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1. RNA CODING FOR THE HUNTING PROTEIN IN HUNTINGTON'S DISEASE

Huntington’s disease (HD) is an autosomal dominant disorder that leads to motor, cognitive and
behavioral symptoms'. It belongs to the CAG triplet repeat expansion diseases, a very important
group of genetically caused neurodegenerative diseases® 3. It was the first identification of a CAG
triplet repeat expansion disorder*, resulting in prolonged glutamine chains (PolyQ disorders). HD
drives neuronal dysfunction and death by many molecular mechanisms, involving the human mutant
HTT gene. The healthy gene contains less than 35 CAG repeats, whereas more than 40 repeats in the

mutant gene invariably cause the disease.

Mutant HTT encodes a HTT protein with an abnormally expanded polyglutamine tract. This forms
aggregates in patients’ brains?>7, a hallmark of the disease®. Mutant HTT gene products cause diverse
cellular pathomechanisms both inside and outside the nucleus. Thus, a compound that would block
mutant HTT RNA in the cytoplasm will still inhibit these pathomechanisms (including aberrant
translation of HTT via the MID1 complex). In the mutant HT'T RNA, the CAG repeat (mutCAG RNA
here after) folds into a hairpin structure absent in healthy HTT RNA®!2. Such hairpin structures
abnormally capture RNA-binding proteins (such as the protein MID1 or G-rich RNAs"? (Figure S4))
resulting in RNA-mediated cellular dysfunction. RNA-mediated abnormal processes include
translation initiation of the mutCAG RNA (by trapping parts of the translation machinery) as well as
aberrant splicing (by trapping splice factors)'+!” (Figure S5). Importantly, RNA toxicity is only
triggered by expanded CAG repeats but not by other trinucleotide repeats encoding also for glutamine
(i.e., CAA)"®2 Ligands interfering with mutCAG RNA function and interactions with its cellular
partners may provide important insight into the impact of mutCAG RNA on the development of HD.

They may also constitute promising therapeutic agents.



2. RECENT POLARIZABLE FORCE FIELD STUDIES ON RNA

For the last two years, two papers have been published on polarizable force field - based MD of RNAs
oligonucleotides with a number of nucleobases 10 or longer. In ref.?!, AMOEBA force field**% -
based molecular dynamics (MD) simulations of the different protein/RNA complexes were not

always able to reproduce the experimental structural determinants.

In ref. 2, milestoning simulations predicted the energy landscape of an RNA 10-mer in solution. The
authors found that A-RNA is lower in energy than B-RNA. Their calculations also showed that this

oligomer is highly flexible.

3. METHODS

3.1. Simulations

Force field-based MD simulations. Our calculations are based on the first of the five NMR structures
of the CAG RNA-DB213 complex, (PDBid 7D12)%, using the first conformer. We considered two
systems: (i) The CAG RNA-DB213 complex, which was embedded in a cubic box of edge 8.7 nm,
filled with 21,463 water molecules. 15 Na* ions were added to neutralize the RNA/ligand complex
and 14 Na* and 14 CI ions were added to the system to mimic the experimental conditions of the
NMR experiments (pH 7.0, 35mM NaCl) (Figure S6). The shortest distance of the complex from the
box’s edges was set to 2.2 nm to minimize the interactions between periodic replicas. (ii) the DB213
ligand in water solution. The ligand was embedded in a cubic box of edge 8.4 nm containing 18,988
water molecules. 4 Cl- ions were added to neutralize the system and 12 Na* and 12 CI ions were

added to achieve the same conditions of the experiments as (i).



The force fields for RNA, ions, and water were the AMBER-parmbsc0?, the Joung-Cheatham?” and
the TIP3P?, respectively. The partial atomic charges of the ligands were set equal to the
corresponding RESP charges® calculated at the B3LYP/6-31G(d,p) level of theory using the
Gaussian 09 package® and the bonded terms of the ligand were treated with General AMBER Force

Field (GAFF)*.

We used an integration time step of 2 fs. All bonds to hydrogen atoms were constrained using the
LINCS algorithm*. The non-bonded interactions (Coulomb and van der Waals) were computed using
the Particle-Mesh Ewald method®-3, using a grid spacing value of 1.2 A and a short-range cutoff of
12 A. For the system (i), the Nose-Hoover thermostat® and isotropic Parrinello-Rahman barostat®
were used for keeping temperature and pressure constant. For the Nose-Hoover thermostat, we used
a time constant of 0.5 ps and a reference temperature of 298K. For the Parrinello—Rahman barostat,
we used an isotropic pressure coupling with a time constant of 5 ps, using the isothermal
compressibility of water (4.5¢ bar') and a target pressure of 1 bar. To maintain constant temperature
and pressure of the system (i) with the same temperature and pressure as (i), we used velocity
rescaling with a stochastic term thermostat’” with a time constant of 0.1 ps, and an isotropic
Berendsen barostat*® with a time constant of 2 ps and the isothermal compressibility of water as 4.5

10 bar'.

The system (i) underwent energy minimization using both the steepest descent® and the conjugate
gradient*’ algorithms, until the maximum force on each atom was 24 kcalmol-'nm! or lower. Then,
4 ns-long MD simulation was performed applying harmonic restraints (spring constant of 240 kcal
mol~'nm2) to the atoms of the complex atoms to keep it close to the reference configuration obtained
at the end of the minimization. We used this simulation to gradually heat the entire system up to the

target temperature of 298 K through 9 intermediate temperature points (0,40,80,120,160,200,240,280,



and 298 K). After the heating phase, a 1 ns-long NVT equilibration was performed at T=298 K,
followed by a 1 ns-long NPT simulation at the same temperature and 1 bar pressure. These
equilibration phases were performed with the same harmonic restraints applied to the complex. The
system (ii) underwent the same energy minimization process as (i) and then was heated and

equilibrated at the same temperature and pressure as (i) in a 1 ns-long equilibration.

All the force field-based MD simulations were performed using the GROMACS/2021.7

(https://doi.org/10.5281/zenodo.7586728) suite of codes.

QM/MM MD simulations. The last snapshots obtained from the classical MD simulations of the
ligand in complex with CAG RNA (i) and in water (ii) were used as the starting structure to set up
our QM/MM MD simulations. The total system was partitioned into a QM region, including only the
ligand (60 atoms), and a MM region, including CAG RNA, water and ions. The QM region was
treated at the BLYP level of theory*#* as implemented in the planewaves density functional theory
(DFT) code CPMD*, using a cut-off of 70 Rydberg for the expansion of the Kohn-Sham orbitals.
Only valence electrons were considered, wusing Troullier-Martins norm-conserving
pseudopotentials*, and the Martyna-Tuckerman’s method*> was used to achieve isolated system
conditions. The interactions between the QM and MM subsystems were computed using the MiMiC
implementation* of the electrostatic embedding scheme by Laio et al.*’. In our simulations, we used
a cut-off distance of 70 a.u (3.7 nm) for the short-range interactions and a multipole order of 7 for the
long-range coupling. The MM region was treated in GROMACS. The QM region underwent Born-

Oppenheimer MD*. An integration timestep of ~0.24 fs was used for the entire system.

The geometry of both systems (i) and (i1) were first optimized by simulated annealing using a damping

factor of 0.95 until the temperature of the system reached below 5 K. This was followed by a gentle



heating protocol where the temperature was gradually raised to 298 K in 2.4 ps for (i) and in 7.2 ps
for (ii) in the NVT ensemble using the Berendsen-type thermostat*® with the time constant T =3000
a.u (~73 fs). Finally, a 14.4 ps-long equilibration phase at 298 K was performed where the temperature
of the system was controlled by applying two independent Nose-Hoover chains*->! thermostats to the
QM and MM regions. The same thermostat settings were used for both QM and MM region, namely,
Nose-Hoover thermostat with the same desired temperature at 298 K and the thermostat frequency at
4000 cm™". The last configuration obtained from the NVT equilibration run was used as the starting
point for a final 100 ps-long production run for system (i) and 72 ps-long production run for (ii) in
the NVT ensemble using the same set up. The MiMiCPy package® was used to prepare all the

GROMACS and CPMD input files required to run the QM/MM MD simulations.

The following properties were calculated:

(a) The electronic polarization> is described here in terms of changes of electronic densities and of
atomic charges as in ref.>*, using the Voronoi partition scheme®. From the change of electronic
density of the ligand on passing from in vacuo to in binding with RNA, we calculated the integral
over the grid points within the Voronoi partition to obtain the change in atomic charge for each atom

(AQ) of the ligand. A python code, cpmd-cube-tools*, was used for this calculation.

(b) NMR chemical shift calculations were performed using a QM/MM scheme based on the ORCA
program package’-38. The NMR chemical shielding tensors were computed using Coupled Perturbed
Self Consistent Field (CP-SCF) calculations. The Gauge-Independent Atomic Orbitals (GIAOs) were
employed to address the problem of result’s dependence on the choice of gauge origin®. The
resolution of the identity approach (RI) was used to approximate the Coulomb term, while exchange

contributions are approximated according to the RIJONX scheme’ . Our calculations were



performed within the DFT with a meta-GGA functional (M06-L), along with pcSseg-2 basis set,
which is an atom-centered Gaussian-type orbital (GTO) basis specialized for the chemical shielding
calculation and an auxiliary basis set def2/JK. We calculated the changes in 'H (AH) and *C (AC)

chemical shifts of the ligand on passing from water to the RNA bound state.

The properties (a) and (b) were calculated over 250 snapshots (last 60 ps).

3.2. Experiments

CAG RNA was prepared by solid phase synthesis, desalted, and purified using preparative anion
exchange chromatography as described previously®. The purity of the RNA was verified by anion
exchange chromatography, and '"H NMR spectroscopy and the concentrations of all samples were
determined by measuring the UV absorption at 260 nm. Ligand DB213 was synthesized following a
reported procedure with slight modifications (see the section below for details)>:¢!. Although the
initial purity was satisfactory, an additional reverse-phase chromatography step was performed to

obtain a higher-purity sample, as verified by mass spectrometry and NMR spectroscopy (Figure S7).

All NMR experiments were performed at a temperature of 25 °C using a 700 MHz NMR spectrometer
equipped with a Prodigy TCI cryogenic probe (Bruker Biospin, Germany). NMR samples for
recording the chemical shifts of DB213 contained 200 xM DB213 dissolved in 10% D,0/90% H,0,
35 mM NaCl. Chemical shifts of DB213 bound to RNA were obtained using a sample that
additionally contained a small excess (220 uM) of CAG RNA. All samples contained 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS, 4 M) as internal chemical shift reference for 'H and *C. 'H
chemical shifts were recorded in 1-dimensional experiments using excitation sculpting for water
suppression®?, and *C chemical shifts were obtained from 2-dimensional sensitivity-enhanced "H'3C

HSQC experiments. All NMR spectra were processed and analyzed using Bruker Topspin 4.4.1.



Synthesis of DB213. Acetyl chloride (4.0 mL) was added dropwise to dry ethanol (5.0 mL) at 0 °C
(exothermic). After 5 minutes, 1,4-dicyanobenzene (0.500 g, 3.90 mmol, 1 equiv) was added to the
reaction mixture at O °C, and the reaction mixture was allowed to warm to 23 °C. After 12 hours, the
resulting white suspension was filtered under vacuum and washed with dry ethanol (1x15 mL) and
dry diethyl ether (2x15 mL). The white solid was resuspended in dry ethanol (30.0 mL), and Et;N
(1.63 mL, 11.7 mmol, 3.00 equiv) was added to give a clear yellow solution followed by addition of
N ,N-dimethyl-1,3-diaminopropane (1.22 mL, 9.76 mmol, 2.50 equiv), and the resulting solution was
stirred at 23 °C. After 24 hours, the volatiles were removed under vacuum, and the yellow oil was
resuspended in dry diethyl ether (2x15 mL) and filtered twice. The resulting white solid was dried
under high vacuum, and a freshly prepared mixture of ethanol (5.0 mL) and acetyl chloride (4.0 mL)
was slowly added at O °C (exothermic). The reaction mixture was heated at 60 °C for 3 hours, cooled
to room temperature, and centrifuged (4,000 rpm, 5 min) to precipitate the target compound. The
precipitate was subsequently washed with dry ethanol (1x10 mL) and dry diethyl ether (2x10 mL) to

give DB213 (390 mg, 0.838 mmol, 21%) as a white solid.

An analytically pure sample (~95% purity) of DB213 was obtained via reverse-phase semi-
preparative HPLC on an AKTAprime Plus system with a puriFlash® RP-AQ column. A solution of
ammonium hydroxide in water (30% w/w) was added, and the corresponding free amine was injected
onto the column at a flow rate of 20 mL/min. Elution was performed with water over 30 minutes to
remove impurities. Subsequently, the corresponding HCI salt was eluted with 0.1% HCI, collected,
and dried under reduced pressure. The obtained analytical data was in full agreement with those

reported in the literature?-6!.

TLC (silicagel 60 RP-18 F254,): (10% ACN in 0.1% HCI): R=0.12 (KMnO,, UV); 'H NMR (700

MHz, DMSO-d;): 8 7.97 (s, 4H), 3.54 (t,J=7.0 Hz, 4H), 3.19-3.15 (m, 4H), 2.76 (s, 12H), 2.10-2.04



(m, 4H). BC NMR (176 MHz, DMSO-d;): 6 162.5, 133.1, 129.0, 54.3,42.5, 40.3, 22.7. MS (ESI)

calc. for CgH33Ng [M+H]*: 333.2761; found: 333.2759.

4. INTERMOLECULAR INTERACTIONS BETWEEN THE LIGAND AND CAG RNA

The ligand exhibits two positively charged tails (each bearing a partial charge of +0.8 according to
our RESP charges calculations, Figure S8). These two charged tails interact (either directly or by a
water bridge) with the negatively charged phosphates of A15 and C2 (Figure 4b in Main text). Such
electrostatic stabilization is absent in all of the NMR complexes: indeed, the ligand tails interact with

N7@A15 and N7@A3 (Figure 4a in Main text).

As for the ligand/RNA H-bond interactions, we notice that (i) all H-bond distances (d in Figure S9a)
for QM/MM and NMR models are in the 1.7-1.9 A range (Table S4); (ii) all D-H... A (D, A =N or
O atoms) angles (a in Figure S9a) are close to 180° (Table S5). (iii) Some H-bond interactions in
the NMR models involving a nitrogen in an aromatic ring exhibit a high deviation of the hydrogen
bond from the aromatic ring plane (angle 0 in Figure S9b). In a “strong” H-bond with N-atoms of
the nucleobases as acceptors, 0 values are less than a couple of dozen degrees (25°-30° according to
ref.* and 25° (with few outliers with 6=30° or 40°) in ref.%*). Indeed, H-bonds are formed in the
direction of the acceptor’s electron pair®. In the N7@A15 ...H29-N4 and N7@A3 ... N3-H13
interactions, 0 ranges from 44° to 62° (Table S6), and therefore these interactions may be considered

as weak H-bonds.

Table S4-S6 and Figure S10 show that three strong H-bonds present in the QM/MM dynamics

replace (i) two weak H-bonds in the NMR 1 structure, (ii) 1 strong H-bond and two weak H-bonds in



the NMR 2, NMR 4, NMR 5 structures, (iii) 2 strong H-bonds and two weak H-bonds in the NMR 3

structure.

We conclude that, at the qualitative level in the QM/MM simulations, the CAG RNA/ligand
electrostatic interactions may be stronger than that in the NMR 1 structure, that is the model we started
the QM/MM simulations with. In addition, in the QM/MM simulations, two weak H-bonds are
replaced by three strong H-bonds. Thus, overall, the QM/MM pose does form stronger interactions

with CAG RNA than that of the NMR1 pose.

Is this the case in the other NMR structures? For NMR2 4.5 structures, the two weak H-bonds along
with one strong H-bond are replaced by three strong H-bonds in the QM/MM dynamics. In addition,
the CAG RNA/ligand electrostatic interactions remain weaker as in the first NMR model. Thus, also

in these cases we expect stronger interactions for the QM/MM pose.

In the case of the NMR3 structure, the issue is more difficult: Indeed, two weak and two strong H-
bonds are replaced by three strong H-bonds in the QM/MM MD, whereas the RNA/ligand

electrostatic interactions remain weaker for the NMR structure.

S. CLASSICAL MD

100 ps classical MD simulation are here performed based on the same force field used for the MM

part of the QM/MM simulation.

The RMSD values of the backbone atoms relative to the initial NMR structure oscillates around 0.15
nm (Figure S11a), as in the QM/MM simulations. The regions that exhibit the largest fluctuations

are, as expected, those at the termini and the loop. In the region near the ligand’s binding pose, C5,

10



A15, G16, C17 are relatively rigid (as in the QM/MM simulations). However, A3 and G4 have larger

fluctuations (Figure S11b) than those in the QM/MM dynamics (Figure 2b in the main text).

The ligand RMSD, calculated as in the QM/MM simulation is larger than in QM/MM dynamics
(Figure S12 and Figure 3 in the main text, respectively). We analyzed the last 60 ps, as in the
QM/MM simulation. The H-bonds H5...06@G4, H7...06@G16 and H29...OP2@A15 are formed
as in the QM/MM simulations, but the first two are much weaker (Table S7 and Table S1,
respectively). Hydrophobic interactions are formed between the ligand and C2, A3, G4, C14, AlS5,

G16 of CAG RNA, as in the case of QM/MM simulation and the NMR structure.

The structures from classical MD simulation shows more NOE outliers (6 outliers) than structures

from QM/MM (2 outliers) (Table S8 and Table S2, respectively).

The predictions of chemical shift changes of the ligand on passing from the aqueous solution to CAG
RNA bound state in classical MD are consistent with the experiments within the statistical errors, as

in the case of QM/MM simulation (Table S9 and Table S3, respectively).

11



6. FIGURES AND TABLES

Figure S1. QM/MM structure of the CAG RNA/ligand complex after 100ps along with and the 5

structures from NMR?,
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Figure S2. 'H and 3C chemical shift changes observed for ligand DB213 upon CAG RNA binding.

Sections of 2-dimensional sensitivity-enhanced 'H*C HSQC spectra recorded for 200 M DB213 in

10% D,0/90% H,0, 35 mM NaCl, in the absence (black) and in the presence (red) of 220 uM CAG

RNA. DB213 resonances are labeled according to Chart 1 (main text).
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Figure S3. Change in atomic charge for each atom of the ligand (with average value and deviation)

during the last 60 ps of QM/MM dynamics of ligand in water.
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Figure S4. MutCAG RNA folds into a hairpin, which abnormally captures RNA-binding proteins

(such as the protein MID1), resulting in cellular dysfunction.
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Figure S5. MutCAG RNA hairpins sequester several proteins that carry out aberrant activities in
conjunction with the RNA-hairpin. These activities include aberrant translation and deregulated

splicing. Figure adapted from®, created with biorender.com.

Figure S6. Simulation box for the DB213 -CAG RNA complex in explicit solvent. CAG RNA is
shown in cartoon presentation, the ligand as sticks, the Na+ ions as violet spheres, the Cl- ions as

green spheres.
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Figure S7.'H NMR (top) and *C (bottom) NMR spectra of DB213 dissolved in DMSO-dg, recorded
at a temperature of 25 °C, 700 MHz.
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Figure S8. RESP charges of the DB213 ligand.
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acceptor, interacting with H-N moiety. The figure is inspired by Fig.1 in ref.*
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timestep. (b) Overlap of the last snapshot of classical MD (green) with the NMR 1 structure
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Table S1. Average distances and time courses for hydrogen bonds and salt bridges during the

QM/MM MD simulation.

Type of CAG RNA DB213 Average distance (A) | Time course (%)
interactions
H- bond G4-06 N5-H5 1.8 (0.09) 94.0%
H- bond G16-06 N5-H7 1.8 (0.09) 85.6%
H-bonded Al5- OP2 N4-H29 1.7 (0.09) 100.0%
Salt bridge

Table S2. NOE structural constraints imposed by Peng et al. for the NMR structure refinement of
the complex®. The upper and lower boundary of the distance restraints used in NMR structure
refinement [A], as derived from a long-range NOESY experiment (mixing time: 1 s) are indicated
with restr. The distances between pairs of atoms of CAG RNA and ligand DB213 from the NMR
structure (used here as a starting point of the QM/MM MD calculations) and as those obtained as
averages from the QM/MM MD simulation, are noted as NMR and SIM, respectively. The standard
deviations for the latter are indicated STD. The two symmetric parts of the ligand DB213 are colored
cyan and green, and the green labels 2, 3, 4, 5 in the first column follow Chart 1 in the main text.
All intermolecular distances for a particular CH2 or CH3 group falling outside the restraint range
used for NMR structure refinement are colored in red. This applies to one CH2 group in the NMR
structure and two CH2 groups in the QM/MM MD simulation, which are located slightly beyond the
upper limit of 9.0 A. This value was arbitrarily chosen by Peng et al. for the majority of internuclear

distances. Thus, outliers with distances exceeding this limit due to spin diffusion are to be expected.

RNA DB213 __restr _NMR __SIM___ STD RNA DB213 _restr  NMR __SIM __ STD

CH2 [ c2 HI' HI31 4 9 85 9.2 03 Cl4 HI' H434 4 9 94 8.7 04
- 2 _G__HY_ _BHBA__4_9 90 _ 84 03 | _Cl4 _ _HI' _HBA_ _4_9 95 _ 98 _ _03

CH2 [ c2 HI HI4l 4 9 66 69 03 Cl4 HI H444 4 9 73 75 03
0 _G__HL_ _H4A 4 9 74 _ 69 04 | _Cl4 _ _HI' HMA_ _4_9 |82 _ 75 __04

CH2 [ c2 HI HISI 4 9 83 8.3 038 Cl4 HI H454 4 9 85 95 0.4
o _Q__HU__HISA__4_ 2 SNSRI Clt___HU _ HASA 4 0 LN IS

CH3 | c2 HI HI7L 4 9 58 65 09 Cl4 HI H474 4 9 70 9.7 0.7

2 Hm o HTA 4 9 59 6.1 09 Cl4 HI H4TA 4 9 74 95 04




C2 H1' H17B 4 9 73 6.5 15 Cl4 H1' H47B 4 9 8.6 10.2 04

C2 H1' H181 4 9 74 9.1 0.5 Cl4 H1' H484 4 9 7.7 7.8 0.7

C2 H1' H18A 4 9 8.3 8.4 0.6 Cl4 H1' H48A 4 9 8.2 8.9 0.6

C2 H1' H18B 4 9 8.6 9.1 0.9 Cl4 H1' H48B 4 9 9.1 7.8 0.5

CH2 A3 H8 H131 3 7 6.7 6.3 03 Al5 HS8 H434 3 7 6.7 6.0 04
L Slwsoms_mBA_ 37 70 _e2 03| AL __HS __MeA__3_ 7. _67__ 61 __03 _

CH2 A3 H8 H141 3 7 4.8 4.2 03 Al5 HS8 H444 3 7 4.4 3.8 0.3
s ms_Hua_ 37 5854 04 | AL __HS __MMA__3_ 7 _ A6 _ 44 __04

CH2 A3 H8 H151 3 7 49 6.4 0.5 Al5 H8 H454 3 7 52 58 0.3
il ms A 370 56__ 60, _03_ | A __HS __HSA__3_ 7 _54__ 5603

A3 H8 H171 3 7 33 49 12 Al5 H8 H474 3 7 33 5.6 0.7

A3 H8 H17A 3 7 42 43 13 Al5 HS8 H47A 3 7 43 5.7 04

CH3 A3 H8 H17B 3 7 4.8 49 15 Al5 H8 H47B 3 7 4.8 6.1 04

3 A3 H8 H181 3 7 3.1 59 0.5 Al5 H8 H484 3 7 3.0 32 0.8

A3 H8 H18A 3 7 3.8 58 0.6 Al5 HS8 H48A 3 7 3.7 4.2 0.5

A3 H8 H18B 3 7 4.6 6.6 0.5 Al5 H8 H48B 3 7 4.5 33 0.5

CH2 A3 H1' H131 4 9 8.3 8.6 03 Al5 H1' H434 4 9 8.1 9.0 04
LMy _HBA 490 93 81 _04_ | A __HU__HBA__4_ 5 _89__ 97 __03

CH2 A3 H1' H141 4 9 73 6.7 03 Al5 H1' H444 4 9 6.1 6.7 0.3
o omv_Bua_ a9 87 82 05| AL __HU__BMA__4_ 9. _67__ 78 __04

CH2 A3 H1' H151 4 9 6.8 9.7 0.5 Al5 H1' H454 4 9 7.8 8.8 0.2
s omvJmsa_ a9 8092 03| AL _HU__BMaA__4_ 9. _81__ 80___03

A3 H1' H171 4 9 54 8.5 12 Al5 H1' H474 4 9 53 7.7 0.5

A3 H1' H17A 4 9 5.6 79 13 Al5 H1' H47A 4 9 54 8.2 0.7

CH3 A3 H1' H17B 4 9 7.0 8.4 1.6 Al5 H1' H47B 4 9 6.8 8.5 04

3 A3 H1' H181 4 9 6.9 9.6 0.5 Al5 H1' H484 4 9 6.9 53 04

A3 H1' H18A 4 9 7.7 9.6 0.5 Al5 H1' H48A 4 9 79 59 0.5

A3 H1' H18B 4 9 8.1 10.3 0.5 Al5 H1' H48B 4 9 8.1 52 0.4

CH2 A3 H2 H131 4 9 6.4 75 04 Al5 H2 H434 4 9 59 8.6 0.5
|l m2_MpA_ 49 3s__ _es.__04_ | A __H2__HOA__4_ 5 _ 74 95.__05

CH2 A3 H2 H141 4 9 6.6 6.8 03 Al5 H2 H444 4 9 52 6.7 0.5
|l m2 o _Mua a9 32 76, 05| A __H2__HMA__4_ 5 _59__ 86 __05

CH2 A3 H2 H151 4 9 6.2 9.6 04 Al5 H2 H454 4 9 7.6 95 0.5
ot a o momsa a0 79 92 04 | Al M2 HsA__ 49 80 82 07

A3 H2 H171 4 9 6.5 9.7 09 Al5 H2 H474 4 9 6.0 93 0.7

A3 H2 H17A 4 9 7.6 8.9 1.1 Al5 H2 H47A 4 9 73 99 09

CH3 A3 H2 H17B 4 9 8.2 93 14 Al5 H2 H47B 4 9 7.8 9.8 0.6

3 A3 H2 H181 4 9 8.5 10.6 0.5 Al5 H2 H484 4 9 8.8 6.3 0.5

A3 H2 H18A 4 9 8.6 109 04 Al5 H2 H48A 4 9 8.9 7.0 0.6

A3 H2 H18B 4 9 9.2 11.1 0.4 Al5 H2 H48B 4 9 9.3 7.0 0.8

CH2 G4 H1' H131 4 9 72 7.6 03 Gl16 H1' H434 4 9 79 10.0 04

2 G4 H1' H13A 4 9 8.7 73 0.3 G16 H1' H43A 4 9 9.0 10.0 04
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CH2 | G4 HI HI41 4 9 78 74 04 Gl6 H1 H44d 4 9 60 7.7 05
0 _G4__HU __HUA _ 4 _ 2 [0L7 88 04} _Gl6_ __HI' _HMA 4 9 04" 91 105
CH2 | G4 HI HISI 4 9 63 102 04 Gl6 H1 H454 4 9 72 8.8 04
ot _G4__HU __HDA __4_ 2 [0 1792 07} _Gl6_ __HI' _HHA 4 9 (N84T T4 1 04

G4 HI' HITL 4 9 59 10.4 0.9 Gl6 H1 H47T4 4 9 47 70 05

G4 HI' HITA 4 9 73 9.7 1.0 Gl6 H1 HATA 4 9 55 738 0.7

CH3| G4 HI' HI7B 4 9 76 10.1 1.0 Gl6 H1 H4TB 4 9 60 7.6 1.0
e m oms 4 9 90 103 07 Gl6 H1 H484 4 9 79 57 05
G4 HI' HISA 4 9 92 110 05 Gl6 H1 H48A 4 9 83 52 05

G4 HI' HISB 4 9 93 112 05 Gl6 Hl H48B 4 9 88 55 0.6

Table S3. Changes in 'H (AH) and "*C (AC) chemical shifts of the ligand DB213 upon passing from
water to the RNA-bound state (ppm) in comparison with experiment. The labels of the atoms are
reported in Chart 1 (main text). 2a, 2b refer to the two diastereotopic protons of this CH2 group. The
values are averaged (<A>) over 250 snapshots during the QM/MM dynamics. Standard deviations

(o) are also reported.

<A> c Experiment

1 (CH arom) 0.03 0.33 0.00

2a (CH2) 0.15 0.69 -0.12

AH 2b (CH2) -0.03 0.66 -0.18
3 (CH2) 0.12 0.55 -0.02

4 (CH2) 0.06 0.54 0.01

5 (CH3) 0.00 0.39 0.03

1 (CH arom) 0.11 3.57 0.06

2 (CH2) -1.33 4.81 0.06

AC 3 (CH2) -0.90 425 0.09
4 (CH2) -0.08 6.53 -0.12

5 (CH3) -0.49 3.92 0.02
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Table S4. Seclected distances (d in Figure S9a) in the QM/MM MD and in the 5 NMR structures.

Here, the averaged values are along with the standard deviation (in brackets) for the QM/MM

structure.
CAG DB213 QM/MM | NMR 1 NMR 2 NMR 3 NMR 4 NMR 5
RNA Average | distance distance distance distance distance
distance | (A) (A) (A) (A) (A)
A)
Al5- N4-H29 1.7 not not
not present | not present | not present
OP2 (0.09) present present
G4-06 | N5-HS 1.8 not not
not present 1.8 1.7
(0.09) present present
G16-0O6 | N5-H7 1.8 not
not present 1.7 not present 1.8
(0.09) present
G16-0O6 | N5-HS5 not not not
1.8 not present | not present
present present present
A15-N7 | N4-H29 not
1.9 1.8 1.9 1.8 1.9
present
A3-N7 | N3-HI3 not
1.8 1.8 1.8 1.9 1.8
present
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Table SS. Angles a for the interactions of Figure S9a. Here, the averaged values are along with the

standard deviation (in brackets) for the QM/MM structure.

CAGRNA | DB213 QM/MM | NMR 1 NMR 2 NMR 3 NMR 4 NMR 5
Average | Angle (°) | Angle (°) | Angle (°) | Angle (°) | Angle (°)
angle (°)

A15- OP2 N4-H29 not not not not not

163 (9)
present present present present present
not not not
G4-06 N5-H5 159 (9) 154 171
present present present
not not not
G16-06 N5-H7 155 (9) 163 170
present present present
not not not not not
G16-06 N5-H5 169
present present present present present
not
A15-N7 N4-H29 160 170 165 178 159
present
not
A3-N7 N3-H13 179 172 171 170 175
present
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Table S6. Angles 6 for the interactions of Figure S9b.

CAG DB213 | QM/MM | NMR 1 |NMR 2 NMR 3 NMR 4 NMR 5
RNA Average | Angle Angle Angle Angle Angle
angle (degree) | (degree) (degree) (degree) (degree)
(degree)
not
A15-N7 | N4-H29 48 44 50 54 56
present
not
A3-N7 | N3-HI3 57 57 49 58 62
present

Table S7. Average distances and time courses for hydrogen bonds and salt bridges during classical

MD simulation.

Type of interactions | CAG RNA DB213 Average distance (A) | Time course (%)
Present in the MD
calculations
H- bond G4-06 N5-HS5 1.9 (0.08) 44.0%
H- bond G16-06 N5-H7 1.9 (0.08) 66.0%
H-bonded salt bridge | A15- OP2 N4-H29 1.9 (0.28) 100.0%
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Table S8. Same as Table S2 except that we consider here the 100 ps classical MD simulation.

RNA DB213 restr NMR SIM STD RNA DB213 restr NMR SIM STD

CH2 C2 HI' H131 4 8.5 10.8 0.6 Cl4 H1' H434 4 9 94 10.0 0.6
ool my _msa_ a9 _so__ 01 _o7_ | cu__wu__mea__4_ o _ o5 103 05 _

CH2 C2 H1' H141 4 9 6.6 8.9 0.7 Cl4 H1' H444 4 9 73 8.2 0.5
el My _Hma a9 74 o410 | Cu WU __HMA__4_ 5 _82_ 78 __04

CH2 C2 H1' H151 4 9 8.3 10.1 1.1 Cl4 H1' H454 4 9 8.5 9.7 04
|l My a4 9 33 98, 07 | Cu__ WU __HSA__4_ 5 _94__ 102 03

C2 H1' H171 4 9 58 8.0 15 Cl4 H1' H474 4 9 7.0 9.8 0.6

C2 H1' H17A 4 9 59 8.0 14 Cl4 H1' H47A 4 9 74 10.1 0.6

CH3 C2 H1' H17B 4 9 73 8.5 22 Cl4 H1' H47B 4 9 8.6 10.5 0.5

3 C2 H1' H181 4 9 74 92 12 Cl4 H1' H484 4 9 7.7 8.8 1.0

C2 H1' H18A 4 9 8.3 8.3 1.7 Cl4 H1' H48A 4 9 8.2 93 09

C2 H1' H18B 4 9 8.6 9.5 1.7 Cl4 H1' H48B 4 9 9.1 9.1 0.7

CH2 A3 H8 H131 3 7 6.7 7.6 0.7 Al5 HS8 H434 3 7 6.7 5.6 0.5
s oms_HBA_ 37 70 78 09 | AL __HS __BSA__3_ 767 54___06

CH2 A3 H8 H141 3 7 4.8 6.2 1.1 Al5 HS8 H444 3 7 4.4 33 0.6
s oms w37 5873 a4 | AL __BS __MMA__3_ 746 35.__05

CH2 A3 H8 H151 3 7 49 8.2 1.0 Al5 HS8 H454 3 7 52 55 04
tlwsomsHBsA 37 56_ 72 06| A __HS __HSA__3_ 754 55.__04

A3 H8 H171 3 7 33 72 19 Al5 HS8 H474 3 7 33 6.3 0.6

A3 H8 H17A 3 7 42 73 15 Al5 HS8 H47A 3 7 43 6.5 0.5

CH3 A3 H8 H17B 3 7 4.8 7.7 24 Al5 HS8 H47B 3 7 4.8 6.7 04

3 A3 H8 H181 3 7 3.1 74 09 Al5 HS8 H484 3 7 3.0 4.5 1.1

A3 H8 H18A 3 7 3.8 74 15 Al5 HS8 H48A 3 7 3.7 49 1.1

A3 H8 H18B 3 7 4.6 8.4 13 Al5 H8 H48B 3 7 4.5 5.0 0.7

CH2 A3 H1' H131 4 9 8.3 10.8 0.7 Al5 H1' H434 4 9 8.1 8.6 0.3
|y _Hpa 490 93 05 09 | A5 __HU__HEBA__4_ 5 _89__ 79 __06 _

CH2 A3 H1' H141 4 9 73 93 1.0 Al5 H1' H444 4 9 6.1 6.2 04
s omvJBua a9 87 00 g | AL _HU__BMA__4_ 9. _67__ 70 __05

CH2 A3 H1' H151 4 9 6.8 114 1.0 Al5 H1' H454 4 9 7.8 8.9 0.3
s omv Jmsa a9 8007 06 | AL _HU__BMasA__4_ 9. _81__ 84 __05

A3 H1' H171 4 9 54 10.1 2.1 Al5 H1' H474 4 9 53 95 0.7

A3 H1' H17A 4 9 5.6 100 1.7 Al5 H1' H47A 4 9 54 99 0.5

CH3 A3 H1' H17B 4 9 7.0 10.6 25 Al5 H1' H47B 4 9 6.8 9.7 0.5

3 A3 H1' H181 4 9 6.9 110 1.0 Al5 H1' H484 4 9 6.9 7.0 1.1

A3 H1' H18A 4 9 7.7 10.7 1.6 Al5 H1' H48A 4 9 79 74 12

A3 H1' H18B 4 9 8.1 11.7 14 Al5 H1' H48B 4 9 8.1 74 0.7

CH2 A3 H2 H131 4 9 6.4 104 09 Al5 H2 H434 4 9 59 8.7 0.6
|l m2__HpA_ 49 3s_ 95 __ 09 | A5 __H2__HGA__4_ 5 _74__80___08 _

A3 H2 H141 4 9 6.6 9.0 09 Al5 H2 H444 4 9 52 75 0.8




CH2
L3 A3 M2 HI4A 4 9 82 0 92 13 | AlS B2 _H4A_ 4 5 _ 59 _ 81 07 _
CH2 | A3 H2  HISI 4 9 62 10.9 1.0 AlS H2 H4s4 4 9 76 102 06

4
lA . m2  WISA_ 4 9 79 107 06 | A5 M2 H5A__ 4 9 80 97 08 |
A3 H2  HITL 4 9 65 9.8 22 AlS H2 H474 4 9 60 119 07
A3 H2  HITA 4 9 76 93 18 AlS H2  H4ATA 4 9 73 120 07
CH3 | A3 H2 HITB 4 9 82 10.2 23 AlS H2 H47B 4 9 78 118 09
TlAas m mIsL 4 9 85 16 09 AlS H2 H484 4 9 88 9.5 13
A3 H2  HISA 4 9 86 113 15 AlS H2  H48A 4 9 89 97 16
A3 H2 _ HI8B 4 9 92 11.8 14 AlS H2 H48B 4 9 93 9.9 09
CH2 | G4 HI' HIBL 4 9 72 84 08 G16 HI' H434 4 9 79 96 06
2
S Gi__HU' _HI3A__4_9 NS TENSNCINNSTEN _Gl6__ _HU __ HA3A_ 4 9 NSNS NSNS
CH2 | G4 HI' HI4l 4 9 78 75 11 G16 HI' H444 4 9 60 76 06
3
S Ga_ _HI' _HUA 4 _ 9 NS ENSRTINNNEEN _Gl6__ _HU = H4A 4 9 WSNE S N N
CH2 | G4 HI' HISI 4 9 63 9.8 09 G16 HI' H4s4 4 9 72 102 07
4
S Ga_ _HU' _HISA __4_9 NN NS FINNSENN _Gl6_ _ _HU = HAA_ 4 9 NN
G4 HI' HITL 4 9 59 9.5 24 G16 HI' H474 4 9 47 109 11
G4 HI' HITA 4 9 73 9.2 17 G16 HI'  HA7A 4 9 55 113 07
CH3 | G4 HI' HITB 4 9 176 9.9 22 G16 HI' H4A7B 4 9 60 107 12
Tles omr o mst 4 9 90 10.3 08 G16 HI' H484 4 9 79 8.0 13
G4 HI' HISA 4 9 92 10.5 13 G16 HI'  H48A 4 9 83 8.2 1.4
G4 HI' __HI8B 4 9 93 10.9 L1 Gl16 HI'  H48B__ 4 9 88 8.3 09
Table S9. Same as Table S3 except that we consider here the classical MD simulation.
<A> c Experiment
1 (CH arom) 0.01 0.25 0.00
2a (CH2) 0.21 042 -0.12
2b (CH2) -0.26 0.44 -0.18
AH
3 (CH2) -0.03 0.22 -0.02
4 (CH2) -0.15 0.25 0.01
5 (CH3) -0.03 0.13 0.03
1 (CH arom) -1.04 4.12 0.06
2 (CH2) -0.65 5.71 0.06
AC 3 (CH2) -0.77 3.71 0.09
4 (CH2) -0.63 5.32 -0.12
5 (CH3) -0.10 3.29 0.02
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