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OVERVIEW 

The supporting information includes three tables respectively listing the high-resolution 
structures that contain the G⋅A base pairs described in this article (Table S1), the identities and 
relevant structural features of the selected pairs (Table S2), and the precise identities of depicted 
G⋅A-linked structures (Table S3); ten figures respectively illustrating the rigid-body parameters 
and reference frames used to characterize the spatial arrangements of base pairs (Figure S1), the 
secondary structures of selected G⋅A pairs (Figure S2), the observed non-planarity of G⋅A base 
associations (Figure S3), the hydrogen bonds linking different modes of G⋅A pairing (Figure S4), 
the hydrogen-bonding features of G⋅A pairs in different spatial forms (Figure S5), the secondary 
structural contexts of the G⋅A pairs (Figure S6), the unusual structural settings of an m–M 
sheared G⋅A pairs (Figure S7), the secondary structures of selected G⋅A-mediated multiplets 
(Figure S8), the relative deformabilities of the major G⋅A pairing schemes (Figure S9), and the 
influence of base-pairing on secondary structural pathways (Figure S10). 



	p. S3 

Table S1. RNA structures containing the noncanonical G⋅A base pairs examined herein.  
 
PDB_ID† Description‡ Ref 

   
 Ribosomes  

3JCS 2.8 ANGSTROM CRYO-EM STRUCTURE OF THE LARGE RIBOSOMAL SUBUNIT FROM 
THE EUKARYOTIC PARASITE LEISHMANIA [1] 

4V88 THE STRUCTURE OF THE EUKARYOTIC RIBOSOME AT 3.0 A RESOLUTION. [2] 
4V8B CRYSTAL STRUCTURE ANALYSIS OF RIBOSOMAL DECODING (NEAR-COGNATE 

TRNA-LEU COMPLEX). [3] 

4V8D STRUCTURE ANALYSIS OF RIBOSOMAL DECODING (COGNATE TRNA-TYR 
COMPLEX). [4] 

4V90 THERMUS THERMOPHILUS RIBOSOME [5] 

4V9F 
THE RE-REFINED CRYSTAL STRUCTURE OF THE HALOARCULA MARISMORTUI 
LARGE RIBOSOMAL SUBUNIT AT 2.4 ANGSTROM RESOLUTION: MORE COMPLETE 
STRUCTURE OF THE L7/L12 AND L1 STALK, L5 AND LX PROTEINS 

[6] 

4Y4O CRYSTAL STRUCTURE OF THE THERMUS THERMOPHILUS 70S RIBOSOME WITH 
RRNA MODIFICATIONS AND BOUND TO PROTEIN Y (YFIA) AT 2.3A RESOLUTION [7] 

5DM6 CRYSTAL STRUCTURE OF THE 50S RIBOSOMAL SUBUNIT FROM DEINOCOCCUS 
RADIODURANS [8] 

5E81 STRUCTURE OF T. THERMOPHILUS 70S RIBOSOME COMPLEX WITH MRNA AND 
TRNALYS IN THE A-SITE WITH WOBBLE PAIR [9] 

5IBB STRUCTURE OF T. THERMOPHILUS 70S RIBOSOME COMPLEX WITH MRNA, 
TRNAFMET AND COGNATE TRNAVAL IN THE A-SITE [10] 

5NGM 2.9S STRUCTURE OF THE 70S RIBOSOME COMPOSING THE S. AUREUS 100S COMPLEX [11] 
5T2A CRYOEM STRUCTURE OF THE LEISHMANIA DONOVANI 80S RIBOSOME AT 2.9 

ANGSTROM RESOLUTION [12] 

5T5H STRUCTURE AND ASSEMBLY MODEL FOR THE TRYPANOSOMA CRUZI 60S 
RIBOSOMAL SUBUNIT [13] 

6ERI STRUCTURE OF THE CHLOROPLAST RIBOSOME WITH CHL-RRF AND HIBERNATION-
PROMOTING FACTOR [14] 

6GSJ STRUCTURE OF T. THERMOPHILUS 70S RIBOSOME COMPLEX WITH MRNA, 
TRNAFMET AND COGNATE TRNATHR IN THE A-SITE [15] 

   
 Ribosomes + antibiotics  

3U4M CRYSTAL STRUCTURE OF RIBOSOMAL PROTEIN TTHL1 IN COMPLEX WITH 80NT 23S 
RNA FROM THERMUS THERMOPHILUS [16] 

5FDV CRYSTAL STRUCTURE OF THE PYRRHOCORICIN ANTIMICROBIAL PEPTIDE BOUND 
TO THE THERMUS THERMOPHILUS 70S RIBOSOME [17] 

5IB7 
STRUCTURE OF T. THERMOPHILUS 70S RIBOSOME COMPLEX WITH MRNA, 
TRNAFMET, NEAR-COGNATE TRNALYS WITH U-G MISMATCH IN THE A-SITE AND 
ANTIBIOTIC PAROMOMYCIN 

[18] 

5J7L STRUCTURE OF THE 70S E COLI RIBOSOME WITH THE U1052G MUTATION IN THE 16S 
RRNA BOUND TO TETRACYCLINE [19] 

5TBW CRYSTAL STRUCTURE OF CHLOROLISSOCLIMIDE BOUND TO THE YEAST 80S 
RIBOSOME [20] 

6AZ1 CRYO-EM STRUCTURE OF THE SMALL SUBUNIT OF LEISHMANIA RIBOSOME BOUND 
TO PAROMOMYCIN [21] 

6AZ3 CRYO-EM STRUCTURE OF OF THE LARGE SUBUNIT OF LEISHMANIA RIBOSOME 
BOUND TO PAROMOMYCIN [22] 

6CFJ 
CRYSTAL STRUCTURE OF THE THERMUS THERMOPHILUS 70S RIBOSOME IN 
COMPLEX WITH HISTIDYL-CAM AND BOUND TO MRNA AND A-, P-, AND E-SITE 
TRNAS AT 2.8A RESOLUTION 

[23] 

6EK0 HIGH-RESOLUTION CRYO-EM STRUCTURE OF THE HUMAN 80S RIBOSOME [24] 
   
 Ribosomal components  

1DFU CRYSTAL STRUCTURE OF E.COLI RIBOSOMAL PROTEIN L25 COMPLEXED WITH A 5S 
RRNA FRAGMENT AT 1.8 A RESOLUTION [25] 

1FEU CRYSTAL STRUCTURE OF RIBOSOMAL PROTEIN TL5, ONE OF THE CTC FAMILY 
PROTEINS, COMPLEXED WITH A FRAGMENT OF 5S RRNA. [26] 

1G1X STRUCTURE OF RIBOSOMAL PROTEINS S15, S6, S18, AND 16S RIBOSOMAL RNA [27] 
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PDB_ID† Description‡ Ref 
1HC8 CRYSTAL STRUCTURE OF A CONSERVED RIBOSOMAL PROTEIN-RNA COMPLEX [28] 
1KUQ CRYSTAL STRUCTURE OF T3C MUTANT S15 RIBOSOMAL PROTEIN IN COMPLEX 

WITH 16S RRNA [29] 
1MMS CRYSTAL STRUCTURE OF THE RIBOSOMAL PROTEIN L11-RNA COMPLEX [30] 
1MZP STRUCTURE OF THE L1 PROTUBERANCE IN THE RIBOSOME [31] 
2A43 CRYSTAL STRUCTURE OF A LUTEOVIRAL RNA PSEUDOKNOT AND MODEL FOR A 

MINIMAL RIBOSOMAL FRAMESHIFTING MOTIF [32] 

2BH2 
CRYSTAL STRUCTURE OF E. COLI 5-METHYLURIDINE METHYLTRANSFERASE RUMA 
IN COMPLEX WITH RIBOSOMAL RNA SUBSTRATE AND S-
ADENOSYLHOMOCYSTEINE. 

[33] 

   
 Riboswitches  

1Y26 A-RIBOSWITCH-ADENINE COMPLEX [34] 
1Y27 G-RIBOSWITCH-GUANINE COMPLEX [35] 
2GDI CRYSTAL STRUCTURE OF THIAMINE PYROPHOSPHATE-SPECIFIC RIBOSWITCH IN 

COMPLEX WITH THIAMINE PYROPHOSPHATE [36] 
2QWY SAM-II RIBOSWITCH BOUND TO S-ADENOSYLMETHIONINE [37] 
2YGH SAM-I RIBOSWITCH WITH A G2NA MUTATION IN THE KINK TURN IN COMPLEX 

WITH S-ADENOSYLMETHIONINE [38] 
3D0U CRYSTAL STRUCTURE OF LYSINE RIBOSWITCH BOUND TO LYSINE [39] 
3D2V STRUCTURE OF THE EUKARYOTIC TPP-SPECIFIC RIBOSWITCH BOUND TO THE 

ANTIBACTERIAL COMPOUND PYRITHIAMINE PYROPHOSPHATE [40] 

3DIL CRYSTAL STRUCTURE OF THE THERMOTOGA MARITIMA LYSINE RIBOSWITCH 
BOUND TO LYSINE [41] 

3E5C CRYSTAL STRUCTURE OF THE SMK BOX (SAM-III) RIBOSWITCH WITH SAM [42] 
3EGZ CRYSTAL STRUCTURE OF AN IN VITRO EVOLVED TETRACYCLINE APTAMER AND 

ARTIFICIAL RIBOSWITCH [43] 
3F2Q CRYSTAL STRUCTURE OF THE FMN RIBOSWITCH BOUND TO FMN [44] 
3IVN STRUCTURE OF THE U65C MUTANT A-RIBOSWITCH APTAMER FROM THE BACILLUS 

SUBTILIS PBUE OPERON [45] 
3K1V COCRYSTAL STRUCTURE OF A MUTANT CLASS-I PREQ1 RIBOSWITCH [46] 
3LA5 X-RAY CRYSTAL STRUCTURE OF MC6 RNA RIBOSWITCH BOUND TO AZACYTOSINE [47] 

3MXH NATIVE STRUCTURE OF A C-DI-GMP RIBOSWITCH FROM V. CHOLERAE [48] 
3NPQ STRUCTURE OF THE S-ADENOSYLHOMOCYSTEINE RIBOSWITCH AT 2.18 A [49] 
3OXE CRYSTAL STRUCTURE OF GLYCINE RIBOSWITCH, MN2+ SOAKED [50] 
3PDR CRYSTAL STRUCTURE OF MANGANESE BOUND M-BOX RNA [51] 
3Q3Z STRUCTURE OF A C-DI-GMP-II RIBOSWITCH FROM C. ACETOBUTYLICUM BOUND TO 

C-DI-GMP [52] 

3Q50 STRUCTURAL ANALYSIS OF A CLASS I PREQ1 RIBOSWITCH APTAMER IN THE 
METABOLITE-BOUND STATE [53] 

3RKF CRYSTAL STRUCTURE OF GUANINE RIBOSWITCH C61U/G37A DOUBLE MUTANT 
BOUND TO THIO-GUANINE [54] 

3SKI CRYSTAL STRUCTURE OF THE 2'- DEOXYGUANOSINE RIBOSWITCH BOUND TO 2'-
DEOXYGUANOSINE [55] 

3SKL CRYSTAL STRUCTURE OF THE 2'- DEOXYGUANOSINE RIBOSWITCH BOUND TO 2'-
DEOXYGUANOSINE, IRIDIUM HEXAMMINE SOAK [56] 

3SUX CRYSTAL STRUCTURE OF THF RIBOSWITCH, BOUND WITH THF [57] 
3V7E CRYSTAL STRUCTURE OF YBXF BOUND TO THE SAM-I RIBOSWITCH APTAMER [58] 
4AOB SAM-I RIBOSWITCH CONTAINING THE T. SOLENOPSAE KT-23 IN COMPLEX WITH S- 

ADENOSYL METHIONINE [59] 
4ENC CRYSTAL STRUCTURE OF FLUORIDE RIBOSWITCH [60] 
4FEN CRYSTAL STRUCTURE OF THE A24U/U25A/A46G MUTANT XPT-PBUX GUANINE 

RIBOSWITCH APTAMER DOMAIN IN COMPLEX WITH HYPOXANTHINE [61] 
4FRG CRYSTAL STRUCTURE OF THE COBALAMIN RIBOSWITCH APTAMER DOMAIN [62] 
4JF2 STRUCTURE OF A CLASS II PREQ1 RIBOSWITCH REVEALS LIGAND RECOGNITION BY 

A NEW FOLD [63] 
4L81 STRUCTURE OF THE SAM-I/IV RIBOSWITCH (ENV87(DELTAU92, DELTAG93)) [64] 

4LVW STRUCTURE OF THE THF RIBOSWITCH BOUND TO 7-DEAZAGUANINE [65] 
4LX6 X-RAY CRYSTAL STRUCTURE OF THE M6C' RIBOSWITCH APTAMER BOUND TO 2-

AMINOPYRIMIDO[4,5-D]PYRIMIDIN-4(3H)-ONE (PPAO) [66] 
4QLM YDAO RIBOSWITCH BINDING TO C-DI-AMP [67] 
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PDB_ID† Description‡ Ref 

4RUM CRYSTAL STRUCTURE OF THE NICO TRANSITION-METAL RIBOSWITCH BOUND TO 
COBALT [68] 

4RZD CRYSTAL STRUCTURE OF A PREQ1 RIBOSWITCH [69] 
4XNR VIBRIO VULNIFICUS ADENINE RIBOSWITCH APTAMER DOMAIN, SYNTHESIZED BY 

POSITION-SELECTIVE LABELING OF RNA (PLOR), IN COMPLEX WITH ADENINE [70] 
4XWF CRYSTAL STRUCTURE OF THE ZMP RIBOSWITCH AT 1.80 ANGSTROM [71] 
4Y1J LACTOCOCCUS LACTIS YYBP-YKOY MN RIBOSWITCH A41U BINDING SITE MUTANT 

IN PRESENCE OF MN2+ [72] 
4Y1M AN ESCHERICHIA COLI YYBP-YKOY MN RIBOSWITCH IN THE MN2+-FREE STATE [73] 
4YAZ 3',3'-CGAMP RIBOSWITCH BOUND WITH 3',3'-CGAMP [74] 
4ZNP THE STRUCTURE OF A PFI RIBOSWITCH BOUND TO ZMP [75] 
5C45 SELECTIVE SMALL MOLECULE INHIBITION OF THE FMN RIBOSWITCH [76] 
5D5L PREQ1-II RIBOSWITCH WITH AN ENGINEERED G-U WOBBLE PAIR BOUND TO CS+ [*] 
5DDP L-GLUTAMINE RIBOSWITCH BOUND WITH L-GLUTAMINE [77] 
5FJC SAM-I RIBOSWITCH BEARING THE H. MARISMORTUI KT-7 VARIANT C-2BU [78] 

5NWQ THE STRUCTURE OF THE THERMOBIFIDA FUSCA GUANIDINE III RIBOSWITCH WITH 
GUANIDINE. [79] 

5SWD STRUCTURE OF THE ADENINE RIBOSWITCH APTAMER DOMAIN IN AN 
INTERMEDIATE-BOUND STATE [80] 

5T83 STRUCTURE OF A GUANIDINE-I RIBOSWITCH FROM S. ACIDOPHILUS [81] 
5U3G STRUCTURE OF THE DICKEYA DADANTII YKKC RIBOSWITCH BOUND TO 

GUANIDINIUM [82] 
6CB3 CRYSTAL STRUCTURE OF THE L.LACTIS YKOY RIBOSWITCH BOUND TO CADMIUM [83] 
6CK5 PRPP RIBOSWITCH FROM T. MATHRANII BOUND TO PRPP [84] 
6DN2 CRYSTAL STRUCTURE OF THE FMN RIBOSWITCH BOUND TO BRX1354 SPLIT RNA [85] 
6FZ0 CRYSTAL STRUCTURE OF THE METY SAM V RIBOSWITCH [86] 

   
 Ribozymes  

1HMH THREE-DIMENSIONAL STRUCTURE OF A HAMMERHEAD RIBOZYME [87] 
1KXK CRYSTAL STRUCTURE OF A RNA MOLECULE CONTAINING DOMAIN 5 AND 6 OF 

THE YEAST AI5G GROUP II SELF-SPLICING INTRON [88] 

1U9S CRYSTAL STRUCTURE OF THE SPECIFICITY DOMAIN OF RIBONUCLEASE P OF THE A-
TYPE [89] 

1YLS 
CRYSTAL STRUCTURE OF SELENIUM-MODIFIED DIELS-ALDER RIBOZYME 
COMPLEXED WITH THE PRODUCT OF THE REACTION BETWEEN N-
PENTYLMALEIMIDE AND COVALENTLY ATTACHED 9-
HYDROXYMETHYLANTHRACENE 

[90] 

2OEU FULL-LENGTH HAMMERHEAD RIBOZYME WITH MN(II) BOUND [91] 
2OIU L1 RIBOZYME LIGASE CIRCULAR ADDUCT [92] 
2P7E VANADATE AT THE ACTIVE SITE OF A SMALL RIBOZYME SUGGESTS A ROLE FOR 

WATER IN TRANSITION-STATE STABILIZATION [93] 
2QUS HAMMERHEAD RIBOZYME G12A MUTANT PRE-CLEAVAGE [94] 
2QUW HAMMERHEAD RIBOZYME G12A MUTANT AFTER CLEAVAGE [95] 
2R8S HIGH RESOLUTION STRUCTURE OF A SPECIFIC SYNTHETIC FAB BOUND TO P4-P6 

RNA RIBOZYME DOMAIN [96] 
2Z75 T. TENGCONGENSIS GLMS RIBOZYME BOUND TO GLUCOSAMINE-6-PHOSPHATE [97] 
359D INHIBITION OF THE HAMMERHEAD RIBOZYME CLEAVAGE REACTION BY SITE-

SPECIFIC BINDING OF TB(III) [98] 

3BBM MINIMALLY JUNCTIONED HAIRPIN RIBOZYME INCORPORATES A38C AND 2'O-ME 
MODIFICATION AT ACTIVE SITE [99] 

3CUL AMINOACYL-TRNA SYNTHETASE RIBOZYME [100] 
3G9C CRYSTAL STRUCTURE OF THE PRODUCT BACILLUS ANTHRACIS GLMS RIBOZYME [101] 
3GS5 AN ALL-RNA HAIRPIN RIBOZYME A38N1DA VARIANT WITH A PRODUCT MIMIC 

SUBSTRATE STRAND [102] 

3HHN CRYSTAL STRUCTURE OF CLASS I LIGASE RIBOZYME SELF-LIGATION PRODUCT, IN 
COMPLEX WITH U1A RBD [103] 

3NKB 
A 1.9A CRYSTAL STRUCTURE OF THE HDV RIBOZYME PRECLEAVAGE SUGGESTS 
BOTH LEWIS ACID AND GENERAL ACID MECHANISMS CONTRIBUTE TO 
PHOSPHODIESTER CLEAVAGE 

[104] 

4FAR STRUCTURE OF OCEANOBACILLUS IHEYENSIS GROUP II INTRON IN THE PRESENCE 
OF K+, MG2+ AND 5'-EXON [105] 

4OJI CRYSTAL STRUCTURE OF TWISTER RIBOZYME [106] 
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PDB_ID† Description‡ Ref 

4P95 SPECIATION OF A GROUP I INTRON INTO A LARIAT CAPPING RIBOZYME 
(CIRCULARLY PERMUTATED RIBOZYME) [107] 

4PR6 A SECOND LOOK AT THE HDV RIBOZYME STRUCTURE AND DYNAMICS. [108] 
4PRF A SECOND LOOK AT THE HDV RIBOZYME STRUCTURE AND DYNAMICS. [109] 
4RGE CRYSTAL STRUCTURE OF THE IN-LINE ALIGNED ENV22 TWISTER RIBOZYME [110] 
5DH6 TWO DIVALENT METAL IONS AND CONFORMATIONAL CHANGES PLAY ROLES IN 

THE HAMMERHEAD RIBOZYME CLEAVAGE REACTION-G12A MUTANT IN MG2+ [111] 
5K7D THE STRUCTURE OF NATIVE PISTOL RIBOZYME, BOUND TO IRIDIUM [112] 
5KTJ CRYSTAL STRUCTURE OF PISTOL, A CLASS OF SELF-CLEAVING RIBOZYME [113] 
5T5A CRYSTAL STRUCTURE OF THE TWISTER SISTER (TS) RIBOZYME AT 2.0 ANGSTROM [114] 
5UZ6 RNA HAIRPIN STRUCTURE CONTAINING 2-MEIMP-OLIGO ANALOGUE [115] 

   
 Ribozyme fragment  

3FS0 CLASS II LIGASE RIBOZYME PRODUCT-TEMPLATE DUPLEX, STRUCTURE 2 [116] 
3FTM CLASS II LIGASE RIBOZYME PRODUCT-TEMPLATE DUPLEX, STRUCTURE 1 [117] 

   
 tRNA  

1C0A CRYSTAL STRUCTURE OF THE E. COLI ASPARTYL-TRNA SYNTHETASE : TRNAASP : 
ASPARTYL-ADENYLATE COMPLEX [118] 

1EVV CRYSTAL STRUCTURE OF YEAST PHENYLALANINE TRANSFER RNA AT 2.0 A 
RESOLUTION [119] 

1GAX CRYSTAL STRUCTURE OF THERMUS THERMOPHILUS VALYL-TRNA SYNTHETASE 
COMPLEXED WITH TRNA(VAL) AND VALYL-ADENYLATE ANALOGUE [120] 

1H3E TYROSYL-TRNA SYNTHETASE FROM THERMUS THERMOPHILUS COMPLEXED WITH 
WILD-TYPE TRNATYR(GUA) AND WITH ATP AND TYROSINOL [121] 

1H4S PROLYL-TRNA SYNTHETASE FROM THERMUS THERMOPHILUS COMPLEXED WITH 
TRNAPRO(CGG) AND A PROLYL-ADENYLATE ANALOGUE [122] 

1IL2 CRYSTAL STRUCTURE OF THE E. COLI ASPARTYL-TRNA SYNTHETASE:YEAST 
TRNAASP:ASPARTYL-ADENYLATE COMPLEX [123] 

1J1U CRYSTAL STRUCTURE OF ARCHAEAL TYROSYL-TRNA SYNTHETASE COMPLEXED 
WITH TRNA(TYR) AND L-TYROSINE [124] 

1N78 CRYSTAL STRUCTURE OF THERMUS THERMOPHILUS GLUTAMYL-TRNA 
SYNTHETASE COMPLEXED WITH TRNA(GLU) AND GLUTAMOL-AMP. [125] 

1QF6 STRUCTURE OF E. COLI THREONYL-TRNA SYNTHETASE COMPLEXED WITH ITS 
COGNATE TRNA [126] 

1QU2 INSIGHTS INTO EDITING FROM AN ILE-TRNA SYNTHETASE STRUCTURE WITH 
TRNA(ILE) AND MUPIROCIN [127] 

1SER THE 2.9 ANGSTROMS CRYSTAL STRUCTURE OF T. THERMOPHILUS SERYL-TRNA 
SYNTHETASE COMPLEXED WITH TRNA SER [128] 

1YFG YEAST INITIATOR TRNA [129] 
2AZX CHARGED AND UNCHARGED TRNAS ADOPT DISTINCT CONFORMATIONS WHEN 

COMPLEXED WITH HUMAN TRYPTOPHANYL-TRNA SYNTHETASE [130] 

2BTE 
THERMUS THERMOPHILUS LEUCYL-TRNA SYNTHETASE COMPLEXED WITH A 
TRNALEU TRANSCRIPT IN THE POST-EDITING CONFORMATION AND A POST- 
TRANSFER EDITING SUBSTRATE ANALOGUE 

[131] 

2CSX CRYSTAL STRUCTURE OF AQUIFEX AEOLICUS METHIONYL-TRNA SYNTHETASE 
COMPLEXED WITH TRNA(MET) [132] 

2DLC CRYSTAL STRUCTURE OF THE TERNARY COMPLEX OF YEAST TYROSYL-TRNA 
SYNTHETASE [133] 

2DU3 CRYSTAL STRUCTURE OF ARCHAEOGLOBUS FULGIDUS O-PHOSPHOSERYL-TRNA 
SYNTHETASE COMPLEXED WITH TRNACYS AND O-PHOSPHOSERINE [134] 

2ZUE CRYSTAL STRUCTURE OF PYROCOCCUS HORIKOSHII ARGINYL-TRNA SYNTHETASE 
COMPLEXED WITH TRNA(ARG) AND AN ATP ANALOG (ANP) [135] 

2ZY6 CRYSTAL STRUCTURE OF A TRUNCATED TRNA, TPHE39A [136] 

3AKZ 
CRYSTAL STRUCTURE OF THERMOTOGA MARITIMA NONDISCRIMINATING 
GLUTAMYL-TRNA SYNTHETASE IN COMPLEX WITH TRNAGLN AND A GLUTAMYL-
AMP ANALOG 

[137] 

3AM1 CRYSTAL STRUCTURE OF O-PHOSPHOSERYL-TRNA KINASE COMPLEXED WITH 
ANTICODON-STEM/LOOP TRUNCATED TRNA(SEC) [138] 

3RG5 CRYSTAL STRUCTURE OF MOUSE TRNA(SEC) [139] 
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PDB_ID† Description‡ Ref 

3ZGZ 
TERNARY COMPLEX OF E. COLI LEUCYL-TRNA SYNTHETASE, TRNA(LEU) AND 
TOXIC MOIETY FROM AGROCIN 84 (TM84) IN AMINOACYLATION-LIKE 
CONFORMATION 

[140] 

4JRC DISTAL STEM I REGION FROM G. KAUSTOPHILUS GLYQS T BOX RNA [141] 
4K50 RHINOVIRUS 16 POLYMERASE ELONGATION COMPLEX (R1_FORM) [142] 
4P5J CRYSTAL STRUCTURE OF THE TRNA-LIKE STRUCTURE FROM TURNIP YELLOW 

MOSAIC VIRUS (TYMV), A TRNA MIMICKING RNA [143] 

4QEI TWO DISTINCT CONFORMATIONAL STATES OF GLYRS CAPTURED IN CRYSTAL 
LATTICE [144] 

4RDX STRUCTURE OF HISTIDINYL-TRNA SYNTHETASE IN COMPLEX WITH TRNA(HIS) [145] 
5AXM CRYSTAL STRUCTURE OF THG1 LIKE PROTEIN (TLP) WITH TRNA(PHE) [146] 
5BTP FUSOBACTERIUM ULCERANS ZTP RIBOSWITCH BOUND TO ZMP [147] 
5CCB CRYSTAL STRUCTURE OF HUMAN M1A58 METHYLTRANSFERASE IN A COMPLEX 

WITH TRNA3LYS AND SAH [148] 
5L4O STRUCTURE OF AN E.COLI INITIATOR TRNAFMET A1-U72 VARIANT [149] 
5ZQ8 CRYSTAL STRUCTURE OF SPRLMCD WITH U747 STEMLOOP RNA [150] 
6CU1 X-RAY STRUCTURE OF THE S. TYPHIMURIUM YRLA EFFECTOR-BINDING MODULE [151] 
6DU4 CRYSTAL STRUCTURE OF HMETTL16 CATALYTIC DOMAIN IN COMPLEX WITH 

MAT2A 3'UTR HAIRPIN 1 [152] 
   

 Aptamers  
1ET4 CRYSTAL STRUCTURE OF A VITAMIN B12 BINDING RNA APTAMER WITH LIGAND 

AT 2.3 A [153] 

1F1T CRYSTAL STRUCTURE OF THE MALACHITE GREEN APTAMER COMPLEXED WITH 
TETRAMETHYL-ROSAMINE [154] 

1OOA CRYSTAL STRUCTURE OF NF-KB(P50)2 COMPLEXED TO A HIGH-AFFINITY RNA 
APTAMER [155] 

2JLT CRYSTAL STRUCTURE OF AN RNA KISSING COMPLEX [156] 
3EGZ CRYSTAL STRUCTURE OF AN IN VITRO EVOLVED TETRACYCLINE APTAMER AND 

ARTIFICIAL RIBOSWITCH [157] 

3Q50 STRUCTURAL ANALYSIS OF A CLASS I PREQ1 RIBOSWITCH APTAMER IN THE 
METABOLITE-BOUND STATE [158] 

3V7E CRYSTAL STRUCTURE OF YBXF BOUND TO THE SAM-I RIBOSWITCH APTAMER [159] 
4FEN CRYSTAL STRUCTURE OF THE A24U/U25A/A46G MUTANT XPT-PBUX GUANINE 

RIBOSWITCH APTAMER DOMAIN IN COMPLEX WITH HYPOXANTHINE [160] 
4FRG CRYSTAL STRUCTURE OF THE COBALAMIN RIBOSWITCH APTAMER DOMAIN [161] 
4KZD CRYSTAL STRUCTURE OF AN RNA APTAMER IN COMPLEX WITH FLUOROPHORE 

AND FAB [162] 
4L81 STRUCTURE OF THE SAM-I/IV RIBOSWITCH (ENV87(DELTAU92, DELTAG93)) [163] 

4M4O CRYSTAL STRUCTURE OF THE APTAMER MINE-LYSOZYME COMPLEX [*] 
4M6D CRYSTAL STRUCTURE OF THE APTAMER MINF-LYSOZYME COMPLEX. [*] 
4TS2 CRYSTAL STRUCTURE OF THE SPINACH RNA APTAMER IN COMPLEX WITH DFHBI, 

MAGNESIUM IONS [164] 
5KPY STRUCTURE OF A 5-HYDROXYTRYPTOPHAN APTAMER [165] 
5OB3 ISPINACH APTAMER [166] 
6C63 CRYSTAL STRUCTURE OF THE MANGO-II FLUORESCENT APTAMER BOUND TO TO1-

BIOTIN [167] 

6C65 CRYSTAL STRUCTURE OF THE MANGO-II-A22U FLUORESCENT APTAMER BOUND TO 
TO1-BIOTIN [168] 

6CF2 CRYSTAL STRUCTURE OF HIV-1 REV (RESIDUES 1-93)-RNA APTAMER COMPLEX [169] 
   
 Duplex RNA  

1CSL CRYSTAL STRUCTURE OF THE RRE HIGH AFFINITY SITE [170] 
1D4R 29-MER FRAGMENT OF HUMAN SRP RNA HELIX 6 [171] 
1DUQ CRYSTAL STRUCTURE OF THE REV BINDING ELEMENT OF HIV-1 [172] 
1JBR CRYSTAL STRUCTURE OF THE RIBOTOXIN RESTRICTOCIN AND A 31-MER SRD RNA 

INHIBITOR [173] 
1LNT CRYSTAL STRUCTURE OF THE HIGHLY CONSERVED RNA INTERNAL LOOP OF SRP [174] 
1M5K CRYSTAL STRUCTURE OF A HAIRPIN RIBOZYME IN THE CATALYTICALLY-ACTIVE 

CONFORMATION [175] 

1MHK CRYSTAL STRUCTURE ANALYSIS OF A 26MER RNA MOLECULE, REPRESENTING A 
NEW RNA MOTIF, THE HOOK-TURN [176] 
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PDB_ID† Description‡ Ref 
1SA9 CRYSTAL STRUCTURE OF THE RNA OCTAMER GGCGAGCC [177] 
1SAQ CRYSTAL STRUCTURE OF THE RNA OCTAMER GIC(GA)GCC [178] 
2ANN CRYSTAL STRUCTURE (I) OF NOVA-1 KH1/KH2 DOMAIN TANDEM WITH 25 NT RNA 

HAIRPIN [179] 

2EZ6 CRYSTAL STRUCTURE OF AQUIFEX AEOLICUS RNASE III (D44N) COMPLEXED WITH 
PRODUCT OF DOUBLE-STRANDED RNA PROCESSING [180] 

2GJW RNA RECOGNITION AND CLEAVAGE BY AN SPLICING ENDONUCLEASE [181] 
2H1M SYNTHESIS, OXIDATION BEHAVIOR, CRYSTALLIZATION AND STRUCTURE OF 2'-

METHYLSELENO GUANOSINE CONTAINING RNAS [182] 
2HVY CRYSTAL STRUCTURE OF AN H/ACA BOX RNP FROM PYROCOCCUS FURIOSUS [183] 
2NUE CRYSTAL STRUCTURE OF RNASE III FROM AQUIFEX AEOLICUS COMPLEXED WITH 

DS-RNA AT 2.9-ANGSTROM RESOLUTION [184] 

2O3Y CRYSTAL STRUCTURE OF THE HOMO SAPIENS CYTOPLASMIC RIBOSOMAL 
DECODING SITE IN PRESENCE OF PAROMAMINE DERIVATIVE NB30 [185] 

2OE5 
1.5 A X-RAY CRYSTAL STRUCTURE OF APRAMYCIN COMPLEX WITH RNA 
FRAGMENT GGCGUCGCUAGUACCG/GGUACUAAAAGUCGCCC CONTAINING THE 
HUMAN RIBOSOMAL DECODING A SITE: RNA CONSTRUCT WITH 3'-OVERHANG 

[186] 

2OE8 
1.8 A X-RAY CRYSTAL STRUCTURE OF APRAMYCIN COMPLEX WITH RNA 
FRAGMENT GGGCGUCGCUAGUACC/CGGUACUAAAAGUCGCC CONTAINING THE 
HUMAN RIBOSOMAL DECODING A SITE: RNA CONSTRUCT WITH 5'-OVERHANG 

[187] 

2OZB STRUCTURE OF A HUMAN PRP31-15.5K-U4 SNRNA COMPLEX [188] 

2VPL 
THE STRUCTURE OF THE COMPLEX BETWEEN THE FIRST DOMAIN OF L1 PROTEIN 
FROM THERMUS THERMOPHILUS AND MRNA FROM METHANOCOCCUS 
JANNASCHII 

[189] 

354D STRUCTURE OF LOOP E FROM E. COLI 5S RRNA [190] 
364D 3.0 A STRUCTURE OF FRAGMENT I FROM E. COLI 5S RRNA [191] 
3AGV CRYSTAL STRUCTURE OF A HUMAN IGG-APTAMER COMPLEX [192] 
3CJZ EFFECTS OF N2,N2-DIMETHYLGUANOSINE ON RNA STRUCTURE AND STABILITY: 

CRYSTAL STRUCTURE OF AN RNA DUPLEX WITH TANDEM M22G:A PAIRS [193] 
3FTE CRYSTAL STRUCTURE OF A. AEOLICUS KSGA IN COMPLEX WITH RNA [194] 
3FTF CRYSTAL STRUCTURE OF A. AEOLICUS KSGA IN COMPLEX WITH RNA AND SAH [195] 

3HAX CRYSTAL STRUCTURE OF A SUBSTRATE-BOUND GAR1-MINUS H/ACA RNP FROM 
PYROCOCCUS FURIOSUS [196] 

3HJW STRUCTURE OF A FUNCTIONAL RIBONUCLEOPROTEIN PSEUDOURIDINE SYNTHASE 
BOUND TO A SUBSTRATE RNA [197] 

3IAB CRYSTAL STRUCTURE OF RNASE P /RNASE MRP PROTEINS POP6, POP7 IN A 
COMPLEX WITH THE P3 DOMAIN OF RNASE MRP RNA [198] 

3MOJ STRUCTURE OF THE RNA BINDING DOMAIN OF THE BACILLUS SUBTILIS YXIN 
PROTEIN COMPLEXED WITH A FRAGMENT OF 23S RIBOSOMAL RNA [199] 

3MQK CBF5-NOP10-GAR1 COMPLEX BINDING WITH 17MER RNA CONTAINING ACA 
TRINUCLEOTIDE [200] 

3NMU CRYSTAL STRUCTURE OF SUBSTRATE-BOUND HALFMER BOX C/D RNP [201] 

3NVI STRUCTURE OF N-TERMINAL TRUNCATED NOP56/58 BOUND WITH L7AE AND BOX 
C/D RNA [202] 

3R9X CRYSTAL STRUCTURE OF ERA IN COMPLEX WITH MGGDPNP, NUCLEOTIDES 1506-
1542 OF 16S RIBOSOMAL RNA, AND KSGA [203] 

3RW6 STRUCTURE OF NUCLEAR RNA EXPORT FACTOR TAP BOUND TO CTE RNA [204] 
3TD0 CRYSTAL STRUCTURE OF THE BACTERIAL A1408G-MUTANT AND THE PROTOZOA 

CYTOPLASMIC RIBOSOMAL DECODING SITE [205] 
3TRZ MOUSE LIN28A IN COMPLEX WITH LET-7D MICRORNA PRE-ELEMENT [206] 
4AL5 CRYSTAL STRUCTURE OF THE CSY4-CRRNA PRODUCT COMPLEX [207] 
4BW0 THE MOLECULAR RECOGNITION OF KINK TURN STRUCTURE BY THE L7AE CLASS 

OF PROTEINS [208] 

4C4W STRUCTURE OF A RARE, NON-STANDARD SEQUENCE K-TURN BOUND BY L7AE 
PROTEIN [209] 

4C8Y CAS6 (TTHA0078) SUBSTRATE MIMIC COMPLEX [210] 
4C8Z CAS6 (TTHA0078) PRODUCT COMPLEX [211] 
4K27 MYOTONIC DYSTROPHY TYPE 2 RNA: STRUCTURAL STUDIES AND DESIGNED 

SMALL MOLECULES THAT MODULATE RNA FUNCTION [*] 
4K31 CRYSTAL STRUCTURE OF APRAMYCIN BOUND TO THE LEISHMANIAL RRNA A-SITE [212] 

4M4O CRYSTAL STRUCTURE OF THE APTAMER MINE-LYSOZYME COMPLEX [*] 
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PDB_ID† Description‡ Ref 
4NLF 2'-TRIFLUOROMETHYLTHIO-2'-DEOXYCYTIDINE-MODIFIED SRL [*] 
4O26 CRYSTAL STRUCTURE OF THE TRBD DOMAIN OF TERT AND THE CR4/5 OF TR [213] 
4PCJ MODIFICATIONS TO TOXIC CUG RNAS INDUCE STRUCTURAL STABILITY AND 

RESCUE MIS-SPLICING IN MYOTONIC DYSTROPHY [214] 

4PWD CRYSTAL STRUCTURE OF HIV-1 REVERSE TRANSCRIPTASE IN COMPLEX WITH 
BULGE-RNA/DNA AND NEVIRAPINE [215] 

4QIK CRYSTAL STRUCTURE OF THE ROQ DOMAIN OF HUMAN ROQUIN IN COMPLEX 
WITH THE TNF23 RNA DUPLEX [216] 

4RZD CRYSTAL STRUCTURE OF A PREQ1 RIBOSWITCH [217] 
4TS2 CRYSTAL STRUCTURE OF THE SPINACH RNA APTAMER IN COMPLEX WITH DFHBI, 

MAGNESIUM IONS [218] 
4U7U CRYSTAL STRUCTURE OF RNA-GUIDED IMMUNE CASCADE COMPLEX FROM E.COLI [219] 
4XWF CRYSTAL STRUCTURE OF THE ZMP RIBOSWITCH AT 1.80 ANGSTROM [220] 
4Y1J LACTOCOCCUS LACTIS YYBP-YKOY MN RIBOSWITCH A41U BINDING SITE MUTANT 

IN PRESENCE OF MN2+ [221] 
4Y1M AN ESCHERICHIA COLI YYBP-YKOY MN RIBOSWITCH IN THE MN2+-FREE STATE [222] 
4YAZ 3',3'-CGAMP RIBOSWITCH BOUND WITH 3',3'-CGAMP [223] 
5AOX HUMAN ALU RNA RETROTRANSPOSITION COMPLEX IN THE RIBOSOME-STALLING 

CONFORMATION [224] 

5B2P CRYSTAL STRUCTURE OF FRANCISELLA NOVICIDA CAS9 IN COMPLEX WITH SGRNA 
AND TARGET DNA (TGA PAM) [225] 

5B2T CRYSTAL STRUCTURE OF THE STREPTOCOCCUS PYOGENES CAS9 VRER VARIANT IN 
COMPLEX WITH SGRNA AND TARGET DNA (TGCG PAM) [226] 

5BTM CRYSTAL STRUCTURE OF AUUCU REPEATING RNA THAT CAUSES 
SPINOCEREBELLAR ATAXIA TYPE 10 (SCA10) [227] 

5CZZ CRYSTAL STRUCTURE OF STAPHYLOCOCCUS AUREUS CAS9 IN COMPLEX WITH 
SGRNA AND TARGET DNA (TTGAAT PAM) [*] 

5D8H CRYSTAL STRUCTURE OF THE BASE OF THE RIBOSOMAL P STALK FROM 
METHANOCOCCUS JANNASCHII WITH ANTIBIOTIC THIOSTREPTON [*] 

5DDP L-GLUTAMINE RIBOSWITCH BOUND WITH L-GLUTAMINE [228] 
5F5F X-RAY STRUCTURE OF ROQUIN ROQ DOMAIN IN COMPLEX WITH A SELEX-DERIVED 

HEXA-LOOP RNA MOTIF [229] 

5F5H X-RAY STRUCTURE OF ROQUIN ROQ DOMAIN IN COMPLEX WITH OX40 HEXA-LOOP 
RNA MOTIF [230] 

5F9F CRYSTAL STRUCTURE OF RIG-I HELICASE-RD IN COMPLEX WITH 24-MER BLUNT-
END HAIRPIN RNA [231] 

5FJ4 STRUCTURE OF THE STANDARD KINK TURN HMKT-7 AS STEM LOOP BOUND WITH 
U1A AND L7AE PROTEINS [232] 

5FJC SAM-I RIBOSWITCH BEARING THE H. MARISMORTUI KT-7 VARIANT C-2BU [233] 
5FQ5 CRYSTAL STRUCTURE OF CAS9-SGRNA-DNA COMPLEX SOLVED BY NATIVE SAD 

PHASING [234] 
5G4T THE STRUCTURE OF A QUASI-CYCLIC SIX K-TURN DUPLEX RNA SPECIES [235] 
5G4U ASSOCIATION OF THREE TWO-K-TURN UNITS BASED ON KT-7 3BU,3NU, FORMING A 

TRIANGULAR-SHAPED STRUCTURE [236] 
5HC9 THERMOTOGA MARITIMA CCA-ADDING ENZYME COMPLEXED WITH TRNA_CCA [237] 
5HR6 X-RAY CRYSTAL STRUCTURE OF C118A RLMN WITH CROSS-LINKED TRNA PURIFIED 

FROM ESCHERICHIA COLI [238] 

5HR7 X-RAY CRYSTAL STRUCTURE OF C118A RLMN FROM ESCHERICHIA COLI WITH 
CROSS-LINKED IN VITRO TRANSCRIBED TRNA [239] 

5KPY STRUCTURE OF A 5-HYDROXYTRYPTOPHAN APTAMER [240] 
5LQO RNA DUPLEX HAS CENTRAL CONSECUTIVE GA PAIRS FLANKED BY G-C BASEPAIRS [241] 
5LQT RNA DUPLEX HAS CENTRAL CONSECUTIVE GA PAIRS FLANKED BY G-C BASEPAIRS [242] 
5LR3 RNA DUPLEX HAS CENTRAL CONSECUTIVE GA PAIRS FLANKED BY G-U BASEPAIRS [243] 

5M0H CRYSTAL STRUCTURE OF THE CENTRAL FLEXIBLE REGION OF ASH1 MRNA E3-
LOCALIZATION ELEMENT [244] 

5M0J CRYSTAL STRUCTURE OF THE CYTOPLASMIC COMPLEX WITH SHE2P, SHE3P, AND 
THE ASH1 MRNA E3-LOCALIZATION ELEMENT [245] 

5T83 STRUCTURE OF A GUANIDINE-I RIBOSWITCH FROM S. ACIDOPHILUS [246] 
5U30 CRYSTAL STRUCTURE OF AACC2C1-SGRNA-EXTENDED TARGET DNA TERNARY 

COMPLEX [247] 
5UDZ HUMAN LIN28A IN COMPLEX WITH LET-7F-1 MICRORNA PRE-ELEMENT [248] 
5V1K STRUCTURE OF R-GNA DODECAMER [249] 
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5V3F CO-CRYSTAL STRUCTURE OF THE FLUOROGENIC RNA MANGO [250] 
5VCI RNA HAIRPIN STRUCTURE CONTAINING TETRALOOP/RECEPTOR MOTIF, 

COMPLEXED WITH 2-MEIMPG ANALOGUE [251] 

5WTI CRYSTAL STRUCTURE OF THE CRISPR-ASSOCIATED PROTEIN IN COMPLEX WITH 
CRRNA AND DNA [252] 

5X2G CRYSTAL STRUCTURE OF CAMPYLOBACTER JEJUNI CAS9 IN COMPLEX WITH SGRNA 
AND TARGET DNA (AGAAACC PAM) [253] 

5Y58 CRYSTAL STRUCTURE OF KU70/80 AND TLC1 [254] 
6D3P CRYSTAL STRUCTURE OF AN EXORIBONUCLEASE-RESISTANT RNA FROM SWEET 

CLOVER NECROTIC MOSAIC VIRUS (SCNMV) [255] 
   

 mRNA  
2HW8 STRUCTURE OF RIBOSOMAL PROTEIN L1-MRNA COMPLEX AT 2.1 RESOLUTION. [256] 
3P6Y CF IM25-CF IM68-UGUAA COMPLEX [*] 
5M0I CRYSTAL STRUCTURE OF THE NUCLEAR COMPLEX WITH SHE2P AND THE ASH1 

MRNA E3-LOCALIZATION ELEMENT [257] 
   

 Signal recognition particle RNA  
1L9A CRYSTAL STRUCTURE OF SRP19 IN COMPLEX WITH THE S DOMAIN OF SIGNAL 

RECOGNITION PARTICLE RNA [258] 
3LQX SRP RIBONUCLEOPROTEIN CORE COMPLEXED WITH COBALT HEXAMMINE [259] 
3NDB CRYSTAL STRUCTURE OF A SIGNAL SEQUENCE BOUND TO THE SIGNAL 

RECOGNITION PARTICLE [260] 

4C7O THE STRUCTURAL BASIS OF FTSY RECRUITMENT AND GTPASE ACTIVATION BY SRP 
RNA [261] 

4WFL STRUCTURE OF THE COMPLETE BACTERIAL SRP ALU DOMAIN [262] 
4ZT0 CRYSTAL STRUCTURE OF CATALYTICALLY-ACTIVE STREPTOCOCCUS PYOGENES 

CAS9 IN COMPLEX WITH SINGLE-GUIDE RNA AT 2.9 ANGSTROM RESOLUTION [263] 
   

 Single-stranded RNA  
1Q96 CRYSTAL STRUCTURE OF A MUTANT OF THE SARCIN/RICIN DOMAIN FROM RAT 

28S RRNA [264] 

1RLG MOLECULAR BASIS OF BOX C/D RNA-PROTEIN INTERACTION: CO-CRYSTAL 
STRUCTURE OF THE ARCHAEAL SRNP INTIATION COMPLEX [265] 

361D CRYSTAL STRUCTURE OF DOMAIN E OF THERMUS FLAVUS 5S RRNA: A HELICAL 
RNA-STRUCTURE INCLUDING A TETRALOOP [266] 

3G9Y CRYSTAL STRUCTURE OF THE SECOND ZINC FINGER FROM ZRANB2/ZNF265 
BOUND TO 6 NT SSRNA SEQUENCE AGGUAA [267] 

3MDG CRYSTAL STRUCTURE OF THE 25KDA SUBUNIT OF HUMAN CLEAVAGE FACTOR IM 
IN COMPLEX WITH RNA UUGUAU [268] 

3MDI CRYSTAL STRUCTURE OF THE 25KDA SUBUNIT OF HUMAN CLEAVAGE FACTOR IM 
IN COMPLEX WITH RNA UGUAAA [269] 

3SIU STRUCTURE OF A HPRP31-15.5K-U4ATAC 5' STEM LOOP COMPLEX, MONOMERIC 
FORM [270] 

   
 Small nuclear RNA  

1E7K CRYSTAL STRUCTURE OF THE SPLICEOSOMAL 15.5KD PROTEIN BOUND TO A U4 
SNRNA FRAGMENT [271] 

6ASO STRUCTURE OF YEAST U6 SNRNP WITH 3'-PHOSPHATE TERMINATED U6 RNA [272] 
   
 Telomerase RNA  

4O26 CRYSTAL STRUCTURE OF THE TRBD DOMAIN OF TERT AND THE CR4/5 OF TR [273] 
   
 Triplex RNA  

3P22 CRYSTAL STRUCTURE OF THE ENE, A VIRAL RNA STABILITY ELEMENT, IN COMPLEX 
WITH A9 RNA [274] 

   
 Quadruplex RNA  

6C63 CRYSTAL STRUCTURE OF THE MANGO-II FLUORESCENT APTAMER BOUND TO TO1-
BIOTIN [275] 

6C65 CRYSTAL STRUCTURE OF THE MANGO-II-A22U FLUORESCENT APTAMER BOUND TO 
TO1-BIOTIN [276] 
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 Viral RNA  

1L2X ATOMIC RESOLUTION CRYSTAL STRUCTURE OF A VIRAL RNA PSEUDOKNOT [277] 

1U1Y 
CRYSTAL STRUCTURE OF A COMPLEX BETWEEN WT BACTERIOPHAGE MS2 COAT 
PROTEIN AND AN F5 APTAMER RNA STEMLOOP WITH 2AMINOPURINE 
SUBSTITUTED AT THE-10 POSITION 

[278] 

5MSF MS2 PROTEIN CAPSID/RNA COMPLEX [279] 
5O7H STRUCTURE OF THE CASCADE-I-FV COMPLEX FROM SHEWANELLA PUTREFACIENS [280] 

   
 Viral fragement  

1XJR THE STRUCTURE OF A RIGOROUSLY CONSERVED RNA ELEMENT WITHIN THE SARS 
VIRUS GENOME [281] 

4PQV CRYSTAL STRUCTURE OF AN XRN1-RESISTANT RNA FROM THE 3' UNTRANSLATED 
REGION OF A FLAVIVIRUS (MURRAY VALLEY ENCEPHALITIS VIRUS) [282] 

5TPY CRYSTAL STRUCTURE OF AN EXONUCLEASE RESISTANT RNA FROM ZIKA VIRUS [283] 
6D3P CRYSTAL STRUCTURE OF AN EXORIBONUCLEASE-RESISTANT RNA FROM SWEET 

CLOVER NECROTIC MOSAIC VIRUS (SCNMV) [284] 
   
 Non-coding RNA  

2XD0 A PROCESSED NON-CODING RNA REGULATES A BACTERIAL ANTIVIRAL SYSTEM [285] 
2XDB A PROCESSED NON-CODING RNA REGULATES A BACTERIAL ANTIVIRAL SYSTEM [286] 
4ATO NEW INSIGHTS INTO THE MECHANISM OF BACTERIAL TYPE III TOXIN-ANTITOXIN 

SYSTEMS: SELECTIVE TOXIN INHIBITION BY A NON-CODING RNA PSEUDOKNOT [287] 
   
 Other RNA types  

2XLK CRYSTAL STRUCTURE OF THE CSY4-CRRNA COMPLEX, ORTHORHOMBIC FORM [288] 
4LGT CRYSTAL STRUCTURE OF THE CATALYTIC DOMAIN OF RLUB IN COMPLEX WITH A 

21-NUCLEOTIDE RNA SUBSTRATE [289] 

4RMO CRYSTAL STRUCTURE OF THE CPTIN TYPE III TOXIN-ANTITOXIN SYSTEM FROM 
EUBACTERIUM RECTALE [290] 

5L2L NAB2 ZN FINGERS 5-7 BOUND TO A11G RNA [291] 
5LYS THE CRYSTAL STRUCTURE OF 7SK 5'-HAIRPIN - GOLD DERIVATIVE [292] 

5WWE CRYSTAL STRUCTURE OF HNRNPA2B1 IN COMPLEX WITH RNA [293] 
5XTM CRYSTAL STRUCTURE OF PHORPP38 BOUND TO A K-TURN IN P12.2 HELIX [294] 

	 	 	
†PDB_ID refers to the structural identification code used in the Protein Data Bank.1  
‡Classifications taken from the Protein Data Bank1 and Nucleic Acid Database.2 The following structures, which 

belong to two categories, are listed twice: 3EGZ, 3Q50, 3V7E, 4FEN, 4FRG, 4L81, 4M4O, 4O26, 4RZD, 4TS2, 4XWF, 
4Y1J, 4Y1M, 4YAZ, 5DDP, 5FJC, 5KPY, 5T83, 6C63, 6C65, 6D3P. 
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Table S2. Identities and structural features of selected G⋅A base pairs. 
 

This table — found in the accompanying MS Excel document of the same name — includes 
Protein Data Bank and DSSR identifiers of the guanine and adenine that comprise the 3256 G⋅A 
base pairs in this survey, the six rigid-body parameters describing the spatial arrangement of 
each G⋅A pair, the secondary structural context of the individual bases, the identities and 
lengths of the hydrogen bonds stabilizing each pair, and relevant literature references.  
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Table S3. Pairing Motifs and Identifiers of Illustrated G⋅A Pairs. 
 
Images in main text 

 
 

Figure Motif PDB_ID Chain ID Base ID 
2a m–M 2z75 B⋅B G114⋅⋅⋅A117 
2b W–W 4y4o A⋅A G629⋅⋅⋅A611 
2c m+m 2hw8 H⋅H G13⋅⋅⋅A28 
2d m–m 4qlm A⋅A G68⋅⋅⋅A45 
2e m+W 1yfg A⋅A G57⋅⋅⋅A20 
2f m–W 5ngm AA⋅AA G457⋅⋅⋅A435 
     

5a m–WII 5fjc A⋅A G30⋅⋅⋅A61 
 m–MI 1dfu M⋅N G98⋅⋅⋅A78 

5b W–W 4v88 A6⋅A6 G816⋅⋅⋅A855 
 m–WI 3jcs 2⋅2 G1435⋅⋅⋅A1438 

5c W–M 1g1x I⋅I G591⋅⋅⋅A594 
 m–MII 4y4o A⋅A G1077⋅⋅⋅A1080 

5d m–m 5j7l BA⋅BA G102⋅⋅⋅A151 
 m–WI 5j7l BA⋅BA G113⋅⋅⋅A353 
     

6a m–M 5j7l DA⋅DA G2857⋅⋅⋅A2860 
 m+m 5j7l DA⋅DA G1750⋅⋅⋅A2860 
 WC 5j7l DA⋅DA G1750⋅⋅⋅C1708 

6b m–M 5j7l DA⋅DA G2890⋅⋅⋅A2810 
 m+m 5j7l DA⋅DA G2631⋅⋅⋅A2810 
 WC 5j7l DA⋅DA G2631⋅⋅⋅C2787 

6c m–M 5j7l DA⋅DA G2595⋅⋅⋅A2598 
 m+W 5j7l DA⋅DA G2436⋅⋅⋅A2598 
 WC 5j7l DA⋅DA G2436⋅⋅⋅C2073 
 Hoogsteen 5j7l DA⋅DA G2436⋅⋅⋅U2245 

6d m–M 5j7l	 DA⋅DA G585⋅⋅⋅A1254 
 m–m 5j7l	 DA⋅DA	 G808⋅⋅⋅A1254 
 WC 5j7l	 DA⋅DA	 G808⋅⋅⋅C672 

6e m–M 5j7l	 DA⋅DA	 G733⋅⋅⋅A699 
 m–W 5j7l	 DA⋅DA	 G1633⋅⋅⋅A699 

6f WC 5j7l	 DA⋅DA	 G319⋅⋅⋅C323 
 m–W 5j7l	 DA⋅DA	 G319⋅⋅⋅A299 
 .–M 5j7l	 DA⋅DA	 G338⋅⋅⋅A299 
 m–M 5j7l	 DA⋅DA	 G338⋅⋅⋅A324 
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Table S3. Pairing Motifs and Identifiers of Illustrated G⋅A Pairs – continued. 
 
Images in supplementary materials 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure Motif PDB_ID Chain ID Base ID 
S4a m–m 4y4o A⋅A G113⋅⋅⋅A353 

 m–WI 4y4o	 A⋅A G430⋅⋅⋅A262 
 m–WII 4y4o	 A⋅A G391⋅⋅⋅A373 
 m–M 4y4o	 A⋅A G297⋅⋅⋅A300 

S4b m+m 4v88	 A6⋅A6 G386⋅⋅⋅A425 
 m+WI 4v88	 A5⋅A5	 G2134⋅⋅⋅A913 
 m+WII 4v88	 A5⋅A5 G616⋅⋅⋅A3274 
 m+M 4v88 A5⋅A5 G2261⋅⋅⋅A2262 
 W+W 4v88	 A5⋅A5 G2645⋅⋅⋅A1047 
 W+M 4v88	 A5⋅A5	 G2677⋅⋅⋅A2680 
 M+M 4y4o	 A⋅A	 G428⋅⋅⋅A415 
 M+W 4v88	 A5⋅A5	 G518⋅⋅⋅A572 

S7 m–M 3f2q X⋅X G19⋅⋅⋅A90 
     

S10a m–M 5j7l BA⋅BA G357⋅⋅⋅A55 
S10b m–WII 4v88 A2⋅A2 G461⋅⋅⋅A446 
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Figure S1. (a) Block depictions of the rigid-body parameters used to describe the spatial 
arrangements of noncanonical G⋅A base pairs, here displaying positive values of each 
parameter.3 The illustrated reference frames are the average or mid frames between the frames 
of the individual bases. (b) Base reference frames are constructed such that the positive x-axis 
points away from the minor-groove (thickened/shaded) edge of the base or associated block 
and the positive y-axis away from the Watson-Crick edge.4 Major-groove atoms with positive 
values of x are highlighted by the finely dotted lines. Left: antiparallel m–M arrangement of G 
and A with opposing (gray vs. white) faces and directions of base coordinate frames. Right: 
parallel m+M arrangement with base-pair faces and coordinate frames of the same sense. Black 
dots on bases and darkened corners on blocks denote the C1´atoms on the attached sugars. Thin 
dashed lines show hydrogen bonding. 
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Figure S2.  Simple secondary structural diagrams of the three-dimensional motifs incorporating 
the different modes of G⋅A base paring shown in Figure 2. Images are constructed using the 
DSSR-generated dot-bracket representation of the corresponding nucleotides5 within the force-
directed rna (forna) visualization software.6 The guanine and adenine in each example are 
denoted by residue number and connected by a dashed line color-coded by the G⋅A pairing 
mode used in Figures 1, 2. Canonical Watson-Crick (A–U, G–C) and wobble (G–U) pairs are 
connected by pink bars and the sugar-phosphate backbones of successive nucleotides are 
represented by light gray bars. RNA stems, hairpin loops, internal loops (or bulges), and 
junctions are depicted respectively in green, blue, beige, and magenta. 
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Figure S3. Scatter plots of the rigid-body components — Stagger, Buckle, Propeller — that 
contribute to G⋅A non-planarity in RNA-containing crystal structures. Smooth curves on the 
edges of the scatter plots (Buckle-Stagger at left, Buckle-Propeller at right) are the normalized 
densities of individual parameters. Images in top row correspond to antiparallel (G–A) 
arrangements of the two bases and those in the lower row to parallel (G+A) arrangements. 
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Figure S4. Molecular images illustrating the hydrogen bonds (dashed lines) that link different 
modes of G⋅A pairing: (a) the O2´-anchored pathway connecting m–m, m–WI, m–WII, m–MI 
states found in the complex of the Thermus thermophilus 70S ribosome with the hibernation 
factor pY;7 (b) the three-way connection between m+m, m+WI, m+M and W+W, W+M, M+M, 
M+W arrangements of G and A states via the m+WII form found in the aforementioned 
structure7 and in the 80S Saccharomyces cerevisiae ribosome.8 See Table S3 for respective Protein 
Data Bank identifiers, chain names, and residue numbers of depicted G⋅A pairs. G⋅A color-
coding matches that in Figures 1 and 2. 
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Figure S5. (a) Scatter plots of Shear and Opening in antiparallel G–A base pairs color-coded by 
hydrogen bonding. Individual images show the arrangements of bases that accommodate each 
of 16 types of hydrogen bonding (gold points). Comparison of the images with the 
corresponding plots in Figure 3 reveals the patterns of atomic interactions preserved in related 
pairing modes, e.g., the G(O6)⋅⋅⋅A(N6) donor-acceptor pairs highlighted in the second scatter 
plot in the second row of the grid coincide with G⋅A pairs labeled W–W, M–W, M–M in 
Figure 3. Histograms on the edges of the scatter plots depict the spread of hydrogen bonding 
(gold bars) along individual components. Counts reported on a logarithmic scale. 
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Figure S5. (b) Scatter plots of Shear and Stretch in parallel G+A base pairs color-coded by 
hydrogen bonding. Individual images show the arrangements of bases that accommodate each 
of 16 types of hydrogen bonding (gold points). Comparison of the images with the 
corresponding plots in Figure 3 reveals the patterns of atomic interactions preserved in related 
pairing modes (see example in the legend to Figure 4a). Histograms on the edges of the scatter 
plots depict the spread of hydrogen bonding (gold bars) along individual components. Counts 
reported on a logarithmic scale. 
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Figure S6. (a) Scatter plots of Shear and Opening in antiparallel G–A base pairs color-coded by 
secondary structural context. Individual images show the arrangements of bases found in each 
of 16 combinations of secondary structural elements (gold, red points). Comparison of the 
images with the corresponding plots in Figure 3 reveals the preferred higher-order organization 
of the different pairing modes. Points labeled in terms of the secondary structural context of 
guanine followed by that of adenine: blg – bulge loop; hpn – hairpin loop; int – internal loop; 
jct – junction loop; stm – canonical double-helical stem. Signs designate whether the base pair 
occurs in the same (=) or a different (≠) structural element, e.g., hpn≠hpn denotes a pair linking 
the G and A in different hairpin loops. 
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Figure S6. (b) Scatter plots of Shear and Stretch in parallel G+A base pairs color-coded by 
secondary structural context. Individual images show the arrangements of bases found in each 
of 16 combinations of secondary structural elements (gold, red points). Comparison of the 
images with the corresponding plots in Figure 3 reveals the preferred higher-order organization 
of the different pairing modes. Points labeled in terms of the secondary structural context of 
guanine followed by that of adenine: blg – bulge loop; hpn – hairpin loop; int – internal loop; 
jct – junction loop; stm – canonical double-helical stem. Signs designate whether the base pair 
occurs in the same (=) or a different (≠) structural element, e.g., hpn≠hpn denotes a pair linking 
the G and A in different hairpin loops. 
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Figure S7. Molecular image (left) and simple secondary structural diagram (right) of an 
unusual m–M sheared G⋅A pair linking a guanine and an adenine in different hairpin loops of 
the flavin mononucleotide riboswitch.9 The adenine forms an intercalating interaction with the 
nucleotides in the associated G-containing loop along the lines of the long-range tertiary 
interactions predicted by Jaeger et al.10 See Table S3 for the Protein Data Bank identifier, chain 
names, and residue numbers of the illustrated pair and Figure S2 for further details of the 
secondary structural diagram. G⋅A color-coding matches that in Figures 1, 2. 
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Figure S8. Simple secondary structural diagrams of the three-dimensional motifs incorporating 
the G⋅A-mediated multiplets shown in Figure 6. Images are constructed using the DSSR-
generated dot-bracket representation of the corresponding nucleotides5 within the force-
directed rna (forna) visualization software.6 The paired guanines and adenines are denoted by 
residue number and connected by dashed lines. The sheared m–M pair common to all examples 
is denoted by the double-dashed line. See Figure S2 for further details of the secondary 
structural diagrams. 
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Figure S9. Visual comparison of the relative deformability of the bases comprised in the major 
G⋅A pairing schemes. The superimposed stick images are generated with 3DNA11 using the 
observed rigid-body parameters of 50 representative examples and expressing the atomic 
coordinates in the middle frame of each base pair. Composite images are arranged in a top-
down view perpendicular to the mean xy planes. Base pairs are color-coded as in Figures 1, 2 
with minor (II) substates of m±W and m–M pairs denoted by lighter hues. 
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Figure S10. Molecular images (left) and simple secondary structural diagrams (right) illustrating 
overall changes in RNA spatial organization that accompany small changes in G⋅A base-pair 
association. (a) Single flipped-out adenine forming a sheared m–MI pair with the guanine on the 
opposing side of a one-nucleotide bulge in the complex of tetracycline with the U1052G-muted 
70S Escherichia coli ribosome;12 (b) adenine at the 3´-terminus of a three-nucleotide bulge 
associated via m–WII pairing with a similarly opposed guanine in the 80S Saccharomyces 
cerevisiae ribosome.8 See Table S3 for respective Protein Data Bank identifiers and chain names 
of the depicted pairs and Figure S2 for further details of the secondary structural diagrams. G⋅A 
color-coding matches that in Figures 1, 2. 
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