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Abstract—Methylation of nucleotides in TRNA is one of the basic mechanisms of bacterial resistance to protein synthesis
inhibitors. The genes for corresponding methyltransferases have been found in producer strains and clinical isolates of path-
ogenic bacteria. In some cases, rRNA methylation by housekeeping enzymes is, on the contrary, required for the action of
antibiotics. The effects of rRNA modifications associated with antibiotic efficacy may be cooperative or mutually exclusive.
Evolutionary relationships between the systems of rRNA modification by housekeeping enzymes and antibiotic resistance-
related methyltransferases are of particular interest. In this review, we discuss the above topics in detail.
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INTRODUCTION

One of the major mechanisms of antibiotic action is
inhibition of protein synthesis via binding to the ribosome
functional sites: peptidyl transferase center (PTC),
decoding center (DC), and peptide exit tunnel (PET) [1].
These centers also contain most of the modified riboso-
mal RNA (rRNA) nucleotides [2]. Methylation of the
binding sites is one of the common mechanisms of antibi-
otic resistance that is ribosome-mediated. It has been
detected in both antibiotic-producing strains and patho-
genic bacteria causing various diseases in animals and
humans.

At the same time, many modified rRNA nucleotides
found in a broad range of bacteria or even ubiquitous are
not associated with the action of antibiotics. However,
some of these modified (mostly methylated) residues pro-
vide either moderate resistance to antibiotics or, on the
contrary, determine susceptibility to antibiotics, thus
affecting bacterial adaptation and resistance (the so-
called fitness cost) and acting as evolutionary reservoirs
for the emergence of resistance genes. In this article, we
review various aspects of the effect of methylation on
antibiotic resistance.

Abbreviations: DC, decoding center; PET, peptide exit tunnel;
PTC, peptidyl transferase center; rRNA, ribosomal RNA.
* To whom correspondence should be addressed.

METHYLATION OF 23S rRNA NUCLEOTIDE
RESIDUES IN THE PET

Nascent proteins leave ribosome through the PET
that penetrates the large ribosomal subunit from the PTC
to the opposite (cytoplasmic) side. PET interacts with
various regulatory peptide sequences and some classes of
antibiotics [3]. The most comprehensively studied (and
most important from the medical point of view) modifi-
cation is dimethylation of the PET-located 23S rRNA
A2058 residue at the N6 atom (here and below, numera-
tion is given according to Escherichia coli TRNA) by the
Erm family methylases (Fig. 1, a-c; table) [4]. This mod-
ification confers resistance to a large group of antibiotics,
including macrolides, lincosamides, and streptogra-
mins B [4, 5]. 23S rRNA A2058 residue, which is located
in the PET close to the PTC, interacts with antibiotics of
all these three classes. Dimethylation (in the case of lin-
cosamides monomethylation by TlrD) and some related
enzymes [5] disrupts antibiotic binding due to inability of
formation of hydrogen bond with A2058 and overlap with
the methyl group (Fig. 1c). This resistance mechanism is
common among macrolide producers and pathogenic
strains, against which these antibiotics are traditionally
used [6]. It is believed that the source of the erm gene
family in bacteria, including pathogenic ones, has been
horizontal gene transfer from the producer strains [7]. At
the same time, the origin of ancestral erm genes in the
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Fig. 1. Effect of nucleotide modifications in PET and PTC on interaction with antibiotics. a) Secondary structure of 23S rRNA. Fragments in
red boxes are show in other panels. b) Secondary structure of the 23S rRNA region V that forms a fragment of PET and PTC. Modified
nucleotides discussed in the text are shown as circles: red circles, modifications of these nucleotides induce resistance to antibiotics (MLS},
resistance to macrolides, lincosamides, and streptogramins B; PhLOPSY, resistance to phenicols, lincosamides, oxazolidinones, pleu-
romycins, and streptogramins A); green circles, modification of these nucleotides facilitates antibiotic binding. Arrows indicate activity of the
corresponding modifying enzymes. ¢) 3D structure of the PET-forming ribosome fragment (shown as molecular surface) with bound tylosin
(green skeletal model) and telithromycin (pink skeletal model). Red van der Waals spheres correspond to the methyl groups of 23S rRNA
m'G748 and m§A2058 residues overlapping with the tylosin-binding site and in the case of m$A2058, with the telithromycin-binding site.
d) Secondary structure of the H35 helix of 23S rRNA that forms a fragment of the PET. Modified nucleotides discussed in the text are shown
as circles: red/green circle, modification responsible for increased resistance to tylosin and susceptibility to telithromycin; blue circles, residues
modified by housekeeping enzymes. Black arrows indicate activity of the corresponding modifying enzymes; green arrow indicates facilitation
of one modification by another; red line shows mutually exclusive modifications. e) 3D structure of the ribosome fragment that forms PTC
with bound chloramphenicol (blue skeletal model). Red and green van der Waals spheres correspond to the methyl groups of 23S rRNA
m5?A2503 residue that promote or prevent, respectively, binding of chloramphenicol and other antibiotics. The images, including overlapping
3D structures and models of modified nucleotide residues, were created with the UCSF Chimera software [10] using secondary rRNA struc-
tures [11] and 3D structures 1K9M [12], 4V7Z [13], and 6ND5 [14] (Colored versions of Figs. 1-4 are available in online version of the arti-

cle and can be accessed at: https://www.springer.com/journal/10541)

producer strains remains unclear. The search for amino
acid sequences homologous to the Erm protein sequences
in bacteria [8] led to identification of the universally con-
served 16S rRNA methyltransferase RsmA(KsgA) as the
most evolutionarily close protein. Moreover, replacement
of only two protein loops modifies substrate specificity of
RsmA(KsgA), so that the enzyme acquires the ability to
modify Erm substrates [9]. It is possible that the ancestor
enzyme in the evolution of resistance mediated by Erm
methyltransferases is 16S rRNA m$A1518/19 methyl-
transferase, which also demethylates adenosine residue at
the exocyclic N6 atom.

The question arises on why the genes for Erm
methyltransferases, unlike RsmA(KsgA), have not spread
to other taxonomical groups. Apparently, the m$A2058
modification in 23S rRNA decreases adaptability of bac-
teria in the absence of antibiotics. Negative effect of
methylation might be due to the fact that modified ribo-
somes synthesize protein in suboptimal proportions
because of the interaction of the modified A2058 with
amino acid residues of the nascent protein inside the

ribosomal tunnel, rather than to the increased expenses
for methyltransferase synthesis [15]. Cells with constitu-
tively active ErmC methyltransferase and, therefore, car-
rying dimethylated A2058, are less competitive than the
cells lacking this modification [15]. This might explain
suppression of erm genes in the absence of macrolides not
only in the majority of resistant strains, but also in the
producer strains themselves [16]. The most common
mechanism of the erm expression regulation involves
halting of the ribosome on a short reading frame upstream
of the methyltransferase gene [17-19], which makes
translation initiation site of the resistance gene accessible
for the binding with other ribosome. The alternative
mechanisms for activation of erm genes in the presence of
antibiotics are transcription attenuation [20], the use of
specific transcription factor [22], and ketolide-induced
frameshift [22].

Methylation of the 23S rRNA G748 residue, also
located in the ribosome Ilarge subunit tunnel
(Fig. 1, a, c, and d), at the N1 atom simultaneously with
monomethylation of A2058 provides resistance of the
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producer bacteria to tylosin (16-membered macrolide
with bulky sugar substituents) [23], while modification of
either A2058 or G748 alone fails to confer the resistance.
Formation of 23S rRNA m'G748 is catalyzed by methyl-
transferase RImA! (TIrD), which is commonly found in
Gram-positive bacteria. Gram-negative bacteria usually
contain its homolog RImA! that modifies the neighboring
23S rRNA G745 residue at the N1 position [24] (Fig. 1d;
table). RImA' is a housekeeping enzyme. It is possible
that both these methyltransferases had originated from a
common ancestor. Expression of the rimA" gene in
Bacillus subtilis is regulated by transcription and transla-
tion attenuation, probably, to minimize negative effect of
methylation on the adaptability in the absence of antibi-
otic [25], which questions classification of such enzymes
as housekeeping proteins.

Interestingly, the increasing resistance of the
Streptococcus pneumoniae containing dimethylated
A2058 to the erythromycin synthetic derivative telithro-
mycin (2 to 32 ug/ml increase in the minimal inhibition
concentration) requires inactivation of the rimA" gene
and, respectively, absence of the 23S rRNA G748 modifi-
cation (unlike resistance to tylosin provided by rimA"
expression) [26]. This discrepancy could be explained by
the fact that the binding site for telithromycin does not
overlap with the methyl group; on the contrary, its loca-
tion ensures antibiotic interaction with the modified
nucleotide (Fig. 1c). The 23S rRNA m’U747 residue
modified by the constitutive methyltransferase RImCD
[27] (Fig. 1d) and located next to G748, promotes recog-
nition of the latter by methyltransferase RImA! and,
therefore, indirectly facilitates telithromycin bind-
ing [28].

As shown for macrolides, rRNA methylation could
result in either antibiotic resistance because of the overlap
of methyl groups with antibiotic-binding site or, on the
contrary, induce antibiotic susceptibility due to the
methyl group interaction with antibiotic. This example
also illustrates mutually excluding phylogenetic distribu-
tion of rRNA methyltransferases (r/mA' and rimA") or
their cooperative action (RImCD and RImAY).

METHYLATION OF 23S rRNA
NUCLEOTIDES IN THE PTC

PTC is the major catalytic site of the ribosome, where
formation of peptide bonds between amino acids attached
to tRNAs takes place. Many PTC residues are modified by
housekeeping enzymes [2]. Modification of nucleotide
residues in the PTC often results in antibiotic resistance.
Thus, modification of 23S rRNA A2503 (Fig. 1, b and ¢)
blocks binding of several classes of antibiotics.
Methylation of this residue at the C8 atom by methyl-
transferase Cfr induces cell resistance to phenicols, lin-
cosamides, pleuromycins, oxazolidinones, and strep-
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togramins A [29]. It is surprising that despite the wide occur-
rence of the cfr gene in Gram-positive and Gram-negative
bacteria, it is absent in antibiotic producers. This modifi-
cation has not been preserved in all bacteria. It would be
logical to suggest that it exerts negative effect on the bac-
teria viability. However, it was found that expression of the
¢fr gene only slightly suppressed growth of bacterial cells
[30]. Expression of the ¢fi gene has been studied in less
detail than expression of the erm genes. The cfi reading
frame in one of the pathogenic Staphylococcus aureus
strains is preceded by a short, probably, regulatory, reading
frame. In another case, the erm B gene was found upstream
of the cfr gene, and the promoter of their common operon
was induced by erythromycin, which resulted in the resist-
ance to seven classes of antibiotics [31].

In addition to Cfr, the 23S rRNA A2503 is modified
by the ubiquitous housekeeping methyltransferase RImN
that attaches methyl group at the C2 position [32].
Absence of this modification induces low-level resistance
to linezolid [33]. Nevertheless, acquisition of the moder-
ate antibiotic resistance in the absence of this modification
most likely does not outweigh its benefit for the ribosome
functioning. Cells deficient in RImN do not express
recombinant proteins at high levels and demonstrate mod-
erate increase in the content of intermediates of ribosomal
subunit assembly when grown at 20°C [34]. Interestingly,
induction of the ermC methyltransferase gene in the cells
with the A2503 residue unmodified at the C2 atom is less
pronounced, which indicates possible interaction of the
modified residue with the growing peptide and its involve-
ment in regulation of the protein synthesis [35].

Evolutionary origin of the ¢fi gene is still a subject of
debate. Identification of similar sequences revealed rela-
tion between Cfr and RImN;; it was suggested that Cfr had
originated from RImN through plastid RNA methyltrans-
ferases [36]. A common origin of these enzymes is sup-
ported by the fact that they modify the same residue, as
well as function via the same rather rare radical mecha-
nism [37, 38]. However, some authors [39, 40] suggested
that Cfr originated from the methyltransferase of
Clostridia related to RImN but had the substrate different
from the A2503 23S rRNA. Considering that RImN
exhibits dual specificity by methylating both rRNA and
tRNA [41], it is possible that methyltransferases of
Clostridia, which are related to both RImN and Cfr, can
act exclusively on tRNA, but not rRNA [39].

Out of multiple modifications of the PTC nucleotide
residues, only one promotes antibiotic resistance,
i.e., represents to some extent a constitutive resistance
modification. It is pseudouridinylation of the U2504
residue by RluC [42], which increases resistance to tia-
mulin, clindamycin, and linezolid and, to a lesser extent,
chloramphenicol, hygromycin A, and sparsomycin [43].
Despite the fact that RIuC catalyzes conversion of three
uridine residues (955, 2504, and 2580) into pseudouri-
dine, modification of only 2504 (Fig. 1b) increases cell
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rRNA methyltransferases affecting antibiotic resistance

Mechanism Putative
ID Protein Product Occurrence Effect of methylation of the effect ancestral
on antibiotic resistance on antibiotic enzyme*
activity
P36999 RImA! m'G745 Gram-negative bac- | susceptibility to viomycin | presumably, confor- | RImA!**
23S rRNA teria (moderate) mational changes
Q9S1M6 RImA! m!G748 tylosin producer resistance to tylosin; sus- | direct steric clashes, | RImA"™*
23S rRNA Streptomyces roseo- | ceptibility to hydrophobic inter-
flavus, other Gram- | telithromycin action
positive bacteria
P18644 TsnR Am1067 thiostrepton produc- | resistance to thiostrepton |direct steric clashes, | TrmH,
23S rRNA er Streptomyces hydrophobic inter- | RImB
azureus action
P9WIJ63 TIyA Cm1920 pathogenic susceptibility to capre- presumably, confor-
23S rRNA Mycobacterium omycin and viomycin mational changes or
(and 16S rRNA | tuberculosis and some hydrophobic inter-
Cm1409) other bacteria action
P13956 Erm family | 23S rRNA numerous pathogens | resistance to macrolides, |direct steric clashes | RsmA(KsgA)
m$A2058 and producers lincosamides, and strep-
togramins B
P97178 TirD 23S rRNA tylosin producer resistance to macrolides | direct steric clashes | RsmA(KsgA)
mP*A2058 Streptomyces roseo- | and lincosamides (moder-
flavus, other pro- ate)
ducers
QI9FBG4 Cfr m®A2503 pathogenic resistance to phenicol, direct steric clashes | RImN
23S rRNA Staphylococcus sciuri | lincosamides, oxazolidi-
and others nones, pleuromutilins,
streptogramins A
P36979 RImN m?A2503 all bacteria susceptibility to linezolid, | presumably, confor-
23S rRNA sparsomycin, tiamulin mational changes
(moderate)
QIF5K6 AviRb Um2479 avilamycin producer | resistance to avilamycin | direct steric clashes | TrmH,
23S rRNA Streptomyces viri- RImB
dochromogenes
Q93CQ2 EmtA mG2470 pathogenic resistance to avilamycin, |direct steric clashes | THUMPD?3,
23S rRNA Enterococcus faecium | evernimicin RImKL,
and others Trm14
QIF5K5 AviRa mG2535 avilamycin producer | resistance to avilamycin | direct steric clashes
23S rRNA Streptomyces viri- (moderate)
dochromogenes
POA6US RsmG m’G527 all bacteria susceptibility to strepto- | unknown
16S rRNA mycin (moderate) direct steric clashes
unknown
not known | Pct m'A964 pactamycin producer | resistance to pactamycin | direct steric clashes
16S rRNA Streptomyces pactum
POADX9 RsmD m>G966 all bacteria resistance to tetracycline; |direct steric clashes
16S rRNA (moderate) susceptibility
to tigecycline (moderate)
E9KIK3 EfmM m’C1404 pathogenic resistance to kanamycin | direct steric clashes | RsmF
16S rRNA E. faecium and tobramycin

(moderate)
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Table (Contd.)

Mechanism Putative
ID Protein Product Occurrence Effect of methylation of the effect ancestral
on antibiotic resistance on antibiotic enzyme*
activity
Q6F5A0 ArmA m’G1405 pathogenic Klebsiella | resistance to aminoglyco- | direct steric clashes
16S rRNA pneumoniae and oth- | sides with 4-6 substituted
ers deoxystreptamine
Q33DX5 RmtA-H | m’G1405 pathogenic Pseudo- | resistance to aminoglyco- | direct steric clashes
16S rRNA monas aeruginosa sides with 4-6 substituted
and others deoxystreptamine
Q53316 KgmB m’G1405 nebramycin producer | resistance to aminoglyco- |direct steric clashes
and others | 16S rRNA Streptomyces tene- sides with 4-6 substituted
brarius and others deoxystreptamine
A8C927 NpmA m'A1408 pathogenic resistance to aminoglyco- | direct steric clashes | TrmB
16S rRNA Escherichia coli sides with 4-6 and 4-5
substituted deoxystrepta-
mine
P25920 KamB m'A1408 tobramycin producer | resistance to aminoglyco- | direct steric clashes | TrmB
16S rRNA S. tenebrarius sides with 4-6 and 4-5
substituted deoxystrepta-
mine
A6YEH1 CmnU m'A1408 capreomycin pro- resistance to capreomycin | direct steric clashes | TrmB
16S rRNA ducer Streptomyces
capreolus
P9WIJ63 TIyA Cm1409 pathogenic susceptibility to capre- presumably, confor-
(and 16S Mycobacterium omycin and viomycin mational changes or
rRNA tuberculosis and some hydrophobic inter-
Cm1920) other bacteria action
POAGL7 RsmE m*U1498 all bacteria resistance to aminoglyco- | presumably, confor-
16S rRNA sides with 4-6 and 4-5 mational changes
substituted deoxystrepta-
mine (moderate)
P06992 RsmA m,*A1518/19 | all organisms susceptibility to kasug- conformational
(KsgA) 16S rRNA amycin changes

Notes. * Similarity of amino acid sequences was estimated with the BLAST program [8]. ** RImA' and RImA" are paralogs found in the Gram-neg-

ative and Gram-positive bacteria, respectively.

resistance to the abovementioned inhibitors of the pep-
tidyl transferase reaction.

To summarize, these data suggest evolution of the
resistance-mediating rRNA methyltransferase (Cfr) from
a constitutive rRNA/tRNA methyltransferase, as well as
possible transformation of the resistance-mediating
pseudouridine synthase into a constitutive modifying
housekeeping enzyme (RIuC).

METHYLATION OF 16S rRNA
NUCLEOTIDE RESIDUES IN DC

The second functionally important site of the ribo-
some is its decoding center (DC), which is located on the
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small subunit and formed mostly by the 16S rRNA helix
44. Many antibiotics, mostly aminoglycosides, interact
with this ribosomal site and induce errors in decoding
[44], as well as prevent translocation [45]. Resistance to
aminoglycosides can be induced by methylation of the
DC residues 16S rRNA G1405 at the N7 atom and 16S
rRNA A1408 at the N1 atom [46] (Fig. 2; table).
Enzymes catalyzing these modifications have been found
in both aminoglycoside-producing strains and pathogen-
ic bacteria that had most probably acquired them by the
horizontal gene transfer [46]. Thus, the m’G 1405 residue
in the ribosomes of bacterial strains producing aminogly-
cosides with 4-6 substituted deoxystreptamine is formed
in the reaction catalyzed by a large family of the struc-
turally similar methyltransferases, including KgmB, Sgm,
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FmrO, GrmA, GrmB, GrmO, Kmr, NbrB, and Srml
[47]. Commonly occurring N7 methyltransferases ArmA
and RmtA-H catalyze formation of the 16S rRNA
m’G 1405 residue in pathogenic bacteria [48], inducing
resistance to aminoglycosides containing 4-6 substituted
deoxystreptamine, e.g., kanamycin and gentamycin
[Fig. 2a, b and c; in panel (c¢), see positions of gentamycin
(pink) and 16S rRNA m’G1405] [46]. The m'A1408
modification in 16S rRNA confers resistance to a broad-
er spectrum of aminoglycosides containing either 4-6 or
4-5 substituted deoxystreptamine (e.g., neomycin and
paromomycin) [Fig. 2a, b and c; in panel (c), compare
location of gentamycin (pink) and paromomycin (green)
and 16S rRNA m'A1408 residue]. These methyltrans-
ferases have been found in the strains producers of
aminoglycosides (KamA, KamB, and KamC) and antitu-
berculosis antibiotic capreomycin (CmnU) unrelated to
aminoglycosides [47]. It was assumed for a long time that
pathogenic bacteria do not have this type of resistance;
however, in 2007, similar N1 A1408 methyltransferase
NpmA was identified in Escherichia coli [49]. Based on
the similarity of their amino acid sequences, methyltrans-
ferases modifying N1 atom of the A1408 residue are most
likely related proteins, but evolutionary origin of this
enzyme family remains obscure. It is possible that these
proteins originate from the tRNA-specific guanine N7
methyltransferase TrmB [50].

OSTERMAN et al.

Another mechanism of bacterial resistance to
aminoglycosides (kanamycin and tobramycin, but not
gentamycin) is associated with methylation of the 16S
rRNA C1404 residue at the C5 atom [54] by methyltrans-
ferase EfmM found in the pathogenic strain of
Enterococcus faecium. This protein resembles methyl-
transferase RsmF, from which it likely originates.
Interestingly, methyltransferase RsmF in Thermus ther-
mophilus modifies three nucleotide residues (C1400,
C1404, and C1407) [55], indicating relatively easy evolu-
tion of the substrate specificity of these enzymes. The
modified m>C1404 residue is located in close vicinity to
the kanamycin-binding site [56], but does not overlap
with it, which excludes steric clashes as a resistance
mechanism. This is also corroborated by a small (12-fold
in the case of efin M expression in E. coli) difference in the
minimal inhibiting concentration between the presence
and absence of the modification. Surprisingly, this modi-
fication does not disturb binding of gentamycin, which
has bulky methyl group (vs. amino group in kanamycin)
at the site of contact with the methyl group of m>C1404.
It is believed that the resistance to kanamycin and
tobramycin induced by the m>C1404 modification [54] is
associated with the displacement of the antibiotic-bound
water. In the case of gentamycin, on the contrary, forma-
tion of m°>C1404 results in the emergence of additional
hydrophobic contact [Fig. 2, b and c; in panel (c), see
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Fig. 2. Effect of nucleotide modifications in the DC 16S rRNA on interactions with antibiotics. a) Secondary structure of 16S rRNA.
Fragment in red box is shown in other panels. b) Secondary structure of the 16S rRNA helix H44 that forms a fragment of DC. Modified
nucleotides discussed in the text are shown as circles: red circles, modifications of these nucleotides induce resistance to antibiotics
(KanRGenR®, resistance to kanamycin, gentamycin, and aminoglycosides containing 4-6 substituted deoxystreptamine; NeoRPar®, resistance
to neomycin, paromomycin, and aminoglycosides containing 4-5 substituted deoxystreptamine; CaprR, resistance to capreomycin); green cir-
cles, modification of these nucleotides facilitates antibiotic binding; blue circles, residues modified by the housekeeping enzymes. Arrows indi-
cate activity of the corresponding modifying enzymes; red line shows mutually exclusive modifications; dotted red line, putative effect. ¢) 3D
structure of the H44 helix of 16S rRNA that forms fragment of the DC (shown as molecular surface) and bound gentamycin (4-6 substituted
aminoglycoside; pink skeletal model), paromomycin (4-5 substituted aminoglycoside; green skeletal model), capreomycin (orange skeletal
model). Red, green, and blue van der Waals spheres correspond to the methyl groups of nucleotide residues preventing, promoting, or exhibit-
ing no effect, respectively, on antibiotic binding. The images, including overlapping 3D structures and models of modified nucleotide residues,
were created with the UCSF Chimera software [10] using secondary rRNA structures [11] and 3D structures 4V53 [51], 4V7IM [52], and

4Vs1 [53).
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positions of gentamycin (pink) and 16S rRNA m°’C1404
residue].

Formation of the hydrophobic contact could explain
interaction of capreomycin, an antibiotic used for tuber-
culosis treatment, with the 2’-OMe group of Cm1409
[57]. Some pathogenic bacteria, including Mycobacteri-
um sp., Campylobacter jejuni, and Brachyspira (Serpulina)
hyodysenteriae, contain methyltransferase TlyA responsi-
ble for modification of the nucleotide residues 16S rRNA
C1409 and 23S rRNA C1920 at the 2'-OH group [58, 59].
Deletion or mutation of the tlyA gene in Mycobacterium
sp. induces resistance to capreomycin. Formation of the
B2a bridge between the ribosomal subunits brings these
two residues close to each other. Structural studies have
shown that this is also the site of tuberactinomycins
(viomycin and capreomycin) binding [52]. Methylation
of both subunits makes ribosome more susceptible to
these antibiotics [59]. In addition to the suggested
hydrophobic contact between Cm1409 and capreomycin
[Fig. 2, b and c; in panel (c), see positions of capreomycin
(orange) and 16S rRNA Cm1409], the increased suscep-
tibility of the TlyA-modified ribosomes to antibiotic
could be explained by the changes in the position of ribo-
somal subunits relatively to each other during transloca-
tion, as tuberactinomycins affect this stage of ribosomal
cycle [60]. The studies of the #/y4 gene orthologs revealed
existence of two protein variants — TlyA', which modified
only 23S rRNA C1920, and TIyA", which modified
residues in both subunits. Expression of the gene encod-
ing TlyA" in E. coli makes the cells more susceptible to
tuberactinomycins, but provides no advantages during the
cell growth in the absence of the antibiotic [61]. Why do
pathogenic bacteria carry the #/yA4 gene if it increases sus-
ceptibility to antibiotics? It is possible that TlyA has an
additional function beside rRNA modification. The
recombinant TlyA protein was found to exhibit hemolyt-
ic activity in vitro and was located in the cell membrane
when expressed in E. coli [62]. Presence of the t/yA genes
is one of the virulence factors in C. jejuni; mutations sup-
pressing enzymatic activity of TlyA exert the same effect
as deletions of the #/ly4 gene. Hence, methylation plays a
principal role in pathogenicity [58]. Despite the close
location of the TlyA target nucleotides to aminoglyco-
side-binding site, the presence or absence of this methyl-
transferase produces no effect on the efficacy of amino-
glycoside amikacin. At the same time, the A1408G muta-
tion of the residue located close to the methylation site
provides resistance to both amikacin and capreomycin
[63]. Interestingly, t/yA inactivation has virtually no effect
on the growth rate of bacteria lacking the A1408G muta-
tion in TRNA, while expression of t/ly4 increases adapt-
ability of the bacteria with this mutation, which is a very
unusual type of relationship between methylation and
antibiotic resistance [63]. In this case, methylation
reduces phenotypic cost of antibiotic resistance induced
by mutation.
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The capreomycin producer Saccharothrix mutabilis
subsp. Capreolus was found to contains the cmnU gene
providing resistance to capreomycin itself. This gene
codes for a homolog of methyltransferases modifying
A1408 residue [64]. The resistance to capreomycin in the
case of identical methylation products can be explained
by steric clashes preventing antibiotic binding
[Fig. 2, b and c; in panel (c), see positions of capreomycin
(orange) and 16S rRNA m'A1408].

The DC contains one more modification, the
absence of which in Mycobacterium smegmatis results in
resistance to aminoglycosides — methylation of the 16S
rRNA U1498 at the N3 atom (Fig. 2) [65] by the house-
keeping methyltransferase RsmE [66]. It should be noted
that antibiotic resistance changes approximately 2-fold,
which might be explained by some indirect effects. The
absence of this modification produces very little effect on
viability and functioning of the cells in the absence of
antibiotic [66].

A very interesting phenomenon is mutually exclusive
formation of the constitutively methylated residues and
methylation of the nucleotides responsible for antibiotic
resistance (Fig. 2b). Methylation of G1405 at the N7
atom by methyltransferase RmtC, discovered in the path-
ogenic E. coli, decreases activity of the housekeeping
methyltransferase RsmF that modifies C1407 at the C5
position [67]. There is virtually no phenotypic cost of
G1405 methylation by RmtC [68]. Inactivation of the
rsmF gene slows down slightly the growth of bacteria
without inducing defects in the ribosome assembly [31];
however, absence of this methyltransferase significantly
reduces ability of the bacteria to compete with the wild-
type cells [67, 68] and increases resistance to aminoglyco-
sides [68]. Later, this observation was questioned, as it
was found that modification of the same G1405 residue at
the N7 position by the related methyltransferase ArmA
blocked the housekeeping methyltransferase Rsml [69],
which modified the 2'-OH group of the C1402 residue
rather than RsmF [70]. The absence of Cm1402 methyla-
tion can only partially explain significant decrease in the
adaptability of bacteria expressing armA in the absence of
antibiotics [69], because inactivation of RsmlI results in a
slight increase in the frequency of +1 and —1 reading
frame shifts but does not noticeably affect growth rate of
the bacteria [70].

Antagonism in the modification of 16S rRNA
residues Cm1402 and m’G1405 was observed in
Pseudomonas aeruginosa, which normally lacked methyl-
transferase RsmF. The methyltransferase RmtD catalyz-
ing m’G1405 formation in this bacterium, also prevents
modification of Cm1402 by Rsml. In turn, activity of
RsmF responsible for 16S rRNA m>C1407 modification,
is suppressed by the NpmA enzyme that methylates
A1408 at the N1 position [69]. The effect of npmA expres-
sion on cell adaptability is less pronounced than the effect
of armA expression [69]. The genes for enzymes modify-
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ing G1405 and A1408 residues have been found in both
aminoglycoside-producing strains and pathogens, but
their expression affects growth of bacteria differently. In
the absence of antibiotic, pathogenic strains expressing
resistance-providing methyltransferase genes completely
disappear from the mixed culture during competitive cul-
tivation, while expression of methyltransferase genes in
the antibiotic producers has a considerably less pro-
nounced negative effect on adaptability of bacteria [71].

Analysis of DC methylation leads to the interesting
conclusions such as very unusual mutually exclusive
interactions between the resistance-providing and house-
keeping methyltransferases and on the possibility to sup-
press antibiotic binding in the absence of methyl group
overlapping with the antibiotic by affecting the water-
mediated interactions. Beneficial role of Cm1409 methy-
lation in the binding of capreomycin, likely due to forma-
tion of the hydrophobic contact, is also worth mention-
ing.

RESISTANCE TO OTHER ANTIBIOTICS
DUE TO METHYLATION-INDUCED STERIC
CLASHES PREVENTING ANTIBIOTIC BINDING

In addition to the abovementioned examples, when
rRNA methylation induces resistance to antibiotic bind-
ing in the PET, PTC, and DC, rRNA methylation might
confer resistance to antibiotics that bind outside of these
functional centers. This type of methylation involves
mostly ribosome modification in the producer species to
protect them from the synthesized compounds.

Methylation of 23S rRNA A1067 at the 2'-OH-group
of ribose (Fig. 3, a and b; table) provides resistance to
thiostrepton and micrococcin [72]. In nature, the #suR
resistance gene was found only in the thiostrepton produc-
ers, e.g., in Stretomyces aureus. The TsnR methyltrans-
ferase modifies only free 23S rRNA, while no modification
takes place in the presence of thiostrepton or ribosomal
protein L11 [73]. Structure of the complex of thiostrepton
with the 508 ribosomal subunit of Deinococcus radiodurans
(Fig. 3c¢) illustrates the resistance mechanism that involves
methylation of ribose in A1067, which prevents close
approaching of the loop 1 of the antibiotic and the 23S
rRNA H43 helix [74]. The major advantage of this antibi-
otic is that it binds at a distance from the binding sites for
most protein synthesis inhibitors and does not exhibit
cross-resistance with other antibiotics. There are no data
on the effect of this modification on adaptability; however,
both modified and intact ribosomes ensure similar GTPase
activity of the EF-G factor [75].

The avilamycin biosynthesis cluster discovered in the
genome of Streptomyces viridochromogenes strain Ti57
contains genes for two methyltransferases (aviRa and
aviRb) whose expression provides resistance to this antibi-
otic. Expression of aviRa in Streptomyces lividans TK66
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confers very low antibiotic resistance (10 pg/ml), while
expression of aviRb ensures a much high resistance to avil-
amycin (250 pg/ml) [77]. Both methyltransferases modify
rRNA residues: AviRa methylates G2535 at positions N1
or N2 (as suggested based on the data of reverse transcrip-
tase halting), while AviRb modifies U2479 at the 2'-OH
position of ribose [78] (Fig. 3d; table). The resistance
against avilamycin and related evernimicin is also induced
by modification of G2470 by methyltransferase EmtA
(minimal inhibiting concentration over 256 ug/ml) [79]
encoded in the pathogenic bacterium plasmid. The struc-
ture of E. coli ribosome complexes with avilamycin and
evernimicin obtained by cryoelectron microscopy explains
the effect of methylation (Fig. 3e). When attached to the
2'-OH group of U2479, the methyl group blocks the
antibiotic-binding site. Exact positions of the methyl
groups attached to G2535 and G2470 remain unknown,
but based on the emergence of antibiotic resistance and
inhibition of reverse transcription, these residues are like-
ly modified at the N1 or N2 atoms. Based the structure of
avilamycin complex with the ribosome [76], overlapping
of the methyl groups attached by either AviRa or EmtA
with binding site of this group of antibiotics most likely
requires methylation at the N2 amino group. This sugges-
tion is also supported by the fact that the BLAST search
for the enzymes with the sequences similar to that of
EmtA reveals possible relationship of this protein with
RNA guanine-N2-methyltransferase. No data are avail-
able so far on the effect of these modifications on the
growth rate of bacteria in the absence of antibiotics.

Methylation of 16S RNA A964 at the N1 position in
the pactamycin producer Streptomyces pactum (table)
induces antibiotic resistance by inhibiting binding of this
antibiotic [80]. Antibiotic-resistance mutations A694G,
C795U, and C796U [81] are located in close vicinity to
the binding site identified by X-ray analysis [82]. The
effect of A964 methylation on bacterial growth remains
unknown, although A964 is located close to the residues
G966 and C967 involved in the regulation of the ratio
between transcription and translation rates and methylat-
ed by the housekeeping methyltransferases RsmD [83]
and RsmB [84, 85], respectively [86]. No functional rela-
tion between modifications of A964 and neighboring
residues have been revealed yet.

Based on the above data, we can make the following
trivial conclusion: rRNA methylation could facilitate
antibiotic resistance even if antibiotic binds far from the
regions often containing methylated nucleotides modi-
fied by the housekeeping enzymes.

ANTIBIOTIC RESISTANCE INDUCED
BY THE ABSENCE OF METHYLATION

In addition to antibiotic resistance caused by steric
clashes resulting from introduction of methyl group into
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Fig. 3. Effect of modified 23S rRNA nucleotides on the interaction with thiostrepton and orthosomycins. a) Secondary structure of 23S rRNA.
Fragments in red boxes are show in other panels. b) Secondary structure of region II of the 23S rRNA domain interacting with GTPase trans-
lation factors. Red circle, 23S rRNA Am1067 residue, methylation of which results in thiostrepton resistance (ThsR). Arrow indicates activ-
ity of the modifying enzyme TsnR. c¢) 3D structure of the ribosome fragment (shown as molecular surface) that forms thiostrepton binding site
(pink skeletal model). Red van der Waals spheres correspond to the Am1067 methyl group overlapping with the thiostrepton-binding site. H43
helix of the 23S rRNA and L11 protein are indicated. d) Secondary structure of the 23S rRNA helices H89 and H91 that form the ortho-
somycin-binding site. Modified nucleotide residues determining resistance to evernimicin (EvnR) and avilamycin (AviR) are shown as red cir-
cles. Black arrows indicate activity of the corresponding modifying enzymes. ¢) 3D structure of the ribosome fragment (shown as molecular
surface) that forms avilamycin binding site (blue skeletal model). Red van der Waals spheres correspond to the methyl groups of nucleotide
residues overlapping with the avilamycin-binding site. H89 and H91 helices and L16 protein are indicated. The images, including overlapping
3D structures and models of the modified nucleotide residues, were created with the UCSF Chimera software [10] using secondary rRNA

structures [11] and 3D structures 3CF5 [74] and SKCR [76].

the rRNA region responsible for antibiotic binding by
methyltransferases, there are also the opposite examples
(Fig. 4; table). The most well studied of them is resistance
to kasugamycin in the absence of dimethylation of
nucleotide residues 16S rRNA A1518 and A1519 at the
N6 position (Fig. 4, a and b; table) [87]. The structure of
kasugamycin complex with the ribosome (Fig. 4c)
revealed that A1518/19 residues do not form contacts
with antibiotic; therefore, it is highly unlikely that the
presence or absence of methyl groups directly affects
antibiotic binding via formation of hydrophobic contacts
[88]. Later experiments confirmed the possibility of
kasugamycin interaction with ribosomes lacking methy-
lated 16S rRNA A1518/19 residues [89]. Despite the fact
that the cells acquire resistance to kasugamycin in the
absence of A1518/19 methylation, and, therefore, exhib-
it certain advantages (at least in the presence of this
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antibiotic in the medium), almost all pro- and eukaryotes
contain methyltransferase orthologs. The structure of the
ribosome with nonmodified A1518/19 demonstrated that
methylation is essential for DC formation in the small
subunit [Fig. 4c; compare the structure of 16S rRNA
helices in the ribosomes containing (green) or lacking
(red) methyl groups introduced by RsmA(KsgA)] [90].
Apparently, changes in the structure of the 30S ribosomal
subunit are the reason behind kasugamycin resistance
observed upon inactivation of the rsmA(ksgA) gene.
Besides, methyltransferase RsmA(KsgA) participates in
the 30S subunit synthesis as a molecular switch protein
[91]. Bacteria deficient in this methyltransferase display
decreased growth rate; Yersinia pestis cells lacking this
enzyme have reduced virulence [92].

Unlike for the most aminoglycosides, resistance to
streptomycin could not be induced by methylation of
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Fig. 4. Effect of nucleotide modifications in the 16S rRNA on the interaction with kasugamycin and streptomycin. a) Secondary structure of
16S rRNA. Fragments in red boxes are show in other panels. b) Secondary structure of the 16S rRNA helix H45. Modified nucleotides dis-
cussed in the text are shown as circles: green circles, modifications of these nucleotides facilitate kasugamycin binding; blue circles, modifi-
cation of these nucleotides by the housekeeping enzymes does not affect antibiotic activity. ¢) 3D structure of the ribosome fragment (shown
as a tube model, 16S rRNA helices are indicated), conformation of which depends on methylation of the m$A1518/19 residues. The structure
of ribosome containing methylated or nonmethylated A1518/19 residues (skeletal models of corresponding colors) is shown in green and red,
respectively. Methyl groups are shown as green van der Waals spheres. Kasugamycin interacting with the ribosome containing methylated
nucleotide residues is shown as pink skeletal model. d) Secondary structure of the H18 helix of 16S rRNA that forms the streptomycin-bind-
ing site. The nucleotide residue m’G527, modification of which promotes action of streptomycin, is shown as green circle. Black arrow indi-
cates activity of the modifying RsmG enzyme. ¢) 3D structure of the ribosome fragment (shown as molecular surface) that forms the strepto-
mycin binding site (purple skeletal model). Green van der Waals spheres correspond to the methyl groups of 16S rRNA m’G527. The images,
including overlapping 3D structures and models of modified nucleotide residues, were created with the UCSF Chimera software [10] using

secondary rRNA structures [11] and 3D structures 1J5E [93], 30TO [90], 4V4H [94], 4NXM [95]

residues in the 16S rRNA helix H44 because of the differ-
ent binding site (Fig. 4¢). However, inactivation of the
housekeeping methyltransferase RsmG gene, which
modifies 16S rRNA G527 residue at the N7 position
(Fig. 4, a and d; table) ensures moderate resistance to this
antibiotic in Streptomyces coelicolor [96]. It was shown
that deletion of the gidB gene (rsmG homolog that also
modifies G527) in the pathogenic M. tuberculosis and
Salmonella enterica also provides slight resistance to
streptomycin [97, 98]. The structure of the ribosome
complex with streptomycin (Fig. 4¢) revealed that G527
is located in close vicinity to the antibiotic-binding site,
but position of the methyl group does not overlap with the
position of antibiotic. The hypothesis on induction of
conformational changes by methylation of 16S rRNA

G527 has not been confirmed experimentally [95].
Despite the lack of significant effect of the rsmG deletion
on bacterial growth [34], it was shown that rsmG-deficient
Salmonella cells were outgrown by the wild-type bacteria
in the competitive growth assay [98]. Although inactiva-
tion of the rsmG gene provides only slight resistance to
streptomycin compared to mutation in the ribosomal S12
protein gene, inactivation of the former is an important
prerequisite for emergence of the latter. The nsmG dele-
tion in Bacillus subtilis increased accuracy of translation;
at the same time, frequency of the mutations ensuring
streptomycin resistance in the S12-encoding rpsL gene
increased significantly (200-fold) in these strains [96].
Similar results were obtained in E. coli. Deletion of the
rsmG gene that provided moderate resistance to strepto-
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mycin was accompanied by the increase in the frequency
of mutations in the rpsL (S12) gene, which further pro-
moted antibiotic resistance [100].

As mentioned earlier, activity of RImA!" induces
tylosin resistance in Bacillus subtilis. In F. coli, deletion of
the rimA' gene paralog responsible for formation of the
23S rRNA m!G745 results in the resistance to viomycin
[101] despite the absence of contacts between viomycin
and this modified nucleotide. According to the results of
footprinting experiments, deletion of the rimA' gene most
probably, prevents antibiotic binding. Similar to the dele-
tion of housekeeping methyltransferase genes, rimA' inac-
tivation negatively affects bacterial adaptability, i.e.,
growth rate decreases and ability of the ribosomal sub-
units for association is reduced, as well as translation effi-
ciency [101]. It is possible that structural changes that
decrease the efficiency of subunit interaction are also
responsible for the resistance to viomycin, as its binding
site is located in close vicinity to the intersubunit B2a
bridge.

The tetracycline binding site contains m’G966
nucleotide residue [102] modified by methyltransferase
RsmD [83]. Inactivation of this housekeeping methyl-
transferase in S. pneumoniae slightly increases resistance
to tigecycline [103] (table), while deletion of rsmD in
E. coli increases susceptibility to tetracycline [104].
Despite the discrepancy of these observations, this is one
of the rare examples, when a housekeeping methyltrans-
ferase provides certain resistance to antibiotics. Also, sus-
ceptibility to antibiotics often requires modification of
the nucleotide residues by housekeeping methyltrans-
ferases.

CONCLUSION

Antibiotics are an example of “tools” that living
organisms use in the competition for resources and habi-
tats. The mechanisms of antibiotic resistance allow the
species to either produce antibiotics or to survive in their
presence. Most known inhibitors of protein synthesis
bind to the functional sites of the ribosome, which usual-
ly contain numerous modified (mostly methylated)
nucleotide residues [2]. rRNA methylation is one of the
major mechanisms of antibiotic resistance, when intro-
duced methyl groups spatially overlap with the antibiotic-
binding site. However, generation of steric claches is not
the only mechanism of methylation-induced antibiotic
resistance. Thus, methylation by EfmM supposedly
results in the displacement of water molecule mediating
formation of additional contact between antibiotic
and rRNA.

At first glance, facilitation of antibiotic binding by
rRNA methylation might seem unusual. However, it hap-
pens quite often. It is possible that in some cases, antibi-
otic directly interacts with the methyl group by forming
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hydrophobic or van der Waals contacts, e.g., in the inter-
action of capreomycin with 16S rRNA Cm1409 or
telithromycin with m'G748. In the absence of direct con-
tact between the methyl group in rRNA and antibiotic,
activity of the latter might be affected by the methylation-
induced conformational changes in rRNA. This phenom-
enon has been well documented for the effect of 16S
rRNA m$A1518/19 on the activity of kasugamycin. It is
possible that the same mechanism takes place during the
interactions between linezolid, sparsomycin, and tia-
mulin and 23S rRNA m?A2503, aminoglycosides and 16S
m?U1498, and viomycin and 23S rRNA m!G745. It is
more difficult to explain how methyl group in rRNA
could facilitate antibiotic binding in the absence of con-
tacts with antibiotic or without generating conformation-
al changes (as in the case of 16S rRNA m’G527 16S and
streptomycin). Such interactions or conformational
changes might take place in some other, probably, tran-
sient state of the translating ribosome; methylation might
also affect antibiotic binding indirectly, e.g., via displace-
ment of water molecules.

Evolutionary relation of housekeeping methyltrans-
ferases and methyltransferases involved in antibiotic
resistance are of particular interest. According to the
commonly accepted hypothesis, the latter spread “verti-
cally”, i.e., evolve together with the corresponding taxa.
Antibiotic resistance methyltransferases either are typical
for a narrow group of the corresponding producer strains
or spread by the horizontal gene transfer, given that they
originate from the corresponding producer bacteria.
While considering emergence of methyltransferases in
antibiotic-producing and, presumably, some other bacte-
ria, it is possible to imagine scenario in which housekeep-
ing enzymes serve as a reservoir for evolution of antibiot-
ic resistance. Such scenario is most probable for evolution
of the Erm family methyltransferases from RsmA(KsgA).
Is the opposite process (i.e., transformation of antibiotic
resistance methyltransferase into a housekeeping methyl-
transferase) possible? Both antibiotics and mechanisms of
antibiotic resistance have been evolving for a long time;
theoretically, biosynthesis of antibiotics could evolve to
avoid antibiotic resistance. It is possible that ubiquitous
presence of the resistance genes can lead to their trans-
formation into the variants of housekeeping methyltrans-
ferases. This might happen if methylation causes no neg-
ative consequences or might be even beneficial for the
bacterial adaptation in the absence of antibiotics. For
bacteria the “cost” of methylation providing antibiotic
resistance could vary from a significant loss of adaptabili-
ty (e.g., upon methylation of 23S rRNA A2058 by the
Erm family enzymes) to almost no effect (e.g., upon
methylation of A1408 by NpmA). An interesting phe-
nomenon is the reduction of the cost of amikacin resist-
ance caused by the A1408G mutation in 16S rRNA facil-
itated by methylation of the neighboring residue by
methyltransferase TIyA.
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Very few examples can be found in the literature that
do not contradict suggested evolutionary origin of the
housekeeping enzymes from methyltransferases responsi-
ble for antibiotic resistance of cells. Activity of the modi-
fying RsmD and RluC proteins, which belong to the
housekeeping enzymes, provides a certain level of resist-
ance to tetracycline and tiamulin/clindamycin/linezolid,
respectively. Methyltransferase RImA!, which is required
for formation of m!G748 23S rRNA and is abundant in
Gram-positive bacteria, provides some resistance to
tylosin. It is still unclear whether these proteins originat-
ed from the enzymes ensuring resistance to ancestral
antibiotics that bound approximately at the same sites as
their modern versions.

Although previously investigation of rRNA methyl-
transferases has been limited mostly to the model organ-
isms and pathogens, while the search for antibiotics has
been dominated by purely utilitarian approach dictated
by the needs of medical practice, we believe that the
future belongs to the studies on coevolution of ribosome
modification systems and biosynthesis of antibacterial
compounds.
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