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 GENERAL INTRODUCTION 

Until the beginning of the twentieth century, bacterial infections were one of the most common causes 

of morbidity and mortality worldwide.1 Without the efficient treatment available at that time, infections 

were quickly spreading from one patient to another, very often erasing the populations of whole cities 

or even countries. Fortunately, in 1928, Sir Alexander Fleming noticed that the growth of bacteria, 

in particular, Staphylococcus, was inhibited in the presence of a natural product – Penicillin produced by 

fungus Penicillium notatum.2 This finding was followed by the discovery of Streptomycin in 1943 by Albert 

Schatz and Selman Waksman who isolated this aminoglycoside antibiotic from Streptomyces griseus.3 

Streptomycin became the first efficient treatment against tuberculosis, while other aminoglycosides 

efficiently filled the gap in the antimicrobial spectrum of penicillin. The findings of Fleming and Waksman 

(for which they were both rewarded with the Nobel Prize in Physiology Medicine in 1945 and 1952, 

respectively), gave the beginning of the ‘golden era’ of antibiotics, in which most of the main classes 

of antibiotics were discovered. Many other powerful aminoglycosides were later identified in Waksman’s 

lab including neomycin in 1949.4  In 1957 Umezawa reported the discovery of kanamycin,3 while in 1963 

gentamicin was reported by Weinstein.5 Many of those broad-spectrum, powerful antibiotics are still used 

in the clinic.6  

Over last few decades, the use of antibiotics to cure infectious diseases have revolutionised antimicrobial 

treatment, saving millions of lives worldwide and with no doubt can be considered as one of the most 

significant advancements of modern medicine. Although some other anti-infectious therapies were 

proposed (for instance antimicrobial peptides, antibodies, antivirulence strategies, bacteriophage 

therapy), antibiotics are still considered as the most efficient antimicrobial treatments.7,8 Besides their 

primary medicinal use, the application of antibiotics allowed to expand the lifespan of patients after 

surgeries, cancer treatment or suffering from chronic diseases.9,10 Antibacterial properties made 

antibiotics common agents applied to cure infections in animals, plants or in the food industry 

as preservatives to extend the lifetime of dietary products.11,9 However, while taking advantage 

of therapeutic properties, inappropriate administration and abuse of antibiotics in the clinic and food 

industry induced the development of antimicrobial resistance.9,10  

Antimicrobial resistance is an evolutionary process.12 When exposed to environmental stress, which 

includes sub-inhibitory concentrations of antibiotics, most bacteria die, but some can develop resistance 

and survive in the presence of the previously toxic cause.13 The resistance can develop as a result 

of mutations in the genome, changes in the bacterial membranes or upon expression of proteins modifying 

the antibiotic to which they were exposed. Upon cell division, the resistance is inherited by new cells and 

can be also exchanged with other bacterial strains by horizontal gene transfer leading to the environmental 
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build-up of resistance (Figure 1.1). As a result, the effectiveness of drugs to which bacteria had been 

exposed to is diminished.  

 

FIGURE 1.1. The environmental build-up of antibiotic resistance. (a) Bacterial colony before exposure to antibiotics; 
(b) exposure to antibiotics inhibits the growth of the colony, however at certain conditions some of the bacteria can 
survive even if the antibiotic is present as they develop the resistance; (c) upon further growth of that colony the 
resistance is inherited by the new cells.  

Although resistant strains which evolved naturally were found existing thousands of years ago,14 humans 

substantially contributed to faster development of new resistance mechanisms to various antimicrobial 

treatments and to spread of those resistant species all over the world. Figure 1.2 shows the timeline of the 

antibiotic introduction to the market and the year in which the resistance to this antibiotic was identified.  

To date, there has been resistance developed to all antibiotics available on the market. Accumulation and 

exchange of various mechanisms of resistance between different species created so-called ‘superbugs’, 

which did not respond to  any commercially available antimicrobial treatments. Deaths caused by such 

super-resistant bacteria were already reported.15  

It is estimated that currently bacterial infections caused by resistant strains take 700 000 lives yearly and 

the death rates are predicted to reach 10 million a year by 2050.16 The spread of antimicrobial resistance 

has emerged as one of the major threats to human public health.17 Especially dangerous and considered 

as urgent threats to human public health are Gram-negative species such as carbapenem-resistant 

Acinetobacter, carbapenem-resistant Enterobacteriaceae (CRE), drug-resistant Neisseria gonorrhoeae 

(N. gonorrhoeae) and Gram-positive Clostridioides difficile (C. difficile). Moreover, Gram-negative drug-

resistant Campylobacter, extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae,  

multidrug-resistant Pseudomonas aeruginosa (P. aeruginosa), drug-resistant nontyphoidal Salmonella, 

drug-resistant Salmonella serotype Typhi, drug-resistant Shigella; drug-resistant Mycobacterium 

tuberculosis (TB) and Gram-positive Vancomycin-resistant Enterococci (VRE), methicillin-resistant 

Staphylococcus aureus (MRSA), Drug-resistant Streptococcus pneumoniae (S. pneumoniae) are considered 

as serious threats.18  

 

a b c
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FIGURE 1.2. Timeline of antibiotic’s key events: introduction to the selected antibiotics to the market and observed 
bacterial resistance. (Source: Centre for Control of Disease Prevention. Office of Infectious Disease. Antibiotic resistance 
threats in the United States, 2013. April 2013. Available at: http://www.cdc.gov/drugresistance/ threat-report-2013. 

 

As indicated by the World Health Organization (WHO) and the European Centre for Disease Prevention 

and Control (ECDC), to slow down the development and spread of resistance inappropriate administration 

and abuse of antibiotics, especially as infection prevention in the food industry needs to be immediately 

stopped.17,18 Awareness programmes and regulations are being introduced all over the world to decrease 

the unnecessary use of antibiotics. In the clinic, more accurate diagnosis and identification of pathogens 



General Introduction 

13 

 

 1 

should indicate whether antibiotic treatment is indeed necessary. For that purpose, new diagnostic tools 

for in vitro and in vivo use and new imaging tools allowing accurate infection detection, especially in early-

stage should be developed.8 

To combat constantly evolving resistant bacteria, new antimicrobials should be under continuous 

development.8,12,19 However, despite the improvement in technology and research tools for identification 

and purification of natural products, from the late 80s, no new class of antibiotics was found for more than 

30 years,12,20,21 until 2015 when a new type of polypeptide antibiotic Teixobacin was isolated from 

the soil.22 The situation can be attributed to the fact that undiscovered natural products are less abundant 

and accessible to be found in nature, as well as to the failure of high-throughput 

screens.23,24,25,26 As resistance evolves faster than it takes for a new antimicrobial to be developed 

and approved, pharma companies are being discouraged from investing in costly discovery and 

development of new drugs as it is a low investment-to-return process.8,23,24 Therefore, actions 

need to be taken to find new antimicrobial treatments. 8,23,24,25,26  If nothing is done, we will return to the 

pre-antibiotics era, when even a simple bacterial infection can be fatal. 

In the search for new treatment options combating resistant pathogens, the renaissance of attention 

has been brought to ‘old-classes of antibiotics’, such as macrolides, cephalosporins 

and aminoglycosides. 8,27,28 Having modes of action or adverse effects of those drugs well-understood, with 

significant knowledge about the mechanism of resistance, new derivatives can be rationally designed 

to tackle resistant strains. In comparison to efforts and time necessary to find an entirely new class 

of drugs, leads based on structures of ‘classic’ antibiotics are relatively easy to be developed, leading 

to fast approval by Food and Drug Administration (FDA) and introduction of new leads to the market. 

This approach requires, however, getting more insights into structure-activity relationship and a better 

understanding of the resistance mechanism to allow the more efficient design of next-generation drugs 

with improved therapeutic function. One class of antibiotics that bears the potential to generate new leads 

is aminoglycosides. This ‘old’ but powerful class of antibiotics will be highlighted in the following 

paragraphs. 

1.2. AMINOGLYCOSIDES  

Aminoglycosides are a large class of highly potent broad-spectrum antibiotics, with activity against aerobic, 

Gram-negative bacteria, including E.coli, Enterobacter spp., Klebsiella spp, Acinetobacter spp, 

Pseudomonas spp. Citrobacter spp, Morganella spp., Proteus spp. Salmonella spp. Serratia spp, 

Shigella spp.; Gram-positive Streptococci and certain Mycobacteria.29,30 The broad-spectrum, bactericidal 

and concentration-dependent activity, lack of allergies associated with their use and long-lasting post-

antibiotic effect (inhibition of bacterial growth even after bacteria are not in contact with the antibiotic 
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anymore) make aminoglycosides extremely useful in the treatment of severe bacterial infections.31,32,33,34 

This class of drugs is commonly applied to treat life-threatening conditions such as sepsis, tuberculosis, 

urinary tract infections, endocarditis, and meningitis.31,32,33,34 Amikacin, gentamycin, paromomycin, 

spectinomycin and streptomycin are listed by the World Health Organization (WHO) as drugs essential for 

human health.35 Besides, apramycin and dihydrostreptomycin are approved for veterinary use. 31   

The activity of aminoglycosides is not only restricted to bacteria. Paromomycin shows activity against 

Leishmania spp.36 and Giardia lamblia.36 As cationic molecules and universal RNA binders, aminoglycosides 

inhibit the activity of ribozymes,37 replication of human immunodeficiency viruses type 1 (HIV-1),38,39 

and Human Hepatitis Delta Virus (HDV).40  Some aminoglycosides bind to human ribosomal mRNA which 

allows read-through of premature stop codons and shows potency in the treatment of genetic 

disorders.41,42,43 Alkylated aminoglycoside derivatives showed antifungal properties.44,45 Gentamycin, 

neomycin B and neamine have been found to inhibit the proliferation of certain cancers.46,47 Amphiphilic 

derivatives of tobramycin showed immunomodulatory properties.48 However, despite the big therapeutic 

potency, a rise of bacterial resistance to aminoglycosides limits the application of this important class 

of medicines in the clinic as well as further threatens other applications.30,49  

1.3 STRUCTURES AND TERMINOLOGY OF AMINOGLYCOSIDES  

Aminoglycosides are natural products produced by certain types of bacteria Streptomyces spp. or fungi 

Micromonospora spp. Depending on their biological origin, aminoglycosides names contain the suffix ’-

mycin’ and ’-micin’, for the compounds obtained from Streptomyces and Micromonospora, respectively. 

Chemically, aminoglycosides are a diverse group of hydrophilic carbohydrates composed of inositol rings 

(cyclohexane derivatives) with multiple amine and hydroxyl groups attached to their scaffold.  

Aminoglycosides are built around a six-membered core ring, to which other amino sugar rings 

are connected via α-glycosidic bonds. This core unit can be either Streptimine (in Spectinomycin), 

Streptidine (in Streptomycin and Dihydroxystreptomycin), or most frequently found 2-deoxystreptamine 

(2-DOS) ring. Depending on the number of rings and the position of 2-DOS attachment, aminoglycosides 

can be further subclassified as 4-monosubstituted (neamine and paromamine), 4,5- disubstituted (for 

instance: Neomycin, paromomycin, ribostamycin) and 4,6-disubstituted (gentamycin, tobramycin, 

kanamycin and amikacin). In important for veterinary use four-ring apramycin, the 2-DOS ring is linked 

to the atypical fused two-ring system. Lividomycin is an example of five-ring aminoglycoside, the derivative 

of paromomycin. 

Those structural differences of aminoglycosides result in a varied spectrum of activity and effectiveness 

of different aminoglycosides. The simplest neamine and paromamine lack antimicrobial activity 
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on their own, as the two-ring structure is not enough for exhibiting their biological function, but they are 

a two-ring core unit for more complex aminoglycosides such as ribostamycin, neomycin B 

or paromomycin. Ribostamycin, three-ring derivative of neamine, additionally carrying five-member ribose 

ring attached to the position 5-C shows excellent activity against bacteria as well as human 

immunodeficiency virus (HIV).  In this subsection, only selected aminoglycosides are described that play 

a role in this thesis; however, it is important to note that there are many other natural and semi-synthetic 

aminoglycosides existing and more new derivatives are under development.  

 

FIGURE 1.3. Structures of selected aminoglycosides, ring numbering (in red) and position numbering (green). The core 
building block, the 2-DOS ring is highlighted in blue, Streptamin core in Streptomycin is highlighted in brown.  
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1.4 MODE OF ACTION OF AMINOGLYCOSIDES 

In bacteria, fundamental life functions and metabolic processes occur within a single cell. Essential cell 

components, such as proteins, ribosomes and genetic information (DNA) are stored inside the cell, 

surrounded by cytosol and a single cell is protected from the environment by the cell envelope. 

This lipopolysaccharides layer functions as a cell ‘skeleton’, which keeps the organelles together and 

creates a semi-permeable barrier, enabling selective uptake of elements necessary for existence while 

blocking the entry of those elements which are for bacteria undesired.  

At physiological pH, amine groups of aminoglycosides become protonated, as the pKa values of amino 

groups attached to aminoglycosides core were found to be in a range of 5.5-9.9. As polycationic molecules, 

aminoglycosides are electrostatically attracted by the negatively charged components of the bacterial cell 

envelope such as polar heads of phospholipids, lipopolysaccharides (LPS) or outer membrane (OM) 

proteins.  

 

 

FIGURE 1.4. Proposed mechanism of uptake of aminoglycosides. [1] Electrostatic attraction between positively charged 
amines of aminoglycoside core and negatively charged components of the bacterial outer membrane (OM) is followed 
by self-promoted uptake [2] in which aminoglycosides replace bivalent cations from the lipid A of OM and translocate 
to the periplasm. In Energy-dependent phase I (EDP-I) [3] aminoglycosides are actively transported across the inner 
membrane to the cytosol, where they can bind the ribosome. Binding causes mistranslation of genetic code and 
synthesis of misfolded proteins in Energy-dependent phase II (EDP-II) [4], which get inserted to the membrane result in 
membrane leakage and increased uptake, what eventually leads to cell death.  

Binding of aminoglycosides displaces bivalent cations (Mg2+, Ca2+) from lipid A of bacterial OM leading 

to membrane disintegrity and destabilization, which increases membrane permeability and results in self-

promoted uptake of aminoglycosides to the periplasm, from where they are actively transported through 

the inner membrane in an energy-dependent phase I (EDP-I). This step requires a membrane potential and 

a proton motive force (PMF) produced by the membrane-bound respiratory chain.50,51 Oxidative 

E. coli

Periplasm

OM

NADH NAD+H+

IM

Polysacharides

Lipid 
bilayer

Peptidoglican

Lipid 
bilayer

Cytosol

Aminoglycosides

mRNA

ribosome

30s

50s

Misfolded
membrane 
protein 

Cell death

Membrane 
leakage

Mg2+

Lipid A

MP

MP

1

2

3

23

1

4

Bacterial cell envelope(enlarged section)



General Introduction 

17 

 

 1 

conditions are necessary for this phase to occur since only in these conditions PMF can be produced; thus 

anaerobes and bacteria with deficient electron transport are resistant to aminoglycosides.51 The EDP-II 

is rather slow, concentration-dependent and an only small number of molecules are transported 

to the cytosol. After the inner membrane is successfully crossed, aminoglycoside can diffuse across 

the cytoplasm and bind to their primary target located at the 30s of the small ribosomal subunit 

in the bacterial ribosome. Binding leads to interference with the protein synthesis and results 

in the synthesis of misfolded proteins, which being inserted to the bacterial inner membrane lead 

to reduced membrane integrity (EDP-II). This process allows more aminoglycoside molecules to rapidly 

diffuse from the periplasm to the cytoplasm, where they can saturate the ribosomes what consequently 

leads to cell lysis.   

Mode of action  

Bacterial multiplication occurs via cell division and to divide and grow; bacteria synthesise proteins, 

the building blocks of bacterial cells. The centre of protein synthesis is the ribosome, which in bacteria 

consists of two subunits: 50s and 30s. In bacteria, genetic information is encoded in the genome, double-

stranded DNA and additionally in circular plasmids which bacteria can exchange between each other 

by, for instance, horizontal gene transfer. During protein synthesis, double-stranded DNA is transcribed 

to  messenger RNA (mRNA), which gets translated into new proteins. In bacteria, transcription and 

translation can take place simultaneously to allow fast and efficient cell division within a cycle 

of approximately 20 min in E. coli. To synthesise proteins, the two ribosomal subunits come together 

to bind mRNA in order to conjugate incoming amino acids into the proper sequence by a templated 

polymerization. Decoding site of 50s subunit accepts incoming aminoacylated-tRNAs (A-site); the tRNAs 

are transferred further to the peptidyl site (P-site) and amino acids are attached to the growing 

polypeptide chain; and finally tRNAs  enter the exit site (E-site) where deacylated tRNAs rest before exiting 

the ribosome.  

The crystal structures of several aminoglycosides bound to the bacterial ribosome were resolved.52 

The primary binding site of aminoglycosides was identified in the region of codon-anticodon pairing 

between mRNA and tRNA, at the major groove near 1400-1500 region of the conserved asymmetric 

internal loop within the helix 44 (h44) of the 16S rRNA (decoding centre) (Figure 1.5 a).53,54  As this part 

of the ribosome is responsible for high fidelity of translation, binding of aminoglycosides results in the loss 

of the translation fidelity and misincorporation of amino acids into the growing polypeptide chain.55,56 

The binding affinity and specificity depend on the aminoglycoside structure, however, the interactions 

between the ribosomal binding site and 2-DOS ring are highly conserved.57,58   
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Aminoglycosides bind to the 16s rRNA of small 30s bacterial ribosomal subunit and interfere with protein 

synthesis.59  Moreover, neomycin B, paromomycin and gentamycin were found to bind to the secondary 

binding site located at the 23S RNA of the 50S subunit at the major groove of helix 69 (H69), which leads 

to the inhibition of the mRNA and tRNA translocation and affecting ribosome recycling.60,61  

 

a    b           c 

 

d 

                             

FIGURE 1.5.  (a) Sequence and secondary structure of helix 44 in the absence of aminoglycoside (b) crystal structure of 
the bacterial ribosome and (c) structure of A-site with a bound aminoglycoside (adapted from ref 62) (d) schematic 
representation of the mode of action of aminoglycosides in the bacterial ribosome.  

 

C
G
C
G

U
C

1402

A

C
G
C

U

A
A

G

C
A
C

U
G

G

C G

5’

5’

3’

3’

14951406

1408

1409

1493

1492



General Introduction 

19 

 

 1 
Pharmacokinetics and toxicity of aminoglycosides  

Due to poor oral adsorption, aminoglycosides are administrated parenterally or topically. The half-life 

of aminoglycosides in plasma ranges from 1.5 to 3.5 hours and can be pro-longed in the neonates, children 

and patients with kidney misfunction.63,64 Aminoglycosides are hardly metabolized in the body, and after 

the biodistribution, they are eliminated in the unchanged state by glomerular filtration.64   

One of the major drawbacks associated with the use of aminoglycosides is the accompanying side effects 

to patients, in particular, kidney and inner ear toxicity which might follow aminoglycoside therapy.64,65 

While kidney toxicity is reversible, irreversible binding of aminoglycosides to vestibular and cochlear hair 

cells might cause permanent hearing damage. The toxicity of aminoglycosides is structure-dependent. 

Streptomycin causes damage to the vestibular organ; while dihydrostreptomycin, neomycin, kanamycin, 

amikacin show cochlear toxicity.  The adverse effects can also be reduced by monitoring of the drug levels 

in the patient’s serum. It was established, that aminoglycosides can be used safely when once-only dosing 

is applied and this regiment is commonly accepted and considered as safe for use.32,65 The nephrotoxicity 

of aminoglycosides is derived from reversible accumulation in the renal cortex.66 The ototoxicity 

is irreversible and originates from an ability of aminoglycosides to (1) bind the eucaryotic mitochondrial 

12S rRNA;67,68 (2) an increase in the activity of nitric oxide synthetase in the vestibular epithelium;69 (3) 

activation of N-methyl-D-aspartate (NMDA) receptors in the cochlea;70 and (4) formation 

of aminoglycoside-iron complexes leads to the formation of free radicals.71 Therefore, the co-

administration of antagonist for the NMDA receptor,72 free radical scavengers73 or iron chalators71  showed 

to reduce the toxicity.  

As the toxicity is dependant on the aminoglycoside structure, in particular the number of the amine groups 

in the scaffold and their basicity, certain structural alternations in the aminoglycoside structures showed 

to influence the toxic effects of aminoglycosides.74 For instance, replacement of 5-OH group in 2-DOS ring 

in amikacin with electron-withdrawing fluoro group decreased the basicity of the neighbouring groups and 

reduced the toxicity. The removal of 3’-OH group in kanamycin B increased the basicity of the neighbouring 

amine attached to the 2’-C position and hence worsened the toxicity of the 3’-deoxy derivative 

of kanamycin B. Interestingly, the removal of the hydroxyl group attached to 4’-C position did not influence 

the toxicity as the hydroxyl group is too far away from the 2’ amine; thus the removal does not influence 

the basicity of this amine.  

Moreover, acetylation of the amine groups in neamine attached to the core has shown to reduce the drug 

toxicity in guinea pigs.75 Guanidylated sisomycin derivatives showed decreased cell entry through hair cell 

mechanotransducer channels in the cochlear hair cell and reduced toxicity in vivo in rats.  
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1.5 BACTERIAL RESISTANCE TO AMINOGLYCOSIDES 

Resistance to aminoglycosides can be classified as (1) intrinsic; (2) adaptive; or (3) acquired and can occur 

due to the decreased drug uptake, modification of the drug’s ribosomal binding site or due to the structural 

changes in the drug scaffold.76 The intrinsic resistance, such as low membrane permeability, occurs 

in bacteria naturally producing aminoglycosides.77 Adaptive resistance is developed upon exposure 

of bacteria to the environmental trigger, for instance, sub-inhibitory concentrations of antibiotics, 

and can result in the temporary changes in the expression levels of the genes or proteins, leading to drug 

tolerance. Certain bacteria forming biofilms are also able to develop adaptive resistance (tolerance) 

to the presence of the antibiotics.78 Moreover, resistance can be acquired upon the incorporation of the 

exogenous genetic material, for instance, a plasmid which carries the resistance gene or upon the mutation 

of the existing genes.79  The adaptive resistance is usually lost after the external trigger is removed, 

however, the two other types (intrinsic and acquired resistance) are inherited by the new cells as well 

as exchanged with other species leading to the environmental build-up of antimicrobial resistance. 

Bacterial resistance to aminoglycosides can be non-specific (for instance reduced drug membrane 

permeability) or specific when the resistance enzymes regioselectively attack the drug’s active sites 

of certain aminoglycosides.   

Modification of the antibiotic target 

The activity of aminoglycosides is derived from the ability to bind to the ribosomal A-site and interfering 

with the protein synthesis.  Mutations of the RNA sequence results in a change of its shape and dynamics 

and electrostatics of the ribosomal binding site have been linked to resistance to aminoglycosides.80 

 

FIGURE 1.6. The sequence of the 16S ribosomal binding site. The sequence alternations are shown with the arrows.  
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Streptomyces and  Micromonospora spp, which naturally produce aminoglycosides can survive in the 

presence of the produced antibiotics due to posttranscriptional methylation of their own ribosome by the 

enzyme methyltransferase.77 Such a reaction decreases the affinity of produced aminoglycosides to their 

own methylated ribosomal binding site and lets bacteria survive in the presence of the antibiotic, which 

they produce.  

To date, two genes encoding N1-methyltransferase armA, rmtB and four genes encoding  N7-

methyltransferase rmtA, rmtC, rmtD, and npmA have been reported. Methylation at N1 in A1408 in 16S 

rRNA of 30S ribosomal subunit results in resistance against derivatives of 2-DOS ring 4,6- and 4,5- 

disubstituted aminoglycosides, including apramycin. Those enzymes were initially found in the species 

naturally producing aminoglycosides, later the resistance was found in a plasmid isolated from Escherichia 

coli obtained from a patient. Enzymes causing methylation of N7 position at G1405 are frequently found 

within Gram-negative pathogens and cause resistance to various 4,6-disubstituted aminoglycosides.81  

Membrane-associated mechanisms of resistance 

For most of the natural and semi-synthetic aminoglycosides, the primary binding site is located in the 

bacterial ribosomes. To show their antibiotic function, aminoglycosides need to successfully pass the 

bacterial membranes and reach the cytosol. To weaken the initial interactions of the drug or lower 

membrane permeability, bacteria can modify the composition of their outer membranes by, for instance, 

incorporation of  4-amino-4-deoxy-L-arabinose 82,83 or phosphoethanolamine 84  to the lipid A of LPS. 

This leads to the reduction of the negative charge of the LPS and results in lower affinity of aminoglycosides 

to LPS.   

Furthermore, to reduce the concentration of aminoglycosides in the cytosol, bacteria can upregulate 

the expression of efflux pumps. Those proteins located in the bacterial cell wall can push the drug out from 

the cytosol in an energy-dependent manner showed to contribute to resistance to aminoglycosides, 

but also other drugs.85 Two types of efflux pumps, both belonging to the resistance-nodulation-division 

(RND) family are recognized as responsible for resistance to aminoglycosides. AcrD, a transporter located 

in the inner membrane of the inner lipid bilayer was identified in E.coli,  S.enterica, and  A.baumani.  

The presence of AcrD has been associated with increased MIC values (from 2 to 8-fold) of amikacin, 

gentamicin, neomycin, kanamycin, and tobramycin. More complex multidrug efflux system MexXY showed 

to contribute to the resistance to aminoglycosides in P.  aureginosa and Pseudomonas mastitis, however, 

in clinical isolates tested was not sufficient to cause the resistance alone. 86  
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 FIGURE 1.7. Schematic representation of efflux pumps responsible for the reduction of cytosolic concentrations of 
aminoglycosides in Gram-negative bacteria E. coli and P. aureginosa.  

Enzymatic modification of the drug 

In the clinic, the most commonly found mechanism of bacterial resistance to aminoglycosides is associated 

with the presence of Aminoglycoside Modifying Enzymes (AME).87,88 Upon binding to aminoglycoside 

scaffolds, those proteins catalyse chemical modifications of hydroxyl or amine groups attached to the 

aminoglycoside core, which leads to the decreased affinity of the selectively modified drug to the biological 

target and reduces the effectiveness of aminoglycosides.88 In particular, primary amines attached 

to aminoglycoside core can be accessed and covalently modified by acetyl-coenzyme A (Ac-CoA) 

dependent N-Acetyltransferases (AAC), while hydroxyl groups undergo phosphorylation by ATP- and Mg2+ 

dependent O-Phosphotransferases (APH) or adenylation mediated by ATP- dependent                                                      

O-Adenosyltransferase (ANT). AMEs were further subclassified based on the position of aminoglycoside 

modification; thus the Arabic number in the name indicates the position of regioselective aminoglycoside 

modification. Such modification disrupts electrostatic interactions or hydrogen bonding between 

the modified drug and the ribosomal binding site. Additionally, introduced modifications cause steric 

hindrance all together resulting in significantly reduced affinity of the modified compound to the bacterial 

ribosome.  More than 100 different proteins have been identified, and the summary of enzymes and their 

substrates are provided in  Table 1.1.  
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FIGURE 1.8. Inactivation of aminoglycosides by Aminoglycoside Modifying Enzymes. (a) Modification of functional 
groups in aminoglycosides catalyzed by different AME; b) positions of alterations due to AME. 

 

TABLE 1.1 Aminoglycosides Modifying Enzymes. Amikacin (A); apramycin (AP); dibekacin (D); fortimicin (F);  
hygromycin (H); isepamicin (I); gentamicin (G); kanamycin (K); lividomycin (L); netilmicin (N); neomycin (Neo); 
paromomycin (P); ribostamycin (R); sisomicin (S); spectinomycin (Sp); streptomycin (St).  tobramycin (T). Table 
adapted from ref 89 

Enzyme  Resistance profile Bacterial source PDB code 

AAC(1) Ia P, L, R, A, P E. coli, Campylobacter spp.  

AAC(2′) I (a–c) T, S, N, D, Neo Providencia stuartii 5US1 

AAC(3) I (a–b) 

II (a-c) 

III (a-c) 

IV 

VII 

G, S, F 

T, G, N, D, S 

T, G, D, S, K, N, P, L 

T, S, N, D, S, A 

G 

Serratia marcesans 

P.  aeruginosa 

Klebsiella pneumoniae 

Campylobacter jejuni 

Actinomycetes 

1B04 

4YFJ 

AAC(6’) I (a-d;e;f-z)  

II  

T, A, N, D, S, K, I Salmonella enterica 

 

Enterococcus faecium 

Acinetobacter haemolyticus 

Acinetobacter baumannii 

Escherichia coli 

 

Staphylococcus warneri 

1S60, 2VBQ, 1S3Z, 1S5K, 2QI 

 

2A4N, 5E96 

4F0Y, 4EVY, 4F0Y 

4E80 

6BFF, 6BFH, 1V0C, 2BUE, 2VQY 

4QC6 

 

II
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ANT(2″)  K, T, G, D, S P.  aeruginosa 4XJE, 5CFT, 5CFS, 5CFU 

ANT(3″)  St, Sp Salmonella enterica 4CS6, 5G4A 

ANT(4′)  K, Neo, T, A, D, I P. aeruginosa 4EBJ, 4EBK 

ANT(6)  St Bacillus subtilis 2PBE, 1B87 

ANT(9)  Sp Enterococcus avium  

APH(3’) I (a–d) K, Neo, R, L, P Acinetobacter baumannii 4FEV 

 II K, Neo, B, P, R Stenotrophomonas maltophilia  

 III (a–b) K, Neo, P, B, L, R, B, A, I   

 IV K, Neo, B, P, R   

 V Neo, P, R   

APH(2’’) I-a K, G, T, S, D   

 I-(b,d) K, G, T, N, D E. coli 4DCA 

 II-(a–b) K, G, T Enterococcus faecium 3HAM, 3HAV 

 IVa G, K, S Enterococcus cassaliflavus 5C4K, 5C4L, 4N57, 4DT8, 4DT9, 4DTA, 
4DTB, 3SG8, 3SG9 

APH(3’’) I (a–b) St Acinetobacter baumannii 4EJ7, 4FEU, 4FEV, 4FEX, 4FEW 

 III a St Enterococcus faecalis 2BKK 

APH(7) I a H Streptomyces hygroscopicus  

APH(4) I-(a–b) H E.  coli 3W0O, 3TYK, 3W0M, 3W0N 

APH(6) I-(a–d) St Streptomyces griseus  

APH(9) I-(a–b) Sp Legionella pneumophila 3I0O, 3I0Q, 3I1A, 3Q2M 

 

Moreover, several bifunctional enzymes able to modify various positions within the same antibiotic have 

been reported (Table 1.2). Those enzymes accept a wide range of aminoglycosides as substrates, therefore 

their presence is especially dangerous.   
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TABLE 1.2. Bi-functional Aminoglycosides Modifying Enzymes. Amikacin (A); dibekacin (D); gentamicin (G); 
kanamycin (K); netilmicin (N); ribostamycin (R); sisomicin (S); spectinomycin (Sp); streptomycin (St);  tobramycin (T). 
Table adapted from ref  89 

Enzyme Resistance profile Bacterial source PDB code 

AAC(6′)-Ie/ 

APH(2″)-IVa 
G, K, T, A Enterococcus faecalis 

Staphylococcus aureus 

 

4ORQ 

APH(2″)-Id/ 
APH(2″)-IVa 

K, G, T, S, D Enterococcus casseliflavus 
4DBX, 4DE4, 4DFB 

APH(2″)-Ia/ 
APH(6′)-Ie 

K, G, T, S, D, St Staphylococcus aureus 
5IQF 

ANT(3)-Ib/ 

AAC(6′)-IId 
T, A, N, D, S, K, St, Sp 

Serratia marcescens 
 

 

Another recently identified type of AME named enhanced intracellular survival (EIS) enzyme, showed the 

ability to acetylate various positions of aminoglycosides, including kanamycin90 and amikacin. Recently EIS 

protein was isolated from Mycobacterium tuberculosis, and the crystal structure was reported in PDB 

(3RYO).91  The presence of this enzyme has also been identified in various strains including Mycobacterium 

tuberculosis, other Mycobacteria, Bacillus anthracis, Anabaena variabilis, Kocuria rhizophila,  Gordonia bronchialis, 

and Tsukamurella paurometabola.  A presence of EIS enhanced survival of Mycobacteria in macrophages and 

led to macrophage cell death, which was associated with the increased levels of reactive oxygen 

species (ROS).91 Moreover, the presence of EIS protein suppressed host immune defence mechanisms.   

1.6 STRATEGIES TO OVERCOME BACTERIAL RESISTANCE TO AMINOGLYCOSIDES  

1.6.1 Development of novel aminoglycosides 

One of the most potent strategies to overcome resistance to aminoglycosides is to develop novel 

aminoglycosides, which can escape certain resistance mechanisms. This strategy was shown 

to be especially efficient against bacteria carrying AME.27,89,92 Removal of the groups from aminoglycoside 

structures, which are targeted by AME is an efficient way to escape the action of enzymes. Naturally 

occurring 3’-deoxy- derivative of kanamycin A: tobramycin, can efficiently escape the action of APH(3’).93 

However, as the number of amine groups is strictly correlated to the antibiotic activity, removal 

of the functional groups often decreases the affinity to the ribosomal binding site and lower the 

effectiveness of aminoglycosides. For instance, the transformation of kanamycin B to 6’-N and 3’’-N- di-N-
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methylated derivative lowered the activity of the natural antibiotic (Figure 1.9). Nevertheless, such 

modifications allowed to overcome the action of AME.94 

 

FIGURE 1.9.  Structures of 6’,3’’-di-N-methylated kanamycin B derivative.  

Novel aminoglycosides, termed ‘Neoglycosides’, can be obtained by new biochemical pathways 

or by designing completely new scaffolds chemically synthesized by bottom-up or bottom-down 

approaches.95 In the bottom-up approach, various amino sugar rings are chemically linked to yield a new 

scaffold. This strategy is, however, challenging as multistep synthesis often results in hard-to-purify 

mixtures of products and low overall yields. As a synthetic shortcut, to reduce the number of protection 

and deprotection steps, this pathway is initiated by hydrolysis of neomycin B to neamine (Figure 1.10). 

Neamine lacks antimicrobial activity, however, this scaffold can be further coupled to other rings, 

producing new active antibiotics.   

 

FIGURE 1.10. Synthesis of neamine by hydrolysis of neomycin B.96 

More frequently, new leads were obtained by bottom-down approach, in which scaffolds of naturally 

occurring aminoglycoside were transformed by various chemical reactions to produce semi-synthetic 

derivatives. Such compounds are designed to bind the ribosomal binding site with high affinity but are able 

to escape the resistance mechanisms, in particular, the action of AME. The new derivatives can be obtained 

by the introduction of various functional groups to aminoglycoside scaffolds (Figure 1.11).95  

Neomycin B 

MeOH, 48h

HCl, reflux

Neamine 
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FIGURE 1.11. A general overview of structural modifications of aminoglycosides scaffolds. (a) Synthesis of 
neamine/paromamine by hydrolysis of neomycin B/paromomycin; (b) introduction of azide; (c) alkylation of amines; (d) 
acylation of amines; (e) guanidylation of amines; (f) coupling of aminoglycosides to small molecules (SM) or peptides 
(P); (g) formation of dimers from aminoglycosides or aminoglycosides and other class antibiotics (AB); (h) locking the 
active conformation of aminoglycosides; (i) attachment of a thiol linker (j) transformation of the hydroxyl group to 
acetal; (k) alkylation of hydroxyl group (i) transformation of hydroxyl group to ketone.  

Enormous efforts have been devoted to identify and synthesize new derivatives escaping action 

of AME.92,95 With the significant knowledge of the mechanisms of action and many crystal structures 

available, new antibiotics can be rationally designed to achieve improved activity and lowered toxicity.  

Modification of the position 3” of kanamycin, the O4’, N6’ positions of neomycin B and the N1 position 

of kanamycin, sisomicin, neomycin B showed to be effective pathways towards the reduction of toxicity 

and improved activity.  To date, second and third-generation aminoglycosides have been developed and 

approved for clinical use.  One of the most potent modifications employed to overcome the action of AME 

is the introduction of the L-hydroxylamino butyroic (L-HABA) moiety to the 1-N position in kanamycin, 

which led to the last-resort antibiotic amikacin.23 The same modification combined with the 2-hydroxyethyl 

group introduced to the 6’-N position of sisomycin gave third-generation plazmomicin, (previously, ACH-

490) developed by the American company Achaogen, which has been recently approved for clinical use.97 

The structural alternations were introduced to sisomycin in 8 synthetic steps. Plazmomycin showed 

significantly reduced toxicity and activity against aminoglycoside-susceptible and many aminoglycoside 
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resistant strains, carrying many clinically relevant AME (with the activity against most strains at 4-8 µg/mL). 

Still, not against the strains carrying AAC(2’’) IVa or AAC(2’)-Ia.  

 

 

FIGURE 1.12. Chemical structures of aminoglycoside sisomycin and recently approved sisomycin derivative: 
plazmomicin, which can escape certain resistance mediated by AME (highlighted in red), however, the drugs are still 
prone to attack by certain AME (highlighted in green).   

Although certain structure alternations have shown to restore the action of aminoglycosides and tackle 

resistant strains, access to such derivatives is often limited due to the complicated synthesis. Some 

aminoglycosides can be easier modified due to different reactivity of certain functional groups. 

Paromomycin and tobramycin can be chemoselectively accessed at amine attached to the position 6’’’ 

and 6’, respectively, while neomycin B is often reacted at hydroxyl group attached to C5’’. However, 

derivatisation of aminoglycosides is rather difficult and accessing certain positions in those complex 

natural products often requires multiple-step synthesis, frequently resulting in a mixture of hard-to-

separate products and low overall yields. This discourages pharma companies to invest in the development 

of the new drugs in this costly and low return-on-investment process.  Therefore, many efforts have been 

devoted to finding new site-selective reactions, which would lower the efforts necessary for attaching new 

functionalities into aminoglycoside structures giving easier access to next-generation antibiotics. Modern 

‘aminoglycosides chemistry’ has been tailored towards reducing the number of steps to decrease 

the efforts and costs of derivatization allowing screening for a higher number of leads. Two concepts 

for one-step modification of aminoglycosides were proposed in our group by applying aptameric 

protecting groups 98,99 and by selective diazo transfer to 3-C-position with the diazotransfer reagent 

imidazole-sulfonyl-1-azide.100 Such reactions significantly lower the number of synthetic steps necessary 

to modify certain positions in aminoglycosides, giving easier access to next-generation antibiotics.  
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Dimers  

The analysis of the complexes of neamine and nebramine with A-site allowed to conclude that the 

stoichiometry between the aminoglycoside and RNA is 2:1. It was hypothesized that connecting two 

molecules via a covalent linker with an appropriate length and hydrophobicity into a single molecule might 

increase the affinity of the construct to the ribosomal binding site and increase the activity (Figure 1.13 a). 

Neamine dimers linked at the position C5 of 2-DOS ring through the C3-C5 bridges shown an increased 

affinity to the ribosomal A-site and ability to escape the action of AAC(6′)-Ii, APH(3′)-IIIa and the bi-

functional AAC(6′)-Ie/ APH(2″)-Ia.101 

 

FIGURE 1.13. (a) The concept of neamine and nebramine dimers; (b) Structure of Neomycin B-ciprofloxacin dimer, 
a hybrid of aminoglycoside-fluoroquinolone hybrid.  

Many symmetrical homodimers of kanamycin A, tobramycin, neomycin B as well as non-symmetrical 

dimers combining those aminoglycosides were prepared.102 Neomycin B dimers were prepared by linking 

two molecules through the hydroxyl group attached to the position C5’’,103 while kanamycin 

and tobramycin were linked at the position C6’’. Many of those compounds showed improved 

antimicrobial potency and ability to escape the enzymatic modification mediated by AME. 101,103,   

The improved activity against a wide range of strains was shown by hybrids of antibiotics with two different 

modes of action. The hybrids of Neomycin B and fluoroquinolone antibiotic ciprofloxacin (Figure 1.13 b), 

as well as kanamycin A-ciprofloxacin dimers, were reported.104,105 The nature of the linker strongly 

influenced the antibacterial activity of the hybrids, but some of the dimers showed similar or improved 

potency to inhibit protein synthesis compared to single aminoglycosides, and improved potency to inhibit 

the action of DNA gyrase and topoisomerase IV (targets of fluoroquinolone antibiotics) as well as activity 

against the resistant strains.104,105   
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Suicide and self-regenerating aminoglycosides  

APH(3’) is a resistance enzyme responsible for phosphorylation of hydroxyl group attached to 3’-OH 

in 4,6 - disubstituted aminoglycosides and 3’-OH and 5’’-OH in 4,5-disubstituted aminoglycosides. 

An interesting approach to overcome the action of this AME was proposed by the group of Prof. 

Mobashery. The group developed neamine and kanamycin B derivatives, carrying nitro groups at position 

2’ in ring I.106 The compounds can undergo enzymatic nucleophilic attack mediated by the resistance 

enzymes APHs types: (3′)-Ia and (3′)-IIa. Upon enzymatic modification, the phosphate is eliminated forming 

in-situ the nitro-alkene derivative (1) which can undergo Michael addition mediated by enzyme leading 

to irreversible and permanent blockage of the active site of the enzyme overcoming and switching off 

further enzyme activity (Figure 1.13).  

 

FIGURE 1.14.   Structure of suicide kanamycin B derivative.  

Another interesting strategy to overcome the action of APH(3’) was proposed by the same group. 

The reported 3′-oxo-kanamycin B derivative (2) exists in equilibrium with its ketal form (3).107 The ketal 

form can undergo phosphorylation mediated by the kinase to give derivative 4, which leads to the 

elimination of dibasic phosphate and transformation of the derivative back to the keto form leading to re-

regeneration of the ketal (Figure 1.15).  
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FIGURE 1.15. Self-regenerating kanamycin derivative.   

Interestingly, both 3′-ketal- and 2′-nitro-kanamycin derivatives inactivate the APH(3′) irreversibly. It was 

postulated, that the derivatives might be potent broad-spectrum kinase inhibitors, unfortunately, none 

of the presented derivatives entered clinical trials.  

Conformationally locked aminoglycosides  

Aminoglycosides can rotate along their α-glycosidic bonds. Based on the crystallographic data, it was found 

that the conformation of aminoglycoside bound to the A-site is different than when the compounds are 

bound to AME. This led to the design of aminoglycosides, which are conformationally locked in their active 

conformation being able to bind the A-site but poorly to AMEs (Figure 1.17 a).108,109 

 

FIGURE 1.16.  (a) The concept of conformationally locked aminoglycosides; Structures of the conformationally 
restricted (b) neomycin B derivatives; (b) and (c) paromomycin derivatives 5 and 6; (d) neamine derivative, (e) 
kanamycin A derivatives.  

2
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c d
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Conformationally restricted derivatives of neomycin B and paromomycin were obtained by connecting 

ring I and II through the amine attached to position 2’ in ring I and hydroxyl group attached to position 5’’ 

in ring III (Figure 1.17 a). Alternatively, a paromomycin derivative was obtained by introducing a linker 

between the hydroxyl group attached to the position 6 in ring II and amine group attached to position 6’’’ 

in ring IV (Figure 1.17 c). Conformationally restricted neamine derivatives were obtained through linking 

6’ and 3 positions (Figure 1.17 d), however, such compounds lacked antimicrobial activity against resistant 

and non-resistant bacteria due to reduction of the ribosomal binding affinity. Conformationally restricted 

derivatives of kanamycin A were obtained by introduction of a linker between ring I and II through 

the positions 2’’ and 5 (figure 1.17 e). Despite decreased antimicrobial activities, some of the derivatives 

of neomycin B and kanamycin A were still quite active while escaping the action of AME.108,109   

1.6.2 Co-therapy  

To broaden the antimicrobial spectrum, two synergistically working antibiotics can be administrated 

together in so-called co-therapy. A combination of two different classes of antibiotics might add a target 

or increase the membrane permeability, leading to a faster response, lower concentrations needed 

for effective killing and better chances to block the development of new resistances.12  

Aminoglycosides work synergistically with various classes of antibiotics including carbapenem and 

antibiotics by disrupting the bacterial membranes and enhancing the drug penetration, leading 

to increased concentrations of those drugs at their target site.  

Aminoglycosides show synergistic effects when combined with cell-wall synthesis inhibitors such                          

as β-lactams or polypeptide antibiotics. It was postulated that the improved activity arises from increased 

membrane permeability and enhancing intracellular uptake of aminoglycosides. Neomycin B sulphate 

is commercially available for topical use in combination with membrane targeting polypeptide antibiotic 

Polymixin B sulphate.110,111   

A different co-therapy approach was proposed as a strategy to combat resistant strains carrying AME. 

A therapy combining two different aminoglycosides, from which one could act as a high-affinity enzyme 

inhibitor, while the other binding the primary binding site in the bacterial ribosome the activity against 

resistant strains can be improved. For instance, streptidine combined with streptomycin showed to restore 

the activity of streptomycin against ANT(6).112   

Although some combination therapies are quite potent, not all the classes of drugs can be combined with 

aminoglycosides, as such combination might show antagonistic effects due to, for instance, competitive 

binding. Moreover, the combinations of some drugs might further increase the toxicity or lead to the faster 

evolution of resistance to both classes of antibiotics.  
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Many combinations of antibiotics with non-antimicrobials were also screened. To improve 

aminoglycosides uptake, combinations of aminoglycosides with various membrane permeabilizes were 

studied. For instance, oleanolic acid added as aminoglycoside adjuvant showed to improve the 

effectiveness of kanamycin and tobramycin against Acinetobacter baumannii.113 Natural outer membrane 

permeabilizes boost antibiotic action against irradiated resistant bacteria.114 Tobramycin combined with 

rhamnolipids (glycolipids produced by Gram-negative bacterium P. aureginosa) showed to significantly 

increase the efficiency of this aminoglycoside against Gram-positive species like S. aureus and Gram-

negative P.aureginiosa.115   

Co-administration of aminoglycosides with silver,116 silver nanoparticles117 and silver nitrate showed 

improved activity. It was postulated that silver nanoparticles disrupt the cellular respiration chain 

by reacting with oxygen as well as interact with the bacterial cell membranes, leading to cell death or due 

to the fact, that silver ions complex with DNA inhibiting the unwinding of nucleic acids.   

In comparison to the development of new derivatives, co-therapy is a cost and time-effective approach, 

however, more research is required to identify efficient drug combinations.  

1.6.3 Aminoglycoside enzyme inhibitors  

The enzymatic deactivation of the drug active sites by AME is the most commonly found mechanism 

of resistance to aminoglycosides. Identifying the molecules which bind to the AME and efficiently block 

their activity seems to be a promising strategy to combat resistant strains carrying AME.  

A therapy combining the use of antibiotics with enzymes inhibitors have been successfully employed for 

other classes of antibiotics (for instance, β-lactams are commercially available in a mixture with clavulanic 

acid, a potent β-lactamase inhibitor), however, more efforts need to be devoted to identifying broad-

spectrum AME inhibitors which could be used in combination with aminoglycosides in the clinic.118 

Based on the analysis of the kinetic mechanisms, AME inhibitors were developed by covalent attachment 

of aminoglycosides to the corresponding co-enzymes. Gentamycin conjugated to coenzyme A (CoA) 

(Figure 1.18 a) showed to inhibit AAC(I), while CoA covalently linked to 6’ -N- position in kanamycin A 

(Figure 1.18 b) showed to prevent the action of AAC(6’).64 Although being effective inhibitors in vitro, 

due to the lowered membrane permeability, both compounds lacked antimicrobial activity in vivo. 

Relatively smaller neamine covalently linked through 3’ hydroxyl group to the nucleotide adenosine 

yielded an efficient APHs/ANTs inhibitor. 119 
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FIGURE 1.18.  Structure of (a) kanamycin-AcCoA and (b) nucleotide-neamine conjugate, a potent inhibitor of APHs 
and ANTs. 

Many small organic molecules were found to inhibit AME. For instance, anthrapyrazolone, 4-

anilinoquinazoline and pyrazolopyrimidine crystalized with APH(3’)Ia showed to inhibit the action of this 

enzyme.118 α-hydroxytropolone (Figure 1.19 a) and its derivatives are efficient inhibitors of ANTs.120 

Sulfonamide derivative (Figure 1.19 b) inhibited EIS from Mycobacterium tuberculosis.121 Those molecules 

co-administrated with aminoglycosides improved the potency against resistant strains.  

 

FIGURE 1.19. Chemical structure of (a) hydroxytropolone (b) sulfonamide (inhibitor of AAC(2’’)) and  (c) indolicidin, 
a broad-spectrum inhibitor of AACs and APHs. 

Cationic peptide indolicidin (Figure 1.19 c) was found to be a broad-spectrum inhibitor of AACs and APHs, 

however, no effect in vivo was observed. Since the inhibitor needs to bind the enzymes with high affinity, 

but also efficiently penetrate into the bacterial cells, finding effective AME inhibitors for in vivo application 

is still a challenge. Moreover, the universal inhibitors, binding many different classes of AME, are still 

largely underdeveloped.  
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1.7 MOTIVATION AND THESIS OVERVIEW 

The rising levels of antimicrobial resistance and lack of treatment options, especially to multidrug-resistant 

Gram-negative bacteria are a serious threat to human health. In the search for new therapies combating 

resistant pathogens, aminoglycosides regained considerable attention in mono- and combination therapy. 

As complex natural products with multiple sites accessible for modification, they can be regarded as 

functional building blocks for the development of new leads. Although the different mechanisms of 

bacterial resistance to aminoglycosides have been identified, many details of resistance mechanisms and 

structures of AME are still unknown. This restricts the rational design of new derivatives and broad-

spectrum AME inhibitors. Getting more insights into structure related function and a better understanding 

of the mode of action and uptake pathways of aminoglycosides and their derivatives are necessary to 

rationally design new derivatives with improved therapeutic function and to improve the 

pharmacokinetics and pharmacodynamics of aminoglycosides as monotherapy or in combination with 

other drugs or adjuvants.  

After introducing the general problem of rising antimicrobial resistance to antimicrobials, in Chapter 1, the 

utility of aminoglycosides as a powerful class of antibiotics is described. The structures, properties, mode 

of action and currently recognized mechanism of bacterial resistance to aminoglycosides are presented. 

The selected strategies employed to overcome bacterial resistance to aminoglycosides are highlighted.  

In the following chapters, regio- and chemoselective modification methods were developed to alter 

aminoglycoside structures and produce new derivatives. In Chapter 2 we designed and synthesized a 

library of 3-N-alkylated derivatives of the clinically approved aminoglycoside: neomycin B. We investigated 

the potency of newly developed derivatives in overcoming clinically relevant mechanism of bacterial 

resistance to aminoglycosides mediated by the enzyme 3-N-acetyltransferase: AAC(3)IIIa. The 

antimicrobial activity of neomycin B and the derivatives was accessed in vitro against non-resistant Gram-

negative bacterium E. coli, as well as E. coli carrying AAC(3)IIIa resistance. To better understand the 

mechanism in which the newly developed, most potent derivative combats the resistant strain, we 

crystalized and resolved the previously unknown structure of AAC(3)IIIa together with the substrates 

neomycin B and Ac-CoA and the newly developed 3-N-alkylated analogue of neomycin B.  

In Chapter 3 we aimed to achieve spatial and temporal control over aminoglycoside activity by producing 

aminoglycoside derivatives, which can be activated by light. For the proof-of-concept studies, a selected 

photoremovable protecting group was covalently linked to the aminoglycoside antibiotic neomycin B.  We 

investigated whether the exposure of the protected drug to light with the specific wavelength can 

efficiently cleave the protecting group and restore the antimicrobial activity of neomycin B against the 

Gram-negative bacterium E. coli.  
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To better understand the uptake pathways of aminoglycosides and their derivatives, in Chapter 4, we 

developed a library of fluorescently labelled aminoglycosides and by applying fluorescence microscopy 

techniques investigated drug-membranes interactions, membrane-passage and cytosolic accumulation of 

fluorescent conjugates at the single-cell level in live Gram-negative bacterium E. coli.  

In Chapter 5, the developed aminoglycoside-fluorophore conjugates were investigated as probes for 

imaging of various Gram-negative species including E. coli, P. aureginosa. K. oxytoca over Gram-positive 

species. After determining the toxicity of the developed compounds in vitro, we evaluated the selectivity 

of the probes in vitro and in vivo in mouse models.  
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