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Supplementary Figures 

 

 
Supplementary Fig. 1 Optimizing TAR ensembles using SAS.  (a) Determination of 

Rosetta energy cutoff.  (left) Shown are the distribution of energies of a FARFAR-library 

(no energy filter) (N = 10,000) generated without pre-filtering based on Rosetta energy (i.e., 

not excluding structures with Rosetta energy > 0).  (right) Distribution of no pre-filtering 

FARFAR-library in (left) after RDC selection (N = 2,000).  The Rosetta energy = 0 is 

indicated using a dashed line.  As structures with energy > 0 were predominantly excluded 

following SAS, only structures with energy < 0 were retained while generating the 

FARFAR-library in the main manuscript.  (b) RDC RMSD as a function of ensemble size 

(N) during SAS for (left) the FARFAR-library and (right) Anton-MD.  The chosen 

ensemble size N = 20 is indicated using a vertical dashed line.  (c-d) Cross-validation 

analysis of TAR ensembles.  Shown are comparison of measured and predicted RDCs 

obtained from cross-validation analysis on TAR ensembles using two modes: Inactive 

Media (left) and Inactive Random (right)(Methods) for (c) the FARFAR-library and (d) 

Anton-MD.  (e-f) Generation of TAR ensembles using UUCG apical loop models1.  
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Comparison between measured and predicted RDCs for starting pools with N = 10,000 

(left) and comparison between measured and predicted RDCs after SAS with N = 20 (right) 

from (e) FARFAR-library replacing wild-type CUGGGA loop with a UUCG loop and (f) 

Anton-MD replacing wild-type CUGGGA loop with a UUCG loop.  Replacing the loop 

with the UUCG loop used to measure RDCs minimally impacted the RDC agreement for 

both FARFAR and Anton ensembles. 
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Supplementary Fig. 2 Inter-helical orientational distributions of FARFAR and Anton 

libraries and ensembles.  The 2D density map of inter-helical Euler angle (αh, βh, γh) for 

(a) FARFAR-library (N = 10,000), (b) Anton-MD (N = 10,000), (c) FARFAR-NMR (N = 

2,000), (d) Anton-MD-NMR (N = 2,000), (e-f) two subsets of FARFAR-library: (e) one 

with U23, C24, U25, A22 and U40 constrained to be C3′-endo (N = 4,422), and (f) the 

other one with U23, C24, U25, A22 and U40 constrained to be only gauche+ γ 

(20°<γ<100°) (N = 3,145), (g) a subset of Anton-MD with conformers retaining the same 

junction topology as that in FARFAR-NMR (Methods) (N = 2,074).  The color-scale for 

density is given on the right.  In all cases, the bin width is 20°. 

 
  



 6 

 

Supplementary Fig. 3 Evaluation of TAR libraries and ensembles via 13C, 15N and 1H 

chemical shifts.  (a-d) Comparison of measured and predicted 13C, 15N and 1H chemical 

shifts for (a) FARFAR-library, (b) the FARFAR-NMR ensemble, (c) Anton-MD, and (d) 
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the Anton-MD-NMR ensemble (N = 20 in all cases) by AF-QM/MM (Methods).  

Chemical shifts are color-coded according to the different structural elements (Fig. 2a).  

Chemical shifts for the central Watson-Crick bps within A-form helices (C19-G43, A20-

U42, G21-C41, A27-U38, G28-C37) are denoted using open circles.  A correction was 

applied to the predicted chemical shifts (Methods) as described previously2.  (e-h) 

Comparison of RMSD and R2 between measured and predicted 13C/15N (top) and 1H (below) 

chemical shifts for (e-f) flexible residues (U23, C24, U25, A22-U40, G26-C39, C29-G36, 

G18-C44) and (g-h) central Watson-Crick bps for the FARFAR-library (red, open), 

FARFAR-NMR ensemble (N = 20) (red, fill), Anton-MD (blue, open) and the Anton-MD-

NMR ensemble (N = 20) (blue, fill). 
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Supplementary Fig. 4 Comparison of agreement of measured and predicted chemical 

shifts between FARFAR-NMR ensemble and individual conformers.  Bar plot of (a) 

RMSD and (b) R2 between measured and predicted chemical shifts for FARFAR-NMR 

ensemble (red) and its individual conformer (blue) for only flexible residues (U23, C24, 
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U25, A22-U40, G26-C39, C29-G36, G18-C44).  All the conformers in FARFAR-NMR 

ensemble (N = 20) are sorted in increasing order of the bend angle magnitude |βh|. 
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Supplementary Fig. 5 Junction topology scheme of the TAR ensembles.  Junction 

topology in the (a) FARFAR-NMR (N = 20) and (b) Anton-MD-NMR (N = 20) ensembles.  

Conformers in each ensemble are sorted in increasing order of the bend angle magnitude 

|βh|, and the junction topology (Methods) as well as the |βh| are labeled below each 

conformer.  Junctional residues (bulge/A22-U40/G26-C39) with C2′-endo sugar pucker 

and non-gauche+ γ (falling outside 20-100°) torsion angle are highlighted with green filled 

circle and orange open circle, respectively. 
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Supplementary Fig. 6 Testing the sensitivity of FARFAR-library and FARFAR-NMR 

ensembles to variations in local torsion angles.  (a) Distribution of backbone torsion 

angles of the FARFAR-library and Anton-MD.  2D density map of δ versus γ of the bulge 

residues as well as A22 and U40, for the FARFAR-library and Anton-MD (N = 10,000).  
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The bin width is 20° for all density maps.  (b-d) Comparison of measured and predicted 

RDCs for a subset of the FARFAR-library (left, N = 3,000) and ensembles (right, N = 20) 

following SAS on these subset libraries.  (b) Randomly selected subset from the 

FARFAR-library (c) a subset of the FARFAR-library with the sugar puckers of U23, C24, 

U25, A22 and U40 chosen to be C3′-endo (d) a subset of the FARFAR-library with the γ 

torsion angles of U23, C24, U25, A22 and U40 chosen to be gauche+ (20°<γ<100°).  

“Junc” denotes bulge residues as well as A22 and U40. 
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Supplementary Fig. 7 An additional Nm modified TAR showing Nm inducing unstack 

of TAR.  Overlay of 2D [13C, 1H] HSQC NMR spectra of the aromatic region of TAR-

Nm-U23 without Mg2+ (blue, inducing unstacking). TAR without Mg2+ (cyan), and TAR 

+Mg2+ (red, inducing stacking). 
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Supplementary Fig. 8 Optimizing ensembles of TAR and its variants.  From left to 

right, comparison of measured and predicted RDCs for the FARFAR-library (N = 10,000), 

RDC RMSD as a function of ensemble size during SAS (ensemble size N chosen for the 

final ensembles is indicated as a vertical dashed line), comparison between the measured 

and predicted RDCs for the FARFAR-NMR ensembles after SAS, and inactive random 



 15 

cross-validation for (a) U1-TAR no Mg2+ (b) U2-TAR no Mg2+ (c) U7-TAR no Mg2+ (d) 

U1-TAR with Mg2+ (e) TAR with Mg2+ and (f) U7-TAR with Mg2+.  RDC values are 

color coded according to structural element as defined in Fig. 2a and Fig. 6a. 
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Supplementary Fig. 9 Optimizing ensembles of other RNAs.  From left to right, 

comparison of measured and predicted RDCs for the FARFAR-library (N = 10,000), RDC 

RMSD as a function of ensemble size during SAS (ensemble size N chosen for the final 

ensembles is indicated as a vertical dashed line), comparison between the measured and 

predicted RDCs for the FARFAR-NMR ensembles after SAS, and inactive random cross-

validation for (a) human telomerase P2ab (b) fluoride riboswitch (c) preQ1 Class I 

riboswitch (d) preQ1 Class II riboswitch.  RDC values are color coded according to 

structural element as defined in Fig. 7a. 
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Supplementary Fig. 10 Sugar puckers of bulge nucleotides during the course of MD 

simulations with different force fields and starting structures.  The variation of the 

sugar puckers of U23, C24 and U25 of TAR during the course of (a) an 8.2 µs trajectory 

using the Anton CHARMM36 force field and (b-g) a series of 1.0 µs trajectories using the 

(b) ff14 DESRES force field starting with the NOE structure (PDB: 1ANR), (c-f) 

ff99bsc0χOL3 force field starting with (c) the NOE structure (PDB 1ANR), (d) 1ANR with 

the pucker of U23 changed to C2′-endo (TARU23C2′-endo), (e) 1ANR with the pucker of U25 

sugar changed to C2′-endo (TARU25C2′-endo), (f) a FARFAR-NMR conformer in which all 

bulge nucleotides are C2′-endo (TARFARFAR), and (g) the ff99 force field.  The sugar 

pucker of the starting structures are indicated using a green line.  Persistence of a general 

bias towards C3′-endo or a tendency to maintain the sugar pucker in the initial starting 

conformation can be seen. 
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Supplementary Discussion 

Implication of motional averaging on A-form helix 

As expected, very good agreement was observed for both FARFAR and Anton-MD 

derived ensembles for the central Watson-Crick bps in the two helices (C19-G43, A20-

U42, G21-C41, A27-U38, G28-C37), which have more rigid structures and thus should be 

easier to model.  The slightly better agreement observed for C5′, C6 and C1′ chemical 

shifts for the Anton-MD-NMR as compared to the FARFAR-NMR (Supplementary Fig. 3) 

is presumably due to deviations from the assumed idealized static A-form geometry and/or 

motional averaging of the chemical shifts.  Single conformers in the Anton-MD-NMR 

ensemble show slightly weaker agreement (overall RMSD difference < 0.22 ppm) 

compared to averaging over all conformers in the ensemble, including for C5′, C6 and C1′, 

suggesting that the better agreement in the case of Anton-MD-NMR is more likely due to 

neglect of motional averaging for the helices in the FARFAR-NMR ensemble. 

 

Junctional topology dynamics of FARFAR-NMR and Anton-MD-NMR 

In the FARFAR-NMR ensemble, the major topology (~75%) of the two-way junction 

is the canonical trinucleotide U23C24U25 bulge (3:0) (Supplementary Fig. 5a e.g. 

conformer (5)).  However, there is also a minor topology (~25%) in which the 

trinucleotide bulge migrates one nucleotide down the lower stem to form a AUC bulge 

(Supplementary Fig. 5a e.g. conformer (10)).  In contrast, in the Anton-MD-NMR 

ensemble for TAR, the topology of the junction varies widely (Supplementary Fig. 5b).  

The dominant topology (~30%) is the 4:1 internal loop lacking A22-U40 pairing and the 

U23C24U25 bulge, while the 3:0 internal loop with UCU bulge and a A22-U40 bp is only 

a minor population (~10%).  The absence of base-pairing at A22-U40 is in agreement 

with the NMR data showing no detectable hydrogen bonds between A22 and U40.  The 

Anton-MD-NMR topologies also include 3:0 or 4:1 internal loops (~30%) in which U25 

and U40 form a U25-U40 mismatch with A22-U40 unpaired or both A22-U40 and G21-
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C41 unpaired, respectively. In addition, topologies with a 5:2 internal loop (~15%) in 

which A22-U40 as well as either G21-C41 or G26-C39 are unpaired, and those in which 

the entire upper helix is melted (~5 %) are also observed.  Unpairing in the upper helix 

and at G21-C41 and G26-C39 is inconsistent with the sharp imino resonances observed for 

G21 and G263.  These differences in pairing may help explain the better predictions of 

imino 15N/1H chemical shifts for the FARFAR-NMR relative to the Anton-MD-NMR 

ensemble (Fig. 3 and Supplementary Fig. 3).  Thus, artifactual distortions in junction 

topology and helical base pairing in the Anton-MD ensembles appear to compensate for 

lack of sugar-backbone sampling to achieve the inter-helical orientations needed to satisfy 

the helical RDC data (Supplementary Fig. 2e-g). 
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Supplementary Tables 

Supplementary Table 1. RDCs datasets used in this study 

RNA Elongation Apical loop +/– Mg2+ 
Number of 

RDCs Reference 

U1-TAR 
E0 wild-type – 35 4 

E0 wild-type + 38 4 

U2-TAR 
E0 wild-type – 27 4 

EI22 UUCG – 35 5 

TAR 

E0 UUCG – 35 6 

EI22 UUCG – 39 5 

EII22 UUCG – 34 5 

EI3 UUCG – 35 7 

E0 wild-type + 46 4 

U7-TAR 
E0 wild-type – 34 4 

E0 wild-type + 36 4 

human telomerase P2ab E0 N/A – 88 8 

fluoride riboswitch E0 N/A + 89 9 

preQ1 Class I riboswitch E0 N/A – 90 10 

preQ1 Class II riboswitch E0 N/A – 132 11 
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Supplementary Table 2. FARFAR input files and commands (TAR) 

2° structure  

 
 

Input files 
cat test.fasta 
> tar 
ggcagaucugagccugggagcucucugcc 
 
cat test.secstruct 
.((((....((((......)))).)))). 
ggcagaucugagccugggagcucucugcc 

Generate 
RNA helices 

rna_helix.py -seq gcag cugc -resnum 2-5 25-28 -
o helix_1.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 
rna_helix.py -seq gagc gcuc -resnum 10-13 20-23 
-o helix_2.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 

FARFAR 

run 

rna_denovo -nstruct 100 -s helix_*.pdb -
secstruct_file test.secstruct -fasta test.fasta  
-minimize_rna true 
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Supplementary Table 3. FARFAR input files and commands (U1-TAR) 

2° structure  

 
 

Input files 
cat test.fasta 
> u1-tar 
ggcagaugagccugggagcucucugcc 
 
cat test.secstruct 
.((((..((((......)))).)))). 
ggcagaugagccugggagcucucugcc 

Generate 

RNA helices 

rna_helix.py -seq gcag cugc -resnum 2-5 23-26 -
o helix_1.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 
rna_helix.py -seq gagc gcuc -resnum 8-11 18-21 
-o helix_2.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 

FARFAR 

run 

rna_denovo -nstruct 100 -s helix_*.pdb -
secstruct_file test.secstruct -fasta test.fasta  
-minimize_rna true 
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Supplementary Table 4. FARFAR input files and commands (U2-TAR) 

2° structure  

 
 

Input files 
cat test.fasta 
> u2-tar 
ggcagauugagccugggagcucucugcc 
 
cat test.secstruct 
.(((((..((((......))))))))). 
ggcagauugagccugggagcucucugcc 

Generate 

RNA helices 

rna_helix.py -seq gcag cugc -resnum 2-5 24-27 -
o helix_1.pdb -rosetta_folder 
~/Rosetta/main/source/cmake/build_release 
rna_helix.py -seq gagc gcuc -resnum 9-12 19-22 
-o helix_2.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 

FARFAR 

run 

rna_denovo -nstruct 100 -s helix_*.pdb -
secstruct_file test.secstruct -fasta test.fasta  
-minimize_rna true 
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Supplementary Table 5. FARFAR input files and commands (U7-TAR) 

2° structure  

 
 

Input files 
cat test.fasta 
> u7-tar 
ggcagauuuuuuugagccugggagcucucugcc 
 
cat test.secstruct 
.((((........((((......)))).)))). 
ggcagauuuuuuugagccugggagcucucugcc 

Generate 

RNA helices 

rna_helix.py -seq gcag cugc -resnum 2-5 29-32 -
o helix_1.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 
rna_helix.py -seq gagc gcuc -resnum 14-17 24-27 
-o helix_2.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 

FARFAR 

run 

rna_denovo -nstruct 100 -s helix_*.pdb -
secstruct_file test.secstruct -fasta test.fasta  
-minimize_rna true 
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Supplementary Table 6. FARFAR input files and commands (Human Telomerase 

P2ab) 

2° structure  

 
 

Input files 
cat test.fasta 
> p2ab 
ggcuuuugcuccccgugcuucggcacggaaaagcc 
 
cat test.secstruct 
.(((((......(((((([..])))))).))))). 
ggcuuuugcuccccgugcuucggcacggaaaagcc 

Generate 

RNA helices 

rna_helix.py -seq gcuuuu aaaagc -resnum 2-7 29-
34 -o helix_1.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 
rna_helix.py -seq ccgugc gcacgg -resnum 13-18 
23-28 -o helix_2.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 

FARFAR 

run 

rna_denovo -nstruct 100 -obligate_pair_explicit  
19 22 S W T -s helix_*.pdb -
secstruct_general_file test.secstruct -fasta 
test.fasta  -minimize_rna true 
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Supplementary Table 7. FARFAR input files and commands (Fluoride Riboswitch) 

2° structure  

 
 

Input files 
cat test.fasta 
> fsw 
ggcgaugguguucgccauaaacgcucuucggagcuaaugacaccuac 
 
cat test.secstruct 
(((([.{{{{{{))))......(((((..)))))].(.}}}}}}).. 
ggcgaugguguucgccauaaacgcucuucggagcuaaugacaccuac 

Generate 

RNA 

helices 

rna_helix.py -seq ggcg cgcc -resnum 1-4 13-16 -o 
helix_1.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 
rna_helix.py -seq gguguu gacacc -resnum 7-12 39-
44 -o helix_2.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 
rna_helix.py -seq gcuc gagc -resnum 23-26 31-34 
-o helix_3.pdb -rosetta_folder 
~/rosetta/main/source/cmake/build_release 

FARFAR 

run 

rna_denovo -nstruct 100 -obligate_pair_explicit  
27 30 S W T 5 35 W W T 37 45 H W T -s 
helix_*.pdb -secstruct_general_file 
test.secstruct -fasta test.fasta  -minimize_rna 
true 
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Supplementary Table 8. FARFAR input files and commands (PreQ1 Class I 

Riboswitch) 

2° structure  

 
 

Input files 
cat test.fasta 
> preq1 class I 
ggagagguucuaguuauacccucuauaaaaaacuaa 
 
cat test.secstruct 
..((((([..{{{......)))))......].}}}. 
ggagagguucuaguuauacccucuauaaaaaacuaa 

Generate 

RNA helices 

 

FARFAR run 
rna_denovo -nstruct 100 -obligate_pair_explicit  
4 25 S H T  5 27 S H C  7 30 S W T  8 31 W H C  8 
32 W H C  13 18 S W T  20 31 S W C  21 29 S W C 
-secstruct_general_file test.secstruct -fasta 
test.fasta  -minimize_rna true 
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Supplementary Table 9. FARFAR input files and commands (PreQ1 Class II 

Riboswitch) 

2° structure  

 
 

Input files 
cat test.fasta 
> preq1 class II 
gcuuggugcuuagcuucuuucaccaagcauauuacacgcggauaacc
gccaaaggagaa 
 
cat test.secstruct 
((((((((.....[[[[[[.)))))))).......{.((((....))
))}.]]]]]].. 
gcuuggugcuuagcuucuuucaccaagcauauuacacgcggauaacc
gccaaaggagaa 

Generate 

RNA helices 

 

FARFAR run 
rna_denovo -nstruct 100 -obligate_pair_explicit  
10 52 W H C 11 53 W H C 36 50 H W T 36 52 W S T 
-secstruct_general_file test.secstruct -fasta 
test.fasta  -minimize_rna true 
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