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Abstract

Modified nucleotides in tRNA are critical components of the translation apparatus but their
importance in the process of translational regulation had until recently been greatly overlooked.
Two breakthroughs have recently allowed to more fully understand the importance of tRNA
modifications in bacterial physiology. One is the identification of the full set of tRNA
modifications genes in model organisms such as Escherichia coli K12. The second is the
improvement of available analytical tools to monitor tRNA modifications patterns. The role of
tRNA modifications vary greatly with the specific modification within a given tRNA and with the
organism studied. Their absence or reduction can lead to cell death, pleiotropic phenotypes or have
no apparent visible effect. By linking translation through their decoding functions to metabolism
through their biosynthetic pathways, tRNA modifications are emerging as important components
of the bacterial regulatory toolbox.
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The resurgence of tRNA modifications as key players in bacterial
physiology.

As the central adaptors between mMRNA molecules and elongating peptides, transfer

RNAs (tRNAs) are at the heart of the translation machinery and must therefore interact
very specifically with a great diversity of molecules in the cell (such as ribosomes,
elongation factors, mMRNAs, aminoacyl-tRNA synthetases) [1]. This is made possible by the
diversification of tRNA structures by modifications of both the sugar and base moieties [2].
Specific tRNA modifications play key roles in the accuracy and efficiency of decoding, act
as determinants or anti-determinants for proteins of the translation apparatus or toxins and
can also be critical for monitoring tRNA integrity and stability as quality control checkpoints
[2,3]. The Anti-codon Stem Loop (ASL) portion of the tRNA molecule is the most modified
particularly the nucleosides that interacts with the third base of the codon or the wobble
position (position 34) and the ones that are located just before the first base of the codon
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(position 37)(Fig. 1). These modifications can have critical roles expanding or restricting the
decoding properties of a given tRNA molecules [4]. Positions outside the ASL usually have
more structural roles [3] but have also shown to influence the decoding properties [5].

Even if most tRNA modifications were discovered ~50 years ago [6], it is only recently that
the full appreciation of their importance in biology in general and in bacterial physiology
in particular has more broadly emerged. This is mostly because the full set of tRNA
modification genes has only been recently identified in a few model organisms such as
Escherichia coli (Fig. 1) and yeast [7] and because novel analytical techniques have led to
more accurate and sensitive quantification methods [8].

This review will focus on recent developments revealing the emerging role of tRNA
modifications as regulatory molecules in bacteria, evaluating tRNA modifications enzymes
as possible antibacterial targets and reviewing newly discovered roles for bacterial tRNA
modifications in the process.

Completeness of the bacterial tRNA modification landscape, a work in

progress.

The first known tRNA modification, pseudouridine (\¥), was initially identified in yeast
and then shortly after in bacteria [9]. The following 25 years can be considered as the

first golden period in the tRNA modification field (reviewed in [6]). The majority of

the known tRNA modifications were discovered and around half the genes involved in
their synthesis identified, mainly in the Gram-negative model Escherichia coli K12 and
Salmonella typhimurium LT2 [10]. This pioneer work laid out most of the concepts on

the importance of tRNA modifications for bacterial physiology but these remained known
to only a few specialists for a long time, or at least until 2005 [10-12]. Thanks to

the development of whole genome sequencing technology, bioanalytical tools, and DNA
recombinant technology, the last 15 years have witnessed a second golden era for tRNA
modifications. First, many of the cases of “missing” genes were solved. Nowadays, the
complete sets of genes coding for tRNA modification enzymes are available for the gram-
negative £. coli K12 and the gram-positive Mycoplasma capricolum ([13,14] and Fig.

1 & 2A). It took several decades to finalize £. coli, but the recent discoveries of the

genes of the t8A37, acp3U47 and cmo®U34 pathways have translated in discovering novel
enzymes families and chemistries (see Fig. 1 legend for access to references ), allowed the
identification of disease genes in humans [15-17], reinforcing Jacques Monod’s statement
on “what is true in £. coliis true in the elephant” and the importance of bacterial model
organisms in fundamental research [18]. Second, improvements in mass-spectrometry and
the arrival of whole genome sequencing based detection methods now allow to capture the
identity and location of tRNA modifications in more organisms (Fig. 3). This information
is essential as, for the moment, predicting the exact nature and positions of all tRNA
modifications in a given organism just based on the presence/absence of homologs of
known modification enzymes remains problematic. In our experience, orthology-based
methods can correctly predict ~70-80% of the tRNA modifications (V. de Crécy-Lagard,
unpublished data). Indeed, new modifications are constantly being discovered as more
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diverse bacteria are analyzed. For example, though Vibrio cholerae is taxonomically closely
related to £, coli, a totally new modification, acetylated acp3U (acacp3U), was recently
identified in this organism [19]. Also, cases of changes in target specificity can make direct
annotations transfers between homologs perilous. For example, the synthesis of m>U54 in
tRNA and m°U1939 in 23S RNA are catalyzed by predicted orthologs in B. subtilis and
Mycoplasma capricolum respectively [20]. Likewise, non-orthologous replacements make
homology-based predictions not totally reliable. For examples, synthesis of m>U54, x0°U34
and ac*C34 are catalyzed by non-orthologous enzymes in B. subtilisand E. coli [21-23].
Thus, the presence/absence of a known modification gene does not always warrant the
presence/absence of the corresponding modification at given position of tRNA as many
factors influence these modifications events [24].

Only 226 individual tRNA sequences (with modification information) from 19 different
bacteria are available in the Modomics database [25] (Date February 4 2020). Hence the
mapping of tRNA modifications along the bacterial tree of life is still very sparse (Fig. 4 and
Table S1). Expanding this knowledge is critical for the field to progress. Recent studies that
combine mass-spectrometry and tRNA-Seq methods to detect and map tRNA modifications
[19,26-28] suggest that gathering such information on phylogenetically diverse bacteria is
getting easier and could be more systematically pursued as shown in this recent analysis of
modifications of microbiome bacteria [29]. Combining several types of analytical methods
with predictions of modifications genes is required to provide an accurate depiction of the
final pattern of modifications (both the nature and positions) in a given organism (Fig. 3).

Finally, modification levels are not static and can vary with physiological conditions [12,26].
The recent improvements in analytical tools allow to better track these fluctuations even

at the level of the tRNA sequence and in certain cases link them to physiological roles as
discussed in the last section of this review.

The importance of specific modifications can only be understood in a given

context

If some tRNA modifications are found in a very limited set of isoacceptors or bacteria,

such as m® s2U only found in thermophiles [30], many are widespread. Defining which
modification(s) in a given tRNA is/are more important, eventually “essential”, for life, is a
difficult task. First, for most modifications involved in decoding, one cannot separate the
modifications from the context of the tRNA sequences as there is a clear co-evolution of the
two. For example, lysidine (k?C) is a modification at the wobble C position of tRNA!'ec
only found in Bacteria (see [31] for recent review). When modified this tRNA can decode
AUA codons but without the k2C modification, it will decode AUG codon leaving the
minor lle codon without a cognate tRNA. Hence, the lysidine synthesis gene is essential
and very conserved throughout the bacterial kingdom. One exception is Mycoplasma mobile
where the loss of the lysidine synthase gene co-occurs with the mutation in the tRNA!e
anticodon from CAU to UAU and possibly other mutation(s) in the decoding site of the
ribosome (as discussed in [32] and [33]). Other examples of co-evolution of the tRNA

sets and modification genes are detailed in the recent analysis by Diwan and Agashe
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[34]. Second, both for modifications required for accurate decoding or for correct tRNA
folding, different organisms will use different solutions for the same problem. For example,
ribothymidine at position 54 (m>U54), that is critical for tRNA stability in bacteria, is
replaced by m¥'54 in many Archaea [35]. The two modifications fulfill similar roles but are
introduced by totally different enzymes. Third, the requirements for modifications are going
to be extremely dependent on environmental factors such as temperature or salinity that are
known to greatly influence tRNA structure [3]. For example, hyperthermophiles have unique
modifications as mentioned above and modify their tRNA more extensively when grown at
higher temperature [3]. With these reservations in place, it is possible to list key functional
constraints for specific tRNA isoacceptors groups such as split codon box discrimination or
codon/anticodon binding that can be solved by the presence of different modifications in
different organisms [4], [36].

Defining the minimal tRNA modification set(s) required for bacterial life

Early studies trying to predict the minimal sets of tRNA modifications required for life that
were based on phylogeny. Essentiality or conservation gave very different results [37-39].
These ranged from three to nine modifications and these did not always overlap. More
recent studies that focused on synthesizing a minimal genome [40] (in red in Fig. 2A and
Table S2) or analyzing gene losses in Mollicutes [33] led to minimal set in Gram-positive
of around 8 modifications (starred in Fig. 2A). Another strategy to identify minimal tRNA
modification sets is to analyze genomes of intracellular symbionts of insects with reduced
genomes [18]. The analysis of the human louse endosymbiont Ca. Riesia pediculicola,
suggests that organisms can survive with just six modifications in the ASL [41] (Fig. 2B).
This number could even be further reduced to the barebone minimum of two modifications
(t8A37 and m1G37) in Ca. Spiroplasma holothuricola a gut endosymbiont of Zygothuria
oxysclera[42]. Though this prediction requires experimental validation, it must have been
made possible by concomitant changes in the anticodon of tRNAs decoding split boxes [42].
In summary, if most extant bacteria that live in competitive environments contain 30-50
distinct modifications in tRNAs to maintain an efficient and accurate translation, very few
modifications are conserved in all bacteria and most can be lost in certain conditions, with
the exception of t8A37 and m1G37. Both these modifications are universal but because of
their essentiality in bacteria and because their synthesis machineries are different between
bacteria and eukarya [2], they are also the two tRNA modification pathways that can be
targeted for the development of antibacterial compounds.

Development of tRNA modifications enzymes as antibacterial targets.

Not many modifications are essential for bacterial growth, even fewer are essential in a wide
range of bacteria. For example, fadA, the gene involved in 134 synthesis in tRNAAY,

is essential in E. colibecause it allows this tRNA to decode all CGU/C/A codons [31].

Of note, the post-transcriptional process that results in RNA sequences that differ from the
DNA sequence from which they are transcribed, such as the case of A to I, is called editing
[43]. The tadA gene is not essential in B. subtilis [44] for reasons that are not clear as

no tRNAA™ ¢ gene that would make fadA dispensable is found in this organism [33].
Possibilities include; 1) the presence of an unknown redundant deaminase in B. subtilis,
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2) a different decoding context that allows unmodified tRNAAY9 - to decode CGU/C/A
codons as seen in plant cytosol [45] or Mycoplasma capricolum [46]; or that the essentiality
is cause by another function of TadA. For example, in £. coli, this proteins edits the mMRNA
of toxin/antitoxin systems in £. coli[47]. Even if further work is required to understand

the dispensability of adA in several bacteria [48], the prediction is that compounds such as
xanthorrhizol that inhibit TadA [49], might only target a narrow range of organisms.

The three tRNA modifications that are essential in a wide range of bacteria are lysidine
(k2C34), m1G37 and t8A37. The lysidine modification is only found in bacterial tRNAs, so
we have here an ideal scenario, with an antibacterial target essential in bacteria but absent
in humans. A small subset of bacteria has escaped the requirement for lysidine by mutating
their tRNA!€: 5 to tRNA!!e 5, as discussed above but these are rare cases. As a proof of
principle, a few ATP and lysine analogs have been shown to inhibit the lysidination reaction
[50] but none seem to have been developed further, maybe because studies have shown that
tRNA!e: 5 to tRNA!e 5 suppressor mutations allows B. subtilis tlS mutant to survive
[51].

The issue of t8A37 essentiality also turned out to be quite complex. This modification

was shown to be a positive determinant for tRNA charging by Isoleucyl-tRNA synthetase
(1leRS ) from E. coli and not from yeast [52] providing a rational for the essentiality of t6A
synthesis genes in many Bacteria such as E. coli, Staphylococcus aureus or Pseudomonas
aeruginosa [53] but not in S. cerevisiae [54]. However, t8A-deficient strains can be
constructed by deleting the synthesis genes in other bacterial species such as Deinococcus
radiodurans, Synechocystis PCC6803 or Streptococcus mutans [52,55], and the reasons why
tA is not essential in these species are still not clear. That said, the essentiality of tA in
many pathogens make its synthesis pathway an attractive target particularly as two of the
proteins of the t8A synthesis complex, TsaB and TsaE, are specific to Bacteria [53] and
inhibitors for the ATPase activity of TsaE have already been identified [56].

The most advanced target is TrmD, the enzyme involved in generating m1G37 and member
of the COG0336 family [57]. The #mD gene has been shown to be essential in over

23 bacteria including many human pathogens [58]. Because this methylase family is not
orthologous to the one that catalyzes the same reaction in eukaryotes (Trm5, COG2520,
while TrmD belongs to COG0336) [57], it was identified as an antibacterial target early

on [59], and studies combining structure function and medicinal chemistry to develop leads
have followed [60—62], suggesting that drug developments programs are in progress. The
recent discovery that the absence of TrmD affects the expression of drug efflux proteins
make this antibacterial target all the more compelling [63].

tRNA modifications defects can lead to pleiotropic phenotypes possibly
caused by protein aggregation

Multiple studies on the role of different ASL modifications in yeast and mammals
(such as t8A37, xms2U34 or Queuosine34 (Q34)), clearly show that their absence leads
to protein homeostasis defects and to increased levels of protein aggregation that give
rise to pleiotropic phenotypes [64-66]. In Bacteria, elimination of the same three ASL
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modifications also give rise to pleiotropic phenotypes. Indeed, deletion of mnmE and
mnmG/gidA genes have been shown to have pleiotropic effects on growth, cell division and
virulence in a wide range of pathogenic bacteria both gram-positive and gram-negative (see
[67] and discussion of [68] for reviews). These genes encode proteins that form a complex
involved in the formation of mnm®U34 but this has been experimentally validated in only a
few species such as E. coli; B. subtilis [69] and Salmonella [70]. The molecular mechanisms
underlying these pleiotropic phenotypes are far from understood as the expression of
hundreds of proteins are affected. Only in one case it was shown that the translation of

a specific virulence protein, cytotoxic necrotizing factor 1, is affected [68], but it is not
known if this is a direct or indirect effect.

Deleting the genes involved in Q synthesis also gives raise to diverse sets of phenotypes:
reduced viability in stationary phase in E. coli[71]; sensitivity to oxidative stress in
Streptococcus thermophilus [72] or defects in virulence in Shigella flexneri[73,74] There
again, the molecular basis for all these phenotypes remain unknown.

In organisms like £. colior Staphylococcus aureus where t8A37 is essential, limiting
expression of the tSA genes leads to cell division defects [75,76], increased protein glycation
[77] and induction of the stringent response [78]. Even in organisms that can survive without
t8A, its absence leads to diverse and pleiotropic phenotypes. The tSA-deficient Deinococcus
radiodurans strains are more sensitive to mitomycin C [79], while in Streptococcus mutans
the same t8A-deficient mutants are compromised in biofilm formation, and more sensitive
than the wild-type to low pH and oxidative stress [52,55,80]. Growth defects and induction
of the stringent response are observed in B. subtilis when t8A is absent [81-83]. Deleting
t8A genes in Synechocystis PCC6803 affects salt tolerance, altered pigmentation, and
cyanophycin accumulation [52,84]. No specific mistranslated protein have been identified

in any of these cases, but proteomic analysis in D. radiodurans does suggest protein
homeostasis is affected as t8A deficient strains overexpress express chaperones such as
GroEL and ClpB [52].

tRNA modifications particularly of the ASL are one of the factors that affect translation
Kinetics, so any perturbation on these madification levels leads to amino acids
misincorporation and misfolding [85]. The consequences are an imbalance in protein
homeostasis, an idea first put forward by Nedialkova and Leidel in yeast [86] that could
explain many of the pleiotropic phenotypes caused by ASL modification defects in bacteria
and will require further experimental validation.

tRNA modifications provide both targets and protection from ribonucleases

It is well established in eukaryotes that tRNA modifications act as quality control signals
and tRNAs that lack modifications are degraded by specific machineries (see introduction

of [87] for review). tRNA modifications can also be determinants for toxins and nucleases
that generate tRNA fragments with regulatory roles under stress [88]. Recent studies suggest
tRNA modifications play similar roles in bacteria, but the field is much more advanced

in eukaryotes. The first studies showing the importance of modifications (mainly 55 and
m’G47) on the tRNA structure and integrity were performed in thermophilic bacteria, where
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they seem to also have regulatory roles allowing 7hermus thermophilus to grow at different
temperatures [89]. More recently it was shown that absence s*U8 in V/ cholerae leads to
total tRNA degradation by the tRNA degradosome particularly if other modifications such
as yb5 are also missing [87]. Like in eukaryotes tRNA modifications can be determinants
for bacterial toxins as shown for the PrrC toxin that requires the presence of the t8A
modification to cleave its target tRNA [55].

Regulatory mechanisms mediated by tRNA modifications.

As we extensively discussed in a previous review [90], the expression of specific genes

can be affected by the levels of a given modification (see Box 1 for the definition of
Modification Tunable Transcripts or MoTTs). MoTTs can be directly or indirectly part

of regulatory loops and the number of examples is steadily increasing (Fig. 5 and Table

1), allowing general themes to emerge. First, the cases of regulation by MoTTs seem to
occur for genes that are already regulatory hubs with multiple layers of control such as
RpoS or KatA/KatB [91]. Second, regulatory systems that rely on translation speed such as
regulation by attenuation or translational coupling seem to be very sensitive to the presence
of modification in the decoding tRNAs as already reported by the pioneer studies of Bruce
Ames [92] and Charles Yanofsky [93]. Third, the number of “sensor codons” that are
affected by the level of the regulated modification can vary greatly from a unique Ser codon
[94], to a total reprogramming of the proteome in the hypoxic response in M. smegmatis
[26] similar to the reprogramming seen in eukaryotes in stress or cancer [95].

We anticipate the list of MoTTs involved in regulation will grow as more modification
genes get correctly annotated and as the technological platforms required to identify
them, such as quantification of tRNA modification and tRNA transcripts levels, as well
as whole cell transcriptome and proteome [96] become more accessible. There are indeed
many reports of phenotypes linked to the absence of modifications that are yet to be
understood at the molecular level. As discussed above some of these might be caused by
general defects of protein homeostasis and not by perturbed regulatory loops. However, we
anticipate that the arsenal of “omics” analysis should allow to unearth unknown MoTTs
both in recent examples like the discovery that deleting miaB involved in the synthesis
of ms2i6A37 influences morphogenesis and moenomycin biosynthesis in Streptomyces
ghanaensis ATCC14672 [97], or in studies published over 20 years ago like the report
that the miaE mutant of S. typhimurium has growth defects on specific carbon sources
suggesting that growth occurs on succinate, fumarate, or malate only if the isopentenyl
group of tRNA is hydroxylated [98].

Concluding Remarks and Future Perspectives

It seems we are just at the beginning of grasping the role tRNA modifications play in
bacteria. Indeed, most of the published work focuses only on a few model organisms,

and even though the molecular role of a given modification on tRNA stability or in codon-
anticodon pairing can be very conserved, the consequences of eliminating it can have very
different physiological consequences. The most extreme example is t8A37 that is essential in
some organisms like £. colibut not required for normal growth in others like Deinococcus
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radiodurans [52]. Studies of more organisms could reveal additional cases of alternate
strategies that allow to fulfil the same function help identify narrow-range antibacterial
targets.

One factor that greatly hampers our understanding of the physiological role of tRNA
modifications is the lack of data on their nature and positions in most organisms in the
bacterial tree illustrated with just the small set of reference organisms shown in Fig.

4. As discussed above, predictions based on genomics analyses are valuable, but many
factors make them inaccurate. These would be greatly improved if tRNA modification
maps were available for chosen organisms covering the diversity of the bacterial tree.

This goal is currently technically challenging as only a few laboratories master the needed
mass-spectrometry tools [19] and might require the improvement of sequencing techniques
to directly identify tRNA modifications. Recent development of the Nanopore platform
suggests that this is possible [99].

Recent technological advances to measure translation speed [100] will also help to
understand the role of modifications in modulating translation efficiency at the codon level.
This step is critical to better predict why the translation of a specific codon and not another
is affected by modification levels and could allow to better predict MoTTs. In general, the
added complexity of regulation by translation speed mediated by tRNA modification levels
will need to be integrated in regulation models.

Finally, tRNA modifications are only a small part of much larger epitranscriptomics cellular
process, with modification of rRNA but also of mMRNA and other non-coding RNAs. The
field of epitranscriptomic has exploded in recent years mainly because of the discoveries of
the regulatory roles of modification of mRNA in eukaryotes [101] and interplays between
the tRNA and mRNA modification processes have recently emerged [102]. The field of
mRNA modification in bacteria is not as developed but a recent study found that TadA not
only edited tRNAs but also mMRNA molecules [43], and m8A has been detected in bacterial
mRNAs [103], so it would not be surprising that other more interconnections between
modifications of tRNAs and of other types of RNA molecules might be discovered in the
near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Anticodon
Triplet sequence of tRNA that hybridizes with the codon sequence on the mRNA.

Anticodon Stem L oop (ASL)
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Decoding region of the tRNA.

Editing
A post Translational process that results in RNA sequences that differ from their DNA
sequences.

Epitranscritomic
The biology of RNA modifications and their associated regulatory factors.

| soacceptor tRNA
Any transfer RNA species obtainable from a given organism that can be acylated by the
same amino acid; they may differ in their anticodons.

M odification Tunable Transcripts (MoTT)
See Box 1.

Split codon boxes

In the genetic code table, each codon box contains codons that start with the same two bases
but differ by the third base. Hence, each codon box harbors four codons. In split-codon
boxes these codons can encode different amino acids usually in 2/2 or 1/3 arrangements.

Non-orthologous replacements
Proteins of different evolutionary origins that fulfill the exact same function.

Wobble base
A wobble base pair is a pairing between two nucleotides in RNA molecules that does not
follow Watson-Crick base pair rules.

Abbreviations not explained in text

mlG 1-methylguanosine

mly 1-methylpseudouridine

mlu 1-methyluracil

m° s2U 5-methyl-2-thiouridine

mnm>U 5-methylaminomethyluridine
m’G 7-methylguanosine

acacp3U acetylated 3-(3-amino-3-carboxypropyl)uridine
I inosine

k2C lysidine

ac'C N4-acetylcytidine

t°A N6-threonylcarbamoyladenosine
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Box 1:
What are Modification Tunable Transcripts (MoTTs)?

The term was coined by Dedon and Begley [96] and can be summarized as transcripts
that will be translated with different efficiencies in response to the levels of a specific
modification. MoTTs can identified by analyzing codon biases and looking specifically
for genes enriched for the codon(s) that is/are decoded by the modified tRNA(s). For
example, in Mycobacterium bovis BCG, the choice of the Thr-codon at a specific
position will determine if it is decoded by a tRNA that is modified or not by cmo®U

[26]. Translation of transcripts enriched in the modification-dependent codon (in this case
Thr-ACG) will be more sensitive to changes in cmo®U than transcripts enriched in the
modification independent codons (in this case Thr-ACC). Combining codon usage bias
analysis with proteomics analysis often required to identify MoTTs. Some MoTTs cannot
be identified with codon bias analyses if all isoacceptors tRNAs used are modified. In
these cases, stretches of codons (such as the in the MgtL example [107]) or possibly
specific di or tri-codon environment [113] can make the translation efficiency of the
MoTT very sensitive to the presence/absence of the modification.
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Figure 1. Full set of tRNA modification genesin the model gram-negative E. coli K12 M G1655.
The references for the functional role of every gene can be found in UniProt release 2020_04

(August 12, 2020) [114] using the gene locus tags as input.
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Figure 2. Minimal tRNA modification sets.
(A) Full set of tRNA modifications genes in the minimal gram-positive Mycoplasma

capricolum, in red are the ones conserved in Mycoplasma JCVI-Syn3 (see Table S2 for
gene list) and are starred (*) the ones considered that are most resistant to gene loss in
Molllicute evolution [33]; (B) Predicted tRNA modifications in Ca. Riesia pediculicola and
corresponding gene, updated from [41].

Trends Microbiol. Author manuscript; available in PMC 2022 February 23.




1duosnuey Joyiny

1duosnuely Joyiny

de Crécy-Lagard and Jairoch Page 19

No mapping
Contamination

+ o&é%c LC-MS/MS

/ (rRNA mod) &
(RNA P Ribonucleoside Mods MS artefacts
pool ’ Identity and levels

pool |digest

. o | Not quantitative
‘tRNpQA Oligo Fragments | =%| Mapped mods »| & partial data

MALDI
tRNA sequences __....4....._..l
Mod levels \ "“o" : "'~.,.'
"

*
l o5 Thil, s*U,
; DusB, Dn\‘
Indirect data & \‘
* *
only su bs_et of *e., ‘ »:?:l:mo o
modifications detected ey, 9h Q0 west®
"tsanpmamnnnt?®

Misses NeW MOUS | quuem | Predicted [ Predicted mod
Paralogs & proteins
non-orthologous
displacements
issues

mods

Figure 3. Current pipelinesto identify tRNA modifications.
Summary of methods currently used to identify and map tRNA modifications that are tRNA-

seq, mass spectrometry (LC-MS/MS or MALDI-based), and comparative genomics (using
Hidden Markov Models or HMM to predict the presence/absence of tRNA modification).
The major issues with each method are listed in red.
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Figure 4. Poor coverage of bacterial specieswith sequenced tRNAs.

Organisms in red have available sequence data for tRNAs. It can vary from the full set to just
a few The number of known tRNA sequences for each species was transformed into log2
and is represented by a color gradient to the left of each species name. The color gradient
range goes from O (blue) to 6 (red)., The full data is available in Table S1. The species tree
was created in iTol [115] using the list of 120 reference bacteria of the Patric database [116]

merged with the organisms that had tRNA sequenced data to give a total of 131 species in
the trees.
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Possible regulatory consequences of changes in tRNA modification levels that affect
decoding efficiency.
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Table 1

Example of regulations by tRNA modifications in Bacteria

Page 22

Organism Stress Mod tRNA Mod Enzyme Target Mechanism
protein/
codon
Escherichia coli Low iron ms2i6A37 Ser- Fe/S dependent U ofSer- Low iron, leads to reduced MiaB activity
K12 UGA Enzyme MiaB UCA and lower modification of tRNASe™ and to
Ser-UCA poor translation of vofand furencoding the
negative regulator of the low iron response
(reviewed in [90])
? i6A37 Leu- MiaA RpoS. MiaA, TrmL and TusA identifies as MOTTs
UAA IraP,Hfq but mechanisms that affects modification
Leu-UUX levels unknown [104,105]
? C/U34m Leu- TrmL RpoS [105]
C/UAA Leu-UUX
? s2U34 Leu- TusA RpoS [105]
UAA Leu-UUX
Growth mcmo®U Pro- CmoM ? The ratio of mcmo®U/cmo®U increases
phase UGG clearly during growth phase but the
molecular mechanisms are yet to be
discovered [106].
Salmonella Low mlG37 Pro- Mg?2* MgtL, Low Mg?* leads to reduced TrmD activity
typhimuriumLT2 | Mg?* C/GIUG | dependent Pro-CCX and lower modification of tRNAP™ that
G enzyme TrmD triggers attenuation of the MgtL leader
peptide allowing expression of the coupled
mgtA transporter gene [107]
Pseudomonas H,0, m’G47 Asp- TrmB KatA and Transcription of #rmB is increased under
aeruginosa PAO1 GUC KatB oxidative stress by an unknown mechanism
Phe- Phe-UUC leading to increased translation of the katAB
GAA Asp-GAC genes [108]
H,0, C/U/Am32 TrmJ OxyR trmJis essential for a proper expression
? of katB during H,O; stress through a
modulation of oxyR expression it was not
shown that OxyR translation is affected at
specific codons [109]
H,0, s2C32 TtcA KatA The expression of TtcA is under the
? positive control of OxyR. It is postulated
but not proven that this leads to increased
translation of the catalase gene KatA [110]
Mycobacterium Low O, cmo®U34 Thr- CmoR DosR, Reprogramming of tRNA and modification
bovisBCG UGU (BCG_0224) Thr-ACG pool switches proteome and allows
increased expression of DosR the regulator
of the hypoxic response [26].
Salmonella uv stU Many NA NA Presence of s*U under UV stress leads
typhimurium LT2 to cross-linking of tRNAs and to a
& E. coliK12 translation block similar to stringent

response [111,112].
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