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Transfer RNAs (tRNAs) are essential adaptors that mediate translation of the genetic code. Modifications to tRNA
are installed as post-transcriptional events at multiple locations on the tRNA structure by specialized tRNA-
modifying enzymes and can occur at the 2’0OH group of the ribose moiety as well as various positions of all A, C, G,
and U bases. These modifications are diverse in their chemical structures and functional properties, and respond to

nutritional and environmental factors.

tRNA modifications translation tRNA thionucleoside translational capacity

hypermodification

1. Abstract

tRNA undergoes a variety of post-transcriptional modifications. These chemical changes modulate the reactivity,
structure, and stability of tRNA. Modifications to tRNA are important for interactions with aminoacyl tRNA
synthetases (aaRSs), the ribosome, and messenger RNA sequences (MRNA), thereby affecting the proficiency of
translational processes. The synthesis and reactivity of modified tRNAs is affected by environmental and nutritional
factors, which lead to dynamic changes in the overall tRNA epitranscriptome. Consequently, tRNA modifications
are involved in stress responses impacting translational efficiency and are used to elicit cellular changes at both
the transcriptional and post-translational levels. Extracurricular functions imbued by tRNA modifications assign

roles to these adaptor molecules as markers, sensor, and regulators of translational capacity.

2. Introduction

Transfer RNAs (tRNAs) are essential adaptors that mediate the decoding of genetic information. Functional tRNA
molecules contain a myriad of modified nucleosides that are essential for structural stability and efficient protein
synthesis . To date, nearly 100 individual modifications have been reported in mature tRNA molecules 2. These
modifications are instated post-transcriptionally at multiple locations of the tRNA by specialized tRNA-modifying
enzymes, and can occur at the 2'0OH group of the ribose moiety and at various positions of all four RNA bases (A,
G, C, U). These modifications are diverse in their chemical nature and functional properties, and range from the
addition of a simple thio or methyl groups to the insertion of highly elaborate structures, such as in the case of
queuosine (Q) BIMBEIE Hypermodifications, multiple chemical alterations occurring within the same base, are also
observed in tRNA as evidenced by the 5-methylaminomethyl-2-thiouridine (mnm®s2U) or the 2-methylthio-N®-

isopentenyl adenosine (ms2i®A) modifications . The enzymes and the sequence of biosynthetic steps involved
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during the sequential or independent installation of modifications varies across phylogenetic groups and are

subject to distinct mechanisms of regulation at the transcriptional and post-translational levels.

The canonical roles assigned to tRNA modifications have been generally categorized as important elements for
translational accuracy and efficiency. The lack of certain modifications impairs the tRNA's ability to interact with
translation partners including aminoacyl tRNA synthetases (aaRSs), elongation factor-tu (Ef-Tu), the ribosome, and
coding RNA sequences BRI Modifications participating in interactions with translation components are present
throughout the structure of tRNA (Figure 1). They serve as structural elements that promote the proper folding and
conformation of these molecules, as well as functional elements that allow intramolecular chemical interactions
within the tRNA and intermolecular interactions with translational partners. tRNA quality control checkpoints identify
hypomodified tRNA and selectively target them for degradation, events of which modulate the tRNA pool and
composition LUI2L3] Additionally, the presence of certain modifications also serves as a primer for other tRNA-
modifying enzymes during sequential biosynthetic schemes during the synthesis of modifications at other positions
on the tRNA structure. Therefore, the degree and prevalence of these modifications impacts translational capacity

through direct and indirect mechanisms.

Figure 1. Modifications throughout the tRNA structure are important recognition elements for interaction with a
variety of partners in translation. The tRNA structure (PDB 1u0b) shows domains color coded in accordance with
Figure 1. m5U54 confers binding with T. aquaticus Ef-Tu [&; s4U8 is necessary for structural stability impacting
interactions with E. coli PheRS and ProRS [14l: U35/U36, along with mnm5s2U34, are major identity elements for
E. coli LysRS binding [&: agm2C34 interacts with the T. thermophilus 70S ribosome 13: k2C34 is required for
codon discrimination by I1leRS in E. coli and B. subtilis [28l: s2U34, m2A37, and 38 are required for E. coli GINRS
substrate recognition and aminoacylation efficiency 218l: ms2i6A37 directly interacts with cognate mRNA bases
in E, P and A sites of the ribosome 12: all aaRSs require 3'-CCA moiety for tRNA charging 22,

3. tRNA modifications respond to nutritional and environmental conditions

tRNA modifications are affected by a variety of nutritional and environmental stressors, and participate in a series

of adaptive responses (Figure 2). These factors include nutrient limitation, changes in growth conditions such as
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extreme low/high growth temperatures, oxidative stress, respiratory requirements, local cellular pH fluctuations,
and the presence of toxic compounds like antibiotics 2. As a result, these stressors lead to dynamic changes in
the tRNA epitranscriptome by either (1) directly participating in reactions with tRNA modifications or (2) by indirectly
affecting the levels or activity of tRNA modifying enzymes. In both cases, these responses initiate the
reprogramming of tRNA modifications and tRNA pool composition, leading to reduced growth rates and the
upregulation of cellular stress response elements [22. Thus, the occurrence of select post-transcriptional
modifications on tRNA is proposed to contribute to adaptive mechanisms that enable the organism to survive

during prolonged harsh growth conditions [23],

Figure 2. Schematic representation of tRNA modifications affected by nutritional and environmental stressors.
Modifications affected by more than one condition are indicated with corresponding colored rings. *2-O’-
methyladenosine (Am32) and 2-O’-methyluridine (Um32) are additionally affected by oxidative stress. The numbers
“1" and “9” found within each base denote the B-glycosidic bond orientation found in the pyrimidine and purine

bases, with their adjacent riboses.

4. Perspective on expanded functions of tRNA modifications

Extracurricular functions of tRNA modifications are credited to their critical roles during protein
synthesis and how the degree and prevalence of these modified tRNAs impact translational
competence and efficiency. Based on this premise, tRNA modifications affected by nutritional and
environmental conditions are considered intermediates in cellular responses against a variety of
stress factors. Whether serving as sensors, biomarkers, or regulatory elements, the reactivity of
these modified molecules and their associated biosynthetic enzymes are central elements in
promoting microbial fitness and adaptation across diverse habitats 241231261 ynderstanding the
mechanisms underlying the dynamic remodeling of the tRNA epitranscriptome in response to
external stimuli provides an exciting avenue for identifying evolutionary determinants and microbial
self-defense strategies that are distinct across phylogenetic groups. A comprehensive analysis of the
non-canonical roles that tRNA modifications play in complex metabolic processes has recently been
reviewed 24, These emerging roles have clear implications in microbial physiology and metabolism.
Moving forward, this field of research will continue to uncover the mechanisms by which
modifications are able to respond to cellular stressors and potentially tune metabolic processes at
the epigenetic and translational levels.
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