Molecular mechanism of tRNA modification enzymes in bacterial pathogenicity and their development in antibiotic resistance
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ABSTRACT
Antibiotic resistance is a global challenge still prevailing in many parts. While recent advancements in research and technology are helping to combat the challenge, some undermined and unexplored molecular factors of bacteria are interfering with the broad spectrum targeting of the pathogenicity. tRNA modifications and their enzymes are critical components of the bacterial regulatory mechanism and translation apparatus but their importance in the therapeutics of antibiotic resistance in bacterial human diseases has been elusive. Various tRNA modifications, along with their associated modifying enzymes, are integral to bacterial survival, particularly under adverse environmental conditions. Bacterial tRNA molecule exhibits diversity in modifications, while they are mainly concentrated at tRNA core and anticodon-loop (ACL) regions. This review examines the tRNA modifications in bacteria, including their influence on tRNA stability, protein translation, and their critical involvement in pathogenicity and virulence, encompassing processes such as cell cycle regulation, toxin production, outer membrane protein synthesis, and oxidative stress response. This review also emphasizes emerging strategies and challenges in targeting tRNA-modifying enzymes exclusive to pathogenicity in bacteria paving the foundation for antimicrobial resistance.
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1. INTRODUCTION- Pathogenic bacteria are the species which are cause diseases in humans. This subset of bacterial population has evolved molecular mechanisms to overcome the host defense system and invade the human body. These pathogens express a wide range of molecular factors to express virulence that binds with host cell and facilitate a variety of different host responses. These virulence factors range from capsule (a sugar coating to protect bacteria from the host's immune response and antibiotics), biofilm (multilayered colonized structure), altered metabolism during stress, toxins (molecules that can damage or destroy host cells), adhesins (facilitate binding of the pathogen to host surfaces) to outer membrane proteins; OMPs (to infiltrate host cells) etc.; are unique to specific pathogens and conserved across several different species.
A considerable diversity of mechanisms is found among bacteria to regulate expression of virulence genes in response to conditions prevailing in the host. Numerous conserved and species-specific regulatory proteins have been identified, including global transcriptional regulators of virulence networks. It has recently been discovered that transfer RNA (tRNA) modifications play important roles in the regulation of bacterial pathogenicity [1].  tRNA modifications affects numerous biological processes in bacteria. They regulate translational efficiency, ensure accurate codon-anticodon pairing, prevent frameshift errors, decoding mRNA codons into the corresponding amino acids, as well as stabilize the overall tRNA structure, all to ensure proper protein synthesis and bacterial growth [2]. Localization of these modifications concentrates in the anticodon loop and the tRNA core region of D and TΨC loop. tRNA modifications contributing to pathogenicity in bacteria are mainly present in the anticodon loop and the tRNA core region. Anticodon region modifications (34 and 37) contains modified nucleosides that form wobble base pairing with the third position of the codon [3]. This pairing helps ensure accurate codon recognition and reading frame maintenance [4]. Modifications in the D- or T-loops are responsible for tRNA stability and functional folding. Some of the tRNA modifications extensive to pathogenic bacteria are U34, I, Pseudouridine (Ψ), t6A37, k2C, s2U, Q34 etc.
2. DISCUSSING THE MECHANISM OF tRNA MODIFICATION ENZYMES IN BACTERIAL PATHOGENICITY: tRNA modifications are critical for maintaining the accuracy and efficiency of protein synthesis in all living organisms. tRNA undergo various chemical modifications that influence their structure, stability, and function [3]. These modifications are essential for precise codon-anticodon pairing during translation directly affecting protein synthesis fidelity [5]. In bacteria, specific tRNA modifications have been identified as key regulators of cellular processes, including responses to environmental stress and adaptation to hostile conditions by expressing and regulating virulence factors, apart from impacting protein translation efficiency and accuracy (Table 1). The review discusses some tRNA modifications, their hypermodifications and their enzymes (Fig. 1) highlighting their mechanism of pathogenicity in bacteria:
2.1 Modifications of Anticodon stem loop: The largest diversity of tRNA modifications occur in the anticodon stem loop (ASL) domain, whose main function is to maintain the structural integrity of the anticodon region, required to facilitate tRNA accommodation in the ribosome and optimize codon–anticodon interactions, preventing translational frameshift errors, enhances codon-anticodon pairing accuracy etc. [6]. These modifications are catalysed by some enzymes which also influences pathogenicity in bacteria. The modifications present at 32, 34 and 37 position of ASL, and their influence on expression of virulence in pathogenic bacterial species are discussed:
2.1(a) Modifications present at 32 position: s2C, Am, Um, Cm modifications at position 32 promote growth and surivival during stress. Bacterial tRNAArg is modified at 32 by the addition of thiol group (s2C; 2-thiocytidine), catalysed by TtcA.  s2C negates wobble codon recognition of the rare CGA codon and proceeds decoding of CGU and CGC, subsequently aiding in aminoacylation, which is actively required for an efficient virulence in bacteria under stress conditions from oxidizing agents such as H2O2 [7]. s2C promote S. typhimurium growth during aerobic growth conditions [3]. s2C is crucial for growth of Pseudomonas spp. and Acinetobacter spp. during UV radiation stress [8]. Another modifications at 32 position are methylations; 2-O’-methyladenosine (Am) and 2-O’-methyluridine (Um) and 2′-O-methylcytidine (Cm). These methylations are catalyzed by TrmJ and are extensively expressed by tRNAMet, tRNATrp, tRNAGln. Cm, Am, Um improve anticodon loop stability and anticodon base-paring properties of bacterial tRNA as response from oxidative stress [9]. 
2.1(b) Modifications present at 34 position: tRNA modifications at the 34th position of ASL, also known as the "wobble" position, are crucial for accurate codon-anticodon recognition and translation fidelity, with modifications like inosine (I), Uridine (U), Queuosine (Q), k2C and various modified uridines playing key roles.  They allow tRNA to recognize multiple codons, enhancing decoding flexibility. tRNA Queuosine (Q) is crucial for decoding of Asn, Asp, His and Tyr codons and the modification is synthesized by enzymes QueA, QueG, and QueH [10]. Q-tRNA has been reported to accelerate translational NAU-enriched genes. The higher frequency of NAU codons have been linked to control adhesion and bioflm formation in bacteria [11]. Q regulate in nitrogen metabolism in E. coli and M.tb to enhance their growth and virulence [12]. 
2-thiouridine (s2U) found in tRNAs for Gln, Glu, Lys is synthesized by  L-cysteine desulfurase (IscS) [13]. The enzyme IscS is pivotal for Fe-S cluster synthesis in bacteria where these clusters regulate various bacterial processes including electron transfer, catalysis, sensing extreme environmental conditions like oxygen, iron, and reactive oxygen species (ROS), allowing bacteria to adapt to changing conditions. s2U hypermodifies to 5-methyl-2-thiouridine (xm5s2U),5-methylaminomethyl-2-thiouridine (mnm5s2U), 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U) and 5-carboxymethylamino methyl-2-thiouridine (cmnm5s2U)  Lysine imparts resistance to bacteria from oxidative stress and modulates translation speed [14].  E. coli requires mnm5s2U for LysRS binding which is necessary for GlnRS substrate recognition, aminoacylation efficiency and protein synthesis in order to adhere with host cells via CAMPs resistance and adhesins production [3]. xm5s2U is expressed efficiently in B. subtilis  while its adaptation to human host epithelial environment [15]. mnm5s2U/cmnm5s2U impart protection against potassium permanganate and H2O2 [8,16]. mnm5s2U additionally supports S. enterica to infiltrate intestinal epithelial cells [17].
5-carboxymethylaminomethyluridine (cmnm5U) involves the replacement of taurine moiety of m5U with glycine [18] where the addition of glycine significantly enhances the production of bacterial membrane vesicles, further required for bacterial communication and virulence. The modifications are catalyzed by enzyme GidA and MnmE, which influences bacterial pathogenicity but their functions varies with species [19]. The GTPase activity of these enzymes is responsible to influence the expression of certain bacterial genes encoding virulence regulators by enhancing the proteome components toward pathogenic and well-adapted physiological states such as CNF1 (cytotoxic necrotizing factor 1) expression (E. coli), low temperature survival (S. enterica) [20], growth in acidic pH (S. mutans) [21]. 
 Inosine post transcriptional modification affects codon usage during tRNA gene composition. It is catalyzed by the enzyme tRNA adenosine deaminase A (TadA) in gut bacteria (B. pseudolongum, L. johnsonii, A. muciniphila), found in tRNAArg (ACG), rarely tRNALeu (AAG). The deamination of adenosine expands base pairing in bacteria and provide adaptive flexibility which helps in decoding mRNAs during nutrient stress making this modification essential for bacterial cell viability and cell growth [22]. Inosine promotes adhesins growth in gut bacteria  by potentially supporting wobble base pairing in the anticodon stem which further influences gene expression, codon recognition, and the stability of RNA [23,24]. The structural mimicking of Adenosine by Inosine is exploited by adenosine receptors to impart immunosuppressive ability to bacteria.
 k2C is evolutionary conserved modification and it is involved in several important cellular functions of bacteria such as translation, fitness, and stress adaptation [5]. k2C modification is essential for decoding Ile codons and prevent misacylation by methionyl-tRNA synthetase (MetRS) in bacteria. Aminoacylation in bacteria enhance pathogenicity and provide resistance against CAMPs by neutralizing the negatively charged peptides adhered to bacterial phospholipids of their bilayer membrane [25]. k2C also modulate appendages development in bacteria [26], bacterial metabolism, proteins stability, DNA binding ability which overall are essential for bacterial invasion of host cells, chemotaxis and acid resistance [27].
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Figure 1: Schematic figure of the tRNA secondary structure and location of modified bases in bacteria along with their modification enzymes which contributes to pathogenicity.
2.1(c) Modifications localised at 37 position: tRNA modifications at the 37th position are crucial for accurate codon-anticodon interaction and maintaining the reading frame during translation, stabilizing base pairing and preventing frameshift mutations. The modifications include m1G, t6A, ms2i6A. m1G modification is catalysed by tRNA methyltransferase TrmD [28]. m1G is present in all tRNAs that read codons starting with C, specifically proline codons, CC[C/U] required for the expression of polypeptide junctions in OMPs such as LolB and OmpA [29]. OMPs are involved in bacterial stability and adaptation to host niches, which are often hostile to pathogens and plays a role in biofilm formation, attachment to epithelial cells, and drug resistance [20]. m1G is widely found in gut pathogenic bacteria such as  S. enterica, S.typhi, C. botulinum, C. perfringens, C. diphtheriae, S. aureus, S. dysenteriae, Y. pestis, V. cholerae, P. aeruginosa A. baumannii, E. coli etc.  [30,31]. Inactivity of enzyme TrmD leads to the accumulation of +1 frameshifting, leading to the disruption of outer membrane structure and increased sensitivity in antibiotics in E. coli and S. enterica [32]. m1G also regulates Mg homeostasis and helps bacterial to evade responses from human immune system [33]. 
t6A decipher codons beginning with adenosine. It is catalyzed by threonyl-carbamoyl transferase driven TsaC with the help of enzymes TsaB, TsaD, and TsaE in bacteria. In some limited studies, t6A has shown to provide antibiotic resistance (mitomycin C) [34], promoting biofilm formation, enhancing survival against low pH and oxidative stress [35]. This is attributed to the ATPase activity of TsaE/YjeE protein; but the functions and activity levels of this enzyme varies in different species, hence a concrete experimental validation is not given. 
   ms2i6A (2-methylthio-N6-isopentenyladenosine) modification is also found in the A37 position of bacterial tRNA. The enzymes MiaA (tRNA dimethylallyltransferase) and MiaB (tRNA-2-methylthio-N(6)-dimethylallyladenosine synthase) are responsible for catalyzing ms2i6A modification [36]. MiaB promote Type III secretion system (T3SS) gene expression which is required by P. aeruginosa to inject effector proteins into host cells pertaining to acute infections [37] while MiA regulates the expression of the stationary phase sigma factor RpoS, which is immediate for bacterial virulence during stress responses [38]. MiaA mediates the prenylation of adenosine-37 within tRNAs that decode UNN codons which is required to regulate the fitness and virulence of extra-intestinal pathogenic E. coli [38]. 
2.2 Modifications of D/DHU loop: Dihydrouridine (D) is a modified nucleotide found in the D-loop, which is important for recognizing aminoacyl-tRNA synthetase enzymes. tRNA modifications in the D-loop, particularly methylation, are crucial for maintaining secondary and tertiary tRNA structure and stability, enabling proper recognition by aminoacyl-tRNA synthetases, and facilitating tRNA folding. DHU loop is key recognition site for aminoacyl-tRNA synthetases which ensures the attachment of the correct amino acid to the tRNA. Modifications of D loop involve Gm18, m2G6 in this section and their contribution in pathogenicity. 
Gm (2'-O-methylguanosine) is located at position 18 is known to influence protein synthesis during stress response [5]. Gm18 forms a tertiary base pair with Ψ55 in tRNA, necessary to maintain the L-shaped tRNA structure [39]. Gm18 is catalyzed by G18 methyltransferase encoded by is trmH gene and it helps to stabilize the tRNA structure at high temperatures [40]. Gm18 modification modulates the methyltransferase machinery in E.coli, T. thermophilus, V.cholerae, when they are exposed to antibiotic stress in human host environment [41]. Another modification; m2G6 (N2-methylguanosine), is found extensively in B. anthracis, a pathogen for anthrax, is linked with adaptation to stress environments [3]. The methylation in both modifications contribute to pathogenicity at a molecular level by regulating gene expression, including virulence factors, and by participating in restriction-modification (R-M) systems that defend against foreign DNA, ultimately influencing bacterial survival and adaptation [33]. 
2.3 Modifications of TΨC loop: The TψC loop (T-loop) of tRNA, a crucial structural element, undergoes several modifications, including methylation of uridine at position 54 (m5U or ribothymidine), pseudouridylation at position 55 (Ψ), and methylation of adenosine at position 58 (m1A), which are vital for tRNA structure, stability, and function. Their putative role in supporting pathogenicity in bacteria is discussed in this section. 
Beginning from Ψ, the modification maintains the flexibility of the tRNA's secondary structure by ensuring the rigidity of sugar-phosphate backbones. Ψ is enzymatically catalyzed by TruB. TruB binds to tRNAs and induces reversible disruption of tertiary interactions in the elbow region. This chaperone activity of TruB facilitate tRNA folding and promoting tRNA aminoacylation, which is crucial for bacterial fitness and thermal stress tolerance [42].
Another modification 5-methyluridine (m5U) is found in bacterial tRNAs at position 54. The enzyme tRNA(m5U54)methyltransferase/trmA catalyzes the methylation of uracil.  m5U stabilises tertiary G18-Ψ55 and G19-C56 base pairs between the T- and D-arms in bacteria, which is necessary for their adaptation in thermophilic environment [43]. m5U is further modified to m5s2U54, by the addition of 2-thiol group at U54. m5s2U regulates reverse Hoogsteen base-pair with A58 and stacking of G51–C61 base pair in E. coli and P. aeruginosa which impact their structural stability when challenged to their growth and survival [44,45]. 
N1-methyladenosine (m1A) is most conserved tRNA modification in bacteria which stabilizes tRNA through tertiary interactions particularly in the acceptor arm [46]. The enzymes Trml catalyze m1A58 modification in bacteria and archaea. TrmI binds with AdoMet and forms a homotetramer with two pairs of tight homodimers stabilized by a relatively small number of contacts [47]. This arrangement is exploited in the thermosensitivity by bacteria, hence, the modification enzyme is found extensively in thermophilic pathogens (S. aureus, V. cholerae, S. pneumoniae, L. monocytogenes) which helps them with adaptation to varying growth conditions [48]. 
m7G modification is catalyzed by the tRNA (m7G46) methyltransferase, encoded by the TrmB gene (AdoMet-dependent tRNA MTases). Exact mechanism linking m7G tRNA modification to biofilm formation is still under investigation, but it is suggested that that impaired m7G tRNA modification, potentially through the downregulation of enzymes like METTL1 and WDR4, can lead to decreased cell proliferation, colony formation, and tumorigenic capacities, potentially impacting biofilm formation [49].   m7G promotes the incorporation of m1G in anti codon loop, and both of the modifications work in tandem to impart protective effect to bacterial species (C. lagenarium, P. aeruginosa, A. baumannii, E. coli, T. thermophilus, V. cholerae) survival during stress caused by chemicals such as H2O2 [50].
3. DISCUSSING CHALLENGES IN DEVELOPMENT OF BACTERIAL tRNA MODIFICATION ENZYMES IN ANTIBIOTIC RESISTANCE
tRNA modifications in bacteria are integral to their ability to cause disease in humans. This section aims to provide a brief information about ongoing research in  detection of these modification enzymes, complexities in their functions, and limitations offering potential targets for antibacterial therapeutics and enhancing our understanding of regulation of bacterial pathogenesis by the modification enzymes. With constantly developing technologies, the dynamics of these modification and their enzymes must be studied during stress or altered survival conditions. The synchronization of modification enzyme machinery (readers, writers, and erasers) will be another task required to understand their functions and the physiological consequences on bacterial pathogens. The functional studies of the modification enzymes and their physiological applications in bacteria is required to develop novel anti-microbial strategies. These studies require technologies such as LC-MS, RNA sequencing, High throughput sequencing (HTS) to account how tRNA modifications can regulate immune responses, antibiotic resistance, expression of virulence genes, and bacterial persistence. Recent findings about the role of tRNA modifications and their species-specificity paves information about novel molecular targets that could be used as tools for antibiotics or vaccines designed against highly resistant pathogens. GidA and MnmE have been proven essential for S. pyogenes virulence, and they have been incorporated to make avirulent strains for use in live-attenuated vaccines [51].
 There is an irregularity in the essentiality of tRNA modification enzymes among the bacterial species. tadA, which regulates the I34 modification, edits the mRNA for toxin/antitoxin system in E.coli, but is not essential for the survival/pathogenicity of B. subtilis [52]. Similarily, trmD introduces m1G37 modification in anticodon loop of most pathogenic bacteria, which confers broad spectrum antibiotic resistance, in contrast to the other enzymes TsaDBEC of t6A which doesn’t impart any resistance to most pathogenic species. Recent trends have targeted TrmD enzyme whereTrmD-inhibiting molecular scaffolds from P. aeruginosa have been shown to exhibit antibacterial activity conferring combative approach for antibiotic resistance [53]. Antibiotics such as ciprofloxacin, trimethoprim etc. targets the deletion of dusB, truB, trmB and trmH of m1G37 modification but the mechanism is enzyme specific [54]. E. coli TusA enzyme has been suggested to be involved in Fe-S cluster assembly where its absence has been linked with pleiotropic cellular effects. The pivotal role of modified tRNA species in microbial translation makes these molecules attractive targets for the development of antibiotics. s2U modification at wobble U34 position is very crucial for translation.  Any interruption in s2U modification leads to thiolation deficiency during which thiolated tRNA for Gln, Glu, Lys act as sensors of sulfur-containing amino acid availability and modifying s2U to 5-methyl-2-thiouridine (xm5s2U), making it as marker for nutrient starvation in bacteria [55]. 
Gram-negative pathogens S. flexneri requires hypermodification of m1A to ms2i6A, for the substantial expression of its virulence factors virF, which is a marker implicated in diarrhea. Absence of the hypermodification results in poor translation of virF mRNA and reduces expression of other virulence genes. Similar results were observed with Q modification having deleterious effect on Salmonella pathogenicity, despite both modifications having different catalyzing enzymes. Hence, a complete understanding of the unique reaction mechanisms these enzymes and their machinery is necessary for upstream application as antimicrobial therapeutic targets.
4. CONCLUDING REMARKS 
Transfer RNA (tRNA) modifications are essential for ensuring accurate codon recognition and efficient protein translation. In pathogenic bacteria, these modifications are dynamically regulated in response to environmental stimuli, facilitating adaptation and survival within host environments. Specific tRNA modifications have been shown to enhance the expression of virulence factors, thereby promoting bacterial infectivity. Environmental factors, including nutrient availability and stress conditions, significantly influence tRNA modification levels, thereby affecting bacterial physiology, growth dynamics, and pathogenic potential. Investigating the influence of these environmental triggers on tRNA modification pathways provides critical insights into bacterial adaptive mechanisms during infection.
Given the central role of tRNA modifications in regulating bacterial virulence, the enzymes responsible for these modifications have emerged as promising targets for the development of novel antibacterial therapies. Inhibition of these enzymes disrupts tRNA modification patterns, impairing translational fidelity and reducing pathogenicity. This strategy is particularly promising in addressing antibiotic-resistant bacterial strains. Recent advancements in analytical techniques, such as high-throughput mass spectrometry, have facilitated precise quantification of tRNA modifications, uncovering their diverse and regulatory functions in bacterial physiology. Studies further reveal that tRNA modifications serve as pivotal regulators of gene expression at the translational level, particularly during host-pathogen interactions.
Beyond their canonical roles in translation, tRNA modifications have been implicated in various cellular processes, including biofilm formation and bacterial virulence. These non-traditional roles highlight the potential of targeting tRNA modification pathways to develop antimicrobial peptides and other therapeutic agents that disrupt bacterial pathogenic processes. In conclusion, targeting tRNA modification enzymes offers a compelling strategy for antibiotic development and the design of innovative antibacterial interventions. Continued research into the molecular mechanisms underpinning these modifications will pave the way for novel approaches to combat bacterial infections, including those caused by multidrug-resistant pathogens. Hence, more studies are needed to determine if these enzymes regulate the specific genes and proteins identified for the pathogenic processes these enzymes are involved in, or if alterations in tRNA modifications result in pleiotropic phenotypes. In turn, these observations could help establish a more definitive link between tRNA modification and bacterial virulence. 
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Legends to figures: 
Figure 1: Schematic figure of the tRNA secondary structure and location of modified bases in pathogenic bacteria along with their modification enzymes
Table 1: Some prominent tRNA modifications and their enzymes discussed in the article, with their respective functions
	tRNA modification

	Modification enzyme
	Function
	References

	m1G37


	TrmD 
 



	decode proline codons, expression of outer membrane proteins

	Hou et al., 2017; Hou et al., 2020

	mnm5s2U34/
mmnm5s2U34

	GidA/MnmE 
	aminoacylation; stabilize pairing between U and G, promotes CNF1 expression, regulate virulence factors
	Edwards et al., 2020; Kouvela et al., 2021

	Q34


	Tgt 


	translational efficiency,
 regulates VirF expression promotes biofilm formation

	Díaz-Rullo and González - Pastor, 2023

	m7G46 



	TrmB



	tertiary base pairing between C13-C22, Promotes viability at high temperatures
	Ma et al., 2021

	k2C34



	tilS



	decode Ile codon; prevents misacylation by MetRS

	Yared et al., 2024

	t6A37


ms2i6A37



	TsaDBE, TsaC


MiaA/MiaB


	translational fidelity, correct codon-anticodon pairing

increase amino
acylation; promotes bacterial virulence during stress


	Deutsch et al., 2012

	Ψ55  




	TruB



	stabilise tRNA structure in temperature over 370 C


	Keffer-Wilkes et al., 2016
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