Supplementary Material
Statistical Potentials
i) Internal Loop Potentials (Bend and Torsion Angles)
An internal loop is defined by two double stranded regions connected by a bulge. In RAG-3D, these two
double stranded regions are represented as two edges (V; and V) so that the vector V; points toward the
bulge, and the vector V, points away from the bulge (see Figure S1). Then, the bending angle (0) is
defined as the angle between V, and V,. This definition is consistent with the bend angle definition given
by Lilley et al. in (1).
Let the third vector (V) connect V; and V,. Then, the torsion angle (t) is defined as the angle between the

planes defined by V,V; and V3V, (n; and n,, respectively). Specifically, the

——cos Ll .
bend angle 8 =z — cos (‘Vl VZ‘/MHVZ‘),andthe

torsion angle 7 = sign(n1 -V3) cos (‘n1 . nzmann 2‘) ,

-1 if x<0
where sign(x)=< 0 if x=0.
1 if x>0

ii) Radii of Gyration

The third potential of our scoring function is AGRg and is defined as the absolute difference of Rg from
estimated radii of gyration R_g:

AG,, =[R-R.
R, is defined as the mean distance from each vertex to the center of mass of all vertices in a RAG-3D

graph representation, R =Z’\/i —\7‘ /\/ . The estimated R_g is calculated based on the sequence length

(L) and the number of vertices (V) using the logarithmic relationship R_g(L,V) =ax*In(L)+b=In(V)+c,



where a=8.58, b=2.30, and ¢=-19.50 (2). R, was also used as a RNA 3D model selection criteria by

Hofacker et al. (3).

iii) Pseudoknot Length
We add a term to the scoring function for structures with pseudoknot, using an additional edge to handle

pseudoknot interactions:
AG, =|D-D|.

Here D is the length of the pseudoknot edge of the graph at each MC step, and D is the length of the
pseudoknot edge of reference graph. At this point, we can only handle the pseudoknot structures if the

reference is known.



Figure S1

A B

Figure S1. Knowledge-based internal loop potentials. (A) An internal loop defined by two helices and a connecting with a
bulge represented as a RAG-3D graph. (B) Bend and torsion angles of the internal loop. The bend angle 0 represents the
angle between two helical axes V,; and V,. The torsion angle shows the angle between V,V; and V3V, planes.



Figure S2

A. RNA 2D Structure B. RAG (2D) Graph C. RAG-3D Graph
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Figure S2. RNA graph representations. (A) RNA hairpin and internal loop elements. (B) RAG representation which defines
hairpins and internal loops as vertices and stems as edges. (C) RAG-3D representation which defines each helix by one edge
and two vertices.
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Figure S3. Statistical potential distributions of k-turn, and non k-turn motifs and all data
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Figure S4. Graph results for 35 RNA structures based on k-turn and non k-turn potentials. The 2D structure is predicted using
three 2D structure prediction algorithms (RNAView (4), MC-Annotate (5), and FR3D (6)). The initial graph is predicted based
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Figure S4

on 2D structure. After MC/SA, P1 is the lowest RMSD graph with respect to the reference graph (when the reference is
known), C1 is the lowest-scored graph, and C2 is the last accepted graph conformation. K-turn regions are indicated by cyan.
Pseudoknot edges are shown in red.
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Figure S5. MC/SA behavior. For each of the 35 RNAs simulated, we show the convergence of the MC/SA procedure along the
accepted moves (left), score-RMSD landscapes with respect to native graph (middle), and score-RMSD landscapes with
respect to the lowest scored structure (right) based on k-turn and general potentials (in blue and in red, respectively).
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Figure S6
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Figure S6

RMSD=1.89 A

RMSD=3.62 A
Figure S6. All-atom model generation for 1ZHO and 3SIU. A) C1 candidate graph returned by MC/SA simulations. The
additional vertices included for RAG-3D are shown in cyan, the main vertices are shown in red. B) Partitioning the graph
using RAG-3D search tool. C) Finding best matching fragments in RAG-3D database. Only one example is shown here, but the
program considers 15. D) Assembling of the fragments by adjustment of bases, helix and loop lengths, and geometry
optimization. E) Alignment of the predicted all atom model to the reference structure. All atom RMSD = 1.89 A for 1ZHO,
3.62 A for 3SIU. The reference structure is shown in red, and the predicted model is shown in blue.
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Table S1

Table S1. K-turn structure data used for potential calculation derived by DSSR

Seql

Length Length Length Length

of of Initial BP of (1b, 2b, 3b, Seq2 of K-turn
PDB Bulgel Bulge2 Helix1 Initial BP of Helix2 4b) (3n,4n) Helix1 Helix2 type
1E7K_D 5 2 3 15 9 12 GAGG ccC 3 2 normal
1FIG_A 4 6 233 275 238 268 CAGC GC 3 3normal
1FIG_A 4 7 662 686 667 678 UAGC GC 7 2normal
1PNU_O 3 6 80 103 84 96 GAGC GC 6 2 normal
1PNU_O 3 6 1370 1549 1374 1542 GAGU AC 7 2normal
1PNU_O 6 3 2065 2093 2072 2089 AACC GG 3 7 normal
1PNX_A 4 6 237 279 242 272 CAGC GC 3 3 normal
1PNX_A 4 7 676 700 681 692 UAGC GC 7 2 normal
1S1H_A 4 6 223 265 228 258 CAGC GC 3 3 normal
1S1H_A 4 7 637 661 642 653 UAGC GC 7 2normal
1S11_3 3 6 68 91 72 84 GAGC GC 6 3normal
1S11_3 4 5 1545 1566 1550  1560AAGC GC 5 3normal
1S11_3 4 8 923 993 928 984 AGGU GC 6 2normal
1S72_0 3 6 68 91 72 84 GAGC GC 6 3 normal
1S72_0 7 3 1107 1176 1115  1172CAGC GC 10 5normal
1S72_0 4 8 924 994 929 985 AGGU GC 6 2 normal
1TOK_CD 3 6 4 24 8 17 GAGU GC 4 5normal
1U63_B 2 6 10 40 13 33 GAGG cc 9 4normal
1YSH_B 4 7 32 56 37 48 UAGC GC 7 2 normal
1YSH_F 4 5 8 29 13 23 AAGC GC 5 3 normal
1ZHO_B 2 6 10 29 13 22 GAGG cC 10 3 normal
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Table S1

2AW7_A
2AW7_A
2AW7_A
2GIS_A
2HWS B
2137 7
20ZB_C
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Table S1

3SIV_CF
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Table S2

Table S2. List of k-turn structures with k-turn sequence signature, L, R, family types of internal loops and corresponding
geometrical potentials (size, bend and torsion angles). The aptamer 100A has a reverse kink-turn.

poBID KWMSEd e L R Family (1b2b3bdb) (3n4n) Size Bend  Torsion
signature
1E7K_D Y SNRNA 5 205 GAGG cC 892 6575  -23.13
2XEB_AB Y SNRNA 5 205 GAGG CC 1091 11144 -109.99
3sIU_C Y SNRNA 5 205 GAGC GU 876 7479  -14.85
20ZB_C Y SNRNA 5 205 GAGG cc 896  91.29  -18.39
2VPL_B Y MRNA 6 206+ GAGG cC 912  69.80  -48.82
1ZHO B Y MRNA 6 206+ GAGG cC 9.09 58.75  -38.26
2HWS_B Y MRNA 6 206+ GAGG cC 893 58.62  -35.29
1U63_B Y MRNA 6 206+ GAGG cC 876  76.05  -44.07
1MZP_B Y rRNA 12 2/6+ GAGC GC 872 7161  -47.68
SAM
2GIS_A Y oV 6 36+ GAGG cC 931 6489  -39.75
- Riboswitch
SAM
3V7E_D Y v 6 36+ GAGG cC 876  67.53  -32.77
- Riboswitch
100A_D N Aptamer 4 34 GAAA uu 959 10019  24.07
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Table S3

Table S3. RMSDs of kink-turn regions (5 vertices of the internal loop) with respect to native graph structure.

Kink-turn General
PDB potentials potentials
1E7K_D 2.86 3.14
2XEB_AB 461 6.05
3SIU_C 3.92 4.33
20ZB_C 5.75 5.97
2VPL_B 3.94 7.68
1ZHO_B 2.88 6.94
2HW8 B 3.01 6.73
1U63 B 4.70 9.78
1MZP_B 3.57 4.85
2GIS_A 14.62 15.95

3V7E_D 17.74 20.23



Table S4

Table S4. 10-fold cross validation results compared to k-turn test results.

10-fold cross validation K-turn test

PDB P1 C1 C2 P1 C1 C2

1E7K D 2.66 2.67 2.68 2.64 2.70 2.76
2XEB_AB 3.97 4.69 4.68 3.73 4.37 4.37
3SIU_C 2.40 3.23 3.15 2.46 3.23 3.22
20ZB_C 3.56 6.14 5.93 3.49 6.10 5.68
2VPL_B 2.67 3.77 3.87 2.78 3.91 3.77
1ZHO_B 2.33 2.90 3.11 245 2.84 2.90
2HW8 B 2.34 2.76 2.74 2.33 3.00 3.04
1U63 B 3.17 4.22 4.26 2.99 4.66 4.62
1MZP_B 2.54 4.43 4.23 2.68 4.66 4.62
2GIS_A 13.59 18.06 18.06 13.58 17.87 18.07
3V7E_D 13.15 20.08 21.09 13.15 21.17 21.23
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Table S5

Table S5. Graph results for 35 RNA structures starting with a known 2D structure, and starting with a predicted 2D structure.

Known structure

RNAFold prediction (Min. Free En.)

1E7K
K-turn pot. General pot. K-turn pot. General pot.
P1=2.64 P1=2.63 P1=2.64 P1=2.63
P2=2.70 P2=3.16 P2=2.69 P2=3.17
P3=2.76 P3=3.15 P3=2.76 P3=3.15
3SIU
K-turn pot. General pot. General pot.
P1=2.46 P1=2.28 P1=2.28
P2=3.23 P2=4.46 P2=4.46
P3=3.22 P3=4.45 P3=4.45
2XEB

g@ PR 2
RV

O 20
©
& ®

-
10 }C

0660
3
@
o—e—e—o—o—o0-&
1 (_)0
w
B

w
»

K-turn pot. General pot.
P1=3.73 P1=3.61
P2=4.37 P2=6.27
P3=4.37 P3=6.05

K-turn pot.
P1=4.03
P2=5.07
P3=4.88

General pot.
P1=4.16
P2=6.25
P3=15.64
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Table S5

20ZB
K-turn pot. General pot. K-turn pot. General pot.
P1=3.49 P1=3.25 P1=3.49 P1=3.25
P2=6.10 P2=6.90 P2=6.10 P2=6.90
P3=15.68 P3=6.90 P3= 5.68 P3=6.90
2HW8 @/@% . yf@ @‘%&\ "
O C);c\@,a @-E/ P 5 -©-@
LY €S
m’\g\@ & W ee—e®
B—-30 -ri,—(ju;— 30
= =
=0 —
= —o
K-turn pot. General pot. K-turn pot. 7 General pot.
P1=2.33 P1=2.34 P1=2.33 P1=2.34
P2=3.00 P2=17.16 P2=3.00 P2=17.16
P3=3.04 P3=6.44 P3=23.04 P3=6.44
1ZHO 0@ 2
T
[0} Q.
i‘c\@-« /9 ©7@k© B fgvﬁ/
(J'; ::5 X \:;
- .
o= —
= T
b T
&4 i
54
— s
K-turn pot. General pot. K-turn pot. | General pot.
P1=2.45 P1=2.45 P1=2.46 P1=2.45
P2=2.84 P2=7.11 P2=2.85 P2=7.11
P3=2.90 P3=6.55 P3=2.90 P3=6.55

36



Table S5

2VPL

K-turn pot.
P1=2.78
pP2=391
pP3=3.77
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P
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General pot.
P1=2.67
P2=7.59
P3=7.05

K-turn pot.
P1=291
P2=4.15
P3=4.16

1w o=

B—-40
A>—0
©—0©
o—=a
©—0©
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©=0©

General pot.
P1=3.60

P2=7.87
P3=7.42

1U63

K-turn pot.
P1=2.99
P2=4.66
P3=4.62

General pot.
P1=2.99
P2=9.34
P3=6.86

K-turn pot.
P1=2.56
P2=4.63
P3=4.55

=0

O—®
=0
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©—0©

©—0

General pot.
P1=3.71
P2=7.68
P3=8.09

1MZP

K-turn pot.
P1=2.68
P2=4.66
P3=4.62

General pot.
P1=3.70
P2=6.72
P3=6.60

1-G-0-6-®-Q

g
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e
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[0} /ét

K-turn pot.
P1=3.85
P2=5.64
P3=5.53

General pot.
P1=3.53
P2=7.14
P3=7.29
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Table S5

2GIS
K-turn pot. General pot. K-turn pot. ' General pot.
P1=13.58 P1=13.45 P1=14.47 P1=14.20
P2=17.87 P2=18.31 P2=18.89 P2=18.76
P3=18.07 P3=18.52 P3=19.06 P3=18.94
3V7E
"\.\~ J
.\\
K-turn pot. General pot. K-turn pot. General pot.
P1=13.15 P1=13.15 P1=14.46 P1=14.46
P2=21.17 P2=22.26 P2=18.91 P2=19.57
P3=21.23 P3=22.30 P3=19.06 P3=19.72
Non K-turns
1RLG
K-turn pot. General pot. K-turn pot. General pot.
P1=2.43 P1=2.49 P1=6.01 P1=6.07
P2=3.81 P2=3.80 P2=16.18 P2=16.28
P3=3.97 P3=3.58 P3=16.27 P3=16.28
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K-turn pot. 1 HGeneraI pot. K-turn pot. General pot.
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P2=3.76 P2=3.76 P2=3.76 P2=3.76
P3=3.15 P3=3.15 P3=3.15 P3=3.15
21PY . ]
25 %
10 A @/© \(‘g)
K-turn pot. General pot. K-turn pot. General pot.
P1=2.01 P1=2.01 P1=2.01 P1=2.01
p2=2.22 pP2=2.22 P2=2.22 pP2=2.22
P3=2.18 P3=2.18 P3=2.19 P3=2.19
1MJI
K-turn pot. General pot. K-turn pot. General pot.
P1=2.38 P1=2.38 P1=2.38 P1=2.38
P2=3.26 P2=3.44 P2=3.25 P2=3.44
P3=3.24 P3=3.39 P3=3.24 P3=3.39
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K-turn pot. o General pot. K-turn pot. General pot.
P1=1.56 P1=1.61 P1=2.46 P1=2.46
P2=2.44 P2=2.39 P2=2.87 pP2=2.87
P3=2.30 P3=2.39 P3=3.16 P3=3.16
1F1T
K-turn pot. General pot. K-turn pot. General pot.
P1=1.93 P1=1.96 P1=1.93 P1=1.96
P2=2.77 P2=2.67 P2=2.77 P2=2.67
P3=2.77 P3=2.65 P3=2.77 P3=2.65
1S03 0%
\ W
50 0 Q kc\“ U‘/\«A\Y\% g
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K-turn pot. General pot. K-turn p(l)t. . General pot.
P1=1.94 P1=1.98 P1=2.03 P1=1.89
P2=4.18 P2=4.29 P2=5.30 P2=5.40
P3=3.87 P3=4.28 P3=5.21 P3=5.07
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Table S5

1IXJR
K-turn pot. General pot. K-turn pot. General pot.
P1=3.99 P1=4.23 P1=3.99 P1=4.23
P2=6.26 P2=6.43 P2=6.26 P2=6.43
P3=6.32 P3=6.30 P3=6.32 P3=6.30
2PXB
K-turn pot. General pot. K-turn pot. General pot.
P1=1.99 P1=1.99 P1=8.86 P1=8.86
P2=3.88 P2=3.88 P2=19.08 P2=19.08
P3=2.72 P3=2.72 P3=9.89 P3=9.89
201U h %)
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K-turn pot. General pot. K-turn pot. General pot.
P1=451 P1=451 P1=12.10 P1=12.10
P2=6.61 P2=6.61 P2=16.04 P2=16.04
P3=6.87 P3=6.87 P3=15.82 P3=15.82
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K-turn pot. General pot. K-turn pot. General pot.
P1=4.24 P1=4.24 P1=451 P1=451
P2=6.15 P2=6.43 P2=5.48 P2=5.48
P3=6.40 P3=6.24 P3=5.53 P3=5.53
1DK1
K-turn pot. General pot. K-turn pot. General pot.
P1=4.42 P1=4.42 P1=8.18 P1=18.18
P2=6.76 P2=6.73 P2=11.77 P2=11.77
P3=8.67 P3=10.43 P3=1251 P3=1251
1IMMS

BT ‘“-"‘“;; . xégf)z{g@c ”:’f o
—0© B8 r
K-turn pot. General pot. K-turn pot. General pot.
P1=4.64 P1=4.64 P1=8.62 P1=8.62
P2=9.19 P2=9.19 P2=14.20 P2=14.20
P3=9.26 P3=9.26 P3=14.12 P3=14.12
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Table S5

1D4R
K-turn pot. | General pot. K-turn pot. General pot.
P1=5.95 P1=5.95 P1=19.72 P1=20.22
pP2=8.17 P2=8.17 P2=26.24 P2=26.77
P3=7.87 P3=7.87 P3=26.37 P3=26.67
1KXK .
K-turn pot. General pot. K-turn pot. General pot.
P1=2.99 P1=3.48 P1=3.52 P1=2.67
P2=4.07 P2=5.52 P2=5.10 pP2=5.27
P3=5.48 P3=4.58 P3=5.04 P3=5.03
1SJ4
g o
) 14
1= @Wﬁ-(@L’rl-r-iGJf.t.\r-’A‘CA.‘-L'C‘:(I‘-J@-@‘TE.‘@@m}@\?@' ANO-72
K-turn pot. General pot. K-turn pot. General pot
P1=6.51 P1=6.07 P1=8.85 P1=9.63
P2=7.36 P2=7.00 P2=10.78 P2=10.41
P3=7.92 P3=7.06 P3=10.63 P3=10.41
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Table S5

1P50

K-turn pot. General pot.
P1=5.58 P1=5.49
pP2=11.21 P2=10.40
P3=11.75 P3=10.33

K-turn pot. General pot.
P1=4.34 P1=4.90
P2=6.16 P2=9.81
P3=17.28 P3=11.57

3D2G

K-turn pot.
P1=7.16 P1=6.06

P2=16.81 P2=13.11
P3=17.05 P3=13.46

General pot.

©—0© ©=0,,

—0-0-0-0-©0-F-F-O0—0-C-F-O-0-C0©-77
i i
a0

K-turn pot.
P1=13.14
P2=17.41
P3=17.23

General pot.
P1=13.14
P2=15.08
P3=16.82

2HOJ
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® 6 1
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K-turn pot.
P1=6.63 P1=6.63

P2=17.24 P2=18.06
P3=16.24 P3=16.85

General pot.

General pot.
P1=13.95
P2=25.95
P3=23.54

K-turn pot.
P1=13.95
P2=23.92
P3=23.96
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Table S5
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K-turn pot. General pot. K-turn pot. General pot.
P1=7.14 P1=7.03 P1=13.49 P1=13.63
P2=18.60 P2=17.56 P2=17.95 P2=17.07
P3=19.57 P3=17.80 P3=17.37 P3=17.97
1LNG
iy
L/L/'/, ”“</f/(‘v
ety -y
K-turn pot. General pot. K-turn pot. General pot.
P1=5.53 P1=5.61 P1=6.06 P1=6.06
P2=14.79 P2=15.01 P2=14.86 P2=19.22
P3=17.51 P3=13.85 P3=17.62 P3=22.07
2LKR
K-turn pot. General pot. K-turn pot. General pot.
P1=14.25 P1=14.25 P1=25.45 P1=25.45
P2=21.82 P2=18.20 P2=40.32 P2=40.89
P3=22.32 P3=20.66 P3=39.97 P3=40.10
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K-turn pot. General pot. K-turn pot. | General pot.
P1=15.41 P1=16.48 P1=30.54 P1=30.54
P2=27.24 P2=30.22 P2=30.55 P2=30.55
P3=27.44 P3=26.97 P3=30.56 P3=30.56
1GID
K-turn pot. General pot. K-turn pot. General pot.
P1=14.66 P1=14.66 P1=16.59 P1=18.61
P2=26.18 P2=25.13 P2=29.48 P2=29.67
P3=25.65 P3=26.19 P3=30.52 P3=30.74
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