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Abstract 

Ribonucleic acid (RNA) is a versatile and dynamic biomolecule that serves as 

an indispensable component in the central dogma of molecular biology.  The 

realization that RNA plays a wide variety of roles in gene expression and regulation 

has been accompanied by the discovery that virtually all types of RNA are 

chemically modified. These modifications have profound effects on RNA 

metabolism. N6-Methyladenosine (m6A) is an abundant post-transcriptional RNA 

modification that influences multiple aspects of gene expression. While m6A is 

thought to mainly function by recruiting reader proteins to specific RNA sites, the 

modification can also reshape RNA-protein and RNA−RNA interactions by altering 

RNA structure mainly by destabilizing base pairing.  Here we sought to provide a 

broad and deep description of how m6A reshapes the folding and recognition 

landscape of RNA, which could provide detailed mechanisms via which m6A exerts 

its functions. 

First, we show that when neighbored by a 5ʹ bulge, m6A stabilizes m6A–U base 

pairs and global RNA structure by ~1 kcal/mol.  The bulge most likely provides the 

flexibility needed to allow optimal stacking between the methyl group and 3ʹ 

neighbor through a conformation that is stabilized by Mg2+.  A bias toward this motif 

can help explain the global impact of methylation on RNA structure in 

transcriptome-wide studies.  While m6A embedded in duplex RNA is poorly 

recognized by the YTH domain reader protein and m6A antibodies, both readily 

recognize m6A in this newly identified motif.  The results uncover potentially 
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abundant and functional m6A motifs that can modulate the epitranscriptomic 

structure landscape with important implications for the interpretation of 

transcriptome-wide data. 

In addition to altering RNA stability, m6A has also been shown to slow the 

kinetics of biochemical processes involving RNA-RNA interactions.  However, little 

is known about how m6A affects the kinetic rates of RNA folding and 

conformational transitions that are important for RNA functions.  We developed an 

NMR relaxation dispersion (RD) method to non-invasively and site-specifically 

measure nucleic acid hybridization kinetics.  Using this method, we discovered that 

m6A selectively slows annealing rate while has minimal impact on melting rate in 

different sequence contexts and buffer conditions. 

To understand the mechanism of the m6A-induced slowdown of hybridization, 

we used NMR RD to dissect the kinetic pathways of duplex hybridization.  We 

show that m6A pairs with uridine with the methylamino group in the anti 

conformation to form a Watson-Crick base pair that transiently exchanges on the 

millisecond timescale with a singly hydrogen-bonded low-populated (1%) 

mismatch-like conformation in which the methylamino group is syn. This ability to 

rapidly interchange between Watson-Crick or mismatch-like forms, combined with 

different syn:anti isomer preferences when paired (~1:100) versus unpaired 

(~10:1), explains how m6A robustly slows duplex annealing without affecting 

melting via two pathways in which isomerization occurs before or after duplex 

annealing. Our model quantitatively predicts how m6A reshapes the kinetic 

landscape of nucleic acid hybridization and conformational transitions and 
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provides an explanation for why the modification robustly slows diverse cellular 

processes. 

Taken together, these results uncover the important role of m6A on modulating 

RNA-RNA and RNA-protein interactions through altering RNA structure and 

dynamics, highlighting the structural-dynamics-function relationship. 
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1 Introduction 

1.1 N6-methyladenosine 

1.1.1 RNA modifications 

All biomolecules including DNA, proteins, RNA, and lipids are subject to 

post-synthesis and covalent chemical modifications. These modifications provide 

an efficient and specific way to modulate the function of biomolecules.  For 

example, epigenetic modifications including DNA methylation and histone 

modification play essential roles in gene expression regulation1.  Post-translational 

modifications of proteins such as phosphorylation, glycosylation, ubiquitination, 

SUMOylation and many others play indispensable roles in regulating the functions 

of the proteome2.   

Similarly, RNA can also be chemically modified, and more than 100 different 

types3-5 of RNA modifications have been identified since 1960s6,7.  All four RNA 

bases as well as the sugar moiety can be modified, and all RNA species are 

modified.  Despite the variety of RNA modifications, less attention has been 

focused on them compared with protein and DNA modifications, which lead to the 

prominent field of epigenetics.  More recently, the realization that RNA is not 

merely an intermediate as messenger RNAs(mRNA) or a facilitator such as 

ribosomal (rRNA) and transfer RNA (tRNA) in protein synthesis but can also play 
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versatile and direct roles in regulating gene expression (non-coding RNAs, such 

as miRNA and long ncRNAs) has led to the renaissance in studying RNA 

modification and their functional roles.  Additionally, the development of more 

precise analytical chemistry methods and high-throughput sequencing methods 

have benefited researchers to study RNA modifications with unprecedented scale 

and depth8.  These conceptual and technical advances have lifted the curtain on 

the emerging field of epitranscriptomics. 

Historically, the earliest RNA modifications were identified in high-abundant 

cellular RNAs such as tRNAs and rRNAs in the early 1960s9, and proposed to play 

roles fine-tuning RNA structure and function10.  A decade later in the 1970s, mRNA 

was shown to be modified at the 5ʹ cap11. These modifications including 7-

methylguanosine (m7G)11, 2ʹ-O-methylation (Nm)12 and N6,2ʹ-O-

dimethyladenosine (m6Am)13 play important roles in transcript stabilization, pre-

mRNA splicing, polyadenylation, mRNA export, and translation initiation.  In the 

1970s, internal mRNA modifications14-17 were identified shortly after the 5ʹ cap 

modifications.  Due to the lack of sensitive technology, how abundant and where 

exactly these modifications are in mRNA were not fully understood, which 

dampened the interest in studying the biological functions of these internal mRNA 

modifications.  

Over the past decade, advances in transcriptome-wide sequencing have 
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led to the discovery of widely distributed internal mRNA modifications including N6-

methyladenosine (m6A)18,19, which is the focus of this thesis, N1-methyladenosine 

(m1A)20, pseudouridine (Ψ)21-24, N4-acetylcytidine (ac4C)25, 5-methylcytosine 

(m5C)26, 5-hydroxymethylcytosine (hm5C)27, Nm28,29, inosine (I)30 and m6Am31 (Fig. 

1.1).  Many of these RNA modifications are dynamically regulated by specific 

enzymes that catalyze or reverse their decomposition and were specifically 

recognized by reader proteins that regulate downstream cellular functions6,7.  

These modifications provide a unique layer to effectively control genetic 

information and regulate almost every aspect of RNA metabolism including mRNA 

stability, processing, export, decay, and translation6,7. 

 

Figure 1.1: Wide variety of modifications in eukaryotic mRNA. 
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1.1.2 The initial discovery of m6A  

m6A is the most prevalent internal modification in mRNAs and long non-

coding RNAs (lncRNAs) in higher eukaryotes32,33.  It was discovered 

serendipitously in the 1970s when researchers were characterizing the mRNA 5ʹ 

cap structure in mammalian cells11,12,14-17.  In these studies, m6A was identified 

using radioactive [3H]-methionine, which was introduced to cells and incorporated 

into S-adenosylmethionine (SAM), the methyl donor responsible for all methylation 

reactions in the cell.  Radioactivity was detected in mononucleotide (mostly m6A) 

in addition to the mRNA 5ʹ cap after hydrolysis of nuclease digestion of the poly(A) 

RNA14,16 in thin layer chromatography experiments, providing the first evidence 

that internal mRNA contains m6A.  Subsequent studies confirmed m6A as a widely 

conserved among all three kingdoms of life12,34-38.  Approximately ~0.1%-0.4% of 

adenosines in mRNA were estimated to be m6A12,39 in mammalian cellular mRNAs 

at a preferred sequence context of Gm6AC or Am6AC40,41.  These early studies 

proposed that post-transcriptional modifications such as m6A might regulate 

mRNA fate in a manner similar to post-translational modification, which laid the 

foundation for the concept of epitranscriptomics. 

However, interest in m6A modified mRNAs subsided soon after their 

discovery.  First, because m6A had long been identified in rRNA42 and small 

nuclear RNA (snRNA)43, the m6A identified in poly(A) RNA could reflect 
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contamination from these other abundant RNAs which were known to contaminate 

poly(A) RNA due to their ploy(A) tracts44.  Second, although m6A has been 

frequently identified in viral RNA45, very few m6A sites could be detected in 

mammalian cellular mRNAs46,47 due to the lack of sensitive detection methods.  

Third, studies have shown that mutation of certain m6A sites in viral RNA did not 

lead to changes in RNA cellular activity45,48, indicating that m6A may not be 

functionally relevant.    Finally, the methylase enzyme responsible for the 

biogenesis of m6A was elusive, limiting functional studies of m6A by manipulating 

m6A levels globally in the cell.  These challenges dampened interest in further 

studying the biological functions of m6A. To address these issues, a sensitive and 

high-throughput method was desired to map endogenous m6A sites in the 

transcriptome.  Additionally, a better understanding of the biogenesis of m6A would 

shed light on its functional relevance.  

 

1.1.3 Detect m6A transcriptom-wide 

Detecting m6A in the transcriptome is challenging because m6A can be 

reverse transcribed to T similar to adenine in reverse transcription reaction and 

m6A is relatively stable and not reactive to chemical reagents which may facilitate 

its detection.  Since 1970s, researchers have developed an alternative approach 

to detect m6A using immunoblotting techniques that exploit m6A specific 
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antibodies49-52.  This method enabled the detection of m6A in poly(A) RNAs with 

sizes ranging from 500 bases to ~10 kilobases (kb)18.  When coupled with next-

generation sequencing, this immunoprecipitation-based method permitted the 

detection of m6A throughout the transcriptome at a resolution of ~100 base18,19.   

In the MeRIP-seq18 (methylated RNA immunoprecipitation and sequencing) 

or m6A-seq19 method, total RNA or mRNA is fragmented to 100-200 nucleotide-

long fragments and then immunoprecipitated with m6A-specific antibodies, which 

enrich the m6A-containing RNAs followed by next-generation sequencing. Using 

these methods, studies have confirmed that m6A is indeed widely distributed in 

mRNA and identified the m6A consensus sequence RRACH (where R denotes G 

or A, A denotes the m6A site and H denotes U, A or C)18,19, which is consistent with 

the initially proposed [G/A]AC consensus sequence40,41.  Additionally, m6A has 

been shown to be asymmetrically distributed in mRNA, with the highest abundance 

in the 3ʹ translational region (3ʹUTR) and near the stop codon18,19.  While these 

transcriptome-wide m6A mapping methods provide new insights into the 

occurrence and location of m6A in mRNA, they have a few limitations, including 

low resolution, the lack of stoichiometry information due to the antibody enrichment 

step, and the potential low specificity and sequence/RNA structure biases 

introduced by the antibody53-55. 

Recently, more sensitive, and higher resolution m6A mapping techniques 
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have been developed.  A ligation-based detection method SCARLET (site-specific 

cleavage and radioactive-labeling followed by ligation-assisted extraction and thin-

layer chromatography) was developed to precisely identify m6A sites with single-

nucleotide resolution and accurate stoichiometry56.  However, this method is 

limited in scale and cannot be adapted to map m6A transcriptome-wide.  The 

miCLIP (m6A individual-nucleotide-resolution crosslinking and 

immunoprecipitation)55, PA-m6A-seq57 (photo crosslinking-assisted m6A 

sequencing) and UV CLIP58 have significantly improved the resolution by 

introducing mutation at or near the m6A sites.  These studies have extended the 

consensus sequence of m6A to DRACH (D denotes G or A or U, A denotes the 

m6A site).  However, these CLIP-based methods suffer from low crosslinking yield 

and specificity issues arisen from the usage of antibodies.  The antibody-free 

methods including DART-seq59 (deamination adjacent to RNA modification 

targets), MAZTER-seq60, m6A-REF-seq61, m6A-label-seq62 and LEAD-m6A-seq62 

(locus-specific extension of annealed DNA probes targeting m6A and sequencing) 

that rely on enzymatic reactions adjacent to or near the m6A sites were recently 

developed to further enhance the detection sensitivity.  These methods have 

collectively depicted the m6A landscape in mRNA, facilitating the functional studies 

examining its biological functions. 
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1.1.4 Functions of m6A through writers, erasers and readers 

Another breakthrough in the field of m6A is the discovery that m6A can be 

dynamically regulated by methyltransferases and demethylases, and it can be 

specially recognized by reader proteins to regulate cellular functions.  These 

proteins together compose the functional pathway of m6A (Fig. 1.2)63-65.  

Manipulating the expression level of these proteins allow researchers to 

investigate the biological functions of m6A in the living cell. 

 

Figure 1.2: Writers, erasers, and readers of m6A. 
 

1.1.4.1 m6A writers 

m6A methylation of mRNA is catalyzed co-transcriptionally by a multi-

component methyltransferase complex which was originally isolated from Hela 

cells in 198866. Subsequently, the first catalytic component, methyltransferase-like 

protein 3 (METTL3, also named as MTA-70 when identified) of the 
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methyltransferase complex, was identified and purified in 199867.  METTL3 is 

highly conserved in different species including yeast68, drosophila69 and plants70.  

Knockout of METTL3 leads to embryonic lethal in mice71, highlighting the 

importance of the m6A writer in the development process.  The standalone 

METTL3 has been shown to exhibit low methylation activity in vitro and other 

components of the methyltransferase complex are required for optimal activity72. 

METTL14, a close homologue of METTL3 was later identified as another 

component of the methyltransferase72-75.  While METTL14 lacks the catalytic 

activity, it forms a complex with METTL3 in the cell and the methylation activity is 

synergistically enhanced when both proteins are present72,75.  Crystal structures76-

78 of the METTL3-METTL14 complex revealed that METTL14 binds to the 

substrate RNA and enhances the catalytic activity of METTL3 by positioning the 

methyl group that is transferred to RNA. 

Additional proteins in the methyltransferase complex help enhance catalytic 

efficiency and RNA targeting.  WTAP (Wilms’ tumor-associated protein) is a 

binding partner of METTL3 that helps to localize the METTL3-METTL14 

heterodimer to chromatin74,79,80.  VIRMA (also named as KIAA1429) interacts with 

WTAP and recruits METTL3-METTL14 to 3'UTR and near the stop codon to 

mediate methylation and regulate mRNA stability81.  RBM15/15B interact with 

METTL3 in a WTAP dependent manner and help guide the methyltransferase to 
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specific mRNA and lncRNA82.  ZC3H13 is another WTAP interactor and localizes 

the writer complex to the nucleus83,84. 

In addition to METTL3-METLL14, other methyltransferases that catalyze 

different RNAs have also been identified.  METTL16, a methyltransferase that is 

responsible for the m6A site in U6 snRNA85, also catalyzes methylation in a small 

number of mRNA and other ncRNAs85-87.  ZCCHC4 catalyzes a single m6A in 28s 

rRNA88 and the METTL5–TRMT112 complex is responsible for methylation of a 

single site in 18s rRNA89.  Finally, PCIF1 is a cap-specific m6A methyltransferase 

that catalyzes m6Am in the mRNA 5'-cap90,91. 

1.1.4.2 m6A erasers 

The discovery of m6A demethylases FTO (fat mass and obesity-associated 

protein), a member of the AlkB-homology superfamily of α-ketoglutarate-

dependent hydroxylases, was another milestone of the epitranscriptomics field in 

201192.  It raises the possibility that m6A could be dynamically installed or removed 

in mRNA under specific conditions, which may provide a rapid means to regulate 

gene expression in a dynamic and signal-dependent manner93. 

Since the initial discovery of FTO as an m6A demethylase, subsequent 

studies have suggested that FTO has diverse substrates including m6Am on 

mRNA31 and U2 snRNA94, m1A on tRNA95.  Additionally, the substrate preference 

for FTO depends on subcellular localization.  For example, m6A is the preferred 
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substrate in the nucleus while FTO has higher demethylation activity against m6Am 

in the cytoplasm95.  

The second m6A demethylase identified is ALKBH5 (α-ketoglutarate-

dependent dioxygenase AlkB homologue 5)96, which is highly expressed in testes 

and is crucial for spermatogenesis96. 

1.1.4.3 m6A readers 

m6A primarily exerts its function through recruiting proteins.  The reader 

proteins specifically recognize the methyl group of m6A or indirectly bind to RNA 

through m6A-mediated RNA structure switch (see details in the impact of m6A on 

RNA structure section).  These reader proteins regulate mRNA stability97, 

splicing98-100, polyadenylation58,81, export101, phase separation102 and 

translation103-108. 

The YTH (YT521-B homology) domain-containing proteins including 

YTHDF2 and YTHDF3 were the first m6A reader proteins discovered through an 

in vitro RNA pulldown experiment19.  Crystal structures109-112 and a solution 

structure113 of the YTH domain in complex with m6A containing ssRNA revealed 

that the methyl group of m6A is accommodated by an aromatic cage consisting of 

tryptophan residues.  The m6A residue is flipped out and the methylamino group 

adopts the syn conformation in order to interact with the protein.  The YTH domain 

also interacts with the neighboring residues of m6A, explaining the preference of 
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the DRACH motif of m6A109,111,113.  These studies also showed that the YTH 

domain binds to m6A-containing ssRNA with micromolar affinity, which is ~20-50 

fold tighter than that of unmodified RNA. 

YTHDC1 is a nuclear m6A reader protein, and its depletion leads to early 

embryonic lethality in mice114.  YTHDC1 has been shown to bind to m6A in the 

lncRNA XIST and mediate transcriptional repression82, destabilizes m6A-marked 

chromosome-associated regulatory RNAs (carRNAs) to control chromatin state 

and downstream transcription115.  More recently, YTHDC1 has been shown to bind 

to and silence retrotransposons, thus maintaining mouse embryonic stem (ES) cell 

identity116.  Additionally, YTHDC1 is also linked to splicing98, mRNA export101, and 

alternative polyadenylation114. 

YTHDC2 can be both nuclear and cytosolic117.  It is enriched in testes and 

its depletion leads to defects in spermatogenesis in mice117-120.  YTHDC2 has a 

helicase domain that could disrupt mRNA structure thus enhancing translation 

efficiency119,121.  It also mediates mRNA degradation through recruiting the 5ʹ-3ʹ 

exoribonuclease Xrn1117. 

YTHDF1-3 proteins are structurally similar, and all contain an N-terminal 

low-complexity domain and a C-terminal YTH domain.  The low-complexity domain 

of each YTHDF can mediate protein-protein interactions to induce the formation of 

phase-separated condensates that are then recruited to cytoplasmic 
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compartments such as stress granules, P-bodies for mRNA processing102,122.  

Apart from phase-separation, there is an ongoing debate about whether YTHDF1-

3 function redundantly in regulating RNA metabolism65,123,124.   On one hand, 

studies suggest that YTHDF proteins have specialized functions as they target 

unique transcripts and play different regulatory roles103,125,126.  Specifically, 

YTHDF1 enhances mRNA translation by recruiting translational initiation factors106, 

YTHDF2 promotes mRNA degradation through recruiting the CCR4-NOT 

deadenylase complex97,127, and YTHDF3 can exert both functions103.  On the other 

hand, other studies showed that m6A sites bind all YTHDF proteins in a similar 

manner82 and all YTHDF proteins can mediate mRNA degradation and each 

paralog can compensate for the function of the other paralog124.  More studies will 

be needed to resolve these discrepancies. 

In addition to the YTH domain-containing m6A readers, many other m6A 

readers have been identified.  Heterogeneous nuclear ribonucleoprotein C 

(HNRNPC)128, HNRNPG129 and HNRNPA2B1130 have been shown to bind m6A-

conaing RNA through an m6A structure switch mechanism and regulate splicing.  

Other potential reader proteins use common RNA binding domains such as K 

homology (KH) domains and RNA recognition motif (RRM) domains to 

preferentially recognize m6A-containing RNA.  For example, FMR1 and IGF2BP 

proteins131 (IGF2BP1, IGF2BP2, IGF2BP3) use the KH domain to bind m6A-
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containing RNA.  FMR1 impacts mRNA translation and stability through interplay 

with other YTHDF proteins132 while IGF2BP proteins enhance mRNA stability131.  

m6A writer METTL3 is also an m6A reader.  It binds to the 3ʹUTR of an m6A 

containing mRNA and enhances their translation through promoting mRNA 

circulation105,133.  In addition to recruiting proteins, m6A has also been shown to 

repel proteins such as the G3BP1 protein involved in stress granule formation, 

LIN28A, a regulator involved in microRNA processing and EWSR1, a 

transcriptional repressor132.  Whether the m6A-mediated blockage of protein 

binding can lead to biological consequences remains elusive. 

By manipulating the expression level of writers, erasers and writes in the 

cell (Fig. 1.3), studies have shown that m6A impacts a wide variety of biological 

processes such as stem cell differentiation71,75,134-136, brain development137, 

immune responses138-140, hematopoiesis141-143, DNA damage responses144 and 

circadian rhythms145,146.  m6A is also linked to pathogenesis of many human 

diseases147,148 including viral infection149-152, myeloid leukemia142,153-155, bladder 

cancer156,157, endometrial cancer125, breast cancer158, glioblastoma159, renal cell 

carcinoma160, hepatocellular carcinoma161,162, type 2 diabetes163, and cardiac 

diseases164,165.  Targeting the m6A writers, erasers and writers could provide new 

therapeutic approaches to treat these diseases166,167. 
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Figure 1.3: The life cycle and cellular functions of m6A. 
 

 

1.1.5 Impact of m6A on RNA structure and dynamics 

In addition to modulating RNA-protein interactions, m6A can also exert its 
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function through altering RNA structures.  Shortly after the discovery of m6A in 

mRNA in 1970s, biophysical studies showed that methylamino group of the m6A 

nucleobase can form two rotational isomers which interconvert on the millisecond 

timescale168.  The preferred syn isomer cannot form a canonical Watson-Crick 

base pair (bp) with uridine as the methyl group blocks the (m6A)N6···H-

O4(U)hydrogen-bond (H-bonds).  When paired with uridine, the methylamino 

group rotates into the energetically disfavored anti isomer and forms a canonical 

m6A-U Watson-Crick bp that retains both (m6A)N1···H-N3(U) and (m6A)N6···H-

O4(U) H-bonds (Fig. 1.4a).  As isomerization is energetically disfavored, m6A 

destabilizes double-stranded RNA (dsRNA) by ~0.5-1.7 kcal/mol measured using 

UV melting experiment169-171 (Fig. 1.4b).  The destabilization effect of m6A on 

dsRNA has been confirmed in cellular RNA in vitro170 and in vivo172 using 

transcriptome-wide structure mapping methods.  On the contrary, when m6A is 

unpaired such as in apical loops or at the dangling ends of a dsRNA, it can stabilize 

RNA by ~ 1kcal/mol presumably due to enhanced stacking interactions introduced 

by the methyl group170,171. 
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Figure 1.4: The impact of m6A on RNA structures  
a, Methylamino isomerization of m6A when unpaired and paired. b, m6A 
destabilizes canonical RNA duplexes by ~1 kcal/mol (ΔΔG = ΔG(m6A) – ΔG(A)).  
c, The m6A switch mechanism. d, m6A disrupts non-canonical A-G mismatches 
(PDBID: 5LR4), the figure is adapted from ref173. 
 
 

The destabilization effect of m6A on dsRNA has been shown to impact 

biochemical processes.  For example, the m6A residue in metastasis-associated 

lung adenocarcinoma transcript 1 (MALAT1) can disrupt the local RNA secondary 

structure and cause the opening of the duplex. This in turn makes the single-

stranded U-tract motif more accessible to binding by heterogeneous nuclear 

ribonucleoprotein C (HNRNPC), which regulates pre-mRNA 

processing128,129,174(Fig. 1.4c).  Additionally, m6A in box C/D small nucleolar RNA 

(snoRNA) prevents the formation of non-canonical A-G bps, disrupting the kinked 
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RNA conformation, which is required for binding to the 15.5-kDa protein173 (Fig. 

1.4d).  

Thus far, studies examining the impact of m6A on RNA structure and 

stability have mainly focused on the destabilization effect on duplexes. However, 

functional RNAs can adopt a much broader conformational landscape that includes 

helix-junction-helix (HJH) motifs such as bulges, internal loops, and higher-order 

junctions.  m6A may have different effects on the stability of these motifs, which 

may also impact biochemical processes.  This aspect will be examined in Chapter 

2. 

m6A has also been shown to slow biochemical processes that involve base 

pairing.  For example, m6A in the intron region of pre-mRNA slows splicing and 

promotes alternative splicing100.  m6A in mRNA delays tRNA selection and reduces 

translation efficiency in vitro108 and in vivo175.  Additionally, m6A reduces the rate 

of NTP incorporation during DNA replication176 and reverse transcription177 in vitro 

(Fig. 1.5). How m6A slows the kinetics of these biochemical processes is not 

understood.  Unlike the well-established thermodynamic impact of m6A, little is 

known about how m6A might affect the kinetic rates of RNA folding and other 

conformational transitions that are also important for RNA activity.  This aspect will 

be examined in Chapter 3 and 4. 
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Figure 1.5: m6A slows biochemical processes. 
 

1.2 Nuclear magnetic resonance and the characterization of 
nucleic acid conformational transitions 

 

Parts of this section were adapted with permission from the manuscript 

“Developments in solution-state NMR yield broader and deeper views of the 

dynamic ensembles of nucleic acids” published in Current Opinion in Structural 

Biology by authors Bei Liu, Honglue Shi and Hashim M. Al-Hashimi178. 

 

To broadly investigate the impact of m6A on the structure and dynamics of 

different RNA motifs, we will employ solution-state nuclear magnetic resonance 

(NMR), a powerful technique for measuring the structural, kinetic, and 

thermodynamic characteristics of RNA motions ranging from picosecond to 

second timescale at atomic resolution179,180.  Below are detailed descriptions of the 

NMR methods used in this thesis including RNA resonance assignments, chemical 

shift perturbations to characterize the local effect of m6A on RNA structure, and 
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relaxation dispersion experiments to probe low-populated and short-lived 

alternative RNA structures and characterize the kinetics of the structural transitions 

in m6A-containing RNA.  A brief review of the recent advances in solution-state 

NMR to measure nucleic acid dynamics and how such structural dynamics impact 

biochemical processes is then provided in this section.  These experimental and 

conceptual advances provide the basis for an in-depth description of how m6A 

impacts RNA functions by modulating structural dynamics. 

1.2.1 The ensemble description of nucelic acids 

Composed of only four chemically similar building block nucleotides, the 3-

dimensional (3D) structures of nucleic acids are nowhere near as diverse or 

complex as those of proteins with their 20 chemically diverse amino-acids.  Yet 

nucleic acids are specifically recognized by the cellular machinery and participate 

in highly complex reactions, both as substrate and enzyme.  During cellular 

processes, DNA and RNA cycle through different conformations each satisfying 

distinct requirements of multi-step biochemical reactions.  These structural 

dynamics provide a means for amplifying specificity and functionality beyond that 

which can be attained based on a rigid 3D structure181,182. 

To deeply understand how nucleic acids fold and function at the atomic level, 

we need to reimagine their 3D structures to include a description regarding 

propensities to undergo conformational changes over timescales spanning twelves 



 

 

 

21 

orders of magnitude in time, from picoseconds to seconds.  The dynamic ensemble 

provides one such unified description181,183,184. 

In solution, a nucleic acid molecule will sample a vast number of different 

conformations.  Some conformations may be highly populated (>10%) while others 

may be vanishingly low in abundance (<0.00001%).  Some may form on the 

picosecond timescale while others may form slowly on the second timescale.  

Some may differ markedly from the native state while others may only differ by the 

relocation of a single proton.  The Boltzmann-weighted distribution of 

interconverting conformations is referred to as a ‘dynamic ensemble’.  The 

dynamic ensemble provides a statistical mechanical description that can be used 

to rigorously compute the thermodynamic cost accompanying conformational 

transitions and also the rates with which they occur181. 

Because a continuous landscape comprising thousands of 3D structures 

needs to be specified along with the Boltzmann weighted populations and kinetic 

rates of interconversion, determining dynamic ensembles continues to be an 

outstanding challenge in structural biology and biophysics.  Many biologically 

important conformations exist in low-abundance and/or are exceptionally short-

lived and are therefore difficult to detect experimentally.  Over the past five years, 

significant progress has been made toward the development of experimental and 

computational approaches that provide different cross-sectional views in space 
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and time of the dynamic ensembles formed by DNA and RNA. 

1.2.2 Excited conformational states from relaxation dispersion 

The dynamic ensembles of nucleic acids include low abundance excited 

conformational states (ESs) that have exceptionally low populations (as low as 

0.01%) and short lifetimes (as low as a few microseconds)181,182.  Methods based 

on NMR relaxation dispersion (RD) are enabling the characterization of excited 

conformational states with unprecedented detail providing information regarding 

their structure, population, and kinetic rates of interconversion180,185,186. 

1.2.2.1 Biological activities of ESs 

Several recent examples highlight how the cellular machinery recognizes 

and acts on the ESs of RNAs that form by reshuffling base pairs in and around 

non-canonical motifs.  For example, microRNAs (miRNA) downregulate gene 

expression by binding to the three prime untranslated regions (3ʹ-UTRs) of mRNAs 

and activating the RNA-induced silencing complexes (RISCs), which promote 

mRNA degradation and translation repression187.  Using R1ρ RD, Baronti et al188 

showed that the catalytically active RISC conformation acts on an ES formed by 

miR-34a:mRNA duplex.  The ES features an elongated 8-mer seed with a coaxially 

stacked topology that better satisfies the substrate requirements for binding the 

active conformation of RISC (Fig. 1.6a).  Mutations to various mRNA targets that 
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stabilize the ES of the miR-34a:mRNA duplex were shown to robustly increase the 

miR-34a mediated downregulation of the target genes in human cells.   

Using CEST, Baisden et al189 showed that the Dicer protein more efficiently 

recognizes and processes a pH dependent ES in pre-miR-21 that features a 

protonated A+(anti)·G(syn) mismatch, and which also better satisfies its substrate 

requirements (Fig. 1.6b).  Mutants that stabilize the ES were shown to be more 

readily processed by Dicer relative to mutants that favor the GS.  It was proposed 

that pH-dependent ESs may provide a general mechanism for regulating miRNA 

biogenesis in response to environmental stimuli.   

RNA ESs can also feature non-canonical sugar puckers 190.  Using ZZ-

exchange, Plangger et al 191 showed that the group II intron ribozyme exists as a 

dynamic equilibrium between two conformations in which a catalytic adenine 

residue adopts either ~50:50 C2ʹ-endo:C3ʹ-endo or >99% C3ʹ-endo sugar pucker 

conformations.  The equilibrium was proposed to regulate the switch between 

branching and exon ligation during splicing and reverse splicing (Fig. 1.6c).   

Combining RD with chemical shift perturbations and Bayesian inference, 

two ligand molecules were shown to recognize and bind an ES of HIV-1 TAR that 

has an exceptionally low population of <0.001%, highlighting how ligands with 

apparently weak binding affinity actually recognize exceptionally lowly populated 

conformations in the dynamic ensemble with high binding affinity192.  On the other 
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hand, the ESs of HIV-1 TAR and RRE stem IIB193 were shown to disrupt key 

elements of structure needed for protein recognition and cellular activity making 

them interesting HIV-1 drug targets194.   

The cellular machinery can also act on the ESs of DNA.  ES conformations 

of the G·T mismatch that satisfy the Watson-Crick geometry through 

tautomerization or ionization of the bases were shown to be recognized by high 

fidelity polymerases leading to copying errors during DNA replication195 (Fig. 1.6d).  

A kinetic mechanism based on the NMR derived exchange kinetics was shown to 

predict copying errors across a range of high-fidelity polymerases, conditions, and 

modifications195.  Damaging reagents were also shown to act on ES Hoogsteen 

base pairs, which expose the Watson-Crick face of nucleotide bases in duplex 

DNA to solvent196,197 (Fig. 1.6e).   
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Figure 1.6: RNA and DNA ESs that play important roles in biochemical 
processes 

(a–c) RNA ESs form by reshuffling base pairs. (a) The miR-34a:mRNA duplex 
undergoes conformational exchange between the GS and the ES, which has an 
elongated 8-mer seed and altered RNA topology, leading to the formation of the 
active RISC complex. (b) Pre-miR-21 forms a pH-dependent protonated ES with 
an A+(anti)·G(syn) bp that is more efficiently recognized and processed by Dicer. 
(c) Domain 6 of type II intron forms an ES with a bulge adenine that has a 
predominantly (>99%) C3ʹendo sugar pucker conformation, suitable for exon 
ligation during splicing and reverse splicing. (d)Wobble G·T and G·U mismatches 
form tautomer (blue) and anionic (green) Watson–Crick-like ES conformations that 
can evade fidelity checkpoints during DNA replication and cause spontaneous 
mutations. cmo5U increases the population of the anionic Watson–Crick ES 
conformation. (e) Watson–Crick A·T bps form Hoogsteen ES conformations, which 
increase the damage susceptibility of canonical duplex DNA.  This figure is 
adapted from ref178. 
 



 

 

 

26 

1.2.2.2 Impact of epigenetic and post-transcriptional modifications on 

excited conformational states 

Application of NMR RD is helping reveal how epigenetic and post-

transcriptional modifications of DNA and RNA reshape the dynamic ensembles of 

nucleic acids providing new insights into their biological mechanisms198.  Key to 

many of these studies has been the organic synthesis of 13C and/or 15N labeled 

phosphoramidites bearing these different modifications199-202 (see Fig. 1.9).   

Uridine 5-oxyacetic acid (cmo5U), a naturally occurring tRNA modification, 

was shown to increase the population of an anionic Watson-Crick like G·U ES 

mismatch (Fig. 1.6d), potentially explaining why the modification enhances the 

decoding of mRNAs containing G·U mismatches at the third wobble position199.  

By stabilizing paired nucleotides, 2ʹ-O-methylation of the sugar moiety was shown 

to increase the abundance and prolonged the lifetime of the TAR ESs203.  

Conversely, m5C was shown to minimally impact exchange kinetics between 

Watson-Crick and Hoogsteen conformations in duplex DNA202.  5-formylcytosine 

(5fC), a semi-permanent epigenetic modification which also forms as an 

intermediate along the 5-methylcytosine (m5C) demethylation pathway, was shown 

to both slow DNA duplex annealing and to also accelerate duplex melting204.   
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1.2.3 NMR techniques to study RNA dynamics 

1.2.3.1 RNA chemical shifts and resonance assignments 

NMR is a spectroscopic method that provides chemical information on 

individual atom or spin in a biomolecule.  Each spin behaves as a magnet in a 

strong external magnetic field (B0) and gives rise to a distinct resonant frequency 

depending on its unique electronic environment.  These frequencies are recorded 

and then Fourier transformed and displayed as peaks in the frequency domain of 

NMR spectra.  Various NMR experiments can be used to obtain structural and 

dynamic information regarding individual spins. 

In nucleic acids, the isotopes that give rise to observable signals are 1H, 13C, 

15N and 31P.  Since 13C and 15N are not naturally abundant, isotopically labeled 

samples are often needed to improve sensitivity.  In NMR experiments, spins align 

either parallel or anti-parallel to B0.  Because the magnetization that is parallel to 

B0 is energetically more favored assuming the gyromagnetic ratio of the atom is 

positive, the bulk magnetization is parallel to B0, or along the z-axis in Cartesian 

space.  In a simple NMR experiment, a radiofrequency (RF) field is applied along 

the x-y plane realigning the bulk magnetization perpendicular to B0.  The 

magnetization then begins to precess about B0.  The presessional frequency is the 

Larmor frequency ω0 = γB0, where γ is the gyromagnetic ratio.  Each spin in the 

biomolecule experiences the B0 differently because they have distinct local 
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electronic environments, which can be attributed to covalent bonding, stacking 

interactions and hydrogen bonding, which would, in turn, induce a local magnetic 

field that can “shield” or “deshield” the spin from the external B0 field.  The local 

magnetic field normally attenuate B0 and the effective external magnetic field, Beff 

can be expressed as Beff = (1 - σ)B0 where σ is the shielding constant.  Therefore, 

the pressesional frequency of a given spin under Beff  is given by ωatom = γBeff.   

 By referencing ωatom of each spin to a standard value (ωref), the impact of 

local chemical environment on the atom presessional frequencies can be 

determined using a quantity called chemical shift δ = (ωatom – ωref)/ωref. The unit of 

δ is parts per million (ppm) and is independent of B0.  Therefore, chemical shifts 

provide local structural information for each spin.  If the spin is less shielded, the 

chemical shift is larger or more “downfield” shifted.  On the other hand, the 

chemical shift is smaller or more “upfield” shifted when the spin is more shielded.  

For example, the carbon spins in dsRNA are often more upfield shifted than those 

in ssRNA, presumably because the carbons are more stacked inside the dsRNA 

thus more shielded.  In this thesis, we compared the chemical shifts to gain insights 

into how m6A impacts the structure and dynamics of RNAs (see chapter 2). 

Given each spin has a characteristic chemical shift, it is important to 

assign different peaks in the NMR spectra in order to analyze the change of 

chemical shifts for RNA residues of interest.  Each spin type in RNA falls within a 



 

 

 

29 

unique range of chemical shifts205, which greatly help to assign resonances 

(peaks) in the spectra.  For example, the imino proton chemical shifts are 

typically between 10 ppm to 15 ppm.  More specifically, the imino proton and 

nitrogen chemical shifts of G-C bps are generally more upfield than those of A-U 

bps.   

However, to precisely assign spins of interest in NMR spectra, a 

combination of through-bond and through-space NMR experiments are needed.  

The NOESY (Nuclear Overhauser Effect Spectroscopy) experiments provide 

distance information based on the NOE effect, which only occurs when protons 

are less than 5 Å apart.  The dipole-dipole interactions between two adjacent 

protons give rise to NOE cross-peaks whose intensity is based on the distance.  

Such information of spatial distance is important to characterize the conformation 

of biomolecules.  For example, the methylamino group of m6A can adapt either 

anti or syn conformation, which can be determined using NOE connectivities (see 

Chapter 2).  The pattern of NOE cross peaks can also be used to assign both 

imino and nonexchangeable protons.  Additionally, the spatial information from 

the NOESY experiment is also important to determine the methyl conformation in 

m6A residues because the methyl proton has different distances to other atoms 

such as H8, H2 of m6A and H3 of the partner uridine (see details in chapter 2) 

when adopting the syn or anti conformation. 
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Through-bond experiments that rely on scalar couplings through covalent 

bonds can then be used in combination with NOESY experiment to assign 

heteronuclear (carbon and nitrogen) chemical shifts.  For example, in a 2D [15N, 

1H] imino HSQC (Heteronuclear single quantum coherence spectroscopy) 

experiment, each resonance in the spectrum corresponds to an imino N-H bond.  

Since the imino protons can be assigned through NOESY experiments, the 

corresponding imino nitrogen can also be assigned. 

1.2.3.2 Characterize RNA excited states using Relaxation Dispersion 

NMR relaxation dispersion (RD) experiments can be used to probe dynamic 

chemical exchange that occurs on the microsecond-to-millisecond timescale and 

characterize alternative RNA structures, referred to as excited states (ESs) that 

are short-lived (0.02 ms < lifetime < 20 ms) and low-populated (0.02% < population 

<20%) using the kinetic and thermodynamic information deduced from the 

experiment.  RD experiments have different flavors (see the recent development 

in the RD methods section).  Spin relaxation in the rotating frame (R1ρ) and 

Chemical Exchange Saturation Transfer (CEST) experiments will be described in 

more detail as they are the main RD methods used in this dissertation. 

Consider an RNA undergoing chemical exchange between that main or 

ground state (GS) conformation with chemical shift ωGS and a short-lived lowly-

populated ES with chemical shift ωES.  If there is no exchange between the two 
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states and the population of the ES is not extremely low, two distinct peaks at ωGS 

and ωES are expected to be observed in the NMR spectra.  The peak volumes 

correspond to the populations of GS and ES respectively.  However, in the 

presence of chemical exchange, the chemical shift experienced by the nuclei 

alternate between the ωGS and ωES stochastically, leading to line broadening of 

both the GS and ES peaks (Fig. 1.7a).  Given the ES peak is weak due to its low 

population, the line broadening can put the ES peak out of the NMR detection limit.  

Similarly, the exchange with ES also broadens the GS peak.  The exchange leads 

to an exchange contribution (Rex) to the transverse relaxation rate (R2), resulting 

in R2,eff = R2 + Rex.  The line broadening contribution to the GS peak encodes 

information regarding the exchange with ES.  NMR RD experiments can be used 

to extract this informtion to deduce the exchange parameters Δω = ωES – ωGS, kex 

= k1 + k-1 where k1 and k-1 are the forward and backward rate constants for the 

GS⇌ES exchange, as well s pGS and pES the populations of the GS and ES, 

respectively. 

1.2.3.3 Off-resonance spin relaxation in the rotating frame (R1ρ) 

In the R1ρ experiment, a continuous RF with variable strength (ωSL) and 

frequency (ωRF) is applied to lock the magnetization of interest along the effective 

field, which is the vector sum of ωSL and offset (Ω = ω0 - ωRF, ω0 is the Larmor 

frequency) (Fig. 1.7b).  The rotating fame relaxation rate constant (R1ρ) that 
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characterize the exponential decay of the projection of the magnetization about the 

effective field as a function of time is then measured (Fig. 1.7c).  The R1ρ value can 

be obtained by fitting the peak intensities as a function of relaxation delay durations 

to a mono-exponential decay.  These R1ρ values were then fit to simulated R1ρ 

values determined by the solution of a Bloch-McConnell equation206 that describes 

the chemical exchange of n-state at each given ωSL and ωRF to extract exchange 

parameters.  The RD profiles (Fig. 1.7d) are typically displayed by plotting the 

measured R2 + Rex as a function of ωSL and ωRF.  For detectable exchange 

processes, a peak is observed at -Δω, assuming ωGS = 0 and ωES = Δω.  R1ρ 

experiments are suitable for exchange processes that are relatively fast (400 s-1 < 

kex < 50,000 s-1). 
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Figure 1.7: The Principle of R1ρ experiment. 
a, Simulated NMR spectra for a system undergoing two-state chemical exchange. 
Columns correspond to different pES values while rows correspond to different kex 
values. b, the effective field.  c, Exponential decay of the bulk GS magnetization 
(MGSx) along the x-axis due to chemical exchange.  d, A representative R1ρ profile.  
Panel a, b, c are adapted from ref180. 
 
1.2.3.4 CEST 

The CEST experiment measures the impact of conformational exchange on 

longitudinal GS magnetization.  The magnetization of both GS and ES are initially 

aligned along the z-axis.  A continuous RF B1 field with variable ωSL and Ω is then 

applied at the x-y plane.  When B1 is on-resonance with the GS, the GS 

magnetization will be saturated resulting in diminished GS peak intensity (Fig. 1.8).  

A major sip is observed at ωGS = 0 in the CEST profile where GS peak intensities 

are plotted as a function of ωSL and Ω (Fig. 1.8).  Similarly, when applied on 

resonance with ES, the RF saturates ES magnetization, this saturation can then 

transfer to GS through the conformational exchange, resulting in attenuation of GS 

peak intensity.  The reduction of GS peak intensity leads to a minor dip centered 

at ωES = Δω in the CEST profile (Fig. 1.8).  The dependence of GS signal intensity 

on ωSL and Ω can be fit to the Bloch-McConnell equation206 describing the chemical 

exchange of n-state to determine exchange parameters.  CEST experiments are 

suitable for detecting slow exchange processes such as duplex hybridization (20 

s-1 < kex < 400 s-1, see details in chapter 3). 
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Figure 1.8: The Principle of CEST experiment. 
When applied on-resonance with the GS (the magnetization in red), B1 (the green 
arrow on the y-axis) saturates the GS (upper left), resulting in a major dip centered 
at ωGS in the CEST profile (bottom).  When applied on-resonance with the ES (the 
magnetization in blue), B1 saturates the ES, and this saturation transfers to the GS 
via the conformational exchange (upper right), resulting in the minor dip centered 
at ωES in the CEST profile (bottom). 
 

1.2.3.5 Recent development in RD methods 

NMR techniques to characterize ESs come in four flavors optimized for 

different exchange rates (kex= 1 s-1 to 105 s-1) and/or type of nuclei all of which are 

now routinely applied to study nucleic acids.  These include spin relaxation in the 

rotating frame (R1ρ), Chemical Exchange Saturation Transfer (CEST), Carr-

Purcell-Meiboom-Gill (CPMG), and ZZ-exchange experiments180,185,186.  While 
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early studies focused on the protonated base (U/C-C5, T/U/C-C6, A/G-C8, A-C2) 

and sugar (C1ʹ, C2ʹ, C3ʹ and C4ʹ) carbons, and the base imino (G-N1, T/U-N3) as 

well as amino nitrogen (G-N2 180), the list of RD probes now includes base and 

sugar protons (U-H3, G-H1, A-H2; A/G-H8, U/C-H5/H6; and ribose H1ʹ)207, non-

protonated (G-N7 and A-N1/N7)208 and amino nitrogen (C-N4)202 as well as the 

ribose C5ʹ209 (Fig. 1.9).  Leveraging the practical advantages of CEST, a recent 

study broadened the timescale sensitivity of the experiment to fast exchange 

through use of high radiofrequency fields210.   

Approaches to stabilize ESs using mutations or chemical modifications211 

and improvements in predicting chemical shifts based on secondary structures212  

are making it possible to determine the structure and dynamic properties of nucleic 

acid ESs at atomic resolution213.  Techniques have also been developed that rely 

on biasing the conformational equilibria using mutations to assess the abundance 

of RNA ESs within the physiological cellular context188,194. 
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Figure 1.9: A growing number of nuclei are targeted for RD measurements 
in studies of nucleic acid ESs 

Shown is the steadily growing list of probes from an initial focus on protonated 
carbons, imino and amino (G-N2) nitrogens (highlighted using blue circles) to now 
include protons, on-protonated and amino (C–N4) nitrogens, ribose C5ʹ, and nuclei 
in modified bases including m6A, m5C, and cmo5U (highlighted using red circles).  
Also shown are the types of RD experiments performed for the various probes.  
This figure is adapted from ref178. 
 

1.3 Summary of the work presented in this dissertation 

While m6A primarily exerts its function through directly modulating RNA-

protein interaction, it has also been shown to destabilizes RNA base pairing which 

is important for cellular RNA activity.  Fewer studies have examined the potential 

for m6A to stabilize RNA and modulate RNA-protein interactions.  In this 

dissertation, we seek to broadly investigate the impact of m6A on local base pairing 

and global RNA structures for non-helical motifs.  We discovered a bulge motif that 

is stabilized by m6A in a Mg2+ dependent manner.  This motif is predicted to be 
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highly abundant in cellular RNA and is functionally relevant because it is readily 

recognized by the reader protein.  The stabilization effect of m6A on the bulge motif 

can also help to explain the global impact of m6A on transcriptome-wide RNA 

structure.  Interestingly, m6A buried in duplex is poorly recognized by the reader 

protein and antibodies, raising the possibility that helical m6A may evade detection 

methods that rely on m6A recognition by antibodies or other proteins.  

There is also growing evidence that m6A can slow diverse biochemical 

processes involving formation of base pairs.  How m6A slows these processes are 

not understood.  We developed an NMR RD based method to measured nucleic 

acids hybridization kinetic rates in a non-invasive and site-specific manner.  Using 

this method, we discovered that m6A selectively slows duplex annealing while has 

minimal impact on the melting rate, which could explain why m6A slows 

biochemical processes involving base pair formation.   

Next, we dissected the hybridization pathway of m6A-containing duplexes 

using NMR RD and discovered that the methylamino group of m6A is in dynamic 

equilibrium between syn and anti conformation in both ssRNA and dsRNA.  When 

the methylamino is in anti conformation, it behaves like a canonical adenosine with 

annealing and melting rate similar to those of unmodified RNA.  On the other hand, 

when the methylamino adopts the syn conformation, it behaves like a mismatch as 

it slows annealing by ~20-fold and accelerate melting by ~100-fold.  The ability to 
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rapidly interchange between the Watson-Crick and mismatch forms, combined the 

different syn:anti isomers preferences when paired versus unpaired, explains how 

m6A selectively slows annealing without affecting melting via two different 

pathways in which methylamino isomerization occurs before or after duplex 

hybridization.  This model provides the atomic mechanism through which m6A 

slows biochemical processes.  It also quantitatively predicts that m6A could more 

substantially slows fast intra-molecular RNA conformational transitions, which is 

verified experimentally using NMR. 
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2 A potentially abundant junctional RNA motif stabilized 
by m6A and Mg2+ 

 

2.1 Preface 

This Chapter is reproduced of permission of work originally published in 

Nature Communication. “Liu, B., Merriman, D.K., Choi, S.H., Schumacher, M.A., 

Plangger, R., Kreutz, C., Horner, S.C., Meyer, K.D., and Al-Hashimi, H.M., 2018. 

A potentially abundant junctional RNA motif stabilized by m6A and Mg2+, 9(1), 

276154”  

2.2 Introduction  

N6-methylated adenosine (m6A) is the most abundant internal RNA 

modification in eukaryotic mRNAs8,15,39 and long non-coding RNAs (lncRNA)18,19 

and is also found in viral RNAs150-152. The modification is dynamically regulated by 

methyl transferase72,75,214 and demethylase enzymes92,96 that are linked to human 

disease105,158. It frequently occurs at the 3ʹ and 5ʹ untranslated regions of mRNA 

where it can influence RNA splicing98,215, mRNA nuclear exportation13,216, RNA 

decay97, and translation initiation104,106. The modification is implicated in a growing 

number of processes including stem cell fate determination, stress response, DNA 

damage repair, microRNA biogenesis, lncRNA-mediated transcription repression, 

viral infection, and in the mechanisms of cancer6,63,93,217.  
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m6A is thought to exert its biological effects through two general 

mechanisms. First, it can help recruit proteins that regulate mRNA fate by 

influencing splicing98, export101, decay97,103, and translation initiation 

efficiency103,106. Many of these m6A reader proteins contain YTH domains, which 

specifically recognize the methyl group5. Second, m6A can exert biological effects 

by modulating RNA structure. In particular, studies have shown that m6A 

destabilizes A-U base pairing and RNA duplexes by 0.5-1.7 kcal mol-1 170,171. This 

destabilization has been proposed to occur due to steric contacts between the N6-

methyl group and the base28 (Fig. 2.1a). Studies have shown that m6A can promote 

RNA melting and thereby enhance binding of single-stranded RNA binding 

proteins128,129,218. The modification can also disrupt non-canonical A-G base pairs 

(bps) required for protein binding173. Presence of m6A in mRNA also impedes tRNA 

accommodation within the ribosome and translation-elongation most likely by 

destabilizing A-U bps108. Interestingly, while transcriptome-wide RNA structure 

mapping data indicate that m6A destabilizes RNA structure in vitro and in vivo 

170,172, the destabilization is not observed at the m6A nucleotide per se, but rather, 

at the immediate 5ʹ neighbor which favors single-stranded conformations in 

methylated RNA170. The mechanism by which m6A destabilizes its 5ʹ-neighbor is 

currently unknown.  

Fewer studies have examined the potential for m6A to stabilize RNA even 
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though there is precedent for this in the literature. Prior studies have shown that 

when placed at dangling ends of duplexes170 or in apical loops171, m6A stabilizes 

RNA by 0.1-1.2 kcal mol-1 most likely due to favorable stacking interactions 

between the methyl group and adjacent bases. Here, by attempting to harness the 

destabilizing effects of m6A in the design of an RNA secondary structural switch, 

we discovered a bulge motif that is stabilized by m6A in a Mg2+-dependent manner. 

This motif is recognized by the YTH domain and m6A antibodies and can potentially 

help explain the global impact of m6A on RNA structure observed in transcriptome-

wide studies. 

2.3 Results 

2.3.1 m6A stabilizes a junctional A-U base pair 

Our initial motivation was to examine whether the destabilizing effects of 

m6A on A-U base pairing could be harnessed to induce a change in RNA 

secondary structure. We designed an RNA hairpin (B5ʹ, Fig. 2.1b) containing the 

most common18,19 (GGm6ACU) m6A consensus sequence (DRACH, where D 

denotes A, G, or U; R is A or G; and H is A, C or U)48,66,219. This sequence is 

predicted220 to fold into two iso-energetic secondary structures in which the m6A 

forms an A-U bp either at the junction next to a bulged guanine or deeper within 

the upper helix (Fig. 2.1b). The sequence is also predicted to form an alternative 

conformation in which the m6A is bulged out and in which the 5ʹ neighboring 
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guanine forms a non-canonical G-U wobble (Fig. 2.1b). This alternative 

conformation is predicted to be destabilized by 0.6 kcal mol-1, which is within the 

range of m6A destabilization of A-U bps in duplex RNA170,171. Thus, we reasoned 

that m6A could destabilize the junctional A-U bp and promote formation of the 

alternative conformation containing the G-U mismatch, which can be readily 

detected by 1D 1H NMR221. As a control, we also carried out experiments on a 

corresponding RNA duplex (denoted D), in which a cytosine nucleotide was 

included to pair with the bulged guanine (Fig. 2.1b). Experiments were carried out 

in the presence of 3 mM Mg2+. 

The m6A substitution resulted in small perturbations in NMR spectra of the 

control duplex D (Fig. 2.1c). We observed the U17-H3 imino resonance of the 

m6A6 partner (Fig. 2.1c), which also has a nuclear Overhauser effect (NOE) cross 

peak with the amino group of m6A6 (Supplementary Fig. 2.6). This indicates that 

m6A6 forms a m6A6-U17 Watson-Crick bp stabilized by two H-bonds, as described 

previously for other RNA duplexes containing m6A170. Two NOE cross peaks with 

comparable intensities were observed between the m6A6 methyl proton and the 

base m6A6-H8 and m6A6-H2 (Supplementary Fig. 2.6). This indicates that the 

amino group either deviates from a perfectly anti conformation or rapidly (on the 

NMR chemical shift timescale) exchanges between the anti and syn conformations 

(see Supplementary Note 2.1). 
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The NMR spectra show that unmodified B5ʹ folds into a conformation with 

the predicted junctional A6-U17 Watson-Crick bp, bulged G5, and with G4 either 

forming a weak junctional bp or a bulge (Fig. 2.1d and Supplementary Fig. 2.7a,c). 

The m6A6 substitution did not lead to the predicted transition to the alternative 

conformation, as we did not observe the upfield shifted (10-12 ppm) imino 

resonances characteristic of G-U wobbles (Fig. 2.1d and Supplementary Fig. 2.7a). 

On the contrary, the substitution sharpened the U17 imino resonance, consistent 

with stabilization of the junctional Watson-Crick m6A6-U17 bp (Fig. 2.1d and 

Supplementary Fig. 2.7a). This together with uninterrupted NOE distance-based 

connectivity between U17 and G16 indicate that the methylation stabilizes the 

helical structure (Supplementary Fig. 2.3b). As in D, the NMR data indicate that 

while m6A6 forms a m6A6-U17 Watson-Crick bp, the methyl group deviates from a 

perfectly anti conformation (Supplementary Fig. 2.6 and see Supplementary Note 

2.1). Therefore, counter to our predictions, and to the behavior observed in 

duplexes, m6A locally stabilizes the junctional A-U bp in B5ʹ.  

 
2.3.2 m6A globally stabilizes B5ʹ in a Mg2+ dependent manner  

While the NMR data indicate that the m6A modification locally stabilizes the 

junctional A-U bp, this provides little information regarding the effect of the 

modification on overall RNA stability. We therefore used UV melting experiments 

to examine the impact of the m6A6 on RNA stability. Consistent with prior 
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studies170,171, m6A destabilized D by 0.6±0.4 kcal mol-1 at 37°C. In stark contrast, 

m6A stabilized B5ʹ by 0.9±0.2 kcal mol-1 at the same temperature (Fig. 2.1e).  

To further examine the basis for m6A-dependent stabilization, we carried 

out UV melting and NMR experiments in the absence of Mg2+. The modification 

destabilized D by a slightly greater amount (~0.8 kcal mol-1) in the absence of Mg2+ 

(Fig. 2.1e). This was accompanied by broadening of the imino resonances in the 

absence of Mg2+ (Supplementary Fig. 2.8d), consistent with the destabilization 

observed using UV. In contrast, in the case of B5ʹ, the degree of m6A stabilization 

decreased significantly from 0.9±0.2 kcal mol-1 to 0.3±0.3 kcal mol-1 in the absence 

of Mg2+ (Fig. 2.1e). NMR spectra, including data for site-specifically labeled B5ʹ 

(Supplementary Fig. 2.7a), indicate that in the absence of Mg2+, unmodified B5ʹ 

folds into many distinct and slowly (on the NMR chemical shift timescale) 

exchanging conformations. The U17 imino resonance in methylated B5ʹ is 

significantly broadened, consistent with local melting of the m6A6-U17 bp in the 

absence of Mg2+ (Supplementary Fig. 2.7a 2.8d). Here, the NOE data indicate that 

the methyl group adopts an anti conformation (Supplementary Fig. 2.6) and that 

G5 forms a G5-U17 mismatch (Supplementary Fig. 2.7a). Thus, the addition of 

Mg2+ induces a conformational switch relative to the structure without Mg2+ by 

stabilizing the junctional m6A6-U17 bp with a 5ʹ neighboring G5 bulge.  
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Figure 2.1: m6A stabilizes junctional A-U base pairs with 5ʹ bulge  
(a) The methyl group in m6A destabilizes A-U pairing through steric contacts. (b) 
Design of an m6A-dependent RNA structural switch. Secondary structures and 
free energies computed using the MC-Fold web server220. The modified adenine 
(A6) is highlighted in red. (c, d) Comparison of 1H NMR spectra of unmodified 
and m6A6 substituted (c) D and (d) B5ʹ recorded in 15 mM sodium phosphate, 25 
mM NaCl, 0.1 mM EDTA and 3 mM Mg2+ at pH = 6.4 and 10°C. (e) Impact of 
methylation on the thermal stability of the hairpins with and without 3 mM Mg2+. 
Shown are the differences in the free energy of melting between methylated and 
unmodified RNA i.e. ΔΔG= ΔG(methylated) - ΔG(unmodified). The uncertainty 
reflects the standard deviation from at least three measurements (see 
Supplementary Table 2.1). 

a b

1H (p.p.m.)
15 14 13 12 11 10 9

U17

U8 G16
G2

G19/4*
G14

U10
G13

U11

G13
U10

U11

G4

G5/14
G5

G20
G2G16

U8
U17

ΔG = 0 kcal/mol

N

N

N

N N

N

N

O

O

H

CH3

H
R

R

A U
8

9
1

23

7

4

5 6

12

3

4 5

6

syn

ΔG = 0 kcal/mol

c

d

ΔG = 0.6 kcal/mol

m6A
m6A

G C
G

C G
G C
G C

A U
C
U

G
A

C G

U
U

C
G

2 20

10 13

8

5
6

15

18

5'

17

e
D

-1.5

-1

-0.5

0

0.5

1
Δ
Δ
G

37
°C

 (
K

ca
l m

ol
-1
)

Mg2+ +-

B5' D

N

N

N

N N

N

N

O

O

H3C

H

H
R

R

A U
8

9
1

23

7

4

5 6

12

3

4 5

6

anti
steric
clash

G
CG

C G
G C
G C

A U
C
U

G
A

C G

U
U

C
G

2 20

10 13

8

4

6

15

18

5'

17

G C
G

C G
G C
G C

A
U

C
U

G
A

C G

U
U

C
G

2 20

10 13

8

4

6

15

18

5'

17

G
CG

C G
G C
G C

A U
C
U

G
A

C G

U
U

C
G

2 21

10 13

8

4

6

15

19

5'

17

C

+-+
-

D
B5'

B5'



 

 

 

46 

   
2.3.3 Structural requirements for m6A stabilization 

Previous studies have shown that when placed at dangling ends, m6A 

stabilizes RNA duplexes by ~0.1-1.2 kcal mol-1 170,171. This has been attributed to 

favorable stacking and hydrophobic shielding of the methyl group. Interestingly, 

this stabilization is greater when m6A is placed at the 5ʹ (~1.2 kcal mol-1) versus 3ʹ 

(~0.1-0.8 kcal mol-1)170,171 end of the duplex probably due to stronger stacking with 

the 3ʹ neighbor. Based on the thermodynamic parameters obtained from the UV 

experiments (Supplementary Table 2.1), the observed m6A-mediated stabilization 

of B5ʹ is driven by more favorable enthalpy, which is consistent with formation of 

favorable structural interactions. In particular, the 5ʹ neighboring guanine bulge 

could provide m6A enough ʹwiggle roomʹ to form m6A-U WC bps in which m6A 

optimally stacks with the 3ʹ neighbor. This may require an unusual backbone 

conformation at the bulge, which is stabilized by Mg2+. Such conformations with 

optimal stacking may not be easily accommodated within the more rigid duplex 

interior, resulting in a net destabilization of the duplex.  

To test the structural requirements for m6A stabilization, we varied the 

position and structural context of m6A (Fig. 2.2a) using three variants of the B5ʹ 

RNA (B5ʹhelical, B0, and B3ʹ). We also examined a model RNA (HCV) derived from 

a naturally occurring m6A site identified in the 3ʹ UTR of the hepatitis C virus (HCV) 

genome152. In HCV, the m6A site is at the junction but on the strand opposite to the 
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bulge. We performed NMR analysis in the presence of at 25 mM NaCl and 3 mM 

Mg2+ and confirmed that for all variants the methylated and unmodified constructs 

fold into their predicted secondary structures (Fig. 2.2b and Supplementary Fig. 

2.8c).  

Decreasing the conformational freedom available to m6A by moving the 

m6A-U bp one base pair deeper into the upper helix (B5ʹhelical, Fig. 2.2a) decreased 

the m6A dependent stabilization from 0.9±0.2 kcal mol-1 to 0.4±0.4 kcal mol-1(Fig. 

2.2c). Decreasing the conformational freedom by placing m6A opposite rather than 

immediately adjacent to the bulge in HCV resulted in a net destabilization by 

0.4±0.4 kcal mol-1(Fig. 2.2c). NMR spectra show that in both cases, the 

modification does not locally stabilize the m6A-U bp again possibly due to the lack 

of conformational freedom needed for optimal stacking (Fig. 2.2b).  

Disrupting stacking with the 3ʹ neighbor through placement of a bulge 3ʹ to 

m6A in B3ʹ also resulted in a net destabilization by ~1.2 kcal mol-1(Fig. 2.2c). 

Interestingly, although m6A globally destabilizes B3ʹ, it did locally stabilize the 

m6A6-U16 bp as evidenced by sharpening of the U16 imino resonance (Fig. 2.2b). 

Finally, placement of m6A in a bulge position destabilized B0 by ~0.7±0.3 kcal mol-

1(Fig. 2.2c). Here, the NMR spectra (Supplementary Fig. 2.6) indicate that the 

methyl group adopts a syn conformation, consistent with prior studies of single-

stranded RNA168, and that the modification induces the flipping out of the bulge 
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adenine (Supplementary Fig. 2.9b). Loss of intra-helical stacking with the adenine 

bulge could explain the m6A-induced destabilization of B0. This result shows that 

the destabilizing effects of m6A are not limited to bps in duplexes but can extend 

to bulges as well. 

Similar results were obtained in the absence of Mg2+ with the exception of 

HCV for which the destabilization was more significant in the absence (1.4±0.4 

kcal mol-1) versus presence (0.4±0.4 kcal mol-1) of Mg2+ (Fig. 2.2c). Together, 

these studies indicate that the observed m6A dependent stabilization requires a 

specific motif in which an m6A-U bp is neighbored by a 5ʹ guanine bulge.  

 

 

Figure 2.2: Structural requirements for m6A stabilization of junctional A-U 
base pairs 

(a) Hairpin constructs that vary the secondary structural context of m6A. 
Secondary structures are predicted using MC-fold220 and supported by NMR data 
(see Supplementary Fig. 3c). The HCV sequence is derived from the base of 
stem loop 1 (SL1) in the 3ʹ end of HCV genome (nt 9633-9642 linked by UUCG 
to nt 9668-9678) from the genotype 2A JFH1 strain (GeneBank accession: 
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AB047639 [https://www.ncbi.nlm.nih.gov/nuccore/AB047639] ). (b) Comparison 
of 1H NMR spectra of unmodified and m6A6 substituted hairpin constructs 
recorded in 15 mM sodium phosphate, 25 mM NaCl, 0.1 mM EDTA and 3 mM 
Mg2+ at pH = 6.4 and 10°C. (c) Impact of methylation on the thermal stability of 
the hairpins with and without 3 mM Mg2+. Shown are the differences in the free 
energy of melting between methylated and unmodified RNA i.e. ΔΔG= 
ΔG(methylated) - ΔG(unmodified). The uncertainty reflects the standard deviation 
from at least three measurements (see Supplementary Table 2.1). 
 
2.3.4 Abundance of junctional m6A base pairs transcriptome-wide 

Prior transcriptome-wide nuclease mapping studies of methylated RNA 

from human cells revealed a clear transition in the average RNA structure at the 

DRACH motif upon methylation170. In the methylated RNA, the purine nucleotide 

immediately 5ʹ to m6A had a much higher probability of being single-stranded 

whereas the methylated adenine had a slightly higher probability of being double-

stranded170. The two nucleotides immediately 3ʹ to m6A showed a strong tendency 

to be paired. Similar results were observed with in vitro and in vivo SHAPE 

experiments172 although the m6A site showed slightly higher reactivity, indicating a 

greater tendency to be unpaired. These results indicate that methylation 

thermodynamically biases m6A in cellular mRNAs to be located between single-

stranded unpaired RNA and adjacent to helices170.  

Remarkably, the m6A stabilized B5ʹ motif identified in this work captures the 

unique conformational signatures induced by m6A in transcriptome-wide studies. 

The motif partially protects m6A by positioning it at a junction, exposes the 5ʹ 

guanine bulge, while the 3ʹ neighbors are helical. The abundance of the 5ʹB-[m6A-
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X] (where B is any bulge nucleotide and X is any nucleotide) motif could increase 

significantly on methylation because of two combined effects. On the one hand, 

m6A destabilizes bps in duplexes as well as bulges by as much as ~1.7 kcal mol-

1. On the other hand, it can stabilize the 5ʹB-[m6A-U] motif by ~1 kcal mol-1. The 

combined contribution of ~3 kcal mol-1 could significantly bias the RNA folding 

landscape away from structures in which m6A is embedded within duplexes and 

bulges toward 5ʹB-[m6A-U] and perhaps other 5ʹB-[m6A-X] motifs and to a degree 

that help account for the observed changes in transcriptome-wide structure-

mapping data. Such a strong bias is required to explain the changes in RNA 

conformation induced by methylation especially since m6A occurs sub-

stoichiometrically in most RNAs19,47.      

To test this hypothesis, we asked what fraction of the 140,574 m6A sites 

that have been mapped throughout the human transcriptome55 are predicted to 

fold into the 5ʹB-[m6A-U] or related 5ʹB-[m6A-X] motifs as the energetically most 

favorable secondary structure. We then asked what additional sites are predicted 

to fold into the 5ʹB-[m6A-U] or 5ʹB-[m6A-X] motifs as higher energy conformations 

that are within the ~3 kcal mol-1 energetic threshold. These conformations could 

be remodeled by m6A such to adopt the 5ʹB-[m6A-U] or 5ʹB-[m6A-X] motifs as the 

most energetically stable conformation. In particular, we used MC-Flashfold220 to 

predict secondary structures for 41 nt fragments chosen such that the m6A residue 
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was positioned in the middle. Predicted RNA structures were classified according 

to the secondary structural context and position of m6A (Fig. 2.3a). As a control, 

secondary structures were also predicted for 140,574 randomly selected RNA 

sequences from the same transcriptome that do not contain the m6A consensus 

sequence.  

Approximately 4% and 22% of the m6A sites are predicted to fold into the 

5ʹB-[m6A-U] or 5ʹB-[m6A-X] motif respectively as the most energetically favorable 

secondary structure (Fig. 2.3b). Similar abundances were obtained for the control 

unmodified sequences (Fig. 2.3b), indicating that sequences selected for 

methylation do not have an enhanced propensity to fold into the 5ʹB-[A-X] motif 

relative to random sequences. Similar results were also obtained when using a 

different RNA structure prediction program (RNAstructure222) and when varying 

the position of m6A or length of the sequences subjected to structure prediction 

(Fig. 2.3b and Supplementary Fig. 2.10a).  

A much larger fraction of m6A sequences (~42% and ~68% for 5ʹB-[m6A-U] 

and 5ʹB-[m6A-X], respectively) are predicted to fold into the junctional motif with 

energies <3 kcal mol-1 relative to the lowest energy structure (Fig. 2.3c). Similar 

results were obtained when predicting structures using RNAstructure222 

(Supplementary Fig. 2.10b). These higher energy structures could become the 

most stable structures upon methylation. While a similar increase in abundance is 
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observed for the control unmodified sequences (Fig. 2.3c), indicating that the 

potential to form 5ʹB-[A-X] motif is not sequence dependent, these sequences are 

less likely to be methylated and to experience the energetic bias. Consequently 

only 20% of random A sites are expected to fold into 5ʹB-[A-X] motif as the 

minimum free energy structure. Therefore, while further experiments are needed 

to assess how m6A stabilizes / destabilizes various motifs in different sequence 

contexts, these results indicate that m6A could strongly bias RNA folding toward 

5ʹB-[m6A-X] motifs, and thus help explain the m6A induced RNA conformational 

changes observed in transcriptome-wide structure mapping data.  
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Figure 2.3: Secondary structure prediction of m6A RNA sequences 
transcriptome-wide 

(a) Predicted RNA secondary structures were classified into the following motifs: 
Junctional Watson-Crick m6A-U or mismatch m6A-Y (Y denotes A or C or G.) with 
the bulge located 5ʹ (5ʹB-[A-U] and 5ʹB-[A-Y]) or 3ʹ ([A-U]-B3ʹ and [A-Y]-B3ʹ) to 
m6A; or with the bulge located 5ʹ or 3ʹ (5ʹB-[X-A]/[X-A]-B3ʹ, X denotes A or C or U 
or G) to m6A partner nucleotide. (b) Distribution of the lowest energy predicted 
structures for 140,574 m6A sites identified using individual-nucleotide-resolution 
cross-linking and immunoprecipitation (miCLIP)55 in the human transcriptome 
(hg19) were predicted using RNAstructure222 and MC-Flashfold220. Secondary 
structures were predicted for RNA sequences of 41-nt long with m6A (or A) in the 
middle. Also shown are corresponding predictions for 140,574 unmodified 
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adenine sites selected randomly from the same human transcriptome. (c) 
Population of m6A and A sites predicted (MC-Flashfold) to fold into the 5ʹB-[A-U] 
and 5ʹB-[A-X] conformation within different energetic thresholds relative to the 
lowest energy structure. 
 

2.3.5 m6A is recognized in 5ʹG-[m6A-U] but not in duplexes 

To examine the functional significance of the 5ʹG-[m6A-U] motif, we 

examined whether it can be recognized by the YTH domain m6A reader (residues 

380-579) from the human YTHDF2 

(NP_057342.2[https://www.ncbi.nlm.nih.gov/protein/NP_057342.2]) protein110. 

Binding was measured using a fluorescence polarization (FP) assay employing 

fluorescein tagged RNA223. Experiments were initially carried out in the absence 

of Mg2+ to allow comparison with previous studies109-112,224.  

As a positive control, the YTH domain binds to single-stranded RNA (SS) 

containing m6A and the consensus sequence (GGm6ACU) with KD = 0.18±0.02 µM 

(Fig. 2.4a) in good agreement with previously reported values (0.2-2 µM)109-112. 

The binding affinity is diminished at least ~100-fold (KD >30 µM) for unmodified SS 

(Fig. 2.4a), in good agreement with 10-100-fold weaker affinity reported 

previously109-112.  

Surprisingly, the YTH domain binds weakly (KD> 50 µM) to both unmodified 

and methylated duplex RNA (D) (Fig. 2.4b). In both cases, the affinity is 

comparable to that measured for unmodified SS (Fig. 2.4b). This indicates that 
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m6A sites in helical m6A-U Watson-Crick bps are not accessible for recognition by 

the YTH domain. This result is significant considering that helical A-U Watson-

Crick bps occur frequently in the structures of RNA.  

In contrast, the YTH domain does bind tightly to methylated B5ʹ (but not its 

unmodified counterpart; KD > 40 µM) (Fig. 2.4c). The binding curve deviates from 

a simple two-state model and the data is better fit to a model that assumes two 

independent binding sites (Fig. 2.4d). A similar behavior was previously observed 

for YTH domain binding to methylated ssRNA110. One of two KDs obtained from 

this analysis (KD1 = 0.3±0.1 µM) is consistent with high affinity binding as observed 

for methylated SS while the other (KD2 > 50 µM) is consistent with weak binding as 

observed with unmodified RNA. It is possible that the YTH domain specifically 

binds to m6A in B5ʹ with high affinity but also weakly and non-specifically binds to 

other parts of the RNA (e.g. duplex or apical loop region). Alternatively, the YTH 

domain could bind to m6A in two different RNA conformations (e.g. helical versus 

more single-stranded). These results indicate that in contrast to duplexes, m6A in 

5ʹB-[m6A-U] is recognized by the YTH domain.  

Based on the NMR data, Mg2+ stabilizes the junctional m6A-U bp in B5ʹ 

potentially making m6A6 less accessible for recognition. Indeed, the binding affinity 

to methylated B5ʹ decreased by ~ 6-fold (KD1 0.4±0.1 µM vs. 2.2±0.6 µM, Fig. 2.4c) 

in the presence of 3 mM Mg2+ but remained ~10 fold tighter than that of unmodified 
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SS or B5ʹ and ~20-fold tighter than methylated D. By comparison, the binding 

affinity of YTH domain to methylated or unmodified SS and D as well as unmodified 

B5ʹ was only slightly (by ~1-fold) weakened in the presence of Mg2+ (Fig. 2.4a and 

2.4b).  

We confirmed the above results for the full-length YTHDF2 protein using in 

vitro RNA pulldown experiments (Fig. 2.4e). Here, biotinylated RNA baits were 

incubated with HEK293T cell lysates, and RNA:protein complexes were purified 

with streptavidin agarose. The bound proteins were then eluted and subjected to 

SDS-PAGE, followed by western blot to detect YTHDF2. In agreement with results 

from the FP assay, in the absence of Mg2+, modified B5ʹ enriches YTHDF2 protein 

by an amount comparable to modified SS. While similar enrichments were 

observed in the absence and presence of Mg2+ for SS, the enrichment with B5ʹ 

decreased 1-fold in the presence of Mg2+. In sharp contrast, YTHDF2 was barely 

enriched by methylated D in the absence and presence of Mg2+.  

Similar results were also obtained when examining how well m6A is 

recognized by three m6A antibodies (Abcam polyclonal antibody, SySy polyclonal 

antibody and NEB monoclonal antibody) that are used in transcriptome-wide 

studies. As expected, all unmodified RNA constructs were not well recognized by 

the antibodies in dot blot assays (Fig. 2.5). Both methylated SS and B0 exhibited 

strong signals, suggesting that the antibodies can recognize unpaired m6A (Fig. 
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2.5 and Supplementary Fig. 2.10c). Once again, the methylated D and methylated 

B5ʹhelical were poorly recognized by all three antibodies. This was also the case for 

a 9-mer duplex lacking the stabilizing UUCG apical loop (Supplementary Fig. 

2.10c). In contrast, the junctional m6A-U bp in B5ʹ was well recognized by all three 

antibodies.  

Taken together, these results indicate the m6A within the 5ʹG-[m6A-U] motif 

is well recognized by YTH reader proteins as well as commonly used m6A 

antibodies, whereas m6A-U bps embedded in duplexes are not.   
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Figure 2.4: YTH recognizes m6A in B5ʹ but not D  
(a-c) Binding curves for YTH domain with (a) SS, (b) D, and (c) B5ʹ. (d) One-site 
and independent two-site binding models used for curve fitting. Data is shown for 
unmodified and methylated RNA with and without 3 mM Mg2+. Uncertainty 
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reflects the standard deviation from three measurements. (c, Left) Fits to the data 
assuming single (blue) versus two independent (red) binding sites (see 
methods). (e) in vitro RNA pulldown assay using 5ʹbiotinylated RNA constructs 
with m6A. Showing YTHDF2 binds preferentially to m6A in unpaired context or at 
the junction, and Mg2+ decreases the enrichment of YTHDF2 by methylated B5ʹ. 
Blots shown are representative of results from three experiments. The semi-
quantitative YTHDF2 enrichment analysis was performed using ImageJ225. The 
uncertainty represents the standard deviation from three experiments. 

 

 

Figure 2.5: m6A antibodies recognize m6A in B5ʹ but not D 
Dot blot assays assessing the antibody specificity for m6A in different secondary 
structure contexts. Increasing amounts of 5ʹfluorescein labeled RNAs with and 
without m6A were spotted onto the membrane. The quantity of RNA was 
visualized by the fluorescein signal. Three different m6A antibodies (SySy 
polyclonal, NEB monoclonal, Abcam polyclonal) were tested. Red dots in the 
schematic secondary structures represent the m6A sites. The SS construct used 
in dot blot assays is 5ʹ-GGCGGm6ACUC-3ʹ. Blots shown are representative of 
results from three experiments. 
 

2.4 Conclusion and discussion 

A growing number of studies indicate that m6A can exert biological effects 

by modulating RNA structure. So far, studies have primarily focused on the 

destabilization of base pairing due to steric collisions with the methyl 
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group128,170,171,173. However, m6A has also been shown to stabilize duplexes when 

placed at dangling ends and within apical loops170,171. Our results identify a 5ʹ bulge 

motif that is predicted to be abundant and stabilized by m6A in a Mg2+ dependent 

manner. The 5ʹ bulge most likely provides m6A the conformational freedom needed 

to allow the methyl group to optimally stack with the 3ʹ neighbor while maintaining 

Watson-Crick m6A-U pairing. Mg2+ may help to stabilize the resulting backbone 

conformation at the bulge by neutralizing electrostatic repulsion. In this regard, it 

is noteworthy that Mg2+ preferentially binds to guanine and adenine nucleotides226, 

thus the naturally occurring DRACH motif may enhance the propensity for the 5ʹ 

neighbor to bulge out. This motif with base-paired m6A stacking on its 3ʹ neighbor 

and with a 5ʹ-neighboring bulged nucleotide can potentially form in a variety of 

contexts, including bulges, apical loops, and possibly other higher order structures. 

Further studies are needed to assess the robustness of the observed stabilization 

across these different structural and sequence contexts.  

While biophysical studies show that m6A destabilizes pairing of adenine 

nucleotides in vitro, these results were at odds with in vitro transcriptome-wide 

nuclease mapping170 and SHAPE172 data showing that methylation primarily acts 

to increase the single-stranded character of the purine nucleotide immediately 5ʹ 

to the m6A site, while the adenine nucleotide itself was less affected170. These data 

were obtained devoid of cellular proteins and the conformational differences likely 
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originate directly from the impact of m6A on RNA structure. A bias toward the 

junctional m6A bps flanked by a 5ʹ bulge following methylation could help explain 

the increase in single-stranded character observed specifically for the purine 

nucleotide 5ʹ to the m6A bulge as well as the increase in the double-stranded 

character observed for the m6A nucleotide using transcriptome-wide nuclease 

mapping experiments170. This bias could be significant especially when 

considering that m6A selectively stabilizes the 5ʹB-[A-U] motif but destabilizes other 

common motifs such as duplexes and bulges. It should be noted however that in 

vivo SHAPE data172 suggest that the impact of methylation on RNA structure can 

be more complex, possibly due to interactions with proteins.  

Our results show that m6A is effectively recognized by both YTH domain 

reader proteins and m6A antibodies when located in the 5ʹG-[A-U] motif. The motif 

could therefore also serve functional roles recruiting YTH domains and is likely to 

be identified in current methods used to map m6A transcriptome-wide. In contrast, 

our results indicate that both YTH domain reader proteins and m6A antibodies do 

not recognize m6A-U bps embedded within duplexes. Current methods for m6A 

mapping attempt to remove these structural biases through nuclease digestion and 

heating of the RNA prior to immunoprecipitation. However, the RNA fragments are 

still 30-130 nt long55 and are subjected to cooling on ice following heating, allowing 

for re-annealing of the RNA. Indeed, we found that m6A sites buried in A-U bps 
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within duplexes were poorly recognized by the antibodies even when increasing 

the temperature and/or duration of heating with or without 8M urea. This raises the 

possibility that there are m6A sites buried within duplexes that have evaded 

detection using current transcriptome-wide methods. This could potentially 

confound the interpretation of m6A induced conformational changes based on 

transcriptome-wide structure mapping data since motifs in which m6A is accessible 

such as 5ʹG-[A-U] could be over-represented compared to those in which m6A is 

not accessible. Additional studies are needed to examine whether these structure-

specific biases in m6A recognition also occur during immunoprecipitation 

experiments with free-floating RNA used in the transcriptome-wide mapping of 

m6A sites.  

Our results indicate that while m6A destabilizes duplex A-U bps and disrupts 

base stacking in certain motifs, the structure landscape of the epitranscriptome is 

also likely punctuated by motifs such as 5ʹG-[m6A-U] that are stabilized by m6A. 

This motif presents a readable m6A site in a structured region of RNA. While the 

biological significance of this motif, including whether it is recognized by specific 

RNA-binding proteins, requires further investigation, our findings expand the 

mechanisms by which m6A can modulate RNA structure and should facilitate the 

interpretation of transcriptome-wide data. 
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2.5 Materials and methods 

2.5.1 Samples Preparation 

Modified (N6-methylated adenosine, 5ʹ-biotinylated RNA and 5ʹ-fluorescein 

labeled RNA) and unmodified RNA oligonucleotides were synthesized using a 

MerMade 6 Oligo Synthesizer employing 2′-tBDSilyl protected phosphoramidite 

(ChemGenes) on 1 μmol standard synthesis columns (1000 Å) (BioAutomation). 

N-acetyl protected rC, rA and rG phosphoramidites to avoid incomplete 

deprotection when using isobutyryl protected rG and benzoyl protected rA 

phosphoramidites. m6A phosphoramidite was purchased from ChemeGenes, 

biotin phosphoramdites and fluorescein phosphoramdites were purchased from 

Glen Research. The 15N1-labeled guanosine and the 15N3-labeled uridine 

phosphoramidites were synthesized    according to a published procedure227. 

ssRNA oligonucleotides were synthesized with the option to leave the final 5ʹ-

protecting group (4,4ʹ-dimethoxytrityl (DMT)) on for 2ʹO deprotection and cartridge 

purification. UUCG-capped hairpin RNAs were synthesized with DMT group off for 

DMT-off 2ʹO deprotection and PAGE purification, since regular 2ʹO deprotection 

method might cause incomplete deprotection for UUCG-capped samples. 

Synthesized oligonucleotides were cleaved from the 1 μmol column using 1mL 

ammonia methylamine (1:1 ratio of 30% ammonium hydroxide and 30% 

methylamine) followed by 2-hour incubation at room temperature to allow base 
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deprotection. The solution was then air-dried and dissolved in 115 μL DMSO, 60 

μL TEA and 75uL TEA-3HF for regular 2ʹO deprotection, or in 100 μL DMSO and 

125 μL TEA-3HF for DMT-off 2ʹO deprotection, followed by 2.5 h incubation at 

65 °C. Regular 2ʹO deprotected samples were then quenched with Glen-Pak RNA 

quenching buffer and loaded onto Glen-Pak RNA cartridges (Glen Research 

Corporation) for purification using the online protocol 

(http://www.glenresearch.com/). Samples were then ethanol precipitated, air dried, 

dissolved in water and buffer exchanged or diluted into the desired buffer consisted 

of 15 mM sodium phosphate, 25 mM NaCl, 0.1 mM EDTA, 10% D2O, pH 6.4 with 

or without 3 mM Mg2+.. DMT-off 2ʹO deprotected samples were directly ethanol 

precipitated, and purified using 20% (w/v) denaturing PAGE, and electroeluted into 

20 mM Tris buffer, pH 8, and subsequently ethanol precipitated. The samples were 

then dissolved in water (50 µM for hairpin and 200-500 µM for duplex) and 

annealed by heating at 95°C for 10 min and cooling on ice for 30 min (for hairpin) 

or at room temperature for 2 h (for duplex). RNA samples were buffer exchanged 

at least three times using a centrifugal concentrator (EMD Millipore) into the 

desired buffer. The purity of methylated and unmodified oligonucleotides was 

verified by checking the signals of deprotecting groups in NMR spectra and for B5ʹ 

using liquid chromatography-mass spectrometry LC/MS (Novatia).  
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2.5.2 NMR experiments 

All NMR experiments were collected on a 600 MHz Bruker NMR 

spectrometer equipped with an HCN cryogenic probe. Data were processed and 

analyzed using NMRpipe228 and SPARKY (T. D. Goddard and D. G. Kneller, 

SPARKY 3, University of California, San Francisco), respectively. Resonances 

were assigned using 2D HSQC, HMQC, 1H-1H NOESY (mixing times of 100 ms 

and 150 ms) and HCN experiments in the absence of Mg2+.  

2.5.3 UV melting 

Thermal melting experiments were conducted on a PerkinElmer Lambda 25 

UV/VIS spectrometer with a RTP 6 Peltier Temperature Programmer and a PCB 

1500 Water Peltier System. All RNA samples were buffer exchanged at least three 

times with a centrifugal concentrator (EMD Millipore) to desired buffers (15 mM 

sodium phosphate, 25 mM NaCl, 0.1 mM EDTA, pH 6.4  with or without 3 mM Mg2+), 

followed by direct dilution to 3 µM with the same buffer. At least three 

measurements were carried out for each RNA with a sample volume of 400 µL in 

a Teflon-stoppered 1 cm path length quartz cell. The absorbance at 260 nm was 

monitored while the temperature was varied between 15°C and 95°C. 

Thermodynamic parameters from UV melting experiments were fitted using 

nonlinear model fitting in Mathematica 10.0 (Wolfram Research) such that melting 

temperature I and enthalpy (ΔH) for duplex and hairpin association were obtained 
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by the fitting to equations (1) and (2) respectively229,  
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where T is the temperature (K), R is the gas constant (kcal mol-1), and 𝑓	is 

the fraction of folded duplex or hairpin for (1) and (2) respectively. ΔG and ΔS were 

calculated from equations (3) and (4) for duplex association and hairpin folding 

respectively. 
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where CT is the total concentration of RNA. The uncertainty in Tm, ΔH, ΔG 

and ΔS was obtained based on the standard deviation in triplicate measurements. 

The destabilization or stabilization effects of m6A was calculated using the 

following equations:  

∆∆𝐺 = 	∆𝐺456 − ∆𝐺"347!181%! (2.5) 

∆∆𝐻 = 	∆𝐻456 − ∆𝐻"347!181%! (2.6) 

∆∆𝑆 = 	∆𝑆456 − ∆𝑆"347!181%! (2.7) 
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2.5.4 Secondary structure prediction 

The programs MC-Flashfold package220 and RNAstructure package222 were 

used to predict the secondary structure of 140,574 sequences containing m6A that 

were identified using single-nucleotide transcriptome-wide m6A mapping of human 

genome build (hg19)55. Another 140,574 control sequences that do not contain the 

DRACH motif and that were randomly selected from the same transcriptome were 

also analyzed. In-house Python scripts were used to perform the analysis. The 

sequences were 41 nt long with m6A positioned in the middle. Analysis was 

repeated when varying the position and length of the m6A site (31-nt long 

sequences with m6A site at the 11th or 21st position). The lowest energy predicted 

structures were classified into different categories: duplex, unpaired, 5ʹB-[A-U], 

5ʹB-[A-Y] (Y denotes A or C or G), [A-U]-B3ʹ, [A-Y]-B3ʹ and 5ʹB-[X-A]/[X-A]-B3ʹ (X 

denotes A or C or G or U). 5ʹ-B-[A-U] and 5ʹB-[A-Y] are motifs containing junctional 

A-U or A-Y bp with unpaired residues at 5ʹ side of A. Similarly, [A-U]-B3ʹ, [A-Y]-B3ʹ 

are motifs containing junctional A-U or A-Y bps with unpaired residues at 3ʹ side of 

A. 5ʹB-[X-A]/[X-A]-B3ʹ is the motif with junctional A-X bps that are on the opposite 

strand of unpaired residues. With the exception of G-U bps, the RNAstructure 

package does not predict mismatches. To calculate the population of 5ʹB-[A-Y] and 

[A-Y]-B3ʹ, any A-Y site that was immediately adjacent to a canonical Watson-Crick 

bp was counted as a mismatch. The MC-Flashfold package does predict 
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mismatches allowing further classification of the duplex category into duplex(A-U) 

and duplex(A-Y). MC-Flashfold was used to predict the secondary structures 

setting the maximum energy difference of output structures to minimum free 

energy (MFE) of 0, 1, 2 or 3 kcal mol-1. For RNAstrutcure package, the maximum 

percent energy difference between predicted structures and MFE was set to 10%, 

20% or 30%. The population of 5ʹB-[A-U] or 5ʹB-[A-X] was determined to be the 

number of sequences predicted to form 5ʹB-[A-U] or 5ʹB-[A-X] in the output 

structures divided by the total number of sequences (140,574). 

2.5.5 Protein expression and purification 

A codon optimized gene, for E. coli expression, encoding the YTH domain 

(residues 380-579) of human YTHDF2 (NP_057342.2 

[https://www.ncbi.nlm.nih.gov/protein/NP_057342.2]) was subcloned into the 

pET15b vector (the plasmid containing the codon optimized sequence was 

purchased from GenScript). The plasmid was transformed into Escherichia coli 

strain C41(DE3). The cells were grown in LB medium containing 50 µg ml-1 

ampicillin at 37 °C to an OD600 between 0.4 and 0.6. Recombinant proteins were 

induced by adding isopropyl-β-D-thiogalactopyranoside (IPTG) to 0.5 mM and 

overexpressed in LB medium at 20 °C overnight. Cells expressing YTH domain 

were harvested at 4 °C and stored at -80 °C or lysed immediately using a 

microfluidizer in the buffer containing 20 mM HEPES (pH 7.4), 200 mM NaCl, 1 
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mM DTT supplemented with protease inhibitors and Dnase. Following 

centrifugation at 17 500 rpm for 3min at 4 °C, the supernatant was loaded to Ni-

NTA affinity column. The eluted protein was further purified by size exchange 

chromatography (SEC) using a Superdex 75 pg column. The peak fractions were 

collected and concentrated. The protein purity was assessed using SDS-PAGE 

analysis and protein concentration determined using Bradford assays. 

2.5.6 YTH domain binding assays 

Binding experiments were carried out using a previously reported223 

fluorescence polarization (FP) assay at 25 °C and using a PanVera Beacon 2000 

instrument (Invitrogen, Madison, WI, USA). 5ʹ-fluorescein-labeled RNAs were 

synthesized and purified as described in the sample preparation section. 

Fluorescein labeled samples were dissolved in water and then directly diluted into 

desired buffers (20 mM HEPES 50 mM NaCl, 3mM DTT, pH 8.2, with or without 

3mM Mg2+). YTH domain protein was serially diluted into 200 µL of the same binding 

buffer containing 2 nM 5ʹ-fluorescein-labelled RNA.  Fluorescence polarization was 

measured at an excitation wavelength of 490 nm and an emission wavelength at 

530 nm. The total fluorescent intensities did not vary significantly throughout the 

measurements (i.e. (Imax-Imin)/ Imin ~5%, in which Imax and Imin are the maximum and 

minimum intensities respectively). The binding curves were fitted to either one-site 

(5) or two-site230 (6) binding mode using Mathematica 10.0 (Wolfram Research). 
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Lt is the total concentration of protein, Rt is the concentration of RNA. A and 

B represent free RNA anisotropy and RNA-protein intrinsic anisotropy of the 

saturated protein-RNA complex. KD is the dissociation constant. In equation (6), 

KD1 and KD2 are dissociation constants of the two binding events respectively. A, B 

and C represent free RNA anisotropy, RNA-Protein and RNA-[Protein]2 intrinsic 

anisotropy of the saturated protein-RNA complexes. By titrating excess protein 

against 2 nM RNA, Lfree remains in excess over concentrations of RNA-Protein and 

RNA-[Protein]2 complexes. Lfree is therefore well approximated by Lt and is referred 

to simply as L. 

2.5.7 in vitro RNA pulldown 

Biotinylated RNA samples were synthesized and purified as described in 

the sample preparation section. HEK293T cells were harvested at ~70-80% 

confluency, washed with cold PBS and lysed by dounce homogenization in lysis 

buffer (10 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 0.5 mM DTT, 10 mM Tris, 

pH 7.4), and the lysate was then brought to 150 mM KCl and 5% Glycerol (v/v). 
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Mammalian protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor 

cocktail (Sigma-Aldrich) were freshly added to the lysis buffer. The following steps 

were performed as described previously19, except that binding buffers containing 

different Mg2+ concentrations were used (10 mM Tris pH 7.5, 150 mM KCl, 0.5 mM 

DTT, 0.05% (v/v) NP-40 and 0 mM, 1.5 mM, or 3 mM MgCl2). Proteins were eluted 

under mild conditions with elution buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 2% 

SDS (w/v), and 1 mM biotin) at 60˚C, 1100 rpm on a thermal block shaker. The 

pulldown eluent was loaded on 4-12% polyacrylamide Bis-Tris polyacrylamide gels 

(Thermofisher) and then transferred onto PVDF membranes (GE Healthcare, 

Amersham) using a wet electrophoretic transfer system (BioRad). The membrane 

was then blocked with 5% nonfat dry milk in 0.1% PBST (0.1% Tween-20 in 1x 

PBS, pH 7.4). Rabbit polyclonal YTHDF2 antibody (Aviva system biology 

ARP67917_P050) was diluted 1:1000 in 0.1% PBST and incubated on the 

membrane for 1 h at room temperature (15-25˚C) or overnight at 4°C. Membranes 

were then washed in 0.1% PBST, and then incubated with HRP-conjugated goat 

anti-rabbit IgG (Abcam ab6721) at 1:2500 dilution in 0.1% PBST for 1 h at 25°C. 

Membranes were then subsequently washed with 0.1% PBST and exposed with 

enhanced chemiluminescence (ECL; GE Healthcare). 

2.5.8 Dot blot assays 

RNA samples were quantified using UV spectroscopy. Methylated and 



 

 

 

72 

unmodified RNA samples were spotted onto a nylon membrane (GE healthcare). 

Fluorescein labeled RNA samples (prepared as described in sample preparation 

section) were scanned by UVP imaging system to visualize the quantity of RNA 

spotted onto the membrane. The membrane was then UV-crosslinked and blocked 

for 1 h in 5% nonfat dry milk in 0.1% PBST (0.1% Tween-20 in 1x PBS, pH 7.4). 

The following steps were performed essentially as described for RNA pulldown 

(above). m6A antibody (SySy 202003, NEB E1610S or Abcam ab151230) was 

diluted 1:1000 in 0.1% PBST and incubated on the membrane for 1 h at room 

temperature or overnight at 4°C. Membranes were then washed in 0.1% PBST, 

incubated with HRP-conjugated goat anti-rabbit IgG (Abcam ab6721) (1:2500) in 

0.1% PBST for 1 h at room temperature. The membrane was then washed again 

in 0.1% PBST and developed with enhanced chemiluminescence (ECL; GE 

Healthcare). The SS construct used in dot blot assay is 5ʹ-GGCGGm6ACUC-3ʹ. 
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3 NMR chemical exchange measurements reveal that N6-
methyladenosine slows RNA annealing 

 

3.1 Preface 

This Chapter is reproduced of permission of work originally published online 

in Journal of the American Chemical Society.  “Shi, H.., Liu, B., Nussbaumer, F., 

Liu, B., Rangadurai, A., Kreutz, C., and Al-Hashimi, H.M., 2019. NMR Chemical 

Exchange Measurements Reveal That N6-Methyladenosine Slows RNA 

Annealing.” 231 

3.2  Introduction  

N6-methyladenosine (m6A) is an abundant reversible epitranscriptomic 

modification found in coding and non-coding RNAs18,232-234.  It plays important roles 

in RNA metabolism235-238 and is implicated in a growing number of cellular 

processes6,152,239-243.  While the modification is thought to primarily exert its 

function by recruiting reader proteins to specific RNA sites, it can also reshape 

RNA-RNA and RNA-protein interactions by modulating RNA structure244-248.  A 

single m6A destabilizes RNA duplexes by 0.5-1.7 kcal/mol249,250, enhancing 

binding to single-stranded RNA (ssRNA) binding proteins244.  m6A destabilizes A-

U base pairs (bps) because hydrogen bonding requires that the N6-methyl group 

adopts the energetically unfavorable anti conformation249,250 (Fig. 3.1). 

The activities of many RNAs also depends on the kinetic rates of folding, 

protein-RNA, RNA-RNA, and RNA-ligand association/dissociation and 

conformational transitions211,251-256.  Surprisingly little is known about how m6A and 
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other epitranscriptomic modifications impact these kinetic properties of RNA.  

Compelling evidence for such a kinetic effect comes from a study showing that in 

mRNA, m6A slows down tRNA selection during translation248.  Here, we developed 

an approach based on NMR spin relaxation dispersion (RD) in the rotating frame 

(R1ρ)257-259 and Chemical Exchange Saturation Transfer (CEST)260,261 to site-

specifically and non-invasively measure hybridization kinetics of nucleic acid 

duplexes and then used the approach to examine how a single m6A impacts RNA 

duplex hybridization kinetics. 

The melting and annealing of RNAs occurs in a wide variety of biochemical 

reactions254,262.  Relative to other methods for studying hybridization kinetics263-272, 

the NMR approach does not require a potentially perturbing label, which could 

obscure the impact of a small chemical modification, and kinetics can be measured 

at atomic resolution259,273 to enable characterization of any intermediates that may 

form at the modified site. 

 

 

Figure 3.1: N6-methyl adenosine (m6A) destabilizes m6A-U pairing and RNA 
duplexes.   

The methyl group must adopt an anti conformation to form the Watson-Crick H6--
-O4 hydrogen bond, but this leads to unfavorable steric contacts with N7. 
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3.3 Results 

We first evaluated the R1ρ RD methodology on DNA duplexes whose 

hybridization kinetics has been extensively characterized 

previously265,268,271,272,274-278.  R1ρ RD relies on measuring the exchange 

contribution (Rex) to transverse spin relaxation (R2) due to chemical exchange 

between a major ground-state (GS) and a low-abundance and short-lived ‘excited-

state’ (ES)279,280. 

Prior R1ρ studies on RNA and DNA duplexes were carried out at 

temperatures below the melting temperature (Tm)273,281-283.  Under these conditions, 

the population (pss) of the single-stranded (ss) species falls below detection (< 

0.1%)258, enabling studies of bp dynamics.  For example, at T=25°C, the R1ρ 

profiles measured for various sites in the A6-DNA duplex282,284 (Tm~51°C and [A6-

DNA] ~ 0.9 mM) reflect exchange between a major Watson-Crick GS and minor 

Hoogsteen ES282 (Fig. 3.2A, 3.2B, Supplementary Fig. 3.5).  There is no evidence 

for a transient ss species, which is estimated to have a pss ~ 0.1% based on UV 

melting experiments (Supplementary Table 3.1). 
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Figure 3.2: Site-specific characterization of A6-DNA hybridization kinetics 
using NMR R1ρ RD 

The A6-DNA duplex.  Δω = ωES – ωGS obtained from global fitting of the R1ρ RD 
profiles is color-coded on each atom.  Sites which are not colored indicates that no 
measurements were done.  (B) Off-resonance R1ρ (13C) RD profiles measured in 
A6-DNA at 25°C (left) and 45°C (right).  T9(C1′) RD at 25°C were reprinted by 
permission from285.  Buffer conditions were 25 mM NaCl, 15 mM sodium 
phosphate, 0.1 mM EDTA and 10% D2O at pH 6.8.  (C) The site-specific koff values 
obtained from 2-state fitting of the R1ρ RD profiles measured for A6-DNA at 45°C.  
(D) Comparison of ΔωES-GS = ωES – ωGS measured by RD with Δωss-ds = ωss – ωds 
values obtained from the major and minor resonance observed in 2D [13C,1H], 
[15N,1H] and [15N, 13C] HSQC spectra of A6-DNA at 45°C. 
 

Based on simulations277, increasing the temperature so that pss>1.0% 

should bring hybridization kinetics within R1ρ detection (Supplementary Fig. 3.6).  

Indeed, the R1ρ profiles for A6-DNA changed when increasing the temperature to 



 

 

 

77 

T=45 °C (pss~10%).  RD is now apparent at A16(C2) and T9(C1′), which are 

otherwise flat at T=25°C (Fig. 3.2B).  A single peak was observed in all cases 

consistent with two-state exchange (GS ⇌ ES).  Fitting the R1ρ data to a 2-state 

exchange model yielded very similar k1 = koff (differences < 2-fold; koff is the rate 

constant for dissociation) for different sites as expected for concerted melting and 

annealing of the duplex (Fig 3.2C).  This is in stark contrast to Hoogsteen exchange 

at T=25°C, in which k1 varies 50-fold across sites reflecting sequence-specific 

differences in bp dynamics286.  The ES chemical shifts measured for various sites 

were also in excellent agreement with those measured for the isolated ss, 

confirming that the ES is the ss species (Fig. 3.2D, Supplementary Fig.3.7). 

In the ‘zip-up’ model275,287, DNA annealing proceeds through a slow 

nucleation step followed by a fast zipping step occurring on the ns-µs timescale 

which is too fast for RD detection.  Since the Hoogsteen exchange at higher 

temperatures is likely too fast for RD detection, ‘all-or-nothing’ behavior is 

observed with strands either being fully annealed or fully unzipped.  These results 

establish the utility of R1ρ RD to measure hybridization kinetics in DNA duplexes 

with site-specific resolution. 

The backward rate constant k-1 = kon × [ss] (kon is the rate constant for 

duplex annealing) was ill-defined when fitting the R1ρ RD data (Supplementary Fig. 

3.8).  Such a degeneracy is expected when the exchange is slow on the NMR 

timescale and when using spin lock powers (ω1) in the R1ρ experiment that exceed 

the exchange rate (kex = k1 + k-1)288,289.  Indeed, in the slow exchange limit, the line 

broadening of the GS resonance only depends on the forward rate.  To address 
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this degeneracy, we used CEST experiments which can employ much lower spin 

locking fields more suitable for characterizing systems in slow exchange260,261.  

CEST relies on measuring the resonance intensity of the GS as a function of the 

power and offset of an applied weak radio frequency (rf) field.  At T=45°C, the 

CEST profiles for A6-DNA revealed a dip at the chemical shift of the ss ES (Fig. 

3.3A, 3.3C, Supplementary Fig.3.9).  Fitting the CEST profiles allowed the reliable 

determination of all exchange parameters including kon (Supplementary Fig. 3.8), 

resulting in values (Fig. 3.3B) that are in good agreement with those previously 

reported values for similar DNA duplexes272,277. 

Fixing pss to the CEST determined value, the R1ρ RD profiles could be 

satisfactorily globally fitted (Supplementary Fig 3.9), yielding exchange parameters 

(k1 = koff, k-1 = kon × [ss] and ΔωES-GS that are in excellent agreement with the 

CEST derived values (Fig. 3.3B, Supplementary Table 3.3, 3.4).  This mutual 

consistency further supports the validity of the approach.  Finally, we further 

evaluated the CEST methodology by comparing the hybridization kinetics of A6-

DNA with another A2-DNA duplex, which has higher stability (Tm~60°C and [A2-

DNA] ~ 0.8 mM) (Fig. 3.3C, 3.3D).  Consistent with prior studies47-49, the two 

duplexes have similar kon values but koff is 20-fold faster for the less stable A6-

DNA duplex (Fig. 3.3E). 

Next, we applied the methodology to examine how m6A impacts 

hybridization kinetics in an RNA duplex containing the most abundant m6A 

consensus sequence (GGACU) in eukaryotic mRNA18,232 (Tm~80°C and 

[dsGGACU] ~ 0.7 mM with Mg2+).  In canonical RNA duplexes, there are no 
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contributions from Hoogsteen exchange or any other process as verified for 

Watson-Crick bps in a variety of sequence and structural contexts54.  However, 

since m6A could induce local melting of the duplex, it was important to carry out 

measurements on the m6A residue itself.  To this end, two dsGGACU duplexes 

were chemically synthesized containing 13C2/C8 labeled m6A or A near the center 

of the duplex (Fig. 3.4A, Supplementary Fig.3.5, 3.10) (see methods).  m6A 

destabilized the dsGGACU duplex by ~1 kcal/mol (Supplementary Table 3.1), 

consistent with prior studies249,250. 

The CEST and R1ρ profiles for both unmodified and modified dsGGACU 

duplex at T=65°C revealed a single peak/dip consistent with 2-state exchange (Fig. 

3.4B, Supplementary Fig.3.11).  However, the profiles for the modified duplex 

differed markedly from its unmodified counterpart (Fig. 3.4B, Supplementary 

Fig.3.11).  In both cases, global fitting of the CEST and R1ρ data yielded ES 

chemical shifts that are in excellent agreement with those measured for the 

isolated ss (Fig. 3.4C, Supplementary Fig. 3.11, 3.12).  Fitting the CEST data 

revealed that m6A changes koff by 0.7-1.7 fold but decreases kon by 4-9 fold (Fig. 

3.4D, Supplementary Fig. 3.11).  This m6A induced slowdown of annealing was 

observed robustly with or without Mg2+ (Fig. 3.4D, Supplementary Fig. 3.11), for a 

different sequence derived from Hepatitis C virus (HCV)152 (Tm~76°C and [dsHCV] 

~ 0.7 mM with Mg2+) (Supplementary Fig. 3.5, 3.11), at a higher concentration of 

monovalent ions (Supplementary Fig. 3.11), and when using the R1ρ RD data 

(Supplementary Fig. 3.11). 
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Figure 3.3: Site-specific characterization of hybridization kinetics using 
CEST 

(A) 13C CEST profile for G11(C8) measured in A6-DNA at 45°C.  (B) Comparison 
of ΔωES-GS, koff and kon values obtained from R1ρ and CEST (fits of the R1ρ 
profiles were preformed fixing pss to the value measured using CEST).  Buffer 
conditions were 25 mM NaCl, 15 mM sodium phosphate, 0.1 mM EDTA and 10% 
D2O at pH 6.8.  (C) The sequence of A2-DNA and A6-DNA.  Δω = ωES – ωGS 
obtained from CEST fitting is color-coded on each atom.  (D) 13C CEST profiles 
for G11(C8) measured in A2-DNA and A6-DNA at 50°C.  (E) Comparison of kon 
and koff values measured for A2-DNA (red) and A6-DNA (green). 
 

When unpaired, the N6-methyl group favors the syn conformation, while 

the anti conformation required for Watson-Crick pairing and duplex annealing is 

unfavorable with an estimated population of ~5%290.  Rotation of the N6-methyl 

group is likely responsible for the reduced annealing rate.  Mismatches have also 

been shown to reduce kon by up to 50-fold254,291 through mechanisms that are not 

fully understood.  Further studies are needed to dissect the kinetic mechanism by 
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which m6A slows the annealing rate and how this varies with position and 

sequence context291. 

 

Figure 3.4: Measuring the impact of m6A on dsGGACU hybridization 
kinetics using CEST 

(A) The dsGGACU sequence. Δω = ωES – ωGS obtained from global fitting of CEST 
is color-coded on each atom.  (B) 13C CEST profiles measured for A6 in unmodified 
(left, green) and m6A modified (right, red) dsGGACU at 65°C in the presence of 3 
mM Mg2+ (profiles in the absence of Mg2+ are shown in Supplementary Fig. 3.11).  
Buffer conditions were 25 mM NaCl, 15 mM sodium phosphate, 3 mM Mg2+, 0.1 
mM EDTA and 10% D2O at pH 6.8.  (C) Comparison of ΔωES-GS = ωES – ωGS 
measured by CEST with Δωss-ds = ωss – ωds values obtained from the major and 
minor resonance observed in 2D [13C,1H] HSQC spectra of dsGGACU with (red) 
and without (green) m6A at 65°C.  (D) Comparison of kon and koff measured for 
unmodified (green) and m6A modified (red) dsGGACU. 

3.4 Conclusion and discussion 

In conclusion, we have described an NMR strategy for site-specifically 

resolving duplex hybridization kinetics.  The ease and throughput of these 
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experiments can be improved in the future by using longitudinal optimized 1H-

CEST experiments292 as well as other approaches for optimal data collection261,293.  

The approach can also be applied to mismatch containing duplexes ideally by 

targeting remote sites that are not involved in any local mismatch dynamics and to 

use multi-site exchange models as needed to fit data283.  Our results show that in 

the middle of a duplex, m6A minimally affects the melting rate but substantially 

decreases the rate of annealing.  This may help explain why tRNA selection during 

translation is slower for mRNAs containing m6A248.  m6A is also found in the seed 

sequence of microRNAs and in their mRNA target sites294 and mismatches that 

slowdown microRNA:mRNA annealing have substantial effects on gene 

expression291.  Thus, m6A could similarly affect gene expression by altering the 

kinetics of annealing.  m6A may also affect the kinetics of RNA-protein and RNA-

ligand association and also reshape co-transcriptional RNA folding pathways295-298 

by prolonging the lifetime of the unpaired conformation252,299,300 perhaps in a 

manner analogous to cis-trans proline isomerization in proteins301,302. 

 

3.5 Materials and methods 

3.5.1 Sample preparation 

In what follows we use “ssA6-DNA(A)” and “ssA6-DNA(B)” to refer to 

individual strands but otherwise use “A6-DNA” when referring to both strands in a 

duplex (Supplementary Fig. 3.5). 
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3.5.1.1 Buffer preparation  

All DNA and RNA samples were buffer exchanged with centrifugal 

concentrators (Amicon Ultra-15 3-kDa cut-off EMD Millipore) into NMR buffer 

containing 25 mM sodium chloride, 15 mM sodium phosphate, 0.1 mM 

ethylenediaminetetraacetic acid (EDTA) and 10% D2O at pH 6.8 with or without 3 

mM Mg2+.  A subset of CEST data of dsHCV duplexes were collected at a higher 

concentration of monovalent ions containing 100 mM sodium chloride, 15 mM 

sodium phosphate, 0.1 mM ethylenediaminetetraacetic acid (EDTA) and 10% D2O 

at pH 6.8 with 3 mM Mg2+.  The buffer was prepared by mixing equimolar amounts 

of sodium phosphate mono and dibasic salts, followed by adjusting pH using 

HCl/NaOH.  The final concentrations were ~0.9 mM for A6-DNA, ~0.8 mM for A2-

DNA, ~1.0 mM for dsGGACU duplexes without Mg2+, ~0.7 mM for dsHCV duplexes 

with Mg2+ at low salt (25 mM sodium chloride) and ~0.4 mM for dsHCV duplexes 

with Mg2+ at high salt (100 mM sodium chloride). 

 

3.5.1.2 Unlabeled NMR samples 

Unmodified DNA oligonucleotide samples (A2- and A6-DNA) were 

purchased from Integrated DNA Technologies (IDT) with standard desalting 

purification. Unmodified ssGGACU(B) and ssHCV(A) RNA oligonucleotides, and 

modified ssHCVm6A6(A) were synthesized using a MerMade 6 Oligo Synthesizer 

using 2′-tBDSilyl and n-acetyl protected A/G/C/U and m6A phosphoramidites 

(ChemGenes) and 1 μmol standard synthesis columns (1000 Å) (BioAutomation).  
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RNA oligonucleotides were synthesized with the option to leave the final 5ʹ-

protecting group (4,4′-dimethoxytrityl (DMT)) on for 2′-O deprotection and cartridge 

purification.  Synthesized oligonucleotides were cleaved from the 1 μmol columns 

using 1mL ammonia methylamine (1:1 ratio of 30% ammonium hydroxide and 30% 

methylamine) followed by 2-hour incubation at room temperature to allow base 

deprotection.  The solution was then air-dried and dissolved in 115 μL DMSO, 60 

μL TEA, and 75uL TEA.3HF, followed by 2.5 h incubation at 65 °C for 2′-O 

deprotection. 

 

The 2′-O deprotected samples were then quenched with Glen-Pak RNA 

quenching buffer and loaded onto Glen-Pak RNA cartridges (Glen Research 

Corporation) for purification using the Glen Research online protocol 

(https://www.glenresearch.com/media/productattach/g/l/glen-pak_2.9_1.pdf).  

Samples were then ethanol precipitated and air-dried.  The DNA strands after 

purchase and the RNA strands after ethanol precipitation were dissolved in water 

(200-500 µM for duplex samples) and annealed by heating an equimolar amount 

of complementary single strands at 95°C for 10 min followed by cooling at room 

temperature for 2 h.  Extinction coefficient for concentration calculation were 

obtained from the atdbio online calculator (https://www.atdbio.com/tools/oligo-

calculator). 

3.5.1.3 Isotopically labeled NMR samples 

The residue-specifically labeled DNA samples were uniformly 13C/15N-
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labeled at a specific residues while residue-specifically labeled RNA samples 

employed nucleotides labeled at specific atoms as indicated in Supplementary Fig. 

3.5.  ssA6-DNAT9(A) in which T9 was residue-specifically 13C/15N-labeled was 

purchased from Yale Keck Oligonucleotide Synthesis Facility.  The sample was 

purified using Cartridge purification.  Site-specifically labeled A6-DNAT9 was 

prepared by annealing ssA6-DNAT9(A) with its unlabeled complementary strand at 

an equimolar ratio. 

Site-specifically labelled ssGGACUA6(A), ssGGACUm6A6(A) and 

ssHCVA15(B) were synthesized using the same approach used to synthesize 

unlabelled RNA oligonucleotides described above.  13C8-labeled adenine 

phosphoramidites were chemically synthesized using the protocol described 

previously303.  The 13C2/C8-labeled A/m6A phosphoramidites was chemically 

synthesized as described below (Supplementary Fig. 3.10).  ssGGACUA6(A), 

ssGGACUm6A6(A) were 13C8/C2 labeled at A/m6A6 and ssHCVA15(B) was site-

specifically 13C8 labeled at A15.  The dsGGACUA6, dsGGACUm6A6, dsHCVA15 and 

dsHCVm6A6, A15 duplexes were prepared by annealing site-specifically labeled 

strand with their unlabeled complementary strands at equimolar ratio. 

The uniformly 13C/15N-labeled ssA6-DNA(A), ssA6-DNA(B) or residue type 

(G,T or C,A) 13C/15N-labeled ssA2-DNA(A) and ssA2-DNA(B) samples were 

synthesized by in vitro primer extension304 using a chemically synthesized DNA 

template (IDT), Klenow fragment DNA polymerase (New England Biolabs) and 

uniformly 13C, 15N-labeled dNTPs (Sigma-Aldrich).  The DNA product was purified 

using 20% denaturing 29:1 polyacrylamide gel with 8 M urea, 20 mM Tris borate 
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and 1 mM EDTA, then isolated by electro-elution (Whatmann, GE Healthcare) in 

40 mM Tris Acetate and 1 mM EDTA and finally ethanol precipitated.  All 13C/15N-

labeled single stranded DNA were exchanged into NMR buffer and mixed with 

complementary strands at equimolar ratio to prepare 13C/15N-labeled duplex A2-

DNA and A6-DNA samples.  The complete formation of a duplex was monitored by 

looking at disappearance of 13C/15N labeled ss peaks in a 2D [13C, 1H] HSQC 

experiment at room temperature. 

 

3.5.1.4 Synthesis of (2,8-13C2)-m6A RNA phosphoramidite 

(2-13C)-6-amino-2-thioxo-1,2-dihydro-4(3H)-pyrimidinone (1) 

Sodium (1.05 eq, 1.90 g, 82.8 mmol) was dissolved in 60 mL of absolute 

ethanol under an argon atmosphere. After complete dissolution, ethyl 

cyanoacetate (1.0 eq, 8.92 g, 78.8 mmol) was added dropwise at room 

temperature. After 5 min of stirring, 13C-thiourea (1.0 eq, 6.0 g, 78.8 mmol) was 

added at once and the mixture was refluxed for 2 h, while a white precipitate was 

formed. The mixture was evaporated, dissolved in 50 mL water and brought to pH 

5 with acetic acid after which a white precipitate was formed. Precipitation was 

completed by storing the mixture 30 min on ice, the solid material was filtered off, 

washed with a little of water, ethanol and finally with acetone and dried in high 

vacuum to give 1 as a white solid. 

Yield: 11.7 g (quantitative) 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 11.59 (bs, 1H, NH); 11.51 (bs, 1H, NH);  
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6.36 (s, 2H, NH2); 4,69 (s, 1H, CH) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 174.6 (13C(2)); 161.6 (C(4)); 154.3 (C(6)); 

78.2 (C(5)H) ppm. 

(2-13C)-6-amino-5-nitroso-2-thioxo-1,2-dihydro-4(3H)-pyrimidinone (2) 

Compound 1 (1.0 eq, 11.7 g, 81.7 mmol) was suspended in 300 mL of 1N HCl. To 

this a solution of NaNO2 (1.1 eq, 6.20 g, 89.9 mmol) in 28 mL water was added 

dropwise over a period of 20 min. A red suspension was formed and stirring was 

continued for 3 h. The solid material was filtered off, washed with a little of water, 

ethanol and acetone, dried in high vacuum to give 2 as a red solid. 

Yield: 14.1 g (quantitative) 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 7.70 (bs, 2H, NH2); 11.23 (s, 1H); 12.56 

(s, 1H) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 176.4 (13C(2)); 159.8 (C(4)); 143.0 (C(6)); 

140.8 (C(5)) ppm. 

(2-13C)-5,6-diamino-2-thioxo-2,3-dihydropyrimidin-4(1H)-one (3) 

Compound 2 (1.0 eq; 14.0 g; 81.3 mmol) was suspended in 320 mL saturated 

sodium bicarbonate solution. Sodium dithionite (2.4 eq, 33.9 g, 195 mmol) was 

added as a solid in 10 portions with stirring at 0°C. Gas evolution and foaming was 

observed. The mixture was stirred 3 h on ice while the color of the suspension 

changed from red to yellow. The mixture was brought to pH 7 with acetic acid. The 

solid material was filtered off, washed with a little of water, ethanol and acetone 

and dried in high vacuum to give 3 as a yellow solid. 

Yield: 12.1 g (76.8 mmol, 94 %) 
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1H-NMR (300 MHz, DMSO-d6, 25°C): δ 5.68 (bs, NH and NH2) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 167.5 (13C(2)); 157.8 (C(4)); 140.4 (C(6)); 

102.4 (C(5)) ppm. 

(2-13C)-5,6-diamino-4(3H)-pyrimidinone (4) 

Compound 3 (12.1 g, 76.8 mmol) was dissolved in 330mL of 5 % aqueous 

ammonia. To this was added with stirring 34 g of 50% Raney Nickel, moderate gas 

evolution was observed. The mixture was refluxed for 2 h. Insoluble material was 

removed by filtering the hot suspension over a pad of celite. The filter cake was 

washed with hot water and the filtrate evaporated to dryness to give 4 as a yellow 

solid. 

Yield: 8.04 g (63.6 mmol, 82 %) 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 7.41 (d, 1H, 1JCH = 201.9 Hz, 13C(2)H); 

5.56 (bs, 2H, NH2 or NH) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 156.2 (C(4)); 146.9 (C(6)); 138.0 (13C(2)); 

110.3 (C(5)) ppm. 

(2,8-13C)-Hypoxanthine (5) 

Compound 4 (1.0 eq, 8.0 g, 63.4 mmol) was added in small portions at 40 °C 

under vigorous stirring to a mixture of 40 mL water and 6.22 g concentrated sulfuric 

acid (1.0 eq, 6.4 mmol). 13C-formic acid (1.65 eq, 4.81 g, 104.6 mmol) was added 

at once and the mixture was refluxed overnight to give a red solution. The mixture 

was cooled to room temperature, concentrated ammonia solution was added to 

make the solution alkaline and stored at 0°C for 30 min while the product 

precipitated. The solid was filtered off, washed with a little volume of water, ethanol 
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and acetone. Drying in high vacuum gave 5 as a pale-yellow solid. 

Yield: 5.60 g (41.2 mmol, 65 %) 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 12.50 (bs, 1H, NH); 8.11 (d, 1H, 1JCH = 

209.9 Hz, 13C(8)H); 7.96 (d, 1H, 1JCH = 204.7 Hz, 13C(2)H) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 144.6 (13C(2); 140.2 (13C(8)) ppm. 

5’,3’,2’-Tri-O-benzoyl-(2,8-13C)-inosine (6) 

Compound 5 (1.0 eq, 4.50 g, 33.06 mmol) together with 1-O-acetyl-2,3,5-

tri-O-benzoyl-β-D-ribofuranose (ATBR, 1.0, 16.70 g, 33.06 mmol) was co-

evaporated two times with anhydrous toluene. To the residue suspended in 200 

mL of dry toluene was added N,O-bis(trimethylsilyl)acetamide (BSA, 3.0 eq, 99.2 

mmol) under an argon atmosphere. The mixture was refluxed with stirring for 30 

min while the suspension turned into a brown solution. To this solution was added 

trimethylsilyl trifluoromethanesulfonate (TMSOTf, 3.0 eq, 22.0 g, 99.2 mmol) and 

refluxing was continued for 45 min. Then, thin layer chromatography showed 

complete conversion. The mixture was evaporated to an oily residue, dissolved in 

chloroform and washed twice with saturated sodium bicarbonate solution. The 

organic phase was dried over anhydrous sodium sulfate, filtered and evaporated 

to dryness. The crude product was applied to a silica gel column with methylene 

chloride and eluted using a gradient from 0 to 7 % methanol in methylene chloride 

to give 6 as a yellow foam. The product was dried in high vacuum. 

Yield: 12.0 g (20.7 mmol, 63 %) 

TLC: CH2Cl2/MeOH = 9/1) Rf = 0.6 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 12.45 (bs, 1H, NH); 8.10 (d, 1H, 1JCH = 
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213,9 Hz, 13C(8)H); 7.94 (d, 1H, 1JCH = 207.0 Hz, 13C(2)H); 8.00 – 7.45 (m, 15H, 

C(arom)H); 6.56 (m, 1H, C(1‘)H); 6.39 (t, 1H, C(2‘)H); 6.19 (t, 1H, C(3‘)H); 4,87 – 

4.63 (m, 3H, C(4‘)H, C(5‘)H2) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 165.4 (C q); 164.7 (C q); 157.2 (C q); 146.1 

(13C(2)); 145.4 (C ar); 144.7 (C ar); 143.9 (C ar); 142.0 (C ar); 139.8 (13C(8)); 138.7 

(C ar); 135.5 (C q); 133.9 (C q); 133.5 (C q); 129.4 (C ar); 129.7 (C ar) 128.74 (C 

ar) 128.70 (C ar); 86.5 (C(1‘); 79.3 (C(2‘); 73.3 (C(3‘); 70.6 (C(4‘); 63.2(C(5‘) ppm. 

5’,3’,2’-Tri-O-benzoyl-(2,8-13C)-6-chloro purine (7) 

Compound 6 (1.0 eq, 8.0 g, 13.8 mmol) was dissolved in 80 mL of dry 

chloroform, thionyl chloride (2.0 eq, 3.28g, 27.6 mmol) was added at once and the 

mixture was refluxed for 3 h, until thin layer chromatography showed complete 

conversion. The reaction mixture was cooled to room temperature and quenched 

by adding it dropwise to a stirred solution of half saturated sodium bicarbonate 

solution cooled on crushed ice. The two phases were separated and the organic 

phase was washed once with saturated sodium bicarbonate solution and brine. 

The organic phase was dried over anhydrous sodium sulfate, filtered and 

evaporated to dryness. The crude product was applied to a silica gel column with 

methylene chloride and eluted using a gradient from 0 to 3 % methanol in 

methylene chloride to give 6 as a colorless foam. The product was dried in high 

vacuum. 

Yield: 5.19 g (8.66 mmol, 62 %) 

TLC: CH2Cl2/MeOH = 9/1) Rf = 0.8 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.94 (d, 1H, 1JCH = 218.1 Hz, 13C(8)H); 
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8.65 (d, 1H, 1JCH = 210.5 Hz, 13C(2)H) 7.98 – 7.43 (m, 15H, C(arom)H); 6.72 (m, 

1H, C(1‘)H); 6.49 (t, 1H, C(2‘)H); 6.28 (t, 1H, C(3‘)H); 4.92 – 4.69 (m, 3H, C(4‘)H, 

C(5‘)H) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 165.4 (C q); 164.6 (C q); 164.5 (C q); 151.8 

(13C(2)); 146.7 (13C(8)); 145.9 (C ar); 134.0 (C ar); 129.4 (C ar); 128.74 (C ar); 

128.68 (C ar); 86.9 (C(1‘)); 79.5 (C(2‘)); 73.1 (C(3‘)); 70.6(C(4‘)); 63.1 (C(5‘)) ppm. 

(2,8-13C)-N-6-methyladenosine (8) 

Compound 7 (5.19 g, 8.66 mmol) was treated with a 1:1 mixture of 40 mL 

methylamine solution (33 wt% in absolute ethanol) and 40 mL methylamine 

solution (40 wt% in water) and stirred at room temperature for 48 h. The mixture 

was evaporated to dryness and co-evaporated three times with dry ethanol to 

remove residual water. The residue was dissolved in a minimum of warm methanol 

and added dropwise to 500 mL of an ice-cooled 1:1 mixture of 500 mL methylene 

chloride/hexane with vigorous stirring. The precipitated product was filtered off, 

washed with methylene chloride and dried in high vacuum to give pure 8 as a 

yellow solid. 

Yield: 2.20 g (7.83 mmol, 90 %) 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.34 (d, 1H, 1JCH = 212.6 Hz, 13C(8)H); 

8.19 (d, 1H, 1JCH = 219.4 Hz, 13C(2)H); 5.87 (t, 1H, C(1‘)H); 5.44 (b, 2H, C(2‘)OH, 

C(5‘)OH); 5.20 (b, 1H, C(3‘)OH); 4.59 (q, 1H, C(2‘)H); 4.14 (b, 1H, C(3‘)H); 3.96 (b, 

1H, C(4‘)H); 3.69 – 3.51 (m, 2H, C(5‘)H2); 2.34 (s, 3H, CH3) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 152.4 (13C(2)); 141.0 (C q); 139.6 (13C(8)); 

87.9 (C(1‘)); 85.9 (C(4‘)); 73.5 (C(2‘)); 70.6 (C(3‘)); 61.6 (C(5‘)); 24.2 (CH3) ppm. 
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3’,5’-O-bis(t-butylsilyl)-2’-O-(t-butyldimethylsilyl)-(2,8-13C)-N-6-methyladenosine 

(9) 

Compound 8 (1.0 eq, 0.75 g, 2.81 mmol) was dried overnight in high 

vacuum at 80 °C and then suspended in 15 mL dry DMF and di-tert.-butylsilyl 

bis(trifluoromethanesulfonate) (1.1 eq, 1.36 g, 3.09 mmol) was added dropwise 

with stirring at 0 °C under an argon atmosphere. After 10 min thin layer 

chromatography showed complete conversion to the intermediate compound and 

the suspension turned into a solution. Imidazole (5.0 eq, 0.95 g, 14.1 mmol) was 

added at once at 0°C and the mixture was allowed to warm to room temperature. 

Tert.-butyl dimethylsilyl chloride (1.2 eq, 0.507 g, 3.37 mmol) was added and the 

mixture was stirred for 2 h at 60 °C until thin layer chromatography showed 

complete conversion. DMF was distilled off in high vacuum, the oily residue 

dissolved in chloroform and washed twice with brine. The organic layer was dried 

over anhydrous sodium sulfate, filtered, and evaporated to dryness. The crude 

product was applied to a silica gel column with methylene chloride and eluted using 

a gradient from 0 to 3 % methanol in methylene chloride to give 9 as a colorless 

solid. The product was dried in high vacuum. 

Yield: 1.01 g (1.87 mmol, 67 %) 

TLC: CH2Cl2/MeOH = 9/1) Rf = 0.8 

1H-NMR (300 MHz, CDCl3, 25°C): δ 8.49 (d, 1H, 1JCH = 201.8 Hz, 13C(8)H); 7.73 

(d, 1H, 1JCH = 210.47 Hz, 13C(2)H); 5.90 (d, 1H, C(1‘)H); 4.62 – 3.99 (5H, C(2‘)H, 

C(3‘)H, C(4‘)H, C(5‘)H), 3.19 (b, 3H, CH3), 1.08 – 1.04 (18H, Si(tBu)2, DTBS); 0.92 

(9H, Si-tBu, TBDMS); 0.16, 0.14 (6H, Si-(CH3)2, TBDMS) ppm. 
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13C-NMR (75 MHz, CDCl3, 25°C): δ 153.4 (13C(2)); 155.5 (13C(8)) ppm. 

2’-O-(t-butyldimethylsilyl)-(2,8-13C)-N-6-methyladenosine 

Compound 9 (1.0 g, 1.87 mmol) was dissolved in 10 mL of dry methylene 

chloride. To this solution was added dropwise at 0 °C under stirring a pre-mixed 

solution of 150 µL HF-pyridine (70 % hydrogen fluoride basis, 30 % pyridine basis) 

and 900 µL pyridine. After stirring 2 h at 0 °C thin layer chromatography showed 

complete conversion. The mixture was allowed to warm to room temperature, 

diluted with chloroform and washed once with saturated sodium bicarbonate 

solution. The organic layer was dried over anhydrous sodium sulfate, filtered and 

evaporated to dryness. The crude product was dried in high vacuum and used 

without further purification for the next step. 

 

TLC: ethyl acetate/n-hexane = 7/3) Rf = 0.1 

2’-O-(t-butyldimethylsilyl)-5’-O-(4,4’-dimethoxytrityl)-(2,8-13C)-N-6-

methyladenosine (10) 

The crude product of the previous step (1.0 eq, 710 mg, 1.80 mmol) 

together with one spatula tip (catalytic amount) of 4-(dimethylamino)pyridine was 

co-evaporated twice with anhydrous pyridine and then dissolved in 7 mL of dry 

pyridine. Then, 4,4’-dimethoxytrityl chloride (1.2 eq, 731 mg, 2.16 mmol) was 

added in three portions within one hour and the mixture was stirred 3 h at room 

temperature, thin layer chromatography showed complete conversion. The mixture 

was quenched with 1 mL of methanol, evaporated to an oily residue and two times 

co-evaporated with toluene. The residue was dissolved in chloroform and washed 
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two times with 5 % citric acid and once with saturated sodium bicarbonate solution. 

The organic layer was dried over anhydrous sodium sulfate, filtered and 

evaporated to dryness. The crude product was applied to a silica gel column with 

methylene chloride and eluted using a gradient from 0 to 3 % methanol in 

methylene chloride to give 10 as a yellowish foam. The product was dried in high 

vacuum. 

Yield: 800 mg (1.15 mmol, 61 % referred to 9) 

TLC: ethyl acetate/n-hexane = 7/3) Rf = 0.5 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.26 (d, 1H, 1JCH = 212.3 Hz, 13C(8)H); 

8.15 (d, 1H, 1JCH = 219.2 Hz, 13C(2)H); 7.72 – 6.84 (9H, C(arom)H); 5.96 (t, 1H, 

C(1‘)H); 5.13 (d, 1H, C(3‘)OH); 4.86 (t, 1H, C(2‘)H); 4.27 (q, 1H, C(3‘)H); 4.11 (q, 

1H, C(4‘)H) 3.74(s, 6H, 2 x OCH3); 3.28 (m, 2H, C(5’)H2)); 2.96 (b, 3H, CH3); 0.77 

(s, 9H, tBu); 0.036, -0,128 (2 x s, 6H, Si(CH3)2) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 152.60 (13C(2)); 139.22 (13C(8)); 130.5 (C 

ar); 128.2 (C ar); 113.9 (C ar); 88.7 (C(1‘)); 84.5 (C(4‘)) 57.8 (C(2‘)); 71.6 (C(3‘)); 

64.6 (C(5‘)); 56.1 (OCH3); 27.8 (NCH3); 26.8 (Si-tBu); -3.80 (Si(CH3)2) ppm. 

2’-O-(t-butyldimethylsilyl)-5’-O-(4,4’-dimethoxytrityl)-(2,8-13C)-N-6-

methyladenosine 3’-[(2-cyanoethyl)-(N,N-diisopropyl)]phosphoramidite (11) 

Compound 11 (1.0 eq, 800 mg, 1.15 mmol) was dissolved in 10 mL of dry 

tetrahydrofuran. To this solution was added simultaneously 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite (CEP-Cl, 2.0 eq, 544 mg, 2.3 mmol) and N,N-

diisopropylethylamine (5.0 eq, 740 mg, 5.75 mmol) under an argon atmosphere 

with stirring. After stirring 2 h at room temperature the reaction mixture was 
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quenched by addition of 1 mL methanol. The mixture was diluted with chloroform 

and washed once with saturated sodium bicarbonate solution. The organic layer 

was dried over anhydrous sodium sulfate, filtered and evaporated to dryness. The 

crude product was applied to a silica gel column with ethyl acetate/n-hexane 2:8 

(+ 2 % triethylamine) and eluted using a gradient from 2:8 to 7:3 ethyl acetate/n-

hexane (+ 2 % triethylamine) to give 12 as a colorless foam. The product was dried 

in high vacuum. 

Yield: 620 mg (0.69 mmol, 61 %) 

TLC: ethyl acetate/n-hexane = 7/3 + 2 % triethylamine) Rf = 0.6 

1H-NMR (300 MHz, CDCl3, 25°C): δ 8.29 (d, 1H, 1JCH = 200.2 Hz, 13C(8)H); 7.96 

(d, 1H, 1JCH = 209.5 Hz, 13C(2)H); 7.48 – 7.21, 6.81 (9H, C(arom)H); 5.98 (m, 1H, 

C(1‘)H); 5.08 (m, 1H, C(2‘)H); 4.41 (b, 1H, C(3‘)H); 4.34 (b, 1H, C(4‘)H); 3.94, 3.65 

(m, 2H, PO-CH2); 3.63 (m, 2H, 2 x NH-(CH3)2); 3.77 (s, 6H, 2 x OCH3); 3.61, 3.31 

(m, 2H, C(5‘)H2); 2.64, 2.29( (2H; CN-CH2); 1.18 (m, 12H, 2 x NH-(CH3)2); 0.76 (s, 

9H, tBu) ppm. 

13C-NMR (75 MHz, CDCl3, 25°C): δ 153.3 (13C(2)); 139.1 (13C(8)) ppm. 

31P-NMR (121 MHz, CDCl3, 25°C): δ 151.6, 149.6 ppm. 

 

3.5.2 NMR experiments 

3.5.2.1 Resonance assignment 

All NMR experiments were performed on Bruker Avance III 600 MHz or 700 

MHz NMR spectrometers equipped with a 5mm triple-resonance HCN cryogenic 
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probe.  Resonance assignments for A6-DNA, A2-DNA have been reported 

previously281,282.  Resonance assignments for ssA6-DNA(A) and ssA6-DNA(B) 

were obtained using 2D [1H, 1H] NOESY experiments with 350 ms mixing time 

along with 2D [13C, 1H] and [15N, 13C] HSQC experiments.  The assignments for 

dsGGACU and dsHCV could be readily obtained since the samples were site-

specifically labelled. 

3.5.2.2 13C and 15N R1ρ relaxation dispersion 

13C and 15N R1ρ experiments were performed on Bruker Avance III 600 MHz 

or 700 MHz spectrometers as described previously283.  R2(13C) values for the 

single strands were measured using on resonance R1ρ with high spinlock power 

(up to 2500 Hz). 

3.5.2.3 Analysis of R1ρ data 

Fitted peak intensities determined by NMRpipe305 at each delay time were 

fitted to a mono-exponential decay to obtain R1ρ as described previously283.  Errors 

in R1ρ were estimated using Monte Carlo simulations.  The R1ρ data was fit to 2-

state models through numerical integration of the Bloch-McConnell (BM) equations 

to extract exchange parameters of interest.  Model selection (R2,GS≠R2,ES or 

R2,GS=R2,ES, Supplementary Fig. 3.9) was carried out by calculating Akaike’s (wAIC) 

and Bayesian information criterion (wBIC) weights for each model and selecting the 

model with the highest relative probability as described previously273.  In all cases, 

the selected model was 2-state with R2,GS≠R2,ES.  We also observed reasonable 
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agreement between the R2,ES values derived from RD and those measured directly 

for the isolated single-strands though the agreement varied depending on the pss 

value used during R1ρ fitting (Supplementary Fig.3.9). 

3.5.2.4 13C/15N CEST 

The pulse sequence used for 13C and 15N CEST measurements was 

obtained by modifying the 1D 13C and 15N R1ρ pulse sequences306 to remove the 

pulses required to align magnetization prior to the spin-lock period260.  The pulses 

to align water magnetization along its effective field during the relaxation period 

are also removed, in case of the 15N pulse sequence.  The GS magnetization 

excited by the selective Hartman-Hahn magnetization transfer was not allowed to 

undergo equilibration prior to the relaxation period.  Indeed no minor peaks 

corresponding to the ES peak in the 1H dimension were observed.  A 90x240y90x 

composite pulse of 3300-4000 Hz for 13C and 4000 Hz for 15N is used for 1H 

decoupling during the relaxation period as described previously261.  Spin-lock 

powers were calibrated as described previously258.  A series of 1D 13C and 15N 

CEST experiments for each nucleus were recorded for spin-lock power and offset 

combination, using a relaxation delay of 200 ms.  For each spin-lock power, the 

experiment with zero relaxation delay was run in triplicate to obtain error estimates 

(see below). 

3.5.2.5 Analysis of CEST data 

The peak intensity as a function of spin-lock power and offset in the 1D 



 

 

 

98 

13C/15N CEST experiments was extracted using NMRPipe305.  The error in the 

measured intensity for each spin-lock power was set to be equal to the standard 

deviation of the measured intensities for a set of triplicate experiments with zero 

relaxation delay.  For each spin-lock power, the intensities were normalized to the 

average of the intensities recorded for the experiment with zero relaxation time 

delay and same spin-lock power, which was run in triplicate.  The CEST profiles 

thus obtained were fit to a two state exchange model between ground state (GS) 

and excited state (ES), by numerically integrating the Bloch-McConnell equations 

as described previously260,261.  No equilibration of GS magnetization was assumed 

when integrating the Bloch-McConnell equations and the spin-lock was also 

assumed to be perfectly homogenous.  The profiles were fit using an in-house 

python script, by minimizing the deviation c< between the measured (Imeas) and 

predicted (Ipred) normalized CEST intensities: 

c< =	M8
I=>?@ − IA?BA

s=>?@
:
<C

DE(

 

where smeas is the experimental error and the summation is over all spin-

lock power and offset combinations.  The relatively high reduced c2 observed for 

a subset of DNA CEST datasets can be attributed to underestimation of the 

uncertainty using the triplicate method.  Indeed, lower reduced c2 values are 

obtained when estimating error based on the intensity variations in the regions of 

CEST spectra that do not contain any intensity dips, as described by Kay et al261.  

The fitted parameters for individual sites were pss, kex, R2,GS, R2,ES, R1 and Dw.  

Global fitting was performed by sharing pss and kex for all sites while retaining site-
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specific R2,GS, R2,ES, R1 and Dw values.  The errors in the fitted parameters were 

estimated by using a Monte-Carlo approach307.  100 CEST profiles were generated 

with the normalized intensity at each spin-lock power offset combination being 

sampled from a normal distribution with a mean value equal to the measured 

normalized intensity and standard deviation equal to the estimated error in the 

normalized intensity.  These CEST profiles were then fit to the Bloch-McConnell 

equations, and the error in the obtained exchange parameters was computed as 

the standard deviation in the distribution of the fitted parameter.  Because the spin-

lock power ω1 < kex in the CEST experiment, the k-1 values were well determined288 

(Supplementary Fig. 3.8).  The high values of the fitted R2,ES from the CEST data 

(Supplementary Table 3.4) could arise from a more complex exchange topology308 

e.g. GSÛES1ÛES2, in which exchange between GS and ES1 is slow, while that 

between ES1 and ES2 is relatively faster.  Indeed, prior studies275,287 have 

proposed a zipper model for nucleic acid annealing in which the slow formation of 

an initial encounter complex is followed by ultra-fast zipping up of the encounter 

complex, to form a duplex.  However, the R2,ES value from R1r experiment 

assuming R2,GS≠R2,ES is more reasonable (Supplementary Table 3.3); the reason 

for this requires further investigation. 

3.5.2.6 Calculation of hybridization kinetic parameters 

The dissociation koff (s-1) and annealing kon (M-1s-1) rate constants were 

determined based on the forward rate (k1) and backward (k-1) rates measured 

using the R1ρ and CEST experiments: 
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𝑘( = 𝑘FGG	 

𝑘*( = 𝑘FH × [ss] 

[ss] = CIp@@	

 

[ss] is the free concentration of the complementary single strand, pss is single 

strand population and CT is the total concentration of the duplex.  Since under 

slow exchange k-1 is ill defined by the R1ρ data, k-1 was either directly obtained 

from CEST or from fitting R1ρ data while fixing pss to be equal to that obtained 

from CEST. 

𝑘*( = 𝑘>J(1 − p@@)	 

The annealing rate constant kon is given by: 

𝑘FH =
𝑘>J(1 − p@@)

CIp@@
	 

The uncertainties in CT (assumed to be 20 %) and for pss, and kex obtained from 

the CEST fitting were propagated to estimate the uncertainty in kon. 

3.5.3 Optical melting  

3.5.3.1 Experiments and sample conditions 

Optical melting experiments were conducted on a PerkinElmer Lambda 25 

UV/VIS spectrometer with a RTP 6 Peltier Temperature Programmer and a PCB 

1500 Water Peltier System.  All DNA and RNA samples after buffer exchange were 

diluted to a concentration 3 µM with NMR buffer.  At least three measurements 

were carried out for each DNA and RNA duplex using a sample volume of 400 µL 

in a Teflon-stoppered 1 cm path length quartz cell.  The absorbance at 260 nm 
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was monitored while the temperature was varied between 15°C and 95°C, at a 

ramp rate of 1.0 °C/min.  All the thermodynamic parameters from UV melting 

experiments were fitted as described previously281.  Errors in thermodynamic 

values were computed as standard deviation of triplicate melting measurements. 

3.5.3.2 Data analysis 

UV melting experiments were used to measure the thermodynamic 

parameters of duplex melting under the conditions used to carry out NMR 

experiments.  The melting temperature (Tm) and standard enthalpy change (ΔHΘ) 

of hybridization reaction were obtained by fitting the absorbance of optical melting 

experiment to equation (1) and (2) simultaneously309, 

 

Absorbance = ε@@ × p@@ + εK@ × (1 − p@@)	(1)	

p@@ = 1 −	
1 + 4e'

(
I"

*(I+
,L#
M − +1 + 8e'

(
I"

*(I+
,L#
M

4e'
(
I"

*(I+
,L#
M

	(2) 

 

where εss and εds are molar extinction coefficients for the single and double 

strand, respectively, T is the temperature (K), R is the gas constant (kcal•mol-1) 

and pss is the population of the single strand. 

 

To account for differences between the concentrations used in UV and NMR, 

we computed the concentration dependent Tm using equation (3) adapted from the 

van’t Hoff equation (4): 
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T=,< =
1

( R
ΔHO (ln	(

CI,<
2 ) − ln	(

CI,(
2 )) + 1

T=,(
)
	(3) 

ln c
K<O

K(O
e =

−ΔHO

R 8
1
T(
−
1
T<
: (4) 

 

where Tm,1 and Tm,2 are melting temperature of double strand DNA or RNA 

with its concentrations.  CT,1 and CT,2, respectively and R is the gas constant 

(kcal•mol-1).  K1 and K2 denote the equilibrium constant for melting.  Standard 

entropy change (ΔSΘ) and ΔGΘ of double strand hybridization were therefore 

computed from equations (5) and (6): 

 

ΔSO =
ΔHO

T=
− Rln 8

CI
2 :	(5) 

ΔGO = ΔHO − TΔSO	(6) 

 

The uncertainty in CT was estimated to be 20% and the uncertainty in Tm 

and ΔHΘ were obtained based on the standard deviation in triplicate measurement 

which were propagated to the uncertainty of ΔSΘ and ΔGΘ. 

 

It should be noted that systematic differences (~ 1 kcal/mol) are observed 

between the ΔGΘ values measured using UV melting and NMR CEST experiments 

(Supplementary Table 4.5).  Because NMR experiments were preformed near Tm, 



 

 

 

103 

small differences between the temperature in the NMR and UV instruments could 

lead to large differences in the measured pss and therefore ΔGΘ values.  For 

example, for A6-DNA, a difference in 3.0 °C can give rise to a difference of ~1.0 

kcal/mol in ΔGΘ.  The difference could also arise from differences in 

oligonucleotide concentration caused by differential sample evaporation during UV 

and NMR as well as due to errors in the Tm extrapolation using the van’t Hoff 

equation (4) due to deviations in the assumed temperature independence for ΔHΘ 

and ΔSΘ.  ΔGΘ and pss can in principle also be estimated from the integrated 

volumes of resonances in 2D HSQC spectra.  However the volumes also depend 

on the longitudinal (R1) and transverse (R2) relaxation rates for double and single-

stranded species as well as scalar couplings and delay times used in the HSQC 

experiment310.  Despite these added complications, the ΔGΘ values measured by 

CEST and integrated volumes in 2D HSQC spectra are generally within ~0.8 

kcal/mol. 
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4 A quantitative model predicts how m6A reshapes the 
kinetic landscape of nucleic acid hybridization and 
conformational transitions 

 

4.1 Preface 

This Chapter is reproduced of permission of work originally published in 

Nature Communications (in revision). “Liu, B., Shi, H., Liu, B., Rangadurai, A., 

Nussbaumer, F., Chu, C. C., Erharter, K., Case, D. A., Kreutz, C. and Al-Hashimi, 

H.M., 2021. A quantitative model predicts how m6A reshapes the kinetic landscape 

of nucleic acid hybridization and conformational transitions, in revision.”311 

 

4.2 Introduction  

N6-methyladenosine (m6A) (Fig. 4.1a) is an abundant RNA modification18,19 

that helps control gene expression in a variety of physiological processes including 

cellular differentiation, stress response, viral infection, and cancer 

progression6,32,64.  m6A is also the most prevalent form of DNA methylation in 

prokaryotes where it is used to distinguish benign host DNA from potentially 

pathogenic nonhost DNA312.  Although under debate313, there is also evidence for 

m6A in mammalian DNA where it is proposed to play roles in transcription 

suppression and gene silencing314,315.   

 

In RNAs, m6A is thought to primarily function by recruiting proteins to 

specific modified sites (reviewed in6,32,64).  However, there is also growing evidence 
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that the modification can impact a range of biochemical processes by changing the 

behavior of the methylated RNAs128,173.  For example, by destabilizing canonical 

double-stranded RNA (dsRNA)170, m6A has been shown to promote binding of 

proteins to single-stranded regions of RNAs (ssRNA)128.  The modification has also 

been shown to slow biochemical processes that involve base pairing.  For example, 

in mRNAs, m6A delays tRNA selection and reduces translation efficiency in vitro108 

and in vivo175 by 3-15-fold.  In mRNA introns, m6A slows splicing and promotes 

alternative splicing in vivo100.  Additionally, m6A reduces the rate of NTP 

incorporation during DNA replication176 and reverse transcription177 in vitro by 2-

13-fold.   

 

Recently, we developed and validated an NMR relaxation-dispersion 

(RD)180,316,317 based method to measure the hybridization kinetics in DNA and RNA 

duplexes200.  Using this approach, we showed that m6A preferentially slows the 

apparent rate of RNA duplex annealing by ~5-10-fold while having little effect on 

the apparent rate of duplex melting200 (Fig. 4.1b).  This impact of m6A on 

hybridization kinetics stands in contrast to mismatches, which slow the rate of 

duplex annealing but also substantially increase the rate of duplex melting by up 

to ~100-fold318-320.  How m6A selectively slows duplex annealing remains unknown.  

The comparable m6A induced slowdown observed for duplex annealing and a 

variety of biochemical processes indicates that a common mechanism might be at 

play108,176,177.   
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It has been known for many decades that the methylamino group of the m6A 

nucleobase can form two rotational isomers which interconvert on the millisecond 

timescale168,169 (Fig. 4.1a).  The preferred syn isomer168-170 cannot form a 

canonical Watson-Crick base pair (bp) with uridine as the methyl group impedes 

one of the hydrogen-bonds (H-bonds) (Fig. 4.1a).  Rather, when paired with uridine, 

the methylamino group rotates into the energetically disfavored anti isomer and 

forms a canonical m6A-U Watson-Crick bp that retains both (A)N1···H-N3(U) and 

(A)N6···H-O4(U) H-bonds (Fig. 4.1a).  As isomerization is energetically disfavored, 

it has been proposed to explain how m6A destabilizes dsRNA via the so-called 

“spring-loading”170 mechanism despite forming a canonical Watson-Crick m6A-U 

bp.  

 

Kinetic mechanisms involving binding and conformational change can occur 

via pathways wherein the conformational change occurs prior or post binding321. 

We therefore hypothesized that m6A could slow hybridization via at least two 

pathways in which isomerization of the methylamino group occurs either before or 

following duplex formation (Fig. 4.1c).  In the conformational selection (CS) 

pathway, hybridization proceeds via an unpaired intermediate (ssRNAanti) with m6A 

in the energetically disfavored anti conformation (Fig. 4.1c).  In the induced fit (IF) 

pathway, the more populated ssRNAsyn species with m6A in the syn conformation 

initially hybridizes to form a double-stranded intermediate (dsRNAsyn) that entails 

the loss of at least one Watson-Crick H-bond between m6A and the partner uridine 

(Fig. 4.1a).  This is then followed by isomerization to form the Watson-Crick bp 
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(dsRNAanti) with m6A in the anti conformation (Fig. 4.1c).  To date, there has been 

no evidence for the dsRNAsyn intermediate.   

 

Here, using NMR RD, we show that m6A with the methylamino group in the 

anti conformation forms a Watson-Crick base pair with uridine that transiently 

exchanges on the millisecond timescale with an unusual singly hydrogen-bonded, 

low-populated (1%), and mismatch-like conformation through isomerization of the 

methylamino group to the syn conformation.  This ability to rapidly interchange 

between Watson-Crick or mismatch forms, combined with different syn:anti 

isomers preferences when paired versus unpaired, explains how m6A robustly and 

selectively slows duplex annealing without affecting melting via two pathways in 

which isomerization occurs before or after duplex annealing.  We develop a model 

that quantitatively predicts how m6A reshapes the kinetic landscape of nucleic acid 

hybridization, that could explain why the modification robustly slows a variety of 

cellular processes.  The model also predicts that m6A more substantially slows fast 

intra-molecular RNA conformational transitions, and this prediction was verified 

experimentally by using NMR.  
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Figure 4.1: The syn and anti isomers of m6A  
The m6A nucleobase shows a 20:1 preference for the syn isomer due to 
unfavorable steric interactions (shown in dashed red lines) in the anti isomer168,170.  
In a duplex, the syn isomer impedes Watson-Crick pairing, and the anti isomer 
becomes the dominant form.  b, Apparent annealing (kon) and melting (koff) rate 
constants for unmethylated (-m6A) and methylated (+m6A) dsRNA.  Rate constants 
shown were obtained from CEST measurements on dsGGACU with and without 
m6A at T = 65°C200. c, Schematic of the general 4-state CS+IF model. 𝑘( and 𝑘*( 
are the forward and backward rate constants for methylamino isomerization in 
ssRNA, respectively;  𝑘< and 𝑘*< are the forward and backward rate constants for 
methylamino isomerization in dsRNA, respectively;  𝑘73,0391 and 𝑘788,0391 are the 
annealing and melting rate constants, respectively when m6A adopts anti 
conformation in both ssRNA and dsRNA;  𝑘73,PQ3 and 𝑘788,PQ3 are the annealing 
and melting rate constants, respectively when m6A adopts syn conformation in 
both ssRNA and dsRNA. 
 

4.3 Results 

4.3.1 Assaying Kinetics of m6A methylamino isomerization in ssRNA   

The ssRNAanti which is the intermediate along CS pathway has been 

extensively characterized in the past whereas there is no evidence for the 

dsRNAsyn IF intermediate.  We therefore initially examined whether the CS 

pathway alone could explain how and why m6A reduces the rate of duplex 

annealing while not affecting the melting rate.  We developed a CS model which 

assumes that the minor anti isomer of m6A hybridizes with apparent annealing (kon) 
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and melting (koff) rate constants similar to those of the unmethylated RNA.  This 

assumption is reasonable given that like unmethylated adenine, the anti isomer 

forms a canonical m6A-U Watson-Crick bp when paired with uridine168-170,173.  

Since the syn isomer is incapable of Watson-Crick pairing with uridine, the model 

assumes that hybridization only proceeds via annealing of the single-strand 

containing the minor anti isomer (ssRNAanti) through a conformational selection 

(CS) type pathway321,322 (Fig. 4.2a).  The apparent kon would then be reduced 

relative to the unmethylated RNA because the methylamino group has to rotate 

from the major syn to the minor anti isomer prior to hybridization (Fig. 4.2a).  

However, because anti is the preferred isomer in the canonical duplex, and 

because hybridization is rate limiting under our experimental conditions (see 

below), the apparent koff would remain equivalent to that of the unmethylated 

duplex.  

To test this CS model, we first used NMR RD to measure the isomerization 

kinetics in a ssRNA containing the most abundant m6A consensus sequence18,19 

in eukaryotic mRNAs (ssGGACUm6A, Fig. 4.2b).  This was important given that 

prior kinetic measurements of isomerization were performed on the m6A 

nucleobase dissolved in organic solvents and the kinetics may differ in ssRNA 

under aqueous conditions168.  

To enable the RD measurements, we used organic synthesis (Methods) to 

incorporate m6A 13C-labeled at the base C2 and C8, or methyl C10 carbons 

(Supplementary Fig. 4.7) into ssGGACU.  We then performed NMR Chemical 

Exchange Saturation Transfer (CEST)323-325 and off-resonance spin relaxation in 
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the rotating frame (R1ρ) experiments180,316,317 to measure the isomerization kinetics.  

NMR RD experiments can be used to characterize conformational exchange 

between a dominant ground state (GS) and short-lived low-populated “excited-

state” (ES).  The R1ρ experiment measures the line-broadening contribution (Rex) 

to the transverse relaxation rate (R2) during a relaxation period in which a 

continuous radiofrequency (RF) field is applied with variable power (ωSL) and 

frequency (ωRF).  The RF field reduces the Rex contribution in a manner dependent 

on ωSL and ωRF and the exchange parameters of interest (see below).  The RD 

profiles are typically displayed by plotting the measured R2 + Rex as a function of 

ωSL and ωRF.  For detectable exchange, a peak is observed centered at the 

difference between the chemical shift of the GS and ES (-Δω, assuming ωGS = 0 

and ωES = Δω).  The CEST experiment measures the impact of conformational 

exchange on longitudinal GS magnetization during a relaxation period following 

application of a continuous RF field with variable power (ωSL) and frequency (ωRF).  

When applied on resonance with the ES, the RF field saturates the ES 

magnetization, and this saturation can be transferred via conformational exchange 

to the GS.  This typically results in a reduced signal intensity for the GS and a 

minor dip centered at ωES = Δω when the RF is on resonance with ES.  A major 

dip is also observed centered at ωGS = 0 when the RF field is on resonance with 

the GS.  The dependencies of R2 + Rex (R1ρ) or the GS signal intensity (CEST) on 

ωSL and ωRF can be fit to the Bloch-McConnell equations206 describing n-site 

exchange to determine exchange parameters of interest (see below).  Together, 

R1ρ and CEST, which are optimized for different nuclei and exchange kinetics, 



 

 

 

111 

allowed robust characterization of chemical exchange between the major GS syn 

methylamino and the low-populated and short-lived ES326 anti methylamino isomer 

in unpaired m6A.   

Shown in Fig. 4.2c on the left is the CEST profile recorded for the m6A-C10 

methyl carbon in ssGGACUm6A as a function of RF.  As is typical for CEST profiles, 

a major dip is observed when the RF field is on-resonance with the GS chemical 

shift at Δω = 0.  In addition, a minor dip was observed indicative of conformational 

exchange with a sparsely populated ES.  The dip was observed at a chemical shift 

ΔωC10 = ⍵ES - ⍵GS = 3 ppm, which was in good agreement with the value predicted 

for the anti isomer (ΔωC10 = 3-5 ppm) using density functional theory (DFT) 

calculations283 (Methods).  Shown in Fig. 4.2c on the right is the R1ρ profile 

measured for m6A-C2 in ssGGACUm6A as a function of RF field.  A peak was 

observed at -ΔωC2 = 0.6 ppm indicative of conformational exchange.  A similar C2 

RD was observed in methylated but not unmethylated AMP, as expected if the RD 

is reporting on isomerization (Supplementary Fig. 4.8a).   

 

Based on a 2-state fit of the m6A-C10 and m6A-C2 RD data (Fig. 4.2c), the 

population of the ssRNAanti isomer in ssGGACUm6A was ~9% and the exchange 

rate for isomerization (kex = k1 + k-1, where k1 and k-1 are the forward and backward 

rate constants, respectively) was ~600 s-1 at T = 25°C (Supplementary Table 4.1).  

The population was ~2-fold higher than the value measured in the nucleobase in 

organic solvent (Fig. 4.1a)168 while the exchange rate was ~20-fold faster, and in 

better agreement with values reported recently for ssDNA327 (at T = 45°C, 



 

 

 

112 

Supplementary Table 4.1).  Similar syn-anti isomerization kinetics were obtained 

for another different sequence (Supplementary Fig. 4.8b). 

 

 

Figure 4.2: Testing a conformational selection kinetic model for m6A 
hybridization 

a, The CS pathway.  ∆𝐺1P7,PP°  is the free energy of methylamino isomerization in 
ssRNA.  ∆𝐺033%0$,0391° 	is the free energy of annealing the methylated ssRNA when 
m6A is anti.   b, ssGGACU sequence with the m6A site highlighted in red.  c, 13C 
CEST profile for m6A6-C10 and off-resonance 13C R1ρ RD profile for m6A6-C2 in 
ssGGACUm6A.  d, Free energy decomposition (Methods) of the CS pathway for 
dsGGACUm6A at T = 65°C and dsA6RNAm6A (Supplementary Fig. 4.7) at T = 
20°C.  ∆𝐺033%0$,6°  is the free energy of annealing unmethylated ssRNA and the 
value for	dsGGACU was obtained from a prior study using RD measurements200, 
and for dsA6RNA was measured using UV melting experiments (Supplementary 
Table 4.4).  The uncertainty in free energies were obtained from Monte-Carlo 
simulations as described in Methods for RD measurements, or from standard 
deviations for UV melting measurements.  e, The dsGGACUm6A duplex with the 
m6A site highlighted in red.  f, 13C CEST profiles for m6A6-C2 and C8 in 
dsGGACUm6A at T = 65°C (data obtained from a prior study200).  Solid lines in 
panels c and f denote a 2-state and constrained 3-state fit to the CS pathway, 
using Bloch-McConnell equations as described in Methods.  Buffer conditions for 
NMR experiments are described in Methods.  RF field powers used for CEST 
and spin-lock powers used for R1ρ are color-coded.  Error bars for CEST (smaller 
than data points) and R1ρ profiles were obtained from standard deviations and 
Monte-Carlo simulations, respectively as described in Methods.  
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4.3.2 m6A(anti)-U and A-U have similar thermodynamic stabilities in dsRNA 

Before testing whether the CS model can predict the hybridization kinetics 

of methylated duplexes, we tested a thermodynamic prediction made by our model, 

namely that the energetics of annealing a single-strand containing the anti isomer 

of m6A should be similar to the energetics of annealing the unmethylated control.  

In this scenario, m6A destabilizes a duplex170 primarily due to the conformational 

penalty (∆𝐺1P7,PP° ) accompanying syn to anti isomerization in the ssRNA, which we 

have measured here for ssGGACUm6A using NMR RD.   

 

To test this prediction, we decomposed (Fig. 4.2a) the overall annealing 

energetics (∆𝐺033%0$,456° = -6.5±0.1 kcal/mol) of methylated dsGGACUm6A (Fig. 

4.2e)  measured previously using melting experiments200 into the sum of ∆𝐺1P7,PP°  = 

1.6±0.2 kcal/mol plus the desired annealing energetics (∆𝐺033%0$,0391° ) of m6A when 

it adopts the anti isomer,  

 

∆𝐺033%0$,456°  = ∆𝐺1P7,PP° + ∆𝐺033%0$,0391°  

 

Indeed, we find that ∆𝐺033%0$,0391°  = -8.1±0.2 kcal/mol is similar to that 

measured for the unmethylated RNA ∆𝐺033%0$,6°  = -7.6±0.1 kcal/mol, with the 

methyl group being only slightly stabilizing within error by 0.5±0.2 kcal/mol.  A 

similar result was obtained for a different duplex (Fig. 4.2d) and a similar 

conclusion was also reached previously using the isomerization energetics 
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measured in the nucleobase168,169.  Therefore, with respect to the thermodynamics 

of annealing canonical duplexes, m6A in the anti isomer behaves similarly (within 

<0.5 kcal/mol) to unmethylated adenine and m6A primarily destabilizes dsRNA due 

to the conformational penalty accompanying isomerization, consistent with the 

previously proposed “spring-loading” mechanism170.  Consistent with this 

interpretation, RD measurements on the m6A monomer reveal that 3 mM Mg2+ 

stabilizes the anti relative to syn isomer by ~0.5 kcal/mol54, and correspondingly, 

the destabilizing effects of m6A on RNA duplexes is reduced by ~0.2 kcal/mol in 

the presence of 3 mM Mg2+ relative to the absence of Mg2+ (Supplementary Table 

4.1). 

4.3.3 Testing the conformational selection kinetic model 

Next, we tested whether the CS kinetic model could explain the impact of 

m6A on the hybridization kinetics of the dsGGACUm6A RNA measured recently 

using NMR RD200.  These experiments were performed at T = 65°C under 

conditions in which the duplex was the GS, and the ssRNA comprising two species 

in rapid equilibrium (ssRNAsyn⇌ssRNAanti) was the ES with population of ~25%.  

The CEST experiments were performed at high temperature because at 37°C, the 

ssRNA is too lowly populated (<0.1%) and the hybridization is too slow (<50 s-1) to 

be effectively characterized by RD.  Based on a 2-state fit (dsRNA⇌ssRNA) of the 

m6A6-C2 and m6A6-C8 RD data (Supplementary Fig. 4.9a), m6A reduced the 

apparent rate of dsGGACUm6A annealing (𝑘73,456
0## ) relative to the unmethylated 

control (𝑘73) by 5-fold while having little impact on the melting rate (𝑘788,456
0## ≈
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𝑘788)200.  

We used the 3-state CS model to simulate the m6A6-C8 and m6A6-C2 RD 

profiles measured for the methylated dsGGACUm6A duplex.  The exchange 

parameters for the first isomerization step (ssRNAsyn⇌ssRNAanti) were fixed to the 

values determined independently from RD measurements on ssGGACUm6A 

(Supplementary Fig. 4.8c).  𝑘788,0391 was assumed to be equal to 𝑘788 measured 

for the unmethylated dsGGACU.  This assumption is reasonable considering that 

hybridization is rate limiting under our experimental conditions, and given the 

similarity between the experimentally measured 𝑘788  for methylated and 

unmethylated duplexes200.  The value of 𝑘73,0391 was slightly adjusted relative to 

𝑘73	of the unmethylated control (𝑘73,0391 ≈ 2 ×	𝑘73 ) to take into account small 

differences in their annealing energetics (Fig. 4.2a).  The remaining NMR 

exchange parameters (Δω, R1, R2 of GS and two ESs) for the hybridization and 

isomerization steps were fixed to the values obtained from the 2-state fit of the RD 

data measured for dsGGACUm6A and ssGGACUm6A (Methods). 

Interestingly, this simulation with no adjustable parameters satisfactorily 

reproduced the RD data with 𝜒2%!< 	=	6.8.  This can be compared with 𝜒2%!<  =	3.3 

(Supplementary Fig. 4.9a) obtained from a 2-state fit of the RD data with six 

adjustable parameters.  As a negative control, the agreement deteriorated 

considerably ( 𝜒2%!< 	=	 51.5) (Supplementary Fig. 4.9b) when decreasing the 

exchange rate by 20-fold to mimic values observed for the nucleobase in organic 

solvents168.  A constrained 3-state fit to the RD data using the CS model in which 
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the exchange parameters were allowed to vary within experimental error by one 

standard deviation, and in which the ratio (but not absolute magnitude) of 𝑘73,0391 

and 𝑘788,0391 was constrained to preserve the free energy of the hybridization step 

improved the agreement to 𝜒2%!< 	=	3.0 (Methods, Fig. 4.2f) and yielded 𝑘73,0391 ≈ 

2 × 𝑘73 and 𝑘788,0391 ≈ 𝑘788 (Supplementary Table 4.2).  Therefore, even when it 

to comes to hybridization kinetics, m6A in the anti isomer behaves similarly to 

unmethylated adenine.  

These results provide a plausible explanation for the unique impact of m6A 

on RNA hybridization kinetics at T = 65°C.  m6A does not impact the apparent 

melting rate because the dominant isomer in the duplex is anti and it melts at a 

rate comparable to that of the unmethylated RNA.  On the other hand, m6A slows 

the apparent annealing rate by ~5-fold due to the ~10-fold lower equilibrium 

population of the ssRNAanti intermediate relative to the unmethylated ssRNA 

control and because the ssRNAanti intermediate anneals at a 2-fold faster 

rate	relative to its unmethylated counterpart.   

 

4.3.4 A new hybridization intermediate at T = 55°C 

Although we did not observe any evidence for the IF dsRNAsyn intermediate, 

simulations indicate that its RD contribution was probably masked by the larger 

RD contribution from the ssRNA with population ~22%.  We therefore repeated the 

CEST measurements at a slightly lower temperature T = 55°C.  This reduced the 

ssRNA population to ~5%, but it remained large enough to permit accurate 
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measurements of hybridization kinetics using NMR RD.  Repeating the 

measurements at a different temperature also allowed us to test the robustness of 

the CS model.  Based on a 2-state fit of the adenine C8 RD data, which only reports 

on a two-state hybridization process (Supplementary Fig. 4.10a), m6A reduced the 

apparent annealing rate by 20-fold while minimally (~1.6 fold) impacting the 

apparent melting rate under these conditions (Supplementary Fig. 4.10b).   

Interestingly, we observed evidence for a new ES, which manifested as a 

second minor dip in the m6A-C2 CEST profile (Fig. 4.3a).  This new ES dip at ΔωC2 

~2 ppm was also observed at lower temperatures in another dsRNA (dsA6RNAm6A) 

sequence context (Supplementary Fig. 4.11 and Supplementary Table 4.1).  The 

fact that this new ES was not observed in ssGGACUm6A indicated that it very likely 

was a dsRNA conformation.  The new ES was likely not observed at higher 

temperature T = 65°C (Fig. 4.2f)200 because it was masked by the higher RD 

contribution from the more populated ssRNA ES.     

The m6A-C2 RD data (Fig. 4.3a) could be satisfactorily fit to a 3-state model 

which includes dsRNA, ssRNA, and the new ES.  Among several 3-state 

topologies tested328 (see Supplementary Fig. 4.10d), the best agreement was 

obtained with models that place the new ES on-pathway between the dsRNA and 

ssRNA (Fig. 4.3b).  Therefore, these results provide direct evidence for a new 

dsRNA on-pathway hybridization intermediate and the CS pathway alone cannot 

fully explain the hybridization kinetics at T = 55°C.  Indeed, simulations using the 

CS model did not reproduce the m6A-C2 RD data at T = 55°C (𝜒2%!<  ~ 600) 

(Supplementary Fig. 4.10c) and neither did a constrained 3-state fit to the CS 
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model (𝜒2%!<  ~ 43.3) (Fig. 4.3c) because the model fails to account for the RD 

contribution from the new ES.   

 

Figure 4.3: A new hybridization intermediate for dsGGACUm6A6 at T = 55°C 
a, 13C CEST profile for m6A6 C2 in dsGGACUm6A6 at T = 55°C shows a second 
dip at ΔωES that is distinct from the ssRNA ES at Δωss.  b, Exchange parameters 
(Supplementary Table 4.3) from 3-state fit to the RD data using a triangular 
model.  c, Zoom in to the m6A6 C2 CEST profiles comparing results from an 
unconstrained 3-state fit to the Bloch-McConnell equations assuming the 
triangular model and a constrained 3-state fit assuming a linear CS model.  Error 
bars for CEST profiles (smaller than data points) were obtained using standard 
deviation of 3 measurements of peak intensity with zero relaxation delay as 
described in Methods.  RF field powers used for CEST are color-coded. 
 

4.3.5 The new dsRNA hybridization intermediate features a m6(syn)A···U 
stabilized by a single H-bond  
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55°C by 20-fold without affecting the melting rate requires that we characterize the 

newly identified intermediate, which can be part of a new hybridization pathway 

distinct from the CS pathway. 

Although never observed previously, one possibility is that the new 

intermediate is a dsRNA conformation in which the methylamino group rotates into 

the syn conformation.  Such a conformation is predicted to be highly energetically 

disfavored in dsRNA, given the loss of at least one Watson-Crick H-bond.  

However, this loss in energetic stability would be partly compensated for by a gain 

in stability of ~-1.5 kcal/mol from restoring the energetically favored syn isomer.  

Such an intermediate would allow for an induced-fit (IF) type hybridization pathway, 

in which isomerization of the methylamino group occurs following and not before 

initial duplex formation (see Fig. 4.5a).  

To test this proposed conformation for the ES, we performed an array of 

NMR RD experiments using a stable hairpin variant of dsGGACUm6A 

(hpGGACUm6A, Fig. 4.4a) with a much higher melting temperature (Tm is predicted 

to be ~80°C), designed to eliminate any background RD contribution from the 

ssRNA across a range of temperatures.  Interestingly, we observed 2-state RD for 

both m6A-C10 (Fig. 4.4b) and m6A-C2 (Supplementary Fig. 4.12a) at T = 55°C.  A 

global fit of the data yielded an ES population (~1%), kex (~500 s-1), and ΔωC2 = 

2.5 ppm that were in very good agreement with the values (Supplementary Table 

4.3) measured for the on-pathway ES hybridization intermediate in dsGGACUm6A.  

The ΔωC10 and ΔωC2 values were also in very good agreement with values 

predicted for m6(syn)A···U based on DFT calculations (Fig. 4.4g).  Additional 
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support that in the ES the methylamino group is syn comes from the kinetic rate 

constants of inter-conversion (Supplementary Note 4.1).   

To gauge the nature of the Watson-Crick (m6A)N1···H3-N3(U) H-bond in 

the ES, we performed additional RD experiments targeting the N3 and H3 atoms 

of the partner Uridine.  We observed 15N (Fig. 4.4c) and 1H (Fig. 4.4d) RD only for 

the uridine partner of m6A (Supplementary Fig. 4.12a), and 2-state fit of the data 

yielded exchange parameters similar to those obtained from the carbon C2/C10 

data (Supplementary Fig. 4.12a), indicating that they are reporting on the same 

ES.  The ΔωN3 = -4.8 ppm and ΔωH3 = -3 ppm values indicated substantial 

weakening of the remaining H-bond in the ES329 (Fig. 4.4e).  Indeed, a structural 

model for the m6(syn)A···U ES conformation that predicts the ES chemical shifts 

well based on DFT (Fig. 4.4g), features a slightly (by 0.4	 Å) elongated 

(m6A)N1···H3-N3(U) H-bond (Supplementary Fig. 4.12b).  Note that while a minor 

peak was not observed in the 1H CEST profile for U17-H3 in hpGGACUm6A, 

simulations indicate that this could be due to the 2-fold lower ES population 

(Supplementary Fig. 4.12c and Supplementary Table 4.1).  

These results establish that the m6A methylamino group can also isomerize 

even in the context of a duplex m6(anti)A-U Watson-Crick bp and show that the 

preferences for the syn:anti isomers is inverted from ~10:1 in the unpaired single-

strand to ~1:100 in the paired dsRNA.  

 
4.3.6 Chemical shift fingerprinting the m6(syn)A···U ES using m62A  

To further verify the unusual m6(syn)A···U conformation proposed for the 
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ES, we stabilized this species and rendered it the dominant conformation by 

replacing the m6A amino proton with a second methyl group so as to eliminate the 

GS Watson-Crick H-bond (Fig. 4.4e).  This N6,N6-dimethyl adenine (m62A) 

modification (Fig. 4.4e) is also a naturally occurring RNA modification330.   

Comparison of NMR spectra of dsGGACU with and without m62A showed 

that the modification primarily affected the methylated bp while minimally impacting 

other neighboring bps (Supplementary Fig. 4.13a,c).  Both the m62A-C2 and U-N3 

chemical shifts of the m62A modified dsGGACU (dsGGACUm62A) were in very good 

agreement with those measured for the ES in dsGGACUm6A using RD (Fig. 4.4g).  

In addition, we observed an upfield shifted imino proton resonance (at ~10 ppm) 

which could unambiguously be assigned via site labelling to the m6A partner U13-

H3 (Fig. 4.4f and Supplementary Fig. 4.13a).  This along with NOE-based distance 

connectivity (Supplementary Fig. 4.13a) indicate that the m6(syn)A···U ES likely 

retains a weaker (m6A6)N1···H-N3(U13) Watson-Crick H-bond although we 

cannot rule out that the H-bond is mediated by water (see Supplementary Fig. 

4.13e).  Similar chemical shift agreement including for ΔωH3 was obtained for m62A 

in dsA6RNA (Supplementary Fig. 4.13b).  

Taken together, these data provide strong support for a singly H-bonded 

m6(syn)A···U bp (Fig. 4.4e) which is distinct from the bp open state 

(Supplementary Fig. 4.14 and Supplementary Note 4.2).  To our knowledge, this 

alternative m6A-specific conformational state has not been documented previously.   
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Figure 4.4: Characterizing the conformation of the new ES intermediate 
a, The hpGGACUm6A hairpin construct with the m6A site highlighted in red (left) 
and exchange parameters between dsRNAanti and dsRNAsyn measured at T = 55°C 
(right).  b, 13C CEST profile measured for m6A6-C10 in hpGGACUm6A at T = 55°C.  
c, 15N CEST profile measured for U17-N3 in hpGGACUm6A at T = 37°C.  d, The 
dsA6RNAm6A duplex (left) and 1H CEST profile for U9-H3 at T = 37°C (right). The 
minor peak is highlighted in the gray circle.  e, Chemical structures of proposed 
dsRNAsyn ES and m62A ES-mimic. f, 2D [15N, 1H] HSQC spectra of U13-N3 15N 
site-labeled dsGGACUm62A at T = 25°C.  g, Comparison of the chemical shift 
differences (ΔωES-GS = ωES − ωGS) measured using RD in hpGGACUm6A (A C2/C10, 
U N3) and dsA6m6A (U H3) at T = 37°C (RD), when taking the difference between 
the chemical shifts measured for dsGGACUm62A and dsGGACUm6A (m62A) and 
calculated using DFT as the difference between an m6(syn)A···U conformational 
ensemble and a Watson-Crick m6A(anti)-U bp (DFT) (Methods).  Values for m62A 
C10 are not shown because it is the site of modification.  Solid lines in panel b, c, 
d denote a fit to the Bloch-McConnell equations to a 2-state exchange model 
(Methods).  RF field powers for CEST profiles are color coded.  Error bars for CEST 
profiles (smaller than data points) were obtained from standard deviations as 
described in Methods. Error bars in Δω (panel g) was obtained using Monte-Carlo 
simulations as described in Methods.  

 
4.3.7 m6(syn)A···U behaves like a mismatch   

Although we initially dismissed hybridization pathways in which the major 

syn isomer hybridizes to form a dsRNA intermediate, our data indicate that this is 

indeed possible because m6A can pair with uridine to form the m6(syn)A···U 

conformation.  Several lines of evidence indicate that m6(syn)A···U behaves like a 
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mismatch when it comes to hybridization kinetics.  

Like many mismatches331, m6(syn)A···U loses a H-bond and is destabilized 

relative to the Watson-Crick m6(anti)A-U bp by ~3 kcal/mol.  In addition, based on 

the 3-state fit of the RD data measured for dsGGACUm6A at T = 55°C (Fig. 4.3b), 

the m6(syn)A···U containing duplex intermediate anneals at a ~20-fold slower rate 

compared to the unmethylated control, whereas it melts with an ~80-fold faster 

rate.  These changes in hybridization kinetics relative to the unmethylated control 

are also in line with those previously reported when introducing single mismatches 

to dsRNA318-320.   

We were able to verify the mismatch-like hybridization kinetics of 

m6(syn)A···U containing duplex by using NMR RD to measure the hybridization 

kinetics of the dsGGACUm62A ES-mimic (Supplementary Fig. 4.13d).  For 

dsGGACUm62A, kon was ~16-fold slower while koff was ~100-fold faster relative to 

the unmethylated RNA. Therefore, depending on the isomer, m6A can behave 

either like a Watson-Crick (anti) or mismatch (syn) when paired to the same partner 

uridine.  

4.3.8 Kinetic model for m6A hybridization via conformation selection and 
induced fit 

The RD data measured for dsGGACUm6A at T = 55°C provided direct 

evidence for hybridization via an IF pathway.  However, the standalone IF pathway 

fails to account for the data measured at both 65°C (Supplementary Fig. 4.9c) and 

55°C (Supplementary Fig. 4.10e) based on constrained fits.  Since the RD data 

measured at T = 65°C is consistent with hybridization via CS, with no evidence for 
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flux along IF, we tested a general model that includes both pathways (CS+IF) (Fig. 

4.5a).   

We used the 4-state CS+IF model along with the exchange parameters (Δω, 

R1 and R2 values) determined independently (Methods) to simulate the RD data 

measured for dsGGACUm6A at T = 55°C.  The exchange parameters associated 

with isomerization in ssRNA were again fixed to the values obtained from 

temperature dependent RD measurements on ssGGACUm6A (Supplementary Fig. 

4.8c).  𝑘788,0391 was again assumed equal to 𝑘788 and 𝑘73,0391 deduced by using 

the melting free energy obtained from RD measurements (Methods) (Fig. 4.2a).  

𝑘73,PQ3	 and 𝑘788,PQ3  describing the hybridization of ssRNAsyn and methyl 

isomerization in dsRNA were fixed to the values obtained from the 3-state fit of the 

RD data for dsGGACUm6A (Fig. 4.3b).   

Indeed, the RD profiles simulated for m6A-C2 using the 4-state model were 

in much better agreement (𝜒2%!< 	= 10.7) (Supplementary Fig. 4.15a) with the 

experimental data relative to simulations using the CS model (𝜒2%!< 	= 563.7) 

(Supplementary Fig. 4.10c) or constrained 3-state fits to the CS model (𝜒2%!< 	= 43.3) 

(Fig. 4.3c).  A constrained fit of the RD data to the 4-state model (Methods) 

improved the agreement further (𝜒2%!< 	= 9.6) (Supplementary Fig. 4.15a) to a level 

comparable to the 3-state fit (Fig. 4.3a).  The 𝜒2%!< 	values from globally fitting both 

m6A-C2 and m6A-C8 show similar trends (Fig. 4.5b). 

These results provide a plausible explanation for how m6A selectively slows 

dsGGACUm6A annealing at T = 55°C via both the CS and IF pathways.  Based on 



 

 

 

125 

optimized kinetic rate constants obtained from the constrained 4-state fit of the RD 

data, the flux (Methods) was ~50:50 through the CS and IF pathways at T = 55°C 

(Fig. 4.5c).  Along the CS pathway, m6A reduces the apparent rate of annealing 

due to the ~20-fold lower population of the ssRNAanti intermediate.  However, as 

described for the data measured at T = 65°C, m6A does not affect melting because 

the dominant isomer in the duplex is anti which behaves similarly to unmethylated 

adenine.  Along the IF pathway, m6A reduces the apparent rate of annealing by 

20-fold because m6(syn)A···U behaves as a mismatch, reducing hybridization rate 

to form the dsRNAsyn intermediate by 20-fold.  Like a mismatch-containing duplex, 

this intermediate melts at a rate ~100-fold faster relative to the unmethylated 

duplex.  However, the intermediate does not accelerate the apparent melting rate 

of the methylated duplex along the IF pathway relative to the unmethylated control 

because its equilibrium population is only ~1%. 

We also re-analyzed the RD data measured at T = 65°C and obtained good 

agreement with the constrained 4-state fit (𝜒2%!< 	= 3.0) (Fig. 4.5b).  The level of 

agreement is similar to that obtained using the constrained 3-state fit to the CS 

model (Fig. 4.2f), which is expected considering that majority (90%) of the flux is 

through the CS pathway (Fig. 4.5c).  The smaller flux along the IF pathway at 65°C 

versus 55°C can be attributed to a slower annealing rate along the IF pathway at 

65°C due to a 2-fold reduction in population of the ssRNAsyn relative to ssRNAanti 

and comparatively 2.5-fold slower annealing rate constant of ssRNAsyn along the 

IF pathway relative to ssRNAanti along the CS pathway. 
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4.3.9 A quantitative model predicts how m6A reshapes the hybridization 
kinetics of DNA and RNA duplexes 

To test the generality and robustness of our proposed mechanism, we 

developed and tested a quantitative CS+IF model that predicts how methylating a 

central adenine residue impacts the hybridization kinetics for any duplex.  The 

model assumes that the temperature dependent isomerization kinetics in ssRNA 

and dsRNA do not vary, consistent with the small deviations (<2-fold) seen with 

sequence, as supported by our data (Supplementary Table 4.1).  The model 

assumes that 𝑘788,0391  = 𝑘788  and 𝑘73,0391  is deduced based on the known 

energetics of annealing the m6A containing duplex.  The value of 𝑘73,PQ3  was 

assumed to be 20-fold slower than the unmethylated RNA and 𝑘788,PQ3 was then 

deduced by closing the thermodynamic cycle (Methods).  Using these rate 

constants and the CS+IF model, kinetic simulations (Methods) were used to 

predict 𝑘73,456
0##  and 𝑘788,456

0## .   

We used the model to predict the 𝑘73,456
0## and 𝑘788,456

0##  values recently 

reported200 for two duplexes (dsGGACUm6A and dsHCVm6A) under a range of 

different salt (Mg2+ and Na+) concentrations and temperatures and for a new 

dataset involving dsHCVm6A at T = 55°C in 3 mM Mg2+ (Supplementary Fig. 4.11).  

Across these duplexes and conditions, m6A slowed the apparent annealing by ~5-

fold to ~20-fold while minimally impacting the melting rate (<2-fold).  As shown in 

Fig. 4.6a, a good correlation (R2 = 0.8-0.9) was observed between the measured 

and predicted 𝑘73,456
0## , 𝑘788,456

0## , as well as the overall impact on the apparent 

annealing and melting rates induced by methylation, with all deviations being <1.5-
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fold.   

In all the above examples, the equilibrium flux was primarily (~50-95%) via 

the CS pathway.  The differences in the m6A induced slowdown (~5-20 fold) of 

annealing across different duplexes is primarily driven by differences in the 

annealing rate of ssRNAanti along the CS pathway relative to that of unmethylated 

RNA, with the slowdown being more substantial the more stable the unmethylated 

duplex (Supplementary Fig. 4.15c).  It should be noted that the slowdown is 

predicted to be even more substantial when hybridization is fast and isomerization 

of methylamino group becomes rate-limiting, as observed for an RNA 

conformational transition, as described below. 

As an additional test, we used the model to predict the impact of m6A on the 

apparent hybridization kinetics of an A-rich duplex DNA (dsA6DNA, 

Supplementary Fig. 4.11).  Based on the unmethylated duplex hybridization 

kinetics measured previously200, the model predicts that m6A should reduce the 

apparent 𝑘73,456
0##  by ~6-fold while having little effect (<2 fold) on 𝑘788,456

0## .  We used 

NMR RD measurements (Supplementary Fig. 4.11) on methylated dsA6DNA to 

test these predictions and the results show that m6A reduces 𝑘73,456
0##  by ~8-fold 

while having little effect (<2 fold) on 𝑘788,456
0## , in good agreement with the 

predictions (Fig. 4.6a).   

Finally, we extended our model to also predict NMR CEST data by imposing 

additional constraints on NMR exchange parameters (Dw, R1 and R2) needed to 

simulate the RD data (Methods).  In addition to providing a rationale for the kinetic 
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basis of the m6A induced hybridization slow down, such a model would also 

validate the existence of the IF and CS intermediates in diverse sequence contexts 

under a variety of experimental conditions.  Thus, we subjected all of the above 

RD data to a constrained 4-state fit to the CS+IF model.  A reasonable fit (𝜒2%!<  

~3.5-14) could be obtained in all cases (Supplementary Fig. 4.15d).  This suggests 

that m6A induced hybridization slowdown in DNA is likely mediated by similar IF 

and CS intermediates as RNA.   

 

 

 

Figure 4.5: Testing a 4-state CS+IF kinetic model 
a, Schematic of the CS+IF model with populations and kinetic rate constants 
measured at T = 55°C for dsGGACUm6A.  b, Constrained 4-state (CS+IF model) 
shared fit (solid lines) of the m6A C2 and C8 13C CEST profiles to the Bloch-
McConnell equations for dsGGACUm6A at T = 55°C and 65°C.  𝜒2%!<  values were 
obtained from global fitting m6A-C2 and m6A-C8 CEST data.  RF field powers for 
CEST profiles are color coded.  Error bars in CEST profiles (smaller than data 
points) were obtained using standard deviation of 3 measurements of peak 
intensity with zero relaxation delay as described in Methods.  c, Equilibrium flux 
through CS and IF pathways at T = 55°C and 65°C.  
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4.3.10  Testing kinetic model on RNA conformational transitions 

Beyond duplex hybridization, our kinetic model predicts that m6A should 

also slow intra-molecular conformational dynamics in which m6A transitions 

between an unpaired conformation with the methylamino group predominantly syn, 

to a paired conformation in which the methylamino group is predominantly anti.  In 

addition, the model predicts that the slowdown can be much more substantial for 

conformational transitions that are much faster than the hybridization kinetics 

measured under our experimental conditions.   

To test these predictions, we methylated A35 in the apical loop of 

transactivation response element (TAR) (Fig. 4.6b) from human immunodeficiency 

virus type-1 (HIV-1)332 and examined whether m6A reduces the rate constant of a 

previously described intra-molecular conformational transition in which unpaired 

A35 in the GS forms a wobble A35+-C30 mismatch in the ES211.  As in the Watson-

Crick A-U bp, the methylamino group needs to be anti to form one of the H-bonds 

in the m6A+-C wobble (Fig. 4.6b).  TAR therefore also allowed us to test the 

generality of the model to non-Watson-Crick bps.  

We prepared a TAR NMR sample containing m6A35 and 13C8-labeled G34 

as an RD probe211.  Based on the chemical shift perturbations, m6A destabilized 

the TAR ES relative to the GS by ~2 kcal/mol, in a manner analogue to duplex 

destabilization170 (Supplementary Fig. 4.16a, Methods).  The CS+IF kinetic model 

predicts that m6A will reduce kex, kforward and kbackward for the TAR conformational 

transition by ~17-fold, ~400-fold and ~14-fold respectively.  The much greater m6A 

induced reduction in forward rate constant relative to hybridization arises because 



 

 

 

130 

the TAR conformational transition is intrinsically faster, and this pushes the 

isomerization step in the dominant CS pathway away from equilibrium, leading to 

a slowdown much greater than that due to the equilibrium population (~10%) of 

the ssRNAanti CS intermediate when hybridization is limiting.  Here, the IF pathway 

is highly disfavored (flux <1%) because the ES with m6A in the syn conformation 

is predicted to be highly energetically disfavored.   

Based on NMR RD measurements (Supplementary Fig. 4.16b), m6A 

reduced kex, kforward and kbackward by ~15-fold, ~300-fold and ~12-fold in very good 

agreement with predictions from our model (Fig. 4.6c).  The TAR experimental RD 

data could be satisfactorily fit to a constrained 3-state fit to the CS model with 𝜒2%!<  

= 0.2 (Supplementary Fig. 4.16c) comparable to that obtained from an 

unconstrained 2-state fit.  These results indicate that m6A can also slowdown RNA 

conformational transitions and potentially to a much greater degree than observed 

in our duplex hybridization experiments.   

As a negative control, m6A minimally (<2-fold) affects exchange rate of 

conformational transition in the HIV-1 Rev response element stem IIB (RREIIB, 

Fig. 4.6d)193 in which the m6A remains unpaired in the two conformations (Fig. 4.6e, 

Supplementary Fig. 4.16d and Supplementary Note 4.3).   
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Figure 4.6: Testing the predictive power of the CS+IF model 
a, Comparison of experimentally measured and predicted apparent kon, koff and the 
fold-change relative to unmethylated duplex (kon fold-change = 
kon(unmethylated)/	𝑘73,456

0##  and koff fold-change = koff(unmethylated)/	𝑘788,456
0## ) for 

RNA and DNA duplexes.  Each point corresponds to a different duplex and/or 
experimental condition.  All buffers contained 40 mM Na+, unless stated otherwise: 
(1) dsGGACUm6A at T = 65°C,  (2) at T = 55°C,  (3) with 3 mM Mg2+ at T = 65°C;  (4) 
dsHCVm6A with 3 mM Mg2+ at T = 60°C, (5) with 3 mM Mg2+ at T = 55°C,  (6) with 3 
mM Mg2+ and 100 mM Na+ at T = 60°C; (7) dsA6DNAm6A at T = 50°C.  Similar 
correlations were observed using RD simulation-based prediction method shown 
in Supplementary Fig. 9b.  b, Secondary structures of GS and ES in the apical loop 
of HIV-TAR with m6A35 (highlighted in red), showing the chemical structure of the 
m6A+-C bp.  c, Comparison of kforward and kbackward for unmethylated TAR (A), 
experimentally measured (m6A exp.) and predicted (m6A calc.) for methylated TAR.  
d, Secondary structures of GS and ES of methylated RREIIB.  e, Comparison of 
kex of unmethylated RRE (A), experimentally measured (m6A exp.) and predicted 
(m6A calc.) for methylated RRE.  f, Predicting the m6A-induced slowdown effect on 
𝑘73,456
0##  of 12-mers (Methods) for m6A sites315 (orange) and random DNA (blue) in 

the mouse genome.  Error bars in panel a, c, e were obtained using a Monte-Carlo 
scheme as described in Methods.   
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4.4 Conclusion and discussion 

Our results help explain how m6A selectively and robustly slows annealing 

while minimally impacting the rate of duplex melting under our experimental 

conditions.  The minor ssRNAanti isomer hybridizes with kinetic rate constants 

similar to unmethylated adenine. m6A slows the apparent annealing rate along the 

CS pathway relative to the unmethylated control due to the low equilibrium 

population of the ssRNAanti isomer.  Once in a duplex, anti is the dominant isomer 

and m6A does not substantially impact the apparent rate of duplex melting along 

the CS pathway.  The major ssRNAsyn isomer can also hybridize via an IF pathway 

to form a singly H-bonded bp and with kinetic rate constants similar to that of a 

mismatch-containing duplex.  This intermediate forms slowly, explaining why m6A 

also slows the apparent annealing rate along the IF pathway.  However, because 

its equilibrium population is only ~1%, the intermediate does not accelerate the 

apparent melting rate along the IF pathway.  While we have focused on relatively 

short duplexes with m6A located in the middle, the impact of the modification on 

the hybridization kinetics will likely vary and be diminished when placed near the 

terminal ends, as observed for mismatches318.   

By treating the two m6A isomers as two modular elements that have 

Watson-Crick or mismatch-like kinetic properties independent of sequence 

context333, we were able to build a model that can predict the impact of m6A on the 

overall hybridization kinetics and RNA conformational dynamics from component 

reactions.  The power of such a quantitative and predictive kinetic model is that it 

obviates the need to carry out time-consuming kinetics experiments to measure 
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the universe of kinetics data that is of biological interest.  For example, when 

combined with an existing computational model that can predict the hybridization 

kinetics of unmethylated DNA duplexes from sequence334, our model could be 

used to predict how a central m6A impacts the hybridization kinetics of any arbitrary 

DNA duplex.  This allowed us to predict the impact of m6A on hybridization kinetics 

for all ~6,000 m6A sites reported in the mouse genome315 (Fig. 4.6f). Our model 

may also aid the design and implementation of studies which harness the kinetic 

effects of m6A as a chemical tool that can bring conformational transitions within 

detection or aid kinetic studies of RNA and DNA biochemical mechanisms.   

Our model also makes a number of interesting biological predictions.  The 

model predicts that m6A should slow any process in which the unpaired m6A in the 

predominantly syn isomer has to transition into a conformation in which m6A is 

predominantly anti.  This should include all templated processes that create 

canonical A-U Watson-Crick bps and many mismatches (A+(anti)-C(anti), A(anti)-

G(anti), A+(anti)-G(syn)), in which the methylamino group adopts the anti 

conformation.  m6A is found in a variety of RNAs involved in processes that require 

base pairing, including R-loop formation335, microRNA RNA target recognition336, 

snoRNA-pre-rRNA base pairing337, snRNA-pre-mRNA base pairing338, and the 

assembly of the spliceosome339 and ribosome340.  The model also predicts that the 

m6A-induced slowdown could exceed 1000-fold for fast conformational transitions 

such as the folding of short hairpins and this could have important consequences 

on RNA folding, conformational switches, RNA protein recognition, and processes 

that occur co-transcriptionally.  Further studies are needed to examine whether 
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m6A does indeed slow these processes and whether this has any biological 

consequences. 

Our NMR measurements had to be performed under high temperature 

conditions so that hybridization falls within the detection limits of RD.  However, 

we were able to observe isomerization of the methylamino group in both ssRNA 

and dsRNA at T = 37°C (Supplementary Fig. 4.8b and 4.12a).  Based on the 

temperature dependence of the hybridization steps in the CS and IF pathways, our 

model predicts (see Methods) that m6A will slow down annealing by ~5-fold while 

minimally impacting the melting rate consistent with our measurements at higher 

temperatures.  A comparable level of slowdown in annealing is also obtained when 

predicting the m6A induced slowdown at T = 37 °C using rate constants for 

hybridization of unmethylated RNA reported previously318 at T = 37 °C and 

assuming that m6A destabilizes dsRNA by 1 kcal/mol171  (see Methods). 

The newly uncovered mismatch-like m6(syn)A···U bp is interesting not only 

because of its role in hybridization kinetics, but also because it could potentially 

prime the methylamino group for recognition by reader proteins, which recognize 

the methylamino group in a syn conformation109.  Upon surveying ~50,000 

unmethylated A-U bps in PDB, we found 428 bps that share the conformational 

signatures of the singly H-bonded m6A···U bp (Methods).  More than 60% of these 

bps are found in non-canonical regions, such as junctions, terminal ends, tertiary 

structural elements, and protein-bound RNA (Supplementary Fig. 4.13f).  It will be 

interesting to examine whether the mismatch-like m6(syn)A···U forms as the 
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dominant conformation in certain structural contexts where it may facilitate 

recognition by reader proteins both by locally destabilizing the bp so that m6A is 

more accessible and by adopting a preformed syn conformation.  

4.5 Materials and methods 

4.5.1 Sample preparation 

4.5.1.1 AMP and m6AMP 

Unlabeled adenosine and N6-methyladenosine 5ʹ-monophosphate 

monohydrate (AMP and m6AMP) were purchased from Sigma-Aldrich (A2252 and 

M2780).  Powders were directly dissolved in NMR buffer (25 mM sodium chloride, 

15 mM sodium phosphate, 0.1 mM EDTA and 10% D2O at pH 6.8 with or without 

3 mM Mg2+).  The final concentrations of AMP and m6AMP were 50 mM.DNA 

sample preparation 

4.5.1.2 Oligonucleotides 

Unmethylated, methylated (N6-methylated adenosine, N6,N6-dimethyl 

adenosine), and 13C or 15N-site labeled (15N3-labeled U, 13C8,13C2-labeled A/m6A 

and 13C10-labeled m6A ) RNA oligonucleotides were synthesized using a MerMade 

6 Oligo Synthesizer employing 2ʹ-tBDSilyl protected phosphoramidites and 1 μmol 

standard synthesis columns (1000 Å) (BioAutomation).  Unlabeled m6A, m62A, rU 

and n-acetyl protected rC, rA, rG phosphoramidites were purchased from 

Chemgenes.  15N3-labeled U, 13C8,13C2-labeled rA/m6A phosphoramidites were 

synthesized in-house according to published procedures54,200.  13C10-labeled m6A 

phosphoramidite was synthesized as described in Supplementary Note 4.4.  RNA 
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oligonucleotides were synthesized with the option to retain the final 5ʹ-protecting 

group, 4,4ʹ-dimethoxytrityl (DMT).  Synthesized oligonucleotides were cleaved 

from columns using 1 ml AMA (1:1 ratio of 30% ammonium hydroxide and 30% 

methylamine) followed by 2-hour incubation at room temperature.  The solution 

was then air-dried and dissolved in 115 μl DMSO, 60 μl TEA, and 75ul TEA.3HF, 

followed by 2.5 hour incubation at T = 65°C for 2ʹ-O deprotection.  The solutions 

were then quenched using Glen-Pak RNA quenching buffer and loaded onto Glen-

Pak RNA cartridges (Glen Research Corporation) for purification and subsequently 

ethanol precipitated.  Following ethanol precipitation, RNA oligonucleotides were 

dissolved in water (200-500 μM for duplex samples, 50 μM for hairpin samples) 

and annealed by heating an equimolar amount of complementary single strands 

or hairpins at T = 95°C for 10 min followed by cooling at room temperature for 2 

hours for duplex samples or 30 min on ice for hairpin samples.  Extinction 

coefficients for concentration calculation were obtained from the atdbio online 

calculator (https://www.atdbio.com/tools/oligo-calculator).  The extinction 

coefficients for modified single strands were assumed to be equal to that of their 

unmodified counterparts (modified bases are estimated to affect the extinction 

coefficient for the oligos used here by <10% based on reference values in Basanta-

Sanchez et al).  All samples were buffer exchanged using centrifugal 

concentrators (Amicon Ultra-15 3-kDa cut-off EMD Millipore) into NMR buffer (25 

mM sodium chloride, 15 mM sodium phosphate, 0.1 mM EDTA and 10% D2O at 

pH 6.8 with or without 3 mM Mg2+).  

The 13C8,13C2-labeled m6dA ssA6DNA oligonucleotide was synthesized in-
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house using a MerMade 6 oligo synthesizer.  The 13C8,13C2-labeled m6dA 

phosphoramidite was synthesized as described in Supplementary Note 4.5.  

Standard DNA phosphoramidites (n-ibu-dG, bz-dA, ac-dC, dT) were purchased 

from Chemgenes.  DNA oligonucleotides were synthesized with the option to retain 

the final 5ʹ-DMT group.  Synthesized oligonucleotides were cleaved from columns 

using 1 ml AMA followed by 2-hour incubation at room temperature.  The DNA 

sample were then purified using Glen-Pak DNA cartridges and ethanol precipitated.  

The complementary ssDNA of the m6A containing ssDNA is uniformly 13C/15N-

labeled and was synthesized and purified by in vitro primer extension as described 

previously200.  DNA duplexes were prepared and buffer exchanged in a manner 

analogous to that described above for RNA duplexes.  

4.5.2 Definition of rate constants  

• 𝑘(  and 𝑘*(  are the forward and backward rate constants for methylamino 

isomerization in ssRNA, respectively. 

• 𝑘<  and 𝑘*<  are the forward and backward rate constants for methylamino 

isomerization in dsRNA, respectively. 

• 𝑘73  and 𝑘788  are the annealing and melting rate constants, respectively for 

unmethylated RNA. 

• 𝑘73,0391 and 𝑘788,0391 are the annealing and melting rate constants, respectively 

when m6A adopts anti conformation in both ssRNA and dsRNA. 

• 𝑘73,PQ3 and 𝑘788,PQ3 are the annealing and melting rate constants, respectively 

when m6A adopts syn conformation in both ssRNA and dsRNA. 
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• 𝑘73,456
0##  and 𝑘788,456

0##  are the apparent annealing and melting rate constants, 

respectively for m6A methylated RNA. 

• 𝑘872S02!  and 𝑘T0UVS02!  are the forward and backward rate constants, 

respectively for conformational transitions measured using RD. 

4.5.3 NMR experiments 

4.5.3.1 Resonance Assignments 

All NMR experiments (except for the imino proton exchange experiment) 

were performed on a Bruker Avance III 600 MHz spectrometer equipped with a 

5mm triple-resonance HCPN cryogenic probe.  Resonance assignments for 

hpGGACUm6A have been reported previously54.  Resonance assignments for m62A 

modified dsGGACU and dsA6 were obtained using 2D [1H,1H] NOESY 

experiments with 150 ms mixing time along with 2D [13C, 1H] and [15N, 1H] HSQC 

experiments.  The assignments for ssGGACUm6A, ssA6RNAm6A, dsGGACU A/m6A, 

dsA6DNAm6A, dsHCV A/m6A could be readily obtained since the samples were 

site-specifically labelled. The assignments for AMP and m6AMP were obtained 

from a prior study168 (Supplementary Fig. 4.7).  Data was processed using 

NMRpipe software package341 and analyzed using SPARKY (T.D. Goddard and 

D.G. Kneller, SPARKY 3, University of California, San Francisco).  

 

4.5.3.2 13C and 15N R1ρ relaxation dispersion 

13C and 15N R1ρ experiments were performed using 1D R1ρ schemes as described 
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previously282,342,343.  The spin-lock powers (ω/2π Hz) and offsets (Ωeff/2π Hz, 

where Ωeff = ωobs – ωrf, where ωobs is the Larmor frequency of the spin and ωrf is 

the carrier frequency of the applied spin-lock) are listed in Supplementary Table 

4.5.  The spin-lock was applied for a maximal duration (<120 ms for 15N and <60 

ms for 13C) to achieve ~70% loss of peak intensity at the end of relaxation delay. 

4.5.3.3 Analysis of R1ρ data 

1D peak intensities were measured using NMRpipe341.  R1ρ values for a 

given spin-lock power and offset combination were calculated by fitting the 

intensities at each delay time to a mono-exponential decay as described 

previously283.  A Monte-Carlo approach was used to calculate R1ρ uncertainties344.  

Alignment of initial magnetization during the Bloch-McConnell fitting was 

performed based on the kex/Dωmajor ratio as described previously180.  Chemical 

exchange parameters were obtained by fitting experimental R1ρ values to 

numerical solutions of the Bloch-McConnell (B-M) equations206 that describe n-site 

chemical exchange283.  Errors in exchange parameters were determined using a 

Monte-Carlo approach as described previously283.  When available, R1ρ data 

measured for the same exchange process under the same condition were globally 

fitted, sharing ES population and exchange rate constants.  Reduced chi-square 

(𝜒2%!< ) was calculated to assess the goodness of fitting as described previously180.  

In general, similar exchange parameters were obtained from individual fitting and 

global fitting.  All exchange parameters are summarized in Supplementary Table 

4.1. 
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4.5.3.4  Estimate pES of methylated TAR from chemical shifts 

The RD signal of methylated TAR is weak probably due to small pES and 

fast kex (Supplementary Fig. 4.16b).  We used chemical shift perturbation based 

method203 as an alternative approach to estimate the population of ES211 (𝑝WX,456) 

of methylated TAR. Specifically, in methylated TAR, ⍵7TP =	⍵YX × (1 − 𝑝WX,456) +

	⍵WX × 𝑝WX,456.  ⍵YX and ⍵WX  are chemical shifts of GS and ES of unmethylated 

TAR and were determined previously203. Based on 2D [13C, 1H] HSQC spectra, 

G34-C8 peak shifts towards GS (Supplementary Fig. 4.16a) and the calculated 

𝑝WX,456 ~1%. 

4.5.3.5 2D CEST for 13C methyl probes 

The pulse sequence for the 13C methyl CEST was derived by modifying the 

2D CEST experiment for 13C from Zhang et al323 in accordance with considerations 

described in Kay et al325 outlining a 2D CEST experiment for 13C methyl groups.  

The following changes were made to the CEST experiment from Zhang et al323.  

• Given that the samples for methyl CEST in this study were site-specifically 

13C labeled at the methyl group, we removed shaped pulse c that was used 

to refocus carbon-carbon scalar couplings. 

• The delay t between 13C pulses of phase f2 and f3, and f3 and f5 was set 

to be as close as possible to the optimal value of  t	 = 	 02UU7P([< \⁄ )
<p_$%

 where JHC 

is the scalar coupling between the methyl carbon and protons, for optimal 
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transfer of in-phase methyl carbon magnetization to anti-phase, as 

described by Kay et al., while ensuring that the delays between the pulses 

in the sequence were positive. JHC was measured using an F1 coupled 2D 

[13C, 1H] HSQC experiment.  

• The t delay flanking shaped pulse b was set to be equal to 02UU7P([( \⁄ )
<p_$%

.  The 

duration of shaped pulse b was shortened as needed to ensure that the 

delays between the pulses in the sequence were positive. 

• A gradient pulse was inserted between the 13C and 1H p/2 pulses after T1 

evolution, as described by Kay et al325., to purge transverse magnetization.  

4.5.3.6 Analysis of CEST data 

1D or 2D peak intensities were calculated using NMRpipe341.  The intensity 

error for all offsets for a given spin lock power was set to be equal to the standard 

deviation of 3 measurements of peak intensity with zero relaxation delay under the 

same spin lock power.  The intensities were normalized to the average intensity of 

the three zero delay measurements. Exchange parameters were then obtained by 

fitting experimental intensity values to numerical solutions of the B-M equations 

and RF field inhomogeneity was taken into account during CEST fitting as 

described previously210.  No equilibration of GS magnetization was assumed when 

integrating the B-M equations for non-methyl probes210, while equilibration was 

assumed for the methyl CEST given that the sequence employs non-selective hard 

pulses.  Fits of CEST data were carried out assuming unequal R2 or assuming 
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equal R2 for duplex melting200 and other ES measurements, respectively.  

Alignment of the initial magnetization during CEST fitting was chosen as described 

previously210.  Errors in exchange parameters were determined using a Monte-

Carlo approach as described previously345.  Global fitting of CEST data was carried 

out for the same exchange process under identical condition.  𝜒2%!<  was calculated 

to assess the goodness of fitting as described previously180.  Note that the different 

𝜒2%!<  values for different fits are most likely due to differences in the quality of the 

NMR data and poor estimation of the real experimental uncertainty 

(Supplementary Table 4.1).  Model selection (3-state with triangular, linear or 

starlike topology, Supplementary Fig. 4.10d) was carried out by calculating 

Akaike’s (wAIC) and Bayesian information criterion (wBIC) weights for each model 

and selecting the model with the highest relative probability as described 

previously283. 

4.5.3.7 1H CEST experiment 

A TROSY-based spin-state selective 1H CEST experiment292 was carried 

as described previously212.  The power of the B1 field was set to be 60 Hz or 120 

Hz and the offset of the B1 field ranged from 8.5 pm to 15.5 ppm with a step of 30 

Hz.  The relaxation delay was 400 ms.  The 1H CEST data were collected in a 

pseudo-3D mode and were analyzed using NMRPipe341.  The intensities in the Nα 

and Nβ CEST profiles were normalized to a reference intensity with B1 frequency 

= -20 ppm.  The Nβ CEST profile was then subtracted from the Nα CEST profile to 

result in a difference CEST profile, from which the Δω of the ES was fitted with 
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pre-determined fitting parameters such as pES, kex, and 15N R1 from the 13C/15N R1ρ 

experiments.  Errors in the CEST intensity profiles were estimated based on the 

scatter in regions of 1D profiles that did not contain any intensity dips.  The Python 

package ChemEx (https://github.com/gbouvignies/chemex) is used to carry out 

fitting. 

4.5.3.8 Imino proton exchange experiment 

Experiments were carried out on a 700 MHz Bruker NMR spectrometer 

quipped with a HCN room-temperature probe to measure the proton exchange 

between imino proton and water346, following the same pulse programs and 

protocols as described in a prior study347.  Briefly, the water proton longitudinal 

relaxation rate constant R1 was first measured using a standard saturation-

recovery method347.  A pre-saturation pulse was used for solvent suppression.  The 

relaxation delay time for measuring water proton R1 was set to be 0.0, 0.4, 0.8, 1.2, 

1.6, 2.0, 2.4, 2.8, 3.2, 3.6, 4.0, 4.4, 4.8, 5.2, 6.0, 7.0, 8.0, 9.0, 10.0, 12.0 and 15.0 

s.  The apparent solvent exchange rate constant of the imino protons was then 

measured using an inversion-recovery scheme by initially selectively inverting the 

bulk water magnetization followed by detecting transfer of the water magnetization 

to the imino proton during solvent exchange.  A sinc-shaped π-pulse was 

optimized and used to invert the water magnetization.  A binominal water-

suppression scheme was used to suppress water.   

 

The apparent exchange rate (𝑘%&) of imino and water proton was obtained 
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by fitting the imino magnetization as a function of exchange time upon solvent 

exchange according to equation (4.1), 

 

𝑊(𝑡) = 𝑊` − 𝐸 ×𝑊` ×
𝑘%&

𝑅(S − 𝑅(3
× (𝑒*.&'×9 − 𝑒*.&(×9) (4.1) 

 

where 𝑊(𝑡) is the imino peak volume as a function of exchange time 𝑡, 𝑊` 

is the initial peak volume (at t = 0 s), 𝐸 is the efficiency of the inversion pulse, 𝑘%& 

is the apparent solvent exchange rate constant between imino and water proton, 

𝑅(S is water proton R1, 𝑅(3 is the summation of imino proton R1 and exchange rate 

constant 𝑘%&.  In the equation, 𝑅(S and 𝐸 values are fixed parameters that are pre-

determined, while 𝑘%&  and 𝑅(3  are fitted parameters.  The error of the fitted 

parameters is the standard fitting error which is the square root of the diagonal 

elements of the covariance matrix.  The efficiency of the selective shape pulse 

used for water inversion (E) was calculated by the equation (4.2): 

 

𝐸 = 1 −
𝑊13b

𝑊%c
(4.2) 

  

where the 𝑊13b and 𝑊%c represents the peak volumes of the water proton 

with and without the shape pulse for inversion, respectively (at zero delay time and 

without binominal water suppression). 
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4.5.3.9 Determining the methylamino isomerization rate constants from 
temperature dependent RD measurements for methylated ssRNA 
and dsRNA 

The observed temperature dependence of k1, k-1 in m6AMP and ssRNA 

(Supplementary Fig. 4.8c), and k2, k-2 in dsRNA (Supplementary Fig. 4.12d) 

determined using RD were fit to a modified van’t Hoff equation that accounts for 

statistical compensation effects and assumes a smooth energy surface as 

described previously282: 

 

ln c
𝑘1(𝑇)
𝑇 e = 	 ln 8

𝑘d𝜅
ℎ : −	

∆𝐺1°	)(𝑇/4)
𝑅𝑇/4

−	
∆𝐻1°	)

𝑅 8
1
𝑇 −

1
𝑇/4

: (4.3) 

 

Where ki (i = 1, -1 or 2, -2) is the rate constant, ∆𝐺1°	) and ∆𝐻1°	) are the free 

energy and enthalpy of activation (i = 1,2) or deactivation (i = -1, -2) respectively, 

R is the universal gas constant (kcal/mol/K), T is temperature (K), and Thm is the 

harmonic mean of the experimental temperatures (𝑇1  in K) computed as 𝑇/4 =

𝑛/∑ (1/𝑇1)3
1E( , kB is the Boltzmann’s constant, 𝜅  is the transmission coefficient 

(assumed to be 1).  The goodness-of-fit indicator R2 between the measured and 

fitted rate constants was calculated as follows: 𝑅< = 1 −	 XX)*+
XX,-,./

, 𝑆𝑆2%P =	∑D𝑘1,819 −

	𝑘1,%&#H
<, 	𝑆𝑆9790$ =	∑D𝑘1,%&# −	𝑘f,%&#rrrrrrrH<.		 𝑘1,819 and 𝑘1,%&# (i = 1, -1 or 2, -2) are fitted 

and experimentally measured rate constants. 𝑘f,%&#rrrrrrr is the mean of all 𝑘1,%&#.  Errors 

of fitting for ∆𝐺1°	)  and ∆𝐻1)  were calculated as the square root of the diagonal 

elements of the covariance matrix.  Given these fitted ∆𝐺1°	) and ∆𝐻1) values, ki at 
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T = 55°C and 65°C used for kinetic modeling were computed using Equation (4.3).  

4.5.3.10 Determine the kinetics of duplex hybridization from CEST data 

koff (s-1) and kon (M-1s-1) for duplex hybridization were determined based on 

the forward rate (kforward) and backward (kbackward) rate constants obtained from a 

2-state fit of the dsHCV/dsHCVm6A A11-C8 and dsA6DNA m6A16-C2 RD data (2-

state fit of other constructs were reported previously200) and 3-state fit of m6A-C2 

dsGGACUm6A at T = 55°C: 

 

𝑘872S02! = 𝑘788 (4.4) 

 

𝑘T0UVS02! = 𝑘73 × [𝑠𝑠2]	 (4.5) 

 

[𝑠𝑠2] is the free concentration of the complementary single strand.  

 

𝑘T0UVS02! =	𝑘%&(1 − 𝑝PP) (4.6) 

 

𝑝PP is the single strand population. The annealing rate constant kon is given 

by: 

 

𝑘73 =
𝑘%&(1 − 𝑝PP)

[𝑠𝑠2]
(4.7) 
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The uncertainty in [𝑠𝑠2], and pss and kex from CEST measurements were 

propagated to determine the uncertainty in of kon.  From 2-state CEST fit, [𝑠𝑠2] =

𝐶9 × 𝑝PP, 𝐶9 is the total concentration of the duplex, obtained using the extinction 

coefficient as described in the ‘Sample preparation’ section. The uncertainty of 𝐶9 

was assumed to be 20 %200.  [𝑠𝑠2] from a 3-state fit were calculated as described 

in the energetic decomposition section below. 

4.5.3.11 Validation of NMR RD measurements on m6A RNA 
hybridization 

 

We have previously200 shown that hybridization kinetics measured from 

NMR RD on unmodified DNA and RNA duplexes are consistent with those 

measured using other techniques employing fluorescence spectroscopy.  As an 

additional test, we performed temperature dependent RD measurements for 

dsGGACUm6A (Supplementary Fig. 4.17a). The annealing rate constant kon did not 

have a strong temperature dependence, consistent with prior studies reporting 

non-Arrhenius behavior for kon in unmodified duplexes348,349.  On the other hand, 

the melting rate constant koff showed a strong temperature dependence, also 

consistent with prior studies348,349.  The extrapolated annealing thermodynamic 

parameters including ∆G?HH>?B° , ∆H?HH>?B°  and ∆S?HH>?B°  measured from NMR 

experiments are in good agreement with those measured from UV melting 

experiments54 (Supplementary Fig. 4.17b-c).  We also observed a good agreement 

between the annealing free energy (∆G?HH>?B° )  measured using CEST and UV 

melting experiments for 9 additional DNA/RNA duplexes at temperatures ranging 
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from 45°C to 65°C200 (Supplementary Fig. 4.17d). 

4.5.4 UV melting experiments 

UV melting experiments were conducted on a PerkinElmer Lambda 25 

UV/VIS spectrometer with a RTP 6 Peltier Temperature Programmer and a PCB 

1500 Water Peltier System.  At least three measurements were carried out for each 

sample (3 µM in NMR buffer without D2O) with a volume of 400 µL in a Teflon-

stoppered 1 cm path length quartz cell.  The absorbance at 260 nm (A260) was 

monitored at temperatures ranging from 15°C to 95°C, at a ramp rate of 1.0°C/min.  

The melting temperature (Tm) and standard enthalpy change (ΔH°) of hybridization 

reaction for duplexes were obtained by fitting the absorbance of the optical melting 

experiment to equation (8) and (9)309, 

 

A<5` = ((𝑚PP × T)	+ 𝑏@@) 	× 	𝑝@@ + ((𝑚K@ × T)	+ 𝑏K@) × (1 − 𝑝@@) (4.8) 

 

	

𝑝@@ = 1 −	
1 + 4e'

(
I"

*(I+
,L°
M − +1 + 8e'

(
I"

*(I+
,L°
M

4e'
(
I"

*(I+
,L°
M

(4.9)	

 

where 𝑚@@ , 𝑏@@ , 𝑚K@  and 𝑏K@  are coefficients describing the temperature 

dependence of the molar extinction coefficient of single strand and double strands, 

respectively, T is the temperature (K), R is the gas constant (kcal/mol/K) and pss is 

the population of the single strand.  Standard entropy change (ΔS°) and ΔG° of 
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double strand hybridization were therefore computed from equation (10) and (11). 

ΔS° =
ΔH°

T=
− Rln 8

C9
2 :

(4.10) 

 

ΔG° = ΔH° − TΔS° (4.11) 

  

Ct is the total concentration of duplex.  The uncertainty in Tm and ΔH° were 

obtained based on standard deviation in triplicate measurements which were 

propagated to the uncertainty of ΔS° and ΔG°. 

4.5.5 MD simulations 

To generate an ensemble of RNA duplexes with different m6A geometries, 

we performed MD simulations on dsGGACU with the m6A-U bp in either syn or 

anti conformations, or an m62A···U bp.  All MD simulations were performed using 

the ff99 AMBER force field with bsc0 and χOL3 corrections for RNA, using periodic 

boundary conditions as implemented in the AMBER MD package.  Starting 

structures for MD of unmethylated dsGGACU were generated by building an 

idealized A-RNA duplex using the fiber module of the 3DNA suite of programs350.  

The starting structures for dsGGACUm6A with an m6A-U bp in either the anti or syn 

conformation were generated by replacing the anti and syn adenine amino 

hydrogen atoms in the idealized unmethylated dsGGACU structure with a methyl 

group.  The starting structure for the dsGGACU duplex with the m62A-U bp was 

generated by replacing both of the amino hydrogen atoms of the adenine in the 

idealized unmethylated dsGGACU structure with methyl groups.  All starting 
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structures were solvated with an octahedral box of SPC/E water molecules with 

box size chosen such that the boundary was at least 10 Å away from any of the 

DNA atoms.  Na+ ions treated using the Joung-Cheatham parameters were then 

added to neutralize the charge of the system.  The system was then energy 

minimized in two stages with the solute heavy atoms (except for the atoms 

comprising the m62A···U bp and the m6(syn)A···U bp) being fixed (with a restraint 

of 500 kcal/mol/Å2) during the first stage.  Heating, equilibration and production 

runs (500 ns) were performed as described previously351.  To maintain the methyl 

group in the syn conformation during the MD simulation of the dsGGACU duplex 

with the m6(syn)A···U bp, a torsion angle restraint was applied on the angle 

spanning the methyl carbon-N6-C6-C5 atoms of m6A.  The restraint was chosen 

to be square welled between 160° and 200°, parabolic between 159-160° and 200-

201°, and linear beyond 201° and less than 159°, with a force constant of 32 

kcal/mol/Å2.  Force field parameters for m6A were derived from those in Aduri et al 

352.  In particular, the atom types and charges for the methyl group were taken from 

those by Aduri et al, while retaining atom types and charges (apart from N6, see 

below) for the remaining atoms from those of adenine in the AMBER ff99bsc0cOL3 

force field.  Charges on the amino N6 atom of m6A were adjusted to maintain a net 

charge for the m6A nucleoside of -1.  An analogous procedure was followed to 

generate the parameters for the m62A nucleoside.  Missing force field parameters 

were generated using the antechamber and parmchk utilities of the AMBER suite 

(16.0). 
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4.5.6 Automated fragmentation quantum mechanics/molecular mechanics 
(AF-QM/MM) chemical shift calculations 

We generated mono-nucleoside models of m6A with the N1-C6-N6-methyl 

carbon dihedral angle ranging from 0° to 360° in steps of 20° (syn conformation is 

0° whereas anti conformation is 180°).  Coordinates of the m6A residue were 

derived from Aduri et al 352.  We subjected the various mono-nucleoside models 

and all the RNA duplex MD ensembles (each with N = 100) to QM/MM chemical 

shift calculations using a fragmentation procedure as described previously353.  The 

parameters of geometric minimization for RNA structures were described in a prior 

study354.  For all the RNA duplex ensembles, the chemical shift calculations were 

solely focused on A6 and U13 residues in dsGGACU; therefore, each conformer 

in the RNA duplex ensembles was broken into only two quantum fragments 

centered on A6 or U13, respectively, whereas for all the mono-nucleoside models, 

each quantum fragment was the single mono-nucleoside.  We then used a 

distribution of point charges on the fragment surface to represent the effects of 

RNA which is outside the quantum fragment and solvent355.  The local dielectric ε 

value was set to be 1, 4 and 80 for RNA inside quantum fragment, RNA outside 

quantum fragment and solvent, respectively.  We then performed the GIAO 

chemical shift calculations for each quantum fragment with the OLYP functional 

and the pcSseg-0 basis set, using demon-2k program (http://www.demon-

software.com/public_html/download.html).  Reference shieldings were computed 

for TMS and nitromethane at the same level of theory.   
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4.5.7 Free energy decomposition along the CS pathway 

The free energy of annealing the methylated duplex can be decomposed 

into two steps (CS pathway): 

 

𝑠𝑡𝑒𝑝1:	𝑠𝑠𝑅𝑁𝐴PQ3 ⇌ 𝑠𝑠𝑅𝑁𝐴0391 (4.12) 

 

𝑠𝑡𝑒𝑝	2:	𝑠𝑠𝑅𝑁𝐴0391 + 𝑠𝑠2 ⇌ 𝑑𝑠𝑅𝑁𝐴0391 (4.13) 

  

𝑘( and 𝑘*(were determined from 2-state fits or temperature dependence of 

the RD data (see ‘Determining the methylamino isomerization rate constants from 

temperature depended RD measurements for methylated ssRNA and dsRNA’ 

section above):	

 

∆𝐺1P7,PP° =	−𝑅𝑇𝑙𝑛 8
𝑘(
𝑘*(

: (4.14) 

 

The apparent free energy of annealing methylated dsRNA was determined 

using:  

 

∆𝐺033%0$,456
°	0## =	−𝑅𝑇𝑙𝑛 c

[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2]
[𝑑𝑠𝑅𝑁𝐴0391] e (4.15) 

 

in which the concentrations of the relevant species were measured based 

kon,anti	

koff,anti	
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on 2-state fits of the RD data200:   

{𝑠𝑠𝑅𝑁𝐴0391| =
[𝑠𝑠𝑅𝑁𝐴9790$] × 𝑘(

𝑘( + 𝑘*(
(4.16) 

 

[𝑠𝑠𝑅𝑁𝐴PQ3] =
[𝑠𝑠𝑅𝑁𝐴9790$] × 𝑘*(

𝑘( + 𝑘*(
(4.17) 

 

[𝑠𝑠𝑅𝑁𝐴9790$] = 	𝐶9 × 𝑝PP (4.18) 

 

{𝑑𝑠𝑅𝑁𝐴0391| = 	𝐶9 × 𝑝YX (4.19) 

 

	[𝑠𝑠2] = [𝑠𝑠2]9790$ −	{𝑑𝑠𝑅𝑁𝐴0391| − [𝑑𝑠𝑅𝑁𝐴PQ3] (4.20) 

 

[𝑑𝑠𝑅𝑁𝐴PQ3] = 	𝐶9 × 𝑝WX (4.21) 

 

In which 𝑝PP  and 𝑝YX  are the populations of the ssRNAtotal 

(ssRNAsyn+ssRNAanti) and dsRNAanti species obtained from the RD data. [𝑠𝑠2]9790$ 

is the total complementary strand concentration. Note that at T = 65°C, dsRNAsyn 

has a negligible contribution to RD profiles ({𝑑𝑠𝑅𝑁𝐴0391| = 0), while at T = 55°C, 

dsRNAsyn population (𝑝WX) was obtained from 3-state fit of the m6A-C2 CEST data 

for dsGGACUm6A.  Also note that the ∆𝐺033%0$,456
°	0##  here differs slightly (by ~0.1 

kcal/mol) from the prior study200, where ssRNAsyn and ssRNAanti were not 

distinguished.  
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The free energy of annealing ssRNAanti is given by: 

 

∆𝐺033%0$,0391° = ∆𝐺033%0$,456
°	0## 	− 	∆𝐺1P7,PP° (4.22) 

 

𝑘788,0391 =
𝑘73,0391

𝑒
∆Y.''*./,.',2

°

*.)

(4.23) 

 

∆∆𝐺033%0$,0391° = ∆𝐺033%0$,0391° 	− 	∆𝐺033%0$,6° (4.24) 

		 

At T = 55°C, ∆∆𝐺033%0$,0391°  = 0.5±0.2 kcal/mol, and the m6A methyl group in 

anti conformation slightly destabilizes the duplex, whereas it stabilized it by a 

comparable amount at T = 65°C (∆∆𝐺033%0$,0391°  = -0.5±0.2 kcal/mol).  

4.5.8 B-M simulations and constrained fits 

When dealing with 3-state or 4-state exchange, there is always a danger of 

overfitting the RD data.  For this reason, we initially performed simulations in which 

all of the relevant kinetic rate constants, populations, Δω, R1 and R2 of the different 

species were approximated to values measured experimentally using the 

appropriate RNA constructs (Supplementary Fig. 4.8b, 4.12a and Supplementary 

Table 4.1).  These values were then used in a 3-state or a 4-state simulation to 

simulate CEST profiles without any adjustable parameters.  We then performed 

constrained fits in which the parameters (population, rate constants, Δω, R1 and 
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R2) were allowed to float by an amount determined by the experimentally 

measured uncertainty (one standard deviation). 

The simulations and constrained fits were performed by numerically 

integrating the appropriate B-M equations as described previously283.  Briefly, the 

simulations were performed by directly predicting RD profiles for a given set of 

exchange parameters which are defined below.  In the constrained fitting, the same 

numerical integration was used to fit exchange parameters applying specific 

constraints as detailed below. 

4.5.8.1 3-state CS simulations and constrained fits for the dsGGACUm6A 
RD data measured at T = 65°C 

These analyses used the following input exchange parameters: 

• 𝒌𝟏 and 	𝒌*𝟏  were obtained from the temperature dependent RD 

measurements on ssGGACUm6A (Supplementary Fig. 4.8c). 

• 𝒌𝒐𝒇𝒇,𝒂𝒏𝒕𝒊  was assumed equal to 𝒌𝒐𝒇𝒇  measured for the unmethylated 

dsGGACU and 𝒌𝒐𝒏,𝒂𝒏𝒕𝒊  was obtained from the energetic decomposition 

described above (equation 23).  

• The longitudinal (R1) and transverse (R2) relaxation rate constants for all 

three species (ssRNAsyn, ssRNAanti and dsRNAanti) were obtained from 2-

state fits of the CEST RD data probing duplex melting at T = 65°C200.  

R1(ssRNAanti) = R1(ssRNAsyn) = R1(dsRNAanti) = R1,GS = R1,ES.  R2(ssRNAanti) 

= R2(ssRNAsyn) = R2,ES. R2(dsRNAanti) = R2,GS.   

• The equilibrium populations 𝒑(𝒔𝒔𝑹𝑵𝑨𝒔𝒚𝒏), 𝒑(𝒔𝒔𝑹𝑵𝑨𝒂𝒏𝒕𝒊), 𝒑(𝒅𝒔𝑹𝑵𝑨𝒂𝒏𝒕𝒊)  were 

obtained from kinetic simulations (see differential equations below) that 
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were sufficiently long to ensure equilibration. The same equilibrium 

populations were obtained from analytical expressions outlined in192.  

d[𝑠𝑠𝑅𝑁𝐴PQ3]
dt 	 = −𝑘([𝑠𝑠𝑅𝑁𝐴PQ3] + 𝑘*({𝑠𝑠𝑅𝑁𝐴0391|	 (4.25) 

	

d{𝑠𝑠𝑅𝑁𝐴0391|
dt

	 = 𝑘([𝑠𝑠𝑅𝑁𝐴PQ3] − 𝑘*({𝑠𝑠𝑅𝑁𝐴0391| − 𝑘73,0391{𝑠𝑠𝑅𝑁𝐴0391|[𝑠𝑠2]

	+𝑘788,0391{𝑑𝑠𝑅𝑁𝐴0391| (4.26)
	

		

d{𝑑𝑠𝑅𝑁𝐴0391|
dt

= 	𝑘73,0391{𝑠𝑠𝑅𝑁𝐴0391|[𝑠𝑠2] − 𝑘788,0391{𝑑𝑠𝑅𝑁𝐴0391| (4.27)	

 	

d[𝑠𝑠2]
dt = 	−𝑘73,0391{𝑠𝑠𝑅𝑁𝐴0391|[𝑠𝑠2] + 𝑘788,0391{𝑑𝑠𝑅𝑁𝐴0391| (4.28)	

 	

• Δω of 𝑠𝑠𝑅𝑁𝐴PQ3 and 𝑠𝑠𝑅𝑁𝐴0391 for C2:∆ω@@,PQ3 = ω@@,PQ3 −ωK@,0391 ,in which 

ω@@,PQ3 = ω@@ −	
#(++:;<+=')

#(++:;<+=')?#(++:;<.',2)
× ∆ω@@,0391*PQ3 . ∆ω@@,0391 = ω@@,0391 −

ωK@,0391 ,	 in which ω@@,0391 = ω@@ +	
#(++:;<.',2)

#(++:;<+=')?#(++:;<.',2)
× ∆ω@@,0391*PQ3 .  

ω@@	and ωK@,0391 were obtained from 2D HSQC spectra (Supplementary Fig. 

4.7) and	∆ω@@,0391*PQ3 was obtained from ssGGACUm6A RD measurements 

at T = 25°C and was assumed to be temperature independent, as supported 

by the data collected in this study (Supplementary Fig. 4.8, Supplementary 

Table 4.1). Since C8 is not sensitive to methylamino isomerization 
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(Supplementary Fig. 4.8), ∆ω@@,0391 = 0, while ∆ω@@,PQ3 is obtained from 2-

state fit of the CEST RD data probing duplex melting at T = 65°C200. 

 

The above parameters were fixed to simulate the CEST profiles using a 3-

state Bloch-McConnell equation283.  For the constrained 3-state fit, the ratio (but 

not absolute magnitude) of 𝑘73,0391  to 𝑘788,0391  was constrained to preserve the 

free energy of the hybridization step.  All other parameters (population,	𝑘(, 𝑘*(, Δω, 

R1 and R2 for all species) were allowed to float by an amount determined by the 

uncertainty (one standard deviation).  When possible, global constrained 3-state 

B-M fits were carried out on both m6A C8 and C2 CEST data (Fig. 4.2f).  𝜒2%!<  was 

calculated to assess the goodness of fitting as described previously180.  

4.5.8.2 3-state IF simulations and constrained fits for the dsGGACUm6A 
RD data measured at T = 65°C and 55°C 

These analyses used the following input exchange parameters: 

• 𝑘<, 𝑘*<, 	𝑘73,PQ3, 𝑘788,PQ3, C2 Δωds,syn, C2 R1(dsRNAsyn) = R1(dsRNAanti) = 

R1,GS, and  R2(dsRNAsyn) = R2(dsRNAanti) = R2,GS were obtained from a 3-

state fit to the dsGGACUm6A m6A-C2 RD data (Fig. 4.3a and Supplementary 

Table 4.3) using the triangular topology at T = 55°C or from RD 

measurements done on the hairpin constructs at T = 65°C (Supplementary 

Fig. 4.12a). C8 Δωds,syn = 0 because C8 is not sensitive to methylamino 

isomerization (Supplementary Fig. 4.12a).  C8 R1(dsRNAsyn) = R1(dsRNAanti) 

= R1,GS, and  R2(dsRNAsyn) = R2(dsRNAanti) = R2,GS were obtained from a 2-

state fit to the dsGGACUm6A m6A-C8 RD data (Supplementary Table 4.1), 
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∆𝛚𝐬𝐬,𝒔𝒚𝒏 is obtained from 2-state fit of the CEST RD data probing duplex 

melting at T = 65°C and 55°C 200. 

• The equilibrium populations 𝒑(𝒔𝒔𝑹𝑵𝑨𝒔𝒚𝒏), 𝒑(𝒅𝒔𝑹𝑵𝑨𝒔𝒚𝒏), 𝒑(𝒅𝒔𝑹𝑵𝑨𝒂𝒏𝒕𝒊)  were 

obtained from kinetic simulations (see differential equations below) that 

were sufficiently long to ensure equilibration. 

d[𝑠𝑠𝑅𝑁𝐴PQ3]
dt 	 = 𝑘788,PQ3[𝑑𝑠𝑅𝑁𝐴PQ3] − 𝑘73,PQ3[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2] (4.29)	 

d[𝑑𝑠𝑅𝑁𝐴PQ3]
dt = 	−𝑘788,PQ3[𝑑𝑠𝑅𝑁𝐴PQ3] + 𝑘73,PQ3[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2] + 𝑘<{𝑑𝑠𝑅𝑁𝐴0391|

−𝑘*<[𝑑𝑠𝑅𝑁𝐴PQ3] (4.30)
	

d{𝑑𝑠𝑅𝑁𝐴0391|
dt

= 	𝑘*<[𝑑𝑠𝑅𝑁𝐴PQ3] − 𝑘<{𝑑𝑠𝑅𝑁𝐴0391| (4.31)	

d[𝑠𝑠2]
dt = 	𝑘788,PQ3[𝑑𝑠𝑅𝑁𝐴PQ3] − 𝑘73,PQ3[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2] + 𝑘788,0391{𝑑𝑠𝑅𝑁𝐴0391|(4.32)	

The same approach was used to simulate/fit CEST profiles for the IF 

pathway as described in the previous section. 

4.5.8.3 4-state CS+IF simulations and constrained fits for dsGGACUm6A 
RD data at T = 55°C 

These analyses used the following input exchange parameters:  

• All of the exchange parameters related to the CS pathway (𝒌𝟏, 𝒌*𝟏, 𝒌𝒐𝒏,𝒂𝒏𝒕𝒊,

𝒌𝒐𝒇𝒇,𝒂𝒏𝒕𝒊, ∆𝛚𝐬𝐬,𝒔𝒚𝒏, ∆𝛚𝐬𝐬,𝒂𝒏𝒕𝒊,	 R1(ssRNAanti), R1(ssRNAsyn), R1(dsRNAanti 

R2(ssRNAanti), R2(ssRNAsyn) and R2(dsRNAanti)) and the IF pathway 

(𝑘*<, 𝑘<, 𝑘73,PQ3, 𝑘788,PQ3,	R1(dsRNAsyn) and ∆ωK@,PQ3,		 ) were obtained as 

described in the previous sections for the 3-state CS and IF analysis 

respectively. 
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• The population of all 4 species was obtained from 4-state kinetic simulations 

using the eight rate constants 

(𝑘(, 𝑘*(, 𝑘73,0391 , 𝑘788,0391 , 𝑘*<, 𝑘<, 𝑘73,PQ3, 𝑘788,PQ3) based on the CS+IF model 

(see differential equations below).  The same equilibrium populations were 

obtained from analytical expressions outlined in192. 

d[𝑠𝑠𝑅𝑁𝐴PQ3]
dt

	 = −𝑘([𝑠𝑠𝑅𝑁𝐴PQ3] + 𝑘*({𝑠𝑠𝑅𝑁𝐴0391| + 𝑘788,PQ3[𝑑𝑠𝑅𝑁𝐴PQ3]

−𝑘73,PQ3[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2] (4.33)
 

	

d{𝑠𝑠𝑅𝑁𝐴0391|
dt

	 = 𝑘([𝑠𝑠𝑅𝑁𝐴PQ3] − 𝑘*({𝑠𝑠𝑅𝑁𝐴0391| − 𝑘73,0391{𝑠𝑠𝑅𝑁𝐴0391|[𝑠𝑠2]

	+𝑘788,0391{𝑑𝑠𝑅𝑁𝐴0391| (4.34)
	

	

d[𝑑𝑠𝑅𝑁𝐴PQ3]
dt = 	−𝑘788,PQ3[𝑑𝑠𝑅𝑁𝐴PQ3] + 𝑘73,PQ3[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2] + 𝑘<{𝑑𝑠𝑅𝑁𝐴0391|

−𝑘*<[𝑑𝑠𝑅𝑁𝐴PQ3] (4.35)
	

	

d{𝑑𝑠𝑅𝑁𝐴0391|
dt = 	𝑘73,0391{𝑠𝑠𝑅𝑁𝐴0391|[𝑠𝑠2] − 𝑘788,0391{𝑑𝑠𝑅𝑁𝐴0391| + 𝑘*<[𝑑𝑠𝑅𝑁𝐴PQ3]

−𝑘<{𝑑𝑠𝑅𝑁𝐴0391| (4.36)
	

 

d[𝑠𝑠2]
dt = 	𝑘788,PQ3[𝑑𝑠𝑅𝑁𝐴PQ3] − 𝑘73,PQ3[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2] − 𝑘73,0391{𝑠𝑠𝑅𝑁𝐴0391|[𝑠𝑠2]

+𝑘788,0391{𝑑𝑠𝑅𝑁𝐴0391| (4.37)
 

 

The exchange parameters descried above were then used to simulate 

CEST profile using a 4-state B-M equation (see below) as described previously345: 
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(4.38)

 

 

 

{𝐺𝑆/𝐸𝑆i}{𝑥/𝑦/𝑧} (i = 1, 2, 3) denotes the magnetization of the GS or ESs in the 

specified direction. R2,GS, R2,ES1, R2,ES2 and R2,ES3 are the transverse relaxation rate 

constants for the GS (dsRNAanti), ES1 (dsRNAsyn), ES2 (ssRNAsyn) and ES3 

(ssRNAanti) respectively.  R1,GS, R1,ES1, R1,ES2 and R1,ES3 are corresponding 

longitudinal relaxation rate constants.  ⍵ is the RF field power; k{ij} and k{ji} are the 

forward and backward rate constants of reactions shown in Fig. 4.5a.  Specifically, 

k12 = k2, and k21 = k-2 are the forward and backward rate constants of methylamino 

isomerization in dsRNA.  k23 = 𝑘788,PQ3, k32 = 𝑘73,PQ3[𝑠𝑠2].  k34 = k1 and k43 = k-1 are 

the forward and backward rate constants of methylamino isomerization in ssRNA.  

k45 = 𝑘73,0391[𝑠𝑠2], k54 = 𝑘788,0391. 𝐼{𝐺𝑆/𝐸𝑆i}z,eq (i = 1, 2, 3) denotes the longitudinal 

magnetization of the GS or ESs at the start of the experiment.  Ωi (i = 1, 2, 3, 4) 

are the offset frequencies of the GS, or ESs resonances in the rotating frame of 

the RF field, defined as described previously210.  

We carried out two independent constrained 4-state fits at T = 55°C that 
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differ with regards to how 𝑘73,PQ3 and 𝑘788,PQ3 were defined. In one case, 𝑘73,PQ3 

was assumed to be equal to the 𝑘PP®WX rate constant obtained from a 3-state fit to 

the CEST data measured for dsGGACUm6A at T = 55°C (Fig. 4.3b) using the 

triangular topology.  Note that this is an approximation since the ssRNA represents 

the major ssRNAsyn and minor ssRNAanti species in fast exchange. 𝑘788,PQ3 was 

then calculated by closing the thermodynamic cycle: 

 

∆𝐺033%0$,PQ3° = ∆𝐺033%0$,456
°	0## 	− 	∆𝐺1P7,!P° (4.39) 

 

∆𝐺1P7,!P° =	−𝑅𝑇𝑙𝑛 8
𝑘*<
𝑘<
: (4.40) 

 

𝑘788,PQ3 =
𝑘73,PQ3

𝑒
∆Y.''*./,+='

°

*.)

(4.41) 

 

All other exchange parameters were then allowed to float by an amount 

determined by the experimental uncertainty (one standard deviation).  In the 

second case, only the ratio (but not absolute magnitude) of 𝑘73,PQ3 to 𝑘788,PQ3 was 

constrained to preserve the free energy of the hybridization step.  The fitted 𝑘73,PQ3 

and 𝑘788,PQ3  values were similar using these two independent methods.  The 

results from the second method were reported in Fig. 4.5a and Supplementary 

Table. 4.2. When possible, global constrained 4-state B-M fits were carried out on 

both m6A C8 and C2 CEST data.  𝜒2%!<  was calculated to assess the goodness of 
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fitting as described previously180. 

4.5.8.4 4-state constrained fits for the CS+IF model for dsGGACUm6A at T 
= 65°C 

Because the dsRNAsyn ES was not directly detected at T = 65°C, the RD 

data was analyzed as described for T = 55°C with exception that k2 and k-2 were 

measured in hpGGACUm6A at T = 65°C using R1ρ RD (Supplementary Fig. 4.12a), 

𝑘73,PQ3 was assumed to be equal to 𝑘73/20.  This 20-fold slowdown in annealing 

of ssRNAsyn relative to unmethylated ssRNA was observed for dsGGACUm6A at T 

= 55°C.  𝑘788,PQ3  was then calculated by closing the thermodynamic cycle 

(equations 4.37). Similar results were obtained when assuming 𝑘788,PQ3 is equal to 

𝑘788 × 80  as observed for dsGGACUm6A at T = 55°C, and closing the cycle 

(equations 4.37) to calculate 𝑘73,PQ3. 

4.5.8.5 4-state constrained fits for the CS+IF model for dsHCVm6A and 
dsA6DNAm6A 

RD data measured for dsHCVm6A and dsA6DNAm6A were analyzed in a 

similar manner as described in the previous sections.  

• k1, k-1 and k2, k-2 were assumed to be the same as those measured in 

GGACUm6A constructs using temperature dependent RD measurements 

(Supplementary Fig. 4.8c and 12d).  

• R1(ssRNAanti) = R1(ssRNAsyn) = R1(dsRNAanti) = R1,GS = R1,ES.  R2(ssRNAanti) 

= R2(ssRNAsyn) = R2,ES. R2(dsRNAanti) = R2,GS.  R1,ES and R2,GS were 

obtained from a 2-state fit to the RD data probing duplex melting 

(Supplementary Table 4.1). 
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• Δωss,anti = Δωds,syn = 0 for A11-C8 in dsHCVm6A  since A11 is not the m6A 

site.  Δωss,syn was assumed to be equal to the Δω value for A11-C8 in 

ssRNA obtained from a 2-state fit of the A11-C8 RD data200.   

• Δωss,syn and Δωss,anti for m6A16-C2 in dsA6DNAm6A were determined as 

described in CS 3-state simulation for dsGGACUm6A at T = 65°C, assuming 

∆𝛚𝐬𝐬,𝒂𝒏𝒕𝒊*𝒔𝒚𝒏 of ssA6DNAm6A is the same as that of ssGGACUm6A.  Δωds,syn 

was assumed to be equal to that measured for hpGGACUm6A at T = 55°C 

(Supplementary Table 4.1).  

4.5.9 Flux calculations 

Flux through the of CS (FCS) and IF (FIF) pathways were calculated as the 

harmonic mean of the forward rates along the CS and IF pathways as described 

previously321: 

 

𝐹vX = c
1

𝑘([𝑠𝑠𝑅𝑁𝐴PQ3]
+	

1
𝑘73,0391[𝑠𝑠𝑅𝑁𝐴0391][𝑠𝑠2]

e
*(

(4.42) 

 

𝐹wx = c
1

𝑘73,PQ3[𝑠𝑠𝑅𝑁𝐴PQ3][𝑠𝑠2]
+	

1
𝑘*<[𝑑𝑠𝑅𝑁𝐴PQ3]

e
*(

(4.43) 

 

All concentrations are equilibrium concentrations obtained using 

constrained 4-state fit of CEST data (Fig. 4.5c) or CS+IF kinetic modeling.		

4.5.10 Predict kon and koff for methylated RNA/DNA duplexes and TAR 

The 4-state CS+IF model was used to simulate time traces describing the 



 

 

 

164 

evolution of all four species as a function of time starting from 100% ssRNAsyn at t 

= 0.  Similar results were obtained when performing simulations starting with an 

equilibrium population of ssRNAsyn (𝑘*(/(𝑘( + 𝑘*()) and ssRNAanti (𝑘(/(𝑘( + 𝑘*()).  

𝑘(, 𝑘*(	, 	𝑘*<	, 𝑘< were all assumed equal to the corresponding values measured 

for ssGGACUm6A and dsGGACUm6A at the appropriate temperature based on the 

temperature dependent RD measurements (Supplementary Fig. 4.8c and 4.12d).  

𝑘788,0391 was assumed to be equal to 𝑘788, and 𝑘73,0391 was deduced from closing 

the thermodynamic cycle (equation 23). 𝑘73,PQ3 and 𝑘788,PQ3 were obtained using 

two different approaches and yielded similar predictions for the apparent kon and 

koff for methylated RNA/DNA duplexes and TAR. In one case,	𝑘73,PQ3 = 𝑘73/20 , 

and 𝑘788,PQ3 was deduced from closing the thermodynamic cycle (equations 4.37).  

Alternatively, 𝑘788,PQ3 = 𝑘788 × 80  and 𝑘73,PQ3  was deduced from closing the 

thermodynamic cycle (equations 37).  The predictions shown in Fig. 4.6a were 

obtained using the former approach.  𝑘73,456
0##  and 𝑘788,456

0##  were obtained by fitting 

simulated time course of [dsRNAsyn] + [dsRNAanti] at multiple time points to 

numerical solutions of equation (4.40) and (4.41) for a 2-state hybridization model 

𝑠𝑠1 + 𝑠𝑠2	 ⇌ 𝑑𝑠 , 𝑘73,456
0##  and 𝑘788,456

0##  are the annealing and melting constants 

respectively.  

 

𝑑[𝑑𝑠]
𝑑𝑡 	 = 𝑘73,456

0## [𝑠𝑠1][	𝑠𝑠2] −	𝑘788,456
0## [𝑑𝑠] (4.44) 
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𝑑[𝑠𝑠1]
𝑑𝑡 	 =

𝑑[𝑠𝑠2]
𝑑𝑡 = −𝑘73,456

0## [𝑠𝑠1][𝑠𝑠2] + 𝑘788,456
0## [𝑑𝑠] (4.45) 

 

Similar results were obtained when fitting simulated time course of 

[dsRNAanti] only.  However, it should be noted that for certain kinetic regimes 

outside those examined here, particularly when 𝑘73,PQ3 is ultra-fast, there can be 

substantial accumulation of the dsRNAsyn.  In this scenario, the system is poorly 

defined with the apparent 2-state approximation and separate rate constants are 

needed to describe the evolution of all species.  In addition, similar results were 

obtained from fitting the traces to the appropriate 2-state 2nd order kinetic equation 

(see ref356).  Finally, similar results were obtained when simulating m6A-C8 RD 

profiles using 4-state CS+IF model together with exchange parameters (Δω, R1 

and R2 values for all species) derived from dsGGACUm6A 55°C m6A-C8 CEST data, 

then fitting the data to a 2-state model. Note C8 instead of C2 was used as the 

probe because the 2-state fit results vary depending on the three Δω values used 

in C2 CEST simulation. On the other hand, varying the one Δω value used in C8 

CEST simulation does not affect the 2-state fit results.  As the choice of exchange 

parameters (R1 and R2 values) had a minor effect on the 2-state fit results, we 

show results from the kinetic simulations in Fig. 4.6a and that from the 2-state 

fitting to the simulated C8 RD data in Supplementary Fig.  4.15b. 

A similar approach was used to compute the apparent 𝑘872S02!  and 

𝑘T0UVS02! rate constants for methylated TAR except that 𝑘(, 	𝑘*( were assumed to 

be equal to the values measured for m6AMP, which is a better mimic of the 
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environment of the flipped out and unstacked A35 in TAR than ssRNA.  Apparent 

𝑘872S02!  and 𝑘T0UVS02!  rate constants were obtained by fitting simulated time 

course of [𝐸𝑆] at multiple time points to the equation [𝐸𝑆] = 𝐴(1 − 𝑒*V*@9), where 

A is a pre-exponential factor.  Note that for the energetics decomposition and 

kinetic simulations of TAR, the [𝑆𝑆2] term in all equations above was removed 

since the TAR conformational transition is a first order reaction. 

4.5.11 Predict the impact of m6A on hybridization in genomic DNA 

We used our 4-state CS+IF model to predict the hybridization kinetics for 

12-mer DNA duplex representing 5,950 m6A sites in the mouse genome315 in which 

m6A was positioned at the 6th nucleotide.  𝑘73 of unmethylated DNA was predicted 

as described previously334 (http://nablab.rice.edu/nabtools/kinetics.html).  The free 

energy (∆𝐺033%0$,6° ) of each sequence was predicted using the MELTING program 

(https://www.ebi.ac.uk/biomodels-static/tools/melting/).  𝑘788 =
V-'

%
∆B.''*./,<

°

C:D

.  In all 

cases, the thermodynamic destabilization of the duplex by m6A (∆∆𝐺033%0$,456° ) 

was assumed to be 1 kcal/mol based on prior studies170,357 and our measurements 

(Supplementary Table 4.4).  ∆𝐺033%0$,456
°	0##  was obtained from ∆𝐺033%0$,456

°	0##  = 

∆𝐺033%0$,6° +	∆∆𝐺033%0$,456° .  𝑘73, 𝑘788 and ∆𝐺033%0$,456
°	0##  were then used as inputs 

to predict 𝑘73,456
0##  and 𝑘788,456

0## 	 as described in the previous sections.  The 

concentration of dsDNA was assumed to be 1 mM and T = 37°C.  We also used 

this approach to predict the impact of m6A on RNA hybridization kinetics at T = 

37°C using rate constants for hybridization of unmethylated RNA reported 



 

 

 

167 

previously318 at T = 37°C and assuming that m6A destabilizes dsRNA by 1 

kcal/mol12.  m6A was predicted to slow 𝑘73 by ~5-fold while having a minor effect 

(<2-fold) on 𝑘788, consistent with our measurements at higher temperatures. 

4.5.12 Survey of single H-bonded A-U bps in PDB structures 

To identify singly H-bonded A-U bp conformations that mimic the 

m6(syn)A···U ES, we conducted a structural survey of the RCSB Protein Data Bank 

(PDB)358.  All X-ray (with resolution <= 3.0 Å) and NMR biological assemblies 

containing RNA molecules (including naked RNA, RNA protein complex etc.) were 

downloaded from RCSB PDB on Aug 2017 and processed by X3DNA-DSSR359 to 

generate a searchable database containing RNA structural information.  Potential 

candidates of single H-bonded A-U bp were identified by applying the following 

filters in the database: (1) A-U bps are unmethylated; (2) The Leontis-Westhof (LW) 

classification360 is “cWW”; (3) Both A and U are not in syn conformation at 

glycosidic bond; (4) A-U bps contain A(N1)-U(N3) H-bond (distance between A(N1) 

and U(N3) is less than 3.5 Å) but do not contain A(N6)-U(O4) H-bond (distance 

between A(N6) and U(O4) is larger than 3.5 Å).  We then manually inspected all 

the single H-bonded A-U bps, removed misregistered bps, and classified the 

structure context of all the resulting bps into the following categories 

(Supplementary Fig. 4.13e): 

1. Junction: A-U bp that is next to an internal bulge, a mismatch or an apical 

loop. 

2. Junction-1/2/3: 1/2/3 bp away from the junction. 

3. Tertiary: involved in tertiary interactions. 
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4. Terminal: at terminal ends. 

5. Terminal -1/2/3: 1/2/3 bp away from the terminal end. 

6. duplex: A-U bp at canonical duplex context 
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5 Conclusions 

There is a growing number of studies indicate that m6A may modulate RNA 

structure and dynamics to exert biological functions.  Most studies have focused 

on the destabilization effect of m6A on base pairing in duplexes, but much less is 

known about its impact on other structural motifs such s bulges, loops, helix-

junction-helix motif, and more complex tertiary interactions.  Additionally, while 

m6A is thought to primarily exert its function by recruiting reader proteins, how the 

structural context of m6A impacts reader recognition is not understood.  m6A has 

also been shown to slow the kinetics of multiple biochemical processes, but the 

mechanism remains poorly understood.  Surprisingly, little is known about how 

RNA modification affects RNA folding kinetics, which is also important for RNA 

functions.  

In Chapter 2, we identified a 5ʹ bulge motif that is predicted to be abundant 

in cellular RNA and stabilized by m6A in a Mg2+ dependent manner.  The 5ʹ 

neighbor of m6A, a guanosine residue, may provide conformational freedom for 

the methyl group to optimally stack with the 3ʹ neighbor while maintaining the 

Watson-Crick m6A-U bp.  Mg2+ may help to stabilize the optimal conformation by 

either neutralizing the backbone electrostatic repulsing or by preferentially binding 

to N7 of the 5ʹ neighboring guanosine226.   In this regard, the naturally occurring 

DRACH motif may enhance the propensity for the 5ʹ neighbor of m6A to bulge out.  

This bulge motif can form in other structure contexts including bulge motif with m6A 

involved in mismatches or in apical loops and other higher-order structures, further 
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studies are needed to examine whether the stabilization effect of m6A can be 

robustly observed across different sequence and structural contexts. 

We have also found that while m6A in the bulge motif can be recognized by 

both m6A antibodies and m6A reader proteins, m6A buried in duplex is poorly 

recognized by both.  These results suggest that m6A in structured regions may 

evade detection methods that rely on m6A recognition by either antibodies or 

reader proteins/enzymes.  Although antibody-free methods59-61 have been 

developed to map m6A in the transcriptome, they either rely on recognition of m6A 

reader proteins or enzymes that specifically excise ssRNA.  Therefore, a method 

that could robustly detect m6A in structured RNA is needed and there might be 

many m6A sites in the cell that are not detected.  This could also potentially 

confound the interpretation of m6A induced transcriptome-wide structure mapping 

data170,172 since m6A in dsRNA may not be detectable and m6A in ssRNA or in the 

bulge motif may be over-represented.  Additional studies are needed to examine 

whether m6A in structured RNA can evade antibody detection in 

immunoprecipitation experiments. 

These structure-specific biases in m6A recognition also suggest that RNA 

secondary structure is important for m6A reader recognition.  m6A in the bulge motif 

may be recognized by the reader protein through local melting of bps given the 

m6A is in a flexible junctional bp.  This binding mode needs to be further confirmed.  

If this binding mode is correct, it is possible that the stability of the local structure 

containing m6A determines the binding affinity of reader proteins.  This may 

provide a quantitative model to predict the reader protein binding affinities through 
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predicting the RNA secondary structure stability, which can be easily achieved 

using RNA secondary structure prediction programs. This predictive model may 

allow us to depict m6A hot spots that are highly accessible to reader proteins in 

cellular RNA based on RNA secondary structures. 

In Chapter 3, we have developed an NMR method for non-invasively and 

site-specifically resolving duplex hybridization kinetics using 13C isotopically 

labeled nucleic acids samples.  We showed that when m6A is placed at the middle 

of 9-mer RNA duplexes, it slows annealing by ~7 fold while minimally impact the 

melting rate.  This slowdown on duplex annealing induced by m6A could explain 

why m6A slows multiple biochemical processes involving base pair formation.  The 

throughput can be significantly improved using the recently developed 1H CEST 

experiment targeting non-exchangeable protons207,292.  This method can also be 

used to measure the impact of mismatches and other epigenetic or 

epitranscriptomic modifications on duplex hybridization kinetics when placed in 

Watson-Crick bps or in mismatches. 

In Chapter 4, we have dissected the detailed pathways that explain how 

m6A selectively slows annealing without affecting the melting rate. In the CS 

pathway, the minor ssRNAanti isomer hybridizes with kinetic rate constants similar 

to unmethylated adenine. The slowdown effect along the CS pathway originates 

from the low equilibrium population of the ssRNAanti isomer. Once in a duplex, 

dsRNAanti is the dominant isomer and m6A does not impact the apparent rate of 

melting along the CS pathway because dsRNAanti has a melting rate similar to 

unmethylated RNA.  In the IF pathway, the major ssRNAsyn isomer hybridizes with 
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the complementary strand to form a singly H-bonded bp and with kinetic rate 

constants similar to that of a mismatch-containing duplex. m6A slows the apparent 

annealing rate along the IF pathway because this intermediate forms slowly. 

However, the melting rate along the IF pathway does not change because the 

equilibrium population of dsRNAsyn is only ~1%. While we have focused on 

relatively short duplexes with m6A located in the middle, the impact of the 

modification on the hybridization kinetics will likely vary in different positions, 

sequence contexts or mismatches that needs to be further studied. 

Our model can be used to predict the impact of m6A on duplex hybridization.  

Using this predictive model, the time-consuming experimental processes could be 

obviated.  As a proof of concept, we predicted the impact of m6A on DNA duplex 

hybridization in the mouse genome.  The results suggest that the ~6,000 m6A 

sites315 identified in the mouse genome can slow duplex hybridization by ~5-20 

fold.   

m6A has been found in a wide variety of RNAs involved in processes that 

require base pairing, including R-loops during transcription335, microRNA:mRNA 

duplex during microRNA targeting336, snoRNA-pre-rRNA duplex during rRNA 

modification337, snRNA-pre-mRNA during mRNA splicing338.  It has been shown 

that mismatches can slow microRNA:mRNA duplex hybridization thus affecting 

gene regulation291.  It is possible that m6A may also alter gene expression through 

slowing annealing rates.  Future studies will be needed to examine whether m6A 

indeed slows these processes and whether this leads to any biological 

consequences. 
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The model also predicts that the m6A could have a more significant 

(>1000-fold) slowdown effect when the conformational transition is fast such as 

the folding of short hairpins and this could have important consequences on co-

transcriptional RNA folding and RNA protein interactions, RNA conformational 

switches, and RNA-ligand interactions. Further studies are needed to test 

whether m6A could indeed have such a significant slowdown effect on fast-

folding processes. The m6A isomerization mechanism uncovered here shares 

some similarities with the well-characterized roles of cis-trans isomerization of 

proline361 in proteins.  cis-trans proline isomerization is ~106-fold slower than the 

syn-anti isomerization of m6A361.  Nevertheless, like m6A, proline isomerization 

can slow down protein folding or prolong the lifetime of active protein 

conformations needed for ligand binding361.  Whereas regulation in the case of 

m6A is achieved by the relative action of methyltransferases and demethylases 

that install or remove the mark64, in the case of proline, regulation is achieved by 

isomerases which accelerate the interconversion361.  Our work motivates further 

studies examining the impact of m6A on the kinetics of biochemical processes 

mediated by nucleic acids and its potential physiological consequences.  

  



 

 

 

174 

Appendix 

 

Figure 2.6: Analysis of the m6A methyl conformation in D, B5ʹ, B5ʹhelical, HCV 
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and B0 
2D NOESY spectra showing distance-based connectivity involving the N6-methyl 
proton in D and B5ʹ in the presence and absence of Mg2+. Shown are color coded 
distances and NOE cross peaks between protons that are sensitive to the 
conformation (syn versus anti) of the N6-methyl proton in m6A and m6A-U base 
pairing.  
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Figure 2.7: Resonance assignment and NMR spectra for D and B5ʹ 
(a) 2D NH HSQC spectra of 15N site-labeled (U17N3 + G5N1) B5ʹ with and 
without the m6A6 modification in the presence and absence of 3 mM Mg2+. Non-
exchangeable proton region of 2D NOESY spectra for unmodified D (b) and B5ʹ 
(c) in the absence of Mg2+ and assigned 2D HSQC spectra for D (b) and B5ʹ (c) 
with and without m6A in the presence of Mg2+. 
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Figure 2.8: Imino resonance assignment for D, B5ʹ, B5ʹhelical, B3ʹ, B0, and 



 

 

 

178 

HCV 
2D NOESY spectra showing sequential connectivity between imino protons for (a) 
D, (b) B5ʹ with and without m6A in the absence and presence of 3mM Mg2+, and 
for (c) methylated B5ʹhelical, B3ʹ, B0, HCV in the presence of Mg2+. (d) 1H spectra of 
D, B5ʹ, B5ʹhelical, B3ʹ, B0, HCV with and without m6A in the absence of Mg2+. 
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Figure 2.9: Resonance assignment and NMR spectra for B5ʹhelical, B0 and 
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HCV 
Non-exchangeable proton region of 2D NOESY spectra, and 2D HSQC spectra 
for B5ʹhelical (a) and B0 (b) with and without m6A in the presence of Mg2+. (c) Non-
exchangeable proton region of 2D NOESY spectra for HCV in the absence of 
Mg2+, and 2D HSQC spectra for HCV with and without m6A in the presence of 
Mg2+. 
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Figure 2.10: Secondary structure prediction of m6A sites in the 
transcriptome and m6A antibody specificity assay 

(a) Secondary structure context of 140,574 m6A sites mapped using individual-
nucleotide-resolution cross-linking and immunoprecipitation (miCLIP)55 in the 
human transcriptome predicted using RNAstructure222 and MC-Flashfold220. Also 
shown are corresponding predictions for 140,574 unmodified adenine sites 
selected randomly from the same human transcriptome. Secondary structures 
were predicted for RNA sequences of 31-nt long with m6A (or A) at the 11th 
position (a) or 21st position. Shown is the distribution for the lowest energy 
predicted structures, classified according to the m6A secondary structural 
context: Junction Watson-Crick m6A-U or mismatch m6A-Y (Y denotes A or C or 
G.) with the bulge located 5ʹ (5ʹB-[A-U] and 5ʹB-[A-Y]) or 3ʹ ([A-U]-B3ʹ and [A-Y]-
B3ʹ) to m6A; or with the bulge located 5ʹ or 3ʹ (5ʹB-[X-A]/[X-A]-B3ʹ, X denotes A or 
C or U or G) to m6A partner nucleotide. (b) Population of m6A and A sites 
predicted (RNAstructure) to fold into the 5ʹB-[A-U] and 5ʹB-[A-X] conformation 
within different energy threshold relative to the lowest energy structure. (c) Dot 
blot assays using SySy, NEB and Abcam m6A antibodies. Unmodified and 
methylated 9-mer duplexes lacking the UUCG apical loop and its corresponding 
ssRNA were tested. Blots shown are representative of results from three 
experiments. 
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Table 2.1: RNA thermodynamic parameters from UV melting. 

Construct n [Mg2+]  
(mM) 

Ct  
(µM

) 
Tm(°C) ΔH 

(kcal/mol) 
ΔS 

(e.u.) 
ΔG37°C 

(kcal/mol) 

D* 3 0 3 54.6±0.2 -86.1±1.5 -236.1±4.7 -12.9±0.1 
D* m6A 3 0 3 51.2±0.2 -87.7±1.3 -243.7±4.0 -12.10±0.02 

D* 3 3 3 66.0±0.4 -94.9±1.1 -253.2±3.0 -16.4±0.2 
D* m6A  3 3 3 63.4±0.1 -95.5±2.2 -257.0±6.6 -15.8±0.2 

        
B5ʹ 3 0 3 79.3±0.1 -63.2±1.4 -179.4±3.9 -7.6±0.2 

B5ʹ m6A  3 0 3 76.2±0.1 -70.7±1.2 -202.5±3.7 -7.9±0.1 
B5ʹ 3 3 3 82.8±0.5 -64.8±0.5 -182.1±1.3 -8.3±0.1 

B5ʹ m6A  3 3 3 79.8±0.1 -76.7±0.8 -217.2±2.3 -9.2±0.1 
        

B5ʹhelical 4 0 3 77.3±0.5 -60.7±2.9 -173.3±8.5 -7.0±0.3 
B5ʹhelical m6A 4 0 3 73.8±0.2 -69.4±0.9 -200.1±2.7 -7.4±0.1 

B5ʹhelical 4 3 3 81.2±0.3 -63.6±1.2 -179.6±3.7 -7.9±0.1 
B5ʹhelical m6A 4 3 3 77.8±0.4 -71.1±2.8 -202.6±7.9 -8.3±0.3 

        
B0 4 0 3 79.2±0.4 -57.5±1.6 -163.3±4.5 -6.9±0.2 

B0 m6A  4 0 3 78.0±0.2 -56.1±1.4 -159.8±3.9 -6.5±0.2 
B0 4 3 3 89.0±1.0 -50.8±1.0 -140.3±3.2 -7.29±0.03 

B0 m6A  4 3 3 86.5±0.6 -48.2±2.1 -134.2±5.6 -6.6±0.3 
        

B3ʹ 3 0 3 75.1±0.3 -72.2±1.8 -207.4±5.3 -7.9±0.1 
B3ʹ m6A  3 0 3 71.3±0.5 -65.6±1.0 -190.4±2.6 -6.5±0.2 

B3ʹ 3 3 3 87.9±0.2 -44.6±0.6 -123.6±1.6 -6.3±0.1 
B3ʹ m6A  3 3 3 86.2±0.2 -37.2±1.0 -103.5±2.8 -5.1±0.1 

        
HCV 3 0 3 66.9±0.9 -48.4±1.6 -142.4±4.4 -4.3±0.2 

HCV m6A  3 0 3 62.5±0.6 -37.9±1.6 -112.9±4.5 -2.9±0.2 
HCV 3 3 3 75.4±0.2 -43.6±2.6 -125.2±7.6 -4.8±0.3 

HCV m6A  3 3 3 71.1±0.6 -44.5±1.2 -129.4±3.5 -4.4±0.1 
Errors represent one s.d. (n (n>3) independent measurements). Uncertainty in the 
calculated thermodynamic parameters were determined by error propagation as 
described previously (Siegfried, N.A. et al., Biochemistry. 46, 172–181, 2007). * D 
constructs used here are the duplex version (without UUCG apical loop) since Tm 
of UUCG-D is above 90 °C which cannot be accurately measured. 
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Supplementary Note. 2.1: NMR analysis of RNA constructs 

If the N6-methyl group in m6A adopts a syn conformation, distance-based 

NOE cross-peaks are expected between the methyl proton and m6A-H2 (distance 

~4.8Å) whereas no NOE cross-peaks are expected between the methyl proton and 

m6A-H8 (distance ~7Å) (Supplementary Fig. 2.6). In contrast, for an anti 

conformation, a stronger m6A methyl proton-H8 NOE cross peak is expected 

(distance ~4.7Å) as compared to m6A methyl proton-H2 (distance ~6.0Å) 

(Supplementary Fig. 2.6). In the case of D, B5ʹhelical and HCV in the absence and 

presence of Mg2+, we observe both m6A methyl proton-H2 and m6A methyl proton-

H8 NOE cross peaks with the latter being slightly stronger (1.1x –1.4x) as expected 

for a Watson-Crick H-bonded m6A-U bp. It is possible that the methyl conformation 

is slightly shifted toward the syn orientation. Alternatively, the amino group might 

experience fast exchange between the anti and syn conformations. Two methyl 

resonances are observed for B5ʹ in the absence of Mg2+, both of which only show 

the m6A methyl proton-H8 NOEs expected for an anti conformation (note that the 

m6A methyl proton-H2 may not be observable due to exchange broadening 

(Supplementary Fig. 2.6)). The intense m6A methyl proton-H2 NOE and upfield 

shifted amino resonance (~7.2 ppm) in B0 indicate a syn conformation for the N6-

methyl group as expected for a bulged nucleotide not involved in base pairing in 

the absence and presence of Mg2+(Supplementary Fig. 2.6). The NOE connectivity 
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indicates that in unmodified B0, A6 is flipped in and stacks on G5 and C7. The 

NOE connectivity is lost in methylated B0. (Supplementary Fig. 2.9b). This 

combined with significantly upfield shifted m6A6-C1ʹ (Supplementary Fig. 2.9b) 

indicates that m6A adopts a flipped-out conformation. It is possible that the methyl 

group forms sterically unfavorable contacts with its neighbors when m6A is intra-

helical, resulting in the loss of favorable stacking. In B5ʹhelical, the NOE connectivity 

between the bulged A4 residue and its neighboring bps is also lost in the 

methylated RNA, indicating that m6A promotes the flipping out of the A4 bulge 

(Supplementary Fig. 2.9a).   
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Figure 3.5: DNA and RNA oligonucleotides used in this study 
(A) A6-DNA (B) A2-DNA (C) dsGGACU and (D) dsHCV RNA.  13C/15N 
Isotopically labeled nuclei are highlighted in yellow and m6A is shown as a red 
star. 
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Figure 3.6: Bloch-McConnell simulations examining sensitivity of 13C R1ρ 

RD to DNA duplex hybridization.   
Shown are a series of simulated R1ρ off-resonance profiles assuming kon ranging 
between 5x102 and 5x107 Μ-1s-1 277 and pB ranging between 0.1% and 10% with 
R1 = 2.5 s-1, R2,GS = R2,ES = 16 s-1, Δω = 3 ppm (B0 = 700 MHz) and CT = 1 mM.  
Relaxation delay is 50 ms.  Alignment of the effective field for the simulations 
was performed as described previously258.  Spin-lock powers are color-coded. 



 

 

 

188 

 



 

 

 

189 

Figure 3.7: 2D [13C, 1H] and [15N, 13C] HSQC spectra of A6-DNA and ssA6-
DNA showing the resonances targeted for RD measurements 

(A) H1′-H8 region of the 2D [1H, 1H] NOESY spectra of ss-A6DNA (A) and (B) 
with the H1′-H8 walk indicated using dashed lines (mixing time = 350 ms, at 
45°C).  (B) 2D [13C, 1H] HSQC spectra of the aromatic region of uniformly 13C/15N 
labeled A6-DNA at 25°C and 45°C. The contour is lowered to such that ss peaks 
can be observed at 45°C.  2D [13C, 1H] and [15N, 13C] HSQC spectra of the 
aromatic and aliphatic regions of uniformly 13C/15N labeled (C) ssA6-DNA(B) and 
(D) ssA6-DNA(A) at 45°C.  Star denotes sites for which the assignments were 
inferred from single stranded A2-DNA. 
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Figure 3.8: BM simulations to assess the k-1 degeneracy using R1ρ and 
CEST 

Supplementary Tables 3.2-3.4.  
(A) Three sets of exchange parameters used in the simulations (for B0=700 MHz) 
with similar k1 but varying k-1.  (B, C) Comparison of simulated (B) R2+Rex values 
for R1ρ and (C) normalized intensity values for CEST for the different exchange 
regimes. The spin-lock power is indicated in inset. 
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Figure 3.9: 13C/15Ν off-resonance R1ρ RD profiles and CEST profiles 
measured for A6-DNA  

Shown are (A) 13C/15Ν off-resonance R1ρ RD profiles measured for A6-DNA at 
45°C. Data is globally fitted assuming pss = 8.5% obtained from CEST experiments 
and with R2,GS≠R2,GS.  Spin-lock powers are color-coded.  Errors were determined 
using Monte carlo scheme as described previously307.  Alignment of the effective 
field for the simulations was performed as described previously258.  (B) 
Comparison of R1ρ fitting of G13(C8) at 45°C with R2,GS=R2,ES (left) and R2,GS≠R2,ES 
(right).  Statistical Akaike’s information criterion and Bayesian information criterion 
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weights (wAIC and wBIC, respectively) comparing these two models are also shown.  
(C) Comparison of R2,ES measured by R1ρ RD with the values R2,ss measured 
directly from samples containing the two isolated ss.  The left correlation plot is for 
pss = 15.6% estimated from UV melting while the right correlation plot is for pss = 
8.5% estimated from CEST.  (D) 13C/15N CEST measured for A6-DNA at 45°C.  
Spin-lock powers are color-coded. Error bars denote experimental uncertainty as 
described in the Method Section. 
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Figure 3.10: Synthesis of 2,8-13C2-6-CH3-adenosine building block 11 
(a) ethyl cyanoactetate, sodium in absolute ethanol, 2h, 100°C, quantitative; 
(b) sodium nitrite in 1M HCl, 3h, 0°C, quantitative; 
(c) sodium dithionite in saturated sodium bicarbonate solution, 3h, 0°C, 94%; 
(d) RaneyNi in 5% ammonia solution, 2h, 80°C, 82%; 
(e) 13C-formic acid, H2SO4 in H2O, 3h, 100°C, 65%; 
(f) 1-O-acetyl-(2′,3′,5′-O-tri-benzoyl)-β-D-ribofuranose (ATBR), bis-(trimethylsilyl)-
acetamide (BSA), trimethylsilyltrifluoro-methane sulfonate (TMSOTf) in xylene, 1h, 
100 °C, 72 %; 
(g) SO2Cl2 in CHCl3, 3h, reflux, 62%; 
(h) CH3NH2 in ethanol (33 wt%), CH3NH2 in H2O (40 wt%), 48h, rt, 90%; 
(i) t-Bu2Si(OTf)2 in DMF, 0°C, 1h, then t-BuMe2SiCl, imidazole in DMF, 60°C, 2h, 
67%; 
(j) HF.Py in CH2Cl2, 0°C, 2h, then DMT-Cl in pyridine, rt, 3h, 61%; 
(k) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite, DiPEA in THF, 3h, rt, 
61%. Orange dot = 13C. 
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Figure 3.11: Additional datasets characterizing RNA hybridization kinetics 
using NMR CEST and R1ρ RD 

(A) The dsGGACU and dsHCV sequences with m6A denoted using a star and the 
DRACH consensus sequence highlighted in green.  Δω = ωES – ωGS obtained from 
global fitting of CEST data is color-coded on each atom.  (B) CEST and (C) R1ρ 
RD profiles measured at 65°C in the presence of Mg2+ for dsGGACU without (left, 
green) and with (right, red) m6A.  R1ρ data is fitted assuming pss from CEST with 
R2,GS≠R2,ES.  Errors were determined using Monte Carlo scheme as described 
previously307.  Alignment of the effective field for the simulations was performed as 
described previously258.  (D) CEST profiles measured in dsHCV without (left, green) 
and with (right, red) m6A at 60°C and in the presence of Mg2+at low salt (25mM 
NaCl, upper) and at high salt (100mM NaCl, lower).  (E) Comparison of Δω, kon 
and koff measured for unmodified (green) and m6A modified (red) for dsHCV. Error 
bars denote experimental uncertainty obtained from fitting CEST profiles, as 
described in Method Section.  Spin-lock powers for R1ρ and CEST are color-coded. 
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Figure 3.12: 2D [13C,1H] HSQC spectra of site labeled samples showing the 
resonances targeted for RD measurements  

(A) 2D [13C,1H] HSQC spectra overlay of site labeled ssGGACUm6A6(A) and 
dsGGACUm6A6 at 65°C in the absence of Mg2+.  (B) 2D [13C,1H] HSQC spectra of 
site labeled dsGGACUA6, dsGGACUm6A6 at 65°C in the presence and absence of 
Mg2+, and of site labeled dsHCVA15 and dsHCVm6A6,A15 at 60°C in the presence of 
Mg2+ at low salt (25 mM NaCl) and high salt (100 mM NaCl) condition.  Peaks 
representing ssRNA and dsRNA are shown. 
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Table 3.1: Duplex thermodynamic parameters from UV melting experiments  
Shown are number of replicates (n), the Mg2+ (Mg2+) and oligo concentration (Ct), 
melting temperature (Tm), standard enthalpy difference (ΔHΘ), entropy difference 
(ΔSΘ), and free energy difference for duplex melting at 25°C (ΔGΘ25°C). 

Construct n Mg2+ 
(µM) 

Ct  
(µM) Tm(°C) ΔHΘ 

(kcal/mol) 
ΔSΘ 
(e.u.) 

ΔGΘ25°C 
(kcal/mol) 

A6-DNA 3 0 3 39.2±0.2 -98.6±2.9 -288.8±9.1 -12.5±0.2 
A2-DNA 3 0 3 47.4±0.2 -95.6±2.6 -271.7±7.9 -14.6±0.2 

dsGGACU (a) 3 0 3 54.6±0.2 -86.1±1.5 -236.1±4.7 -15.7±0.1 
dsGGACUm6A6 (a) 3 0 3 51.2±0.2 -87.7±1.3 -243.7±4.0 -15.0±0.1 

dsGGACU (a) 3 3 3 66.0±0.4  -94.9±1.1  -253.2±3.0  -16.4±0.2  
dsGGACUm6A6 (a) 3 3 3 63.4±0.1  -95.5±2.2  -257.0±6.6  -15.8±0.2  

dsHCV 3 3 3 54.2±0.1 -107.5±0.5 -301.7±1.5 -17.5±0.1 
dsHCVm6A6 3 3 3 52.2±0.4 -104.4±0.2 -294.2±0.3 -16.7±0.1 

Errors represent one s.d. (n=3 independent measurements).  Uncertainty in the 
calculated thermodynamic parameters were determined by error propagation as 
described previously362.  (a) Data from247. 
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Table 3.2: R2 values measured for single stranded ssA6-DNA(A) and ssA6-
DNA(B). 

Sample Resonance R2 (s-1) 

ssA6-DNA(A) 

G2(C8) 5.56±0.73 

T9(C1′) 4.53±0.21 

G10(C1′) 4.49±0.02 

G10(C8) 4.28±0.21 

G11(C8) 3.95±0.37 

ssA6-DNA(B) 

G13(C8) 2.58±0.13 

C15(C1′) 3.27±0.31 

A16(C2) 6.69±0.62 
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Table 3.3: Exchange parameters from globally fitting 13C and 15N R1ρ data 
assuming pss derived from CEST. 

Shown is the chemical shift difference between GS and ES (Δω), single strand 
population (pss), exchange rate (kex), longitudinal relaxation rate (R1), and 
transverse relaxation rate for the GS (R2,GS) and ES (R2,ES), and the reduced χ2 for 
the fit. 

Sample Resonance Δω (ppm) pss 
(%) 

kex (s-

1) R1 (s-1) R2,GS (s-1) R2,ES (s-1) Red. 
χ2 

A6-DNA 
45°C 

A16(C8) 0.50±0.01 

8.5 84±1 

2.80±0.06 16.41±0.27 2.38±2.36 

0.48 

A16(C2) 0.89±0.01 3.22±0.06 18.15±0.17 11.11±1.91 
G2(C8) 1.58±0.02 3.13±0.05 14.47±0.09 11.01±1.28 

G10(C8) 1.61±0.02 2.98±0.06 15.70±0.11 6.89±1.38 
G11(C8) 2.34±0.03 3.27±0.08 16.00±0.13 8.12±1.90 
G13(C8) 1.54±0.01 3.23±0.04 13.83±0.09 5.20±1.09 
T9(C1′) 2.23±0.06 2.35±0.16 10.84±0.25 6.42±3.96 

C15(C1′) 1.77±0.03 1.91±0.09 8.70±0.16 8.59±2.45 
G10(C1′) 1.93±0.04 2.45±0.14 10.57±0.21 2.85±2.99 
T4(N3) -3.20±0.05 2.70±0.07 5.20±0.14 3.24±1.95 
T6(N3) -3.20±0.08 2.60±0.11 5.59±0.21 2.07±2.99 
T9(N3) -2.92±0.04 2.73±0.07 5.02±0.13 2.80±1.78 

T7/8(N3) -2.93±0.03 2.67±0.05 5.86±0.10 0.00±1.26 
dsGGACUA6, 

65°C A6(C8) 2.91±0.05 1.8 144±4 5.01±0.04 10.52±0.07 0.00±5.15 0.23 

dsGGACUm6A6, 
65°C A6(C8) 2.91±0.06 6.8 63±2 5.61±0.08 11.56±0.15 3.69±2.30 0.44 
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Table 3.4: Exchange parameters from fitting 13C and 15N CEST data 
Shown is the chemical shift difference between GS and ES (Δω), single strand 
population (pss), exchange rate (kex), longitudinal relaxation rate (R1), the 
transverse relaxation rate for the GS (R2,GS) and ES (R2,ES), and the reduced χ2 for 
the fit. 

Sample Resonance Δω (ppm) pss (%) kex (s-1) R1 (s-1) R2, GS (s-1) R2,ES (s-1) Red. 
χ2 

A6-DNA 
45°C 

G11(C8) 2.15±0.00 

8.5±0.1 93±1 

2.66±0.00 13.21±0.07 28.63±0.92 

26.8 

G2(C8) 1.34±0.00 2.71±0.00 4.75±0.05 85.48±1.14 
G13(C8) 1.50±0.00 2.53±0.01 11.66±0.12 19.61±1.76 
T9(C1′) 2.10±0.00 2.23±0.01 10.27±0.13 29.97±2.34 

C15(C1′) 1.73±0.00 1.76±0.01 7.73±0.10 26.93±1.79 

T4(N3) -
3.20±0.02 4.07±0.02 6.72±0.37 63.32±10.81 

T6(N3) -
3.24±0.03 3.77±0.04 7.77±0.64 74.39±34.44 

T7/8(N3) -
2.96±0.00 3.97±0.00 7.66±0.08 77.33±2.94 

A6-DNA 50°C G11(C8) 2.15±0.00 20.9±0.1 287±2 2.29±0.01 6.89±0.49 42.61±2.55 14.1 
A2-DNA 50°C G11(C8) 2.14±0.00 5.1±0.1 57±1 3.42±0.00 13.46±0.04 36.38±1.04 96.5 

dsGGACUA6 
no Mg2+, 65°C 

A6(C8) 2.65±0.00 
9.2±0.0 291±2 

4.14±0.00 7.68±0.10 68.26±1.71 
7.5 

A6(C2) 1.28±0.00 4.30±0.00 9.30±0.23 32.05±5.77 

dsGGACUm6A6 
no Mg2+, 65°C 

A6(C8) 2.23±0.00 
24.9±0.2 144±3 

3.45±0.02 4.42±0.78 82.87±4.60 
3.3 

A6(C2) 1.65±0.00 3.46±0.02 7.56±0.64 14.07±2.86 

dsGGACUA6 
Mg2+, 65°C 

A6(C8) 2.61±0.00 
1.8±0.0 221±6 

4.62±0.00 9.31±0.07 208.50±11.14 
6.5 

A6(C2) 1.07±0.00 4.77±0.00 10.25±0.06 67.24±6.12 

dsGGACUm6A6 
Mg2+, 65°C 

A6(C8) 2.06±0.00 
6.8±0.1 104±2 

4.51±0.01 9.58±0.09 227.29±3.64 
4.5 

A6(C2) 1.50±0.00 4.67±0.01 14.98±0.13 65.41±2.43 
dsHCVA15 

Mg2+, 60°C A15(C8) 2.25±0.01 7.5±0.1 286±10 3.99±0.01 9.90±0.56 136.37±11.83 2.5 

dsHCVm6A6,A15 
Mg2+, 60°C A15(C8) 2.38±0.00 18.1±0.0 88±2 3.88±0.01 6.30±0.24 23.00±1.50 6.4 

dsHCVA15 
Mg2+, 60°C (a) A15(C8) 2.35±0.00 13.2±0.1 301±5 3.48±0.01 0.00±0.00 165.67±10.06 13.0 

dsHCVA15 
Mg2+, 60°C (a) A15(C8) 2.39±0.00 21.1±0.2 132±2 3.79±0.01 0.00±0.00 36.70±2.51 10.7 

(a) [NaCl] = 100 mM 
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Table 3.5: Hybridization ΔGΘ from UV melting and NMR CEST 
 ΔGΘ from UV melting ΔGΘ from NMR CEST 

A6-DNA 45°C -6.6±0.1 -7.8±0.1 

A6-DNA 50°C -5.2±0.2 -6.4±0.1 

A2-DNA 50°C -7.8±0.1 -8.3±0.1 

dsGGACU 65°C no Mg2+ -6.3±0.1 -7.7±0.1 

dsGGACUm6A 65°C no Mg2+ -5.3±0.1 -6.4±0.1 

dsGGACU 65°C Mg2+ -9.3±0.2 -10.1±0.1 

dsGGACUm6A 65°C Mg2+ -8.6±0.1 -8.6±0.1 

dsHCV 60°C Mg2+ -7.0±0.1 -8.2±0.1 

dsHCVm6A 60°C Mg2+ -6.4±0.2 -6.9±0.1 
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Figure 4.7: NMR spectra of RNA and DNA constructs used for RD 
measurements 

m6A/m62A sites are in red and other 13C/15N labeled sites are in blue. Shown are 
1D and/or 2D HSQC spectra of a, 13C site-labeled (m6A6-C2/C8 or C10) 
ssA6RNAm6A and ssGGACUm6A; b, Unlabeled AMP and m6AMP; c, 13C site-
labeled (m6A6/A6-C2/C8) and 15N site-labeled (U13-N3) dsGGACU with and 
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without m6A; d, 13C site-labeled (m6A16/A16-C2/C8) and 15N site-labeled (U4-N3, 
U8-N3 and U9-N3) dsA6RNA with and without m6A; e, 13C site-labeled (m6A6-
C2/C8, A15-C2/C8) and 15N site-labeled (U17-N3 and U8-N3) or only m6A6-C10 
13C site-labeled hpGGACUm6A; f, 13C site-labeled (A11-C2/C8) m62A modified 
dsGGACUm62A; g, 13C site-labeled (A11-C2/C8) dsHCV with and without unlabeled 
m6A6; h, m6A containing strand 13C site-labeled (m6A6-C2/C8) and the uniformly 
13C/15N labeled complementary strand of dsA6DNAm6A; i, 13C site-labeled (G34-C8 
for TAR and U72-C6 for RREIIB) methylated HIV-1 TAR and RREIIB.  The buffers 
used for NMR measurements contain 15 mM sodium phosphate, 25 mM sodium 
chloride, 0.1 mM EDTA at pH 6.8 in a 90% H2O:10% D2O mixture.  +Mg2+ 
corresponds to 3 mM Mg2+ in the buffer. 
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Figure 4.8: RD measurements of methylamino isomerization in unpaired 
RNA 

a, R1ρ RD profiles for AMP (negative control) and m6AMP at T = 20°C-37°C in the 
absence or presence of 3 mM Mg2+.  b, R1ρ RD and CEST profiles for ssA6RNAm6A 
and ssGGACUm6A at T = 20°C-65°C.  c, van’t Hoff plot showing temperature 
dependence of the forward (k1) and reverse (k-1) rate constants for methylamino 
isomerization in ssGGACUm6A and m6AMP.  Data points in black and red were 
measured using C10 CEST and C2 R1ρ, respectively.  R2 denotes coefficient of 
determination (Methods).  RF powers for CEST and spin-lock powers for R1ρ are 
color coded.  Solid lines denote fits of the data to the Bloch-McConnell equations 
(Methods).  Error bars for CEST profiles (smaller than data points) were obtained 
using standard deviation of 3 measurements of peak intensity with zero relaxation 
delay as described in Methods. Error bars for R1ρ profiles were obtained using 
Monte-Carlo simulations as described in Methods.  Error bars in panel c were 
determined by propagating the error in k1 and k-1 obtained from CEST and R1ρ 
experiments.  Buffer used for RD measurements was composed of 15 mM sodium 
phosphate, 25 mM sodium chloride, 0.1 mM EDTA in a 90% H2O:10% D2O mixture 
at pH 6.8.  +Mg2+ corresponds to 3 mM Mg2+ in the buffer. 
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Figure 4.9: Kinetic modelling of CEST data at T = 65°C 
a, Comparison of experimental m6A6 C2/C8 CEST data points measured for 
dsGGACUm6A with a line computed from a 2-state fit to the RD data (2-state Fit) 
and from 3-state simulations of the CS pathway (Simulation) using the Bloch-
McConnell equations, without any adjustable parameters when assuming the 
methylamino isomerization kinetics measured for ssGGACUm6A.  b, Results for 
the 3-state CS simulation and constrained 3-state fit to the CS pathway when 
decreasing the rate of exchange for methylamino isomerization (kex,iso) in ssRNA 
by 20-fold to mimic results from prior measurements168 on the nucleobase in 
organic solvent (kex,organic = 500 s-1). c, Results for the constrained 3-state fit to 
the IF pathway.  Error bars for CEST profiles (smaller than data points) were 
obtained using standard deviation of 3 measurements of peak intensity with zero 
relaxation delay as described in Methods. RF field powers used for CEST are 
color-coded. 
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Figure 4.10: CEST measurements for dsGGACU with and without m6A at T 
= 55°C 

a, 13C CEST profiles for A6 C2/C8 (left and middle) and m6A6 C8 (right) in 
dsGGACU and dsGGACUm6A6 respectively at T = 55°C.  b, Fitted kon, koff for 
dsGGACU, apparent  kon (𝑘73,456

0## ), koff (𝑘788,456
0## ) for dsGGACUm6A6, and ssRNA 

populations from 2-state fits of dsGGACU and dsGGACUm6A6 CEST data at T = 
55°C and 65°C (the 65°C data was obtained from a prior study200).    c, 3-state CS 
simulation (solid lines) versus experimental CEST data points for dsGGACUm6A6 
m6A-C2 at T = 55°C.  d, Unconstrained 3-state fit using triangular topology (left), 
linear topology (middle) or starlike topology (right) for the m6A6 C2 13C CEST 
profile of dsGGACUm6A6 at T = 55°C.  𝜒2%!< 	and AIC/BIC weights were used to 
select the best model.  The AIC and BIC analysis rejects the starlike topology.  
Both the full (top) and zoomed-in (bottom) profiles are shown.  e, constrained 3-
state fitting (solid lines) assuming the IF pathway versus experimental CEST data 
points for dsGGACUm6A6 m6A-C2/C8 at T = 55°C.  Solid lines denote fits or 
simulations performed using the Bloch-McConnell equations as described in 
Methods.  RF field powers for CEST profiles are color coded, while the error bars 
for CEST profiles (smaller than data points) were obtained using standard 
deviation of 3 measurements of peak intensity with zero relaxation delay as 
described in Methods.    Buffer used for RD measurements was composed of 15 
mM sodium phosphate, 25 mM sodium chloride, 0.1 mM EDTA in a 90% H2O:10% 
D2O mixture at pH 6.8.   
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Figure 4.11: R1ρ and CEST profiles for four RNA duplexes under different 
conditions 

These RD data probe the new ES (m6(syn)A···U) in dsGGACUm6A and 
dsA6RNAm6A, and hybridization kinetics in dsHCV/dsHCVm6A and dsDNAm6A.  
Shown are various duplex constructs with m6A sites highlighted in red, 
experimental conditions, and the corresponding RD data.  The labeling scheme of 
constructs were described in Supplementary Fig. 4.7.  Solid lines denote a fit to 
the Bloch-McConnell equations as described in Methods.  Spin-lock powers for R1ρ 
and RF field powers for CEST profiles are color coded.  Error bars for CEST 
profiles (smaller than data points) were obtained using standard deviation of 3 
measurements of peak intensity with zero relaxation delay as described in 
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Methods. Error bars for R1ρ profiles were obtained using Monte-Carlo simulations 
as described in Methods.  Buffer used for RD measurements was composed of 15 
mM sodium phosphate, 25 mM sodium chloride, 0.1 mM EDTA in a 90% H2O:10% 
D2O mixture at pH 6.8.  +Mg2+ corresponds to 3 mM Mg2+ in the buffer. 
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Figure 4.12: Characterizing dsRNAsyn ES using RD and MD simulations  
a, R1ρ and CEST profiles measured for hpGGACUm6A at T = 37°C-65°C.  Spin-lock 
powers for R1ρ and RF field powers for CEST profiles are color coded.  Solid lines 
denote fits or simulations performed using the Bloch-McConnell equations as 
described in Methods.  Error bars for CEST profiles (smaller than data points) were 
obtained using standard deviation of 3 measurements of peak intensity with zero 
relaxation delay as described in Methods. Error bars for R1ρ profiles were obtained 
using Monte-Carlo simulations as described in Methods.  b, Model structures for 
m6(anti)A-U and m6(syn)A···U base pairs generated using MD simulations, 
highlighting the average imino hydrogen bond lengths in both conformations.  c, 
1H CEST simulations showing the absence of the minor peak in hpGGACUm6A 
likely due to the small ES2 population (~0.6%) but a detectable minor peak in 
dsA6RNAm6A which has a higher population (~1.2%).  d, van’t Hoff plots showing 
the temperature dependence of the forward (k2) and reverse (k-2) rate constants 
for methylamino isomerization in hpGGACUm6A.  Data points in black and red were 
measured using C10 CEST and C2 R1ρ respectively.  R2 denotes coefficient of 
determination (Methods).  Error bars were obtained by propagating the errors in k2 
and k-2 obtained from R1ρ or CEST measurements.  Buffer used for RD 
measurements was composed of 15 mM sodium phosphate, 25 mM sodium 
chloride, 0.1 mM EDTA in a 90% H2O:10% D2O mixture at pH 6.8. 
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Figure 4.13: Conformational characterization of m6(syn)A···U bp using the 
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m62A···U ES mimic and a structure-based survey 
(a, b) dsGGACU and dsA6RNA constructs showing methylation sites (in red) along 
with 2D NMR spectra.  a, 1D 1H (T = 25°C), 2D [15N, 1H] HSQC (T = 25°C), 2D 
[13C, 1H] HSQC (T = 37°C) spectra for m6A (blue) and m62A (red) modified 
dsGGACU along with 2D NOESY spectra (T = 25°C) showing sequential 
connectivity between imino protons for m62A dsGGACU.  U13 N3 is 15N site-
labeled in both modified RNAs.  b, 1D 1H (T = 5°C,10°C and 25°C) spectra for 
m62A A6RNA along with 2D [15N, 1H] HSQC (T = 5°C) and 2D [13C, 1H] HSQC (T 
= 10°C) spectra for m6A (blue) and m62A (red) modified dsA6RNA.  c, Chemical 
shift perturbations comparing dimethylated and m6A modified dsGGACU and dsA6 
RNA constructs (left).  Shown on the right are the chemical shift perturbations for 
C2, C8 and C1ʹ measured for dsGGACU, dsA6 constructs and calculated using 
DFT.  d, 13C R1ρ profile for A11-C8 in dsGGACUm62A at T = 65°C, and comparison 
of apparent kon and koff in unmethylated, m6A modified and m62A modified 
dsGGACU at T = 65°C.  Solid lines denote a fit of the data to the Bloch-McConnell 
equations (Methods).  Spin-lock powers for R1ρ RD profiles are color coded.  Error 
bars for the R1ρ profiles and for the rate constants were obtained using a Monte-
Carlo based approach as described in Methods.  e, A snapshot of the m6(syn)A···U 
bp in dsGGACUm6A from MD simulations where the methylamino group of m6A was 
enforced into a syn conformation, showing a water mediated hydrogen bond.  f, 
Survey of the PDB358 reveals 428 singly H-bonded A-U bps with structures similar 
to the m6(syn)A ···U bp.  Shown are the different motifs (for definition see Methods) 
in which the singly H-bonded A-U bps were identified.  Also shown is a 
representative example (PDBID: 1LNG) of a singly H-bonded A-U bp from the PDB 
along with its chemical structure.  Buffer used for NMR experiments was composed 
of 15 mM sodium phosphate, 25 mM sodium chloride, 0.1 mM EDTA in a 90% 
H2O:10% D2O mixture at pH 6.8. 
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Figure 4.14: Imino proton exchange measurements 

a, Schematic of a two-step imino proton exchange for an RNA base pair.  b, Models 
for m6A-U base opening.  In model 1, m6(syn)A···U bp can also contribute to 
solvent exchange in addition to the canonical base opening state. In model 2 
m6(syn)A···U replaces the canonical base opening state and is the dominant 
contributior to solvent exchange (Supplementary Note 4.2).  c, The apparent 
exchange rate constant of imino and water proton for unmethylated (kex) and 
methylated (𝑘%&,456

0## ) dsGGACU and dsA6RNA measured using imino proton 
exchange experiments.  Error bars in kex were the standard fitting errors as 
described in Methods.  d, Comparison of simulated fold-change (𝑘>J/𝑘%&,456

0## ) of 
kex in unmethylated and methylated RNA based on model 1 or 2.  The two red 
dashed lines indicate the range of fold-change measured experimentally in panel 
c.  Buffer used for imino exchange experiments was composed of 15 mM sodium 
phosphate, 25 mM sodium chloride, 0.1 mM EDTA in a 90% H2O:10% D2O mixture 
at pH 6.8.   
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Figure 4.15: Predicting the impact of m6A on hybridization kinetics in 

dsRNA/DNA 
a, Comparison of experimental m6A6 C2/C8 CEST data points measured for 
dsGGACUm6A at T = 55°C with a line computed from 4-state simulations (Methods) 
of the CS+IF model without any adjustable parameters (Simulation, left and middle) 
or from constrained 4-state CS+IF fit (4-state Fit, right).  b, Comparison of the 
experimentally measured and predicted (using the CS+IF 4-state CEST simulation) 
apparent kon,	koff and the fold-change relative to unmethylated duplex (kon fold-
change = kon(unmethylated)/ 	𝑘73,456

0##  and koff fold-change = 
koff(unmethylated)/	𝑘788,456

0## ) for RNA and DNA duplexes.  Each point corresponds 
to a different duplex and/or experimental condition.  All buffers contained 40 mM 
Na+, unless stated otherwise: (1) dsGGACUm6A at T = 65°C, (2) at T = 55°C, (3) 
with 3 mM Mg2+ at T = 65°C; (4) dsHCVm6A with 3 mM Mg2+ at T = 60°C, (5) with 3 
mM Mg2+ at T = 55°C, (6) with 3 mM Mg2+ and 100 mM Na+ at T = 60°C; (7) 
dsA6DNAm6A at T = 50 °C.  c, Correlations between experimentally measured 
apparent kon fold-change and kon(unmethylated)/ 	𝑘73,0391  (left) or melting free 
energy of the unmethylated dsRNA (right). r is the Pearson’s correlation coefficient.  
d, Comparison of measured CEST intensities200 for m6A6 C2/C8 in dsGGACUm6A, 
A11 C8 in dsHCVm6A and m6A16 C2 in dsA6DNAm6A at different conditions (+Mg2+ 
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corresponds to with 3 mM Mg2+ and high Na+ corresponds to with 100 mM Na+) 
and values obtained from constrained 4-state fit using the CS+IF model.  R2 
denotes coefficient of determination. Error bars for CEST profiles (smaller than 
data points) were obtained from standard deviations. Error bars for kon and koff were 
determined using a Monte-Carlo approach as described in Methods. 
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Figure 4.16: m6A slows select RNA conformational transitions 
a, 2D [13C, 1H] HSQC spectra of unmethylated and methylated TAR showing the 
G34-C8 resonance at T = 25°C.  Also shown are the 13C chemical shifts for G34 
C8 in unmethylated and methylated TAR, and GS and ES peak positions of 
unmethylated/methylated RNA (indicated with gray dashed lines)203.  b, 
Comparison of G34 C8 13C R1ρ profiles measured for unmethylated TAR in a prior 
study203 with m6A35 methylated TAR at T = 25°C.  Also shown is 𝜒2%!<  from 2-state 
fit of the RD data measured for methylated TAR G34-C8 as a function of varying 
kex (top) or pES (bottom).  c, Comparison of measured and constrained 3-state (CS 
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model) fit R1ρ value.  A 3-state CS fit was performed because CS flux is >99% 
based on CS+IF modeling (Methods).  Errors in R1ρ values were estimated using 
Monte-Carlo simulations as described in Methods.  d, 13C R1ρ RD profiles of 
unmethylated and methylated RREIIB for U72 C6 with and without 3 mM Mg2+ at 
T = 25°C.  Solid lines in the R1ρ RD profiles denote fits of the data to the Bloch-
McConnnell equations (Methods).  Spin-lock powers for R1ρ RD profiles are color 
coded.  Error bars for the R1ρ profiles were obtained using Monte-Carlo simulations 
as described in Methods.  Buffer used for RD measurements was composed of 15 
mM sodium phosphate, 25 mM sodium chloride, 0.1 mM EDTA in a 90% H2O:10% 
D2O mixture at pH 6.8. 
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Figure 4.17: Independent tests of NMR RD measurements of m6A RNA 
hybridization   

a, Temperature dependence of the melting (koff) and annealing (kon) rate constants 
of dsGGACUm6A.  b, Temperature dependence of annealing free energy ∆𝐺033%0$° , 
which is derived from population of ssGGACUm6A measured by CEST.  c, 
Comparison of thermodynamic parameters measured using optical melting 
experiments (UV)54 and temperature dependent CEST experiments (CEST) for 
dsGGACUm6A.  d, Comparison of ∆𝐺033%0$°  measured200 for 10 DNA/RNA duplexes 
at temperatures ranging from 45°C to 65°C.  Error bars for UV in panel c and d 
were determined using standard deviation (n=3)54.  Error bars for CEST in panel c 
and d were determined using a Monte-Carlo scheme as described in Methods. 
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Figure 4.18: Synthesis of 13C labeled phosphoramidites 
a, Synthesis of (13CH3)-m6A RNA phosphoramidite. (A) 13C-MeNH2-HCl, Et3N in 
DMF, 3 d, RT; (B) HF-Py in pyridine, 3 h, 0°C; (C) DMT-Cl, DMAP in pyridine, 3 h, 
RT; (D) CEP-Cl, DIPEA in THF, 2 h, RT. b, Synthesis of 13C8,13C2-labeled m6dA 
phosphoramidite. (A) N,N-Dimethylaniline in POCl3, 120°C 13 min; (B) 1/1 
methylamine (33 wt% in absolute ethanol) and methylamine (40 wt% in water), 48 
h, RT; (C) TIPDSiCl2 in pyridine, 3 h, RT; (D) TCDI, DMAP in DCE, 85°C 2h (E) 
Bu3SnH, AIBN in toluene, 75°C 1 ½ h; (F) TEA-HF in THF, 45°C 2h; (G) DMT-Cl 
in pyridine, overnight RT; (h) CEP-Cl, DIPEA in THF, 2 h, RT. 
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Table 4.1: Exchange parameters obtained from unconstrained 2-state fitting 
of 13C and 15N R1ρ, and 13C and 15N CEST data 

Shown are the chemical shift difference between GS and ES (Δω), ES population 
(pES), exchange rate constant (kex), longitudinal relaxation rate constant (R1), 
transverse relaxation rate constant for the GS (R2) and ES (R2,ES is assumed to be 
equal to R2 except for CEST experiments measuring duplex hybridization200) and 
the 𝜒2%!<  obtained from fitting R1ρ and CEST data.  Errors for all exchange 
parameters were determined using a Monte-Carlo approach as described in 
Methods. 
R1ρ 
Sample Resonanc

e Δω (ppm) pES (%) kex (s-1) R1 (s-1) R2 (s-1) R2,ES (s-1) 𝜒!"#$  

ssGGACUm6

A 20°C m6A6-C2 -0.53±0.02 9.2±0.5 506±14 4.59±0.0
7 9.76±0.08 - 0.3 

ssGGACUm6

A 25°C m6A6-C2 -0.55±0.05 8.4±1.3 607±38 4.53±0.1
9 8.26±0.22 - 2.1 

ssGGACUm6

A 37°C m6A6-C2 -0.52±0.08 11.8±4.1 2333±95 4.00±0.0
8 5.41±0.15 - 0.3 

ssA6RNAm6A 
20°C m6A6-C2 -0.72±0.08 4.3±1.0 901±137 4.65±0.1

2 
10.32±0.1
5 - 0.2 

m6AMP 20°C C2 -0.76±0.01 6.6±0.2 1400±20 2.62±0.0
3 3.14±0.04 - 0.5 

m6AMP 25°C C2 -0.83±0.05 5.8±0.7 2241±62 2.21±0.0
5 3.00±0.10 - 0.9 

m6AMP 
25°C(a) C8 - - - 2.46±0.0

2 3.05±0.25 - 0.6 

m6AMP 37°C C2 -0.89±0.22 4.6±2.3 6051±26
6 

1.67±0.0
3 2.25±0.15 - 1.2 

m6AMP  
Mg2+, 25°C(a) C8 - - - 2.84±0.0

1 3.48±0.01 - 0.5 

m6AMP  
Mg2+, 25°C C2 -0.63±0.03 9.4±0.8 2357±46 2.62±0.0

3 3.46±0.07 - 0.8 

hpGGACUm6

A 37°C(b) 

m6A6-C2 2.76±0.08 
0.6 176±5 

3.44±0.0
2 

18.74±0.0
3 - 

0.3 
U17-N3 -4.31±0.14 2.17±0.0

2 3.90±0.03 - 

hpGGACUm6

A 65°C m6A6-C2 2.60±0.02 1.6±0.0 1113±20 4.84±0.0
4 

11.87±0.0
6 - 0.4 

dsGGACUm6

A 37°C 

m6A6-C2 2.86±0.10 
0.8±0.6 118±95 

4.03±0.0
3 

15.03±0.0
3 - 

0.4 
U13-N3 -4.74±0.22 2.14±0.0

4 3.30±0.04 - 

dsGGACUm6

2A 65°C A11-C8 -1.09±0.05 9.2±0.9 2913±35 2.36±0.0
5 3.69±1.04 0.00±10.5

7 0.5 

dsA6RNAm6A 
37°C m6A16-C2 1.84±0.08 1.2±0.5 103±60 4.54±0.0

3 
21.02±0.0
3 - 0.4 

TAR 25°C€ G34-C8 2.64±0.48 21.9±10.3 32251±4
213 

3.43±0.2
6 

28.94±5.6
4 - 0.4 

TARm6A 
25°C(d) G34-C8 1.31±0.10 1 2397±46

8 
1.71±0.1
3 

36.50±0.3
1 - 0.2 

RRE 25°C 
(ES1) € U72-C6 -3.41±0.34 4.8±1.2 10727±5

73 
0.85±0.1
3 

47.41±1.3
6 - 0.5 
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RRE 25°C 
(ES2) € U72-C6 -0.53±0.08 36.6±4.5 2529±15

57 - 

RREm6A 
25°C U72-C6 -3.30±0.16 18.9±1.5 6105±25

3 
2.52±1.4
7 

49.96±5.1
5 - 0.1 

RRE Mg2+, 
25°C (ES1) € U72-C6 -2.30±0.10 17.5±2.1 6195±42

3 0.00±0.6
8 

60.4±10.2
5 - 0.3 RRE Mg2+, 

25°C (ES2) € U72-C6 -1.20±0.50 3.9±0.1 2364±53 

RREm6A Mg2+, 
25°C (ES1) U72-C6 -2.2±0.07 20.7±1.7 6004±21

2 
0.00±0.5
6 

61.85±3.0
5 - 0.2 

CEST 
ssGGACUm6

A 25°C m6A6-C10 2.96±0.01 9.2±0.1 640.1±14
.1 

0.94±0.0
1 4.92±1.38 - 1.2 

ssGGACUm6

A 37°C m6A6-C10 2.95±0.02 9.0±0.0 1957.1±6
0.0 

0.71±0.0
2 20.0±2.34 - 6.0 

ssGGACUm6

A 45°C m6A6-C10 3.46±0.10 7.0±0.0 4413.5±2
38.0 

1.08±0.0
5 

10.85±2.9
8 - 11.

0 

dsGGACU 
55°C 

A6-C8 2.55±0.01 
0.8±0.0 136.5±8.

4 

4.61±0.0
0 

11.04±0.0
6 

128.90±11
.17 7.5 

A6-C2 1.23±0.00 4.80±0.0
0 

11.29±0.0
6 

97.70±12.
25 

dsGGACUm6

A 55°C m6A6-C8 2.08±0.00 5.4±0.3 33.6±2.1 4.55±0.0
1 

11.66±0.0
4 

154.61±4.
21 7.4 

dsHCV 55°C A11-C8 2.18±0.02 1.5±0.7 166.5±22
.8 

4.27±0.0
1 

13.13±0.0
3 

162.44±2
9.77 

13.
0 

dsHCVm6A 
55°C A11-C8 2.28±0.00 6.0±0.4 46.0±4.0 4.31±0.0

3 
11.96±0.0
8 

87.22±4.3
6 

10.
7 

hpGGACUm6

A 37°C 

m6A6-C2 2.78±0.00 

0.6±0.0 196.2±9.
6 

3.30±0.0
0 

18.36±0.0
5 - 

21.
0 m6A6-C10 -1.58±0.03 1.43±0.0

0 4.08±0.07 - 

U17-N3 -4.83±0.01 3.41±0.0
0 9.45±0.07 - 

hpGGACUm6

A 55°C 

m6A6-C2 2.61±0.00 
1.1±0.0 546.8±3.

2 

4.17±0.0
0 

12.89±0.0
4 - 21.

1 m6A6-C10 -1.67±0.01 2.02±0.0
1 4.99±0.09 - 

dsGGACUm6

A Mg2+,37°C m6A6-C2 2.68±0.02 0.4±0.1 98.1±23.
7 

3.30±0.0
1 

22.78±0.0
8 - 2.4 

dsA6DNAm6A  

50°C m6A16-C2 1.17±0.00 32.4±0.1 102.2±0.
8 

2.50±0.0
1 

10.79±0.1
8 

10.57±0.3
8 

14.
9 
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Table 4.2: Exchange parameters from CS and CS+IF models. 
Parameters 

65°C (CS) 65°C (CS+IF) 55°C (CS+IF) 
m6A6-C2 m6A6-C8 m6A6-C2 m6A6-C8 m6A6-C2 m6A6-C8 

ΔωdsRNA,syn 
(ppm) - 2.20±0.00 0* 2.42±0.0 0* 

ΔωssRNA,syn 
(ppm) 1.70±0.00 2.45±0.01 1.69±0.00 2.4±0.0 1.56±0.0 2.16±0.0 

ΔωssRNA,anti 
(ppm) 1.10±0.07 0* 1.08±0.00 0* 0.70±0.0 0* 

pdsRNA,syn (%) - 1.6±0.1 1.2±0.1 
pssRNA,syn (%) 22.9±0.1 22.1±0.1 4.5±0.1 
pssRNA,anti (%) 2.2±0.1 2.1±0.1 0.2±0.0 
k1 (s-1) 2129.1±126.1 1888.1±29.8 272.5±1.3 
k-1 (s-1) 19476.8±131.4 20111.9±186.8 6127.5±1.3 
kon,anti (M-1s-1) 5.1±0.4×106 4.9±0.2	×106 13.4±0.0×106 
koff,anti (s-1) 37.7±3.4 29.4±0.4 1.2±0.0 
k2 (s-1) - 14.4±0.0 6.5±0.0 
k-2 (s-1) - 1075.6±0.0 512.2±1.2 
kon,syn (M-1s-1) - 1.0±0.0×105 5.7±0.0×105 
koff,syn (s-1) - 487.9±0.1 90.9±0.2 
R1,GS (s-1) 3.45±0.01 3.47±0.00 3.44±0.00 3.47±0.01 4.69±0.00 4.48±0.00 
R2,GS (s-1) 7.60±0.30 4.01±0.54 6.93±0.00 5.20±0.00 10.66±0.02 12.70±0.00 
R2,ssRNA,syn (s-

1) 15.26±1.91 60.90±11.96 17.10±0.00 87.90±3.00 35.1±0.33 150.2±0.00 

R2,ssRNA,anti (s-

1) 13.16±1.52 63.83±4.22 17.10±1.29 82.01±3.71 35.1±0.94 150.2±0.00 

𝜒!"#$  3.0 3.0 9.1 

GS is dsRNAanti in both 3-state and 4-state fits.  The two Ess are ssRNAsyn and 
ssRNAanti in 3-state fits (Fig. 4.2a) while the three Ess are dsRNAsyn, ssRNAsyn and 
ssRNAanti in 4-state fits (Fig. 4.5a).  k1 and k-1 are the forward and backward rate 
constants, respectively for methylamino isomerization in ssRNA. Kon,anti and koff,anti 
are the annealing and melting rate constants, respectively for hybridization when 
m6A is anti. K2 and k-2 are the forward and backward rate constants, respectively 
for methylamino isomerization in dsRNA.  kon,syn and koff,syn are the annealing and 
melting rate constants, respectively for hybridization when the methylamino is syn.  
Errors for all exchange parameters were determined using a Monte-Carlo 
approach as described in Methods. * these values were fixed to be 0.   
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Table 4.3: Exchange parameters from unconstrained fitting dsGGACUm6A 
m6A6 C2 CEST data measured at T = 55°C assuming the triangular 3-state 

model 
 m6A6-C2 
Δωss (ppm) 1.50±0.02 
ΔωES (ppm) 2.39±0.02 
pss (%) 4.6±1.1 
pES (%) 1.4±0.1 
kex,ss (s-1) 9.5±7.9 
kex,2 (s-1) 511.5±16.6 
kex,ss-ES (s-1) 155.0±39.7 
R1 (s-1) 4.71±0.06 
R2,GS (s-1) 10.63±0.16 
R2,ss (s-1) 36.51±8.52 
𝜒!"#$  9.6 

In the 3-state fit, GS is dsRNAanti, the two minor states are ss, which is the ssRNA 
(ssRNAsyn⇌ssRNAanti) state, and ES, which is dsRNAsyn.  kex,ss is the exchange 
rate constant between GS and ssRNA, kex,2 is the exchange rate constant between 
GS and ES.  kex,ss-ES is the exchange rate constant between ss and ES. Errors for 
all exchange parameters were determined using a Monte-Carlo approach as 
described in Methods. 
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Table 4.4: Thermodynamic parameters from UV melting experiments  
Shown are number of replicates (n), oligo concentration (Ct), melting temperature 
(Tm), standard enthalpy difference (ΔH°), entropy difference (ΔS°) and free energy 
difference (ΔG°37°C) at T = 37°C. 

Construct n Ct 
(µM) Tm(°C) ΔH° 

(kcal/mol) 
ΔS° 
(e.u.) 

ΔG°37°C 
(kcal/mol) 

dsA6RNA 3 3 40.7±0.2 -95.0±1.5 -275.6±5.0 -9.4±0.1 
dsA6RNAm6A 3 3 37.0±0.2 -93.6±2.6 -275.3±7.9 -8.3±0.2 
dsA6DNA(a) 3 3 39.2±0.2 -98.6±2.9 -288.8±9.1 -9.1±0.1 
dsA6DNAm6A 3 3 36.2±0.1 -93.6±1.2 -276.0±3.8 -8.0±0.1 

Errors represent one standard deviation (n=3 independent measurements). 
Uncertainty in the calculated thermodynamic parameters were determined by error 
propagation as described in Methods. (a) Data obtained from200. 
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Supplementary Note 4.1: Additional support for the methylamino group 
being syn in the ES detected in hpGGACUm6A 
 

The rate constants for syn ® anti interconversion in dsRNA (k-2 ~500 s-1 at 

T = 55°C) and ssRNA (k1 ~300 s-1 at T = 55°C) are similar to each other 

(Supplementary Table 4.2).  This is expected given that in both cases, the syn 

methylamino group is not H-bonded.  Conversely, the much slower anti ® syn 

interconversion in dsRNA (k2 ~10 s-1 at T = 55°C) relative to ssRNA (k-1 ~6,000 s-

1 at T = 55°C) is also expected given that the anti methylamino group is H-bonded 

in dsRNA but not in ssRNA.  In addition, 𝑘73,PQ3  (ssRNAsyn ® dsRNAsyn) and 

𝑘788,PQ3 (dsRNAsyn ® ssRNAsyn) values are ~20-fold slower and ~80-fold faster 

than their unmethylated RNA counterparts respectively at T = 55°C 

(Supplementary Table 4.2).  These large changes in hybridization kinetics relative 

to the unmodified duplex are in line with those reported previously for 

mismatches318.  This is reasonable because one would expect the hybridization 

kinetics of dsRNAsyn (ssRNAsyn⇌dsRNAsyn) to be similar to those of dsRNA 

containing mismatches318, given that m6A in the syn conformation is expected to 

lose at least one Watson-Crick H-bond in dsRNA.  

 

Supplementary Note 4.2: Base opening kinetic modeling 

We tested two models to examine the impact of m6(syn)A···U on base 



 

 

 

226 

opening kinetics,  

1. m6(syn)A···U can also contribute to solvent exchange in addition to the 

canonical base opening state (Supplementary Fig. 4.14b, model 1). 

2. m6(syn)A···U replaces the canonical base opening state and is the 

dominant contributor to solvent exchange (Supplementary Fig. 4.14b, 

model 2). 

Kinetic simulations of these two models were performed using differential 

equations below to simulate the apparent solvent exchange rate constant (kex) of 

methylated RNA assuming model 1 or model 2. 

Model 1: 

![#$(&'())+,-]
!/

	 = −	𝑘01[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈]	+ 		𝑘23[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈(𝑜𝑝𝑒𝑛)] +	𝑘,4[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈] −

	𝑘4[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈]		

	

d[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈(𝑜𝑝𝑒𝑛)]
dt 	 = 𝑘01[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈] − 𝑘23[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈(𝑜𝑝𝑒𝑛)] − 𝑘56[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈(𝑜𝑝𝑒𝑛)]	

	

d[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈]
dt 	 = 𝑘4[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈] − 𝑘,4[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈]−𝑘54[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈]	

	

d[𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑	𝐻]
dt 	 = 𝑘56[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈(𝑜𝑝𝑒𝑛)] +	𝑘54[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈]	

 

Model 2: 
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d[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈]
dt 	 = 𝑘,4[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈] −	𝑘4[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈]		

	

d[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈]
dt 	 = −𝑘,4[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈] +	𝑘4[𝑚6(𝑎𝑛𝑡𝑖)𝐴 − 𝑈] −	𝑘54[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈]	

	

d[𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑	𝐻]
dt 	 = 𝑘54[𝑚6(𝑠𝑦𝑛)𝐴 − 𝑈]		

 

kop and kcl are the opening and closing rate constants of m6(anti)A-U bp, 

respectively and were assumed to be equal to those of canonical base opening in 

unmethylated A-U bp (700 s-1 and 1.7x107 s-1 respectively363).  k2, k-2 were 

methylamino isomerization rate constants in dsRNA measured using RD. ke1 and 

ke2 are the intrinsic imino proton exchange rate constants for m6(anti)A···U(open) 

and m6(syn)A···U, respectively (Supplementary Fig. 4.14b) and were both 

assumed to be equal to the corresponding rate of unmethylated A-U base-open 

state (kex,open, Supplementary Fig. 4.14a), which is 106 s-1 based on a prior study364.  

[𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑	𝐻]	was simulated at 100 evenly distributed time points from 0 s to 0.5 

s for model 1, 0 s to 5 s for model 2. The simulated [𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑	𝐻] at multiple time 

points was then fit to 

 

[𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑	𝐻] = 𝐴 �1 − 𝑒*V*@,!E<
.FF 9�	 
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Where t is time, 𝑘%&,456
0##  is the apparent base opening exchange rate 

constant for methylated RNA.  A is a pre-exponential factor.  The fitted 𝑘%&,456
0##  was 

then compared with that of unmethylated RNA (𝑘>J =
V-FV*@,-F*'
VG/yV*@,-F*'

) to calculate the 

kex fold-change (𝑘%&,456
0## /𝑘>J) shown in Supplementary Fig. 4.14d.  The simulation 

results suggest that m6A has little effect on kex in model 1 while it slows kex by 

~200-fold in model 2.  We did not observe a significant effect of m6A on kex 

(Supplementary Fig. 4.14c), consistent with model 1.  Therefore, the m6(syn)A···U 

does not replace the canonical base-open state.  However, we cannot rule out that 

m6A can be an alternative base-open state. 

 

Supplementary Note 4.3: RREIIB RD analysis 

We previously showed that methylating A68 has minor effects on the ES1 

+ ES2 populations in a different three-way junction context in the absence and 

presence of Mg2+ based on analysis of 15N site-labelled U72 imino resonance365.  

The RD data (Supplementary Fig. 4.16d) measured here for the RREIIB stem-loop 

in the absence of Mg2+ indicates that m6A increases pES1 by ~3-fold 

(Supplementary Table 4.1).  This could be due to improved stacking interactions 

when m6A is near flexible sites. The data also show that m6A diminishes the RD 

contribution from ES2, possibly due to destabilization and/or reduction of kex when 
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forming the ES2 m6A68(anti)-G50(anti) mismatch365.  The impact of m6A on the 

measured RREIIB RD was weaker in the presence of 3 mM Mg2+ (Supplementary 

Fig. 4.16d) although it was not possible to reliably determine the ES1 exchange 

parameters due to weak RD.  NMR RD studies are needed to examine whether 

m6A impacts the kinetics of ES1 and/or ES2 exchange in the three-way junction 

context.   

Supplementary Note 4.4: Chemical synthesis of of (13C10)-m6A RNA 
phosphoramidite 
 
Detailed description of synthetic protocols is shown in Supplementary Fig. 4.18a. 

3’,5’-O-bis(t-butylsilyl)-2’-O-(t-butyldimethylsilyl)-N-6-13C-methyladenosine (2) 

Compound 1 (1.00 g, 1.85 mmol) was dissolved in anhydrous N,N-

dimethylformamide (10 ml) under argon atmosphere. Then 13C-methylamine 

hydrochloride (2.0 eq, 253 mg, 3.70 mmol) and triethylamine (2.0 eq, 515 µl, 3.70 

mmol) were added and the mixture was stirred at room temperature for 3 days. 

After complete conversion of the starting material was indicated by TLC analysis 

(EtOAc/n-hexane = 6/4), the solvent was evaporated under high vacuum. The 

residue was dissolved in ethyl acetate, washed once with saturated sodium 

bicarbonate solution and once with brine. The organic layer was collected, dried 

over anhydrous sodium sulfate, filtered and evaporated. Final purification via silica 

flash column chromatography using a gradient of 20% to 70% ethyl acetate in n-

hexane to give pure compound 2 as white foam. The product was dired under high 
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vacuum. 

Yield: 782 mg (1.46 mmol, 79 %) 

TLC: EtOAc/n-hexane = 6/4; Rf = 0.4 

1H-NMR (300 MHz, CDCl3, 25°C): δ 8.36 (s, 1H, C(2)H); 7.75 (s, 1H, C(8)H); 5.90 

(s, 1H, C(1’)H); 5.87 (s, 1H, NH); 4.62 (d, 1H, C(2’)H); 4.55 (dd, 1H, C(3’)H); 4.47 

(dd, 1H, C(5’)H); 4.20 (m, 1H, C(4’)H); 4.02 (dd, C(5’’)H); 3.2 (dd, 3H, 1JCH = 138.8 

Hz, NH13CH3); 1.08 (s, 9H, tBu); 1.04 (s, 9H, tBu); 0.92 (s, 9H, tBu); 0.15 (s, 3H, 

SiCH3); 0.14 (s, 3H, SiCH3) ppm. 

13C-NMR (75 MHz, CDCl3, 25°C): δ 153.5 (C(2)); 138.1 (C(8)); 92.6 (C(1’)); 76.0 

(C(3’)); 75.6 (C(2’)); 74.8 (C(4’)); 68.0 (C(5’)); 27.8 (13CH3); 27.6 (CH3, tBu); 27.2 

(CH3, tBu); 26.0 (CH3, tBu); -4.2 (SiCH3); -4.8 (SiCH3) ppm.   

2’-O-(t-butyldimethylsilyl)-N-6-13C-methyladenosine (3) 

Compound 2 (782 mg, 1.46 mmol) was dissolved in anhydrous 

dichloromethane (10 ml) under argon atmosphere and cooled to 0°C using an ice 

bath. After hydrogen fluoride pyridine (70 % HF in pyridine, 3.2 eq, 122 µl, 4.70 

mmol) was diluted with anhydrous pyridine (700 µl) in an ice cooled Eppendorf 

tube, the mixture was added to the stirred solution of 2. After stirring under argon 

at 0 °C for 3 hours completion of the reaction was indicated via TLC analysis 

(EtOAc/n-hexane = 7/3). The mixture was diluted with dichloromethane, washed 

once with water and once with saturated sodium bicarbonate solution. The organic 
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layer was collected, dried over anhydrous sodium sulfate, filtered and evaporated. 

The crude yellowish foam of 3 was used for the next synthesis step without further 

purification. 

Yield: quantitative 

TLC: EtOAc/n-hexane = 7/3; Rf = 0.2 

5’-O-(4,4’-dimethoxytrityl)-2’-O-(t-butyldimethylsilyl)-N-6-13C-methyladenosine (4) 

Crude Compound 3 (577 mg, 1.46 mmol) together with a spatula tip 4-

(dimethyl- amino)pyridine was coevaporated trice with anhydrous pyridine and 

subsequently dissolved in anhydrous pyridine (20 ml) under argon atmosphere. 

Then 4,4’-dimethoxytrityl chloride (1.1 eq, 542 mg, 1.60 mmol) was added to the 

solution in three portions within 1 hour and the mixture was stirred for 3 hours at 

room temperature. After TLC analysis (CH2Cl2/MeOH = 9/1) showed full 

conversion of the starting material  the reaction was quenched with methanol (1 

ml) and evaporated to an oily residue which was coevaporated twice with toluene. 

The residue was dissolved in dichloromethane and washed twice with 5 % citric 

acid and twice with saturated sodium bicarbonate solution. The organic layer was 

collected, dried over sodium sulfate, filtered and evaporated. The crude product 

was applied to a silica gel column with methylene chloride and eluted using a 

gradient from 0 to 3% of methanol in dichloromethane to give compound 4 as 

slightly yellow foam. The product was dried under high vacuum. 
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Yield: 920 mg (1.32 mmol, 90 % referred to 2) 

TLC: CH2Cl2/MeOH = 9/1; Rf = 0.8 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.25 (s, 1H, C(8)H); 8.17 (s, 1H, C(2)H); 

7.75 (s, 1H, NH); 7.44-6.80 (m, 13H, CH arom); 5.95 (d, 1H, C(1’)H); 5.10 (d, 1H, 

C(3’)OH); 4.85 (m, 1H, C(2’)H); 4.26 (m, 1H, C(3’)H); 4.10 (m, 1H, C(4’)H); 3.73 (s, 

6H, OCH3); 3.27 (m, 2H, C(5’)H; C(5’’)H); 2.97 (d, 3H, 1JCH = 138.4 Hz, 13CH3); 

0.75 (s, 9H, tBu); -0.04 (s, 3H, SiCH3); -0.14 (s, 3H, SiCH3) ppm.  

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 151.6 (C(2)); 138.2 (C(8)); 130.8-110.5 (C 

arom); 87.4 (C(1’)); 82.9 (C(4’)); 74.4 (C(2’)); 70.1 (C(3’)); 63.1 (C(5’)); 54.7 (OCH3); 

26.7 (13CH3); 25.3 (CH3, tBu); -4.61 (SiCH3); -5.3 (SiCH3) ppm. 

5’-O-(4,4’-dimethoxytrityl)-2’-O-(t-butyldimethylsilyl)-N-6-13C-methyladenosine 3’-

[(2-cyanoethyl)-(N,N-diisopropyl)]phosphoramidite (5) 

Compound 4 (920 mg, 1.32 mmol) was dried under high vacuum over night 

and dissolved in 10 mL of dry tetrahydrofuran under argon atmosphere. To this 

solution was added simultaneously 2-cyanoethyl-N,N-diisopropyl-

chlorophosphoramidite (1.1 eq, 343 mg, 1.45 mmol) and N,N-

diisopropylethylamine (5.0 eq, 1.15 ml, 6.58 mmol) and  stirred 2 hours at room 

temperature. After TLC analysis (EtOAc + 1 % NEt3) indicated ful conversion the 

reaction was quneched by addition of methanol (1 ml). The solution was diluted 

with chloroform and washed once with half saturated sodium bicarbonate solution. 
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The organic layer was dried over anhydrous sodium sulfate, filtered and 

evaporated to dryness. The crude product purified with silica gel flash 

chromatography using a gradient from 2:8 to 7:3 ethyl acetate/n-hexane (+2 % 

triethylamine) to give 5 as a colorless foam. The product was dried in high vacuum. 

Yield: 750 mg (0.83 mmol, 63 %) 

TLC: EtOAc + 1% NEt3; Rf = 0.7 

1H-NMR (300 MHz, CDCl3, 25°C): δ 8.30 (d, 1H, C(2)H); 7.96 (d, 1H, C(8)H); 7.50-

6.76 (m, 13H, CH arom); 5.98 (m, 1H, C(1’)H); 5.86 (s, 1H, NH); 5.07 (m, 1H, 

C(2’)H); 4.40 (m, 1H, C(3’)H); 4.33 (m, 1H, C(4’)H); 3.92 (m, 1H, POCH2); 3.78 (s, 

6H, OCH3); 3.63 (m, 1H, POCH2); 3.59 (m, 2H, CH iPr); 3.55 (m, 1H, C(5’)H);  3.31 

(C(5’’)H); 3.18 (d, 3H, 1JCH = 138.4 Hz, 13CH3); 2.65 (t, 1H, CH2CN); 2.30 (t, 1H, 

CH2CN); 1.21-1.00 (m, 12H, CH3 iPr); 0.76 (d, 9H, CH3 tBu); -0.05 (d, 3H, SiCH3); 

-0.20 (d, 3H, SiCH3) ppm. 

13C-NMR (75 MHz, CDCl3, 25°C): δ 153.1 (C(2)); 139.0 (C(8)); 132.0-113.3 (C 

arom); 88.4 (C(1’)); 84.1 (C(4’)); 74.9 (C(2’)); 73.4 (C(3’)); 63.8 (C(5’)); 58.3 

(POCH2); 55.5 (OCH3); 43.5 (CH iPr); 27.7 (13CH3); 26.2 (CH3 tBu); 25.3 (CH3 

iPr), 20.3 (CH2CN); -3.7 (SiCH3); -4.6 (SiCH3) ppm. 

31P-NMR (121 MHz, CDCl3, 25°C): δ 151.5, 149.5 ppm. 

Supplementary Note 4.5: Chemical synthesis of of (13C10)-m6A RNA 
phosphoramidite 
 

Detailed description of synthetic protocols is shown in Supplementary Fig. 
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4.18b. 

2’,3’,5’-Tribenzoyl-(2,8-13C)-6-chloroadenosine (2) 

Compound 1 (2.00 g, 3.43 mmol) was suspended in N,N-dimethylaniline 

(1.05 eq, 453 µl, 3.60 mmol) and POCl3 (21 eq, 6,6 ml, 72.10 mmol) and stirred for 

7 minutes at room temperature under argon atmosphere. The resulting solution 

was refluxed for 13 minutes at 120 °C using a preheated oil bath. After cooling the 

flask to room temperature using an ice bath the mixture was poured over crushed 

ice and stirred together with dichloromethane (approx 50 ml) in an 250 ml 

erlenmeyer flask. The phases were separated and the aqueous layer extracted 

trice with dichloromethane. The combined organic layers were washed twice with 

2M HCl, twice with saturated bicarbonate solution, once with brine, dried over 

Na2SO4, filtered and evaporated to give compound 2 as brown foam. TLC analysis 

(CH2Cl2/MeOH = 9/1) indicated complete conversion of the starting material and 

the product was used for the next step without further purification.  

Yield: quantitative 

TLC: CH2Cl2/MeOH = 9/1; Rf = 0.8 

(2,8-13C)-N-6-methyladenosine (3) 

The brownish foam of 2 was treated with a 1:1 mixture of methylamine 

solution (20 ml, 33 wt% in absolute ethanol) and methylamine solution (20 ml, 40 

wt% in water) and stirred at room temperature for 48 hours. After TLC analysis 
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(CH2Cl2/MeOH = 9/1) showed complete conversion of the starting material all 

solvents were evaporated and the oily residue was coevaporated trice with 

methanol. Adsorption of the residue onto silica from methanol and subsequent 

silica gel flash column chromatography using a gradient from 0 to 20% of methanol 

in ethyl acetate yielded compound 3 as white solid. The product was dried in high 

vacuum. 

Yield: 670 mg (2.37 mmol, 69 % referred to 1) 

TLC: CH2Cl2/MeOH = 9/1; Rf = 0.1 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.33 (d, 1H, 1JCH = 213.3 Hz, 13C(8)H); 

8.21 (d, 1H, 1JCH = 199.4 Hz, 13C(2)H); 7.82 (s, 1H, NH); 5.87 (dd, 1H, C(1‘)H); 

5.43 (d, 1H, C(2‘)OH); 5.41 (d, 1H, C(5‘)OH); 5.18 (d, 1H, C(3‘)OH); 4.61 (dd, 1H, 

C(2‘)H); 4.14 (dd, 1H, C(3‘)H); 3.96 (m, 1H, C(4‘)H); 3.73-3.50 (m, 2H, C(5‘)H; 

C(5’’)H); 2.96 (s, 3H, NHCH3) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 152.4 (13C(2)); 139.6 (13C(8)); 87.9 (C(1‘)); 

85.9 (C(4‘)); 73.5 (C(2‘)); 70.6 (C(3‘)); 61.6 (C(5‘)); 26.8 (NHCH3) ppm. 

3',5'-O-(1,1,3,3-tetra-isopropyldisiloxane-1,3-diyl)-(2,8-13C)-N-6-methyladenosine 

(4) 

Compound 3 (1.24 g, 4.38 mmol) was dissolved in anhydrous pyridine (15 

ml) under argon atmosphere and cooled to 0°C using an ice bath. Then 1,1,3,3-

tetraisopropyl-1,3-dichlorodisiloxane (1.1 eq, 1,52g, 4.82 mmol) was added 
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dropwise and the solution was stirred for 3 hours at room temperature. After full 

conversion of the starting material was indicated by TLC analysis (EtOAc) the 

reaction was quenched with methanol and all solvents were evaporated. The 

residue was dissolved in dichloromethane, washed twice with 5% citric acid, twice 

with saturated sodium bicarbonate solution, dried over Na2SO4, filtered and 

evaporated to dryness. The crude product was applied to a silica gel column with 

methylene chloride and eluted using a gradient from 60 to 80% of ethyl acetate in 

hexane to give compound 4 as white foam. The product was dried in high vacuum. 

Yield: 1.47g  (2.80 mmol, 64 %) 

TLC: EtOAc;  Rf = 0.5 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.19 (d, 1H, 1JCH = 213.1 Hz, 13C(8)H); 

8.16 (d, 1H, 1JCH = 205.3 Hz, 13C(2)H); 7.83 (s, 1H, NH); 5.88 (d, 1H, C(1‘)H); 5.62 

(d, 1H, OH); 4.80 (dd, 1H, C(3’)H); 4.51 (m, 1H, C(2’)H); 4.00 (m, 1H, C(4’)H); 4.1-

3.87 (m, 2H, C(5’)H, C(5’’)H); 2.95 (s, 3H, N(6)CH3); 1.07-0.99 (m, 28H, i-Pr CH3, 

CH) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 152.9 (13C(2)); 139.2 (13C(8)); 89.6 (C(1‘)); 

81.2 (C(4‘)); 74.1 (C(2‘)); 70.2 (C(3‘)); 61.1 (C(5‘)); 27.6 (N(6)CH3); 1.0 (i-Pr) ppm. 

2'-O-(1-imidazolyl)thiocarbonyl-3',5'-O-(1,1,3,3-tetra-isopropyldisiloxane-1,3-diyl)- 

(2,8-13C)-N-6-methyladenosine (5) 

Compound 4 (1.47 g, 2.80 mmol) was dissolved in anhydrous 1,2-dichloro 
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ethane (18 ml) under an argon atmosphere. Then a spatula tip 4-

(dimethylamino)pyridine and 1,1′-thiocarbonyldiimidazole (1.5 eq, 750 mg, 4.19 

mmol) were added and the reaction was stirred at 85°C under reflux for 2 hours. 

After TLC analysis (CH2Cl2/MeOH = 95/5) indicated complete conversion of the 

starting material the solution was diluted with dichloromethane and washed once 

with saturated sodium bicarbonate solution. The organic layer was dried over 

anhydrous sodium sulfate, filtered and evaporated. Final purification using silica 

gel flash chromatography with a gradient from 0% to 4% methanol in 

dichloromethane yields compound 5 as pale yellow foam. The product was dried 

in high vacuum. 

Yield: 1.62 g (2.55 mmol, 91 %) 

TLC: CH2Cl2/MeOH = 95/5; Rf = 0.4 

1H-NMR (300 MHz, CDCl3, 25°C): δ 8.33 (d, 1H, 1JCH = 201.4 Hz, 13C(2)H); 8.38 

(s, 1H, C(2)H imidazol); 7.84 (d, 1H, 1JCH = 211.6 Hz, 13C(8)H); 7.67 (t, 1H, CH 

imdidazol); 7.08 (m, 1H, CH imidazol); 6.41 (d, 1H, C(2’)H); 6.12 (d, 1H, C(1’)H); 

5.84 (d, 1H, NH); 5.57 (dd, 1H, C(3’)H); 4.11 (m, 1H, C(4’)H); 4.22-4.03 (m, 2H, 

C(5’)H, C(5’’)H); 3.21 (d, 3H, NHCH3); 1.15-0.93 (m, 28H, iPr) ppm. 

13C-NMR (75 MHz, CDCl3, 25°C): δ 153.7 (13C(2)); 138.7 (13C(8)); 136.8 (C() 

imidazol); 130.9 (C(4) imidazol); 117.8 (C(5) imidazol); 87.2 (C(1’)); 83.8 (C(2’)); 

82.5 (C(4’)); 69.8 (C(3’)); 60.5 (C(5’)); 27.4 (NHCH3); 19.1-11.5 (iPr) ppm. 
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3',5'-O-(1,1,3,3-tetra-isopropyldisiloxane-1,3-diyl)-(2,8-13C)-N-6-methyl-2’-

deoxyadenosine (6) 

Compound 5 (1.62 g, 2.55 mmol) was dissolved in anhydrous and degassed 

toluene (50 ml) under argon atmosphere. Then, tributyltin hydride (1.5 eq, 1.03 ml, 

3.82 mmol) and azobisisobutyronitrile (0.2 eq, 84 mg, 0.51 mmol) was added and 

the reaction was stirred at 75°C. After 1 ½ hours TLC analysis (EtOAc) showed 

complete conversion of the starting material and the solvent was evaporated. The 

residue was dissolved in dichloromethane and washed twice with saturated 

sodium bicarbonate solution, dried over anhydrous sodium sulfate, filtered and 

evaporated. The crude product was applied to a silica gel column with methylene 

chloride and eluted using a gradient from 50 to 80% of ethyl acetate in hexane to 

give compound 4 as white foam. The product was dried in high vacuum. 

Yield: 1.14 g (2.24 mmol, 88 %) 

TLC: EtOAc;  Rf = 0.6 

1H-NMR (300 MHz, CDCl3, 25°C): δ 8.39 (d, 1H, 1JCH = 200.5 Hz, 13C(2)H); 7.97 

(d, 1H, 1JCH = 211.3 Hz, 13C(8)H); 6.27 (dd, 1H, C(1’)H); 5.85 (d, 1H, NH); 4.96 (m, 

1H, C(3’)); 4.04 (m, 2H, C(5’)H, C(5’’)H); 3.89 (m, 1H, C(4’)H); 3.19 (s, 3H, NHCH3); 

2.76-2.56 (m, 2H, C(2’)H, C(2’’)H); 1.13-1.00 (m, 28H, iPr) ppm. 

13C-NMR (75 MHz, CDCl3, 25°C): δ 153.1 (13C(2)); 138.0 (13C(8)); 85.2 (C(4’)); 

83.0 (C(1’)); 70.0 (C(3’)); 61.9 (C(5’)); 27.5 (NHCH3); 19.2-11.4 (iPr) ppm. 
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(2,8-13C)- N-6-methyl-2’-deoxyadenosine (7) 

Compound 6 (1.14 g, 2.24 mmol) was dissolved in anhydrous 

tetrahydrofuran (20 ml) under argon atmosphere. Then triethylamine 

trihydrofluoride (1.3 eq, 474 µl, 2.91 mmol) was added and the reaction was stirred 

at 45°C for 2 hours. After TLC analysis (CH2Cl2/MeOH = 9/1) showed complete 

conversion of the starting material all solvents were removed. The crude residue 

was dissolved in methanol, adsorbed on silica, applied onto a silica gel column 

and the product was eluted using a gradient of 0 to 20% of methanol in ethyl 

acetate. The product was dried in high vacuum. 

Yield: 590 mg (2.21 mmol, 98 %) 

TLC: CH2Cl2/MeOH = 9/1; Rf = 0.1 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.32 (d, 1H, 1JCH = 213.1 Hz, 13C(8)H); 

8.22 (d, 1H, 1JCH = 199.4 Hz, 13C(2)H); 7.77 (s, 1H, NH); 6.35 (m, 1H, C(1’)H); 5.30 

(d, 1H, C(3’)OH); 5.24 (dd, 1H, C(5’)OH); 4.41 (m, 1H, C(3’)H); 3.88 (m, 1H, 

C(4’)H); 3.61 (m, 1H, C(5’)H); 3.53 (m, 1H, C(5’’)H); 2.95 (s, 3H, NHCH3); 2.72 (m, 

1H, C(2’)H); 2.54 (m, 1H, C(2’’)H) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 151.9 (13C(2)); 138.7 (13C(8)); 87.9 (C(4‘)); 

83.6 (C(1‘)); 70.8 (C(3‘)); 61.7 (C(5‘)); 39.2 (C(2‘)); 26.8 (NHCH3) ppm. 

5’-O-(4,4’-dimethoxytrityl)-(2,8-13C)- N-6-methyl-2’-deoxyadenosine (7) 

Compound 6 (590 mg, 2.21 mmol) was dissolved in anhydrous pyridine (20 
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ml) under argon atmosphere. Then 4,4’-dimethoxytrityl chloride (1.2 eq, 898 mg, 

2.65 mmol) was added in three portions within 30 minutes. The reaction was stirred 

at room temperature overnight. After full conversion was indicated by TLC analysis 

(CH2Cl2/MeOH = 95/5) the reaction was quenched with methanol and all solvents 

were evaporated. The oily residue was coevaporated trice with dichloromethane, 

dissolved in dichloroethane and washed twice with 5% citric acid and twice with 

saturated sodium bicarbonate solution. The combined organic layers were dried 

over anhydrous sodium sulfate, filtered and evaporated. The crude product was 

applied to a silica gel column with methylene chloride and eluted using a gradient 

from 60 to 100% of ethyl acetate in hexane to give compound 7 as white foam. 

Yield: 920 mg (1.62 mmol, 73 %) 

TLC: CH2Cl2/MeOH = 95/5; Rf = 0.5 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.23 (d, 1H, 1JCH = 212.2 Hz, 13C(8)H); 

8.17 (d, 1H, 1JCH = 199.2 Hz, 13C(2)H); 7.73 (s, 1H, NH); 7.36-6.73 (m, 13H, CH 

arom); 6.36 (m, 1H, C(1’)H); 5.35 (d, 1H, C(3’)OH); 4.48 (m, 1H, C(3’)H); 3.98 (m, 

1H, C(4’)); 3.72 (s, 3H, OCH3); 3.71 (s, 3H, OCH3); 3.16 (d, 2H, C(5’)H, C(5’’)H); 

2.95 (s, 3H, NHCH3); 2.88 (m, 1H, C(2’)H); 2.32 (m, 1H, C(2’’)H) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 152.3 (13C(2)); 138.8 (13C(8)); 131.4-111.0 

(C(arom)); 85.7 (C(4’)); 83.1 (C(1’)); 70.5 (C(3’)); 64.0 (C(5’)); 56.2-53.1 (OCH3); 

38.4 (C(2’)); 26.6 (NHCH3) ppm. 
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5’-O-(4,4’-dimethoxytrityl)-(2,8-13C)-N-6-methyl-2’-deoxyadenosine3’-[(2-

cyanoethyl)-(N,N-diisopropyl)]phosphoramidite(8) 

Compound 6 (920 mg, 1.62 mmol) was dried under high vacuum overnight 

and then dissolved in anhydrous tetrahydrofuran (20 ml) under argon atmosphere. 

Then N,N-diisopropylethylamine (5 eq, 1.41 ml, 8.08 mmol) and subsequently 2-

cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.3 eq, 497 mg, 2.10 mmol) 

were added to the solution and the mixture was stirred for 2 hours at room 

temperature. After full conversion was indicated by TLC analysis (CH2Cl2/MeOH = 

95/5) the reaction was quenched with methanol. The mixture was diluted with 

dichloromethane and washed twice with half saturated sodium bicarbonate 

solution. The organic layer was dried over anhydrous sodium sulfate, filtered and 

evaporated to dryness. The crude product was applied to a silica gel column with 

dichloromethane and eluted using a gradient from 6:4 to 1:0 ethyl acetate/n-

hexane (+ 1 % triethylamine) to give 8 as a colorless foam. The product was dried 

in high vacuum. 

Yield: 980 mg (1.27mg, 79 %) 

TLC: CH2Cl2/MeOH = 95/5; Rf = 0.6 

1H-NMR (300 MHz, DMSO-d6, 25°C): δ 8.24 (d, 1H, 1JCH = 212.5 Hz, 13C(8)H); 

8.13 (d, 1H, 1JCH = 199.3 Hz, 13C(2)H); 7.74 (s, 1H, NH); 7.37-6.73 (m, 13H, CH 

arom); 6.37 (m, 1H, C(1’)H); 4.79 (m, 1H, C(3’)H); 4.10 (m, 1H, C(4’)H); 3.71 (s, 
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6H, OCH3); 3.66 (m, 2H, POCH2); 3.55 (m, 2H, CH iPr); 3.22 (m, 2H, C(5’)H, 

C(5’’)H); 3.07 (m, 1H, C(2’)H); 2.94 (s, 3H, NHCH3); 2.77 (t, 1H, CH2CN); 2.67 (t, 

1H, CH2CN); 2.47 (m, 1H, C(2’’)H); 1.17-1.01 (m, 12H, CH3 iPr) ppm. 

13C-NMR (75 MHz, DMSO-d6, 25°C): δ 152.3 (13C(2)); 139.1 (13C(8)); 131.2-111.0 

(C(arom)); 84.7 (C(4’)); 83.2 (C(1’)); 72.8 (C(3’)); 63.2 (C(5’)); 58.2 (POCH2); 56.3-

52.6 (OCH3); 42.4 (CH iPr); 37.1 (C(2’)); 26.9 (NCH3); 25.9-22-4 (CH3 iPr); 19.6 

CH2CN) ppm. 

31P-NMR (121 MHz, CDCl3, 25°C): δ 148.9, 148.3 ppm. 

ESI-MS: 770.37 [M+H]+; 792.35 [M+Na]+; 808.32 [M+K]+  m/z. 
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