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SUMMARY

Base pairs are fundamental building blocks of RNA. The base pairs of low stability
are often critical in RNA functions. Here, we develop a solid-state NMR-based
water-RNA exchange spectroscopy (WaterREXSY) to characterize RNA in solid.
The approach uses different chemical exchange rates between iminos and
water to evaluate base pair stability; the less stable ones would exchange more
frequently, leading to stronger cross-peaks on WaterREXSY. Applied to the ri-
boA71-adenine complex (the 71nt-aptamer domain of add adenine riboswitch
from Vibrio vulnificus), the U47,U51 base pair, which is critical in ligand binding,
was found to be less stable than other base pairs. The imino-water exchange rates
of U47 at different temperatures are about 500–800 s�1, indeed indicative of low
stability. This implies a highly complex and plastic triad involving U47,U51 and
that the opening of the U47,U51 base pair may be the early stage of ligand
release.

INTRODUCTION

Base pairs formed via inter-nucleotide hydrogen bonds are the fundamental building blocks of RNA.

Each base pair involves a complex hierarchy of internal motions on various time scales (Al-Hashimi

and Walter, 2008; Marusic et al., 2019; Nguyen and Qin, 2012; Rinnenthal et al., 2011a). The relative sta-

bility of an individual base pair determines the thermodynamics and kinetics of its open-close equilib-

rium, which depends on the nature of base pairs and the sequence context (Huang et al., 2009; Kierzek

et al., 1999). Stable base pairs constituting the scaffold of RNA show slow opening kinetics. In contrast,

base pairs of relatively low stability experience faster open-close dynamics that have seminal effects on

RNA structures and functions, i.e., RNA folding (Manosas et al., 2008), local structural stability (Okada

et al., 2006; Sheng et al., 2013), and site-specific catalysis in ribozymes (Juneja et al., 2014; Roy et al.,

2008).

Site-specific characterization of the dynamics of the RNA base pairs with low stability is still challenging.

Solution nuclear magnetic resonance (NMR) spectroscopy uses water-RNA magnetization transfer to

indicate the thermodynamics and kinetics of base pair opening equilibria by measuring the apparent lon-

gitudinal relaxation rate constants of the imino protons with and without selectively inverting the water

signal at the beginning of experiments (Huang et al., 2011; Kim et al., 2017; Lee et al., 2008; Lee and

Pardi, 2007; Rinnenthal et al., 2010; Russu, 2004; Snoussi and Leroy, 2001; Wagner et al., 2015) or by

phase-modulated CLEANEX approaches (Lee et al., 2009). However, solution NMR is often limited by

molecular size and solubility of large RNA or RNA-protein complex (RNP), often not applicable in solid

RNA (Bothe et al., 2011). It is also difficult to study RNA dynamics on the ns-ms timescale (Marusic et al.,

2019). Other biophysical techniques can also be used to study RNA dynamics and thermodynamics, but

they cannot provide site-specific information nor be applied in the solid state (Kortmann et al., 2011; Rin-

nenthal et al., 2011b). Recently, solid-state NMR (SSNMR) emerges as an important tool in studying large

RNAs (Leppert et al., 2004; Riedel et al., 2006, 2005a, 2005b) and RNPs (Ahmed et al., 2020; Asami et al.,

2013; Carlomagno, 2014; Marchanka and Carlomagno, 2019; Marchanka et al., 2015), and in the charac-

terization of RNA dynamics over a wider range of timescales (Schanda and Ernst, 2016). To date, SSNMR-

based deuterium line shape analysis has been used to obtain the ns-ms timescale overall dynamics of

RNA (Emani et al., 2010; Huang et al., 2017; Olsen et al., 2008, 2009, 2010). However, SSNMR methods
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Figure 1. Secondary and crystal structure of riboA71 in the adenine-bound form (PDB: 4TZX)

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 in cyan, hot pink, and violet. The symbol ‘‘A’’ presents the adenine ligand. The U47 and the U49 are colored in light

blue. The dash lines represent the non-canonical base pairs around the ligand binding pocket.
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for the site-specific characterization of base pair dynamics in RNA have not been established. In relatively

rigid biomolecules where strong proton-proton spin diffusion dominates the proton spin relaxation, the

solution NMR-based strategies that measure proton relaxation rates for characterizing become invalid.

Similarly, the solution NMR-based CLEANEX approaches (Hwang et al., 1997, 1998; Modig et al.,

2004; Yuwen et al., 2018) cannot suppress the proton-proton dipolar couplings, thus not applicable in

solid-state NMR. Thus, for RNA involved in the condensed phase, i.e., those involved in pathological-

related RNA foci (Jain and Vale, 2017), a site-specific SSNMR-based method is urgently needed.

In this study, we developed an SSNMR-based two-dimensional (2D) 1H-15N water-RNA exchange spectros-

copy (WaterREXSY) to detect the RNA base pairs dynamics, based on the one-dimensional (1D) SSNMR

methodology for studying pure chemical exchange taking placed in membrane-bound proteins with the

suppression of proton-proton spin diffusion (Fu et al., 2016). Our approach uses the chemical exchange be-

tween the imino protons involved in hydrogen bonds within base pairs and the water molecules to excite

the imino proton signals, while the proton-proton spin diffusion is suppressed by a 1H Lee-Goldburg spin

lock (LGSL) block (Zhang et al., 2021). The method can be used to characterize the imino-water chemical

exchange with timescales of sub-millisecond. Because of their faster opening dynamics, the base pairs

with low stability would experience more frequent exchanges between iminos and water, leading to a rapid

build-up and strong cross-peaks on WaterREXSY spectra. In contrast, very stable base pairs are weakly or

simply not detectable because of their slow exchange rates. Therefore, this approach detects selectively

base pairs with low stability in RNA.

This strategy was used to characterize the adenine-bound form of a 71-nt aptamer domain of the add

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

(Reining et al., 2013; Serganov et al., 2004). The structure of the riboA71 complex with adenine has been

determined (Zhang and Ferre-D’Amare, 2014) (Figure 1). Solution NMR indicated multiple conformational

states exchanging with each other in solution (Ding et al., 2019; Reining et al., 2013). However, the relative

stabilities of the base pairs in riboA71, particularly those around the ligand binding site, were still unclear.

Using the WaterREXSY approach, we demonstrated that the imino proton of U47 within the U47$U51 base

pair involved in ligand binding represents a less stable base pair with an imino-water exchange rate con-

stant of about 500–800 s�1 at 15–35�C. The U47,U51 base pair in the minor groove of the riboA71 ligand

binding pocket encompasses the complex hydrogen bond network with the U47,U51,(adenine-U74) base

tetrad. The molecular dynamics simulation showed that U47,U51, but not other base pairs within this

tetrad, experiences an equilibrium between the formation and breakage of the base pair. This result sug-

gests that the opening of the U47$U51 base pair may be involved in the early stage of complex dissociation

upon ligand release.
2 iScience 25, 105322, November 18, 2022



Figure 2. Theoretical considerations of the waterREXSY scheme

(A) Simplified water-RNA exchange model, where Y represents nitrogen or oxygen atom. The kex is the exchange rate

constant for imino proton transfer with water.

(B) Pulse sequence of the 2D WaterREXSY.

(C) Numerical simulations of the time-dependent build-up in the 2D 1H-15N WaterREXSY experiments with T1r = 8 ms.
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RESULTS

2D WaterREXSY experiments to identify base pairs with low stability in RNA

Differences in base pair stability within RNA can be determined by the chemical exchange between the

imino protons involved in hydrogen bonds within base pairs and the water molecules (Figure 2A). Accord-

ing to the ‘‘open-close model’’, base pairs in RNA experience equilibrium between the open state, wherein

hydrogen bonds are broken, and the closed state, wherein hydrogen bonds are formed (Figure S2) (Snoussi

and Leroy, 2001; Szulik et al., 2014). In the open state, imino protons are exchangeable with bulk water,

while in the closed state, the water-imino exchange does not occur. Because the open kinetics (�1–100

s�1) (Huang and Russu, 2017; Russu, 2004) is much slower than the imino-water exchange in the open state

without catalyst (�106 s�1) (Lee and Pardi, 2007), the base pair opening is the rate-limiting step of the water-

imino exchange. Therefore, this process can be used as a ‘‘probe’’ to characterize the base pair stability in

RNA. A stable base pair has strong hydrogen bonds, which lead to a relatively low population of the open

state and a slow exchange between water and iminos. In contrast, the imino protons in less stable base

pairs have much faster exchange rates because of the less stable hydrogen bonds. Empirically, the G-C

and A-U canonical Watson-Crick RNA base pairs in double-stranded RNAs, are generally stable and

have water-RNA exchange rates of 1–10 s�1 and 20–100 s�1, respectively (Lee et al., 2008; Maltseva

et al., 1995; Mirau and Kearns, 1984; Snoussi and Leroy, 2001). The less stable base pairs have faster ex-

change rates (Lee et al., 2008; Varnai et al., 2004); earlier work has reported the exchange rate as fast

as 200 s�1 between nucleic acids and water (Maltseva et al., 1995). Solution-state NMR can detect the

RNA base pair opening with an exchange rate up to 400 s�1, beyond that it becomes not observable

owing to exchange broadening (Lee et al., 2008). According to earlier works byWagner, D. et al., imino pro-

tons of base pairs with kex rates of 100 s�1 or above are significantly less stable. In terms of the Gibbs en-

ergies to break up a base pair (DGdiss), the A-U and G-C base pairs were found to have a range from 10.1 to

26.5 kJ/mol and from 26.2 to 48.8 kJ/mol, respectively (Wagner et al., 2015). The base pairs with low stability

would have DGdiss smaller than 10 kJ/mol.

SSNMR spectroscopy edited by the water-RNA exchange rates could be used to characterize base pairs

with relatively low stability. Here, we designed an SSNMR-based 2D 1H-15N WaterREXSY experiment to
iScience 25, 105322, November 18, 2022 3
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Figure 3. The WaterREXSY spectra of riboA71-adenine complex

(A) 2D hNH spectrum of the riboA71-adenine complex.

(B–E) 2DWaterREXSY spectra of riboA71-adenine complex at tSL of 2 ms (B), 3 ms (C), 4 ms (D) and 5ms (E). The imino group regions are shown. The gray dash

lines indicate the 15N chemical shifts of the 1D-1H extracted slices.

(F) The 1H signals against tSL of uridine imino protons depict non-canonical base pairs (blue), A-U base pairs (red), and guanines in G-C base pairs (gray).

(G, I, and J) 1D 1H slices with 15N chemical shifts of 158.6 ppm (G), 162.7 ppm (I), and 146.5 ppm (J). Non-canonical base pairs, A-U base pairs, and guanines in

G-C base pairs were marked in blue, red, and gray, respectively.

(H) Structures of A-U, G-C Watson-Crick base pair, and U$U non-canonical base pair. The iminos are highlighted in red.
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achieve this target. Figures 2B and S1 show the 2D WaterREXSY scheme. It includes two key steps: (i) a
1H-15N rotational echo double resonance (REDOR) period that dephases the initial imino proton magne-

tization but not the water, and (ii) a 1H LGSL, during which the water-RNA chemical exchange occurs

and repolarizes the imino proton magnetization that is dephased during the REDOR period, while the pro-

ton-proton spin diffusion is effectively suppressed. Subsequently, the imino nitrogen resonances from the

water-RNA exchange are recorded in the proton-detected 2D 1H-15N correlation spectra. Because the

LGSL suppresses proton-proton spin-diffusion, the scheme avoids interference from their dipolar interac-

tions and allows for the detection of pure chemical exchange (Zhang et al., 2021). In principle, this is the 2D

version of the water-protein chemical exchange scheme developed from the previously described 1D

version (Fu et al., 2016). Besides, the current work used the proton-detected experiments under a fast

MAS rate (40 kHz), while the earlier work used the 15N-detected under a moderate MAS rate (10 kHz) (Fu

et al., 2016). The proton detected 2D approach makes better sensitivity and chemical shift dispersion,

with respect to the 15N-based 1D approach. Importantly, the 1H-15N 2D spectra combined with specific

isotope labeling approaches could provide the site-specific information needed for RNA studies, which

are not obtainable with the 1D 15N spectra.

The analytical solution of the Solomon equations (Fu et al., 2016) (Equation 1) shows that the build-up rate

of the cross-peaks on 2D WaterREXSY is determined by the exchange rate constant (kex), and the proton

relaxation time at the rotating frame (T1r) (Equation 1 in STAR methods). Figures 2C and S3 show the sim-

ulations of the time-dependent build-up in the 2D WaterREXSY experiments against tSL. The results indi-

cate that as kex increases, a shorter tSL is needed to achieve equilibrium. For example, at a tSL of 2 ms, the

intensity of an imino proton with kex of 500 s
�1 (i.e. the base pairs with low stability) would be approximately

30-fold and 3-fold stronger than those of protons with kex of 10 s
�1 and 100 s�1 (i.e., the stable G-C and A-U

base pairs in double-stranded RNAs), respectively. It is also worth noting that the detection of very stable

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

dramatically reduce efficiency. Therefore, theWaterREXSY scheme would obtain strong cross-peaks of imi-

nos having kex with a time scale of sub-millisecond. Furthermore, fitting a build-up curve generated by a

series of experiments with different tSL values would yield a quantitative kex for the observed hydrogen

bonded imino proton in a less stable base pair.

The U47 is involved in less stable base pair within the riboA71-adenine complex in solid state

The 2DWaterREXSY schemewas applied to the riboA71-adenine complex in order to characterize the base

pairs with low stability. In this work, the riboA71-adenine sample was prepared by ethanol-precipitation

approach, according to earlier work (Zhao et al., 2019). A comparison of the spectral patterns of the precip-

itated riboA71-adenie complex in solid-state NMR and that in solution indicated the preservation of certain

local structures as reported previously. However, This condition is different from the solution condition,

thus possibly leading to different base pair dynamics.

The 2D hNH spectrum and several 2DWaterREXSY spectra at different tSL were collected to investigate the

base pair dynamics in solid state. Figures 3A and S4 show the 2D hNH spectrum of the riboA71-adenine

complex. The imino protons involved in the hydrogen bonds of base pairs are visible with characteristic

chemical shifts, including imino groups in the uridines in both A-U Watson-Crick base pairs (15N and 1H

chemical shifts of 162.7 ppm and 13–15 ppm, respectively) and non-canonical base pairs (G$U, A$U and

U$U, with15N and 1H chemical shifts of 158.6 ppm and 10–12 ppm) and the guanines in G-C Watson-

Crick base pairs (15N and 1H chemical shifts of 146.5 ppm and 11–14 ppm, respectively). The proton signals

of imino of uridines in non-canonical base pairs, A-U base pairs andG-C base pairs were plotted against tSL.

The 2DWaterREXSY spectra at tSL values of 0.5–1.2 ms include only the imino signals of uridines involved in

non-canonical base pairs and reach the maximum at a tSL of 4 ms (Figures 3B–3G). In contrast, the imino

peaks within the A-U and G-C Watson-Crick base pairs began to appear at a tSL of 2 and 3 ms
iScience 25, 105322, November 18, 2022 5
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(Figures 3C, 3D, 3I, and 3J), respectively. These iminos within the A-U and G-C regions of the 2D

WaterREXSY spectra may represent less stable canonical base pairs in riboA71, i.e., those at the edges

of stems.

The above data suggest the presence of non-canonical base pairs with low stabilities involving uridines.

Solution NMR revealed that the riboA71-adenine complex has five cross-peaks in this region, including

U28, U31, and U39 in the P2 stem and U47 and U49 in J2-3 (Figure S6) (Ding et al., 2019; Noeske et al.,

2007). To assign the less stable base pairs observed on WaterREXSY, we prepared two additional
15N,13C-uridine-labeled RNA samples, including a ligand-free wild-type riboA71 (Figure 4A) and a U31A/

G42A mutant riboA71-adenine complex (Figure 4B). The NMR chemical shifts of the imino groups of the

uridines in both solution and solid-state NMR were summarized in Table S2.

When we analyzed the ligand-free wild-type riboA71, we could not observe U47 and U49 resonances in the
1H-15N heteronuclear single-quantum coherence (HSQC) in solution, possibly owing to prominent dy-

namics around the binding site (Batey, 2012; Gilbert et al., 2006). Only three imino groups corresponding

to U28, U31, and U39 in the stems were observed in the region representative of uridines within non-canon-

ical base pairs (Figures 4D and S6). The cross-peaks of U28 were observed in the 2D hNH SSNMR spectrum

of ligand-free wild-type riboA71 (Figure 4E), but no signals were detected in the 2DWaterREXSY spectrum

at tSL of 2 ms (Figures 4F and S5). Increasing tSL to 5 ms, a weak peak of U28 started to appear, with only

about 8% intensity with respect to that of hNH spectrum (Figure S5). This implies that the imino proton

of U28 experiences a much slower water-imino exchange, not the base pair with low stability mentioned

above. The U31 and U39 that are located at the edge of the P2 stem were not observed on the 2D hNH

spectrum of ligand-free wild-type riboA71, possibly experiencingmultiple local conformations in solid con-

dition. Thus, we cannot conclude their characters.

In the U31A/G42A mutant riboA71-adenine complex, G42 and U31 were mutated to adenine. Conse-

quently, the U31$U39 and U28$G42 non-canonical base pairs were changed to the A31-U39 and U28-

A42 Watson-Crick base pairs, respectively, which led to a shift in the corresponding cross-peaks of the uri-

dine imino groups to the characteristic region corresponding to the A-U Watson-Crick base pairs. In this

scenario, only two iminos, U47 and U49, remained in the region of uridines within non-canonical base pairs,

and these had identical chemical shifts with respect to those observed in the wild-type riboA71-adenine

complex (Figures 4G and S6). In SSNMR, two cross-peaks were detected in the region corresponding to

non-canonical uridines (Figure 4H). One of the two peaks (with 1H and 15N chemical shifts of 10.6 and

159.5 ppm, respectively) was assigned to U49, owing to nearly identical 1H and 15N chemical shifts with

respect to the U49 in solution NMR (Figures 4H and S6; Table S2). The other peak with 1H and 15N chemical

shifts of 10.7 and 158.1 ppm was assigned to U47, according to the U47 cross peak in solution NMR (1H and
15N chemical shifts of 10.9 and 158.3 ppm, respectively).

The U47 signal, but not the U49, started to appear on the 2D WaterREXSY spectra at a tSL of 1 ms (about

18% signal strength compared with hNH spectrum). A comparison of the 15N chemical shift of this cross-

peak with that in the 2D hNH SSNMR spectra allowed us to assign that peak as U47 (Figure 4I), thus demon-

strating that U47 is involved in a less stable base pair. Figure 4C shows the cross-peak intensity of the imino

group of U47 as a function of tSL at 15
�C. The fitting of these peak intensities against tSL in accordance with

Equation 1 yields a kex value of 546 G 131 s�1 for U47, which is consistent with the expected exchange rate

constants of base pairs with low stability. The U49 did not appear even with a tSL of 5 ms, showing that the

imino-water exchange of U49 is too slow to be detected by WaterREXSY.

Furthermore, we measured the temperature-dependent kex values for the imino of U47, collected on the

U31A/G42A riboA71-adenine complex sample at 15�C, 20�C, 25�C, 30�C, and 35�C. Fitting of these

peak intensities against tSL in accordance with Equation 1 yields the kex values at different temperatures.

At 15�C, 20�C, 25�C, 30 and 35�C, the kex values are 546 G 131 s�1, 689 G 126 s�1, 772 G 132 s�1,

672G 137 s�1and 630G 126 s�1 respectively (Figure S7). All these values are higher than 100 s�1, indicative

of low stability of this base pair.
The temperature-dependent stability of the base pairs of the U47 and the U79 in the solution

The solution NMR data were further collected to compare the stabilities of those non-canonical base pairs

of riboA71-adenine complex in solution (Figure S8). The known solution NMR methods, e.g., those based
6 iScience 25, 105322, November 18, 2022



Figure 4. SSNMR and solution NMR spectra of ligand-free wild-type riboA71 and U31A/G42A mutant riboA71-adenine complex

(A and B) Secondary structures of ligand-free wild-type riboA71 (A) and the U31A/G42A mutant riboA71-adenine complex (B).

(C) The intensity (I) of an imino proton of U47 at different tSL; the red line represents the fitting curve. The error bars in Figure 4C represent the noise level of

the signals.

(D) 2D 1H-15N HSQC spectrum of ligand-free wild-type riboA71 in solution.

(E and F) 2D hNH (E) and WaterREXSY spectra (F) of ligand-free wild-type riboA71 in the solid state.

(G) 2D 1H-15N HSQC spectrum of the U31A/G42A mutant riboA71-adenine complex in solution.

(H and I) 2D hNH (H) and WaterREXSY spectra (I) of the U31A/G42A mutant riboA71-adenine complex in the solid state. tSL was set at 2 ms in both 2D

WaterREXSY experiments. Only the regions of uridine imino groups in non-canonical base pairs are shown.
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on 1H-T1 relaxation rates, can only measure the imino-water exchange rates slower than 400 s�1 (Lee et al.,

2008), incapable of studying kex in sub-millisecond timescale. Here, alternatively, the imino-water ex-

changes were determined by water pre-saturation coupled with HSQC, in which the imino signal intensities

would be reduced owing to water-imino exchange. This method cannot derive quantitative results, but is

capable of evaluating the relative stabilities of those non-canonical base pairs. At 5–15�C, the changing

trend of signal intensities over saturation periods indicates that both U47 and U49 experience faster
iScience 25, 105322, November 18, 2022 7
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chemical exchange with water than other uridines, e.g., U28, U31, and U39 involved in non-canonical base

pairs (Figures S8 and S9). It suggests that both U47 and U49 are involved in less stable base pairs in the

temperature range of 5–15�C. Differently, at 20�C, the decay curves suggested that U47 has a similar ex-

change rate with U28, U31, and U39, but slower than U49 (Figure S8), demonstrating that U47 becomes

more stable than U49 at 20�C. These results also showed that the stability of the U47 increased with an in-

crease in the temperature range used in this work.

The imino-water exchanges in the solution were also measured on the U31A/G42A riboA71-adenine

complex sample. Figure S10 compared the exchange of the U47 and the U49 to demonstrate the relative

stability of the base pairs involving those nucleotides. Similar trends of relative stabilities were observed for

the base pairs involving the U47 and the U49. At 5–15�C, the relative stability of these two base pairs

is similar, while the base pair involving the U47 becomes more stable than that of the U49 at 20�C (Fig-

ure S10), showing that the mutations didn’t alter the relative stability of the base pairs involving the U47

and the U49.

The above solution and SSNMR data showed different dynamic behavior of the U47 and the U49. The solid

sample of riboA71-adenine was prepared by ethanol-precipitation approach, the environment of which is

different from the solution. It thus suggested that the base pair stability is dependent on sample condi-

tions. The SSNMR method in providing complimentary dynamic messages of solid-state RNA is important.
U47 is involved in a base pair with low stability within the base tetrad of the ligand-binding

pocket

The crystal structure of the riboA71-adenine complex has been determined (PDB: 4TZX) (Zhang and Ferre-

D’Amare, 2014). U47 is positioned in the minor groove, where it is involved in base pairing with U51.

Adenine recognition occurs through the formation of a U47$U51$(adenine-U74) base tetrad, which is

centered within a five-tiered triplex structure and surrounded by other nucleotides (Figure 5A). Two

base triples, A23$(G46-C53) and A73$(A52-U22), are located above the adenine-binding site, while two

other base triples, C50$(U75-A21) and U49$(A76-U20), are located below the adenine-binding site (Serga-

nov et al., 2004). As the chemical shifts of the imino group of U47 on SSNMR spectra are almost identical to

those in solution, the local structure is expected to remain solid.

To visualize the dynamics of the U47$U51 base pair within the U47$U51$(adenine-U74) base tetrad, we further

performed a 1 ms all-atom molecular dynamics (MD) simulation, using the crystal structure (PDB: 4TZX) as the

starting point (Video S1). The hydrogen bonds in the U51$(adenine-U74) base triple, which is essential for

the base tetrad stability, were retained throughout the simulation, indicating a very stable triple. In contrast,

the open-close dynamics of the U47$U51 base pair were observed; here, the open state, wherein the hydrogen

bond between U47 and U51 was broken (Figures 5B and 5C), had a population of approximately 4%. The

hydrogen bond of U47$U51 is shown to be weaker than the other hydrogen bonds in the U51$(adenine-U74)

base triple. The distances between the N3 of U47 and O4 of U51 range from 2.6 to 3.9 Å in the closed state

and from3.7 to5.5 Å in theopenstate. Furthermore, the iminogroupofU47 in theopen stateflips to theoutside

of thebindingpocket, away fromtheU51$(adenine-U74) base triple andmore solvent-exposed (Figures 5Cand

S11C), whereas, in the closed state, the imino protonof U47 involves a hydrogenbondwith theO4ofU51 and is

more solvent-protected (Figures 5B and S11B; Videos S1 and S2). The probability of watermolecules within 3 Å

of imino proton of U47 in the open and closed statewas also calculated using theMD simulation. The statistical

results show that theprobability of theexistenceofwatermolecules aroundU47 in theopenandclosedstates is

95 and 12.5%, respectively, showing that the solvent accessibility of U47 imino proton in the open state is �8-

fold higher than in closed state (Figure S11A).

The U49, the A76, and the U20 form a base triple. The open-close dynamics of the U49$A76 were also

observed by the MD simulations, while the hydrogen bonds of A76-U20 were retained during the simula-

tions, showing the lower stability of U49$U76. The population of the open state of U49$A76 was 16%, higher

than that of the U47$U51 base pair. The distance between the H1 of U49 and N3 of A76 range from 2.8 to

4.0 Å in the closed state and from 3.5 to 6.9 Å in the open state (Figure S11, Videos S1 and S2). Furthermore,

the probability of the existence of water molecules was analyzed for both the open and closed states,

showing 82.1 and 37%, respectively. Thus, our MD data showed that the U49 $U76 is less stable than

U47 $U51 and prone to more frequently opening dynamics, which is consistent with solution NMR results.
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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. The structure of U47$U51$(adenine-U74) base tetrad is shown on the right.

(B and C) Closed (B) and open(C) state of U47$U51 base pair in U47$U51$(adenine-U74) base tetrad.

ll
OPEN ACCESS

iScience
Article
DISCUSSION

Here, we report an SSNMR approach to characterize the RNA base pairs with low stability. Although so-

lution NMR methods have been established to characterize the individual base pair opening dynamics in

solution (Huang et al., 2011; Lee et al., 2008; Lee and Pardi, 2007; Rinnenthal et al., 2010; Russu, 2004;

Snoussi and Leroy, 2001; Wagner et al., 2015), the corresponding strategies for studying RNA in the solid

state are under development. More importantly, the known solution NMR methods in studying the base

pair opening cannot be transferred to SSNMR. This work established a novel SSNMR experimental

design in applying the imino-water chemical exchange process to evaluate the base pair stability. It

has unique advantages in evaluating the relative stability of an individual RNA base pair in the solid state.

This SSNMR-based approach could measure the kex values of �1000 s�1. In contrast, the timescales of

the kex that can be measured by corresponding solution NMR methods i.e., CLEANEX or water magne-

tization transfer experiments are in the range of 1–100 s�1 (Skinner et al., 2012) or up to 400 s�1 (Lee

et al., 2008; Maltseva et al., 1995). Thus this method allows the detection of faster chemical exchange

process in solids than in solution.

Through this approach, we identified a base pair with low stability in the riboA71-adenine complex, the

base pair of U47$U51 within the U47$U51$(adenine-U74) base tetrad, which is involved in ligand binding

pocket. The kex were measured for the imino of U47 at five different temperatures, all of which were 5–8

fold larger than 100 s�1. Compared with the other RNAs with known base pair opening kinetics, the ob-

tained kex values for U47 supported the relatively low stable base pairs.
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The MD simulation showed the stability of the other base pairs within the U47$U51$(adenine-U74) base

tetrad. U47 and U51 are the key components in the ligand binding pocket of riboA71, and the relatively

low stability of this base pair with respect to the others in the base tetrad implies that it might have a funda-

mental role in the ligand recognition and dissociation process. Interestingly, in solution the relative stabil-

ities among the non-canonical base pairs are temperature dependent and have different trends with

respect to them in solids. In solid, U47 is involved in less stable base pair in the investigated temperatures,

and U49 is more stable than U47. Conversely, in the solution state, the relative stability of U47$U51 and

U49$A76 base pairs are similar at 5–10�C, but U49$A76 is less stable than the U47$U51 base pair at 15–

20�C. The data implied that the dynamics and the relative stability of base pairs could be dependent on

condition and sample forms. Interestingly, both solution and SSNMR data showed increased stability of

the U47$U51 base pair at higher temperatures. The U47 is involved in the tetrad of U47$U51$(adenine-

U74). An increase in temperature may lead to subtle structure changes within the tetrad, i.e., bond lengths

or angle of the H-bond of U47-U51, which elevates its stability. These also suggested the importance of new

methods in providing complimentary dynamics pictures of RNA on different sample forms and conditions.

Particularly, many RNAs are involved in forming pathological-related insoluble RNA foci (Jain and Vale,

2017). Comparison of the dynamics of RNA in the dilute state by solution NMR and in the condensed state

by solid-state NMR would provide valuable clues in molecular mechanisms.

Previous structural studies suggested the complicated folding mechanism of the add adenine riboswitch

upon ligand binding involving many distinct folding states (Neupane et al., 2011). Without the adenine

ligand, two conformations are co-existed in solution, but with different secondary structures. One of the

apo states is similar to ligand binding conformation, except for the structure of the ligand binding pocket

and its proximity (Reining et al., 2013). In the presence of Mg2+, the ligand-free state has empty, but

locally structured, binding pocket, and the nucleotides involving adenine binding form Watson-Crick

base pairs (i.e., U47-A52) and wobble base pairs (i.e., U48 with U75 or U74). After ligand binding, these

hydrogen bonds will break, and form different base pairs, including the base tetrad in adenine ligand

recognition, i.e., (C53-G46) $A23, (U22-A52) $A73, (U74-adenine) $U51$U47, (A21-U75) $C50 and (U20-

A76) $U49, which lock P1 and J2-3 together (Stagno et al., 2017). During this process, some residues un-

dergo large conformation changes. For example, the residue U51 can swing out from the binding

pocket, which allows adenine to enter the binding pocket and forms stable interaction with adenine

(Bao et al., 2019). These research provided conformation exchange information upon ligand binding.

Our work provides new insight into the base pair stability of riboA71 folding upon ligand binding and

ligand release. As the U47$U51 base pair is relatively less stable with respect to other base pairs of

the tetrad, we suggest that upon ligand dissociation, breakage of the less stable base pair U47$U51

might be the early stage of ligand release, and U47 and U51 can subsequently switch their interaction

patterns to shift the equilibrium toward a ligand-free state. In 2007, Janina Buck and her colleagues

investigated the hypoxanthine-induced folding of the guanine-sensing riboswitch aptamer domain of

the Bacillus subtilis xpt-pbuX operon (GSRapt) by measuring site-specific half-lives (t1/2) (Buck et al.,

2007). They found that the residues close to hypoxanthine, such as U22, U47, U49, and U51, showed

faster folding kinetics. Besides, U47 showed faster folding kinetics than U49 from the t1/2 data of U47

(21.2 G 1.9 s) and U49 (23.5 G 1.9 s). Compared to Buck’s work, we all found that the residues showed

faster dynamic near the ligand-binding pocket. The difference is that the WaterREXSY experiment could

provide a base pair open-close dynamic, and Buck’s work showed the overall folding dynamic in RNA.

This mechanism may be general in the purine family riboswitches, in which such base tetrads have

been proposed around ligand-binding pockets.

The example here proved the applicability of the WaterREXSY in studying RNA base pair stabilities. More-

over, high-resolution SSNMR spectra of RNA complex have been obtained under ultra-fast MAS spinning

(with a rate >100 kHz) (Marchanka et al., 2018). The WaterREXSY is also applicable under ultra-fast MAS

conditions. Especially, the 1H-T1r relaxation times under ultra-fast MAS spinning would be longer than

that under fast or moderate MAS spinning (e.g. 40 kHz). Thus, the WaterREXSY under ultra-fast MAS spin-

ning could observe base pairs with slower imino-proton exchange rates, possibly obtaining dynamics pa-

rameters of stable base pairs, e.g. A-U base pairs (Figure S3). Similarly, high-level deuteration on RNA

would increase the T2 of imino protons, making it possible to observe more stable base pairs. Combining

the sparse isotopic-labeling techniques and ultra-fast MAS spinning, it is anticipated that WaterREXSY can

provide more site-specific information and be used in more challenging systems, i.e., the insoluble RNA

aggregates relative to neurological diseases (Jain and Vale, 2017) and large RNAs and RNA-protein
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complexes that cannot be accessed by solution NMR.(Juen et al., 2016; LeBlanc et al., 2017; Liu et al., 2015,

2016a, 2016b; Longhini et al., 2016; Strebitzer et al., 2018).
Limitation of the study

The base pair dynamics of an RNA are crucial in understanding the RNA functions. Current studies provided

an approach to measuring the base pair opening rates in solid-state. However, this study has some limita-

tions. First, although the non-canonical uridine assignments were obtained through comparison between

solution and solid-state NMR, the spectral resolution of an RNA under a MAS rate of 40 kHz is not good

enough to achieve more site specific for the GC and the AU base pairs. The bottleneck of the resolution

is expected to overcome by ultra-fast MAS spinning, which could be possible to obtain high resolution

similar to solution NMR. Secondly, the current work is not applicable in obtaining the water-imino ex-

change rates in the presence of the catalyst, because the concentration of catalyst is difficult to quantify

in solid state. Finally, the solid-state NMR sequential assignments of RNA as large as 71-nt have not

been established, which requires further development of solid-state NMR methods on RNA in solid.
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Other

15N,13C-labeled rNTP Cambridge Isotope Laboratories CNLM-7871-SL-4X10
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Shenlin Wang at wangshenlin@pku.edu.cn.

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The NMR data reported in the paper is available from the lead contact on request.

d This article reports the NMR pulse sequence of WaterREXSY. The original code of WaterREXSY is avail-

able at the supplemental information. The code is also available from the lead contact on request.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHOD DETAILS

Sample preparation

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

described. (Milligan et al., 1987; Yang et al., 2017) Specifically, three 15N,13C isotope-labeled riboA71

samples were prepared, including a uniformly 15N,13C-labeled riboA71 complex with adenine, a
15N,13C-uridine-labeled riboA71 without adenine and a 15N,13C-uridine-labeled U31A/G42A mutant ri-

boA71-adenine complex. The sequences of the wild-type and U31A/G42A mutant riboA71 are as follows.

Wild-type riboA71:

5ʹ-GGGAAGAUAUAAUCCUAAUGAUAUGGUUUGGGAGUUUCUACCAAGAGCCUUAAACUCUUG AUU

AUCUUCCC-3ʹ.

U31A/G42A mutant riboA71:

5ʹ-GGGAAGAUAUAAUCCUAAAGAUAUGGUUUAGGAGUUUCUACCAAGAGCCUUAAACUCUUGA UUA

UCUUCCC-3ʹ.
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Wild-type riboA71 was prepared by in vitro transcription reactions according to a previously reported

protocol. (Zhao et al., 2019) The double-stranded DNA templates were prepared by annealing single-

stranded DNA with the sequence.

5ʹ-TTAATACGACTCACTATAGGGAAGATATAATCCTAATGATATGGTTTGGGAGTTTCTACCAAGA GCC

TTAAACTCTTGATTATCTTCCC-3ʹ.

and its complementary sequence at 95�C for 10 min. The in vitro transcription reactions contained 5 mM
15N,13C-labeled rNTPs, 40 mM Tris-HCl (pH 7.0), 0.01% Triton X-100, 1 mM spermidine, 10 mM DTT,

45 mM MgCl2, 0.85 mM DNA template and 0.12 mg/mL T7 RNA polymerase and were incubated at 37�C
for 24 h. To produce 15N,13C-uridine-labeled riboA71, the reactions were supplemented with 15N,13C-

labeled rUTP and abundant natural rCTP, rGTP and rATP. The synthesized RNA was purified using 12%

PAGE under denaturing conditions and eluted from the gel with buffer containing 20 mM Tris-HCl,

300 mM sodium acetate and 1 mM EDTA, pH 7.4. The final yield of the purified RNA sample was approx-

imately 5 mg per 10 mL of reaction system. Purified riboA71 was buffer-exchanged into a buffer containing

10 mM KH2PO4, 30 mM KCl and 2 mMMgCl2, pH 6.8, and concentrated to a final concentration of 700 mM.

To prepare the riboA71–adenine complex, an adenine stock solution was added to the riboA71 solution to

a final concentration of 5 mM; the mixture was annealed at 95�C for 5 min and incubated at 0�C for 30 min.

U31A/G42A mutant riboA71-adenine complex was prepared using a similar in vitro transcription protocol.

The 15N,13C-uridine-labeled U31A/G42A mutant riboA71 was obtained using 15N,13C-rUTP and natural

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

D2O/25% H2O, pH 6.8) containing 10mM KH2PO4, 30 mMKCl and 2 mMMgCl2, and concentrated to a final

concentration of 700 mM. To prepare the riboA71–adenine complex, a stock adenine solution was added to

the riboA71 solution to a final concentration of 5 mM; the mixture was annealed at 95�C for 5 min and incu-

bated at 0�C for 30 min. Because of the high affinity between the riboA71 and the adenine (Reining et al.,

2013; Serganov et al., 2004), the excess amount of adenine saturated the ligand binding sites of riboA71.

The RNA solid-state samples were prepared using the ethanol-precipitated approach, following a

previously described procedure. (Zhao et al., 2019) Details of the sample preparation are presented in

the supplemental information.

Preparation of RNA samples with partial deuteration

The RNA solid-state samples were prepared using the ethanol-precipitated approach, following a previ-

ously described procedure. (Zhao et al., 2019). To produce the partially deuterated RNA samples,
15N,13C-labeled RNAs were annealed in a 75%D2O/25%H2O (v/v)-based buffer to achieve the desired level

of H/D exchange of the imino and the amino protons. To obtain ethanol-precipitated, partially deuterated

samples for SSNMR, the partially deuterated RNAs were mixed with a pre-chilled ethanol stock consisting

of 75% C2D5OD/25%C2H5OH (v/v). The final concentration of ethanol in solution was 75%. The RNA pellets

were collected by centrifugation at 9600 g for 3 min, followed by central packing into a 1.9 mm rotor for

SSNMR studies.

Solid-state NMR spectroscopy

The solid-state NMR experiments were carried out on a 600 MHz Bruker Avance III spectrometer equipped

with a 1.9 mm 1H-X-Y magic-angle spinning (MAS) probe. Approximately 4 mg of RNA were center-packed

into a 1.9-mm SSNMR rotor. The experiments were performed under an effective temperature of 15–35�C
and aMAS frequency of 40 kHz. The temperatures were calibrated using the T1 relaxation time of 79Br in KBr

powder. The typical p/2 pulse lengths were 2.5 ms for 1H, 4.0 ms for 13C and 5.0 ms for 15N.

The 2D hNH experiments were performed using a previously reported pulse sequence. (Zhou and Rienstra,

2008) The diagram of the pulse sequence (Figure S1A) is described in the supplemental information. Both

the 1H-15N and 15N-1H cross-polarization (CP) transfer were set at a constant field lock of 15N at 60 kHz and

an experimentally optimized proton power around n = 1 Hartmann–Hahn (HH) conditions (10% linear

ramp). The contact times for 1H-15N and 15N-1H CP were 4 ms and 300 ms, respectively. The long contact

time of 4 ms of the forward 1H-15N CP transfer was set to use both the covalently bonded proton and

the remote protons to polarize the 15N signals, while the short contact time of 300 ms was set to transfer

the 15N magnetization back to the covalently bonded proton only, not the remote protons. The carrier fre-

quencies were set to 10 ppm for 1H and 145 ppm for 15N. The total acquisition times for the 1H and 15N
16 iScience 25, 105322, November 18, 2022
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dimensions were 20 ms and 15 ms, respectively. The spectral width of the 15N dimension was set at 50 ppm.

States–TPPI phase-sensitive detection was obtained in the indirect dimension (15N) by incrementing the

first p/2 pulse of the 1H channel. MISSISSIPPI pulse trains were used to suppress the solvent signals.(Zhou

and Rienstra, 2008) Low-power TPPM proton decoupling (nutation frequency �10 kHz) and WALTZ-16 15N

decoupling (nutation frequency �10 kHz) were applied during the evolution of the chemical shifts of 15N

and 1H, respectively. The recycle delay in the 2D hNH experiments was 2 s. The hNH experiments were re-

corded with 32 scans.

The 2D WaterREXSY experiments were performed using the pulse sequence described in Figure S2B. The

source code of the pulse sequence was listed in Data S1. Compared to the 2D hNH experiments, the 2D

WaterREXSY experiments included two additional blocks: a 1H-15N REDOR block and a 1H LGSL. 1H-15N

REDOR dephasing was achieved by applying 16 rotor-synchronizedp pulses to the 15N channel to dephase

the 1H signals covalently attached to the 15N atoms. The total REDOR dephasing time was 0.4 ms. Ap pulse

in the middle of the REDOR dephasing block was applied to the 1H channel to refocus the 1H chemical shift

evolution. During the LG spin-lock period, a 1H B1 field of 53.2 kHz was applied at an offset of +37.6 kHz,

resulting in an effective spin-locking field of 65.2 kHz along the magic angle. After the LG spin-lock period,

the 1H-15N LG-CP transfer was set with the LG spin-lock on 1H at the same parameters as those applied

during the LG spin lock period, and on 15N with the power experimentally optimized to achieve an efficient

transfer. The contact time of 1H-15N CP was 300 ms.

A series of 2D WaterREXSY experiments with different LG spin-lock times (tSL) were collected, and the 1D
1H slices with a 15N chemical shift of 158.6 ppm were used to create the plot of 1H signals versus tSL. The tSL
were set to 0.2 ms, 0.5 ms, 0.8 ms, 1.2 ms, 2.0 ms, 3.0 ms, and 4.0 ms. According to Equation 1, the exchange

rate constant could be obtained after fitting the curves of the 1H signal intensities as a function of tSL. The
1H-T1r times were measured under the 1H LGSL. The fitted 1H-T1r times of the imino protons of uridines

were summarized in Table S1.

IðtSLÞ =
�
Ið0Þ + A

�
1 � expð � kextSLÞ

��
expð � tSL =T1rÞ (Equation 1)

All NMR data were processed using the TOPSPIN 3.2 program. The spectra were analyzed using CARA.

Chemical shifts were referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), using adamantane

as a secondary standard.(Morcombe and Zilm, 2003) The 1H and 15N chemical shifts were referenced indi-

rectly using g13C/g1H = 0.25145020 and g15N/g13C = 0.40297994, respectively.

Solution NMR spectroscopy

2D HSQC experiments modified with water saturation during the relaxation delay were performed on ri-

boA71-adenine complex at 5�C, 10�C, 15�C and 20�C on a Bruker Avance 600MHz spectrometer equipped

with a 5 mm triple-resonance TCI cryogenic probe. A series of spectra was collected under a weak B1 field

of 50 Hz with different saturation times for the water presaturation. All spectra were processed and

analyzed using NMRPipe (Delaglio et al., 1995) and autofit script to extract intensities.

Molecular dynamics (MD) simulations

The initial structure used in the 1 ms all-atom MD simulation was obtained from the crystal structure of ri-

boA71-adenine complex (PDB ID: 4TZX) (Zhang and Ferre-D’Amare, 2014). Fifty-two negative changes

were present in the crystal structure of riboA71-adenine complex (PDB ID: 4TZX) (Zhang and Ferre-

D’Amare, 2014). Fifty-two potassium ions were added to neutralize the system. The effective ion concen-

tration is zero. The riboA71-adenine complex was solvated in a truncated octahedral box using the

SPCE water model and a margin distance of 10 Å. Hydrogen atoms were added to the adenine ligand

by using Discovery Studio 3.5 (Biovia, 2012).The partial charges were calculated using the antechamber

module of the Amber 18 package (Case. et al., 2018) and the AM1-BCC method. The force field used for

RiboA71 was ff99bsc0XOL3. (Zgarbova et al., 2011) The general AMBER force-field (GAFF) parameter

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

parmchk. (Wang et al., 2004).

The energy minimization and MD simulation were carried out using the GPU accelerated version of

pmemd in AMBER. According to the AMBER 18manual (Case et al., 2018), the set of 8 Å of the non-bonded

cut-off is commonly reasonable to simulation of bio-molecules. The solvated system was minimized for

1000 steps with harmonic restraints (force constant = 500 kcal mol�1$Å�2), followed by 1000 steps without
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restraints. The system was then heated for 20 ps from 0 to 288 K, and equilibrated for 1 ns at 288 K. The

production stage of the MD simulation was conducted at 288 K using the NPT ensemble and a 2 fs integra-

tion step. During the simulations, all bonds involving hydrogen atoms were constrained using the SHAKE

algorithm. Here, the non-bonded cut-off was set at 9 Å, in order to improve the accuracy of the simulations.

DSSR was used to analyze the formation of hydrogen bonds in the MD trajectory at an interval of 1 ps (Lu

et al., 2015).
Theoretical considerations

The formalism of proton exchange has been extensively described using the ‘‘open–close’’ model.(Choi

et al., 2019; Kim et al., 2017; Snoussi and Leroy, 2001; Szulik et al., 2014) Equilibrium exists between the

open state, in which the hydrogen-bond (H-bond) breaks, and the closed state, in which the H-bond forms.

The exchangeable protons can exchange with water only in the open state. In this model (Figure S2), kex is

the overall rate constant of the water–RNA chemical exchange, which can be described using Equation 1:

kex =
kopen � kex;open
kclose + kex;open

(Equation 2)

where kopen and kclose are the rate constants for the opening and closing of the base pair, respectively, and

kex,open is the rate constant for proton exchange in the opening state.

Two kinetic regimes can characterize kex, depending on the relative magnitudes of the rate constants.

In the regime where kex,open >> kclose, the exchange rate is limited by the formation of the exchange-

accessible state (opening-limited exchange); thus, kex = kopen. This condition often occurs at high

concentrations of a proton acceptor in the presence of a catalyst, such as NH3. Another regime

occurs at low concentrations of a proton acceptor, wherein the base pairs open and close many times

before the exchange (pre-equilibrium exchange); thus, the exchange rate kex can be described as

follows:

kex =
kopen � kex;open

kclose
= Kdiss � kex;open (Equation 3)

where Kdiss (= kopen/kclose) is the equilibrium constant for base pair opening, which reflects the H-bond

stability of base pairs. According to the earlier publication (Lee et al., 2008), the kex,open is fast in the range

of 106 s�1. The base pairs having a kex of 10 s�1 and 500 s�1 can be estimated to have Kdiss of 10�5 and

5 3 10�4, respectively, which corresponds the ratios of the open state to be 0.0001 and 0.002%,

respectively.

In the riboA71–adenine complex, the solution buffer pH was 6.8, and no other catalyst was added. There-

fore, the RNA exchange regime is also referred to as the pre-equilibrium exchange regime (Equation 3).

Here, the exchange rate between the hydrogen-bonded protons of the base pair and water is determined

by Kdiss and the exchange rate constant between the protons in the open state and water. The latter rate is

fast in the range of 106 s�1, whereas the former is slow and is the rate-limiting step, which is determined by

the stability of the H-bond within the base pairs.

In the ‘‘open–close’’ model of the chemical exchange process between RNA and water (Figure S2.), the in-

termediate N-H bond state cannot stably exist. In our experimental design, exchangeable protons, namely

those in hydrogen bonds (N-H.N or N-H.O=C), are initially suppressed by the 1H-15N REDOR cycles and

then repolarized by water through a chemical exchange. Thus, we can use a simplified exchange model

(Figure 2A in the manuscript) to describe our experiment: the proton in the H-bond is in exchange with

a pool of nw water molecules at the exchange rate constant of kIM. Analogously (Fu et al., 2016), the chem-

ical exchange between water (M) and the hydrogen-bonded proton (I), i.e., the proton in N-H.N and the

proton in N-H.O=C, can be described by8>>>>><
>>>>>:

dMðtSLÞ
dtSL

= �
 

1

TM
1r

+ kIM=nw

!
MðtSLÞ+ kIMIðtSLÞ

dIðtSLÞ
dtSL

= kIM=nwMðtSLÞ �
 

1

TI
1r

+ kIM

!
IðtSLÞ

(Equation 4)
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whereM(tSL) and I(tSL) are theM and I magnetizations at a given LG spin-lock time (tSL), respectively, and T1r

represents their relaxation times under the tSL. kIM represents the exchange rate constant between the

hydrogen-bonded proton and the pool of nw water molecules. In these differential equations, the factor

of 1/nw is taken into account to reflect that only one water molecule is in exchange with the I proton. Simi-

larly, as detailed in the literature (Fu et al., 2016), the analytical solution can be obtained:

IðtSLÞ = pMð0Þ
�
1 � exp

�
�
�
1 +

1

nw

	
kIMtSL


�
expð � tSL =T1rÞ

��
1

nw
+ 1

	
(Equation 5)

Therefore, the build-up of the 1Hmagnetization in the N-H.N or N-H.O=CH-bond in the experiments is

depicted in the pulse sequence. Figure 2A represents the exchange process between the pool of water

molecules and the N-H.Y H-bond at an exchange rate constant of


1 + 1

nw

�
kIM, which should be equivalent

to kex in the open–close model for the chemical exchange process between RNA and water. Thus, we

obtain equation 1.

Here, I(0) is the initial magnetization before the exchange-induced signal build-up, such as the contribution

from incomplete REDOR dephasing and the CP transfer from 1H to 15N along the magic angle, whereas

A = Mð0Þ=ðnw + 1Þ is considered a constant coefficient that does not contribute to signal build-up. For

the riboA71–adenine complex system, 1
nw

is 10�6.8 in a pH 6.8 solution. The T1r of the imino proton is

8.5 ms, as measured in separate experiments with variable tSL periods before
1H-15N CP. The kex was ob-

tained by fitting the I(tSL) against the tSL.
QUANTIFICATION AND STATISTICAL ANALYSIS

Not applicable.
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