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The rapid rise of antibiotic resistance among infectious pathogens is a matter of 
grave concern. This development of resistance is an evolutionary process, which 

is intensified due to prolonged and excessive exposure to antibiotics, which will 
ultimately force us to a situation where well-established lines of treatment will cease to 
be effective against routine infections. Thus, it is imperative to develop novel strategies 
to tackle this silent pandemic of antibiotic resistance. Here we briefly summarize 
the far-reaching implications of antibiotic resistance globally and highlight some key 
mechanisms by which resistance arises. We also discuss possible approaches to 
address this problem, including the identification and validation of novel antibacterial 
pathways that can circumvent existing resistance mechanisms to effectively curb this 
global threat.
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developed countries. The problem has 
been accelerated by the overuse and mis-
use of antibiotics, leading to a dramatic 
increase in resistance. In Europe, ~25,000 
deaths are reported every year owing to 
antibiotic resistance, which in turn leads to 
an expenditure of 1.5 billion euros for the 
European Union economy.6 Similarly, the 
US is also severely affected by antibiotic 
resistance with more than 2 million peo-
ple infected annually, and an average of 
25,000 deaths per year. In Asia and Africa, 
the situation is much worse (Figure 1D).7 
There are reports that bacteria such as 
Acinetobacter baumannii, Pseudomonas 
aeruginosa and Klebsiella pneumoniae 
have become resistant to the second 
and third-generation antibiotics like car-
bapenem and cephalosporin.8 A metal-
lo-β-lactamase coding gene (blaNDM-1), 
first detected in New Delhi in 2008,which 

designed to kill them. Genetic mutation 
or acquisition of genetic material from a 
resistant bacterium quickly confers resist-
ance to different bacteria against various 
antibiotic classes through horizontal gene 
transfer.3 The consequent emergence 
of superbugs, which are difficult to treat 
with existing antibiotics, have led to higher 
medical costs and increased mortality 
rates. Increasing pervasiveness of highly 
pathogenic multidrug-resistant (MDR) 
and extensively drug-resistant (XDR) 
bacteria like Mycobacterium tuberculo-
sis, Methicillin-resistant Staphylococcus 
aureus (MRSA), and those containing 
New Delhi metallo-β-lactamase-1 (NDM-1) 
gene etc. are an alarming threat to society 
(Figure 1B,C).4,5

Antibiotic resistance is a worldwide 
problem affecting both developing and 

Antibiotic resistance: a serious 
health concern

The discovery of antibiotics in the 1930s 
has played an imperative role in medical 
science.1 Bacterial infections that were 
otherwise life-threatening could be cured 
by a short course of antibiotic treatment. 
In the subsequent decades, several antibi-
otics were discovered and helped our fight 
against infectious diseases. Unfortunately, 
exposure to antibiotics also enabled 
microbes to develop resistance. This has 
led to pathogenic bacteria which have rap-
idly evolved resistance against most anti-
biotics in clinical use (Figure 1A), and are 
associated with adverse health and eco-
nomic consequences.2 The emergence 
of resistance against antibiotics is a nat-
ural evolutionary process, which occurs 
when bacterial subpopulations acquire 
the ability to circumvent the effect of drugs 
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key biochemical mechanisms in bacteria 
which will directly challenge the survival of 
resistant bacteria.

Mechanisms of antibiotic 
resistance

Traditionally, antibiotic discovery efforts 
have focused on a select few biosynthetic 
pathways in bacteria, which are essential 
for their survival including the cell wall or cell 
membrane synthesis, nucleic acid synthesis 
or protein synthesis.11 Decades of expo-
sure to these antibacterial agents have led 
to the development of resistance against 
them. There are several mechanisms by 
which resistance appears (Figure 2). These 

exposure of bacteria to antibiotics, pre-
venting the misuse of antibiotics will par-
tially help control the spread of resistance. 
Additionally, it is important to discover 
new antibiotics that the bacteria have not 
been exposed to, so that existing resist-
ance mechanisms can be circumvented. 
Unfortunately, the discovery of new antibi-
otics has not kept up with the appearance 
of resistance. Over the last few decades, 
progressively fewer new antibiotics have 
been brought to the market, due to a com-
bination of various technical and economic 
challenges (Figure 1F).10 Thus, there is a 
pressing need to identify promising anti-
bacterial strategies including targeting 

encodes a carbapenemase that neutral-
izes the powerful carbapenem antibiot-
ics has spread globally to more than 70 
countries and requires urgent action.4 The 
situation has worsened during the COVID-
19 pandemic, which has resulted in the 
broad use of antibiotics due to co-infection 
or to prevent hospital-acquired infections.9 
Globally, antibiotic resistance is estimated 
to result in ~10 million deaths by 2050, 
exceeding that from cancer (Figure 1E).7

The silent pandemic of antibiotic resist-
ance warrants collective urgent action to 
minimize the impact on human life and the 
economy. Since resistance occurs due to 

Figure 1. (A) Timeline for antibiotic development and the evolution of antibiotic resistance. The year in which each antibiotic was 
introduced to the market is depicted above, and the year in which resistance to it was observed is depicted below the timeline 
(Figure adapted from Ref. 2). (B) Resistance patterns of Staphylococcus aureus isolates for different antibiotic classes in India 
(Figure reproduced from Ref. 4) (C) Global number of deaths by pathogen and infectious syndrome, 2019. Columns show the total 
number of deaths for each pathogen (reproduced from Ref. 5). (D) Deaths attributable to antimicrobial resistance (AMR) globally by 
2050, and (E) compared to other major causes of death by 2050 (Figures reproduced from Ref. 7). (F) A graph depicting the rapid 
decrease in the number of new antibiotic approvals by US FDA during 1983-2017 (Figure reproduced from Ref. 10).
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repurposing and antibiotic cocktail therapy 
were favoured by pharmaceutical com-
panies as these rely on utilizing already 
approved drugs intended for treating 
other diseases. When tested alone or in 
combination, some FDA-approved drugs 
were found to be effective against resist-
ant infectious pathogens.25 For example, 
β-lactam (BL) based antibiotics (penicil-
lins, cephalosporins, carbapenems) were 
used in combination with β-lactamase 
inhibitors (BLI) to treat multidrug-resist-
ant Gram-negative bacterial pathogens.26 
Examples of successful BL-BLI combi-
nations include ceftolozane-tazobactam, 
ceftazidime-avibactam, and meropen-
em-vaborbactam.26 Unfortunately, resist-
ance to some of these has already been 
demonstrated. Currently, colistin a mem-
brane-disrupting antibiotic is used to treat 
drug-resistant hospital-acquired Gram-
negative bacterial infections in combina-
tion with BL-BLI (Figure 3A).27 Although 
the administration of these combinations is 
promising for a short period, they will even-
tually lead to cross-resistance. Hence, 
we must continue to find alternatives to 
stay ahead in our evolutionary war against 
bacteria.

A non-antibiotic strategy for killing infec-
tious bacteria is phage therapy which 
leaves human cells unharmed.21 Phages 
are bacterial parasites (a form of virus) that 
specifically recognize bacterial cell surface 
receptors and inject their genome within 
the bacterial host (Figure 3B). The phage 
genome integrates within the bacterial 
genome, hijacking bacterial replication 

Yet another class of antibiotics target 
nucleic acid biosynthesis by inhibiting 
the crucial components involved in DNA 
or RNA synthesis.17,18 As these two com-
ponents are fundamental for all cellular 
processes, inhibition of their biosynthesis 
leads to bacterial cell death. Examples 
of this class of antibiotics include fluo-
roquinolones and rifamycins. However, 
several pathogenic bacteria have acquired 
the qnr families of quinolone resistance 
genes which confer resistance against 
these antibiotics.19 The qnr genes encode 
proteins which shield topoisomerase IV 
and DNA gyrase from the inhibitory action 
of fluoroquinolones.19

Any new drugs that target pathways 
for which resistance mechanisms already 
exist are not very effective in slowing the 
emergence of further resistance. This has 
necessitated the search for novel strategies 
to tackle antibiotic resistance. New drugs 
with diverse modes of action will also avoid 
cross-resistance, i.e., resistance to differ-
ent antibiotics with a similar mechanism of 
action. 

Strategies to combat antibiotic 
resistance

Considerable efforts have been made 
in recent years to address the antibiotic 
crisis by developing novel therapeutic 
strategies such as drug repurposing, 
antibiotic cocktail therapy, phage ther-
apy, photodynamic therapy, and identi-
fying novel drug targets in bacteria.20–24 
Since developing an entirely new drug 
takes more time, money, and effort; drug 

include the modification of the target so that 
drug binding is prevented, and reduced 
uptake, degradation, modification, or efflux 
of the drug from the bacterial cell.12 Once 
resistance has evolved, these genes can be 
shared between different bacteria through 
horizontal gene transfer, further accelerating 
resistance. Below we discuss some mecha-
nisms of microbial resistance.

The bacterial cell wall is made up of pep-
tidoglycan. Damage to its structure causes 
important metabolites essential for cellular 
function to leak, leading to cell death. 
Thus, peptidoglycan is a highly desirable 
antibacterial target, also because eukary-
otic cells do not possess a peptidoglycan 
cell wall thus minimizing potential toxicity 
in humans.13 Examples of this class of 
antibiotics include β-lactams (e.g. penicil-
lins, carbapenems), glycopeptides (van-
comycin), and bacitracin. β-lactams bind 
to the transpeptidase enzyme important 
for cell wall synthesis. However, bacte-
ria have developed resistance against 
these antibiotics through the synthesis of 
β-lactam-hydrolyzing enzymes such as 
β-lactamases.13 For vancomycin, resist-
ance occurs through modification of the 
target protein via alterations in the pepti-
doglycan precursors, resulting in weaker 
interaction of vancomycin with its target.13

Another common mechanism of action 
for several antibacterial agents is the inhi-
bition of protein synthesis.14 As proteins 
are the main functional units of the cell, 
disruption in their synthesis inhibits normal 
cellular functioning, leading to bacterial 
cell death. Several different classes of 
antibiotics such as aminoglycosides (e.g., 
gentamicin, amikacin), tetracyclines (e.g., 
doxycycline, minocycline) and macrolides 
(e.g., azithromycin, erythromycin) inhibit 
bacterial protein synthesis by targeting var-
ious components of the protein synthesiz-
ing factory of the cell called the ribosome.14 
To counter these, bacteria have developed 
several resistance mechanisms includ-
ing modification of ribosomal proteins or 
ribosomal RNA (rRNA).15 Alterations in the 
ribosome binding site lead to a decrease 
in antibiotic binding, thereby reducing or 
disrupting its ability to inhibit protein syn-
thesis. One such example is the erythro-
mycin ribosome methylase (erm) family of 
genes that methylate the 16S rRNA at the 
antibiotic binding site thus disrupting bind-
ing with macrolides.15 In a bid to target Erm 
methyltransferase for combating resist-
ance, Anand and co-workers have recently 
illustrated the mechanism by which Erm 
methyltransferase methylates the target 
base in a complicated RNA scaffold result-
ing in erythromycin resistance.16

Figure 2. The bacterial cellular structure depicting a few key mechanisms of antibiotic 
resistance.
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Bacterial signal transduction 
components

Signal transduction systems are com-
posed of complex protein networks involved 
in regulating cellular signalling cascades that 
respond to molecular or physical cues from 
the environment.31,32 These proteins utilize 
nucleotide triphosphates such as ATP or 
GTP as a currency to mediate cell signalling, 
often accompanied by phosphate transfer 
or release. Examples of such protein families 
include ATPases, GTPases, and kinases 
etc. which are evolutionarily conserved but 
relatively simple and well-studied in prokar-
yotes. There are several instances where 
components of signal transduction have 
been found to be essential in bacterial cell 
survival or the production of virulence fac-
tors.31,32 Hence, identifying and validating 
these components as viable antibiotic tar-
gets will open avenues to tackle antibiotic 
resistance. Below, we briefly discuss bac-
terial kinases and GTPases, components of 
signal transduction that have been targeted 
with small molecules as antibacterial agents. 

Bacteria can readily adapt to diverse 
environmental conditions and often utilize 
signal transduction pathways to respond 
to external environmental stimuli. These 
stimuli might include variations in pH, 
osmotic pressure, redox state, antibiotics, 
etc. The capability of the bacterial cell to 
deal with such environmental cues relies 
on phosphotransfer-based systems, such 
as the two-component regulatory system 
(TCS).31 The bacterial TCS system, which is 
relatively simple compared to eukaryotes, 
is comprised of a membrane-associated 
histidine kinase (HK), a homodimeric pro-
tein that senses external stimuli. Its cog-
nate receptor, called response regulator 
(RR), facilitates cellular response by alter-
ing gene expression. Signal transduction 
occurs via recognition of the extracellular 
stimulus by the sensor domain of HK, 
resulting in ATP-mediated autophosphor-
ylation of a specific histidine residue within 
the cytoplasmic domain of histidine kinase. 
The transfer of phosphate from HK to the 
cognate RR generates phosphorylated 
RR, which binds to DNA and orchestrates 
differential gene expression in response 
to the external stimulus (Figure 4A). The 
involvement of TCS in mediating bacterial 
virulence and activating resistance to van-
comycin has been reported.34 Recently, 
a mycobacterium-specific cyclic-di-GMP 
responsive TCS that controls transcrip-
tional modulation for sustenance during 
nutrient deprivation was also reported.35 
Thus, TCS function is important to gener-
ate appropriate bacterial response under 
stress. 

was utilized for enhanced PS uptake in 
bacteria to substantiate the therapeutic 
index of PDT.29 Small molecules harbour-
ing redox functionalities that can generate 
ROS to kill drug-resistant Mycobacterium 
tuberculosis have also been explored.30

Novel antibacterial targets
Besides the development of non-antibiotic 

approaches described above, several labs 
have focused on validating cellular pathways 
with pivotal roles in bacterial survival and vir-
ulence as novel antibacterial targets. Ideally, 
the chosen cellular pathway should be con-
served across bacterial species, but exhibit 
minimal eukaryotic homology to prevent 
toxicity to humans. Identifying new inhibitors 
to such essential pathways would expand 
the antibiotics toolbox to disarm pathogenic 
bacteria. Several essential cellular pathways 
have exhibited potential or are upcoming 
targets in the fight against antimicrobial 
resistance. In this review, we discuss a few 
representative examples related to proteins 
involved in cellular signal transduction path-
ways such as bacterial histidine kinases, 
GTPases, and bacterial protein transport 
and secretion systems with reference to their 
reported inhibitors.31–33

machinery to produce the next genera-
tion of phage progeny, leading to lysis of 
the bacterial cell. Many countries have 
extensively used phage therapies to treat 
infections caused by S. aureus, P. aerugi-
nosa and K. pneumoniae.21 Recently, ear-
ly-stage clinical trials in adults with cystic 
fibrosis who carry P. aeruginosa in their 
lungs have been initiated to evaluate the 
safety of phage therapy.28

Another novel approach is antibacterial 
photodynamic therapy (PDT) which relies 
on utilizing non-toxic photosensitizers, 
which upon exposure to light generate 
reactive oxygen species (ROS) such as 
superoxide, peroxide, and hydroxyl rad-
icals that act as deadly weapons to kill 
bacteria.22 Thus, PDT has broad-spectrum 
activity against a wide variety of pathogens 
to treat localized infections. The most 
frequently used photosensitizers (PS) in 
clinical applications include phenothiaz-
inium dyes, 5-aminolevulinic acid methyl 
ester, methylene blue etc. (Figure 3C).22 
There are prominent examples of the utili-
zation of PDT in clinical treatment of dental 
plaques, chronic leg ulcers, acne vulgaris. 
Further, nanoparticle-mediated delivery 

Figure 3. (A) A schematic depiction of combination therapy (CT) using three 
drugs. Colistin disrupts lipopolysaccharide (LPS) and outer membrane (OM), thus 
facilitating cellular uptake of penicillin (which binds to penicillin binding protein) and a 
β-lactamase inhibitor (BLI). (B) Schematic representation of bacteriophage life cycle 
and its use in phage therapy. Bacteriophage specifically infects bacteria to reproduce, 
and lyse the bacterial cell. (C) Schematic depiction of the principle behind antibiotic 
photodynamic therapy in which an excited photosensitive molecule reacts with 
molecular oxygen to produce reactive oxygen species (ROS) that induces bacterial 
cell damage resulting in eradication of the biofilm.
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of FtsZ-mediated Z-ring formation, 
thereby hampering bacterial cell divi-
sion.40 However, PC190723 was found 
to be metabolically unstable as it was 
susceptible to the action of cytochrome 
P450.41 To bypass this problem, a prod-
rug TXA709 which was a derivative of 
PC190723 was developed (Figure 4E) 
that displayed improved metabolic sta-
bility and pharmacokinetic properties. 
TXA709 is currently under clinical trials 
to treat multidrug-resistant S. aureus 
infections.41

Bacterial protein transport and 
secretion systems

The synthesis of proteins takes place 
primarily in the cytoplasm. However, a 
large fraction of these proteins must 
be delivered to various cellular des-
tinations, where they can carry out 
their designated function. Many bac-
terial pathogens also secrete proteins 
involved in promoting pathogenicity 
(e.g., streptolysin O from Streptococcus 
species) or in acquiring antibiotic 
resistance (e.g., β-lactamase in Gram-
negative bacteria).33 To transport these 
proteins from their site of origin (cyto-
plasm) to their destination (periplasmic 
space or plasma membrane), bacteria 
utilize dedicated protein transport path-
ways (Figure 5A). Thus, inhibiting these 
pathways will disrupt proper protein 
localization within bacterial cells, even-
tually killing them.42

As hydrophobic proteins might aggre-
gate or fold prematurely in the cytoplasm, 
their transport which begins at the ribo-
some during translation is referred to as 
co-translational transport. In bacteria, 
co-translational protein transport is car-
ried out by the GTPases of the Signal 
Recognition Particle (SRP) pathway, which 
bring ribosomes translating membrane 
and secretory proteins to the plasma 
membrane (Figure 5A).43 Bacterial SRP is 
a ribonucleoprotein complex composed of 
a non-coding RNA called SRP RNA (4.5S 
RNA in E. coli) and a protein called Ffh. 
The translating ribosome-SRP complex is 
brought to the SecYEG translocon by the 
interaction of SRP with its receptor (SR), 
in a process that requires GTP hydroly-
sis from both SRP and SR. Studies have 
shown that the SRP pathway is not only 
essential for bacterial cell survival, but 
is also important in the secretion of viru-
lence factors.44 Hence, the bacterial SRP 
pathway has been proposed as a potential 
antibacterial target. In a recent report, 
an antisense peptide nucleic acid (PNA) 
was reported to inhibit the interaction of 
E. coli SRP RNA with the Ffh protein.45 
This led to the inhibition of SRP-mediated 

and inorganic phosphate (Pi). Bacterial 
GTPases that control major cellular signal-
ling events including those involved in cell 
division, ribosome assembly, tRNA mod-
ification, protein synthesis and secretion 
are attractive antibacterial targets.32 Some 
inhibitors for GTPases involved during 
protein synthesis are currently in antibiotic 
use, e.g., fusidic acid.38 The appearance of 
resistance to fusidic acid took ~40 years, 
leading to the expectation that the devel-
opment of resistance to antibiotics against 
complex systems like GTPases will be 
slower than in the case of classic antibiotic 
targets.38

Efforts towards novel GTPase inhibitors 
have led to a potent inhibitor of the GTPase 
FtsZ, which has recently moved to clinical 
trials.39 FtsZ, which is essential for bacte-
rial cell division, functions by polymerizing 
itself in a GTP-dependent manner to pro-
vide a ring structure. The ring (called Z-ring) 
acts as a site of constriction for bacterial 
cell division to produce daughter cells 
(Figure 4C).39 The GTPase activity of FtsZ 
was potently inhibited by PC190723, which 
binds to an inter-domain cleft on S. aureus 
FtsZ monomer with nanomolar affinity 
(Figure 4D). This resulted in the disruption 

As histidine kinases are initiators of TCS 
function, they are viable antibacterial tar-
gets. Here, we discuss the example of 
QseC HK inhibition to reduce pathogenic-
ity in enterohemorrhagic Escherichia coli 
(EHEC), an infective agent of the human 
colon that activates virulent gene expres-
sion. Rasko et al. reported a small mole-
cule called LED209 that prevented QseC 
histidine kinase receptor phosphoryla-
tion leading to the inhibition of QseC-
mediated virulence gene expression in 
EHEC, including Salmonella typhimurium, 
and Francisella tularensis.36 Later, Curtis et 
al. showed that LED209 is a prodrug that 
gets cleaved in the bacterial environment 
to the active compound OM188 (Figure 
4B).37 The isothiocyanate moiety of OM188 
covalently modifies the lysine residues of 
QseC HK, thus impairing autophosphoryl-
ation. LED209, which has desirable phar-
macokinetic properties and was shown to 
be safe in rodents, is a promising clinical 
candidate for drug-resistant infections.36

Another family of viable antibacterial 
targets include the GTPases, which are 
hydrolase enzymes that bind to GTP 
and hydrolyze its γ-phosphate to pro-
duce guanosine diphosphate (GDP) 

Figure 4. (A) Schematic depiction of the function of two component system (TCS) in 
bacteria. Upon stimulation, membrane bound histidine kinase (HK) autophosphorylates 
and catalyzes the phosphorylation of a conserved Asp residue of the response regulator 
(RR). RR in turn binds to DNA to regulate differential gene expression in response to 
environmental cues. (B) The QseC histidine kinase inhibitor LED209 gets cleaved to the 
active compound OM188, while aniline is released as the side product. (C) Schematic 
representation of the functional role of the GTPase FtsZ in bacterial cell division, and its 
inhibition by PC190723. (D) Surface view of the crystal structure of S. aureus FtsZ (PDB: 
4DXD) showing binding of the inhibitor PC190723 at an interdomain cleft (IDC) (dotted 
circle), which is situated between the N and C-terminal domains separated by a H7-helix 
(lemon green). (E) Chemical structures of the FtsZ inhibitor PC190723 and its improved 
prodrug version TXA709 (modifications are highlighted in red).
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bacterial secretion systems would lead 
to attenuation of pathogenesis, without 
impacting bacterial survival, thus slow-
ing down the emergence of resistance. 
So far seven types of bacterial secretion 
systems (Type I-VII) have been identified 
based on their ability to secrete proteins 
across single, double, or triple phospho-
lipid membranes. Among them, Type (I-VI) 
are prevalent in Gram-negative bacteria 
whereas Type VII secretion system is found 
in Gram-positive bacteria.33 The Type III 
secretion system (T3SS) is an attractive 
drug target due to its importance in deliv-
ering effector proteins into the cytoplasm 
of the host eukaryotic cell across three 
membranes.23  Among the reported small 
molecules, salicylidene acylhydrazides 
effectively inhibited T3SS in Y. pseudotu-
berculosis and reduced its pathogenicity.49 
However, these molecules are reported 
to have multiple targets or act indirectly 
on T3SS by impairing bacterial physiol-
ogy.23 To specifically target T3SS, anti-

bodies against several tip proteins 
have been reported. An antibody 
MEDI3902 against the T3SS tip 
protein PcrV, was effective against 
P. aeruginosa and a wide range 
of clinical isolates and is currently 
under phase II clinical trials.50  These 
studies suggest that T3SS can be 
used for anti-virulent therapy. 

Conclusion
Antibiotic resistance in path-

ogenic bacteria is a relatively 
neglected global pandemic. The 
upsurge in the morbidity and mor-
tality rates among patients infected 
with pathogenic bacteria demands 
the development of effective anti-
biotics and new strategies that can 
eradicate or minimize antibiotic 
resistance. Drug repurposing and 
antibiotic combination therapies are 
quick and reliable, but in the long 
run, will result in cross-resistance 
and generate superbugs. Thus, 
non-antibiotic-based strategies 
such as phage therapy and photo-
dynamic therapy might be explored 
to circumvent antibiotic resistance 
problems. In addition, identifying 
and targeting either the molecular 
mechanisms of resistance or other 
essential biochemical pathways in 
bacteria will be important to tackle 
antimicrobial resistance. 

Acknowledgments
Work on antibiotic resistance in our 

laboratory is generously supported by 
Science and Engineering Research 
Board and IISER Bhopal.

delivery to the periplasm.46 As SecA is 
well-conserved among bacteria, is essen-
tial for bacterial viability, and is absent 
in eukaryotes, it is a promising antibac-
terial target.47 Among several reported 
inhibitors, SCA-107 was the most active 
allosteric inhibitor of SecA ATPase activity 
and showed antibacterial activity against 
several Gram-negative (e.g., E. coli, P. 
aeruginosa, and A. baumannii) and Gram-
positive (e.g., S. aureus) bacteria.47 In vivo 
studies have also shown that SCA-107 pro-
tects mice against lethal infection caused 
by S. aureus.47 These studies validate 
SecA as a promising antibacterial target. 

To evade the host immune system dur-
ing infection, bacterial cells use specific 
machineries to secrete effector proteins 
crucial for pathogenesis including toxins, 
anti-host factors, etc. into the host cell.33 
Although these systems are not essential 
for bacterial viability, they have an impact 
on virulence. Hence, the inactivation of 

GTP hydrolysis and E. coli cell growth in a 
dose-dependent manner, thereby validat-
ing bacterial SRP as a potential antibacte-
rial target.45

The post-translational transport of var-
ious periplasmic, membrane, and secre-
tory proteins in bacteria is mediated by the 
secretion (Sec) pathway after the termina-
tion of protein synthesis.33 Several Gram-
negative bacterial pathogens use the Sec 
pathway to transport virulence factors 
through the plasma membrane. The Sec 
pathway utilizes two protein components 
namely SecA and SecB that facilitate the 
translocation of synthesized proteins in 
their premature, unfolded state (Figure 5A). 
SecB binds to signal sequences on pres-
ecretory proteins, prevents their folding, 
and delivers them to SecA. The ATPase 
domain of SecA provides energy for pro-
tein translocation and guides the protein 
to the SecYEG translocation channel. The 
secreted proteins are then folded upon 

Figure 5. (A) The SRP pathway mediates co-translational transport of membrane and 
secretory proteins to the bacterial plasma membrane (left). SRP, which is a ribonucleoprotein 
complex (4.5S RNA and Ffh protein) recognizes the signal sequence (red) of the nascent 
proteins on translating ribosomes and delivers them to the plasma membrane with the help 
of its receptor SR. Antisense peptide nucleic acid (PNA) inhibits the formation of functional 
SRP by forming an RNA-PNA complex and disrupts the SRP pathway. The post-translational 
mode of protein transport is mediated by the Sec pathway which involves the ATPase 
SecA and the SecB chaperone (right). The small molecule SCA-107 inhibits the ATPase 
activity of SecA and prevents SecA mediated protein transport in bacteria. (B) A schematic 
illustration of Type 3 secretion system (T3SS) bearing the injectisome that invades the host 
cell by injecting effector proteins (e.g., toxins and anti-host factors) during host-pathogen 
interaction. Inhibition of T3SS with specific antibodies against different components of the 
T3SS injectisome inhibits secretion of effector proteins into host cells.



www.asiachem.news  March 2023  |  171

References:
(1)  Nathan, C.; Cars, O. Antibiotic Resistance — 

Problems, Progress, and Prospects. N. Engl. 
J. Med. 2014, 371 (19), 1761–1763.

(2)  Frieden T. Antibiotic Resistance Threats. 2013, 
22–50.

(3)  Kumarasamy, K. K.; Toleman, M. A.; Walsh, 
T. R.; Bagaria, J.; Butt, F.; Balakrishnan, R.; 
Chaudhary, U.; Doumith, M.; Giske, C. G.; 
Irfan, S.; et al. Emergence of a New Antibiotic 
Resistance Mechanism in India, Pakistan, 
and the UK: A Molecular, Biological, and 
Epidemiological Study. Lancet. Infect. Dis. 
2010, 10 (9), 597–602.

(4)  Dixit, A.; Kumar, N.; Kumar, S.; Trigun, V. 
Antimicrobial Resistance: Progress in the 
Decade since Emergence of New Delhi  
Metallo-β-Lactamase in India. Indian J. 
community Med.  Off. Publ. Indian Assoc.  
Prev. Soc. Med. 2019, 44 (1), 4–8.

(5)  GBD 2019 Antimicrobial Resistance 
Collaborators. Global Mortality Associated 
with 33 Bacterial Pathogens in 2019: A 
Systematic Analysis for the Global Burden 
of Disease Study 2019. Lancet (London, 
England) 2022, 400, 2221–2248.

(6)  Organization, W. H. The Evolving Threat 
of Antimicrobial Resistance : Options for 
Action. World Health Organization: Geneva 
PP  - Geneva.

(7)  Jim O’Neill. Tackling Drug-Resistante Infectios 
Globally: An Overview of Our Work. Rev. 
Antimicrob. Resist. 2016, February.

(8)  Gandra, S.; Mojica, N.; Klein, E. Y.; Ashok, A.; 
Nerurkar, V.; Kumari, M.; Ramesh, U.; Dey, 
S.; Vadwai, V.; Das, B. R.; et al. Trends in 
Antibiotic Resistance among Major Bacterial 
Pathogens Isolated from  Blood Cultures 
Tested at a Large Private Laboratory Network 
in India, 2008-2014. Int. J. Infect. Dis.  IJID  
Off. Publ.  Int. Soc. Infect. Dis. 2016, 50, 75–82.

(9)  Ansari, S.; Hays, J. P.; Kemp, A.; Okechukwu, 
R.; Murugaiyan, J.; Ekwanzala, M. D.; Ruiz 
Alvarez, M. J.; Paul-Satyaseela, M.; Iwu, C. 
D.; Balleste-Delpierre, C.; et al. The Potential 
Impact of the COVID-19 Pandemic on Global 
Antimicrobial and Biocide  Resistance: An 
AMR Insights Global Perspective. JAC-
antimicrobial Resist. 2021, 3 (2), dlab038.

(10)  Andrei, S.; Valeanu, L.; Chirvasuta, 
R.; Stefan, M.-G. New FDA Approved 
Antibacterial Drugs: 2015-2017. Discov. 
(Craiova, Rom. 2018, 6 (1), e81–e81.

(11)  Wright, G. D. Q&A: Antibiotic Resistance: 
Where Does It Come from and What Can We 
Do about It? BMC Biol. 2010, 8 (1), 123.

(12)  Darby, E. M.; Trampari, E.; Siasat, P.; Gaya, 
M. S.; Alav, I.; Webber, M. A.; Blair, J. M. 
A. Molecular Mechanisms of Antibiotic 
Resistance Revisited. Nat. Rev. Microbiol. 2022.

(13)  Bush, K. Antimicrobial Agents Targeting 
Bacterial Cell Walls and Cell Membranes. 
Rev. Sci. Tech. 2012, 31 (1), 43–56.

(14)  Arenz, S.; Wilson, D. N. Bacterial Protein 
Synthesis as a Target for Antibiotic Inhibition. 
Cold Spring Harb. Perspect. Med. 2016, 6 
(9), 1–14.

(15)  Doi, Y.; Arakawa, Y. 16S Ribosomal 
RNA Methylation: Emerging Resistance 
Mechanism against Aminoglycosides. Clin. 
Infect. Dis. 2007, 45 (1), 88–94.

(16)  Bhujbalrao, R.; Gavvala, K.; Singh, R. 
K.; Singh, J.; Boudier, C.; Chakrabarti, 
S.; Patwari, G. N.; Mély, Y.; Anand, R. 
Identification of Allosteric Hotspots 
Regulating the Ribosomal RNA Binding 
by Antibiotic Resistance-Conferring Erm 
Methyltransferases. J. Biol. Chem. 2022, 298 
(8), 102208.

(17)  Santos, J. A.; Lamers, M. H. Novel Antibiotics 
Targeting Bacterial Replicative DNA 
Polymerases. Antibiot. (Basel, Switzerland) 
2020, 9 (11), 776.

(18)  Kirsch, S. H.; Haeckl, F. P. J.; Müller, R. 
Beyond the Approved: Target Sites and 
Inhibitors of Bacterial RNA Polymerase from 
Bacteria and Fungi. Nat. Prod. Rep. 2022, 39 
(6), 1226–1263.

(19)  Hooper, D. C.; Jacoby, G. A. Mechanisms 
of Drug Resistance: Quinolone Resistance. 
Ann. N. Y. Acad. Sci. 2015, 1354 (1), 12–31.

(20)  Ghosh, C.; Sarkar, P.; Issa, R.; Haldar, J. 
Alternatives to Conventional Antibiotics in 
the Era of Antimicrobial Resistance. Trends 
Microbiol. 2019, 27 (4), 323–338.

(21)  Saha, D.; Mukherjee, R. Ameliorating the 
Antimicrobial Resistance Crisis: Phage 
Therapy. IUBMB Life 2019, 71 (7), 781–790.

(22)  Kawczyk-Krupka, A.; Pucelik, B.; 
Międzybrodzka, A.; Sieroń, A. R.; 
Dąbrowski, J. M. Photodynamic Therapy 
as an Alternative to Antibiotic Therapy 
for the Treatment of Infected Leg Ulcers. 
Photodiagnosis Photodyn. Ther. 2018, 23, 
132–143.

(23)  Fasciano, A. C.; Shaban, L.; Mecsas, J. 
Promises and Challenges of the Type 
Three Secretion System Injectisome as an  
Antivirulence Target. EcoSal Plus 2019, 8 (2).

(24)  Panjla, A.; Kaul, G.; Chopra, S.; Titz, A.; 
Verma, S. Short Peptides and Their Mimetics 
as Potent Antibacterial Agents and Antibiotic 
Adjuvants. ACS Chem. Biol. 2021, 16 (12), 
2731–2745.

(25)  Kaul, G.; Shukla, M.; Dasgupta, A.; Chopra, 
S. Update on Drug-Repurposing: Is It Useful 
for Tackling Antimicrobial Resistance? Future 
Microbiol. 2019, 14 (10), 829–831.

(26)  Tehrani, K. H. M. E.; Martin, N. I. β-Lactam/β-
Lactamase Inhibitor Combinations: An 
Update. Medchemcomm 2018, 9 (9), 1439–1456.

(27)  Anna, O.; Marcus, H.; Hissa, A.-F.; G., G. 
C.; Pernilla, L.; Thomas, T. Interactions of 
Polymyxin B in Combination with Aztreonam, 
Minocycline, Meropenem, and Rifampin 
against Escherichia Coli Producing NDM 
and OXA-48-Group Carbapenemases. 
Antimicrob. Agents Chemother. 2021, 65 (12), 
e01065-21.

(28)  Releases, N. NIH-Supported Clinical Trial of 
Phage Therapy for Cystic Fibrosis Begins. 
2022, 1–3.

(29)  Li, Y.; Zhang, W.; Niu, J.; Chen, Y. 
Mechanism of Photogenerated Reactive 
Oxygen Species and Correlation with the  
Antibacterial Properties of Engineered Metal-
Oxide Nanoparticles. ACS Nano 2012, 6 (6), 
5164–5173.

(30)  Kulkarni, A.; Sharma, A. K.; Chakrapani, 
H. Redox-Guided Small Molecule 
Antimycobacterials. IUBMB Life 2018, 70 (9), 
826–835.

(31)  Stock, J. Signal Transduction: Ggyrating 
Protein Kinases. Curr. Biol. 1999, 9 (10), 364–367.

(32)  Verstraeten, N.; Fauvart, M.; Versées, W.; 
Michiels, J. The Universally Conserved 
Prokaryotic GTPases. Microbiol. Mol. Biol. 
Rev. 2011, 75 (3), 507–542.

(33)  Green, E. R.; Mecsas, J. Bacterial Secretion 
Systems: An Overview. Microbiol. Spectr. 
2016, 4 (1), 10.1128/microbiolspec.VMBF-
0012–2015.

(34)  Bem, A. E.; Velikova, N.; Pellicer, M. T.; 
Baarlen, P. van; Marina, A.; Wells, J. M. 
Bacterial Histidine Kinases as Novel 
Antibacterial Drug Targets. ACS Chem. Biol. 
2015, 10 (1), 213–224.

(35)  Hariharan, V. N.; Yadav, R.; Thakur, C.; Singh, 
A.; Gopinathan, R.; Singh, D. P.; Sankhe, 
G.; Malhotra, V.; Chandra, N.; Bhatt, A.; et 
al. Cyclic Di-GMP Sensing Histidine Kinase 
PdtaS Controls Mycobacterial Adaptation to 
Carbon Sources. FASEB J. 2021, 35 (4), e21475.

(36)  Rasko, D. A.; Moreira, C. G.; Li, D. R.; 
Reading, N. C.; Ritchie, J. M.; Waldor, M. K.; 
Williams, N.; Taussig, R.; Wei, S.; Roth, M.; et 
al. Targeting QseC Signaling and Virulence 

for Antibiotic Development. Science 2008, 
321 (5892), 1078–1080.

(37)  Curtis, M. M.; Russell, R.; Moreira, C. G.; 
Adebesin, A. M.; Wang, C.; Williams, N. S.; 
Taussig, R.; Stewart, D.; Zimmern, P.; Lu, 
B.; et al. QseC Inhibitors as an Antivirulence 
Approach for Gram-Negative Pathogens. 
MBio 2014, 5 (6).

(38)  Fernandes, P. Fusidic Acid: A Bacterial 
Elongation Factor Inhibitor for the 
Oral Treatment of Acute and Chronic 
Staphylococcal Infections. Cold Spring Harb. 
Perspect. Med. 2016, 6 (1), 1–17.

(39)  Kusuma, K. D.; Payne, M.; Ung, A. T.; 
Bottomley, A. L.; Harry, E. J. FtsZ as an 
Antibacterial Target: Status and Guidelines 
for Progressing This Avenue. ACS Infect. Dis. 
2019, 5 (8), 1279–1294.

(40)  Tan, C. M.; Therien, A. G.; Lu, J.; Lee, S. 
H.; Caron, A.; Gill, C. J.; Lebeau-Jacob, C.; 
Benton-Perdomo, L.; Monteiro, J. M.; Pereira, 
P. M.; et al. Restoring Methicillin-Resistant 
Staphylococcus Aureus Susceptibility to 
β-Lactam  Antibiotics. Sci. Transl. Med. 2012, 
4 (126), 126ra35.

(41)  Kaul, M.; Mark, L.; Zhang, Y.; Parhi, A. 
K.; Lyu, Y. L.; Pawlak, J.; Saravolatz, S.; 
Saravolatz, L. D.; Weinstein, M. P.; LaVoie, 
E. J.; et al. TXA709, an FtsZ-Targeting 
Benzamide Prodrug with Improved 
Pharmacokinetics and Enhanced in Vivo 
Efficacy against Methicillin-Resistant 
Staphylococcus Aureus. Antimicrob. Agents 
Chemother. 2015, 59 (8), 4845–4855.

(42)  Van Puyenbroeck, V.; Vermeire, K. 
Inhibitors of Protein Translocation across 
Membranes of the Secretory Pathway: Novel 
Antimicrobial and Anticancer Agents. Cell. 
Mol. Life Sci. 2018, 75 (9), 1541–1558.

(43)  Saraogi, I.; Shan, S. Co-Translational Protein 
Targeting to the Bacterial Membrane. 
Biochim. Biophys. Acta 2014, 1843 (8), 1433–1441.

(44)  Rosch, J. W.; Vega, L. A.; Beyer, J. M.; Lin, 
A.; Caparon, M. G. The Signal Recognition 
Particle Pathway Is Required for Virulence 
in Streptococcus Pyogenes. Infect. Immun. 
2008, 76 (6), 2612–2619.

(45)  Ghosh, S.; Saini, S.; Saraogi, I. Peptide 
Nucleic Acid Mediated Inhibition of the 
Bacterial Signal Recognition  Particle. Chem. 
Commun. (Camb). 2018, 54 (59), 8257–8260.

(46)  Tsirigotaki, A.; De Geyter, J.; Šoštaric ,́ N.; 
Economou, A.; Karamanou, S. Protein Export 
through the Bacterial Sec Pathway. Nat. Rev. 
Microbiol. 2017, 15 (1), 21–36.

(47)  Jin, J.; Hsieh, Y. H.; Chaudhary, A. S.; Cui, J.; 
Houghton, J. E.; Sui, S. F.; Wang, B.; Tai, P. 
C. SecA Inhibitors as Potential Antimicrobial 
Agents: Differential Actions on SecA-Only 
and SecA-SecYEG Protein-Conducting 
Channels. FEMS Microbiol. Lett. 2018, 365 
(15), 1–10.

(48)  Chatterjee, S.; Chaudhury, S.; McShan, A. 
C.; Kaur, K.; De Guzman, R. N. Structure and 
Biophysics of Type III Secretion in Bacteria. 
Biochemistry 2013, 52 (15), 2508–2517.

(49)  Kauppi, A. M.; Nordfelth, R.; Uvell, H.; Wolf-
Watz, H.; Elofsson, M. Targeting Bacterial 
Virulence: Inhibitors of Type III Secretion in 
Yersinia. Chem. Biol. 2003, 10 (3), 241–249.

(50)  Chastre, J.; François, B.; Bourgeois, 
M.; Komnos, A.; Ferrer, R.; Rahav, G.; 
De Schryver, N.; Lepape, A.; Koksal, I.; 
Luyt, C.-E.; et al. Safety, Efficacy, and 
Pharmacokinetics of Gremubamab 
(MEDI3902), an Anti-Pseudomonas 
Aeruginosa Bispecific Human Monoclonal 
Antibody, in P. Aeruginosa-Colonised, 
Mechanically Ventilated Intensive Care Unit 
Patients: A Randomised Controlled Trial. Crit. 
Care 2022, 26 (1), 355


