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FR3D search page

—_

. Describe the motif you are looking for, using (a), (b), or both.

®

. For a purely symbolic search, specify the number of positions in the motif. 2

b. If you have a set of nucleotides that form the motif, and you want to search for other instances according to the geometry of the motif,, fill in the next two boxes.
Unit IDs, separated by commas:
M geometric di y:
2. To add sy i ints, click the I ion Matrix button: interaction Matrix
Positionl Position2
Position] N sO

Postionz [

. What structures should be searched? Use (a), (b), or both.

w

. List individual structures (like 6ZMI) or chains (like 6ZMII1IL5), separated by commas: 7k00

o »

. Specify a representative set to search by typing the release number: and the resolution cutoff:

4. Give your search a name (optional, only ASCIT Symbolic query for finding all lone pair...pi contacts in the 7k00 structure

5. Email address for persistent link to results (optional):

6. When you are ready to launch the search, click the Search button: | search

Clear the entire form to start again: Reset

Click an element to view help

FR3D output

Query name: Symbolic query for finding all lone pair...pi contacts in the 7k00 structure. Found 246 candidates from 1 of 1 files in 6 seconds. See and modify query | See CSV output
Columns of the table show candidate number in similarity order, checkbox to display coordinates or not, structure resolution, discrepancy from query in geometric or mixed searches, units matching each position in the query, sequence of the units and backbone connectivity,

lycosidic bond conformation if requested, pair and stack interactions present, base-phosphate interactions, base-ribose interactions, oxygen stacking interactions, and the number of nested AU, GC, GU Watson-Crick pairs crossed by each annotated interaction.
S. ShowRes.A  Position 1 Position2  Sequence 1--2 1--2 2--1 1--2 2--1 1-2 2--1 Crossing 1--2
1. O 198  7KOOIIAIAI9S9 7KOOI1IAIUI9S7 AU tHS sOP23 0

2. 198 7KO00I1lalAI1393 7KO00I11alUl1391 AU tHS sOP23 0

3. O 198  7KO00I1lalAI2565 7K00I11alUI2563 AU tHS sOP23 0

4. 0 198  7KO00I1lalAI1953 7KO00I11alUI1951 AU tHS sOP23 0

5. O 198 7KO00I/alGIS70 7K00I11alUIS68  G.-U sOP23 0

6. 198  7KO00I11alAI1928 7KO00I11alUI1926 AU tHS sOP23 0

7. 198  7KO00I11alGI1673 7K00I11alUl1671 G-U sOP23 0

8. 198  7KOOI1IAIAI1093 7KO00I1IAIUI1091 AU tHS sOP23 0

9. 198 7KOOIIAIAI263 7KOOI1IAIUI261 AU ntHS n7BR sOP23 0

10. 198  7KOOIIAIGI791 7KOOI1IAIUI789 G.U sOP23 0

1. O 198 7K00I11alGI1633 7K00I11alGl1631 GG s33 sOP23 0

Show neighborhood  Previous  Next  Showall | /Nucleotide numbers stereo  Coloring options: = Default B

Figure S1: A WebFR3D symbolic query for finding all Ip...x contacts. (Top) The search panel using the text
string "sO" retrieves all instances of a stacking of a backbone oxygen atom (OP1, OP2, 02’, O3’, 0O4’, and O5’)
from nt1 with a nucleobase of nt2. The string “sO” expands to “sO3 sO5” which expands to include all backbone
oxygens. (Bottom) Partial view of the WebFR3D result panel showing a sSOP23 contact (OP2 atom stacking with
the 3’-face of a uridine) present in the 7K00 Escherichia coli 70S cryo-EM structure [1]. The shortest Ip...n
contact visualized by a dashed line involves the (U)C2 atom. Note that 246 potential Ip...w contacts are identified
in 7K00. Use the following link to retrieve the results of this search:
http://rna.bgsu.edu/webfr3d/Results/6287e7¢307b40/6287¢7c¢307b40.html

(last accessed the 6™ of July 2022)




FR3D search page

1. Describe the motif you are looking for, using (a), (b), or both.
a. For a purely symbolic search, specify the number of positions in the motif. 2 [J

b. If you have a set of nucleotides that form the motif, and you want to search for other instances according to the geometry of the motif, fill in the next two boxes.
Unit IDs, separated by commas:

» geometric discrepancy:
2. Toadd sy li ints, click the ion Matrix button: interaction Matrix
Position] Position2
Position] N anti s04'3

Position2 next Nsyn

3. What structures should be searched? Use (a), (b), or both.
a. List individual structures (like 6ZMI) or chains (like 6ZMII1IL5), separated by commas: 7k00
b. Specify a representative set to search by typing the release number: and the resolution cutoff:

4, Give your search a name only ASCII ch ): Symbolic query for finding all Z-steps in the 7k00 structure

5. Email address for persistent link to results (optional):

6. ‘When you are ready to launch the search, click the Search button: | search

Clear the entire form to start again: = Reset

Click an element to view help

FR3D output
Query name: Symbolic query for finding all Z-steps in the 7k00 structure. Found 11 candidates from 1 of 1 files in 2 seconds. See and modify query | See CSV output
Columns of the table show candidate number, radio button to display coordinates or not, discrepancy from query in geometric or mixed searches, units in each position of the motif, pair and stack i ions, base-phosphate i ions, base-ribo:
and crossing number for each interaction.
S ShowResA  Position 1 Position2  Sequence Orient 1 Orient 2 Chi 1 Chi 2 1--2 1--2
1. O 198 7KO00I11alAI2266 7KO00I11alAI2267 A-A anti syn -136 70  ns53s043
2. 198 7KO0IIAIGI721 TKOOI1IAIGI722 G-G anti syn -146 63 553 s043
- 198 7KO00I11alAI1020 7KO00I1lalAI1021 A-A anti syn -133 79 553 5043
4. 198 7KO00111alCIS27 7KO00I1lalAI528 C-A anti syn -145 71 553 5043
L 198 7KOO0I1IAIUI982 7TKOOI1IAIAI983 U-A anti syn -136 72 553 s04'3
6. 1.98 7KO00I11alU1932 7KO00I1lalAI933 U-A anti syn -140 83 553 5043
= 198 7K00I11alGI2307 7K00I11alGI2308 G-G anti syn -126 75 s53 s04'3
8. O 198 7KOO0I1IAICI345 TKOO0I1IAIGI346 C-G anti syn -119 69  s53 sO43
9. O 198 7KO00I11alCI1694 7K00111alGI1695 C-G anti syn -132 57 s53 5043
10. ) 198 7KO0011alCI1451 7K00I11alGI1452 C-G anti syn -108 64 s04'3
1.0 198 7KO00I11alUl1141 7KO0O0I1lalAI1142 U-A anti syn -104 74 s04'3

000 050 1.00 150

Show neighbornood | Previous | Next | Showall |~ INUCleotide numbers | Stereo | Coloring options:  Defauit

Figure S2: A WebFR3D symbolic query for finding NpN Z-steps. (Top) The search panel using the text string
(sO4’3) indicates that all instances of a stacking of a O4’ atom with the 3’-face of a nucleobase will be retrieved.
To gather Z-steps, it is also necessary to specify that the nucleotides are consecutive (“next” condition), that the
04’ ribose of the 5’-nt stacks with the 3’-face of the 3’-nt that is in syn. In a few instances, the 3’-nt can also be
anti. When this constraint is given the search retrieves Zani-steps [2]. (Bottom) Partial view of the WebFR3D
result panel showing a GpG Z-step in the 7K00 structure (note the head-to-head orientation of the riboses; see
also Figure 3b). The lIp...n shortest contact distance that is visualized by a dashed line involves the (G)C4 atom.
Note that eleven potential NpN Z-steps are identified in the 7K00 Escherichia coli 70S structure. Use the
following link to retrieve the results of this search:
http://rna.bgsu.edu/webfr3d/Results/627e8a7b5856f/627¢8a7b5856f.html

(last accessed the 6™ of July 2022)




FR3D search page

—_

. Describe the motif you are looking for, using (a), (b), or both.

a. For a purely symbolic search, specify the number of positions in the motif. & [J

b. If you have a set of nucleotides that form the motif, and you want to search for other instances according to the geometry of the motif, fill in the next two boxes.
Unit IDs, separated by commas:
h geometric di y:
2. Toadd sy i ints, click the I ion Matrix button: interaction Matrix
Position] Position2 Position3 Positiond PositionS Position6
Position] N
Position2 next u tSW
Position3 | I next | N anti
Positiond | I I next | Nanti s04'3
Positons| I I B
Positons| I I I [ N

3. What structures should be searched? Use (a), (b), or both.

®

. List individual structures (like 6ZMI) or chains (like 6ZMII1IL5), separated by commas:

o

. Specify a representative set to search by typing the release number: 3.230 and the resolution cutoff:  2.0A x-ray B

4. Give your search a name (optional, only ASCII characters): UNNG tetraloop motif strict query (resolution better or equal to 2.0 Angs.)
5. Email address for persistent link to results (optional):

6. When you are ready to launch the search, click the Search button: | search

Clear the entire form to start again: Reset

Click an element to view help

See and modify query | See CSV output

Columnsofhetable show candidate e nsimilarity ader,checkbox (o dsplay coordiates o no,strucr esoluton iscrepaey fom qery ingeomeric ormixed carches, s malchin each position n th query, equenceofthe s and ivity, glycosidic bond i
requested, pair and stack interactions present, base-phosphate interactions, base-ibose interactions, oxygen stacking interactions, and the number of nested AU, GC, GU Watson-Crick ted interaction.

S.Show Res. A Position 1 Position 2 Position 3 Position 4 Position 5 Position 6 Sequence  Conf. 1 Conf. 2 Conf. 3 Cnnl 4 Conf. SConf 6 Chi1 Chi2 Chi 3 Chid Chi5 Chi 61-2 1-6 2--4 25 2--64--55-6 4--3 3-2 5-2 6-2 45
B 198  7KOOI1IAICI342 TKOOIIAICI345 C-U-A-C-G-Ganti anti anti anti syn anti -167 -152 -100 -119 69 -161 s35 cWW s35 tSW s55 s53 s55 8BPhnOBR nSBR $04'3
2 198 TKOOIICI691  TKOOIIalUI692  7KOOIIUII693 7KOOIIAICI694  7KOOIIGI695 7KOOIaIGII696 C-U-U-C-G-Ganti  anti  anti  anti  syn  anti  -170 -159 -106 -132 57 -177 s35 cWW s35 tSWs55 553 555 8BPhnOBR 043
|| 20 5Y85I1IDICI28 5Y85I1DIURY 5Y8511IDIUI30 S5Y85I1IDICI31 5Y85I1IDIGI32 5Y85I1DIGI33  C. anti. anti anti. syn anti -162 -157 -128 -139 61 -171 s35 cWW s35 tSW s55 s53 s55 8BPh 5043
4.@ 15 7TEOGIIAICI9 7EOGIIAIU0 7EOGIIAIURI 7EOGIIAIC2  7EOGIIAIGR3  TEOGIIIAIGR4  C ani  anti ani syn  anti -167 -1S5 -131 -144 56 -173 s35 CWW s35 1SWsS5 553 555 8BPh 13BR S04
5.@ 20 TKKVIIBICISI7 7KKVIBIUISIS 7KKVIIBIUISI9 7KKVIIBICIS20 7KKVIIBIGIS21 TKKVIIBIGIS22 C anti  anti i syn  anti  -164 -163 -123 -129 60 -177 s35 CWW s35 tSWsS5 553 555 8BPhnOBR 5043
6. 20 3U4MI1IBICI2143 3U4MILIBIUR2144 3U4MILIBICI2145 3U4MILIBICI2146 3U4MILIBIGI2147 3U4MI1IBIGI2148 C. anti anti anti syn anti -166 -158 -114 -132 50 -171 s35 cWW s35 tSW s55 s53 s55 8BPhnOBR s04'3
7. 20 4ARCIIIBIGHTIIA 4ARCIIBIUKTIB 4ARCIIIBIUKTIIC 4ARCI1IBICH7IID 4ARCIIIBIGHTIE 4ARCIIBICU7IIF G-U-U-C-G-Canti  anti  anti anti syn anti  -169 -163 -135 -11§ 63 -170 s35 CWWs35 tSW 553 555 8BPhnOBR 5043

Showneighborhond || Previous | Next | Showall | [ Nucleotide numbers _Stereo  Coloring Options: | Defoult

Figure S3 A strict symbolic query for refining Z-turn searches with a 2.0 A resolution limit. (Top) WebFR3D
search page with more stringent search criteria than those used in Figure 5. (Bottom) Partial view of the
WebFR3D result panel showing an overlay of seven structures. The 2.9 A Ip...w contact shown in Figure 5 for
3U4M is visualized by a dashed line. The rationales for applying more stringent search criteria are described next.
By examining the result panel of Figure 5, we noted that four of the 14 turns do not display strict Z-step Ip...n
contacts. Therefore, we added a nt4...nt5 sO4’3 constraint. This narrows the search down to ten hits. Two
additional Z-turns display a s33 stacking between nt4 and nt5 instead of the more common r(UNNG) s53 stacking
pattern. This reveals that the bottom nucleotide is in syn and not anti. By discarding these two structures through
imposing an anti-conformation to the 3™ tetraloop residue, the structural ensemble comprises now eight elements.
A further examination of the Figure 5 data reveals that the 2™ residue of 6DCB is in “Intermediate syn” and as
noted in Section 3.4 of the main text, the local electron density associated with this tetraloop is of poor quality
motivating the 6DCB exclusion from the set of structures. Use the following link to retrieve the results of this
search:

http://rna.bgsu.edu/webfr3d/Results/6287e67695a70/6287¢67695a70.html

(last accessed the 6™ of July 2022)




FR3D search page

1. Describe the motif you are looking for, using (a), (b), or both.

a. For a purely symbolic search, specify the number of positions in the motif. &

b. If you have a set of nucleotides that form the motif, and you want to search for other instances according to the geometry of the motif, fill in the next two boxes.

Unit IDs, separated by commas:
Maximum geometric discrepancy:

2. To add sy i ints, click the I ion Matrix button:  interaction Matrix
Position] Position2 Position3 Positiond PositionS Position

Position] N

T w
Positions NN DG | Neni

Positiond | | | next Nanti s04'3
Positions | | ] [ next | A
Position6 | | | [ Il next N

3, What structures should be searched? Use (a), (b), or both.
a. List individual structures (like 6ZMI) or chains (like 6ZMII1IL5), separated by commas:

b. Specify a representative set to search by typing the release number: 3.230 and the resolution cutoff: =~ 2.5A X-ray and cryoEM ™

4. Give your search a name (optional, only ASCII characters): GNNA Z-turn motif strict query (resolution better or equal to 2.5 Angs.)

5. Email address for persistent link to results (optional):
6. When you are ready to launch the search, click the Search button: | search

Clear the entire form to start again: Reset

Click an element to view help

FR3D output

Query name: GNNA Z-turn motif strict query (resolution better or equal to 2.5 Angs.). Found 8 candidates from 933 of 933 files in 14 seconds. See and modify query | See CSV output

Columas of the table show candidate mumber, radio button to display coordinates of not rom query in geometric or mixed searches, units in each position of the motif, pair and stack interactions, base-phosphate interactions, base-ribose interactions, and crossing number for each interaction.
S ShowRes.A Position 1 Position 2 Position 3 Position 4 Position § Position 6 Sequence Orient 1 Orient 2 Orient 3 Orient 4 Orient 5 Orient 6 Chi 1 Chi 2 Chi 3 Chi 4 Chi 5 Chi 6 1-2 16 24 2--5 26 4-5 56 4--3 54 43 5-2 5-6 45
1. 22 7OFOMIAICIISY 7OROIIIAIGII90 7OFOIIIAIAIIYL TOFOIIAICII992 TOFOIIAIAIIG93 TOFOUIAIAI994 C-G-A-C-A-Aanti  ani  ani  anti  ant  anti  -163 -160 -142 -128 102 -172 535 35 SW nsS3 n7BPh  n7BR n2BR 5043
2.0 24 75 4VOFIOIAT6  4VOFILOIGIST?  U-G-A-A-A-Ganti  anii  anti  ani  anti i -161 -IS8 -144 -117 98 -155 $35 S35 1SW 153 7BR n2BR s043
3.0 21 4YBBIIDAIUIT94 4 4y U-G-A-A-A-Ganti  anti  anti  ani  ani  and  -166 -158 -143 -108 98  -156 35 35 W nsS3 n7BR n2BR 5043
4.7 25 6AZ3INIICE2  GAZIIINIGIN63  GAZ3IIARGY  6AZ3INIIAYGS 6AZ3ININGIET  C A-Ganti i ani  anti i ani  -166 -158 -149 -122 102 -161 535 S35 1SW 153 7BPh n2BR 5043
Eifa b X3 A-A-A-Uanti i anti ani ani and -163 -160 -150 -116 97 -152 35 35 SW  nsS3 n7BR n2BR 5043
6.7 24 TPIQUINIABIS 7TPTQUIAIGSIS TPTQUIAINS20 TPTQUIAIAIS2L TPTQIIAIAIS22 TPTQUIAIUISZ3 A-G-A-A-A-Uanti  anti  ani i ani  anti  -168 -IS8 -144 -109 102 -133 §35 S35 1SW 553 7BPh  n7BR2BR 04
7.0 13 4LGTIEICI2S94 4LGTIIEIGI2595 4LGTIIEIUI2S96 4L ALGTIIEIARS9S 4L U anti ani i ani syn ani 167 -155 -126 -136 58 -169 535 CWWs35 ISWsSS 553 555 n0BR 7BR 5043
8.0 24 TPTQUIAICRIS6 TPTQUIAIGRIST TPTQUIAICRISS TPTQUIAIURISY TPTQIIAIARIE TPTQUIAIGRI6I C-G-C-U-A-Ganti  anti  anii  anti  syn  anti  -169 -154 -138 -120 45 -175 s35 CWW s35 tSWsSS 553 555 n9BPh 043

Show rearioariood revoss Next | Showal | TNucleofide numbers Siares Coloring opions:  oefaut B oo om o@ om om 1o 1m 1w

Figure S4: WebFR3D finds GNNA Z-turns. (Top) To search r(GNNA) Z-turns, we change the base identity in
positions 2 and 5 but otherwise impose the same constraints as in Figure S3. (Bottom) The search retrieves several
instances of 1(GNNA) sequences that adopt a Z-turn conformation with an ApA Z-step. Besides, it finds a
r(GACA) and a r(GUGA) Z-turn. A sO4’3 contact to the (A)C2 atom is visualized by a dashed line. Use the

following link to retrieve the results of this search:
http://rna.bgsu.edu/webfr3d/Results/6280cd2b79770/6280cd2b79770.html

(last accessed the 6™ of July 2022)




FR3D search page

—_

. Describe the motif you are looking for, using (a), (b), or both.

| a. For a purely symbolic search, specify the number of positions in the motif. & [J

a
b. If you have a set of nucleotides that form the motif, and you want to search for other instances according to the geometry of the motif, fill in the next two boxes.
+ Unit IDs, separated by commas:
geometric di y:
12, Toadd i ints, click the ion Matrix button: Interaction Matrix
Position] Position2 Position3 Positiond Position5 Position6
Position] N
Position2 [ next | N necww
Position3 next N anti
Positiond [ next | Nanti n+s04'5
PositionS I next | N
Position6 I I next N

w

. What structures should be searched? Use (a), (b), or both.
. List individual structures (like 6ZMI) or chains (like 6ZMII1IL5), separated by commas:

o

Specify a representative set to search by typing the release number: 3.230 and the resolution cutoff: = 3.0A X-ray and cryoEM

4. Give your search a name 1, only ASCII ch ):  NNNN Z(anti)-turn motif query (resolution better or equal to 3.0 Angs.)

| 5. Email address for persistent link to results (optional):

6. When you are ready to launch the search, click the Search button: | search

Clear the entire form to start again: Reset

Click an element to view help

FR3D output
Query mame: NN a beterorequal 1030 Angs). Found 160008 oot

3 ) . rom quey in g

S StowRes A Fosion 1 Posiionz Posiion3 Fosiion Posiions Posion6 _ Sequence _Orient | rient 2 Orient 3 Orient 4 Oient 5 Orent 6 Ci 1 Chi 2. Chi 3 Ch 4 Chi S Chi 12 1-5 16 23 204 2-5 26 34 3.5 4556 #3 43 56 31 32 42 43 53 5 45 &
Lo 231 COGU-C-Umi ami i i i ami 161 -1S3 4] 135 -106 132 535 Ssevw  w s aBR w0ts
- w0 cc @i W sn 1 A7 91 48 7 68 35 oww o w9BR 9BR w05

5 275 TOXSIAGS!  7OXSIACSS  TOXSIAUSS  TOXHNAAST  TOXSIAGES  TOXSIAUSY  G-C-U-A-G-Usmi  ami i ami  imym ami 157 132 136 129 7 72 35 833 5 ww s e—— w05
40 245 TOXSIAGSH  TOXONACSS  TOXOIAUISS  OXIAAST  JOXSIAGSS  TOXSHAUSY  G-C-U-AG-Umi ami ami  ami mom ami 15 128 141 133 70 16 535 35 oww wss oBR P

5 26 SVWIlGS VWIS SVWILCUSS  SVWIICAS?  SVWILCGSS  SYWIlIiso G- wi w54 1S A3 42 81 71 S e 5 eww - asR w05

6. 2.4 SFQSINIAIGIS4 SFQSIIAICISS SFQSINIAIUIS6 SFQSIAIAIST SFQSIIIAIGISS SFQSIIAIUISY anti anti. anti int_syn anti <158 -122 -138 135 -79 -162 s35 535 CWW 55 n0BR. O0BR S045

L 22 SEMIAGS  STIACSS  SBTIAUSS  SBTUAWST  SEZTIAGSS  SBETHAUSY wi w19 124 190 %2 80 163 55 5 eww s WER Bk w045

i 29 ZINDGS  SZIIDCS  ZIIDUS  4ZOIDIAST  4ZIONDGES  ZTONDIUSS i wem a6l 127 9 29 80 16 535 35 oW s WER Bk e
5. 29 GOONBGST  GOONBCSS  GOONBUS  GOOIBCS  6OOIBGE  6OOIBIE i nLsm i 175 -6l 122 130 74 132 95 a5 eww 26BPh 7B 0B WBR 0t
0. 27 i amn om am -I64 40 -0z 136 90 160 535 55 oww o won WBR 585
1.5 30 GERWIAAUIS GERINAAUIZ) GERINAAUN0 ERUIANCH3! GERIAAGHS GERIAAIS) U-U-U-C-G-Ami i ani  ani  ani  ani <139 167 138 -5 99 -i63 s 95 oW o swen WBR ot

Figure S5: WebFR3D finds Zani-turns that fold similarly to Z-turns. (Top) To search for ((NNNN) Zani-turns,
we follow the general model of Figure S3. However, we need to impose a nt2...nt5 cWW constraint and we need
to change the nt4...nt5 sO4°3 to sO4’°5 given the anti versus syn orientation of the 5’-nt. We include near versions
of these interactions to retrieve a wider range of instances. (Bottom) A search on structures with resolution < 3.0 A
retrieves 32 instances of Zani-turns. The structure shown is a surprising r(GGUC) Zani-turn; the shortest contact
distance of the O4’ atom with the cytosine ring involves the C2 atom and is shown by a dashed line. To retrieve
this contact, we used the “near” syntax, i.e., n+sO4’5 (see Method section). Use the following link to retrieve

the results of this search:
http://rna.bgsu.edu/webfr3d/Results/628109954b02d/628109954b02d.html

(last accessed the 6™ of July 2022)
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Figure S6: WebFR3D hits as visualized over the four nucleobases with a sO search at 3.0 A resolution.
(Top panels) Oxygen locations projected onto the plane of the base, obtained with a sO search as shown in
Figure S1 for all four nucleobases from an ensemble of structures with resolution < 3.0 A. (Bottom panels)
These panels show the projected oxygen locations in “near” hits obtained with a nsO constraint and explain the
working of the “near” keyword.
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