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Figure S1:Definition of the RNA motifs: (A) secondary structural metibf hairpin, bulge, internal loop, and multi-branched
junction; (B) single-stranded loops of helix2, tail andrpai. (C) tertiary structural motifs of PK and KISS, invahg cross-
linked base pairs; The red dotted lines denote the loopimgits within motifs. For example, the KISS motif has fouojing

circuits, while the secondary structural motifs only hame tooping circuit.
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Figure S2:Calculation of the minimal bounding box (MBB) for HLH. = (L +1) A is the loop-size dependent adaptive grid
size. The conditional statement of "dis2(L+1) x 3.9A” ensures that the sampling of (dx, dy, dz) for the displaastrisewithin

a (loop-size dependent) reasonable region. We use theoaidl Atform helical structures for helices H1 and H2 to accdont
the steric clash between helices. We calculate all the asimpse distances between helices and consider the stash if the
number of atom pairs with their distances less than®.9 a given threshold (here, we use 5). For each helical configara
without steric clash between helices, we use Vfold to gdrdhe virtual-bond (P-C4'-P) loop conformations (stagtfrom H1)

and calculate the distances between the atom C4’ of the Indaed the atom P of the corresponding nucleotide in H2. If the
distance is within the region of (3.9- 1.9, 3.9 + 129,)the sampled loop is compatible with the given helical canigjon, and

the corresponding helical configuration is considered afotd\allowed helical configuration for the HLH motif. Otheise, it

is Vfold-disallowed, if none of the sampled loop conformat meets the criteria. The geometric center of the terrbimse pair

in H2 (dx, dy, dz) of all the vfold-allowed configurations sepes out a 3D region. The minimum box that contains such amegio
defines the MBB. Vfold model uses two bonds (P-C4’ and C4’éP)efpresent each nucleotide in loops, and enumerates loop
backbone conformations with the bond length of ,%nd bond angle 0£109.5. Differed from the previous treatment for the
loop backbone flexibility, we use the loop-size dependasidoal angles to sample the loop conformations. Spedificaé use
ten, six, five, four, and three uniformly spaced rotationlasg between 0 and72to sample the loop conformations for the loops

of size 1-nt, 2-nt, 3-nt, 4-nt, and 5-nt, respectively.
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Figure S3:100 quasi-uniformly distributed points on the surface oblaese, generated by the Monte Carlo simulations. During

the MC simulations, we randomly move particles on the serfefa sphere to minimize the total Lennard-Jones potential.
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Figure S4:(A) The 2D and 3D (side- and top-view) structures of the PKifndefined by the size of (H1-L1-L2-L3-H2), which
contains two helices and three loops. Helices and loops @metdd by the numbers of base pairs and unpaired nucleptides
respectively. (B) The 2D and 3D (side- and top-view) streesof the KISS maotif, defined by the size of (H1-H2-H3)-(L2-L
L3-L4-L5-L6), which contains three helices and six loopse Wroduce a virtual loop, L6, to effectively consider théuence

of the L3-H3(bp)-L6-H1(bp) circuit in the topology condtits of the generalized hairpin-hairpin kissing motif, ¥ehomitting

the additional freedom from the Hab helix. The size of L6 = Lab++ 2. The kissing helix H2 (in red) locks the structure
to the same global topology despite the sizes of the helisdgtee loops, as shown the 3D KISS structures in (B-2). The 2D
and 3D structures of two extended kissing motifs: (C) hatipternal loop kissing; (D) hairpin-stem loop terminabjokissing.
Small changes in sequence lead to slight changes in the @&ustes, such as the different sizes of loops and heliceaeker,

the kissing helices H2 in (C-1) and H3 in (D-1) (in red) locle ttructures to the same topology, as shown in (C-2) and (D-2)
indicating that it is the topology constraints and the segeedependent interactions that select specific/funaticonformations

within the allowed conformational ensemble. All 3D struesiare in ribbon representation for clarity.
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Figure S5:Topological constraints for KISS, which contains threddes and six loops. (1) We randomly assemble the three-

helix configurations with the HLHs of H1-L2-H2 and H2-L4-H3 the corresponding MBBs. & and N, are the numbers of

the Vfold-allowed and total randomly sampled helix confagions, respectively. (2) For each of the Vfold-allowed {H2-H3)-

(L2-L4) configuration, we use Vfold to generate the virtbalrd structures of loop L1, L3, L5, and L6, resulting in thedtgical

constraints of different loop connections, I¢ the number of Vfold-allowed three-helix configurationghiathe respective loop

connections. (3) The fraction ofidrss = N123456 / N2% defines the total topological constraint of the KISS motif.
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Figure S6:The quantification of the conformational sampling and theegmtions of the allowed (large dark gray) and disallowed
(small light gray) helix configurations on six planes (thfeetranslation, and three for rotation) for (A) 1a60, (BR5e(C) 1hvu,
and (D) 1ymo, respectively.
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Figure S7:The quantification of the conformational sampling and theqmtions of the allowed (large dark gray) and disallowed
(small light gray) helix configurations on six planes (thfeetranslation, and three for rotation) for (A) 2ap0, (B)a2n (C) 2tpk,
and (D) 4p5j, respectively.
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Figure S8:The quantification of the conformational sampling and theqmtions of the allowed (large dark gray) and disallowed

(small light gray) helix configurations on six planes (thfeetranslation, and three for rotation) for (A) 1kpd, (Bhk (C) 1yg4,
and (D) 2a43, respectively.
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Figure S9:The quantification of the conformational sampling and theqmtions of the allowed (large dark gray) and disallowed
(small light gray) helix configurations on six planes (thfeetranslation, and three for rotation) for (A) 2rp1, (B)dtk (C) 4ato,
and (D) 437d, respectively.
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Figure S10: The quantification of the conformational sampling and thejgmtions of the allowed (large dark gray) and
disallowed (small light gray) helix configurations on siapés (three for translation, and three for rotation) for 4#no, (B)
1kaj, (C) 2m58, and (D) 2m8k, respectively.
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Table S1: The sequence and 2D structure defined from thespomding references for the cases of PK motif.

PDB | sequence/2D structure (in dot-bracket format) Ref.

CCCCUUUUCCGAGGGUCAUCGGA
1a60 (1]
COC- - CCCCCIIT- -0

GCGGCCAGCUCCAGGCCGCCAAACAAUAUGGAGC

1e95 [2]
(CCCCC-TIILImMIN) e - 111111
UUCCGUUUUCAGUCGGGAAAAACUGAA

1hvu [3]
COOLL- - CCCCCCTIIIt-—nNN

1 GGEGECUGUUUUUCUCGCUGACUUUCAGCCCCAAACAAAAAAGUCAGC )

mo

Y COCLee- e CCCCCCeCCrIIIIT et )))))))))
AACCUUCACCAAUUAGGUUCAAAUAAGUGEU

2n6q (5]
COOL-- - CCCCCCCCIIIl- M)

ook UGACCAGCUAUGAGGEUCAUACAUCGUCAUAGC 6]

P COOLL- COCeCCCIIIng..oonn )
CCCCUCUUCCGAGGGUCAUCGGAA
4p5j [7]

(00 CCCCCAdTT- - ))))))
GRUUUCUUUUUAGUGAUUUUUCCAAACCCCUUUGUGCAAAAAUCAUU

2m8k [8]
(OO0 ... (CCCCCCCCCCaIIIr..oo0)2)2))))))))))
AGUGGE GCCGACCACUUAAAAACAACGG

2ap0 [9]
(CCCC-TI0))))) e 111
GGCGCAGUGGEGECUAGCGCCACUCAAAGGCCC

1kpd [10]
(OOOE. - CCCCC Tl )))))
GGCGCAGUGGGECUAGCGCCACUCAAAAGGCCCA

1rnk [11]
[OOOE- - CCCCCC 0Tl ))))))

AGUGGE GCCGACCACUUAAAAACACCGG

1lyg4 [12]
(CCCC-TI0))))) e 111
GCGGCACCGUCCGCUCAAACAAACGG

2a43 [13]
(CCC-TI0)))) e 111
UCCGGUc GACUCCGGAGAAACAAAGUC

2rpl [14]
(CCCC--TI0)))))eeeein 111
AGCUGAUUUGCUACCUUUAAGUGCA

2xdd [15]
(CCC.. - TI0)))) e 111
GGBUGUAACCUUACCGUAGUAGEU

4ato [16]
(- CCCCJ1] .0 ))))

CGCGGCACCg uc CGCGGAACAAACGG

437d [17]
(CCCC--TI0))))) e 11]
ACCACUGACCGAUAUGUGGUAUAUAAAUGGEUCGG

4rmo [18]
(CCCC- - TOILL-)))) e 1111]
GGCGCAGUGGEGECUAGCGCCACUCAAAAGCCC

1kaj [19]
(CCC-- -0 ))) e 1111
GAGACGCCAGUCACUCAGAUAUCCUGG

2m58 [20]
(- OG0 ))))
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Table S2: The sequence and 2D structure defined from thespamding references for the cases of KISS maotif.

PDB | sequence/2D structure (in dot-bracket format) Ref.

GEGECCEEECECEEUGECECECECCUGUAGUCCCAGCUACUCGEGAGECUC
1le80 [21]

(CCCCCCCCCCC - I ) -+ CCCC-T11-21-29))))))))

GGCUUAUACAGGGUAGCAUAAUGGGCUACUGACCCCGOCUUCAAACCUAUUUGGAGACUAUAAGUC
3skl [22]

(CCCCCCCC - CeeCC o (OINDL- - )ICCCCCCCT)))))))-))))))))

GGACAUACAAUCGCGUGGAUAUGGCACGCAAGAUCCCGOCGGGCACCGUAAAUGUCCGACUAUGUCC
3ds7 [23]

3ivn [24]
(CCCCCCCC. - e e (e-DNINL--- . JICCCCCTT e )))))--))))))))

ADS GGCUUCAUAUAAUCCGAAUGAUAUGGBUUUCGGAGCUUCCACCAAGAGCCUUAAACUCUUGAUUAUGAAGUC -

" (CCCCCCCCC. - e v (E-ININL-- - )1CCCCC]- e ))))))--))))))))) -

A GCGGEGEGAGBUAGCGEEUGCCCUGUACCUGCAAUCCGCUCUAGCAGGEGEC 28]

(CCCCC . 0eeet--)))) - e - J1111--.3))))))

) GGCCGGEEEEEUUCGEECEUCCCCUCUAACCGGAAACCGCCGAUAUGCCGGEERCC 2]
4uy! 27
SO CE R AR D DDDD EE T (G U ) ) P ))))))))
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Table S3: The sequence and 2D structure extracted by RNA&gdb¢he cases shown in Fig. S4(C-2).

PDB | sequence/2D structure

GCGCCGGCCAACUCCGUGCCAGCAGOCGOGGUAAUACGGAGEECAC
(CCCCrrr---ceeece s (11 e )))))))N)))
GCACCGGCUAACUCCGUGCCAGCAGCCGOGGUAAUACGGAGGRUGT
(CCCCOL - ceeeCe o (¢:11D)). e e ))))))))))
(GCGCCGGCCAACUCCGUGCCAGCAGOCGOGGUAAUACGGAGEECAC
(CCCCrrr---ceeeCe s (11 e )))))))N)))
GCACCGGCUAACUCCGUGCCAGCAGCCGOGGUAAUACGGAGERUGC
(CCCCrrr---ceeeCe s (11D e )))))))N)))
UUGGAGGCAAGUCUGGUGCCAGCAGCCGCGRUAAUUCCAGCUCCAA
CCCTIE - e e e (¢:11D))e e e ))))))) ..
GAGUUGGUAAAUCUCGUGCCAGCCACCGOGGUCAUACGAUUAACCC
- ceCree--- - (CCoonn (11 e )))-))))
GCACCGGCUAACUCCGUGCCAGCAGCCGOGGUAAUACGGAGGRUGT
(CCCCOL - ceeeCe o (¢:11D)). e e ))))))))))
GCACCGGCUAACUCCGUGCCAGCAGCCGOGGUAAUACGGAGGRUGT
(CCCCTL - e e (¢:11.)). oot ))))))))))
UUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGRUAAUUCCAGCUCCAA
ceoeere- - (e (¢ 11))-vie e )))))))))
UUGGAGGGECAAGUCUGGBUCGCAGCAGCOGCGGEUAAUUCCAGCUCCAA
(CCC. v e v (e .o (¢ 11))eeoen ))))))))
GGGECUGGGCAAGGOCGRUGECAGCCECOGCGRUAAUACCGECGEEACC
cceeere. - (Ceec . (. 11t ))))))))))
UUGGAGGGCAAGUCUGGBUGCCAGCAGCCGCGRUAAUUCCAGCUCCAA
(T (... (. 1)) e 1)) )
CUGGAGGGCAAGUCUGGUGCCAGCAGCCGCGRUAAUUCCAGCUCCAG
(CC OO0 e e (¢ 11))eeoen )))))) )
UUGGAGGGECAAGUCAUGGUGCCAGCAGCCGOGGUAAUUCCAGCUCCAA

(CCCCLL - GGG (C..11))....... ))))))))))

3MR8

3DF1

4B3T

4KJ6

3JYV

5AJ3

3359

3J5J

3030

4KZY

3343

4D5L

3JAM

4BPP
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Table S4: The sequence and 2D structure extracted by RNA&ddbéhe cases shown in Fig. S4(D-2).

PDB | sequence/2D structure
GAACGCAGCAAACUGUGCGUCAUCGUGUGAACUGCAGGACACAUGAACAUCGACAUULU
CCCCCCTT MY GO 11 M- ))
GAACGCAGCGAAAUGCGAUACGCAAUGCGAAUUGCAGAACCGECGAGUCAUCAGAUCULU
T 1) GO 1T )))) ) ))
GAACGCAGCUAGCUGCGAGAAUUAAUGUGAAUUGCAGGACACAUUGAUCAUCGACACUUC
GG ) O 1T MN)-2). ).
GAACGCAGCGAAAUGCGAUACGUAAUGUGAAUUGCAGAAUUCCGUGAAUCAUCGAAUCUUU
CCCCCCTT MY GO 11 Y. ))
GAACGCAGCAAAGUGCGAUAAGUGGEUAUCAAUUGCAGAAUCAUUUCAUUGCCCAAUCUUU
(CCCCC I ))) OO I ) )-)))))) )
GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGECEAUUUCC
(OG- TIE))) e - (CCC - el 1)) e )))) - ))
GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGECGAUUUCC
(CCCCC- - II0-))) - - (CCCCC - CCCTIT- 1)) ))))))--)))
GGACGUGCUAAUCUGCGAUAAGCGUCGEUAAGGUGAUAUGAACCGUUAUAACCGGECGAUUUCC
(CCCCC o o)) e (CCCCC . CCCTT - 1)) ))))))- )
GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGECEAUUUCC
(CCCCC L TI0))) e e - G 10T ) e ))))))) ) )))
GGACGGGACGAACACCGAUAUGCUUCGEGEEAGCUGUAAGCAAGCUUUGAUCCGEGAGAUUUCC
e I---))) - - (CCCCC - T2 1-99)) ))))))--))
GGACGCGAUUACCUGCGAAAAGCCCCGACGAGCUGGAGAUACGCUUUGACUCGEGERAUGUCC

R R  SED DERRES (e I 1)) e ))))))--)))
GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGCGAUUUCC

3J3E

4A1C

3J3F

4BYP

3EZX

3JoY

3350

3J51

3J5E

3J3W

3JQ4

2VHM

3BBO | (.. [o)eonn . ((..... (..., ) N )..

GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGCGAUUUCC
(CCCCC L TIE))) e e eIl 1)) e ))))))) )
GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGCGAUUUCC
(Ceecc - ey (CCCCC . CCIIT- 1)) e )))))).)))
GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGCGAUUUCC
(CCCCC 0o TE))) e e eIl 1)) e ))))))-))))
GGACGUGGCUACCUGCGAUAAGCCAGGGGEGAGCCGGRUAGCGGECGUGGAUCCCUGGAUGUCC
(CCCCC 0o T0))) e e 112 10)) e ))))))-))))

GGACGOGAUUACCUGCGAAAAGCCCOGACGAGCUGGAGAUACGCUUUGACUCGGGGAUGUCC
(I CCCCCC - (CTT e 1)) e NN --)))

GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUUAACCGGCGAUUUCC
GG TL) ) e CCCC - (AT 1)) e ) eeenn

GGACGOGAUUACCUGCGAAAAGCCCOGACGAGCUGGAGAUACGCUUUGACUCGGGGAUGUCC
CCCCCTL L)) e CCC G (T 11y e 1)) ))

GGACGOGAUUACCUGCGAAAAGCCCOGACGAGCUGGAGAUACGCUUUGACUCGGGGAUGUCC
(. (L) O ) ) )

GGACGUGGCUACCUGCGAUAAGCCAGGGGEGAGCCGGRUAGCGGECGUGGAUCCCUGGAUGUCC

(C(Covennn [.))e.. .. CCCCCC - (T e 1))t NI .))

4UY8

3BBX

5ADY

2V47

1P9X

2GYA

1Y69

1758

2B9P

S14



Table S5: The sequence and 2D structure used for the berkchesar

PDB |

sequence/2D structure

1a60

GGGAGCUCAACUCUCCCCCCCUUUUCCGAGGGUCAUCGGAACCA
(CUCCERTETY ))))) (CC - TI0I0)) - - 111117 ..

3mr8

GCGCCGGECCAACUCCGUGCCAGCAGCCGOGRUAAUACGGAGGGCGC
cceeener. - ceceC. - - - ). ))))))))))

5kh8

GGCGAUGGUGUUCGCCAUAAACGCUCUUCGGAGCUAAUGACACCUAC
(CCC Loy v (CCC---))))- - 11711 - -

6fz0

AGGOGCAUUUGAACUGUAUUGUACGCCUUGCA- GCAAAAGUACUAAAAA
(G (eeem)Ic.--) .- 111111 -

4ena

GGGCGAUGAGGCCCGCCCAAACUGCCCUGAAAAGGGCUGAUGGCCUCUACUG
CCCC - TOEEEII) - - - - ---39))- - - 11T - - - -

4rge

CCUGUGAGGGUCCUAAGCCCCUAAUUCAGAAGGGAAA- UUUUUAAUGAAGCCACAGG
(e e orr- - £y - e I11- (G- )) - -))))3H))))))

2m58

GAAGAAAGGGCUUCGGCCACUCAAACUACAGAGACGCCAGUCACUCAGAUAUCCUGGU
(CCCCCC- CCC-+2))))))))) - - - - (CC. . OO0 )))eeee 1111.

2miy

GCUUGGUGCUUAGCUUCUUUCACCAAGCAUAUUACACGCGGAUAACCGCOCAAAGGAGAA
(O - - COOCEEDII) e (CCC----1)))- 111111 - .

3bbx

GGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGGUGAUAUGAACCGUUAUAACCGGCGAUUUCC
(CCCCC -0ty e -2 (CCCCC - - 1)) e e ))))))---)))

5kij

ACUCGUUUGAGCGAGUAUAAACAGUUGGUUAGGCUCAAAGCGGAGAGCAG: UCUGCUCUCGUCCAA
(CCCCLLErrmIINY - (CCC - AIIT1T ) CCCCCCC(--3)))))))--))))

2n8v

GGAACAGCUGUACUGGGCAGUUACAGCAGUCGUAUGGUAACACAUGCGGCGUUCCGAAAUACCAUGCCUG
(CCCC CCCCCC- - Loeee--3333)) - CCceeClC. . - - - )))INIIII) - 11111-

5kpy

GGACACUGAUGAUCGCGUGGAUAUGGCACGCAUUGAAUUGUUGGACACCGUAAAUGUCCUAACACGUGUCC
(.- - (e - - (D))t cecay- - ))I)) e ))))))

Stpy

GGGUCAGGCCGGECGAAAGUCGCCACAGUUUGGGGAAAGCUGUGCAGCCUGUAACCCCCCCACGAAAGUGGG
- CCCCCOCCC -+ 2)))) - CCCCCC - TITL--2))))))--))))) - - - 11T CCCCC- - - -)))))

5d5l

GAAGGCCGAAAGGUCUUCCACGACGAUACUUAUUUCCUUUGAUCGUCGUUAUUACUGGCUUCGGCCACAAAGGAGA
(CCCCCC -+ ))))))) - (O - - - - COOOE- ) (.. -2))))- - 11111 -

4jf2

GGAACCGOGAAAGCGGUUCCACGACGAUACUUAUUUCCUUUGAUCGUCGUUAUUACUGGCUUCGGOCACAAAGGAGA
(CCCCCCC- -+ -)))))))) e - - COOCC--)))))))) - - (.- I1111T. .

4p5j

AGCUCGCCAGUUAGCGAGGUCUGUCUCGACACGACAGAUAAUCGGGEUGCAACUCCCGCCCCUCUUCCGAGGGUCAUCGGAACCA
- CCCCC - [ +4))))) COCCaCC - e e ))))))) - (CCC -1+ --)))) CCC - - TEOIT0))) - - - T100TT- - -

3t4b

CCUCCCGGGAGAGCCGCUAAGGGEGAAACUCUAUGCGRUACUGCCUGAUAGGGUGCUUGCGAGUGCCCCGGGAGGUCUCGUAGA
(CCCCCCCCC. oo - - -3 --3)))) - )) CCCC- .- )))) (- [IIIE-)))))))I))) - 1TT1T - - .

5fic

GGCUUAUCAAGAGAGGGEEGAGUGACUGGECGCGAAGAACCCCGGECAACCAGAAAUGGEUGCCAAUUCCUGCAGCGGAAACGUUGAA

(CCCCCCC - G CCC - (G T T ) e NN CCCCCC-)))-))) 11 T - 20))))) -
AGAUGAGCCG

))))))).

4rzd

GAGCAACUUAGGAUUUUAGGCUCCCCGGECEUGU- CGAACCAUGCCGGEECCAAACCCAUAGEECUGECGRUCCCUGUGCGEUCAA

(CCC.onn COOOCE---)))) CCCCCCCCC - ))))))))) - CCCCCCCCCC e )))))))-))) -]
AAUUCAUCCGCCGGAG

11111+t

6mjo

AAGUUCUCGAUCUUUAAAAUCGUUAGCUCGCCAGUUAGCGAGGUCUGCGAAAGCAGAUAAUCGGEUGCAACUCCCGCCCUUUCU

(CCo. . T0eO)) -+ 111 CCCCCC - L)) ) CCCCCC - -0)))))) - CCCC 1)) (0 - T
CCGAGGGUCAUCGGAAC

(ee-))) ). I111 ..

4frn

GGGCUAAAAGCAUGGUGGGAAAGUGACGUGUAAUUCGUCCACAUUACUUGAUACGEUUAUACUCCGAAUGCCACCUAGCCCAAA

CCCCCC e e G (T NN LGN - v 1))
GUAGAGCAAGGAGACUCA

- CdIIT )

Awfl

GGCCAUGCUAAGCGGEEGAGCGEUAGCGEEUGCCCUGUACCUGCAAUCCGCUCUAGCAGEECCGAAUCCCUUCUCGAGGUUCGEUAAC

CCCCCCC - CCCCCC o TOI0E- )Y ) o - CCCCC - 0T )))))) ) e (CCCCC e )
GAAUCGACAGAAGEUGCACGEUC

)))))---)))))))))))))-
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