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ABSTRACT

Cellular response to oxidative stress is a crucial
mechanism that promotes the survival of Pseu-
domonas aeruginosa during infection. However,
the translational regulation of oxidative stress re-
sponse remains largely unknown. Here, we reveal a
tRNA modification-mediated translational response
to H,0, in P. aeruginosa. We demonstrated that the P.
aeruginosa trmB gene encodes a tRNA guanine (46)-
N7-methyltransferase that catalyzes the formation of
m?G46 in the tRNA variable loop. Twenty-three tRNA
substrates of TrmB with a guanosine residue at posi-
tion 46 were identified, including 11 novel tRNA sub-
strates. We showed that loss of trmB had a strong
negative effect on the translation of Phe- and Asp-
enriched mRNAs. The trmB-mediated m’G modifica-
tion modulated the expression of the catalase genes
katA and katB, which are enriched with Phe/Asp
codons at the translational level. In response to H,0,
exposure, the level of m’G modification increased,
consistent with the increased translation efficiency
of Phe- and Asp-enriched mRNAs. Inactivation of
trmB led to decreased KatA and KatB protein abun-
dance and decreased catalase activity, resulting in
H,O,-sensitive phenotype. Taken together, our ob-
servations reveal a novel role of m’ G46 tRNA modi-
fication in oxidative stress response through trans-

lational regulation of Phe- and Asp-enriched genes,
such as katA and kaiB.

INTRODUCTION

Posttranscriptional modification of tRNA is part of the
tRNA maturation process during which nascent tRNAs
are converted into functional, mature tRNA molecules. To
date, >100 species-specific base modifications have been
identified in mature tRNAs, which play a large variety of
functions in different biological processes and cellular stress
responses. Modifications in the anticodon region, especially
at the wobble position (position 34) and position 37, com-
monly play a major role in ensuring efficient and accurate
translation, whereas other modifications found along the
tRNA body largely contribute to tRNA structure and sta-
bility (1-8).

7-Methylguanosine (m’G) tRNA modification is widely
found in all three domains of life, and it occurs at position
46 in the tRNA variable loop, except in three rare cases:
in the mitochondrial tRNA of squid (9) and starfish (10)
and in chloroplast tRNA (11), wherein m’G modification
takes place at the guanosine positions 34 and 36 in the an-
ticodon loop. m’G modification is catalyzed by the tRNA
guanine N7-methyltransferase, a member of the S-adenosyl
methionine (SAM)-dependent RNA methyltransferase en-
zyme family (12-16). This modification is not essential for
viability (12,16). However, it plays an important role in
tRNA tertiary structure maintenance, tRNA thermal sta-
bility, and cell survival at high temperatures (15,17-19).

m’G tRNA modification is reported to strengthen ter-
tiary interactions among the base triplet C13-G22-m’G46
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in the elbow region of tRNAP", thereby maintaining the L-
shaped structure of tRNA (17). In yeast, loss of m’ G46 and
5-methylcytidine (m°>C) modifications causes tRNA V2/AAC
degradation via the rapid tRNA degradation (RTD) path-
way, resulting in a temperature-sensitive phenotype (18,19).
Furthermore, degradation of specific tRNAs as well as se-
vere growth defects have been observed at high temper-
atures in an m’G-deficient Thermus thermophilus strain
(15). At elevated temperatures, hypo-m’G46 modification
in T, thermophilus additionally leads to depleted levels
of 2’-O-methylguanosine (Gm18) and 1-methylguanosine
(m!G37) modifications, resulting in specific degradation of
tRNAPP/GAA and tRNA/GAT (15). Thus, in combination
with other modifications, m’ G46 contributes to tRNA ther-
mal stability and cellular survival at high temperatures.

In humans, m’G46 is involved in the pathogenicity of
primordial dwarfism (PD). Significant reductions in m’G
levels in tRNAPh/GAA and tRNAVA/AAC are observed in
PD patients carrying a missense mutation in the gene en-
coding Wdr4, a component of the human tRNA guanine
N7-methyltransferase Wdr4/Mettll complex (20). It has re-
cently been found that Wdr4/Mettl1-mediated m’G modifi-
cation plays an essential role in self-renewal and differentia-
tion of embryonic stem cells (ESCs) in mice (21). Mettl1 de-
ficiency causes inefficient translation of the codons decoded
by m’G-modified tRNAs, decreased mRNA levels of genes
associated with cell differentiation and brain development,
and impaired ESC colony formation (21).

To date, growing evidence demonstrates the functions
of tRNA modifications in response to stresses, especially
the modifications in the wobble positions (5,22,23). In our
preliminary screening, we found a possible link between
tRNA-modifying enzymes targeting non-wobble position
and H,O, resistance in Pseudomonas aeruginosa, a human
pathogenic bacterium. To investigate the role of non-wobble
tRNA modification in oxidative stress response, we charac-
terize a P. aeruginosa tRNA-modifying enzyme, PaTrmB,
which transfers methyl group to the guanosine residue,
forming m’G at position 46 in the variable loop of tRNA.
Moreover, we describe its novel role in the translational con-
trol of critical stress response proteins required for the H,O,
resistance of P. aeruginosa. Our data demonstrate the im-
pact of m’ G46 modification on the efficient translation of
Phe- and Asp-enriched mRNAs. Translation of Phe- and
Asp-enriched catalase genes, such as katA4 and katB, is pos-
itively controlled by TrmB in response to H,O,. Inactiva-
tion of trmB results in depleted catalase levels and in strong
H,0;-sensitive phenotype, demonstrating the essential role
of tRNA m’G modification in oxidative stress response.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and plasmids

The strains and plasmids used in this study are listed in
Supplementary Table S1. P. aeruginosa strain UCBPP-PA 14
(PA14) and Escherichia coli strains BW20767, DH5a and
DE3 (BL21) were grown on lysogeny broth (LB) agar plate
at 37°C and in LB medium at 37°C with shaking. When
needed, antibiotics were added as appropriate at the fol-
lowing concentrations: for P. aeruginosa, carbenicillin (Cb)

at 200 pg/ml and gentamicin (Gm) at 75 wg/ml; for E.
coli, gentamicin (Gm) at 15 pg/ml, ampicillin (Ap) at 100
pg/ml, and chloramphenicol (Cm) at 15 pg/ml. All primers
and synthesized oligonucleotides used in cloning are listed
in Supplementary Table S2.

Construction of trmB mutant strain

PA14 trmB or PA14.05000 was disrupted through the in-
sertional knockout technique by using the suicide plas-
mid pKNOCK-Gm (24). A 215 bp fragment located within
trmB was amplified by PCR using 7ag DNA polymerase
and the primer pair BT4381/BT4382. The amplified frag-
ment was cloned into pKNOCK-Gm plasmid digested with
Smal according to a standard restriction enzyme diges-
tion and ligation protocol. A recombinant plasmid, pKN-
trmB, was transferred into the recipient P. aeruginosa PA14
through biparental mating, with E. coli BW20767 as the
donor strain. At the end of the experiment, the zrmB mutant
was verified by colony PCR and Southern blot analysis.

Construction of trmB complemented strain

The full length sequence of #rmB was amplified with the
primers BT4767, BT4768 and Pfu polymerase by PCR fol-
lowed by cloning into the Smal site of the broad-host-
range vector pBBR1MCS-4 (25), producing a pBB-trmB-
FL plasmid. A verified pBB-trmB-FL plasmid was electro-
porated into the #rmB mutant strain, producing trmB com-
plemented strain, which was selected by plating on LB agar
plate that contains 200 wg/ml Cb and 75 pwg/ml Gm.

Expression and purification of PaTrmB recombinant protein

The full length of PA14 trmB was PCR-amplified with Pfu
DNA polymerase, with forward primer BT5330 contain-
ing Ncol site, and with reverse primer BT5331 contain-
ing Xhol site. A Ncol-Xhol fragment containing full-length
trmB was subsequently cloned into the expression vector
pETBLUE-2 (Novagen) at the Ncol-Xhol site. For protein
production, the expression host E. coli DE3 (BL21) harbor-
ing a verified pET-#rmB-FL plasmid was grown to the ex-
ponential phase and induced with 200 wM isopropyl-B-D-
thiogalactopyranoside at 37°C for 2-4 h. 6XHis-tagged pro-
teins were eluted with a gradient of 200-500 mM imidazole
and analyzed by SDS-PAGE. The final yield of recombi-
nant PaTrmB protein was measured by Bradford assay (26).
The purity of the PaTrmB was estimated to be >99% on a
Coomassie blue stained SDS-polyacrylamide gel (Supple-
mentary Figure S1). Aliquots of the purified recombinant
PaTrmB protein were stored at —20°C before use.

Extraction and purification of in vivo total tRNA

Cells were harvested and extracted using TRIzol® Reagent
(Thermo Fisher Scientific). Large RNA species were pre-
cipitated in a cold solution of 35% absolute ethanol. Pellets
of these large RNA species were separated from small RNA
species by centrifugation at 12 000 x g for 5 min at 4°C. The
aqueous phase containing the small RNA species was sub-
sequently transferred into a new tube, precipitated using 2



volumes of absolute ethanol at —70°C for 2 h, and resus-
pended in 50 w1 of RNase-free water. The total tRNA was
isolated by HPLC as previously described (27).

In vitro preparation of tRNA

Thirty-eight tRNA types were synthesized in vitro using
a MEGAshortscript™ Kit (Ambion). Double-stranded
DNA templates for the MEGAshortscript™ Kit were pre-
pared from synthesized fragments containing the T7 pro-
moter located upstream of the candidate target tRNA (Sup-
plementary Table S2). Each synthesized fragment was am-
plified by PCR using Phusion DNA polymerase, T7 forward
primer, and a specific reverse primer listed in Supplemen-
tary Table S2. The reactions were assembled and incubated
at 37°C for 4 h. The tRNA transcripts were purified from
the reactions by HPLC (27).

Analysis of the modified ribonucleosides by LC-QQQ

Five micrograms of total tRNA was treated with Benzonase
nuclease (Sigma), bacterial alkaline phosphatase (Invitro-
gen), and phosphodiesterase in the presence of deaminase
inhibitors (0.5 wg/ml coformycin and 5 wg/ml tetrahy-
drouridine) and antioxidants (50 wM desferrioxamine and
50 wM butylatedhydroxytoluene) at 37°C overnight to
generate ribonucleoside products. Proteins were removed
from the digested product by filtration with 10K MWCO
columns (Ambion). The ribonucleosides were fractionated
by using a reversed-phase column (Thermo Hypersil Gold
aQ column) with a gradient made of solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetoni-
trile) prior to introduction into an electrospray ionization
triple quadrupole mass spectrometer (Agilent 6470), which
was operated in the positive ion mode as described pre-
viously (27,28). The modified ribonucleosides were identi-
fied by their HPLC retention times, CID fragmentation pat-
terns, fragmentor voltages, and collision energies in com-
parison with available chemical synthetic standards. The
level of each modified ribonucleoside was quantified from
the MRM signal intensity and normalized by dividing by
the summed signals of adenosine, guanosine, cytidine and
uridine from the sample.

tRINA methyltransferase assays

In vitro methyltransferase assays (MTase assay) were per-
formed using the MTase-Glo™ Bioluminescent Assay Kit
(Promega) to assess methyltransferase activity and to iden-
tify the tRNA substrates of PaTrmB. The 20 ul M Tase reac-
tion mixtures consisting of 3 pg tRNA, 5 wM recombinant
PaTrmB protein, 50 mM Tris—HCI (pH 8.0), S mM MgCl,,
50 mM KCl, 50 pM SAM and 1x MTase-Glo™ reagent.
For detection, 1 volume of MTase-Glo™ detection solution
was added. The light signal corresponding to the amount of
S-adenosyl homocysteine (SAH) produced by the PaTrmB
methyltransferase activity was subsequently measured us-
ing a microplate luminometer (Thermo Fisher Scientific).
The reactions without PaTrmB were used as negative con-
trol.
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Localization of the modified ribonucleosides by LC-QTOF

The 80 wl MTase reaction mixtures consisting of 10 wg T7 in
vitro tRNA transcript, 5 wM recombinant PaTrmB protein,
50 mM Tris—HCI (pH 8.0), 5 mM MgCl,, 50 mM KCI and
50 M SAM (Sigma) were assembled and incubated at 37°C
for 1 h. The m’G-modified tRNA was subsequently purified
from the MTase reaction mixtures by filtration using 10K
MWCO columns (Ambion). Five micrograms of methy-
lated tRNA was digested into fragments with RNase T1
or RNase U (Invitrogen) and then dephosphorylated with
bacterial alkaline phosphatase (Invitrogen) at 37°C for 4 h
in the presence of deaminase inhibitors and antioxidants.
To purify the digested fragments from the solution, 100 .l
of the digestion reaction was applied to Strata™ solid-phase
extraction columns (Phenomenex). The purified fragments
were then fractionated on TSK-gel Amide-80 column (2.0
mm ID x 150 mm, 3 wm particle size) with a gradient
made of solvent A (§ mM ammonium acetate) and solvent
B (100% acetonitrile) before sequencing using a quadrupole
time-of-flight mass spectrometer (Agilent 6520) operated in
negative ion mode as previously described (27).

Viability analysis to assess H, O, sensitivity

Exponential-phase cultures were diluted in LB medium to a
final ODggg of 0.1. H,O, was added to the treated cultures,
and cultures without H,O; exposure served as the untreated
control. After H,O, addition, the cultures were incubated at
room temperature without shaking for 25 min. Serial dilu-
tions of the treated and untreated cultures were prepared,
and 10 pl aliquots were dropped onto LB agar plates with-
out antibiotic. The cells were grown on the plates at 37°C,
and the sensitivity of the treated cultures to H,O, was ob-
served within 24 h.

Codon reporter assay

The effects of m’G46 modification on the translation of
transcripts enriched with codons decoded by the tRNA
substrates of PaTrmB were assayed in vivo using -
galactosidase reporter plasmids (29,30). The experimental
reporters containing codon bias fragment were used to ex-
amine the translation of the codons of interest, whereas
the control reporter without codon bias was used to ex-
amine the general translation and to normalize the trans-
lation background. In constructing the experimental and
control reporters, DNA fragments with codon bias or a
control fragment without codon bias (Supplementary Table
S2) was cloned in-frame with the /lacZ gene in the pPRITT
translational fusion plasmid (31) under the control of ampi-
cillin resistance promoter (Papr). Recombinant plasmids
(Supplementary Table S1) were introduced into the wild
type and trmB mutant cells. The exponential-phase cultures
of the transformants were treated with 10 mM H,O, for
25 min. B-Galactosidase activity was measured using the
Miller’s method (32), and the activity of empty pPROTT
plasmid was subtracted from the B-galactosidase activity of
the experimental and control reporters before calculating
the translation efficiency. Translational efficiency was cal-
culated as the ratio of the B-galactosidase activities (Miller
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unit) of the experimental reporters to the activity of control
reporter without codon bias.

Total catalase activity assay

Cell pellets were harvested by centrifugation at 3400 x g for
10 min at 4°C and were washed three times with cold 50 mM
phosphate buffer. Crude protein was extracted by sonica-
tion. Protein concentration was measured by Bradford as-
say. Specific catalase activity (U/mg protein) was measured
by a spectrophotometric method (A4, light path = 1 cm)
using 10 mM H;0O; in 50 mM phosphate buffer (pH 7.0) as
substrate. U was defined as one unit of catalase decompos-
ing 1.0 pmol of H,O, per minute at pH 7.0 at 25°C.

Catalase gel activity assay

Thirty micrograms of total protein was separated on an 8%
native polyacrylamide gel. Gel staining for catalase activity
was performed using the di-amino benzidine (DAB) stain-
ing method (33). The gel was soaked in renaturation buffer
[40 mM Tris—HCI (pH 8.0), 2 mM MgCl, and 0.1% v/v
Triton-X 100] at 4°C overnight and then washed twice with
50 mM phosphate buffer (pH 6.0) before soaking in 50 mM
phosphate buffer (pH 6.0) containing 50 pg/pl horseradish
peroxidase (Sigma, USA) for 45 min at room temperature.
The gel was subsequently incubated in 50 mM phosphate
buffer (pH 6.0) containing 10 mM H;O, for 10 min, washed
with distilled water, and then soaked in 50 mM potassium
phosphate buffer (pH 6.0) containing 500 pg/wl DAB to
develop a brown background. Colorless bands indicate the
area where H,O, is decomposed by catalase.

Western blot analysis

Total protein was extracted from cells by sonication.
Fifty micrograms of total protein was separated using
12.5% SDS-PAGE electrophoresis and then transferred
onto polyvinylidene difluoride (PVDF) membranes (GE
Healthcare). The membranes were blocked in TBST buffer
[20 mM Tris—HCI (pH 7.5), 150 mM NaCl and 0.05% Tween
20] containing 5% skim milk on an orbital shaker for 1 h at
room temperature followed by incubation in an antibody
solution (HRP-conjugated antibody diluted in 3% skim
milk and 1% BSA in TBST) for 1 h. The membranes were
washed three times for 30 min with TBST buffer. The target
protein was detected using a chemiluminescent (ECL) de-
tection reagent kit (GE Healthcare) according to the man-
ufacturer’s instructions.

For western blot analysis of KatB, a his-tag approach was
used given that anti-KatB antibody was unavailable in our
laboratory. The full length katB gene was amplified with
the BT5515/BT5755 primer pair by PCR and cloned in-
frame with the C-terminus hexahistidine tag in the Smal-
Xhol site of the pETBlue-2 plasmid (Novagen), produc-
ing the recombinant plasmid pET-katB-6XHis. The katB-
6XHis fragment was further amplified from the pET-katB-
6XHis plasmid using the pPETUP/pETDOWN primer pair
and subcloned into the EcoRV site of the pPBBRIMCS-
4 vector for gene expression in PA14. The resulting plas-
mid, pBB-katB-6XHis, was verified by sequencing before

introduction into the wild type and #rmB mutant strains for
Western blot analysis.

Semiquantitative real-time PCR

Total RNA was extracted according to a hot acid phenol ex-
traction protocol (34). The residual DNA in the sample was
eliminated by DNase treatment (Thermo Fisher Scientific).
For cDNA synthesis, a reverse transcription reaction was
performed using random hexa-primers and a RevertAid™
M-MuLV Reverse Transcriptase Kit (Thermo Fisher Sci-
entific). Semiquantitative real-time PCR was performed us-
ing KAPA SYBR FAST reagent (KAPA Biosystems) and a
StepOnePlus™ real-time PCR system (Thermo Fisher Sci-
entific) according to the manufacturers’ instructions. The
specific primers for trmB, oxyR, katA, katB, katE, ahpB,
ahpC, ank B and recG are listed in Supplementary Table S2.
16S ribosomal RNA gene was used as internal control to
normalize the gene expression.

Statistical analysis

Statistical analysis was performed using Graphpad Prism
(Graphpad Software). ¢-test was used to determine the sta-
tistical significance. The levels of statistical significance were
indicated in each experiment.

RESULTS

P. aceruginosa trmB gene encodes a tRNA guanine-N7-
methyltransferase that catalyzes m’G formation in tRNA

PaTrmB (PA14.05000) displays high identity (60%) and
similarity (73%) scores with the experimentally identified E.
coli TrmB, which is a tRNA guanine-N7-methyltransferase
(12). Analysis of the PaTrmB sequence revealed the pres-
ence of GXGXG, a SAM-binding site (35) at residue
71-75; GXGXG belongs to the Rossmann-fold SAM-
dependent methyltransferase superfamily (Figure 1). To
test whether PaTrmB functions as a tRNA guanine N7-
methyltransferase, PaTrmB was purified for in vitro assays.

The methyltransferase activity of trmB was assessed in
vitro using an MTase-Glo™ Methyltransferase Assay Kit
(Promega). Recombinant PaTrmB protein was incubated
with the in vivo tRNA extracted from the wild type, trmB
mutant, or complemented strains in the presence of SAM as
methyl donor. As shown in Figure 2A, the amount of the re-
action product S-adenosyl homocysteine (SAH) represents
the degree of methyltransferase activity. We found that the
recombinant PaTrmB protein effectively functioned in vitro
in the presence of the hypo-methylated tRNA substrate and
of the methyl donor SAM. After 1 h of incubation at 37°C,
the total tRNA extracted from the #rmB mutant strain pro-
duced the highest amount of SAH (3785+474 nM), which is
significantly higher (P < 0.001) than that obtained when the
tRNA from the wild type or complemented strains was used
as substrate (219+£6 and 2441482 nM, respectively). Al-
though we expected that the reaction containing the tRNA
from the wild type and complemented strains would share
similar SAH levels, the amount of SAH produced in the re-
action containing the tRNA from the complemented strain
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Figure 2. PaTrmB functions as tRNA methyltransferase in vitro and is re-
sponsible for m’G tRNA formation in vivo. (A) The recombinant PaTrmB
protein effectively methylates the tRNA isolated from the ##rmB mutant
strain. The amount of SAH produced by the PaTrmB methyltransferase
activity was measured using an MTase-Glo™ Methyltransferase Assay Kit
(Promega). The reactions without PaTrmB served as negative control. (B)
Inactivation of frmB leads to specific m’G hypo-modification. The rela-
tive levels of m’G modification (as compared with that in the wild type
strain) in the total tRNA extracted from the wild type, /rmB mutant, or
trmB complemented strains were assessed using LC-QQQ and were cal-
culated based on the normalized signal intensity of its own sample. Data
represent the mean + SD for three biological replicates. Asterisks denote a
significant difference by z-test (**P < 0.01, ***P < 0.001, ****P < 0.0001).

was higher, indicating partial methylation when #rmB is ex-
pressed from a multiple-copy plasmid (pBB-#rmB-FL) after
reintroduction into the #rmB mutant strain.

Next, to determine whether #rmB is responsible for the
m’G tRNA modification, the individual-modified ribonu-
cleosides from the in vivo total tRNA of the wild type, trmB
mutant, or complemented strains were identified and quan-
tified using an LC-QQQ with 24 modified nucleoside stan-
dards; 20 modifications were identified in the P. aeruginosa
total tRNA. Among the modifications, only the m’G mod-
ification was significantly reduced (P < 0.001) in the total
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tRNA isolated from the frmB mutant strain compared with
the modification in the tRNA isolated from the wild type
and complemented strains (Figure 2B and Supplementary
Table S3). In good agreement with the partial methylation
observed in the in vitro MTase assay (Figure 2A), the abun-
dance of m’G in the tRNA extracted from #rmB comple-
mented strain was ~50% lower than the abundance of m’G
extracted from the wild type strain (Figure 2B).

P. aeruginosa TrmB catalyzes m’ G46 formation in the tRNA
variable loop

To identify the tRNA substrates of PaTrmB, all 38 tRNA
species in P aeruginosa (http://gtrnadb2009.ucsc.edu)
were in vitro synthesized using a MEGAshortscript™ Kit
(Ambion). The in vitro synthetized tRNAs were sub-
sequently in vitro methylated by recombinant PaTrmB.
In P aeruginosa, 26 tRNAs contain G at position
46 (G46) (Figure 3, black bar). We found that 23 of
the 26 G46-containing tRNAs gave higher SAH sig-
nals compared with the G46-lacking tRNAs (Figure
3, white bar), namely, tRNAAR/GGC —{RNAAR/UGC
tRNAArg/ACG, tRNAArg/CCG, tRNAArg/CCU, tRNAArg/UCU,

tRNAAsn/GUU, '[RNAASP/GUC, tRNAGIY/GCC,
tRNAHiS/GUG, tRNAIle/GAU , tRNALyS/UUU , tRNAMet/CAU ,
tRNAPhe/GAA , tRNAPrO/CGG, tRNAPrO/GGG,
tRNAPrO/UGG tRNAThr/CGU tRNAThr/GGU

tRN AThr/ UGU , tRN ATrp/CCA , tRN AVal/GAC and

tRNAVYa/UAC However, there was little, if any, SAH signals
when three other G46-containing tRNAs (tRNALeW/CAG,
tRNALW/GAG and tRNASP)/UCA) were used as substrate,
suggesting that these tRNAs might not be substrates of
PaTrmB (Figure 3). As expected, all tRNAs lacking G46
yielded considerably low amount of SAH (Figure 3). Thus,
we hypothesized that PaTrmB transfers a methyl group
strictly to the G residue at position 46.

To confirm whether PaTrmB catalyzes m’G modification
at position 46, LC-QTOF mass spectrometric analysis was
performed. Six PaTrmB substrates, the synthetic T7 tran-
scription products of tRNAAS/GUU " {RNAAsP/GUC,
tRNAGIY/GCC, tRNAPhe/GAA, tRNAThr/GGU and
tRNAVA/GAC " were individually incubated with recombi-
nant PaTrmB, with SAM as methyl donor. Following in
vitro methylation, each methylated tRNA was digested into
fragments with RNase T1 or RNase U, dephosphorylated,
and subjected to mass spectrometric analysis. Analysis
of the methylated tRNA treated with RNase revealed
that the m’G-modified base was located at position 46
in the tRNA variable loop (Figure 4). After RNase TI
digestion, the sequence of the tRNA fragment containing
G46 is GUCG, covering the base positions 46-49 for
tRNAAP/GUC " and UGUCG, covering the base positions
45-49 for tRNAPP/GAA "The extracted ion chromatogram
of the RNase Tl-digested fragments from tRNAAsP/GUC
and tRNAP/GAA are shown in Figure 4A and D, respec-
tively. Ion chromatograms of m’GUCG (m/z of 625.6008)
from tRNAAP/SUC and of Um’GUCG (m/z of 778.6142)
from tRNAPhe/GAA wwere detected at 21.9 and 21.7 min,
respectively. Mass spectra indicating a doubly charged
negative ion (M — 2H)~2 of the m’GUCG and Um’GUCG
fragments are shown in Figure 4B and E, respectively.
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Figure 3. Identification of PaTrmB tRNA substrates. In vitro transcribed
tRNAs were used as substrates for the purified PaTrmB, with SAM
as methyl donor. Methylation reaction was assessed using an MTase-
Glo™ Methyltransferase Assay Kit (Promega) according to the manufac-
turer’s instructions. The reaction without PaTrmB served as control. The
tRNA transcripts containing G46 are shown as black bars, whereas those
lacking G46 are shown as white bars. Data represent the mean + SD for
three biological replicates.

The w;, w,, y; and ys3 ion products of m/z 625.6008 and
the w;, ws and a,-B, ion products of m/z 778.6142 were
consistent with the m’GUCG and Um’GUCG sequences,
respectively, indicating the presence of m’G at position
46 (Figure 4C and F). Furthermore, m’G formation at
position 46 by PaTrmB in tRNAA/GUU (R NAGK/GCC,
tRNATH/GGU and tRNAVAW/GAC was also confirmed
(Supplementary Figures S2 and S3).

Taken together, these results clearly demonstrated that
P aeruginosa trmB encodes a tRNA guanine (46)-N7-
methyltransferase that catalyzes the transfer reaction of a
methyl group from SAM to the N7 atom of guanine at po-
sition 46 in the tRNA variable loop.

Lack of m’G46 modification leads to decreased translation
efficiency of transcripts enriched with codons decoded by
tRNAPe/GAA apd tRNAASP/GUC

To investigate the role of frmB in protein synthesis, we
examined in vivo the impact of m’G46 tRNA modifica-
tion on the translation of transcripts enriched with codons
decoded by PaTrmB tRNA substrates, including the Ala-
GCC, Arg-CGU, Asn-AAC, Asp-GAC, Asp-GAU, Ile-
AUC, Phe-UUC, Phe-UUU and Val-GUC codons, by us-
ing a codon reporter assay. We cloned a control fragment
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Figure 4. PaTrmB catalyzes m’G formation at position 46 in the variable
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matogram of the m’ GUCG fragment with an m1/z of 625.6008; this frag-
ment is an RNase T1-digestion product of tRNAASP/GUC (B) The mass
spectrum of the m’ GUCG fragment shows a doubly charged negative ion
with an m/z of 625.6008. (C) CID spectrum and CID fragmentation pat-
tern of m/z 625.6008 with w|, wy, y; and y3 ion products. (D) Extracted
ion chromatogram of the Um’GUCG fragment with an m1/z of 778.6142;
this fragment is an RNase T1-digestion product of tRNAPe/GAA (E) The
mass spectrum of the Um’GUCG fragment shows a doubly charged neg-
ative ion with an m/z of 778.6142. (F) CID spectrum and CID fragmenta-
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Figure 5. TrmB affects the translation of codons decoded by
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phenylalanine; D, aspartic acid.

without codon bias as well as experimental fragments con-
taining 5X codon runs decoded by PaTrmB tRNA sub-
strates and a negative control fragment carrying a repeat
of the GIn-CAA codon into the pPRITT vector under the
control of the ampicillin resistance promoter and in frame
with the lacZ gene (Figure SA). The abilities of the wild type
and trmB mutant strains to translate the engineered frag-
ments were expressed as the translation efficiency, which
was calculated by taking the ratio of the B-galactosidase
activity of the experimental reporter to the activity of the
control reporter without codon bias.

Comparison of translation efficiency between the wild
type and frmB mutant strains showed that loss of trmB
specifically affected the translation of Phe and Asp codons
decoded by the m’G-modified tRNAPP/GAA and the m’ G-
modified tRNAASP/GUC respectively, but it exerted no effect
on the translation of GIn-CAA (the negative control codon)
(Figure 5B). Despite the fact that the Ala-GCC, Arg-CGU,
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Asn-AAC, Asp-GAC, Asp-GAU, Ile-AUC, Phe-UUC, Phe-
UUU and Val-GUC codons are all recognized by the Pa-
TrmB tRNA substrates, we did not observe any differences
in translation efficiency between the wild type and trmB
mutant strains for the 5XAla-GCC, 5XArg-CGU, 5XAsn-
AAC, 5XIle-AUC and 5XVal-GUC reporters (Supplemen-
tary Figure S4). By contrast, the translation efficiency of
the 5XPhe-UUC, 5XPhe-UUU, 5XAsp-GAC and 5XAsp-
GAU reporters significantly decreased (P < 0.01) in the
trmB mutant strain under both normal and H,O, stress
conditions (Figure 5C-F). Furthermore, we found that the
translation efficiency of these four reporters significantly in-
creased (P < 0.01) in the wild type strain after treatment
with 10 mM H,O, (Figure SC-F), suggesting a relationship
between ¢trmB-mediated Phe and Asp codon translation and
oxidative stress response.

trmB plays an important role in the H, O, stress response in
P. aeruginosa

We examined the survival of the wild type, trmB mu-
tant, and complemented strains after H,O, exposure.
Exponential-phase cultures were exposed to 1, 5, 10 or 20
mM H,O, for 25 min at 37°C. Untreated cultures were used
as control (which showed 100% survival). The trmB mu-
tant strain, which lacks tRNA m’G46 modification, dis-
played a hypersensitive phenotype to H,O,. The survival
levels of trmB mutant cells exposed to 10 and 20 mM H, 0,
dropped by more than 50% and 90%, respectively, relative
to that of the wild type strain. Importantly, the % survival of
the trmB complemented strain was recovered during H,O,
stress, indicating that the H,O,-sensitive phenotype is trmB-
dependent (Figure 6A). To investigate the pattern of m’G
tRNA modification after H,O, exposure in the wild type
PA 14, the abundance of m’G modification was monitored
by using LC-MS/MS. We found a slight but significant (P
< 0.0001) increase in the level of m’G tRNA modifica-
tion in the total tRNA after H,O, exposure. m’G modifi-
cation in total tRNA was induced by approximately 12%
and 23% after exposure to 1 and 10 mM H,O,, respec-
tively (Figure 6B). We further measured the mRNA level of
trmB and found a 2.6-fold increase when the wild type cells
were exposed to H,O, (Figure 6C), suggesting that the in-
creased m’G level is due to the upregulation of trmB. Taken
together, these results demonstrated an important role of
trmB in the H,O; stress response in P. aeruginosa.

KatA and KatB protein levels are reduced in the #rmB mutant
strain

To obtain insight into the mechanism as to how TrmB me-
diates the H,O, stress response and to identify the TrmB-
regulated genes, we first assessed the impact of loss of trmB
on the activity of the catalase enzymes given that catalase
is a major H,O,-detoxifying enzyme (36,37). The results
showed that inactivation of rrmB led to reduced catalase ac-
tivity. As shown in Figure 7A, the total catalase activity of
the trmB mutant strain was significantly lower (P < 0.01)
than that of the wild type and complemented strains. In con-
trast to that of the wild type strain, whose total catalase ac-
tivity increased by two-fold in response to H,O; treatment,
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Figure 6. 1rmB plays an important role in H,O, stress response. (A) Sur-
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trol (100% survival). (B) Induction percentages of m’G tRNA modifica-
tion after exposure to 1 or 10 mM H, O, in wild type cells compared with
those in untreated cells. (C) Relative expression of rmB in wild type cells
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the total catalase activity of the 7zrmB mutant strain did not
change under any of the conditions regardless of whether
H,0, was added or not. Complementation of ¢rmB mu-
tation fully recovered the ability of the trmB-deficient mu-
tant to increase its total catalase activity back to the H,O;-
induced level of the wild type strain; these results demon-
strated that the change in the total catalase activity in re-
sponse to HyO, exposure is trmB-dependent. In P aerug-
inosa, three catalases are found, namely, KatA, KatB and
KatE; KatA and KatB play important roles during loga-
rithmic growth (37,38). We further investigated the activity
of KatA, the major catalase during the logarithmic growth,
using catalase gel staining assay. Consistent with the total
catalase activity, KatA activity decreased in the trmB mu-
tant strain compared with that in the wild type strain un-
der both normal and H,O, treatment conditions (Figure
7B). However, the activity of KatB in PA14 was dramati-
cally low and could not be detected in the catalase gel even
after H,O, treatment or even when the amount of the total
protein loaded was increased to 100 wg (data not shown).
To test whether the low catalase activity is due to reduced
catalase protein levels, we performed a western blot analy-
sis to detect the protein levels of the catalases. As shown in
Figure 7C, a clear reduction in KatA (seven-fold decrease
at 0 mM H;0O; and three-fold decrease at 5 mM H,0,) and
KatB (2-fold decrease at 0 mM H,O; and 3-fold decrease at
5 mM H,0,) protein levels was observed in the trmB mu-
tant strain compared with that in the wild type strain under
both normal and oxidative stress conditions. Semiquanti-
tative real-time PCR analysis revealed that the transcript
levels of katA, katB and katB-His were trmB-independent
throughout the H,O; treatment (Figure 7D). These results
suggested that zrmB plays a role in mediating the H,O,
stress response in P. aeruginosa at the translational level by
positively controlling the levels of KatA and KatB.
Transcription of katA and katB is positively regulated by
OxyR, an H,0;-sensing transcriptional regulator (39,40).
To confirm that frmB directly regulates the translation lev-
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Figure 7. trmB exerts effects on catalases. (A) Total catalase activities of
the wild type, trmB mutant, and complemented strains upon exposure to
H,0;. (B) Comparison of KatA activities of the wild type and /rmB mu-
tant strains. KatA activity was examined by a catalase gel activity assay.
The colorless band indicates the area where H,O, was decomposed; M
indicates the protein molecular weight markers. (C) Western blot analysis
of OxyR, KatA and KatB proteins. OxyR and KatA levels were assessed
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els of KatA and KatB and that it has no influence on oxyR
expression, we examined the effects of trmB inactivation
on oxyR mRNA and OxyR protein levels. Expectedly, the
oxyR mRNA and OxyR protein levels did not change in the
trmB mutant strain compared with those in the wild type
strain with and without H,O; exposure (Figure 7C and D).
Most likely, the expression levels of katA and katB were di-
rectly modulated by trmB at the translational level.

DISCUSSION

In this study, we reveal an important role of PaTrmB-
catalyzed m’G46 tRNA modification in the oxidative
stress response of P. aeruginosa; such a role is most likely
facilitated through positive regulation of the translation
efficiency of catalase genes via a biased codon usage mech-
anism. PaTrmB catalyzes the formation of m’G tRNA
modification at position 46 in the tRNA variable loop
(Figures 2 and 4). Twenty-three tRNAs were identified
as PaTrmB substrates, including eleven novel substrates,
namely, tRNAAR GGe tRNAAR/ACG  (RNAAE/CCG
tRNAArg/CCU tRNAAsp/GUC tRNAHls/GUG tRNAlle/GAU



tRNAPrO/GGG , tRNAThr/CGU , tRNAThr/GGU and
tRNAVA/GAC (12/13,15,16,21,41,42). Analysis of all P
aeruginosa tRNA sequences revealed an RGGUC (G rep-
resents G46) motif at the variable loop site in PaTrmB
substrates. The sequence of P. aeruginosa m’G modifica-
tion motif is slightly different from that of the RAGGU
motif in m’G-modified tRNAs isolated from mouse
ESCs (21). However, RGGUC motif was not detected in
G46-containing tRNAs that do not serve as substrates
or are poor substrates for PaTrmB; these tRNAs include
tRNALeu/CAG, tRNALcu/GAG and tRNAseC(p)/UCA. Fur-
thermore, analysis of tRNA secondary structure revealed
that these three tRNAs contain a long variable loop
(11-19 ribonucleotide long) belonging to class II tRNA
(Supplementary Figure S5). Thus, PaTrmB may not simply
recognize the G46 residue as its substrate. Both the se-
quence and the structure of the variable loop in the tRNA
substrate may be essential for the methyl transfer reaction.

The impact of tRNA modifications on the efficiency of
translation is mostly studied in anticodon loop (5,22,23).
Here, we report that trmB-mediated m’G modification at
position 46 in the tRNA variable loop is specifically neces-
sary for the optimal translation of Phe- and Asp-enriched
mRNAs (Figure 5). To our knowledge, only a few reports
have shown the impact of tRNA modifications outside the
anticodon region on the efficiency of protein synthesis. In
E. coli, disruption of the gene responsible for the formation
of W55 further reduces the translation efficiency of Arg-
CGA-enriched mRNA (30). Ribosome footprinting anal-
ysis in mouse ESCs has revealed an essential role of m’G
modification in the efficient recognition of codons decoded
by m’G-modified tRNAs during the elongation step (21).
However, the manner by which m’G46 specifically affects
the translation of the codons decoded by tRNAPhe/GAA apd
tRNAAP/GUC remains unknown.

Here, we demonstrate the essential role of frmB in oxida-
tive stress response of P. aeruginosa and reveal that trmB-
mediated m’G modification directly regulates kat4 and
katB at the translational level (Figures 6 and 7). KatA and
KatB are the major H,O;-detoxifying enzymes in P. aerug-
inosa (37,38). The expression of katA and katB in P. aerug-
inosa are positively regulated by OxyR, a H,O,-sensing
transcriptional regulator (39,40). In addition to the induc-
tion of katA and katB mRNA levels by H,O, via OxyR
regulation, our data suggest an additional regulation of
katA and katB expression via the enhancement of transla-
tion efficiency. This finding is supported by the codon re-
porter assay results (Figure 5). The translation efficiency
of Phe- and Asp-enriched mRNAs increased upon expo-
sure to H,O,, consistent with the H,O;-induced increased
in m’G modification (Figures 5 and 6B, C). Interestingly, a
comparison of the codon usage of katA, katB and oxyR re-
vealed that the Phe-UUC, Asp-GAC and Asp-GAU codons
were enriched in katA and katB compared with the full
genome (Supplementary Figure S6). However, these codons
are not enriched in oxyR, consistent with the observation
that trmB had no effect on oxyR expression at either the
transcriptional or translational level (Figure 7). Moreover,
examination of the distribution of Phe and Asp codons
showed that the Phe and Asp codons were clustered in
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katA (161FKWDFF, 179DFSD and 417DDD) and katB
(182DDDSRRFDFF and 297FDFDPLD) but were sepa-
rately distributed in oxyR. These observations strongly sup-
ported that translational regulation by TrmB depends on
the usage and distribution of the Phe and Asp codons in
the target genes of TrmB.

The percentage of cell survival (Figure 6A) and total ac-
tivity of catalase (Figure 7A) of the zrmB mutant strain
were fully complemented when compared with those of the
wild type strain, whereas the level of total m’G modifica-
tion in trmB complemented strain was partially recovered
(Figure 2). It has been established that the overexpression
of plasmid DNA can alter cellular metabolism (43). There-
fore, we hypothesized that the lack of full complementa-
tion may arise from trmB overexpression, which is driven
by the lacZ promoter in the medium to high copy num-
ber pPBBRIMCS-4 plasmid. In addition, the level of certain
modifications varies between individual tRNAs in P. aerug-
inosa (44). The m’G modification level in tRNATP/CCA w5
higher than that in tRNAA®/UCG | sugeesting variation in
the methyl acceptance activity of each tRNA type (44). De-
spite the lower total m’G level in the frmB complemented
strain compared with that in the wild type (Figure 2B), the
level of m’G in tRNAs that contributed to the translational
control by TrmB, e.g. tRNAPh/GAA apnd tRNAAP/CUC jp
the trmB complemented strain may be high enough to fully
restore catalase activity and survival under H,O, exposure.

In addition to trmB, few other tRNA-modifying genes
play important roles in cell responses to oxidative stress.
Our previous work on P aeruginosa has described
two examples of such genes, namely, rmJ and ttcA.
trmJ gene encodes 2'-O-methyl transferase, which cat-
alyzes tRNA modifications at position 32, such as 2'-O-
methylcytidine (Cm32), 2'-O-methyluridine (Um32), and
2’-0-methyladenosine (Am32) (27). ttcA gene encodes pu-
tative 2-thiocytidine synthetase, which catalyzes the forma-
tion of 2-thiocytidine (s>C) (45). Mutation of either trmJ
or ttcA alters the expression of H,O,-defense genes and
confers HyO, sensitivity in P aeruginosa (27,45). More-
over, H,O,-induced reprogramming of tRNA modification
has been found in yeast trm4. Increase in Trm4-mediated
m>C34 modification after exposure to H,O, selectively en-
hances the translation of rp/22a gene enriched with the
Leu-UUG codon. The rpl22a gene, which encodes the ri-
bosomal protein Rpl22a, is involved in H,O, resistance,
allowing yeast cells to grow following H,O, treatment
(29). In addition, defects in E. coli trmM (46), yeast trm7
(47) and Drosophila dnmt2 (48), which are responsible for
the formation of tRNA 6-methyladenosine (m°®A37), 2'-
O-methylcytidine (Cm32 and Cm34), and 5-methylcytidine
(m>C38), respectively, also result in H,O, sensitivity.

We observed an ~2.6-fold increase in the transcription
level of trmB following H,O, treatment, and this find-
ing might explain the slight increase in m’G level and the
increased translation efficiency of Phe- and Asp-enriched
transcripts following the same treatment (Figures 5 and
6B, C). To date, regulation of the expression of trmB and
most tRNA-modifying genes has not yet been studied.
Our previous study on ttc4 gene, which encodes a pu-
tative 2-thiocytidine tRNA synthetase, has demonstrated
that tzcA transcription is directly modulated by OxyR, a
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H,0;-sensing transcriptional regulator, via the derepres-
sion mechanism in response to H,O; exposure (45). How-
ever, no putative OxyR-binding site was detected in the up-
stream region of trmB. The regulation of trmB expression
needs further investigation.

Overall, we present herein the regulatory function of
TrmB in the translational control of biased codon usage
transcript in response to oxidative stress. We propose a
possible model to explain the TrmB-mediated translational
control of oxidative stress response. The amounts of m’G-
modified tRNAs, such as m’G modified-tR NAPR/GAA gnd
m’G modified-tRNAAP/GUC are increased by H,O, treat-
ment due to trmB upregulation, which subsequently en-
hances the translation efficiency of the transcripts enriched
with the relevant Phe and Asp codons. As a consequence,
the levels of KatA and KatB, in which Phe and Asp codons
are enriched and which are critical for H,O, resistance, are
increased, enabling P. aeruginosa cells to survive during ox-
idative stress (Figure 8). Taken together, our work describes
a novel function of m’G tRNA modification in transla-
tional regulation of the oxidative stress response of P. aerug-
inosa, and it highlights the importance of tRNA modifica-

tion outside the anticodon region in the translational con-
trol.
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