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SUPPLEMENTARY METHODS

In vitro aminoacylation and acidic PAGE

In vitro aminoacylation of 15 pmol tRNA was performed according to the protocol from
(Ledoux and Uhlenbeck, 2008). tRNAs were aminoacylated employing recombinant GlyRS (NEB,
P08227). The aminoacylation was performed at 37°C for 10 minutes and the reaction was
stopped by adding 1x reaction volume of acidic sample buffer containing 0.1 M NaOAc (pH
5.2), 8 M urea, 0,05% bromophenol blue (adapted from Kohrer and RajBhandary, 2008).
Samples were run on a 6.5% polyacrylamide (19:1), 8 M urea, 0.1 M NaOAc (pH 5.2) gel using
0.1 M NaoAC (pH 5.2) running buffer at 4°C for 20 hours at 100 V. Gel was stained with ethidium

bromide and imaged by using Molecular Imager® Gel Doc™ XR Imaging System (Biorad).

Melting curve measurements of tRNAs

UV melting analysis

tRNA samples were dried in a concentrator and dissolved in 800 pl buffer (10 mM Na2HPO4,
150 mM NaCl, pH 7.0, containing 0 mM or 2.0 mM MgCl2), transferred into UV permeable high
precision cells made of quartz SUPRASIL® with a light path of 10 mm and layered with
polydimethylsiloxane to avoid evaporation. UV melting profiles were recorded at 250 and
260 nm on an Agilent Cary 3500 UV-Vis spectrophotometer equipped with a multiple cell
holder and a Peltier temperature control device. Each tRNA was measured at the 0.5 pM
concentration and with at least four ramps (heating-cooling-heating-cooling; 0.7 °C
min-1 heating/cooling rate; temperature scope from 5 °C to 90 °C). Melting profiles were

determined according to the absorbance data from the third ramp (cooling).

NMR melting analysis

Enzymatic RNA synthesis: For in vitro transcription of each tRNA studied by NMR
spectroscopy, 0.0011T mM DNA template and 0.0010 mM T7 promotor strand were annealed
at 90°C. A tenth of the desired reaction volume 10x transcription buffer (1 M Tris-glutamate,

20 mM spermidine, pH 8.2), 20 mM DTT, 4 mM of each rNTP, 25 mM MgCl,, 10% (v/v)



dimethylsulfoxide and 0.15 mM T7 RNA polymerase (expressed in-house) were added and
incubated overnight at 37°C. The precipitated magnesium salts were dissolved by addition of
1.5 eq. EDTA (0.5 M, pH 8.0) in relation to the Mg?* concentration. A tenth of the volume of a
sodium acetate solution (3 M, pH 5.6) was added to adjust the pH of the solution. The crude
RNA was sterile filtered (0.22 um) and directly applied to an inhouse packed desalting column
(Interchim puriflash L x 1.D. 150 mm x 60 mm, Sephadex™ G-25 Fine, cytiva, Austria) using a
AKTA start system (GE Healthcare, Austria). It was eluted using HPLC grade water and the RNA
containing fractions (UV detection at 254 nm) were collected in a 100 ml round bottom flask.
After evaporation, the crude RNA was dissolved in 1 ml HPLC grade water and transferred to a
1.5 ml reaction tube. The crude RNA was stored at -20°C. The quality of the crude RNAs was
checked via anion exchange chromatography on an analytical Dionex DNAPac PA-200 column
(4x250 mm; Eluent A: 25 mM Tris-HCl, 10 mM sodium perchlorate, 20 % acetonitrile, pH 8.0;
Eluent B: 25 mM Tris-HCIl, 600 mM sodium perchlorate, 20 % acetonitrile, pH 8.0) and at
elevated temperature (80 °C). Purification of the RNA sequences was achieved in a single run
by applying the crude RNA to a preparative Dionex DNAPac PA-200 column (22x250 mm,
eluents as before). The fractions containing the desired RNA were pooled and loaded on a C18
SepPak catridge (Waters, Austria) to remove HPLC buffer salts. The RNA sodium salt form was
then eluted from the C18 column with water/acetonitrile (1/1, v/v), concentrated and
transferred to a 1.5 ml reaction tube for concentration determination and mass spectrometric
analysis. Sample concentrations were determined by measuring UV absorption at 260 nm on a

NanoPhotometer (Implen).

LC-ESI mass spectrometry: All RNAs were analyzed on Finnigan LCQ Advantage MAX ion trap
instrumentation connected to a Thermo Scientific UHPLC (components: Ultimate 3000 RS
Pump, Ultimate 3000 RS Autosampler, Ultimate 3000 RS Column Compartment, Ultimate 3000
Diode Array Detector). RNA mass spectra were acquired in the negative-ion mode with a
potential of -4 kV applied to the spray needle (capillary temperature: 270°C, capillary voltage:
-23V). LC: 250 pmol RNA dissolved in 30 pl of 20 mM ethylenediaminetetraacetic acid (EDTA)
solution; average injection volume: 30 pl; column: Waters xBridge C18 2.5um column (1.0 x 50
mm) at 30°C; flow rate: 100 pl/min; Eluent A: 8.6 mM triethylamine (TEA), 100 mM 1,1,1,3,3,3-
hexafluoroisopropanol in H20 (pH 8.0); Eluent B: methanol; gradient: 0-100% B in A within 30
min; UV detection at 260/280 nm. The correct assembly of all RNAs used in this study was

confirmed by the mass data.



NMR spectroscopy: RNA samples were lyophilized as sodium salts and dissolved in 450 pL
NMR buffer (15 mM sodium phosphate, 25 mM NaCl, 0.1% NaNs, pH 6.5, 10 % D,O) and
transferred into standard 5 mm NMR tubes giving sample concentrations between 111 yM and
278 uM. Correct folding was induced by a heat shock snap cooling procedure by heating the
RNA to 90 °C for 2 minutes followed by rapid cooling in an ice water bath and addition of

MgCI2 to a final concentration of 10 mM.

Experiments were run at 288 K, 298 K, 308 K, 318 K, 328 K, 333 K, 338 K, 434 K, 348 K, 353 K,
358 K. All NMR experiments were acquired on a Bruker 700 MHz Avance Neo NMR equipped
with a Prodigy TCI probe.

All datasets were processed with Topspin 4.2.0 (Bruker Biospin).



SUPPLEMENTARY FIGURES

E. coli

GCGGGAAU. GUUGGU. CGACCUUGCCAAGGUCGGG CGAG CCCGCucCcCA
GCGGGAA GDDGGD . CGACCUUGCCAAGGUCGGG TPCGAG CCCGCUuCCA
GCGGGCGU U.GGU. GAGAGCUUCCCAAGCUCUAU = CGAU ICGCCCGCUCCA

GCGGGCG4 U.GGD. GAGAGCUUCCCAAGCUCUAU = TPCGAU ICGCCCGCUCCA
GCGGGCAUC U.GGCU. CUCAGCCUUCCAAGCUGAUG . CGA! GCCCGCUCCA

GCGGGCAUC U.GGCU. CUCAGCCU { CCAAGCUGAUG . TPCGAU GCCCGCUCCA

Micrococcus luteus (high G/C content > 75%)
GCGGAUGUI GUUGGCU. GCCACCUUGCCAAGGUGGAG
GCGGAUGU GUUGGCU. GCCACCUUGCCAAGGUGGAG
GCGGGCGU U.GGU GCUUGCUUCCCAAGCAAGAU % CGCCCGCUCCA
GGGGAUGU. U.GGU CCCAGUCUUCCAAACUGGCU. .. .o v vv v A. CGAU ICAUCCCCU. . .

CAUCCGCUCCA

ICAUCCGCU. . .

M. pneumoniae (intermediate G/C content = 40%)

GCAGAUAU U.GGC. UAACCUUGCCAAGGUUAAG. « v v v v vu .. A. CGAU JAUCUGCUCCA
GCGAGUAU GU.GGU. UCAGCCUUCCAAGEUGAUC. ......... G. CGAU JACUCGCUCCA
Mycoplasma genitalium (low G/C content > 25%)

GCAGAUAU; U.GGU. UAACCUUGCCAAGGUUAAG. . .« v v vu .. A. CGAU JAUCUGCUCCA
GCGAGUAU; U.GGU. UCAGCCUUCCAAGCUGAUC. ......... G. CGAU JACUCGCUCCA

M. mycoides (lowest G/C content = 24%)

GCAGGUGU. U.GGC. ICAGCCUUCCAAGCUGAUU. ......... G. CGAU ICACCUGCUCCA
GCAGGUG4 U.GGC. GCCUUCC=AGCUGAUU. ......... G. TPCGAU ICACCUGCUCCA
M. capricolum (lowest G/C content = 24%)

GCAGGUGU. U.GGU. UCAGCCUUCCAAGCUGAUU. ......... G. CGAU CACCUGCUCCA
GCAGGUG4 U.GGD. 2 UUCC=AGCUGAUU. ......... G. PCGAU CACCUGCUCCA

Figure S1. Alignment of tRNA®Y sequences of bacteria with different genomic GC content.
tRNA sequences are provided without modifications extracted from GtRNAdb (Chan and Lowe,
2016) and duplicated with tRNA modifications available in MODOMICS (Boccaletto et al., 2022).
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Figure S2. The role of 4-thiouridine (s*U) at tRNA position 8 in stacking and stabilization. The
4-thio group of the s*U stacks with the nucleotide at position 13 and base pairs via W/C or
Hoogsteen base pairing with nucleotide at position 14. The depicted structure was extracted
from tRNA™" within the P-site of a 70S ribosome (4WZD) (Rozov et al., 2015) using PyMOL.
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Figure S3. Splinted ligation of tRNAs and in vitro translation assay. Upper panels show
differently modified RNA oligonucleotides, which are ligated with the aid of a DNA splinter and
T4 DNA ligase to generate site-specifically modified tRNAs. Lower left panel depicts the in vitro
translation assay in presence of [**S]-methionine to translate a small mRNA encoded on a
plasmid into an approximately 1.7 kDa peptide. Lower right panel shows the in vitro translation
assay of a firefly luciferase gene by the use of tRNA®Y depleted E. coli tRNA bulk.



fLuc coding sequence (550 codons + stop codon):

ATG GAA GAC GCC AAA AAC ATA AAG AAA GGC CCG GCG CCATTC TAT CCG CTG
GAA GAT GGA ACC GCT GGA GAG CAA CTG CAT AAG GCT ATG AAG AGA TAC GCC
CTGGTT CCT GGAACAATT GCT TTT ACA GAT GCA CAT ATC GAG GTG GAC ATC ACT
TAC GCT GAG TAC TTC GAA ATG TCC GTT CGG TTG GCA GAA GCT ATG AAA CGA
TAT GGG CTG AAT ACA AAT CAC AGA ATC GTC GTATGC AGT GAAAAC TCT CTT CAA
TTC TTT ATG CCG GTG TTG GGC GCG TTATTT ATC GGA GTT GCA GTT GCG CCC
GCG AAC GAC ATT TAT AAT GAACGT GAATTG CTC AAC AGT ATG GGC ATT TCG CAG
CCTACCGTGGTGTTC GTT TCC AAAAAG GGG TTG CAAAAAATT TTG AAC GTG CAA
AAA AAG CTC CCA ATC ATC CAA AAA ATT ATT ATC ATG GAT TCT AAA ACG GAT TAC
CAGGGATTT CAGTCGATG TACACGTTC GTCACATCT CATCTACCTCCCGGTTTT
AAT GAATACGATTTT GTG CCA GAG TCC TTC GAT AGG GAC AAG ACAATT GCACTG
ATCATGAACTCCTCT GGATCT ACT GGT CTG CCT AAAGGT GTC GCT CTG CCT CAT
AGAACT GCCTGC GTGAGATTC TCG CAT GCC AGA GAT CCTATT TTT GGC AAT CAA
ATC ATT CCG GAT ACT GCG ATT TTAAGT GTT GTT CCATTC CAT CACGGTTTT GGA
ATGTTT ACT ACACTC GGATAT TTGATATGT GGATTT CGA GTC GTC TTAATG TAT
AGATTT GAAGAAGAGCTGTTT CTG AGG AGC CTT CAG GAT TAC AAG ATT CAAAGT
GCGCTGCTGGTGCCAACCCTATTCTCCTTCTTC GCC AAAAGCACT CTG ATT GAC
AAA TAC GAT TTATCT AAT TTA CAC GAA ATT GCT TCT GGT GGC GCT CCC CTC TCT
AAG GAA GTC GGG GAA GCG GTT GCC AAG AGG TTC CAT CTG CCA GGT ATC AGG
CAA GGA TAT GGG CTC ACT GAG ACT ACA TCA GCT ATT CTG ATT ACA CCC GAG
GGG GAT GAT AAA CCG GGC GCG GTC GGT AAA GTT GTT CCATTT TTT GAA GCG
AAG GTT GTG GAT CTG GAT ACC GGG AAA ACG CTG GGC GTT AAT CAA AGA GGC
GAACTG TGT GTG AGA GGT CCT ATG ATT ATG TCC GGT TAT GTA AAC AAT CCG GAA
GCG ACC AAC GCC TTG ATT GAC AAG GAT GGA TGG CTA CAT TCT GGA GAC ATA
GCT TAC TGG GAC GAA GAC GAA CAC TTC TTC ATC GTT GAC CGC CTG AAG TCT
CTG ATT AAG TAC AAAGGC TAT CAG GTG GCT CCC GCTGAATTG GAATCCATCTTG
CTC CAA CAC CCC AAC ATC TTC GAC GCA GGT GTC GCA GGT CTT CCC GAC GAT
GAC GCC GGT GAA CTT CCC GCC GCC GTT GTT GTT TTG GAG CAC GGA AAG ACG
ATG ACG GAA AAA GAG ATC GTG GAT TAC GTC GCC AGT CAA GTA ACA ACC GCG
AAA AAG TTG CGC GGA GGA GTT GTG TTT GTG GAC GAA GTA CCG AAA GGT CTT
ACC GGA AAA CTC GAC GCA AGA AAA ATC AGA GAG ATC CTC ATA AAG GCC AAG
AAG GGC GGA AAG ATC GCC GTG TAA

Ala Leu H GGA

| =

= Arg = Lys = GGC
Ea Asn 3 Met B GGG
3 Asp Em Phe = GGU
mEa Cys = Pro

= Gn mEm Ser

= Glu =3 Thr

mm Gly = Tp

= His mm Tyr

e = Val

Total=550 Total=46

Figure S4. Firefly luciferase (fLuc) coding sequence (CDS) consists in 551 codons including the
stop codon. Amino acid composition of the fLuc protein is shown (glycine content highlighted
in red). The CDS encodes for 46 glycine codons (17 GGA, 10 GGC, 7 GGG, and 13 GGU codons).
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Figure S5. Depletion of tRNA®Y isoacceptors in E. coli tRNA bulk by RNase H digestion. (A)
Northern blots were performed to determine the efficiency of depleting E. coli tRNA®Y
isoacceptors. (B) Due to the abundance of the E. coli tRNA®Y GCC, the tRNA was depleted a
second time. Bulk...untreated tRNA pool, 3x dep...simultaneous digestion of the three
isoacceptors by RNase H, 2" GCC dep... additional RNase H digestion of the tRNA®Y GCC;

RFGRFGEGRFGRF

AUG AGA UUU GG c AGA UUU GG GAA(‘G G AGA UUU GGG AGA UUU UAA

G R FGEGR FG RF

AUG AGA UUU GGA AGA UuUU GA GAA GGA AGA UUU GGA AGA UUU UAA

MRF GRFGE GR FG R_F

AUG AGA UUU GGU AGA UUU GGU GAA GGU AGA UUU GGU AGA UUU UAA

Figure S6. Sequences of short MRNAs encoding for an approximately 1.7 kDa peptide encoded
by a small set of codons. The mRNAs only differ in the third nucleotide of the glycine codons
to be able to determine the decoding capability of the tested tRNAs.
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Figure S7. Aminoacylation of tRNA variants by the E. coli glycyl-tRNA synthetase (GlyRS). Acidic
PAGE of in vitro aminoaclylated tRNA transcripts: (A) E. coli tRNA®Y isoacceptors, M. mycoides
tRNA®Y UCC wild type and mutants, and (B) E. coli tRNA®Y UCC mutants. (C) Autoradiograph
subsequent in vitro translation of short MRNA encoding GGA codons by the in vitro transcribed
E. coli tRNASY UCC mutants.
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Figure S8. Impact of the C32U mutation on superwobbling. Mutant and wild type (wt) M.
mycoides tRNA®Y UCC were compared in their ability to sustain fLuc translation in absence of
the native E. coli tRNA isoacceptors (3x depletion). Datapoints represent technical duplicates
of individual experiments. The fLuc activity was normalized to the wt M. mycoides tRNA sample.
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Figure S9. Secondary structure prediction of tRNA sequences by mfold version 2.3 (Zuker,
2003). (A) Structural prediction of E. coli tRNA®Y UCC. In the structure at the right, the AA- and
T-stems are correctly predicted but not the other two stems. (B) Structural prediction of M.
mycoides tRNA®Y UCC. The first predicted fold presents all stems correctly except for the
additional base pair at the beginning of the D-stem. Except for one, all the other predictions
have the correct AA- and T-stems. The predicted structures provided by the software are shown

in decreasing AG values.
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Figure S10. UV melting profile analyses of (A, C, E) E. coli tRNA®Y(UCC) and (B, D, F) M. mycoides
tRNASY(UCC) in the absence and in the presence of Mg?* ions. For each tRNA an absorbance
(top), hyperchromicity (middle) and its derivative (bottom) were plotted as a function of
temperature. The plots indicate that the presence of 2 mM MgCl, increase the folded states of
the tRNAs. The plots E and F show a difference between E. coli and M. mycoides tRNAs In
absence of MgCl,, the E. coli tRNA has at least two states that merge together in presence of
MgCl,; while the M. mycoides tRNA presents a broad peak in absence of MgCl; that sharpen in
presence of MgCl,.
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Figure S11. NMR melting analysis of unmodified tRNA®Y UCC transcripts in presence of 10
mM Mg?* ions. (A) Normalized integral of the NMR imino spectrum of E. coli (blue) and M.
mycoides (red) tRNA®Y UCC wild type sequences. (B) E. coli and (C) M. mycoides wild type tRNA
sequence (solid line) and tRNA with exchanged T-arm (dashed line) were compared.



Supplementary Table S1. tRNA gene sequences were obtained from tRNA Leipzig Database (Juhling et al., 2009). Primer for PCR
amplification are provided with their annealing temperature.

tRNA organism |primer sequence annealing |Database tRNA gene sequence
template temp. ID
GGATCCTAATACGACTCACTATAGCGCCC
TTAGCTCAGTTGGATAGAGCAACG GCGCCCTTAGCTCAGTTGG
. R tdbD00002 |ATAGAGCAACGACCTICTAA
tRNA™® UCU [E. coll mUMGGCGCGCCCTGCAGGATTCGAACCT |°9°C 451 GTCGTGGGCCGCAGGTTCG
GCGGCCCACGACTTAGAAGGTCGTTGCTC AATCCTGCAGGGCGCGCCA
TATCCAACTG
GGATCCTAATACGACTCACTATAGCGGGC
GTAGTTCAATGGTAGAACGAGAGCTTCCC GCGGGCGTAGTTCAATGGT
RNASY ccc |E. col AAGCTCTATACG 67°C tdbD00000 |AGAACGAGAGCTTCCCAAG
MUMGGAGCGGGCGAAGGGAATCGAACCC 839 CTCTATACGAGGGTTCGATT
TCGTATAGAGCTTGGGAAGCTCTCG CCCTTCGCCCGCTCCA
GGATCCTAATACGACTCACTATAGCGGGA
ATAGCTCAGTTGGTAGAGCACGACC GCGGGAATAGCTCAGTTGG
RNASY geclE. coli 60°C tdbD00000 |TAGAGCACGACCTTGCCAA
MUMGGAGCGGGAAACGAGACTCGAACTC 838 GGTCGGGGTCGCGAGTTCG
GCGACCCCGACCTTGGCAAGGTCGTGCT AGTCTCGTTTCCCGCTCCA

CTACCAAC




GGATCCTAATACGACTCACTATAGCGGGC

ATCGTATAATGGCTATTACCTCAGC GCGGGCATCGTATAATGGC
RNASY Ucc |E. col 59°C tdbD00000 |TATTACCTCAGCCTTCCAAG

MUMGGAGCGGGCAGCGGGAATCGAACCC 837 CTGATGATGCGGGTTCGATT

GCATCATCAGCTTGGAAGGCTGAGGTAAT CCCGCTGCCCGCTCCA

AGCCATTATAC

GGATCCTAATACGACTCACTATACGCGGG

GTGGAGCAGCCTGGTAGCTCGTCG gg‘;fggfggT%AGGGCégTCCCATT
tRNA™e! : . tdbD00003 ===
CAU E. col MUMGGTTGCGGGGGCCGGATTTGAACCG 63°C 430 éﬁiiggggggggggggilg

ACGACCTTCGGGTTATGAGCCCGACGAGC CA

TACCAGGCT

TTCTAATACGACTCACTATAGCCCGGATAG

CTCAGTCGGTAGAGCAGGGGATTGAAA GCCCGGATAGCTCAGTCGG
tRNA"® E coll 59°C tdbD00000 |TAGAGCAGGGGATTGAAAA
GAA ' TGGTGCCCGGACTCGGAATCGAACCAAGG 686 TCCCCGTGTCCTTGGTTCGA

ACACGGGGATTTTCAATCCCCTGCTCTA TTCCGAGTCCGGGCACCA

GGATCCTAATACGACTCACTATAGCAGGT

GTAGTTTAATGGCAGAACTTCAGCCTTCCA GCAGGTGTAGTTTAATGGCA
RNASY UCe M. AGCTGATT 63°C tdbD00000 |GAACTTCAGCCTTCCAAGCT

mycoides |[MUMGGAGCAGGTGAAGGGAATCGAACCC 812 GATTGTGAGGGTTCGATTCC
TCACAATCAGCTTGGAAGGCTGAAG CTTCACCTGCTCCA




Supplementary Table S2. Sequences of antisense DNA oligonucleotides used for RNase H digestion and splinted ligation.

tRNA target |DNA sequence (5'-3')

E. coli
tRNA®Y CCC |TGGAGCGGGCGAAGGGAATCGAACCCTCGTATAGAGCTTGGGAAGCTCTCGTTCTAC

E. coli
tRNA®Y GCC |ACTCGCGACCCCGACCTTGGCAAGGTCGTGCTCTACCAACTGA

E. coli
tRNA®Y UCC |AACCCGCATCATCAGCTTGGAAGGCTGAGGTAATAGCCATTAT

M. mycoides
tRNA®Y UCC [AACCCTCACAATCAGCTTGGAAGGCTGAAGTTCTGCCATTAAA




Supplementary Table S3. Sequences of the RNA oligonucleotides harbouring the studied RNA modifications.

tRNA sequence (5'-3") mo_d ii- obtained from
cation

GCGGGCAUCGUAUAAUGGCUAUUACC - Micura lab / IDT
UCAGCCUUCCAAG - Micura lab / IDT

E. coli UCAGCCU<m5U>CCAAG m5U IDT

(RNASY UCC GCGGGCAUCGUAUAAUGGCUAUUACCUCAGCCU<nNmM5U>CCAAG nm5U Kreutz lab
GCGGGCAUCGUAUAAUGGCUAUUACCUCAGCCU<mnm5U>CCAAG mnm5U |Kreutz lab
CUGAUGAUGCGGGUUCGAUUCCCGCUGCCCGCUCCA - Micura lab / IDT
CUGAUGAUGCGGG<T><P>CGAUUCCCGCUGCCCGCUCCA T, P Kreutz lab
GCAGGUGUAGUUUAAUGGCAGAACU - IDT
GCAGGUG<s4U>AGUUUAAUGGCAGAACU s4U Micura lab

M. mycoides |[UCAGCCUUCCAAG - IDT

tRNA®Y UCC [UCAGCCUUCC<m6A>AG m6A Dharmacon
CUGAUUGUGAGGGUUCGAUUCCCUUCACCUGCUCCA - IDT
CUGAUUGUGAGGGU<P>CGAUUCCCUUCACCUGCUCCA P Dharmacon
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