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Abstract

Streptococcus pneumoniae is an opportunistic respiratory human pathogen that poses a continuing 

threat to human health. Natural competence for genetic transformation in S. pneumoniae plays an 

important role in aiding pathogenicity and it is the best-characterized feature to acquire 

antimicrobial resistance genes by a frequent process of recombination. In S. pneumoniae, 

competence, along with virulence factor production, is controlled by a cell-density communication 

mechanism termed the competence regulon. In this review, we present the recent advances in the 

development of alternative methods to attenuate the pathogenicity of S. pneumoniae by targeting 

the various stages of the non-essential competence regulon communication system. We mainly 

focus on new developments related to competitively intercepting the competence regulon signaling 

through the introduction of promising dominant-negative Competence Stimulating Peptide 

(dnCSP) scaffolds. We also discuss recent reports on antibiotics that can block CSP export by 

disturbing the proton motive force (PMF) across the membrane and various ways to control the 

pneumococcal pathogenicity by activating the counter signaling circuit and targeting the 

pneumococcal proteome.
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1. Introduction:

Bacteria live in diverse communities, and the exchange of genetic material and crosstalk 

among the different species in a community allow the individual species to evolve rapidly, 

resulting in antibiotic resistance development and robust pathogenic behaviors. Natural 

competence and virulence are two significant factors that contribute, directly or indirectly, to 

bacterial pathogenicity and associated infectious diseases in humans.1,2 The healthcare 

community is continuously working to fight these diseases through the development of 

ytalgan@unr.edu. 

Data Availability:
Data sharing not applicable – no new data generated.

Conflict of Interest:
There are no conflicts to declare.

HHS Public Access
Author manuscript
Pept Sci (Hoboken). Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
Pept Sci (Hoboken). 2021 July ; 113(4): . doi:10.1002/pep2.24222.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibiotics and vaccines. Bacterial pathogens are extensively treated with antibiotics that act 

upon several bacterial targets, namely bacterial cell wall biosynthesis and molecular 

mechanisms responsible for cellular proliferation.3 However, a major concern is that the 

excessive dose and unprescribed usage of antibiotics causes the rise of resistant bacteria, and 

most new antibiotics produced nowadays are derivatives of existing antibiotics, to which 

bacteria can rapidly develop resistance.4–6 As a result of the increasing numbers of 

antimicrobial resistant pathogens, fighting pathogenic micro-organisms has become 

increasingly difficult, and the diseases that were once easily treatable are becoming deadly 

again. This has brought the world to a scenario of a continuing arms race between continued 

antibiotic development by humans and the emergence of resistance mechanisms by bacteria.
7

Streptococcus pneumoniae (pneumococcus) is a commensal organism of the human 

nasopharyngeal track, and known opportunistic respiratory pathogen associated with several 

diseases such as bacteremia, meningitis, and pneumonia in immune compromised human 

hosts.8–10 Over the past four decades, S. pneumoniae has become a severe threat to humans, 

with annual infections numbering over 1 million people in the United States alone.11 

Antibiotic resistance (AMR) in S. pneumoniae is directly associated with pneumococcus 

genetic plasticity, as it acquires genetic material from the environment through 

transformation.12–16 The evolutionary lineage of mitis group of streptococci suggests that 

the cluster of S. pneumoniae/S. mitis/S. pseudopneumoniae evolved together more rapidly 

because of their co-colonization in the oral cavity and upper respiratory tracts, leaving them 

exposed to a favorable environment for genetic exchange.17–20 During this parallel 

evolution, S. pneumoniae acts as a recipient of virulence properties and AMR genes with a 

high frequency of genetic transformation along with uptake of DNA from cross-species and 

cell milieu.21,22 This phenomenon has resulted in the development of resistance to several 

antibiotics including β‐lactams, macrolides, penicillin, and quinolones.15,23,24 As 

pneumococcal infections developed resistance to several antibiotics, in 2000, a vaccine was 

developed based on widely observed surface antigens of pneumococci with a seven-valent 

pneumococcal conjugate vaccine (PCV7).25 Within a decade, non-PCV7 pneumococci 

serotypes emerged, and these bacteria were found to harbor resistance genes by a frequent 

process of recombination. In 2010, 6 more serotypes were added to the vaccine, this new 

combination was administered as PCV13 to protect against pneumococcal infections.26 An 

additional vaccine is the pneumococcal polysaccharide vaccine (PPSV23), which possesses 

23 serotypes and is typically only used on at-risk subjects for pneumococcal disease.26–28 

Such rapid accumulation of multi-drug resistance by S. pneumoniae draws more attention to 

addressing bacterial pathogenicity using alternative approaches. Current rational drug design 

and development mostly targets essential pathways of pathogenic bacteria, and the constant 

emergence of resistance is one of the major global health care crises in the 21st century. 

Thus, there is an urgent need for new strategies to target essential pathways of bacterial 

survival or targeting non-essential pathways to tackle pneumococcal infections. In S. 
pneumoniae, quorum sensing (QS), horizontal gene transfer (HGT), and virulence factor 

production are the major mechanisms for the development of AMR and pathogenicity, and 

these pathways could act as potential targets to control pneumococcus infections. This 

review highlights recent reports on alternative methods to inhibit the pathogenicity of S. 
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pneumoniae by targeting the various stages of the non-essential competence regulon 

communication system.

2. Competence vs Virulence in S. pneumoniae:

Competence is defined as the ability of bacteria to take up genetic information from the 

environment through HGT. Competent bacteria are then able to integrate this new DNA into 

their own genome, making modifications to their phenotypes.29,30 Natural genetic 

transformation in S. pneumoniae was first observed in vivo by Frederick Griffith31 and in 
vitro by Dawson and Sia.,32 who stated that HGT is the reason for the widespread genomic 

diversity among S. pneumoniae and for its ability to attain antibiotic resistance. In S. 
pneumoniae, competence is regulated by a two-component regulatory system (TCS), which 

is part of the competence regulon QS circuitry.33 Competence and virulence are 

synchronized phenotypes in pneumococcus; however, it is not clearly understood how these 

two behaviors are interconnected. The currently acceptable mechanism, proposed by Guiral 

et al., states that three major cell-wall hydrolases, namely LytA, LytC, and CbpD, along with 

a two-peptide bacteriocin (CibAB), are involved in the killing of non-competent cells 

through a process, which they termed as “allolysis”, but is also known as fratricide.34–36 

Allolysis favors three significant processes: 1) genetic exchange by DNA release and uptake 

by competent cells; 2) release of the virulence factor Pneumolysin (Ply) to attack host cell 

tissue; and 3) benefit from nutrients released by non-competent cells.

Several key players in the development of pneumococcal pathogenicity are surface-exposed 

components that are also considered virulence factors, including the serotype specific 

capsule polysaccharide, cell wall polysaccharide, choline-binding proteins, lipoproteins, 

LPXTG cell wall bound proteins, Ply, autolysin, and Immunoglobulin A1 (IgA1) protease.
37,38 A successful pneumococcal invasion begins with a host-pathogen interaction, where 

pneumococcal virulence factors act by attaching to the host cell surface receptors and 

allowing for immune evasion by interfering with the host immune system, followed by 

infection establishment in the host.39 Furthermore, the competence regulon is proposed to be 

involved in biofilm formation, providing pathogenic reservoirs with reduced susceptibility to 

antimicrobial agents.40,41 Pneumococcal biofilms are highly resistant to antimicrobials, 

possessing increased tolerance to environmental changes, and are capable of evolving 

genetic diversity over short-time scales by upregulating competence genes in co-colonized 

pneumococcal strains.42 Biofilms play a critical role in pneumococcal survival and 

adaptation to the host environment during colonization of the nasopharynx.41 Moreover, the 

extracellular matrix of polysaccharides offers protection and is involved in enhancing S. 
pneumoniae virulence. In a recent study by Aggarwal et al. the authors identified a novel 

colonizing factor, BriC (Biofilm regulating peptide induced by Competence), which is 

regulated by the response regulator of the competence regulon, ComE, and is hypothesized 

to be a molecular link between pneumococcal competence, biofilm development, and 

colonization.43,44
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3. Components of the Pneumococcal Competence Regulon QS Circuit:

Pneumococcus produces, secretes and detects a peptide pheromone called competence 

stimulating peptide (CSP) to assess its cell density and turn on the competence regulon QS 

circuitry.45 The pneumococcal competence regulon QS circuit was shown to be involved in 

competence as well as in pathogenic behaviors, such as virulence factor production, 

allolysis, and biofilm formation.34,40,41,46,47 The pro-CSP, encoded by comC, is cleaved into 

the mature 17-residue CSP45 and exported out of the cell by a proteolytic ATP binding 

cassette (ABC) transporter, ComAB (Figure 1).48 Upon reaching to a threshold 

concentration, CSP binds and activates its cognate transmembrane histidine kinase receptor, 

ComD. Activated ComD phosphorylates the response regulator, ComE, which triggers the 

autoinduction of comAB and comCDE genes. ComE also initiates the transcription of 24 

early genes along with comX.49 The alternative sigma factor (σX) ComX is involved in the 

expression of 80 late genes, including DNA uptake, transformation and virulence factor 

production (Figure 1).12,50,51 The majority of S. pneumoniae strains (>90%) produces one of 

two types of pheromones termed, CSP1 and CSP2, with similar abundance of the two 

signals across pneumococcal strains. These pheromones share 50% sequence similarity,52 

allowing them to confer receptor specificity by activating their respective cognate receptors, 

ComD1 and ComD2, while requiring a significantly higher signal concentration to 

effectively activate their non-cognate receptor.53,54 Deletion analysis of comA, comB, 
comD, comE and comX was found to impair competence induction and reduce the severity 

of pneumococcal infections.14,19,34,55–57 Thus, this QS circuit can be a prime target for the 

attenuation of pneumococcal pathogenicity and infections.

3.1 Peptide Based Therapeutic Strategies Targeting the Pneumococcal Competence QS 
Circuit

3.1.1 Development of QS Modulators Against ComD1—The S. pneumoniae D39 

strain regulates the competence QS circuit via CSP1 (group 1).45 The CSP1 sequence can be 

divided into three regions: N-terminal region (E1-R3), central region (L4-L13), and C-

terminal region (Q14-K17) (Figure 2). Initial structure-activity relationship (SAR) studies of 

CSP1 by Gee Lau and his co-workers demonstrated that one simple modification, Glu1 to 

Ala (to afford CSP1-E1A), was sufficient to inhibit the competence QS circuitry in S. 
pneumoniae D39 and its down-stream regulating mechanisms, such as comX induction and 

HGT in vivo.56,58 CSP1-E1A is even able to attenuate the expression of LytA and CbpD in 
vitro, which are involved in pneumococcal allolysis to release virulence factors.56 

Furthermore, CSP1-E1A attenuates virulence and consequently pneumococcal infections in 

mouse models, indicated by a significant reduction in the mortality rate.56

Work from our lab has focused on an in-depth analysis of the structural and functional 

properties of the S. pneumoniae CSPs through systematic evaluation of each residue in order 

to determine their importance and uncover potent CSP-based QS-modulators.59 A study 

from Yang et al. generated a wide range of peptides derived from Ala and D-enantiomer 

scanning of the CSP1 signal to determine each residue’s contribution to ComD receptor 

recognition, binding, and activation.60 A follow-up study has focused on the N-terminal role 

of CSP1 in receptor recognition and activation, and a thorough investigation was carried out 
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at the Glu1 position by introducing amino acids (AAs) with different side-chain length, 

polarity, and chirality.61 Interestingly, the negatively charged Glu1 side chain and positively 

charged N-terminal amine were found to be important for receptor activation but not 

necessarily to initial recognition and binding, providing an explanation as to why a simple 

E1 to A substitution has led to the formation of a competitive inhibitor (CSP-E1A).60,61 

Further competitive cell-based binding assays revealed that CSP1-E1A has an IC50 value of 

85.7 nM against the ComD1 receptor (Table 1).60

Evaluating the central region of CSP1 (residues L4–F13) revealed that the hydrophobic 

residues within this region are playing a key role in receptor binding (residues L4, F7, F8, 

F11, I12, and L13) while the hydrophilic residues are modifiable (residues S5, K6, R9, and 

D10), with Ala and D-enantiomer replacements of the hydrophobic residues resulted in a 

20–100 fold loss in activity against ComD1 whereas replacements of the hydrophilic 

residues exhibited only a 3–5 fold decrease in activity, as compared to CSP1 (with an EC50 

of 10.5 nM against ComD1).60 Moreover, substitutions of the hydrophilic residues, 

specifically K6, reduced receptor specificity, allowing for activation of both ComD1 and 

ComD2, paving the way to the development of pan-group modulators. Indeed, the SAR 

analysis revealed that CSP1-K6A possesses EC50 values of 51.0 and 24.0 nM against 

ComD1 and ComD2, respectively. With this knowledge, a double mutant (CSP1-E1AK6A) 

was designed as a pan-group inhibitor, and this peptide displayed inhibitory activity against 

ComD1 with an IC50 value of 104 nM, but no inhibitory activity against ComD2 (Table 1).60

To gain information regarding the CSP1 binding pockets within the ComD1 receptor and to 

enhance the binding interactions between CSP1 and ComD1 by optimizing the degree of 

occupancy within each binding pocket, Koirala et al. used conservative point mutations at 

the key hydrophobic residues of CSP1 and substituted each aliphatic AA with Ile Leu, Nle 

(Norleucine), Val and Nva (Norvaline), and aromatic AA with Phg (Phenylglycine), hPhe 

(homophenylalanine) and Tyr.67 Aliphatic substitution at positions 4, 12, and 13 were 

tolerated and the receptor binding pockets for these side chain residues were able to 

accommodate longer and bulkier groups, suggesting that the degree of occupancy of these 

binding pockets is not optimized and thus could be improved. In support of that, valine 

substitutions (smaller side chain residue) at these positions resulted in reduced activity of the 

modified CSP analog, likely due to reduced receptor binding pocket occupancy. Of these 

conservative aliphatic analogs, CSP1-L4NV and CSP1-I12L were found to improve activity 

up to 2-fold compared to CSP1. Aromatic substitutions at positions 7, 8, and 11 (Phe to Phg, 

nPhe, and Tyr) resulted in an 8 to 80-fold reduction in potency, highlighting the importance 

of optimally positioning the side chain aromatic ring in the binding pocket.67

Moving to the C-terminal region of CSP1, the last two residues (K16 and K17) were found 

to be dispensable as modifications or truncations of these positions were well tolerated, with 

the truncated peptide CSP1-desK16K17 exhibiting EC50 value comparable to that of CSP1 

against ComD1.60 These dispensable C-terminal positive-charged residues are presumed to 

be involved in CSP solubility; however additional studies are required to test this hypothesis.

CSP backbone amide protons are important for stabilizing the peptide bioactive 

conformation, and thus play a significant role in the CSP activity. Introducing N-methylated 
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AAs was utilized to probe which amide protons are involved in stabilizing the CSP1 

bioactive conformation and\or in direct binding to the ComD1 receptor. Additionally, 

unnatural backbone modifications, including N-methylation, can enhance the peptide 

proteolytic stability. By successfully balancing between these two parameters (activity and 

stability), an active CSP analog with improved pharmacological properties could be 

developed. With this knowledge in mind, the truncated CSP1 sequence, CSP1-desK16K17 

(aka CSP1(15)), was used as template in this study.62 A systematic N-methyl scan library 

was constructed, and the three most potent CSP1(15) N-methylated analogs identified, 

namely, CSP1(15)-N-Me-K6, CSP1(15)-N-Me-F7 and CSP1(15)-N-Me-Q14, were found to 

exhibit improved proteolytic stability compared to the native CSP1. Thus, these substitutions 

were incorporated in the CSP1-E1A template to produce three potential QS inhibitors (also 

termed dominantly negative CSPs, or dnCSPs), CSP1-E1A-N-Me-K6, CSP1-E1A-N-Me-

Q14 and CSP1-E1A-N-Me-K6-N-Me-Q14. These three analogs were found to possess 

inhibitory activity against the ComD1 receptor, however, expectedly, no activity was 

observed against the ComD2 receptor. Surprisingly, these CSP1-E1A analogs were also 

found to be more susceptible to Trypsin/Chymotrypsin digestion as they degraded faster than 

the truncated CSP1(15) analogs (Table 1).62 The fast degradation was attributed to the 

presence of the RKK motif at the C-terminus.

3.1.2 Development of QS Modulators against ComD2—The S. pneumoniae 
TIGR4 strain regulates QS using CSP2 (group2). Previous studies by Lau and co-workers 

exhibited that CSP2-E1A competitively inhibits competence induction, comX expression, 

and DNA transformation.56 In a later study, Yang et al. conducted a systematic analysis of 

the CSP2 sequence by generating Ala and D-enantiomer scan libraries.60 Within the N-

terminus region, CSP2-E1A and CSP2-m2 were found to inhibit the ComD2 receptor, albeit 

only at high peptide concentration (IC50 values of >1,000 nM; Table 1). Truncation of the N-

terminal residues (CSP2-desE1 and CSP2-desE1M2) also displayed weak inhibitory activity 

against the ComD2 receptor reaffirming the role of Glu1 and Met2 in receptor activation.60

The central region of CSP2 is mostly occupied by hydrophobic residues with only 3 

hydrophilic residues (S5, R6 and D10). Due to this enrichment of hydrophobic AAs, CSP2 

was found to adopt a β-sheet conformation.60,68 One significant finding related to the central 

region of CSP2 is that a single D-enantiomer modification at the tenth position resulted in an 

analog, CSP2-d10, that exhibited a significant enhancement in activity compared to CSP2 

(EC50 of 2.86 nM for CSP2-d10 compared with EC50 of 50.7 nM for CSP2). Based on the 

systematic analysis of the N-terminal and central regions of CSP2, a double mutant CSP2-

E1Ad10 was generated (Figure 2). This analog was found to be a potent ComD2 inhibitor 

(IC50 of 56.5 nM) and also possessed weak inhibitory activity against ComD1 (Table 1). 

Other double and triple mutants (CSP2-m2d10 and CSP2-E1Am2d10) both exhibited weak 

inhibitory activity against ComD2 with IC50 values of >1,000 nM (Table 1).60

As for the C-terminal region of CSP2, AAs L14-K17 were found to be dispensable, leading 

to truncated scaffolds such as CSP2-desK16K17 (aka CSP2(15)) and CSP2-desL14-K17 

(aka CSP2(13)) retaining activity against the ComD2 receptor.60 Similar to CSP1, the 

importance of amide protons in receptor binding was studied using N-methyl AA 

substitutions, utilizing CSP2(13) as the scaffold for this study. N-methylation significantly 
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reduced activity, except in position F13 (CSP2(13)-N-Me-F13) where the N-methyl 

modification did not alter the activity significantly compared to the parent CSP2(13) analog.
62 This mutation was therefore introduced into the CSP2-E1Ad10 scaffold to afford CSP2-

E1Ad10-N-Me-F13, which was found to possess similar characteristics in inhibition activity, 

but also did not offer a better protection against proteolytic degradation (Table 1).62

3.1.3 Development of Pan-Group inhibitors: As the majority of S. pneumoniae 
strains produce one of two peptide pheromone variants (CSP1 or CSP2) with similar 

abundance of the two signals across the pneumococcus population, pan-group dnCSPs 

capable of blocking the competence regulon in both specificity groups could act as potential 

therapeutics irrespective of S. pneumoniae serotypes.69 Recently, Koirala et al. reported 

generating a hybrid sequence of CSP1 and CSP2 that effectively modulates both ComD 

receptors.65 At first, the authors developed pan-group QS activators by systematically 

replacing residues within the CSP2 scaffold with their CSP1 counterparts, and then 

converting these activators into pan-group dnCSPs by replacing the glutamic acid at position 

1 (E1) with alanine. Screening was carried out with single, double, triple, quadruple and 

quintuple substitutions. While this analysis did not lead to the successful construction of a 

pan-group dnCSP, it allowed the authors to identify the fourth and fourteenth positions as 

key positions for receptor specificity in both CSP1 and CSP2. Next, the authors utilized the 

lead CSP2 inhibitor, CSP2-E1Ad10, as template, and by incorporating modifications in the 

fourth and fourteenth positions were able to identify a pan-group inhibitor, CSP2-

E1AI4Nvad10L14Q, with IC50 values at the nanomolar range against both receptors (IC50 of 

510 nM against ComD1, and 18.2 nM against ComD2; Table 1). Several other designed 

CSP2-E1Ad10 analogs were capable of inhibiting the ComD2 receptor with IC50 values in 

the low nanomolar range (32–90 nM), but exhibited only weak inhibitory activity against the 

ComD1 receptor.65

In a recent work by Yang et al., the authors reported the development of pan-group dnCSPs 

through peptide cyclization.63 The authors first evaluated the most suitable positions for 

peptide cyclization by performing ring position scan and cyclizing the peptides via a lactam 

bridge between a lysine and aspartic acid that were incorporated in the desired positions. 

Next, the authors performed a conformational screening mediated by macrocycle ring size 

alteration on the lead cyclic peptide scaffold selected from the ring position scan (CSP1-

cyc(K6D10)). This analysis produced two potent pan-group activators (CSP1-cyc(Dab6E10) 

and CSP1-cyc(Dap6E10)) with EC50 values at the low nano-molar range against both ComD 

receptors. Finally, the E1A mutation was introduced to the two lead cyclic activators in an 

attempt to convert them into pan-group inhibitors. Biological evaluation revealed that CSP1-

E1A-cyc(Dap6E10) can inhibit the ComD1 receptor with an IC50 value of 75.8 nM and 

ComD2 receptor with an IC50 value of 182 nM (Table 1 and Figure 2). Interestingly, the 

truncated analog, CSP1-E1A-des-K16K17-cyc(Dap6E10), exhibited superior inhibitory 

activity compared to CSP1-E1A-cyc(Dap6E10), with 10- and 3-fold improvement in IC50 

values against the ComD1 and ComD2 receptors, respectively (Table 1). Unfortunately, 

further in vivo and in vitro analysis of this analog could not be performed due to poor 

solubility.63
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The Mitis group of streptococci is categorized into 13 different species, all of which exhibit 

commensalism.70 As discussed earlier, the crosstalk between streptococci species results in 

frequent gene exchange through recombination and leads to the acquirement of 

antimicrobial resistance.17,18 As a result, coevolved species like S. mitis and S. pneumoniae 
share up to 80% of gene similarity.20,71,72 Milly et al. recently attempted to uncover 

potential crosstalk between different species of streptococci. To this end, the native CSPs 

from the mitis and anginosus groups of streptococci were tested as potential modulators of 

the S. pneumoniae competence regulon.66 Out of 12 natural CSPs, the CSP2 pheromone 

from S. mitis was found to activate both the ComD1 and ComD2 receptors and was 

therefore selected as a scaffold for developing pan-group S. pneumoniae QS modulators. 

The approach the authors took to afford pan-group modulators was to systematically replace 

S. mitis-CSP2 residues with the corresponding residues in CSP1 and CSP2 that were found 

to have a key role in S. pneumoniae ComD receptor binding and activation. Systematic 

screening of generated peptide libraries ranging from single to triple modifications revealed 

several S. mitis-CSP2 analogs that exhibit increased potency in activating both 

pneumococcal ComD receptors with EC50 values at the low nanomolar range. Twelve lead 

scaffolds were selected to be converted into dnCSPs by introducing the E1A modification. 

Indeed, three nanomolar range pan-group dnCSPs were identified, namely, S. mitis-CSP-2-

E1AN7II8F, S. mitis-CSP-2-E1AI2MN7FI8F, and S. mitis-CSP-2-E1AI2MN7II8F (Table 

1).66

3.1.4 Sequence-Structure-Function Correlation: Traditionally, the primary AA 

sequence dictates secondary structure characteristics, which inevitably play a key role in 

peptide and protein function. CSPs follow these well-established sequence-structure-

function paradigms. Johnsborg et al.,52 Yang et al.,60,63,68 and Koirala et al.67 extensively 

studied CSP structural characteristics in aqueous and membrane mimicking environments 

using circular dichroism (CD) and 2D nuclear magnetic resonance (NMR) spectroscopy. 

Structural analysis revealed that CSP1 adopts an α-helical conformation in membrane 

mimicking conditions, and that all the bioactive peptides derived from CSP1 also attain an 

α-helical conformation (Figure 2). Surprisingly, CSP2 and all derived peptides, with few 

exceptions, exhibited a β-sheet conformation. Interestingly, unlike CSP2, pan-group 

modulators designed from the CSP2 scaffold with D-enantiomer substitutions, namely 

CSP2-d10 and CSP-E1Ad10, shifted the conformation equilibrium from a β-sheet to an α-

helix in membrane mimetic environment (Figure 2).68 Together, the structural analysis of 

CSP1 and CSP2 indicates that the bioactive conformation of pneumococcus CSPs is an α-

helix.

3.1.5 Metabolic stability of Pan Group inhibitors: One of the major characteristics 

to consider in peptide therapeutics is metabolic stability. Introducing unnatural elements in 

peptides, such as non-standard AAs, backbone modifications, and cyclization, afford peptide 

therapeutics a greater chance to overcome protease degradation and become 

pharmacologically relevant. Yang et al. and Koirala et al. evaluated the proteolytic stability 

of modified CSP analogs (QS activators and inhibitors) in vitro in the presence of Trypsin/

Chymotrypsin and calculated the half-life of these peptides.62–64 This analysis revealed that 

CSP1, CSP1(15), and CSP1-E1A are highly susceptible to proteolytic degradation with a 
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half-life of approximately 1.5 h (Table 1).64 The CSP1(15)-based truncated analogs with an 

N-methyl AA substitution, CSP1(15)-N-Me-K6, CSP1(15)-N-Me-F7 and CSP1(15)-N-Me-

Q14, exhibited superior proteolytic stability with a half-life that exceeded the 48 h assay 

duration (Table 1).62 In the case of the CSP1-E1A scaffold where N-methyl modifications at 

K6 and Q14 were introduced (CSP1-E1A-N-Me-K6-N-Me-Q14 and CSP1-E1A-N-Me-

Q14), the half-life was reduced to 6 h (Table 1).62 This reduced stability is likely due to the 

proteolytic cleavage of the RKK motif at the CSP C-terminus by trypsin. Unlike CSP1, 

CSP2 and CSP2-E1A form β-sheet structures in aqueous solutions with very low solubility.
63 Due to this experimental limitation, the half-life of these analogs could not be determined. 

Contrary, CSP2-d10 and CSP2-E1Ad10 are soluble in aqueous solutions, and thus their half-

life was evaluated and determined to be about 2.5 h and 3 h, respectively.64 The metabolic 

stability of the N-methyl substituted pan-group QS inhibitor CSP2-E1Ad10-N-Me-F13 was 

significantly improved with a half-life of approximately 4 h (Table 1).62 As for cyclic CSP 

analogs, CSP1-E1A-cyc(Dap6E10) has a half-life of about 3 h, which is similar to its linear 

counterpart, CSP1-E1AK6DapD10E. The half-life of the truncated analog, CSP1-E1A-des-

K16K17-cyc(Dap6E10), could not be measured, as this peptide exhibits very low solubility 

in aqueous solutions (Table 1).63 Overall, the incorporation of unnatural AAs has 

significantly improved the proteolytic stability of CSPs, with few exceptions, and these 

studies opened avenues for the development of peptide-based QS modulators with drug-like 

properties.

3.1.6 QS inhibitors Attenuate Virulence Factor Production: In S. pneumoniae 
virulence factor production is proposed to be regulated by the competence regulon.57 The 

mechanism proposed by Guiral et al. states that competence triggers the release of murein 

hydrolases, which in turn are involved in the release of the virulence factor Ply.34 Zymogram 

analysis by Zhu et al. displayed that CSP1-E1A is able to inhibit the expression of LytA and 

CbpD in S. pneumoniae D39 cells, which are mainly up-regulated by the ComX 

transcription factor.56 Along with SAR analysis of the native CSPs, Koirala et al. and Yang 

et al. studied the ability of QS inhibitors to attenuate Ply release.63,64 A pan-group inhibitor, 

CSP1-E1A-cyc(Dap6E10), was able to attenuate Ply release and Ply-mediated hemolysis in 

both the D39 and TIGR4 strains.63 Similar results were observed for CSP2-E1Ad10, where 

Ply release in the TIGR4 strain was attenuated and a consequent reduction in hemolysis was 

observed.64 These studies highlight the ability of QS inhibitors to attenuate pneumococcus 

infectivity.

3.1.7 Attenuation of Pneumococcal Infections: QS modulators with the ability to 

control the expression of genes involved in virulence factor production can regulate 

pneumococcal infections. To investigate such dnCSPs mediated attenuation of 

pneumococcal infections, mice were pre-infected with S. pneumoniae strains and attempts 

were made to treat the infection with designed QS inhibitors.63 To this end, CD1 mice were 

intranasally infected with D39 or TIGR4 cells. Then, CSP1-E1A or CSP2-E1Ad10, 

respectively, were introduced post-infection and the survival rate of mice was monitored for 

6 days. The dnCSPs were able to attenuate the infection resulting in a significantly improved 

survival rate (up to 40%) and delayed mice death kinetics.64 Toxicity of the QS inhibitors 

was also assessed in major organs (lungs, heart, liver, kidney, and spleen), and the inhibitors 
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appeared to be nontoxic. To evaluate group-specific attenuation, D39-infected mice (group 

1) were treated with CSP2-E1Ad10 (group 2 inhibitor) and TIGR4-infected mice (group 2) 

were treated with CSP1-E1A (group 1 inhibitor). In both cases, the inhibitors were unable to 

attenuate cross-group infectivity, resulting in 100% mortality rate.63 Importantly, the pan-

group inhibitor CSP1-E1A-cyc(Dap6E10) was able to attenuate pneumococcal infections 

caused by both D39 and TIGR4, leading to a significantly improved survival rates.63 These 

promising results highlight the potential of peptide-based QS inhibitors to treat 

pneumococcal infections.

3.2. Targeting the Pneumococcal Competence QS circuit by Proton Motive Force 
Disruptors:

Bacteria maintain homeostasis in its milieu through electrochemical gradient across the 

cytoplasmic membrane. The sum of electric potential and the transmembrane proton 

gradient, called proton motive force (PMF), generated across the cytoplasmic membrane is 

essential for various processes such as ATP synthesis, flagellar motility, transport (import 

and export) of various solutes and nutrient import. Recent work from Farha et. al. identified 

a synergistic combination of compounds that have the potential to disrupt the PMF in 

methicillin-resistant Staphylococcus aureus (MRSA). These synergistic combinations of 

compounds exhibited reduced cytotoxicity in mammalian cells, paving the way for novel 

therapeutic strategies.73 In the case of S. pneumoniae, several antimicrobials activate the 

competence regulon, leading to acquirement of AMR.14,74–76 A primary step in competence 

regulation is the export of the mature CSP by the ComAB transporter to the extracellular 

environment, thus blocking CSP export by disturbing the PMF could hamper competence.77 

In a recent work from Domenech et. al. the authors carried out a high-throughput screening 

of FDA approved drugs to identify compounds capable of attenuating the pneumococcal 

competence regulon without affecting bacterial growth and termed them COM-blockers.78 

Primary screening was carried out by detecting natural competence induction through the 

use of the ssbB promoter fused to firefly luciferase and screening around 1366 compounds. 

This high-throughput screening resulted in 46 compounds that were identified as able to 

inhibit the competence regulon at concentrations that did not inhibit bacterial growth. These 

COM-blockers belong to the anatomical therapeutic chemical (ATC) library with 7 COM-

blockers exhibiting competence inhibitory activity at low concentrations (μg/ml). Three lead 

compounds: biocide triclosan (TCL), antipsychotic pimozide (PIM), and antimalarial 

proguanil hydrochloride (PROG), were selected for further evaluation and exhibited superior 

activity in attenuating pneumococcal competence with potent COM-blocking activity 

(Figure 1 and 3).

The COM-blocking ability of these compounds was extensively studied using multiple 

approaches, starting with IPTG (isopropyl β- d-1-thiogalactopyranoside) induced expression 

of the comAB and comCDE genes in the presence of COM-blockers, where downregulation 

of gene expression indicated that competence induction was abolished. Additionally, a 

wildtype strain and a ΔcomAB mutant were treated with exogenous CSP1 and a rapid 

competence induction was observed in both strains, with competence being turned off earlier 

in the ΔcomAB mutant. Upon treating with TCL, faster competence shut down was observed 

in both strains, suggesting that CSP1 export was abolished, resulting in turning off the CSP-
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ComD-ComE positive feedback. To understand how COM-blockers perturb the CSP-export, 

the authors continued to analyze the physiological effects of the lead compounds on 

pneumococci. Addition of TCL or PROG resulted in a decrease in the internal pH due to 

PMF disruption-mediated proton assimilation. To maintain cell homeostasis, the cells must 

rapidly pump out protons using ATP synthase, leading to a decrease in the cellular ATP 

levels. Under such circumstances, optimal function of ComAB and other transporters is 

hampered and leads to a reduction in pro-CSP cleavage and export.77 Furthermore, 

Domenech et. al. exhibited that COM-blockers do not interact directly with F0F1 proton 

ATPase, which maintains pH homeostasis in S. pneumoniae and only act by perturbing the 

PMF.78

The transformation ability of the pneumococcal strains D39 and TIGR4, multi-drug resistant 

pneumococcal strains from the Pneumococcal Molecular Epidemiology Network (PMEN), 

S. mitis and S. sanguinis was examined by exogenously providing a plasmid with 

tetracycline-resistance genes. The COM-blocker TCL was able to prevent the strains from 

acquiring antibiotic resistance through transformation with a minimal transformation 

inhibition concentration of 1 μg/ml. Moreover, the COM-blockers TCL, PIM, and PROG 

were also found to inhibit HGT between different pneumococcal strains that were provided 

with different antibiotic resistance genes in a plasmid. Similar experiments were performed 

by colonizing the strains on human epithelial lung cells where TCL was found to block both 

transformation and HGT. Furthermore, in an in vivo mouse model of pneumococcal 

infection, the antimalarial PROG COM-blocker was able to reduce HGT efficiency by 50% 

(14 out of 27 animals had no transformants). In a recent work from Westfall et. al. the 

authors reported that continuous treatment with bacteriostatic concentration of TCL resulted 

in the development of resistance in E. coli and MRSA. Remarkably, prolonged exposure of 

the S. pneumoniae D39 strain to TCL (1 μg/ml) prevented competence in all lineages for 30 

days with TCL preserving its efficacy as a COM-blocker.78 Controlling the pneumococcal 

evolution of antibiotic resistance through COM-blockers and caging the pathogenic genome 

could become a viable treatment strategy since the compounds used are already FDA 

approved.79

3.3 Potential New Targets to Inhibit Competence

Under stress conditions, pneumococci activate the competence regulon to enhance the 

acquisition of AMR by assimilating exogenous antibiotic resistant genes through 

transformation.14,80 Such rapid assimilation of genetic information can be controlled by 

activating the counter signaling circuit and targeting the pneumococcal proteome at various 

stages of competence. Recently, the CiaR-H regulatory system was found to activate htrA 
gene expression, which encodes a membrane bound serine protease, HtrA, that is involved in 

degrading the components required for DNA uptake in transformation (Figure 1).81–83 The 

HtrA protease is playing a role in inhibiting pneumococcal competence, and is involved in 

nasopharyngeal colonization, virulence and bacteriocin production.81,84–87 HtrA 

homologues are also present in S. mitis and S. gordonii and are proposed to be a key 

regulator for natural transformation.83 Developing modulators for the CiaR-H TCS could be 

another promising hotspot to tackle pneumococcal pathogenicity.
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Another potential target for attenuating competence in S. pneumoniae is RecA, a protein that 

is involved in integrating recently acquired genes into S. pneumoniae genome through 

recombination and repair of DNA damages (Figure 1).88,89 As such, RecA is an essential 

protein for genetic transformation.88,89 Since RecA is encoded by one of the late genes 

upregulated by ComX,80 developing molecules that inhibit the RecA association with other 

proteins or DNA could be a promising downstream approach to control the pathogenicity 

acquired through HGT.

4. Conclusions and Outlook:

In the past few decades, antibiotic resistance acceleration in pathogenic bacteria has been 

associated with these pathogens activating their defense mechanisms to acquire AMR, with 

the misuse and overuse of antibiotics further exasperating the problem. S. pneumoniae 
remains to be an important cause of invasive diseases, especially in children and the elderly. 

There is an increase in research focused on exploring novel methodologies to tackle 

pneumococcal infections to develop better treatment strategies. However, pneumococcal 

diseases still pose a huge burden on public healthcare, and continuous surveillance of 

evolving multidrug-resistant serotypes are needed. The foremost objective of the 

aforementioned studies is to find key checkpoints to prevent the signaling between proteins 

involved in competence induction, thus caging the genetic information that decodes 

antibiotic resistance. Successfully designed dnCSPs using a systematic approach were able 

to inhibit the pneumococcal competence regulon, thus exhibiting the potential to control 

pneumococcal infections. These studies may open new avenues for future developments of 

QS-based peptide therapeutics. The synergetic combination of “anti-evolution” drugs or 

peptide therapeutics with antibiotics could also lead to controlling pathogenic bacteria 

evolution and treating pneumococcal infections.

Moving forward, the peptide-based approach would likely face challenges associated with 

the relatively poor pharmacological properties that peptides usually exhibit, while the “anti-

evolution” approach would need to overcome the potential off-target effects of the utilized 

scaffolds (the lead compounds were identified out of a large screen of FDA-approved drugs 

used to treat other diseases). With the peptide approach, altering the peptide scaffold to 

construct pharmacologically enhanced peptidomimetic scaffolds could offer a viable 

pathway to make these lead compounds more druggable. Alternatively, diverging completely 

from the peptidic scaffolds into small molecule-based scaffolds that still interact with the 

target histidine kinase receptor, as was successfully implemented in several other systems,
90–93 may prove to be the way to convert these anti-virulence compounds into drug leads.
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Figure 1: 
Schematic representation of S. pneumoniae competence regulon QS circuit and inhibitory 

hot spots. The pro-CSP peptide is processed and exported by the ComAB transporter as a 

mature CSP to the extracellular environment. Upon reaching threshold concentration, CSP 

binds and activates the ComD receptor. Activated ComD phosphorylates the response 

regulator, ComE, which, in turn activates the transcription of comABCDE, comX and other 

early genes. ComX is then involved in the expression of late genes that facilitate genetic 

transformation, bacteriocin production, and allolysis. Inhibitory hot spots: (1) CSP-based 

inhibitors (termed dnCSPs) can competitively inhibit CSP-mediated activation of the ComD 

receptor. (2) Small molecule-based inhibitors (termed COM blockers) inhibit CSP export by 

perturbing the PMF, which in turn affects ComD activation and its downstream signaling 

cascade. (3) The CiaRH TCS attenuates competence indirectly by expressing the protease 

HtrA, which is involved in degrading the DNA uptake machinery.
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Figure 2: 
NMR structures of CSP analogs. Backbone ribbon structural representation of CSP1, CSP1-

E1A, CSP2-d10, CSP2-E1Ad10, CSP1-cyc(Dap6E10), CSP1-E1A-cyc(Dap6E10). The 

color code for each structure as follows, blue, N-terminus; grey, hydrophobic patch; orange, 

hydrophilic patch; and red, C-terminus. All the PDB entries are provided above each 

structure.
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Figure 3: 
Chemical structures of COM blockers TCL, PIM and PROG.
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Table 1:

Summary of structural and functional properties of QS inhibitors

Peptide Name Secondary Structure IC50 (nM) (95% CI) Metabolic Stability (Half-Life in 
hrs)

Reference

ComD1 ComD2

CSP1-E1A α-helix 85.7 --- ~1.5 h 60

CSP1-E1AK6A α-helix) 104 --- # 60

CSP1-E1A-N-Me-K6 * 48.0 --- ~2 h 62

CSP1-E1A-N-Me-Q14 * 370 --- ~6 h 62

CSP1-E1A-N-Me-K6-N-Me-Q14 * 360 --- ~6 h 62

CSP1-E1A-Cyc (Dab6D10) α-helix 173 >1000 # 63

CSP1-E1A-Cyc (Dap6D10) α-helix 75.8 182 4 h 63

CSP1-E1A-DesK16K17Cyc (Dap6D10) α-helix 7.57 67.2 # 63

CSP2-E1A β-sheet >1000 >1000 # 60

CSP2-E1Ad10 α-helix >1000 56.5 > 3 h 60

CSP2(15)-E1Ad10 α-helix --- 117 # 64

CSP2-E1Ad10-N-Me-F13 * >1000 64 ~4 h 62

CSP2-E1AI4Nvad10L14Q * 510 18.2 # 65

CSP2-E1Ad10L14Q * 766 49.5 # 65

CSP2-E1AI4Ld10L14Q * 503 87.2 # 65

S. mitis-CSP-2-E1AN7II8F * 204 135 # 66

S. mitis-CSP-2-E1AI2MN7FI8F * 294 418 # 66

S. mitis-CSP-2-E1AI2MN7II8F * 141 32.9 # 66

#
Metabolic stability not determined

*
Secondary structure not evaluated
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