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Abstract

Antibiotics are called as ‘Wonder Drugs’, the miracles of modern sciences. They help combat
bacteria and prevent their growth. But due to unmonitored and uncontrolled consumption of these
antibiotics, there is an emergence of antibiotic resistance. This has led to a series of downfall in the
therapeutic potency and efficacy of many drugs. More and more bacteria are becoming Multi-Drug
Resistant (MDR); such highly resistant strains of certain bacteria are called Superbugs. The misuse
and overconsumption of many antibiotics, has led to a steep rise in the number of antibiotic-resistant
strains at a global level, thus elevating global mortality and morbidity rates. This prompted World
health Organisation in 2011 to coin a slogan “No action today, no cure tomorrow”. This review gives
a piece of detailed information on the origin, molecular mechanisms of antibiotic resistance,
supported by factual data and case studies.
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INTRODUCTION

Antibiotics are mediators that destroy or slow down the growth of bacteria. They generally interfere
with either the formation of the bacterial cell or its contents [1]. They are of two types: Broad
Spectrum and Narrow Spectrum.

Broad spectrum antibiotics act on both gram-positive and gram-negative. Narrow spectrum
antibiotics are preferred over broad-spectrum as they target a certain type of bacteria, mainly gram-
negative bacteria, as they are found to be more resistant due to impenetrable cell wall and efflux
pumps.

Antibiotic resistance is the ability of a micro-organism to withstand the effect of an antibiotic.
Antibiotic resistance is a subset of Anti-microbial resistance (AMR), as it applies only to bacteria
becoming resistant to antibiotics [2]. This occurs
when bacteria mutates or modifies itself in such a

*Author for Correspondence

Sandip Zine . i .

way that it reduces or nullifies the effectiveness
Assistant Prof Devarment of P el and therapeutic properties of antibiotics [3]. This

ssistan roressor, epartmen 0 armaceutical H

Chemistry, Vivekanand Education Society’s College of genera!IY OF)CUI’S by the unmonlto_red and casual l_'lse
Pharmacy, Collector ~ Colony, ~Chembur, Mumbai, | Of antibiotics. Alexander Fleming was the first
Maharashtra, India : . person who cautioned about the emergence of
2Student, Department of  Pharmaceutical ~Chemistry,

Vivekanand Education Society’s College of Pharmacy,
Collector Colony, Chembur, Mumbai, Maharashtra, India

Received Date: November 17, 2020
Accepted Date: November 19, 2020
Published Date: April 19, 2021

Citation: Sandip Zine, Parth Mehta, Ankita Rai, Sayli
Sawant. Antibiotic Resistance: Molecular Mechanisms of
Resistance. Research & Reviews: A Journal of Microbiology
& Virology. 2021; 11(1): 1-8p.

penicillin resistant strains [4].

Antimicrobial agents, sulfonamides were
introduced in 1937; they are a class of very
effective microbial agents. Development of specific
mechanisms of resistance has to lead to a steep
decrease in their therapeutic effectiveness.
Sulfonamides resistance was reported first in the
late 1930s and the mechanisms persist till today
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[4]. Penicillin was discovered by Alexander Fleming in 1928 and even before its introduction,
resistant strains were found, containing bacterial penicillinase. Once the antibiotic was used widely,
their resistance became widely prevalent around the globe [3]. Antibiotics are considered as miracle
of modern sciences. They have significantly reduced mortality rate and improved quality of life across
the globe. But due to their casual and unmonitored use, there is an emergence of multi-drug resistant
bacteria, leading to difficulties in treating infections, thus leading to death. The World Economic
Forum Global Risks reports have indicated antibiotic resistance as one of the biggest threats to human
kind [5-7].

MOLECULAR MECHANISMS OF ANTIBIOTIC RESISTANCE
There are various mechanisms of resistance, but they fall into three main categories:
1. Those that minimize the intracellular concentration of the antibiotics as a result of poor
penetration into the bacterium or of antibiotic efflux (Prevention of access to target).
2. Those that modify the antibiotic target by genetic mutation or post-translational modifications
of the target.
3. Those that inactivate the antibiotic by hydrolysis or modifications.

Prevention of Access to the Target
Reduced Permeability

Compared to Gram-positive, Gram-negative bacteria are less permeable to many antibiotics, due to
the presence of an additional outer membrane which acts as a permeability barrier [8, 9]. Being
lipophilic in nature it prevents the entry of hydrophilic antibiotics. Hydrophilic antibiotics enter
through membrane porin proteins present on the outer membrane. They are generally non-specific and
have many drug binding sites.

One of the important mechanisms of resistance, shown by Enterobacteriaceae, pseudomonas spp,
etc. is a significant reduction in porin expression. This generally occurs by mutation. Mutations can
reduce porin production or produce mutant porin alleles that may be produced, overall preventing
entry of the drug into the cell. The classical example of this is the resistance of carbapenems in
species of Enterobacteriaceae which do not produce carbapenemase (enzymes that degrade
carbapenems), resistance occurs due to mutation of porin genes and genes that regulate the expression
of porins. The mutation occurs due to selective pressure exerted by carbapenems [10, 11].

Increased Efflux

Bacterial efflux pumps actively transport antibiotics out of the cell and are major contributors to
intrinsic resistance. They are more prevalent in gram-negative bacteria than gram-positive ones. When
they are overexpressed, they can lead to high levels of resistance. They are of two types, few are
substrate-specific like Tet pumps, and others transport a wide variety of molecules out of the cell thus
called Multi-Drug Resistant (MDR) efflux pumps. Most MDRs occur due to increased expression of
efflux pumps and repression of porin proteins. Increased expression of efflux genes occurs due to
mutation of the regulatory network controlling the expression of the proteins. Mutations can occur in
the local repressor, transcription factors, or intergenic sites thus altering expressions of efflux genes.
For example, in Enterobacteriaceae increased expression of transcription factors, including MarA,
SoxS, RamA, or Rob increase production of efflux proteins. Mutations can also lead to improved
promoters showing stronger activity [12, 13].

Environmental factors can also lead to the stimulation of genes, thus causing resistance as shown in
Figure 1. For example, the acrAB genes in E. coli and Salmonella spp. can be inducted by small
molecules like indole and bile, which can be found in the body [14-16].

Changes in the Antibiotic Target by Mutation
Antibiotics work by binding to certain targets; this binding causes a cascade of events thus leading
to overall cell lysis. Mutation can induce changes in the target structure thus preventing efficient
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Figure 1. Intrinsic mechanisms of resistance [8].

binding of antibiotics to the target, thus leading to resistance. These mutations are generally single
point and occur in the genetic code. Due to natural selection, the mutant bacteria thrive and reproduce
and in due course of time, the entire population becomes resistant to the antibiotic.

For example, linezolid, a new drug (introduced 10 years ago) which binds to 23s rDNA ribosomal
unit of many Gram-positive bacteria like S. aureus or S. pneumoniae, thus preventing their
proliferation. Mutation and recombination between homologous alleles has led to the emergence of
highly resistant strains. Transformation can also lead to resistance. It involves uptake of DNA from
the environment. This may cause target protein modification by the formation of mosaic genes. For
example, resistant strains of S. pneumoniae formed by mosaic penicillin-binding proteins (pbp) genes,
which code for penicillin insensitive enzymes [17-19].

Modification (and Protection) of Targets

Protection by modification of target is the key pathway for antibiotic resistance. This does not
involve mutation of genes encoding for the target. This is a relevant mechanism for antibiotic
resistance for many important antibiotics. For example, the erythromycin ribosome methylase(erm)
family of genes methylates 16S rRNA thus changes the drug’s target binding site, as shown in Figure
2. This overall makes the bacteria resistant to various antibiotics like macrolides etc. [20]. The gnr
genes, present in plasmids encode pentapeptide repeat proteins (PRPs), which bind and protect to
Topoisomerase 1V and DNA gyrase from quinolones type antibiotics [21].

Daptomycin specifically targets the anionic phospholipid membrane of Gram-positive bacteria like
S aureus. It inserts into the membrane in the presence of calcium ions and further depolarises the
membrane, causing leakage of contents. mprF gene mutation may encode for a protein, which may
lead to remodelling of the membrane, by adding L-Lys into the membrane. This may change the
surface charge and composition of the membrane, thus leading to resistance [22, 23].

Direct Modification of Antibiotics

Inactivation by Hydrolysis

This involves enzyme-catalysed destruction on antibiotics. This method is of major relevance after the
discovery of penicillin (antibiotic containing B-lactam ring). It was found that many bacteria
developed B-lactamases enzyme (first discovered in 1940) which hydrolyses the B-lactam ring in
penicillin, as shown in Figure 3(a-b). In due course of time, many B-lactamases have emerged which
degrade different antibiotics in the same class as cephalosporins, carbapenems, etc. [24-26]. Early (-
lactamases were only active against first-generation p-lactams; they were followed by extended-spectrum
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Figure 2. Target site changes. (a) A host in which an antibiotic is able to bind strongly
to its target and exert an inhibitory effect, (b) Mutation of the target site, (¢) Modification
of the target by addition of a chemical functional group [20].
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Figure 3. Direct interactions with antibiotics (a) A susceptible host with a target that
is efficiently inhibited by an antibiotic, (b) Acquisition and production of an enzyme
that destroys the antibiotic, (c) acquisition and production of an enzyme that modifies
the structure of the antibiotic [23].
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B-lactamases (ESBLs) that have an action against a wide range of drugs like oxyimino-
cephalosporins, etc. These enzymes are prominent in various bacterial species like K. pneumoniae, E.
coli, P. aeruginosa, and A. baumannii, thus making it difficult to treat serious diseases caused by
these bacteria [26-28].

Inactivation of Antibiotics by Transfer of a Chemical Group

Certain bacterial enzymes inactivate the antibiotic by adding chemical groups to certain sites on the
antibiotic molecule. This in turn leads to changes in the molecule, which thus prevents it from binding to
its target protein as a result of steric hindrance; thus leading to antibiotic resistance, as shown in Figure
3c. Various groups that can be added include acyl, phosphate, nucleotidyl, and ribitoyl, etc. [29].

Aminoglycosides antibiotics are extremely susceptible to such resistance. Aminoglycosides are
large molecules with many exposed hydroxyl and amide groups, which can act as active sites for
attachment of chemical groups. This is done by a special class of enzymes called aminoglycoside-
modifying enzymes. They are of three sub-types: acetyltransferases, phosphotransferases, and
nucleotidyltransferases. These classes are evolutionarily diverse and vary in the aminoglycosides that
they can modify and in the part of the molecule that they modify [30].

Molecular Mechanism of Antibiotic Resistance in Staphylococcus aureus

Staphylococcus aureus is a common colonizer in skin and nares; it is a pathogenic organism
responsible for both trivial and life-threatening infections [31]. Staphylococcus aureus is of two types:
methicillin-resistant S. aureus (MRSA) and methicillin-susceptible S. aureus (MSSA).
Characteristically MRSA strains are more often multi-drug resistant; they are resistant to a wide range
of antibiotic classes such as macrolides, aminoglycosides, and fluroquinolones. They are quick to
adapt to the new environment and develop quick mutations, thus leading to a high degree of resistance
[32, 33].

In the beginning, the MRSA spreading was slow but in the 1980s, many highly resistant strains were
found among hospital patients and soon it became a major nosocomial pathogen, throughout the world.
Since 1999 a new strain with unusual propensity was found among children and adults, causing serious
infections [34-36]. S. aureus has two major mechanisms for mutation, one being hydrolysis of antibiotic
caused by enzymes and the other is mutation. It has an extracellular enzyme called penicillinase (B-
lactamase), which hydrolyses the amide bond in penicillin, thus destroying the antibiotic and causing
resistance. The production of the enzyme is coded by structural gene blaZ and is controlled by two
regulatory genes blaR1 and blal. The presence of penicillin leads to a cascade of events thus contributes
to enhanced penicillinase expression, thus causing resistance. These genes are also encoded in plasmids;
thus, this can lead to horizontal gene transfer in the bacterial population [37].

Mutation can also lead to resistance. The bacteria contain various penicillin-binding proteins (PBP),
which aid in the synthesis of peptidoglycan chains constituting the bacterial cell walls. Penicillin
binds to these PBPs thus disrupting the cell wall biosynthesis and killing the bacteria. Mutation has
caused to form an additional penicillin-binding protein (PBP), designated PBP2a, with reduced
affinity for penicillin and B-lactams in general. Thus, these antibiotics cannot inhibit PBP2a; thus the
biosynthesis of peptidoglycan is not fully inhibited, thus overall making the antibiotic ineffective and
leading to resistance. PBP2a is the product of the gene mecA and its regulatory genes mecl and
mecR1. Both the sequences and the organization of these genes are homologous to those of the bla
gene complex [38, 39].

CONCLUSION

Frequent and uncontrollable use of antibiotics across the globe for medicine in human medicine,
horticulture, animal medicine etc. has led to extensive rise in antibiotic resistance. Overuse of these
drugs has led to evolutionary pressure causing strong emergence of antibiotic resistance among many
strains of bacteria. Studies of resistance development and mechanisms of resistance are crucial during
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early drug development. Knowing these mechanisms, we can rapidly evaluate emergence of
resistance to new drugs. Knowledge of various mechanisms of resistance helps to rule out
development of new agents which are highly susceptible to existing mechanisms of resistance, thus
may fail in clinic. Long term advantages of studying resistance is that newer synthetic drug can be
made which are unaffected by the existing mechanisms of resistance. Even in the short run,
knowledge of resistance can help develop special dosing regimens consisting a synergistic
combination of various drugs, thus overall minimizing emergence and effects of resistance.
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