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To design more efficient treatments against bacterial infections, detailed knowledge about the bacterial response to
the commonly used antibiotics is required. Proteomics is a well-suited and powerful tool to study molecular
response to antimicrobial compounds. Bacterial response profiling from system-level investigations could increase
our understanding of bacterial adaptation, the mechanisms behind antibiotic resistance and tolerance

development.

proteomics peptides antibiotics resistance persisters bacteria

| 1. Introduction

Antimicrobial resistance (AMR) is naturally acquired in microorganisms including bacteria, viruses, fungi, and
parasites through mutation or uptake of genetic material. Today AMR is one of the main global health threats. The
most urgent problem is AMR in bacteria, and over the years it has been observed that bacteria have developed
resistance to every single antibiotic that has come to the market . Due to the misuse of antibiotics, the
development and transfer of resistance mechanisms has given rise to multi-drug resistant (MDR) bacteria. In
parallel with the antibiotic resistance development, microbial biofilms provide a great platform for an even higher
frequency of mutation, thus introducing a greater opportunity for resistance to accumulate and spread 2. As victims
of their success, despite the number of studies that demonstrate the effectiveness of antibiotics, much knowledge

on the impact of antibiotics on the overall biological network in bacteria on a system-level is lacking

2. The Role of Proteomic Analysis in Generating New Insight
about The Mechanism of Action of Antibiotics and Antibiotic
Resistance

With the emergence of antibiotic resistance genes among pathogenic bacteria, proteomic analyses are pivotal in
the assessment of the dynamic changes of whole protein expression on a system level. When studying the
proteome of pathogenic bacteria there is a high interest to obtain a quantitative view of the differentially expressed
proteins in different treatment conditions. Using targeted proteomics one can monitor resistance development and
behavior and understand the role of cellular processes when pathogenic bacteria are challenged with antibiotics. In
this section, several classes of antibiotics, their mode of action, and studies that report on using proteomic
approaches to further explore the bacterial response to these antibiotics will be reviewed. A summary of

mechanism of antibiotic resistance is presented in Figure 1.
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Figure 1. Overview of the common antibiotic resistance mechanism in bacteria. Molecular mechanisms of
antibiotic resistance that includes target modification, drug inactivation, decreased affinity to lipopolysaccharides

(LPS) and penicillin binding protein (PBP), and expression of porins and efflux pumps are shown.

2.1. Cell Wall Synthesis Inhibitors

Cell wall synthesis inhibitors are a class of antibiotics with the widest use, with Penicillin class (e.g., penicillin G,
ampicillin, and oxacillin) being the best known and oldest precursor. Cephalosporins, Cephamycins, Monobactams,
and Carbapenems (e.g., meropenem) comprise some of the derivative sub-classes all sharing a B-lactam ring
(Figure 2) as a common structural feature B, The primary mode of action of this class of antibiotics is inhibition of
bacterial cell wall synthesis through binding to an active serine site of penicillin-binding proteins and rendering the
enzymes inactive @l (Figure 1). Several different penicillin-binding proteins can be simultaneously targeted in a
single organism affecting different cellular functions 1. In this way, the enzymes are prevented from catalyzing both

the synthesis and cross-linking of peptidoglycan which is essential to achieve a rigid structure. The major lethal
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consequence is a loss of cell wall integrity and cell death due to osmotic imbalance and/or digestion of the existing
cell wall by peptidoglycan hydrolases €. However, except for the enzymes that are bound by the antibiotic, more
complexes involved in peptidoglycan synthesis are also indirectly affected. This is because of the gradual shortage
of peptidoglycan precursors, which makes the cell unable to keep up with the required peptidoglycan synthesis

pace to preserve a rigid and efficiently protective wall structure [,
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Figure 2. Chemical structure of conserved ring structure in B-lactam antibiotics and side-chain functionalities (R4
and R») of three B-lactam antibiotics, ampicillin, oxacillin, and meropenem. Dashed lines represent the connecting

bonds to the pB-lactam ring (red).

Studies on the bacterial response to ampicillin have been done in E. coli. Exposure to sub-MIC of ampicillin
together with tetracycline has been used to characterize and compare outer membrane proteome changes in E.
coli K12 strain &, With eight protein being differentially regulated over ampicillin exposure, ampicillin induced the
upregulation of porins OmpC, OmpW, and Tsx, the efflux pump subunit TolC, the usher protein FimD, the Omp
assembly factor BamD and the hypothetical lipoprotein YfiO. In this study decreased expression was observed only
for the outer membrane protein BamC . In addition, specific protein compounds were associated with outer
membrane vesicles-related (-lactam resistance and were also able to confer resistance to susceptible strains in a
dose-dependent manner. These proteins included OmpC, OmpF, OmpW, Tolc, and Bcll. Proteins linked to
resistance to different antimicrobial agents (both antibiotics and peptides) were also identified. The suggested
resistance mechanism was that the antibiotic could be transferred at a high rate through the overexpressed porins
to the lumen of the outer membrane vesicles and get hydrolyzed by 3 -lactamase enzyme (Figure 1) before being
able to act on the cell wall . Mass spectrometry analysis and the Sequential window acquisition of all theoretical
mass spectra (SWATH) methods were used to compare the adaptive changes between three different,
ciprofloxacin-resistant, carbapenemase-producing Enterobacteriaceae (CPE) strains under meropenem and
ciprofloxacin stress. Each antibiotic had caused different proteome alterations and the difference in protein
expression has been reported to be more intense in the meropenem-treated cells. Overexpression of the histone-

like protein HU, the GroEL/GroES chaperone complex, and the nucleotide exchanging factor Grpe was observed in
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all carbapenemase-producing strains with the most striking difference in those producing New Delhi metallo-f3 -
lactamase, indicating that DNA and protein stability could be the main factors to be enhanced to increase bacterial
fitness. On the contrary, ciprofloxacin only seemed to affect the levels of the outer membrane protein OmpA 19,
Multidrug-resistant sequence type 131 strains have also been targeted through proteomics, in extended-spectrum
B lactamase (ESBL)-producing E. coli strains. Five proteins in total were identified and connected to this resistance
phenotype, including YahO, YjbJ, YnfD, HdeA, and soluble cytochrome b562, all having an amino acid replaced
which was specific for the ST131 sequence type. Through bioinformatics, it was also possible to provide a
prediction on how these proteins might interact to contribute to spreading and maintaining the infection in the
human intestinal tract. It was suggested that some of the proteins enhance tolerance of the bacteria to gastric acid
and some of them prolong the infection through biofilm formation in the intestinal tract 11, Proteins involved in
protein biosynthesis and regulation have also been quantified as the most abundant in clinical strains of E. coli
(C538 and C580), producing PB-lactamases CMY-2 and TEM-52 12 |n addition, the MRSA and Methicillin-
susceptible S. aureus (MSSA) response to oxacillin, another B-lactam antibiotic, has been investigated using label-
free quantitative proteomic strategy. In this study, commonly and differentially expressed proteins had been

identified offering complete overview of the antibiotic response in resistant and susceptible bacterial strains 12!,

2.2. Inhibitors of Protein Translation

2.2.1. Aminoglycosides

Aminoglycosides, along with tetracyclines and macrolides, are inhibitors of protein translation and represent
(Figure 3) a class of antibiotics with a broad activity spectrum that are being used to target infections from both
Gram-negative and Gram-positive bacteria, but most commonly those caused by Enterobacteria, such as E. coli
(141 Aminoglycosides exert their activity by inserting themselves into the bacterial cell. This process consists of
three consecutive phases 2. Initially, because of their polycationic nature, aminoglycosides bind through
electrostatic interactions to the negatively charged portions of the bacterial membranes 18, The main bacterial
components involved in this interaction are phospholipids and lipopolysaccharides, and teichoic acids in Gram-
negative and Gram-positive bacteria, respectively 17, Displacement of divalent cations is facilitating this interaction
with the outer membrane leading to its destabilization. The increased permeability of the membrane facilitates a
self-promoted uptake of the antibiotic agents into the periplasmic space 18, During the 2nd phase, insertion into
the cytoplasm is achieved through an energy-dependent manner, that takes advantage of the electron transport
chain and membrane potential difference, enabling the insertion of only a few molecules 19, Interaction of
aminoglycosides with specific nucleotides of the 16S bacterial ribosomal RNA creates a barrier to protein synthesis
(20 The outcome is either halting translation or triggering production of mistranslated proteins that can further
enhance the drug uptake into the cell by creating membrane pores. The last stage involves higher accumulation
levels of the antibiotic in the cell, and hence, a faster pace of translation inhibition as well as mistranslation,
explaining the fast and concentration-dependent bacterial killing observed in this particular antibiotic class 24,
Tobramycin, isolated from S. tenebrarius, is a widely used aminoglycoside antibiotic in the clinics and since its first
introduction in 1976 (241, Although the overall class has no strong activity against P. aeruginosa, tobramycin was the

most potent agent against it, following amikacin 22, It has been extensively used alone or in combination with other
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antibiotics, for treating lung infections in cystic fibrosis patients 23!, Tobramycin, as most aminoglycosides, is a fast-
acting bactericidal agent and its action is highly affected by its concentration (22l Although it has been poorly
studied, there is evidence that tobramycin acts through multiple mechanisms. Pharmacodynamic model proposing
a dual mechanism of tobramycin against P. aeruginosa with two killing modes: a delayed mode accounting for the
effect on protein synthesis (requiring lower concentration) and a more rapid mode corresponding to membrane
disruption (requiring higher dosage) has been suggested 24, Finally, the interaction of tobramycin with the outer

membrane can facilitate the entry of additional antibiotics when used in combination with, e.g., B-lactams 22!,

Figure 3. The chemical structures of three aminoglycoside compound. r tobramycin, kanamycin, and gentamicin

are shown. All three compounds chare similar ring number 1 indicated across the structures.

LC-MS analysis has further been employed to address the hypothesis that tobramycin could facilitate the
eradication of P. aeruginosa infections in cystic fibrosis, through decreasing levels of virulence determinants in
secreted outer membrane vesicles. Total proteome analysis of these vesicles revealed 757 proteins, with 66 core
proteins also detected in four earlier proteomic studies (281271281291 and 120 proteins were conserved in four P.
aeruginosa strains, including two CF clinical ones. Many of the conserved proteins are associated with resistance
and virulence, such as efflux pump elements MexA and MexB. After exposure to tobramycin, 165 proteins were

downregulated and 17 were up-regulated in the isolated outer membrane vesicles. One of the proteins that were
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significantly decreased was the virulence factor AprA. This factor is a protease, assumed to indirectly promote
dehydration of the airways by inhibiting the secretion of Phe508del-CFTR-CI" by the epithelial cells of the host and
as a result, the clearance of the infection becomes more challenging. The addition of tobramycin- exposed and
mutant AaprA outer membrane vesicles to bronchial epithelial cells from cystic fibrosis patients led to a decrease in
the inhibitory effect of P. aeruginosa on Phe508del-CFTR-CI- secretion. Finally, significantly lower expression levels
were also reported for the virulence factors AIpA/D/E, after tobramycin treatment. All the findings together suggest
that tobramycin could improve lung function in cystic fibrosis patients 2. Adaptive resistance of P. aeruginosa to
tobramycin under planktonic conditions has also been investigated through proteomics analysis B, The study
focused on the evaluation of any proteome changes both, after treatment with a range of sub-MIC concentrations
and over a time-course exposure using a fixed tobramycin concentration. Different protein alterations appeared to
be clustering together in either higher or lower concentrations. Higher antibiotic dosages induced upregulation of
heat shock proteins and proteases, while overexpression of proteins involved in amino acid metabolic/catabolic
pathways was observed in treatment using lower drug concentrations. The lowest tobramycin concentration and
the highest exposure time induced the wider range of proteome changes among all tested conditions. The most
highly up-regulated protein was a heat shock protein (IbpA) that was found to assist cells to resist the effects of the
antibiotic by acting together with other proteases, heat shock, and chaperone proteins 211, In other studies, several
proteins of outer membrane vesicles were identified to have a system-level role in antibiotic resistance to other
types of aminoglycosides, such as streptomycin B2 and gentamicin [22l. Resistance to Kanamycin, which is another
aminoglycoside (Figure 3), through outer membrane proteome modification profiling, was also investigated through
mass spectrometry and Western blot. Here, an increase in the levels of TolC, Tsx, and OstA and a decrease in
OmpA, FadL OmpW, and MipA, was observed leading the authors to suggest that MipA was a new protein linked
to aminoglycoside resistance [B4l. Targeted proteomic approaches were employed to study protein pattern
alterations that accompany interaction between the two-component system elements CpxA and ArcA in E. coli
MG1655 cells when challenged with gentamicin. Here, differentially expressed proteins in wild type and cpxAR
mutant strain have been identified including proteins related to metabolism (FruA, FruK, and IIbB) and in stress
response (IbpB, IbpA, RpoH, YgiQ, YceA, YncD, YrbL, and DeaD) 33,

2.2.2. Macrolides

There have been three generations of macrolides developed since 1952. The first generation consists of natural
components, while the later generations are semi-synthetic and have a wide activity spectrum 8. The main
structural characteristic of this class is a 12—16-member lactone ring with one or more sugars attached (Figure 4).
For years, the main mode of action was suggested to be inhibition of protein synthesis merely through association
with the 50S ribosomal subunit and obstructing the nascent peptide exit tunnel BZ. Although the precise mode of
action remains unclear, several studies over the years have provided insight into new aspects of macrolides’
impact on protein translation. It is now known that macrolides, instead of inducing complete protein synthesis
suppression, interfere with specific protein motifs and therefore selectively block peptide elongation 28, Macrolides
can have both bacteriostatic and bactericidal activity 2. It has been also suggested that the major amino acid
sequence responsible for inhibiting translation is Lys/Arg-X-Lys/Arg where both the positive charge and side chains

play a role in this process 49,
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Azithromycin Erythromycin

Figure 4. The chemical structure of two antibiotics, azithromycin, and erythromycin that belong to the macrolide

class are shown. Conserved ring structures of sugars 1 and 2 (red) and varied lactone ring are shown.

Furthermore, it is hypothesized that besides the recognized sequence mentioned above, there are additional
protein fragments, depending on each protein’s sequence, that could modify the peptide’s route in the nascent
peptide exit tunnel NAPT and result in decreased efficiency of the antibiotic’s function or differential response to
different macrolides [41. One of the most common resistance mechanisms against macrolides, characterized in S.
aureus 42 S, pneumoniae 43, and E. coli 44l is mediated through methylation of the 23S ribosomal domain by
methyltransferases encoded by the erythromycin (Figure 3) ribosome methylase gene (erm). The madification
leads to a decrease of the affinity between the binding target and the antibiotic, inhibiting their interaction 42!
(Figure 1). Active efflux is another way to cope with macrolide-pressure mediated by mefA/E (M-type resistance)
and msrD genes in S. pneumoniae 481 and S. pyogenes 4. Macrolide active efflux has also been characterized in
Enterobacteriaceae 48, as well as macrolide-inactivation by phosphorylases and esterases, encoded by ereA/B
and mphA/B genes, respectively 44, The development of resistance in E. coli populations after exposure to
sublethal concentrations of erythromycin has been characterized by MALDI-TOF MS and protein radiolabeling.
Different exposure times (43, 68, and 103 h) to the antibiotic appeared to lead to the development of different
proteome profiles. The proteins that were down-regulated after the shortest exposure time frame were in contrary,
up-regulated following the longest treatment. This finding was accompanied by a shift in the subcellular
compartment of the up-regulated proteins from the cytoplasm to the outer/inner bacterial membrane. The result of
the longest exposure was elevated expression levels in proteins linked to lipid, amino acid, carbohydrate, and

polyamine metabolism together with the porin OmpC 32!,

2.3. Inhibitors of DNA Synthesis

With the discovery of nalidixic acid in 1962, quinolone development has substantially increased and several
antibiotics that share similar structural properties (Figure 5) have been developed since 4. Fluoroquinolones are
especially actively used in the treatment of bacterial infections due to their excellent activity against a wide range of
Gram-negative and Gram-positive bacteria. Ciprofloxacin belongs to the broader class of quinolones and is

primarily used to address infections caused by Gram-negative bacteria 2. Among the group of fluoroquinolones,

https://encyclopedia.pub/entry/1898 7/14



Proteomics for Studying Antibiotic Action | Encyclopedia.pub

ciprofloxacin has been the most effective agent against P. aeruginosa B, This antibiotic acts by binding to DNA
gyrase and IV topoisomerase in Gram-negative and Gram-positive bacteria, respectively, and inhibiting DNA
replication B2, This is achieved by stabilization of the DNA-gyrase complex during replication via interaction with
the 3-oxo-4-carboxylic acid core (Figure 2) of the antibiotic 3. The interaction with the DNA is additionally
facilitated through the formation of Mg?* bridges 24, The association of the complex with ciprofloxacin results in the
broken DNA strands being trapped inside the complex and unable to religate. As a consequence, RNA polymerase
is additionally blocked, DNA synthesis is halted, and the bacteria die releasing cleaved DNA fragments 2. A
secondary mechanism that contributes to the bactericidal activity of ciprofloxacin is the induction of reactive oxygen
species 28l Ciprofloxacin resistance development has been studied in P. aeruginosa. Although genetic mutations
were partly responsible for the adaptive resistance progression, proteomic analysis revealed increased
phosphorylation levels of two enzymes, succinate-semialdehyde dehydrogenase (SSADH), and methylmalonate-
semialdehyde dehydrogenase (MMSADH). It was hypothesized that these proteins could play a role in ATP
production as a supportive mechanism to the efflux pumps. In addition, they could trigger higher nicotinamide
adenine dinucleotide phosphate dehydrogenase (NADPH) production to combat the accumulation of hydroxyl

radicals induced by ciprofloxacin &7,

Figure 5. Chemical structures of three clinically used quinolone antibiotics is shown.

Adaptation to ciprofloxacin exposure has also been studied in biofilm cells. Here, the outer membrane proteome
modifications in P. aeruginosa biofilms have been identified, after treatment with benzalkonium chloride and
ciprofloxacin over 12 consecutive days 28, Overall, only moderate modifications were reported and the expression
levels of the chaperon protein GroEL, the putative tail sheath protein, and the major capsid protein were
downregulated in both conditions. Since GroEL would be expected to enhance the flexibility of the bacterium to
adapt to the antibiotic stress the opposite results would be anticipated. Regarding the other two proteins, although
their precise function is not known it was hypothesized that they might indicate membrane degradation. Finally,
ciprofloxacin induced higher levels of the probable bacteriophage protein, which is in agreement with the higher
activation rates of bacteriophage genes in biofilms and could be linked to the diverse phenotypes found in a biofilm
58] Another study looked at different mechanisms involved in a transition from low to high ciprofloxacin resistance
through drug pre-exposure in Pseudomonas. The main physiological pathways in each type of resistance were
determined using total proteomic analysis of four resistant mutants. Different regulatory pathways were involved in
each of the lower resistance levels. Anaerobic respiration was adopted by the mutant with the lowest resistance
and the arginine, arginine dehydrogenase, and urease pathways were up-regulated. Slightly higher resistance
involved upregulation of proteins having a role in nutrient uptake, such as iron polyamine and amino acids, as well
as protein translation. Regarding the mutants demonstrating the highest resistance, the MexCD-oprJ efflux pump
had the highest expression levels while proteins involved in quorum sensing were the most downregulated 2. The
later serves as good supporting evidence on many studies that associate efflux pumps as a resistance mechanism
to ciprofloxacin 2. Mass spectrometry experiments confirmed that the intracellular drug concentration was
unchanged between wild type cells and low resistant mutants, indicating that the differential regulation of the

above-mentioned pathways could be mainly responsible for the resistance B2, Proteomics has also been applied
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to selectively analyze subpopulations of P. aeruginosa biofilms that are tolerant to ciprofloxacin. The results
showed that the immediate proteome response of antibiotic tolerant subpopulation of P. aeruginosa is
characterized by flagellar motility, whereas the adaptive proteome response included upregulation of synthesis of
purine molecules related to DNA damage response B2, Ofloxacin, similar in structure to ciprofloxacin (Figure 2) is
a second-line drug used for the treatment of multidrug-resistant tuberculosis (MDR-TB). It has the same target as
ciprofloxacin which is DNA gyrase and therefore gyrA and gyrB are often targets for drug resistance. The proteomic
analysis shows that there is an increased expression of 14 differentially expressed proteins in TB isolates that carry
natural ofloxacin resistance and induced resistance when compared to the isolates susceptible to the drug. Follow
up studies on the role of the identified proteins further revealed that few hypothetical proteins might be interfering

with the ofloxacin activity by neutralizing the effect of DNA replication, transcription, repair, and recombination 621,
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