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Abstract

A major threat to public health is the resistance and persistence of Gram-negative bacteria to 

multiple drugs during antibiotic treatment. The resistance is due to the ability of these bacteria to 

block antibiotics from permeating into and accumulating inside the cell, while the persistence is 

due to the ability of these bacteria to enter into a non-replicating state that shuts down major 

metabolic pathways but remains active in drug efflux. Resistance and persistence are permitted by 

the unique cell envelope structure of Gram-negative bacteria, which consists of both an outer- and 

an inner-membrane (OM and IM, respectively) that lay above and below the cell wall. 

Unexpectedly, recent work reveals that m1G37 methylation of tRNA, at the N1 of guanosine at 

position 37 on the 3’-side of the tRNA anticodon, controls biosynthesis of both membranes and 

determines the integrity of cell envelope structure, thus providing a novel link to the development 

of bacterial resistance and persistence to antibiotics. The impact of m1G37-tRNA methylation on 

Gram-negative bacteria can reach further, by determining the ability of these bacteria to exit from 

the persistence state when the antibiotic treatment is removed. These conceptual advances raise the 

possibility that successful targeting of m1G37-tRNA methylation can provide new approaches for 

treating acute and chronic infections caused by Gram-negative bacteria.
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1. INTRODUCTION

Gram-negative bacteria are inherently resistant to most antibiotics (Zgurskaya, Lopez, & 

Gnanakaran, 2015), which is the basis for the frequent failure of antibiotic treatment and is a 

serious public health threat. Notable examples of Gram-negative pathogens that are resistant 

to multiple antibiotics, even antibiotics that are recommended by clinics, include Klebsiella 
spp, Enterobacter spp, Pseudomonas aeruginosa, and Acinetobacter baumannii. The multi-

drug resistance of Gram-negative bacteria is due to their unique cell envelope structure, 

which consists of both an IM and an OM that sandwich the cell wall (Holtje, 1998). This 

double-membrane structure is distinct from the cell envelope structure of Gram-positive 

bacteria, which consists of just the IM and the cell wall. The Gram-negative cell-envelope 

structure impacts the bacterial physiology and survival in at least three major ways. First, it 

serves as a permeability barrier to drugs (Nikaido, 1998b) and as an anchor for efflux pumps 

(Nikaido, 1998a), blocking antibiotics from entry and actively extruding them to the external 

medium, rendering them unable to reach high enough intracellular concentrations to exert a 

therapeutic effect. Second, the double-membrane cell-envelope structure is an important 

determinant for Gram-negative bacteria to enter a persistence state, where cells are not 

replicating but maintain viable with minimum metabolic activity (Brauner, Fridman, Gefen, 

& Balaban, 2016). This entry to the persistence state is a strategy to weather the storm 

during antibiotic therapy and it exploits the double-membrane structure to enhance efflux 

and to pump out drugs (Pu et al., 2016). Third, when the antibiotic challenge is removed, the 

double-membrane structure is required again as an essential component for Gram-negative 

bacteria to exit the persistence state and to re-build the cell, with the ability to maintain 

active transport of nutrients and waste and to generate ATP by respiration (Hurdle, O’Neill, 

Chopra, & Lee, 2011). Without the double-membrane structure, these bacteria cannot 

initiate regrowth or expand their population. The importance of the double-membrane cell 

envelope is difficult to overstate for Gram-negative bacteria, because it underlies the 

chronicity of infections of these bacteria as well as the requirement for extended antibiotic 

therapy.
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While most approaches targeting the Gram-negative double-membrane cell envelope have 

focused on one membrane protein or one efflux pump at a time (Murakami, Nakashima, 

Yamashita, Matsumoto, & Yamaguchi, 2006), resistance mutations can quickly develop. 

Such mutations are selected upon challenge with the antibiotic during therapy, giving rise to 

a resistant population (L. L. Silver, 2011; Lynn L. Silver, 2012). A better strategy would be 

to target a process that simultaneously controls the expression of multiple membrane-

associated genes. By inactivating multiple genes at once, this strategy would provide a 

powerful means to rapidly inactivate the cell envelope, enabling multiple drugs to act 

simultaneously, rendering resistance less likely, and accelerating bactericidal action. With 

few exceptions, membrane-associated genes in Gram-negative cell envelope are not 

organized into operons and thus cannot be co-regulated by initiation of transcription through 

a common promoter or co-regulated by initiation of translation through a common 

ribosome-binding site. Instead, these genes share in common the recruitment of proline (Pro) 

codons (CCN) near the start of the open-reading frame for gene expression. The benefit of 

placing Pro codons near the start of a membrane-associated gene is that it enables the 

incorporation of Pro into the N-terminal region of the protein product. Among the 20 

proteinogenic amino acids, Pro is unique in that it enables the polypeptide backbone to make 

turns and change direction to permit the formation of transmembrane domains across a lipid 

bilayer, thus making its availability critical for the structure and function of membrane 

proteins (Schmidt, Situ, & Ulmer, 2016). The biased recruitment of Pro codons to near the 

start of membrane-associated genes provides a selective advantage for codon-specific 

translation that would be common to these genes. Codon-specific translation is an emerging 

new concept that has the ability to reprogram gene expression for disease development and 

drug resistance (Rapino et al., 2018).

In Gram-negative bacteria, the recruitment of Pro codons to membrane-associated genes is 

widespread across different species and is conserved not only at the amino acid level, but 

also at the codon level. We have shown that the translation of Pro codons, particularly CCC 

and CCU codons (CC[C/U]), is strongly dependent on the N1-methylation of G37 on the 3’-

side of the anticodon of tRNAPro isoacceptors (Gamper, Masuda, Frenkel-Morgenstern, & 

Hou, 2015a). Without m1G37, tRNAPro isoacceptors are prone to stalling and +1 

frameshifting (Gamper et al., 2015a). Unlike mis-sense errors, +1 frameshifting is 

deleterious to ribosomal translation, generating premature termination codons during protein 

synthesis and ultimately leading to cell death (Gamper et al., 2015a). The clustering of Pro 

codons near the start of Gram-negative membrane-associated genes provides an unexpected 

link to m1G37-tRNA methylation. In this link, the methylation controls the expression of 

membrane-associated genes, which in turn controls bacterial development of resistance and 

persistence during antibiotic treatment, as well as bacterial exit from dormancy after the 

treatment. This link suggests that successful targeting of m1G37-tRNA methylation has the 

potential to eradicate recalcitrant Gram-negative pathogens.

2. GRAM-NEGATIVE CELL ENVELOPE STRUCTURE

The cell envelope is essential for all bacteria species, irrespective of whether the metabolic 

status of the cell is active during exponential growth or inactive during dormancy. 

Membrane-active agents that target either the organization of the bacterial membrane 
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bilayer, or the functions of membrane-associated proteins have promising therapeutic 

effectiveness (Hurdle et al., 2011).

In Gram-negative bacteria, the cell envelope is made up of a plasma IM, a cell wall, and an 

OM (Figure 1). While the cell wall is a rigid and crossed-linked matrix of peptidoglycan that 

endows the cell with mechanical strength (Holtje, 1998), the biosynthesis of both the IM and 

OM requires extensive integration with protein components to regulate cell wall synthesis 

(Typas, Banzhaf, Gross, & Vollmer, 2011). The IM is a fluid lipid bilayer and is integrated 

with proteins that are involved in electron transport, ATP synthesis, and establishment of the 

proton motive force, all of which are required for cell growth after exiting from dormancy 

(Hurdle et al., 2011). The OM is an asymmetric bilayer that consists of phospholipids in the 

inner leaflet and lipopolysaccharides in the outer leaflet, with the latter being the core 

structure of the permeability barrier that prevents compounds from diffusing into the 

periplasm or cytosol (Nikaido, 2003). Incomplete synthesis of membrane proteins that are 

required to assemble the lipopolysaccharides is deleterious, causing accumulation of cell-

envelope intermediates, mis-assembly and malfunction of the OM, and activation of OM 

stress-response pathways that inhibit cell survival (Klein, Lindner, Brabetz, Brade, & Raina, 

2009; Tam & Missiakas, 2005; Zhang, Meredith, & Kahne, 2013). In addition, the OM also 

hosts a variety of efflux pumps to expel compounds outside. The major efflux pump of 

Gram-negative bacteria is the AcrAB-TolC complex, responsible for actively transporting 

out the greatest majority of antibiotics (D. Ma et al., 1995; Okusu, Ma, & Nikaido, 1996). 

The AcrAB-TolC complex consists of the TolC channel in the OM, the secondary 

transporter AcrB on the IM, and the periplasmic AcrA that bridges the two integral 

membrane proteins (Zgurskaya, Krishnamoorthy, Ntreh, & Lu, 2011). In addition, TolC is 

required for the activity of at least 9 other E. coli efflux transporters of antibiotics and 

specific metabolites (Zgurskaya et al., 2011). The importance of the OM assembly is further 

emphasized in a recent discovery, where it can confer mechanical stiffness to the cell on par 
with the cell wall (Rojas et al., 2018), indicating that robust OM biogenesis is critical for 

cellular mechanical integrity and stability during cell growth.

2.1 Membrane-associated genes are enriched with Pro codons

We have shown that membrane-associated genes for Gram-negative cell envelope are 

enriched with Pro codons near the start codon AUG (Masuda et al., 2019). Examples include 

genes acrA, acrB, and tolC for the major efflux complex, lolB and lpxD for lipoproteins, and 

fsr, mdtB and mdtG for drug efflux systems (Figure 2). In several examples of these genes, 

CC[C/U] codons for Pro are conserved at site-specific positions among E. coli, Salmonella 
enterica, Klebsiella pneumoniae, Enterobacter cloaceae, Shigella flexneri, and Yersinia 
pestis (Figure 2). The focus on CC[C/U] codons is intriguing, which are rare codons in 

bacteria and are supplied with less abundant tRNAPro species, relative to the more abundant 

CC[G/A] codons. The biased use of CC[C/U] indicates a codon choice to intentionally 

maintain a slow speed of translation at the initial rounds of amino acid incorporation to 

allow time for membrane-associated proteins to form transmembrane domains. The 

conservation of CC[C/U] at specific codon positions indicates that not only the incorporation 

of Pro is conserved, but that the mechanism involving the specific tRNAPro isoacceptors for 

translation is conserved. This conservation is striking at the 9th codon position of acrA, the 
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2nd codon position of acrB, the 2nd codon position of lpxD, and the 6th codon position of 

tolC (Figure 2). For E. coli tolC, substitution of the CCC codon at the 6th position to GCG 

(for Ala) reduces the protein to undetectable level, probably due to mis-regulation of 

translation and mis-targeting of the protein to membranes (Masuda et al., 2019). Most 

notably, the conservation of CC[C/U] is at the 2nd codon position of lpxD, an essential gene 

for viability and survival for many Gram-negative bacteria species (X. Ma et al., 2019). The 

2nd codon position, next to the start codon, is where the translating ribosome switches from 

the initiation phase to the elongation phase, and where the quality control of the translational 

reading frame is most sensitive to any aberration (Gamper et al., 2015a).

The clustering of CC[C/U] codons near the start of translation is also observed in 

membrane-associated genes in A. baumannii, Haemophilus influenzae, Vibrio cholerae, and 

P. aeruginosa (Figure 3). While bacteria in this category have a different set of membrane-

associated and efflux genes than those described for bacteria of the category above (Figure 

2), they share genes that are functionally similar to genes of the AcrAB-TolC complex. For 

example, P. aeruginosa has multiple efflux genes in operons that functionally resemble that 

of the acrAB-tolC complex. These include mexAB-oprM, mexCD-oprJ, mexGHI-opmD, 

mexPQ-opmE, and mexXY-oprA. Many components of these operons contain CC[C/U] 

codons near the start (e.g., mexB, oprJ), while some contain consecutive CC[G/A] (e.g., 

mexA, opmD) around codon positions 30–40. Although translation of individual CC[G/A] 

codons is fast relative to CC[C/U], a consecutive run of CC[G/A] codons to produce poly-

Pro sequences is also known to reduce the speed of translation (Doerfel et al., 2013; 

Gutierrez et al., 2013; Ude et al., 2013). Thus, across a broad spectrum of Gram-negative 

bacterial species, there is a common theme of placing CC[C/U] or a consecutive run of 

GG[G/A] near the start of membrane-associated genes, possibly as a mechanism to slow 

down the speed of translation at codon-specific level.

3. TRANSLATION OF CC[C/U] CODONS REQUIRES M1G37 METHYLATION 

IN TRNA

While all tRNAPro isoacceptors are conserved with the m1G37 methylation across the 

evolution, translation of CC[C/U] is more strongly dependent on the methylation relative to 

translation of CC[G/A] (Masuda et al., 2019). In cell-based assays, translation of CC[C/U] 

in the absence of m1G37-tRNA has a high propensity of +1 frameshifting (Gamper et al., 

2015a). This propensity of +1 frameshifting is position-dependent on a reading frame – the 

propensity is the highest (~10%) at the second codon position, and is generally high at any 

position within the first ~20 codons (Gamper et al., 2015a). Multiple factors can contribute 

to the high propensity of +1 frameshifting during initial rounds of translation elongation in 

the absence of m1G37-tRNA, including the association of the ribosome complex with the 

Shine-Dalgarno sequence and local mRNA structures around the start site (Yusupova, 

Jenner, Rees, Moras, & Yusupov, 2006), the possibility of collision-dependent abortion of 

protein synthesis (Simms, Yan, & Zaher, 2017; Subramaniam, Zid, & O’Shea, 2014; Tuller 

et al., 2010), and the interaction between amino acids in the nascent peptide and the 

ribosomal exit tunnel (Po et al., 2017; Verma et al., 2019). Although CC[C/U] codons are 

not present in all Gram-negative membrane-associated genes within the first 20 codons, their 
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general prevalence suggests the role of a global determinant in regulating the assembly of 

the cell envelope, depending on the availability of m1G37-tRNA. This is supported by our 

observation that synonymous substitution of CC[C/U] codons with CC[G/A], near the start 

of reading frames, can profoundly change the assembly and activity of the cell envelope 

structure (Masuda et al., 2019).

4. DEFICIENCY OF m1G37 DAMAGES GRAM-NEGATIVE CELL ENVELOPE

We have shown that Gram-negative bacteria E. coli and Salmonella, when in deficiency of 

m1G37-tRNA, suffer from damaged cell envelope with reduced biosynthesis of IM and OM 

proteins (Masuda et al., 2019). Throughout both Gram-negative and Gram-positive bacteria, 

the tRNA methyl transferase TrmD is the conserved enzyme that synthesizes m1G37-tRNA, 

using S-adenosyl-methionine (AdoMet) as the methyl donor (Christian, Evilia, Williams, & 

Hou, 2004; Hou, Matsubara, Takase, Masuda, & Sulkowska, 2017). TrmD is essential for 

bacterial growth and survival, because its disruption leads to accumulation of +1 

frameshifting and causes cell death (Gamper et al., 2015a). To determine the effect of 

m1G37-tRNA on the assembly of the Gram-negative cell envelope, we created a trmD-

knock-down (trmD-KD) strain of E. coli and Salmonella (Gamper et al., 2015a), in which 

the chromosomal trmD was eliminated from each strain and cell viability was maintained by 

controlled expression of a plasmid-borne human counterpart Trm5, which is competent to 

produce m1G37 to support bacterial growth (Christian et al., 2004). The controlled 

expression of Trm5 was mediated by addition of arabinose, and removal of arabinose from 

the media reduced levels of m1G37 to 20–30% of the normal (Masuda et al., 2019). At this 

level of m1G37 deficiency, quantitative proteomic mass spectrometry analysis of the cell 

envelope confirms that OM proteins are on average down-regulated by 21%, whereas non-

OM proteins are on average up-regulated by 16% (Masuda et al., 2019). Importantly, OM 

proteins that are down regulated include the entire class of Bam complexes that constitute 

the OM assembly factors, many of the efflux pumps (e.g., AcrA, TolC) and porin proteins 

that account for the most abundant proteins in a Gram-negative cell (e.g., OmpA), and some 

of the amino acid transporters (Figure 4). The global reduction in these proteins is 

manifested in reduced OM stiffness of the cell envelope, resulting in reduced membrane 

permeability barrier and drug efflux (Masuda et al., 2019). Similarly, several IM proteins are 

down regulated, including proteins that are essential for energy production, such as the 

majority of the subunits in NADH/quinone oxidoreductase, all of the subunits for ATP 

synthase, and all of the subunits for fumarate reductase (Figure 5). The global reduction in 

these proteins indicates the possibility of impaired energy production.

4.1 m1G37 deficiency sensitizes Gram-negative bacteria to multiple antibiotics

We demonstrate that, due to the deficiency of m1G37, the reduced cellular synthesis of both 

OM and IM proteins and the compromised cell envelope structure has sensitized both E. coli 
and Salmonella to a range of antibiotics with various mechanisms of action (Figure 6a) 

(Masuda et al., 2019). The spectrum of antibiotics tested includes β-lactams ampicillin and 

carbenicillin, which target cell wall biosynthesis; aminoglycosides kanamycin and 

gentamicin, which target protein synthesis; paromomycin, which reduces the fidelity of the 

30S ribosomal subunit; ansamycin polyketide rifampicin, which targets RNA polymerase; 
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and quinolone ciprofloxacin, which targets DNA gyrase (L. L. Silver, 2011). These 

antibiotics access different mechanisms of membrane permeability and efflux pumps, 

allowing determination of the general impact of m1G37. The sensitivity is shown as a 

reduction in the minimum inhibition concentration (MIC) of each antibiotic at the whole-cell 

level. In most cases, reductions in MIC are similar to those demonstrated by treating native 

bacteria with a sublethal dose of polymyxin B (Masuda et al., 2019), the latter of which 

binds to lipopolysaccharides of the OM and permeabilizes the double-membrane structure of 

the cell envelope. Additionally, m1G37 deficiency also sensitizes cells to vancomycin, a 

linear hepta-peptide that inhibits cell wall synthesis (Ruiz, Falcone, Kahne, & Silhavy, 

2005). Vancomycin is active against Gram-negative bacteria only when the OM is 

sufficiently damaged to allow its passage and action (Shlaes, Shlaes, Davies, & Williamson, 

1989; Young & Silver, 1991). The sensitivity to vancomycin is also similar to that observed 

for native cells upon exposure to a sublethal dose of polymyxin B (Masuda et al., 2019). 

Collectively, the susceptibility of m1G37-deficient cells to a wide range of antibiotics 

indicates that multiple membrane proteins are affected in a generally damaged cell envelope 

structure that is similar to the damaged structure caused by polymyxin B. These data support 

a model, in which while trmD-WT (wild-type) cells of E. coli and Salmonella have an active 

cell envelope and are resistant to antibiotics (Figure 6b), due to the ability to synthesize 

m1G37-tRNA and to translate membrane-associated genes containing Pro CC[C/U] codons, 

trmD-KD cells have a defective cell envelope and are sensitive to antibiotics (Figure 6c), due 

to the inability to synthesize m1G37-tRNA. As a result, while trmD-WT cells survive and 

develop multi-drug resistance in the presence of antibiotic treatment, trmD-KD cells are 

killed by the treatment.

The deficiency of m1G37 also renders faster killing of cells upon treatment with antibiotics, 

consistent with the notion that the damaged cell envelope has permitted increased 

intracellular drug concentrations to high enough levels to accelerate bactericidal action 

(Figure 6). The accelerated killing is specific to the antibiotic stress. Under oxidative stress, 

trmD-KD cells deficient of m1G37 exhibit the same killing kinetics as trmD-WT cells 

(Masuda et al., 2019), indicating that genes in response to oxidative stress are not regulated 

by m1G37-dependent codon-specific translation. In addition, the antibiotic-sensitivity of 

trmD-KD cells is phenotype-copied by cells that are perturbed in an upstream reaction that 

affects the translation of Pro codons (Masuda et al., 2019). This upstream reaction is 

aminoacylation of Pro to m1G37-tRNAPro by prolyl-tRNA synthetase (encoded by the proS 
gene), which is required for translation of Pro codons. An E. coli proS-KD (which reduces 

levels of Pro-tRNAPro), but not an E. coli cysS-KD (which reduces levels of Cys-tRNACys), 

is sensitive to antibiotics and is killed faster relative to controls (Masuda et al., 2019). The 

similar phenotypes between m1G37 deficiency and proS deficiency emphasizes that it is the 

translation of Pro codons that is affected.

4.2 m1G37 deficiency reduces resistance of Gram-negative bacteria to antibiotics

The faster killing of m1G37-deficient Gram-negative bacteria relative to controls 

compromises their ability to develop mutations that confers resistance. Using E. coli and 

Salmonella as examples and sampling antibiotics of different mechanisms of action, we 

show that m1G37-deficient cells are reduced in resistance by at least 2 orders of magnitude 
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relative to controls and that this reduction is consistent across both species (Masuda et al., 

2019). The reduction is seen upon exposure of m1G37-deficient cells to each drug at 1 x 

MIC concentration that kills control cells to determine the relative frequency of resistance. 

The reduction is also seen upon exposure of m1G37-deficient cells to each drug at 1 x MIC 

concentration that kills the deficient cells to determine the relative frequency of resistance. A 

few resistant clones have been confirmed to show an increase in MIC to the tested drug. The 

reduction in resistance in m1G37 deficiency supports the notion that, because m1G37 is 

required for biosynthesis of Gram-negative cell envelope that confers multi-drug resistance, 

deficiency of the methylation reduces multi-drug resistance.

4.3 m1G37 deficiency reduces persistence of Gram-negative bacteria to antibiotics

In contrast to resistance that arises from genetic mutations upon treatment with antibiotics, 

persistence arises from noise in gene expression that gives rise to tolerance to antibiotics in a 

subpopulation of an isogenic bacterial culture (Brauner et al., 2016). This subpopulation 

typically survives for a while, contributing to the reoccurrence of chronic infections. One 

major pathway that underlies persistence is to enhance efflux through the cell envelope to 

pump out antibiotics, while shutting down all other major biological processes (Pu et al., 

2016). Using Salmonella as a model, we show that m1G37 deficiency reduces the frequency 

of persistence by more than 10-fold under a lethal dose of antibiotic treatment (Masuda et 

al., 2019), consistent with the notion that m1G37 deficiency compromises the efflux of the 

cell envelope and thus the ability of cells to tolerate high drug concentrations.

5. TARGETING THE M1G37 METHYLATION IN A NOVEL ANTIBIOTIC 

STRATEGY

5.1. The potential of targeting the m1G37 methylation

Targeting the m1G37 methylation reaction has the potential to offer a novel antibiotic 

strategy against Gram-negative bacteria. Conceptually, the potential is three-fold. First, 

m1G37 methylation is essential for growth and survival of all characterized bacterial species, 

indicating that targeting the methylation should arrest growth. Bacterial species whose 

survival has been demonstrated to depend on m1G37 include: P. aeruginosa (Jaroensuk et al., 

2019; Winsor et al., 2011), Acinetobacter (de Berardinis et al., 2008), E. coli (Baba et al., 

2006; Masuda et al., 2019), Salmonella (Masuda et al., 2019), Staphylococcus aureus 
(Forsyth et al., 2002), Streptococcus pneumoniae (Thanassi, Hartman-Neumann, Dougherty, 

Dougherty, & Pucci, 2002), and Mycobacterium tuberculosis (Sassetti, Boyd, & Rubin, 

2003). Second, m1G37 methylation is important for assembly of the Gram-negative cell 

envelope, and particularly the OM structure (Masuda et al., 2019), which is responsible for 

the permeability barrier and efflux activity that confers multi-drug resistance. Targeting 

m1G37 methylation, as shown in our genetic model of m1G37 deficiency (Masuda et al., 

2019), can damage the OM and curtail the permeability and efflux activity to reduce multi-

drug resistance. By curtailing the efflux activity, which is important for Gram-negative 

bacteria to enter the persistent state in antibiotic treatment, targeting m1G37 has the ability 

to prevent these bacteria from accessing the persistent state. Third, upon removal of 

antibiotics after treatment, persistent bacteria need to exit dormancy and re-initiate growth, 
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which requires a series of reactions that depend on both the IM and OM. For example, 

bacterial respiration and establishment of the proton motive force in association with 

respiratory enzymes, as well as ATP synthesis, occur on the IM, whereas active transport of 

nutrients into the cytosol and development of cell-cell communication occur through the 

OM. Deficiency of m1G37, as shown in our proteomic analysis (Masuda et al., 2019), 

reduces synthesis of proteins required for all of these reactions (Figures 4 & 5), suggesting a 

mechanism to inhibit re-growth of persistent bacteria. Additionally, to exit dormancy, 

bacteria often evaluate the environment and assess the suitability of exiting, using an IM-

bound protein kinase (Shah, Laaberki, Popham, & Dworkin, 2008). Although this IM-bound 

kinase PrkC is well characterized in Gram-positive bacteria (Pereira, Goss, & Dworkin, 

2011), its homologues in Gram-negative bacteria remain elusive. Nonetheless, the 

importance of IM in Gram-negative cell envelope is undisputed and recent development has 

shown that membrane-active agents provide an important new means of eradicating 

persistent and non-growing bacteria (Hurdle et al., 2011).

At the molecular level, targeting m1G37 methylation, catalysed by TrmD, also has potential. 

First, TrmD is conserved across all bacterial species and is fundamentally distinct in 

sequence, structure, and mechanism from its eukaryotic/archaeal counterpart Trm5 

(Christian et al., 2004; Christian & Hou, 2007; Christian, Lahoud, Liu, & Hou, 2010; 

Christian et al., 2016). While both TrmD and Trm5 catalyze the same m1G37 methylation 

reaction, TrmD binds the methyl donor AdoMet in an unusual catalytic site, which adopts a 

deep topological knotted structure (Ahn et al., 2003; Elkins et al., 2003; Ito et al., 2015), 

whereas Trm5 binds AdoMet in an open-sandwich structure that is common among most 

methyl transferases (Goto-Ito et al., 2008; Goto-Ito, Ito, Kuratani, Bessho, & Yokoyama, 

2009). The topological knot structure of the AdoMet site in TrmD allows the exploration of 

new chemical space and diversity for discovery of novel inhibitors. Second, m1G37 

methylation is conserved in evolution for all Pro-specific tRNA isoacceptors in bacteria. Of 

these, the UGG isoacceptor of tRNAPro is essential for growth and is most prone to +1 

frameshifting upon loss of m1G37 (Gamper, Masuda, Frenkel-Morgenstern, & Hou, 2015b; 

Nasvall, Chen, & Bjork, 2004). Importantly, an E. coli strain that harbors a substitution of 

G37 with C37 in the UGG isoacceptor of tRNAPro, which eliminates the need for m1G37 

methylation by TrmD, is barely viable and is highly sensitized to antibiotic killing (Masuda 

et al., 2019). While a similar attempt was made to generate E. coli strains with substitution 

of G37 with A37 and with U37, such constructs were never recovered, indicating that the 

substitution may be lethal. These results indicate that the TrmD-catalyzed m1G37 

methylation is preserved throughout evolution of bacterial species under a strong selective 

pressure and that it is indispensable and irreplaceable by any other nucleotides.

5.2 Recent progress in targeting the m1G37 methylation

A genome-wide bioinformatics analysis has ranked TrmD as a priority antibacterial target 

(White & Kell, 2004), although the analysis did not explore the potential of TrmD to control 

biosynthesis of the cell envelope structure. Based on the essentiality of TrmD for bacterial 

growth and survival, several pharmaceutical companies have launched high-throughput 

screening campaigns to target TrmD, but the progress has stalled in most cases. For example, 

AstraZeneca (AZ) started with a fragment-based screen and discovered that 
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thienopyrimidinone is a promising initial inhibitor of H. influenzae TrmD (HiTrmD), from 

which a series of chemical analogs with low μM potency were prepared (Hill et al., 2013). In 

X-ray crystal structural analysis, a series of potent thienopyrimidinone compounds, when 

bound to TrmD, all super-impose with the structure of AdoMet (Hill et al., 2013), indicating 

that they are competitive inhibitors of TrmD. Separately, analysis of the protein data bank 

has revealed another ligand bound to TrmD (PDB 4yq2), developed by GlaxoSmithKline 

(GSK), that also super-imposes with AdoMet when bound to TrmD (Elkins et al., 2003; 

Martiny, Martz, Selwa, & Iorga, 2016). However, none of the compounds developed by AZ 

or GSK was pursued further, due to lack of antibacterial activity at the whole-cell level 

(Brown, May-Dracka, Gagnon, & Tommasi, 2014; Hill et al., 2013; Tommasi, Brown, 

Walkup, Manchester, & Miller, 2015). Nonetheless, the identification of each in a hit-to-lead 

effort has validated TrmD as druggable.

More recently, new screening and synthetic efforts have reinvigorated the interest in 

targeting TrmD. Instead of using radio-labelled AdoMet as the methyl donor in a screening 

campaign, as performed by AZ (Hill et al., 2013), a new screening method based on a 

bioluminescience assay has discovered a series of inhibitors targeting P. aeruginosa TrmD 

(PaTrmD) based on pyridine-pyrazole-piperidine as a new chemical scaffold (Zhong, Koay, 

et al., 2019). Even with the thienopyrimidinone chemical scaffold discovered by AZ, a 

structure-based design has led to the synthesis of new derivatives with improved potency 

against PaTrmD relative to the initial AZ compounds (Zhong, Pasunooti, et al., 2019). As 

revealed in X-ray crystal structural analysis and structural modeling, these new derivatives 

bind to PaTrmD by inducing the flippig of an active-site Tyr residue to block the enzyme’s 

access to AdoMet and perhaps also to tRNA for methyl transfer (Zhong, Pasunooti, et al., 

2019). This Tyr-flipping mechanism appears to be unique to PaTrmD, not present in 

HiTrmD, indicating the possibility of species-specific targeting. Moreover, a fragment-based 

approach in a structure-based design has generated a series of new inhibitors that target 

Gram-positive Mycobacterium abscessus TrmD (MabTrmD) (Whitehouse et al., 2019). 

Encouragingly, many of the new inhibitors that target PaTrmD or MabTrmD have improved 

potency to the nM range over the μM potency of those targeting HiTrmD in the initial AZ 

campaign, and some also exhibit whole-cell antibacterial activity against Gram-positive 

species (Whitehouse et al., 2019; Zhong, Koay, et al., 2019; Zhong, Pasunooti, et al., 2019). 

However, the whole-cell activity of these new inhibitors is not correlated with their potency 

and, additionally, none of these inhibitors show clear activity against Gram-negative 

bacteria.

The lack of whole-cell activity of these new inhibitors against Gram-negative bacteria 

illustrates once again the challenge imposed by the double-membrane structure of these 

bacteria. This raises the question of how to harness the ability of TrmD in controlling the 

biosynthesis of the double-membrane structure? If we can harness this ability, then targeting 

of TrmD will not only kill cells but also impair the double-membrane structure at the same 

time to accelerate bactericidal action. One way is to chemically modify existing TrmD 

inhibitors to include a primary amine to enhance their permeability through the Gram-

negative double-membrane structure (Richter et al., 2017). A more promising way, however, 

is to develop a cell-based assay to screen directly for compounds that are permeable through 

the double-membrane structure and are specific in targeting TrmD. Given that the 
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probability of initial hits in the screening approach may be low, due to the challenge of the 

double-membrane structure, the screen should be performed with chemical compounds in a 

large scale, or with libraries of natural products to tap into their enormous potential and 

unexplored resources (Steele, Teijaro, Yang, & Shen, 2019).

6. PERSPECTIVE AND CONCLUSION

While m1G37 methylation of tRNA is important for bacterial survival and growth, the 

discovery that it is important for controlling the biosynthesis of the cell envelope makes an 

unexpected link to the antibiotic resistance and persistence of Gram-negative bacteria. This 

emphasizes a multi-faceted advantage of targeting m1G37 for the development of novel 

antibacterial therapies. Although new inhibitors of nM potency are now available with 

whole-cell activity against Gram-positive bacteria, the lack of a correlation between potency 

and whole-cell activity is most likely due to poor cell permeability of the new inhibitors. The 

lack of a clear whole-cell activity against Gram-negative bacteria can also be explained by 

poor permeability or sensitivity to efflux of the new inhibitors. These issues highlight the 

need to better understand and explore TrmD’s ability to regulate the biosynthesis of bacterial 

permeability and efflux. Because TrmD itself is an intracellular enzyme, future research 

should be directed to develop inhibitors that can both permeable across bacterial cell 

envelope and resist against membrane-associated efflux. Once inside, these inhibitors are 

expected to reduce biosynthesis of m1G37-tRNA to cause sufficient damage to the cell 

envelope to permit other antibiotics to act and accelerate bactericidal action. This would be a 

new mechanism of action that can eradicate recalcitrant bacteria that are resistant and 

persistent to multiple drugs.
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Figure 1: 
The Gram-negative cell envelope, consisting of an OM, an IM, and a thin peptidoglycan 

layer within the periplasmic space between the two membranes. The OM is an asymmetric 

phospholipid bilayer, with the outer leaflet modified by lipopolysaccharides (LPSs) that 

form the core structure for the permeability barrier and with the inner leaflet made up of 

phospholipids. Multiple porin proteins are embedded in the OM, functioning as channels for 

transport of nutrients and metabolites. The IM is a symmetric phospholipid bilayer that 

anchors proteins of electron transport chain complexes (e.g., NADH dehydrogenase 

complex, cytochrome bc1 complex, and cytochrome oxidase complex), and FOF1 ATP 

synthase for generation of ATP. The major drug efflux AcrAB-TolC complex consists of the 

proton-dependent AcrB pump located at the IM, the channel protein TolC at the OM, and the 

bridging AcrA protein.
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Figure 2: 
Membrane-associated genes with Pro codons near the initiation AUG codon in E. coli, 
Salmonella enterica, Klebsiella pneumoniae, Enterobacter cloaceae, Shigella flexneri, and 

Yersinia pestis. CC[C/U] codons are shown in red and CC[G/A] codons are in blue. 

Sequences and descriptions for each gene are retrieved from KEGG GENOME database 

(https://www.genome.jp/kegg/genome.html) or UniProt (https://www.uniprot.org/). The 

strain and abbreviation (in parentheses) for each species are: Escherichia coli K-12 MG1655 

(Eco), Salmonella enterica subsp. enterica serovar Typhimurium LT2 (Sen), Klebsiella 
pneumoniae subsp. pneumoniae MGH 78578 (Kpn), Enterobacter cloacae subsp. cloacae 
ATCC 13047 (Ecl), Shigella flexneri 301 (serotype 2a) (Sfl) Yersinia pestis CO92 (biovar 
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Orientalis) (Ype). As indicated by an *, mdtG sequences for Shigella and Yersinia were 

from Shigella sp. and Y. frederiksenii, respectively.
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Figure 3: 
Membrane-associated genes with Pro codons near the initiation AUG codon in Vibrio 
cholerae, Haemophilus influenzae, Acinetobacter baumannii, and Pseudomonas aeruginosa. 

The gene sequences are retrieved and presented as in Figure 2. For Pseudomonas, genes with 

three consecutive Pro codons around 30th to 40th position are also shown. The strain for each 

species is: Vibrio cholerae O1 El Tor N16961, Haemophilus influenzae Rd KW20, 

Acinetobacter baumannii ATCC 17978, and Pseudomonas aeruginosa PAO1 and PA7.
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Figure 4. 
The increase and decrease of OM proteins in E. coli cells deficient of m1G37-tRNA. The 

Increase (denoted by +) or decrease (denoted by −) in protein abundance in m1G37 

deficiency relative to control is indicated by a filled circle the at the respective column. 

Genes are categorized by annotations.
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Figure 5. 
The increase and decrease of IM proteins in E. coli cells deficient of m1G37-tRNA. The 

Increase (denoted by +) or decrease (denoted by −) in protein abundance in m1G37 

deficiency relative to control is indicated by a filled circle at the respective column. Genes 

are categorized by functions.
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Figure 6: 
Control of biosynthesis of Gram-negative cell envelope by the TrmD-catalyzed m1G37-

tRNA. (a) Mechanisms of action of antibiotics that become more potent in E. coli and 

Salmonella cells deficient of TrmD. These antibiotics are categorized into 5 mechanisms: (1) 

inhibition of bacterial cell wall synthesis, (2) inhibition of DNA replication, (3) inhibition of 

mRNA synthesis, (4) inhibition of protein synthesis on the ribosome, and (5) disruption of 

bacterial membranes. In all cases, the MIC value of each antibiotic decreases in trmD-KD 

cells relative to trmD-WT cells. (b) E. coli and Salmonella trmD-WT cells have an active 

cell envelope structure, due to the ability to synthesize m1G37-tRNA for translation of 

membrane-associated genes containing Pro codons, and are thus resistant to antibiotics via 

the action of the membrane permeability barrier and efflux pumps. (c) E. coli and 

Salmonella trmD-KD cells have a defective cell envelope, due to the deficiency of m1G37 

and the inability to translate membrane-associated genes containing Pro codons, and are thus 

sensitive to antibiotic killing.
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