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The present review summarizes recent publications devoted to aminoglycosides that study the main types of

resistance to antibiotics of this class and the main directions of chemical modification aimed at overcoming

the resistance or changing the spectrum of biological activity. Conjugates of aminoglycosides with various

pharmacophores including amino acids, peptides, peptide nucleic acids, nucleic bases, and several other bio-

logically active molecules and modifications resulting in other types of biological activity of this class of anti-

biotics are described. It is concluded that a promising research direction aimed at increasing the activity of an-

tibiotics against resistant strains is the search for selective inhibitors of aminoglycoside-modifying enzymes.

This would allow renewal of the use of antibiotics already meeting widespread resistance and would increase

the potential of a new generation of antibiotics.

Keywords: aminoglycoside antibiotics, chemical modification, mechanism of action, drug resistance, struc-

ture–activity relationship.

The landmark discovery of antibiotics in the first third of

the 20
th

century made a historic contribution to the improve-

ment of human health and increased man’s lifespan. Vaccina-

tion in addition to improved sanitary and hygiene systems

and the use of antimicrobial drugs significantly reduced the

mortality from infectious diseases. However, the microor-

ganisms causing one disease or another sooner or later devel-

oped resistance to the antibiotics used for treatment. The de-

velopment of antimicrobial resistance (AMR) meant that

their effectiveness had a limited term so that inappropriate

and unjustified use of them helped to generate and propagate

antibiotic-resistant pathogens. This crisis brewed for decades

so that antibiotic resistance is now a global problem. The

WHO in 2017 published a list of priority antibiotic-resistant

pathogens that included 12 species of bacteria presenting the

greatest threat to human health. Gram-negative bacteria

(Acinetobacter baumannii, Pseudomonas aeruginosa, and

Enterobacteriaceae resistant to third generation carbapenems

and cephalosporins) were assigned to a critical group with

respect to hazard level and the need to develop antimicrobial

drugs. In general, 9 of the 12 most hazardous pathogens are

Gram-negative bacteria. Therapy of Gram-negative bacteria

is complicated mainly because of cell-wall structural features

such as the presence of an additional membrane that acts as

an additional impermeable barrier for exogenous chemical

compounds, including antibiotics [1]. Colistin until recently

remained the only drug of the last generation that was suit-

able for treating life-threatening infections caused by carba-

penem-resistant enterobacteria (Escherichia coli, Klebsiella

pneumoniae, etc.). However, colistin-resistant bacteria caus-

ing infections against which effective antibiotics are now

lacking have already been found in several countries and re-

gions [2, 3]. According to expert opinions, the epidemic of

the coronavirus infection COVID-19 has muddled the prob-

lem even more because the overwhelming majority of pa-

tients, regardless of in-patient or out-patient status, receive

antimicrobial drugs for prevention or treatment of bacterial

complications [4, 5].

For these reasons, research on one of the first discovered

classes of antibiotics, i.e., aminoglycosides (AG), which pos-

sess broad spectra of antimicrobial action (i.e., activity
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against Gram-positive and Gram-negative bacteria) and are

active against mycobacteria, has recently become increas-

ingly urgent. AG antibiotics are an important part of antibac-

terial therapy for treating serious infections caused by, e.g.,

Gram-negative bacteria such as E. coli, Salmonella, Citro-

bacter, and Morganella.

The present review summarizes recent publications de-

voted to AG, studies of the resistance mechanisms to this

class of antibiotics, and the main directions of chemical mod-

ification aimed at overcoming resistance or changing the

spectrum of biological activity.

Classification of AG antibiotics

AG represent one of the first discovered classes of antibi-

otics and received their name because of chemical structural

features, e.g., the presence of several aminosugars bound to

hexose (aminocyclitol) through glycoside bonds (Fig. 1). AG

can be divided into two classes depending on the aminocy-

clitol structure. These are 2-deoxy-D-streptamine derivatives

and other AG antibiotics, in particular, the streptomycin

apramycin. In turn, aminocyclitols are divided into 4,5-di-

substituted (neamine, neomycin B, paromomycin [6], parom-

amine, and ribostamycin) and 4,6-disubstituted AG (arbe-

kacin, amikacin [7], dibekacin, gentamicin, geneticin, isepa-

micin, kanamycins A and B, nebramine, netilmycin,

plazomicin, sisomicin [8], and tobramycin [9]) depending on

the position of the substituents on the aminocyclitol ring. Ac-

cording to another generally accepted classification based on

the spectrum of action and features of resistance develop-

ment [10], four generations of AG are identified, i.e., genera-

tion I (streptomycin, neomycin, kanamycin, monomycin), II

(gentamicin), III (tobramycin, amikacin, netilmicin,

sisomicin), and IV (isepamicin) and a new generation

(neoglycosides), to which plazomicin [11], which was ap-

proved by the FDA in 2018, now belongs.

Spectrum of activity and mechanism of action of AG

antibiotics

Aminoglycosides are broad-spectrum bactericidal antibi-

otics. They are used to treat infections caused by Gram-posi-

tive (G+) bacteria including Staphylococcus aureus and S.

epidermidis and Gram-negative (G–) pathogens, including

the family Enterobacteriaceae that comprises Escherichia

coli, Klebsiella spp., Salmonella spp., Shigella spp., Proteus

spp., Serratia spp., and Enterobacter spp. [12]. In addition,

AG are active against G– bacteria of other species, including

Acinetobacter spp., Moraxella spp., and Pseudomonas spp.,

and mycobacteria [13]. AG are less effective against Strepto-

coccus and Pneumococcus. Furthermore, anaerobic bacteria

are usually resistant to AG because the antibiotics are trans-

ported into the cell via an oxygen-dependent process [14].

The mechanism of action of AG antibiotics is related to

suppression of protein synthesis resulting from effects on

16S rRNA of the 30S ribosomal subunit [15, 16]. Ribosomal

protein synthesis can be disrupted via several pathways.

Binding of AG 2-deoxy-D-streptamycin derivatives to the ri-

bosomal A-site leads to a conformational change of rRNA in

the decoding region and results in erroneous reading of infor-

mation from mRNA and synthesis of defective proteins

[17, 18]. The permeability of the cell membrane changes and

the intracellular AG concentration increases as anomalous

proteins accumulate in the cell membrane. Apparently, this

plays an important role in the observed bactericidal effect of

AG [19]. This class of AG antibiotics also inhibits ribosome

translocation by immobilization of peptidyl-tRNA at the

A-site [20]. Binding to the allosteric site of 23S rRNA of the

50S ribosomal subunit was also found for several AG, in par-

ticular, kanamycin, neomycin B, and gentamicin [21]. It was

shown that the streptomycin binding site was located in the

immediate vicinity of the ribosomal decoding center and dif-

fered from the binding site of the other AG [19]. Interaction

of an antibiotic with a ribosome reduces the translation accu-

racy. Also, streptomycin was shown to disrupt the formation

of the initiating 70S complex and to inhibit the protein-syn-

thesis termination step [22, 23].

AG were demonstrated to have many binding sites with

the 80S eukaryotic ribosome that change the ribosome

intersubunit mobility and thereby disturb all protein-synthe-

sis steps [24].

Common side effects of AG use are nephro- and

ototoxicity [25, 26]. Therefore, special attention is paid to re-

ducing these types of toxicity during development of new

generations of drugs.

Main mechanisms of resistance to AG

Several mechanisms of resistance of bacteria to AG have

been described and include inactivation of enzymes modify-

ing amino or hydroxyl groups of antibiotics [27, 28]; modifi-

cation of the active site of 16S rRNA methyltransferases

[29]; modification of the target through mutations (e.g., mu-

tations of ribosomal protein [30 – 33] or rRNA point muta-

tion [34, 35]; altered penetration of AG into the cell [36], and

enhanced active efflux of the antibiotic from cells [37]).

AG-modifying enzymes

Chemical modifications by AG-modifying enzymes

(AME) are some of the most widespread resistance mecha-

nisms to AG. This family of enzymes is divided into three

main subclasses depending on the type of chemical modifi-

cation: AG N-acetyltransferases (AAC, aac); AG O-nucleoti-

dyltransferases (ANT, ant); and AG O-phosphotransferases

(APH, aph) [19]. Furthermore, the position of the molecule

modified by the antibiotic is differentiated within a subclass

and is reflected in the name of the enzyme (Fig. 2). En-

zyme-catalyzed transformation of an amino or hydroxyl

group of the antibiotic reduces the affinity of the AG for the

ribosome, which allows the bacterial cell to survive [38].

Greater than 85 AME occurring in G+ and G– bacteria have

been described [39]. Some of them, especially ant(2�)-I,

aac(6�)-I, aac(3�)- from I to IV, and aac(3�)-VI, are subject to
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4,5-substituted 2-deoxystreptamine

aminoglycosides:

Neamine (NEA)

Neomycin B (NEO)

Paromomycin (PAR)

Paromamine (PRM)

Ribostamycin (RIB)

Arbekacin (ABK)

Amikacin (AMK)

Dibekacin (DBK)

Kanamycin A (KANA)

Kanamycin B (KANB)

Nebramine (NEB)

Tobramycin (TOB)

4,6-substituted 2-deoxystreptamine

aminoglycosides:

Gentamicin

Gentamicin

Gentamicin

Geneticin

Netilmycin

Plazomicin

Systomycin

Isepramycin (ISP)

aminoglycosides of other types:

Apramycin (APR)

Streptomycin (STR)

Fig. 1. Structures of series of aminoglycoside antibiotics.



constant mutations leading to the emergence of new AME

variants that are responsible for the spread of resistance to

AG [40]. Recently, bifunctional enzymes, e.g., aac(6�)-

Ie/aph(2��)-Ia that was isolated from Enterococcus spp.,

S. aureus, S. agalactiae, S. mitis, and Streptococcus [41, 42]

or aac(3)-Ib/aac(6�)-Ib�, from P. aeruginosa [43], were char-

acterized. Furthermore, proteins of enhanced intracellular

survival (Eis) that could increase the intracellular survival of

mycobacteria in macrophages via multiple acetylation of AG

and via acetylation of dual-protein phosphatase 16/mitogen-

activated protein kinase phosphatase-7 (DUSP16/MPK-7),

which reduces innate in vivo immune protection, were ob-

served in Mycobacterium and other species [44, 45]. Re-

cently, the enzyme AAC(3)-IVa that is responsible for resis-

tance to apramycin, which until recently avoided resistance

via N-acetylation of the antibiotic, was reported [46].

AME are transferred by natural transformation or trans-

duction of plasmids between bacteria, which is responsible

for their broad distribution among pathogens [47]. Not only

chemical modification of AG but also enzyme inhibitors,

particularly those based on peptides, are being explored as

approaches for battling resistance due to the presence of

AME [48].

Ribosome modification

However, another mechanism for resistance to AG that is

due to the presence of 16S rRNA methyltransferase

(RMTase), an enzyme that methylates nucleic bases at the

A-site of 16S rRNA with S-adenosylmethionine (SAM) as a

cofactor, is of greatest clinical significance [49]. The binding

affinity of several AG to methylated 16S rRNA is signifi-

cantly reduced, which leads to high resistance to this class of

antibiotics. The armA gene of 16S RMTase was first identi-

fied together with blaCTX-M3 in the pCTX-M3 plasmid of

Citrobacter freundii, which was isolated in 1996 and docu-

mented in 2017 [50]. Later, this same gene was identified in

the pIP1204 plasmid of K. pneumoniae in 2000 [51]. Genes

rmtB and rmtC were observed in plasmids of Serratia

marcescens and Proteus mirabilis, which were characterized

in Japan in the first half of the 2000s [52, 53]. Since then,

these and other 16S RMTases were identified around the

world, mainly in Enterobacteriales including E. coli, Klebsi-

ella spp., Enterobacter spp., and Salmonella spp. isolated

from various sources including people, livestock, pets, and

wastewater [54, 55]. The search for low-molecular-mass in-

hibitors of RMTases is one approach to overcoming resis-

tance caused by this class of enzymes.

Another mechanism of resistance to AG is related to a

structural change of their target associated with mutations of

16S rRNA (rrs) and S12 ribosomal protein of the 30S subunit

(RpsL), which were encountered in resistant Mycobacterium

strains [56].

Active transport (efflux pump)

Active transport of AG out of cells using transmembrane

transporter proteins eliminating various substances from the

cell (protein pumps) is another bacterial mechanism for re-

sistance to AG. The main transporter protein eliminating AG

from cells of G– bacteria is AcrAD, which belongs to the re-

sistance/nodulation/cell-division (RND) family of transport-

ers, i.e., antiporters that transfer substances using chemical

osmotic energy and exchange xenobiotics for a proton [57].

AcrAD-TolC transporter proteins were identified in many re-

sistant G– bacteria, including E. coli, S. enterica, A. bauman-

nii (AdeABC and AdeDE), P. aeruginosa (MexXY-OprM),

and Burkholderia pseudomallei (AmrAB-OprA and

BpeAB-OprB) [58]. Homologs of AcrAD-TolC also exist in

many Enterobacteriaceae and even in Erwinia amylovora, a
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pathogenic bacterium of plants that is responsible for bacte-

rial damage (blight) of apple, pear, and rose [59]. AG trans-

porters, among other transporter proteins, were also reported

from M. tuberculosis mycobacterium [60]. Resistance to AG

caused by the RND family of proteins is battled by seeking

structures that are not substrates for these proteins and devel-

oping inhibitors of these transporter proteins.

Change of membrane permeability

AG are thought to permeate into cells through porin

channels because of their hydrophilic cationic structures and

by simple diffusion through the phospholipid bilayer [61].

One of the mechanisms for developing resistance to AG

could be structural changes in membrane transport proteins

(porins) or the composition of cell-membrane lipopolysac-

charides. However, it was shown in several instances that

porin-deficit mutants were still capable of absorbing AG

[62, 63]. It was hypothesized that self-maintained absorption

of AG, during which the antibiotic interacts with the bacterial

external membrane and disintegrates it, provides self-trans-

port into the cell [64, 65].

Membrane proteases

Membrane proteases in several cases facilitated the sur-

vival of cells in the presence of AG although they are not

considered a classical mechanism of resistance to AG. For

example, the main determinant of the natural resistance of

P. aeruginosa to AG was demonstrated to be proteolysis con-

trolled by the membrane protease FtsH [66]. Membrane pro-

teases are a part of the protein-biosynthesis internal quality

control system that recognizes and destroys incorrectly

folded and translated proteins. Accumulation of AG in cells

can disrupt the cell-membrane integrity because one of their

effects is the synthesis of aberrant (differing from normal)

proteins. The protective mechanism diminishing this effect

provides increased tolerance to the action of AG.

Adaptive resistance (biofilm formation)

Biofilm formation is one of the most important determi-

nants of virulence in the pathogenesis of infections, espe-

cially those caused by P. aeruginosa. Biofilms help patho-

gens adhere to various surfaces and protect them from harsh

environmental conditions (e.g., palpable forces, desiccation)

and from the host immune system (e.g., natural killer cells,

phagocytes, complement) [67]. Other adaptive resistance

mechanisms of pathogens to AG were also described [68].

However, a detailed examination of them is beyond the scope

of this review.

Chemical modification of AG antibiotics

Many pharmaceutical companies shunned the develop-

ment of antibacterial drugs at the start of the 21st century.

This was partially due to the shrinking market for antibiotics

in developed countries and the fact that bacteria were acquir-

ing antibacterial resistance faster than new drugs could be

developed. This made investments for their development

more difficult than for other drug classes. However, it is now

recognized that antimicrobial resistance presents a serious

threat to the global healthcare system so that the discovery of

new antibiotics is a key issue for solving this problem. AG

antibiotics will evidently play an important role as a source

of lead compounds for the development of new antibiotics

because pathogens such as Enterobacteriaceae, which pro-

duce the metallo-�-lactam NDM-1, and multi-drug resistant

P. aeruginosa strains are still relatively sensitive to AG.

Chemical modification of AG is also directed at reducing

oto- and nephrotoxicity developed with prolonged use of this

class of antibiotics.

Chemical modification of AG was attempted already in

the 1970s. As a result. a whole series of semi-synthetic AG

antibiotics was introduced into clinical practice, e.g., netil-

micin, isepamicin, and plazomicin (2010s) [10].

A comprehensive review covering the main directions of

chemical modification of AG antibiotics was published in

2018. These were 1) modification of the AG core (aminocyc-

litol or carbohydrate moiety); 2) introduction of alkyl or aryl

substituents at various positions of the antibiotic; 3) synthe-

sis of acyl derivatives; 4) production of AG conjugates with

other pharmacophores; 5) synthesis of homo- and hetero-

dimers of AG; 6) production of conformationally hindered

AG molecules; 7) introduction into the antibiotic structure of

carbohydrates of various structures; and 8) modification of

AG using enzymatic reactions [69].

In general, the preparation of new semi-synthetic deriva-

tives is far from simple because AG molecules include

amino and hydroxyl groups of similar reactivities. However,

success has recently been achieved in developing new syn-

thetic strategies for selective modification of various posi-

tions of AG. An analysis of the literature devoted to chemical

transformation of AG in general led to the conclusion that

derivatives of the primary amino or hydroxyl are most often

produced regardless of the AG class while modification of

secondary functional groups remains relatively unstudied

[69]. For example, introduction of a good leaving group, e.g.,

triisopropylbenzenesulfonyl (TIBS), in the 5�� (for NEO) or

6�� position (for ABK, AMK, KANA, KANB, or TOB) for

further modification of the antibiotic is one of the most com-

mon strategies. TIBS is then easily replaced by various nuc-

leophiles (e.g., amines and thiols) to form either intermedi-

ates or final products. Introduction of this leaving group pre-

supposed two preliminary steps, i.e., protection of all amines

using Boc or Cbz and introduction of TIBS on the primary

hydroxyl.

The accent in this section of the review is aimed at chem-

ical modification that enables production of compounds ac-

tive against bacterial resistance and leads to a change in the

type of biological activity of the AG.
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N-Acylated AG

N-Acylation of AG is one approach for overcoming re-

sistance due to the action of AME and increasing simulta-

neously the antibacterial activity. Syntheses of N-acylated

AG can be classified according to the method used to pro-

duce them: one-step regioselective mono-N-acylation; multi-

step regioselective mono-N-acylation using activated esters

or acids; multi-N-acylation. The one-step method for regio-

selective mono-N-acylation is used to modify 4,5-disub-

stituted 2-deoxy-D-streptamine AG (NEO and PAR). The

use of RNA aptamers in combination with N-hydroxysucci-

nimide esters of the corresponding acids was reported for

achieving high regioselectivity (from 89 to 99%) for NEO

[69]. Several AG derivatives acylated at one of the amines

demonstrated improved antibacterial activity as compared to

the starting antibiotics. They were also active against several

resistant strains expressing AAC(6�)- or AAC(3). However,

rigorous structure–activity relationships have not yet been

found. The biological activity of the new derivatives depends

on both the structure of the starting AG and that of the added

acyl radical [69]. Nevertheless, acylation at N1, especially

with addition of L-(–)-�-amino-�-hydroxybutanoic acid

(ABH), can be cited as one of the most successful strategies

for overcoming resistance to AG antibiotics. Thus, selective

acylation of kanamycin by ABH led to the emergence of the

new antibiotic amikacin (Fig. 1) [7]. Another example con-

firming the urgency and potential of N-acylation of AG is

PLZ (3, ACHN-490), a neoglycoside approved by the FDA

in 2018 [11]. Plazomicin was selected during research on

>400 semi-synthetic systomycin derivatives because it dem-

onstrated a broad spectrum of antibacterial activity in vitro

against Enterobacteriaceae, P. aeruginosa, and Staphylococ-

cus spp., including methicillin-resistant S. aureus (MRSA)

The starting compound for PLZ synthesis was SIS sul-

fate, which was converted to the base by treatment with ion-

exchange resin followed by reaction with ethyl trifluoro-

thioacetate to form selectively the 6�-trifluoroacetamide

(Scheme 1). Treatment of the 6�-trifluoroacetamide with

Zn(II) acetate and carbonyl-(Cbz) succinimide led to selec-

tive protection of the 2�- and 3�-positions of the antibiotic

with formation of intermediate 1. Reaction of 1 with the acti-

vated ester of L-(–)-�-amino-�-hydroxybutanoic acid (3) led

to selective acylation of N1. Reductive alkylation after

workup used O-benzoylglycolaldehyde (4). Alkaline hydro-

lysis in the last step, removal of protecting Cbz groups by

catalytic hydrogenolysis, and purification by HPLC pro-

duced target plazomicin (3) [70].

A study of the antibacterial activity of PLZ using a panel

of G– and G+ pathogens, many of which had resistance mecha-
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nisms to AG, showed that PLZ suppressed the growth of AG-

resistant strains of Enterobacteriaceae (MIC
50

� 4 mg/mL) ex-

cept for P. mirabilia and indole-positive Proteae strains

(MIC
50

8 and 16 mg/mL, respectively) [70 – 73]. PLZ was

shown to be active against strains expressing known AME,

including the three most widespread of them found in

Enterobacteriaceae, in contrast to first-generation AG [70].

Another advantage of PLZ was reduced nephrotoxicity.

However, the activity of plazomicin against strains with re-

sistance due to protein pumps was not as impressive.

Plazomicin and starting antibiotic SIS lacked 3�- and 4�-OH

groups in their structures, which protected them from the en-

zymes APH (3�) and ANT (4�), which were responsible for

resistance to AG, in particular amikacin (Fig. 3). Introduction

of an ABH moiety provided protection from AME AAC (3),

ANT (2��), and APH (2��). The 6�-hydroxyethyl substituent

blocked many AAC (6�) without reducing the antibacterial ac-

tivity, which was important. This was observed for several

other AG derivatives modified at the 6�-position (Fig. 3) [74].

Approval of plazomicin by the FDA in 2018 demon-

strated again that AG have great potential as sources of new

effective antimicrobial agents.

Conjugates of AG with biologically active molecules

Various series of conjugates of AG antibiotics with a va-

riety of amino acids have been reported in the last decades

[12]. Amino acids, in particular basic ones, are natural com-

pounds capable of reacting with RNA through specific

H-bonds with unpaired RNA bases and strong electrostatic

interactions with the negatively charged skeleton. Conjuga-

tion with amino acids or incorporation of certain peptide se-

quences into an AG is intended to increase the affinity and

more importantly the selectivity for an actual RNA target

[75]. Conjugates of L-arginine with kanamycin and genta-

micin were shown to be capable of binding to the HIV-I

transactivation response (TAR) element through a specific

nucleotide sequence at the 5�-terminus of HIV-I RNA that is

necessary for transactivation of the virus promotor and repli-

cation [76].

Interaction of TAR with transactivator transcription (Tat)

protein, a regulatory protein that sharply increases the effec-

tiveness of viral transcription, is important for virus replica-

tion. Therefore, compounds that bind to TAR and disturb

these interactions are considered highly promising models

for developing new antiviral drugs. The Tat sequence is rich

in the basic amino acids arginine and lysine that are preferen-

tially selected for producing AG derivatives [75]. The

triarginine derivative of gentamicin C (5) (Fig. 4) and the

tetraarginine derivative of kanamycin A (6) (Fig. 4) were

shown to be capable of specific binding with TAR RNA.

Compounds 5 and 6 had low toxicity. Analogously, the

tetra-�-guanidinobutanoic derivative of kanamycin A (7)

(Fig. 4) and the hexasubstituted arginine derivative of neo-

mycin (8) (Fig. 4) exhibited high affinity for TAR RNA and

the ability to inhibit virus proliferation in infected cells

[77, 78].

The triarginine derivative of gentamicin C and the hexa-

substituted arginine derivative of neomycin were found to in-

hibit bacterial RNAase P [79 – 82]. Neomycin derivative 8

was also capable of selective binding with TAR RNA and

RRE IIB and inhibiting strains HIV-1 R5 and X4. RRE IIB

was RNA from a part of the HIV genome and formed a com-

plex with transactivating protein Rev.

Later, conjugates of L-mono- and -diamino-acids with

neomycin and kanamycin A were synthesized. Their biologi-

cal activity was studied [83]. The obtained derivatives were

demonstrated to be useful for specific targeting of microRNA

(miRNA). The last were interesting biological targets be-

cause their deregulation, in particular overexpression, shar-

ply correlated with a broad range of pathologies, e.g., cancer
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and APH(2 )
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Fig. 3. Action of aminoglycoside-modifying enzymes on plazomicin.
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[84]. Thus, compounds capable of binding overexpressed

miRNA or their precursors could potentially find interesting

therapeutic applications [85, 86].

PNA (polyamide or peptide nucleic acids) are synthetic

DNA mimetics without deoxyribophosphate in their struc-

tures although they can still specifically recognize nucleic

acid sequences by forming pairs through the complemen-

tarity principle. The affinity of PNA for DNA and RNA is

greater than the corresponding natural oligonucleotides.

They are also significantly more stable [87]. Thus, PNA are
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Fig. 5. Structure of neamine–PNA conjugate.

4 -neaminePNA
TAR

�

23-mer 5-neaminePNA
TAR

PNA sequence = TCCAGGTCAGATCT-COH
TAR 2

Fig. 6. Structures of neamine–PNA
TAR

conjugates.

Fig. 7. Structures of neamine–amino-acid–nucleotide (12, 13) and neamine–amino-acid–pyrene conjugates (14).



ideal tools for specific recognition of DNA and RNA se-

quences that are used in several cases to regulate gene ex-

pression [87]. Many methods enabling the production of this

type of conjugates with AG of various structures were devel-

oped in the last decades [69, 75]. As expected, DNA conju-

gation with AG leads to increased biological activity. The

first synthesis of this type of conjugate (9) (Fig. 5), which

was used for targeting TAR RNA of HIV-1 [88], was re-

ported.

The obtained compound was capable of binding not only

TAR RNA but also inducing its cleavage and inhibiting viral

proliferation in infected cells. Later, similar neamine–

PNA
TAR

conjugates (10, 11) were described (Fig. 6). It is

noteworthy that the position of the PNA and the length of the

spacer binding it to the AG antibiotic were critical factors for

the activity of the obtained conjugates [88].

Another approach to producing new AG derivatives is

their conjugation to natural and synthetic nitrogenous bases

that is aimed at increasing the binding specificity of the anti-

biotics to RNA. Several conjugates of neamine and nucleo-

tides using arginine or lysine as the linker (12, 13) were re-

cently reported (Fig. 7) [89].

These derivatives were developed as potential inhibitors

of the TAR/Tat interaction. Neamine derivatives containing

an arginine carrying a nitrogenous base showed higher inhib-

itory activity for TAR/Tat than conjugates containing lysine

as the spacer between the antibiotic and the nucleic base.

Also, the synthesis of neamine–arginine conjugate 14

(Fig. 7) with a pyrene intercalating group instead of the nitro-

genous base was reported. The obtained compound 14 exhib-

ited affinity for TAR–RNA and RRE–RNA [90].

Conjugates of neomycin with nitrogenous bases for tar-

geting the dimerization initiation site (DIS) of HIV were also

prepared [91]. The DIS is a spike with an internal asymmet-

ric loop located in the 5�-uncoding region of the viral ge-

nome. The DIS contains in the terminal loop a self-

complementary sequence and is responsible for initiation of

dimerization, a key stage of HIV replication. Inhibition of

this stage is studied as a potential target for antiviral therapy.

A structural study of DIS enabled the design of thy-

mine–neomycin conjugates [91]. The resulting neomycin de-

rivative 15 (Fig. 8) could bind DIS–RNA of HIV-1 subtypes

A, B, and F with improved specificity as compared to

neomycin itself. Moreover, conjugate 15 in vitro bound to the

A-site of bacterial rRNA, which is structurally similar to

DIS. This potentially opened a route to new classes of antibi-

otics with improved resistance to AME [91].

New conjugates of nitrogenous bases with neomycin

(16a-e) and paromomycin (17a-e) (Fig. 9) that were poten-

tially capable of selectively binding to the rRNA A-site were

also described [75]. A study of the affinity and selectivity of

these derivatives with respect to the A-site and TAR RNA
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Fig. 8. Structure of neomycin–thymine conjugate.

Fig. 9. Structures of neomycin (16a-e) and paromomycin conjugates (17a-e) with nitrogenous bases.



showed that they had much better affinity for TAR RNA, de-

spite the initial hypothesis. Apparently, this indicated that

these two RNA targets differed in their ability to adapt to

structurally different ligands and; therefore, possessed differ-

ent selectivity. Some of the latest achievements in this area

are AG–nitrogenous-base conjugates targeted at biogenesis

of oncogenic miRNA [92]. miRNA precursors, called pri-

miRNA and pre-miRNA, are RNAs that are studied as tar-

gets for inhibition of the biogenesis of overexpressed

miRNA in cancer. Precursors pri-miRNA and pre-miRNA

are cleaved by cellular ribonucleases (Drosha for pri-

miRNAs in the nucleus and Dicer for pre-miRNAs in the cy-

toplasm) to form mature miRNAs.

Conjugates of neomycin with synthetic nitrogenous

bases (18a-j) connected through a triazole spacer that could

form triplets with AU and GC base pairs were reported

(Fig. 10). The obtained constructs could selectively inhibit

the production of oncogenic miRNA-372 and miRNA-373

upon binding to the corresponding precursors (pre-miRNAs)

in vitro and in stomach adenocarcinoma cells overexpressing

these two miRNAs.

Two years later, this series of conjugates was supple-

mented by a structure–activity relationship study that

showed the biological activity increased as the aromaticity of

the nitrogenous base increased while modification of the AG

fragment or the linker decreased it [93]. Very recently, the

chemical structures of these conjugates were expanded by an

amino-acid fragment [94]. The resulting derivatives demon-

strated a strong affinity and selectivity for targets and the

highly promising ability to inhibit cancer-cell proliferation,
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Fig. 10. Structures of neomycin conjugates with natural and synthetic nucleic bases.



presumably because of the ability of the amino acid, espe-

cially histidine, to form additional bonds with the specific

binding pocket of the pre-miR-372 target [94].

Examples of the preparation of various AG–oligonuc-

leotide conjugates, mainly of neomycin, neamine, and ribo-

stamycin, have been mentioned in the literature since the

2000s. The oligonucleotides, like PNA, can specifically bind

to complementary RNA sequences. Correspondingly, their

conjugation with AG can increase the affinity of the AG for

the target and-or increase the penetration of the oligonucleo-

tides into the cell. Data about this type of conjugates was first

published in 2008 [95]. Solid-state synthesis was used to pre-

pare conjugates of neamine and ribostamycin with 2�-O-me-

thyloligoribonucleotides 19 and 20 (Fig. 11).

AG could in several instances cleave RNA in addition to

binding to it. However, their catalytic activity remains very

low in the absence of divalent metal ions. Therefore, conju-

gation of AG with oligonucleotides could potentially provide

binding sufficient for metal-independent cleavage of RNA.
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Fig. 11. Structures of neamine (19) and ribostamycin conjugates (20) with oligonucleotides.

B = T Neomycin-TT ( )21

B = A Neomycin-AA ( )22

Fig. 12. Structures of neomycin and dinucleotide conjugates.
Fig. 13. Structure of antifungal drug K-20.



For this, conjugates of neomycin and a dinucleotide (21, 22)

were prepared by solid-state synthesis (Fig. 12) [96].

The interaction of the synthesized derivatives with hu-

man and bacterial ribosomal RNA was studied to show that

they possessed submicromolar affinity for the bacterial

rRNA A-site with a low capability to interact with eukaryotic

rRNA.

It is worth noting that other types of activity than anti-

bacterial have recently begun to be observed for AG deriva-

tives. For example, comprehensive reviews in which the bio-

logical activity of AG was expanded to antifungal agents

were published [69, 75, 97, 98]. The first reported type of

AG derivatives with antifungal activity were amphiphilic

kanamycin A derivatives although compounds of this type

lacked antibacterial activity [99 – 101]. Thus, synthesized

antifungal drug K-20 (23) could suppress various types of

fungi, e.g., Fusarium graminearum, which causes Fusarium

head blight in wheat [102, 103] (Fig. 13).

Recently, another target for AG was discovered, namely,

half channels (HCs) formed by connexin. These are gap con-

tacts or intercellular contacts that facilitate direct transfer of

ions and small molecules among neighboring cells. Disrup-

tion of the operation of this type of channels not attached to

the membrane or their anomalous opening can lead to cell

damage and cause the development of diseases such as myo-

cardial infarct, stroke, deafness, skin diseases, and cataracts

[104, 105]. AG were recently identified as inhibitors of

connexin HCs. However, the antibiotic effect typical of these

compounds is a drawback for treating this type of disorders.

After the discovery of AG without antibacterial activity, sev-

eral kanamycin A derivatives, e.g., compounds 24 – 26

(Fig. 14), were shown not to have bactericidal activity and to

be nontoxic or moderately toxic for mammalian HeLa cells.

However, they inhibited the formation of connexin HCs

more effectively than the starting antibiotic [106].

Finally, another representative of the last generation of

AG antibiotics, propylamycin (30, 4�-deoxy-4�-propylparo-

momycin), should be mentioned (Scheme 2) [107]. Propyl-

amycin (30) was synthesized in several steps starting from

paromomycin (27) via conversion of it sequentially into the

pentatrifluoroacetamide and then into the benzylideneacetal

and hexabenzoate 28. Cleavage of the acetal formed the cor-

responding diol that was then selectively benzoylated at the

primary OH and converted into the corresponding iodo-de-

rivative 29 via intermediate production of the triflate. The fi-

nal reaction formed the C–C bond by reacting intermediate

29 with allylphenylsulfone in �,�,�-trifluorotoluene in the

presence of triethylborane. Then, the double bond was re-

duced and the benzoyl and trifluoroacetamide protection re-

moved to afford the target propylamycin (30). The presence

of the 4�-alkyl substituent in the new semi-synthetic paromo-

mycin derivative produced high antibacterial activity against

ESKAPE-panel pathogens and several resistant G– strains.

The resistance was due to AME or rRNA methyltransferases.

Propylamycin showed less ototoxicity than the starting anti-

biotic in experimental animal models.

Nevertheless, antibiotic 30 was shown to inactivate

AG–phosphotransferase APH(3�)-Ia, which modifies the pri-

mary OH of ribofuranose (5��-position of propylamycin). The

introduction of another amine in the 5��-position was studied

in a search for new AG resistant to the action of this enzyme.

However, this led to a significant reduction in the binding se-

lectivity of the antibiotics with the bacterial ribosome as

compared to eukaryote ribosomes [108]. Also, modification

of the additional 5��-amine turned out to be extremely suc-

cessful because 5��-deoxy-5��-formamidopropylamycin (31,

Fig. 15) demonstrated high antibacterial activity at the level

of the starting propylamycin while it was resistant to the ac-

tion of AG–phosphotransferase and was more selective for

bacterial ribosomes than starting propylamycin [108].
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Fig. 14. Structures of inhibitors of connexin HCs.

Fig. 15. Structure of 5��-deoxy-5��-formamidopropylamycin.



Apparently, propylamycin and its derivatives can be re-

garded as promising candidates for development of a new

generation of AG.

CONCLUSION

AG antibiotics have in fact experienced a renaissance in

the last two decades. The design and FDA approval of

plazomicin again emphasized the potential for development

of a new generation of antimicrobial agents against resistant

bacteria. Various synthetic approaches were elaborated and

described for modification of these complicated natural com-

pounds. Several semi-synthetic AG were approved for clini-

cal application. Transformation of primary amino or OH

groups is one of the most studied approaches to producing

semi-synthetic derivatives and was selective in several in-

stances without the need to introduce and remove protecting

groups. A strict correlation between the position of the added

substituent and its structure and antimicrobial activity has

not yet been established despite the preparation of a rather

expansive series of AG derivatives. Recent data indicate that

addition of amino-acid residues, primarily basic ones, or the

production of conjugates of AG with peptides increases the

antibacterial activity of AG. Thus, increased affinity for other

RNA targets, especially TAR RNA of HIV-I, was demon-

strated in several instances. Conjugation of AG with PNA

was effective for targeting the antibiotic to a certain RNA se-

quence or could help to increase the activity against strains

with resistance due to the presence of AME. Apparently, this

approach is highly promising with respect to increasing the

selectivity against the selected target and expansion in this

manner of the spectrum of biological activity of AG. Analo-

gously, introduction of nucleic bases could potentially in-

crease the number of specific interactions formed with RNA

targets, which leads to more effective and selective ligands.

The difficulties associated with the use of AG conjugates

with PNA, oligonucleotides, or peptides are obvious. How-
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Scheme 2



ever, they are related to the permeation of such derivatives

into the cell.

The search for selective inhibitors of AME is one of the

highly promising research directions aimed at increasing the

activity of antibiotics against resistant strains. This would re-

new the use of those AG, the resistance to which is already

rather broad, and increase the potential of a new generation

of antibiotics.

Thus, AG antibiotics, which were discovered almost a

century ago, are still promising and used as effective and se-

lective RNA ligands while the potential for development

based on them of new highly effective biologically active

agents, including via chemical modification, is obviously far

from exhausted.
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