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Supplementary Materials 21 

1. Experimental Procedures 22 

1.1 Materials 23 

The 15N,13C-labeled rNTP reagents were purchased from Cambridge Isotope Laboratories (Andover, MA, 24 

U.S.A.). The DNA templates for the in vitro transcription reactions were purchased from GENEWIZ company 25 

(Suzhou, China). 26 

1.2 In Vitro Transcription Reaction and Purification of RNA  27 

RiboA71 is the 71-nt aptamer domain of the add adenine riboswitch from Vibrio vulnificus, which specifically 28 

binds to adenine, leading to the regulation of add gene expression.1 Three 15N,13C isotope-labeled wild-type 29 

riboA71 samples were prepared, including a uniformly 15N,13C-labeled riboA71 complex with adenine, a 30 
15N,13C-uridine-labeled riboA71 without adenine and a 15N,13C-uridine-labeled G30A/U19A–riboA71 31 

complex with adenine. The sequences of the wild-type and G30A/U19A mutant riboA71 are as follows.  32 

Wild-type riboA71: 33 

5ʹ-GGGAAGAUAUAAUCCUAAUGAUAUGGUUUGGGAGUUUCUACCAAGAGCCUUAAACUC34 

UUGAUUAUCUUCCC-3ʹ  35 

G30A/U19A-riboA71: 36 

5ʹ-GGGAAGAUAUAAUCCUAAAGAUAUGGUUUAGGAGUUUCUACCAAGAGCCUUAAACUC37 

UUGAUUAUCUUCCC-3ʹ 38 

Wild-type riboA71 was prepared by in vitro transcription reactions according to a previously reported 39 

protocol.2 The double-stranded DNA templates were prepared by annealing single-stranded DNA with the 40 

sequence 41 

5ʹ-TTAATACGACTCACTATAGGGAAGATATAATCCTAATGATATGGTTTGGGAGTTTCTACCAAG42 

AGCCTTAAACTCTTGATTATCTTCCC-3ʹ and its complementary sequence at 95 °C for 10 min. The in 43 

vitro transcription reactions contained 5 mM 15N,13C-labeled rNTPs, 40 mM Tris-HCl (pH 7.0), 0.01% Triton 44 

X-100, 1 mM spermidine, 10 mM DTT, 45 mM MgCl2, 0.85 µM DNA template and 0.12 mg/mL T7 RNA 45 

polymerase and were incubated at 37 °C for 24 h. To produce 15N,13C-uridine-labeled riboA71, the reactions 46 

were supplemented with 15N,13C-labeled rUTP and abundant natural rCTP, rGTP and rATP. The synthesized 47 

RNA was purified using 12% PAGE under denaturing conditions and eluted from the gel with buffer 48 

containing 20 mM Tris-HCl, 300 mM sodium acetate and 1 mM EDTA, pH 7.4. The final yield of the purified 49 

RNA sample was approximately 5 mg per 10 mL of reaction system. Purified riboA71 was buffer-exchanged 50 

into a buffer containing 10 mM KH2PO4, 30 mM KCl and 2 mM MgCl2, pH 6.8, and concentrated to a final 51 



concentration of 700 µM. To prepare the riboA71–adenine complex, an adenine stock solution was added to 52 

the riboA71 solution to a final concentration of 5 mM; the mixture was annealed at 95 °C for 5 min and 53 

incubated at 0 °C for 30 min.  54 

G30A/U19A–riboA71 was prepared using a similar protocol as described for wild-type riboA71; the 55 

only difference was in the DNA template used in the in vitro transcription. The sequence of the G30A/U19A–56 

riboA71 DNA template was  57 

5ʹ-TTAATACGACTCACTATAGGGAAGATATAATCCTAAAGATATGGTTTAGGAGTTTCTACCAAG58 

AGCCTTAAACTCTTGATTATCTTCCC-3ʹ and its complementary strand. All other materials, reaction 59 

conditions and purifications step were identical to those described for wild-type riboA71. 60 

1.3 Preparation of RNA Samples with Partial Deuteration  61 

Ethanol-precipitated, partially deuterated RNA samples were prepared using a previously published 62 

protocol2,3. This scheme produces an RNA solid-state sample that can yield high-resolution SSNMR spectra 63 

while retaining a high level of hydration for studies of the water–RNA interaction.2  64 

To produce the partially deuterated RNA samples, 15N,13C-labeled RNAs were annealed in a 75% 65 

D2O/25% H2O (v/v)-based buffer to achieve the desired level of H/D exchange of the imino and the amino 66 

protons. To obtain ethanol-precipitated, partially deuterated samples for SSNMR, the partially deuterated 67 

RNAs were mixed with a pre-chilled ethanol stock consisting of 75% C2D5OD/25% C2H5OH (v/v). The final 68 

concentration of ethanol in solution was 75%. The RNA pellets were collected by centrifugation at 9600 g for 69 

3 min, followed by central packing into a 1.9 mm rotor for SSNMR studies. 70 

1.4 Solid-state NMR Spectroscopy 71 

Approximately 4 mg of the ethanol-precipitated riboA71 was center-packed into a 1.9 mm rotor. All 72 

SSNMR experiments were performed on a 600 MHz Bruker Avance III spectrometer equipped with a 1.9 mm 73 

triple-resonance 1H-X-Y magic-angle spinning (MAS) probe. All experiments were conducted at a MAS rate 74 

of 40 kHz. The typical π/2 pulse lengths were 2.5 µs for 1H, 4.0 µs for 13C and 4.5 µs for 15N. All experiments 75 

were conducted at an effective temperature of 15 °C. The temperature was calibrated using the T1 relaxation 76 

time of 79Br in KBr powder.4 77 

The 2D hNH Experiments. The dipolar-based 2D hNH experiments were performed using a previously 78 

reported pulse sequence.5 The diagram of the pulse sequence is shown in Supplementary figure 1A. Both the 79 
1H-15N and 15N-1H cross-polarization (CP) transfer were set at a constant field lock of 15N at 60 kHz and an 80 

experimentally optimized proton power around n = 1 Hartmann–Hahn (HH) conditions (10% linear ramp). 81 

The contact times for 1H-15N and 15N-1H CP were 4 ms and 300 µs, respectively. The carrier frequencies were 82 



set to 10 ppm for 1H and 145 ppm for 15N. The total acquisition times for the 1H and 15N dimensions were 20 83 

ms and 15 ms, respectively. The spectral width of the 15N dimension was set at 50 ppm. States–TPPI 84 

phase-sensitive detection was obtained in the indirect dimension (15N) by incrementing the first π/2 pulse of 85 

the 1H channel. In this scenario, the amide cross-peaks were folded in the spectra, with 15N chemical shifts of 86 

124 ppm for G(NH2), 131 ppm for A(NH2) and 147 ppm for C(NH2). MISSISSIPPI pulse trains were used to 87 

suppress the solvent signals.5 Low-power TPPM proton decoupling (nutation frequency ~10 kHz) and 88 

WALTZ-16 15N decoupling (nutation frequency ~10 kHz) were applied during the evolution of the chemical 89 

shifts of 15N and 1H, respectively. The recycle delay in the 2D hNH experiments was 2 s. The hNH 90 

experiments were recorded with 32 scans. 91 

2D 1H-15N WaterREXSY Experiments. Two-dimensional (2D) 1H-15N water–RNA exchange 92 

spectroscopy (WaterREXSY) experiments were performed using the pulse sequence described in 93 

Supplementary figure 1B. The pulse sequence was developed in a previous study6. Compared to the 2D hNH 94 

experiments, 2D WaterREXSY contains two additional blocks: a 1H-15N REDOR dephasing period with 95 

rotor-synchronized π pulses on the 15N channel, and a Lee–Goldburg (LG) spin lock along the proton channel. 96 
1H-15N REDOR dephasing was achieved by applying 16 rotor-synchronized π pulses to the 15N channel to 97 

dephase the 1H signals covalently attached to the 15N atoms. The total REDOR dephasing time was 0.4 ms. A 98 

π pulse in the middle of the REDOR dephasing block was applied to the 1H channel to refocus the 1H 99 

chemical shift evolution. During the LG spin-lock period, a 1H B1 field of 53.2 kHz was applied at an offset of 100 

+37.6 kHz, resulting in an effective spin-locking field of 65.2 kHz along the magic angle. After the LG 101 

spin-lock period, the 1H-15N LG-CP transfer was set with the LG spin-lock on 1H at the same parameters as 102 

those applied during the LG spin lock period, and on 15N with the power experimentally optimized to achieve 103 

an efficient transfer. The contact time of 1H-15N CP was 300 µs. The 15N-1H CP and other experimental 104 

parameters were identical to those in the 2D hNH experiments. A series of 2D WaterREXSY experiments 105 

were performed using different mixing times in LG-spin lock period: 500 µs, 800 µs, 1200 µs, 2000 µs, 3000 106 

µs, 4000 µs and 5000 µs. Each 2D WaterREXSY experiment was recorded with 80 scans, resulting in 107 

durations of approximately 19 hours per experiment. 108 

All NMR data were processed using the TOPSPIN 3.2 program. The spectra were analyzed using 109 

CARA. Chemical shifts were referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), using 110 

adamantane as a secondary standard.7 The 1H and 15N chemical shifts were referenced indirectly using 111 

γ13C/γ1H = 0.25145020 and γ15N/γ1
3C = 0.40297994, respectively. 112 



 113 

Supplementary Figure 1. Pulse sequences of two-dimensional (2D) proton-detected solid-state NMR 114 

(SSNMR) experiments, including (a) 2D hNH and (b) 2D 1H-15N water–RNA exchange spectroscopy 115 

(WaterREXSY) experiments. For both pulse sequences, the yellow and gray bars represent the water 116 

suppression period using MISSISSIPPI pulse trains.5 The pulse phases are indicated on the pulse, with the 117 

exception of the following:: (a) φ1 = (x, x, -x, -x), φ2 = (y, y, y, y, -y, -y, -y, -y), and φrec = (y, -y, -y, y, -y, y, y, 118 

-y); (b) φ1 = (y, -y), φ2 =(x, x, -x, -x), φ3 = (y, y, y, y, -y, -y, -y, -y), and φrec = (y, -y, -y, y, -y, y, y, -y). The phases 119 

of the 15N pulses during the REDOR period are x, y, x, y. 120 

1.5 Molecular Dynamics (MD) Simulation 121 

For the MD simulation, the starting structure was taken from the crystal structure of the riboA71–adenine 122 

complex (PDB ID: 4TZX).8 All crystallographic water molecules and Mg2+ ions were retained. For the 123 

adenine ligand, hydrogen atoms were added using Discovery Studio 3.59. The partial charges were calculated 124 

using the antechamber module of the Amber 18 package10 and the AM1-BCC method. The general AMBER 125 

force-field (GAFF) parameter was used for the adenine ligand, and the other parameters required for the 126 

ligand were generated using parmchk.11 For riboA71 RNA, hydrogen atoms were added by using the tleap 127 

module of Amber 18. The force field used for the RNA was ff99bsc0XOL3.12 The riboA71–adenine complex 128 

was solvated in a truncated octahedral box using the SPCE water model and a margin distance of 10 Å. 129 

Fifty-two potassium ions were added to neutralize the system. 130 

The energy minimization and MD simulation were performed using the GPU accelerated version of 131 

pmemd in AMBER. The solvated system was minimized for 1000 steps with harmonic restraints (force 132 

constant = 500 kcal·mol-1·Å-2), followed by 1000 steps without restraints. The system was then heated for 20 133 

ps from 0 to 288 K, and equilibrated for 1 ns at 288 K. The production stage of the MD simulation was 134 

conducted at 288 K using the NPT ensemble and a 2 fs integration step. During the simulations, all bonds 135 

involving hydrogen atoms were constrained using the SHAKE algorithm. The nonbonded cutoff was set to 9 136 

Å. DSSR was used to analyze the formation of hydrogen bonds in the MD trajectory at an interval of 1 ps.13  137 

2. Results  138 



2.1 “Open–Close” Model to Describe the Hydrogen Exchange Theory of the Base-Paired Imino Protons 139 

The formalism of proton exchange has been extensively described using the “open–close” model.14-17 140 

Equilibrium exists between the open state, in which the H-bond breaks, and the closed state, in which the 141 

H-bond forms. The exchangeable protons can exchange with water only in the open state. In this model 142 

(Supplementary figure 2), kex is the overall rate constant of the water–RNA chemical exchange, which can be 143 

described using Eq. 1: 144 

                                   𝒌𝒆𝒙 =
𝒌𝒐𝒑𝒆𝒏∗𝒌𝒆𝒙,𝒐𝒑𝒆𝒏
𝒌𝒄𝒍𝒐𝒔𝒆!𝒌𝒆𝒙,𝒐𝒑𝒆𝒏

                                    145 

(1) 146 

where kopen and kclose are the rate constants for the opening and closing of the base pair, respectively, and 147 

kex,open is the rate constant for proton exchange in the opening state. 148 

 149 

Supplementary Figure 2. “Open-close” model to describe hydrogen exchange of base-paired imino 150 

protons. 151 

Two kinetic regimes can characterize kex, depending on the relative magnitudes of the rate constants. In the 152 

regime where kex,open >> kclose, the exchange rate is limited by the formation of the exchange-accessible state 153 

(opening-limited exchange); thus, kex = kopen. This condition often occurs at high concentrations of a proton 154 

acceptor in the presence of a catalyst, such as NH3.Another regime occurs at low concentrations of a proton 155 

acceptor, wherein the base pairs open and close many times before the exchange (pre-equilibrium exchange); 156 

thus, the exchange rate kex can be described as follows: 157 

                           𝑘𝑒𝑥 = !"#$%∗!"#,!"#$
!"#$%&

= 𝐾diss ∗ 𝑘𝑒𝑥, 𝑜𝑝𝑒𝑛             (2) 158 



where Kdiss (= kopen/kclose) is the equilibrium constant for base pair opening, which reflects the hydrogen 159 

stability of base pairs. Thus, the exchange rate constant is affected by the hydrogen stability and the proton 160 

exchange rate constant in the opening state.  161 

In the riboA71–adenine complex, the solution buffer pH was 6.8, and no other catalyst was added. 162 

Therefore, the RNA exchange regime is also referred to as the pre-equilibrium exchange regime (Eq. 2). Here, 163 

the exchange rate between the hydrogen-bonded protons of the base pair and water is determined by Kdiss and 164 

the exchange rate between the protons in the open state and water. The latter rate is fast in the range of 106 s-1, 165 

whereas the former is slow and is the rate-limiting step, which is determined by the stability of the hydrogen 166 

bonds within the base pairs. 167 

2.2 Model of the 2D WaterREXSY Experiments  168 

In the open–close model of the chemical exchange process between RNA and water (Supplementary 169 

figure 2), the intermediate N–H bond state cannot stably exist. In our experimental design, exchangeable 170 

protons, namely those in hydrogen bonds (N–H…N or N–H…O=C), are initially suppressed by the 1H-15N 171 

REDOR cycles and then repolarized by water through a chemical exchange. Thus, we can use a simplified 172 

exchange model (Supplementary figure 3) to describe our experiment: the proton in the hydrogen bond is in 173 

exchange with a pool of nw water molecules at the exchange rate constant of kIM. Solomon equations are then 174 

used to characterize the chemical exchange in this two-spin system (M: water; I: the hydrogen-bonded proton, 175 

i.e., the proton in N–H…N and the proton in N–H…O=C) under the irradiation of a Lee–Goldburg (LG) 176 

sequence. 177 

                

𝑑𝑀 𝑡𝑆𝐿
𝑑𝑡𝑆𝐿

= − 1
𝑇1�
𝑀 + 𝑘IM 𝑛𝑤 𝑀 𝑡𝑆𝐿 + 𝑘𝐼𝑀𝐼(t𝑆𝐿)

𝑑𝐼 𝑡𝑆𝐿
𝑑𝑡𝑆𝐿

= 𝑘IM 𝑛𝑤𝑀 𝑡𝑆𝐿 − 1
𝑇1�
𝐼 + 𝑘IM 𝐼 𝑡𝑆𝐿

                   (3) 178 

where M(tSL) and I(tSL) are the M and I magnetizations along the magic angle at a given LG spin-lock time tSL, 179 

respectively, and 𝑻𝟏� represents their relaxation times under the tSL. Because the M and I magnetizations are 180 

along the magic angle, the cross-relaxation among them is negligible in the above equations. kIM represents the 181 

exchange rate constant between the proton in the N–H bond and the pool of nw water molecules. In these 182 

differential equations, the factor of 1/nw is taken into account to reflect that only one water molecule is in 183 

exchange with the I proton. The analytical solutions for these differential equations can be derived as follows. 184 

The eigenvalues for the differential equations in Eq. 3 are: 185 

�± = −� ± 𝐷  ,                                          (4) 186 



where � = !
!

1 + !
!!

𝑘!" +
!
!!�
! +

!
!!�
!  ,  𝐷 = �! + !

!!
𝑘!"

! !
 and � = !

!
!
!!
− 1 𝑘!" +

!
!!�
! −

!
!!�
! . 187 

As both I and M are spin-locked along the magic angle direction, it is reasonable to assume that !
!!�
! =

!
!!�
! ≡188 

!
!!�

 for simplicity, leading to � = !
!
1 + !

!!
𝑘!" +

!
!!�

 and 𝐷 = !
!
1 + !

!!
𝑘!". Thus, we obtain 189 

�! = −� + 𝐷 = − !
!!�

, 190 

�! = −� − 𝐷 = − 1 + !
!!

𝑘!" −
!
!!�
! . 191 

Consequently, the analytical solutions for the M and I spins are 192 

𝑀 𝑡!" = 𝑎!𝑒𝑥𝑝 �!𝑡!" + 𝑎!𝑒𝑥𝑝 �!𝑡!" = 𝑎! + 𝑎!𝑒𝑥𝑝 − 1 + !
!!

𝑘!"𝑡!" 𝑒𝑥𝑝 −𝑡!" 𝑇!�    (5) 193 

𝐼 𝑡!" = 𝑏!𝑒𝑥𝑝 �!𝑡!" + 𝑏!𝑒𝑥𝑝 �!𝑡!" = 𝑏! + 𝑏!𝑒𝑥𝑝 − 1 + !
!!

𝑘!"𝑡!" 𝑒𝑥𝑝 −𝑡!" 𝑇!�     (6) 194 

Here, 𝑎! = −𝑏! and 𝑎! = 𝑛!𝑏!. 195 

By taking into account the initial boundary conditions: ( ) ( ) −+= +== aaMtM
SLtSL 0| 0  and    196 

( ) ( ) −+= +== bbItI
SLtSL 0| 0 =0,  197 

we can obtain the analytical solution as in the literature6: 198 

 199 

𝐼 𝑡!" = 𝑝𝑀 0 1 − 𝑒𝑥𝑝 − 1 + !
!!

𝑘!"𝑡!" 𝑒𝑥𝑝 −𝑡!" 𝑇!� / !
!!
+ 1                    (7) 200 

Therefore, the build-up of the 1H magnetization in the N–H…N or N–H…O=C hydrogen bond in the 201 

experiments is depicted in the pulse sequence. Supplementary figure 1B represents the exchange process 202 

between the pool of water molecules and the N–H…N hydrogen bond at an exchange rate constant of 203 

1 + !
!!

𝑘!", which should be equivalent to kex in the open–close model for the chemical exchange process 204 

between RNA and water. Thus, we obtain: 205 

                 𝐼 𝑡!" = 𝐼 0 + 𝐴[1 − exp  (−𝑘!"  𝑡!")] 𝑒𝑥𝑝 −𝑡!" 𝑇!�                       (8) 206 



Here, I(0) is the initial magnetization before the exchange-induced signal build-up, such as the 207 

contribution from incomplete REDOR dephasing and the CP transfer from 1H to 15N along the magic angle, 208 

whereas 𝑨 = 𝑴 𝟎 / 𝒏𝒘 + 𝟏  is considered a constant coefficient that does not contribute to signal build-up. 209 

For the riboA71–adenine complex system, 𝟏
𝒏𝒘

 is 10-6.8 in a pH 6.8 solution. The T1ρ of the imino proton is 8.5 210 

ms, as measured using the pulse sequence in Supplementary figure 1B with variable tSL periods before 1H-15N 211 

CP. The kex was obtained by fitting the I(tSL) against the tSL. 212 

 213 

Supplementary Figure 3. Simplified water–RNA exchange model of the water–RNA exchange 214 

spectroscopy (WaterREXSY) experiment. 215 

 216 

2.3 Expected Results of 2D WaterREXSY  217 

In our 2D WaterREXSY scheme, the 1H-15N REDOR block suppresses the signals of the imino and 218 

amino protons that covalently attach to the 15N atoms, whereas the water magnetization is less affected. 219 

During the tSL period, a chemical exchange between the exchangeable protons and the excited water occurs, 220 

thus polarizing the exchangeable protons. Because the spin-diffusion among the protons is suppressed during 221 

the LG spin-lock on 1H, the exchangeable protons can only be polarized by the chemical exchange process. 222 

This enables a characterization of the pure chemical exchange process. According to Eq. 8, the build-up of the 223 

cross-peak intensities of the exchangeable protons is determined by the exchange rate, kex, and the T1ρ 224 

relaxation time. The protons that experience a fast exchange with water (i.e., a kex on a sub-ms time scale) 225 

could yield a high optimal transfer efficiency, as a tSL of a few ms is sufficient to reach equilibrium, and the 226 

magnetization loss due to relaxation is small. In contrast, a low transfer efficiency is expected for a slow 227 

exchange process because long mixing times are required to reach equilibrium, during which the relaxation 228 

loss greatly reduces the transfer efficiency. Supplementary figure 4 depicts the simulations using different 229 

combinations of T1ρ and kex. As shown in Supplementary figure 4B, at a T1ρ relaxation time of approximately 230 

8 ms, the exchangeable protons with kex of 0.5 ms-1 can be observed effectively with a tSL of 2 ms. In contrast, 231 



protons with slow exchange rates, i.e., kex <10 s-1, would be difficult to observe due to the low transfer 232 

efficiency.  233 

 234 
Supplementary Figure 4. Simulations of build-up curves from the two-dimensional (2D) water–RNA 235 

exchange spectroscopy (WaterREXSY) experiment at different values of T1ρ  and kex. The T1ρ  times are 236 

listed above the simulations. The relative intensity reflects the I(tSL) in Eq. 8, assuming that 𝐴 = 1 for all 237 

simulations.. 238 

 239 

Accordingly, in RNA, the water–proton exchange rates of the imino or the amino protons within the base 240 

pair depend on the stability of the base pair. Empirically, the relative stabilities of the base pairs have a certain 241 

order, namely G–C > A–U > G•U > A•G > U•U > C•A,18 and the stability of individual base pairs is also 242 

dependent on the sequence context. For very stable base pairs, namely the Watson–Crick canonical G–C and 243 

A–U base pairs, the kex rates of the imino protons of guanines and uridines are in the ranges of 1–10 s-1 and 244 



20–100 s-1, respectively. The non-canonical base pairs, namely G•U, A•G, U•U and C•A, are relatively weak 245 

and have kex rates in the range of 100–1000 s-1 or faster. 246 

Based on the physicochemical properties of RNA and the simulations in Supplementary figure 4, we 247 

expect to observe the hydrogen-bonded protons within the weak base pairs on the 2D WaterREXSY spectra 248 

within a few ms of tSL, provided that the kex of the exchange is approximately 500 s-1. In contrast, protons in 249 

very stable base pairs are difficult to observe during 2D WaterREXSY experiments. Because both strong and 250 

weak base pairs are detectable in 2D hNH experiments, a comparison of the 2D hNH and 2D WaterREXSY 251 

spectra would be expected to reveal the weak base pairs in RNA. 252 

2.4 RNA–Water Exchange Rates for Different Types of Imino and Amino Groups. 253 

The 2D WaterREXSY experiment includes a 1H-15N REDOR block to dephase the imino signals. 254 

Without the tSL period, imino groups that undergo a slow chemical exchange with water would not be 255 

observed on the 2D WaterREXSY spectra. This would serve as a control experiment to evaluate the 256 

completeness of REDOR dephasing. Supplementary figure 5 shows a series of 2D WaterREXSY experiments 257 

with different tSL periods and a 0.4 ms REDOR dephasing time. At a tSL of 500 µs, the imino groups of both 258 

guanines within canonical G–C base pairs and uridines within canonical A–U base-pairs were not observed 259 

(Supplementary figure 5A), indicating the effectiveness of the REDOR dephasing. These imino groups 260 

exhibited a very slow build-up and first appeared on the 2D WaterREXSY spectra at a tSL of 2 ms and 3 ms, 261 

respectively. 1D 1H signals against tSL of imino of uridines in non-canonical base pair, A-U base pairs and 262 

guanines in G-C base pairs are shown in Supplementary figure 6. This is consistent with the expectation of 263 

stable canonical base pairs. The imino groups of uridines within the non-canonical base pairs appear first at a 264 

tSL of 0.5 ms and reach the reflection point at a mixing time of 4 ms. Fitting yields an exchange rate of 379 ± 265 

57 s-1 at 15 °C, 266 

The amino groups experience faster exchange rates than the imino groups. The bulk chemical exchange 267 

rates between the amino groups and water were fitted as 430 ± 91 s-1, 899 ± 98 s-1 and 288 ± 136 s-1 for 268 

C(NH2), A(NH2) and G(NH2), respectively, consistent with the fast exchange rates of NH2 groups 269 

(Supplementary figure 7).  270 



 271 

Supplementary Figure 5. Two-dimensional (2D) WaterREXSY spectra of riboA71-adenine complex 272 

with different tSL. (A-F) Collected 2D WaterREXSY spectra with tSL of 500 µs (A), 800 µs (B), 1.2 ms (C), 2 273 

ms (D), 3 ms (E), 4 ms (F) and 5 ms (G). The nucleotide-type specific assignments are highlighted for the 274 

corresponding resonances. The gray dashed lines indicate the 15N chemical shifts of the 1D extracted slices 275 

shown in Supplementary figure 6. The GN1–G(NH) cross peaks at (D) and the UN3–U(NH) cross peaks at 276 

(C) are not visible at the current contour level.  277 



 278 

Supplementary Figure 6. One-dimensional (1D) 1H slices with 15N chemical shift of 158.6 ppm (A), 279 

162.7 ppm (C) and 146.5 ppm (E). (B) In the plots of 1H signals vs. tSL of uridine imino protons 280 

depict non-canonical base pairs (blue), A–U base pairs (red) and guanines in G–C base pairs (gray). 281 

(D) Exchange rate constant of different imino groups. 282 

 283 

 284 



 285 

Supplementary Figure 7. The intensity of amino protons with different tSL. The red line 286 

represents the fitting curve. 287 

2.5 Assignments of the RiboA71–Adenine Complex in Solution.  288 

The 2D 1H-15N heteronuclear single quantum coherence (HSQC) spectrum of the riboA71–adenine 289 

complex in solution was collected (Supplementary figure 8A). The well-resolved imino peaks of uridines 290 

within the non-canonical base pairs were unambiguously assigned according to previous reports,19,20 including 291 

U28, U39 and U31 in the P2 stem and U47 and U49 in J2–3 (Supplementary figure 8A). Supplementary 292 

figures 8B and 8C show the 2D 1H-15N HSQC spectra of the 15N,13C-uridine-labeled riboA71 without the 293 

adenine ligand and the 15N,13C-uridine-labeled G30A/U19A riboA71–adenine complex.  294 

For free wild-type riboA71, only three imino groups corresponding to U28, U31 and U39 in the stems 295 

were observed in the region of uridine within non-canonical base pairs on 1H-15N HSQC. U47 and U49 were 296 

not detected in the free wild-type riboA71, suggesting the structural heterogeneity of that region in 297 

adenine-free riboA71. For the G30A/U19A riboA71–adenine complex, the U31–U39 and U28–G42 298 

non-canonical base pairs were changed to U28–A42 and A31–U39 canonical base pairs, thus shifting those 299 

cross peaks to the region of U–A canonical base pairs. Thus, only two non-canonical uridine imino peaks, 300 

U47 and U49, were observed on the HSQC spectrum of the 15N,13C-uridine-labeled G30A/U19A riboA71–301 

adenine complex. The corresponding assignments were conducted by comparing the spectra of these 302 

constructs with that of the wild-type riboA71–adenine complex. 303 



 304 

Supplementary Figure 8. The solution NMR spectra of riboA71-adenine complex, free riboA71 and 305 

mutant riboA71-adenine complex. Two-dimensional (2D) 1H-15N HSQC spectra of 15N,13C-labeled 306 

riboA71-adenine complex(A), 15N,13C-uridine-labeled wild-type riboA71 without adenine ligand (B) and 307 
15N,13C-uridine-labeled G30A/U19A riboA71-adenine complex(C). The gray dashed lines highlight the 308 

assignments of the uredine imino cross peaks. 309 

2.6 Crystal Structure of the RiboA71–Adenine Complex 310 

    The structure of the riboA71–adenine complex was determined previously21. The complex adopts a 311 

tuning fork-like overall fold (Supplementary figure 9) containing three stems, P1–P3. Of them, P1 forms the 312 

handle, and P2 and P3 are aligned parallel to each other.21 The hairpin loops, L2 and L3, anchor together to 313 

form a kissing loop interaction. J1–2, J2–3 and J3–1 are three junction-connecting segments that constitute the 314 

ligand-binding pocket. Five layers of base triplexes form around the ligand binding pocket. The planes of 315 

these five triplexes are in nearly parallel alignment and are stabilized by π−π packing. Adenine recognition 316 

occurs through the formation of a U47•U51•(adenine-U74) tetrad that involves residues in J2–3 and J3–1 in 317 

the center of the five layers. The two triplexes A23•(G46-C53) and water-mediated A73•(A52-U22), which 318 

involve residues from J1–2, J2–3 and J3–1, are located above the adenine binding plane. Another two 319 

triplexes, C50•(U75-A21) and U49•(A76-U20), which involve residues in J2–3 and the junction base pairs of 320 

stem P1, are below the adenine-binding plane. As shown in the structure, U47•U51•(adenine-U74) is 321 

sandwiched between the water-mediated A73•(A52-U22) and C50•(U75-A21) base triplexes such that the 322 

bound adenine is completely surrounded by RNA both along its periphery and above and below its base plane. 323 

    Supplementary figure 9 shows a structure model of the riboA71–adenine complex. Two non-canonical 324 

base pairs involving uridines form within the P2 stem, including a U31•U39 base pair and a U28•G42 base 325 

pair. Correspondingly, the imino groups of U31, U39 and U28 were detected on the 2D 1H-15N HSQC spectra, 326 

and all have 1H chemical shifts typical for non-canonical base pairs. The imino groups of these three uridines 327 

are also observed on the 2D 1H-15N HSQC spectra of free riboA71 and demonstrate that these two base pairs 328 



form in free riboA71, consistent with earlier research. In SSNMR, these uridines were observed on the 2D 329 

hNH spectrum of free riboA71. Adenine binding includes multiple hydrogen bonds involving uridines, 330 

including U47, U51 and U74. In addition to the hydrogen bonds between adenine and the stabilizing uridines, 331 

a hydrogen bond between U47 and U51 is indicated by the crystal structure. Because of these bonds, the 332 

imino groups of U47 and U51 were observed in the 2D 1H-15N HSQC spectrum of the riboA71–complex.19,20 333 

In this work, both U47 and U51 were detected on the 2D hNH spectrum of the G30A/U19A riboA71–adenine 334 

complex.  335 



 336 



Supplementary Figure 9. Topological view of riboA71-adenine complex. A30-U40 and G43-C27 are 337 

shown as the representative of the canonical base pairs. The U31•U30, U28•G42, U49•A76-U20 and 338 

U47•U51•(adenine-U74) are shown to highlight the non-canonical base pairs 339 

 340 

2.7 Water accessibility of U47 in open state and close state 341 

In order to evaluate the influence of solvent accessibility of U47 in open state and close state, which may 342 

make contribution to the exchange rate, probability of water molecules within 3 Å of imino proton of U47 in 343 

the 1 µs MD simulation is calculated (Supplementary figure 10). The probabilities of water molecules 344 

close to the U47 are 12.5% and 95% respectively. Statistically, the number of the frames detecting the imino 345 

proton of U47 without any water molecules in close proximity is 875 out of 1000 frames in the close state. In 346 

contrast, this number is only 50 out of 1000 frames. Therefore, the probability value of no water around imino 347 

proton of U47 in the close state can be calculated to be 87.5%. Similarly, the probabilities of observing one or 348 

more water molecules are higher in open state than in close state. These results indicate that the water 349 

accessibilities of U47 in open state is higher than close state.  350 

 351 

Supplementary Figure 10. Probability distribution of water molecules within 3 Å of imino proton of 352 

U47 in open and close state in 1 µs MD simulation. 353 



 354 
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