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Despite their inherent toxicity and the acquired bacterial resistance that continuously threaten their long-5 

term clinical use, aminoglycosides (AGs) still remain valuable components of the antibiotic 

armamentarium. Recent literature shows that the AGs’ role has been further expanded as multi-tasking 

players in different areas of study. This review aims at presenting some of the new trends observed in the 

use of AGs in the past decade, along with the current understanding of their mechanisms of action in 

various bacterial and eukaryotic cellular processes. 10 

Introduction 

Aminoglycosides (AGs) are a group of naturally occurring and 

semi-synthetic amino-modified sugars (Fig. 1). AGs can be 

structurally classified as 4,5-disubstituted 2-deoxystreptamine (2-

DOS) AGs (e.g., neomycin B (NEO), paromomycin (PAR), and 15 

ribostamycin (RIB); note: although neamine (NEA) is a 4-

monosubtituted AG, we included it in the 4,5-disubstituted 2-

DOS AGs in Fig. 1 as its structure is comprised in their scaffolds) 

as well as 4,6-disubstituted 2-DOS AGs (e.g., amikacin (AMK), 

kanamycin A and B (KAN A and KAN B), tobramycin (TOB), 20 

gentamicin (GEN), geneticin (G418), netilmicin (NET), and 

sisomicin (SIS)). Other AG scaffolds include the monosubstituted 

2-DOS AGs (e.g., apramycin (APR) and hygromycin (HYG)), 

and streptomycin (STR). 

 AGs’ broad-spectrum of activity against pathogenic bacteria 25 

has favoured them over the past seventy years as a valuable class 

of antibiotics.1 Studies of their antibacterial mode of action have 

revealed that AGs bind both to the aminoacyl site (A-site) of the 

16S ribosomal RNA (rRNA) of bacteria, where they perturb the 

“proof-reading” process that ensures protein translation fidelity,2 30 

and to the 50S ribosomal subunit, inhibiting translocation and 

ribosome recycling.3, 4 

 Naturally occurring AGs are produced by Streptomyces and 

Micromonospora soil bacteria,5 which proactively methylate their 

ribosome to survive the bactericidal action of their secondary 35 

metabolites.6 This mechanism, along with the decrease in AG 

uptake and the emergence of aminoglycoside-modifying enzymes 

(AMEs), has significantly plagued the clinical efficacy of AGs.7 

AMEs, in particular, have been a serious threat to their long term 

use and more than 100 of them have been identified.8 These 40 

enzymes, which include AG acetyltransferases (AACs), AG 

phosphotransferases (APHs), and AG nucleotidyltransferases 

(ANTs) (Fig. 2A) act through chemical modifications of the 

structures of AGs. Indeed, AACs catalyze the transfer of an 

acetyl group from acetyl coenzyme A (AcCoA) to the amine 45 

functionalities of AGs, while APHs and ANTs use ATP (and in  

 
Fig. 1. Structures of parent AGs discussed in this review. The 2-

deoxystreptamine (2-DOS) ring is depicted in blue. 
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some cases GTP)9-12 to transfer a phosphate and an adenosine 

(guanidine) monophosphate moieties, respectively, to the 

hydroxyl groups of AGs (Fig. 2B). Unlike other AACs, which are 

regiospecific, the newly discovered enhanced intracellular 

survival (Eis) is a versatile enzyme that can acetylate different 5 

amine positions of AGs.13-22 

 
Fig. 2. A. Sites that are targeted by the different aminoglycoside-

modifying enzymes (AMEs). Unlike other AMEs that are regiospecific, 

Eis can multi-acetylate AGs. B. Chemical modifications catalyzed by 10 

AMEs. 

 Soon after its introduction in the therapeutic regimen of 

tuberculosis, STR, the first AG ever discovered, displayed toxic 

side effects. Nephrotoxicity and ototoxicity, which are the most 

common adverse effects associated with AG antibiotics, have 15 

also hampered their clinical effectiveness. These serious 

shortages have sparked considerable interests in the scientific 

community. Our group has recently provided a comprehensive 

overview of AG antibiotics1 and the recent approaches that have 

been developed to triumph over AMEs’ actions.23 Of special 20 

note: the combination of AGs with AME inhibitors as a 

potentially effective tactic to revive the usefulness of these drugs 

against AG-resistant strains. This was inspired by the clinical 

success encountered by the co-administration of β-lactams and β-

lactamase inhibitors.24 The search for Eis inhibitors enabled the 25 

development of a high-throughput screening (HTS) method that 

facilitated the identification of 25 active compounds out of 

23,000 tested.22 While waiting for HTS to be applied to the other 

classes of AMEs, existing AME inhibitors could be utilized in the 

meantime. These include the APH(3')-IIIa inhibitor ankyrin 30 

repeat protein,25, 26 the APH(2")-IVa inhibitor quercetin,27 the 

APH(9)-Ia inhibitor CKI-7, which was co-crystallized with 

APH(3')-IIIa,28 and the bifunctional enzyme AAC(6')-

Ie/APH(2")-Ia inhibitor aranosin.29 The 3-

(dimethylamino)propylamine moiety was also found to be an 35 

essential scaffold for ANT(2")-Ia and APH(3')-IIIa inhibitors.30 

 Also worth mentioning is the development of AGs that could 

both tightly bind to the bacterial ribosome and disrupt the protein 

synthesis machinery, and also be poor substrates of AMEs. This 

has eventually led to the synthesis of: 40 

i) Structurally constrained AGs – Originally designed to resemble 

the locked conformation of AG when bound to the bacterial A-

site, a variety of rigidified NEO, PAR, NEA, and KAN A 

derivatives were synthesized (Fig. 3).31-37 Although they all 

displayed a decreased antibacterial activity compared to the 45 

parent AGs, the NEO and the KAN A-restricted derivatives 

(through methylene linkers between the 2'-NH and 5"-C as well 

as the 2'-O and 5-O, respectively) were still quite active, with 

MIC values ranging from 2.5 to 64 µg/mL. Additionally, the 

NEO-restricted derivatives were poor substrates of S. aureus 50 

ANT(4') and M. tuberculosis AAC(2')-Ic. 

 
Fig. 3. Structures of conformationally constrained AGs. 

ii) AG dimers – Following evidence that dimerized parent AGs 

may have improved binding affinity towards RNA,38 series of 55 

homo- and heterodimeric AGs were developed with the goal of 

investigating their ability to target the bacterial A-site.39-43  In 

addition, some NEA dimers, linked at the 5-position via amides 

and 1,2-hydroxyamines (Fig. 4), could evade the action of the 

AMEs AAC(6')-Ii, APH(3')-IIIa, and AAC(6')-Ie/APH(2")-Ia 60 

better than the parent compound.39 Furthermore, a TOB 

homodimer (Fig. 4) was shown to be a poor substrate of TOB-

targeting AMEs AAC(6')-Ie/APH(2")-Ia, AAC(6')-Ib', and 

ANT(4').43 The use of AG dimers has however not been limited 

to targeting bacterial ribosome. In fact, AG dimers also found 65 

application as binders of RNA hairpin loops,44, 45 as binders of the 

dimerization initiation site of the HIV-1 genomic RNA,46 the 

HIV-1 Rev response element,47 and HIV-1 trans-acting 

responsive sequence.48 AG monomers and dimers have also 

found to be useful as inhibitors of anthrax lethal factor.49-51 70 
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Fig. 4. A. Representative TOB and NEA dimers with different linker 

attachments. Note: NEO-NEO, NEO-TOB, KAN-KAN, and KAN-TOB 

dimers have also been reported in the literature.38, 41-43, 47 

iii) Guanidinylated AGs – By replacing the amine or hydroxyl 5 

moieties with a guanidine functionality in TOB, AMK, KAN A, 

NEO, NEA, PAR, and APR, the Nizet and Tor groups were able 

to develop a library of AG derivatives, with most of them 

displaying an enhanced antibacterial activity, which correlated 

with higher affinity to bacterial A-site.52 10 

 We will discuss herein the antibacterial modes of action of 

AGs as well as some of the novel applications of AGs that have 

been investigated in the last decade such as riboswitch binders, 

oncogenic microRNAs (miRNAs) targeting molecules, 

antileishmanial compounds, antifungal agents, amphiphiles, and 15 

as potential treatment of genetic diseases arising from premature 

termination codons (PTCs). New ways to alleviate AG-induced 

ototoxicity will also be examined, with reference to the solely 

non-toxic AG APR and the prospective clinical candidate 

plazomicin (PLZ). 20 

Aminoglycosides mode of action: binding to the 
ribosome 

AGs have long been known to exert their antibacterial functions 

by binding to the bacterial ribosome and interfering with protein 

translation. To further probe their mechanism of action, different 25 

approaches have been developed and employed in the past 

decades, including fluorescence-based assays,3, 53-56 

computational simulations,57, 58 microarray assays,59-63 and X-ray 

crystallography.4, 64, 65 As a result, AGs have been demonstrated 

to bind not only to the ribosomal decoding A-site on the 16S 30 

rRNA, causing miscoding in the nascent polypeptide, but also to 

the helix 69 (h69) in the large 50S ribosomal subunit, which is 

critical in the processes of mRNA/tRNA translocation and 

ribosome recycling. 

Aminoglycosides binding to the A-site 35 

As a canonical model of AG binding, the interactions between 

AGs and the decoding A-site on the 30S ribosomal subunit have 

been extensively studied. AGs bind to a highly conserved set of 

nucleotides on helix 44 (h44) of the 16S rRNA (Fig. 5A). The 

carbohydrate rings of AGs stack to the RNA, thereby stabilizing 40 

the bound complex at the A-site by hydrogen-bonding and H2O-

mediated interactions.57, 65-67 For 4,6-disubstituted 2-DOS AGs, 

the presence of a 4'-hydroxyl or a 2'-amino group on ring I was 

reported to be critical in assisting proper targeting of the 

ribosome by the antibiotics. However, the substitution pattern on 45 

ring III was found to have minimal effect on drug targeting.67 In 

the case of 4,5-disubstituted 2-DOS AGs, the stacking effect of 

ring I was complemented by rings III and IV, which enhanced 

AG-rRNA complex stabilization.66 Appending of an aromatic 

moiety at the 2"-position of PAR was found to improve the drug 50 

susceptibility of bacterial resistant strains, thereby providing 

further details for the mechanisms of AG binding.57 

 Binding of AGs to the 16S rRNA was reported to extrude the 

A1492 and A1493 residues on h44, conformationally rearranging 

them from an intra-helical to an extra-helical state in the rRNA. 55 

Such change disturbed the fidelity of aminoacyl-tRNA 

selection.68 rRNA mutagenesis, X-ray crystallography, and 

determination of MIC studies revealed the residues that were 

critical in maintaining proper AG binding (A1492 and A1493) 

and stabilizing the destacked helix (A1408) (Fig. 5B).54, 55 These 60 

results were also confirmed by fluorescence-based studies where 

S12, a ribosomal protein in the 30S complex, was fluorescently-

tagged to investigate NEO and h44 interactions.56 Other residues, 

such as the purine/pyrimidine switches 1411•1489 and 

1410•1490, were reported to have minimal effect on MIC values 65 

while 1409•1491 was found to be critical for AG susceptibility.69 

 
Fig. 5. A. Representation of the internal loop structure of h44. B. 

Representation of h44 of the 16S rRNA showing residues destacking 

upon AG binding. 70 

 In addition to the bacterial ribosomes, AGs have also been 

known to bind with lower affinity to the mammalian ribosomes. 

In the aim of achieving higher selectivity of AGs towards their 

bacterial target, both AG and ribosome modifications have been 

investigated. 4',6'-O-acetal and 4'-O-ether modifications of PAR 75 

have been shown to impart greater sensitivity to A1408G, 

G1491C, and G1491A mutations, characteristic of prokaryotic-

eukaryotic ribosome differences.70 Applying nucleobase-

conjugated AGs as probes, the A-site was reported to 

discriminate its ligand structures and conformations.71 80 

Conversely, in a study where KAN A, TOB, NEA, and NEO 

derivatives were examined in a microarray-based assay against a 

library of internal loops in a two-dimensional combinatorial 

screening analysis, AGs were found to be non-selective and each 

preferentially bound to a different internal loop. For instance, 85 

KAN A preferably bound to 1x1 internal loops with C•A 

mismatches, and the stability of the internal loop structure 

correlated with the binding affinity to AGs.60-63 Anderson and 

Mecozzi further investigated the minimum sequence required for 

PAR binding to the A-site via a computational approach.58 A 90 

combination of molecular dynamics, free-energy calculations, 
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and in vitro binding assays showed that the 11-nucleotide:10-

nucleotide duplex RNA was minimal to provide stable PAR 

binding, whereas smaller duplexes lost the complex stability and 

the accessibility for PAR.58 

Aminoglycosides binding to h69 5 

Although most AGs bind to the decoding A-site and introduce 

amino acids from non-cognate or near-cognate tRNAs into the 

nascent polypeptides, this effect alone was postulated to be 

insufficient justification of AGs’ antibacterial effect. Instead, 

some AGs, including NEO, PAR, and TOB, have been identified 10 

to have a secondary binding site at the major groove of h69 of the 

23S rRNA of the 50S ribosomal subunit.64, 72 Crystallography 

data revealed that h69 forms direct contact with the A-/P-site 

tRNAs, as well as the decoding center, by looping around the 

interface of the two subunits and forming an inter-subunit bridge 15 

(B2). Due to the vital position of h69 in the 3D structure, the 

binding of AGs to h69 hinders the ribosomal movement/global 

conformational rearrangement when the 30S rotates around the 

50S ribosomal subunit in racquet-like movement around the L1 

stalk domain.73 This concerted movement, assisted by ribosome 20 

recycling factor (RRF) and GTPase elongation factor G (EF-G), 

occurs in multiple steps during protein translation, especially 

translocation and ribosome recycling processes. Therefore, AGs’ 

mechanism of inhibiting the global conformational rearrangement 

is a vital contribution to their antibacterial properties.4 25 

 During translocation, the aminoacyl-tRNA first orients itself 

perpendicularly to the 30S and 50S subunits at the A-site, which 

is considered the “classical” configuration. Post peptide bond 

formation and prior to translocation, intermediate states where the 

3'-terminus and the acceptor stems of tRNAs proceed to the next 30 

site on the large subunit while the anticodon stems remain fixed 

on the 30S subunit are referred to as the “hybrid” states.74, 75 Two 

distinct hybrid-state intermediates have been elucidated by the 

Blanchard’s group via single-molecule fluorescence resonance 

energy transfer (smFRET).76 Studies have shown that AGs 35 

binding to h69 halted the pre-translocation complex at post 

peptidyl transfer. The dynamics of AG binding to pre-

translocation complex revealed high-affinity (h44) and low-

affinity (h69) binding sites on the ribosome. While most AGs 

bind to h44 only and stabilize the classical state, NEO was shown 40 

to stabilize the hybrid states at the low-affinity site upon 

saturation of h44.3 To further study NEO inhibition on the 

ribosomal global conformational rearrangement, pre-steady state 

smFRET and dynamics studies demonstrated that NEO binding to 

h69 excluded RRF binding to the ribosome and attenuated the 45 

30S subunit rotation with respect to the large subunit that 

normally promotes the conformational switch from the classical 

to the hybrid configuration. Crystal structures also confirmed 

NEO binding to h69, where the latter forms an inter-subunit 

bridge B2 and interacts with helices h24 and h45 of the 30S 50 

subunit.64 

 At the end of each translation cycle is the dissociation of the 

ribosome complex, where the same racquet-like movement is 

involved as in translocation. RRF binds to h69 and extrudes it 

away from the inter-subunit surface, causing the 30S subunit to 55 

dissociate from the 50S. However, AG binding to h69 makes the 

complex inaccessible to the RRF and therefore locked in the 

bound form, inhibiting ribosome recycling.4 Confirming previous 

results, Agris and co-workers further compared the affinity of 

NEO and GEN to E. coli and human h69. They reported that AGs 60 

bind to human h69 with lower affinity than to E. coli h69, which 

shed light into AG antibiotics target selectivity.72 

 AGs are structurally diverse and therefore bound to function 

by different mechanisms. Puglisi and co-workers reported the 

various mechanisms of APR, GEN, and PAR, which they 65 

confirmed by nuclear magnetic resonance spectroscopy (NMR).53 

APR was found not to displace A1492 and A1493 residues at the 

decoding center but rather to block the translocation process. 

GEN and PAR, on the other hand, exhibited a different mode of 

action whereby they destacked h44, leading to significant 70 

miscoding in the nascent polypeptide. 

 Tracing back the efforts that have been put forth in the 

investigation of how AGs perform their antibiotic functions, a 

greater picture has been revealed. However, the unobserved part 

of the iceberg still remains elusive yet inviting. Along this line, 75 

more untouched functions of AGs are starting to be discovered. 

In addition to causing amino acid misincorporation and inhibiting 

translocation and ribosome recycling, Foster and Champney 

reported that AGs hinder the 30S ribosome assembly, which 

brings up an unexplored mechanism of AG antibiotics.77 Any 80 

further knowledge we gain on the mechanism of action of AGs is 

certainly a step towards defeating bacterial infections, especially 

in the rapidly emerging resistant bacterial strains. 

Aminoglycosides as universal RNA binders 

AGs are known as universal RNA binders, for they not only bind 85 

to the rRNAs in the ribosomes, but also interact with other types 

of RNA structures.39 Two major types of RNAs that AGs interact 

with are the riboswitches and miRNAs, both of which are critical 

in regulating gene expression. The exploration of these 

interactions has recently gained popularity. Developing AGs as 90 

tools to target these non-coding RNA structures for engineering 

and therapeutic purposes clearly represents one of the newest 

trends of AG applications. 

Flipping the switches of the riboswitches 

Riboswitches are mRNA domains in the 5'-leader sequences and 95 

they control the expression of the downstream genes.78 Upon 

binding of a variety of ligands, ranging from metabolites, 

secondary messengers to xenobiotic, riboswitches can regulate 

gene expression via various mechanisms. Transcription 

termination and translation initiation are the mechanisms mostly 100 

observed upon ligand binding. Other mechanisms include 

alternative splicing, catalytic RNA activation, and trans-acting 

mechanism.79 In the last five years, AGs have been used as tools 

to discover new artificial and natural riboswitches to gain a better 

understanding of the resistance mechanisms. 105 

 Different strategies have been utilized in order to engineer 

effective riboswitches, including antisense, ribozymes, and small 

molecule-binding aptamers. Aptamers are oligonucleotides that 

bind specific ligands and they have been used to develop an 

artificial NEO-binding riboswitch via a two-strategy approach. 110 

This 27-nucleotides (nt) aptamer was proposed to form an 

internal and a terminal loop secondary structure (Fig. 6). The 

binding of NEO caused extensive conformational rearrangement 

in the mRNA, which was confirmed by an observed change in the 
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nuclease cleavage pattern. The binding between NEO and the 

riboswitch aptamer was explained to be the same as the AGs 

binding to their natural target at the decoding A-site.80, 81 As the 

smallest functional artificial riboswitch identified so far, the 27-nt 

riboswitch has been further investigated via structural and 5 

dynamics approaches, NMR, and pulsed electron-electron double 

resonance (PELDOR) spectroscopy. These studies revealed that 

in addition to NEO, the riboswitch element also responds to RIB 

and TOB.82-84 

 10 

Fig. 6. Structure of the 27-nucleotide riboswitch aptamer. 

 Naturally occurring riboswitches are essential gene regulators 

in pathogenic bacteria, and therefore are becoming cutting-edge 

targets for understanding resistance mechanisms and developing 

antibiotics.71 Recently, a natural riboswitch was discovered in the 15 

5'-untranslated region (5'-UTR) of bacterial resistance genes 

aac/aad. Upon AG binding, the riboswitch induced the 

expression of encoded AAC and ANT. The binding of AG ligand 

alternates the secondary structure of the riboswitch and exposes a 

second ribosome-binding domain and was thus postulated to also 20 

promote the recruitment of the ribosome complex.85 

Aminoglycoside conjugates targeting microRNAs 

In addition to binding to the riboswitches, AGs have also been 

utilized to target miRNAs, which are often aberrantly expressed 

in various diseases. These single-stranded non-coding miRNAs 25 

are transcribed as pre-miRNA precursors and are later activated 

by the Dicer and Drosha nuclease complexes. Activated miRNAs 

hybridize to the UTRs of the target mRNAs, which trigger the 

degradation of the miRNA/mRNA complexes, and subsequently 

lead to targeted gene silencing.86 30 

 Efforts have been put forth in developing AG conjugates to 

target the oncogenic miRNAs precursors, pre-miR-372 and pre-

miR-373 as a novel therapeutic approach.87 Oncogenic miRNAs, 

miR-372 and miR-373, are both upregulated in various tumors 

and suppress the expression of the Large Tumor Suppressor 35 

homologue 2 (LATS2) protein.88 By conjugating AGs with 

natural or synthetic nucleobases, the multimodal ligands were 

designed so that the nucleobase scaffolds provide specific 

recognition to the double-stranded portion of the pre-miRNAs 

and the AG structures, especially NEO, to ensure high affinity 40 

binding to the stem-loop structures. Applying fluorescence-based 

assays, adenine-NEO and uridine-NEO, together with six non-

natural nucleobase-NEO conjugates were described to effectively 

suppress pre-miRNA activation, thus disabling the suppression of 

LATS2 expression in tumors. 45 

 Pursuing bioactive miRNA targeting small molecules can also 

be achieved by sequence-based molecule design, which takes 

advantage of the fact that RNA secondary structures are highly 

predictable from their primary sequences. Inforna, which designs 

lead small molecules for targeting RNA based on the RNA 50 

sequences, identified that 6'-N-hexynoylated KAN A would 

target oncogenic miRNA precursor miR-182 by blockage at the 

Drosha cleavage site.89 Inhibiting the activation of miR-182 

subsequently restored the expression of the downstream tumor 

suppressor protein FOXO1, an apoptosis inducer in cancer 55 

cells.  

 RNA targeting strategies have found applications not only in 

cancer, but also in other diseases such as myotonic dystrophy 

(DM), which is caused by the splicing defect in the mutant pre-

mRNA species when bound to the RNA splicing regulator 60 

muscleblind-like protein (MBNL1).90-92 6'-N-hexynoylated KAN 

A was also investigated and demonstrated to improve proper 

splicing of the pre-mRNA transcripts. Upon further development, 

6'-N-hexynoylated KAN A conjugated to D-Arg9 was found to 

improve cellular permeability and localization in DM type 1 cell 65 

culture and animal model, signifying their application as a 

potential therapeutic option.93 

Aminoglycosides as antifungal agents 

AGs have long been used for the treatment of bacterial infections 

in humans and animals, but their ability to bind to the eukaryotic 70 

ribosomes, though with lower affinity when compared to the 

prokaryotic ribosomes, has been a continuous step back. This 

limitation has however been exploited to explore new targets of 

AGs. Recently, Lee and co-workers have investigated the 

activities of PAR, NEO, RIB, and STR against six crop 75 

pathogenic oomycetes (Phytophthora and Pythium species) and 

ten common fungi.94 All four AGs manifested modest to excellent 

antioomycete activity, with non-existent activity against several 

true fungal species. PAR displayed the strongest in vitro and in 

vivo inhibitory effect on various plant pathogens, including 80 

Phytophthora capsici and Phytophthora infestans, which are 

responsible for red pepper and tomato late blight diseases, 

respectively. Even though fungi are most often associated with 

crop diseases, they still remain an important problem in human 

and veterinary medicine that needs to be addressed.  85 

 Pythiosis is an infectious disease caused by the fungus Pythium 

insidiosum that affects dogs, cats, horses, and even humans. The 

in vitro susceptibility of 24 P. insidiosum isolates was measured 

against four naturally occurring AGs (PAR, GEN, NEO, and 

STR).95 With in vitro MIC values ranging from 32 to 128 µg/mL, 90 

which are all higher than the safe plasma concentration of 30 

µg/mL, these AGs could not be used therapeutically. It has 

however been observed that, when used in conjunction with 

compounds that increase their cellular uptake in fungi, AGs could 

exert their fungicidal activity at lower, and possibly safer, 95 

concentrations. This is the case of HYG, a structurally unusual 

AG produced by Streptomyces hygroscopicus that kills bacteria 

and fungi through protein biosynthesis inhibition. The membrane-

disrupting agent polymyxin B was found to work synergistically 

with HYG, enabling this latter to inhibit the growth of 100 

Saccharomyces cerevisiae cells at a lower concentration than that 

expected from its own MIC value.96 

 Fungal and oomycete infections are responsible for huge 

economic losses generated from plant diseases. Current strategies 

to control these infections include the direct application of 105 

chemical fungicides. Although potentially useful as 

agrofungicides, the majority of AG antibiotics are clinically used 

for the treatment of human bacterial pathogens. Their 
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involvement in plant disease management could then promote 

bacterial resistance, reduce the soil concentration of the 

agrofungicide AG, or change its structure. To overcome this 

problem, AG derivatives possessing antifungal activities with no 

antibacterial capabilities were pursued.  5 

 KAN B is a classical AG antibiotic isolated from the soil 

bacterium Streptomyces kanamyceticus and has long been used 

for its broad-spectrum activity against Gram-negative and Gram-

positive bacteria. One of its analogue, FG08 (Fig. 7), which bears 

a 3"-hydroxyl group, a linear C8 alkyl chain at the 4"-position, 10 

and is deoxygenated at the 6"-position, showed little to no 

antibacterial activity, but inhibited the growth of various yeasts, 

oomycetes, and true fungi, with in vitro MIC values between 3.9 

and 31.3 µg/mL.97 The antibacterial to antifungal activity 

“switch” in FG08 was attributed to the octyl chain, which 15 

conferred some amphiphilic properties to the AG. The 

susceptibility studies of Fusarium graminearum, a fungus 

responsible for the crop disease Fusarium Head Blight (FHB), to 

FG08 revealed that at concentration close to in vitro MIC, FG08 

afforded prophylactic protection to FHB-susceptible wheat 20 

seedlings against F. graminearum. FG08 was also capable of 

suppressing FHB disease. FG08 was shown to exert its antifungal 

activity through permeation of the fungal membrane.97, 98 This 

property of certain AGs to disrupt the membrane of fungi has also 

been observed with bacteria. 25 

 
Fig. 7. Modifications at the 3"-, 4"-, and 6"-positions of the antibacterial 

KAN B result in the antifungal agent FG08. 

Amphiphilic aminoglycosides 

Owing to the recrudescence of antibiotic resistance by pathogenic 30 

bacteria and the promise of cationic amphiphiles as potent 

antimicrobial agents with new mechanisms of action, a novel 

class of antibacterial agents known as amphiphilic AGs came into 

being. Several groups have devoted tremendous efforts in the 

development of AG derivatives that bear in their structure 35 

hydrophobic moieties connected to the cationic hydrophilic AG. 

Linear alkyl chains, ranging from C6 to C20, have been introduced 

through an amide bond at the 5"-position of NEO,99-102 and the 

6"-position of KAN103 and TOB.104 They have also been linked to 

TOB and PAR as thioethers at the 6"- and 5"-positions, 40 

respectively.105-107 Other hydrophobic residues investigated 

include (i) amino acids/peptides, which have been attached to the 

nitrogen atom of AGs through an amide bond,100 a lysine 

moiety,108 or a triazole ring;109, 110 and (ii) aromatic rings, 

attached at the oxygen atom, to form polyethers and/or 45 

polycarbamates of NEA, PAR, NEO, KAN, and AMK.111-114 This 

led to the discovery of potent amphiphilic AGs with revived 

antibacterial activity (Table 1). For example, the C16 and C18 lipid 

chains conferred to NEO a 32-fold improvement in antibacterial 

activity against MRSA, while the C16 lipid chain decreased the 50 

MIC of KAN from 128 to 2 µg/mL against Canadian clinical 

isolates of MRSE, and the C14 lipid chain rendered TOB 64 times 

more active against E. coli BL21 (DE3) (Eis) and S. mutans 

UA159. Aromatic rings also considerably ameliorated the MIC 

values of NEO, KAN, NEA, and PAR. 55 

 Amphiphiles, such as cationic peptides, have been shown to 

exert their antimicrobial activities by disrupting the bacterial 

membranes via three main models: the toroidal, barrel-stave, and 

carpet models.115 With the aim of investigating the mode of 

action of antibacterial amphiphilic AGs, the Garneau-Tsodikova 60 

and Fridman groups showed that amphiphilic AGs in the form of 

6"-thioether TOB analogues target the bacterial membrane rather 

than the traditional bacterial ribosome.105 Similar results were 

also observed by the Chang116 and the Mingeot-Leclercq117 

groups, who synthesized 5"-derivatized NEO as well as 3'- and 6-65 

modified NEA, respectively. 

Aminoglycosides as antiprotozoal agents: the fight 
against Leishmaniasis 

The ability of AGs to bind to eukaryotic ribosomes to a lesser 

extent has also been exploited in the treatment of protozoan 70 

parasitic diseases. Leishmaniasis, a neglected tropical disease that 

affects 2 million people every year,118 has attracted special 

attention in the recent years due to the outbreak of Leishmania 

spp. resistant to current antimony-based therapy.119 The two main 

forms of leishmaniasis, cutaneous and visceral, are caused by the 75 

protozoa Leishmania major (L. major) and Leishmania donovi (L. 

donovi), respectively. In vitro growth inhibition studies of L. 

major and L. donovi showed that PAR and G418 were more 

potent than NEO, GEN, and APR.120-123 PAR even exhibited 

antileishmanial activity against antimony-resistant strains.124 This 80 

earned it a spot as a major ingredient of Leishcutan, a topical 

ointment used for the treatment of cutaneous leishmaniasis.125-127 

In monotherapy or in combination with other drugs, PAR has also 

shown efficacy against visceral leishmaniasis (the most 

aggressive form of leishmaniasis),127-130 and is currently in Phase 85 

IV clinical trials in India.120 

 Efforts to elucidate the mechanisms of action of AGs against 

Leishmania spp. led to the finding that PAR might interact with 

the cytosolic ribosome,131, 132 where it induces codon 

misreading.121 The crystal structure of G418 bound to its putative 90 

Leishmania rRNA A-site shed some light on the molecular 

determinants involved in AG antiprotozoan mode of action.123 

Extrusion of both A1492 and A1493 residues from the 

leishmanial site upon contact of G418 resembled the 

conformational change observed in the G418-bacterial binding 95 

site complex, reinforcing the miscoding character of 

antileishmanial AGs. PAR was also found to affect translation 

and vesicle-mediated trafficking in studies using PAR-susceptible 

and PAR-resistant L. donovani.133  

Reading through the faulty “stops” at the 100 

premature termination codons 

Pathogenic PTCs result from various mutations, including 

nonsense mutations, insertions or deletions, and/or alternative 

splicing events. In these diseases, PTCs are introduced prior to 

the natural stop codons, thereby leading to the production of 105 
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truncated and, often times, defective proteins. AG interaction 

Table 1. Activity of amphiphilic AGs. 

Structure MIC 

(µµµµg/mL) 

Strain ↑↑↑↑a Ref Structure MIC 

(µµµµg/mL) 

Strain ↑↑↑↑a Ref 

 2.3 E. coli BL21 (DE3) 

(Eis)b 

64 105  8 P. aeruginosa CAN-

ICU 62308 

64 102 

 2.3 B. subtilis 168 32 105  8 MRSA ATCC33592 32 102 

 4.7 E. coli BL21 (DE3) 

(AAC(3)-IV)b 

32 105 

 

4 MRSA ATCC33592 64 102 

 2 S. mutans UA159 64 105 (with all amino groups 

guanidinylated) 

16 P. aeruginosa CAN-

ICU 62308 

32 102 

 2 S. pyogenes serotype 

M12 MGAS9429 

32 105  1 MRSA ATCC33592 256 113 

 4 S. epidermidis 

ATCC35984 

32 105  4 S. maltophilia 128 113 

 8 MRSA ATCC33592 64 109  4 

8 

MRSA ATCC33592 

S. maltophilia 

64 

>64 

113 
113 

 2 MRSE CAN-ICU 

61589 

64 103, 

110 

 8 MRSA ATCC33592 64 113 

(amino groups non-

guanidinylated) 

16 MRSA ATCC33592 >32 103, 

110 

 

2 MRSA ATCC33592 >64 112, 114, 

117 

(with all amino groups 

guanidinylated) 

8 MRSA ATCC33592 64 103  2 S. aureus (APH(3'))b >64 112, 114 

 8 E. coli (TG1) 

(APH(3')-I)b 

250 100  4 P. aeruginosa PA22 

(MexXY)c 

>32 117 

(amino groups non-

guanidinylated) 

2-4 MRSA ATCC33591 32-64 100, 

101 

 4 E. coli 

PAZ505H8101 

(AAC(6')-Ib) 

>32 117 

 4-8 E. faecalis 

ATCC51299 (VRE) 

32-64 100, 

101 

 4 VRSA-VRS-2 >32 114, 117 

 2-4 E. faecalis 

ATCC29212 

32 100, 

101 

 4 S. aureus (ANT(4'))b >32 114 

(with all amino groups 

guanidinylated) 

4 

8 

MRSA ATCC33592 

P. aeruginosa CAN-

ICU 62308 

64 

64 

103 
103 

 

2 E. coli 

PAZ505H8101 

(AAC(6')-Ib)b 

64 114 

 8 E. coli (TG1) 

(APH(3')-I)b 

250 100      

 4-8 MRSA ATCC33591 16-32 100      

 8-16 E. faecalis 

ATCC51299 (VRE) 

16-32 100      

a Indicate increase (x-fold) in activity over that of the parent AG. b The resistance enzyme into parentheses is present in the bacterial strain studied. c This 

bacterial strain contains the efflux pump MexXY. 
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Fig. 8. Proposed mechanism of AG-induced PTC read-through. A. 

Eukaryotic ribosome complex during normal protein translation 

elongation. B. Elongation arrest at the PTC site due to nonsense mutations 

results in translation abortion and truncated protein product. C. Binding 5 

of AG to PTC site allows random incorporation of an amino acid from a 

near-cognate tRNA and read-through at the PTC site. 

with eukaryotic ribosomes also sparkled their new application as 

PTC suppressing compounds. AG binding to the mammalian 18S 

rRNA A-site, which is homologous to the 16S rRNA in bacterial 10 

ribosome complex, has been proposed to promote near-cognate 

aminoacyl-tRNA misincorporation at PTC site and allow random 

read-through for full-length protein production in in-frame PTC 

diseases (Fig. 8).134, 135 Various AGs, including parent drugs and 

their derivatives, have been exploited for their read-through 15 

promoting activities in PTC diseases such as cystic fibrosis (CF), 

Duchenne muscular dystrophy (DMD), Rett syndrome (RTT), 

and other PTC disorders (Fig. 9 and Table 2). 

 
Fig. 9. Structures of synthetic AG derivatives used for PTC-associated 20 

diseases. Note: Some of the NB series molecules have been shown to 

display reduced ototoxicity compared to G418. 

Cystic fibrosis (CF) 

CF arises from mutations in the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene, which encodes a 25 

transmembrane cAMP-gated chloride channel in the epithelium. 

Studies have shown that several parent AGs, such as AMK and 

GEN, promote read-through of the PTC and increase the level of 

functional CFTR in mouse models and patient samples.136-138 

Furthermore, co-administration of AGs with poly-L-aspartic acid 30 

showed enhancement of the PTC suppression of GEN by 20-

40%.139 A combination of the two drugs increased the level and 

duration of PTC suppression, as well as reduced the toxicity of 
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40S

18S rRNA
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GEN. In addition to parent AGs, their derivatives have also been 

exploited for higher efficacy and lower toxicity. Several AG 

derivatives, such as NB30, NB54, NB74, NB84, and NB124 (Fig. 

9) have been reported to suppress PTC at higher potency and 

lower toxicity compared to parent AGs.140-142 5 

Duchenne muscular dystrophy (DMD) 

DMD presents lethal X-linked pathology that lacks the protein 

dystrophin in the muscle fibers, leading to progressive muscle 

degeneration. Nonsense mutations in the genetic sequence of 

dystrophin account for about 15% of all DMD cases.143 10 

Glucocorticoids were the only beneficial treatment, but possessed 

significant side effects, calling for more efforts to develop AGs as 

treatments for DMD.144 

 As a result of the enormous size of dystrophin, an extensive 

number of PTCs has been identified (Table 2). GEN-treated mdx 15 

mouse showed rescued vascular parameters monitored by nitric 

oxide-dependent vascular functions.145 A study in patient 

samples also confirmed GEN as an effective PTC suppressing 

compound.146 

 As AGs exhibit various efficacies under distinct conditions, 20 

patients with different genetic variations at PTC can be subjected 

to different treatments. For example, PTCs with TGA mutations 

generally show better therapeutic response to GEN than patients 

with nonsense mutations TAA or TAG.147 

Rett syndrome (RTT) 25 

In contrast to DMD that only affects males, RTT as an X-linked 

PTC disorder solely impacts females. The PTCs for RTT are 

usually found in the MECP2 gene, which encodes methyl CpG-

binding protein 2 (MeCP2) involved in epigenetic control of gene 

expressions. Common mutations in RTT were investigated in 30 

transiently transfected HEK293 cells. The read-through activity 

was recovered by multiple AGs, including GEN and G418, and 

weakly by AMK, while PAR was reported to have no read-

through promoting activity for these mutations in RTT.148, 149 

However, it was also reported that these AGs, though showing 35 

PTC suppressing properties in vitro, had no read-through activity 

effect at therapeutic dose.148 As the most prevalent mutation, 

R168X was also tested against PAR derivatives NB30, NB54, 

and NB84.  Even though NB30 was not as promising, NB54 and 

NB84 both showed better efficiency than GEN as PTC 40 

suppressing drugs.150, 151 

Spinal muscular atrophy (SMA) 

SMA is a neurodegenerative disorder that results from the 

absence of survival motor neuron-1 (SMN1) and symptomized by 

progressive atrophy of the limb and trunk muscles. SMN genes 45 

are present in two nearly identical copies (SMN1 and SMN2) that 

differ by a C (SMN1) to T (SMN2) transition, leading to an 

alternative splicing pattern of SMN1 of the mRNA. The PTC in 

SMN1 results in a truncated non-functional protein that cannot be 

functionally compensated by SMN2.152 As AGs are used to 50 

suppress PTCs, studies have also utilized AGs to treat SMA to 

restore functional protein production.153 The Lorson’s group 

tested 20 synthetic AGs that belong to either the 4,5- or 4,6-

disubstituted 2-DOS families. Six of them, TC001, TC003, 

TC007, TC032, JL022, and JL023 (Fig. 9) were shown to 55 

increase the number of “gems”, which is indicative of the 

Table 2. AGs investigated to treat PTC mutations in various diseases. 

Disease Gene Mutations AGs Ref 

CF CFTR Y122X GEN 136 

  G521X NB124 141 
  G542X AMK, GEN, TOB, NB54, 

NB74, NB84, NB124 

138, 140-142, 154, 

155 

  R553X GEN, NB54, NB84, NB124 141 
  R1162X GEN, G418, NB74, NB124 136, 141, 156 

  W1282X GEN, NB54, NB74, NB124 136, 140-142 

RTT MECP2 Y141X GEN, G418 148 
  R168X GEN, G418, NB54, NB74 148-151 

  Q170X GEN, G418 148 

  E205X GEN, G418 148 
  R255X GEN, G418 148, 149 

  R270X GEN, NB54 149, 151 

  R294X AMK, GEN, G418, NB54 148, 149, 151, 153 

SMA SMN1 SMN∆7 TC001, TC003, TC007, 
TC032, JL022, JL023 

 

Usher 

syndrome 

PCDH15 R3X GEN, G418, PAR, NB54, 

NB74, NB84 

142, 157 

  R245X GEN, G418, PAR, NB54, 

NB74, NB84 

142, 157 

  R643X GEN, G418, PAR 157 
  R929X GEN, G418, PAR 157 

HS IDUA Q70X GEN, NB54, NB74, NB84 142 

  W402X AMK, GEN, TOB 158 

Factor VII 
deficiency 

FVII K316X 
W364X 

GEN 
GEN 

159 
159 

Obesity MC4R W16X G418 160 

  Y35X G418 160 

Cancer p53 R192X GEN, G418 161 
  R213X GEN, G418 161 

  E298X GEN, G418 161 

 APC R213X GEN 162 
  L360X GEN 162 

  S811X GEN 162 

  R1114X GEN 162 
  Q1131X GEN 162 

  Q1428X GEN 162 

  R1450X GEN 162 

DMD DMD E1593X GEN 163 

  Q60X   

  Q988X   
  mdx   

  Q1240X   

  Q1143X   
  E2726X   

  Q1437X   

  Q2125X   
  Q3149X   

  W651X   

  L1417X   
  Q2522X   

  E931X   

  Q2264X   
  Q673X   

  R1326X   

  C967X   
  R3085X   

  R744X   

  R3190X   
  R1549X   

  R1967X   

  R3381X   
  R2098X   

  R145X   

  S319X   
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alleviation of SMA disease progression, and functional protein 

level.153 One of the six compounds, TC007, was further 

characterized in an animal model and proved to partially restore 

phenotype.164, 165 

Other PTC diseases 5 

Type I Usher disease,157, 166 congenital muscular dystrophy 

(CMD),167 ataxia-telangiectasia (A-T),168 coagulation factor VII 

deficiency,159 mucopolysaccharidosis type I-Hurler (MPS I-H) 

disease,169 various types of cancer,161, 162 and other types of 

genetic disorders170, 171 have been investigated for the full-length 10 

protein production response after treating with AGs or their 

derivatives. Overall, GEN and G418 are the two most commonly 

tested AGs that improve PTC read-through. The response to AG 

treatment is dose and context dependent.147 

 Long-term AG treatment, which produces significant toxicity 15 

and bacterial resistance, has promoted the development of AG 

derivatives that possess higher potency and less toxicity. For 

instance, NB74 was reported to have a half-maximal lethal 

concentration (LC50) of 25.8 mM in HEK293 cells, which is 

about 10 times higher than the LC50 for GEN at 2.5 mM and 20 20 

times higher than that for G418 at 1.3 mM.142 NB74 was also 

shown to decrease cochleotoxicity (LC50 = 140.0 µM) compared 

to G418 (LC50 = 0.7 µM) (Fig. 9).172 There have been discoveries 

made on other read-through promoting compounds in order to 

achieve lower toxicity than parent AGs, for instance the organic 25 

compound PTC124. However, the lower potency and large 

variations in the cellular response within each treatment has 

limited the use of PTC124 as a general treatment for multiple 

PTC diseases.173, 174 Therefore, the research on AGs supressing 

PTC, especially by their derivatization for improved potency and 30 

reduced toxicity, remains promising and inviting. 

New ways to alleviate aminoglycoside toxicity 

Toxicity has always been and still remains a serious impediment 

to the long-term clinical use of AGs. Indeed, a few years after the 

discovery of STR and its introduction in the therapeutic regimen 35 

of tuberculosis, patients’ kidneys and inner ear impairment were 

observed, resulting in AG-induced nephrotoxicity and ototoxicity, 

respectively.175 

 Nephrotoxicity arises from the small accumulation of AG 

drugs in the kidney cortex as a result of their uptake in the 40 

epithelial cells of the renal proximal tubules, following their 

glomerular filtration and excretion from the bloodstream by the 

urinary system.176 Nephrotoxicity is a reversible process due in 

part to the regeneration capability of tubular cells177 and the 

ability of dialysis to diminish AG accumulation in the kidneys. 45 

Ototoxicity, on the other hand, leads to permanent and 

irreversible hearing loss. AGs’ damage to the inner ear has been 

shown to be directed to the vestibular organ178 and the outer hair 

cells located in the cochlea.179, 180 It was reported that ≤15% of 

AG-treated patients develop vestibulotoxicity, while 2 to 25 % 50 

experienced cochleotoxicity.181, 182 Another estimate of 

ototoxicity incidence in patients administered AGs was shown to 

lie between 3 to 33%.180 

 Approaches to reduce or protect against AG-induced 

nephrotoxicity deleterious effects have previously been 55 

reviewed,183 and since it is less aggressive than its ototoxicity 

counterpart, we will briefly focus on understanding the 

mechanisms of AG-induced ototoxicity for a better appreciation 

of current ways utilized to alleviate it. A more detailed 

presentation of the mechanisms of AG ototoxicity has recently 60 

been reported.175 

Mechanisms of ototoxicity 

Following their uptake by inner ear sensory hair cells,184-188 

parenterally and topically administered AGs appear to induce 

ototoxicity either through the formation of reactive oxygen 65 

species,189 activation of cochlear N-methyl-D-aspartate (NMDA) 

receptors,190 or increase of nitric oxide synthase activity.191, 192 

Individuals carrying the maternally inherited mutations A1555G 

or C1494T, which are both localized on the A-site of the human 

mitochondrial 12S rRNA, have also been shown to be more 70 

vulnerable to AG ototoxicity.193-196 With the mitochondrion 

appearing to be a common denominator in all these mechanisms, 

mitochondrial protein synthesis may then be an essential target in 

AG ototoxicity.  

 Böttger and co-workers engineered hybrid bacterial ribosomes, 75 

whose decoding site mimicked that of the human mitochondrial 

12S rRNA, and also contained either the A1555G or C1494T 

congenital deafness mutations.197, 198 The protein translation 

fidelity in these hybrid mitochondrial ribosomes (mitoribosomes) 

appeared to be disturbed in the presence of AGs. This misreading 80 

process could then lead to hair cell death i.e. AG ototoxicity. 

Francis and co-workers, however, recently showed that inhibition 

of the cytosolic, rather than mitochondrial, protein synthesis 

better compares to AG-induced hearing loss.199 In vivo studies 

reported by Baasov and co-workers tipped the scale towards 85 

mitochondrial protein synthesis inhibition as the major 

contributor to AG ototoxicity.172 

 Several antioxidants, including salicylate,200 aspirin,201 N-

acetylcysteine,202, 203 mitoquinone,204 dexamethasone,205 

melatonin,205 tacrolimus,205 SkQR1,206 have been shown to bear 90 

otoprotective properties when used in conjunction with AGs. The 

use of NMDA receptor antagonists has also been shown to 

alleviate AG-induced ototoxicity.207 

 Novel AG derivatives with reduced toxicity have also been 

designed based on the correlation that has been shown between 95 

the AGs’ structural scaffold and their toxicity. It was reported 

that reducing the number of amino groups on AGs may lead to 

reduced toxicity.208 Furthermore, a decrease in basicity of the 

amino groups, as a result of neighbouring group effect, was 

shown to also influence AG toxicity.209 100 

Apramycin 

Apramycin (APR) (Fig. 1) is an AG produced by the 

microorganism Streptomyces tenebrarius210 with unique 

structural features that allow it to escape bacterial resistance other 

legacy AGs are usually subjected to. It is a potent antibiotic with 105 

growth inhibitory action against Gram-positive and Gram-

negative bacteria.211 It has found applications in veterinary 

medicine, but its use in humans is currently prohibited. Recent 

findings have however shown that APR does not display the 

characteristic ototoxicity generally observed with AGs.212 As a 110 

matter of fact, in a mice organ of Colti explant model, APR was 

found not to trigger the loss of hair cells in the base of cochlear at 

a concentration of 0.2 mM, dose at which GEN completely 
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destroyed those hair cells. Minimal hair cells loss was only 

noticeable at 2 mM APR. Even in in vivo ototoxicity studies 

performed in guinea pig by measuring the auditory brain response 

at 12 kHz and the loss of hair cells, APR was less toxic than 

GEN. Since the ototoxicity of AGs has been correlated to their 5 

limited selectivity in preferentially binding bacterial ribosomes 

over mammalian ones,197, 198 it was interesting to find that APR 

does not significantly upset the mitochondrial ribosome as the 

other AG antibiotics do. Indeed, while APR exhibited comparable 

protein synthesis inhibitory activities in bacterial and hybrid 10 

human cytosolic ribosomes with GEN, TOB, KAN, and NEO, it 

perturbed the protein synthesis in hybrid human mitochondrial 

(wild-type and A1555G mutant) ribosomes to a much lesser 

extent. These results were further confirmed in eukaryotic rabbit 

reticulocyte ribosomes and in vitro mitochondrial in organelle 15 

translation assay. Analysis of the crystal structure of the APR-

Thermus thermophiles 30S subunit h44 complex, together with 

the aprosamine-induced misreading of mitohybrid ribosomes, 

revealed that ring III of APR may prevent A1492 residue to puck 

out and may thus be essential in poorly inducing misreading in 20 

mitochondria. In the future, it will be fascinating to develop APR 

derivatives that retain these key structural features that will allow 

them to overcome ototoxicity and see if they will be able to find 

applications in the treatment of human bacterial infections. 

New AGs: Plazomicin 25 

Plazomicin (PLZ), originally known as ACHN-490, is a semi-

synthetic “neoglycoside” developed by Achaogen (San Francisco, 

CA, USA) that has shown great promise in alleviating 

nephrotoxicity and ototoxicity. Derived in eight steps from the 

AG sisomicin (SIS) (Fig. 10), PLZ has been shown to exhibit 30 

enhanced in vitro potency against AG-susceptible and AG-

resistant pathogens.213 It was active against most 

Enterobacteriaceae species at a concentration below 4 µg/mL.213 

Indeed, it displayed an MIC50/90 value of 0.5/1 µg/mL against 

3050 E. coli clinical isolates from New York214 and 1/1 µg/mL 35 

against 26 Enterobacter spp. gathered from Athens, Greece.215 

Interestingly, it even exhibited an MIC90 value of 1 µg/mL 

against a large collection of unique-patient Klebsiella 

pneumoniae isolates, including those producing carbapenemases 

(KPC) (blaKPC-containing isolates), which was at least 32-fold 40 

lower than the clinically used AGs AMK, GEN, and TOB.214, 216 

However, PLZ was found to be inactive against any 

Enterobacteriaceae isolates carrying the ribosomal 

methyltransferase-encoding genes ArmA and/or RmtC.213, 217 It 

was also inactive against Providencia stuartii (MIC > 64 µg/mL), 45 

as a result of the inactivation by the AAC(2')-I enzyme. In 

general, PLZ has been shown to overcome the action of most AG 

resistance enzymes.213 

 When evaluated against nocosomial pathogens Acinetobacter 

baumannii and Pseudomonas aeruginosa, PLZ was moderately 50 

active, with MIC50/90 of 8/16 µg/mL and 8/32 µg/mL, 

respectively;218 and quite active against AG-resistant 

staphylococci (MIC50/90 = 1/1 µg/mL).213 

 In light of these promising in vitro results, the in vivo efficacy 

of PLZ was tested in animals.219 In a septicemia model, PLZ was 55 

able to increase the survival rate of mice infected with E. coli 

ATCC25922 (ED50 = 0.6 mg/kg) and P. aeruginosa ATCC27853 

(ED50 = 8.3 mg/kg) over seven days, as a function of the dose 

administered. A murine neutropenic thigh model also confirmed 

that PLZ was capable of treating bacterial infections caused by E. 60 

coli (susceptible and MDR), K. pneumoniae (susceptible, MDR, 

and strains expressing KPC), P. aeruginosa (susceptible), 

Serratia marcescens (with KPC phenotype), and Staphylococcus 

aureus (MDR). 

 65 

Fig. 10. Synthesis of PLZ. 

 All these satisfactory outcomes of in vitro and in vivo 

antibacterial studies led to the pharmacokinetic evaluation and the 

safety monitoring of PLZ injection, with no nephrotoxicity and 

ototoxicity observed so far in humans.220 70 

Perspective and conclusions 

AGs are broad-spectrum antibiotics that have long suffered from 

bacterial resistance and toxicity. While enormous efforts have 

been directed towards developing new strategies to minimize 

these accompanied side effects, novel applications of AGs as 75 

antifungal, antiprotozoan, and genetic regulating compounds have 

also being investigated. 

 The incessant need to better understand AGs’ mechanisms of 

action on the bacterial ribosomes has led researchers to the 

discovery of the h69 binding site, which could be another 80 

potential target of AGs and could be useful to develop novel AG 

drugs. The discovery of AME inhibitors and their use in 

combination with AGs also remain an interesting avenue to 

explore for counteracting bacterial resistance.  
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 In addition to their traditional role as antibacterial agents, AGs 

have also emerged as potential antifungal agents and we believe 

that in the future, it will be important to pay attention to the 

derivatization of AGs as cationic amphiphiles for the 

development of novel fungicides. The capacity of certain AGs to 5 

bind to eukaryotic ribosomes has also been exploited for the 

treatment of parasitic diseases and PTC disorders. Although more 

attention had been directed towards cystic fibrosis and Duchenne 

muscular dystrophy, it will be worthy investigating how parent 

AGs and their derivatives could help in treating other PTC 10 

disorders. However, it should not be forgotten that ototoxicity is 

an intrinsic side effect of AGs. Priority should then be given to 

those parent compounds, such as APR, that have demonstrated 

limited toxicity to mammalian cells.  

 There are currently only six AGs (AMK, GEN, NEO, PAR, 15 

STR, and TOB) that are approved by the US Food and Drug 

Administration for clinical use. However, with the renaissance 

experienced by AGs in the past decades, notably with the 

discovery of PLZ and its satisfactory results in clinical trials, 

there is great hope that new clinically useful AGs can still be 20 

discovered. Together with the promising use of AGs described 

herein, it thus becomes apparent that AGs remain a valuable 

potential source of drugs. 
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