower pH, NMR experiments observe preE-miR-21 

occupying ~15% ES and 85% GS, respectively. Time course data confirms that the wild type 

precursor cleaves at an intermediate level, with rates in between the GS and ES mimics. miR-21 

matches a population-adjusted dicer time course plot, which combines the NMR observed 

population data with the processing rates from the GS and ES mimics. Despite the downward trend 

in processing for all of the miR-21 constructs, the contribution of the folding states to processing 

is still distinct. This confirms that miR-21 has differential substrate fitness embedded in its 

conformational landscape, and that the distinct structural ensemble encoded in the terminal loop 

has the potential to serve as an additional layer of regulation for microRNA biogenesis.   
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Figure 3.2 - Recombinant Dicer assays at extended pH range 

(a) Dicer assays for miR-21 (top) and Let-7g (bottom) precursor performed at an expanded pH 

range: 8.09 down to pH 5.79. First lane of each RNA loaded without Dicer, and respective products 

labeled for Let-7g shown on the right. (b) ImageQuant quantification of mature product from Dicer 

assays performed in triplicate for miR-21 and Let-7g, referenced to total 32P counts in each lane. 

(c) Image Quant Dicer assay quantifications for miR-21 and GS/ES mimics performed at an 

extended pH range. PWA-Population Weighted Average calculated from NMR Data (d) High pH 

(7.77) Dicer time course assays. Mature product formation measured using ImageQuant, 

referenced to total 32P counts in each lane. Shown are means and standard deviations (s.d.) from n 

= 3 independent assays. (e) Low pH (6.51) Dicer time course assays. Mature product formation 

measured using ImageQuant analysis, referenced to total 32P counts in each lane. Shown are means 

and standard deviations (s.d.) from n = 3 independent assays. Note: Time course assays were 

performed on a separate, repeated Dicer preparation, resulting in slight changes in overall 

processing due to enzyme concentration.  
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Figure 3.3 - Recombinant Dicer inhibition assays 

(a) Lin28 titration confirms inhibition of biogenesis of Let-7g for Genlantis Dicer (top). In 

recombinant dicer (bottom), Lin28 is less efficient at inhibition. (b) Small molecule inhibitor from 

Amanda Garner at Michigan was shown to inhibit processing of miR-21 when using Genlantis 

Dicer, but does not inhibit recombinant dicer. 
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Discussion 

 

 With this work, we confirmed that the intrinsic conformational plasticity of the miR-21 

precursor can serve as a new layer of regulation for miRNA biogenesis. Dicer is intrinsically 

dynamic, with multiple folding states involved in regulation of substrate binding, and efficient 

substrate cleavage. While confirming the improved substrate fitness of the ES of pre-miR-21, we 

uncovered distinct differences between commercially available Dicer and highly concentrated and 

purified recombinant Dicer. Dicer processing of Let-7g and miR-21 varied in response to pH 

changes in distinct ways. As the improvement for dicing at low pH was only observed in 

recombinantly expressed dicer, we performed an additional set of experiments to characterize 

recombinant Dicer with protein and small molecule inhibitors of the dicing step. Lin-28, a well-

known inhibitor of Let-7 biogenesis, blocks the RNase III cleavage site in the RNA through 

binding. Indeed, this protein inhibits biogenesis when tested with commercial dicer (Fig 3.3a) but 

did not inhibit the recombinantly expressed enzyme. A small molecule inhibitor for miR-21 was 

provided for testing by Amanda Garner, PhD. at University of Michigan. This inhibitor, which 

targets the miR-21 precursor, inhibits Dicer processing for commercial Dicer, but does not inhibit 

recombinantly expressed and purified Dicer (Fig 3.3b). In combination with the pH dependent 

dicer assays, these results reveal that our recombinantly expressed and purified enzyme is more 

active and also less likely to be inhibited when compared with its commercial counterpart. 

Interestingly, both enzymes are full-length, human copies of DICER1. This implies the presence 

of either a post-translational modification in the recombinantly expressed enzyme that greatly 

enhances processing, or a co-factor that was co-purified with DICER1. Although both are possible, 

Dicer was greatly over-expressed, meaning that co-factors would be present as sub-stoichiometric 

levels. Regardless, either of these possibilities alludes to the presence of a Dicer activator, and the 



  53 

differential activation of Let-7g over miR-21 may involve RNA specific interactions with this new 

co-factor. This discovery is subject to further investigation. 

Methods 

Preparation of Dicer substrates 

Pre-miR-21 substrates were prepared by in vitro transcription, where a hammerhead 

ribozyme (HH) was fused to the 5’-end of pre-miR-21s to generate 5’-OH substrates with wild-

type 5’-end nucleotide. Sequences of the pre-miR-21 substrates are as follows, 

HH-Pre-Let-7g WT: 

CCTAATACGACTCACTATAGGGCTACTACCTCACTGATGAGGCCGAAAGGCCGAAA

CCCGAAAGGGTCTGAGGTAGTAGTTTGTACAGTTTGAGGGTCTATGATACCACCCGG

TACAGGAGATAACTGTACAGGCCACTGCCTTGCC  

 

HH-Pre-miR-21 WT: 

CUAAUACGACUCACUAUAGGAGCUACUGAUGAGGCCGAAAGGCCGAAACCCGAAA

GGGUCUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAGUC

GAUGGGCUGUC 

 

HH-Pre-miR-21 GC Mutant: 

CUAAUACGACUCACUAUAGGAGCUACUGAUGAGGCCGAAAGGCCGAAACCCGAAA

GGGUCUAGCUUAUCAGACUGAUGUUGACCGUUGAAUCUCACGGCAACACCAGUCG

AUGGGCUGUC 

 

HH-Pre-miR-21 G38U Mutant: 

CUAAUACGACUCACUAUAGGAGCUACUGAUGAGGCCGAAAGGCCGAAACCCGAAA

GGGUCUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGUCAACACCAGUC

GAUGGGCUGUC 

 

After in vitro transcription, samples were exchanged into H2O using Amicon filtration units 

(Millipore) with 10K Da MW cut-off membranes. The resulting substrates were subsequently 

subject to 5’-end 32P-labeling with T4 Polynucleotide Kinase (T4PNK) (New England Biolabs 

Inc.). 50 l of RNA at 400 nM was incubated in a solution containing T4PNK buffer, 20 U T4PNK, 

and -32P ATP at 35C for 30 minutes before being gel purified by 20% denaturing polyacrylamide 

gel. The 32P-labeled RNAs were extracted from the gel by crushing and soaking in 250 mM NaCl 
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in 1xTBE buffer for 24 hours before filtering and exchanging multiple times into H2O using an 

Amicon filtration unit (Millipore) with a 10K Da MW cut-off. 32P-labeled substrates were stored 

at -20C prior to dicer processing assay. 

Dicer processing assays 

 32P-labeled pre-miR-21 substrates were heated to 95C for 5 minutes and then placed on 

ice for 5 minutes to anneal the precursor hairpin. 6 l substrate (4 l for inhibition assays)  was 

mixed with 2 l of each corresponding 5x dicing buffer (12 mM HEPES, 1 M NaCl, and 0.02 mM 

EDTA at pH 8.09/7.77/7.33/6.97) (or 12mM BisTris, 100mM NaCl, and 0.02 mM EDTA aat pH 

6.71/6.51/6.25/6.03/5.79) and 2 l of 25 mM MgCl2. For inhibition assays, 2 l of increasing 

amounts of Lin-28 (156 nm up to 40µM final concentration) or small molecule inhibitor was added 

to each tube, pipetted up and down to mix, and then incubated at 37C for 15 minutes before the 

addition of Dicer in the next step. In a separate tube, concentrated Dicer enzyme (Genlantis, Inc. 

or recombinantly expressed and purified) was diluted in 1x dicing buffer (2.4 mM HEPES, 200 

mM NaCl, 4 M EDTA) and mixed with an equal volume of 10 mM ATP. 2 l of ATP/Dicer 

mixture (10 mM ATP and 0.2U Dicer, Genlantis or 0.1U recombinant Dicer) was added to each 

tube of 6 l substrate and incubated at 35C (overnight for Genlantis, or 30 minutes for 

recombinant Dicer). Reactions were quenched by adding 1.6 U proteinase K (New England 

Biolabs Inc.), 2 l of 0.5 M EDTA and incubated for 45 minutes at 35C. Samples were denatured 

in formamide with trace bromophenol blue and xylene cyanol, ran on a 15% denaturing 

polyacrylamide gel, visualized using Amersham Typhoon 5 Biomolecular Imager (GE Healthcare) 

and analyzed with Image Quant (GE Healthcare) using peak area and rubberbanding for 

background deletion. All assays were carried out in triplicate to estimate experimental errors. 

Population weighted average was calculated using the following equation: 
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𝑃𝑊𝐴 = 𝑝𝐸𝑆 ∗ (𝑀𝑎𝑡𝑢𝑟𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝐸𝑆 𝑚𝑖𝑚𝑖𝑐 − 𝐺38𝑈) + 𝑝𝐺𝑆

∗ (𝑀𝑎𝑡𝑢𝑟𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝐺𝑆 𝑀𝑖𝑚𝑖𝑐 − 𝐶𝐶𝑀𝑢𝑡) 

where pES and pGS are the respective ground and excited state occupation in each folding state as 

determined in Chapter 2.  
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CHAPTER 4 - DYNAMICS IN PRIMARY MICRORNA 

Introduction 

The mGHG mismatch includes a U-C mismatch sandwiched between two G-C base pairs 

in the hairpin of pri-miRs. Strikingly, the strand arrangement of G-C base pairs, i.e. 5’G and 3’C 

versus 5’C and 3’G has been shown to alter substrate recognition by Drosha. 5’ sequences of CUC 

confer the highest cleavage efficiencies, and this single motif is able to encode single-nucleotide 

precision for Drosha, outweighing contributions from the other basal and apical junction motifs. 

Alternate arrangements of these nucleotides have been shown to serve as a recognition site for 

cleavage but result in less efficient recognition and inaccurate cleavage products. As the Drosha 

step determines the 5’ seed sequence of the mature microRNA, precise cleavage is essential for 

microRNA biogenesis. Lastly, the dsRBD of Drosha has been proposed to bind this motif after 

allosteric rearrangement from binding between Drosha and DGCR8. Although the sequence of 

essential motif has been explored through systematic modification and measurement, the exact 

RNA structure has yet to be determined. Due to the conservation of a U-C mismatch and the 

flanking sequence, we hypothesize that this motif adopts a very unique structure in solution. We 

also propose that dynamics between the U-C mismatch may confer differential fitness for 

recognition by the microprocessor, enabling differential recognition despite the conservation of 

nucleotide composition.   

Here, we set out to study the structure and dynamics of this essential mGHG motif. We 

showed that this small motif, which contains a conserved set of six nucleotides, indeed has a unique 

structure that explains its ability to provide single-nucleotide measurement for Drosha. We also 
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show that that changes in the arrangement of these nucleotides encodes intrinsic conformational 

flexibility, including a stabilized protonation state at the U-C mismatch, that confers differential 

recognition to the microprocessor. Like previously discussed with pre-miR-21, the observation of 

this dynamic ensemble serves as an additional layer of regulation for miRNA biogenesis that is 

driven solely by the dynamic ensemble of the substrate.  

Results 

The mGHG motifs adopt similar ground state structures  

The mGHG recognition motif consists of a U-C mismatch sandwiched between two G-C 

base pairs. Alterations to the arrangement of these nucleotides confers differential recognition by 

Drosha, with 5’ CUC enabling single nucleotide recognition for the microprocessor. First, to 

determine the structure and dynamics of the arrangement of this motif we designed a set of 

abbreviated NMR Constructs (Fig 4.1a), that include the mGHG motif, flanked by stable A-U and 

G-C base pairs to mimic a stable hairpin. The small hairpin constructs are capped by a UUCG 

tetraloop, which stabilizes the hairpin structure and prevents dimerization. A simple NMR 1H-1H 

NOESY experiment on the imino region provides an excellent characterization of RNA secondary 

structure, as one imino resonance is expected per canonical Watson-Crick base pair. The mGHG 

constructs designed for this study adopt stable conformations, where imino resonances (Fig 4.1b) 

can be observed for the lower and upper stems. The U-C wobble does not form in the ground state 

of any construct, as the central U in the U-C does not show any resonances in the 1H-1H NOESY 

experiments (Fig 4.2). Using a 13C1H HSQC NMR experiment that probes nonsolvent-

exchangeable signals, we detected all 26 resonances for the 26 expected NMR resonances from 

each of the mGHG constructs (Fig 4.1c, Fig 4.3 and 4.4). However, the resonance for the mismatch 

cytosine has weak peak intensity, which resembles the typical NMR phenomenon of exchange 
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broadening. Like in pre-miR-21, this is caused by interconversion between multiple states. Again, 

using NMR R1ρ RD spectroscopy, we can characterize this conformational change, making it 

possible to gain insight into an RNA ESs that is too low-populated and short-lived to be detected 

by conventional structural biology approaches. Here, we carried out both on-resonance and off-

resonance low spin-lock field R1ρ RD experiments to identify any dynamics that occur in this 

relatively small and apparently simple motif. We observed flat RD profiles for all of the base (C5 

and C8) and sugar (C1’) carbons resonances studied in the mGHG96 construct (Fig 4.7). A number 

of base (C5, and C8) and sugar (C1’) carbons flanking the U-C mismatch in the mGHG35 construct 

also have flat RD profiles (Fig 4.6). However, resonances studies at and near the U-C mismatch in 

mGHG35 display power and offset dependent RD profiles. These RD profiles can be globally-

fitted to a two-state (GS ↔ ES) exchange process, where the ES has a population of (10.7 ± 0.6%). 

These data show that the mGHG35 construct dynamically interconverts between two structurally 

and kinetically distinct states, while the construct with better recognition (mGHG96) adopts a 

single, stable conformation.  
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Figure 4.1-NMR characterization of mGHG motifs.  

(a) Secondary structure of mGHG96 and mGHG 35 constructs, where the mGHG motif is 

highlighted with purple nucleotides, and 1H-1H Imino NOESY observed Watson-Crick base pairs 

are highlighted with dark circles. (b) NMR 2D 1H-1H NOESY spectrum of the imino proton region 

of mGHG35 (top) and mGHG96 (bottom) reveal a well folded secondary structures, with the G-C 

base pairs highlighted with purple assignments on the diagonal. Note: The characteristic UUCG-

G15N1 was present in these experiments, but are outside the shown spectral width. (c) NMR 2D 

13C-1H HSQC spectra of base carbon (C6 and C8) region of mGHG35 shows exchange broadening 

of C20H8, shown inset. 
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Figure 4.2 - NMR characterization of exchangeable protons 

(a) 1H-1H Imino NOESY and 15N-1H HSQC (b) of mGHG96 at pH 6.5 and 10°C reveal well folded 

secondary structure of mGHG96, with a gap in base pairing at the U-C mismatch. (c, d) The same 

set of experiments recorded on mGHG35 reveal similar secondary structure, with a similar gap in 

base pairing at the U-C mismatch. 
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Figure 4.3 - NMR assignments for mGHG35 

Shown are 13C-1H HSQC spectra of base carbons (a- C6/H6 and C8/H8, b- C5/H5) and sugar 

carbons (c-C1’/H1’) for mGHG35 along with corresponding assignments for each set at pH 6.5, 

35°C.  
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Figure 4.4 - NMR assignments for mGHG96 

Shown are 13C-1H HSQC spectra of base carbons (a- C6/H6 and C8/H8, b- C5/H5) and sugar 

carbons (c-C1’/H1’) for mGHG96 along with corresponding assignments for each set at pH 6.5, 

35°C. 
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The low recognition motif encodes an ES with transient protonation at the N3 of cytosine in 

the C-U mismatch 

To gain structural insights into the ES, we utilized NMR chemical shifts, which are one of 

the most sensitive measurements for probing local chemical environments. We examined ES 

carbon chemical (ES = GS + ∆), where ∆ is the chemical shift difference between ES (ES) 

and GS (GS) extracted from the two-state analysis of an R1ρ RD profile (Fig 4.5c). The largest 

chemical shift deviation (∆) was observed at C20, the critical cytosine in the U-C mismatch. The 

calculated chemical shift change for this residue was 2.86ppm downshifted from its GS position. 

This downfield change in chemical shift is characteristic of transient protonation in unpaired 

cytosines. The magnitude and direction of this change in chemical shift, coupled with the fast rate 

of exchange (9677±1851s-1) fit out from the R1ρ RD profiles, implies transient protonation in the 

ES at the cytosine N3 of the critical U-C wobble in the mGHG motif. To further examine whether 

the exchange process is due to a protonation event, we increased the pH of the sample from 6.45 

to 8.04. By increasing the pH, we aimed to shift the equilibrium towards the deprotonated state. 

The 13C-1H HSQC spectrum recorded at pH 8 is of substantially higher quality, where the exchange 

broadening on the C and U resonances is significantly reduced (Fig 4.8).  

The high population (~10.7%) of C20N3+ at pH 6.45, which otherwise would be less than 

1% based on the intrinsic pKa (~4.45) of the free cytosine N3 site, further suggests that C20 has a 

distinct propensity for protonation when compared with other unpaired cytosines. Upon further 

investigation using various pH points and chemical shift analysis, the N3 of C20 has a neutrally 

shifted pKa of 5.41 ± 0.01. This remarkable observation – that such a significant neutral shift in 

pKa is possible with such a simple structural motif – is very unique, as protonation in RNA is 

usually only observed in higher order structures.  
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In order to verify that protonation is the single driving factor behind the conformational 

change in the mGHG35 construct, we compared the extracted chemical shift difference between 

the excited state (ES) and the chemical shift observed at low pH (lowpH). Largely, changes in 

chemical shift that were detected in the R1ρ RD profiles match the chemical shifts that respond to 

pH (Fig 4.5c). For 6 of the 7 residues studied, U07C6, C19C5/C6, and C20C1’/C5/C6, the 

chemical shift changes match exceptionally well, especially for residues with larger chemical shift 

perturbations that are the result of protonation and a change in base pairing. However, the 

deviations for G08C1’ could be due to its relatively small chemical shift differences; the nature of 

this difference is subject to further study by additional R1ρ techniques outlined in the discussion. 

Taken together, these results unambiguously revealed that the cytosine in the GHG mismatch motif 

undergoes a pH-dependent conformational transition, where the bulge cytosine is specifically 

protonated at N3 in the ES.  
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Figure 4.5- mGHG35 populates a protonated excited state with a neutral shifted pKa 

(a) Representative 13C on-resonance and off-resonance RD profiles showing dependence of 

R2+Rex on spin-lock power (eff/2) and offset (/2), respectively, where  is the difference 

between the spin-lock carrier frequency and the observed resonance frequency. RD profiles are fit 

to a global two-state model using the Bloch-McConnell equation. Error bars are experimental 

uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 independently measured peak 

intensities (b) NMR 2D 13C-1H HSQC spectra of base carbon (C6 and C8) region of mGHG35 

performed at various pH points reveals distinct chemical shift changes for residues in the mGHG 

motif. (c) Comparison of carbon chemical shifts for the observed, GS, ES, and low pH NMR 

conditions for mGHG35 (d) The pH-dependent population of the excited state based on U07C6 

and C20C6 chemical shifts: apparent pKa value for C20 based off C6/H6, C5/H5, and C1’/H1’ in 

mGHG35 and mGHG96 shown in pH specific colors, and grey, respectively. 
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Figure 4.6 - 13C R1p Relaxation Dispersion for mGHG35  

(a) Profiles of mGHG35 residues without apparent chemical exchange. On- and off-resonance 13C 

RD profiles depicting spin-lock power (eff/2) and offset (/2) dependence of R2 + Rex 

measured at pH 6.5. Solid lines represent the best fits to a single-state model using the Bloch-

McConnell equation. (b) 13C R1ρ RD profiles of mGHG35 residues that undergo chemical 

exchange at pH 6.45. Solid lines represent the best fits to a global two-state exchange model (kex 

= 9677 ± 1851 s-1 and pE = 10.7 ± 0.6%) using the Bloch-McConnell equation. Error bars, 

experimental uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 independently 

measured peak intensities. 
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Figure 4.7 - 13C R1p Relaxation Dispersion for mGHG96 

Profiles of mGHG35 residues without apparent chemical exchange. On- and off-resonance 13C RD 

profiles depicting spin-lock power (eff/2) and offset (/2) dependence of R2 + Rex measured at 

pH 6.5. Solid lines represent the best fits to a single-state model using the Bloch-McConnell 

equation. 
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Figure 4.8 - pH Titration for mGHG35 

Shown are 13C-1H HSQC spectra of base carbons (a- C6/H6 and C8/H8, b- C5/H5) and sugar 

carbons (c-C1’/H1’) for mGHG35 across various pH points ranging from 4.4 to 8.0 at 35°C at 

35°C. Peaks with distinct changes in chemical shift are assigned, with direction of chemical shift 

change traced in black. 
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Figure 4.9 - pH Titration for mGHG96 

Shown are 13C-1H HSQC spectra of base carbons (a- C6/H6 and C8/H8, b- C5/H5) and sugar 

carbons (c-C1’/H1’) for mGHG96 across various pH points ranging from 4.4 to 8.0 at 35°C. Peaks 

with distinct changes in chemical shift are assigned, with direction of chemical shift change traced 

in black. 
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The protonated ES is stabilized through a C+U wobble base pair 

In order to stabilize the cytosine protonated state in the mGHG35 construct, we propose 

that the uridine across the helix forms a C+U wobble base pair (Fig 4.10c). In this base pair 

conformation two hydrogen bonds would stabilize the interaction: the protonated N3 of C20 would 

hydrogen bond with the O4 of U07, and the N3 of U07 would hydrogen bond with the O2 of C20.  

To detect the presence of the proposed C+U wobble pair, a set of low-pH 1H-1H through space and 

15N-1H through bond NMR experiments were performed. Even though this interaction was too 

transient to be detected by 1H-1H NOESY, the 15N-1H HSQC spectrum revealed a new peak that 

was absent in experiments run above the pKa (Fig 4.10a). The 15N and 1H chemical shift for this 

new peak are in a region of the NMR spectra typical for uridines in U-U and G-U wobble base 

pairs, residing close to the capping U-G interaction in the UUCG tetraloop. Through bond J-15N-

15N experiments revealed that the low pH N-H peak does not have a base-pairing partner (Fig 

4.10b), which matches the proposed NH-O hydrogen bonding configuration. The lack of detection 

for the C20H3 peak is likely due to the short-lived ES of 115µs, which is unable to be detected, 

due to its transient nature. This phenomenon matches the transient protonation in pre-miR-21, 

which was also too transient to be detected by NH-HSQC. 
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Figure 4.10 - A protonated C+U wobble base pair is the ES 

(a) NMR 15N-1H HSQC spectra on exchangeable imino protons detects peaks for N3 of uridines 

and N1 of guanines shown at typical NMR conditions (green) and low pH (red). (b) NMR J-15N-

15N COSY experiment performed at pH 5 detects base-pairing imino protons using J coupling 

(~7Hz) between hydrogen bonding base pairs. Guanine and Uridine iminos at the top of the spectra 

share a proton with their base adenine and cytosine base pairing partner. Conserved 1H chemical 

shift connection highlighted with a dashed line. (c) Canonical C-U base pair (top) has a hydrogen 

bond between N3 of uridine and cytosine. Proposed C+U wobble base pair (bottom), with 

additional proton at N3 highlighted in red, preserves the imino base pairing between U and C, and 

alters the hydrogen bond receptors to oxygen, altering the base pair geometry.   
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Discussion 

Here, by integrating structural and dynamic analyses on the mGHG motif, we showed that 

the intrinsic propensity for protonation - and the corresponding changes to the dynamic ensemble 

of this simple RNA, can greatly alter the substrates ability to be recognized and accurately 

processed by DROSHA. mGHG35 undergoes rapid protonation in solution at physiological pH 

due to its neutrally shifted pKa, while mGHG96, the most ideal motif for recognition, is not 

protonated. This mGHG96 construct has a less shifted pKa of 5.16 ± 0.01. The difference in pKa 

between these two constructs extrapolates to differences in the population of the ES at typical 

experimental and physiological pH. The highly populated ES in mGHG35 construct is more 

sparsely populated in the mGHG96 construct (<1%), escaping the limit of detection by our R1ρ 

analysis. As the mGHG96 motif is preferred by the microprocessor, the most simplistic model 

would involve protonation as an inhibitor of recognition by Drosha. In the ground state, the uridine 

and cytosine sandwiched in the mismatch motif may be stacked, or a specific nucleotide could flip 

out for interaction with the double-stranded RNA Binding Domain (dsRBD) of DROSHA. For 

mGHG35, this structure competes with a C+U wobble base pair, where intrinsic protonation at the 

N3 is stabilized by a hydrogen bond with O3 on the uridine across the helix. This stabilized 

conformation creates a sheared C+U wobble base-pair, which is not easily recognized by Drosha. 

The fast interconversion between the ideal, unpaired substrate, and the sheared C+U is responsible 

for the change in substrate fitness that was observed in previous work. While our observation 

represents the first example of an excited state in primary microRNAs, the conservation of this 

motif throughout evolution, from sea anemone to sponges and humans48, strongly suggests the 

preservation of this dynamic ensemble as an additional mechanism for regulation in the biogenesis 

of primary microRNAs.  
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Methods 

Sample preparation.  

Uniformly 13C/15N-labeled mGHG samples were prepared as previously described 

(Chapter 2). Samples were then concentrated and exchanged into NMR buffers with 50 mM KCl 

and 50 M EDTA, where 10 mM acetate buffers were used for pHs at 4.35, 4.93, and 5.44, and 

10 mM sodium phosphate buffers were used for pHs at 5.98, 6.5, 7.01, 7.47, and 8.04. For H2O 

samples, and D2O samples were prepared as previously described in Chapter 2.   

NMR Spectroscopy 

Exchangeable proton spectra were recorded using H2O samples at 283 K, and 

nonexchangeable proton spectra were recorded at 298 K and 308 K using H2O and D2O samples. 

The assignments for mGHG35 and mGHG96 were obtained with samples at pHs 6.45 using 2D 

NOESY, 2D TOCSY, 1H-15N HSQC, 1H-13C HSQC, 2D HCCH-COSY, and HCN experiments on 

unlabeled and uniformly 13C/15N labeled samples with standard protocols. The apparent pKa values 

of cytosines were obtained by fitting pH-dependent excited-state population and chemical shift to 

the Henderson-Hasselbalch equation as described previously.  

13C R1 relaxation dispersion measurements and data analysis.  

The on- and off-resonance relaxation dispersion profiles were measured using the 1D 

selective R1 experiment developed by Al-Hashimi and co-workers and a constant-time approach 

described by Kay and co-workers, where R1ρ values were obtained from a single delay period 

(TEX). For on-resonance experiments, the relaxation delay was set to TEX = 32 ms; for off-resonance 

experiments, the relaxation delay was set to TEX = 40 ms, except TEX = 16ms for C20C6. Eleven 

13C spin-lock fields (ω/2π) of 100, 199 (x2), 299, 399 (x2), 498, 786, 982, 1474, 1965 (x2), 2456, 

and 2947 Hz were employed, (x2) indicates performed in duplicates. Due to large C-C couplings, 
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the lowest 13C spin-lock field (ω/2π) of 100 Hz was not used in measuring on-resonance C5/C6/C1’ 

RD profiles. For off-resonance experiments, three 13C spin-lock fields (ω/2π) of 299, 498, and 786 

Hz were used. For ω/2π = 299 Hz, the 13C offsets ranged between -600 and 600 Hz with a spacing 

of 100 Hz and a smaller spacing of 50 Hz between -200 and 200 Hz; for ω/2π = 498 Hz, the 13C 

offsets ranged between -1000 and 1000 Hz with a spacing of 200 Hz from -1000 to -800 Hz and 

from 800 to 1000 Hz, a spacing of 100 Hz from -800 to -100 Hz and from 100 to 800 Hz, and 

single points at -50 and 50 Hz; for ω/2π = 786 Hz, the 13C offsets ranged between -2000 and 2000 

Hz with a spacing of 500 Hz from -2000 to -1000 Hz and 1000 to 2000 Hz, a spacing of 250 Hz 

from -1000 to -500 Hz and 500 to 1000 Hz, and a spacing of 100 Hz from -500 to -100 Hz and 

from 100 to 500 Hz, and single points at -50 and 50 Hz. 13C spin-lock powers were calibrated 

according to the 1D approach by Guenneugues et al. as previously described. Relaxation 

dispersion profiles were analyzed as described in chapter 2, with the extracted Δω used for mutate 

and chemical shift analysis as described by62. Low pH chemical shifts were derived from 1H-13C 

HSQCs recorded at pH 4.35 and compared with 1H-13C HSQCs recorded in R1 conditions at pH 

6.5 in H2O and 5% D2O.  
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CHAPTER 5 - PROBING EXCITED CONFORMATINOAL STATES OF NUCLEIC 

ACIDS BY NITROGEN CEST NMR SPECTROSCOPY 

Introduction 

Many non-coding RNA functions depend on their intrinsic conformational flexibility to 

dynamically interconvert between different structures upon recognition of specific cellular 

cues26,88. As a powerful tool for characterizing biomolecular structures and dynamics, NMR has 

played critical roles in uncovering RNA conformational dynamics, leading towards a deeper 

mechanistic understanding of RNA functions89–92. In particular, recent developments in nucleic-

acid NMR, including conventional R1ρ RD93–95, Carr-Purcell-Meiboom-Gill (CPMG) RD95–100, 

low spin-lock field R1ρ RD53–55,62,101–104, and CEST spectroscopy69,75,105–107, have opened avenues 

for characterizing RNA excited states  that are often too sparsely populated and transiently lived 

to be detected by conventional structural biology approaches. These NMR RD methods have 

enabled discovery and identification of excited states across diverse non-coding RNAs, reinforcing 

an emerging view of RNA excited states as a ‘hidden’ layer of regulation26,91. 

Dynamic transition to an RNA excited state often involves formation and/or rearrangement 

of canonical and non-canonical base pairs at tertiary and secondary structural levels, which are 

mediated by various distinct hydrogen-bond interactions. The current nucleic-acid NMR RD 

techniques have provided a variety of probes for characterizing RNA excited states, including 

protons94,107, proton-bonded carbons55,69,98–100,106,108, and proton-bonded imino and amino 

nitrogens102,103. However, no current techniques employ non-protonated nitrogens, which serve as 

key hydrogen-bond acceptors in nucleic acids, to characterize RNA excited states. Hence, it is of 
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interest to utilize these unique probes to complement existing RD measurements and directly 

characterize ES base pairing interactions in RNA. Developed by Forsen and Hoffman in the early 

1960s109, the saturation transfer type NMR experiment has become a powerful and versatile 

approach for studying excited states in proteins and nucleic acids75,110–112. In particular, by 

avoiding complications due to homonuclear and heteronuclear scalar couplings79,80,113, CEST 

NMR spectroscopy has demonstrated accurate characterization of excited states using complex 

spin systems, such as base and sugar carbons from uniformly 13C/15N labeled RNA sample69,106s  

that can be difficult to study with other NMR RD techniques. Here, we present two CEST 

approaches that utilize protonated and non-protonated nitrogens as probes for characterizing RNA 

excited states. We demonstrated these methods on the B. Cereus fluoride riboswitch114 and showed 

that 15N CEST profiles72 provide complementary information to previously reported 13C CEST 

profiles in depicting a potential pathway of ligand-dependent allosteric regulation of the excited 

state of the fluoride riboswitch. 

Results 

15N CEST Pulse Sequence 

The pulse sequences for measuring 15N CEST profiles in nucleic acids are based on the 

conventional 1H-15N HSQC scheme and feature different nitrogen magnetization preparations 

prior to the saturation transfer period (Fig. 5.1 A,B). These schemes are used to meet the distinct 

spectroscopic needs of two types of nitrogens in nucleic acids: protonated nitrogen, such as G-N1 

and U-N3, and non-protonated nitrogen, such as A-N1/N3/N7 and G-N7 (Fig. 5.1C). Shown in 

Fig. 5.1A is the pulse sequence for probing protonated nitrogen, which is similar to the original 

CEST scheme by Kay and co-workers75. Here, a flip-back scheme is used to provide a simple way 

of water suppression with sufficient sensitivity for our measurements. The sensitivity enhancement 
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scheme in the original CEST pulse sequence75 can be further implemented to study larger RNAs. 

Given 1JNH couplings being ~ 90–100Hz, 1H magnetization can be efficiently converted to pure 

15N magnetization (Nz) via refocused INEPT prior to the saturation period, which we refer to 

hereinafter as the 1JNH-based approach. During the subsequent mixing period with a weak 15N B1 

field, a 2.35 kHz 90x240y90x composite pulse train115 is used for 1H decoupling to suppresses N-

H cross relaxation, dipolar-dipolar/nitrogen CSA cross-correlated relaxation, and the 15N multiplet 

structure in the CEST profile75. 
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Figure 5.1 - 2D 15N CEST pulse schemes. 

Using (A) protonate nitrogen and (B) non-protonated nitrogen as probes for characterizing slow 

chemical exchange in nucleic acids. Highlighted in (C) are schematic magnetization transfers from 

protons to G-N1 and U-N3 via 1JNH couplings and to A-N1/N3/N7 and G-N7 via 2JNH couplings. 

The sequences are based on conventional 1H-15N HSQC pulse scheme with a simple water flip-

back approach. Narrow (wide) rectangles are hard 90° (180°) pulses, and open shapes are 1-ms 

selective 90o pulses on water. All pulses are applied along x-axis unless indicated otherwise. (A) 

For measuring protonated nitrogens, a 90x240y90x composite pulse115, as previously described by 

Kay and co-workers75, is used for 1H decoupling to suppress N-H cross relaxation and N-H dipolar-

dipolar/nitrogen CSA cross-correlated relaxation during the TEX period with a weak 15N B1 field. 

The 1H carrier is kept on water resonance throughout the experiment except during the TEX period, 

where it is shifted to the center of the region of interest. The 15N carrier is also kept on-resonance 

throughout the experiment and is shifted to a desired offset during the TEX period. Inter-pulse 

delays are set to a = 2.4 ms and b = 2.77 ms. The phase cycle used is 1 = {x, -x}, 2 = {y}, 

receiver = {x, -x}. Gradients with smoothed-square shape (SMSQ10.100) profile are applied with 

the following strength (G/cm)/duration (ms): g1 = 19.8/1.0, g2 = 29.7/1.0, g3 = 6.6/1.0, g4 = -

26.4/1.0, g5 = 29.7/1.0, g6 = 33.0/1.0. 2 and the receiver phase are incremented in a States-TPPI 

manner. 13C and 15N decoupling during acquisition are achieved using 2.5 kHz GARP and 1.25 

kHz WALTZ-16, respectively. (B) For measuring non-protonated nitrogens, only a weak 15N B1 

field is applied during the TEX period. The 1H carrier is kept on water resonance throughout the 

experiment. The 15N carrier is kept on-resonance throughout the experiment except being shifted 

to a desired offset during the TEX period. Inter-pulse delay is set to c = 9 ms. The phase cycle used 

is 1 = {y}, 2 = {x, -x}, receiver = {x, -x}. Gradients with smoothed-square shape (SMSQ10.100) 
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profile are applied with the following strength (G/cm)/duration (ms): g1 = 19.8/1.0, g2 = 29.7/1.0, 

g3 = -26.4/1.0, g4 = 29.7/1.0, g5 = 33.0/1.0. 1 and the receiver phase are incremented in a States-

TPPI manner. 13C and 15N decoupling during acquisition are achieved using 2.5 kHz GARP and 

1.25 kHz WALTZ-16, respectively. To ensure uniform heating for experiments with variable 

lengths of TEX, a heat compensation scheme is employed after the acquisition with length of TMAX 

- TEX, where TMAX is the maximum relaxation delay time, and far off-resonance for both 1H and 

15N channels. 
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For probing non-protonated nitrogens that can serve as hydrogen-bond acceptors, we 

employed a slightly different HSQC-based strategy to obtain 15N CEST profiles (Fig. 5.1B) that is 

similar to recent approaches for measuring protein amide 1H CEST profiles80,116. Here, unlike 

protonated nitrogens, transferring magnetization of a carbon-bonded proton to pure Nz 

magnetization of a nitrogen of interest is significantly less efficient due to small 2JNH scalar 

couplings (~ 10-15 Hz), which requires a lengthy refocused INEPT module that results in 

significant signal losses. Instead of generating pure Nz magnetization, the pulse scheme shown in 

Fig. 1B converts 1H magnetization of a non-exchangeable proton to longitudinal two-spin order 

(2NzHz) prior to the saturation period, which we refer to hereinafter as the 2JNH-based approach. 

However, due to the small 2JNH scalar couplings, we found that an inter-pulse delay of 1/4J ~ 17–

25 ms during INEPT remains too long to obtain adequate sensitivity. Hence, in practice, the length 

of the inter-pulse delay is varied to optimize sensitivity and achieve an optimal balance between 

the proton-nitrogen magnetization transfer and the loss of magnetization due to relaxation. For the 

riboswitch studied here, an inter-pulse delay of c = 9 ms was found to give optimal sensitivity in 

the 2D 1H-15N HSQC spectrum, and any residual inphase transverse proton magnetization is 

dephased via Z gradient prior to the TEX period. Applying a selective 15N pulse together with 

nucleus-specific c could further improve sensitivity for measuring site-specific CEST profiles, 

such as for N1 and N3 in As. In contrast to the 1JNH-based approach (Fig. 5.1A), only a weak 15N 

B1 field is applied during the mixing period (Fig. 5.1B), as any inhomogeneity in the 1H B1 field 

can lead to additional signal losses of the two-spin order. Contributions from in-phase/anti-phase 

relaxation, longitudinal relaxation and cross-correlated relaxation to CEST profiles can be taken 

into account during the stage of data analysis with Bloch-McConnell equations (see Material and 

Methods). It is worth noting that the longitudinal two-spin order (2NzHz) can relax faster than pure 
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Nz magnetization. Therefore, a shorter mixing time TEX is typically used, which, consequentially, 

also limits the overall sensitivity of the 2JNH-CEST approach in detecting excited states. While the 

triple resonance HCN scheme117 could provide a potential pathway to transfer magnetizations from 

H8 to N7 in As/Gs and from H2 to N1/N3 in As, its application is severely limited due to extremely 

small scalar couplings (1JCN < 3 Hz) for C8-N7 and C2-N1/N3 spin systems118. Alternatively, pure 

Nz magnetization can be prepared using 1D selective Hartmann−Hahn polarization transfer 

scheme119,120, as demonstrated in obtaining residue-specific R1ρ54,55 and carbon CEST69,79 profiles. 

While it would still require a lengthy period of magnetization transfer (~1/J), the CEST profile of 

a single nitrogen of interest could be measured with a longer TEX within a reasonable experimental 

time. Finally, given the large range of N1/N3/N7 chemical shifts, multi-frequency irradiation 

techniques, such as DANTE121,122 (D-CEST)123 and cosine-modulated (cos-CEST)124 excitation 

schemes, can be implemented to expedite data collection. 

Probing N1, N3 and N3 in the Fluoride Riboswitch 

To demonstrate the two 15N CEST methods, we carried out measurements on the Bacillus 

cereus fluoride riboswitch, a transcriptional riboswitch that regulates gene expression of fluoride 

transporters (Fig. 5.2A)114. Riboswitches are a class of non-coding RNAs that regulate 

transcription and/or translation via ligand-dependent conformational changes125. However, we 

recently showed that the aptamer domain of the B. cereus fluoride riboswitch adopts essentially 

identical tertiary structures with and without ligand72. Instead of changing its GS structure, the 

fluoride riboswitch utilizes a novel switching mechanism for riboswitch in which the ligand 

allosterically regulates dynamic access to a functional excited state (Fig. 5.2B). In the absence of 

ligand, the apo aptamer undergoes a GS ↔ ES conformational exchange, where the aptamer 

transiently unlocks the highly conserved reverse Hoogsteen base pair A37-U45, a linchpin that 
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resides at the interface between the aptamer and expression platform of the riboswitch. This 

linchpin gating process was shown to provide an efficient path for strand invasion to terminate 

transcription72. By contrast, ligand binding allosterically suppresses this ES transition, resulting in 

a single stable conformation that outcompetes the terminator during the co-transcriptional event to 

ensure continued gene transcription. 
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Figure 5.2 - Quantification of the excited state in the B. cereus fluoride riboswitch by 1JNH-

based 2D 15N CEST.  

(A) Sequence and secondary structure of the B. cereus fluoride riboswitch aptamer. (B) Schematic 

representation of ligand-dependent conformational transitions in the fluoride riboswitch aptamer. 

The apo aptamer undergoes an exchange between the excited state (ES) and the ground state (GS). 

Upon ligand binding, the holo aptamer adopts a single stable state. (C) 15N CEST measurements 

of protonated nitrogens in the apo state. Shown on the left panel is 1H-15N HSQC spectrum of N1–

H1 (Gs) and N3–H3 (Us) of the apo riboswitch, where colored in red are residues whose 15N CEST 

profiles are shown on the right panel. Solid lines represent the best fits to a two-state exchange 

process using the Bloch-McConnell equation. (D) 15N CEST measurements of protonated 

nitrogens in the holo state. Shown on the left panel is 1H-15N HSQC spectrum of N1–H1 (Gs) and 

N3–H3 (Us) of the holo riboswitch, where colored in red are residues whose CEST profiles are 

shown on the right panel. Shown are representative profiles with a 15N B1 field (/2) of 27.21 Hz 

for a duration of TEX = 0.4 s. 
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Figure 5.3 - Quantifying chemical exchange in the apo B. cereus fluoride riboswitch aptamer 

by 15N CEST spectroscopy. 

(A) 15N CEST profiles depicting 15N B1 field strength and carrier (in ppm) dependence of 

protonated nitrogen intensities. Colored in orange and blue are profiles obtained with 15N B1 

fields of 27.21 Hz and 37.17 Hz, respectively. (B) 15N CEST profiles depicting 15N B1 field 

strength and carrier (in ppm) dependence of non-protonated nitrogen intensities. Colored in orange 

and blue are profiles obtained with 15N B1 fields of 27.21 Hz and 52.1 Hz, respectively. 

Highlighted in red are profiles with second and asymmetrically broadened intensity dips. 
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We first applied the 1JNH-based approach to obtain 15N CEST profiles for the protonated 

G-N1 and U-N3 nitrogens of the fluoride riboswitch (Fig. 5.2 C,D). The 1H-15N HSQC spectrum 

of the imino region of the apo riboswitch is well resolved, and we were able to obtain a total of 18 

15N CEST profiles, including 12 G-N1 profiles and 6 U-N3 profiles (Fig. 5.2C 5.3A). Consistent 

with our previous 13C CEST characterizations72, the imino 15N CEST profiles also revealed the 

presence of an excited state in the apo state. While most Gs and Us display single dips in their 

intensity profile that match peak positions in the 1H-15N HSQC spectrum, second and 

asymmetrically broadened intensity dips that correspond to the apo ES can be clearly seen for U38, 

G39, and U45 (Fig. 5.2C and 5.3A). Global fitting of these three 15N CEST profiles to a single 

two-state model gave an exchange rate (kex) of 184 ± 10 s−1 and an ES population (pES) of 1.6 ± 

0.1%, resulting in an ES lifetime (ES = 1/kEG) of 5.5 ± 0.5 ms. These ES parameters are similar to 

values (pES = 1.4 ± 0.1% and ES = 3.2 ± 0.3 ms) from our previous 13C CEST measurements72. 

The observed discrepancy is largely due to differences in sample conditions, where the 15N CEST 

experiments were carried out on 15N-labeled samples in H2O and the 13C CEST measurements 

were carried out on 13C/15N-labeled samples in D2O. As a control, we measured imino 15N CEST 

profiles for the holo aptamer (Fig. 5.2D). Due to spectral overlap between G10 and G31 as well as 

the appearance of U35 resonance, we were able to obtain a total of 17 15N CEST profiles in the 

holo state, including 10 G-N1 profiles and 7 U-N3 profiles (Fig. 5.2D and 5.5A). The uniform 

single-intensity dip of these 15N CEST profiles is consistent with the holo state being in a single 

stable conformation. 
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Figure 5.4 - Quantification of the excited state in the B. cereus fluoride riboswitch by 2JNH-

based 2D 15N CEST. 

(A) 15N CEST measurements of non-protonated nitrogens in the apo state. Shown on the left panel 

is 1H-15N HSQC spectrum of N7–H8 (As/Gs) and N1/3–H2 (As) of the apo riboswitch, where 

colored in red are residues whose 15N CEST profiles are shown on the right panel. Solid lines 

represent the best fits to a two-state exchange process using the Bloch-McConnell equation. (B) 

15N CEST measurements of non-protonated nitrogens in the holo state. Shown on the left panel is 

1H-15N HSQC spectrum of N7–H8 (As/Gs) and N1/3–H2 (As) of the apo riboswitch, where 

colored in red are residues whose 15N CEST profiles are shown on the right panel. Shown are 

representative profiles with a 15N B1 field (/2) of 27.21 Hz for a duration of TEX = 0.1 s. 
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Figure 5.5 - Quantifying chemical exchange in the holo B. cereus fluoride riboswitch aptamer 

by 15N CEST spectroscopy. 

15N CEST profiles depicting carrier (in ppm) dependence of (A) protonated and (B) non-protonated 

nitrogen intensities in the holo state with a 15N B1 fields of 27.21 Hz. 
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Relative to carbon-based approaches, measurable imino nitrogens can be too spatially 

clustered around structured regions of RNA to provide a comprehensive set of CEST profiles. This 

is largely due to imino protons being solvent exchangeable, and only structured or highly protected 

imino resonances are observable for direct measurement. In contrast to imino nitrogens, non-

protonated nitrogens can provide probes distributed across structured and unstructured regions, as 

their magnetizations are transferred from non-exchangeable, carbon-bonded protons. In addition, 

while a single 1H-15N HSQC spectrum detects one non-protonated nitrogen (N7) of guanine, each 

adenine has up to three of these probes (N1, N3 and N7), further expanding the number of probes 

available for characterizing conformational exchange. Shown in Fig. 3 are 1H-15N HSQC spectra 

of these non-protonated nitrogens, and their corresponding 15N CEST profiles are measured using 

the 2JNH-based approach. In the apo state, we were able to obtain a total of 36 15N CEST profiles 

from the non-protonated nitrogens, 11 from G-N1 and 25 from A-N1/N3/N7 (Fig. 3A and Fig. 

5.3B). While most of the non-protonated nitrogen CEST profiles display single intensity dips at 

corresponding resonance positions in 1H -15N HSQC spectrum, 9 of the 36 profiles exhibit second 

and asymmetrically broadened intensity dips. These non- protonated nitrogen profiles can be 

globally fitted to extract kex = 171 ± 31 s−1 and pES = 2.0 ± 0.2%, agreeing well with parameters 

obtained from imino nitrogen CEST profiles. Hence, we globally fit all 15N CEST profiles to a 

single two-state model, and the resulting kex = 192 ± 15 s−1, pES = 1.7 ± 0.1%, and ES = 5.3 ± 0.5 

ms are similar to  ES parameters from previous 13C CEST characterization of the apo fluoride 

riboswitch. We also measured 15N CEST profiles for non-protonated nitrogens in the holo aptamer, 

in which all 39 profiles uniformly displayed single intensity dips (Fig. 2D and Fig. S5.5B). 

 With protonated and non-protonated nitrogen probes, we have obtained a total of 54 and 

56 15N CEST profiles for the apo and holo fluoride riboswitches, respectively. These data, together 
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with our previously reported 61 apo-state and 65 holo-state 13C CEST profiles72, provide a 

comprehensive map of the ligand-dependent conformational tuning of the fluoride riboswitch (Fig. 

5.5). Upon ligand binding, the fleeting dynamics to the ES is suppressed, resulting in one 

kinetically stable conformation as strongly supported by the uniform single-intensity dips across 

all holo-state 13C/15N CEST profiles. Consistent with our previous results, except A17 and A19 

that are stacked on the end of P1, residues experiencing the chemical exchange in the apo state are 

clustered around the junction of P3, J13, J23, and the 3’ tail (Fig. 5.6). In particular, the N7 15N 

CEST profile of A40 unveiled the presence of GS ↔ ES transition at this location, which was not 

detected in our previous 13C CEST measurements. The 15N CEST profiles have also unveiled 

changes in hydrogen bonds that cannot be directly characterized using 13C CEST experiments.    

For example, the N3 15N CEST profile of U45, which base pairs with A37 in the GS, 

displays an upfield-shifted ES chemical shift (Fig. 5.2C), indicating that U45-N3H3 may not be 

base paired in the ES. Interestingly, we could not detect dispersion on the hydrogen-bond receptor 

A37-N7, which could be due to limited difference between GS and ES chemical shifts of A37-N7. 

Similar to U45, the N3 15N CEST profile of U38 also displays an upfield-shifted ES chemical shift 

(Fig. 5.3A), suggesting that the hydrogen bond between U38-N3H3 and C41-O2P may be absent 

in the ES. Furthermore, the N7 15N CEST profiles of G7 and A40 reveal that the G7-N7 to A37-

2’OH and A40-N7 to U38-2’OH hydrogen bonds are possibly broken in the ES. Due to the unique 

N–HO hydrogen bond, N7 chemical shifts of G7 and A40 are substantially upfield-shifted in the 

GS (Fig. 3A). In contrast, their ES chemical shifts are both downfield-shifted to the chemical shift 

range of non-hydrogen-bonded N7s in As and Gs (Fig. 5.3B). Together, 15N/13C CEST profiles of 

the apo riboswitch depict a trail of spatially continuous residues that bridge the ligand binding 

pocket and the linchpin gating site, suggesting a potential pathway for how ligand-binding 



  90 

allosterically regulates dynamic access to the functional excited state. 

 

 
Figure 5.6 - Nitrogen and carbon CEST mapping of the excited state in the apo B. cereus 

fluoride riboswitch.  

Spheres shown on the apo aptamer structure are the sites where (A) 15N, (B) 13C, and (C) 15N/13C 

CEST data were measured. Gray spheres are probes fit to a single-state model and red spheres are 

probes fit to a two-state exchange model. 
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Discussion 

In summary, we have presented two 15N CEST experiments to characterize slow chemical 

exchange in nucleic acids, which add to the growing list of NMR RD methods that have played 

critical roles in discovering and identifying excited states across diverse non-coding RNAs. The 

protonated and non-protonated nitrogens employed in these methods not only complement current 

probes for NMR RD measurements, but further enable direct characterization of hydrogen-bond 

donors and acceptors, which provide key interactions for canonical and non-canonical base pairs. 

Recently, it was shown that the network of these base pairs defines the overall topology of RNA 

tertiary structures126,127, where even sparsely populated, imino-based NMR constraints can provide 

sufficient experimental input for computational modeling of high-resolution RNA structures128. 

With the ability to directly probe ES base pairing interactions, the 15N CEST methods presented 

here further promise an opportunity for high-resolution structural modeling of functional RNA 

excited states. 

Methods 

Sample Preparation  

Uniformly 15N-labeled Bacillus cereus fluoride riboswitch samples were prepared as 

previously described69. Briefly, after in vitro transcription, RNA samples were ethanol 

precipitated, gel purified, electro-eluted with the Elutrap system (Whatman), anion-exchange 

purified with a Hi-Trap Q column (GE Healthcare), and desalted by exchanging into H2O. The 

ligand-free (apo) samples were prepared by exchanging the desalted RNA into a Mg2+ saturated 

condition with a final RNA concentration ~ 0.5 – 1mM with 2mM free Mg2+ in NMR buffer (10 

mM sodium phosphate with pH 6.4, 50mM KCl, 50M EDTA). The fluoride-bound (holo) 
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samples were prepared by the addition of 10mM sodium fluoride directly to the apo RNA samples. 

5% D2O (Sigma) was added into all NMR samples. 

NMR spectroscopy 

All NMR experiments were carried out on a Bruker Avance III 600 spectrometer equipped 

with 5mm triple-resonance cryogenic probes at 303K. For protonated imino (G-N1 and U-N3) 15N 

CEST experiments on the apo riboswitch, 15N B1 fields (/2) of 27.21 Hz and 37.17 Hz were 

used during the TEX = 0.4 s period. The 15N carrier was set to 152.4 ppm with a spectral width of 

25 ppm, and the 15N offsets ranged from -990 to 990 Hz with spacing of 30 Hz. For non-protonated 

(A-N1/N3/N7 and G-N7) 15N CEST experiments on the apo riboswitch, 15N B1 fields (/2) of 

27.21 Hz and 52.1 Hz were used during the TEX = 0.1 s period. The 15N carrier was set to 224 ppm 

with a spectral width of 26 ppm, and the 15N offsets ranged from -990 to 990 Hz with spacing of 

30 Hz. For protonated imino (G-N1 and U-N3) 15N CEST experiments on the holo riboswitch, a 

15N B1 field (/2) of 27.21 Hz was used during the TEX = 0.4 s period. The 15N carrier was set to 

152.4 ppm with a spectral width of 25 ppm, and the 15N offsets ranged from -990 to 990 Hz with 

spacing of 30 Hz. For non-protonated (A-N1/N3/N7 and G-N7) 15N CEST experiments on the holo 

riboswitch, a 15N B1 field (/2) of 27.21 Hz was used during the TEX = 0.1 s period. The 15N 

carrier was set to 224 ppm with a spectral width of 26 ppm, and the 15N offsets ranged from -1000 

to 1000 Hz with spacing of 50 Hz. These spin-lock powers were calibrated according to the 1D 

approach by Guenneugues et al.74 as previously described69,75. For all CEST measurements, three 

spectra with TEX = 0 s were recorded for reference in data fitting and error estimation.  

Data analysis  

NMR spectra were processed and analyzed using NMRPipe/NMRDraw70, NMRView71, 

and Sparky 3.110. (University of California, San Francisco, CA). All CEST profiles were obtained 
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by normalizing the peak intensity as a function of spin lock offset  to the peak intensity recorded 

at TEX = 0 s, where  = rf - obs is the difference between the spin-lock carrier (rf) and the 

observed peak (obs) frequencies. Measurement errors were estimated based on both triplicates at 

TEX = 0 and the baseline of CEST profiles. The CEST profiles of residues displaying 

conformational exchange were fit to a two-state exchange between ground (G) and excited (E) 

states based on the Bloch-McConnell equation76 that describes magnetization evolution in a 

coupled two-spin 15N-1H system77,78. For individual state (i), the evolution of its magnetization (vi) 

as a coupled two-spin 15N-1H system is described by77,  
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where R1i is the 15N longitudinal relaxation rate, R2i is the 15N transverse relaxation, R1HNi is the 

15N-1H two-spin order relaxation rate, R2HNi is the 15N antiphase relaxation rate, ηzi is the N-H 

dipolar-dipolar/nitrogen CSA cross-correlated relaxation between the 15N longitudinal and two-

spin order elements, ηxyi is N-H dipolar-dipolar/nitrogen CSA cross-correlated relaxation between 

15N transverse and antiphase magnetizations, Ni is the offset of the applied 15N B1 field with a 

strength of 1 from state i, and JNHi is the 15N-1H scalar coupling. The evolution of GS and ES 

magnetizations in a two-state exchange model can be described by, 

𝑑

𝑑𝑡
𝛔(t) = −𝐋 ∙ [𝐯

𝐺

𝐯𝐸
] = ([

𝐑𝐺 𝟎6
𝟎6 𝐑𝐸

] + [
−𝑘𝐺𝐸 𝑘𝐸𝐺
𝑘𝐺𝐸 −𝑘𝐸𝐺

] ⊗ 𝟏6) ∙ [
𝐯𝐺

𝐯𝐸
] 

where vG/E and RG/E are magnetization and relaxation matrices for ground and excited states as 

detailed above, 06 and 16 are 6x6 null and identity matrices, respectively, and kGE and kEG are 
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forward and backward exchange rates as defined by kGE = pE kex and kEG = pG kex. Here, kex = kGE 

+ kEG is the rate of exchange, pG and pE are populations of ground and excited states, respectively, 

and G = obs and E = G + , where  is the chemical shift difference between the ground 

and excited states. Ground state and excited state magnetizations at the beginning of the TEX period 

are along Z and are set to be at populations of pG and pE. For G-N1 and U-N3 15N CEST profiles 

obtained using the 1JNH-based HSQC CEST pulse sequence, the initial magnetization is Nz 

magnetization; for A-N1/N3/N7 and G-N7 15N CEST profiles obtained using the 2JNH-based 

HSQC CEST pulse sequence, the initial magnetization is the two-spin order (2NzHz). During 

analysis of 2NzHz CEST profiles, the fitting parameters are , kex, pE, R2 = R2G/E, R1HN = R1HNG/E, 

and R2HN = R2G/E + R1HNG/E - R1G/E as described previously79,106. To simplify data fitting, ηzG/E and 

ηxyG/E were set to 0 as they have been shown not to affect the extracted , kex, and pE values80. In 

addition, we set R1G/E to 0, as the data does not constrain determination of R1, and varying R1 (0.0–

2.0) s-1 minimally effects extracted , kex, and pE values. Since G-N1 and U-N3 15N CEST 

profiles were measured in the presence of 1H decoupling, their data analysis can be simplified by 

setting all two-spin relaxation parameters (R1HNi, R2HNi, ηzi, ηxyi, and JNHi) to 0, which essentially 

turns the individual-state evolution from a 6x6 matrix to a 3x3 matrix. While the non-1H-decoupled 

2JNH CEST profiles are split into doublets, the small couplings (2JNH ~ 10–15 Hz) are not resolved 

with the applied B1 fields. For residues without conformational exchange, the two-state model was 

simplified to a one-state model by fixing all exchange parameters (rate of exchange kex and 

population of excited state pES) to 0. All profiles were fitted using an in-house MATLAB® 

program with a Levenberg-Marquardt algorithm. 
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CHAPTER 6 - FUTURE DIRECTIONS 

 

pH as a Widespread Mechanism for RNA Regulation 

 

It has become increasingly clear that many non-coding RNAs (ncRNAs) do not fold into 

single static structures, instead, they dynamically interconvert between different conformational 

states for function26. Recent developments in NMR techniques have opened new avenues to probe 

RNA structural transitions involving alternative conformational states that often evade detection 

from conventional biophysical and biochemical methods due to their low populations and/or 

transient lifetimes56,57,62,91,129. Indeed, these technical advances have unveiled the presence of a 

diverse set of excited states in non-coding RNAs. Our discovery of the transiently protonated state 

in pre-miR-21 was also made possible by these new techniques. In particular, the development of 

nucleic-acid-optimized 15N NMR CEST method has enabled, for the first time, direct identification 

of transient protonation in nucleic acids, illuminating the crucial chemical basis for delineating the 

relationship between structure, dynamics, and function. With the emerging view of ESs as a 

‘hidden’ layer of regulation26, the detection of an another functional protonation state, the mGHG 

motif of primary microRNAs, make a compelling case for protonation as a prolific and essential 

contributor to the dynamic ensemble of RNA. Unlike other, higher order structures that involve 

protonation130–133, these new observations of protonated RNA states involving less shifted pKas 

reveal the potential for protonated states to exist as low-populated structures in the RNA ensemble 

at physiological conditions. Due to their transient nature, these states haven’t been widely observed 

in these more simplistic, hairpin-like RNA structures. This discovery, in combination with the 

growing repertoire of functional RNA ESs with distinct structural features, promise potential for 
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the discovery of additional functional protonated states across RNA as a general mechanism for 

function. Although very information rich, the NMR techniques discussed in this work are very 

labor and time intensive. To investigate the large number of potential protonation sites across the 

transcriptome, a higher throughput technique, such as chemical probing could be adapted for use 

across multiple pH points. Dimethyl sulfate (DMS) or trimethyloxonium (TMO) probing, in 

combination with high-throughput sequencing, could provide hits across wide classes of RNA, 

which would be promising candidates for deep interrogate of structure, dynamics, and function by 

NMR.  

NMR method development 

Recently, it was shown that the network of base pairs defines the overall topology of RNA 

tertiary structures126,127, where even sparsely populated, imino-based NMR constraints can provide 

sufficient experimental input for computational modeling of high-resolution RNA structures128,134. 

The protonated and non-protonated nitrogens employed in our new 15N CEST method not only 

complement current probes for NMR RD measurements, but further enable direct characterization 

of hydrogen-bond donors and acceptors, which provide key interactions for canonical and non-

canonical base pairs. Furthermore, we plan to expand the NMR-RNA toolkit to include 1H and 15N 

R1p, increasing the overall number of atomic probes and timescales of motion in which excited 

states can be detected93–95. With the ability to directly probe ES base pairing interactions, our 15N 

CEST methods can directly identify transient folding conformers in the RNA ensemble. 

Complimented with information about the ES from additional probes, this toolkit further promises 

an opportunity for high-resolution structural modeling of functional RNA ESs, enabling 

developments in RNA-targeted therapeutics that require such structures.  
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