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Abstract

Queuosine (Q) is a conserved hypermodification of the wobble base of tRNA containing GUN anticodons but the physiological conse-
quences of Q deficiency are poorly understood in bacteria. This work combines transcriptomic, proteomic and physiological studies
to characterize a Q-deficient Escherichia coli K12 MG1655 mutant. The absence of Q led to an increased resistance to nickel and cobalt,
and to an increased sensitivity to cadmium, compared to the wild-type (WT) strain. Transcriptomic analysis of the WT and Q-deficient
strains, grown in the presence and absence of nickel, revealed that the nickel transporter genes (nikABCDE) are downregulated in the
Q mutant, even when nickel is not added. This mutant is therefore primed to resist to high nickel levels. Downstream analysis of
the transcriptomic data suggested that the absence of Q triggers an atypical oxidative stress response, confirmed by the detection of
slightly elevated reactive oxygen species (ROS) levels in the mutant, increased sensitivity to hydrogen peroxide and paraquat, and a
subtle growth phenotype in a strain prone to accumulation of ROS.
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How does queuosine affect metal homeostasis in E. coli?

Introduction the tRNA anticodon-stem-loop (ASL). Q modifies the guanosine at
G34U35N36 anticodons of tRNAs that decode the dual synonymous

Queuosine (Q) is a structurally complex modification of trans- codons NAU and NAG (U- and G-ending codons), corresponding to

fer RNAs (tRNAs) found at position 34, the wobble position, of
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Fig. 1 Diagram of the Q synthesis and salvage pathways. Biosynthesis of the Q modification at position 34 (Qs4-tRNA) and preQo/preQ; salvage
pathway in E. coli. Molecule abbreviations and protein names are described in the main text.

the amino acids Asn, Asp, His, and Tyr.! Found in Bacteria and
Eukaryotes, the Q precursor is only synthesized by the former,
while mammals need to salvage the Q-base queuine (q) from the
diet and gut microbiota, giving q the status of a micronutrient.”
In bacteria, the biosynthesis of the Q precursor 7-aminomethyl-
7-deazaguanine (preQ) from guanosine triphosphate (GTP) con-
sists of five enzymatic steps (Fig. 1), with the participation of FolE
(GCHI), QueD, QueE, QueC, and QueF enzymes, respectively® The
tRNA guanine transglycosylase (TGT) enzyme then inserts preQ,
into the wobble position of the targeted tRNA, with a concomi-
tant displacement of the guanine base.” TGT is therefore consid-
ered the signature enzyme for Q formation. Two additional enzy-
matic steps, performed by QueA and QueG (or QueH), mature the
inserted preQ; to the final Q-modified tRNA®° (Fig. 1). Some bac-
teria are also capable of salvaging Q precursors. In Escherichia coli,
the YhhQ transporter imports both preQp and preQ; precursors
from the environment'! (Fig. 1), and other bacteria, particularly
mammalian pathogens, can also salvage q.*

The recognition between the mRNA codon and the tRNA
anticodon follows the canonical Watson-Crick base pairing (A: U,
U: A, G: C, C: G) for the first two positions of the codon triplet
(with the 3™ and 29 bases of the anticodon), while the pairing of
the 3" base of the codon with the 1% base of the anticodon (tRNA
wobble position 34) follows non-canonical rules for base pairing.
Such a wobble explains the degeneracy of the genetic code,
since a particular tRNA can decode more than one synonymous
codon.’® The most chemically complex modified nucleosides are
found in the ASL, at positions 34 and 37, influencing translational
efficiency and fidelity.'**°> As a modification of position 34, the
effects of Q on protein translation have been extensively studied
in silico, in vitro, and in vivo in different organisms, with conflicting
and complex findings. The presence of Q generally reduces biases
between C- or U- ending codons but in different directions and
at different codons.'*?? Q modification also improves transla-
tional fidelity. The suppression of errors occurs in a complex and

context-dependent way, varying with the organism and tRNA
species.?:23

If progress has been made on how Q affects translation, its
physiological importance has remained elusive particularly as it
was repeatedly lost during evolution.?* In E. coli, the absence of
Q is not critical in exponential growth but reduces cell viability
in stationary phase.” In a handful of other bacteria, a variety of
phenotypes for Q deficiency have been reported such as sensitiv-
ity to oxidative stress,?® defects in virulence,?-?® and symbiosis,?
but the molecular basis for these phenotypes remains unknown.

One theme that has been recurrent throughout the years is the
link between Q and Q biosynthetic genes to metal metabolism.
In Drosophila melanogaster, Q increases resistance to cadmium,
which is in accordance with the induction of the queuine tRNA-
ribosyltransferase under acute cadmium stress in the scallop
Patinopecten yessoensis.>* The overexpression of QueC (ALU1-P)
from Arthrobacter viscosus confers aluminum resistance to E. coli.??
The queC gene was also upregulated during a nickel challenge
in Archaea®® In the presence of copper, queE and yhhQ expres-
sion was induced in the bacterium Erwinia amylovora,3* while in
Acinetobacter baumannii, QueD and Tgt become more cell abundant
during metal starvation induced by calciprotein, an extracellular
metal-sequestering protein.*> Further evidence of this link with
metal homeostasis comes from the Q biosynthetic pathway, with
most of the enzymes being metal dependent: FolE1, QueD, QueC,
and TGT require zinc for activity,**-* while QueE, QueG, and QueH
require iron.’%:4%:41 1t is noteworthy that a comparative analysis
of the Zur regulon revealed that certain bacteria contained two
copies of the queD gene (queD and queD2), with queD2 predicted to
be under control of the negative regulator Zur, whose regulon is
activated under low zinc.#243

Based on the evidence for an involvement of Q in metal home-
ostasis, we tested the sensitivity of the tgt mutant (Q  strain
in E. coli MG1655 background) to different metals and found
varied pleiotropic phenotypes that were further explored by a



combination of transcriptomics, proteomics, and physiological
studies suggesting that the absence of Q leads to an atypical ox-
idative stress response.

Methods
Media and plasmids

Luria-Bertani (LB) broth and agar (tryptone 10 g/l, yeast ex-
tract 5 g/l, sodium chloride 10 g/1, Fisher Scientific BP1426-2 and
BP1425-2) were routinely used for growth of E. coli cells at 37°C
from frozen stocks, and for some of the phenotypic assays. When
required, 50 ng/ml of kanamycin (Kan) was added to the medium.
M9 minimal medium (12.8 g/l Na,HPO4-7H,0, 3.0 g/l KH,PO4,
0.5 g/l NaCl, 1.0 g/l NH.CI, 2.0 mM MgSO,, 0.1 mM CacCl,) was
used in motility assays, with the appropriate amount of agar. Low-
phosphate (LP) medium was adapted from** and used in cadmium
sensitivity tests. LP composition in this study was 6.06 g/l Tris
(Amresco), 0.3% casamino acids, 4.68 g/l NaCl, 1.49 g/ KCl, 1.07 g/l
NH4C1, 0.2 g/l MgClg, 0.03 g/l CaC12-6H20, 0.172 g/l Na,HPO,4-7H,0
(all Fisher Scientific), 0.43 g/l Na,SOs4, 5 mg/l ammonium iron
(IlI) citrate (CAF) (Sigma Aldrich), and 1 ml/l of SL7 trace ele-
ment solution, which contains in 1 I: 1 ml of 25% HCI, 60 mg
H3BOs (Fisher Scientific), 70 mg ZnCl,, 100 mg MnCl,-4H,0, 20 mg
CuCl,-2H,0, 20 mg NiCl,-6H,0, 40 mg NaMoO,4-2H,0 (all Sigma
Aldrich) and 200 mg CoCl,-6H,0 (Alfa Aesar). Glycerol at 0.2%
was used as carbon source. MA medium, a pH 7.0 MOPS-based
medium used for iron-related sensitivity tests, was composed by
100 mM MOPS, 10 mM NaH,POy4, 11 mM K;HPOy, 27 mM (NH4)SOy4,
1.825 mM MgSO,4-7H,0, 34 mM CaCl,-2H,0, and micronutrients
(NH4)6(MO7OQ4)'4HQO, 3 x 10° mM; H3BO3, 4 x 104 mM; CoCl,,
3 x 10°mM; CuSO4, 10°mM; MnCly, 8 x 10°mM; ZnSOy,
10° mM. The medium was freshly supplemented with 0.001 g/l
ammonium iron (III) citrate (CAF) as iron source and with 0.2%
glycerol as carbon source.

Strains and plasmids

All strains used in this study are listed in Table S1 (Supplemental
file 1), and all oligonucleotide primers are listed in Table S2
(Supplemental file 1).

Escherichia coli K-12 MG1655 was used as the WT strain. Es-
cherichia coli Atgt construction (VDC4561) was obtained by clas-
sical P1 transduction® of the tgt::kan allele from strain VCD4548,
whose gene disruption was created by recombination® using the
knockout primers CH316 and CH317. New tgt mutant strains
were created by P1 transduction of the tgt::kan allele from strain
VCD4561 into MG1655, generating strains LPO0126, LPO0127, and
LPO0128, which were used for the FNR and Fur Western blots, for
the EPR experiments, and also to confirm the metal and other phe-
notypes. The strain VDC4560 was generated exactly like VDC4561
but accidently lost the lacZ gene during this process and was
used as a negative control for the beta-galactosidase assays. The
AqueD Atgt strains (LPO0120-LPO1025) were obtained by P1 trans-
duction of the tgt::kan allele from strain VCD4561 into a AqueD
strain with no antibiotic resistance cassette. For the construc-
tion of AyhhQ AqueD Atgt (VDC4584), the strain AyhhQ AqueD
(VDC4578)™ had the kanamycin resistance cassette removed by
Flp-catalyzed excision* and the tgt:kan allele inserted by P1
transduction from VDC4561. The strains used to measure the ac-
tivity of promoters regulated by Fe-S clusters PiscR::lacZ (DV901),
PhmpA::lacZ (DV1301), and PydfZ:lacZ (BR616) were kindly pro-
vided by Frédéric Barras. The strain used to measure the activity
of the ryhB promoter PryhB:lacZ (PM2230) was a gift from Pierre
Mandin, and was constructed by amplifying the PryhB promoter
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with oligonucleotides PryhB-300-F and PryhB-lacZ-R using E. coli
strain MG1655 as a template, and the PCR product was then re-
combined in strain PM1205, as described in.*® The tgt gene was
deleted from these strains by P1 transduction of the tgt::kan allele
from strain VCD4561.

The Hpx~ strain was a kind gift from James Imlay*® and the
tgt::cat allele was P1 transducted into the Hpx  and MG1655
strains. The deletion construct was made using the linear re-
combination method described by Datsenko and Wanner.*® Dele-
tion primers (YY190 and YY191) were designed with 50 bp of
homology to the gene to be deleted. The P1 or P2 sites were
added to the 3" end of each primer to amplify the chlorampheni-
col resistance cassettes from pKD3. PCR products were cleaned
using the Zymo Clean and Concentrator-5 kit (Zymo Research),
and 200 ng of PCR product was transformed via electropora-
tion into freshly prepared electrocompetent MG1655 carrying the
temperature-sensitive pKD46. Chloramphenicol resistant isolates
were selected on LB-agar plates with 30 ug/ml of chlorampheni-
col. All mutations were verified by PCR for loss of the target gene
and presence of the antibiotic resistance marker in the correct
locations.

For complementation assays using the overexpression of the tgt
gene in trans, the tgt gene was amplified from WT E. coli MG1655
strain and cloned into pBAD24 plasmid, resulting in the pTGT
plasmid.*® GC10 Chemically Competent cells (Gene Choice, Gene-
see Scientific) were used for routine cloning. Escherichia coli WT
and Atgt chemically competent cells were freshly transformed for
each assay and selected with 100 ng/ml ampicillin.

Phenotypic analysis

Growth curves in Bioscreen C Analyzer

Escherichia coli WT and tgt mutant strains, in three to six bi-
ological replicates, were diluted from overnight saturated cul-
tures to optical density (ODggo) of 0.005, in a final volume of
200 ul of appropriate medium. Growth at 37°C with continu-
ous shaking was monitored by measuring ODgo every 30 min
for 24 or 48 h in a Bioscreen-C Automated Growth Curve Anal-
ysis System (Growth Curves USA, MA, USA). Chemical sensi-
tivities were tested in appropriate medium using 0.5-3.0 mM
NiCl,-6H,0 (Sigma Aldrich), 0.5-1.25 mM CoCl,-6H,0 (Alfa Ae-
sar, Puratronic), 4-10 ug/ml streptomycin sulfate (Strep, Sigma
Aldrich), 10-15 pg/ml spectinomycin dihydrochloride pentahy-
drate (Spec, Fluka, BioChemiKa), 5-20 pg/ml ampicillin sodium
(Amp, Acros), 1-5 ng/ml gentamycin sulfate (Gm, Sigma Aldrich),
0.9-1.5 mM hydrogen peroxide (Fisher Scientific), and 650-900 uM
methyl viologen (Sigma Aldrich).

For complementation of the Atgt phenotypes, the overexpres-
sion of the tgt gene from pTGT was induced with 0.02% of arabi-
nose. The empty plasmid pBAD24 was used as a negative control,
and for plasmid maintenance the medium was supplemented
with 100 pg/ml ampicillin.

Plate assays

Nickel sensitivity assay was performed in LB medium sup-
plemented with 2 mM NiCl,-6H,O (Sigma Aldrich) and cad-
mium sensitivity assay in LP medium supplemented with 25 uM
CdSO4-xH,0 (Sigma Aldrich). Streptonigrin (SNG) sensitivity was
tested in MA medium added by 0.75 ug/ml SNG (Sigma Aldrich).
Attenuation of the streptomycin (Strep) phenotype upon addition
of an iron chelator was assayed in MA medium supplemented
with 2 pg/ml streptomycin in the presence of an iron source
(0.001 g/1 CAF) or in the absence of an iron source by addition
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of 100 uM 2,2’-Bipyridyl (Sigma Aldrich). Sensitivity to methyl
methane sulfonate (MMS) was performed in LB medium supple-
mented with 0.045%-0.065% MMS. For all plate assays, overnight
saturated cultures were diluted to ODggo 0.2 in the assay medium
and grown for about 5 h, when cell cultures reached optical den-
sity around 1.0, cultures were normalized to the same OD and 10-
fold serially diluted. Seven microliters of each dilution was plated
onto appropriate solid media. For complementation of the Atgt
phenotypes, the overexpression of the tgt gene from pTGT was
induced with 0.02% of arabinose. For plasmid maintenance, the
medium was supplemented with 100 xg/ml ampicillin.

Transcriptomics
Sample preparation and sequencing

Three biological replicates of E. coli MG1655 WT and Atgt strains
were grown overnight in LB medium, and saturated cultures were
diluted to ODggo 0.05 in 20 ml of LB only and in 20 ml of LB medium
added by 2 mM NiCl,-6H,0 (Sigma Aldrich). Cells were incubated
at 37°C with continuous shaking at 200 rpm and harvested dur-
ing exponential phase (ODggo 0.6-0.8) for RNA isolation. RNA was
stabilized with RNAprotect Bacteria Reagent (Qlagen #76506) and
isolated using the RNeasy Mini Kit (Qiagen # 74104). Remaining
cell pellets were stored at —80°C for further proteomics analy-
sis. RNAseq sample preparation and sequencing was performed
by Girihlet Non-Canonical Genomics (Oakland, CA—https://www.
girihlet.com/). Briefly, the quality and quantity of total RNA was
evaluated using the Agilent RNA 6000 Nano Kit on an Agilent Bio-
analyzer. rRNA was removed using Ribo-Zero Magnetic Kit* (Gram-
Negative Bacteria) Epicentre. The RNA sequencing library was pre-
pared with TruSeq RNA Library Prep Kit v2 (Illumina). Libraries
were analyzed on a Bioanalzyer for average base pair distribution
and quantified using Qubit Fluorometric Quantitation (Thermo
Fisher Scientific). Sequencing was performed in the HiSeq 2500
System (Illumina) with 75 bp Paired End sequencing and 40 mil-
lion reads per sample.

RNAseq data analysis

The quality of the raw RNA-seq data was evaluated with
the FastQC tool°' and Trimmomatic®® was applied to re-
move the adaptors sequences at the beginning of the reads.
The E. coli strain K-12 MG1655 genome fasta and gff files
(GCF_000005845.2_ASM584v2_genomic) were downloaded from
the National Center for Biotechnology Information website
(https://www.ncbi.nlm.nih.gov/). The genome was indexed using
Bowtie2,>? and the mapping was performed using TopHat.>* Read
counts were obtained using HTSeq count script> and normal-
ized considering transcript length and sequencing depth to ob-
tain RPKM.*® The ARSyN method> was applied to remove batch
effects, and effective batch effect removal was checked by prin-
cipal component analysis. Differential expression was assessed
using the Limma package, applying the Voom transformation.>®
Significant differentially expressed genes were called at an false
discovery rate (FDR) < 0.05. All scripts are available at https:
//github.com/vdclab/RNAseq-analysis. Gene IDs were obtained
from EcoGene 3.0 (ecogene.org, accessed on December 2017)>°
and Gene Ontology (GO) term annotations (Gene Ontology Consor-
tium, 2021) were obtained from the EcoCyc database (ecocyc.org,
accessed on December 2017).%° Raw data (fastq files) and pro-
cessed data have been deposited in NCBI's Gene Expression Om-
nibus®! and are accessible through GEO Series accession number
GSE181239.

Proteomics analysis
Protein isolation

tein extracts were prepared from the same batch cultures used
for the transcriptomics analysis of the following samples: WT and
tgt mutant strains grown in LB medium, in biological triplicates.
Soluble protein was isolated from bacterial cells by harvesting at
200 x g for 10 min at 4°C and washing cell pellets with ice-cold
phosphate-buffered saline (PBS) and frozen at -80°C. To prepare
cell lysates, pellets were resuspended in 500 ul of lysis buffer
(20 mM Na-phosphate, pH 6.8, 10 mM DTT, 1 mM EDTA, 0.1% v/v
Tween, 1 mM PMSF, Roche protease inhibitor cocktail, 3 mg/ml lyt-
icase, and 1.25 U/ml benzonase) and incubated at 30°C with mild
shaking for 30 min. Glass beads were used to disrupt cells using a
Precellys 24 disrupter; 2 cycles of 25 s at 6500 rpm; samples were
kept on ice between each cycle. Cell lysates were then centrifuged
for 20 min at 200 x g at 4°C and supernatant fractions were
aspirated, analyzed by the bicinchoninic acid (BCA) method,®?
and adjusted to equimolar protein concentrations [4.8 mg/ml
for protein gels and 4 mg/ml for liquid chromatography-mass
spectrometry (LC-MS)/MS analysis] across samples.

Protein processing, labeling with isobaric tags,
and peptide fractionation

Protein samples were aliquoted (100 ug per sample), dried by vac-
uum centrifugation, reconstituted in 100 mM TEAB and 10% ace-
tonitrile (v/v) by bath sonication, and digested with trypsin in
a 1:30 (w/w) ratio overnight at 37°C. Aliquots of resulting pro-
tein digests (from 100 ug of total protein) were then labeled with
TMT 6-plex reagents according to the manufacturer’s protocol. La-
beled peptides (5-ul aliquots) from each biological replicate were
combined to reconstitute a full 6-plex label set and subjected
to preliminary qualitative analysis on a Thermo Scientific EASY-
nLC 1200 interfaced to a Thermo Scientific Q Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer. Median total ion inten-
sities for each label were calculated and used to normalize volu-
metric mixing of respective labels, so as to avoid signal suppres-
sion or bias from any one label. After combining labels into 6-plex
sets, samples were desalted with C18 SpinTips (Protea), dried by
vacuum centrifugation, and reconstituted in IPD buffer (Agilent)
without glycerol. Isoelectric focusing was performed from pH 3 to
10 over 24 wells on an Agilent 3100 OFFGEL fractionator according
to the manufacturer’s protocol (OG24PE00). Each of the 24 frac-
tions was collected, dried by vacuum centrifuge, resuspended in
0.1% formic acid in water, and analyzed by nano-LC-MS/MS.

LC-MS analysis of the E. coli proteome

TMT proteomics experiments were performed on an Agilent 1200
nano-LC-Chip/MS interfaced to an Agilent 6550 iFunnel Q-TOF
LC/MS. The HPLC-Chip configuration consisted of a 160-nL enrich-
ment column and a 150 mm x 75 pm analytical column (G4340-
62001 Zorbax 300SB-C18). The following mass-spectrometry grade
mobile phases were used: 0.1% formic acid in water (solvent A),
and 0.1% formic acid in acetonitrile (solvent B). A 130-min lin-
ear gradient was used for HPLC separation with 10 min for col-
umn washing and equilibration between runs. Samples (1-2 ul
injections) were loaded onto the enrichment column at 3% (v/v) B
at flow rates of 3 ul/min. The analytical gradient of solvent B was
performed at a constant flow rate of 0.3 ul/min using the follow-
ing solvent transitions on the nanoflow pump: 0-1 min, held at 1%
(v/v); 1-10 min, 1-15%; 10-101 min, 15-35%; 101-121 min, 35-75%;
121-123 min, 75-98%; 123-126 min, held at 98%; 126-127 min, 98—
1%; 127-130 min, held at 1%. The Q-TOF was operated at high
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sensitivity (4 GHz) in positive ion mode with the following source
conditions: gas temperature 350 °C, drying gas 13 I/min, fragmen-
tor 360 V. Capillary voltage was manually adjusted between 1800
to 2150 V to maintain a steady nanospray plume. Data were ac-
quired from 300 to 1700 m/z with an acquisition rate of 6 spectra/s
in MS mode, and from 50 to 1700 m/z with an acquisition rate of 3
spectra/s in MS/MS mode. A peptide isotope model (charge state
2+) was used to detect a maximum 20 precursors per cycle at a
minimum threshold of 25 000 counts/spectra at a narrow isolation
window (~1.3 m/z). Sloped collision energy (C.E.) was used to maxi-
mize collision induced dissociation of detected isobarically tagged
peptides according to the following rules: charge state 2 + C.E.
slope 4.2, offset 3.5; charge states > 3 + C.E. slope 4.2, offset 4.

LC-MS data was extracted and evaluated for quality using
the molecular feature extraction (MFE) algorithm in MassHunter
Qualitative Analysis software (v B06.00). Test injections (3—4) from
each fraction of the first technical replicate were used to optimize
injection volumes for second and third biological replicates with
the aim of maximizing the number of extracted molecules with
peptide-like features. For each fraction, the MFE list of molecu-
lar ions was exported and used to exclude spectral acquisition
of these ions in subsequent technical replicates. Each of the 24
fractions from biological triplicates were injected in technical
duplicate—spectra generated from technical replicate #1 were ac-
quired without use of an exclusion list, whereas spectra gener-
ated from technical replicates #2 were acquired with the exclusion
list. Data from MassHunter Qualitative Analysis were exported
to Mass Profiler Professional (v B03.00) for analysis of technical
reproducibility. This process was repeated for all three biologi-
cal replicates. Mass spectra were processed using Spectrum Mill
(Agilent, v B06.00) and Scaffold Q+ (v Scaffold_4.8.8), and quanti-
fied protein associations were manually analyzed by binning and
averaging peptide quantities across related protein groups in Ex-
cel.

Gene-specific codon usage analysis

A codon counting algorithm® was used to calculate the gene-
specific codon usage frequencies for all genes in the E. coli genome
using proteomics data. Over- or under-representation of a specific
codon for a particular gene relative to the genome average was
determined by calculating the average Z-score based on a hyper-
geometric distribution with a cut-off of P < 0.01. The upregulated
and downregulated proteins in the tgt mutant relative to wild-
type E. coli were selected based on the log,(tgt/WT) values, and
codon usage analysis was performed for the filtered set of genes.
Gene-specific codon usage data were visualized as a heat map us-
ing GraphPad Prism 9, as was multivariate statistical analysis. The
principal components with the largest eigenvalues that together
explain 75% of the total variance were selected for analysis.

Western blot

For FNR and FUR protein detection by Western blot, WT and tgt
mutant strains were grown in LB medium at 37°C, shaking at
200 rpm, and collected at ODggg 0f 0.6. Cells from 775 ml of each
culture were collected by centrifugation at 3000 g, 30 min, 4°C, and
pellets were stored at —-80°C. Cell pellets were then resuspended
in 10 ml of cold, fresh extraction buffer (50 mM Tris-Cl pH 7.4,
50 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mini tablet of Pierce Pro-
tease Inhibitor EDTA-free cat #88666) and disrupted by passage for
three cycles through a French Press at 2000 psi. After centrifuga-
tion (3000 g, 20 min, 4°C) to remove cell debris, the soluble and in-
soluble fractions were obtained by ultracentrifugation at 208 000 g
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for 1 h 45 min at 4°C (Beckman Type 70 Ti rotor). The remaining
insoluble material (pellet) was resuspended in 1 ml of 8 M urea,
sonicated for three cycles of 10 s at intensity 7, with 20 s interval,
and centrifuged at 25 000 g, 4°C, 10 min. Protein concentration
in the soluble fraction was determined with the Pierce BCA Pro-
tein Assay Kit (Thermo Scientific) using bovine serum albumin as
standard. Diluted in SDS loading buffer (10% SDS, 250 mM Tris-
Cl pH 6.8, 500 mM DTT, 25% glycerol, bromophenol blue), 20 ug of
the soluble fraction from each strain, and proportionally the same
amount of insoluble fraction, were resolved in a 18% acrylamide
gel. For Western blot, proteins were transferred to a PVDF mem-
brane, probed with the primary antibody (1:10 000 rabbit anti-FNR
or 1:5000 rabbit anti-FUR), detected with 1:5000 goat anti-rabbit
IgG (H + L) Poly-HRP Secondary Antibody, HRP (Thermo Fisher Sci-
entific, # 32260) and revealed using Clarity Western ECL Substrate
(Bio-Rad, #1705061). The anti-FNR antibody and the anti-FUR an-
tibody were kindly provided by Erin Mettert® and Michael Vasil %
respectively.

Detection of ROS levels

Levels of reactive oxygen species (ROS) were measured in the E. coli
WT and tgt mutant strains using flow cytometry coupled with the
probe CellROX Green according to.%® Briefly, four to six biological
replicates of each E. coli strain were grown to mid-log phase (ODgoo
0.4-0.8) in LB, centrifuged at 3500 x g for 7 min and resuspended
in 10% LB (diluted with PBS) to an ODggo of 0.1 before treatment
was performed in 96-well plates. Each well, with a total volume of
200 pl, contained bacteria (final ODgo of 0.01) in 10% LB, 0.5 uM
CellROX Green, with or without treatment of 200 uM menadione.
The plate was incubated for 1 h at 37 °C before staining for nucleic
acids with DAPI (5 ug/ml) and fixation in 4% paraformaldehyde at
25 °C followed by analysis with flow cytometry.

For flow cytometric analysis, cells were run on a LSRII flow cy-
tometer (BD Biosciences) within 2 h using a HTS fluidics system.
CellROX Green was excited with an argon laser and detected by
a 530/30 nm band-pass emission filter, while DAPI was excited
with a UV laser and detected by a 450/50 nm band-pass emis-
sion filter. A total of 50 000-100 000 events were collected for each
sample via Diva (BD Biosciences) and analyzed on FlowJo v10.0.6
(Tree Star, Inc.). Forward-scatter (FSC; correlates with cell size) and
side-scatter (SSC; correlates with cellular granularity) of light was
used to gate bacterial samples using unstained cells. DNA-positive
cells were then gated using DAPI-stain before determining bacte-
rial populations stained with CellROX-Green. Single stained cells
were also used to set compensation parameters between dye sig-
nals. Statistical analysis was performed using the Mann-Whitney
test on the Prism GraphPad Software 6.

Growth phenotype of Hpx~ derivative strains

For growth studies, eight biological replicates of each strain were
used (strains are listed in Supplemental File 1, Table S1). Cells were
grown anaerobically in plates inside plastic bags using the BD Gas-
Pak EZ Pouch System (#260683-20) at 37°C for 3 days. Inoculation
in 2 ml of freshly made anaerobic LB medium was performed in-
side anaerobic chamber BACTRONEZ (Bactron) filled with Anaer-
obic Mixed Gas (AMG—5% carbon dioxide, 5% hydrogen Balance
Nitrogen Certified Standard Mixture—Airgas #X03NI90C2000024).
The tubes were placed inside plastic bags using the BD Gas-
Pak EZ Pouch System (#260683-20) and incubated anaerobically
overnight at 37°C, shaking at 200 rpm. The ODgg of overnight cul-
tures were measured and normalized to 0.045-0.055 in 1 ml of LB.
Still inside the chamber, the Bioscreen plate was prepared with
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Fig. 2 Metal-related phenotypes of E. coli Atgt strain. Growth of WT and Atgt strains was monitored in a Bioscreen C Analyzer at 37°C with constant
shaking. Error bars showing standard deviation for biological triplicates. Both strains were transformed with pBAD24 (A and C) or pTGT (B and D). All
growth experiments were performed in LB medium with 100 pxg/ml ampicillin and 0.02% arabinose supplemented with 0.85 mM CoCl, (A and B) or

2 mM NiCl, (C and D). The same set of strains was tested for metal sensitivity assays on plates. For nickel sensitivity tests, overnight cultures in LB
were diluted and grown to mid-exponential phase, then diluted to OD(Asoonm) 1.0, and 7 ul of 10-fold serial dilutions were spotted on LB medium
containing 2 mM NiCl,, 100 ng/ml ampicillin and 0.02% arabinose (E). For cadmium sensitivity tests, overnight cultures were diluted in low-phosphate
(LP) medium containing ampicillin and grown to mid-exponential phase, then diluted to OD(Agponm) 1.0, and 7 ul of 10-fold serial dilutions were
spotted on LP medium containing 25 uM CdSO4, 100 ng/ml ampicillin and 0.02% arabinose (F). Growth was analyzed after 24 h at 37°C. Spots
corresponding to 107 to 10~ dilutions are shown. WT, wild type; Ni, nickel; Co, cobalt.

20 ul of each culture added by 180 ul of LB medium, resulting
in a starting ODggo of 0.005. The plate was incubated aerobically
in the Bioscreen system at 37°C, shaking continually, for 3 days.
ODgop measurements were recorded every 30 min.

Results

Queuosine modification in tRNA affects E. coli
sensitivity to metals

Based on published observations linking Q or Q biosynthesis genes
to metal metabolism,**3* the role of Q under different metal
stress conditions, such as excess Ni2t, Co?t, and Cd?t, was eval-
uated in E. coli. In LB medium, the tgt mutant, lacking Q in tRNA,
showed higher resistance to Co?* (0.85 mM) and to Ni** (2 mM)
compared to the isogenic WT E. coli MG1655 strain (Fig. 2A and
C). When following growth in microtiter plates (Bioscreen C), we
found that, even though both WT and tgt mutant strains reach a

similar final OD (Asoonm) 1 stationary phase, the mutant showed
a clear growth advantage. In the presence of Ni, for example, dou-
bling times of 4 h for Atgt and of 5.3 h for WT were observed
(Fig. 2A and C).

An independent systematic TnSeq fitness study®’ (https://fit.
genomics.lbl.gov) showed that insertions in the tgt gene of E.
coli BW25113 strain provided growth advantage under nickel and
cobalt stress (fitness value = 1.2). This means that the presence
of this gene was detrimental for fitness in these conditions. In the
same study, insertions in the E. coli genes queA and queG were also
beneficial in these two metal stress conditions (Supplemental file
1, Table S3). This result is consistent with the nickel and cobalt
resistance phenotype we observed in the tgt mutant.

The tgt™ nickel resistance phenotype was also confirmed by
plate assays (Fig. 2E). On the other hand, under cadmium stress
(25 uM) in low phosphate minimal medium (MA), the tgt mu-
tant was more sensitive than the WT strain (Fig. 2F). The three
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metal-related phenotypes were complemented by overexpressing
the tgt gene in trans in pBAD24 (Fig. 2B, D, E, F), confirming that
the absence of the tgt gene was responsible for the observed
phenotype. Additional analyses showed that the nickel resistance
phenotype of the Atgt mutant was caused by the absence of Q in
tRNA, and not by the accumulation of Q precursors (preQp and
preQ) (Fig. S1, Results in Supplemental File 1).

Transcriptomics analysis of wild-type strain
exposed to high nickel

To understand the basis for the nickel resistance phenotype of
the tgt mutant, we first analyzed the transcriptomic response of
the WT strain to nickel stress to identify genes that were differ-
entially expressed in nickel-treated WT compared to untreated
WT (WT_Ni/WT_LB; Supplemental File 2). A total of 734 genes
were found upregulated and 1642 genes downregulated in the
treated cells. A similar analysis had already been performed®®
but in different physiological conditions. In the previous study,
cells were grown in M63 minimal medium and exposed to 50 uM
NiCl, for only 10 min, while in this study cells were grown in
LB medium and exposed to 2 mM NiCl, for 2 h, the same con-
dition in which the tgt mutant phenotype of nickel resistance was
observed.

In E. coli, as in other bacteria, nickel is used as a cofactor for en-
zymes such as Ni-Fe hydrogenases and glyoxalase I, but it is also
toxic at high concentrations.®®’% The proposed causes of nickel
toxicity involve the replacement of other essential metals in met-
alloproteins, the binding to catalytic residues of enzymes (or al-
losteric inhibition of catalytic site), and the generation of oxida-
tive stress causing damage to DNA, proteins, or lipids.”® Therefore,
well-controlled mechanisms for nickel import and distribution as
well as for nickel efflux are required to avoid toxicity. Compar-
ing the gene expression profiles allowed us to confirm that the
main features of the nickel toxicity response were affected in our
experiment

As expected upon exposure to excess nickel, genes involved in
the general stress responses were induced in our and in the Gault
et al. study, including the master stress regulator gene rpoS, and
genes related to response to DNA damage and to oxidative stress,
such as dps, pfkB, katE, pfo, osmC, soxS, and sodC (Fig. 3). While the
overexpression of rcnA, the gene coding for the Ni and Co efflux
pump was observed in both studies, the expected repression of
the nikABCDE operon, which codes for the main Niimport system,
was only observed in the current study (Fig. 3 and Supplemen-
tal file 2). One of the major findings of the Gault et al. study was
that Ni stress activates systems involved in the defense against
excess Fe and Cu, even if the contents of Fe and Cu remained un-
changed. We did find that genes involved in iron import (fec, fep,
feo and fhu genes, exbBD, tonB) were downregulated, while genes
involved in iron sequestration (bfr and dps), as well as the Nickel-
responsive Fe-uptake Regulator (nfeR/yqjl) were upregulated. Be-
cause we observed a strong response involving Fur (ferric uptake
regulator) regulon, we compared our results to the study from
McHugh et al.”! They analyzed the transcriptomics of E. coli under
two conditions: iron starvation, by adding the iron chelator 2,2’-
dipyridyl (DIP), and Fur absence, using a fur mutant. Whereas the
majority of Fur regulated genes involved in iron acquisition were
found upregulated during iron starvation and in the fur mutant,
they were found downregulated in our study. This same effect was
also observed by Gault et al. and suggests a nickel effect on Fur
regulation.
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Among the differences between our results and the Gault et
al. study is the overexpression of genes coding for the universal
stress proteins (usp genes) and the downregulation of ryhB, which
we did not observe. Notably, genes encoding the two Fe-S cluster
assembly systems, SUF and ISC, were overexpressed in the present
study, but not in the Gault et al. study. Curiously, while genes in-
volved in sulfate assimilation and cysteine biosynthetic process
(cys genes) were found downregulated in the Gault et al. study, we
found that the cys genes as well as genes involved in the histi-
dine biosynthetic process (his genes) were among the most upreg-
ulated in our conditions (Fig. 3). It is known that nickel can bind
His and Cys residues of enzymes catalytic sites,’® and it was ob-
served that the addition of His and Cys was able to moderate the
effects of Ni?* on mouse Leydig cells in vitro.”? Thus, the increase
in the synthesis of these two amino acids could be a protective
reaction to nickel excess.

Among the repressed genes, there is a high prevalence of genes
related to motility, mainly involved in flagellar biosynthesis and
chemotaxis (flg, fli, che genes), and genes related to nitrate as-
similation and anaerobic respiration (nir, nar, nap, frd, hya, hyb, hyc
genes).

Regarding the Q biosynthesis pathway, Gault et al. detected a
repression of queA and queD (ygcM), while we detected the re-
pression of queF and tgt, which is consistent with the fitness data
(Table S3 in Supplemental file 1) and with the nickel resistance
phenotype of the tgt mutant (Fig. 2). To test if exposure to high
nickel levels led to a reduction in levels of Q-modified tRNAs,
we analyzed Q levels in tRNA*Pgyc in the WT strain grown in
1.5 mM or 2.0 mM NiCl, from one to three growth cycles using
a Northern-type assay based on an acrylamide gel containing N-
acryloyl-3-aminophenylboronic acid (APB), which slows migration
of Q-containing tRNA.'*73 Under the tested conditions, the pres-
ence of high nickel did not affect Q levels in tRNA®P (Fig. S2 in
Supplemental file 1).

Transcriptomics of the tgt mutant: stress, protein
stability, cell respiration, and metal import are
the main biological processes affected by the
absence of Q

After looking at changes in E. coli gene expression patterns upon
exposure to nickel stress, we focused on analyzing the impact of
the absence of tgt and, consequently, of Q in tRNA. Using RNA-
seq, we compared mRNA levels in the tgt mutant and in the WT
strain (E. coli MG1655). Differential gene expression is reported as
logy(FC) of mRNA levels in the tgt mutant compared to the WT
strain (tgt_LB/WT_LB) (Supplemental File 2). In this condition, 417
genes were found upregulated and 1053 genes downregulated in
the tgt mutant.

GO terms enrichment was performed using DAVID Bioin-
formatics Resources 6.87% for differentially expressed genes in
the comparisons of the tgt mutant to the WT strain in LB
medium (tgt_LB/WT_LB), and of nickel-treated and untreated WT
(WT_Ni/WT_LB). The complete list of enriched biological pro-
cesses and their respective genes can be accessed in Supplemen-
tal file 3. The most prominent observed biological processes in the
tgt mutant were manually combined in broader categories and
displayed in Table 1, where some of the genes illustrate each cat-
egory.

Genes involved in aerobic respiration, TCA cycle, and fatty-acid
biosynthetic and oxidation processes are found upregulated in
the tgt mutant in comparison to the WT strain (Table 1). Con-
versely, genes involved in anaerobic respiration and fermentation
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Fig. 3 Transcripts differentially expressed in the wild-type strain upon exposure to excess nickel. Y-axis, differential gene expression reported as
log, (FC) of mRNA levels in nickel-treated WT compared to untreated WT (WT_Ni/WT_LB). The genes were manually assigned to each category.

are downregulated. There is an increase in expression of the
entire ISC operon, the housekeeping system for iron-sulfur
cluster [Fe-S] assembly, while there is a decrease in expression
of most of the SUF operon genes, responsible for [Fe-S] assem-
bly in stress situations (such as oxidative stress and low iron)
(Table 1). A massive number of genes involved in metal import,
mainly of iron, cobalt, and nickel, are repressed. The changes
in the nickel homeostasis response genes are discussed in more
details below. The increased expression of many stress-induced
genes suggests a response to misfolded proteins and DNA dam-
age being triggered in the absence of Q modification in tRNA
(Table 1). It is also observed a striking number of upregulated

genes belonging to amino acid biosynthesis pathways (mainly
Trp, Phe, Tyr, His, Ala, Lys, and Met) and processes related to
protein translational fidelity, protein stability and folding, and
catabolism of misfolded proteins. This regulation points to a
role of Q in protein translation and homeostasis. Other bio-
logical processes observed with differentially expressed genes
in the tgt mutant are the upregulated cell shape and divi-
sion, putrescine catabolism, and glycine betaine biosynthesis.
Among the downregulated processes there are also biofilm
formation and cell adhesion, flagellum synthesis, DNA recom-
bination and transposition, pilus organization, ethanolamine

catabolism, lipopolysaccharide biosynthesis, and carnitine



Table 1. Genes with altered expression in the tgt mutant
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Gene name

Product

log,(tgt_LB/WT_LB)

Stress-induced genes
ibpA
ibpB
clpP
clpX
dnak
dnaJ
gIpE
Lon
1dhA
mutM
hslR
hslU
hslv
hslo
hspQ
hflC
hflK
hflX
ybeY
Aerobic respiration and TCA cycle
CyoA
cyoB
cyoC
cyoD
erpA
glpD
nuoF
acnB
aceB
SUcA
nlpD
sdhA
sdhB
sdhC
sdhD
fumA
fumC
Mqo

Main upregulated biological processes

Small heat shock protein IbpA

Small heat shock protein IbpB

Serine protease

ClpX ATP-dependent protease specificity component and chaperone
Chaperone protein DnakK

Chaperone protein Dnaj

Nucleotide exchange factor in the DnaK-DnaJ-GrpE chaperone system
Lon protease

D-Lactate dehydrogenase—fermentative

Formamidopyrimidine DNA glycosylase

Heat shock protein Hsp15

ATPase component of the HslVU protease

Peptidase component of the HslVU protease

Molecular chaperone Hsp33

Heat shock protein, hemimethylated DNA-binding protein
Regulator of FtsH protease

Regulator of FtsH protease

Ribosome-dissociating factor, GTPase

Endoribonuclease

Cytochrome bo3 terminal oxidase subunit II

Cytochrome bo3 terminal oxidase subunit I

Cytochrome bo3 terminal oxidase subunit III

Cytochrome bo3 terminal oxidase subunit IV

Essential respiratory protein A

Glycerol-3-phosphate dehydrogenase, aerobic

NADH:ubiquinone oxidoreductase, chain F

Bifunctional aconitate hydratase 2 and 2-methylisocitrate dehydratase
Malate synthase A

2-Oxoglutarate decarboxylase, thiamine-requiring

Murein hydrolase activator

Succinate:quinone oxidoreductase, FAD binding protein
Succinate:quinone oxidoreductase, iron-sulfur cluster binding protein
Succinate:quinone oxidoreductase, membrane protein
Succinate:quinone oxidoreductase, membrane protein

Fumarase A

Fumarase C

Malate:quinone oxidoreductase

Fatty-acid biosynthetic and oxidation processes

fabA
fabB
fabF

fabH
fadA
fadB
fadD
fadj

accA
accC

Beta-hydroxyacyl-ACP dehydratase/isomerase
Beta-ketoacyl-ACP synthase I

Beta-ketoacyl-ACP synthase II

Beta-ketoacyl-ACP synthase I

3-Ketoacyl-CoA thiolase

Fatty acid oxidation complex, « component

Fatty acyl-CoA synthetase

FadJ component of anaerobic fatty acid oxidation complex
Acetyl-CoA carboxyltransferase subunit «

Biotin carboxylase

Protein metabolism (translation fidelity, stability, folding, regulation and degradation)

miaA
tsaC
Dtd
tilS
slyD
ftsH
htpX
sohB
pepN

tRNA(i6A37) synthase
Threonylcarbamoyl-AMP synthase
D-Tyr-tRNATyr deacylase

tRNAIle-lysidine synthetase

FKBP-type peptidyl prolyl cis-trans isomerase
ATP-dependent zinc metalloprotease FtsH
Heat shock protein, protease

549 peptidase family protein
Aminopeptidase N

2.74
2.92
0.65
0.74
1.27
1.23
0.99
1.56
0.91
2.36
1.15
1.58
2.09
1.53
1.09
0.52
0.74
0.62
0.67

1.15
0.99
0.87
0.88
1.44
0.57
0.69
0.69
1.10
0.77
0.88
1.27
0.78
1.27
1.66
1.20
1.17
1.95

0.69
1.19
0.66
0.75
1.26
2.18
1.49
1.00
0.66
0.66

1.02
0.61
0.86
0.61
0.63
0.92
1.17
0.81
0.78
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Table 1. Continued

Gene name

Product

log(tgt_LB/WT_LB)

Fe-S cluster assembly (ISC system and associated genes)

iscA
iscS
iscR
iscX
iscU
hscB
hscA
Fdx
cyaY
erpA
nfuA
Amino acid biosynthetic pathway
hisA
hisB
hisC
hisD
hisF
hisG
hisH
hisl
aroA
aroB
aroC
aroE
aroF
trpA
trpB
trpC
Asd
thrA
metL
dapB
dapF

Iron-sulfur cluster assembly protein

Cysteine desulfurase

IscR DNA-binding transcriptional dual regulator
Regulator of iron-sulfur cluster assembly
Scaffold protein for iron-sulfur cluster assembly
Co-chaperone for [Fe-S] cluster biosynthesis
Chaperone for [Fe-S] cluster biosynthesis
Oxidized ferredoxin/reduced ferredoxin
Frataxin CyaY

Essential respiratory protein A

Iron-sulfur cluster scaffold protein

Phosphoribosylformimino-5-aminoimidazole carboxamide ribotide isomerase

Imidazoleglycerol-phosphate dehydratase/histidinol-phosphatase
Histidinol-phosphate aminotransferase

Histidinal dehydrogenase/histidinol dehydrogenase
Imidazole glycerol phosphate synthase, HisF subunit
ATP phosphoribosyltransferase

Imidazole glycerol phosphate synthase, HisH subunit
Histidine biosynthesis bifunctional protein HisIE
3-Phosphoshikimate 1-carboxyvinyltransferase
3-Dehydroquinate synthase

Chorismate synthase

Shikimate dehydrogenase
2-Dehydro-3-deoxyphosphoheptonate aldolase
Tryptophan synthase, alpha subunit

Tryptophan synthase, beta subunit

Fused indole-3-glycerol phosphate synthase
Aspartate semialdehyde dehydrogenase

Aspartate kinase/homoserine dehydrogenase
Aspartate kinase/homoserine dehydrogenase
4-Hydroxy-tetrahydrodipicolinate reductase
Diaminopimelate epimerase

Main down regulated biological processes

Anaerobic respiration and fermentation

dmsA
dmsB
dmsC
fdnG
frdA
frdB
frdC
frdD
hyaA
hyaB
hyaC
hybA
hybB
hybO
hycB
napA
napB
napC
narG
narH
nirB
nirD

Dimethyl sulfoxide reductase, chain A

Dimethyl sulfoxide reductase, chain B

Dimethyl sulfoxide reductase, chain C

Formate dehydrogenase N subunit «

Fumarate reductase flavoprotein

Fumarate reductase iron-sulfur protein

Fumarate reductase membrane protein

Fumarate reductase membrane protein

Hydrogenase 1, small subunit

Hydrogenase 1, large subunit

Hydrogenase 1, b-type cytochrome subunit
Hydrogenase 2, [Fe-S] binding, ferredoxin-type component HybA
Hydrogenase 2, integral membrane subunit HybB
Hydrogenase 2, small subunit

Hydrogenase 3, Fe-S subunit

Large subunit of periplasmic nitrate reductase, molybdoprotein
Periplasmic nitrate reductase cytochrome c550 protein
Periplasmic nitrate reductase, cytochrome c protein
Nitrate reductase A subunit «

Nitrate reductase A subunit g

Nitrite reductase, large subunit

Nitrite reductase, small subunit

1.63
2.07
2.19
1.03
1.75
1.85
1.32
1.04
0.41
1.44
1.50

1.41
1.00
1.20
1.09
1.42
1.29
1.26
1.16
0.54
0.34
0.51
1.17
0.45
0.75
1.08
1.29
0.77
0.57
0.42
0.55
1.02

-3.07
-2.07
-1.64
-2.32
-0.76
-0.85
-0.75
-0.77
-0.58
-0.52
-0.82
-1.69
-1.14
-2.36
-0.51
-2.68
-1.09
-1.62
-4.28
-2.43
-4.00
-3.66
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Paper

Gene name

Product

log,(tgt_LB/WT_LB)

Metal import, incorporation, and homeostasis

nikA Nickel ABC transporter—periplasmic binding protein -3.61
nikB Nickel ABC transporter—membrane subunit -2.83
nikC Nickel ABC transporter—membrane subunit -2.77
nikD Nickel ABC transporter—ATP binding subunit -2.30
nikE Nickel ABC transporter—ATP binding subunit -1.73
hypA Accessory protein for nickel incorporation into hydrogenase 3 -2.84
hypB Accessory protein for nickel incorporation into hydrogenase isoenzymes -3.00
hypD Scaffold protein for assembly of the Fe-(CN)2CO cofactor -1.89
feoA Ferrous iron transport protein A -3.03
feoB Ferrous iron transporter FeoB -3.00
feoC Ferrous iron transporter FeoC -2.76
fepA Ferric enterobactin/colicin B/colicin D outer membrane porin FepA -0.67
fepB Ferric enterobactin ABC transporter—periplasmic binding protein -0.67
fepC Ferric enterobactin ABC transporter—ATP binding subunit -1.09
fepE Ferric enterobactin (enterochelin) transport -0.82
fepG Ferric enterobactin ABC transporter—membrane subunit -0.98
fhuA Ferrichrome outer membrane transporter/phage receptor -1.62
fhuC Iron (III) hydroxamate ABC transporter—ATP binding subunit -1.28
fhuD Iron (III) hydroxamate ABC transporter—periplasmic binding protein -0.91
fhuk Ferric coprogen outer membrane porin FhuE -0.51
entE Enterobactin synthetase component E -0.95
entD Enterobactin synthetase component D -0.66
CirA Ferric dihyroxybenzoylserine outer membrane transporter -0.64
tonB TonB energy transducing system—TonB subunit -0.64
exbB TonB energy transducing system—ExbB subunit -1.56
exbD TonB energy transducing system—ExbD subunit -1.87
Dps Stationary phase nucleoid protein that sequesters iron and protects DNA from damage -0.81
yqjH Ni-responsive Fe-uptake flavoprotein (nfeF) -0.77
ftnB Predicted ferritin-like protein -0.71
Fes Enterochelin esterase -0.98
ryhB RyhB small regulatory RNA involved in iron homeostasis -1.87
Fe-S cluster assembly (Suf system)

sufA* Fe-S transport protein in Fe-S cluster assembly -0.50
sufB* SufB component of SufBCD Fe-S cluster scaffold complex -0.55
sufC SufC component of SufBCD Fe-S cluster scaffold complex -0.71
sufD SufD component of SufBCD Fe-S cluster scaffold complex -0.84
sufE Sulfur acceptor for SufS cysteine desulfurase -0.96
sufS L-Cysteine desulfurase -0.80

Transcriptomics of the Atgt compared to WT strain in LB medium. The most affected biological processes were manually combined in broader categories, with
some genes illustrating each category. The complete list of enriched biological processes and their respective genes can be accessed in Supplemental file 3.*, genes

with negative ratios but not considered significantly altered.

and pyrimidine metabolic process (Table 1 and Supplemental
file 3).

Proteomics of the tgt mutant confirms altered
biological processes identified in the
transcriptomics analysis

Total extracts of E. coli WT and tgt mutant strains in LB
medium, prepared from the same cultures used for the
RNA-seq experiment, were labeled with TMT Isobaric Mass
Tags and analyzed by chromatography-coupled Orbitrap mass
spectrometry as described in Methods section. This analysis
produced 23326 spectra that were assigned to 855 E. coli pro-
teins (peptide threshold: <1% FDR) across all three experimen-
tal replicates (protein threshold: >99% confidence, minimum of
2 peptides). Fold-change values were calculated to obtain rela-
tive protein abundance (tgt_LB/WT_LB). Proteomics data is avail-
able in Supplemental File 4 and was uploaded to the CHO-
RUS database (https://chorusproject.org/anonymous/download/
experiment/2a0b77c87014485a993df01e7744a5a6) under ID 3655.

In the tgt mutant, 37 proteins were found to be highly upreg-
ulated, and 33 downregulated when compared to WT (Table 2).
The QueD protein, an enzyme that participates in the synthe-
sis of Q precursors,® is the most abundant protein in the mu-
tant, suggesting a possible feedback regulation caused by the
absence of Q in tRNA. To date, no information about the reg-
ulation of the Q biosynthetic pathway is known for E. coli, and
this could be the first time such a feedback mechanism is ob-
served. Among the most abundant proteins, DdIA participates in
the peptidoglycan biosynthesis, and the ddlA mutant was shown
to be 8-fold more sensitive to X-ray radiation.”* The phosphohis-
tidine phosphatase SixA dephosphorylates the His717 of ArcB,’®
whose protein levels are also increased in the tgt mutant. An-
other interesting protein with increased levels in the mutant is
the putative ATP-dependent protease YcbZ, which is linked to
translation. The ycbZ mutant showed increased levels of stop
codon readthrough, and the use of a complementation plas-
mid rescued the fidelity and fitness defects of the mutant.”” The
least abundant protein in the mutant is YoaE. This member of
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Table 2. Proteins with increased or decreased abundance in the tgt strain compared to the WT strain in LB medium

Gene name Product log,(tgt_LB/WT_LB)

Proteins with increased abundance in the tgt mutant

queD 6-Carboxy-5,6,7,8-tetrahydropterin synthase 1.15
ddlA D-Alanine—D-alanine ligase A 1.13
SIXA Phosphohistidine phosphatase SixA 1.09
ycbZ Putative ATP-dependent protease YcbZ 1.06
fadE Acyl-CoA dehydrogenase 1.00
gspD Type 1I secretion system protein GspD 1.00
vhjJ Peptidase M16 family protein YhjJ 0.98
yidZ Putative LysR-type transcriptional regulator YidZ 0.94
CyoA Cytochrome bo3 ubiquinol oxidase subunit 2 0.84
rluC 23S rRNA pseudouridine synthase C 0.83
sbcB Exodeoxyribonuclease I 0.81
yeiG S-Formylglutathione hydrolase/S-lactoylglutathione hydrolase 0.81
ecpA Common pilus major subunit 0.78
polB DNA polymerase II 0.77
yjbl Pentapeptide repeats-containing protein Yjbl 0.76
tynA Copper-containing amine oxidase 0.75
1dhA D-Lactate dehydrogenase 0.73
tdcA DNA-binding transcriptional activator TdcA 0.73
miaB Isopentenyl-adenosine A37 tRNA methylthiolase 0.73
alkB DNA oxidative demethylase 0.72
govT Aminomethyltransferase 0.71
hemB Porphobilinogen synthase 0.70
Tsr Serine chemoreceptor protein 0.68
yeiP Elongation factor P family protein 0.68
parC Dimer of DNA topoisomerase [V subunit A 0.68
gshA Glutamate—cysteine ligase 0.68
Lrp Leucine-responsive regulatory protein 0.67
yiiYy Pyruvate/proton symporter BtsT 0.67
yfgl Nalidixic acid resistance protein Yfgl 0.64
casC CRISPR system Cascade subunit CasC 0.64
ybaQ DNA-binding transcriptional regulator YbaQ 0.63
waaH UDP-glucuronate:LPS(Heplll) glycosyltransferase 0.62
yicE Phosphodiesterase YfcE 0.62
arcB Aerobic respiration control sensor protein ArcB 0.60
yfcD Putative Nudix hydrolase YfcD 0.60
nuoB NADH:quinone oxidoreductase subunit B

Proteins with decreased abundance in the tgt mutant

yoaE Putative inner membrane protein -1.87
segA Negative modulator of initiation of replication -1.15
allD Ureidoglycolate dehydrogenase -1.11
mutM Formamidopyrimidine-DNA glycosylase -1.07
livM Branched chain amino acid/phenylalanine ABC transporter membrane subunit Liviv -1.02
Wzc Protein-tyrosine kinase Wzc -0.99
cobS Cobalamin 5’-phosphate synthase -0.98
mrcA Penicillin-binding protein 1A PBP1A -0.93
torC Cytochrome ¢ menaquinol dehydrogenase TorC -0.87
wecB UDP-N-acetylglucosamine 2-epimerase -0.86
rbskK Ribokinase -0.84
fhuA Ferrichrome outer membrane transporter/phage receptor -0.81
xylE D-Xylose/proton symporter -0.81
sgbH 3-Keto-L-gulonate-6-phosphate decarboxylase SgbH -0.79
mhpA 3-(3-Hydroxy-phenyl)propionate/3-hydroxycinnamic acid hydroxylase -0.76
fhuB Iron(I1I) hydroxamate ABC transporter membrane subunit -0.75
rhsA rhs element protein RhsA -0.75
rcsB DNA-binding transcriptional activator RcsB -0.74
ihfB Integration host factor subunit beta -0.73
ascB 6-Phospho-beta-glucosidase AscB -0.69

yigZ IMPACT family member YigZ -0.68




Table 2. Continued
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Gene name

Product

log, (tgt_LB/WT_LB)

fliM Flagellar motor switch protein FliM -0.67
nikB Nickel transport system permease protein NikB -0.67
srlQ D-Arabinose 5-phosphate isomerase GutQ -0.66
ycaQ Winged helix DNA-binding domain-containing protein YcaQ -0.65
frvA Putative PTS enzyme IIA component FrvA -0.64
bioH Pimeloyl-acyl carrier protein methyl ester esterase -0.63
Map Methionine aminopeptidase -0.61
entF Enterobactin synthase component F -0.60
ptrA Protease 3 —-0.60
OtsA Trehalose-6-phosphate synthase -0.60
glyQ Glycine-tRNA ligase alpha subunit -0.59
yjeJ Uncharacterized protein YjeJ -0.59

Proteins with variable abundance were considered for log, (tgt_LB/WT_LB) higher than 0.59 and lower than -0.59.

the UPF0053 is not functionally characterized but GEO profiles
searches shows that yoaE expression is induced in the fur mu-
tant and repressed in the WT when these strains are exposed
to gentamicin (Profile GDS5162/1768340_s_at, https://www.ncbi.
nlm.nih.gov/geoprofiles/). yoaE expression is also induced in a
strain deficient for the hydrogen peroxide-scavenging enzymes
(Profile GDS5163/1768340_s_at).

A comparison between gene expression (transcriptomics) and
protein abundance (proteomics) is displayed in Supplemental File
5. As expected,’® we found a poor correlation between mRNA and
protein levels, even using the same batch of cell cultures for both
analyses. This difference is likely due to the different roles of tran-
scription and translation in regulating the levels of individual pro-
teins under these specific conditions,”® with a potential role for
translational regulation by the tRNA epitranscriptome, including
Q modification.?-82

Examination of the concordant increases or decreases in mRNA
levels and protein abundances can give insights into the regula-
tors responsible for disturbances of biological processes observed
in the tgt mutant (Table 3). The upregulation of both mRNA and
protein levels of acyl-CoA dehydrogenase (fadE) and cytochrome
bos ubiquinol oxidase subunit 2 (cyoA) confirms the induction of
the fatty-acid oxidation and aerobic processes in the mutant. A
feature shared by fadE, cyoA, and IdhA is their repression by the
transcriptional dual regulator ArcA. The derepression of these
genes suggests that ArcA is not active in the tgt mutant. Concor-
dant downregulation is observed for nickel (nikB) and iron import
(entF, fhuA) related genes. The latter two are repressed by Fur, while
nikB and entF are both induced by FNR, suggesting that Fur is ac-
tive in the tgt mutant and FNR is not. The other genes with con-
cordant decrease in mRNA and protein levels are controlled by
different regulators and sigma factors.

On the other hand, some genes display very discordant
variations between mRNA and protein levels. For example, the
type 1I secretion system protein GspD, whose gene is repressed
by Fur, and the transcriptional activator TdcA, activated by FNR,
show downregulation of mRNA levels but increased protein levels
in the absence of tgt. Inversely, the ribokinase RbsK and the
DNA glycosylase MutM, controlled by sigma factors 70 and 32,
respectively, show increased mRNA levels but decreased protein
abundance (Table 3).

Table 3. Concordant and discordant variations of mRNA and
protein levels in the E. coli tgt mutant in LB medium

Gene name Transcriptomics Proteomics
Concordant variations
Increased mRNA levels Increased protein levels
fadE 0.79 1.00
CyoA 1.15 0.84
1dhA 0.91 0.73
Decreased mRNA levels Decreased protein levels
OtsA -0.75 -0.60
entF -1.21 -0.60
nikB -2.82 -0.67
rhsA -0.58 -0.75
sgbH -0.92 -0.79
fhuA -1.62 -0.81
Wzc -0.67 -0.99
Discordant variations
Decreased mRNA levels Increased protein levels
tdcA -3.38 0.73
gspD -0.65 1.00
Increased mRNA levels Decreased protein levels
mutM 2.36 -1.07
rbsK 0.56 -0.84

The numbers reflect the log, (tgt_LB/WT_LB).

Investigation of Q influence on codon usage

Given the role of wobble Q in modulating reading of NAU and
NAC synonymous codons by Gs4UssNsg anticodons on tRNAs cor-
responding to Asn, Asp, His, and Tyr,' we assessed the codon usage
patterns using our transcriptomics and proteomics data.

Exploring our transcriptomics dataset, we analyzed the dif-
ferences in the relative frequencies of the codons NAC and
NAU (of the amino acids Tyr, His, Asp, and Asn). We ob-
served that the frequencies of these codons are not consis-
tently elevated or depleted in the genes with differential ex-
pression when compared with their genomic frequencies (data
not shown).
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expression values.

Using proteomics fold-change data for proteins upregulated
and downregulated by the loss of Q-inserting tgt (Supplemental
File 4), we calculated codon usage frequency relative to genome
average for the top 37 up- and 33 down-regulated proteins,
and then analyzed this data relative to protein up- and down-
regulation values by principal components analysis. We found
only a weak discrimination of the protein changes based on codon
usage in the scores plot, although there was a strong separation of
NAC and NAU codons that represent targets for Q-modified tRNAs
(Fig. S31in Supplemental file 1). This suggests that there is a modest
influence of the loss of Tgt enzyme and Q modification on trans-
lation of proteins encoded by genes enriched with Q-dependent
codons, with a similar influence of other codons and other factors.

The nickel resistance phenotype of the tgt
mutant is caused by downregulation of the
nickel import system NikABCDE

One of the most striking observations about the perturbation in
gene expression caused by the absence of queuosine modification
(tgt_LB/WT_LB) was the strong overlap with the response observed
for the WT cell exposed to nickel (WT_Ni/WT_LB). As highlighted
in Fig. 4, similar induction of the Fe-S cluster assembly ISC system,
of the histidine biosynthesis pathway, and of amino acid and pro-
tein biosynthesis and transport was observed. Conversely, in both

conditions, genes involved in anaerobic respiration and in metal
import were strongly repressed. The downregulation of the entire
nikABCDE operon, which codes for the main nickel import system
in the cell, could explain the observed nickel resistance phenotype
of the tgt mutant. The downregulation of nikB was observed both
at transcriptional and translational levels, in our RNAseq and pro-
teomics analyses (Tables 1-3).

The repression of the nikABCDE operon along with genes for
Ni-Fe hydrogenases (hya/hyb/hyc genes) and nitrite/nitrate reduc-
tases (nir/nar genes) indicate a possible reduction in the activity
of the FNR regulator. Because, in the past, a tgt mutant strain was
found deleted for the fnr gene®* we checked and confirmed that
the tgt mutant strain we used in our RNAseq transcriptomics con-
tains the fnr gene and itis not mutated (confirmed by checking the
sequence of fnr transcripts in the transcriptomics data, and by se-
quencing of PCR products of the fnr gene amplified from the WT
and tgt mutant strains—data not shown). We also confirmed that
fnris expressed at transcriptional (observed in the transcriptomics
data) and translational levels (detected by Western blot—Fig. S4).
Besides the altered expression of the FNR regulon, the activity of
another major regulator of anaerobic response, ArcA, seems to be
disturbed in the cell. The expression levels of genes regulated by
FNR and ArcA indeed point to a repression of the activity of these
two major regulators (Fig. SA and B), leading therefore to a repres-
sion of the anaerobic metabolism.
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Fig. 5 Regulons expression in the tgt mutant. (A) Genes regulated by FNR; (B) genes regulated by ArcA; (C) genes regulated by Fur; (D) genes repressed
by RyhB. Graphs show the number of genes (X axis) activated and repressed by each major regulator and their respective regulation in the tgt mutant
(upregulated or downregulated based on mRNA levels). To the right of each bar, the percentage represented by the number of genes among the total
activated or repressed genes by each regulator. (E) number of Fe-S proteins (X axis) whose mRNA levels are upregulated or downregulated in the tgt
mutant compared to the WT strain in LB medium. The percentages represented by these numbers among the total Fe-S proteins in E. coli were
included in the graph. (F) Schematic representation of the incoherent regulation by Fur and Isc proteins. In the presence of abundant Fe levels, Fur
represses ryhB, thus derepressing the expression of erpA; while IscR bound to Fe-S cluster (holo-IscR) represses erpA.°!

Expression of the iron import system

is repressed in the Q™ strain

While FNR and ArcA activities seem to be repressed, an induction
of the activity of the master regulator Fur is clear in the tgt mu-
tant. Most of the E. coli iron homeostasis genes belong to the Fur
regulon [dataset] (https://regulondb.ccg.unam.mx/)®* and many
of these genes are repressed in the tgt mutant (Fig. 5C, Table 1).
This includes genes involved in iron import and synthesis of
siderophores, such as feoABC, fepABCEG, fhuACDE, nfeF (ygjH),
entED, cirA, and tonB/exbBD. Consistently with most of Fur regulon
genes, downregulation of ryhB expression was observed in the
tgt mutant. RyhB is a small RNA that represses the expression
of iron-containing proteins, hence reducing iron consumption
under low-iron conditions.®> In accordance with the Q strain
transcriptomics data, repression of ryhB and consequent dere-
pression of its regulon corroborates the induction of sodB, of
genes in the TCA cycle and aerobic respiratory chain, and of the
ISC operon (Fig. 5D, Table 1). Because Fur is activated by Fe?* 86
the observed expression profiles could be a result of overexpres-
sion of Fur and/or increased intracellular iron levels. However,

analyses reported in the Supplemental sections showed that no
differences in fur expression or FUR protein levels were observed
(Supplemental file 2 and Fig. S5A, in Supplemental file 1), as
well as no difference in ryhB promoter activity (Fig. S5B). And no
significant difference was detected in free iron levels between the
WT and the tgt mutant when measured by EPR (Fig. S5D), even if
a slight sensitivity of the mutant to the iron activated antibiotic
streptonigrin® was observed (Fig. S5C).

Absence of Q in tRNA perturbs the expression

of Fe-S cluster assembly systems

Although the EPR result has not confirmed an increased amount
of free iron in the tgt mutant, the increased sensitivity to strepton-
igrin (Fig. S5C in Supplemental file 1) and the repression of iron
import genes, concurrently with an induction of the isc operon
(iscRSUA-hscBAfdx) (Table 1), pointed to an imbalance in levels of
Fe-S clusters in the tgt mutant. The DNA-binding transcriptional
dual regulator IscR is sensitive to changes in the Fe-S pools during
aerobic conditions. When bound to a [2Fe-2S] cluster, holo-IscR
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Table 4. Comparison between the transcriptomics of the tgt mutant of E. coli responses to transitions to reduced and increased oxygen

levels (Partridge et al., 2006, 2007)

Aerobic to microaerobic
(reduced O, levels)
(Partridge et al., 2007)

Anaerobic to aerobic
(increased O levels)
(Partridge et al., 2006)

tgt mutant in aerobic
conditions (this study)

Central metabolism

FNR and ArcA responses

Pyruvate formate-lyase (PFL) (focA-pfIB)

PFL repair protein (grcA)

Succinate:quinone oxidoreductase (sdhABCD)
Aconitate hydratase B (acnB)

Cytochrome bo3 ubiquinol oxidase (cyoA-E)
Cytochrome bd-I ubiquinol oxidase (cydAB)
Nitrate reductase (narGHI))

Nitrite reductase (nirBCD)

Ni-Fe hydrogenases I, II, III (hyaABC, hybOABC, hycBCDEFG)

Methionine metabolism
Methionine biosynthesis (metCBHKLN)

Putrescine metabolism
Putrescine catabolism (argT, puuAD)
Putrescine biosynthesis (speB)

Metal ion homeostasis

Copper/silver export system (cusCFBA)
Iron import (feoABC)

Iron binding (ftnB)

Molybdopterin biosynthesis (moaA)

Oxidative stress and iron-sulfur cluster assembly
Catalase/hydroperoxidase HPI (katG)

Glutaredoxin 1 (grxA)

SUF iron-sulfur assembly system (sufABCDES)

ISC iron-sulfur assembly system (iscRSUA-hscBA-fdx)
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Up and down arrows indicate significant transcript upregulation and downregulation, respectively. N.i.a., no information available. *, most of the SUF operon genes

are significantly downregulated.

represses the isc operon by directly binding to the iscR promoter.
When not bound to the cluster, apo-IscR cannot bind to the iscR
promoter; thus, repression is alleviated and the isc operon is
expressed—reviewed in.8:8 Apo-IscR, instead, can bind to the
promoter of the suf operon and activate its expression. Besides the
Fe-S pools, Fe levels and oxidative stress can also influence the
regulation between these two Fe-S cluster assembly systems. Un-
der iron-replete conditions, Fur directly represses the expression
of the suf operon, and indirectly induces the isc operon through
repression of ryhB expression, consequently preventing RyhB to
degrade the iscSUA mRNA. Oxidative stress participates in this
regulation by possibly causing damage to the Fe-S cluster bound
to IscR, and by OxyR induction of the suf operon.®® Fitting the
transcriptomics data of the tgt mutant in this regulation network
suggests that, in the absence of Q, the suf operon and ryhB are
repressed by Fur-Fe?*, while the isc operon is derepressed possibly
because of the formation of apo-IscR and the absence of RyhB. An-
other hint that IscRis in its apo form is the upregulation of erpA in
the mutant (log,FC + 1.44). The gene erpA codes for an A-type car-
rier that delivers Fe-S clusters to apoproteins.®° Its expression is
repressed by both RyhB and holo-IscR. However, these two repres-
sors act in opposite conditions regarding Fe levels, which is con-
sidered an incoherent regulation.®® Under Fe abundant condition,
ryhB is repressed, alleviating erpA expression. On the other hand,
the formation of holo-IscR is favored, which keeps erpA repressed.
However, if IscRisinits apo form, then erpA expression will be alle-

viated from the two repressors (see scheme in Fig. 5F). Mandin et al.
proposed that this mechanism of regulation enables erpA expres-
sion only when it is most needed for Fe-S protein maturation.’?
In the tgt mutant, most of RyhB repressed genes are upregulated,
including erpA, suggesting apo-IscR is present. Curiously, the ErpA
protein level is slightly reduced in the tgt mutant compared to the
WT level (log,FC -0.51). Regarding Fe-S proteins, a high percentage
of these proteins are downregulated in the tgt mutant (Table S4
in Supplemental File 1). Although RyhB controls the expression of
several Fe-S proteins, and a high percentage of the RyhB regulon
is upregulated (Fig. 5D), the expression of a great proportion of the
Fe-S proteins is repressed (Fig. SE, Table S4). This regulation pat-
tern suggests that the tgt mutantis inducing the assembly of Fe-S
clusters by the isc operon at the same time that itis restricting the
consumption of the clusters by Fe-S proteins. Another regulation
pointing to the favored formation of apo-IscR in the tgt mutant is
the enrichment of genes for biofilm formation among the mutant
repressed genes (Supplemental File 3). A decrease in levels of Fe-S
clusters, due to environmental stresses or genetic defects in clus-
ter assembly, is thought to inhibit biofilm formation and induce
bacterial dispersal to a more favorable environment.?” To test if
there was an imbalance in Fe-S cluster levels in the tgt mutant, we
measured the activities of promoters regulated by Fe-S proteins,
but found no difference in their expression in the absence of Q
in tRNA (Fig. S6, see also methods and results in Supplemental
file 1).



Transcriptional regulation in the tgt mutant
mimics the transition to increased O, levels

Since the differences in Fe and Fe-S levels did not seem to be the
cause of the regulation observed in the tgt mutant, we decided
to investigate the influence of oxygen. We compared the expres-
sion profiles of the tgt mutant to two studies that analyzed the
dynamic transcriptome of E. coli K12 MG1655 during transitions
to higher or lower O, levels®*** One important difference be-
tween these studies is that Partridge et al. grew the cells in Evans-
defined medium supplemented with glucose while we used LB
medium. Although the transition from aerobic to micro-aerobic
conditions® is not an exact reversal of the anaerobic to aero-
bic transition®® and not precisely comparable to the conditions in
the current study, some informative comparisons could be made
(Table 4).

One of the most striking findings of the transcriptomics anal-
ysis of the tgt mutant is the altered expression of the FNR and
ArcA regulon genes (Fig. 5A and B), indicating that the activity of
these two global transcription regulators is possibly repressed in
the mutant. FNR and ArcA control the expression of genes that
mediate the transition to lower O, levels, FNR being a direct O,
sensor while ArcA responds to the redox status of the quinone
pool and accumulation of fermentation products.’® Predictably,
FNR and ArcA activities are repressed in the anaerobic to aerobic
transition®® while increased in the aerobic to micro-aerobic tran-
sition.’* FNR and ArcA regulate a great number of genes involved
in central metabolism and, as expected, the expression of genes
in central metabolism in the tgt mutant coincides with what is
observed in the anaerobic to aerobic transition (Table 4). Some ex-
amplesinclude the repression of the pyruvate formate-lyase (PFL),
nitrate and nitrite reductases and Ni-Fe hydrogenases, with con-
current induction of the succinate: quinone oxidoreductase and
aconitate hydratase B, as well as the favoring of cytochrome bo3
ubiquinol oxidase (cyo genes) over cytochrome bd-I ubiquinol ox-
idase (cyd genes). Changes in expression patterns in methionine
biosynthesis and putrescine catabolism genes in the tgt mutant
also parallels the changes observed in the anaerobic to aerobic
transition (Table 4). Partridge et al. believed that, along with cen-
tral metabolism, these biological processes form part of a com-
mon core response to changes in O, availability.** A classic OxyR
response to oxidative stress, however, is not observed in the tgt
mutant (e.g. no induction of grxA and katG). Nonetheless, an in-
duction of the ISC iron-sulfur assembly genes is observed, as seen
in the anaerobic to aerobic transition study.”® Likewise, the repres-
sion of metal ions homeostasis response genes, such as iron im-
port and iron binding, copper export, and molybdopterin biosyn-
thesis genes is observed in the tgt mutant, when the expression of
these genes was found to be increased in the aerobic to microaero-
bic transition study.’* Based on these comparisons, we concluded
that the gene expression changes in the tgt mutant resemble the
one observed when E. coli adapts from low to high O, levels.

Oxidative stress homeostasis is impacted

in the tgt mutant

A consequence of increased aerobic respiration in the cell is the
generation of oxidative stress.”® Therefore, we tested the sensi-
tivity of the E. coli tgt strain to oxidative stressors using different
concentrations of hydrogen peroxide (H,0,) and methyl viologen
(also known as paraquat) in LB medium. The tgt mutant shows a
slight sensitivity to 650 uM paraquat and to 0.9 mM hydrogen per-
oxide when compared to the WT strain during exponential growth
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(Fig. 6A and C). And this phenotype was complemented by the
overexpression of the tgt gene (Fig. 6B and D).

We then looked at levels of ROS in the tgt mutant and WT
strains, using a technique that couples flow cytometry with the
probe CellROX Green to provide an estimation of ROS generation
in the cell. Using this probe, high fluorescence quantum yields
only upon ROS activation and binding to dsDNA. Untreated cells
were compared to cells treated with menadione, a quinone that
undergoes catalytic one-electron redox cycling to reduce molec-
ular oxygen (O,) to superoxide (0,*), thus enhancing ROS detec-
tion.®® Although subtle, significant and reproducible increase in
ROS levels was detected in the tgt mutant compared to the WT
strain. This result was observed in both untreated and treated
conditions and was more prominent after menadione treatment
(Fig. 6E, and Fig. S7 in Supplemental file 1). This result corrobo-
rates the subtle sensitivity phenotype observed under hydrogen
peroxide and methyl viologen stress.

To further investigate the impact of Q absence on ROS accumu-
lation, we deleted the tgt gene in the E. coli Hpx™ strain (katG katE
ahpCF) and its growth was compared to the original Hpx~ strain
in LB medium. The Hpx™ strain, lacking the three major enzymes
responsible for hydrogen peroxide (H,O,) scavenge, is prone to
accumulation of ROS, normally produced in the cell during aer-
obic growth, and to effects resulting from Fenton reaction, such
as DNA damage ®’ After overnight incubation in anaerobic condi-
tions, the cells were inoculated in LB medium and grown in aero-
bic conditions in microtiter plates. In this condition, the Hpx~ Atgt
strain grows more poorly than the Hpx™ strain, supporting the im-
portance of TGT, thus of Q-modified tRNA, for protection against
oxidative stress (Fig. 6F).

In our transcriptomic analysis, the katG, katE, ahpC, and ahpF
genes were not differentially expressed in the tgt mutant in LB.
Accordingly, the protein levels of KatG, AhpC, and AhpF were un-
changed in the tgt mutant compared to the WT. This observation
indicates that the absence of Q in tRNA possibly affects another
system involved in the protection from or generation of oxidative
stress in the cell.

Knowing that a possible consequence of increased hydroxyrad-
icals is the generation of DNA lesions,’®:%¢ we tested the sensitiv-
ity of the tgt mutant to the alkylating agent MMS, and found the
tgt mutant slightly more sensitive than the WT strain (Fig. S8A
in Supplemental file 1). This phenotype was rescued by overex-
pression of the tgt gene in trans (pTGT) (Fig. S8B). To confirm the
DNA damage in the cell, we quantified a few DNA oxidation prod-
ucts in the WT and tgt mutant strains. Our measurements showed
no significant differences in the levels of the analyzed DNA dam-
age products (Fig. S9 in Supplemental file 1) and we concluded
that, although there may be elevated ROS in the mutant, this is
not causing an increase in the steady-state level of DNA damage
products.

Loss of tgt makes E. coli more sensitive

to aminoglycosides

A few links between Q biosynthesis genes and antibi-
otics treatment have been already observed. A TnSeq fit-
ness study showed that, in organisms like Pseudomonas
simiae and Desulfovibrio vulgaris, insertions in the Q related
genes tgt, queC, queF, and gluQ are usually detrimental to
the growth phenotype under gentamicin stress® [dataset]
(https://fit.genomics.1bl.gov/cgi-bin/orthCond.cgi?expGroup=
stress&condition1=Gentamicin%20sulfate%20salt). The expres-
sion levels of yhhQ were increased in E. coli exposed to sublethal
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Fig. 6 Oxidative stress phenotypes and investigation of ROS levels. (A-D) Growth curves of E. coli WT and Atgt strains monitored in Bioscreen C
Analyzer at 37°C with constant shaking. Error bars showing standard deviation for biological triplicates. Both strains were transformed with pBAD24
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deleted for tgt; Hpx WT deleted for katG, katE, ahpC, and ahpF; Hpx™_Atgt, Hpx~ deleted for tgt.

doses of ampicillin.®® And, in A. baumannii, levels of the QueC
protein were found increased under imipenem exposure, what
the authors speculate could help avoid adverse effects on
translational fidelity under an antibiotic stress response.'®

Since tRNA modifications directly affect translation, and an-
tibiotics also affect translation in many different ways,'®t we
tested the tgt mutant response to antibiotics from different cate-
gories. Sensitivity to different concentrations of antibiotics under
minimum inhibitory concentration was tested. The sensitivity to
spectinomycin and ampicillin was tested in a range of concen-
trations, but no difference in sensitivity between WT and tgt mu-
tant was observed (Fig. 7A and B). The tgt mutant shows higher

sensitivity to streptomycin (4 pg/ml) and to gentamycin (1 ug/ml)
when compared to the WT strain (Fig. 7C and E), and the growth
curve pattern for the two antibiotics is the same. This phenotype
was partially complemented by the overexpression of the tgt gene
from the pTGT plasmid (Fig. 7D and F).

Ampicillin is a penicillin beta-lactam antibiotic, whose bacte-
ricidal activity results from the inhibition of cell wall synthesis
culminating in cell lysis.’®? Spectinomycin, an aminocyclitol, is a
translation inhibitor that does not cause misreading, and that has
previously been used as a nonmisreading control.’%*:1% Amino-
glycosides, such as streptomycin and gentamycin, cause trans-
lational misincorporation and misfolding of proteins.’** The fact
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that the Q absence confers higher sensitivity to streptomycin and
gentamycin reinforces the findings by the Farabaugh group that
Q absence affects translation accuracy.?®

Because a connection between iron bioavailability and an-
tibiotic efficacy has been observed,® and because the tgt mu-
tant shows a disturbance in its iron homeostasis response
(downregulating iron import), we limited iron availability in the
growth medium to observe if this would affect the streptomycin
phenotype. Using plate assays in MA medium, WT and tgt mu-
tant strains were exposed to 2 ug/ml streptomycin under iron-
replete (supplemented with 0.001 g/l ammonium iron citrate, CAF)
or iron-deplete (no CAF, supplemented with 100 uM of the iron
chelator 2,2’-Bipyridyl, BIP) conditions. Under iron-replete condi-
tion (Fig. S10A), the increased sensitivity of the tgt mutant to strep-
tomycin was confirmed, mainly between 102 and 10~ dilutions.
When iron was depleted with the cell-penetrating iron chelator
(that binds unincorporated intracellular iron), the difference in
sensitivity to the antibiotic was attenuated in the tgt mutant com-
pared to the WT strain (Fig. S10B). This result reveals the impor-
tance of iron to the streptomycin sensitivity as well as a difference
inintracellulariron levels between the WT and tgt mutant strains.

Discussion

In the current study, we found, among other phenotypes, that
the Q-deficient strain (tgt mutant) presented increased resistance
to the transition metal nickel (Ni) in comparison to an isogenic
WT strain. Through a transcriptomics study, the tgt mutant
resistance to Ni was explained by a repression of the main Ni
import system of the cell, the nikABCDE operon, even when Ni
was not supplemented in the medium. In the tgt mutant, the
repression of the nikABCDE operon seems to be part of a range
of bioprocesses whose regulations were disturbed due to an
oxidative stress like response. Gene expression regulation in the
Q-deficient strain resembles a transition to higher O, levels, with
repression of the major regulators FNR and ArcA, and consequent
alteration of their regulons causing, for instance, downregula-
tion of nitrate and nitrite reductases and of hydrogenases, and
de-repression of genes in the TCA cycle and cytochrome bo ter-
minal oxidase complex. An expected consequence of increased
aerobic metabolism in the cell is the generation of oxidative
stress.’% We tested and confirmed that the E. coli tgt mutant
is more sensitive to the oxidative stressors hydrogen peroxide
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(H»0,) and methyl viologen (Paraquat). Detection of ROS in the
tgt mutant and in the WT strain revealed a slight increase in
ROS levels in the mutant, both in the presence and absence of
menadione. Finally, we showed that the deletion of the tgt gene
from a strain prone to ROS accumulation (Hpx~) causes it to grow
more poorly when anaerobic cultures are aerated.

Despite the evidence of increased ROS levels in the Q-deficient
strain, classical responses to oxidative stress through OxyR and
SoxRS!® were not triggered in the mutant. However, the regu-
lation of other pathways and biological processes signal that a
response to increased ROS is happening, including induction of
aromatic (Tyr, Trp, Phe) and sulfur amino acids (Met), control of
central metabolism (TCA cycle), cofactor synthesis and repair
(balance of SUF and ISC systems), folding and refolding of pro-
teins, and a strong control of iron homeostasis through induction
of Fur.'%.1%8 The regulation triggered by Fur activity is multifac-
torial, influencing many bioprocesses associated to resistance to
oxidative stress such as activation of TCA cycle, induction of the
iron superoxide dismutase sodB (through RyhB repression) and re-
pression of iron import. Reducing the pool of available iron or lim-
iting its reduction in the cell prevents the occurrence of Fenton
and limits DNA damage %% In the tgt mutant, DNA damage prod-
ucts were not detected and, therefore, we presume that the iron
homeostasis control of the cell is sufficient to prevent the Fenton
reaction and its severe consequences through hydroxyl radicals.

The Fe-S biosynthesis systems are usually described as ISC, for
housekeeping maintenance of the cell, and SUF, induced during
oxidative stress or low iron conditions.'?1 Despite the observed
evidence of increased oxidative stress in the tgt mutant, we see
an induction of the ISC system and repression of the SUF sys-
tem, thus not an expected regulation during oxidative stress re-
sponse. However, a similar regulation was observed in an E. coli
strain laboratory-evolved to grow on 0.8 mM Paraquat (PQ),'%®
which presented, like the tgt mutant, higher expression of iscRSUA
and hscBA-fdx-iscX, and downregulation of the sufABCDSE tran-
scription unit. Palsson’s group found that ISC is preferable over
SUF under ROS stress when the rate of Fe-S cluster inactivation
at IscU scaffolds remains below a certain threshold. In that case,
a mutation was found at a Cys residue in IscR, what the group
suggests could possibly hinder IscR’s ability to incorporate 2Fe-
2S and explains how the ROS-evolved strain deregulated ISC and

SUF expressions.'®® This could justify why, even with increased
ROS levels in the tgt mutant, a classic OxyR or SoxRS response is
not triggered. If in the tgt mutant, like in the strain adapted to in-
creased ROS, the rate of Fe-S cluster inactivation at IscU scaffolds
also remains below a certain threshold, this could explain the un-
detected imbalance in free iron and in Fe-S cluster levels, while
still observing the streptonigrin phenotype and a repression of Fur
regulated genes. A resultant mutation in IscR, hindering its ability
to incorporate 2Fe-2S, could also explain the regulation pointing
to an apparent apo-IscR in the tgt mutant. Thus, these possible
events should be further investigated in the Q-deficient strain.
Previous studies have found connections between tRNA mod-
ification defects and oxidative stress both in eukaryotes and
prokaryotes. The eukaryotic oxidative stress defects could be orig-
inated by different mechanisms as modifications, including Q,
have been shown to be determinants for stress-induced ribotox-
ins.™! In some bacteria, such as P. aeruginosa PAO1, it has been
shown that tRNA modifications like m’G46 play a regulatory role
in the oxidative stress response by modulating the expression of
katA and katB genes.’? In other bacteria, however, such as the Q-
deficient Streptococcus pneumoniae?® and E. coli devoid of m®A37 in
tRNA; Val(cmo®UAC) (yfi€ mutant in''? or of s?U34 (tusA mutant
in,"* no regulatory mechanism has been identified. It is interest-
ing to note that in these last three cases the absence of the tRNA
modification gives rise only to modest oxidative sensitivity phe-
notypes, similar to what we observed in the Q™ E. coli strain.
Many indirect mechanisms could be proposed to explain what
occurs with the tgt mutant strain. However, when considering
its main observed phenotypes being associated to metal, amino-
glycosides, and oxidative stress, there is abundant fundament in
the literature to correlate these events to translation. It has been
shown that general translation defects caused by antibiotics
or ribotoxins will trigger oxidative stress, mainly through the
mistranslation of membrane proteins involved in the electron
transfer chain machinery'®'" which can, in turn, create a
negative feedback loop of protein damage and aggregation.''®
In Fig. 8, we propose a mechanism for how tRNA modification
deficiencies in general can cause oxidative stress defects, with
poor translation accuracy and efficiency resulting in mistrans-
lated and damaged proteins, which will originate carbonylated
proteins, poor translation of membrane proteins, DNA stress, and



ultimately oxidative stress. Regulatory mechanisms resulting
from poor translation efficiency might occur with level changes
of key proteins or regulators in stress responses. Therefore,
considering the plausibility of the Q function in translation, the
affected pathways of the tgt mutant identified in this study, and
in light of the groundwork in the literature, we propose that the
phenotypes observed in the E. coli tgt strain are a response to mis-
translation. Nonetheless, further ribosome profiling experiments
will be needed to rule out a more specific regulatory role for Q in
this model organism.
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Supplementary data are available at Metallomics online.

Acknowledgments

We thank Pierre Mandin, Frederic Barras and James Imlay for pro-
viding strains. We thank Patricia Kiley, Erin Mettert and Michael
Vasil for providing anti-FNR and anti-FUR antibodies. And we
thank Daniel Kearns for critical review of the manuscript.

Funding

This work was funded by the National Institute of General Med-
ical Sciences (NIGMS) grant GM70641, by the National Institute
of Environmental Health Sciences (NIEHS) grant ES002109, by the
National Science Foundation (NSF) grant CHE-2002950, by the Na-
tional Research Foundation of Singapore under the Singapore-MIT
Alliance for Research and Technology Antimicrobial Resistance
Interdisciplinary Research Group, and by Stellate Therapeutics.

Conflicts of interest

AD is a founder of Stellate Therapeutics, a company develop-
ing applications of microbial metabolites with impact on aging
and the nervous system. However, this company did not fund the
present study.

Data availability

The data underlying this article are available in the article and in
its online supplementary material.

For high throughput data:

RNAseq scripts are available at https://github.com/vdclab/
RNAseg-analysis

RNAseq raw data (fastq files) and processed data have been
deposited in NCBI's Gene Expression Omnibus and are accessi-
ble through GEO Series accession number GSE181239. Available at
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181239

Proteomics data was uploaded to the CHORUS database un-
der ID 3655. Available at https://chorusproject.org/anonymous/
download/experiment/2a0b77c87014485a993df01e7744a5a6

References

1. F. Harada and S. Nishimura, Possible anticodon sequences of
tRNAMS tRNAA and tRNAAP from Escherichia coli B. Universal
presence of nucleoside Q in the first position of the anticon-
dons of these transfer ribonucleic acids, Biochemistry, 1972, 11
(2), 301-308.

2. C.Fergus, D. Barnes, M. A. Algasem and V. P. Kelly, The queuine
micronutrient: charting a course from microbe to man, Nutri-
ents, 2015, 7 (4), 2897-2929.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

Paper | 21

J.R.Katze, U.Gindlz, D. L. Smith, C. S. Cheng and ] A. McCloskey,
Evidence that the nucleic acid base queuine is incorporated in-
tact into tRNA by animal cells, Biochemistry, 1984, 23 (6), 1171-
1176.

S. Nishimura, Structure, biosynthesis, and function of queuo-
sine in transfer RNA, Prog. Nucleic Acid Res. Mol. Biol., 1983, 28,
49-73.

J. P. Reyniers, J. R. Pleasants, B. S. Wostmann, J. R. Katze and W
R. Farkas, Administration of exogenous queuine is essential for
the biosynthesis of the queuosine-containing transfer RNAs in
the mouse, J. Biol. Chem., 1981, 256 (22), 11591-11594.

G. Hutinet, M. A. Swarjo and V. de Crécy-Lagard, Deazaguanine
derivatives, examples of crosstalk between RNA and DNA mod-
ification pathways, RNA Biol., 2017, 14 (9), 1175-1184.

N. Okada and S. Nishimura, Isolation and characterization of
a guanine insertion enzyme, a specific tRNA transglycosylase,
from Escherichia coli, ]. Biol. Chem., 1979, 254 (8), 3061-3066.

D. W. Phillipson, C. G. Edmonds, P. F. Crain, D. L. Smith, D. R. Davis
and J A. McCloskey, Isolation and structure elucidation of an
epoxide derivative of the hypermodified nucleoside queuosine
from Escherichia coli transfer RNA, J. Biol. Chem., 1987, 262 (8),
3462-3471.

R. K. Slany, M. B6sl and H. Kersten, Transfer and isomeriza-
tion of the ribose moiety of AdoMet during the biosynthesis of
queuosine tRNAs, a new unique reaction catalyzed by the QueA
protein from Escherichia coli, Biochimie, 1994, 76 (5), 389-393.

R. Zallot, R. Ross, W. H. Chen, S. D. Bruner, P. A. Limbach and V.
de Crécy-Lagard, Identification of a novel epoxyqueuosine re-
ductase family by comparative genomics, ACS Chem. Biol., 2017,
12 (3), 844-851.

R. Zallot, Y. Yuan and V. de Crécy-Lagard, The Escherichia coli
COG1738 member YhhQ is involved in 7-cyanodeazaguanine
(preQp) transport, Biomolecules, 2017, 7 (4), 1-13.

Y. Yuan, R. Zallot, T. L. Grove, D.J. Payan, I. Martin-Verstraete, S.
Sepi¢, S. Balamkundu, R. Neelakandan, V. K. Gadi, C. F. Liu, M.
A. Swairjo, P. C. Dedon, S. C. Almo, J. A. Gerlt and V. de Crécy-
Lagard, Discovery of novel bacterial queuine salvage enzymes
and pathways in human pathogens, Proc. Natl. Acad. Sci. USA,
2019, 116 (38), 19126-19135.

F H C. Crick, Codon-anticodon pairing: the wobble hypothesis,
J. Mol. Biol., 1966, 19 (2), 548-555.

P.F Agris, E. R. Eruysal, A. Narendran, V. Y. P. Vdre, S. Vangaveti
and S V.Ranganathan, Celebrating wobble decoding: half a cen-
tury and still much is new, RNA Biol., 2018, 15 (4-5), 537-553.

B. el Yacoubi, M. Bailly and V. de Crécy-Lagard, Biosynthesis and
function of posttranscriptional modifications of transfer RNAs,
Annu. Rev. Genet., 2012, 46 (1), 69-95.

H.J. Grosjean, S. de Henau and D M. Crothers, On the physical
basis for ambiguity in genetic coding interactions, Proc. Natl.
Acad. Sci. USA, 1978, 75 (2), 610-614.

H. Grosjean and E. Westhof, An integrated, structure- and
energy-based view of the genetic code, Nucleic Acids Res., 2016,
44 (17), 8020-8040.

F. Meier, B. Suter, H. Grosjean, G. Keith and E. Kubli, Queuosine
modification of the wobble base in tRNAH influences ‘in vivo’
decoding properties, EMBO J.,, 1985, 4 (3), 823-827.

R.C.Morris, K. G. Brown and M S. Elliott, The effect of queuosine
on tRNA structure and function, J. Biomol. Struct. Dyn., 1999, 16
(4), 757-774.

M. Miiller, C. Legrand, F. Tuorto, V. P. Kelly, Y. Atlasi, F. Lyko and
A E. Ehrenhofer-Murray, Queuine links translational control in
eukaryotes to a micronutrient from bacteria, Nucleic Acids Res.,
2019, 47 (7), 3711-3727.


https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfac065\043supplementary-data
https://github.com/vdclab/RNAseq-analysis
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181239
https://chorusproject.org/anonymous/download/experiment/2a0b77c87014485a993df01e7744a5a6

22

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Metallomics

F. Tuorto, C. Legrand, C. Cirzi, G. Federico, R. Liebers, M. Miiller,
A. E. Ehrenhofer-Murray, G. Dittmar, H. J. Grone and F. Lyko,
Queuosine-modified tRNAs confer nutritional control of pro-
tein translation, EMBO J, 2018, 37 (18), 1-14.

J. M. Zaborske, V. L. Bauer DuMont, E. W. J. Wallace, T. Pan,
C. F. Aquadro and D. A. Drummond, A nutrient-driven tRNA
modification alters translational fidelity and genome-wide pro-
tein coding across an animal genus, PLoS Biol.,, 2014, 12 (12),
e1002015.

N. Manickam, K. Joshi, M. J. Bhatt and P J. Farabaugh, Effects
of tRNA modification on translational accuracy depend on in-
trinsic codon-anticodon strength, Nucleic Acids Res., 2016, 44 (4),
1871-1881.

R. Zallot, C. Brochier-Armanet, K. W. Gaston, F. Forouhar, P. A.
Limbach, J. F. Hunt and V. de Crécy-Lagard, Plant, animal, and
fungal micronutrient queuosine is salvaged by members of the
DUF2419 protein family, ACS Chem. Biol., 2014, 9 (8), 1812-1825.
S. Noguchi, Y. Nishimura4, Y. Hirotat and S. Nishimura, Iso-
lation and characterization of an Escherichia coli mutant lack-
ing tRNA-guanine transglycosylase, J. Biol. Chem., 1982, 257 (11),
6544-6550.

A. Thibessard, F. Borges, A. Fernandez, B. Gintz, B. Decaris and
N. Leblond-Bourget, Identification of Streptococcus thermophilus
CNRZ368 genes involved in defense against superoxide stress,
Appl. Environ. Microbiol., 2004, 70 (4), 2220-2229.

J. M. Durand, N. Okada, T. Tobe, M. Watarai, I. Fukuda, T. Suzuki,
N. Nakata, K. Komatsu, M. Yoshikawa and C. Sasakawa, VacC,
a virulence-associated chromosomal locus of Shigella flexneri,
is homologous to tgt, a gene encoding tRNA-guanine transgly-
cosylase (Tgt) of Escherichia coli K-12, J. Bacteriol., 1994, 176 (15),
4627-4634.

U. Gradler, H. D. Gerber, D. A. M. Goodenough-Lashua, G. A. Gar-
cia, R. Ficner, K. Reuter, M. T. Stubbs and G. Klebe, A new target
for shigellosis: Rational design and crystallographic studies of
inhibitors of tRNA-guanine transglycosylase, J. Mol. Biol., 2001,
306 (3), 455-467.

M. Marchetti, D. Capela, R. Poincloux, N. Benmeradi, M. C. Au-
riac, A. Le Ru, I. Maridonneau-Parini, J. Batut and C. Masson-
Boivin, Queuosine biosynthesis Is required for Sinorhizobium
meliloti-induced cytoskeletal modifications on hela cells and
symbiosis with Medicago truncatula, PLoS One, 2013, 8 (2), e56043
T.J. Siard, K. B. Jacobson and W R. Farkas, Queuine metabolism
and cadmium toxicity in Drosophila melanogaster, Biofactors,
1991, 3 (1), 41-47.

X. Huang, C. W. Fang, Y. W. Guo and H Q. Huang, Differential
protein expression of kidney tissue in the scallop Patinopecten
yessoensis under acute cadmium stress, Ecotoxicol. Environ. Saf.,
2011, 74 (5);1232-1237.

J.Jo, Y. S. Jang, K. Y. Kim, M. H. Kim, I. J. Kim and W L. Chung,
Isolation of ALU1-P gene encoding a protein with aluminum
tolerance activity from Arthrobacter viscosus, Biochem. Biophys.
Res. Commun., 1997, 239 (3), 835-839.

A. M. Salzano, F. Febbraio, T. Farias, G. P. Cetrangolo, R. Nucci,
A. Scaloni and G. Manco, Redox stress proteins are involved in
adaptation response of the hyperthermoacidophilic archaeon
Sulfolobus solfataricus to nickel challenge, Microb. Cell Fact., 2007,
6 (1), 25.

B. Aguﬂa—Clares, L. F. Castiblanco, J. M. Quesada, R. Penyalver, J.
Carbonell, M. M. Loépez, E. Marco-Noales and G W. Sundin, Tran-
scriptional response of Erwinia amylovora to copper shock: in
vivo role of the copA gene, Mol. Plant Pathol., 2018, 19 (1), 169—
179.

J. Wang, Z. R. Lonergan, G. Gonzalez-Gutierrez, B. L. Nairn, C.
N. Maxwell, Y. Zhang, C. Andreini, J. A. Karty, W. J. Chazin,

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

J. C. Trinidad, E. P. Skaar and D P. Giedroc, Multi-metal re-
striction by calprotectin impacts de novo flavin biosynthe-
sis in Acinetobacter baumannii. Cell Chem. Biol., 2019, 26 (5),
745-755.e7.

G. Auerbach, A. Herrmann, A. Bracher, G. Bader, M. Gutlich, M.
Fischer, M. Neukamm, M. Garrido-Franco, J. Richardson, H. Nar,
R. Huber and A. Bacher, Zinc plays a key role in human and
bacterial GTP cyclohydrolase I, Proc. Natl. Acad. Sci.USA, 2000,
97 (25), 13567-13572.

S. Chong, A. W. Curnow, T. J. Huston and G A. Garcia, tRNA-
guanine transglycosylase from Escherichia coli is a zinc metallo-
protein. Site-directed mutagenesis studies to identify the zinc
ligands, Biochemistry, 1995, 34 (11), 3694-3701.

R. M. McCarty, A. Somogyi, G. Lin, N. E. Jacobsen and V. Bandar-
ian, The deazapurine biosynthetic pathway revealed: in vitro
enzymatic synthesis of PreQ, from guanosine 5'-triphosphate
in four steps, Biochemistry, 2009, 48 (18), 3847-3852.

Z. D. Miles, S. A. Roberts, R. M. McCarty and V. Bandar-
ian, Biochemical and structural studies of 6-carboxy-5,6,7,8-
tetrahydropterin synthase reveal the molecular basis of cat-
alytic promiscuity within the tunnel-fold superfamily, J. Biol.
Chem., 2014, 289 (34), 23641-23652.

T. A.J. Grell, B. N. Bell, C. Nguyen, D. P. Dowling, N. A. Bruender,
V. Bandarian and C L. Drennan, Crystal structure of AdoMet
radical enzyme 7-carboxy-7-deazaguanine synthase from Es-
cherichia coli suggests how modifications near [4Fe—4S] cluster
engender flavodoxin specificity, Protein Sci., 2019, 28 (1), 202-215.
Z. D. Miles, R. M. McCarty, G. Molnar and V. Bandarian, Dis-
covery of epoxyqueuosine (0Q) reductase reveals parallels be-
tween halorespiration and tRNA modification, Proc. Natl. Acad.
Sci. USA, 2011, 108 (18), 7368-7372.

C. E. Haas, D. A. Rodionov, J. Kropat, D. Malasarn, S. S. Merchant
and V. de Crécy-Lagard, A subset of the diverse COG0523 family
of putative metal chaperones is linked to zinc homeostasis in
all kingdoms of life, BMC Genomics, 2009, 10 (1), 470.

G. Phillips, L. L. Grochowski, S. Bonnett, H. Xu, M. Bailly, C.
Blaby-Haas, B. El Yacoubi, D. Iwata-Reuyl, R. H. White and V. de
Crécy-Lagard, Functional promiscuity of the COG0720 family,
ACS Chem. Biol., 2012, 7 (1), 197-209.

M. Mergeay, D. Nies, H. G. Schlegel, J. Gerits, P. Charles and
F. Van Gijsegem, Alcaligenes eutrophus CH34 is a facultative
chemolithotroph with plasmid-bound resistance to heavy met-
als, J. Bacteriol., 1985, 162 (1), 328-334.

L. C. Thomason, N. Costantino and D. L. Court, E. coli genome
manipulation by P1 transduction, Curr Protoc Mol Biol, 2007;
Chapter 1:Unit 1.17. DOL: 10.1002/0471142727.mb0117s79.

K. A. Datsenko and B L. Wanner, One-step inactivation of chro-
mosomal genes in Escherichia coli K-12 using PCR products, Proc.
Natl. Acad. Sci. USA, 2000, 97 (12), 6640-6645.

P. P. Cherepanov and W. Wackernagel, Gene disruption in Es-
cherichia coli: TcR and KmR cassettes with the option of Flp-
catalyzed excision of the antibiotic-resistance determinant,
Gene, 1995, 158 (1), 9-14.

P. Mandin, Genetic screens to identify bacterial SRNA regula-
tors, In: KC Keiler, (ed.). Bacterial Regulatory RNA,. Totowa, NJ:
Humana Press, 2012, 905, 41-60. DOI: 10.1007/978-1-61779-949-
5.

L. C.Seaver and ] A.Imlay, are respiratory enzymes the primary
sources of intracellular hydrogen peroxide? J. Biol. Chem., 2004,
279 (47), 48742-48750.

G. Hutinet, W. Kot, L. Cui, R. Hillebrand, S. Balamkundu, S.
Gnanakalai, R. Neelakandan, A. B. Carstens, C. Fa Lui, D.
Tremblay, D. Jacobs-Sera, M. Sassanfar, Y. J. Lee, P. Weigele,
S. Moineau, G. F. Hatfull, P. C. Dedon, L. H. Hansen and V.



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

de Crécy-Lagard, 7-Deazaguanine modifications protect phage
DNA from host restriction systems, Nat. Commun., 2019, 10 (1),
5442.

S. Andrews, A Quality Control Tool for High Throughput Se-
quence Data. 2010. https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/.

A. M. Bolger, M. Lohse and B. Usadel, Trimmomatic: a flexi-
ble trimmer for [llumina sequence data, Bioinformatics, 2014, 30
(15), 2114-2120.

B. Langmead and S L. Salzberg, Fast gapped-read alignment
with Bowtie 2, Nat. Methods, 2012, 9 (4), 357-359.

C. Trapnell, L. Pachter and S L. Salzberg, TopHat: discovering
splice junctions with RNA-Seq, Bioinformatics, 2009, 25 (9), 1105-
1111,

S. Anders, P. T. Pyl and W. Huber, HTSeq - a Python framework
to work with high-throughput sequencing data, Bioinformatics,
2015, 31 (2), 166-169.

A.Mortazavi, B. A. Williams, K. McCue, L. Schaeffer and B. Wold,
Mapping and quantifying mammalian transcriptomes by RNA-
Seq, Nat. Methods, 2008, 5 (7), 621-628.

M. J. Nueda, A. Ferrer and A. Conesa, ARSyN: a method for the
identification and removal of systematic noise in multifactorial
time course microarray experiments, Biostatistics, 2012, 13 (3),
553-566.

M. E. Ritchie, B. Phipson, D. Wu, Y. Hu, C. W. Law, W. Shi and
G K. Smyth, limma powers differential expression analyses
for RNA-sequencing and microarray studies, Nucleic Acids Res.,
2015, 43 (7), e47.

J. Zhou and K E. Rudd, EcoGene 3.0, Nucleic Acids Res., 2013, 41
(D1), D613-D624.

I. M. Keseler, A. Mackie, A. Santos-Zavaleta, R. Billington,
C. Bonavides-Martinez, R. Caspi, C. Fulcher, S. Gama-Castro,
A. Kothari, M. Krummenacker, M. Latendresse, L. Muniz-
Rascado, Q. Ong, S. Paley, M. Peralta-Gil, P. Subhraveti, D. A.
Velazquez-Ramirez, D. Weaver, J. Collado-Vides, I. Paulsen and
P D. Karp, The EcoCyc database: reflecting new knowledge
about Escherichia coli K-12, Nucleic Acids Res., 2017, 45 (D1),
D543-D550.

R. Edgar, M. Domrachev and A E. Lash, Gene Expression Om-
nibus: NCBI gene expression and hybridization array data
repository, Nucleic Acids Res., 2002, 30 (1), 207-210.

P. K. Smith, R. 1. Krohn, G. T. Hermanson, A. K. Mallia, F. H. Gart-
ner, M. D. Provenzano, E. K. Fujimoto, N. M. Goeke, B.]. Olson and
D C. Klenk, Measurement of protein using bicinchoninic acid,
Anal. Biochem., 1985, 150 (1), 76-85.

F Doyle, A. Leonardi, L. Endres, S. A. Tenenbaum, P. C. Dedon
and TJ. Begley, Gene- and genome-based analysis of significant
codon patterns in yeast, rat and mice genomes with the CUT
Codon UTilization tool, Methods, 2016, 107, 98-1009.

V.R. Sutton, E. L. Mettert, H. Beinert and P J. Kiley, Kinetic analy-
sis of the oxidative conversion of the [4Fe-4S]2+ cluster of FNR
to a [2Fe-2S]2+ cluster, J. Bacteriol., 2004, 186 (23), 8018-8025.
R. W. Prince, D. G. Storey, A. 1. Vasil and M L. Vasil, Regulation of
toxA and regA by the Escherichia coli fur gene and identification
of a Fur homologue in Pseudomonas aeruginosa PA103 and PAO1,
Mol. Microbiol., 1991, 5 (11), 2823-2831.

M. E. McBee, Y. H. Chionh, M. L. Sharaf, P. Ho, M. W. Cai and P C.
Dedon, Production of superoxide in bacteria is stress- and cell
state-dependent: a gating-optimized flow cytometry method
that minimizes ROS measurement artifacts with fluorescent
dyes, Front Microbiol, 2017, 8 (March), 459.

M. N. Price, K. M. Wetmore, R. J. Waters, M. Callaghan, J. Ray, H.
Liu, J. V. Kuehl, R. A. Melnyk, J. S. Lamson, Y. Suh, H. K. Carlson,

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Paper | 23

Z.Esquivel, H. Sadeeshkumar, R. Chakraborty, G. M. Zane, B. E.
Rubin, J. D. Wall, A. Visel, J. Bristow, M. J. Blow, A. P. Arkin and A M.
Deutschbauer, Mutant phenotypes for thousands of bacterial
genes of unknown function, Nature, 2018, 557 (7706), 503-509.
M. Gault, G. Effantin and A. Rodrigue, Ni exposure impacts
the pool of free Fe and modifies DNA supercoiling via metal-
induced oxidative stress in Escherichia coli K-12, Free Radical Biol.
Med., 2016, 97 (Aug), 351-361.

K. A.Higgins, C.E. Carr and M . Maroney, Specific metal recogni-
tion in nickel trafficking, Biochemistry, 2012, 51 (40), 7816-7832.
L.MacOmber and R P. Hausinger, Mechanisms of nickel toxicity
in microorganisms, Metallomics, 2011, 3 (11), 1153-1162.

J. P. McHugh, F. Rodriguez-Quifiones, H. Abdul-Tehrani, D. A.
Svistunenko, R. K. Poole, C. E. Cooper and S C. Andrews, Global
iron-dependent gene regulation in Escherichia coli: a new mech-
anism for iron homeostasis, J. Biol. Chem., 2003, 278 (32), 29478-
29486.

Z. Forgacs, Z. Némethy, C. Révész and P. Lazar, Specific amino
acids moderate the effects of Ni** on the testosterone produc-
tion of mouse Leydig cells in vitro, J. Toxicol. Environ. Health Part
A, 2001, 62 (5), 349-358.

G. L. Igloi and H. Kossel, Affinity electrophoresis for monitor-
ing terminal phosphorylation and the presence of queuosine
in RNA. Application of polyacrylamide containing a covalently
bound boronic acid, Nucleic Acids Res., 1985, 13 (19), 6881-6898.
D. W. Huang, B. T. Sherman and R A. Lempicki, Systematic and
integrative analysis of large gene lists using DAVID bioinfor-
matics resources, Nat. Protoc., 2009, 4 (1), 44-57.

N.J. Sargentini, N. P. Gularte and D A. Hudman, Screen for genes
involved in radiation survival of Escherichia coli and construc-
tion of a reference database, Mutat Res,, 2016, 793-794 (Nov-
Dec), 1-14.

M. Matsubara and T. Mizuno, The SixA phospho-histidine phos-
phatase modulates the ArcB phosphorelay signal transduction
in Escherichia coli, FEBS Lett., 2000, 470 (2), 118-124.

A. Gagarinova, G. Stewart, B. Samanfar, S. Phanse, C. A. White,
H. Aoki, V. Deineko, N. Beloglazova, A. F. Yakunin, A. Golshani,
E. D. Brown, M. Babu and A. Emili, Systematic genetic screens
reveal the dynamic global functional organization of the bac-
terial translation machinery, Cell Rep., 2016, 17 (3), 904-916.

S. Haider and R. Pal, Integrated analysis of transcriptomic and
proteomic data, Curr. Genomics, 2013, 14 (2), 91-110.
J.Rendleman, Z. Cheng, S. Maity, N. Kastelic, M. Munschauer, K.
Allgoewer, G. Teo, Y. B. M. Zhang, A. Lei, B. Parker, M. Landthaler,
L. Freeberg, S. Kuersten, H. Choi and C. Vogel, New insights into
the cellular temporal response to proteostatic stress, Elife, 2018,
7 (Oct), 1-37.

W. M. Cai, Y. H. Chionh, F. Hia, C. Gu, S. Kellner, M. E. McBee, C.
S.Ng, Y. L. Pang, E. G. Prestwich, K. S. Lim, I. R. Babu, T.]. Begley
and P C. Dedon, A Platform for discovery and quantification of
modified ribonucleosides in RNA: application to stress-induced
reprogramming of tRNA Modifications, Methods Enzymol., 2015,
560, 29-71.

Y. H. Chionh, M. McBee, 1. R. Babu, F. Hia, W. Lin, W. Zhao, J. Cao,
A. Dziergowska, A. Malkiewicz, T. J. Begley, S. Alonso and P C.
Dedon, tRNA-mediated codon-biased translation in mycobac-
terial hypoxic persistence, Nat. Commun., 2016, 7 (1), 13302.

J. Jaroensuk, S. Atichartpongkul, Y. H. Chionh, Y. H. Wong, C. W.
Liew, M. E. McBee, N. Thongdee, E. G. Prestwich, M. S. DeMott, S.
Mongkolsuk, P. C. Dedon, J. Lescar and M. Fuangthong, Methy-
lation at position 32 of tRNA catalyzed by TrmJ alters oxida-
tive stress response in Pseudomonas aeruginosa, Nucleic Acids Res.,
2016, 44 (22), 10834-10848.


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

24

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Metallomics

B. Frey, G.Janel, U. Michelsen and H. Kersten, Mutations in the
Escherichia coli far and tgt genes: control of molybdate reductase
activity and the cytochrome d complex by fnr, J. Bacteriol., 1989,
171 (3), 1524-1530.

A. Santos-Zavaleta, H. Salgado, S. Gama-Castro, M. Sanchez-
Pérez, L. Gomez-Romero, D. Ledezma-Tejeida, J. S. Garcia-Sotelo,
K. Alquicira-Hernandez, L. J. Mufiz-Rascado, P. Pefia-Loredo,
C. Ishida-Gutiérrez, D. A. Velazquez-Ramirez, V. Del Moral-
Chévez, C. Bonavides-Martinez, C. F. Méndez-Cruz, J. Galagan
and J. Collado-Vides, RegulonDB v 10.5: tackling challenges to
unify classic and high throughput knowledge of gene regula-
tion in E. coli K-12, Nucleic Acids Res., 2019, 47 (D1), D212-D220.
E. Massé, C. K. Vanderpool and S. Gottesman, Effect of RyhB
small RNA on global iron use in Escherichia coli, J. Bacteriol., 2005,
187 (20), 6962-6971.

S.W. Seo, D.Kim, H. Latif, E.J. O’Brien, R. Szubin and B O. Palsson,
Deciphering fur transcriptional regulatory network highlights
its complex role beyond iron metabolism in Escherichia coli, Nat.
Commun., 2014, 5 (1), 4910.

B.Ezraty and F. Barras, The “liaisons dangereuses” between iron
and antibiotics, FEMS Microbiol. Rev., 2016, 40 (3), 418-435.

B. Roche, L. Aussel, B. Ezraty, P. Mandin, B. Py and F. Barras,
Iron/sulfur proteins biogenesis in prokaryotes: formation, reg-
ulation and diversity, Biochim Biophys Acta, 2013, 1827 (3), 455-
469.

J. A. Santos, P.J. B. Pereira and S. Macedo-Ribeiro, What a differ-
ence a cluster makes: the multifaceted roles of IscR in gene reg-
ulation and DNA recognition, Biochim Biophys Acta, 2015, 1854
(9), 1101-1112.

L. Loiseau, C. Gerez, M. Bekker, S. Ollagnier-de Choudens, B. Py,
Y. Sanakis, J. Teixeira de Mattos, M. Fontecave and F. Barras,
ErpA, an iron sulfur (Fe S) protein of the A-type essential for
respiratory metabolism in Escherichia coli, Proc. Natl. Acad. Sci.
USA, 2007, 104 (34), 13626-13631.

P. Mandin, S. Chareyre and F. Barras, A regulatory circuit com-
posed of a transcription factor, IscR, and a regulatory RNA,
RyhB, controls Fe-S cluster delivery, mBio, 2016, 7 (5), 1-9.

Y. Wu and F W. Outten, IscR controls iron-dependent biofilm
formation in Escherichia coli by regulating type I fimbria expres-
sion, J. Bacteriol., 2009, 191 (4), 1248-1257.

J. D. Partridge, C. Scott, Y. Tang, R. K. Poole and J. Green, Es-
cherichia coli transcriptome dynamics during the transition
from anaerobic to aerobic conditions, J. Biol. Chem., 2006, 281
(38), 27806-27815.

J. D. Partridge, G. Sanguinetti, D. P. Dibden, R. E. Roberts, R. K.
Poole and J. Green, Transition of Escherichia coli from aerobic to
micro-aerobic conditions involves fast and slow reacting regu-
latory components, J. Biol. Chem., 2007, 282 (15), 11230-11237.
D. Georgellis, O. Kwon and E C C. Lin, Quinones as the redox
signal for the arc two-component system of bacteria, Science,
2001, 292 (5525), 2314-2316.

B. Mendoza-Chamizo, A. Lgbner-Olesen and G. Charbon, Cop-
ing with reactive oxygen species to ensure genome stability in
Escherichia coli, Genes, 2018, 9 (11), 565.

Y. Liu, S. C. Bauer and J A. Imlay, The YaaA protein of the Es-
cherichia coli OxyR regulon lessens hydrogen peroxide toxic-
ity by diminishing the amount of intracellular unincorporated
iron, J. Bacteriol., 2011, 193 (9), 2186-2196.

B. van Houten, G. A. Santa-Gonzalez and M. Camargo, DNA re-
pair after oxidative stress: current challenges, Curr Opin Toxicol,
2018, 7 (Feb), 9-16.

A. Mathieu, S. Fleurier, A. Frénoy, J. Dairou, M. F. Bredeche, P.
Sanchez-Vizuete, X. Song and I. Matic, Discovery and function

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

of a general core hormetic stress response in E. coli induced by
sublethal concentrations of antibiotics, Cell Rep., 2016, 17 (1),
46-57.

D. Scribano, V. Marzano, S. Levi Mortera, M. Sarshar, P. Ver-
nocchi, C. Zagaglia, L. Putignani, A. T. Palamara and C. Am-
brosi, Insights into the periplasmic proteins of Acinetobac-
ter baumannii AB5075 and the impact of imipenem expo-
sure: a proteomic approach, Int. J. Mol. Sci., 2019, 20 (14),
3451.

E. Etebu and 1. Arikekpar, Antibiotics: Classification and
mechanisms of action with emphasis on molecular per-
spectives, Int. J. Appl. Microbiol. Biotechnol. Res., 2016, 4,
90-101.

M. A. Kohanski, D. J. Dwyer and ] J. Collins, How antibiotics kill
bacteria: from targets to networks, Nat. Rev. Microbiol., 2010, 8
(6), 423-435.

M. A. Borovinskaya, S. Shoji, J. M. Holton, K. Fredrick
and ] H D. Cate, A steric block in translation caused by
the antibiotic spectinomycin, ACS Chem. Biol., 2007, 2 (8),
545-552.

L. Goltermann, L. Good and T. Bentin, Chaperonins fight
aminoglycoside-induced protein misfolding and promote
short-term tolerance in Escherichia coli, J. Biol. Chem., 2013, 288
(15), 10483-10489.

D. Knoefler, L. I. O. Leichert, M. Thamsen, C. M. Cremers, D. Re-
ichmann, M. J. Gray, W. Y. Wholey and U. Jakob, About the dan-
gers, costs and benefits of living an aerobic lifestyle, Biochem.
Soc. Trans., 2014, 42 (4), 917-921.

J A. Imlay, The molecular mechanisms and physiological con-
sequences of oxidative stress: lessons from a model bacterium,
Nat. Rev. Microbiol., 2013, 11 (7), 443-454.

J. M. Sobota, M. Gu and J A. Imlay, Intracellular hydrogen per-
oxide and superoxide poison 3-deoxy-D-arabinoheptulosonate
7-phosphate synthase, the first committed enzyme in the aro-
matic biosynthetic pathway of Escherichia coli, J. Bacteriol., 2014,
196 (11), 1980-1991.

L. Yang, N. Mih, A. Anand, J. H. Park, J. Tan, J. T. Yurkovich, J.
M. Monk, C. J. Lloyd, T. E. Sandberg, S. W. Seo, D. Kim, A. V.
Sastry, P. Phaneuf, Y. Gao, J. T. Broddrick, K. Chen, D. Heck-
mann, R. Szubin, Y. Hefner, A. M. Feist and B O. Palsson, Cel-
lular responses to reactive oxygen species are predicted from
molecular mechanisms, Proc. Natl. Acad. Sci. USA, 2019, 116 (28),
14368-14373.

J A. Imlay, Cellular defenses against superoxide and hydrogen
peroxide, Annu. Rev. Biochem., 2008, 77 (1), 755-776.

F. W. Outten, O. Djaman and G. Storz, A suf operon requirement
for Fe-S cluster assembly during iron starvation in Escherichia
coli, Mol. Microbiol., 2004, 52 (3), 861-872.

N. Guzzi and C. Bellodi, Novel insights into the emerging roles
of tRNA-derived fragments in mammalian development, RNA
Biol., 2020, 17 (8), 1214-1222.

N. Thongdee, J. Jaroensuk, S. Atichartpongkul, J. Chittrakan-
wong, K. Chooyoung, T. Srimahaeak, P. Chaiyen, P. Vattanavi-
boon, S. Mongkolsuk and M. Fuangthong, TrmB, a tRNA m’G46
methyltransferase, plays a role in hydrogen peroxide resistance
and positively modulates the translation of katA and katB mR-
NAs in Pseudomonas aeruginosa, Nucleic Acids Res., 2019, 47
(17), 9271-9281.

A.Y. Golovina, P. V. Sergiev, A. V. Golovin, M. V. Serebryakova, I.
Demina, V. M. Govorun and O A. Dontsova, The yfiC gene of E.
coli encodes an adenine-N6 methyltransferase that specifically
modifies A37 of tRNA1Val(cmo®UAC), RNA, 2009, 15 (6), 1134—
1141.



114.

115.

116.

T. Nakayashiki, N. Saito, R. Takeuchi, H. Kadokura, K. Nakahi-
gashi, B. L. Wanner and H. Mori, The tRNA thiolation pathway
modulates the intracellular redox state in Escherichia coli, J. Bac-
teriol., 2013, 195 (9), 2039-2049.

F. Baquero and B R. Levin, Proximate and ultimate causes of
the bactericidal action of antibiotics, Nat. Rev. Microbiol., 2021,
19 (2), 123-132.

M. A. Kohanski, D. J. Dwyer, J. Wierzbowski, G. Cottarel and
J J. Collins, Mistranslation of membrane proteins and two-

117.

118.

Paper | 25

component system activation trigger antibiotic-mediated cell
death, Cell, 2008, 135 (4), 679-690.

T. Nakayashiki and H. Mori, Genome-wide screening with hy-
droxyurea reveals a link between nonessential ribosomal pro-
teins and reactive oxygen species production, J. Bacteriol., 2013,
195 (6), 1226-1235.

M. Fasnacht and N. Polacek, Oxidative stress in bacteria and
the central dogma of molecular biology, Front. Mol. Biosci., 2021,
8 (May), 671037.



	Introduction
	Methods
	Media and plasmids
	Strains and plasmids

	Phenotypic analysis
	Growth curves in Bioscreen C Analyzer
	Plate assays

	Transcriptomics
	Sample preparation and sequencing
	RNAseq data analysis

	Proteomics analysis
	Protein isolation
	Protein processing, labeling with isobaric tags, and peptide fractionation
	LC-MS analysis of the E. coli proteome
	Gene-specific codon usage analysis
	Western blot
	Detection of ROS levels
	Growth phenotype of Hpx- derivative strains

	Results
	Queuosine modification in tRNA affects E. coli sensitivity to metals
	Transcriptomics analysis of wild-type strain exposed to high nickel
	Transcriptomics of the tgt mutant: stress, protein stability, cell respiration, and metal import are the main biological processes affected by the absence of Q
	Proteomics of the tgt mutant confirms altered biological processes identified in the transcriptomics analysis
	Investigation of Q influence on codon usage
	The nickel resistance phenotype of the tgt mutant is caused by downregulation of the nickel import system NikABCDE
	Expression of the iron import system is repressed in the Q- strain
	Absence of Q in tRNA perturbs the expression of Fe-S cluster assembly systems
	Transcriptional regulation in the tgt mutant mimics the transition to increased O2 levels
	Oxidative stress homeostasis is impacted in the tgt mutant
	Loss of tgt makes E. coli more sensitive to aminoglycosides

	Discussion
	Supplementary material
	Acknowledgments
	Funding
	Conflicts of interest
	Data availability
	References



