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Supplementary Table

Bacterial Strains

Name

Sequence (5' — 3’)

Comment

E.c.2501_prim_24

E.c.2501_prim_25

GGCTAAAATAGCCGCCA CAGCTACTGGATAAGAATGTGTAGGCTGGAGCTGCTTC

GCAGATTCAATAAGTTGTGAGTAACCAGAAAACTGGCGTTATTCCGGGGATCCGTCGACC

Primer pair used for the genomic deletion of rlhA . Underlined sequences mark the 40 nt
homologous sequences up- and downstream of rlhA . Bold sequences align to the
kanamycin cassette on pKD13.

ydeP fwd CGCCTTCAGTTTATGATCCACAACAGCAGGCGATGG Primer pair used to confirm genotypes of wildtype and ArfhA . Primers designed to bind to
ydcP rev CGCCTETCGCTACTTAACGCACGACACCG flanking genes ydcN (upstream +) and yncJ (downstream -)

PIPE Cloning
Name Sequence (5 — 3’) Comment

E.c.2501_prim_1

TTTCGCCAGATATCGACGTCTTCCCTCATCCATTACCCGC

E.c.2501_prim_2

CCTTACTCGAGTTTGGATCCCAACGTTGAGTCATTTGATGCC

Primer pair used for amplification of the rlhA gene for i-PIPE. Underlined sequences are
homologous to pBbSc sequences at the insertion site. Bold sequences align 100 bp up- and
downstream of the start and stop codon of rlhA .

HL0116

GGATCCAAACTCGAGTAAGGATCT

HL0189

GACGTCGATATCTGGCGAAAATG

Primer pair used for amplification of the pBbSc vector for i-PIPE.

E.c.2501_prim_7

GGCACTGGCCGTGGCCTATTCGGGTCAGTGCTACATTTC

E.c.2501_prim_8

TAGGCCACGGCCAGTGCCCCATGAATAAAGAATTCAATGGTCGC

Primer pair used for m-PIPE to mutate C169A. Bold sequences mark the mutated bases to
change the codon to GCC.

E.c.2501_prim_15

ATAAGAATATGACCGTATCTTCTCATCGACTTGAACTGTTAAG

E.c.2501_prim_16

ATACGGTCATATTCTTATCCAGTAGCTGAAAAATGGCG

Primer pair used for m-PIPE to mutate the start codon. Bold letters mark the mutated base
to change the codon from GTG to ATG.

E.c.2501_prim_28

CTGTTGTAATTCATTAAGCATTCTGCCGACATGGAAGCC

E.c.2501_prim_29

CGTTTGCGGGCAGCAAAACCCGTACCCTAGG

Primer pair used for control of rlhA insertion into pBbSc. Aligns on pBbSc, flanking the insert
region.

E.c.2501_prim_52

GATC AAGAAGGAGATATACATATGAGTACCGCTAAATTAGTTAAATCAAAAG

E.c.2501_prim_53

ACTCGAGTTTGGATCCTTAGTGGTGGTGGTGGTG GTGTTCGATGTTAGACTCGATAAACC

Primer pair used for amplification of the dps gene for i-PIPE. Underlined sequences are
homologous to pBbA2a sequences at the insertion site. Bold sequences align at the start
and stop codon of dps . A Hisg tag was included in the reverse primer (jtalics)

HL0116 GGATCCAAACTCGAGTAAGGATCT . . . . .
Primer pair used for amplification of the pBbA2a vector for i-PIPE.
HLO115 TGTATATCTCCTTCTTAAAAGATCTTTTGAATTC
Reverse Transcription
Name Sequence (5 — 3’) Comment

E.c.2501_prim_45

CAGCCCCAGGATGTG

Oligo for reverse transcription probing of 5-OH-C2501. Aligns complementary to nucleotides
2515-2529 of the 23S rRNA gene (rmB).

Atomic Mutagenesis

Name Sequence (5 — 3’) Comment
extT7-2523 GGATCCTAATACGACTCACTATAGGGGCTGAAGAAGGTCCC Primer pair used to create cp2523-2483 construct. T7 RNA polymerase promotor sequence
Taq2465 GCCGCTGTGGACGCTCGG is underlined.
Northern Blot
Name Sequence (5 — 3’) Comment
dps AATTTCATATCCTCTTGATGTTAT Oligo for detection of the dps MRNA by northern blot analysis.
5S rRNA ATGCCTGGCAGTTCCCTACT Oligo for detection of the 5S rRNA by northern blot analysis.
Name Sequence (5 — 3') Comment

E.c.2501_prim_55

GTTAAATCAAAAGCGACCAATCTGC

Primer pair used for the detection of the dps mRNA by gRT-PCR analysis. Results in a 213

E.c.2501 prim_56 CAGATGATCGATCAGTGCGG base pair PCR product.
gyrA fwd GTCTCTCTGATCGTGCCTCG Primer pair used for the detection of the gyrA mRNA by qRT-PCR analysis. Results in a 226
gyrA rev GAGTACGTACCAGCGTACCG base pair PCR product.

Supplementary Table S1. DNA oligonucleotides used in various parts of this study. All primers were
produced by Microsynth, Switzerland.



Supplementary Figures
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Supplementary Figure S1. (A) Previously published methods for ribosomal RNA modification (red
cross) measurements included a DNA oligo protected RNase A digestion step to remove regions of no
interest (top). Afterwards, the undigested residual RNA oligo was isolated and digested to nucleoside
triphosphate size (NTPs) or to smaller fragments with RNase T1, which cuts after every guanine. The
resulting fragments or NTPs were then analyzed by thin layer chromatography (TLC), liquid
chromatography (LC) or mass spectrometry (MS) methods. For our analysis of hydroxylation at
position C2501, we directly digested the isolated 23S rRNA by RNase T1 and analyzed the resulting
fragments by LC-MS/MS run in single reaction monitoring (SRM) mode. (B) Excerpt of the two-
dimensional structure of E. coli 23S rRNA with known post-transcriptional modifications marked in
blue. The resulting fragment of interest (C2496-G2502) after RNase T1 digestion is marked in violet.

Adapted from http://www.rna.icmb.utexas.edu (C) Potential precursor mass from different fragment

possibilities with C2498 and C2501 modified or not. Additionally, the mass of different product ions is
given according to the product type. Charge states are indicated in square brackets.
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Supplementary Figure S2. Central loop of domain V shows the circular permutation of 23S rRNA to
cp2523-2483 (named after its new 5 and 3’ ends, indicated), filled with the synthetic RNA oligo
compensating residues 2484-2522 (red), and carrying either C or ho°C in position 2501. The RNA
fragment base pairs to the cp-23S during in vitro reconstitution.



R PCR: 2551 bp
PCR: 1384 bp

—
=-m»= _ KanR _

/
/

J 'IInT
\ 3
Vg
iy
s
| 18

| ?%

PCR: 946 bp PCR: 3108 bp

Supplementary Figure S3. (A) Genomic locus of rlhA before and after replacement by a kanamycin
resistance cassette. Blue boxes represent 40 base pairs long homologous regions used for
recombination. The homologous regions were designed to be 40 bp up- and downstream of the start
and stop codon, respectively, completely removing the rlhA sequence on the chromosome upon
recombination. Black arrows indicate binding sites for primers to control the genomic locus by PCR.
(B) Empty plasmid vector backbone encoding for a chloramphenicol resistance (CmR) and (C) cloned
complementation plasmid with the rlhA genomic region with 100 bp up- and downstream extension
inserted by PIPE. Black arrows indicate binding sites for primers to control plasmids by PCR. Plasmid
maps were generated in SnapGene Viewer.
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(A) PCR on the plasmid insert region to control for the amount of

complementation (rlhA) and ArlhA knockout strain after repeated 24 h incubation at 37°C, starting with

an initial 1:1 mixture of both strains (0 h). As can be seen in the initial 1:1 mixture (0 h), the PCR

reaction preferably amplified the shorter product corresponding to the empty pBbSc vector of the ArlhA

strain. Nevertheless a clear growth competition in favor of the rlhA strain was apparent. (B) Average

ratio of complementation over knockout strain was calculated with the quantification of PCR signals

observed in (A), error bars represent standard deviation (n = 2). (C) Recovery from stationary phase

was analyzed in wildtype (WT) and rlhA knockout (ArlhA) cells by recording growth in a 96 well plate

under unstressed conditions by simultaneous re-dilution of 24—64 h post-inoculum cultures in fresh LB

medium.
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Supplementary Figure S5. Representative 15% polyacrylamide gel with cDNA generated from CMCT
treated and hydrolyzed total RNA samples isolated from unstressed wildtype E. coli cells in
exponential phase (ODgyy = 0.4) and one hour after the addition of the specified stress (+1 h). An
additional sample was taken once the cultures reached stationary phase under the specified stress
conditions (ODggo = 4.0). For the ho°C2501-lacking C169A strain both a CMCT treated (+) and buffer
only (-) control are shown with total RNA isolated from stationary phase. C and G are dideoxy-
sequencing lanes that were prepared with untreated total RNA. Two others naturally occurring rRNA
modifications are indicated (Cm2498 and W2504), while position C2501 is marked in bold. A black
arrowhead marks the expected site of the ho°C2501 stop upon CMCT-treatment and the open

arrowhead shows the stop corresponding to W2504.



0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

ODEDO

-o-rlhA
-9-C169A

T T

20 40
Time [min]

60

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

-¢-+Tet
" |-e- - Tet
- -
0 20 40 60
Time [min]

Supplementary Figure S6. (A) Average ODgq over the course of one hour of three biological

replicates of rlhA (blue) and C169A (orange) strains after the addition of 5 mM H,O, at t = 0. ODgg

was measured in a 96 well plate in the Tecan M1000 PRO plate reader. Error bars indicate standard

deviation. (B) Same as in A, but using the C169A + dps strain in the absence (- Tet) or presence (+

Tet) of ectopic dps overexpression.

oD

A

Bottom

AUG
oD

Top

260 I

ArlhA

Top

Supplementary Figure S7. Sucrose density gradient profile obtained by OD,g absorbance tracing

during ribosomal subunits isolation from both the AUG and ArlhA strain (left peak: 50S subunits, right

peak: 30S subunit). No obvious differences in the subunit ratios between the two strains were

apparent thus excluding gross ribosome biogenesis defects in the ArlhA strain.
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Supplementary Figure S8. (A) Volcano plot of the comparative proteome analysis of 60 minutes 2

mM H,0, stressed C169A cells versus unstressed, exponentially growing C169A cells. A fold-change

of at least +/-2 is indicated by vertical red lines crossing the x-axis at +/-1, respectively. The p-value

cut-off of 0.001 is indicated by a horizontal red line (n = 3). (B) Volcano plot as in (A), but displaying

the comparison of expressed proteins in stressed and unstressed rlhA cells (n = 3). (C) Gene ontology

(GO) term analysis of the significantly up- and downregulated proteins under stressed conditions in

both (A) and (B). The analysis was performed using the PANTHER overrepresentation test (1).

Significance was calculated using Fisher's exact test and the false discovery rate (FDR) was

calculated as correction.
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Supplementary Figure S9. Conserved three-dimensional structural arrangement of C2501 in E. coli
and the corresponding nucleotide in the specified species (red with transparent spheres). For E. coli,
two structures with either resting (-EF-Tu) or actively translating (+EF-Tu) ribosomes are shown. In all
organisms and conditions, the C2501 nucleotide is base-stacked between two guanosines (teal).
Distance measurement of the C5 of C2501 to the N9 of G2447 (left) and to the N3 of G2446 (right) are
indicated in yellow. Note that in both S. cerevisiae (not visible) and in human ribosomes the C5 of the
corresponding C2501 nucleotide carries a methylation.
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Supplementary Figure S10. (A) Representative phoshporimager scan of in vitro translated ¥s.
labelled dps protein (top) and coomassie stained proteins as loading control at the bottom. In vitro
translations were performed with ribosomes carrying 50S subunits isolated from an unmodified
knockout strain (ArlhA) and an almost stoichiometrically modified strain (AUG). (B) Quantification of
average signal intensities at the marked time points with the signal intensity of ArlhA (t = 60 min) set to
1. Error bars indicate standard deviation (n = 3). (C) & (D) Representative 10-50% sucrose gradient
profiles recorded at 260 nm with whole cell lysates isolated from the complementation strain rlhA and
the inactive mutant strain C169A. Fractions for RNA isolation were collected from the light to heavy
polysomes region. (E) Enrichment of the dps mRNA in the isolated polysomal RNA fractions from (C)
and (D) compared to the total RNA isolation of each strain was analyzed by qRT-PCR. Displayed are

the mean 224¢7

values, error bars indicate standard deviations (n = 3). (F) Representative northern
blot analysis of dps mRNA in both total RNA and P100 RNA samples. Northern blot analysis of the 5S
rRNA served as a loading control. Ethidium bromide staining of tRNAs in the 4% polyacrylamide gel is
shown to prove enrichment of the ribosomal particles in the P100. At the bottom, average signal
intensities of the dps mRNA are shown including the standard deviation range. dps mRNA signal

intensity in the total RNA samples isolated from the rlhA replicates were setas 1 (n = 3).
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Supplementary Methods

Polysome Profiling and RT-gPCR

The cells of 80 ml cultures of exponentially growing rlhA and C169A strains (ODggg ~ 0.4) were
harvested by quick vacuum filtration through a mixed cellulose ester membrane (Whatman ME25, ®
0.45 um) and immediately shock frozen together with 500 pl of 1x TMN (50 mM Tris-HCI, pH 7.6, 100
mM NH,CI, 10 mM MgCl,, 6 mM B-mercaptoethanol) in liquid N,. Cells were then opened under
cryogenic conditions using a SPEX SamplePrep freezer-mill (2 cycles of 2 min at 5 CPS with 2 min of
cooling in between). The lysed samples were then thawed on ice with an additional 250 pl of 1x TMN
added. Next, cell debris was removed by two centrifugation steps at 4°C (5,000 xg, 3 min and 10,000
Xg, 5 min) and the OD,4, of the cleared lysate was measured on NanoDrop (Thermo Scientific). A total
of 8 OD,gg units were then loaded and separated on 10-50% sucrose gradients in 1x TMN at 35,000
rpm for 3 h at 4°C (SW 41 Ti rotor from Beckman Coulter), whereas total RNA was isolated from the
remaining cell lysate using hot acid phenol extraction. The gradients were finally fractionated and RNA
from the polysomal fractions was isolated according to reference (2). dps mRNA levels in both the total
and polysomal RNA fractions was determined by RT-qPCR according to previously published
protocols (3). gyrA was used as a reference gene throughout. Used primers can be found in
Supplementary Table S1.
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