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A B S T R A C T

Transfer RNA (tRNA) molecules are sumptuously decorated with evolutionary conserved post-transcriptional
nucleoside modifications that are essential for structural stability and ensure efficient protein translation. The
tRNA modification levels change significantly in response to physiological stresses, altering translation in a
number of ways. For instance, tRNA hypomodification leads to translational slowdown, disrupting protein
homeostasis and reducing cellular fitness. This highlights the importance of proper tRNA modification as a
determinant for maintaining cellular function and viability during stress. Furthermore, the expression of several
microbial virulence factors is induced by changes in environmental conditions; a process where tRNA 2-thio-
lation is unequivocal for pathogenicity. In this review, we discuss the multifaceted implications of tRNA mod-
ification for infection by examining the roles of nucleoside modification in tRNA biology. Future development of
novel methods and combinatory utilization of existing technologies will bring tRNA modification-mediated
regulation of cellular immunity and pathogenicity to the limelight.

1. Introduction

Infection is defined as the establishment of a pathogen in its host
after invasion. Achieving a successful infection is everything but
straightforward, as the pathogen has to encounter a suitable host, at-
tach to and penetrate various mechanical barriers while competing with
the commensal normal flora, adapt to a hostile environment that is
often scarce on nutrients and laced with toxic metabolites and enzymes,
as well as to avoid detection by the host immune system, be it specia-
lized immune cells or rapidly switching signaling pathways and reg-
ulatory mechanisms [1]. To achieve this tall feat, pathogens need to
rapidly adapt to continuously changing environmental conditions.
Factors that affect microbial virulence include: (i) accurate sensing of
the environment, i.e. so-called quorum sensing; (ii) secretion of che-
micals into the surroundings, often via dedicated secretion systems; (iii)
adhering to and colonization of vast areas via biofilm formation; (iv)
directed motility; and (v) growth at elevated temperatures [2,3]. These
factors are triggered by external signals that indicate poor growth
conditions or hostile environments, including high temperature, pH
changes, the presence or absence of certain nutrients, cell density, and
many more. Continuous adaptation to such physiological stresses ne-
cessitates a rapid regulation of transcription, translation, and protein
modification. Furthermore, many microbial pathogens have a higher-

than-average degree of genomic instability with frequent mutations in
specific hot spots, such as the repetitive sequences of minisatellites,
telomere regions, and, somewhat surprisingly, genes encoding for
transfer RNAs [4].

During recent years, ever more complex regulatory functions have
been assigned to various non-coding RNAs, such as microRNAs, long
non-coding RNAs, small nuclear/nucleolar RNAs, and other small reg-
ulatory RNAs. These RNAs have been reported to facilitate the ex-
pression of virulence-associated functions in numerous microbes [4,5]
and to regulate host-pathogen interactions, ranging from viral [6] to
parasitic infections [7]. Despite intense focus on the link between mi-
crobial pathogenicity and in particular microRNAs, far less attention
has been paid to the various cellular functions mediated by the most
prevalent group of all non-coding RNAs, the transfer RNAs.

Transfer RNAs (tRNAs) are essential adapter molecules in transla-
tion that carry specific amino acids and, by complimentary codon-an-
ticodon base pairing, ensure the incorporation of the correct amino acid
sequence in the nascent polypeptide [8]. Although tRNAs perform such
a vital function, we are only at the verge of uncovering the exact me-
chanisms by which tRNA interacts with messenger RNA transcripts and
the ribosome, as well as the intricate regulatory functions mediated by
post-transcriptional RNA modification. A mature tRNA molecule is
richly decorated with numerous evolutionary conserved nucleoside
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modifications (Fig. 1) that occur throughout all domains of life – and
even beyond, as some viruses carry tRNA-like molecules and nucleoside
modifying enzymes [9]. Many modifications are simple additions or
substitutions of functional groups, such as methyl (CH3), amine (NH2),
and thiol (S) groups, whereas others have complex structures, whose
biosynthesis require the interplay of numerous enzymatic steps and
pathways [10]. Despite their apparent simplicity, > 150 modifications
have been reported so far, of which>90 are found in tRNA [11]. These
tRNA modifications are highly dynamic and their prevalence varies
according to the metabolic state of the cell [12]. Intriguingly, some
modifications are redundant during normal growth and their function is
uncovered only once the cell is exposed to physiological stress, such as
sudden changes in the environment or a pathogenic infection. This
suggests that tRNA modifications are important for modulating general
stress responses in the cell, and possibly also for host responses to in-
fection, such as pathogen-associated molecular pattern (PAMP)-trig-
gered immunity in plants [13] or cytokine-induced immunity in

metazoans [14,15]. Furthermore, perturbation of tRNA modification
has been associated with a number of diseases and disabilities in hu-
mans, including developmental and neurological dysfunctions, cancers
of lymphoma, leukemia and carcinoma, as well as type II diabetes
(reviewed in [16,17]).

To date, the role of tRNA modification following physiological
stress, such as oxidation, temperature, pH, salinity, nutrient starvation,
etc. is rather well established for several prokaryotic and eukaryotic
organisms. However, the implications of tRNA modification for infec-
tion – be it in terms of pathogenicity or host cell responses – remain to
be elucidated. Nonetheless, several studies on bacterial and fungal pa-
thogens have highlighted tRNA modifications as important regulators
of virulence factor expression. This regulation occurs at the post-tran-
scriptional level, as mRNA transcript levels remain unaltered. Indeed, it
is thought that changes in tRNA modification constitute a rapid re-
sponse to sudden external stimuli. In this review, we present aspects of
tRNA biology that are of particular importance for adaptation to

Fig. 1. Transfer RNA molecules are post-transcriptionally modified with functional groups that confer structural stability and modulate codon-anticodon interactions. Schematic two-
dimensional cloverleaf representation of a tRNA molecule, and its characteristic three-dimensional L-shaped conformation (top left panel) following TΨC- and D-loop interaction.
Structural domains are denoted in black, aminoacyl-tRNA synthetase and ribosomal subunit interaction sites are indicated in red. The putative magnesium ions are positioned based on
the crystal structure of S. cerevisiae phenylalanine tRNA (PDB ID 1TN2). Frequently occurring (prokaryotic) nucleoside modifications are highlighted. Note the abundance of mod-
ifications at or near the anticodon loop, in particular at wobble position 34. Nucleoside modification nomenclature and abbreviations according to the Modomics convention [11].
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cellular and environmental stress, and we discuss the implications of
tRNA modification for infection.

2. Impact on structures and folding

Nucleoside modifications have a profound impact on RNA structure
and folding (Fig. 1) [18,19]. In the case of tRNAs, post-transcriptional
modifications are critical for folding, stability and decoding activity
[20–22]. The half-life for tRNAs ranges from a few hours to several days
[23–26]. Several studies have shown that tRNAs lacking nonessential
modifications have a higher turnover rate, curtailing the half-live from
hours to minutes [27]. Nucleoside modifications ubiquitously present
on the body of tRNAs are important for establishing tertiary contacts
between the D-loop and TΨC-loop, as well as for maintaining the sta-
bility of the folded L-shape of many tRNAs (Fig. 1). Moreover, cells
undergo post-transcriptional modification and de-modification dy-
namics of their tRNAs in response to environmental changes and
adaptation for cell survival. For example, in archaea and bacteria, tRNA
modifications are necessary for maintaining structural rigidity across a
wide temperature range [28]. Unlike naked tRNA transcripts, fully
modified tRNA molecules are densely folded and thermostable (re-
viewed in [20]).

2.1. tRNA stability

Rapid tRNA decay following nuclease attack can result from a lack
of certain tRNA modifications [27,29]. In eukaryotes, nucleoside
modifications protect tRNA transcripts from degradation [30] and
provide structural stability [31,32]. Without proper modification, these
transcripts would otherwise contribute to the formation of tRNA-de-
rived fragments upon physiological stress [31–34]. Indeed, translation
rates are dependent on tRNA availability, and the appearance of stress-
induced tRNA fragments leads to protein synthesis inhibition and re-
duced cell viability. Furthermore, tRNA-targeted RNase activities are
tightly controlled and it is thought that tRNA modifications are the
custodians of tRNA fragmentation [33]. Loss of non-essential tRNA
modification may also trigger rapid decay of cytoplasmic and nuclear
tRNAs, whereby modifications act as sensors for rapid clearance of non-
functional tRNAs or possible implicit immune-stimulatory tRNAs.

Nucleoside modifications also affect codon-anticodon interactions.
Sulfur-containing 2-thio (s2) modifications are commonly found on
uridine at wobble position 34 (U34) in tRNA isoacceptors coding for
lysine, glutamate, and glutamine, whereas 4-thio (s4) modifications are
found at position 8 (Fig. 1). The s2U modification is ubiquitous in all
domains of life, whereas s4U is only found in eubacteria [35]. Except for
Mycoplasma, tRNAs from all organisms with NAA codons have a thio-
lated uridine derivative as the wobble nucleoside. Replacement of the
uridine C2-oxygen atom for a sulfur atom improves the s2U stacking
interactions and RNA duplex stability. Therefore, s2U34 improves
stacking interactions between anticodon loop uridines, and stabilizes
codon-anticodon interaction. In the presence of thiolation, the equili-
brium shifts towards C3′-endo sugar puckering conformation [36–39].
Ribonucleosides in RNA typically favor a C3′-endo sugar pucker
whereas 2′-deoxynucleotides in DNA adopt a C2′-endo pucker. Indeed,
the five atoms in the pentose sugar are not coplanar, which allows for
high flexibility. Sugar puckering happens when there is a displacement
of the 2′ and 3′ carbons above the plane of the C1′-O4′-C4′ atoms. The
sugar structure (puckering) and base pair configuration (nucleotide
incorporation) can influence the sugar conformation in nucleic acids
[40]. Furthermore, sugar puckering also influences the polymerase
extension fidelity; for example, 2′-fluororibonucleosides that are con-
strained to a C3′-endo conformation are preferentially incorporated by
RNA polymerases [41].

2.2. Interactions with and recognition by translational factors

During the life span of a tRNA, which stems from tRNA biogenesis to
the tRNA turnover pathway, the tRNA molecule encounters numerous
interaction partners. The main translation factors that frequently in-
teract with tRNAs are aminoacyl-tRNA-synthetases (aaRS), elongation
factors, ribosomes, mRNAs, as well as some stress response-triggered
proteins.

Aminoacyl-tRNA synthetases (aaRS) are key enzymes responsible
for charging the tRNA with the cognate amino acid, which constitutes
the first step of protein synthesis following the tRNA maturation pro-
cess. Class I and II aaRS differ by the ATP triphosphate group binding
conformation, as well as the tRNA acceptor arm binding mode [42].
The tRNA is recognized based on its acceptor arm and the identity of
the nucleosides at position 34–36 in the anticodon loop for some aaRS
(Fig. 1) (reviewed in [42,43]). Structurally, no significant differences
between fully modified and unmodified tRNA variants binding to aaRS
have been found [44]. Furthermore, tRNA modifications play an im-
portant role in facilitating recognition by the respective aaRS
[42,43,45–48] and preventing frameshifting during translocation
[49,50]. In addition, tRNA-aaRS interactions have been shown to pro-
tect the anticodon region against potential nuclease cleavage and
modification in pathogenic bacteria and yeast [51–53], and to prevent
mischarging of amino acids on tRNAs [54,55]. Notably, impaired en-
zyme function of aaRS has been associated with a variety of diseases
and cellular disorders in humans [56].

Efficient translation relies on the productive interaction and co-
ordination between the ribosome, tRNA and mRNA. Recent high-re-
solution structures of human [57], bacterial [58,59], and eukaryotic
[60] ribosomes reveal that ribosomal RNA (rRNA) modifications par-
ticipate in the molecular recognition of tRNAs in the A-, P-, and E-sites.
These rRNA modifications localize close to the 3′-CCA end of A- and P-
site tRNAs, which during translation could influence peptide formation,
as well as close to the tRNA acceptor stem of the E-site. In Sacchar-
omyces cerevisiae, unmodified tRNA has been shown to have a two
order-of-magnitude lower binding affinity to the small ribosomal sub-
unit than the fully modified native tRNA [61]. Two observations in
support of tRNA modifications facilitating efficient ribosome binding
are: (i) the ability of chemically synthesized yeast tRNA anticodon
domains to inhibit the binding of native yeast tRNA to the ribosomal
subunits, but not to the unmodified anticodon stem loop; and (ii) the
disposition of specifically modified DNA analogs of yeast tRNA antic-
odon domain to bind to the ribosome and effectively inhibit native
tRNA from binding, while unmodified DNA analogs fail to perform the
task [62]. The authors concluded that the following anticodon char-
acteristics are preferred for a strong yeast tRNA-ribosome binding: (i) a
5-methylcytidine (m5C) modification-dependent Mg2+-stabilized an-
ticodon domain structure, and (ii) a 1-methylguanosine (m1G)-aided
open loop conformation. Conjointly, biochemical and structural data
show that anticodon domain modifications provide stability to the
tRNA for ribosome-mediated codon binding [63–65]. For example, 5-
hydroxy (xo5U)-type modifications found at U34 and the N6-methyla-
denosine (m6A) modification at position 37 confer order and stability to
the pre-structured anticodon loop prior to A-site codon binding [63].

In addition to proper ribosome binding, tRNA anticodon loop
modifications are also important to ensure mRNA decoding fidelity
[66]. Elucidating from X-ray structural data, Rozov and co-workers
define a powerful role of tRNA modifications in translation [67]. They
demonstrated that bacterial tRNA with a hypermodified 5-metylami-
nomethyl-2-thiouridine (mnm5s2U34) wobble position is able to dis-
criminate between cognate and near-cognate stop codons or any unu-
sual base-paring codon. On the other hand, a human unicellular
endosymbiont Candidatus Riesia pediculicola seems to have lost all post-
transcriptional modifications, except those located in the anticodon
stem loop, which strongly supports the obligatory nature of these
modifications in mRNA decoding [68]. Likewise, for harmful parasites
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including Trypanosoma brucei [69], Toxoplasma gondii [70], Theileria
[71] and Plasmodium falciparum [72], anticodon stem loop modifica-
tions could be part of the strategy by which pathogens persist during
infection.

Initiator tRNAs (tRNA )i
Met are proxy for protein synthesis initiation

and strictly discriminated from the elongation process. To prevent
tRNAi

Met from the tRNA selection step in translation elongation, two
adjacent base-pairs (50:64 and 51:63) in the TΨC stem of the tRNAi

Met

are responsible for the introduction of a sequence-dependent RNA helix
perturbation to the TΨC stem (Fig. 1) [73]. The resulting disorder is
thought to prevent tRNAi

Met from binding to elongation factor eEF1.
Usually, a pyrimidine at position 64, together with other initiator tRNA
discriminants, is sufficient to constrain its use specifically for initiation.
However, when nucleoside 64 of a tRNAi

Met is a purine, 2′-O-phos-
phoribosylation modification is required. This is the case for most yeast
[74,75] and wheat germ [75] initiator tRNAs. Using a heterologous
yeast system, Förster and co-workers showed that this single mod-
ification of tRNAi

Met can act as a negative discriminant for elongation
factor eEF1-α [76]. The 5′-phosphoribosyl residue hinders the binding
of tRNAi

Met to eEF1-α. Interestingly, demodification of nucleotide 64 in
plant and fungi allows tRNAi

Met to participate in the elongation cycle,
but not in the initiation step [75]. Remarkably, removal of this mod-
ification in yeast tRNAi

Met actually improves the affinity of eukaryotic
tRNAi

Met to bacterial elongation factor EF-Tu·GTP, achieving a com-
parable affinity as bacterial elongator tRNAs [75].

3. Genome recoding

Messenger RNAs (mRNAs) carry specific genomic information to the
protein translational machinery, accompanied by distinct mRNA-tRNA
codon-anticodon interactions, to attune protein production. tRNAs
close the protein synthesis feedback loop by modulating the output of
protein translation via post-transcriptional modifications that are po-
pulated at the tRNA anticodon stem loops. This section highlights how
tRNA modifications are able to expand the initial coding capacity of a
tRNA molecule, triggering a complex network of coding events relating
to host-pathogen responses.

Genome recoding by tRNA modifications represent an important
mechanism for adapting cells and organisms to changing environmental
conditions. In certain budding yeasts, such as Saccharomyces and pa-
thogenic Nakaseomyces, CUN codons are reassigned from leucine to
threonine in mitochondria, suggesting that the genetic code has been
evolving and expanding [77,78]. On the other hand, CUN codons code
for leucine in other pathogenic yeasts, including Candida albicans and C.
parapsilosis [77].

Wyosine (imG), along with its derivatives wybutosine (yW) and
hydroxywybutosine (OHyW), is another prevalent modification found
in archaeal [79] and cytoplasmic eukaryotic tRNA [80] at position 37 of
the anticodon loop. It is essential for translational fidelity, yet ex-
quisitely reported for the single tRNAPhe

GAA. Interestingly, imG and yW
are absent in bacteria [81]. Only recently, yW and OHyW are found
uniquely in cytosolic and mitochondrial tRNA of kinetoplastids, while
imG is a strictly mitochondrial modification. These modifications are
thought to increase the coding diversity in trypanosomatids [81].

Contrary to the canonical perception that mistranslation often leads
to a detrimental outcome to cells, some mistranslation events are ac-
tually beneficial. For example, hyperthermophiles adapt their protein
translation to lower temperatures by performing temperature depen-
dent mistranslation. At low growth temperatures, the hyperthermo-
philic archaeon Aeropyrum pernix misacylates tRNAMet to tRNALeu [82].

3.1. tRNA editing expands the coding capacity

Adenosine to inosine (A-to-I) tRNA editing is omnipresent in eu-
karyotes but occurs only in limited bacterial phyla [83]. Contrary to its
eukaryotic counterparts (7–8 tRNAs), only tRNAArg

ACG undergoes A-to-I

editing in E. coli [84]. Inosine (I), a common wobble position mod-
ification, is interpreted as guanosine (G) and allows base pairing with C,
5-methyluridine (m5U or T), and A during protein synthesis [85].
Without this modification, cognate tRNA selection is affected. In Sal-
monella typhimurium, unmodified A34 in tRNAPro

GGG is unable to read the
usual CCC codon on mRNA [86]. Despite this, the cells still grow nor-
mally. As it turns out, tRNAPro

AGG with a protonated A34 is able to wobble
base pair with C, hence rescuing the cells from stalling at CCC codons.

Interestingly, the conversion of A-to-I at the wobble position is in-
fluenced by cytidine to uridine (C-to-U) tRNA editing. Indeed, the de-
tailed mechanism of early discoveries of C-to-U tRNA editing in eu-
karyotes [87,88] has only recently been elucidated [89,90]. A majority
of the C-to-U editing events are found in the anticodon region, sug-
gesting that they influence codon recognition. For example, the mar-
supial mitochondrial tRNAAsp

GCC anticodon is, upon editing to GUC, cap-
able of recognizing aspartate codons instead of glycine codons [87]. It is
noteworthy that this editing event only takes place for a small portion
of the tRNAs. Another coding capacity expanding C-to-U editing event
has been reported for the non-pathogenic eukaryotic protozoan Leish-
mania tarentolae [88]. In its mitochondria, a single C-to-U nucleotide
modification at position C34 of the imported, nucleus-encoded tRNATrp

CCA

anticodon, remarkably enables decoding of the UGA stop codon as
tryptophan. Moreover, C-to-U deamination editing has been reported
for several other organisms, such as plant mitochondria, chloroplasts,
mammalian apoB mRNA, T. brucei and the hyperthermophilic archeon
Methanopyrus kandleri [90–94]. The ability for both eukaryotes and
bacteria, including opportunistic pathogens, to change the information
content of their tRNA can be beneficial as base-pairing properties are
expanded beyond faithful mirroring of the genetic blueprint when
performing specialized cellular functions.

3.2. Preventing reading frame slippage or programmed frameshifting

Reading frame maintenance is another aspect where tRNA mod-
ifications play an important role. Together with the ribosome, tRNAs
and their modifications act as gatekeepers to ensure that mRNA is
faithfully translated in-frame, particularly during the elongation step.
Loss of the reading frame due to a spontaneous +1 or−1 frameshifting
(+1FS or −1FS) error may jeopardize gene expression. However, for
some genes it has been shown that moderate frameshifting during ex-
pression does not cause deleterious effects in E. coli [95]. Although rare,
this poses an issue especially for slippery mRNA sequences, such as
CC[C/U]-[C/U] read by the GGG and UGG isoacceptors of tRNAPro,
where the 0 and +1 frame are indistinguishable [96,97]. Slippery sites
are estimated to occur ~2300 times among total E. coli sense codons
[97], and ~3700 times among>30,000 transcripts analyzed for pro-
tozoa Euplotes octocarinatus [98]. Modification at position 37 of several
tRNAs is indeed important for maintaining the reading frame. While
m1G modification at position 37 of tRNA is known to prevent +1FS
[99], the mechanism was only recently resolved [97]. Gamper and co-
workers found that m1G37 in tRNAPro is the major determinant of +1FS
error suppression. However, while it is dominant in tRNAPro

UGG, it re-
quires the assistance of the translation factor EF-P to suppress tRNAPro

GGG,
which is prone to frameshift [97]. Likewise, hypomodification of the 2-
methylthio (ms2) or the 2-methylthio-N6-(cis-hydroxyisopentenyl)
(ms2io6) groups in other tRNA isoacceptors (e.g. tRNAPhe, tRNATyr, etc.)
also induces +1FS [50], including the pathogenic bacteria S. typhi-
murium [100,101]. Further examples of FS-inducing hypomodifications
at position 37 in tRNA are reviewed in [12]. Furthermore, S. cerevisiae
tRNAPhe with hypermodified G37 (yW, imG) is involved in the stabili-
zation of codon-anticodon interactions [102] and preventing ribosomal
−1FS [103].

On the other side of the coin, programmed FS has been reported to
regulate gene expression in bacteria, fungi, archaea, mammals, and
ciliated protozoa [104–111]. In programmed FS, the ribosome redirects
the mRNA reading frame from 0 to +1 or −1 reading frame at a
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specific location, without compromising peptidyl transfer, so that
translation proceeds until the stop codon. To this end, obligate patho-
gens such as viruses manipulate the properties of tRNA modification to
hijack the host translation machinery by performing programmed FS.
Altered tRNA modification and programmed FS propensity have been
shown to inhibit viral replication [112]. In Tobacco Mosaic Virus
(TMV), the stop codon is read through by wild-type tRNATyr carrying a
modification at position 10, but not by the hypomodified tRNATyr

species, to produce viral proteins [113–115]. Moreover, HIV-1 uses
programmed −1FS to translate structural and enzymatic domains es-
sential for its replication [116]. However, the exact mechanism by
which tRNA modifications regulate translation of viral proteins remains
an enigma.

3.3. Codon usage

More than one codon synonymously decodes an amino acid. Among
different organisms, the prevalence of preferred codons used to trans-
late genes differ, creating species-specific codon usage bias. Novoa and
co-workers have shown that tRNA modifications shape the genome
structure and define the codon usage in all kingdoms [117]. The au-
thors bring forward two specific tRNA modifications – I34 and xo5U34 –
that significantly fine-tune the correlation between genomic codon
usage and tRNA gene frequencies in gene expression profile analyses.
I34 modification is positively-selected among eukaryotes and present in
two bacterial phyla [83] while 5-hydroxyuridine derivatives modifica-
tion at position 5 of the uracil base (xo5U34-derivatives) is present
primarily in bacterial tRNAs [36]. Conversion of A to I allows I34 to
wobble with A, C, and U [118]. On the other hand, xo5U34 modification
expands the wobble capacity of U to read 3 to 4 codons in a family
codon box [119,120]. Unlike bacteria and eukaryotes, archaea presents
the simplest decoding scenario with a minimal set of tRNA isoacceptors
and uniform abundance of tRNA genes [117].

In mycobacteria, hypoxia reprograms tRNA modifications and se-
lectively translates mRNAs from families of codon-biased persistence
genes [121] (see also Section 5.2). Consistent with the translation of
transcripts enriched in its cognate codon, ACG, which includes the
master regulator of hypoxic bacteriostasis, uridine 5-oxyacetic acid
(cmo5U) modification in tRNAThr

UGU also increases survival during early
hypoxia. Interestingly, a systematic analysis of the tRNA transcriptome
of Lactococcus lactis reveals that tRNA abundance upon protein over-
expression does not correlate with the codon usage of the overexpressed
gene. The changes in lieu suggest that tRNA concentrations are adjusted
to the codon usage of the housekeeping genes to counteract stress
[122].

tRNAs specific for lysine, glutamate, and glutamine from all or-
ganisms, except Mycoplasma, and organelles have a 2-thiouridine de-
rivative (xm5s2U) as the wobble nucleoside. In eukaryotic cytoplasmic
tRNAs, the conserved modification (xm5-) in position 5 of uridine is 5-
methoxycarbonylmethyl (mcm5). Loss of the conserved mcm5s2U
modification in lysyl-tRNA impairs growth and protein homeostasis in
S. cerevisiae [123–126]. While the primary function of mcm5s2U34

modification is to modulate the translation of cognate codons in yeast
[123], bacteria seem to have positively selected for this modification to
prevent missense error in decoding [119]. Hence, codon usage, tRNA
availability, and tRNA modification all synergistically affect translation
efficiency.

3.4. Reassigning codons

The ability of tRNA to wobble at the third nucleotide allows more
than one codon to be decoded. Taking this into account, less tRNAs are
needed to translate the standard genetic code set of 61 codons into 20
amino acids [127]. Not only that, nucleoside modifications embel-
lishing particularly the anticodon loop of a tRNA molecule further au-
thorize sense codon reassignment. For example, addition of 5-

formylcytidine (f5C) at the first position of the anticodon in mi-
tochondrial tRNAMet in species ranging from fruit flies to humans,
concedes the tRNA to translate both AUG and nonconventional AUA
codons as methionine. Using an in vitro translation system from bovine
liver mitochondria, Takemoto and co-workers have shown that

−mt tRNAMet
CAU lacking f5C can only recognize the AUG codon [128].

Mitochondrial translation can be initiated with the universal isoleucine
codons (AUU and AUC), attributed to the unique modification of f5C34

[129]. Strikingly, f5C modification is also found in the mt− tRNAMet of
the parasitic nematode Ascaris suum [130], which lacks the T-stem but
still folds into a reasonable L-shaped tRNA structure.

Bacterial and archaeal tRNAs are able to convert AUG to AUA with
lysidine-containing cytidine modified nucleoside 34 at tRNAIle antic-
odon [131,132]. In bacteria like Lactobacillus plantarum, which is
commonly found in fermented food products, lysidine modification at
position 34 of tRNAIle2

LAU, but not the unmodified tRNAIle2
UAU, enables ef-

ficient charging with isoleucine [133]. The enzyme responsible for this
modification is tRNAIle-lysidine synthetase (TilS) (reviewed in [134]).
Loss of TilS enzyme function is thought to be detrimental to bacterial
protein synthesis, as the ribosomes are likely to stall at AUA codons
[131]. While no mammalian nuclear and mitochondrial counterpart of
TilS has been reported, homologs are almost uniformly present in
bacteria [135], such as E. coli and Pseudomonas aeruginosa. Chemically
similar to lysidine, agmatidine (C+ or 2-agmatinylcytidine) is in-
corporated at the first (wobble) position of some tRNAs in archaea.
Similar to the role of lysidine, C+ of the archaeal tRNAIle2 anticodon is
essential for AUA decoding of Ile-CAU and not Met-AUG [136,137].
Hence, bacteria and archaea have developed very similar isoleucine
AUA codon decoding strategies that strongly disfavor methionine codon
AUG selection.

3.5. tRNA priming

Specific tRNAs are often used to prime reverse transcriptases to
initiate DNA synthesis. Retroelements found in retroviruses, plant
pararetroviruses, and retrotransposons – i.e. transposon containing long
terminal repeats – contain primer-binding sites complementary to the
primer tRNA [138]. The selection of tRNAs for priming is affected by
modified nucleosides. In avian myeloblastosis virus, only the non-me-
thylated species of tRNATrp at position 7, instead of N2-methylated
guanosine (m2G7) tRNATrp, is encapsidated and used as a primer for
reverse transcription [139].

Lentiviruses of the Retroviridae family are human and animal pa-
thogens that cause persistent infections [140]. Lentiviruses are com-
pelling agents for gene therapy, as reviewed in [141–143]. For example,
HIV-1 has been used as a gene delivery vehicle because of its specificity
of integration at localized hotspots within the human genome. As
compared to murine leukemia virus, HIV-1 lentiviral vectors are less
likely to insert their cargo genes randomly or to interfere with critical
host genes [144]. All known mammalian lentiviruses, including HIV-1,
use host tRNALys3 as a primer for the reverse transcription replication
step [138,145,146]. Yarian and co-workers have shown that the N6-
threonylcarbamoyladenosine (t6A37) modification on tRNALys3

UUU antic-
odon stem-loop enables the binding of tRNA to the ribosomes [147].
This suggests that tRNA modification is crucial for priming of host
tRNALys3

UUU to initiate the reverse transcription of the lentivirus genomic
RNA. Concomitantly, a NMR-derived structure of human

−ASL tRNALys3
UUU—t6A37 also supports the importance of t6A37 and other

position 37 modifications, such as in human tRNALys3
UUU where A37 is

modified to 2-methylthio-N6-threonylcarbamoyladenosine (ms2t6A37),
for optimal ribosome binding through an open, structured loop of

−ASL tRNALys3
UUU—t6A37 [148].

4. Metabolism regulation

The nucleoside modification content of any given tRNA is a dynamic
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representation of the metabolic state of the cell. The availability of
cellular metabolites governs the extent of nucleoside modification, e.g.
methionine, cysteine, or threonine is required for the formation of
methylated, thiolated, or threonylated tRNA species, respectively.
However, although amino acid starvation or protein synthesis inhibi-
tion yield hypomodified tRNAs, metabolic disturbances are not the
main cause of hypomodification. Indeed, studies conducted on E. coli
show that modifications such as mnm5s2U34 are invariant of the growth
phase [149], whereas queuosine (Q34) and 2-methylthio-N6-iso-
pentenyladenosine (ms2i6A37) formation is clearly growth phase de-
pendent [150,151], and others, like s4U8, decrease in some tRNA iso-
acceptors while remaining stable in others [149]. Remarkably, two
Saccharomyces cerevisiae strains were reported to have a temperature-
dependent 2-thiolation deficit, preventing synthesis of mcm5s2U34, the
eukaryotic equivalent of mnm5s2U, at elevated temperatures. Interest-
ingly, this deficit was not found in other closely related yeasts, in-
cluding the opportunistic pathogen C. glabrata [152]. Since tRNA
modification synthesis is dependent on the growth rate and phase of the
organism, as well as on physiological stress factors, it is thereby highly
unlikely that all tRNAs are constantly modified. Instead, the ratio of
hypomodified vs. modified tRNAs dynamically changes in response to
the prevailing environmental conditions and translational needs of the
cell.

The dependence of tRNA modifications on metabolites has inter-
esting implications for pathogenicity. For example, the iron uptake
mechanism in gram-negative bacteria requires the presence of en-
terochelin, a high affinity siderophore that is synthesized from the
aromatic amino acids precursor chorismic acid [153]. Enterochelin is
also required for the synthesis of the 2-methylthio (ms2) group in a
number of modifications, including ms2io6A, ms2i6A, and 2-methylthio-
N6-threonylcarbamoyladenosine (ms2t6A) [154,155], as well as for the
conversion of G to Q [156]. Hence, the presence of enterochelin is
determinant for the level of these modified nucleosides in tRNA. In-
terestingly, the lack of 2-methylthiolation seems to initiate a feedback
loop by stimulating the transport of aromatic amino acids, including
enterochelin's precursor, chorismic acid. Moreover, loss of function in
the isopentenyl-pyrophosphate transferase MiaA, which is responsible
for catalysis of the N6-isopentenyl (i6) group in gram-negative bacteria,
increases the frequency of GC to TA transversions under specific stress
conditions [150,157,158]. Thus, hypomodification of ms2i6A (by MiaB)
and ms2io6A (hydroxylation by MiaE) facilitates adaptation to iron-
limited environments by activating genes involved in iron accumula-
tion. This constitutes an important pathogenicity trait that furthers
virulence during invasive infection [159], as hosts strive to limit bac-
terial growth by reducing the iron available through iron-chelating
proteins (Fig. 2).

Chorismic acid is also required as an intermediate in the synthesis of
tyrosine and phenylalanine, and the tRNAs coding for these amino acids
frequently contain cmo5U, uridine 5-oxyacetic acid methyl ester
(mcmo5U), and Q modifications [160]. These modifications are all lo-
cated at or near the tRNA anticodon, with cmo5U and mcmo5U being
essential for accurate decoding of G-ending codons [120], whereas
ms2i6A and ms2io6A stabilize codon-anticodon interaction by increased
stacking [161]. Indeed, ribosomal P-site slippage leading to +1FS was
found to increase three to nine-fold in tRNAs with ms2-hypomodifica-
tion at position 37, whereas tRNAs with m1G at this position were far
less sensitive to +1FS [50]. Furthermore, lack of i6A modification in
the diarrhea-causing enterobacteria Shigella flexneri was shown to sig-
nificantly decrease the expression of virulence factors required for in-
vasion and motility. Interestingly, this reduction was accounted solely
to post-transcriptional regulation, as mRNA levels remained constant
[162]. Therefore, an insufficient supply of intermediary metabolic
products may have far-reaching consequences for translation, giving
rise to pleiotropic effects on cell physiology that reduce the fitness of
the bacteria.

The effect of metabolism on tRNA modification manifests differently

in eukaryotes than in bacteria (Fig. 2). Loss of the MiaA homolog in S.
cerevisiae, Mod5, has almost no effect on growth rate in various media
and temperatures, with failure to sporulate being the only noticeable
effect in homozygous mutants [163]. However, nuclear Mod5 is di-
rectly involved in tRNA gene-mediated silencing and it has the ability to
bind to tRNA-like substrates, which facilitates aggregation of Mod5
[164,165]. Contrary to wild type Schizosaccharomyces pombe, tit1 mu-
tants are sensitive to rapamycin, displaying phenotypic changes in-
cluding reduced growth rate and protein translation. It is thought that
the lack of i6A modification might confer rapamycin sensitivity by al-
tering the amino acid sequence of TORC1, since isopentenylation is
known to promote tRNATyr

GΨA misreading of near cognate tRNACys
UGC codon

[166,167]. Metazoan isopentenylation occurs mainly in the mitochon-
dria, where aberrant ms2i6A modification is associated with respiratory
chain defects [168]. Only two cytoplasmic tRNAs, both serine-en-
coding, are i6A modified by TRIT1 in humans. Selenoprotein expression
is entirely dependent on selenocysteine tRNASer

Sec , whereby a single nu-
cleoside exchange in this tRNA can abolish this activity, resulting in
complex symptoms [169,170]. Furthermore, knockout mutants of the
tRNA modifying enzymes AtTRM11 and AtELP1 in Arabidopsis thaliana,
which synthesize m2G and 5-carbamoylmethyluridine (ncm5U), re-
spectively, were found to have an early flowering phenotype as well as
reduce organ growth, although it was unclear whether this was directly
caused by loss of the tRNA modification or due to disruption of other
cellular pathways [171]. These examples highlight the complexity of
tRNA modification and translational control, as hypomodification may
lead to a slight reduction of fitness in fungi, whereas the outcome may
be far more diverse and severe in plants and metazoans.

4.1. Sulfur relay

Sulfur is an essential element that is present in all major classes of
biomolecules, such as iron/sulfur (Fe/S) clusters, enzyme cofactors, and
thionucleosides. The synthesis of thionucleosides requires complex
sulfur-transfer systems consisting of multiple mediators, which have
been described in detail for bacterial, archaeal, and eukaryotic path-
ways (recently reviewed in [12,172–174]). Thionucleosides are in most
cases created by replacing the keto-oxygen on the base with sulfur
[125,175–177], although a methylthio-group from S-adenosyl-L-me-
thionine (SAM) and a currently unknown sulfur source provides the
basis for thiolated adenines [178,179]. Thionucleosides are ubiquitous
and their function follows the canonical division, i.e. anticodon mod-
ifications modulate translational accuracy and efficiency whereas ac-
ceptor stem, TΨC-loop, and D-loop modifications provide structural
stability, or act as recognition elements for appropriate tRNA aminoacyl
synthetases or modification enzymes [21]. Recently, much focus has
been given to the interconnected nature of sulfur relay pathways and
their relation to other cellular processes, such as stress response, reg-
ulatory functions, and other metabolic pathways, especially those re-
lated to cofactor metabolism. Indeed, thiomodified tRNAs are essential
mediators in a large number of stress responses, including oxidative
stress [126,180–182], temperature stress [152,183–185], nutrient
starvation [186,187], etc. (Fig. 2). These functions and their implica-
tions for infection will be discussed in Section 5. For additional in-
formation on thiomodification and disease, the following review arti-
cles are recommended: [16,17].

5. Infection and host responses – adaptation to stress

As we have discussed above, tRNA modifications are crucial for a
number of structural and functional features. They stabilize the folded
L-shape of the tRNA molecule, limit tRNA turnover rates, as well as
affect genome recoding and cellular metabolism, which is an essential
determinant for the expression of e.g. virulence factors or immune re-
sponses. To better understand the concerted action of these functions, it
is important to determine the dynamics of tRNA modification. As

C.S. Koh, L.P. Sarin BBA - Gene Regulatory Mechanisms 1861 (2018) 419–432

424



quantitative liquid chromatography mass spectrometry has advanced
and become more accessible, we have gained the first insights into
tRNA modification dynamics [188–190]. These studies provide a de-
tailed account of tRNA modification following various stresses
[121,191–193], not just for one or two modified nucleosides, but for the
whole tRNA modification landscape of an organism and sometimes
even for multiple, evolutionarily related species [152]. Furthermore,
the advent of ribosome profiling and RNA sequencing has enabled de-
tailed insights into post-transcriptional events that have cemented the
importance of tRNA modifications as translational modulators
[126,181]. Although tRNA transcription and transcript processing can
be regulated by physiological stress (reviewed by [182,194]), the focus
of this chapter will be on post-transcriptional modifications and their
role in stress response mechanisms – with special attention on how this
is relevant for pathogenicity and infection (Figs. 2 and 3).

5.1. Temperature stress

As discussed in Section 2, nucleoside modifications maintain the
structural stability and function of tRNA molecules, allowing for
widespread adaptation to various environments. Indeed, tRNA mod-
ification patterns have been observed to differ markedly depending on
the growth temperature of the organism, and extremophiles feature
more tRNA modifications than their mesophilic counterparts [28,152].
For instance, 7-methylguanosine (m7G) at position 46 is critical for cell
viability at high growth temperatures in Thermus thermophilus [195],
whereas lack of pseudouridine (Ψ) at position 55 in the same bacteria
gives rise to an abnormal increase of other nucleoside modifications

and subsequent growth retardation at low temperatures [196]. More-
over, thionucleosides located outside the anticodon stem loop also in-
crease the structural stability of tRNAs in extremophiles [20,197,198].

In contrast to extremophiles, mammals maintain a constant body
temperature that ranges from 36.5 °C for humans [199] and elephants
[200] up to 40.1 °C for rabbits [201]. However, an infection may in-
crease the normal body temperature by as much as 4 °C. Thus, suc-
cessful pathogens must be able to withstand growth temperatures in
excess of 40–42 °C to proliferate in mammals. A rapid loss of viability
was seen for Escherichia coli TruB deletion mutants deficient in Ψ55

tRNA modification when grown above 37 °C [202]. In S. cerevisiae,
strains deficient in TRM8, the m7G methyltransferase, are temperature-
sensitive in synthetic media containing glycerol [203]. Thus, the
structural rigidity conferred by m7G46 and Ψ55 modification is im-
portant for viability at elevated temperatures.

The anticodon stem-loop modifications have also been linked to
high-temperature growth and pathogenicity (Fig. 3) [152,204–206].
Particular focus has been given to 2-thiolation of U34, which occurs as
mcm5s2U34 in eukaryotes, mnm5s2U34 in bacteria, and 5-taurinomethyl-
2-thiouridine (τm5s2U) in mitochondria, and is synthesized by two se-
parate pathways responsible for the addition of the xm5 and s2U moiety,
respectively (reviewed in [174]). Notably, mcm5s2U34 modification is
an important translational modulator that prevents the occurrence of FS
and alters the rate and accuracy of translation [126,181,207,208], with
similar observations being reported for the corresponding bacterial and
archaeal modifications [209,210]. Loss of mcm5s2U34 modification
causes cellular dysfunction due to disruption of protein homeostasis in
yeast and nematodes [126], and severe neurological defects in humans

Fig. 2. Transfer RNA modifications in pathogens associated with metabolism and physiological stress responses. Summary of tRNA modifications in bacteria, fungi, parasites, and viruses
that have been reported to be important for pathogenicity and/or host-pathogen interactions. Nucleoside modification nomenclature abbreviations according to the Modomics convention
[11].
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(reviewed in [16,17]). Interestingly, the stringent translational regula-
tion mediated by 2-thiolation also seems to promote high-temperature
growth [152,184]. A recent study comparing the tRNA modification
profile from evolutionary related yeasts following temperature stress
revealed that S. cerevisiae BY4741 and W303 have a transient tem-
perature-dependent 2-thiolation deficit that limits growth to 39 °C.
However, 2-thiolation levels remained unaltered for the opportunistic
pathogen C. glabrata, which grows well at temperatures up to 43 °C
[152]. Furthermore, quantitative trait loci mapping for pathogenic
isolates of S. cerevisiae, which grow at 41 °C, identified the Ncs2 (a.k.a.
Tuc2) enzyme as the causative agent for the high-temperature growth
phenotype [211]. Interestingly, Ncs2 catalyzes s2U34 modification
[177] and is also associated with invasive and pseudohyphal growth
[204]. Sequence analysis of Ncs2 reveals that pathogenic yeasts have
acquired a single histidine to leucine mutation that does not occur in
non-pathogenic strains. Consequently, it is possible that this mutation
stabilizes the Ncs2 enzyme at elevated temperatures whereby 2-thio-
lation is maintained. A back-to-back publication also uncovered that a
loss of Ψ38 modification at the anticodon stem-loop in S. cerevisiae
W303 abolishes growth at elevated temperatures, which is also linked
to an observed deficit in 2-thiolation [185].

5.2. Oxidative stress

Reactive oxygen species (ROS) act as cellular messengers in redox
signaling, which is an important signal pathway that regulates cellular
growth, hypoxia, immune cell recruitment, and mobility (Figs. 2, 3).
Despite their important function, oxidative stress may emerge if the
antioxidant enzyme system is unable to balance the ROS levels in the
cell. This might occur following exposure to environmental toxins,
which can cause toxic effects through the release of peroxides and free
radicals that damage the cell. Oxidative stress has a profound effect on
tRNA modification and translation. Exposing S. cerevisiae to hydrogen
peroxide yields a specific increase in 2′-O-methylcytidine (Cm), m5C,
and N2,N2-dimethylguanosine (m G)2

2 modification levels, whereas
strains deficient in methyltransferases TRM4 (m5C) and TRM1 (m G)2

2

are non-viable following hydrogen peroxide exposure [191]. Other
mechanistically different toxicants, including various oxidizing and
alkylating agents, did not elicit similar m5C responses although changes
were observed for other modifications [191,193], suggesting that tRNA
modification patterns can be used to distinguish between chemically
similar stressors. However, the increased modification level of m5C at
wobble base position 34 of tRNALeu

CAA is thought to enhance selective
translation of stress-related genes with over-represented Leu-UUG co-
dons [212]. Many pathogenic bacteria, such as Streptococcus pneumo-
niae, utilize a similar strategy for several genes regulating oxidative
stress responses and virulence factors, which feature specific codons
indicative of codon-biased translational regulation (Fig. 3) [213]. A
recent study shows that human cells that lack TRMT1, and therefore do
not have cytoplasmic or mitochondrial m G2

2 modification, show per-
turbations in redox homeostasis with increased endogenous ROS levels
and hypersensitivity to oxidizing agents [214]. Furthermore, Q mod-
ification has been found to promote the antioxidant defense system by
increasing catalase activity and thereby relieving ROS stress [215].

Codon-biased translation has also been associated with cellular
stress responses following alkylation damage (Fig. 3). In S. cerevisiae,
the loss of mcm5U34 modification, which is exclusively found on
tRNAArg

UCU and tRNAGlu
UUC, has been linked to this stress. Addition of the

final methyl group onto mcm5 is catalyzed by tRNA methyltransferase
TRM9. The expression of three damage response proteins, YEF3, RNR1,
and RNR3, is substantially reduced in TRM9-deficient strains due to
perturbed translation of transcripts with an over-representation of AGA
and GAA codons, rendering TRM9-deficient cells susceptible to DNA
alkylation [216]. Alkbh8, the mammalian TRM9 homolog, is also in-
duced following oxidative stress and, similar to its yeast counterpart, it
too is required for the efficient translation of selenocysteine-containing
damage response proteins. Furthermore, loss of mcm5U modification
also abolishes mcm5s2U and mcm5Um modifications, which has pro-
found effects on cell viability and stress clearance [217].

Moreover, single-gene-deletion mutants of E. coli lacking thiolation
pathway enzymes were found to have numerous perturbations in cel-
lular respiration, the ATP/ADP ratio, nucleoside triphosphate levels,
and DnaA activity caused by an aberrant intracellular redox state [180].

Fig. 3. Physiological stress elicits complex cellular responses that are mediated by anticodon loop tRNA modifications. Hypomodification of the anticodon loop has been associated with
numerous translational perturbations that affect stress responses, disrupt protein homeostasis, or reduce the expression of virulence factors, thereby limiting the organism's fitness and
viability during physiological stress [121,126,181,207,212]. Conversely, reinstating anticodon modification clears cellular stress and enhances viability.
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It was suggested that these perturbations might have been caused by
the loss of 2-thiolation on tRNA and subsequent translational altera-
tions. Indeed, induction of oxidative stress in S. cerevisiae and C. elegans
revealed that strains deficient in 2-thiolation, which affects mcm5s2U34

modification of tRNALys
UUU, tRNAGln

UUG, and tRNAGlu
UUC, resulted in transla-

tional slowdown at the ribosomal A-site [126,181], causing severe
protein aggregation and imbalanced protein homeostasis. This reduc-
tion in decoding speed stems from perturbed codon-anticodon inter-
actions and might increase the probability of rare coding events, such as
misreading or FS, or induce co-translational misfolding (Fig. 3) [126].

A recent study suggests that codon-biased translation is integrally
involved in regulating the way that microbial pathogens respond to
infection-related stress. Hypoxia-induction and subsequent anaerobic
resuscitation was shown to reprogram all 40 tRNA modifications de-
tected [121], which has also been observed for other stresses and or-
ganisms and highlights the dynamics of tRNA modification in stress
response [152]. The onset of hypoxia was found to increase the amount
of cmo5U34 found in tRNAThr

UGU, correlating to increased translation of
transcripts rich in the cognate codon ACG, which includes DosR, the
master regulator of hypoxic bacteriostasis [121].

In addition to wobble position 34 modifications, 2′-O-methylation
of A, C, and U at position 32 by a methyltransferase homologous to E.
coli TrmJ confers resistance to oxidative stress in P. aeruginosa [218].
Hypomethylation of the 2′-O-ribose moiety at position 32 is linked to
reduced catalase activity, similar to m6A37 modification in E. coli [219],
which is thought to be due to perturbed codon-anticodon interaction
and the resulting translation insufficiency and transcript misreading
[220,221].

5.3. Salinity, pH, and nutrient starvation

Certain tRNA modifications are important both for maintaining
structural stability and ensuring correct transcript decoding.
Perturbation of these specific tRNA modifications may have important
consequences for a number of different stresses (Figs. 2, 3). In parti-
cular, the expression of virulence factors is often linked to environ-
mental sensing and stress response. This is also the case for the plant
pathogenic fungus Colletotrichum lagenarium, where expression of
APH1, a tRNA methyltransferase homolog of S. cerevisiae Trm8 that
catalyzes the addition of m7G46, is required for pathogenicity and tol-
erance to salinity and oxidative stress [222]. Methylation of G46 is also
associated with reduced temperature tolerance (Section 5.1) and heat
shock treatment yields penetration hyphae and forms lesions, sug-
gesting that m7G46 is required for virulence in C. lagenarium. Further-
more, APH1-deficient strains showed a reduced invasive growth and
higher sensitivity to antimicrobial compounds [222].

Numerous studies on the bacterial GidA/MnmE heterodimeric
complex have highlighted the connection between tRNA modification,
environmental stress responses, and pathogenicity. GidA catalyzes the
addition of the 5-carboxymethylaminomethyl (cmnm5) group on U34,
whereas MnmE is required for 2-thiolation in mnm5s2U34 [223,224].
Deletion of GidA gives rise to a filamentous morphology and sig-
nificantly reduced motility in S. enterica sv. Typhimurium [225], which
suggests that cmnm5U34 hypomodification might be responsible for the
reduced expression of motility genes. Various pleiotropic phenotypes
have been reported for GidA-deficient Agrobacterium tumefaciens and P.
syringae [226,227]. GidA deletion also reduces cytotoxicity induction in
macrophages through an unknown mechanism that might involve 2-
thiolation [183]. Interestingly, growth in an acidic or divalent cation-
depleted environment induces GidA expression [187], whereas GidA
and MnmE-deficient Streptococcus pyogenes mutants are highly atte-
nuated in soft tissue infection models [228]. This suggests that U34

modification is critical for microbial virulence during infection.
As discussed in Section 4, nutrient availability influences tRNA

modification and gene expression is adjusted accordingly. The in-
tracellular amount of methionine and cysteine directly controls 2-

thiolation in S. cerevisiae [125,186]. During sulfur starvation,
mcm5s2U34 modification is downregulated, whereby sulfur consump-
tion and growth is reduced, and the expression of enzymes involved in
methionine, cysteine, and lysine biosynthesis is increased [186]. Lack
of essential metabolites, as experienced by cells grown in minimal
synthetic defined media, yields a global rearrangement of tRNA mod-
ification [229], which can have considerable implications for transcript
decoding [50]. Indeed, invasive pathogens often encounter similar
hostile changes to their environment (Fig. 2). Reduced expression of
virulence genes is often the cause of poor translation efficiency of es-
sential transcription factors, such as VirF in S. pyogenes [230]. Conse-
quently, careful regulation of tRNA modification ensures efficient
translation and swift adaptation to various physiological stresses.

6. Discussion

The omnipresent nature of post-transcriptional tRNA modifications
is indicative of their immense importance in translation. We have
presented numerous studies that assign several critical functions to the
correct and timely modification of tRNA nucleosides. These nucleoside
modifications confer structural stability to the three-dimensional shape
of the tRNA, protecting it against physical, chemical, or biological de-
gradation, as well as regulating base pairing affinity of tRNA anticodons
to mRNA codons and affecting recognition by ribosomes (Fig. 1) [231].
Studies on bacteria, yeast, and nematodes have unequivocally shown
that perturbations in tRNA modification severely affect the translation
efficiency for a number of critical codons, limiting the cells ability to
cope with physiological stresses and leading to a reduction in fitness
and viability [126,181,207,208].

These stresses are relevant to microbial pathogenicity, as the
translation of virulence factors is triggered by external stimuli, in-
cluding changes in temperature, pH, oxidation state, nutrient avail-
ability, metabolites, etc. (Fig. 2). Therefore, conclusions and assump-
tions as to how tRNA modification levels in a pathogen and a host react
to infection can to a certain extent be drawn from studies on stress.
Indeed, loss of the s2U34 modification has been directly linked to sig-
nificant attenuation of gram-negative pathogenic bacteria in the Es-
cherichia, Salmonella, and Shigella genera [162,183,228]. The exact
molecular mechanism of attenuation has not been fully determined, but
it is thought that reduced translation of the key virulence factor, VirF,
following loss of s2U34 is the main contributing factor.

Although such conclusions are logical and rather straightforward to
verify, it is far more challenging to dissect the intricate network of in-
teraction partners and stress response/signaling pathways triggered by
infection. For example, an opportunistic microbial pathogen that infects
its host has to simultaneously adapt to a completely different environ-
ment, encountering multiple stresses, while reprogramming the entire
transcriptional and translational apparatus (Fig. 3). Pathogens also
have to fight off a large number of commensal microbes – a recent study
found 47 bacterial genera and numerous fungi and archaea associated
with plant roots [232] – and evade toxic metabolites produced by these.
With such an overwhelming amount of interaction partners, simplified
infection models are needed in order to track the effect of individual
tRNA modifications, as well as to distinguishing between host and pa-
thogen modifications and their effect on translation.

Assigning function to tRNA modification in plant and metazoan
hosts is further complicated by strong compensatory mechanisms.
Although these mechanisms tend to counteract deficits in modification,
even subtle changes in the tRNA modification pattern may be sufficient
to ultimately affect downstream processes, including host immunity
responses. The effect on general and specific host immunity responses
needs to be established, as a screen on>1000 natural accessions of A.
thaliana found diverse mechanisms of resistance to the same pathogen,
P. syringae [233]. Furthermore, it must be assessed whether any ob-
served phenotype actually stems from perturbed tRNA modification, or
if it can be traced back to moonlighting activities of the modification
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enzyme or pathway. A recent study showed that Tum1, which is part of
the 2-thiolation pathway in S. cerevisiae, is involved in sterol ester
regulation in a way that is entirely 2-thiolation independent [234].
Indeed, such diverging functions of tRNA modifying enzymes need to be
considered when evaluating cellular functions.

Quantitative high-resolution LC-MS studies have given us a detailed
account of tRNA modification patterns in numerous organisms fol-
lowing stress [121,152,191]. While this has highlighted the sensitivity
of tRNA modification to external stimuli, it is still not clear whether
changes in tRNA modification levels constitute an active form of
adaptation or a simple passive response to altered translational re-
quirements. In the active adaptation scenario, tRNA modifications need
to be constantly monitored by modification/demodification enzymes so
that mature tRNAs and nascent tRNA transcripts can be efficiently
modified according to cellular demands. Though this might be en-
ergetically feasible in specific nutrient rich environments, it is less
likely to occur in most other situations. However, the importance of
tRNA structural stability and translational efficiency upon stress re-
sponse does merit the notion of tight control for key nucleosides
modifications [121,212]. In the passive adaptation scenario, tRNA
modifications are not actively altered but changes occur following tRNA
turnover, whereby only nascent tRNA transcripts are modified ac-
cording. This energetically favorable model is supported by work in S.
cerevisiae, where loss of 2-thiolation occurs gradually over> 7 h when
cells are shifted to non-permissive temperatures, only to recover fully in
the same extent of time when temperature stress is removed [152].
Nonetheless, such a delayed response is counterintuitive to studies that
show the importance of 2-thiolation in cellular functions that require
rapid responses, such as translation of virulence factors. Hence, tRNA
modification regulation is likely to be far more complicated than either
scenario suggests, and it is conceivable that elements from both the
active and the passive model contribute towards tRNA modification
homeostasis.

7. Perspectives

Post-transcriptional nucleoside modifications are universal on RNA
species and they have been assigned numerous cellular functions ran-
ging from translational control to epigenetic regulation. This insight has
required methods that enable accurate identification and quantification
of RNA modification, as well as unbiased analysis of translation. For
example, bisulfite sequencing has been extensively used to map m5C
methylation sites on individual RNAs and for genome-wide methylation
analysis [235], whereas LC-MS analysis is often the preferred choice for
quantitative analysis of RNA modification patterns [189,190]. Many
qualitative and quantitative approaches initially developed for mapping
modifications in rRNA have been revisited for their applications in
tRNA modifications analysis. One recent breakthrough in method de-
velopment is the adaption and application of the next-generation se-
quencing-based RiboMethSeq protocol for analysis of tRNA 2′-O-me-
thylation [236]. On the other hand, ribosome profiling provides vast
insights into post-transcriptional regulation the cell, revealing which
transcripts are translated into proteins at any given time [237].

Although each method yields valuable data, we are now at a
crossroad where less and less knowledge can be gained using only one
specific methodological approach. Indeed, to comprehensively under-
stand how and why tRNA modification responds to infection, sys-
tematic and unbiased studies that temporally dissect tRNA modification
pattern changes – and correlate those to translational alterations – are
needed to unravel complex host-pathogen interactions in a step-by-step-
fashion. To this end, new analytical methods that require far less input
material will greatly expand the range of samples to be analyzed [238],
and user-friendly software pipelines will facilitate the analysis of LC-MS
[239] and high-throughput sequencing data [240], thereby greatly
furthering our understanding of tRNA modification-mediated regula-
tion in cellular immunity and pathogenicity mechanisms.

Transparency document

The Transparency document associated with this article can be
found, in online version.

Acknowledgements

The authors thank the Guest Editor, Prof. Magdalena Boguta, for
inviting us to contribute to this Special Issue. The authors also thank Dr.
Tamara Bar-Magen Numhauser and M.Sc. Pavlína Gregorová for sci-
entific discussions and valuable suggestions on this review.

Funding

This work is supported by the Academy of Finland [grant numbers
294917 and 307215; to L.P.S.] and the Sigrid Jusélius Foundation
[Three-year grant 2017–2020; to L.P.S.]. Open access charges are
covered by the Helsinki University Library.

References

[1] J.T. Madigan, J.M. Martinko, K.S. Bender, D.H. Buckley, D.A. Stahl, Brock Biology
of Microorganisms, 14th ed., Pearson, Boston, U.S.A., 2015.

[2] S. Brunke, B. Hube, Two unlike cousins: Candida albicans and C. glabrata infection
strategies, Cell. Microbiol. 15 (2013) 701–708.

[3] C.J. Anderson, M.M. Kendall, Salmonella enterica Serovar Typhimurium strategies
for host adaptation, Front. Microbiol. 8 (1983) (2017) 1–16.

[4] M. Polke, B. Hube, I.D. Jacobsen, Candida survival strategies, Adv. Appl.
Microbiol. 91 (2015) 139–235.

[5] J. Zur Brügge, R. Einspanier, S. Sharbati, A long journey ahead: long non-coding
RNAs in bacterial infections, Front. Cell. Infect. Microbiol. 7 (95) (2017) 1–8.

[6] P. Bruscella, S. Bottini, C. Baudesson, J.M. Pawlotsky, C. Feray, M. Trabucchi,
Viruses and miRNAs: more friends than foes, Front. Microbiol. 8 (824) (2017)
1–11.

[7] Y. Cai, J. Shen, Modulation of host immune responses to Toxoplasma gondii by
microRNAs, Parasite Immunol. 39 (2017) 1–6.

[8] H. Grosjean, Nucleic Acids Are Not Boring Long Polymers of Only Four Types of
Nucleotides: A Guided Tour, Landes Bioscience, 2009.

[9] T.W. Dreher, Viral tRNAs and tRNA-like structures, Wiley Interdiscip. Rev. RNA 1
(2010) 402–414.

[10] M. Helm, J.D. Alfonzo, Posttranscriptional RNA modifications: playing metabolic
games in a cell's chemical Legoland, Chem. Biol. 21 (2014) 174–185.

[11] P. Boccaletto, M.A. Machnicka, E. Purta, P. Piatkowski, B. Baginski, T.K. Wirecki,
V. de Crecy-Lagard, R. Ross, P.A. Limbach, A. Kotter, M. Helm, J.M. Bujnicki,
MODOMICS: a database of RNA modification pathways. 2017 update, Nucleic
Acids Res. 46 (D1) (2018) D303–D307, http://dx.doi.org/10.1093/nar/gkx1030.

[12] G.R. Björk, T.G. Hagervall, Transfer RNA modification: presence, synthesis, and
function, EcoSal Plus 6 (2014) 1–68.

[13] P.N. Dodds, J.P. Rathjen, Plant immunity: towards an integrated view of plant-
pathogen interactions, Nat. Rev. Genet. 11 (2010) 539–548.

[14] R.G. Jenner, R.A. Young, Insights into host responses against pathogens from
transcriptional profiling, Nat. Rev. Microbiol. 3 (2005) 281–294.

[15] B. Lemaitre, S.E. Girardin, Translation inhibition and metabolic stress pathways in
the host response to bacterial pathogens, Nat. Rev. Microbiol. 11 (2013) 365–369.

[16] L.P. Sarin, S.A. Leidel, Modify or die?—RNA modification defects in metazoans,
RNA Biol. 11 (2014) 1555–1567.

[17] A.G. Torres, E. Batlle, L. Ribas de Pouplana, Role of tRNA modifications in human
diseases, Trends Mol. Med. 20 (2014) 306–314.

[18] M. Helm, Post-transcriptional nucleotide modification and alternative folding of
RNA, Nucleic Acids Res. 34 (2006) 721–733.

[19] J.E. Jackman, J.D. Alfonzo, Transfer RNA modifications: nature's combinatorial
chemistry playground, Wiley Interdiscip. Rev. RNA 4 (2013) 35–48.

[20] C. Lorenz, C.E. Lunse, M. Morl, tRNA modifications: impact on structure and
thermal adaptation, Biomol. Ther. 7 (35) (2017) 1–29.

[21] B. El Yacoubi, M. Bailly, V. de Crecy-Lagard, Biosynthesis and function of post-
transcriptional modifications of transfer RNAs, Annu. Rev. Genet. 46 (2012)
69–95.

[22] P. Schimmel, The emerging complexity of the tRNA world: mammalian tRNAs
beyond protein synthesis, Nat. Rev. Mol. Cell. Biol. 19 (1) (2018) 45–58.

[23] B.G. Miller, Biological half-lives of ribosomal and transfer-RNA in mouse uterus, J.
Endocrinol. 59 (1973) 81–85.

[24] G. Blobel, V.R. Potter, Distribution of radioactivity between acid-soluble pool and
pools of RNA in nuclear nonsedimentable and ribosome fractions of rat liver after
a single injection of labeled orotic acid, Biochim. Biophys. Acta 166 (1968) 48.

[25] J. Hanoune, M.K. Agarwal, Studies on half life time of rat liver transfer RNA
species, FEBS Lett. 11 (1970) 78.

[26] U. Karnahl, C. Wasternack, Half-life of cytoplasmic ribosomal-RNA and transfer-
RNA, of plastid ribosomal-RNA and of uridine nucleotides in heterotrophically and
photoorganotrophically grown cells of Euglena gracilis and its apoplastic mutant

C.S. Koh, L.P. Sarin BBA - Gene Regulatory Mechanisms 1861 (2018) 419–432

428

https://doi.org/10.1016/j.bbagrm.2018.01.015
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0005
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0005
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0010
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0010
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0015
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0015
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0020
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0020
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0025
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0025
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0030
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0030
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0030
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0035
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0035
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0040
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0040
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0045
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0045
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0050
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0050
http://dx.doi.org/10.1093/nar/gkx1030
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0060
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0060
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0065
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0065
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0070
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0070
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0075
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0075
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0080
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0080
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0085
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0085
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0090
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0090
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0095
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0095
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0100
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0100
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0105
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0105
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0105
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0110
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0110
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0115
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0115
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0120
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0120
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0120
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0125
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0125
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0130
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0130
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0130


W3bul, Int. J. BioChemiPhysics 24 (1992) 493–497.
[27] A. Alexandrov, I. Chernyakov, W.F. Gu, S.L. Hiley, T.R. Hughes, E.J. Grayhack,

E.M. Phizicky, Rapid tRNA decay can result from lack of nonessential modifica-
tions, Mol. Cell 21 (2006) 87–96.

[28] K.R. Noon, R. Guymon, P.F. Crain, J.A. McCloskey, M. Thomm, J. Lim,
R. Cavicchioli, Influence of temperature on tRNA modification in archaea:
Methanococcoides burtonii (optimum growth temperature [Topt], 23 °C) and
Stetteria hydrogenophila (Topt, 95 °C), J. Bacteriol. 185 (2003) 5483–5490.

[29] E.M. Phizicky, J.D. Alfonzo, Do all modifications benefit all tRNAs? FEBS Lett. 584
(2010) 265–271.

[30] G. Martinez, tRNA-derived small RNAs: new players in genome protection against
retrotransposons, RNA Biol. (2017), http://dx.doi.org/10.1080/15476286.2017.
1403000.

[31] M. Schaefer, T. Pollex, K. Hanna, F. Tuorto, M. Meusburger, M. Helm, F. Lyko,
RNA methylation by Dnmt2 protects transfer RNAs against stress-induced clea-
vage, Genes Dev. 24 (2010) 1590–1595.

[32] F. Tuorto, R. Liebers, T. Musch, M. Schaefer, S. Hofmann, S. Kellner, M. Frye,
M. Helm, G. Stoecklin, F. Lyko, RNA cytosine methylation by Dnmt2 and NSun2
promotes tRNA stability and protein synthesis, Nat. Struct. Mol. Biol. 19 (2012)
900–905.

[33] Z. Durdevic, M. Schaefer, tRNA modifications: necessary for correct tRNA-derived
fragments during the recovery from stress? BioEssays 35 (2013) 323–327.

[34] S. Blanco, R. Bandiera, M. Popis, S. Hussain, P. Lombard, J. Aleksic, A. Sajini,
H. Tanna, R. Cortes-Garrido, N. Gkatza, S. Dietmann, M. Frye, Stem cell function
and stress response are controlled by protein synthesis, Nature 534 (2016)
335–340.

[35] C.T. Lauhon, R. Kambampati, The iscS gene in Escherichia coli is required for the
biosynthesis of 4-thiouridine, thiamin, and NAD, J. Biol. Chem. 275 (2000)
20096–20103.

[36] S. Yokoyama, T. Watanabe, K. Murao, H. Ishikura, Z. Yamaizumi, S. Nishimura,
T. Miyazawa, Molecular mechanism of codon recognition by tRNA species with
modified uridine in the first position of the anticodon, P.N.A.S. 82 (1985)
4905–4909.

[37] Y. Yamamoto, S. Yokoyama, T. Miyazawa, K. Watanabe, S. Higuchi, NMR analyses
on the molecular mechanism of the conformational rigidity of 2-thior-
ibothymidine, a modified nucleoside in extreme thermophile tRNAs, FEBS Lett.
157 (1983) 95–99.

[38] R.K. Kumar, D.R. Davis, Synthesis and studies on the effect of 2-thiouridine and 4-
thiouridine on sugar conformation and RNA duplex stability, Nucleic Acids Res. 25
(1997) 1272–1280.

[39] P.F. Agris, Wobble position modified nucleosides evolved to select transfer RNA
codon recognition: a modified-wobble hypothesis, Biochimie 73 (1991)
1345–1349.

[40] A.A. Williams, A. Darwanto, J.A. Theruvathu, A. Burdzy, J.W. Neidigh,
L.C. Sowers, Impact of sugar pucker on base pair and mispair stability,
Biochemistry 48 (2009) 11994–12004.

[41] D. Pinto, M.T. Sarocchi-Landousy, W. Guschlbauer, 2′-Deoxy-2′-fluorouridine-5′-
triphosphates: a possible substrate for E. coli RNA polymerase, Nucleic Acids Res. 6
(1979) 1041–1048.

[42] I.A. Vasil'eva, N.A. Moor, Interaction of aminoacyl-tRNA synthetases with tRNA:
general principles and distinguishing characteristics of the high-molecular-weight
substrate recognition, Biochemistry (Mosc) 72 (2007) 247–263.

[43] P.J. Beuning, K. Musier-Forsyth, Transfer RNA recognition by aminoacyl-tRNA
synthetases, Biopolymers 52 (1999) 1–28.

[44] J.G. Arnez, T.A. Steitz, Crystal structure of unmodified tRNA(Gln) complexed with
glutaminyl-tRNA synthetase and ATP suggests a possible role for pseudo-uridines
in stabilization of RNA structure, Biochemistry 33 (1994) 7560–7567.

[45] T. Muramatsu, K. Nishikawa, F. Nemoto, Y. Kuchino, S. Nishimura, T. Miyazawa,
S. Yokoyama, Codon and amino-acid specificities of a transfer RNA are both
converted by a single post-transcriptional modification, Nature 336 (1988)
179–181.

[46] K. Tamura, H. Himeno, H. Asahara, T. Hasegawa, M. Shimizu, In vitro study of E.
coli tRNA(Arg) and tRNA(Lys) identity elements, Nucleic Acids Res. 20 (1992)
2335–2339.

[47] H. Grosjean, G.R. Björk, Enzymatic conversion of cytidine to lysidine in anticodon
of bacterial isoleucyl-tRNA—an alternative way of RNA editing, Trends Biochem.
Sci. 29 (2004) 165–168.

[48] L.A. Sylvers, K.C. Rogers, M. Shimizu, E. Ohtsuka, D. Söll, A 2-thiouridine deri-
vative in tRNAGlu is a positive determinant for aminoacylation by Escherichia coli
glutamyl-tRNA synthetase, Biochemistry 32 (1993) 3836–3841.

[49] G.R. Björk, J.M. Durand, T.G. Hagervall, R. Leipuviene, H.K. Lundgren, K. Nilsson,
P. Chen, Q. Qian, J. Urbonavicius, Transfer RNA modification: influence on
translational frameshifting and metabolism, FEBS Lett. 452 (1999) 47–51.

[50] J. Urbonavicius, Q. Qian, J.M. Durand, T.G. Hagervall, G.R. Björk, Improvement of
reading frame maintenance is a common function for several tRNA modifications,
EMBO J. 20 (2001) 4863–4873.

[51] M. Sissler, R. Giege, C. Florentz, The RNA sequence context defines the mechan-
istic routes by which yeast arginyl-tRNA synthetase charges tRNA, RNA 4 (1998)
647–657.

[52] A. Ambrogelly, M. Frugier, M. Ibba, D. Söll, R. Giege, Transfer RNA recognition by
class I lysyl-tRNA synthetase from the Lyme disease pathogen Borrelia burgdorferi,
FEBS Lett. 579 (2005) 2629–2634.

[53] M.L. Bovee, W. Yan, B.S. Sproat, C.S. Francklyn, tRNA discrimination at the
binding step by a class II aminoacyl-tRNA synthetase, Biochemistry 38 (1999)
13725–13735.

[54] J. Putz, C. Florentz, F. Benseler, R. Giege, A single methyl group prevents the

mischarging of a tRNA, Nat. Struct. Biol. 1 (1994) 580–582.
[55] V. Perret, A. Garcia, H. Grosjean, J.P. Ebel, C. Florentz, R. Giege, Relaxation of a

transfer RNA specificity by removal of modified nucleotides, Nature 344 (1990)
787–789.

[56] S.N. Oprescu, L.B. Griffin, A.A. Beg, A. Antonellis, Predicting the pathogenicity of
aminoacyl-tRNA synthetase mutations, Methods 113 (2017) 139–151.

[57] S.K. Natchiar, A.G. Myasnikov, H. Kratzat, I. Hazemann, B.P. Klaholz,
Visualization of chemical modifications in the human 80S ribosome structure,
Nature 551 (2017) 472–477.

[58] N. Fischer, P. Neumann, A.L. Konevega, L.V. Bock, R. Ficner, M.V. Rodnina,
H. Stark, Structure of the E. coli ribosome-EF-Tu complex at< 3 Å resolution by C-
s-corrected cryo-EM, Nature 520 (2015) 567.

[59] Y.S. Polikanov, S.V. Melnikov, D. Söll, T.A. Steitz, Structural insights into the role
of rRNA modifications in protein synthesis and ribosome assembly, Nat. Struct.
Mol. Biol. 22 (2015) 342–393.

[60] M. Shalev-Benami, Y. Zhang, D. Matzov, Y. Halfon, A. Zackay, H. Rozenberg,
E. Zimmerman, A. Bashan, C.L. Jaffe, A. Yonath, G. Skiniotis, 2.8-Ångstrom cryo-
EM structure of the large ribosomal subunit from the eukaryotic parasite
Leishmania, Cell Rep. 16 (2016) 288–294.

[61] O.V. Koval'chuke, A.P. Potapov, A.V. El'skaya, V.K. Potapov, N.F. Krinetskaya,
N.G. Dolinnaya, Z.A. Shabarova, Interaction of ribo- and deoxyriboanalogs of
yeast tRNA(Phe) anticodon arm with programmed small ribosomal subunits of
Escherichia coli and rabbit liver, Nucleic Acids Res. 19 (1991) 4199–4201.

[62] V. Dao, R. Guenther, A. Malkiewicz, B. Nawrot, E. Sochacka, A. Kraszewski,
J. Jankowska, K. Everett, P.F. Agris, Ribosome binding of DNA analogs of transfer-
RNA requires base modifications and supports the extended anticodon, P.N.A.S. 91
(1994) 2125–2129.

[63] F.A. Vendeix, A. Dziergowska, E.M. Gustilo, W.D. Graham, B. Sproat,
A. Malkiewicz, P.F. Agris, Anticodon domain modifications contribute order to
tRNA for ribosome-mediated codon binding, Biochemistry 47 (2008) 6117–6129.

[64] A. Weixlbaumer, F.V.t. Murphy, A. Dziergowska, A. Malkiewicz, F.A. Vendeix,
P.F. Agris, V. Ramakrishnan, Mechanism for expanding the decoding capacity of
transfer RNAs by modification of uridines, Nat. Struct. Mol. Biol. 14 (2007)
498–502.

[65] F.A. Vendeix, F.V.t. Murphy, W.A. Cantara, G. Leszczynska, E.M. Gustilo,
B. Sproat, A. Malkiewicz, P.F. Agris, Human tRNA(Lys3)(UUU) is pre-structured by
natural modifications for cognate and wobble codon binding through keto-enol
tautomerism, J. Mol. Biol. 416 (2012) 467–485.

[66] C. Yarian, H. Townsend, W. Czestkowski, E. Sochacka, A.J. Malkiewicz,
R. Günther, A. Miskiewicz, P.F. Agris, Accurate translation of the genetic code
depends on tRNA modified nucleosides, J. Biol. Chem. 277 (2002) 16391–16395.

[67] A. Rozov, N. Demeshkina, I. Khusainov, E. Westhof, M. Yusupov, G. Yusupova,
Novel base-pairing interactions at the tRNA wobble position crucial for accurate
reading of the genetic code, Nat. Commun. 7 (2016) 10457.

[68] V. de Crecy-Lagard, C. Marck, H. Grosjean, Decoding in Candidatus Riesia pedicu-
licola, close to a minimal tRNA modification set? Trends Cell. Mol. Biol. 7 (2012)
11–34.

[69] A. Schneider, K.P. McNally, N. Agabian, Nuclear-encoded mitochondrial tRNAs of
Trypanosoma brucei have a modified cytidine in the anticodon loop, Nucleic Acids
Res. 22 (1994) 3699–3705.

[70] M.A. Nakamoto, A.F. Lovejoy, A.M. Cygan, J.C. Boothroyd, mRNA pseudour-
idylation affects RNA metabolism in the parasite Toxoplasma gondii, RNA 23
(2017) 1834–1849.

[71] R. Lizundia, D. Werling, G. Langsley, S.A. Ralph, Theileria apicoplast as a target
for chemotherapy, Antimicrob. Agents Chemother. 53 (2009) 1213–1217.

[72] S.A. Ralph, G.G. van Dooren, R.F. Waller, M.J. Crawford, M.J. Fraunholz,
B.J. Foth, C.J. Tonkin, D.S. Roos, G.I. McFadden, Tropical infectious diseases:
metabolic maps and functions of the Plasmodium falciparum apicoplast, Nat. Rev.
Microbiol. 2 (2004) 203–216.

[73] H.J. Drabkin, M. Estrella, U.L. Rajbhandary, Initiator-elongator discrimination in
vertebrate tRNAs for protein synthesis, Mol. Cell. Biol. 18 (1998) 1459–1466.

[74] A.L. Glasser, J. Desgres, J. Heitzler, C.W. Gehrke, G. Keith, O-ribosyl-phosphate
purine as a constant modified nucleotide located at position 64 in cytoplasmic
initiator tRNAs(Met) of yeasts, Nucleic Acids Res. 19 (1991) 5199–5203.

[75] S. Kiesewetter, G. Ott, M. Sprinzl, The role of modified purine 64 in initiator/
elongator discrimination of tRNA(iMet) from yeast and wheat germ, Nucleic Acids
Res. 18 (1990) 4677–4682.

[76] C. Förster, K. Chakraburtty, M. Sprinzl, Discrimination between initiation and
elongation of protein biosynthesis in yeast: identity assured by a nucleotide
modification in the initiator tRNA, Nucleic Acids Res. 21 (1993) 5679–5683.

[77] D. Su, A. Lieberman, B.F. Lang, M. Simonovic, D. Söll, J. Ling, An unusual
tRNAThr derived from tRNAHis reassigns in yeast mitochondria the CUN codons
to threonine, Nucleic Acids Res. 39 (2011) 4866–4874.

[78] M. Li, A. Tzagoloff, Assembly of the mitochondrial membrane system: sequences of
yeast mitochondrial valine and an unusual threonine tRNA gene, Cell 18 (1979)
47–53.

[79] J. Urbonavičius, R. Rutkiene, A. Lopato, D. Tauraite, J. Stankeviciute,
A. Aucynaite, L. Kaliniene, H. Van Tilbeurgh, R. Meskys, Evolution of
tRNA(Phe):imG2 methyltransferases involved in the biosynthesis of wyosine de-
rivatives in Archaea, RNA 22 (2016) 1871–1883.

[80] L.D. Jaunius Urbonavičius, Jean Armengaud, Henri Grosjean, Deciphering the
Complex Enzymatic Pathway for Biosynthesis of Wyosine Derivatives in Anticodon
of tRNAPhe, Landes Bioscience, Austin, TX, 2009.

[81] P.J. Sample, L. Koreny, Z. Paris, K.W. Gaston, M.A.T. Rubio, I.M.C. Fleming,
S. Hinger, E. Horakova, P.A. Limbach, J. Lukes, J.D. Alfonzo, A common tRNA
modification at an unusual location: the discovery of wyosine biosynthesis in

C.S. Koh, L.P. Sarin BBA - Gene Regulatory Mechanisms 1861 (2018) 419–432

429

http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0130
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0135
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0135
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0135
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0140
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0140
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0140
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0140
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0145
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0145
http://dx.doi.org/10.1080/15476286.2017.1403000
http://dx.doi.org/10.1080/15476286.2017.1403000
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0155
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0155
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0155
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0160
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0160
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0160
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0160
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0165
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0165
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0170
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0170
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0170
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0170
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0175
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0175
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0175
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0180
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0180
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0180
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0180
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0185
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0185
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0185
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0185
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0190
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0190
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0190
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0195
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0195
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0195
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0200
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0200
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0200
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0205
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0205
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0205
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0210
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0210
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0210
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0215
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0215
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0220
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0220
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0220
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0225
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0225
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0225
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0225
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0230
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0230
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0230
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0235
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0235
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0235
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0240
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0240
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0240
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0245
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0245
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0245
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0250
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0250
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0250
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0255
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0255
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0255
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0260
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0260
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0260
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0265
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0265
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0265
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0270
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0270
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0275
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0275
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0275
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0280
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0280
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0285
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0285
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0285
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0290
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0290
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0290
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0295
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0295
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0295
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0300
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0300
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0300
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0300
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0305
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0305
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0305
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0305
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0310
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0310
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0310
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0310
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0315
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0315
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0315
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0320
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0320
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0320
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0320
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0325
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0325
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0325
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0325
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0330
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0330
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0330
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0335
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0335
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0335
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0340
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0340
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0340
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0345
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0345
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0345
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0350
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0350
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0350
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0355
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0355
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0360
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0360
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0360
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0360
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0365
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0365
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0370
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0370
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0370
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0375
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0375
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0375
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0380
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0380
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0380
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0385
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0385
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0385
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0390
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0390
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0390
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0395
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0395
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0395
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0395
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0400
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0400
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0400
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0405
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0405
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0405


mitochondria, Nucleic Acids Res. 43 (2015) 4262–4273.
[82] M.H. Schwartz, T. Pan, Temperature dependent mistranslation in a hy-

perthermophile adapts proteins to lower temperatures, Nucleic Acids Res. 44
(2016) 294–303.

[83] A. Rafels-Ybern, A.G. Torres, X. Grau-Bove, I. Ruiz-Trillo, L. Ribas de Pouplana,
Codon adaptation to tRNAs with inosine modification at position 34 is widespread
among eukaryotes and present in two bacterial phyla, RNA Biol. (2017) 1–8,
http://dx.doi.org/10.1080/15476286.2017.1358348.

[84] A.A. Su, L. Randau, A-to-I and C-to-U editing within transfer RNAs, Biochemistry
(Mosc) 76 (2011) 932–937.

[85] P.F. Agris, F.A. Vendeix, W.D. Graham, tRNA's wobble decoding of the genome:
40 years of modification, J. Mol. Biol. 366 (2007) 1–13.

[86] P. Chen, Q. Qian, S. Zhang, L.A. Isaksson, G.R. Björk, A cytosolic tRNA with an
unmodified adenosine in the wobble position reads a codon ending with the non-
complementary nucleoside cytidine, J. Mol. Biol. 317 (2002) 481–492.

[87] M. Mörl, M. Dorner, S. Pääbo, C to U editing and modifications during the ma-
turation of the mitochondrial tRNA(Asp) in marsupials, Nucleic Acids Res. 23
(1995) 3380–3384.

[88] J.D. Alfonzo, V. Blanc, A.M. Estevez, M.A. Rubio, L. Simpson, C to U editing of the
anticodon of imported mitochondrial tRNA(Trp) allows decoding of the UGA stop
codon in Leishmania tarentolae, EMBO J. 18 (1999) 7056–7062.

[89] K.M. McKenney, M.A.T. Rubio, J.D. Alfonzo, Binding synergy as an essential step
for tRNA editing and modification enzyme codependence in Trypanosoma brucei,
RNA 24 (2018) 56–66.

[90] M.A. Rubio, K.W. Gaston, K.M. McKenney, I.M. Fleming, Z. Paris, P.A. Limbach,
J.D. Alfonzo, Editing and methylation at a single site by functionally inter-
dependent activities, Nature 542 (2017) 494–497.

[91] H.C. Smith, J.M. Gott, M.R. Hanson, A guide to RNA editing, RNA 3 (1997)
1105–1123.

[92] L. Randau, B.J. Stanley, A. Kohlway, S. Mechta, Y. Xiong, D. Söll, A cytidine
deaminase edits C to U in transfer RNAs in Archaea, Science 324 (2009) 657–659.

[93] K.W. Gaston, M.A. Rubio, J.L. Spears, I. Pastar, F.N. Papavasiliou, J.D. Alfonzo, C
to U editing at position 32 of the anticodon loop precedes tRNA 5′ leader removal
in trypanosomatids, Nucleic Acids Res. 35 (2007) 6740–6749.

[94] M.A. Rubio, I. Pastar, K.W. Gaston, F.L. Ragone, C.J. Janzen, G.A. Cross,
F.N. Papavasiliou, J.D. Alfonzo, An adenosine-to-inosine tRNA-editing enzyme
that can perform C-to-U deamination of DNA, PNAS 104 (2007) 7821–7826.

[95] O.L. Gurvich, P.V. Baranov, J. Zhou, A.W. Hammer, R.F. Gesteland, J.F. Atkins,
Sequences that direct significant levels of frameshifting are frequent in coding
regions of Escherichia coli, EMBO J. 22 (2003) 5941–5950.

[96] J. Yourno, S. Tanemura, Restoration of in-phase translation by an unlinked sup-
pressor of a frameshift mutation in Salmonella typhimurium, Nature 225 (1970)
422–426.

[97] H.B. Gamper, I. Masuda, M. Frenkel-Morgenstern, Y.M. Hou, Maintenance of
protein synthesis reading frame by EF-P and m(1)G37-tRNA, Nat. Commun. 6
(2015) 7226.

[98] R. Wang, J. Xiong, W. Wang, W. Miao, A. Liang, High frequency of +1 pro-
grammed ribosomal frameshifting in Euplotes octocarinatus, Sci. Rep. 6 (2016)
21139.

[99] G.R. Björk, P.M. Wikström, A.S. Byström, Prevention of translational frameshifting
by the modified nucleoside 1-methylguanosine, Science 244 (1989) 986–989.

[100] T.G. Hagervall, T.M. Tuohy, J.F. Atkins, G.R. Björk, Deficiency of 1-methylgua-
nosine in tRNA from Salmonella typhimurium induces frameshifting by quadruplet
translocation, J. Mol. Biol. 232 (1993) 756–765.

[101] J. Li, B. Esberg, J.F. Curran, G.R. Björk, Three modified nucleosides present in the
anticodon stem and loop influence the in vivo aa-tRNA selection in a tRNA-de-
pendent manner, J. Mol. Biol. 271 (1997) 209–221.

[102] A.L. Konevega, N.G. Soboleva, V.I. Makhno, Y.P. Semenkov, W. Wintermeyer,
M.V. Rodnina, V.I. Katunin, Purine bases at position 37 of tRNA stabilize codon-
anticodon interaction in the ribosomal A site by stacking and Mg2+-dependent
interactions, RNA 10 (2004) 90–101.

[103] W.F. Waas, Z. Druzina, M. Hanan, P. Schimmel, Role of a tRNA base modification
and its precursors in frameshifting in eukaryotes, J. Biol. Chem. 282 (2007)
26026–26034.

[104] W.J. Craigen, C.T. Caskey, Expression of peptide chain release factor 2 requires
high-efficiency frameshift, Nature 322 (1986) 273–275.

[105] M. Bekaert, H. Richard, B. Prum, J.P. Rousset, Identification of programmed
translational −1 frameshifting sites in the genome of Saccharomyces cerevisiae,
Genome Res. 16 (2006) 1074.

[106] M. Bekaert, J.F. Atkins, P.V. Baranov, ARFA: a program for annotating bacterial
release factor genes, including prediction of programmed ribosomal frameshifting,
Bioinformatics 22 (2006) 2463–2465.

[107] J.L. Jacobs, A.T. Belew, R. Rakauskaite, J.D. Dinman, Identification of functional,
endogenous programmed −1 ribosomal frameshift signals in the genome of
Saccharomyces cerevisiae, Nucleic Acids Res. 35 (2007) 165–174.

[108] L.A. Klobutcher, Sequencing of random Euplotes crassus macronuclear genes sup-
ports a high frequency of +1 translational frameshifting, Eukaryot. Cell 4 (2005)
2098–2105.

[109] O. Namy, J.P. Rousset, S. Napthine, I. Brierley, Reprogrammed genetic decoding in
cellular gene expression, Mol. Cell 13 (2004) 157–168.

[110] B. Cobucci-Ponzano, M. Rossi, M. Moracci, Translational recoding in archaea,
Extremophiles 16 (2012) 793–803.

[111] P.V. Baranov, R.F. Gesteland, J.F. Atkins, Recoding: translational bifurcations in
gene expression, Gene 286 (2002) 187–201.

[112] N.D. Maynard, D.N. Macklin, K. Kirkegaard, M.W. Covert, Competing pathways
control host resistance to virus via tRNA modification and programmed ribosomal

frameshifting, Mol. Syst. Biol. 8 (2012) 567.
[113] M. Bienz, E. Kubli, Wild-type transfer-RNA Gtyr reads the Tmv RNA stop codon,

but Q-base-modified transfer-RNA Gtyr does not, Nature 294 (1981) 188–190.
[114] H. Beier, M. Barciszewska, G. Krupp, R. Mitnacht, H.J. Gross, UAG readthrough

during TMV RNA translation: isolation and sequence of two tRNAs with suppressor
activity from tobacco plants, EMBO J. 3 (1984) 351–356.

[115] D. Hatfield, S. Oroszlan, The where, what and how of ribosomal frameshifting in
retroviral protein synthesis, Trends Biochem. Sci. 15 (1990) 186–190.

[116] S.F. Mathew, C. Crowe-McAuliffe, R. Graves, T.S. Cardno, C. McKinney, E.S. Poole,
W.P. Tate, The highly conserved codon following the slippery sequence supports-1
frameshift efficiency at the HIV-1 frameshift site, PLoS One 10 (2015) e0122176.

[117] E.M. Novoa, M. Pavon-Eternod, T. Pan, L. Ribas de Pouplana, A role for tRNA
modifications in genome structure and codon usage, Cell 149 (2012) 202–213.

[118] A.P. Gerber, W. Keller, RNA editing by base deamination: more enzymes, more
targets, new mysteries, Trends Biochem. Sci. 26 (2001) 376–384.

[119] K. Nilsson, G. Jäger, G.R. Björk, An unmodified wobble uridine in tRNAs specific
for glutamine, lysine, and glutamic acid from Salmonella enterica Serovar
Typhimurium results in nonviability-due to increased missense errors? PLoS One 12
(2017) e0175092.

[120] S.J. Näsvall, P. Chen, G.R. Björk, The wobble hypothesis revisited: uridine-5-
oxyacetic acid is critical for reading of G-ending codons, RNA 13 (2007)
2151–2164.

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

[122] P. Puri, C. Wetzel, P. Saffert, K.W. Gaston, S.P. Russell, J.A. Cordero Varela, P. van
der Vlies, G. Zhang, P.A. Limbach, Z. Ignatova, B. Poolman, Systematic identifi-
cation of tRNAome and its dynamics in Lactococcus lactis, Mol. Microbiol. 93
(2014) 944–956.

[123] G.R. Björk, B. Huang, O.P. Persson, A.S. Byström, A conserved modified wobble
nucleoside (mcm5s2U) in lysyl-tRNA is required for viability in yeast, RNA 13
(2007) 1245–1255.

[124] R. Klassen, P. Grunewald, K.L. Thuring, C. Eichler, M. Helm, R. Schaffrath, Loss of
anticodon wobble uridine modifications affects tRNA(Lys) function and protein
levels in Saccharomyces cerevisiae, PLoS One 10 (2015) e0119261.

[125] S. Leidel, P.G. Pedrioli, T. Bucher, R. Brost, M. Costanzo, A. Schmidt, R. Aebersold,
C. Boone, K. Hofmann, M. Peter, Ubiquitin-related modifier Urm1 acts as a sulphur
carrier in thiolation of eukaryotic transfer RNA, Nature 458 (2009) 228–232.

[126] D.D. Nedialkova, S.A. Leidel, Optimization of codon translation rates via tRNA
modifications maintains proteome integrity, Cell 161 (2015) 1606–1618.

[127] A.C. Roth, Decoding properties of tRNA leave a detectable signal in codon usage
bias, Bioinformatics 28 (2012) i340–i348.

[128] C. Takemoto, L.L. Spremulli, L.A. Benkowski, T. Ueda, T. Yokogawa, K. Watanabe,
Unconventional decoding of the AUA codon as methionine by mitochondrial
tRNAMet with the anticodon f5CAU as revealed with a mitochondrial in vitro
translation system, Nucleic Acids Res. 37 (2009) 1616–1627.

[129] Y. Bilbille, E.M. Gustilo, K.A. Harris, C.N. Jones, H. Lusic, R.J. Kaiser,
M.O. Delaney, L.L. Spremulli, A. Deiters, P.F. Agris, The human mitochondrial
tRNAMet: structure/function relationship of a unique modification in the decoding
of unconventional codons, J. Mol. Biol. 406 (2011) 257–274.

[130] Y. Watanabe, H. Tsurui, T. Ueda, R. Furushima, S. Takamiya, K. Kita,
K. Nishikawa, K. Watanabe, Primary and higher order structures of nematode
(Ascaris suum) mitochondrial tRNAs lacking either the T or D stem, J. Biol. Chem.
269 (1994) 22902–22906.

[131] A. Soma, Y. Ikeuchi, S. Kanemasa, K. Kobayashi, N. Ogasawara, T. Ote, J. Kato,
K. Watanabe, Y. Sekine, T. Suzuki, An RNA-modifying enzyme that governs both
the codon and amino acid specificities of isoleucine tRNA, Mol. Cell 12 (2003)
689–698.

[132] T. Numata, Mechanisms of the tRNA wobble cytidine modification essential for
AUA codon decoding in prokaryotes, Biosci. Biotechnol. Biochem. 79 (2015)
347–353.

[133] C. Tomikawa, S. Auxilien, V. Guerineau, Y. Yoshioka, K. Miyoshi, H. Hori,
D. Fourmy, K. Takai, S. Yoshizawa, Characterization of redundant tRNAIles with
CAU and UAU anticodons in Lactobacillus plantarum, J. Biochem. (2017), http://
dx.doi.org/10.1093/jb/mvx075.

[134] T. Suzuki, K. Miyauchi, Discovery and characterization of tRNAIle lysidine syn-
thetase (TilS), FEBS Lett. 584 (2010) 272–277.

[135] S.P. Salowe, J. Wiltsie, J.C. Hawkins, L.M. Sonatore, The catalytic flexibility of
tRNAIle-lysidine synthetase can generate alternative tRNA substrates for isoleucyl-
tRNA synthetase, J. Biol. Chem. 284 (2009) 9656–9662.

[136] Y. Ikeuchi, S. Kimura, T. Numata, D. Nakamura, T. Yokogawa, T. Ogata, T. Wada,
T. Suzuki, T. Suzuki, Agmatine-conjugated cytidine in a tRNA anticodon is es-
sential for AUA decoding in archaea, Nat. Chem. Biol. 6 (2010) 277–282.

[137] D. Mandal, C. Kohrer, D. Su, S.P. Russell, K. Krivos, C.M. Castleberry, P. Blum,
P.A. Limbach, D. Söll, U.L. RajBhandary, Agmatidine, a modified cytidine in the
anticodon of archaeal tRNA(Ile), base pairs with adenosine but not with guano-
sine, PNAS 107 (2010) 2872–2877.

[138] R. Marquet, C. Isel, C. Ehresmann, B. Ehresmann, tRNAs as primer of reverse
transcriptases, Biochimie 77 (1995) 113–124.

[139] G. Keith, T. Heyman, Heterogeneities in vertebrate transfer Rnastrp avian retro-
viruses package only as a primer the transfer RNAtrp lacking modified M2G in
Positon-7, Nucleic Acids Res. 18 (1990) 703–710.

[140] R.S. Campbell, W.F. Robinson, The comparative pathology of the lentiviruses, J.
Comp. Pathol. 119 (1998) 333–395.

[141] J.B. Connolly, Lentiviruses in gene therapy clinical research, Gene Ther. 9 (2002)
1730–1734.

C.S. Koh, L.P. Sarin BBA - Gene Regulatory Mechanisms 1861 (2018) 419–432

430

http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0405
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0410
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0410
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0410
http://dx.doi.org/10.1080/15476286.2017.1358348
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0420
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0420
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0425
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0425
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0430
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0430
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0430
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0435
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0435
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0435
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0440
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0440
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0440
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0445
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0445
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0445
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0450
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0450
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0450
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0455
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0455
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0460
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0460
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0465
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0465
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0465
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0470
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0470
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0470
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0475
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0475
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0475
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0480
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0480
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0480
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0485
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0485
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0485
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0490
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0490
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0490
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0495
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0495
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0500
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0500
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0500
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0505
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0505
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0505
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0510
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0510
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0510
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0510
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0515
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0515
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0515
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0520
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0520
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0525
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0525
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0525
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0530
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0530
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0530
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0535
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0535
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0535
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0540
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0540
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0540
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0545
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0545
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0550
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0550
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0555
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0555
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0560
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0560
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0560
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0565
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0565
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0570
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0570
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0570
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0575
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0575
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0580
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0580
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0580
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0585
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0585
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0590
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0590
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0595
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0595
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0595
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0595
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0600
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0600
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0600
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0605
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0605
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0605
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0610
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0610
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0610
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0610
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0615
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0615
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0615
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0620
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0620
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0620
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0625
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0625
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0625
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0630
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0630
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0635
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0635
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0640
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0640
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0640
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0640
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0645
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0645
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0645
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0645
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0650
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0650
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0650
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0650
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0655
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0655
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0655
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0655
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0660
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0660
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0660
http://dx.doi.org/10.1093/jb/mvx075
http://dx.doi.org/10.1093/jb/mvx075
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0670
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0670
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0675
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0675
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0675
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0680
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0680
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0680
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0685
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0685
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0685
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0685
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0690
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0690
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0695
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0695
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0695
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0700
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0700
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0705
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0705


[142] M.A. Kotterman, T.W. Chalberg, D.V. Schaffer, Viral vectors for gene therapy:
translational and clinical outlook, Annu. Rev. Biomed. Eng. 17 (2015) 63–89.

[143] T. Sakuma, M.A. Barry, Y. Ikeda, Lentiviral vectors: basic to translational,
Biochem. J. 443 (2012) 603–618.

[144] N. Uchida, R.E. Sutton, A.M. Friera, D.P. He, M.J. Reitsma, W.C. Chang, G. Veres,
R. Scollay, I.L. Weissman, HIV, but not murine leukemia virus, vectors mediate
high efficiency gene transfer into freshly isolated G(0)/G(1) human hematopoietic
stem cells, PNAS 95 (1998) 11939–11944.

[145] S.F.J. Le Grice, “In the beginning”: initiation of minus strand DNA synthesis in
retroviruses and LTR-containing retrotransposons, Biochemistry 42 (2003)
14349–14355.

[146] L. Kleiman, R. Halwani, H. Javanbakht, The selective packaging and annealing of
primer tRNA(Lys3) in HIV-1, Curr. HIV Res. 2 (2004) 163–175.

[147] C. Yarian, M. Marszalek, E. Sochacka, A. Malkiewicz, R. Guenther, A. Miskiewicz,
P.F. Agris, Modified nucleoside dependent Watson–Crick and wobble codon
binding by tRNA(UUU)(Lys) species, Biochemistry 39 (2000) 13390–13395.

[148] J.W. Stuart, Z. Gdaniec, R. Guenther, M. Marszalek, E. Sochacka, A. Malkiewicz,
P.F. Agris, Functional anticodon architecture of human tRNA(Lys3) includes dis-
ruption of intraloop hydrogen bonding by the naturally occurring amino acid
modification, t(6)A, Biochemistry 39 (2000) 13396–13404.

[149] V. Emilsson, A.K. Näslund, C.G. Kurland, Thiolation of transfer RNA in Escherichia
coli varies with growth rate, Nucleic Acids Res. 20 (1992) 4499–4505.

[150] M. Buck, E. Griffiths, Regulation of aromatic amino acid transport by tRNA: role of
2-methylthio-N6-(delta2-isopentenyl)-adenosine, Nucleic Acids Res. 9 (1981)
401–414.

[151] R.P. Singhal, R.A. Kopper, S. Nishimura, N. Shindo-Okada, Modification of gua-
nine to queuine in transfer RNAs during development and aging, Biochem.
Biophys. Res. Commun. 99 (1981) 120–126.

[152] F. Alings, L.P. Sarin, C. Fufezan, H.C. Drexler, S.A. Leidel, An evolutionary ap-
proach uncovers a diverse response of tRNA 2-thiolation to elevated temperatures
in yeast, RNA 21 (2015) 202–212.

[153] V. Braun, Iron uptake by Escherichia coli, Front. Biosci. 8 (2003) s1409–1421.
[154] A.H. Rosenberg, M.L. Gefter, An iron-dependent modification of several transfer

RNA species in Escherichia coli, J. Mol. Biol. 46 (1969) 581–584.
[155] E. Griffiths, J. Humphreys, Alterations in tRNAs containing 2-methylthio-N6-

(delta2-isopentenyl)-adenosine during growth of enteropathogenic Escherichia coli
in the presence of iron-binding proteins, Eur. J. Biochem./FEBS 82 (1978)
503–513.

[156] W.R. Farkas, Queuine, the Q-containing tRNAs and the enzymes responsible for
their formation, Nucleosides Nucleotides 2 (1983) 1–20.

[157] D.M. Connolly, M.E. Winkler, Genetic and physiological relationships among the
miaA gene, 2-methylthio-N6-(delta 2-isopentenyl)-adenosine tRNA modification,
and spontaneous mutagenesis in Escherichia coli K-12, J. Bacteriol. 171 (1989)
3233–3246.

[158] D.M. Connolly, M.E. Winkler, Structure of Escherichia coli K-12 miaA and char-
acterization of the mutator phenotype caused by miaA insertion mutations, J.
Bacteriol. 173 (1991) 1711–1721.

[159] E. Griffiths, J. Humphreys, A. Leach, L. Scanlon, Alterations in the tRNA's of
Escherichia coli recovered from lethally infected animals, Infect. Immun. 22 (1978)
312–317.

[160] T.G. Hagervall, Y.H. Jonsson, C.G. Edmonds, J.A. McCloskey, G.R. Björk,
Chorismic acid, a key metabolite in modification of tRNA, J. Bacteriol. 172 (1990)
252–259.

[161] B. Esberg, G.R. Björk, The methylthio group (ms2) of N6-(4-hydroxyisopentenyl)-
2-methylthioadenosine (ms2io6A) present next to the anticodon contributes to the
decoding efficiency of the tRNA, J. Bacteriol. 177 (1995) 1967–1975.

[162] J.M. Durand, G.R. Björk, A. Kuwae, M. Yoshikawa, C. Sasakawa, The modified
nucleoside 2-methylthio-N6-isopentenyladenosine in tRNA of Shigella flexneri is
required for expression of virulence genes, J. Bacteriol. 179 (1997) 5777–5782.

[163] H. Laten, J. Gorman, R.M. Bock, Isopentenyladenosine deficient tRNA from an
antisuppressor mutant of Saccharomyces cerevisiae, Nucleic Acids Res. 5 (1978)
4329–4342.

[164] M. Pratt-Hyatt, D.A. Pai, R.A. Haeusler, G.G. Wozniak, P.D. Good, E.L. Miller,
I.X. McLeod, J.R. Yates 3rd, A.K. Hopper, D.R. Engelke, Mod5 protein binds to
tRNA gene complexes and affects local transcriptional silencing, PNAS 110 (2013)
E3081–3089.

[165] D.F. Read, T.J. Waller, E. Tse, D.R. Southworth, D.R. Engelke, P.J. Smaldino,
Aggregation of Mod5 is affected by tRNA binding with implications for tRNA gene-
mediated silencing, FEBS Lett. 591 (2017) 1601–1610.

[166] T. Takahara, T. Maeda, TORC1 of fission yeast is rapamycin-sensitive, Genes Cells
17 (2012) 698–708.

[167] T.N. Lamichhane, N.H. Blewett, A.K. Crawford, V.A. Cherkasova, J.R. Iben,
T.J. Begley, P.J. Farabaugh, R.J. Maraia, Lack of tRNA modification isopentenyl-
A37 alters mRNA decoding and causes metabolic deficiencies in fission yeast, Mol.
Cell. Biol. 33 (2013) 2918–2929.

[168] J.W. Yarham, T.N. Lamichhane, A. Pyle, S. Mattijssen, E. Baruffini, F. Bruni,
C. Donnini, A. Vassilev, L. He, E.L. Blakely, H. Griffin, M. Santibanez-Koref,
L.A. Bindoff, I. Ferrero, P.F. Chinnery, R. McFarland, R.J. Maraia, R.W. Taylor,
Defective i6A37 modification of mitochondrial and cytosolic tRNAs results from
pathogenic mutations in TRIT1 and its substrate tRNA, PLoS Genet. 10 (2014)
e1004424.

[169] A.M. Diamond, I.S. Choi, P.F. Crain, T. Hashizume, S.C. Pomerantz, R. Cruz,
C.J. Steer, K.E. Hill, R.F. Burk, J.A. McCloskey, D.L. Hatfield, Dietary selenium
affects methylation of the wobble nucleoside in the anticodon of selenocysteine
tRNA([Ser]Sec), J. Biol. Chem. 268 (1993) 14215–14223.

[170] E. Schoenmakers, B. Carlson, M. Agostini, C. Moran, O. Rajanayagam,

E. Bochukova, R. Tobe, R. Peat, E. Gevers, F. Muntoni, P. Guicheney,
N. Schoenmakers, S. Farooqi, G. Lyons, D. Hatfield, K. Chatterjee, Mutation in
human selenocysteine transfer RNA selectively disrupts selenoprotein synthesis, J.
Clin. Invest. 126 (2016) 992–996.

[171] P. Chen, G. Jäger, B. Zheng, Transfer RNA modifications and genes for modifying
enzymes in Arabidopsis thaliana, BMC Plant Biol. 10 (2010) 201, http://dx.doi.org/
10.1186/1471-2229-10-201.

[172] C. Zheng, K.A. Black, P.C. Dos Santos, Diverse mechanisms of sulfur decoration in
bacterial tRNA and their cellular functions, Biomol. Ther. 7 (2017), http://dx.doi.
org/10.3390/biom7010033.

[173] Y. Nakai, M. Nakai, T. Yano, Sulfur modifications of the wobble U34 in tRNAs and
their intracellular localization in eukaryotic cells, Biomol. Ther. 7 (2017), http://
dx.doi.org/10.3390/biom7010017.

[174] M. Cavuzic, Y. Liu, Biosynthesis of sulfur-containing tRNA modifications: a com-
parison of bacterial, archaeal, and eukaryotic pathways, Biomol. Ther. 7 (2017),
http://dx.doi.org/10.3390/biom7010027.

[175] C.T. Lauhon, Requirement for IscS in biosynthesis of all thionucleosides in
Escherichia coli, J. Bacteriol. 184 (2002) 6820–6829.

[176] E.G. Mueller, Trafficking in persulfides: delivering sulfur in biosynthetic pathways,
Nat. Chem. Biol. 2 (2006) 185–194.

[177] Y. Nakai, M. Nakai, H. Hayashi, Thio-modification of yeast cytosolic tRNA requires
a ubiquitin-related system that resembles bacterial sulfur transfer systems, J. Biol.
Chem. 283 (2008) 27469–27476.

[178] S.J. Maiocco, A.J. Arcinas, B.J. Landgraf, K.H. Lee, S.J. Booker, S.J. Elliott,
Transformations of the FeS clusters of the methylthiotransferases MiaB and RimO,
detected by direct electrochemistry, Biochemistry 55 (2016) 5531–5536.

[179] F. Forouhar, S. Arragain, M. Atta, S. Gambarelli, J.M. Mouesca, M. Hussain,
R. Xiao, S. Kieffer-Jaquinod, J. Seetharaman, T.B. Acton, G.T. Montelione,
E. Mulliez, J.F. Hunt, M. Fontecave, Two Fe–S clusters catalyze sulfur insertion by
radical-SAM methylthiotransferases, Nat. Chem. Biol. 9 (2013) 333–338.

[180] T. Nakayashiki, N. Saito, R. Takeuchi, H. Kadokura, K. Nakahigashi, B.L. Wanner,
H. Mori, The tRNA thiolation pathway modulates the intracellular redox state in
Escherichia coli, J. Bacteriol. 195 (2013) 2039–2049.

[181] B. Zinshteyn, W.V. Gilbert, Loss of a conserved tRNA anticodon modification
perturbs cellular signaling, PLoS Genet. 9 (2013) e1003675.

[182] L. Endres, P.C. Dedon, T.J. Begley, Codon-biased translation can be regulated by
wobble-base tRNA modification systems during cellular stress responses, RNA
Biol. 12 (2015) 603–614.

[183] D.C. Shippy, N.M. Eakley, C.T. Lauhon, P.N. Bochsler, A.A. Fadl, Virulence char-
acteristics of Salmonella following deletion of genes encoding the tRNA mod-
ification enzymes GidA and MnmE, Microb. Pathog. 57 (2013) 1–9.

[184] J.R. Damon, D. Pincus, H.L. Ploegh, tRNA thiolation links translation to stress
responses in Saccharomyces cerevisiae, Mol. Biol. Cell 26 (2015) 270–282.

[185] L. Han, Y. Kon, E.M. Phizicky, Functional importance of Ψ38 and Ψ39 in distinct
tRNAs, amplified for tRNAGln(UUG) by unexpected temperature sensitivity of the
s2U modification in yeast, RNA 21 (2015) 188–201.

[186] S. Laxman, B.M. Sutter, X. Wu, S. Kumar, X. Guo, D.C. Trudgian, H. Mirzaei,
B.P. Tu, Sulfur amino acids regulate translational capacity and metabolic home-
ostasis through modulation of tRNA thiolation, Cell 154 (2013) 416–429.

[187] J.M. Rehl, D.C. Shippy, N.M. Eakley, M.D. Brevik, J.M. Sand, M.E. Cook, A.A. Fadl,
GidA expression in Salmonella is modulated under certain environmental condi-
tions, Curr. Microbiol. 67 (2013) 279–285.

[188] D. Su, C.T. Chan, C. Gu, K.S. Lim, Y.H. Chionh, M.E. McBee, B.S. Russell, I.R. Babu,
T.J. Begley, P.C. Dedon, Quantitative analysis of ribonucleoside modifications in
tRNA by HPLC-coupled mass spectrometry, Nat. Protoc. 9 (2014) 828–841.

[189] R. Ross, X. Cao, N. Yu, P.A. Limbach, Sequence mapping of transfer RNA chemical
modifications by liquid chromatography tandem mass spectrometry, Methods 107
(2016) 73–78.

[190] K. Thuring, K. Schmid, P. Keller, M. Helm, Analysis of RNA modifications by liquid
chromatography-tandem mass spectrometry, Methods 107 (2016) 48–56.

[191] C.T. Chan, M. Dyavaiah, M.S. DeMott, K. Taghizadeh, P.C. Dedon, T.J. Begley, A
quantitative systems approach reveals dynamic control of tRNA modifications
during cellular stress, PLoS Genet. 6 (2010) e1001247.

[192] S. Kellner, J. Neumann, D. Rosenkranz, S. Lebedeva, R.F. Ketting, H. Zischler,
D. Schneider, M. Helm, Profiling of RNA modifications by multiplexed stable
isotope labelling, Chem. Commun. (Camb.) 50 (2014) 3516–3518.

[193] C.T. Chan, W. Deng, F. Li, M.S. DeMott, I.R. Babu, T.J. Begley, P.C. Dedon, Highly
predictive reprogramming of tRNA modifications is linked to selective expression
of codon-biased genes, Chem. Res. Toxicol. 28 (2015) 978–988.

[194] H.Y. Huang, A.K. Hopper, Multiple layers of stress-induced regulation in tRNA
biology, Life (Basel) 6 (2016).

[195] C. Tomikawa, T. Yokogawa, T. Kanai, H. Hori, N7-Methylguanine at position 46
(m7G46) in tRNA from Thermus thermophilus is required for cell viability at high
temperatures through a tRNA modification network, Nucleic Acids Res. 38 (2010)
942–957.

[196] K. Ishida, T. Kunibayashi, C. Tomikawa, A. Ochi, T. Kanai, A. Hirata, C. Iwashita,
H. Hori, Pseudouridine at position 55 in tRNA controls the contents of other
modified nucleotides for low-temperature adaptation in the extreme-thermophilic
eubacterium Thermus thermophilus, Nucleic Acids Res. 39 (2011) 2304–2318.

[197] N. Shigi, Y. Sakaguchi, T. Suzuki, K. Watanabe, Identification of two tRNA thio-
lation genes required for cell growth at extremely high temperatures, J. Biol.
Chem. 281 (2006) 14296–14306.

[198] N. Shigi, Y. Sakaguchi, S. Asai, T. Suzuki, K. Watanabe, Common thiolation me-
chanism in the biosynthesis of tRNA thiouridine and sulphur-containing cofactors,
EMBO J. 27 (2008) 3267–3278.

[199] M. Sund-Levander, C. Forsberg, L.K. Wahren, Normal oral, rectal, tympanic and

C.S. Koh, L.P. Sarin BBA - Gene Regulatory Mechanisms 1861 (2018) 419–432

431

http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0710
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0710
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0715
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0715
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0720
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0720
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0720
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0720
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0725
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0725
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0725
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0730
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0730
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0735
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0735
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0735
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0740
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0740
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0740
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0740
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0745
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0745
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0750
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0750
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0750
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0755
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0755
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0755
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0760
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0760
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0760
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0765
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0770
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0770
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0775
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0775
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0775
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0775
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0780
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0780
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0785
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0785
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0785
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0785
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0790
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0790
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0790
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0795
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0795
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0795
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0800
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0800
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0800
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0805
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0805
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0805
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0810
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0810
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0810
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0815
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0815
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0815
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0820
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0820
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0820
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0820
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0825
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0825
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0825
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0830
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0830
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0835
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0835
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0835
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0835
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0840
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0840
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0840
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0840
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0840
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0840
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0845
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0845
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0845
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0845
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0850
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0850
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0850
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0850
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0850
http://dx.doi.org/10.1186/1471-2229-10-201
http://dx.doi.org/10.1186/1471-2229-10-201
http://dx.doi.org/10.3390/biom7010033
http://dx.doi.org/10.3390/biom7010033
http://dx.doi.org/10.3390/biom7010017
http://dx.doi.org/10.3390/biom7010017
http://dx.doi.org/10.3390/biom7010027
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0875
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0875
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0880
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0880
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0885
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0885
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0885
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0890
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0890
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0890
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0895
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0895
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0895
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0895
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0900
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0900
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0900
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0905
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0905
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0910
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0910
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0910
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0915
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0915
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0915
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0920
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0920
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0925
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0925
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0925
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0930
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0930
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0930
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0935
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0935
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0935
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0940
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0940
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0940
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0945
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0945
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0945
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0950
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0950
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0955
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0955
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0955
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0960
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0960
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0960
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0965
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0965
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0965
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0970
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0970
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0975
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0975
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0975
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0975
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0980
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0980
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0980
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0980
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0985
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0985
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0985
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0990
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0990
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0990
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0995


axillary body temperature in adult men and women: a systematic literature re-
view, Scand. J. Caring Sci. 16 (2002) 122–128.

[200] A.A. Kinahan, R. Inge-moller, P.W. Bateman, A. Kotze, M. Scantlebury, Body
temperature daily rhythm adaptations in African savanna elephants (Loxodonta
africana), Physiol. Behav. 92 (2007) 560–565.

[201] G.A. Petrides, Body temperature data for the cottontail rabbit, J. Mammal. 28
(1947) 400.

[202] S.M. Kinghorn, C.P. O'Byrne, I.R. Booth, I. Stansfield, Physiological analysis of the
role of truB in Escherichia coli: a role for tRNA modification in extreme temperature
resistance, Microbiology 148 (2002) 3511–3520.

[203] A. Alexandrov, E.J. Grayhack, E.M. Phizicky, tRNA m7G methyltransferase
Trm8p/Trm82p: evidence linking activity to a growth phenotype and implicating
Trm82p in maintaining levels of active Trm8p, RNA 11 (2005) 821–830.

[204] A.S. Goehring, D.M. Rivers, G.F. Sprague Jr., Urmylation: a ubiquitin-like pathway
that functions during invasive growth and budding in yeast, Mol. Biol. Cell 14
(2003) 4329–4341.

[205] A. Esberg, B. Huang, M.J. Johansson, A.S. Byström, Elevated levels of two tRNA
species bypass the requirement for elongator complex in transcription and exo-
cytosis, Mol. Cell 24 (2006) 139–148.

[206] D.C. Shippy, A.A. Fadl, tRNA modification enzymes GidA and MnmE: potential
role in virulence of bacterial pathogens, Int. J. Mol. Sci. 15 (2014) 18267–18280.

[207] V.A. Rezgui, K. Tyagi, N. Ranjan, A.L. Konevega, J. Mittelstaet, M.V. Rodnina,
M. Peter, P.G. Pedrioli, tRNA tKUUU, tQUUG, and tEUUC wobble position mod-
ifications fine-tune protein translation by promoting ribosome A-site binding,
PNAS 110 (2013) 12289–12294.

[208] H. Tükenmez, H. Xu, A. Esberg, A.S. Byström, The role of wobble uridine mod-
ifications in +1 translational frameshifting in eukaryotes, Nucleic Acids Res. 43
(2015) 9489–9499.

[209] A. Rodriguez-Hernandez, J.L. Spears, K.W. Gaston, P.A. Limbach, H. Gamper,
Y.M. Hou, R. Kaiser, P.F. Agris, J.J. Perona, Structural and mechanistic basis for
enhanced translational efficiency by 2-thiouridine at the tRNA anticodon wobble
position, J. Mol. Biol. 425 (2013) 3888–3906.

[210] N.E. Chavarria, S. Hwang, S. Cao, X. Fu, M. Holman, D. Elbanna, S. Rodriguez,
D. Arrington, M. Englert, S. Uthandi, D. Söll, J.A. Maupin-Furlow, Archaeal Tuc1/
Ncs6 homolog required for wobble uridine tRNA thiolation is associated with
ubiquitin-proteasome, translation, and RNA processing system homologs, PLoS
One 9 (2014) e99104.

[211] H. Sinha, L. David, R.C. Pascon, S. Clauder-Munster, S. Krishnakumar, M. Nguyen,
G. Shi, J. Dean, R.W. Davis, P.J. Oefner, J.H. McCusker, L.M. Steinmetz, Sequential
elimination of major-effect contributors identifies additional quantitative trait loci
conditioning high-temperature growth in yeast, Genetics 180 (2008) 1661–1670.

[212] C.T. Chan, Y.L. Pang, W. Deng, I.R. Babu, M. Dyavaiah, T.J. Begley, P.C. Dedon,
Reprogramming of tRNA modifications controls the oxidative stress response by
codon-biased translation of proteins, Nat. Commun. 3 (2012) 937.

[213] A.J. Martin-Galiano, J.M. Wells, A.G. de la Campa, Relationship between codon
biased genes, microarray expression values and physiological characteristics of
Streptococcus pneumoniae, Microbiology 150 (2004) 2313–2325.

[214] J.M. Dewe, B.L. Fuller, J.M. Lentini, S.M. Kellner, D. Fu, TRMT1-catalyzed tRNA
modifications are required for redox homeostasis to ensure proper cellular pro-
liferation and oxidative stress survival, Mol. Cell. Biol. 37 (2017), http://dx.doi.
org/10.1128/MCB.00214-17.

[215] C. Pathak, Y.K. Jaiswal, M. Vinayak, Queuine promotes antioxidant defence
system by activating cellular antioxidant enzyme activities in cancer, Biosci. Rep.
28 (2008) 73–81.

[216] U. Begley, M. Dyavaiah, A. Patil, J.P. Rooney, D. DiRenzo, C.M. Young,
D.S. Conklin, R.S. Zitomer, T.J. Begley, Trm9-catalyzed tRNA modifications link
translation to the DNA damage response, Mol. Cell 28 (2007) 860–870.

[217] L. Endres, U. Begley, R. Clark, C. Gu, A. Dziergowska, A. Malkiewicz,
J.A. Melendez, P.C. Dedon, T.J. Begley, Alkbh8 regulates selenocysteine-protein
expression to protect against reactive oxygen species damage, PLoS One 10 (2015)
e0131335.

[218] 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, M. Fuangthong, Methylation at position 32 of tRNA cata-
lyzed by TrmJ alters oxidative stress response in Pseudomonas aeruginosa, Nucleic
Acids Res. 44 (2016) 10834–10848.

[219] A.Y. Golovina, P.V. Sergiev, A.V. Golovin, M.V. Serebryakova, I. Demina,
V.M. Govorun, O.A. Dontsova, The yfiC gene of E. coli encodes an adenine-N6

methyltransferase that specifically modifies A37 of tRNA1Val(cmo5UAC), RNA 15
(2009) 1134–1141.

[220] L. Pintard, F. Lecointe, J.M. Bujnicki, C. Bonnerot, H. Grosjean, B. Lapeyre, Trm7p
catalyses the formation of two 2′-O-methylriboses in yeast tRNA anticodon loop,
EMBO J. 21 (2002) 1811–1820.

[221] M.P. Guy, B.M. Podyma, M.A. Preston, H.H. Shaheen, K.L. Krivos, P.A. Limbach,
A.K. Hopper, E.M. Phizicky, Yeast Trm7 interacts with distinct proteins for critical
modifications of the tRNAPhe anticodon loop, RNA 18 (2012) 1921–1933.

[222] Y. Takano, N. Takayanagi, H. Hori, Y. Ikeuchi, T. Suzuki, A. Kimura, T. Okuno, A
gene involved in modifying transfer RNA is required for fungal pathogenicity and
stress tolerance of Colletotrichum lagenarium, Mol. Microbiol. 60 (2006) 81–92.

[223] D. Elseviers, L.A. Petrullo, P.J. Gallagher, Novel E. coli mutants deficient in bio-
synthesis of 5-methylaminomethyl-2-thiouridine, Nucleic Acids Res. 12 (1984)
3521–3534.

[224] L. Yim, I. Moukadiri, G.R. Björk, M.E. Armengod, Further insights into the tRNA
modification process controlled by proteins MnmE and GidA of Escherichia coli,
Nucleic Acids Res. 34 (2006) 5892–5905.

[225] D.C. Shippy, N.M. Eakley, P.N. Bochsler, A.K. Chopra, A.A. Fadl, Biological and
virulence characteristics of Salmonella enterica Serovar Typhimurium following
deletion of glucose-inhibited division (gidA) gene, Microb. Pathog. 50 (2011)
303–313.

[226] J. Gray, J. Wang, S.B. Gelvin, Mutation of the miaA gene of Agrobacterium tume-
faciens results in reduced vir gene expression, J. Bacteriol. 174 (1992) 1086–1098.

[227] T.G. Kinscherf, D.K. Willis, Global regulation by gidA in Pseudomonas syringae, J.
Bacteriol. 184 (2002) 2281–2286.

[228] K.H. Cho, M.G. Caparon, tRNA modification by GidA/MnmE is necessary for
Streptococcus pyogenes virulence: a new strategy to make live attenuated strains,
Infect. Immun. 76 (2008) 3176–3186.

[229] G.R. Kitchingman, M.J. Fournier, Modification-deficient transfer ribonucleic acids
from relaxed control Escherichia coli: structures of the major undermodified phe-
nylalanine and leucine transfer RNAs produced during leucine starvation,
Biochemistry 16 (1977) 2213–2220.

[230] J.M. Durand, B. Dagberg, B.E. Uhlin, G.R. Björk, Transfer RNA modification,
temperature and DNA superhelicity have a common target in the regulatory net-
work of the virulence of Shigella flexneri: the expression of the virF gene, Mol.
Microbiol. 35 (2000) 924–935.

[231] Y. Motorin, M. Helm, tRNA stabilization by modified nucleotides, Biochemistry 49
(2010) 4934–4944.

[232] Y.K. Yeoh, P.G. Dennis, C. Paungfoo-Lonhienne, L. Weber, R. Brackin, M.A. Ragan,
S. Schmidt, P. Hugenholtz, Evolutionary conservation of a core root microbiome
across plant phyla along a tropical soil chronosequence, Nat. Commun. 8 (2017)
215, , http://dx.doi.org/10.1038/s41467-017-00262-8.

[233] A.C. Velasquez, M. Oney, B. Huot, S. Xu, S.Y. He, Diverse mechanisms of resistance
to Pseudomonas syringae in a thousand natural accessions of Arabidopsis thaliana,
New Phytol. 214 (2017) 1673–1687.

[234] K. Ursic, M. Ogrizovic, D. Kordis, K. Natter, U. Petrovic, Tum1 is involved in the
metabolism of sterol esters in Saccharomyces cerevisiae, BMC Microbiol. 17 (2017)
181, , http://dx.doi.org/10.1186/s12866-017-1088-1.

[235] Y. Motorin, F. Lyko, M. Helm, 5-methylcytosine in RNA: detection, enzymatic
formation and biological functions, Nucleic Acids Res. 38 (2010) 1415–1430.

[236] V. Marchand, F. Pichot, K. Thuring, L. Ayadi, I. Freund, A. Dalpke, M. Helm,
Y. Motorin, Next-generation sequencing-based RiboMethSeq protocol for analysis
of tRNA 2′-O-methylation, Biomol. Ther. 7 (2017), http://dx.doi.org/10.3390/
biom7010013.

[237] N.T. Ingolia, G.A. Brar, S. Rouskin, A.M. McGeachy, J.S. Weissman, The ribosome
profiling strategy for monitoring translation in vivo by deep sequencing of ribo-
some-protected mRNA fragments, Nat. Protoc. 7 (2012) 1534–1550.

[238] L.P. Sarin, S.D. Kienast, J. Leufken, R.L. Ross, P.A. Limbach, C. Fufezan,
H.C. Drexler, S.A. Leidel, Attomol-level quantification of chemically modified ri-
bonucleosides enabled by capillary porous graphitic carbon columns in nano LC-
MS, bioRxiv 222315 (2017), http://dx.doi.org/10.1101/222315.

[239] J. Leufken, A. Niehues, L.P. Sarin, F. Wessel, M. Hippler, S.A. Leidel, C. Fufezan,
pyQms enables universal and accurate quantification of mass spectrometry data,
Mol. Cell. Proteomics 16 (2017) 1736–1745.

[240] A. Lecanda, B.S. Nilges, P. Sharma, D.D. Nedialkova, J. Schwarz, J.M. Vaquerizas,
S.A. Leidel, Dual randomization of oligonucleotides to reduce the bias in ribosome-
profiling libraries, Methods 107 (2016) 89–97.

C.S. Koh, L.P. Sarin BBA - Gene Regulatory Mechanisms 1861 (2018) 419–432

432

http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0995
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf0995
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1000
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1000
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1000
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1005
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1005
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1010
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1010
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1010
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1015
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1015
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1015
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1020
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1020
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1020
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1025
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1025
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1025
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1030
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1030
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1035
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1035
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1035
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1035
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1040
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1040
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1040
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1045
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1045
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1045
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1045
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1050
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1050
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1050
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1050
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1050
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1055
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1055
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1055
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1055
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1060
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1060
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1060
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1065
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1065
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1065
http://dx.doi.org/10.1128/MCB.00214-17
http://dx.doi.org/10.1128/MCB.00214-17
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1075
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1075
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1075
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1080
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1080
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1080
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1085
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1085
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1085
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1085
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1090
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1090
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1090
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1090
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1090
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1095
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1095
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1095
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1095
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1100
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1100
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1100
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1105
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1105
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1105
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1110
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1110
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1110
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1115
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1115
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1115
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1120
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1120
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1120
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1125
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1125
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1125
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1125
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1130
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1130
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1135
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1135
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1140
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1140
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1140
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1145
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1145
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1145
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1145
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1150
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1150
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1150
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1150
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1155
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1155
http://dx.doi.org/10.1038/s41467-017-00262-8
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1165
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1165
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1165
http://dx.doi.org/10.1186/s12866-017-1088-1
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1175
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1175
http://dx.doi.org/10.3390/biom7010013
http://dx.doi.org/10.3390/biom7010013
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1185
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1185
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1185
http://dx.doi.org/10.1101/222315
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1195
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1195
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1195
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1200
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1200
http://refhub.elsevier.com/S1874-9399(17)30337-1/rf1200

	Transfer RNA modification and infection – Implications for pathogenicity and host responses
	Introduction
	Impact on structures and folding
	tRNA stability
	Interactions with and recognition by translational factors

	Genome recoding
	tRNA editing expands the coding capacity
	Preventing reading frame slippage or programmed frameshifting
	Codon usage
	Reassigning codons
	tRNA priming

	Metabolism regulation
	Sulfur relay

	Infection and host responses – adaptation to stress
	Temperature stress
	Oxidative stress
	Salinity, pH, and nutrient starvation

	Discussion
	Perspectives
	Transparency document
	Funding
	References




