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Abstract
Aminoglycosides are crucial antibiotics facing challenges from bacterial re-
sistance. This study addresses the importance of aminoglycoside modifying
enzymes in the context of escalating resistance. Drawing upon over two deca-
des of structural data in the Protein Data Bank, we focused on two key anti-
biotics, neomycin B and kanamycin A, to explore how the aminoglycoside
structure is exploited by this family of enzymes. A systematic comparison
across diverse enzymes and the RNA A-site target identified common charac-
teristics in the recognition mode, while assessing the adaptability of neomycin
B and kanamycin A in various environments.
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1 | INTRODUCTION

Since the discovery of streptomycin in 1943, aminoglyco-
side antibiotics (AGAs) have been crucial in the treat-
ment of various Gram-positive and Gram-negative bacte-
rial infections. AGAs derive from substances produced
by the species Streptomyces or Micromonospora and are
effective against a wide range of bacterial pathogens, in-
cluding the members of the Enterobacteriaceae family,
many Mycobacterium spp., S. aureus, Listeria, non mu-
coid P. aeruginosa, and A. baumannii in a lesser extent
[1, 2]. This therapeutical class enters bacteria through
the membranous respiratory apparatus and binds the
bacterial small 30S subunit on 16S ribosomal RNA sub-
unit at the tRNA acceptor site A. The binding leads to
the misread of mRNA, and thus to the synthesis of non-
functional proteins which can ultimately cause the death
of the bacterial cell [3, 4]. Aminoglycosides have shown
their interest in the treatment of genetic diseases, thanks
to their ability to suppress premature termination co-
dons (PTCs). They were also studied for the treatment of
HIV as they can target many in vitro steps of the virus
life cycle [5].

Gentamicin, amikacin, and tobramycin are the most
clinically used aminoglycosides because of their reliable
activity against Gram-negative aerobic bacilli [1,6]. Gen-
erally, AGAs cannot be absorbed by the intestine tract
and are hence administered via topical, inhalation, or
parenteral routes. Neomycin and paromomycin are the
exceptions to this rule as their low absorption make
them useful to suppress the intestinal bacterial flora [1].
Nevertheless, the prolonged use of these antibiotics can
cause nephrotoxicity or ototoxicity. Indeed, the excretion
of aminoglycosides is mainly operated by the kidneys.
The partial reabsorption of AGAs during the nephron re-
absorption step causes the death of kidney epithelial
cells. However, this renal toxicity is generally reversible
thanks to the regeneration capacity of proximal tubular
cells [7]. On another side, the ototoxicity occurs in pa-
tients carrying a punctual mutation of the mitochondrial
12S rRNA on the internal ear cells. The mutation
A1555G or C1494U renders the sequence of the mi-
tochondrial 12S rRNA similar to the bacterial rRNA ami-
noglycosides target on bacteria and thus, binds the
AGAs irreversibly [8]. Despite toxicity, aminoglycosides
are listed as essential medicines by the WHO and are
still crucial against the Gram-negative bacterial in-
fections [9, 10].

After 80 years on the market, another limitation tack-
les aminoglycosides. Different AGAs resistance mecha-
nisms were selected and have emerged such as the mod-
ification of the active site due to ribosome mutations
[11], methylations by 16S rRNA methyltransferases [12],
drug efflux [13] or the decrease of bacteria membrane
permeability [14]. However, the most common mecha-
nism of resistance is assigned to Aminoglycoside-Mod-
ifying Enzymes [15].

Aminoglycoside-Modifying Enzymes (AMEs) are an
effective resistance mechanism able to metabolize all ex-
isting aminoglycosides. In 2010, a staggering number of
120 different AMEs were reported, highlighting the di-
versity and complexity of these enzymes [15]. More sim-
ply, AMEs can be classified by catalytic activity resulting
in only 3 types: Aminoglycoside N-Acetyltransferase
(AAC), Aminoglycoside O-Phosphotransferase (APH)
and Aminoglycoside O-Nucleotidyltransferase (ANT)
(Figure 1A). To accomplish their biological activity, each
AME requires a cofactor, and a divalent ion in the case
of APHs and ANTs. Each AME has a specific resistance
profile and metabolizes one position of the targeted ami-
noglycosides. Thus, aminoglycosides are targeted by a
large but specific enzymatic modification profile. Specific
examples for neomycin B and kanamycin A are shown
in Figure 1B [15].

Many efforts have been made since the early 1970s to
develop aminoglycoside derivatives that are highly effec-
tive, minimally toxic, and capable of overcoming bacte-
rial resistance [16–18]. Significant advancements in
chemistry have led to the production of a broad range of
amino-modified glycosides, culminating in the in-
troduction of novel drugs in the 2010’s, called plazomi-
cin [19]. Regrettably, bacteria have rapidly developed re-
sistance to all semi-synthetic aminoglycosides, including
plazomicin, highlighting the critical need for ongoing re-
search and development of alternative treatments
[15,20].

In addition to investigating the relationship between
structure and activity, the analysis of the three-dimen-
sional structures of aminoglycosides has served as the
foundation for comprehending their antibiotic activity.
The mechanism of action of aminoglycosides was un-
covered in 1965 [3], but it took 20 years to identify the
binding site of these compounds [4,21]. The first image
of the 30S ribosomal particle bound to an aminoglyco-
side was obtained through X-ray crystallography in 2000
[22]. With the advent of the genomic era and
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advancements in technology, the discovery and design of
antibiotics have shifted towards target-based strategies
[23]. Consequently, since the 2000s, there has been a
growing number of crystallographic structures pub-
lished. Initially, research focused on investigating the
mechanism of action of aminoglycosides by crystallizing
the 30S ribosomal subunits in complex with tRNA,
mRNA, and AGAs [24]. Subsequently, studies of AGAs-
RNA complexes that did not include the ribosomal sub-
unit gained popularity between 2015 and 2019. Finally,
the need to overcome resistance has led to an increased
focus on AGAs-AMEs complexes, with 35 of the 82 exist-
ing structures published between 2015 and 2019, and 22
since the beginning of 2020 [24]. In brief, research on
the AGAs primary target has shed light on the molecular
mechanisms underlying antibiotic action, while studies
on AMEs have revealed how these enzymes can metabo-
lize one or more substrates in the aminoglycoside family.
However, only a limited number of studies have inves-
tigated the interplay between different types of target bi-
omolecules and AGAs. In a comprehensive structural
study carried out in 2003, Vicens and Westhof showed

that neamine, which is composed of rings I and II and is
conserved in almost all AGAs, plays a critical role in
binding to the ribosomal site A and AMEs [21]. Both
binding sites have negatively charged residues on their
surface, which are complementary to the positively
charged amine groups in AGAs, and thus, the binding
modes are dominated by electrostatic interactions and
hydrogen bonds. This study was however based on a
limited number of structures: 14 PDB entries, including
five complexes between an AGA and the 30S subunit,
three complexes between an AGA and synthetic RNA
fragments containing two A-sites, and six complexes
with three different AMEs.

In this review, we provide an inventory of the struc-
tures of AMEs available in the Protein Data Bank (PDB),
with a focus on the recognition mode of two leading
AGAs, namely neomycin B and kanamycin A. Neomycin
B and kanamycin A belong to 4,5-2-DOS disubstituted
and 4,6-2-DOS disubstituted AGAs, respectively, and are
among the most documented aminoglycosides in their
class in the PDB. The structures of these two AGAs in-
deed cover the three types of AMEs, but also the RNA A-

F I G U R E 1 Mechanism of action of AMEs on aminoglycosides. (A) Reactions catalyzed by the three type of AMEs. Where AAC or
acetyltransferase transfers an acetyl group to a free amino group, APH or phosphotransferase transfers a phosphate group to a free
hydroxyl, and ANT or nucleotidyltransferase transfers a nucleotide to a free hydroxyl. The cofactors used by the enzymes are specified on
the reaction path. The transferred groups are depicted in color. Image adapted from article 15. (B) Enzymatic modification profile of
neomycin B and kanamycin A. The Arabic number between brackets corresponds to the modified position on the AGA. The Roman
number relates to the resistance profile.
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site target. We have conducted a systematic comparison
of the binding modes of these two AGAs to their re-
spective binding sites and we will here present the con-
clusions derived from this analysis. Firstly, we will out-
line the chemical groups that form non-covalent bonds
with different types of AMEs with the aim of identifying
common or specific recognition positions for these en-
zymes. Secondly, we will describe the conformations of
neomycin B and kanamycin A in their bound forms to
evaluate the adaptability of these two AGAs to the pro-
tein environments of AMEs. Finally, we will revisit our
findings in light of the requirements needed for RNA
binding and the functionalizations prone to prevent
AME binding.

2 | MATERIALS AND METHODS

2.1 | Collection of AME-AGA complexes
from PDB

Three dimensional structures of AMEs containing neo-
mycin B or kanamycin A (HET codes: NMY or KAN, re-
spectively) were selected from the PDB website and
saved under mmCIF format. The published sc-PDB pro-
tocol [25,26] was followed for the preparation, stand-
ardization, and binding site detection of the complexes.
In this protocol, the all-atom description of molecules,
including hydrogen, was prepared using Protoss (v4.0,
ZBH, University of Hamburg, Germany) [27]. Entries
failing at any step of the protocol were discarded. Co-
valently linked aminoglycosides were ignored. The ami-
noglycoside binding site in the AME was defined as all
the residues at a maximum distance of 6.5 Å from the
aminoglycoside. For each of the AME-AGA structures,
the aminoglycoside, the protein, and its binding site
were recorded in three separate files in MOL2 format.
Water molecules were included in the protein and the
site provided forming at least two hydrogen bonds with
the protein and one with the aminoglycoside. Metal cati-
ons were also included in the protein and the site. This
is not the case for the other cofactors, discarded because
of their inconsistent description.

2.2 | Collection of RNA-AGA complexes
from PDB

Three dimensional structures of the bacterial A site con-
taining neomycin B and kanamycin A were downloaded
from the PDB website. The residues constituting the bac-
terial ribosomal site A and having at least one atom at a
distance of 6.5 Å from the aminoglycoside were

extracted from the PDB structure and saved under PDB
format using MOE (2022.02 Chemical Computing Group
ULC, 1010 Sherbooke St. West, Suite #910, Montreal,
QC, Canada, H3 A 2R7). The protonation was performed
using Protoss (v4.0, ZBH, University of Hamburg, Ger-
many) [27]. The correct valences of all atoms were veri-
fied by using RDKit tools (RDKit: Open-source chem-
informatics, https://www.rdkit.org, https://doi.org/10.
5281/zenodo.7415128). Water molecules forming at least
two hydrogen bonds with the RNA and one with the
aminoglycoside were included in the complex.

2.3 | Assessment of the quality of
structures

Entries with resolution higher than 3.5 Å were dis-
carded. The quality of structures was evaluated using
Real-Space Correlation Coefficient (RSCC) following the
Twilight classification: RSCC >0.9 states that the model
fits the electron density, 0.9>RSCC>0.8 is given to a
model partially fitting the electron density, RSCC<0.8
advertises about models with questionable quality to be
used with caution. The RSCC of the ligands was ex-
tracted from the “validation XML” file present on the
PDB website for each entry. The mean RSCC of the
binding site residues was calculated by using the score
given for each amino acid on the “validation XML” file.

2.4 | Interactions analysis

The interactions formed between the aminoglycoside
and the AME binding site were detected using IChem
(v5.2.8, University of Strasbourg, France) [28, 29]. IChem
relies on geometric rules to identify ionic bonds, hydro-
gen bonds, metallic interactions, aromatic stacking, and
hydrophobic contacts. IChem generates a MOL2 file con-
taining three pseudoatoms per interaction: one repre-
senting the ligand atom(s) which is (are) involved in the
interaction; one representing the protein atom(s) which
is (are) involved in the interaction; and one at the center
of the segment defined by these two points.

The interactions formed between the aminoglycoside
and the RNA were detected by calculating the distances
(3.5 Å for hydrogen bonds and 4 Å for ionic bonds) and
angles (>120 °) between the atoms with RDKit (RDKit:
Open-source cheminformatics, https://www.rdkit.org,
https://doi.org/10.5281/zenodo.7415128).
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2.5 | Aminoglycoside conformational
analysis

The root mean square deviation (RMSD) of the coor-
dinates of neomycin B or kanamycin A was calculated
using the pair-fit tool offered by PyMOL (v2.3.5, Schro-
dinger, LLC) through an all-against-all fit of all non-hy-
drogen atoms. The number of conformations was de-
termined via a density-based clustering using Sklelarn
(eps=0.5) [30].

For display purposes, the 3D structures of an amino-
glycoside were aligned based on rings I and II only (all
non-hydrogen atoms except C(6’)-NH2).

The dihedral angles of the linkage between the rings
of the aminoglycoside were determined using RDKit
tools (RDKit: Open-source cheminformatics, https://
www.rdkit.org, https://doi.org/10.5281/zenodo.7415128)
as described by [31].

2.6 | AME sequence comparison

Only peptide chain involved in the binding of amino-
glycosides was considered for the comparison of AMEs
sequences. Sequences were aligned and compared by us-
ing the water EMBOSS package (v.6.6.0.0, EMBL-EBI,
Cambridgeshire, United Kingdom). The default settings
were used: EMBLOSUM62 as the comparison matrix, a
gap opening of 10, and a gap extension set as 0.5. Align-
ments with a length of less than 100 amino acids were
not taken into account.

2.7 | RNA sequence comparison

The identity of the sequences was calculated by the local
comparison of a consensus AGA binding site, which
comprises G1488 to G1497 on the direct strand and
C1404 to C1412 on the reverse strand.

3 | RESULTS

In order to study how aminoglycosides bind to AMEs
and bacterial RNA, we retrieved all PDB entries that fea-
tured neomycin B or kanamycin A bound to any AME or
to the bacterial ribosomal A site. We identified the spe-
cific interactions present in each complex and mapped
them onto 2D structures of the aminoglycoside as phar-
macophoric points. The study begins by examining the
various binding modes and conformations of neomycin
B, which enable it to bind to different AMEs and to the

bacterial ribosomal A site. Then, we repeat these
analyses for kanamycin A.

A total of 29 PDB files of aminoglycosides in complex
with AMEs were explored, 10 containing neomycin B
and 19 containing kanamycin A (Table 1). Several en-
tries in the dataset contained multiple copies of an ami-
noglycoside-AME complex, resulting in 92 complexes be-
ing analyzed in this study. Of these complexes, 22
involved neomycin B and 70 involved kanamycin A.
Four PDB entries containing neomycin B were discarded
due to covalently linked structures or because of not
passing one step of the protocol (PDB ID: 6NMM,
6NMN, 6P08, and 7Q1X). Overall, the structures are of
good resolution and exhibit good local precision. Accord-
ing to the twilight classification, in 79 of structures, the
model correctly fits the electron density (RSCC >0.8).
Out of the analyzed structures, only 13 had an RSCC co-
efficient lower than 0.8 or were missing this value alto-
gether. As a result, these structures need to be ap-
proached with caution. However, in order to avoid losing
valuable information regarding the binding of amino-
glycosides to certain AMEs, these structures were still in-
cluded in the study. Any new insights that may be
gained from these structures will be noted and carefully
interpreted.

The studied dataset covers the three AME types:
AAC, APH and ANT. The AACs and APHs activities
have been found in other enzymes. AACs belong to the
GCN5-related N-acetyltransferases superfamily whereas
APHs function as protein kinases. No enzyme super-
family has been associated with ANTs [15,32,33]. In
spite of a common function, enzymes in the same class
can bear little resemblance at the level of their sequence.
In the studied dataset, the highest sequence identity be-
tween AMEs binding neomycin B is 23.3% (between
APH(3’)-IIIa and the phosphotransferase of AAC(6’)-Ie/
APH(2’’)-Ia). Of note crystallographic complexes con-
taining engineered mutated versions of ANT(4’)-Ia
(T130 K and T130 K/E52D) were included in the study
as the arrangement of their active site and catalytic func-
tion remained unchanged. However, the doubly mutated
enzyme (T130 K/E52D) modifies the binding to metal
ions, resulting in a weaker binding to neomycin [34].
The dataset contains more AMEs targeting kanamycin,
and not unexpectedly their comparison revealed close
homolog pairs. For example, the sequence identity is
60 % between the acetyltransferase protomer of AAC(6’)-
Ie/APH(2’’)-Ia and APH(6’)-Im. The three APH(3’) en-
zymes share between 30 and 35% identical sequence. In
brief, the dataset studied illustrates the diversity of
AMEs binding neomycin B or kanamycin A, but also
presents versatile enzymes acting on the two amino-
glycosides.
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Regarding RNA complexes, 8 PDB entries were stud-
ied, 7 containing neomycin B and 1 kanamycin A
(Table 1). These complexes contained a total of 12 neo-
mycin B and 2 kanamycin A bound to site A. All struc-
tures had an RSCC >0.8, fitting the electron density.
The RNA sequences constituting the studied binding site
are identical between five of the PDB entries (PDB ID:
2A04, 2ET4, 4V9C, 4V52, and 4V57) and share 90 % iden-
tity with the two other sequences (PDB ID: 4LF6 and
4LFB).

Each of the analyzed structures have been prepared
using a standardized protocol to obtain an all-atoms de-
scription of the AGA-AME/RNA complex. Missing hy-
drogen atoms have been added and placed at the most
probable position based on the construction of an opti-
mal hydrogen bonding network [27]. Based on the hy-
drogen configuration, hydrogen bonds, ionic bonds, and
metallic interactions between AGAs and AMEs/RNA
have been detected based on geometrical rules, such as
specific distances and angles. Since water molecules can
play an important role in stabilizing the complex and
mediating interactions between the AME/RNA and the
AGA, we considered that water molecules forming two

or more hydrogen bonds with the protein were tightly
bound to the protein and, therefore, were part of the
binding site.

3.1 | Neomycin B in complex with
AMEs and RNA

The 22 structures of neomycin B and AME complexes
are distributed across five enzyme classes, including two
AACs, two APHs and one ANT (Table 1). When consid-
ering all classes collectively, it has been observed that
each of the four aminoglycoside rings is accommodated
by at least two enzyme classes, and nearly all of the ni-
trogen and oxygen atoms in the aminoglycoside are uti-
lized by at least one of the enzymes (Figure 2A). Addi-
tionally, for each enzyme considered individually, a
significant portion of the aminoglycoside interacts with
the protein site. The total number of polar interactions
per complex ranges from 11 with AAC(3)-IIb (PDB ID:
6MB9) to 27 with APH(2’’)-Ia (PDB ID: 5IQE)
(Figure 2C), including hydrogen bond (HB), ionic bonds
and an interaction with a metallic cation. When

T A B L E 1 Studied PDB entries containing neomycin B or kanamycin A in complex with an AME or RNA.

Aminoglycoside-modifying enzyme PDB ID

Type
Targeted
position

Resistance
profile Identifier Neomycin B Kanamycin A

AAC 3 III B 6MB51, 6MB94

VI A 6O5U1

2’ I C 1M4I2

D 7CS12

6’ I e* 4QC62

I M 6BFH1

APH 3’ I A 4FEU6, 4FEV6, 4FEW6,
4FEX5, 4GKH12, 4GKI12

II A 1ND42

III A 2B0Q1 1L8T1

2’’ I a* 5IQE4 5IQB4

I/IV d/a 3SG92, 4DFB2, 4DFU2

III A 6CTZ1

ANT 4’ I A 6UN82 1KNY2

a/T130K mutant 6NMK2, 6NML2

a-T130K/E52D mutant 6P042, 6P062

2’’ I A 4WQL1

RNA A site 2A042, 2ET42 2ESI2

30S ribosomal subunit from Thermus thermophilus 4LF61, 4LFB1

70S ribosome from E.coli 4V522, 4V572, 4V9C2

The superscript indicates the number of aminoglycoside copies. * Refers to the bifunctional enzyme AAC(6’)-Ie/APH(2’’)-Ia.
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examining neomycin B, attention is directed towards its
seven hydroxyl groups and six amino groups. Among hy-
droxyl groups, all are capable of acting as hydrogen
bonding donors (HBD), with one group also interacting
with a metallic cation. Additionally, five of these hydrox-
yl groups can also act as hydrogen bonding acceptors
(HBA). When considering the amino groups, it is pre-
dicted that they will be positively charged in all of the
studied complexes except for one of the complexes of
ANT(4’)-Ia (PDB ID: 6MNK). Furthermore, all six of
these groups are involved in salt bridges that are assisted
by hydrogen bonding. The other polar atoms of neo-
mycin are oxygen atoms in the ether groups which are
present in rings I, III and IV as well as in the three link-
ages connecting the four rings. Compared to the hydrox-
yl and amino groups, the ether groups of neomycin B

play a minor role in the recognition of the AMEs, as only
those located in or near the ring IV are recognized by the
ANT(4’)-Ia, and those located in or near the ring II are
recognized by APH(2’’)-Ia. It should be noted that the
accessibility of the oxygen atom in ether groups is lim-
ited due to steric hindrance.

Water-mediated hydrogen bonds were detected in all
investigated PDB files, with a maximal number of 9 and
an average number of 3�2, suggesting that water plays
a role in the recognition of neomycin B by all types of
AMEs. The quantity and arrangement of water mole-
cules are contingent upon the AME, yet are not always
consistent. In some PDB files that include multiple cop-
ies of the same complex, there may be both structures
with and without water-mediated hydrogen bonds (e. g.,
PDB IDs 6MB9, 5IQE and 6P04). Several water-mediated

F I G U R E 2 2D and 3D representation of neomycin B. (A) ensemble of all neomycin B-AME interactions and neomycin B conformers
superposed on rings I and II. Outlined interactions are present in all AMEs. (B) ensemble of all neomycin B-RNA interactions and
neomycin B conformers superimposed on rings I and II. Outlined interactions are present in all PDB entries. (C) 2D and 3D structures of
neomycin B per AME and RNA. A colored square marks the targeted position. On the right, all neomycin B conformations binding the
enzyme are depicted. The symbol * identifies low scored RSCC structures.
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hydrogen bonds are by contrast well conserved: with
C(1)-NH2 in four out of the five copies of AAC(3)-IIIb;
with C(3)-NH2, C(4’)-OH, and C(6’)-NH2 in the two cop-
ies of AAC(2’)-Id ; with C(3)-NH2, C(6’)-NH2, and C(6’’’)-
NH2 in seven out of ten copies of ANT(4’)-Ia; and with
C(5’’)-OH in 5 of the copies of ANT(4’)-Ia.

Noteworthy, the catalytic activities of APH and ANT
require a metallic ion, yet the structures show a direct
interaction between neomycin B and the metal only in
ANT(4’)-Ia.

Regarding RNA complexes, neomycin B binds to sev-
eral binding sites other than the ribosomal A site on the
structures showing the 30S ribosomal subunit. Here, we
focus on the bacterial ribosomal A site binding. In all but
one of the studied complexes (PDB ID: 4V9C), all six
amino groups of the aminoglycoside are positively charg-
ed. Neomycin B uses three hydroxyl groups, four amino
groups, and one ether to bind the ribosomal A site in all
12 structures (Figure 2B, see outlined interactions).
Rings I and II form six out of the eight interaction which
are conserved across the studied complexes, while rings
III and IV show a binding mode dependent on the PDB
structure. Interestingly, C(6’)-NH2 and with C(1)-NH2 do
not form ionic bonds contrarily to the interactions with
the AMEs. Also, C(2’)-NH2 and C(6)-OH do not interact
with the RNA while they appear to be part of the bind-
ing mode for five out of four AME complexes. Among all
polar groups of neomycin B, C(3)-NH2 is the one which
forms the higher number of interactions, including hy-
drogen and ionic bonds with two nucleotides (A1493
and G1494).

Only two water mediated interactions have been de-
tected among the structures of the RNA complexes: one
interacting with C(6’)-NH2 and a second one interacting
with C(5’’)-OH.

The comparison of the binding modes of neomycin B
to the different protein classes points out the singularity
of AACs (Figure 2C). All studied enzymes interact with
most of the aminoglycoside polar groups, while AAC(3)-
IIIb only forms six polar interactions, including five with
rings I and II. Additionally, the other AAC of the data-
set, namely AAC(2’)-Id, also form fewer interactions
with ring IV than the APHs and ANTs. Given that rings
I and II participate in numerous interactions between
neomycin and its protein binding site, irrespective of the
enzyme type, we assessed whether this substructure of
the aminoglycoside exhibits conformational diversity or
instead adopts a consistent conformation across various
AMEs.

Figure 2A shows the superimposition of the 22 struc-
tures of neomycin B, after their 3D alignment for the
best overlay of rings I and II. The conformation of rings I
and II, i. e. neamine, is pretty conserved across the five
AMEs. However, Figure 2C shows that neomycin B
adopts two different conformations when binding
AAC(2’)-Id and APH(2’’)-Ia. The distribution of the tor-
sion angles of the linkages between the rings presented
in Figure 3 more finely characterizes the conformational
variations of the AME-bound forms of neomycin B. The
linkage between rings I and II show conserved phi and
psi angles, although the clustering of the values segre-
gates the AMEs by type. While dihedral angles forming
the bonds linking rings I and II move on a range of ap-
proximately 60 °, bonds linking rings II–III and III–IV
can differ by 180 ° providing a total new conformer. De-
spite a few exceptions, it is also noticeable that the dihe-
dral angles are grouped by type of AME and so, that neo-
mycin B’s conformations are adapted to the
environment. The biggest difference is shown by the
structure represented in AAC(2’)-Id (PDB code: 7CS1),

F I G U R E 3 Comparison of neomycin B conformers dihedral angles. Red color is attributed to conformers bound to AAC, green to
APH, blue to ANT, and dashed orange to RNA. Atoms forming dihedral angles were defined following Ref. [37]: ϕ(H1-C1-O1-Cx) and
ψ(C1-O1-Cx-Hx).
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where the ϕ angle of the bond linking ring II to III has
rotated 180 ° compared to the other structures. The same
thing happens for the ϕ angle of the linkage between
rings III and IV of one of the two conformers of the en-
zyme. This mobility of rings III and IV can be appre-
ciated in Figure 2A. Actually, the left conformation of
AAC(2’)-Id forms all the interactions shown on the 2D
structure except the hydrogen bond with C(4’)-OH on
ring I, while the right conformation loses almost all the
interactions formed by rings III and IV, only keeping the
bridge salt formed by C(2’’’)-NH2 of ring IV. APH(2’’)-Ia
(PDB code: 5IQE) also presents two conformers. The
right structure, being the structure having a low RSCC,
differentiates itself by adding up the hydrogen bond in-
teraction formed by the C(3’’’)-OH of ring IV and the ac-
ceptor feature of the hydrogen bond formed by C(6)-OH
of ring II. Neomycin B conformers binding APH(2’’)-Ia
are the ones showing the biggest difference of ψ angle
for linkage II–III and of ϕ angle of rings III and IV on
Figure 3.

Neomycin B bound to the bacterial ribosomal A site
also has a conserved neamine conformation in all com-
plexes, while rings III and IV have a higher mobility. In-
terestingly, the conformations it adopts are similar to
those adopted when in complex with AMEs (Figure 3).
In one of the neomycin B – RNA structures (PDB code:
4V9C), ring IV is rotated of 180 ° (Figures 2A, B and 3)
similarly to the unique ϕ angle of the linkage between
rings III and IV present in AAC(2’)-Id.

In conclusion of the structural analysis, the binding
of neomycin B to AME complexes is primarily governed
by polar interactions, which is consistent with the highly
polar and positively charged characteristics of the ami-
noglycoside and the complementary properties of the
protein binding sites. This conclusion is supported by
448 polar interactions and hydrophobic contacts pre-
sented in Figure 3A, where 69% of data involve glutamic
and aspartic acids, i. e. negatively charged residues in
AMEs. Additionally, water molecules significantly con-
tribute to the binding, accounting for 14% of the inter-
actions. Finally, neomycin B acquires its flexibility from
the bonds linking rings II to III and III to IV, keeping a
conserved neamine conformation in all complexes. The
binding mode and conformations of neomycin B when
bound to RNA and AME are similar. However, ionic
bonds are less common in RNA complexes and HBA are
practically excluded from the binding mode.

3.2 | Kanamycin A in complex with
AMEs and RNA

Figure 4 collects all interactions with AMEs and con-
formations that kanamycin A presents in 70 structures
(Table 1). As for neomycin B, all rings and polar groups
of kanamycin A are involved in the binding to AMEs,
and the bonding is dominated by polar interactions
(Figure 2). The number of interactions formed by kana-
mycin A ranges from 8 to 26, with 20 being the average.

All seven kanamycin hydroxylic groups are able to
adjust their role of HBD or HBA to the enzyme. One of
them also involves a metallic interaction. Amino groups
are essential to form ionic bonds with the AMEs. In fact,
of a total of 1489 interactions when combining all struc-
tures, 885 of them occur with aspartic acid and glutamic
acid. Apart from ionic bonds, all four amino functions
also act as HBD. In the case of kanamycin A, only two
over four ether functions act as HBA.

As mentioned, all three rings interact in all AME-ka-
namycin A structures. However, ANT(2’’)-Ia is the only
AME forming just three ionic bonds with three amino
groups and a metallic interaction. All the other com-
plexes involve a minimum of two hydrogen bonds
formed by the hydroxylic groups and do not have any
metallic interaction. AAC(2’)-Ic is included in the analy-
sis even though kanamycin A cannot be metabolized by
the AME as the targeted position is a hydroxyl group in-
stead of an amino group (Figure 1).

The water network is also important for the binding
of kanamycin A as it is responsible for at least one inter-
action in 61 of the 70 structures. In average, it is respon-
sible for 4�2.5 interactions per complex, and for some
complexes water forms up to 7 hydrogen bonds with the
aminoglycoside. ANT(4’)-Ia and ANT(2’’)-Ia are the only
two AMEs not implicating any water molecules on the
binding mode. Several water-mediated hydrogen bonds
are well conserved among the other complexes: with
C(3)-NH2 for all copies of AAC(2’)Ic, AAC(3)-VIa, and
APH(3’)-IIa, 38 copies out of 47 of APH(3’)-Ia, and one
copy out of two of AAC(6’)- Ie; with C(6’)-NH2 for all
copies of AAC(6’)Im, AAC(2’)-Ic, AAC(3)-VIa, and
APH(2’’)-Ia, and 23 copies out of 47 of APH(3’)-Ia one
copy out of two of AAC(6’)-Ie and APH(3’)-IIa; with
C(2’)-OH for all copies of APH(3’)-IIIa, APH(2’’)-IIIa, 32
copies out of 47 of APH(3’)-Ia, and one copy of AAC(2’)-
Ic and APH(3’)-IIa; and finally with the O linking rings I
and II in all copies of APH(3’)-IIa, APH(3’)-IIIa and 30
out of 47 of APH(3’)-Ia.

Kanamycin A binds to RNA by using all four amino
groups and four out of seven hydroxyl groups
(Figure 4B). Kanamycin A binding is mainly led by sev-
en HBD interactions and two ionic bonds formed by
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F I G U R E 4 2D and 3D representation of kanamycin A RX-structures. (A) ensemble of all kanamycin A-AME interactions and
kanamycin A conformers superimposed on rings I and II. Outlined interactions are present in all AMEs. (B) ensemble of all kanamycin A-
RNA interactions and kanamycin A conformers superimposed on rings I and II. Outlined interactions are present in both RNA complexes.
(C) 2D and 3D structures of kanamycin A per AME. A colored square marks the targeted position. On the right, all kanamycin A
conformations binding the enzyme are depicted. The symbol * identifies low scored RSCC structures.
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C(3)-NH2 as shown by the outlined interactions in
Figure 4B. In the case of kanamycin A, the three rings
are implicated in the binding mode.

The superimposition of kanamycin A conformers
(Figure 4A) shows a smaller conformational variability
of this aminoglycoside as compared to neomycin B. All
conformers except one are spatially very close to each
other. The RMSD study, assigning new clusters if the
RMSD difference is higher than 0.5 Å, revealed only 2
clusters of conformers. Only the aminoglycoside binding
ANT(4’)-Ia totally differs from all other structures. All
three ψ of linkage I–II, ϕ and ψ of linkage II–III dihedral
angles are inversed when compared to the other con-
formers. On another side, both linkages seem equally re-
sponsible for flexibility, but the ϕ angle of linkage II–III
seems to differentiate the kanamycin A binding APH,
with angles between 24 ° and 67 °, from those binding
AAC, with angles ranging from 348 ° to 357 ° if we ignore
AAC(6’)-Im with an angle of 22 ° (Figure 5). This angle
difference can be observed in Figures 4A and C.

If we exclude the previously discussed exceptions, ka-
namycin A conformers bound to AME have similar dihe-
dral angles to those bound to site A.

As with neomycin B, kanamycin A – AME complexes
are governed by polar interactions. More than half of the
interactions (59%) involve either glutamic acid or as-
partic acid. The water network is again very important,
acting as a bridge in 19 % of interactions. Finally, the
conformers of bound kanamycin A defined only two
clusters even though the torsion angle ranges showed
variations.

4 | DISCUSSION

AMEs constitute the principal mechanism of bacterial
resistance to AGAs. Our study provides structural in-
sights into two AGAs, neomycin B and kanamycin A,
which are representative of four- and three-rings struc-
tures, respectively. We systematically analyzed the con-
formation and binding mode of the AGAs in AMEs, and
for the sake of comparison to the target site in RNA. All
available data was extracted from the PDB, protonated
and standardized. A total of 37 files were explored, cor-
responding to the 116 crystallographic structures of
AGA. The studied dataset covers the three AME types
(AAC, APH, and ANT) and bacterial rRNA. The struc-
tural analysis involved the identification of non-covalent
interactions, their mapping onto 2D structures, the as-
sessment of the importance of water-mediated inter-
actions, and the characterization of AGAs con-
formations.

Our analysis demonstrated that the recognition of
both neomycin B and kanamycin A is primary driven by
multiple polar interaction, predominantly hydrogen
bonds. Water-mediated hydrogen bonds play a sig-
nificant role, consistently comprising 14–19% of the po-
lar interactions. Our study also revealed that both neo-
mycin B and kanamycin A tend to form more ionic
interactions with the AMEs compared to RNA.

AMEs in the dataset, although sharing common func-
tional features, have different sequences and exhibit
unique active sites. Consequently, AGAs adopt distinct
binding modes and conformations in different AMEs.
Nevertheless, there is trend common to all studied AGA-
AME complexes: the neamine moiety, made of ring I

F I G U R E 5 Comparison of kanamycin A conformers dihedral angles. Red color is attributed to conformers bound to AAC, green to
APH, blue to ANT, and dashed orange to RNA. Atoms forming dihedral angles were defined following Ref. [37]: ϕ(H1-C1-O1-Cx) and
ψ(C1-O1-Cx-Hx).
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and II, shows a well-conserved conformation across all
of the structures.

The ability of neomycin B and kanamycin A to adapt
to different protein environments of APH(3’)-IIIa and
ANT(4’)-Ia is illustrated in Figure 6. Interestingly, the
two aminoglycosides show similar binding mode to
APH(3’)-IIIa (Figure 6A and B), involving the same ami-
no acids to bind the neamine moiety. Thus the AGA tar-
get position in ring I is well aligned with the active site.
The rings III and IV of neomycin B occupy a larger por-
tion of the enzyme’s catalytic pocket than ring III of ka-
namycin A, and as a result form a greater number of in-
teractions with the enzyme. By contrast, neomycin B and
kanamycin A bind completely differently to the wide ac-
tive site of ANT(4’)-Ia, the only common feature being
the location of AGA target position (Figures 6C and D).

Overall, the comprehensive study of the PDB empha-
sized the diversity of binding modes, highlighting the
versatility of both the AMEs and AGAs.

4.1 | How to escape AMEs: the amikacin
example

Amikacin is a semisynthetic derivative of kanamycin A
introduced in the seventies. It is substituted at the posi-
tion C(1)-NH2 by a (S)-4-amino-2-hydroxybutyrate
(HABA) (Figure 7A). Like the other aminoglycosides, it
is active against Gram+ and Gram- bacteria, and, to-
gether with plazomicin, amikacin demonstrates higher
resistance to the action of AMEs. Nevertheless, there has
been an emergence of resistant strains, particularly asso-
ciated with the rise of AAC(6’)-Ib, limiting its effective-
ness [35].

The analysis of amikacin intends to provide insights
into the potential of designing new AGAs derivatives
based on the crystallographic structures. Amikacin has
been described in four crystallographic structures: two in
complex with rRNA (PDB ID: 4P20 and 6YPU), one in
complex with APH(2’’)-Ia, GMPPNP, and Mg2+ (PDB ID:
6CGD), and one in complex with AAC(2’)-Ia and AcCoA
(PDB ID: 6VTA).

F I G U R E 6 Comparison of the binding modes of (A) neomycin B/APH(3’)-IIIa (PDB ID: 2B0Q), (B) kanamycin A/APH(3’)-IIIa (PDB
ID: 1L8T), (C) neomycin B/ANT(4’)-Ia (PDB ID: 6UN8), and (D) kanamycin A/ANT(4’)-Ia (PDB ID: 1KNY). Only the interacting residues
are depicted. A colored square marks the targeted position. Water molecules are depicted as red spheres.
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In complex with rRNA, amikacin engages its three
rings in polar interactions, including hydrogen bonds
with all five amino groups and five out of seven hydroxyl
groups, and ionic bonds for two amino groups
(Figure 7A). Furthermore, all amikacin conformers
adopt a conformation similar to that of kanamycin A
when bound to rRNA (Figures 7B and 5), suggesting that
the HABA substitution does not interfere with the AGA
recognition by the target in the bacterial ribosome. The
C(1)-NH2 of both amikacin and kanamycin A is able to
form a stable hydrogen bond with U1492. In addition,
the HABA chain also form polar interactions with rRNA
(Figure 7A, B). The superimposition of a crystallographic
structure of amikacin onto kanamycin A bound to
APH(3’)-IIIa (Figure 7C) suggested steric hindrance in
the presence the HABA chain. Indeed, the C(1)-NH2 was
involved in the binding mode of all complexes AME/ka-
namycin A, except for AAC(6’)-Ie. Interestingly, the
main amikacin resistance mechanisms are AAC(6’)-I

enzymes and in particular AAC(6’)-Ib [35]. The structure
of the amikacin bound to AAC(6’)-Ie modeled from the
kanamycin A complex indicated that the HABA chain
would not disrupt recognition of the enzyme.

In summary, the comparison of kanamycin A and
amikacin demonstrated that structural considerations
can offer strong evidence to predict the impact of a
chemical modification of the AGA on its binding to both
RNA and AMEs.

5 | CONCLUSION AND
PERSPECTIVES

Designing new aminoglycosides able to overcome AMEs
effect has been a challenging and long-standing task.
While derivatives of kanamycin A, such as amikacin,
have been identified in this pursuit, the antimicrobial re-
sistance landscape continues to increase. The

F I G U R E 7 2D and 3D representation of amikacin. (A) Ensemble of all amikacin-RNA interactions. Outlined interactions are present
in all in RX-structures in of amikacin in complex with rRNA (B) superimposed amikacin-RNA 3D structures. (C) Superimposition of
amikacin (pink) onto kanamycin A (blue) ring II bound to APH(3’)-IIIa. (D) Superimposition of amikacin (pink) onto kanamycin A (blue)
ring II bound to AAC(6’)-Ie.
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comprehensive analysis of crystallographic structures
containing neomycin B and kanamycin A, two common
aminoglycosides, revealed the versatility of the two
AGAs which exhibit multiple binding modes within dif-
ferent enzyme environments. This adaptability sig-
nificantly complicates the task of finding a common
modification that can overcome the resistance caused by
all AMEs simultaneously. The intricacy of the problem is
heightened by the promiscuity of AMEs, whose adapt-
ability exploits various molecular properties, encompass-
ing active site breadth for ANT, local flexibility for AAC,
and multiple conformations for APH [36].

The detailed interactions formed by AGAs provides
avenue to guide the design of new derivatives capable of
overcoming AMEs. The focus can be set on disrupting
crucial hydrogen bonds for recognition, modulating wa-
ter-mediated interactions, disrupting ionic interactions
as they mainly interact with AMEs, and introducing ster-
ic hindrance.
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