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Supporting Information

Materials & Methods

Yeast and bacterial strains and human cells used in the study
Yeast strains used in this study were obtained from the EUROSCARF collection (Germany,

see Supplementary Table S1). Cells were grown in standard Yeast Extract/Peptone/Dextrose
(YPD) to 5.5-6.0 ODseno to stationary phase.

Bacterial strain E. coli DH5a used in this study is described in Supplementary Table S1. Cells
were grown in standard Luria Bertani medium to 2.5-3.0 ODggo to stationary phase.

Supplementary Table S1

N°  [Species [Name Genotype

1 S. cerevisiae |WT BY4741 |[BY4741; MATa; ura3A0; leu2A0; his3A1; met15A0

3 S. cerevisiae  |hud23A BY4742; MATo; ura3A0; leu2A0; his3A1; lys2A0; YCR047c::kanMX4

4 S. cerevisiae  |trme8Aa BY4742; MATo; ura3A0; leu2A0; his3A1; lys2A0; YDL201w::kanMX4

5 S. cerevisiae |trm82A BY4741; MATa; ura3A0; leu2A0; his3A1; met15A0; YDR165w::kanMX4

6 S. cerevisiae |trm140A BY4741; MATa; ura3A0; leu2A0; his3A1; met15A0; YOR239w::kanMX4

7 S. cerevisiae  |dusiA BY4741; MATa; ura3A0; leu2A0; met15A0; YMLO80w::kanMX4

8 S. cerevisiae  |dus2A BY4742; MATo; ura3A0; leu2A0; his3A1; lys2A0; YNRO15w::kanMX4

9 S. cerevisiae  |dus3A BY4741; MATa; ura3A0; leu2A0; his3A1; met15A0; YLR401c::kanMX4

10 |[S. cerevisiae |dus4A BY4742; MATq; ura3A0; leu2A0; his3A1; lys2A0; YLR405w::kanMX4

11 |E coli WT DH5a F- ®80lacZAM15 A(lacZYA-argF) U169 recAl endA1 hsdR17
(rK-, mK+) phoA supE44 A- thi-1 gyrA96 relAl

Human cells (HCT116 p53 +/+) were grown at 37 °C under 5% CO,. Cell growth was
monitored by direct cell counting with a Scepter (EMD Millipore, Billerica, MA, USA). The cell
lines used in this work were obtained directly from ATCC and passaged in the laboratory for
fewer than 6 months after receipt.

RNA extraction

Total RNA from yeast or bacterial cells grown to the stationary phase was isolated using hot
acid phenol extraction protocol .

Total RNA from human cells (HCT116 p53 +/+) was extracted using Trizol according

manufacturer's recommendations.
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Alkaline hydrolysis fragmentation
RNA (300 ng) was subjected to alkaline hydrolysis in 50 mM bicarbonate buffer pH 9.2 for 5

min at 96°C. The reaction was stopped as previously described 2.

Extensive dephosphorylation
RNA fragments without any gel-purification step were directly 3’-end dephosphorylated

using 5 U of Antarctic Phosphatase (NEB, UK) for 1h at 37°C. After inactivation of the
phosphatase, RNA fragments were extracted by a phenol:chloroform:isoamyl alcohol mix
(25:24:1) and ethanol precipitated. After centrifugation, the pellet was washed with 80%

ethanol and air-dried for 5 min.

Aniline treatment
The RNA pellets were resuspended in 1M aniline pH4.5 and incubated for 15 min at 60°C in

the dark. The reaction was stopped by ethanol precipitation, and treated as previously

described 3.

Library preparation
RNA fragments were converted to library using NEBNext® Small RNA Library kit (NEB ref

E7330S, UK, or equivalent from lllumina, USA) following the manufacturer's instructions.
DNA library quality was assessed using a High Sensitivity DNA chip on a Bioanalyzer 2100.
Library quantification was done using a fluorometer (Qubit 2.0 fluorometer, Invitrogen,
USA).

Deep sequencing

Libraries were multiplexed and subjected for high-throughput sequencing using an Illlumina
HiSeq 1000 or MiSeq instrument with a 50 bp single-end read mode. Since clustering of short
fragments was generally very efficient, libraries were loaded at 8 pM concentration per lane.
Bioinformatics pipeline

Raw reads were first trimmed using the Trimmomatic v32 software with default parameters
*. Alignment to the reference sequence was performed using bowtie2 (v2.2.4) ® in End-to-
End mode with ‘sensitive parameter’ set. Counting of the mapped reads and positions of
their 5’-extremities was performed using awk command °. Coverage for reference sequence
was calculated using samtools mpileup command. 5’-end count was directly used for
calculation of normalized cleavage. Stop-ratio for every position of the reference sequence
was calculated using 5’-end count and coverage data. All other steps of analysis were
performed in R-Studio 1.0.143 with R version 3.4.4.

Mg?* fragmentation

Instead of alkaline hydrolysis, RNA was subjected to Mg?* ion-based RNA cleavage in 100
mM Tris-HCl buffer, pH 8.0, containing 2 mM MgCl, for 3 min at 96°C. The reaction was

stopped as for alkaline hydrolysis and all other steps in the procedure remained the same.
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De-phosphorylation by T4 PNK
After alkaline hydrolysis, RNA was 3’-end dephosphorylated using T4 PNK. Briefly, RNA was

mixed with T4 PNK (10U) in a 50 pl reaction containing 100 mM Tris-HCl pH6.5, 100 Mg-OAc,
5 mM B-mercaptoethanol and incubated for 6h at 37°C. The PNK was heat inactivated at
65°C for 20 min. The RNA was then extracted with a phenol:chloroform:isoamyl alcohol mix
(25:24:1) following the same procedure as the one described after phosphatase treatment in
the AlkAniline-Seq protocol.

LC-MS measurements of m’G content in rRNA and tRNA

Samples for LC-MS analysis were prepared from WT and mutant yeast strains using gel-
purification for 18S rRNA * or the NucleoBond RNA/DNA 80 kit (Macherey Nagel) according
to manufacturer’s recommendations. 300 ng of tRNA or 185 RNA were digested into
nucleotides using 0.3 U nuclease P1 from P. citrinum (Sigma-Aldrich), 0.1 U snake venom
phosphodiesterase from C. adamanteus (Worthington), 200 ng Pentostatin (Sigma-Aldrich)
and 500 ng Tetrahydrouridine (Merck-Millipore) in 5 mM ammonium acetate (pH 5.3; Sigma-
Aldrich) for two hours at 37°C. The remaining phosphates were removed by 1 U FastAP
(Thermo Scientific) in 10 mM ammonium acetate (pH 8) for one hour at 37°C. The
nucleosides were then spiked with internal standard (*3C stable isotope-labeled nucleosides
from S. cerevisiae, SIL-1S) and subjected to analysis. Technical triplicates with 50 ng digested
RNA and 30 ng internal standard were analyzed via LC-MS (Agilent 1260 series and Agilent
6460 Triple Quadrupole mass spectrometer equipped with an electrospray ion source (ESI)).
The solvents consisted of 5 MM ammonium acetate buffer (pH 5.3; solvent A) and LC-MS
grade acetonitrile (solvent B; Honeywell). The elution started with 100% solvent A with a
flow rate of 0.35 ml/min, followed by a linear gradient to 8% solvent B at 10 min and 40%
solvent B after 20 min. Initial conditions were regenerated with 100% solvent A for 10 min.
The column used was a Synergi Fusion (4 uM particle size, 80 A pore size, 250 x 2.0 mm;
Phenomenex). The UV signal at 254 nm was recorded via a diode array detector (DAD) to
monitor the main nucleosides. ESI parameters were as follows: gas temperature 350°C, gas
flow 8 I/min, nebulizer pressure 50 psi, sheath gas temperature 350°C, sheath gas flow 12
I/min, capillary voltage 3000 V. The MS was operated in the positive ion mode using Agilent
MassHunter software in the dynamic MRM (multiple reaction monitoring) mode. For
guantification, a combination of external and internal calibration was applied as described

previously ’.

Kinetic studies of m3C and m’G instability in bicarbonate buffer system
150 pmol (3 pl of 50 uM solution) or 450 pmol (9 pl of 50 uM solution) of the respective

nucleoside sample (m3C or m’G) was diluted in RNAse-free water to a total volume of 10 pl.
To this mixture 10 pl of 100 mM bicarbonate buffer (pH 9.2, 50 mM final concentration)

were added and incubated either at room temperature or at 96°C. After indicated time

3
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points, the 20 pl sample was neutralized with 3.4 ul of a 1 % acetic acid solution (acetic acid
in H,0) and 22 pl of the final mixture were submitted to HPLC separation and monitored by
UV absorption at 254 nm.

The HPLC measurements were performed on an Agilent 1100 HPLC series coupled with
diode array detector and the MS measurements were performed on an Agilent 1100
LC/MSD lon-Trap equipped electrospray ion source (parameters are displayed in Table ESI
settings) (electron spray ionization and measurement in positive mode using a Synergi
Fusion-RP column with 4 um particle size, 80 A pore size, 250 mm length and 2 mm inner
diameter from Phenomenex (Aschaffenburg, Germany)). The elution was performed with a
column temperature of 35°C and a flow rate of 0.35 ml/min. The solvents applied were a 5
mM ammonium acetate buffer adjusted to pH 5.3 (solvent A) and LC-MS grade acetonitrile
(solvent B). A linear gradient from 0 % to 8 % solvent B at 10 min, 40 % solvent B at 20 min
and 0 % solvent B at 23 min was used.

Table ESI settings.

Parameter ’
Dry Temp ] 350°C
Dry Gas ] 12 I/min
Nebulizer pressure ] 30 psi
Capillary Exit ’ 95.5 Volt
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113  Supplementary Figure 1: Detection of m’G1575 residue in S. cerevisiae 18S rRNA using a

114 ‘traditional’ m’G detection protocol which involves RNA strand scission by NaBH4 reduction

115 followed by aniline cleavage; a method which was formely used to detect the 185 rRNA m7G

116 residue by reverse-transcription ™. Here, the purified 185 rRNA was treated as described in

117 the Materials & Methods section, followed by library preparation and sequencing. Analysis

118 was performed with the same pipeline used for AlkAniline-Seq. Normalized cleavage profiles

119 obtained for treated WT sample, and two controls: NaBH4-reduced and un-reduced

120 unmodified ABUD23 18S rRNA, are shown. Specific signal for m’G1575 was detected, but the

121 signal-to-noise ratio is barely higher than background (zoom).
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Supplementary Figure 2: (a) Chemistry of m’G/m3C/ho°C and D cleavage in RNA under

alkaline conditions to create an abasic site and its subsequent decomposition in the

presence of aniline. (b,c) Kinetics of nucleoside m’G degradation in bicarbonate buffer (pH

9.2) at room temperature (b) and at 96°C (c). Aliquots drawn at the indicated time points

were submitted to HPLC separation on an RP-18 column and monitored by UV absorption at

254 nm. LC-MS analysis in separate runs identified identical m/z values and fragmentation

patterns for signals I-IV in (c). The area under the UV-peaks were used to plot the kinetics
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displayed in the inset, where the areas from signals |, Il, Ill and IV were summed up.(d) The
hypothetical structure was attributed to signals I-IV based on literature, but structural
isomers are equally possible. Collection of material from peaks I-IV and subsequent

reinjection produced an identical elution signal pattern, suggesting isomerization among I-IV.
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Supplementary Figure 3: AlkAniline-Seq signals detected in S. cerevisiae 18S and 25S rRNA
under different treatment conditions. (a) Total RNA from WT and bud23A strains was
subjected to AlkAniline-Seq in the absence or in the presence of aniline treatment. (b)
AlkAniline-Seq signals in 18S rRNA (m’G1575) obtained for two technical (TechR1/TechR2)
and three biological replicates (BiolR1-R3). (c,d) Influence of RNA cleavage conditions on the
AlkAniline-Seq signals, standard OH" cleavage compared to Mg**-induced cleavage at neutral

pH.
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Supplementary Figure 4: Procedure for AlkAniline-Seq with omitted 5’-dephosphorylation
step. (a) To avoid 5’-phosphate removal, alkaline phosphatase was replaced by T4 PNK 3'-
phosphatase activity in the absence of ATP. Other steps remain as previously described in
Figure 1a. (b) Comparative cleavage profile for S. cerevisiae 18S rRNA with 3’-

dephosphorylation by T4 PNK and with alkaline phosphatase dephosphorylation.

10



156
157

158
159
160
161
162
163
164

165
166
167
168
169
170
171
172
173
174
175
176

a b
3 3
8 : 8
2 E. coli 165 rRNA 2 E. coli 235 rRNA
7
s m’Gsy s
8T 8 7 7,
s s M’ Gyoe0
I I
@ @
o 841 o 8
T @ T @
° °
@ @
N N
= 8 o
g ST g <
£ £ B
2 2 ho’Cospn
o o
o4 o 4 |
« OH (reated) & OH (treated)
OH (no aniine) OH (no aniline)
L Mg2+ (treated) 1 1 Mg2+ (treated)
° e Mg2+ (no aniline) ° Mg2+ (no aniline)
0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000
Position Position
C
tdbR00000008—10 tRNAAIa(GGC) Sample WT aniline treated 1dbR00000118 tRNAGIY(GCC) Sample WT aniline treated tdbR00000026 tRNAASp(QUC) Sample WT aniline treated
o0 100 o0
s -3 s .
g g = g o
s & H
3 k] 3
H 3 K
% = % 5001 % 5001
E £ £
5 I3 I}
z Z z
20 250
o
position position position
tdbR0O0000359 tRNAArg(CCG) Sample WT aniline treated tdbR00000437 tRNAThr(GGU) Sample WT aniline treated tdbR00000484 tRNATrp(CCA) Sample WT aniline treated
o0 100 o
2
g - % 8
s & ®
E 8 2
G S G
3 3 3
8« o 5w
E E E
5 s 5
2 2 2
20 =0
o o A=

position

p:
position

position

Supplementary Figure 5: Specificity of AlkAniline-Seq protocol. (a,b) AlkAniline-Seq signals
obtained for m’G527 and m’G2069 in 16S (a) and 23S rRNA (b) from E. coli, respectively.
Graphs show dependence on the cleavage conditions (OH™ vs Mg2*) and aniline treatment.
Only one additional minor signal at position 2501 in 23S rRNA was detected, which,
interestingly, corresponds to ho°C, which is a rare RNA modification only found so far in
bacterial rRNA ',

(c) Representative signals for m’G46 residues in E. coli tRNAs. Only normalized cleavage

profiles of OH/aniline treated samples are shown.
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Supplementary Figure 6: Detection and quantification of m’G46 and m3C32 residues in

S. cerevisiae tRNAs. (a) Normalized cleavage signals for S. cerevisiae tRNAM4(CAU) in trm8A4,
trm82A, WT and bud23A yeast strains. Inset on the right shows the cloverleaf structure of
tRNA with the modified position and the corresponding enzymatic activity (heterocomplex
Trm8/Trm82). Inset on the left provides quantification of normalized cleavage in the four
strains used.

(b) Sensitivity of m’G detection in tRNAMe4(CAU). Mixes of total RNA from trm8A4 and WT
strains at the proportions indicated at the right were subjected to AlkAniline-Seq. The inset
shows the relative normalized cleavage in function of molar ratio of modified WT tRNA.

(c) Sensitivity of m3C detection in tRNA™(IGU). Mixes of total RNA from trm140A and WT
strains at the proportions indicated at the right were subjected to AlkAniline-Seq. The inset
shows the relative normalized cleavage in function of molar ratio of modified RNA. The same

type of ‘non-linear’ calibration curve as observed both for m’G and m3C in RNA.
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Supplementary Figure 8: Kinetics of nucleoside m3C deamination. (a,b) The reaction was

performed in bicarbonate buffer (pH 9.2) at room temperature (a) and at 96°C (b). Aliquots

drawn at the indicated time points were submitted to HPLC separation on an RP-18 column

and monitored by UV absorption at 254 nm. The area under the UV-peaks were used to plot

the kinetics displayed in the inset. (c) LC-MS analysis in separate runs confirmed the

structures displayed, and the identity of m3U as major product was confirmed with an

authentic sample (data not shown).
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Supplementary Figure 9: Detection of dihydrouridine residues by AlkAniline-Seq. (a)

Chemical mechanism of D ring opening under alkaline conditions. (b,c,d,e) Heat maps
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of

AlkAniline-Seq signals for D residues in yeast S. cerevisiae tRNAs, grouped by their respective

enzymatic activity (dus1-4A). As shown in the figure, the majority of detectable signals are

decreased in the respective deleted strain.
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Supplementary Figure 10: Detection of a unique m’G1639 residue in H. sapiens 18S rRNA

by AlkAnilineSeq. Graphs show Normalized cleavage for 18S (a) and 28S (b) human rRNA.
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243  Supplementary Figure 11: Transcription Start Signals (TSS) hits detected by AlkAniline-Seq
244 inyeastS. cerevisiae mRNAs. Graphs show Normalized cleavage (a,c) and Stop-ratio (b,d)
245  for two representative hits: RPS5 (a,b) and TEF1 (c,d) mRNAs. The TSS is indicated by a red
246 arrow. Consensus sequences obtained for selected sites in the positive (e) and negative (f)
247  strands. Consensus were obtained using MIME software package.
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