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Abstract:  The development of antimicrobial resistance by bacteria is inevitable and is considered as a major problem in the treatment of bacterial 

infections in the hospital and in the community.  Despite efforts to develop new therapeutics that interact with new targets, resistance 

has been reported even to these agents.  In this review, an overview is given of the many therapeutic possibilities that exist for treatment 

of bacterial infections and how bacteria become resistant to these therapeutics.
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1.  Introduction 

The history of humankind can be regarded from a 

medical point of view as a struggle against infectious 

diseases.  Infections were the leading cause of death 

worldwide at the beginning of the 20th century.  Since 

the discovery of penicillin by Alexander Fleming in 

1929 and the first introduction of the sulpha drugs by 
Domagk in 1932, the number of new antimicrobials 

available has increased tremendously between 1940 

and 1960.  ‘The era of antibiotics’ led to optimism till the 

early 1970s that infectious diseases can be controlled 

and prevented and mankind felt confident that modern 
medicine would prevail.  However, infections are still the 

second-leading cause of death worldwide, causing over 

13 million deaths each year.  This fact is the result of 

the emergence of new diseases, the re-emergence of 

diseases once controlled and more specifically of the 
development of antimicrobial resistance [1,2].

Bacteria have a remarkable ability to adapt to 

adverse environmental conditions, which is an example 

of the ancient law of nature of ‘survival of the fittest’.  It 
appears that the emergence of antimicrobial resistant 

bacteria is inevitable to most every new drug and it 

is recognized as a major problem in the treatment of 

microbial infections in hospitals and in the community 

[2]. 

 

2.  Different mechanisms of resistance 
to antimicrobials

2.1.  Intrinsic resistance
Bacteria may be inherently resistant to an antimicrobial.  

This passive resistance is a consequence of general 

adaptive processes that are not necessary linked to a 

given class of antimicrobials.  An example of natural 

resistance is Pseudomonas aeruginosa, whose low 

membrane permeability is likely to be a main reason for 

its innate resistance to many antimicrobials [2]. Other 

examples are the presence of genes affording resistance 

to self-produced antibiotics, the outer membrane of 

Gram-negative bacteria, absence of an uptake transport 

system for the antimicrobial or general absence of the 

target or reaction hit by the antimicrobial [3]. 

2.2. Acquired resistance
Active resistance, the major mechanism of antimicrobial 

resistance, is the result of a specific evolutionary pressure 
to develop a counterattack mechanism against an 

antimicrobial or class of antimicrobials so that bacterial 

populations previously sensitive to antimicrobials 

become resistant [3].  This type of resistance results from 

changes in the bacterial genome.  Resistance in bacteria 

may be acquired by a mutation and passed vertically by 

selection to daughter cells.  More commonly, resistance 

is acquired by horizontal transfer of resistance genes 
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between strains and species.  Exchange of genes is 

possible by transformation, transduction or conjugation 

[4].  

The major mechanisms of active antimicrobial 

resistance (Figure 1) are (1) prevention of accumulation 

of antimicrobials either by decreasing uptake or 

increasing efflux of the antimicrobial from the cell via a 

collection of membrane-associated pumping proteins, 

(2) qualitative drug target site alteration, which reduces 

the affinity for antimicrobials either by mutation or by 
target modification, or quantitative drug target alteration 
by overproduction of the target and (3) inactivation of 

antibiotics either by hydrolysis or by modification  [2,3].  

2.2.1. Prevention of antimicrobial access to their 
targets

Permeability barriers

The cytoplasmic membrane is a barrier to hydrophilic 

compounds. Entry of cytoplasmatically targeted 

compounds is usually through carrier-mediated transport 

mechanisms or via channels in the outer membrane of 

Gram-negative bacteria formed by porins (e.g. OprD 

porin).  Antibacterial compounds transported in this way 

may be subject to resistance by loss of non-essential 

transporters, by lack of porins or by mutations that are 

able to modify the structure of these channels and thus 

decreasing the influx [2,5]. Some microbes possess 

impermeable cell membranes that prevent drug influx as 
exemplified by P. aeruginosa.  Furthermore, many large 

molecule antimicrobials are naturally inactive against 

certain groups of bacteria because they simply can not 

pass into the bacterial cell [4].

Efflux pumps
Increasing the efflux also plays a role, especially with 
hydrophobic compounds that presumably enter the 

cell via diffusion [5].  At the same speed where these 

antimicrobials are entering the cell, efflux mechanisms 
are pumping them out again, before they reach their 

target [6]. A mutation resulting in overexpression of 

a multidrug efflux pump leads to resistance to a wide 
variety of structurally unrelated antimicrobials [2].  

Multidrug resistance proteins (MDRs) or multidrug 

efflux pumps are widespread in bacteria [7]. They are 

grouped into five families based on their mechanisms 
and primary sequence homologies.  The major facilitator 

superfamily (MFS), the resistance-nodulation-division 

(RND) family, the small multidrug resistance (SMR) 

family and the multidrug and toxic compounds extrusion 

(MATE) family are secondary transporters using either 

proton motive force (PMF) or sodium ion motive force 

(only for the MATE proteins) to expel antimicrobials 

from cells.  Members of the ATP-binding cassette (ABC) 

superfamily are primary transporters using energy 

liberated by ATP hydrolysis [2]. 

2.2.2.  Alteration of drug target
Natural variations or acquired changes in the target sites 

of antimicrobials that prevent drug binding or action is a 

common mechanism of resistance.  Target site changes 

often result from spontaneous mutation of a bacterial 

gene on the chromosome and selection in the presence 

of the antimicrobial [4,8].

2.2.3.  Antibiotic inactivation
Some bacteria produce modifying enzymes that reside 

within or near the cell surface, which selectively target 

and inactivate the drug.  Enzymatic inactivation either 

by hydrolysis or by modification (group transfer and 
redox mechanisms) is a major mechanism of resistance 

to natural antibiotics in pathogenic bacteria [2]. The 

resistant isolates in most cases inherit the antibiotic-

resistance genes on resistance (R) plasmids.  These 

resistance determinants are most probably acquired 

by pathogenic bacteria from a pool of resistance 

genes in other microbial genera, including antibiotic 

producing organisms.  No enzymes that hydrolyse or 

modify manmade antimicrobials have been found [2].  

Furthermore, antibiotic inactivation mechanisms share 

many similarities with well-characterized enzymatic 

reactions and resistance proteins show homologies to 

known metabolic and signalling enzymes with no antibiotic 

resistance activity.  Therefore, one can speculate that 

these are the original sources of resistance [3]. 

Either hydrolysis or group transfer reactions, or 

alternatively oxidation or reduction reactions, can sign for 

Figure 1. Main mechanisms of active antimicrobial resistance. 
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the inactivation mechanism.  Many antibiotics possess 

hydrolytically susceptible chemical bonds (e.g. esters and 

amides) whose integrity is central to biological activity.  

When these vulnerable bonds are cleaved, the antibiotic 

activity is destroyed [3].  The most diverse and largest 

family of resistance enzymes is the group transferases.  

Those enzymes covalently modify antibiotics leading 

to structural alterations that impair target binding.  

Chemical strategies include O-acylation and N-acylation, 

O-phosphorylation, O-nucleotidylation, O-ribosylation, 

O-glycosylation and thiol transfer [3].  The oxidation or 

reduction of antibiotics has not been frequently exploited 

by pathogenic bacteria.  Lyases are enzymes that 

cleave C-C, C-O, C-N and C-S bonds by non-hydrolytic 

or non-oxidative routes.  These reactions frequently 

result in double bond formation or ring closure [3]. 

3. Selected antimicrobial agents 
according to mechanisms of 
action

A key feature of the target sites for antimicrobial agents 

is their vital role in microbial growth and survival [8].  

Antimicrobials are usually classified on the basis of their 
mode of action.  The main classes of antimicrobials 

inhibit four classical targets (Figure 2): (1) cell wall 

biosynthesis, (2) protein biosynthesis, (3) nucleid acid 

biosynthesis and (4) folate biosynthesis [2,6]. Structures 

of some representatives for each discussed antimicrobial 

class are given in Figure 3.  In Table 1, an overview of the 

targets used by commercialised antimicrobial agents is 

given.  Table 2 summarises the resistance mechanisms 

to the main antimicrobial classes.

3.1. Inhibitors of bacterial cell wall 
biosynthesis

Bacterial cells are surrounded by a cell wall or layers 

of peptidoglycan.  This is a mesh-like carbohydrate 

polymer, which provides the mechanical support 

necessary to protect themselves from osmolysis [9].  

Peptidoglycan is composed of linear chains of β-(1,4)-

N-acetyl hexosamine units joined by peptide cross-links.  

The peptidoglycan undergoes cross-linking of the glycan 

strands by the action of transglycosidases and of the 

peptide strands by the action of transpeptidases, also 

called penicillin-binding proteins (PBPs) [10].  Inhibitors 

of one of both enzymes, active in the last stage of 

cell wall biosynthesis, fall into two major classes with 

respect to their mechanism of action, the β-lactams and 
the glycopeptides (Figure 4).  

3.1.1.  β-lactam antibiotics
The primary targets of the β-lactam agents are the PBPs.  
Upon nucleophilic attack on the β-lactam ring by the 
side chain oxygen atom of a serine residue at the active 

site of the enzyme, a relatively stable lethal covalent 

penicilloyl-enzyme complex is formed in which the 

serine is covalently acylated by the hydrolysed β-lactam, 
leading to inactivation of the enzyme and blocking of the 

normal transpeptidation reaction [2,8,9,11].  This results 

in weakly cross-linked peptidoglycan and eventually cell 

lysis and death [6,11]. 

Antibiotic inactivation 

β-Lactamases are hydrolytic enzymes that disrupt the 
amide bond of the characteristic β-lactam ring, before 
the antibiotic can get to the site of cell wall synthesis, 

rendering the antimicrobial ineffective [12].  β-Lactamase 

Figure 2. Actually used targets for antimicrobial agents. 
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Figure 3. Structures of some representatives for the discussed antimicrobial classes. 
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Target Antibacterial class Example Principle target

Cell wall biosynthesis β-lactams

β-lactamase-inhibitors

Penicillin

Ampicillin

Methicillin

Clavulanic acid

PBPs (transpeptidases)

β-lactamase

Glycopeptides Vancomycin

Teicoplanin

Terminal D-Ala-D-Ala in Lipid II

Ramoplanin Terminal D-Ala-D-Ala in Lipid II

Telavancin Terminal D-Ala-D-Ala in Lipid II

Cyclic peptides Bacitracin Undecaprenyl

Amino acid analogue D-cycloserine Alanine racemase

D-Ala-D-Ala ligase

Fosfomycin MurA1, MurA2

Bacterial cell membranes Cationic peptides 

polymyxins

Colistin Lipopolysaccharides in outer membrane

Lipopeptides Daptomycin Cytoplasmic membrane

Gramicidin S and Tyrocidine Cytoplasmic membrane

Clofazimine Cytoplasmic membrane

Macrocyclic lactones Primycin Membrane function, membrane ATPase?

Bacterial protein 

biosynthesis 

     Bacterial ribosome

               30S subunit Aminoglycosides Tobramycin 16S rRNA (A-site) initiation complex/translation

Tetracyclines Doxycycline 16S rRNA (A-site)

Macrocyclic peptide Capreomycin 16S rRNA

               50S subunit Phenyl propanoids Chloramphenicol 23S rRNA (peptidyl transferase centre)

Macrolides

Ketolides

Erythromycin

Clarithromycin

Roxithromycin

Azithromycin

Telithromycin

23S rRNA (A2058, A2059 in exit tunnel) (translocation)

As macrolides plus additional binding sites

Lincosamides Clindamycin 23S rRNA (A- and P-sites of peptidyl transferase centre)

Oxazolidinones Linezolid 23S rRNA

Streptogramins Quinupristin

Dalfopristin

As macrolides

Binds close to quinupristin (peptidyl transferase centre)

Pleuromutilins Retapamulin 23S rRNA (peptidyl transferase centre)

     Elongation factors Steroids Fusidic acid Elongation factor G (EF-G)-GTP/GDP complex

DNA

     Synthesis (replication and 

repair, transcription)

(Fluoro)quinolones Ciprofloxacin A-subunit of DNA gyrase in E. coli, ParC of topoisomerase 

IV in S. pneumoniae 

Coumermycins Novobiocin ATP-binding site of GyrB

RNA

     Synthesis (transcription)

Ansamycins: Rifamycins Rifampicin

Rifabutin

Rifapentin

β-subunit of RNA polymerase

     tRNA synthesis Pseudomonic acids Mupirocin Isoleucyl-tRNA synthetase

Table 1. Targets used by commercialised antimicrobial agents (adapted from reference 38).  Antimicrobial classes highlighted in bold are 

discussed.
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Folate biosynthesis Diaminopyrimidines 

(antifolates)

Trimethoprim Dihydrofolate reductase

Sulphonamides Sulfamethoxazole

p-aminosalicylic acid

Dihydropteroate synthase

Dihydropteroate synthase other?

Sulphones Dapsone Dihydropteroate synthase

Other targets

     Fatty acid and mycolic 

acid biosynthesis

Isoniazid (INH) NADH-dependent enoyl-ACP reductase (activation by 

catalase peroxidase, KatG) and DHFR

Ethionamide and 

prothionamide

Same as INH (after activation by EtaA)

Thiourea Isoxyl Membrane-bound Δ9-desaturase

Thiacetazone Same as INH (after activation by EtaA)

Pyrazinamide Membrane energetics (after conversion to pirazinoic acid 

by pyrazinamidase)

Ethambutol Arabinosyl transferases EmbA, EmbB, EmbC

Triclosan Enoyl reductase, FabI (InhA)

     Agents exerting 

pleiotropic or unknown 

effect

Nitrofurans Nitrofurantoin Multiple sites, esp. ribosomal proteins

Nitroimidazoles Metronidazole Pyruvate-ferredoxin oxidoreductase, DNA (after activation 

to reactive species)

Nitroquinolines Nitroxoline Membrane function

Acridines Ethacridine DNA function

continued
Table 1. Targets used by commercialised antimicrobial agents (adapted from reference 38).  Antimicrobial classes highlighted in bold 

are discussed.

Antibacterial 

class

Resistance 

mechanism

More specific Mode of action

β-lactam 
antibiotics

Inactivation

Target site alteration

Impermeability

Efflux

β-lactamases (ESBL)

Production of low-affinity PBPs (e.g. mecA)

Mutations in endogenous PBPs

Overproduction of PBPs

Outer membrane proteins

MexAB-OprM

Hydrolysis of beta-lactam ring

Reduced levels of antibiotic in the cell

Reduced levels of antibiotic in the cell

Glycopeptides Target site alteration

Impermeability

Synthesis of modified PG precursors ending in 

D-Ala-D-Lac/Ser (VanA, VanB)

Sequestration of antibiotic 

Decreased affinity

Thicker wall synthesized: more non-specific 

binding and reduced levels of antibiotic in the cell

Quinolones Target site alteration

Impermeability

Efflux

Mutations in DNA gyrase and topoisomerase IV 

(QRDR)

NorA, PmrA, EmeA

Decreased affinity

Reduced levels of antibiotic in the cell

Reduced levels of antibiotic in the cell

Rifampicin Inactivation

Target site alteration

Phosphorylation, ADP-ribosyl group transfer, 

glycosylation, oxidationi

Mutation in rpoB

Interference with binding to RNA polymerase

Decreased affinity

Table 2. Resistance mechanisms to the main antibacterial classes. 
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Aminoglycosides Inactivation

Target site alteration

Impermeability

Efflux

Covalent modification: acylation (AAC), 

phosphorylation (APH), nucleotidylation (ANT)

Posttranscriptional 16S rRNA methylation (rmtA, 

rmtB, armA)

Point mutations in rrs (16S rRNA) and rpsL (S12)

Decreased affinity

Decreased affinity

Reduced levels of antibiotic in the cell

Reduced levels of antibiotic in the cell

Tetracyclines Impermeability

Efflux

Inactivation

Ribosomal protection 

systems

Alteration of porins

Oxidation (tet(X))

tet(M), tet(O), tet(Q)

Reduced levels of antibiotic in the cell

Reduced levels of antibiotic in the cell

Unstable product

Dissociation antibiotic-target interaction

Chloramphenicol Inactivation Acetylation (CAT) Decreased affinity

Macrolides Target site alteration

Inactivation

Impermeability

Efflux

Posttranscriptional 23S rRNA (di)methylation 

(MLS
B
 resistance!)

Hydrolysis (ereA, ereB), phosphorylation (mphA, 

mphB, mphC), glycosylation (mtg)

mef

Decreased affinity

Decreased affinity

Reduced levels of antibiotic in the cell

Reduced levels of antibiotic in the cell

Lincosamides Target site alteration

Inactivation

Efflux

MLS
B
 resistance

Posttranscriptional 23S rRNA methylation (cfr) 

(PhLOPSA)

Mutations in 23S rRNA and L4/L22

Nucleotidyl group transfer (linA, linA’, linB)

Decreased affinity

Decreased affinity

Reduced levels of antibiotic in the cell

Streptogramins Target site alteration

Inactivation

Efflux

Impermeability

MLS
B
 resistance

Mutations in L4/L22 (rplV)

Type A: acetylation (VAT), reduction

Type B: lyase (vgb(A), vgb(B))

Type A: vga(A), vga(B)

Type B: msrA, msrSA, msrB, msrC 

Impermeable outer membrane of Gram-negative 

bacteria (intrinsic)

Decreased affinity

Decreased affinity

Reduced levels of antibiotic in the cell

Oxazolidinones Target site alteration Mutations in 23S rRNA and L4 or

Posttranscriptional 23S rRNA methylation

Decreased affinity

Trimethoprim Target site alteration Mutations in dihydrofolate reductase Decreased affinity

Polymyxin Target site alteration Lipid A modification Interaction blocked

Daptomycin Impermeability Impermeable outer membrane of Gram-negative 

bacteria (intrinsic)

Thicker cell wall

Reduced levels of antibiotic in the cell

continued
Table 2. Resistance mechanisms to the main antibacterial classes.
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expression is a principle mechanism of Gram-negative 

resistance [13].  There are four classes of β-lactamases: 
three serine-dependent enzyme classes (A, C and D) 

and one metal-dependent class (B) [13].  Of particular 

concern are the enzymes able to target the expanded 

spectrum β-lactams, such as the AmpC enzymes, the 
so-called extended spectrum β-lactamases (ESBL) and 
the carbapenemases [6,12]. 

Target site alteration

There are several PBP-mediated mechanisms of 

β-lactam resistance, including acquisition of a ‘new’ 
less-sensitive enzyme, mutation of an endogenous PBP 

to lessen the reaction with β-lactams (while maintaining 
some transpeptidase activity) or upregulation of PBP 

expression [11].  PBP alteration is a principle mechanism 

of Gram-positive resistance [13]. The most important 

example is the acquisition and expression of the mecA 

gene by S. aureus, encoding a new low-affinity PBP, 
PBP2a (also called PBP2’).  This gene is found on a mobile 

element, the staphylococcal cassette chromosome mec 

(SCCmec), carrying additional antibiotic (non-β-lactam) 
resistance genes [11].  Alterations in or overproduction 

of other PBPs are also possible [12].   

Decreased permeability and increased efflux 
Reduced outer membrane permeability to β-lactams as 
a result of porin loss or changes in porin structure can 

promote resistance to these agents [12,13].  A major 

contribution to antibiotic resistance in Gram-negative 

species is the presence of broad-specificity drug-efflux 
pumps.  One of the best characterized of these is the 

drug efflux system MexAB-OprM of P. aeruginosa 

[11-13].

To overcome resistance, semisynthetic β-lactamase 
resistant β-lactams were developed [3,12].  β-Lactamase 
susceptible β-lactams can be co-administered with 
β-lactamase inhibitors, such as clavulanic acid, 
sulbactam and tazobactam [3,12].  A number of β-lactam 
compounds that bind strongly to low-affinity PBPs 
have been designed as well as agents that potentiate 

the activity of existing β-lactams against low-affinity 
PBP-producing organisms [8,12].  Dual action hybrid 

antimicrobials were designed by fusing β-lactams to 
other antimicrobials, harnessing the enzymatic action of 

β-lactamases, which on their turn release the second 
antimicrobial [3,12,14]. 

3.1.2. Glycopeptides 

Glycopeptides bind highly specific, non-covalently to the 
D-Ala

4
-D-Ala

5
 termini of the UDP-muramylpentapeptide 

peptidoglycan precursors.  Through this binding, the 

bound glycopeptide acts as a steric impediment.  

The substrates are kept away from transglycosidase 

(chain elongation) and transpeptidase (cross-

linking).  This substrate sequestration leads to the 

failure of peptidoglycan cross-links, making the cell 

wall susceptible to osmolysis [2,8,9,15,16]. Whereas 

binding to the D-Ala
4
-D-Ala

5
 peptide motif is crucial 

for antimicrobial activity, the mode of action is still 

Figure 5. (Fluoro)quinolones and rifamycins interfere with nucleic acid biosynthesis. (Fluoro)quinolones inhibit DNA synthesis by interacting with 

DNA gyrase and topoisomerase IV resulting in inhibition of normal enzyme activity. Rifamycins act as allosteric inhibitors of the bacterial 

DNA-dependent RNA polymerase resulting in inhibition of transcription.

Figure 4. The cell wall (peptidoglycan matrix) surrounding bacterial cells is a mesh-like carbohydrate polymer with glycan strands connected by 

peptide cross-links.  Transglycosylases catalyse cross-linking of the glycan strands, and the peptide strands undergo cross-linking 

by the action of transpeptidases.  Transpeptidases are inactivated by β-lactams and glycopeptides.  Glycopeptides also inhibit 

transglycosylase activity.  Interference with cross-linking results in cell lysis and death.  M: N-acetylmuramic acid; G: N-acetyl-D-

glucosamine.

 

 

148



K. Bockstael, A.V. Aerschot.

more sophisticated and dimerization and membrane 

anchoring have been suggested [16].  This stabilises 

the binding to the new depsipeptide or facilitates a new 

mechanism of action, namely the active site inhibition of 

transglycosylase activity [5]. 

Target site alteration and impermeability
The most frequent cause of resistance in enterococci 

(vancyomycin resistant enterococci, VRE) is the 

acquisition of one of two related gene clusters, vanA 

or vanB, located on transposable elements [14].  This 

results in synthesis of peptidoglycan by an alternative 

pathway, which produces modified peptidoglycan 
precursors ending in D-Ala

4
-D-Lac

5
 or D-Ala

4
-D-Ser

5
 

instead of D-Ala
4
-D-Ala

5
 and concomitantly eliminates 

precursors ending in D-Ala
4
-D-Ala

5
 [14].  This causes 

loss of binding affinity [3,9].  The VanA phenotype shows 

resistance to both glycopeptide drugs, vancomycin and 

teicoplanin, while the VanB phenotype is resistant to 

vancomycin, but remains susceptible to teicoplanin [9].  

Sequestration of the agent in a modified wall structure 
or in the medium has been noticed.  Vancomycin 

resistant Staphylococcus aureus (VRSA) strains 

typically generate multilayered, thickened cell walls as 

if more sites for stoichiometric binding of drugs are the 

cause of reduced susceptibility [8-10]. 

The second-generation semi-synthetic lipo-

glycopeptides oritavancin, telavancin and dalbavancin 

as well as chlorobiphenyl vancomycin analogues 

retain activity against these resistant strains [8,9].  

3.2. Inhibitors of nucleic acid biosynthesis
Two classes of antimicrobials are known to interfere 

with nucleic acid biosynthesis, (fluoro)quinolones and 
rifamycins (Figure 5). 

3.2.1.  Quinolones
In order to fit inside the bacterium, the DNA is negatively 
supercoiled and is arranged around an RNA core.  The 

topological stress during transcription or DNA replication 

is relieved and the positive supercoils are removed 

by a type II topoisomerase, known as DNA gyrase, 

which makes double-stranded breaks in the DNA and 

reduces the linking number by two [17].  Following DNA 

synthesis, the daughter chromosomes are unlinked by 

an other type II topoisomerase, topoisomerase IV, in a 

process called decatenation [2,17].  

(Fluoro)quinolones inhibit DNA synthesis and at 

higher concentrations they also inhibit RNA synthesis 

[18].  They interact with the complexes formed between 

DNA and the DNA gyrase or topoisomerase IV creating 

conformational changes that result in inhibition of the 

normal enzyme activity.  DNA gyrase seems to be the 

primary target for Gram-negative organisms, while 

topoisomerase IV is the primary target in Gram-positive 

organisms [2,6,19].  There are two steps to quinolone 

action: formation of bacteriostatic drug-enzyme-DNA 

complexes, followed by the release of lethal double-

stranded DNA breaks [8,18-20]. 

Target site alteration and reduced uptake
Resistance is mediated chiefly through stepwise 
(spontaneous) target mutations in the genes encoding 

subunits of DNA gyrase (primarily gyrA) or topoisomerase 

IV (primarily parC) or both.  The resistant mutations 

cluster in specific highly conserved regions of the genes 
centered around the active site, called the quinolone 

resistance determining region (QRDR).  These mutations 

alter the structure of the quinolone binding site leading 

to reduced drug affinity for the modified enzyme-DNA 
complex [6,8,17-19,21].  

Other mechanisms that contribute to decreased 

sensitivity to these drugs are energy-dependent efflux 
and reduced permeability due to reduced amounts of 

general diffusion porins [6].  The efflux pumps include 
NorA (S. aureus), PmrA (S. pneumoniae) and EmeA 

[17,21,22]. This increases the likelihood of further 

selection of resistance by target mutation mechanisms 

[19,20].

The design of compounds with a ‘balanced’ activity 

and affinity against both primary topoisomerase targets, 
such as 8-methoxy quinolones, fourth generation 

quinolones and non-fluorinated quinolones (NFQs), 
makes the selection of concomitant genetic resistance 

to both targets and, consequently, emergence of de 

novo resistance, less likely to happen [18,20]. The 

therapeutic use of efflux inhibitors may be a strategy to 
lower fluoroquinolone resistance [17]. 

3.2.2. Rifamycins, RNA transcription inhibitors
Transcription is an essential process for decoding 

genetic information from DNA to mRNA in all organisms.  

The RNA polymerase of bacteria, composed of different 

subunits with a stoichiometry of α
2
ββ’ω to form the core 

enzyme, catalyses transcription [2].  

Rifampicin, important in combination therapy in the 

treatment of Mycobacterium tuberculosis infections, 

inhibits bacterial DNA-dependent RNA polymerase by 

binding to the β-subunit of the enzyme, encoded by 
rpoB, at an allosteric site.  It apparently blocks the entry 

of the first nucleotide, which is necessary to activate 
the polymerase, thereby blocking mRNA synthesis 

[2,6,8,21].  
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Antibiotic inactivation 

A number of mechanisms (uncharacterised kinase, 

ADP-ribosyl transferase (ARR), glycosylation, 

monooxygenase) can modify the hydroxyl group at 

position 23 of rifampicin and presumably interfere with 

binding to RNA polymerase [3,21].  

Target site alteration

Resistance due to modification of the β-subunit of the 
enzyme through chromosomal mutations in rpoB in M. 

tuberculosis arises with a high frequency [21].  

3.3. Inhibitors of protein biosynthesis
Protein biosynthesis is catalysed by ribosomes and 

cytoplasmic factors.  The bacterial 70S ribosome is 

composed of two ribonucleoprotein subunits, the 30S 

and 50S subunits [2].  The smaller 30S subunit is made 

up of 16S rRNA and about 21 ribosomal proteins (S1 

to S21), while the larger 50S subunit consists of two 

RNA molecules, 5S rRNA and 23S rRNA and over 36 

ribosomal proteins (L1 to L36). The catalytic ribozyme 

domain of the 23S rRNA possesses peptidyl transferase 

activity and catalyses peptide bond formation [23,24].  

Antimicrobials inhibit protein biosynthesis by targeting 

the 30S or 50S subunit of the bacterial ribosome 

(Figure 6).

3.3.1  Inhibitors of 30S subunit
3.3.1.1  Aminoglycosides
Aminoglycosides interact with the conserved sequences 

of the 16S rRNA of the 30S subunit near the A site 

through hydrogen bonds.  They cause misreading and 

premature termination of translation of mRNA. The 

aberrant proteins may be inserted into the cell membrane 

leading to altered permeability and further stimulation of 

aminoglycoside transport [2,3,6,8,25].  

Antibiotic inactivation

Inactivation by covalent modification of the key hydroxyl 
and amine groups on the aminoglycoside antibiotics 

is the most significant form of acquired resistance 

in both Gram-negative and Gram-positive bacteria 

[3,25,26].  There are three types of aminoglycoside-

modifying enzymes (AMEs), each with many 

variants: aminoglycoside acetyltransferases (AAC), 

aminoglycoside phosphotransferases (kinases) (APH) 

and aminoglycoside adenylyltransferases (ANT) 

[2,6,21].

Target site alteration 

Many aminoglycoside producing organisms express 

rRNA methylases (aminoglycoside resistance family of 

methyltransferases), which modify the 16S rRNA molecule 

at specific positions critical for the tight binding of the 
drug.  This is highlighted by the finding of the rmtA, rmtB 

and armA genes [26,27] causing a posttranscriptional 

16S rRNA methylation. Aminoglycoside resistance can 

also occur by point mutations in the rrs gene, encoding 

the 16S rRNA of the 30S subunit, or by mutations in 

the rpsL gene, encoding the 30S ribosomal protein S12.  

These ribosomal mutations are clinically relevant only 

for streptomycin in M. tuberculosis [8,26].  

Decreased permeability and increased efflux 
Finally, aminoglycoside concentrations can be decreased 

inside a target cell by reduction of drug uptake, activation 

of drug efflux pump or both [25,26]. 

The most successful approach to combat resistance 

is by development of aminoglycosides that lack sites 

of inactivation, as exemplified by amikacin, which is 
protected from attack by steric hindrance due to the 

presence of a side chain [25]. The second approach 

is the design of inhibitors of the three classes of 

aminoglycoside-modifying enzymes.  Inhibitor design 

can be targeted at the aminoglycoside, cofactor binding 

sites or both [25].

3.3.1.2.  Tetracyclines
Tetracyclines can be divided into two types based 

on their mode of action [28].  Typical tetracyclines, 

such as tetracycline, chlortetracycline, doxycycline 

or minocycline, act upon the conserved sequences 

Figure 6. The process of protein biosynthesis can be inhibited by compounds targeting the 30S or the 50S subunit of the bacterial ribosome. 
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of the 16S rRNA of the 30S ribosomal subunit to 

prevent binding of tRNA to the A site [2,6].  Some 

other tetracycline derivatives, such as chelocardin, 

thiatetracycline, anhydrotetracycline, have been shown 

to act by inserting into the cytoplasmic membrane [28]. 

Thirty-eight acquired genetically mobile tetracycline 

(tet) and oxitetracycline (otr) resistance (Tcr) genes are 

known, including genes coding for energy-dependent 

efflux proteins, ribosomal protection proteins and 

tetracycline inactivating enzymes [29].  

Alteration of porin proteins, e.g. OmpF, or other outer 

membrane proteins limits the diffusion of tetracycline 

into the periplasm in Gram-negative bacteria [28].  About 

60% of all tet and otr genes code for energy-dependent 

membrane-associated transporters belonging to the 

MFS, which export tetracycline out of the cell at a rate 

equal to or greater than its uptake [28,29]. On the other 

hand, ribosomal protection proteins promote GTP-

dependent release of tetracyclines from the ribosomal 

A site leading to dissociation of the antibiotic-target 

interaction [29,30].  Three classes of ribosome protection 

resistance genes have been described, tet(M), tet(O) 

and tet(Q) genes [28].  Resistance can also arise by 

point mutation in ribosomal RNA [30].  

Finally, the tet(X) gene encodes an NADPH-

requiring oxidoreductase, which oxidizes tetracycline 

antibiotics.  The antibiotic undergoes non-enzymatic 

rearrangement into unstable products that polymerise 

into a black product after several hours [3,28,29].

A new generation of tetracyclines, the 

9-glycinyltetracyclines or glycylcyclines (tigecycline, 

9-t-butylglycylamido-minocycline) have been 

developed.  Glycylcyclines have a higher binding affinity 
for ribosomes than earlier tetracyclines.  Furthermore, 

the Tet efflux proteins fail to recognise glycylcyclines 
or are unable to transfer glycylcyclines [30].  A number 

of tetracycline efflux pump inhibitors have been 
discovered that might be used in combination with 

earlier tetracyclines.

3.3.2.  Inhibitors of 50S subunit
3.3.2.1.  Chloramphenicol
Chloramphenicol interacts with the conserved sequences 

of the peptidyl transferase cavity of the 23S rRNA of the 

50S subunit.  It inhibits protein synthesis by preventing 

binding of tRNA to the A site of the ribosome.  It interacts 

with various nucleotides of the peptidyl transferase 

cavity of the 23S rRNA through hydrogen bonds [2,23].

  

Antibiotic inactivation

The inactivation of chloramphenicol is accomplished 

by the chloramphenicol acetyltransferases (CAT) by 

transferring the acetyl group from acetyl CoA, resulting in 

a lower affinity of the antibiotic for the rRNA [3].  Hereto, 

florfenicol was developed to overcome CAT-mediated 
resistance.

3.3.2.2. Macrolides
Macrolides affect the early stage of protein synthesis, 

namely translocation, by targeting the conserved 

sequences of the peptidyl transferase centre of the 23S 

rRNA of the 50S ribosomal subunit [2,6].  This results in 

a premature detachment of incomplete peptide chains 

[23]. Although compounds of considerable structural 

variety, macrolides, lincosamides and streptogramins B 

(MLS
B
 antibiotics) show a similar mechanistic action.  

Target site alteration

Any discussion of mechanisms of resistance to 

macrolide antimicrobials must include the lincosamide 

and streptogramin B families as well.  This type of 

cross-resistance has therefore been referred to as MLS
B
 

resistance [31,32] and is generally the result of target site 

alteration.  The latter results from a post-transcriptional 

modification of the 23S rRNA component of the 50S 
ribosomal subunit involving methylation or dimethylation 

of A2058 (E. coli numbering) in the peptidyl transferase 

functional domain.  This is catalysed by adenine-specific 
N-methyltransferases (methylases, MTases) specified 
by the erm class of genes, frequently plasmid encoded 

[8,32]. This modification reduces the affinity of the 
rRNA for the antimicrobials but does not interfere with 

protein biosynthesis [2].  Mutations in 23S rRNA close 

to the sites of methylation can also lead to macrolide 

resistance [8,32].  In addition to multiple mutations in the 

23S rRNA, mutations in the L4 and L22 50S ribosomal 

proteins have also been seen [8,32].  

Antibiotic inactivation

Macrolides can also be inactivated by specific enzymes 
inside the cell, such as proteins that cleave the 

macrocycle ester, encoded by ereA and ereB genes.  

Phosphorylation by MPHs (macrolide kinases) encoded 

by mphA and mphB from E. coli and mphBM (mphC) 

from S. aureus and macrolide glycosylation by the 

product of the mtg gene [3,31] are also possible.  

  

Decreased permeability and increased efflux 
Finally, macrolide entrance into bacterial cell can 

be prevented by changes in the permeability of the 

membrane or the cell wall.  The active extrusion of 

antimicrobials from the bacterial cell by the action of 

efflux pumps, encoded by mef genes, has also been 

observed [21,31].

The ketolide telithromycin retains activity against 

isolates resistant by target modification [8]. Activity of 
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the existing antimicrobial drugs can also be restored by 

the design of inhibitors of the Erm MTases [31].

  

3.3.2.3. Lincosamides
Lincosamides interact with the conserved sequences 

of the 23S rRNA of the 50S subunit [2].  They act by 

affecting the process of peptide chain initiation and 

may also stimulate dissocation of peptidyl-tRNA from 

ribosomes.  In contrast with macrolides, lincosamides 

are direct peptidyltransferase inhibitors [33].  

Target site alteration

The main type of resistance is the MLS
B
 resistance [33].  

Recently, methylation of 23S rRNA at A2503 by the cfr 

gene product has been seen.  Cfr causes resistance by 

inhibiting ribose methylation at nucleotide C2498.  The 

phenotype was named PhLOPSA [33].  Mutations in the 

23S rRNA and in L4 and L22 ribosomal protein genes 

likewise have been found [33].  

Antibiotic inactivation and efflux
As inactivation mechanism, three lincosamide 

O-nucleotidyltransferase genes, linA, linA’ and linB 

[3,33] have been characterized. Alternatively, efflux 
of the antibiotic is the main resistance mechanism in 

Gram-negative bacteria [33].  

No specific mechanisms to overcome the ever 
increasing resistance have been developed, beside 

the use of combinations of different antibiotics or of 

antibiotics with non-antibiotic antimicrobials [33]. 

3.3.2.4. Streptogramins
Streptogramins act by binding to the conserved 

sequences of the 23S rRNA of the 50S subunit and by 

interfering with peptidyltransferase activity [2,9].  Type 

A streptogramins block the substrate site of the peptidyl 

transferase centre, thus preventing the earliest event of 

elongation [23].  Type B streptogramins block peptide 

bond synthesis and cause a premature release of 

incomplete peptide chains [23].  The synergism between 

types A and B streptogramins is due to induction by type A 

streptogramins of conformational changes in ribosomes 

that significantly increase the ribosome affinity for type 
B streptogramins [23,24].

Resistance to streptogramin combinations requires 

resistance specifically to the S
A
 component, but it is 

augmented by the presence of mechanisms conferring 

S
B
 resistance [21].  

Target site alteration

The main type of resistance is the MLS
B
 resistance.  

Type A streptogramins are not affected by this altered 

residue and the efficacy of the synergistic combination 

is thus retained [21,24].  Also, modification of 23 rRNA 
ribosomal proteins, such as ribosomal protein L4, due 

to point mutations and small deletions or insertions 

has been described.  Low-level resistance has been 

reported resulting from mutations in rplV, which encodes 

ribosomal protein L22 [21].  

Antibiotic inactivation

The streptogramin acetyltransferases (VATs) inactivate 

the type A streptogramins by O-acetylation.  Five 

acetyltransferases, encoded by vat(A), vat(B) and vat(C) 
and by vat(D) and vat(E), have been seen [21,24].  The 

producer of the type A streptogramin virginiamycin 

M
1
 protects itself by reducing a critical ketone group, 

thereby generating an inactive compound. This 

reduction is NADPH-dependent and regiospecific [3].  

Specific resistance to type B streptogramins is mediated 
by lyases, encoded by vgb(A) and vgb(B), which 

inactivate the compounds via an elimination mechanism 

[3,21,24].  

Decreased uptake and increased efflux
Alternatively, streptogramin uptake into the periplasm 

is impaired among most Gram-negative organisms 

owing to the impermeable Gram-negative outer 

membrane (intrinsic resistance) [24].  Active efflux of 
type A streptogramins is due to ATP-binding cassette 

proteins encoded by plasmid-borne vga(A) and vga(B) 

genes [21].  Efflux of type B streptogramins is due to the 
presence of another ATP-binding transporter encoded 

by the msrA, msrSA, msrB and msrC genes [24]. 

3.3.2.5. Oxazolidinones
Oxazolidinones inhibit formation of the 70S initiation 

complex by binding to the P site at the 50S ribosomal 

subunit near to the interface with the 30S subunit, 

thereby blocking the first peptide-bond forming step 
[9].  If the 70S initiation complex is already formed, they 

inhibit translocation of peptidyl-tRNA from the A site to 

the P site during formation of the peptide bond [8,34].  

Recently it was shown that they also inhibit fMet-tRNA 

binding to the P site [34]. 

As the action mechanism of oxazolidinones is unique, 

no cross-resistance between oxazolidinones and other 

protein synthesis inhibitors has been observed [34].  

Target site alteration

Resistance arises by spontaneous mutations in 

chromosomal genes encoding 23S rRNA, resulting in 

decreased affinity for binding, or in protein L4 [8,21,34].  

Also posttranscriptional modification of the target site 
is a possible cause of resistance.  Linezolid resistance 

is determined by the presence of the cfr gene.  Cfr 
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methyltransferase modifies adenosine at position 2503 
in 23S rRNA.  The natural function of cfr likely involves 

protection against natural antibiotics whose site of action 

overlaps that of linezolid [35].  

3.4.  Miscellaneous targets
3.4.1. Folic acid metabolism: Sulphonamides and 

Trimethoprim
Each of these drugs inhibits distinct steps in folic acid 

metabolism (Figure 7).  A combination of sulpha drugs 

and trimethoprim acting at distinct steps on the same 

biosynthetic pathway shows synergy and a reduced 

mutation rate for resistance [2]. Sulphonamides inhibit 

dihydropteroate synthase in a competitive manner with 

higher affinity for the enzyme than the natural substrate, 
p-aminobenzoic acid.  Agents such as trimethoprim act 

at a later stage of folic acid synthesis and inhibit the 

enzyme dihydrofolate reductase [2].  

Target site alteration

Mutations in the d(h)fr gene producing single amino 

acid substitution in the dihydrofolate reductase are 

responsible for trimethoprim resistance. Changes in both 

the promoter and coding regions of the dhfr gene have 

been found [8].  Overexpression or metabolic bypass of 

the target has also been observed. 

3.4.2. Cell membrane disruptors
3.4.2.1. Polymyxin antibiotics
Cationic cyclic peptides with a fatty acid chain attached to 

the peptide, such as polymyxins, attack the cytoplasmic 

membrane of Gram-positive and Gram-negative 

bacteria and the outer membrane of Gram-negative 

bacteria.  They bind to phospholipids in the cytoplasmic 

membrane, causing loss of membrane integrity, leakage 

of cytoplasmic contents and finally cell death [2,8].  

The key initial interaction between the polymyxins and 

lipopolysaccharides can be blocked by modification 
of the phosphate esters linked to the diglucosamine 

components of lipid A [8].  

3.4.2.2. Lipopeptides: Daptomycin
Daptomycin has a unique mode of action and involves a 

calcium-dependent insertion of the lipid side chain into 

the Gram-positive cell membrane.  After this, several 

molecules come together to form oligomers that disrupt 

the cell membrane without entering the cytoplasm of the 

cell.  This ion-conduction structure results in potassium 

efflux and associated membrane depolarisation.  This 
disruption of the bacterial cell membrane function 

also appears to trigger inhibition of DNA, RNA and 

protein synthesis resulting in cell death [9,36,37].  The 

synthesis of lipotheichoic acid, found in Gram-positive 

organisms, is also inhibited by daptomycin [36].  Due to 

its unique mode of action, there is generally no cross-

resistance [37].  Spontaneous acquisition of resistance 

to daptomycin occurs rarely [36]. 

Impermeability
The failure to cross the outer membrane of Gram-negative 

bacteria to reach the inner cell membrane target is likely 

to explain the lack of daptomycin activity against Gram-

negative bacteria (intrinsic resistance) [37].  Correlation 

with vancomycin and daptomycin resistance linked to 

the thickness of the cell wall suggests that prior use of 

vancomycin may predispose to decreased daptomycin 

susceptibility [36]. 

Figure 7. Sulphonamides and trimethoprim inhibit distinct steps in folate metabolism. 
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4. Conclusion: continuous 
development of novel 
antibacterials is mandatory

This overview has given insight in the many therapeutic 

possibilities that exist for treatment of bacterial infections 

and in the continuous battle between resistance 

development and overriding mechanisms. Therefore, to 

prevent the emergence and dissemination of resistant 

bacteria, continuing efforts to develop new antibacterial 

agents are warranted.  Although this is not an easy 

assignment, there is still hope and many new avenues 

are being explored.  Indeed, the recent advance in 

bacterial genomics has changed the antibacterial 

therapeutic environment from target-poor to target-rich, 

hence many potential targets are awaiting [2,4,8,38].
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