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The rise of multidrug-resistant bacterial infections is a cause of global concern. There is an urgent need to
both revitalize antibacterial agents that are ineffective due to resistance while concurrently developing new
antibiotics with novel targets and mechanisms of action. Pathogen associated resistance-conferring
ribosomal RNA (rRNA) methyltransferases are a growing threat that, as a group, collectively render a total
of seven clinically-relevant ribosome-targeting antibiotic classes ineffective. Increasing frequency of
identification and their growing prevalence relative to other resistance mechanisms suggests that these
resistance determinants are rapidly spreading among human pathogens and could contribute significantly
to the increased likelihood of a post-antibiotic era. Herein, with a view toward stimulating future studies to
counter the effects of these rRNA methyltransferases, we summarize their prevalence, the fitness cost(s) to
bacteria of their acquisition and expression, and current efforts toward targeting clinically relevant enzymes
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Introduction

Treatment of infections caused by pathogenic bacteria has
been complicated by the emergence of multi-drug resistant
(MDR) “superbugs”. Overuse and abuse of antibiotics as
cure-all therapeutics in healthcare and their widespread use
as growth-promoting supplements in animal husbandry have
fueled resistance through evolutionary pressure and
resuscitation of ancient resistance-conferring genes from
long before the human antibiotic era.'™ The rapid
development of resistance against commonly used
antibiotics has left few treatment options unaffected,
necessitating the use of drugs of last resort which may have
serious side effects, such as polymyxins,” or alternative
strategies such as phage therapy.®

Antimicrobial resistance (AMR) is estimated to cause at
least 700000 deaths per year globally and is projected to be
the leading cause of death by the year 2050.” With healthcare
resources recently diverted to curbing the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic,
efforts to mitigate AMR through surveillance and stewardship
policies have been severely diminished,®® with potentially
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long-term consequences. Cases of bacterial coinfection with
the coronavirus disease also led to the extensive use of
antibiotics during the pandemic, likely exacerbating the
development of bacterial resistance to these drugs.'® From
2019 to 2020, the Centers for Disease Control (CDC) reports a
15% increase in hospitalizations as a result of drug-resistant
infections.’ Reports estimate that the United States currently
spends over $4.6 billion annually on combating vancomycin-
resistant Enterococcus (VRE), carbapenem-resistant
Acinetobacter, carbapenem-resistant Enterobacterales (CRE),
extended-spectrum B-lactamase (ESBL)-producing
Enterobacterales, MDR  Pseudomonas  aeruginosa, and
methicillin-resistant  Staphylococcus aureus (MRSA), six
infections that have been identified as the most alarming
resistance threats.”'’ Despite declining investment in
antibacterial discovery and development by pharmaceutical
companies,'>'® these factors have served as motivation for
continued antibiotic research and innovation.

Ongoing areas of study aim to minimize the effects of
AMR by identifying novel therapeutics and improving the
activity of existing antibiotics either through the use of drug
combinations, drug functionality modifications, or drug
adjuvant co-treatments. For example, the odilorhabdins are a
recently discovered class of antibacterial secondary
metabolites produced by a non-ribosomal peptide synthetase
gene cluster of Xenorhabdus nematophila, a nematode
symbiont.'  These peptide natural products were
demonstrated to target a unique site on the ribosome small
subunit and to interfere with protein synthesis. Together with
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the natural products darobactin and dynobactin, produced
by Photorhabdus, the discovery of these antibiotics has
revealed bacterial symbionts of invertebrates to be reservoirs
of potent antibacterial metabolites."”™"”  Additionally,
improved culturing approaches like the use of isolation chip
(iChip) technology, which led to the discovery of teixobactin,
allow for the culturing of previously unculturable bacterial
antibiotic producers (Fig. 1)."®" Application of the
synergistic effects of oxacillin and an erythromycin derivative
(SIPI-8294) against MRSA, and a tetracycline/nalidixic acid
combination against hospital-acquired MDR strains of
Acinetobacter baumannii and Escherichia coli demonstrates
that drug combinations are an expanding avenue of
treatment.”>*" In addition to the common structure-activity
relationship studies (SAR) that result in improved
antibacterials,?*** a set of physicochemical qualities that
dictate drug accumulation in Gram-negative bacteria have
recently been established (eNTRY rules; Fig. 1) and, as an
example, have since been applied to the transformation of a
Gram-positive Fabl inhibitor, Debio-1452, into an extended-
spectrum antibiotic.>#** Finally, antibiotic potentiators like
B-lactamase inhibitors, drug permeability enhancers, and
efflux pump inhibitors are presently being used in clinical
settings while others are advancing in the drug approval
pipeline.®® The revitalization of widely prescribed broad-
spectrum antibiotic regimens, mostly B-lactams,”” has been a
useful strategy in countering the effects of resistance.
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Ribosome-targeting antibiotics

Ribosome-targeting antibiotics comprise a diverse group
molecules, including many widely prescribed broad-spectrum
antibiotics. The ribosome serves a critical function in all cells
by translating messenger RNA (mRNA) into proteins
necessary for life. To accurately decode mRNA, two conserved
A-site residues A1492 and A1493 (note: E. coli rRNA
numbering is used throughout) in the 30S (small) subunit
flip out from helix 44 (h44) to probe the minor groove of a
newly formed mRNA codon-transfer RNA (tRNA) anticodon
duplex.*®** While wobble base pairing is permitted for the
base pair formed by the third codon nucleotide, non-
Watson-Crick pairing for the first two positions is
unfavorable and results in the rejection of non-cognate
tRNA.*® Early studies using model A-site rRNA fragments
and, later, intact 30S subunits revealed that deoxystreptamine
(DOS) aminoglycosides directly promote A1492 and A1493
base flipping to stabilize the mRNA-tRNA interaction, even
when non-cognate, and thus induce translational
inaccuracy.”>?'* More recently, single particle high-
resolution cryo-electron microscopy (cryo-EM) structures of
amikacin and paromomycin bound to the A. baumannii and
E. coli 70S ribosomes, respectively, confirmed that both 4,6-
and 4,5-disubstituted 2-DOS (4,6-DOS and 4,5-DOS,
respectively) aminoglycosides interact directly with A1493
and A1492, in addition to other residues within their h44
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Fig. 1 Approaches for discovery of antibiotics with novel mechanisms of action and improving activity of existing drugs. (A) The odilorhabdin
(NOSO-95C) and darobactin were both isolated from nematode symbionts. Search for biosynthetic gene clusters similar to that of darobactin led
to another inhibitor, dynobactin A. (B) Non-traditional culturing methods (e.g. iChip) have also enabled the culturing of bacterial species with
currently untapped natural product repositories. (C) Implementation of physicochemical guidelines (eNTRY rules) has expanded the spectrum of
originally Gram-positive-only antibiotics. Created with https://BioRender.com.
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A-site pocket, in this biologically most relevant context
(Fig. 2).*?*® Cocrystal structures of other aminoglycosides,
including gentamicins and plazomicin (4,6-DOS) and
neomycins (4,5-DOS), with the Thermus thermophilus 70S
ribosome reveal high conservation of the observed networks
of  drug-rRNA interactions.?”*® Apramycin, a
monosubstituted 4,6-DOS with a bicyclic core, also has
ribosome binding modes similar to disubstituted 4,6-DOS
aminoglycosides for the deoxystreptamine ring.*’

On the 50S (large) ribosomal subunit, macrolide
antibiotics target a distinct functional site to impede protein
synthesis by reversibly binding and occluding the nascent
peptide exit tunnel (NPET). Macrolides thus block the
extension of the growing peptide chain and cause
premature peptidyl-tRNA drop-off.*° Drug binding along the
NPET involves interactions with both 23S rRNA nucleotides
and ribosomal proteins that line the interior of the tunnel's
narrowest section. The cryo-EM structure of the macrolide
erythromycin bound to the T. thermophilus ribosome reveals
a water-mediated intermolecular bonding network crucial
for blocking the channel and establishes the C5
desosamine sugar as an essential moiety for macrolide
binding (Fig. 3A).*" These ribosome-macrolide interactions
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are consistent with other structures for second-
(azithromycin),**  third- (telithromycin),* and fourth-
generation (solithromycin)** macrolides. Additionally, the
binding sites for macrolides with an extended C5
saccharide chain, such as tylosin (Fig. 3B), and the
lincosamides extend from the NPET towards the peptidyl
transferase center (PTC) positioning these antibiotics near
highly-conserved PTC nucleotides.***> Several other classes
of structurally unrelated antibiotics also share a common

binding site at the PTC, including the phenicols,
lincosamides, oxazolidinones, pleuromutilins, and
streptogramin A, collectively labeled PhLOPS,

(Fig. 3C and D). At this binding site, these antimicrobials
are positioned to sterically disturb the orbital positioning
of the nucleophile-electrophile pair involved in the peptide

elongation reaction.”®"”  Alignment of X-ray crystal
structures of ribosome-bound clindamycin,*®
chloramphenicol,*® linezolid,*® tiamulin,>® and

dalfopristin® (Fig. 3E) illustrates the overlapping binding
site of these molecules in the ribosome.

Several oligomeric antibiotics that target the 50S subunit
are widely used in veterinary medicine and have been
considered for human use in the treatment of MDR

G1405

A1408

Fig. 2 Aminoglycoside interaction networks with h44 residues in the decoding center. (A) The 4,6-DOS aminoglycoside amikacin (PDB: 6YPU) and
(B) 4,5-DOS aminoglycoside paromomycin (PDB: 7K00) bind in the A site on the 30S ribosomal subunit, and they both interact directly with
conserved decoding nucleotides (A1492 and A1493) and the targets of the aminoglycoside-resistance 16S rRNA methyltransferases (G1405 and
A1408). Interaction with G1405 is different for the two DOS aminoglycoside groups, whereas A1408 is close to the neamine core for both. For
clarity, only the noted residues of interest and their direct interactions (dashed lines) with the aminoglycosides (yellow) are shown. All structure

images were prepared using PyMol.
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PhLOPS,target
overlap at PTC

Interactions of antibiotics with the 50S ribosome. (A) The macrolide desosamine ring directly interacts with A2058 (N1) and forms water-

bridged interactions with the indicated NPET residues (PDB: 6XHX). A2058 (N6) is the target site of macrolide-resistance 23S rRNA
methyltransferases. For clarity, only residues of interest are shown; erythromycin is shown as yellow sticks. (B) Chemical structure of the 16-
member macrolide tylosin. (C) Chemical structures of other PTC targeting antibiotics noted in the main text. (D) Chemical structure of
streptogramin antibiotics. (E) Superposition of PTC binding antibiotics clindamycin (blue, PDB: 1JZX), chloramphenicol (yellow, PDB: 1K01), tiamulin
(grey, PDB: 1XBP), linezolid (orange, PDB: 3CPW) and dalfopristin (light blue, PDB: 1SM1) from the respective ribosome-antibiotic cocrystal

structures.

pathogens. Orthosomycins are a class of oligosaccharide
antibiotics that act by blocking the action of specific
aminoacyl-tRNAs at the A site of a translating ribosome.””
CryoEM structures of the orthosomycins, evernimicin and
avilamycin, each bound to the E. coli ribosome show that
they have a unique binding site and validate the lack of
cross-resistance with other ribosome-targeting
antibiotics.>®>*  Thiostrepton is a cyclic oligopeptide
antibiotic belonging to the thiopeptide class of ribosome-

This journal is © The Royal Society of Chemistry 2023

targeting antibiotics that bind at the “GTPase center”.
Binding of these drugs prevents GTP hydrolysis and thus
essential action in translocation of the translation factors
elongation factor G (EF-G) and elongation factor 4 (EF4; also
known as LepA).”>

In response to selective pressure, bacteria can acquire or
develop resistance toward ribosome-targeting antibiotics
through one or more of several mechanisms (Fig. 4). These
mechanisms of resistance include limiting drug uptake,

RSC Med. Chem., 2023,14, 624-643 | 627
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Fig. 4 Mechanisms of resistance against ribosome-targeting antibiotics. (A) To prevent antibiotic entry, drug-resistant bacteria can alter the
expression level or pore structure of porins. (B) The expression of efflux pumps facilitates drug extrusion from the cell thereby reducing
intracellular drug concentrations. (C) As antibiotics reach the cytoplasm, they may be deactivated by drug-modifying enzymes or (D) degraded in
their native form or after modification to enhance degradation. (E) Through the use of ribosome protection proteins (RPP), bacteria can resist
inhibition by dislodging antibiotics from their ribosomal binding site. Resistant bacteria can also alter the drug target site via (F) mutation of
residues critical for drug-binding or (G) chemical modification of target residues. Drug or target site chemical modification reduces binding affinity
due to steric clash and/or electrostatic repulsion. Created with https://BioRender.com.

increasing drug efflux, chemically modifying the drug
scaffolds, degrading the drug, the action of ribosome
protection proteins, or altering the drug target by mutation
or chemical modification.>®

Antibiotics with an intracellular target face the challenge
of reaching the cytoplasm in high enough concentration to
inhibit bacterial growth. As a resistance strategy, bacteria can
therefore drug accumulation by reducing or
eliminating the expression of porins, or narrowing the porin
channel viag adaptation or mutation.’”*® Drug-resistant
strains of A. baumannii, P. aeruginosa, and Mpycobacterium
tuberculosis have also been reported to increase the
expression of multidrug efflux pumps, thereby similarly
limiting the intracellular accumulation of antibiotics.>®>°7¢*

Once in the cytoplasm, antibiotics can be modified and/or
degraded. For example, aminoglycosides can be deactivated
by acetylation, phosphorylation, or adenylation of the amino
and hydroxyl functional groups via aminoglycoside modifying
enzymes (AMEs) to reduce their affinity for their h44 binding
site,” and macrolides are hydrolyzed through esterase-
mediated cleavage.®® Ribosome protection proteins such as
TetM/TetO®* and members of the ATP-binding cassette F
(ABCF) family®>®® can confer resistance to ribosome-targeting

lower
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antibiotics by dislodging them from their binding sites.
Target site alterations via mutation or posttranscriptional
modification sterically and/or electrostatically reduce drug
binding affinity. An A2058G mutation in the NPET renders
macrolides, lincosamides, and streptogramin B (MLSg)
antibiotics inactive.®” Chemical modification at the binding
sites of ribosome-targeting antibiotics occurs on strategic
rRNA residues such that a compromise between protein
synthesis efficiency and maximum protection is reached.
Enzymes responsible for target alteration through
methylation of rRNA residues are increasingly becoming a
cause for alarm, and their features, prevalence, fitness cost,
and inhibition efforts are the focus of this review.

Resistance-conferring rRNA
methyltransferases

S-Adenosyl---methionine (SAM)-dependent methyltransferases
are ubiquitous enzymes across all domains of life that
facilitate the delivery of a methyl group to a wide range of
substrates, including proteins, nucleic acids, and small
molecules.®® In the process of substrate modification, the
SAM cosubstrate is demethylated to form

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Methyl transfer mechanisms and modified residues. (A) In the Sy2 mechanism, the nucleophilic nitrogen from the nucleotide base attacks
the electrophilic methyl group of a positively charged SAM. (B) Radical mechanism mediated by an iron-sulfur cluster that reductively cleaves the
second SAM (SAM2) to methionine and a 5'-dA radical. The radical abstracts hydrogen from a methylcysteine intermediate formed via an Sy2
mechanism between SAM1 and a cysteine residue. The resulting radical then reacts with the target adenine base and the conserved active site
disulfide bridge reforms to complete the transfer followed by an enamine/imine tautomerization mediated by the undefined base B- and acid/
conjugate base HB. (C) Select structures of methylated rRNA residues: m'A, m’G, m®,G, and m?mCA.

S-adenosylhomocysteine (SAH). Methyl transfer mediated by
these enzymes proceeds via a second-order nucleophilic
substitution (Sy2) or a radical mechanism (Fig. 5A and B).*
As the two clinically most relevant examples, resistance-
conferring 16S or 23S rRNA methyltransferases modify
conserved rRNA residues in the A site or NPET/PTC to render
bacteria insensitive to aminoglycosides and MLSg/PhLOPS,,
respectively.

In the 30S subunit, methylation of G1405 at the N7
position by ArmA or RmtA-H causes the modified residue to
carry a positive charge (Fig. 5C) that results in charge
repulsion with an ammonium functionality on ring III of
4,6-DOS aminoglycosides in addition to steric hindrance. The
longer distance between the 4,5-DOS aminoglycosides and
G1405 means that interactions between these drugs and the
A-site residues are impacted less by the methylation of
G1405. Apramycin does not interact directly with G1405 and
thus its activity is unaffected by methylation of this residue.
The neamine core (rings I and II) present in both 4,6- and
4,5-DOS aminoglycosides is proximal to the N1 position of a

This journal is © The Royal Society of Chemistry 2023

second methylated nucleotide, A1408 (Fig. 2), such that
modification at this site by NpmA-B introduces steric clash
for both drug scaffolds. Non-DOS compounds like
streptomycin do not interact with the same A-site binding
pocket and these modifications therefore do not affect their
activity.*

In the 50S subunit, mono- or dimethylation of the N6
position on A2058 by Erm 23S rRNA methyltransferases
introduces a steric clash with a required water molecule at
the NPET.*" This prevents the formation of a hydrogen
bonding network that bridges the macrolide desosamine
ring to the NPET residues, thus significantly reducing the
affinity of this class of drugs for their binding site (Fig. 3A).
Only dimethylation of N6 A2058 confers resistance to the
bactericidal, slow-dissociating third- and fourth-generation
macrolides (ketolides).”®”" Similarly, C8 methylation of
A2503 by Cfr introduces a steric clash of the PhLOPS,
antibiotics with the modified residue, again significantly
affecting their binding.”> The efficacy of lincosamide
antibiotics and the synergistic streptogramin drug

RSC Med. Chem., 2023, 14, 624-643 | 629
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combinations (streptogramins A and B, Fig. 3C) is notably
affected by both A2058 and A2503 methylations. Tylosin
and other macrolides that extend into the PTC due to their
extended sugar side chains are also sensitive to both A2058
and A2503 modification.”? Additionally, m'G748 and
mPA2058 methylations have been shown to confer resistance
specifically against tylosin and another 5- and 14-position
glycosylated macrolactone, mycinamycin.”* Methylation of
these residues is performed by TIrB (Erm32) and TIrD
(ErmN) resistance-conferring 23S rRNA
methyltransferases.”*””

Though less clinically relevant, modifications at several
other 23S rRNA residues confer resistance to 50S subunit
binding antibiotics. The oligosaccharide antibiotics,
evernimicin and avilamycin, are also impacted by resistance-
rRNA methylations. Base methylation of G2535 in h91 by
AviRa and the 2'-hydroxyl of U2479 in h89 by AviRb have been
demonstrated to render orthosomycins inactive.”® Molecular
modeling suggests that m’G2535 is the most likely
modification conferring resistance, and a similar model has
confirmed the effect of methylation by AviRb.*® The
methylation of domain V residue, G2470, by EmtA also
renders bacteria insensitive to orthosomycins.”” Finally, an
Am1067 methylation performed by the thiostrepton-
resistance methyltransferase TsnR confers high-level
resistance against thiostrepton and other related thiopeptide
antibiotics which bind at the ribosome GTPase Center.”®

Since most essential, clinically used chemotherapeutics
are  bacterial natural products, antibiotic-producing
actinomycetes like Micromonospora spp. and Streptomyces
spp. possess resistance mechanisms against these
compounds as a method to prevent self-inhibition.”®
Commonly, in these drug-producing bacteria, genes encoding
resistance rRNA methyltransferases are embedded in the
chromosomal biosynthetic gene cluster. Examples of such
proteins include Sgm, KamB, and PikR1/PikR2 which
incorporate 16S rRNA m’G1405, 16S rRNA m'A1408, and 23S
rRNA  m°®A2058 modifications, respectively.*>®*  In
pathogenic bacteria, genes that encode resistance-conferring
rRNA methyltransferases are more often located on mobile
genetic elements and can thus be transferred horizontally
between bacterial species.®®* The acquired resistance-
conferring rRNA methyltransferases are likely to have evolved
from their drug-producer homologs though in many cases
significant differences are found in gene and protein
sequences for the two sets of extant enzymes. Other
resistance rRNA methyltransferases may have originated from
enzymes responsible for housekeeping rRNA methylations.
This idea is supported by the mechanistic and sequence
similarities between the radical SAM enzymes, RImN
(formerly YfgB) and Cfr, responsible for m®A2503 and
m®A2503 modifications, respectively, the latter of which
renders bacteria resistant to PhLOPS,.*"*® Furthermore,
evidence shows that Cfr can perform both C2 and C8
methylations on A2503, but preferentially modifies the C8
position.®®

630 | RSC Med. Chem., 2023, 14, 624-643
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The Arm/Rmt, Npm, and Erm family enzymes deliver
methyl groups to their target residues via an Sy2 mechanism.
These three families are class I Rossmann-fold
methyltransferases that possess a core seven-stranded f-sheet
with GXG(XG) SAM-binding motif sandwiched between
o-helices (Fig. 6A-C). G1405 enzymes have a large N-terminal
domain with two bundles of three o-helices that appear to be
critical for 30S subunit binding (Fig. 6A).>*° In contrast,
despite recognizing a similar region of the 30S subunit,
NpmA has internal extensions between strands 5/86 and 36/
B7 that are important for rRNA recognition and binding
(Fig. 6B),%*°° while Erm family methyltransferases have a
unique C-terminal domain (Fig. 6C(ii)).”" In contrast, RImN/
Cfr proteins are class VII methyltransferases as they bear a
partial a/Bs TIM barrel fold that accommodates an iron-
sulfur cluster ([4Fe-4S]) bound by a conserved CX;CX,C
motif.”> While rRNA methyltransferase structures built on
these two cores are unique for each family, many structural
features required for methylation activity are universal and
can be exploited in the design of inhibitors. For all the rRNA
methylating enzymes, a positive electrostatic potential surface
is essential for substrate recognition and binding (Fig. 6).

In 2014, Dunkle et al. reported the structural basis for 30S
subunit recognition by NpmA and proposed a model for
methyl transfer catalysis.”® The X-ray crystal structure of the
T. thermophilus 30S subunit complexed with NpmA and
sinefungin (a SAM analog) revealed the large interaction
surface between NpmA and the 16S rRNA, with which it
interacts exclusively. NpmA recognizes the unique structure
of the rRNA sugar-phosphate backbone of four rRNA helices
which are spatially adjacent only in the mature 308,
explaining this and related enzymes' requirement for the full
subunit as their substrate. Despite the large interaction
surface, the only rRNA sequence-specific interaction is a
hydrogen bond between the backbone carbonyl of NpmA
residue F105 and the N6 amine of target base A1408. Upon
binding, additional residues in the NpmA regions liking B5/
6 and P6/B7 stabilize an rRNA conformational change in
which A1408 flips out of h44, and is sandwiched between two
active site tryptophan residues via n-n stacking interactions.
This arrangement positions A1408 in a desirable orientation
for catalysis with N1 positioned adjacent to the bound SAM
analog (Fig. 7). The SAM analog sits in a negatively charged
pocket, and this feature is conserved among SAM-dependent
methyltransferases.®***

Prevalence of acquired antibiotic-
resistance rRNA methyltransferases

Resistance-conferring rRNA methyltransferase genes are
named based on amino acid sequence identities between the
enzymes they encode. In the nomenclature proposed by Doi
and colleagues,” a gene that displays an established
aminoglycoside resistance profile and has either an amino
acid sequence identity lower than 50% or methylates a
different nucleotide of the 16S rRNA is given a new name

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Phylogenetic and structural comparison of antibiotic-resistance methyltransferase families. (A) Neighbor joining phylogenetic tree created
with 100 steps of bootstrapping (left) and views of the RmtB structure (PDB 3FRH) as an example of the m’G1405 methyltransferase family.
Structure views (left to right) highlight: (i) the seven B-strand core with the SAM binding pocket, (ii) appended region with critical determinants for
rRNA interaction, and (iii) the same orientation but shown as an electrostatic surface. (B) and (C) As for panel A, but for the aminoglycoside-
resistance m*A1408 (with example of NpmA; PDB 3MTE) and macrolide-resistance Erm (with example structure of ErmC’; PDB 1QAO) and related
methyltransferases, respectively. (D) Phylogentic analysis of Cfr and the related RImN enzymes. Example RInM structure (4PL1) highlights (left to
right): (i) the radical SAM core fold with bound SAM and [Fe4-S4] cluster, (ii) appended N-terminal domain, and (iii) the same orientation but shown
as an electrostatic surface. Species abbreviations: Ba, Bacillus anthracis; Bc, Bacillus clausii; Bf, Bacteroides fragillis; Bs, Bacillus subtilis; Ca,
Catenulisporales acidiphilia; Cb, Clostridium botulinum; Cd, Clostridioides difficile; Ec, Escherichia coli; Ef, Enterococcus faecium; Ka, Klebsiella
aerogenes; Kp, Klebsiella pneumoniae; Mb, Mycobacterium bovis; Mg, Micromonospora griseorubida; Mt, Mycobacterium tuberculosis; Mz,
Micromonospora zionesis; Pa, Pseudomonas aeruginosa; Ps, Pseudomonas stutzeri; Sa, Staphylococcus aureus; Sc, Sorangium cellulosum So ce56;
Sf, Streptomyces fradiae; Sk, Streptomyces kanamyceticus; Sm, Saccharothrix mutabilis subsp. capreolus; Sp, Streptococcus pyogenes; St,
Streptoalloteichus tenebrarius.
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Fig. 7 Base flipping positions A1408 for N1-methylation by NpmaA.
During methylation, A1408 is flipped from its helix by NpmA and the
adenosine nucleotide is stabilized by n-n stacking interactions with
two tryptophan residues. The backbone carbonyl of F105 forms a
hydrogen bond (red dashed line) with N6 of A1408, positioning the N1
for methylation (PDB: 40X9). Structure image was prepared using
PyMol.

(e.g., rmt, npm). Similarly, those with an amino acid
homology in the range 50 - 95% are appended with a new
alphabet letter (e.g., rmtB and rmtC), whereas those that are
more than 95% identical to a known rRNA methyltransferase
receive a variant number (e.g, armA2). Likewise, the
nomenclature for MLSy resistance determinants was initiated
by Roberts et al. in 1999: genes encoding a pair of rRNA
methyltransferases with more than 80% amino acid identity
are classified with the same letter designation whereas those
with less than 80% homology are labeled with different
letters or numbers e.g. ermB or erm(35).””> To encompass all
23S rRNA methyltransferases, the nomenclature is applied to
the ¢fr family and a living document enlisting these MLSg
and PhLOPS, resistance rRNA methyltransferases is curated
by the Nomenclature Center for MLS Resistance Genes
(https://faculty.washington.edu/marilynr/). The arm/rmt, npm,
erm, and c¢fr families of acquired resistance-conferring
ribosomal methyltransferase genes are, to the best of our
knowledge, the most globally clinically relevant and are thus
the focus of the following sections.

Arm/Rmt aminoglycoside-resistance methyltransferases
(m’G1405)

The group comprising the aminoglycoside-resistance
methylase (Arm) and ribosomal methyltransferase (Rmt) 16S
rRNA m’G1405 methyltransferases is a prevalent family of
aminoglycoside  resistance-conferring rRNA  modifiers.
Phylogenetic analysis of the Arm/Rmt family suggests a
common ancestor of these proteins with methyltransferases
of aminoglycoside-producing bacteria which are present to
inhibit self-intoxication (Fig. 6A). Enzymes acquired by
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pathogens including E. coli, Klebsiella pneumoniae, and P.
aeruginosa, are divided into two early branching subclades
containing the most widespread of these enzymes, to date,
ArmA (along with RmtC and RmtE), while the other contains
RmtB and the other Rmt enzymes. Notably, these genes are
also present in other non-drug producing soil bacteria which
might act as reservoirs for horizontal gene transfer (HGT).

ArmA was first discovered in 1996 in a clinical isolate of
Citrobacter freundii from Poland.’® Through rigorous
surveillance efforts, genes that encode ArmA have since been
identified in Gram-negative multidrug-resistant pathogens
from most regions of the world. In Europe, a 2016 six-month-
long study involving 14 UK hospital laboratories identified
armA in 54.4% (43 of 79) of high-level 4,6-DOS
aminoglycoside  resistant clinical isolates (amikacin
minimum inhibitory concentration (MIC) >256 pg mL™"),
possessing at least one 16S rTRNA methyltransferase gene.’’
Of even greater concern, the ArmA-encoding gene is often not
the sole resistance determinant identified. For example, in a
Belgian study, 18 of 22 pathogenic isolates of E. coli, K.
pneumoniae, Enterobacter aerogenes, Enterobacter cloacae, and
Citrobacter amalonaticus exhibiting high-level resistance to
amikacin, gentamicin, and tobramycin (MIC >512 pg mL ™)
were found harboring the armA gene alongside
aminoglycoside modifying enzymes and extended-spectrum
B-lactamases.®®

Immunocompromised individuals who require critical
care and prolonged hospitalization are at a much higher risk
of contracting nosocomial infections with bacteria possessing
ArmA. For example, Ghafoor and coworkers found ArmaA-
encoding genes in strains of K. pneumoniae, P. aeruginosa,
and E. coli isolated from twelve cancer patients with
pneumonia in a Pakistan hospital.’”® The worldwide
abundance of bacteria possessing armA is additionally
demonstrated by their occurrence in food and domesticated
animals. In Spain, surveillance efforts conducted by
Gonzalez-Zorn and coworkers identified armA in an E. coli
isolate from the fecal matter of a diarrheic pig'® and in
seven K. pneumoniae isolates from infected house cats and
dogs.’® The sequencing of armA in the Salmonella enterica
isolated from chicken meat sold at a supermarket in La
Réunion Island brings to light the role played by food-borne
pathogens in the distribution of resistance-conferring rRNA
methyltransferases.'®> ArmA genes have also been found in
Africa,'®'%* Oceania,'®® and North and South America,'®®
and a subvariant of ArmA (designated ArmA2) was recently
sequenced in Myanmar from an MDR A. baumannii strain."®”

Functionally identical enzymes with the alternative Rmt
designation (RmtA-H) have also been widely reported, with
RmtB being the second most widespread aminoglycoside-
resistance m’G1405 16S rRNA methyltransferase. RmtB has
been identified in bacteria isolated from farm animals,'®®
companion animals,"® and clinical settings since its first
identification in 2002 from a patient in Japan.'*®'*° Although
RmtB and ArmA rRNA methyltransferases modify the same
residue, strains co-harboring genes that encode both
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enzymes have recently been identified. Two carbapenem-
resistant K. pneumoniae strains exhibiting high-level
aminoglycoside insensitivity were isolated from bloodstream
infections of patients in China, and ArmA jointly with RmtB
methyltransferase  genes located on separate
plasmids."™ RmtA was isolated in Japan from a clinical
sample of P. aeruginosa in 1997, yet reports of its occurrence
are relatively uncommon.®> However, it is not only the most
common subclass genes that are found in food animals: the
genetic elements for the first two RmtE variants, rmtE and
rmtE2, were both first identified in different E. coli strains
found in from USA and in China,
respectively.

In recent years, the value of extensive surveillance efforts
has been showcased by the surging identification of less
common Rmt methylases coupled with the discovery of novel
subclass variants. A UK/Ireland-wide study of 550 A.
baumannii clinical isolates collected between 2004 and 2015
reported the first occurrence of rmt¢E3 although this gene was
in only one out of the 531 isolates possessing 16S rRNA
methyltransferase genes. In 2011 and 2013, the genes
encoding RmtF, RmtG, and RmtH were isolated from K
pneumoniae strains found in France,"'® Brazil,"'® and Iraq,""’
respectively. These genes have since been identified in other
drug-resistant Gram-negative bacteria, including E. coli and
P. aeruginosa."*® Collectively, the global dissemination of
established Rmt family genes and the emergence of novel
subclass rRNA methyltransferases is an indication of a
continually developing and globally expanding resistance
mechanism.

were

cattle swine

112,113

Npm aminoglycoside-resistance methyltransferases
(m'A1408)

The novel plasmid-mediated 16S rRNA m*A1408
methyltransferas_e (Npm) family confers high-level resistance
to structurally diverse aminoglycosides, including some
4,6-DOS, 4,5-DOS and others, a resistance profile dissimilar
to ArmA/RmtA-H. However, as for the m’G1405 enzymes,

phylogenetic analysis of wider group of m'A1408
methyltransferases suggests a common ancestor with
enzymes from aminoglycoside-producing soil bacteria

(Fig. 6B), but not one that is shared between the two groups
of aminoglycoside-resistance enzymes. While more distant
from enzymes of known drug-producing bacteria, the
pathogen associated enzymes NpmA and NpmB1/B2 are most
closely related to soil bacteria which might have acted as the
source for acquisition by HGT.

In comparison to ArmA and RmtB, NpmA is currently
significantly less prevalent. The gene encoding NpmA was
first isolated in 2003 from a drug-resistant E. coli strain
infecting a patient in a general hospital in Japan.''® In the
2007 report, Wachino et al. proposed that methylation by
NpmaA conferred insensitivity to 4,6-DOS (MIC >256 pug mL ™"
for both kanamycin and gentamicin) and 4,5 DOS (MIC >256
pg mL™' for neomycin), but not streptomycin or
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spectinomycin (non-DOS) in E. coli ARS3. However, the use of
gentamicin in surveillance to determine the resistance profile
of A1408 methyltransferases has been a subject of debate as
this molecule has been observed to have reduced sensitivity
to m'A1408 methylation compared to other drugs (e.g.
kanamycin)."*® NpmA genes have also been identified in K.
pneumoniae and Enterobacter spp. (E. aerogenes and E. cloacae)
strains in a study from Saudi Arabia, with four strains of the
218 isolates analyzed in the study found to harbor both npmA
and B-lactamase genes.'”" Until Marsh et al. identified npmA
and npmA2 in clinical isolates of Clostridioides difficile using
whole genome sequencing,'® the existence of acquired 16S
rRNA methyltransferases in Gram-positive bacteria was
unknown. Previously, it had only been demonstrated that
Bacillus subtilis with an rmtC-bearing recombinant plasmid
conferred high-level resistance to kanamycin and
gentamicin."*> The C. difficile strains hosting the NpmA
genes were isolated from humans, swine, and bovine in four
countries on three different continents: USA, Japan, Canada,
and Australia.”” The npmA gene has also been found in P.
aeruginosa in Iraq, and nearly 44% of the isolates examined
in this surveillance effort possessed the gene.'* Other
subclasses and variants in the Npm family are emerging in
pathogenic bacteria and some appear more distantly related
to known pathogenic enzymes than to many sequences from
soil bacteria (Fig. 6B). In particular, recently, two
aminoglycoside-resistant E. coli strains from the UK were
found to harbor npmB1 and npmB2 after a search for NpmA-
like methyltransferases in the National Center for
Biotechnology Information (NCBI) database."*

Erm macrolide-resistance methyltransferase family

While 16S rRNA methyltransferases are predominantly found
in Gram-negative pathogens, enzymes that methylate the
A2058 nucleobase on the 23S rRNA have been widely
identified in Gram-positive bacteria. In 1956, Chabbert
reported S. aureus strains exhibiting erythromycin
resistance,'*® and later, Griffith et al noted antagonism
between the macrolide and lincomycin in the isolates.">” The
Weisblum group demonstrated that this bacterium was also
insensitive to streptogramin B which binds an overlapping
binding site with macrolides and lincosamides."”®
Subsequently, the gene that encodes ErmA, the first member
of the erythromycin ribosome methylation (Erm) family of
enzymes, was sequenced in 1973 from a clinical isolate of S.
aureus and the MLSg resistance phenotype was attributed to
this methyltransferase. Several subclasses in the Erm family
alongside their variants have since been reported including
ErmB-ErmZ and Erm(30)-Erm(55).

Phylogenetic analysis suggests that the Erm family
methyltransferases share a common ancestor with RsmaA, an
rRNA methyltransferase which dimethylates two adjacent
adenosines (A1518 and A1519) of 16S rRNA in the 30S
ribosomal subunit. The RsmA group itself is divided into
several clades corresponding to different bacterial phyla. In
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the Erm methyltransferase clade, this enzyme group is
divided in to four main subclades containing ErmA/ErmC,
ErmF/Erm]J, ErmS and MyrB (also known as ErmW), along
with the more divergent Erm38 from Mycobacterium
tuberculosis (Fig. 6C).

The presence of Erm resistance-conferring
methyltransferase genes in gut-dwelling bacteria accelerates
their global dissemination. In India, ErmB genes were found
in the non-pathogenic bacteria Streptococcus pneumoniae and
Enterococcus faecalis sampled from sewage water branching
into River Ganga,"* the main water source in the region. In
the USA, outflowing water from midwestern land reserved for
animal husbandry and treated with swine manure was
observed to have ermB and ermF-harboring bacteria."*® The
existence of rRNA methyltransferases in bacteria found in
food complicates the treatment of infections like
Campylobacteriosis. In Tunisia, ermB genes were isolated in
the Gram-negative food-borne pathogens, Campylobacter
Jejuni and Campylobacter coli, co-harboring other resistance
determinants.*" Recently, the Erm(54) gene was located on a
plasmid from livestock-acquired MRSA originating from
Germany,"** and Erm(53) genes were isolated from E. coli
found in Canada and USA."*’ Despite the erm genes having
been identified first in the 20th century, earlier MLSg
resistance-conferring rRNA methyltransferases continue to
disseminate worldwide and the discovery of new variants has
not ceased.

Cfr radical SAM methyltransferase family

The Cfr methyltransferase family shares a common ancestor
with the housekeeping RImN methyltransferases (Fig. 6D),
which incorporate an m*A2503 in 23S rRNA and m®A37 in
tRNAs. The chloramphenicol-florfenicol resistance (¢fr) gene
was first discovered on a plasmid in Staphylococcus sciuri
from a calf suffering a respiratory infection."** In 2005, a
MRSA strain coexpressing c¢fr and ermB, thus resistant to
most clinically relevant 50S subunit targeting antibiotics, was
isolated from a patient with a fatal case of pneumonia in
Colombia."”® Recently, a study in Portugal identified cfr in
livestock-acquired MRSA strains of swine origin alongside
other resistance determinants like fexA (encodes florfenicol-
chloramphenicol exporter), blaZ (encodes B-lactamase), and
tetk (encodes a tetracycline efflux pump).'*® In another
surveillance effort, ¢fr was identified in clinical isolates of
MRSA collected between 2018 and 2019 in hospitals in
Pakistan."®” Aside from staphylococcal strains, cfr has also
been detected in E. coli, E. faecalis, and Streptococcus suis in
Europe and Asia."***° Four other homologs of cfi have been
identified in diverse genetic contexts and geographical
locations. In New Orleans, USA, Cfr(B) genes were first
isolated from E. faecium recovered from patients at a medical
center.”*! In 2017, Cfr(C) was isolated from the food-borne
Campylobacter pathogens in the USA and later that year in C.
difficile.**>'** Cfr(D) genes first appeared in E. faecium
human isolates from France, and recently, the genes were
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identified in another E. faecium isolate from a Western
Australian man suffering from bacteremia.'**'** In both
cases, the cfr(D) was detected alongside optrA, an emerging
transferable gene that encodes an ABCF ribosome protection
protein conferring resistance to oxazolidinones and
phenicols."*® The co-existence of cfi and optrA has also been
observed in E. faecalis in Brazil.'*” Presence of transferable
resistance determinants in commensal bacteria unveils the
gut and nasal microbiota as a hub for TrRNA
methyltransferase gene exchange in humans and animals.
Since these bacteria are non-pathogenic, this accelerates
worldwide resistance-gene dissemination as nothing warrants
investigation. ~ Lastly, the latest  Cfr-like  rRNA
methyltransferase, Cfr(E), was identified in 2015 from clinical
C. difficile isolates in Mexico."*® The transcontinental spread
of Cfr and Cfrlike rRNA methyltransferases poses a
significant threat as it considerably limits antibiotic
treatment options.

Fitness cost and regulation of rRNA
methyltransferase genes

The rate of global transmission of antibiotic-resistance rRNA
methyltransferase genes relies, in part, on their overall
efficacy as agents of resistance for the host bacteria.
However, carrying and expressing resistance genes often
comes with a fitness cost. The E. coli 16S rRNA is decorated
with a total of well-conserved  nucleotide
modifications, with several proximal to the A site:
m*Cm1402, m°C1407, and m*U1498 on h44 (Fig. 8A)."*
These four methylations are incorporated by different SAM-
dependent housekeeping rRNA methyltransferases (RsmH, -I,
-F, and -E) and are crucial for translational fidelity."**™**" In
2006, Andersen and Douthwaite established that a fitness
cost is associated with the lack of an m>C1407 modification
by RsmF (formerly YebU) in E. coli'*® and Cubrilo et al.
subsequently showed that m’G1405 modification by the
aminoglycoside resistance-methyltransferase Sgm interferes
with the ability of RsmF to introduce the functionally
important m°C1407 modification into the E. coli 30S
subunit."?

While similar impacts on translational efficiency could be
expected for the Sgm homologs ArmA and RmtA-H, detailed
studies of these pathogen-derived enzymes have revealed
some unexpected differences. In 2012, Gutierrez and
colleagues showed that ArmA, RmtB, and RmtC indeed
interfered with RsmF, but rmt¢C-harboring E. coli surprisingly
had an insignificant fitness cost in the absence of antibiotic
challenge." In further contrast, in 2014 Lioy et al. reported
that ArmA only interfered with 2’-O-methylation (Cm1402) by
Rsml and not with the m°C1407 methylation.">* The same
group also established that npmA-expressing cells had only a
minor fitness cost despite m'A1408 modification by NpmA
also impeding the adjacent m°C1407 methylation."*
Subsequently, in 2016, Yang and colleagues used E. coli
strains harboring rmtB to demonstrate that there is a
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Fig. 8 Factors that dictate the fitness cost of bacteria hosting resistance rRNA methyltransferase genes. (A) Locations of E. coli housekeeping
methylations in h44 impacted by adjacent resistance modifications at G1405 and A1408. (B) The exiting nascent peptide does not interact with
either A2062 or A2503 when the tunnel is clear. The A2503 base changes conformation to relay nascent peptide information from the NPET to the
PTC when the channel is blocked by erythromycin (Ery). (C) Ribosome-erythromycin-ErmCL complex stalling at ermCL triggers the mRNA to
release a second ribosome binding sequence (SD2). Created with https://BioRender.com.

substantial fitness cost affiliated with carrying this resistance
gene."”  Furthermore, competition and growth rate
experiments reported by Ishizaki et al in 2018 involving
npmA and armA in the Gram-negative pathogenic strains, E.
coli, P. aeruginosa, and K. pneumoniae, revealed the instability
of npmA in the presence of insertion sequence (IS)
elements.'”® This study suggested that npmA expression is
highly unfavorable and disadvantageous for bacterial growth
and survival, consistent with this gene's relatively low
acquisition and dissemination rate. The contrasting findings
from these works call for more research in this arena using
consistent experimental standards. While 16S rRNA
modifying methyltransferase genes may decrease bacterial
fitness in an antibiotic-free environment, compensatory
mutations can also develop to restore fitness while
maintaining the benefit of possessing the
determinant.

The expression of acquired resistance-conferring rRNA
methyltransferase genes to modify domain V nucleotides of
the ribosomal 50S subunit leads to interesting behavior in
bacteria. From growth rate and competition studies
conducted by LaMarre and coworkers, a low fitness cost was
observed for a laboratory strain of S. aureus harboring a
plasmid encoding the cfr resistance gene.'”” A follow-up
experiment in which cells with an active and a non-active Cfr
protein were cocultured showed that the fitness cost was a
result of the bacteria producing the protein rather than C8

resistance
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methylation on A2503.">” The A2503 nucleotide, via a syn-

anti base conformational transition, is reported to relay
nascent peptide chain information from the NPET to the PTC
during antibiotic-induced ribosome stalling (Fig. 8B)."”*
While C2 methylation facilitates this conformational
change,"’ it is probable that a second methylation at the C8
position does not alter the cell's viability as A2503 is not
directly involved in protein synthesis. The low fitness burden
reported for the S. aureus strain harboring cfr can explain the
capacity of ¢fi and cfi-like genes to be rapidly disseminated.
In contrast, the report by LaMarre et al. also revealed that
expression of ermB alongside cfr significantly decreased
bacterial survival’®” This result is consistent with other
findings that expression of Erm (MLSg resistance genes) are
deleterious for bacteria,'®® and are thus closely regulated.
Extensive research has been done to elucidate the
regulation system of Erm-based MLSg resistance. In 1980,
studies using the ermCL-ermC operon established that
erythromycin induces the translation of ErmC rRNA
methyltransferases.'®"'®>  Ribosomes  with  macrolides
blocking the NPET are stalled at the ermCL leader peptide
sequence positioned upstream of the ermC open-reading
frame. The macrolide-mRNA-ribosome complex thus induces
a conformational change on the ermCL-ermC mRNA which
then exposes a second Shine-Dalgarno (SD2) sequence,
previously sequestered within a stem-loop structure allowing
for the translation of ErmC (Fig. 8C). Recent cryo-EM
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structures solved by Beckert et al. of erythromycin- and
telithromycin-bound ribosomes stalled by ermDL unveil how
the nascent ErmDL peptide residues cause the conserved
PTC nucleotides to change conformation and initiate
translational arrest."®® These findings are consistent with
reports made by Dzyubak and Yap studying the S. aureus
ermBL-ermB operon as they showed that the clinically
prevalent constitutive expression of ermB results from
complete loss of the regulatory sequence or impairment of
the ermBL region.'®* Selective pressure imposed by the use of
non-inducing macrolides like tylosin as growth promoters in
animal husbandry is attributed to the increased occurrence
of constitutively expressed Erm genes.'® In the absence of
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MLSg drugs, erm mRNA reverts to the inactive conformation.
Since the production of the resistance-conferring proteins
and the unnecessary methylation of rRNA in an antibiotic-
free context leads to reduced fitness, controlled expression
and regulation of rRNA methyltransferase-encoding genetic
material underpins the continued global spread of these
determinants.

Circumventing resistance-conferring
rRNA methylations

Apramycin and its derivatives (apralogs) have garnered
attention as potential broad-spectrum treatment options
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Fig. 9 Antibiotic analogs that are active against bacteria with resistance rRNA methyltransferase genes. (A) Chemical structure of apramycin and
5-furanosyl appended apralogs. Studies have explored different substituents at RY, R? and R3. (B) Chemical structure of iboxamycin and the
structural basis for its binding in an Erm-modified ribosome (PDB: 7RQ9). (C) Chemical structures of tedizolid and radezolid and structure of
radezolid (yellow) bound to Cfr-modified ribosome (PDB: 7S1K). Structure images were prepared using PyMol.
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against strains of MDR bacteria harboring m’G1405
resistance-conferring rRNA  methyltransferases. Current
research efforts are aimed at lowering apramycin ototoxicity
and increasing its activity against pathogenic bacteria.*®®"'®”
Recent reports have demonstrated that apralogs with a
furanosyl moiety at the 5 position (Fig. 9A) have reduced
selectivity for the human A site, therefore, providing a
starting point for the generation of nontoxic
aminoglycosides.'®®'®® In addition to improved activity
against bacteria encoding ArmA, RmtB, RmtC, and RmtF the
resulting 4,5-DOS apralogs are less amenable to inactivation
by AMEs as compared to other DOS aminoglycosides due to
the unique bicyclic scaffold."””>'”" Other 4,5-DOS analogs like
the paromomycin derivative, propylamycin, are also
promising leads."”> These compounds are however still
susceptible to resistance mediated by NpmA/B as they
directly bind to A1408.""*

The exploration of more than 500 lincosamide derivatives
by Mitcheltree and colleagues led to an oxepanoprolinamide
scaffold that aids iboxamycin evasion of both Erm and Cfr-
based resistance.'”® A cocrystal structure of iboxamycin and
an m®,A2058 modified T. thermophilus ribosome (Fig. 9B)
shows that the antibiotic binds in the NPET/PTC site, and
extends into the A-site pocket where it forms new
hydrophobic interactions believed to counteract drug-
m®,A2058 clashes that otherwise  dislodge
clindamycin and lincomycin. Similarly, since the
discovery of Cfr mediated resistance against the
oxazolidinone antibiotic linezolid, extensive SAR studies
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have led to more potent second generation derivatives like
tedizolid and radezolid (Fig. 9C)."”* Structures of ribosome-
bound tedizolid and radezolid demonstrate additional
interactions including n-m stacking with binding site
residues as a result of aryl CD ring additions.””>'"® A
cryoEM structure of radezolid bound to a Cfr-modified
ribosome shows that the m®>m®A2503 residue shifts to avoid
clashing with the C-5 acetamide.'””® This conformation
change is not expected for tedizolid with a hydroxymethyl at
the C-5 position, which explains its increased affinity as
compared to radezolid.’”*

Antibiotic derivatives that retain efficacy against bacteria
harboring resistance-conferring rRNA methyltransferases do
so by having additional binding contacts and/or evading
clashes with the methylated residues. While the synthesis
and biological evaluation of antibiotic analogs is a
challenging and time-consuming task, the studies involving
apramycin, tedizolid and radezolid, and iboxamycin show
that more potent analogs can be discovered using this
approach.

Targeting resistance-conferring rRNA
methyltransferases

Several strategies have been employed to identify and develop
small-molecule rRNA methyltransferase inhibitors to curb
Erm-based MLSg resistance in bacteria. In 1995, Clancy and
coworkers used high-throughput screening (HTS) to identify
potential ErmC inhibitors with half maximal inhibitory
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Fig. 10 Chemical structures of Erm methyltransferase inhibitors. Erm inhibitors identified using (A) high throughput screening (HTS), (B) NMR
based screening followed by an extensive SAR campaign, (C) in silico docking on ErmC’ and in vitro assays using COMT, (D) virtual screening using
ErmC’ 3D structure, and (E) virtual screening then SAR of the lead compound after in vitro studies.
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concentrations (ICso) of 0.45 to 22.1 puM.'”” To test for
selectivity, inhibitory activity of the compounds was also
tested against the E. coli methyltransferase EcoRI and
catechol-O-methyltransferase (COMT) derived from rat liver.
Their most promising hit, UK-105730 (Fig. 10A), was selective
for ErmC and lowered the MIC of azithromycin in synergy
assays against MLSg-resistant bacteria, but failed to protect
mice from a clinical strain of ermC-harboring S. aureus. The
hit compounds in the study lacked similarities in chemical
structure but had remarkable selectivity and synergy profiles
overall and could therefore be used as starting points in
future searches.

In other efforts, Hajduk and colleagues identified 2,4,6-
trisubstituted triazine-containing hits using an NMR-based
screening method against the ErmAM protein.'”® Subsequent
SAR studies explored the utility of each substitution through
the parallel synthesis of more than 600 analogs. The best
compounds, 19 and 26 (Fig. 10B), had inhibitory constants
(K;) of 2 uM and 4 pM against ErmAM, and 20 uM and 10 uM
against ErmC’, respectively. The leads identified using this
technique target the conserved methyltransferase enzyme
active site yet, interestingly, the compounds were reported to
be ineffective against EcoRI methyltransferase hinting at
selectivity for the Erm rRNA methyltransferases.

The availability of high-resolution crystal structures of
rRNA methyltransferase enzymes has streamlined the
computer-aided development of novel inhibitors. In 2006,
Kreander and coworkers docked 200000 compounds in the
SAM binding pocket of ErmC’ and selected 49 molecules for
additional screening through in vitro assays using a soluble
version of COMT eventually leading to two hits, MB5 and
MB6 (Fig. 10C)."”° However, the use of human
methyltransferases for experimental validation could
potentially select for cytotoxic compounds through targeting
of conserved SAM-binding sites.

Subsequently, Feder et al. performed an in silico screen of
58679 small molecules using an ErmC' crystal structure and
identified 14 compounds, out of the 77 selected for in vitro
and in vivo studies, predicted to bind at the rRNA binding
site."® The remaining 63 were predicted to bind in the
pocket meant for the adenine substrate, and this criterion
was met by the three most potent inhibitors, RF00667,
PD00556, and HTS12610 (Fig. 10D). These three compounds
lowered the MIC of erythromycin against E. coli harboring an
ermC recombinant gene and had in vitro activity between 180
puM and 300 uM (ICs, against purified ErmC’). RF00667 and
PD00556 were non-competitive with SAM while HTS12610
was competitive with the cosubstrate as it was modeled
extending into the SAM binding pocket. The docking of UK-
80882 (Fig. 10A) identified by Clancy et al. showed similar
binding modes to the three hits; the modeled inhibitors were
observed to interact with a crucial tyrosine residue via n-n
stacking at the catalytic site.”””'®® Following a similar
strategy, the group again used virtual screening to identify
inhibitors that bind both the SAM and the adenine binding
pockets to allow for better in vitro activity while maintaining

638 | RSC Med. Chem., 2023, 14, 624-643
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high ErmC’ selectivity.'® These new lead compounds
(Fig. 10E) exhibited different inhibition modes, including:
SAM-competitive (compound 4s), non-competitive
(compound 28), and uncompetitive (compound 3s), and
exhibited a greater binding affinity for the target site than
the previously identified inhibitors." 85

Collectively, these works set the stage for the rational
design of Erm and other rRNA methyltransferase inhibitors,
while also highlighting some of the challenges faced in
targeting these enzymes. To the best of our knowledge, to
date, no inhibitors of any 16S rRNA resistance
methyltransferases or the Cfr and Cfr-like proteins have been
identified, and none of the inhibitors reported so far have
demonstrated efficacy in murine infection models. Thus,
while a promising approach to revitalizing several key
antibiotic classes, much work remains to be done.

Conclusion

As quickly as bacteria have evolved and broadened their
arsenal of resistance mechanisms since the introduction of
antibiotics into clinical practice, we have been
correspondingly slow to mobilize efforts to counter such
resistance despite its almost immediate identification. As
part of these efforts, surveillance and identification of rRNA
methyltransferases must be expanded; for example, data from
Asia, Europe, and North America is ample as compared to
Africa. Although there is a notable distribution trend for the
rRNA methyltransferase families and their ever-expanding
number of variants, it is also apparent that their rate of
prevalence is still low compared to many other resistance
mechanisms that affect some antibiotic classes. Thus, while
new approaches are urgently needed to counter the effects of
these resistance determinants, the window of opportunity
remains open, for now, to mitigate their aminoglycoside,
MLSg, and PhLOPS, resistance phenotypes.

With improved technology and the availability of high-
resolution crystal structures of the rRNA methyltransferases,
the computer-aided design of inhibitors that can be used as
drug adjuvants should be possible. The high sequence
homogeneity between variants as well as the mechanistic and
structural similarity between rRNA methyltransferase classes
and families increases our chances to develop universal
inhibitors. Although bacteria remain capable of developing
resistance to adjuvants, the clinical success of B-lactamase
inhibitors demonstrates that targeting resistance enzymes is
a viable strategy in the ongoing fight against antimicrobial

resistance.®?
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