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Abstract 24 

Base pairs are fundamental building blocks of RNA structures, and their stability and 25 

open-close equilibrium constitutes the dynamic picture. Weak base pairs, which 26 

feature the characteristics of low stability and rapid base pair opening, often play a 27 

critical role in RNA functions. However, site-specific identification of weak base 28 

pairs in RNA is challenging. Here, we report a solid-state NMR (SSNMR)-based 29 

two-dimensional proton-detected water–RNA exchange spectroscopy (WaterREXSY) 30 

to address this challenge. The approach uses the chemical exchange between 31 

hydrogen-bonded imino protons within the base pair and excited water molecules to 32 

polarize the imino protons for SSNMR observation. This process takes advantages 33 

that the imino protons within weak pairs undergo fast exchange rates with water, 34 

enabling a quick build-up and efficient detection. This method is used to characterize 35 

the weak pair in the riboA71–adenine complex (i.e., the 71nt-aptamer domain of the 36 

add adenine riboswitch from Vibrio vulnificus). We identify U47•U51, a weak 37 

non-canonical base pair that constitutes the U47•U51•(adenine-U74) base tetrad 38 

around the ligand-binding pocket. This result suggests that the breakage of U47•U51 39 

may be the early stage in the process of ligand release.  40 

  41 



Introduction: 42 

Base pairs formed by inter-nucleotide hydrogen bonds are the basic building blocks of 43 

RNA structures. Each base pair involves a complex hierarchy of internal motions on 44 

various time scales.1-4 The relative stability of an individual base pair determines the 45 

thermodynamics and kinetics of its open–close equilibrium, and this stability 46 

generally depends on the base pair type and the sequence context.5 Stable base pairs, 47 

e.g. G–C and A–U, constitute the scaffold of the RNA structure and have slow 48 

opening rates. In contrast, weak base pairs, which are frequently non-canonical, have 49 

relatively low stability and fast opening rate.5-7 In particular, these weak base pairs 50 

often have seminal effects on RNA folding,8 local structural stability,6,9 and 51 

site-specific catalysis in ribozymes.10,11 For examples, the weak U•U base pairs are 52 

key contributors to junction stability in RNA duplexes.6 The G•U wobble base pairs 53 

are the major structural motifs of some tRNA and rRNA.10,11 The weak 54 

hydrogen-bonds determine the catalytic activity of ribozymes.12,13 Identification of 55 

these weak base pairs would provide valuable insights into the dynamics and 56 

mechanisms of RNAs.  57 

The site-specific identification of weak base pairs is challenging.6,14,15 Solution 58 

NMR spectroscopy uses water magnetization transfer methods to measure the 1H 59 

relaxation parameters mediated by water-RNA exchanges as indicators of the 60 

thermodynamics and kinetics of base pair opening equilibrium.16,17 However, solution 61 

NMR is often limited by molecule size and is not suitable in dealing with insoluble 62 

large RNA complex18. In recent years, solid-state NMR (SSNMR) has emerged 63 

rapidly as an important tool in RNA studies.19-29 This approach has unique advantages 64 

for studying RNAs across a broad range of molecular sizes,23,24,27 and has shown great 65 

potential in studies of RNA aggregates, i.e., those involved in liquid–liquid phase 66 

separation systems.30 In particular, the SSNMR-based hydrogen–deuterium exchange 67 

has been used to characterize RNA–protein interactions.31 A deuterium line shape 68 

analysis provided the overall dynamics of 29-nt RNA hairpin within the messeger 69 

RNAs of HIV-1.32 More recently, it was possible for high-resolution SSNMR spectra 70 

to be used for the study on hydrated non-crystallized RNAs in solid state, within 71 

which some local ternary structural interactions remained native.33 However, SSNMR 72 

methods for the site-specific characterization of weak base pairs in RNA molecules 73 



have not been established yet. Such methodology is urgently needed in this emerging 74 

field of research.  75 

In this study, we have developed an SSNMR-based two-dimensional (2D) 1H-15N 76 

water–RNA exchange spectroscopy (WaterREXSY) scheme to detect weak RNA 77 

base pairs. Our approach uses the chemical exchange between the hydrogen-bonded 78 

imino protons within base pairs and water molecules to excite the imino signals. 79 

Because of their fast opening dynamics, the weak base pairs experience more frequent 80 

exchanges between iminos and water, which lead to a rapid build-up and strong 81 

cross-peaks on WaterREXSY spectra. In contrast, very stable base pairs are weakly or 82 

not detected because of their slow exchange rates. Therefore, this approach allows the 83 

efficient detection of weak base pairs in RNA. 84 

Here, we have used this strategy to characterize the weak non-canonical base 85 

pairs in the adenine-bound form of a 71-nt aptamer domain of the add adenine 86 

riboswitch (riboA71). This purine riboswitch regulates add gene expression upon 87 

adenine binding.34 The riboA71–adenine complex adopts a tuning fork-like fold with 88 

three stems, and the three-way helical junction where the stems meet constitutes the 89 

adenine-binding pocket. Upon adenine binding, three uridines in riboA71 and adenine 90 

form a complex hydrogen bond network, resulting in a base tetrad with adenine 91 

(Figure 1).34-38
 Using our 2D WaterREXSY approach, we demonstrated that the imino 92 

proton of U47 within the U47•U51 base pair involved in ligand binding represents a 93 

weak base pair with an imino-water exchange rate of 379 ± 57 s-1 at 15 °C. The 94 

U47•U51 base pair in the minor groove of the riboA71 adenine-binding pocket 95 

encompasses the complex hydrogen bond network with the U47•U51•(adenine-U74) 96 

base tetrad. The molecular dynamics simulation showed that U47•U51, but not other 97 

base pairs within the tetrad, experiences an equilibrium between the formation and 98 

breakage of the base pair. This result suggests that the open of the U47•U51 base pair 99 

may be involved in the early stage of complex dissociation upon ligand release.  100 



 101 

Figure 1. Secondary and crystal structure of riboA71 in the adenine-bound form. 102 

Stems P1, P2(L2) and P3(L3) are shown in green, orange and blue. 103 

Junction-connecting segments J1-2, J2-3 and J3-1 are colored cyan, hot pink and 104 

violet. The character “A” in B presents the adenine ligand. The dash lines represents 105 

the non-canonical base pairs. 106 

 107 

Results 108 

2D WaterREXSY experiments to identify weak base pairs in RNA  109 

Differences in base pair stability within RNA can be determined by investigating 110 

the chemical exchange between the hydrogen-bonded imino protons and water 111 

molecules. According to the “open-close model,” base pairs in RNA experience 112 

equilibrium between the open state, wherein hydrogen bonds are broken, and the 113 

closed state, wherein hydrogen bonds are formed (Supplementary Figure 2).17,39 In the 114 

open state, imino protons are exchangeable with bulk water, and this process can be 115 

used as a “probe” to characterize the thermodynamics and kinetics of the base pair 116 

opening equilibrium (Figure 2A). A stable base pair forms strong hydrogen bonds, 117 

which lead to a relatively low proportion of the open state and a slow exchange of 118 

water and protons. In contrast, the imino protons in weak base pairs have much faster 119 

exchange rates because of the less stable hydrogen bonds and more frequent base 120 

pairs in the open state. Empirically, the canonical Watson–Crick RNA base pairs, G–121 

C and A–U, are generally very stable and have water–RNA exchange rates of 1–10 s-1 122 

and 20–100 s-1, respectively.39-42 Weaker non-canonical base pairs, such as U•U pairs, 123 

establish exchange rates over a much wider range of 100–1000 s-1 (Figure 2B).43 124 



SSNMR spectroscopy edited by the water–RNA exchange rates could be used to 125 

identify weak base pairs. Here, we designed an SSNMR-based 2D 1H-15N 126 

WaterREXSY experiment to achieve this target. Figure 2C shows the 2D 127 

WaterREXSY scheme. It includes two key steps: (i) a 1H-15N rotational echo double 128 

resonance (REDOR) period that dephases the initial imino proton magnetization but 129 

not the water, and (ii) a Lee–Goldburg (LG) 1H spin-lock along the magic angle, 130 

during which the water–RNA chemical exchange occurs and repolarizes the imino 131 

magnetization. Subsequently, the imino resonances from the water–RNA exchange 132 

are recorded in the proton-detected 2D 1H-15N correlation spectra. Because the LG 133 

spin-lock suppresses inter-proton spin-diffusion, the scheme avoids interference from 134 

the dipolar interaction and allows the detection of pure chemical exchange. In 135 

principle, this is the 2D version of the water–protein chemical exchange scheme 136 

developed from a previously described 1D version,44 which allowed the identification 137 

of exchanges between specific nitrogen sites and water.   138 

The analytical solution of the Solomon equations (Eq.1 and Supplementary 139 

Information 2.2) shows that the build-up rate of the cross-peaks on 2D WaterREXSY 140 

is determined by the exchange rate, kex, and the proton relaxation time, T1ρ, at the 141 

rotating frame. Figure 2D and Supplementary Figure 4 show the simulations of the 142 

time-dependent build-up in the 2D WaterREXSY experiments against the LG 143 

spin-lock times (tSL). The results indicate that as the exchange rate increases, a shorter 144 

tSL is needed to achieve equilibrium. At a tSL of 2 ms, the intensity of an imino proton 145 

with a chemical exchange rate of 500 s-1 (typical for a weak base pair) would be 146 

approximately 30-fold and 3-fold stronger than those of protons with chemical 147 

exchange rates of 10 s-1 and 100 s-1 (i.e., the stable G–C and A–U base pairs), 148 

respectively. It is also worth noting that the detection of very stable base pairs under 149 

this scheme would not be applicable even at a long tSL, because the relaxation loss 150 

would dramatically reduce efficiency. Therefore, the WaterREXSY scheme would 151 

obtain strong cross-peaks for weak base pairs but weak cross-peaks for stable base 152 

pairs. Furthermore, fitting a build-up curve generated by a series of experiments with 153 

different tSL values would yield a quantitative exchange rate kex for the observed 154 

hydrogen-bonded imino proton in a weak base pair.  155 



 156 

Figure 2. Theoretical considerations of the waterREXSY scheme. (A) Simplified 157 

water-RNA exchange model. The imino protons are highlighted in red, and the 158 

protons in water are highlighted in blue. kopen represents the base pair opening rate, 159 

kclose represents the reformation of hydrogen bonds and kex, open is the rate constant for 160 

imino proton transfer in the open state. (B) Numerical simulations of the 161 

time-dependent build-up in the 2D 1H-15N water–RNA exchange spectroscopy 162 

(WaterREXSY) experiments with T1ρ = 8 ms and p = 10-6.8. (C) Pulse sequence of the 163 

2D 1H-15N WaterREXSY experiment used to probe the chemical exchange between 164 

RNA and water.  165 

 166 

Involvement of U47 in weak base pairs within the riboA71–adenine complex  167 

The 2D WaterREXSY scheme was applied to the riboA71–adenine complex to 168 

identify the weak base pairs. The 2D 1H-15N solid-state NMR (hNH) spectrum and 169 

several 2D WaterREXSY spectra at different tSL values were collected. Figure 3A 170 

shows the 2D hNH spectrum of the riboA71–adenine complex. Here, 171 

hydrogen-bonded imino protons with characteristic chemical shifts are visible, 172 

including imino groups in the uridines in both Watson–Crick A–U base pairs (15N and 173 
1H chemical shifts of 163 ppm and 13–15 ppm, respectively) and non-canonical base 174 

pairs (G•U, A•U and U•U, with15N and 1H chemical shifts of 157 ppm and 10–12 175 



ppm) and the guanines in Watson–Crick G–C base pairs (15N and 1H chemical shifts 176 

of 145 ppm and 11–14 ppm, respectively). The 2D WaterREXSY spectra at tSL values 177 

of 1.2 ms and 2 ms include only the imino signals of uridines involved in weak 178 

non-canonical base pairs (Figure 3B, C). In contrast, the imino peaks within the 179 

canonical A–U and G–C base pairs began to appear at a tSL of 3 ms (Figure 3D) or 4 180 

ms (Figure 3E), respectively. These iminos within the A–U and G–C regions of the 181 

2D WaterREXSY spectra may represent weak canonical base pairs in riboA71, i.e., 182 

those at the edges of stems. Furthermore, rapid build-up of the -NH2 groups was 183 

observed, consistent with the general principle of a rapid exchange between -NH2 and 184 

water (Supplementary Figure 7).  185 

 186 

Figure 3. The WaterREXSY spectra of riboA71-adenine complex. (A) 187 

Two-dimensional (2D) hNH spectrum of the riboA71–adenine complex. (B–E) 2D 188 

water–RNA exchange spectroscopy (WaterREXSY) spectra the of riboA71–adenine 189 

complex at different spin-lock times of 1.2 ms (B), 2 ms (C), 3 ms (D) and 4 ms (E). 190 

The imino group regions are shown. (F) The intensity (I) of an imino proton of U35 at 191 

different values of tSL; the red line represents the fitting curve. 192 

 193 

The above data suggests that this scheme can be used to detect uridines involved in 194 

weak non-canonical base pairs. Solution NMR spectra revealed that the riboA71–195 



adenine complex has five cross-peaks in the region corresponding to uridines within 196 

non-canonical base pairs, including U28, U31 and U39 in the P2 stem and U47 and 197 

U49 in J2–3 45,46 (Supplementary Figure 8A). To obtain the site-specific assignments, 198 

we prepared two additional 15N,13C-uridine-labeled RNA samples, including a 199 

wild-type riboA71 without adenine and a U31A/G42A mutant riboA71–adenine 200 

complex. The secondary structures of these two constructs were depicted in Figure 4, 201 

according to the structure of wild-type riboA71 in adenine bound form (PDB code: 202 

4TZX). 203 

When we analyzed the ligand-free wild-type riboA71, U47 and U49 were not 204 

observed on the 1H-15N heteronuclear single quantum coherence (HSQC) spectrum, 205 

possibly due to prominent dynamics around the binding site.35,47 Only three imino 206 

groups corresponding to U28, U31 and U39 in the stems were observed in the region 207 

of uridines within non-canonical base pairs on the 1H-15N HSQC spectrum (Figure 4). 208 

These peaks are superimposable with those of riboA71–adenine on the solution NMR 209 

spectrum, suggesting that local structures were preserved. Although the 2D hNH 210 

SSNMR spectrum of free riboA71 contained the cross-peaks of U28 (Figure 4D), no 211 

signals were detected on the 2D WaterREXSY spectrum at a tSL of 2 ms (Figure 4E), 212 

indicating that the weak base pair identified here does not involve the imino of U28. 213 

As U31 and U39 are not observed on the 2D hNH spectrum, we cannot conclude their 214 

roles.  215 

In the U31A/G42A riboA71–adenine complex, G42 and U31 were mutated to 216 

adenine. Consequently, the U31•U39 and U28•G42 non-canonical base pairs were 217 

changed to the A31–U39 and U28–A42 canonical base pairs, respectively, which led 218 

to a shift in the corresponding cross-peaks of the uridine imino groups to the 219 

characteristic region corresponding to the A–U canonical base pairs. In this scenario, 220 

only two imino cross-peaks, U47 and U49, remained in the region of uridines within 221 

non-canonical base pairs, and these had identical chemical shifts with respect to those 222 

observed in the wild-type riboA71–adenine complex (Figure 4F). Both U47 and U49 223 

were observed on the 2D hNH SSNMR spectrum (Figure 4G), whereas only one 224 

imino group corresponding to uridine was observed on the 2D WaterREXSY spectra 225 

at a tSL of 2ms. A comparison of the 15N chemical shift of this cross-peak with that in 226 

the 2D hNH SSNMR spectra allowed us to assign that peak as U47 (Figure 4H), thus 227 

demonstrating that U47 is involved in a weak base pair. Figure 3F shows the 228 



cross-peak intensity of the imino group of uridine in a non-canonical base pair as a 229 

function of the tSL at 15 °C. The fitting of these peak intensities against the tSL in 230 

accordance with Eq. 8 in the experimental sections yields a kex value of 379 ± 57 s-1 231 

for U47, which is consistent with the exchange rates of weak base pairs.  232 

 233 

Figure 4. SSNMR and solution NMR spectra of free wild-type riboA71 and 234 

mutated riboA71-adenine complex. (A, B) Secondary structures of free wild-type 235 

riboA71 (A) and the mutated riboA71–adenine complex (B). (C) Two-dimensional 236 

(2D) 1H-15N HSQC spectrum of free wild-type riboA71 in solution. (D–E) 2D hNH 237 

(D) and 2D water–RNA exchange spectroscopy (WaterREXSY) spectra E) of free 238 

wild-type riboA71 in the solid state. (F) 2D 1H-15N HSQC spectrum of the mutated 239 

riboA71–adenine complex in solution. (G–H) 2D hNH (G) and 2D WaterREXSY 240 

spectra (H) of the mutated riboA71–adenine complex in the solid state. The spin 241 

lock-time was set at 2 ms in both 2D WaterREXSY experiments. Only the regions of 242 

uridine imino groups in non-canonical base pairs are shown.  243 



 244 

U47 is involved in a weak base pair within the base tetrad of the ligand-binding 245 

pocket  246 

The crystal structure of the riboA71–adenine complex has been determined (PDB: 247 

4TZX).34 U47 is positioned in the minor groove, where it is involved in base pairing 248 

with U51 and the bound adenine. Adenine recognition occurs through the formation 249 

of a U47•U51•(adenine-U74) base tetrad, which is centered within a five-tiered 250 

triplex structure and surrounded by other nucleotides. Two base triples, 251 

A23•(G46-C53) and A73•(A52-U22), are located above the adenine-binding site, 252 

while two other base triples, C50•(U75-A21) and U49•(A76-U20), are located below 253 

the adenine-binding site (Figure 5A). As the chemical shifts of the imino group of 254 

U47 on SSNMR spectra are almost identical to those in solution, the local structure is 255 

expected to remain in solid. Taking a close observation, only one NH…O=C 256 

hydrogen bond stabilizes the base-pair of U47•U51, whereas other non-canonical 257 

base pairs, i.e. U31•U39, U28•G42 and U49•A76 in U49•(A76-U20) base triples, 258 

have two or three inter-nucleotide hydrogen bonds, possibly forming more stable base 259 

pairs (Figure 5). Moreover, the NH…O=C is generally weaker than NH…N hydrogen 260 

bond48, and therefore the stability of U47•U51 could be weaker than U51•adenine, 261 

although both base pairs have only one hydrogen bond.  262 

To visualize the dynamics of the U47•U51 base pair within the 263 

U47•U51•(adenine-U74) base tetrad, we further performed a 1 µs all-atom molecular 264 

dynamics (MD) simulation, using the crystal structure (PDB: 4TZX) as the starting 265 

point. The hydrogen bonds in the U51•(adenine-U74) base triple, which are essential 266 

for the base tetrad stability, were retained throughout the simulation, indicating a very 267 

stable triple. In contrast, the open–close dynamics of the U47•U51 base pair were 268 

observed; here, the open state, wherein the hydrogen bond between U47 and U51 was 269 

broken (Figure 5B-C), had a population of approximately 4%. The hydrogen bond of 270 

U47•U51 is shown to be weaker than the other hydrogen bonds in the 271 

U51•(adenine-U74) base triple. The distances between the N3 of U47 and O4 of U51 272 

range from 2.6 to 3.9 Å in the closed state and from 3.7 to 5.5 Å in the open state 273 

(Supplementary Materials, Movie 1). Furthermore, the imino group of U47 in the 274 

open state flips to the outside of the binding pocket, away from the 275 



U51•(adenine-U74) base triple and more solvent-exposed, whereas in the closed state 276 

(Figure 5B), the imino proton of U47 involves a hydrogen bond with the O4 of U51 277 

and is more solvent-protected. The probability of water molecules within 3 Å of 278 

imino proton of U47 in the open and close state was also calculated using the MD 279 

simulation. The statistical results show that the probability of the existence of water 280 

molecules around U47 in the open and close state are 95% and 12.5%, respectively, in 281 

aggrement with the observation that the solvent accessibility of U47 imino proton in 282 

the open state is ~8-fold higher than close state (Supplementary Figure 9). Thus, our 283 

MD data is consistent with the SSNMR results, in which the U47 •U51 base pair is 284 

less stable and prone to more frequently opening dynamics. 285 

 286 

 287 
Figure 5. The topological view of riboA71-adenine complex. (A)The locations of 288 

the non-canonical base-pairs involving uridines are highlighted in the structure, e.g., 289 

U31, U39, U28 on stem P2 and U47, U49, U51 on J2-3. U31•U39, U28•G42 290 

non-canonical base pairs are shown on the left of the model. Five-tiered arrangement 291 

of bases are shown on the right of model and (U20-A76) •U49 base triple, 292 



U47•U51•(adenine-U74) base tetrad are also shown. (B-C) Close(B) and open(C) 293 

state of U47•U51 base pair in U47•U51•(adenine-U74) base tetrad. 294 

 295 

Discussion 296 

Differences in base pair stability are a critical factor in RNA dynamics. Weak base 297 

pairs with relatively fast opening dynamics are particularly important to cellular 298 

processes such as RNA folding, recognition, ligand binding and catalytic activity. 299 

Detecting these weak base pairs can provide important information about RNA 300 

functions. Here, we report an SSNMR approach in which the water–RNA chemical 301 

exchange is applied to identify the site-specific weak base pairs in RNA molecules. 302 

To the best of our knowledge, this is the first report of using SSNMR method to 303 

achieve this target. Comparing to solution NMR, the SSNMR based approach is 304 

potentially advantageous for studying insoluble RNA aggregates, such as those 305 

related to neurological diseases.30 Moreover, SSNMR has no size limitation and will 306 

potentially help identify site-specific weak base pairs in large RNAs and RNA–307 

protein complexes, particularly when combined with site-specific or sparse 308 

isotopic-labeling techniques.49-55 The current approach was designed as 309 

two-dimensional proton direct detected scheme, having better sensitivity and 310 

chemical shift distribution with respect to 13C or 15N detected approach.  311 

Through our WaterREXSY experiments, we identified a weak non-canonical base 312 

pair in the riboA71–adenine complex: the base pair of U47•U51 within the 313 

U47•U51•(adenine-U74) base tetrad, which is the core of ligand binding pocket. The 314 

measured water–RNA exchange rate of U47 is 379 ± 57 s-1 at 15 °C, which indicates 315 

a weak non-canonical base pair. Our MD simulation showed the stability of the other 316 

base pairs within the U47•U51•(adenine-U74) base tetrad. U47 and U51 are the key 317 

components in the adenine-binding pocket of riboA71, and the relatively low stability 318 

of this base pair with respect to the others in the base tetrad implies that it might have 319 

a fundamental role in the ligand recognition and dissociation process.  320 

Previous structural studies suggested the complicated folding mechanism of the 321 

aptamer domain of add adenine riboswitch upon ligand binding involving many 322 

distinct folding states56. Without the adenine ligand, two conformations co-exist in 323 

solution, but with different secondary structures. One of the apo state is similar to 324 



ligand binding conformation, except for the structure of the ligand binding pocket and 325 

its proximity.37 In the presence of Mg2+, the ligand free state has empty, but locally 326 

structured, binding pocket. The nucleotides involving adenine binding form canonical 327 

base pairs (i.e., U47-A52) and wobble base pairs (i.e., U48 with U75 or U74) in 328 

ligand free state.57 After ligand binding, these hydrogen bonds will break, and form 329 

different base pairs, including the base tetrad in adenine ligand recognition, i.e., 330 

(C53–G46) •A23, (U22–A52) •A73, (U74–adenine) •U51•U47, (A21–U75) •C50 331 

and (U20–A76) •U49, which lock P1 and J2–3 together.57 During this process, some 332 

residues undergo large conformation changes. For example, the residue U51 can 333 

swing out from the binding pocket, which allows adenine to enter the binding pocket 334 

and forms stable interaction with adenine.58  335 

Our work provides new insight to understand the progression of riboA71 folding 336 

upon ligand binding and ligand release. As the U47•U51 base pair is relatively weak 337 

with respect to other base pairs around the binding pocket, we suggest that upon 338 

ligand dissociation, breakage of the weak base pair U47•U51 might be the early stage 339 

of ligand release, and U47 and U51 can subsequently switch their interaction patterns 340 

to shift the equilibrium toward a ligand-free state. Moreover, the purine family 341 

riboswitches commonly forms several base tetrads around ligand binding pockets. 342 

The weak base pairs are also potentially present around the binding pockets, which 343 

may make seminal contribution on their mechanisms.  344 

The strategy proposed herein will facilitate a better understanding of the dynamic 345 

and folding process of the riboswitch upon ligand binding. It will therefore play an 346 

important role in investigations of the molecular mechanisms of riboswitches that 347 

regulate gene expression. It will be also help the design of riboswitches as a novel 348 

class of molecular targets when developing antibiotics and chemical tools.  349 

 350 

Conclusions 351 

In summary, we developed a 2D WaterREXSY experimental strategy to detect weak 352 

non-canonical base pairs in RNA. This is the first report to describe the use of 353 

SSNMR to specifically detect weak non-canonical base pairs in RNAs. The approach 354 

takes advantage of the rapid chemical exchange between iminos within weak base 355 

pairs and water, which leads to strong detection on NMR spectroscopy. The approach 356 



was used to study on riboA71-adenine and revealed that the imino proton of U47 in 357 

the U47•U51 base pair underwent a chemical exchange with water at an exchange 358 

rate of 379 ± 57 s-1 at 15 °C. Other imino protons were not observed during the 2D 359 

WaterREXSY experiment at short mixing times, thus demonstrating the unique base 360 

pair opening dynamics of U47•U51 relative to other non-canonical base pairs. The 361 

weak base pair U47•U51 is within the U47•U51•(adenine-U74) base tetrad around 362 

the ligand-binding pocket, and the observed dynamics imply a dynamic ligand 363 

dissociation process. 364 

 365 

Methods 366 

Sample preparation  367 

The uniform 15N,13C-labeled riboA71 was produced by an in vitro transcription 368 

reaction as previously described.29,59 Mutant G30A/U19A-riboA71 was prepared 369 

using a similar in vitro transcription protocol and double-stranded DNA templates 370 

with the sequence of 5ʹ-TTAATACGACTCACTATAGGGAAGATATAA 371 

TCCTAATGATATGGTTTGGGAGTTTCTACCAAGAGCCTTAAACTCTTGATT372 

ATCTTCCC-3ʹ and its complementary sequence. The 15N,13C-uridine-labeled 373 

G30A/U19A-riboA71 was obtained using 15N,13C-rUTP and natural abundant rATP, 374 

rGTP and rCTP. Purified riboA71 was buffer-exchanged into a deuterated buffer (75% 375 

D2O/25% H2O, pH 6.8) containing 10 mM KH2PO4, 30 mM KCl and 2 mM MgCl2, 376 

and concentrated to a final concentration of 700 µM. To prepare the riboA71–adenine 377 

complex, a stock adenine solution was added to the riboA71 solution to a final 378 

concentration of 5 mM; the mixture was annealed at 95 °C for 5 minutes and 379 

incubated at 0 °C for 30 minutes.  380 

The RNA solid-state samples for SSNMR study were prepared using the 381 

ethanol-precipitation approach, following a previously described procedure.33 Details 382 

of the sample preparation are presented in the Supplementary Materials.  383 

Solid-state NMR spectroscopy  384 

All of the solid-state NMR experiments were carried out on a 600 MHz Bruker 385 

Avance III spectrometer fitted with a 1.9 mm 1H-X-Y magic-angle spinning (MAS) 386 

probe. Approximately 4 mg of RNA were center-packed into a 1.9-mm SSNMR rotor. 387 



All experiments were performed under an effective temperature of 15 °C and a MAS 388 

frequency of 40 kHz. The temperatures were calibrated using the T1 relaxation time of 389 
79Br in KBr powder. 33 The typical π/2 pulse lengths were 2.5 µs for 1H, 4.0 µs for 13C 390 

and 5.0 µs for 15N.  391 

The dipolar-based 2D hNH experiments were performed using a previously 392 

reported pulse sequence.60 The diagram of the pulse sequence (Supplementary Figure 393 

1A) and the details of the experimental parameters are described in the 394 

Supplementary Materials.  395 

    The 2D 1H-15N water–RNA exchange spectroscopy (WaterREXSY) was 396 

performed using the pulse sequence described in Figure 2C. Compared to the 2D hNH 397 

experiments, the 2D WaterREXSY experiments included two additional blocks: a 398 
1H-15N REDOR block and a 1H LG spin-lock along the magic angle. A series of 2D 399 

WaterREXSY experiments with different spin-lock times (tSL) were collected, and the 400 

1D 1H slices with a 15N chemical shift of 158.6 ppm were used to create the plot of 1H 401 

signals versus tSL. According to Eq. 1 (below), the exchange rate could be obtained 402 

after fitting the curves of the 1H signal intensities with different tSL values. Details of 403 

the exchange model under the LG spin-lock as described by the Solomon equations 404 

are shown in the Supplementary Materials.  405 

            𝐼 𝑡!" = 𝐼 0 + 𝐴[1 − exp  (−𝑘!"  𝑡!")] 𝑒𝑥𝑝 −𝑡!" 𝑇!� .                    (1) 406 

 407 

Molecular dynamics (MD) simulations 408 

The initial structure used in the MD simulation was obtained from the crystal 409 

structure of riboA71-adenine complex (PDB ID: 4TZX)61. Hydrogen atoms were 410 

added to the adenine ligand by using Discovery Studio 3.562.The partial charges were 411 

calculated using the antechamber module of the Amber 18 package63 and the 412 

AM1-BCC method. The general AMBER force-field (GAFF) parameter was used for 413 

the adenine ligand, and the other parameters required for the ligand were generated by 414 

parmchk.64 The energy minimization and MD simulation were carried out using the 415 

GPU accelerated version of pmemd in AMBER. The nonbonded cutoff was set at 9 Å. 416 

DSSR [cite https://academic.oup.com/nar/article/43/21/e142/2468098] was used to 417 

analyze the formation of hydrogen bonds in the MD trajectory at an interval of 1 ps. 418 

 419 
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Figures

Figure 1

Secondary and crystal structure of riboA71 in the adenine-bound form. Stems P1, P2(L2) and P3(L3) are
shown in green, orange and blue. Junction-connecting segments J1-2, J2-3 and J3-1 are colored cyan, hot
pink and violet. The character “A” in B presents the adenine ligand. The dash lines represents the non-
canonical base pairs.



Figure 2

Theoretical considerations of the waterREXSY scheme. (A) Simpli�ed water-RNA exchange model. The
imino protons are highlighted in red, and the protons in water are highlighted in blue. kopen represents the
base pair opening rate, kclose represents the reformation of hydrogen bonds and kex, open is the rate
constant for imino proton transfer in the open state. (B) Numerical simulations of the time-dependent
build-up in the 2D 1H-15N water–RNA exchange spectroscopy (WaterREXSY) experiments with T1ρ = 8
ms and p = 10-6.8. (C) Pulse sequence of the 2D 1H-15N WaterREXSY experiment used to probe the
chemical exchange between RNA and water.



Figure 3

The WaterREXSY spectra of riboA71-adenine complex. (A) Two-dimensional (2D) hNH spectrum of the
riboA71–adenine complex. (B–E) 2D water–RNA exchange spectroscopy (WaterREXSY) spectra the of
riboA71–adenine complex at different spin-lock times of 1.2 ms (B), 2 ms (C), 3 ms (D) and 4 ms (E). The
imino group regions are shown. (F) The intensity (I) of an imino proton of U35 at different values of tSL;
the red line represents the �tting curve.



Figure 4

SSNMR and solution NMR spectra of free wild-type riboA71 and mutated riboA71-adenine complex. (A, B)
Secondary structures of free wild-type riboA71 (A) and the mutated riboA71–adenine complex (B). (C)
Two-dimensional (2D) 1H-15N HSQC spectrum of free wild-type riboA71 in solution. (D–E) 2D hNH (D)
and 2D water–RNA exchange spectroscopy (WaterREXSY) spectra E) of free wild-type riboA71 in the
solid state. (F) 2D 1H-15N HSQC spectrum of the mutated riboA71–adenine complex in solution. (G–H)
2D hNH (G) and 2D WaterREXSY spectra (H) of the mutated riboA71–adenine complex in the solid state.
The spin lock-time was set at 2 ms in both 2D WaterREXSY experiments. Only the regions of uridine imino
groups in non-canonical base pairs are shown.



Figure 5

The topological view of riboA71-adenine complex. (A)The locations of the non-canonical base-pairs
involving uridines are highlighted in the structure, e.g., U31, U39, U28 on stem P2 and U47, U49, U51 on
J2-3. U31•U39, U28•G42 non-canonical base pairs are shown on the left of the model. Five-tiered
arrangement of bases are shown on the right of model and (U20-A76) •U49 base triple,U47•U51•(adenine-



U74) base tetrad are also shown. (B-C) Close(B) and open(C) state of U47•U51 base pair in
U47•U51•(adenine-U74) base tetrad.
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