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1.1. Need for new drugs and screening strategies 
Antimicrobial resistance is spreading rapidly worldwide [1]. The repeated 

exposure to antibiotics  although kills sensitive bacteria, causes the survivors to 

express resistance genes proving that drugs targeting the cell viability will 

further enhance the problem. Therefore, we need novel strategies that do not 

affect viability but target virulence mechanisms that can weaken the bacteria 

[2].  Such strategies not only can be useful in making bacteria susceptible to an 

existing class or combination of drugs which otherwise might be resistant but 

will also help maintaining the balance of healthy microbiome in the host [3]. On 

the same note, few strategies that are being exploited to weaken the bacteria are 

summarized. 

1.2. Examples for anti-virulence strategies 
Adhesion is one of the primary steps causing virulence in many organisms. For 

example, pili / fimbriae help in the attachment of the urinary tract E.coli to the 

host causing serious infections like cystitis and pyelonephritis. This is mediated 

by a chaperone-usher complex; a system required for the pili assembly and is 

highly conserved in gram negatives.  Piatek et al. study with Dr-fimbriae 

(encoded by a gene ‘dra’ gene cluster) the structures mediating adhesion, 

showed that the attachment to the host could be disrupted by low molecular 

weight agents called pilicides. These compounds inhibit the chaperone 

mediated assembly of the pilus on the outer membrane of the cell thus 

preventing the adhesion process [4] .  Similarly, sortase A, an enzyme that helps 

in the covalent attachment of surface proteins to the cell wall has been 

extensively studied as an anti-virulence target. In S. mutans, mutants of sortase 

A caused impaired expression of various cell surface proteins required for 

colonization, adhesion and thus reduced biofilm formation [5]. This led to work 

of Hu et al. in identification of sortase inhibitors like curcumin which is an active 

ingredient of turmeric. Curcumin in in vitro inhibited the purified sortase A 

enzyme activity leading to failure of attachment of sortase A processed proteins 

to the cell surface [6]. Another promising approach is to direct antibodies 

against toxin targets. Infant botulism is potentially a life-threatening condition 

in infants caused by Clostridium botulinum which is caused by ingestion of the 
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botulinum spores. The premature gut flora cannot deal with the botulinum 

bacteria, which promotes its growth and expression of the dangerous botulinum 

neurotoxin.  For its treatment, human BIG-IV antibody, a human derived 

botulism antitoxin that neutralizes the botulinum toxin type a and b has been 

approved by FDA for use in the treatment of infant botulism [7].  

Quorum quenching agents from various sources are gaining considerable 

attention as many studies have intensively explored the various quorum sensing 

pathways adopted by pathogens which serve as interesting targets for lead 

identification. These agents can hinder the cell-cell communication and 

therefore reduce the expression of virulence factors. In Pseudomonas 

aeruginosa, mimics of the native auto-inducer N-(3-oxododecanoyl)-L-

homoserine lactone were synthesized and allowed to compete with native auto-

inducer resulting in reduced production of the virulence factor pyocyanin [8].  

Carolacton, a natural product derived from Sorangium cellulosum, was tested on 

S. mutans and was initially discovered to cause damage to the cell membrane 

and cell death in biofilms [9,10]. Upon treatment with carolacton, the cells 

showed elongated bulky cells, with increased septum formation. This was 

explained by the accumulation of cell division DivIV proteins at the sites of cell 

septum formation causing an inhibition of cell septum formation in the presence 

of carolacton [11] . Also, the regulator of cell division in S. mutans, PknB was 

shown to be distributed randomly throughout the cell when treated with 

carolacton in comparison to a normal cell where it is usually localized at the 

mid-cell [11]. Such secondary metabolite based studies give new leads that can 

be developed into anti-bacterial drugs reducing the chances of acquiring the 

resistance at a fast pace. 

1.3. Natural compounds in clinical applications 
Exploring novel biomolecules or natural products which are produced as a 

result of evolution under specific environment and interactions creates a new 

dimension to find leads to rare and unexpected targets. The use of natural 

compounds could be suitably applied in humans for therapy as most of the 

applied products have not shown adverse side effects.  Varied sources like 
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plants, bacteria, fungi, insects etc. have been tapped to explore the natural 

products that are beneficial. Myxobacteria constitute a huge repertoire of 

untapped source of secondary metabolites. Genome mining continues to reveal 

new genetic loci related to secondary metabolism which is adding new 

compounds with potentially novel modes of action.  Sorangium cellulosum (S. 

cellulosum) is one of the largest sources of secondary metabolites and the 

review by Müller et al., summarizes the characterized compounds belonging to 

various classes and their action on different targets [12]. Chlorotonil A from S. 

cellulosum has been shown to affect all stages of malarial parasite growth with 

short exposure and is a drug candidate for malarial therapy [13]. Ixabepilone, 

analogue of Epothilone B can be used to treat breast cancer and was approved 

by FDA in 2007 [14–16]. Although Griselimycins were discovered in 1960s, a 

recent breakthrough on the action of these compounds on a new target has been 

identified. The Griselimycins were shown to inhibit the DNA polymerase sliding 

camp DnaN which opens a therapeutic option against Mycobacterium 

tuberculosis [17]. 

Fungi are an important source of natural products from which the most 

important classical antibiotics have been derived and which also offer many 

diverse applications [18]. Caspofungin, a semi-synthetic derivative of 

pneumocadin from Glarea lozoyensis, was active against Candida albicans 

biofilms [19] and was the first fungal inhibitor that has been approved for 

treatment against invasive candidiasis [19]. Aspergillomarasmine A (AMA), from 

Aspergillus versicolor was recently identified to inhibit the function of metallo-β- 

lactamase NDM-1 of Enterobacteriaceae. It sequestered the Zn2+ required 

activity of NDM-1 metalloproteinase, which opens the β-lactam ring of the 

antibiotic thereby causing resistance. However, AMA with its sequestration 

ability could re-sensitize bacteria to meropenem [20]. 

1.4. Whole cell fluorescent based screening  
Screening of compounds using whole cells screening is a promising tool for 

rapid identification of interesting compounds. The method enables not just 

analysing the effect of the compound on a specific target in the cell, but also 

throws a light on the physiological aspects of the cell that might be influenced 
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under the treated condition. If the manipulation of the cell is possible, several 

parameters can also be incorporated for simultaneous testing in such assays 

which answers multiple questions. Thus it provides a global perspective of 

analysing the activity of a compound on a particular organism.   

Fluorescent based methodologies are attractive as they are simple, fast and 

cost-effective for millions of molecules in compound libraries that are ready to 

be screened. Simple plate readers can be used for measurements. Readouts are 

direct and easy to analyse unlike the classical approaches which are labor 

intensive and time consuming. In case of a gene or a protein tagged to a 

fluorophore, both quantitative and qualitative (cell-imaging) studies can be 

accomplished. The screens harbouring fluorescent proteins present themselves 

as robust tools when optimized. Knowledge about compounds or media 

conditions that cause interference during measurements, fluorescence 

quenching properties of fluorescent tags, kinetics and maturation of 

fluorophores within a cell, spectral overlaps would help overcome the problems 

encountered during the development of fluorescent based assays. 

GFP (Green fluorescent protein) is the most commonly used fluorophore for 

creating gene-fusions. Since the isolation of GFP from Aequorea victoria and its 

ability to be used as label in an in vivo assay in 1992 [21], fluorescent reporters 

incorporating GFP for gene expression and protein targeting have been 

established. The primary advantage of GFP protein is that it does not use any 

exogenous co-factors [21].  Mutations introduced in the GFP sequence, has led to 

variants of GFP which have improved brightness, folding properties and 

modified spectral characteristics [22,23].  Superfolded-GFP was created by 

introducing mutations F64L and S65T into the GFP which had better folding 

when fused to poorly soluble proteins. Also the variant was able to withstand 

adverse chemical reagents [24] .  

GFP+ is a brighter and a fast folding variant created by Scholz et al. [22] which 

has been used for creating reporter fusions in this study.  To obtain the GFP+, 

four mutations (F64L, S65T, F99S, M153T, and V163A) were introduced into the 

GFP resulting in 130-fold increased brightness of the protein in comparison to 
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the wildtype GFP. Expression profiles of tetA promoter fused to GFP+ and lacZ 

(β-galactosidase activity) showed that the signal from the GFP+ marker for the 

tetA promoter expression was identical and better to those measured with β-

galactosidase demonstrating the robustness of GFP+ fluorophore for measuring 

the promoter expression. Bacillus subtilis and Streptococcus pneumoniae 

exhibited stronger fluorescence signals when codon optimized GFP+ was used 

[25].   

The main aim of this study is to develop screens for weakening the virulence 

properties of Streptococcus mutans. To do so, an approach to measure the 

promoter gene expression of some selected interesting anti-virulence targets in 

the presence of natural compounds (screening molecules) was necessary. Based 

on the above illustrations, GFP+ was chosen to create promoter gene fusions 

and the developed screening reporters were assayed to detect potential anti-

virulence drugs. 

1.5. Streptococcus mutans: a major player in dental caries? 
Streptococcus mutans (S. mutans), a gram positive facultative anaerobic 

microorganism inhabits the oral cavity especially on the dental surfaces in 

humans. This organism has been thought to be the major causative agent of 

dental caries [26,27], a condition where the tooth is affected or in some cases 

completely degraded.  More than 80% of the world’s population are affected by 

this condition [28,29] and although preventable, treatment of such conditions 

proves extremely expensive [30].  

The most important source responsible for the cause of dental caries by S. 

mutans is the dietary sugars. By metabolizing these sugars the organism 

produces acids (acidogenic state). When such processes occur on the tooth, 

demineralization of the tooth enamel begins. The frequency of the acidification 

determines the extent of tooth damage [31]. Interestingly, the S. mutans has 

evolved mechanisms to survive in conditions of extremely low pH (aciduric 

state) thus making it tolerant to acids and a possibility to enrich its population 

under such conditions [31].  S. mutans also is rich producer of EPS and capable 

of forming strong biofilms when supplemented with the carbon source sucrose. 
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Recent -omics based approaches revealed insights into the contribution of S. 

mutans in caries progression. From the meta-transcriptomic studies, it is 

evolved that S. mutans constitutes as low as 0.7 - 1.6 % of the community in the 

dental plaque, while Veillonella, Rothia, Leptotrichia, S. sanuguinis, Atopobium, 

Lactobacillus form the major players [32]. Aciduric organisms like 

Bifidobacterium, Scardovia, and Parascardovia prevailed along with S. mutans, 

yeasts and lactobacilli in cavitated root caries lesions which were identified via 

sequencing of 16S rRNA. This clearly illustrates the selective enrichment of acid 

tolerant organsims in the lesion [33]. 

Interesting to note is that although in smaller fractions, these communities work 

synergistically with other organisms persisting in the dental plaque. In case of 

Veillonella and S. mutans artificial mouth model, the growth of both species 

favoured increased acid production rather when grown separately [34].  

Similarly, in a Candida albicans - S. mutans dual species model, no EPS was 

synthesized by the latter and the quorum sensing signalling for the expression 

of virulence factors by S. mutans were induced, which was not the case when 

grown individually. The transcriptome of S. mutans grown as mixed biofilm for 

10 h with C. albicans was analzyed. Most of the genes related to the quorum 

sensing pathways were upregulated. Especially, sigX and the late competence 

genes were strongly upregulated while a weak upregulation was noted for 

mutacin encoding genes. Despite the downregulation of the vicR gene which 

controls the virulence traits in S. mutans, the upregulation of the quorum 

sensing genes demonstrates the mutualistic interaction of these organisms to 

co-ordinate in a niche to establish virulence [35]. These findings show that S. 

mutans is not the major organism causing the disease but a co-player in the 

formation of dental caries. Nevertheless, it is useful study the mechanisms 

evolved by S. mutans that contribute to the diseased state. Many studies have 

shown that S. mutans is naturally competent and is easy to modify rendering it a 

suitable model organism to handle genetically. The genome is completely 

sequenced (UA159 strain) and most of the genes are found to be highly 

conserved in other species. 
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Several mechanisms evolved by S. mutans have enabled the bacterium to 

withstand adverse conditions of stress, competition or damage. They include 

acid tolerance, EPS synthesis, bacteriocin synthesis and competence 

development. Most of them are quorum sensing regulated.  Pheromones or 

signalling molecules (usually small peptides in Gram Positives) play a major role 

in quorum sensing communication. For instance, MIP (mutacin inducing 

peptide), an 18-mer peptide, binds to the transmembrane histidine kinase 

protein ComD activating the ComDE two component system subsequently 

transcribing the bacteriocin/mutacin encoding genes [36–38]. The synthesis of 

these proteins plays a vital role in co-existence of S. mutans in a community of 

organisms in a dental plaque. S. mutans has a second signalling molecule, XIP, a 

7-mer peptide, which activates the comRS pathway which activates the master 

regulator SigX. The master regulator SigX was also shown to be activated as a 

late response to MIP induction and also controls the expression of comE 

triggering mutacin synthesis. Thus it plays a role establishing a genetic link 

between both pathways. However, medium plays a crucial role in modulating 

the response of the link between the two pathways [39]. Nevertheless, the 

activation of SigX transcribes downstream late competence genes eg. lytFsm. 

These genes form a part of the transformasome and are required for 

extracellular DNA uptake. 

Here we currently focus on the two mechanisms (bacteriocin synthesis and 

competence related lytFsm) and describe their physiological roles contributing to 

the fitness of the organism in further detail.  The location of the mutacin genes 

and the late competence genes which comprise the lytFsm are indicated in figure 

1 adopted from the model of competence development proposed by Reck et al 

[40]. Some studies relating to the exploiting these mechanisms as a tool to 

reduce virulence traits are also mentioned if present. 
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Figure1. Model proposed for competence development in S. mutans 
UA159. The figure is adopted from the work of Reck et al. 2015 [40]. The model 
shows the complexity of the competence and the bacteriocin encoding cascades 
of S. mutans UA159 and the mode of regulation in a peptide-free and a peptide-
rich medium. The location of the bacteriocin genes and the lytFsm gene (late 
competence gene) which are employed in the screens are indicated in the 
cascade using the pink and the brown tick marks respectively above the gene 
notations. 

 

1.6. Targets for anti-virulence drugs in S. mutans 

1.6.1.  Bacteriocins in S. mutans UA159  
In order to survive and dominate, one of the interesting mechanisms adopted by 

S. mutans is to mediate the inter species competition in a given niche of closely 

related organisms. It synthesizes antimicrobial peptides called bacteriocins 

which in S. mutans are termed mutacins. These molecules kill the competitor 

bacteria in an environment in order to protect themselves thus increasing their 

numbers over other bacterial species. The peptides could be either lantibiotic or 

non-lantibiotic in nature. Lantibiotic mutacins are obtained after extensive post-

translational modifications containing lanthionine and methyllanthionine 

residues which confer stability and broad inhibitory spectrum [41] . In contrast, 

non-lantibiotics peptides are produced by few organisms conferring narrow 

inhibitory spectrum and do not undergo post-translational modification [42].  
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 A short overview of the list of lantibiotic and non-lantibiotic mutacins produced 

by the different strains of S.mutans and their regulation has been published [43] 

. In S. mutans UA159, three non-lantibiotic mutacins, mutacin IV, V and VI 

encoded by SMU.150, SMU.1914c and SMU.423 respectively have been 

identified. The following antibacterial activity of the encoded mutacins is 

reported: mutacin IV is active against many streptococcal strains, mutacin V 

against non-streptococcal species [44] and mutacin VI from an overexpressed 

BrsRM system against vancomycin resistant Enterococcus faecium [45]. 

To prove that secreted mutacins of S. mutans inhibit growth of other bacteria 

and thus increase competitiveness of S. mutans, Kreth and colleagues developed 

a dual species biofilm model with S. sanguinis and S. mutans UA140 where 

mutacin I and IV production of S. mutans effectively inhibited the growth of S. 

sanguinis in a competition assay [46]. By doing so, the abundance of S. mutans in 

the niche was increased. Such models could give a preliminary insight into the 

interactions of the oral community although the processes are much more 

complex [46].  In an another instance, Hillman et al. created a genetically 

modified strain BCS3-L1 of S. mutans from a super-colonizer JH1140 strain, 

which is a derivative of a clinical isolate and produced elevated levels of the 

lantibiotic mutacin 1140. The strain was mutated for ldh gene and was designed 

to overproduce the mutacin 1140. The modifications reduced the cariogenicity 

of the strain simultaneously and increased the potential of outgrowing the 

pathogenic strains due to activity of mutacin [47]. The strain was tested as a 

probiotic in a mouse model for prevention of dental caries [48]. Although it was 

additionally modified for phase 1 clinical testing by mutating the dal gene for 

alanine biosynthesis so that the strain became auxotrophic for alanine. The 

absence of alanine could eradicate the strain from colonized rats in case of 

adversity  [49], questions regarding the safe use of such genetically modified 

constructs in human therapy are unsolved.  

In the current study, an alternative approach was followed, where the mutacin 

synthesis is not changed genetically, but by adding a natural compound. 

Moreover, our aim was to reduce the fitness of S. mutans, not to increase it. 

Hence, for rapid screening of mutacin suppressors, the promoter of the mutacin 
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VI encoding gene SMU. 423 fused to GFP+ , was integrated into the native locus 

of the genome of S. mutans UA159 resulting in S. mutans P423 screening 

reporter. Natural compounds were screened against S. mutans P423. 

Compounds that were able to suppress the mutacin synthesis by over 50 % 

were identified using the screen. The suppressive activity of one such 

compound, Erinacine C, was subsequently validated and analysed in more 

detail.  

1.6.2.  lytFsm, a competence regulated autolysin (SMU. 836) 
Competence is a process where the bacteria acquire the ability to uptake 

extracellular DNA [50]. This process is carried out by bacteria when it needs to 

repair its own damaged DNA or to acquire new characteristics. It is more likely 

to happen under conditions of stress (e.g. antibiotic pressure) where the 

organism becomes naturally competent to acquire resistance genes or express 

toxins. For the bacteria to enter into the competent state, several proteins are 

expressed which is a complex and tightly regulated process. 

The master regulator of quorum sensing, the alternative sigma factor Sig X 

governs the competence development in S. mutans UA159 [51]. Upon its 

activation by XIP, many late competence genes which are a part of the 

transformasome (figure 2, [52]) are transcribed. Of these, lytFsm, a functional 

peptidoglycan hydrolase was shown to be activated by SigX [53].  
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Figure 2. Model illustration depicting the transformasome in Gram 
positive bacteria. (figure adopted from Burton et al. [52]). The proteins are 
indicative of the transformasome in Bacillus subtilis (model). (A) The 
transformasome is made of multi-enzyme protein complex which undergo 
several modifications (comC, comGA) and recruit pseudopilus structures 
(comGB) that aid in the entry of DNA into the cell through membrane bound 
comEA supported by ATPase comFA. Only the transforming DNA strand enters 
the cell (grey) while the non-transforming strand is degraded (B). The 
pseudopilus structure is disassembled and dissolved into the pool until further 
activation. The synthesized ss DNA in the cytosol are protected by proteins 
(SsbB and DprA) and RecA helps find a homologous sequence for 
recombination.  
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lytFsm is one of the late competence gene encoded by SMU.836 in S. mutans 

UA159 [54]. The protein shares its homology with the late response cbpD 

protein of pneumococci [55] which behaves like a fratricin [56]. Fratricins in S. 

pneumoniae are cell wall hydrolases synthesized by competent population in 

order to lyse and kill the non-competent siblings and uptake DNA from the lysed 

cells [57,58]. BLAST tool was used to compare the two protein sequences from S. 

mutans UA159 and pneumococci. CbpD like fratricin encoding genes was absent 

in lytFsm, thus explaining the non-fratricin behaviour of the protein [59]. CHAP 

and Bsp-like domains, suggestive of cell wall peptidoglycan hydrolase and cell 

wall binding function respectively, were also identified [59,60].  

Medium was shown to play a crucial role in the activation of SigX and late 

competence genes. Different modes of activation of lytFsm have been illustrated 

[39].  However, all signalling pathways activating lytFsm was shown to converge 

at the master regulator Sig X [61].  

In a peptide free medium, the lytFsm was transcribed via the XIP mediated 

signalling resulting in a uni-modal activation of the protein. Here, the 

intracellular XIP activates the SigX, via the ComRS pathway, which binds to a 

cin-box upstream of lytFsm promoter, thus transcribing the lytFsm gene. 

In complex or peptide rich medium, MIP triggers the activation of SigX as the 

peptides in the media hinder the internalization of extracellular XIP via the Opp 

permease. The response was shown to be bimodal where only 30 – 50 % of the 

cells expressed SigX using microarray while all cells expressed cipB (mutacin V) 

[61]. Notably in the SigX induced population, it was observed that few cells were 

competent and the rest underwent lysis [62]. This was explained due to the 

differential expression of the cipI protein that confers immunity to the 

bacteriocin producing cell. 

The activation of lytFsm and SigX transcribed genes was observed as a late 

response in the MIP treated culture grown in THBY with a time gap of <100 min 

between the MIP addition and the SigX activation [40,63]. This reason was quite 

complex and was dissected in the study of Reck et al. For SigX activation, XIP is 

required. In THBY, a peptide rich media, XIP internalization is not possible due 
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to the blocked XIP importer. MIP caused activation of bacteriocin encoding 

genes one of them being cipB. It is thought that the cipB bacteriocin creates 

pores on the cell membrane through which XIP may gain entry into the cell. 

With the internalization of XIP, the activated SigX transcribes the downstream 

lytFsm. Additionally, a new role of SigX controlling the expression of ComE 

which is required for the synthesis of bacteriocin genes was uncovered in this 

study. This whole process was shown to last for about 90-120 minutes from the 

time of MIP addition and hence the activation of lytFsm was observed to be a 

late response.  

Perry at al. confirmed the biological role of lytFsm in S. mutans UA159 [61]. 

When MIP induced cultures that underwent cell lysis were analysed for the up-

regulated genes, lytFsm was one of the few other autolysin encoding genes that 

were identified. Therefore the lytFsm gene was deleted and checked for growth 

under MIP induced conditions. Decrease in cell lysis of the ∆lytFsm strain was 

observed in comparison to the wild type. Quantification of the expression of 

lytFsm promoter fused to β-glucoronidase in a lytFsm deficient strain showed 

reduced levels of the marker protein thus confirming the result. Scanning 

electron microscopy images of cells expressing lytFsm resulted in swollen and 

elongated cells, with cell debris detected in the cultures, a very likely effect of 

improper cell wall formation. The peptidoglycan hydrolytic activity of lytFsm, 

was also demonstrated using constructs expressing partial (truncated CHAP or 

Bsp domains) and full length LytFsm protein. These constructs were transformed 

into Escherichia coli (E. coli) to assay the autolysis behaviour of the expressed 

protein. Only those E.coli cells which expressed the complete LytFsm protein 

with the intact CHAP and Bsp-like domains suffered lysis.  

The studies on the biological role of lytFsm showed that lytFsm is an interesting 

quorum sensing target. With over-expression of the lytFsm, formation of 

impaired cell wall or unhealthy cells can be triggered making the bacterium less 

fit. Besides, no study to date has been tried to target the autolytic nature of 

lytFsm as an anti-virulence mechanism to induce cell lysis in S. mutans.  
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This is interesting as one could direct the bacterium’s own mechanism of 

autolysis in affecting its viability. Hence, using lytFsm as a target, the second 

screen of the study was developed. Single homologous recombination strategy 

was used to incorporate the promoter of lytFsm-GFP+ construct into the genome 

of S. mutans UA159. The resultant strain S. mutans P836 was used for screening. 

Natural products that induced the lytFsm promoter in the S. mutans P836 were 

analysed. We were able to demonstrate that although the screen serves as a 

promising tool in identification of drugs that induce the lytFsm, its regulation is 

highly specific with regard to agents that trigger its induction.  

1.6.3.  Cell wall modifying transglycosylases required for 

growth (transglycosylase, SMU.2147) 

Targeting cell wall biosynthesis is one of the standard approaches that are used 

with the aim to find antibiotics. The classical example is the Penicillin isolated 

from Penicillium notatum by Alexander Fleming [64]. It was the first antibiotic 

discovered and inhibited the cross-linking of the cell wall peptidoglycan in 

bacteria. Many derivatives of penicillin, both synthetic and semi-synthetic, are 

available. 

Targeting cell division in bacteria is still considered to be interesting because 

the cell wall of the bacteria structurally differs from that of the humans. The 

bacterial cell wall is comprised of peptidoglycan consisting of the sugar 

moieties, N-acetyl glucosamine (GlcNAc), N-acetyl muramic acid (MurNac) 

substrates and the stem peptides. This is lacking in the humans cells thus 

making the target highly selective. 

The cell wall is highly robust and the process of re-modelling requires the action 

of various enzymes.  Various sites of action of cell wall peptidoglycan 

hydrolysing enzymes are depicted in figure 3 [65]. An overview of the site of 

action on the peptidoglycan of various cell wall autolytic enzymes is listed in 

table 1 [66–68]. 
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Table 1.  Bonds targeted by the cell wall hydrolysing enzymes. 

Enzyme Mode of action (bond) 

N-acetylmuramidase 
GlcNAc and MurNAc ; Upstream bond of 

MurNAc 

N-acetyl glucosamidase Between GlcNac and MurNac 

N-acetylmuramyl-L-alanine amidases 
MurNAc and first alanine of the peptide 

chain 

Lytic transglycosylases 
Glycosidic bond between GlcNAc and 

MurNAc 

Endopeptidases; Carboxypeptidases Stem peptides 

 

Cell wall re-modelling is a constant process where breakdown of existing 

components is required to replace them with new moieties. The most important 

class of enzymes that are involved in the breakdown of the peptidoglycan are 

the lytic transglycosylases [69].  

Lytic transglycosylases are ubiquitously found cell wall degrading enzymes 

which specifically cleave the glycosidic bond i.e. the β-1, 4 linkages between N- 

acetylglucosamine (GlcNac) and N- acetylmuramic acid (MurNac) of the 

peptidoglycan resulting in the formation of a 1, 6 anhydromuramoyl product 

[70]. More than a single lytic transglycosylase, like 6-10 enzymes in E. coli [71], 

can be encoded by a single bacterial cell [72].  

In S. mutans UA159, an ORF (SMU.2147) encoding a potential transglycosylase 

was annotated [54]. To get further insight, an in silico analysis was performed to 

analyse the sequence encoded by the SMU.2147 using the motif search in the 

KEGG database. Figure 4 depicts the various motifs present in the sequence 

encoded by SMU.2147c. 
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Figure 3. Mode of action of cell wall hydrolases on the peptidoglycan. The 
site of action of each different enzyme on the peptidoglycan is indicated (red 
scissor). Multiple cell wall hydrolases can be working synergistically in a cell 
during cell wall re-structuring conferring shape and rigidity to the cell. Various 
homologues of a particular enzyme class are depicted in the highlighted box 
beside the enzyme. (Figure adopted from Sharma et al., 2016 [65] ). 

 

The sequence encodes four different motifs as indicated in the figure 4. A LysM 

motif encoded by sequence position 39-79 was detected. LysM domain is 

characteristic motif found in most peptidoglycan degrading enzymes. They 

commonly bind to the GlcNAc residues and hydrolyse the peptidoglycan [73,74].  

The motif search result was also confirmed using the UniProt database. Other 

motifs pertaining to prokaryotic actin dynamics (PARM), a cytoplasmic protein 

(VID27) and motif of unknown function was also present. 
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Figure 4. Motif assignment on the sequence of SMU.2147c (A) and the 
summary of the motif search result (B). The sequence encoding the 
SMU.2147 in S. mutans UA159 was obtained from the KEGG database. In order 
to view the various domains encoded by the protein, search was performed 
using the motif tab available on the KEGG result page. The results obtained from 
the SSDB motif search database are compiled here. Four motifs (PARM, LysM, 
DUF4551 and VID27) were identified. The sequence encoding a LysM motif 
categorizing it as a cell wall hydrolysing enzyme was located from position 39-
79 (indicated by the red arrow heads).  

Understanding the biological role of the transglycosylase would be necessary to 

understand how its expression would have to be modified to weaken S. mutans. 

Not many studies concerning the gene and its product are available. 

Nevertheless, in one study which primarily focussed on the role of two 

component systems covR and VicRK in cell division of S. mutans UA159, some 

experimental observations in the work involving the SMU.2147 gene were 

notably interesting for this study [75] . Data relating to the phenotype (growth, 

cell morphology, biofilm characteristics) of a strain lacking SMU.2147 could be 
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found.  Wildtype strain was used for comparison. No difference in the growth 

was reported between the two strains grown planktonically. Scanning electron 

microscopy did not show changes in morphologies of the cultured cells from 

both strains.  

When the biofilm of the SMU ∆2147 knock-out and wildtype strain was 

cultivated for 8 h in the presence of sucrose, Stipp et al. reported weaker 

biofilms in comparison to those cultivated without sucrose. Longer chained cells 

were prominently observed in the biofilms of SMU ∆2147.  Reduced amounts of 

extracellular DNA were seen in the supernatants of the SMU ∆2147 in 

comparison to the wildtype. This was indicative of an impaired mureinolytic 

activity in the SMU.2147 deficient strain [75]. 

Transcriptome of 4 h old biofilms of the wildtype strain grown with and without 

sucrose were also tested for the gene expression of SMU.2147. An increase in 

SMU.2147 gene expression was reported in sucrose-grown biofilms in 

comparison to the strain grown without sucrose thus giving an insight that 

growth condition (sucrose-dependent) influences the regulation of the gene 

expression [75]. 

To gain a deeper understanding, an enzyme in Streptococcus pneumonia (S. 

pneumoniae) with a similar function to that of transglycosylase in S.mutans was 

also reviewed. The enzyme LytB in pneumococci hydrolyses the β-1, 4 glycosidic 

bonds between GlcNAc and MurNAc [76]. The enzyme plays an important role in 

daughter cell separation resulting in diplococci or short chained cells. When the 

LytB gene was knocked out, it resulted in cells with longer chains and improper 

formation of biofilms [76,77]. For invasion into the lung epithelium during 

pathogenesis, adhesion is the primary requisite for the pneumococci. When this 

trait was tested with lytB deficient strain, 90 % reduced adhesion to the lung 

epithelial A549 cells was demonstrated [78]. The suppression of the target was 

clearly suggestive of diminishing the trait required to establish virulence. 

The studies reviewed here analysed the deletion of the transglycosylase gene, 

however, studies on over-expressing it could not be found. This would be 

interesting due to their lytic ability to degrade the cell wall peptidoglycan. 



 
20 

 

Subjected to a tight regulation in the cell, under normal conditions the action of 

the lytic transglycosylase occurs in a balanced way. Overexpression could prove 

fatal to the cell when too much of the enzyme becomes available leading to non-

specific degradation of peptidoglycan and subsequent lysis [66].  

Therefore, the third screen with S. mutans P2147 was developed. As similar to 

the earlier constructs, the promoter of SMU.2147 fused to GFP+ was integrated 

into the native locus of the S. mutans UA159 genome.  The ability to inhibit or 

upregulate the transcription of the transglycosylase promoter with natural 

compounds was successfully demonstrated in the screening. Interesting 

compounds were identified which would be worthy to be followed up to gain 

additional insight into the function of the transglycosylase.  
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2 MATERIALS AND METHODS 
 
 

 

 

 

 

 

 



 
22 

 

2.1 Strains, plasmids and primers 
The strains, plasmids and primers used for various purposes in this study are 

summarized in the tables below. 

Table 2. List of strains, their purpose and reference 

Strain Relevant characteristics ; purpose Reference/Source 

E.coli DH5α General cloning strain ATCC 

S.mutans UA 159 Wildtype, Erms, CmS, Amps ATCC 700610 

S. sanguinis Indicator strain ATCC 

L. lactis Indicator strain ATCC 

S.mutans P423 
pAE03-SMU.P423-GFP+; Ermr 

Promoter of SMU.423 fused to GFP+ 
Reck et al 

S.mutans P1914 
pAE03-SMU.P1914-GFP+; Ermr 

Promoter of SMU.1914 fused to GFP+ 
Reck et al 

S.mutans P150 
pAE03-SMU. 150-GFP+; Ermr 

Promoter of SMU.150 fused to GFP+ 
Reck et al 

S.mutans P2147 
pAE03-SMU.P2147-GFP+; Ermr 

Promoter of SMU.2147 fused to GFP+ 
Reck et al 

S.mutans P836 
pAE03-SMU.P836-GFP+; Ermr 

Promoter of SMU.836 fused to GFP+ 
This study 

S.mutans Δ150 Deletion of SMU.150; Ermr Reck et al 

S.mutans Δ1914 Deletion of SMU.1914; Ermr Reck et al 

S.mutans Δ423 Deletion of SMU.423; Ermr Reck et al 

S.mutans Δ2147 Deletion of. SMU.2147; Ermr This study 

S.mutans Δ836 Deletion of SMU.836; Ermr Meyer et al 

SMU pIB-xyl-836 
pIB166-xyl-SMU.836; Cmr 

Xylose induced expression of SMU.836 
Reck et al, this study 

SMU pIB-xyl-2147 
pIB166-xyl-SMU.2147; Cmr 

Xylose induced expression of SMU.836 
Reck et al, this study 

E. coli pIB-836 
pIB166-SMU.836; Cmr 

Constitutive expression of 836 
This study 

E.coli pIB-2147 
pIB166-SMU.2147; Cmr 

Constitutive expression of 2147 
This study 
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Table 3. List of plasmids constructed in this study 

Plasmids Purpose of use 

pAE03-P836 
Chromosomal integration of lytFsm promoter 

with GFP+ 

pIB-166-SMU.836 Constitutive expression of lytFsm 

pIB-166-SMU.2147 Constitutive expression of SMU.2147 

 

Table 4. List of primers used in the study 

Primer Sequence Purpose 

pAE03-P836For 
TCGAATTCGCGGCCGCGCTAGCAGTC
TGTTTTCAAGATGGATTGACCCAA 

Amplification of promoter 
SMU.836 

pAE03-P836Rev GAATAAAGGAGATTTCGATTGAGAA
TGAGAAAAAAAGGAGAAGAACTTT 

Amplification of promoter 
SMU.836 

ErmB For AGGCGCGCCCCGGGCCCAAAATTTGT
TTGAT 

Amplification of Erythromycin B 
cassette 

ErmB Rev ATTGGCCGGCCAGTCGGCAGCGACTC
ATAGAAT 

Amplification of Erythromycin B 
cassette 

P1 ∆2147 CGATGATTCTGGTCTTTCTATCACGC
GCG 

Deletion of SMU.2147 

P2 ∆2147 AAAGGCCGGCCCTAGCTGCTGTTGCA
ATTCCTGC 

Deletion of SMU.2147 

P3 ∆2147 AAAGGCGCGCCGCAGATGCTTATGTA
TCAAGTCGTTATGG 

Deletion of SMU.2147 

P4 ∆2147 ATTGATAGCTGAATTAACCTGATCTT
GAACTGTT 

Deletion of SMU.2147 

pIB-SMU.836For TAAAGGAGATTTCGATTGAGAATGA
GAATGAGAAAACTT 

Amplification of SMU.836 
Constitutive expression  

pIB-SMU.836Rev GCGCATCTTAGTTTTGTTCTCTTAGT
CAGGATAAAT 

Amplification of SMU.836 
Constitutive expression  

pIB-SMU.2147For CATGTATATATAATTTGTTTAAAGG
AGTAACCAATGTCTATT 

Amplification of SMU.2147 
Constitutive expression  

pIB-SMU.2147Rev CCTATATCTATAAAATTATTTAATAC
CAACCATTAGCATTCC 

Amplification of SMU.2147 
Constitutive expression 

pIB1A AATTCTAGAGCTCGAGATCTATCGAT
AAGC 

Amplification of the P23 
lactococcal promoter 

pIB2A CAGTCTTAGGTCTGATTTTTTATTTC
TATTATTTAC 

Amplification of the P23 
lactococcal promoter 

XylS1F ATCAGACCTAAGACTGCTAACTTATA
GGGGTAACACTTAAAAAAGAATCAA
TAACG 

Amplification of Xyl S1 cassette 

XylS1R CTCGAGCTCTAGAATTATTTACCTCC
TTTGATTTAAGTGAACAAGTTTATCC 

Amplification of Xyl S1 cassette 
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2.2 Bacterial cultivation 

2.2.1 Media and stocks 
Agar medium 

For solidification of the bacterial growth medium, 20 g of agar was added to 1 l 

of medium. For overlay agar, 0.7 g of agar was added to 100 ml of the medium. 

The medium was sterilized by autoclaving at 121˚C for 20 min. 

BM-medium 

The medium preparation protocol was adopted from Li et al. [79] and modified 

slightly to suit the cultivation conditions in the study.  

Table 5: Stock solution preparation for BM medium  

Stocks Stock solution conc. Preparation of stock solution 

 mM Weight (g) 
Solution volume 

(ml) 

K2HPO4 1000 34.8 200 

KH2PO4 1000 27.2 200 

(NH4)2SO4 1000 26.4 200 

NaCl 1000 11.6 200 

MgSO2.7H20 1000 4.28 200 

Nicotinic acid 500 0.615 10 

Pyridoxine 10 0.032 20 

Pantothenic acid 100 0.238 10 

Riboflavin 10 0.037 10 

Thiamine 1 0.012 40 

l- Tryptophan 100 0.2 10 

Glutamic acid 100 0.294 20 

Arginine 1000 1.742 10 

Cysteine 1000 1.756 10 

d-Biotin 10 0.02 10 

 % (w/v)  

Casamino acids 10 2 100 

Sucrose/Glucose 40 40 100 

Sucrose/Glucose 20 20 100 

 

Stock solutions for the BM medium are prepared by dissolving the reagents in 

MilliQ water as mentioned in table 5. The components K2HPO4, KH2PO4, 

(NH4)2SO4, NaCl, MgSO2·7H2O and the carbon sources (glucose or sucrose) were 

autoclaved for sterilization and the remainder were filter-sterilized.  
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From the sterilized stock solutions, the components were dissolved to a final 

concentration as specified in the table 6 to prepare the semi-defined BM 

medium. 

Table 6.  Components to prepare BM medium. 

Constituents Final concentration 

K2HPO4 58 mM 

KH2PO4 15 mM 

(NH4)2SO4 10 mM 

NaCl 35 mM 

MgSO2.7H20 2 mM 

Nicotinic acid 0.04 mM 

Pyridoxine 0.1 mM 

Pantothenic acid 0.01 mM 

Riboflavin 0.001 mM 

Thiamine 0.0003 mM 

l- Tryptophan 0.1 mM 

Glutamic acid 4 mM 

Arginine 1 mM 

Cysteine 1.3 mM 

d-Biotin 0.0005 mM 

Casaminoacids 0.2 % 

Sucrose 40% 0.5 % 

Sucrose/Glucose 20% 0.5 % 
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CDM medium 

The protocol is adopted based on Rijn et al. [80]. The stock solutions are 

prepared as specified in table 7 and 8. 

Table 7. Stock solutions for CDM medium to be autoclaved and stored at 
RT 

Stocks Stock conc. Reagents 
Weight of the 

salt to be 
dissolved (g) 

Vol. of Milli-Q 
H2O (ml) 

Phosphate 25 x 

K2HPO4 5 

1000 KH2PO4 25 

NaH2PO4. H20 79.9 

Na2HPO4.7H20 346.8 

Magnesium 
sulfate 

500x MgSO4.7H2O 87.5 250 

Manganese 
sulfate 

1000 x MnSO4.H2O 1.25 250 

Sodium acetate 50 x NaC2H3O2 67.85 500 

Bicarbonate 20 x NaHCO3 50 1000 

Calcium chloride 1000 x CaCl2.2H2O 0.338 50 

 

An illustration for preparing 500 ml of CDM medium from the stock solutions is 

shown in table 9.  The medium can be stored at 4°C away from light. Carbon 

source can be added as per requirement.  

The stock solutions are pipetted to obtain a final 1x concentration of all 

components to prepare the working CDM medium. 
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Table 8. Stocks to be filter sterilized and stored at -20°C. 

Stocks Stock conc. Constituents Weight (g) 
Vol. of Milli-Q 
water * (ml) 

Iron 1000 x 
Fe (NO3)3.9H2O 

0.05 
50 

FeSO4.7H2O 
0.25 

Cysteine-HCl 500 x 
Cysteine-HCl 

16.25 50 

Vitamins 1000 x 

p-aminobenzoic acid 0.1 

50 

Biotin 0.1 

Folic acid 0.04 

Nicotinamide 0.05 

b-NADP 0.125 

Pantothenic calcium 
salt 

0.100 

Pyridoxal 0.05 

Pyridoxamine 
dihydrochloride 

0.05 

Riboflavin 0.1 

Thiamine – HCl 0.05 

Vitamin B12 0.005 

Amino acid 50 x 

DL-Alanine 2.5 

500 

L-Arginine 2.5 

L-Aspartic acid 2.5 

L-Asparagine 2.5 

L-Cysteine 1.25 

L-Glutamic acid 2.5 

L-Glutamine 5.0 

Glycine 2.5 

L-Histidine 2.5 

L-Isoleucine 2.5 

L-Leucine 2.5 

L-Lysine 2.5 

L-Methionine 2.5 

L-Phenylalanine 2.5 

L-Proline 2.5 

hydroxy-L-Proline 2.5 

L-Serine 2.5 

L-Threonine 5.0 

L-Tryptophan 2.5 

L-Tyrosine 2.5 

L-Valine 2.5 

Bases 100 x Adenine 0.5 *Dissolve in 50 
ml 2N HCl and 

then make up to 
250 ml with MQ 

H2O 

  
Guanine-HCl 0.5 

  
Uracil 0.5 
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Table 9. Preparation of CDM medium 

Components Stock concentration Storage location 
For 500 ml  of CDM 

(ml) 

dH20 - - 350 

Iron 1000 x -20°C 0.5 

Phosphate stock 25 x RT 20 

MgSo4.7H20 500 x RT 1 

MnSO4.H20 1000 x RT 0.5 

NaC2H3O2. 3H20 50 x RT 10 

Amino acids stock 50 x -20°C 10 

Vitamins 1000 x -20°C 0.5 

Bases 100 x -20°C 5 

CaCl2 1000 x RT 0.5 

L-Cysteine HCl 500 x -20°C 1 

Bicarbonate stock 20 x RT 25 

 

5 g of carbon source (eg. Glucose) can be added later. 

 

Luria-Bertani (LB) medium 

40 g of the LB miller (Carl Roth, X969.2) was dissolved in 1 l of MilliQ water and 

autoclaved at 121˚C for 15 minutes. 

SOC medium 

The following components in table 10 were dissolved to prepare the SOC 

medium.  

Before glucose addition, the SOC medium is autoclaved at 121˚C for 15 minutes. 

Table 10. Components of SOC medium 

Constituents Concentration 

Yeast extract 0.5 % (w/v) 

Tryptone 2.0 % (w/v) 

NaCl 10 mM 

KCl 2.5 mM 

MgCl2 10 mM 

MgSO4 10 mM 

D-Glucose * (sterile flitered) 20 mM 
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Todd-Hewitt Broth – Yeast extract (THBY) medium  

30 g of THB powder, 3 g of yeast extract (THBY; Becton Dickinson, 249240, 

212750) were dissolved in 1 l of Milli-Q water. The pH of the medium was 

adjusted to 7.5 and autoclaved for sterilization. 

 

TSS medium 

The following components in table 11 were used for the preparation of TSS 

medium and were autoclaved at 121˚C for 15 minutes. 

Table 11. Components of TSS medium 

Constituents Concentration 

PEG 8000 10 % (w/v) 

DMSO 5 % (v/v) 

MgCl2 30 mM 

 

YNBNPS medium 

The protocol for preparation of YNBNPS medium was adopted based on Sztajer 

et al. [35].    

The stock solutions for preparing the YNBNPS medium were prepared as 

described in table 12. 

The components were dissolved as described in table 13 from the YNBNPS 

stock solutions to obtain 100 ml YNBNPS media. 
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Table 12. Stock solutions for YNBNPS medium 

Stocks Concentration 
Stock solution 

preparation 
Sterilization 

technique 

 
Weight 

(g) 

Solution 
volume 

(ml) 
 

YNB 10x 33.5 500 0.22 µm filter 

N-Acetylglucosamine 25mM 2.77 500 0.22 µm filter 

Sucrose 20 % (w/v) 20 100 0.22 µm filter 

Casaminoacids 10 % (w/v) 10 100 0.22 µm filter 

Sodium phosphate buffer* pH 7.3 

Na2HPO4 500 mM 35.49 500 Autoclaving at 
121˚C for 20 

min. NaH2PO4. H20 500 mM 27.59 400 

*To be autoclaved before use 

 

 

Table 13. Constituents of YNBNPS medium 

Constituents Final concentration Vol. to be pipetted (ml) 

Sterile MQ H20 - 60.5 

YNB 1x 10 

N-acetylglucosamine 2.5 mM 10 

Sodium phosphate buffer 75 mM 15 

Sucrose 0.5 % 2.5 

Casaminoacids 0.2 % 2.0 
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Antibiotics 

The antibiotics were added to the culture as indicated. An overview of the 

antibiotic preparation is presented in table 14. 

Table 14. List of antibiotics used in the study 

Antibiotic Solvent Stock 
concentration 

Working 
concentration 

(E.coli) 

Working 
concentration 

(S.mutans) 

Ampicillin Water 1 mg / ml  0.25 µg / ml 

Chloramphenicol 50% Ethanol 20 mg / ml 20 µg / ml 10 µg / ml 

Erythromycin 100 % Ethanol 300 mg/ml 
10 mg / ml 

300 µg/ml  
10 µg / ml 

 

Glycerol solution 

100 ml of 86 % (v /v) glycerol was autoclaved at 121°C for 20 minutes. 

 

2.3 Cultivation conditions 
The micro-organisms used in the study were revived from the glycerol stocks 

stored at -80˚C.  E. coli DH5α was grown aerobically at 37 ˚C with shaking at 180 

rpm. All S. mutans strains, L.lactis, S. sanguinis, were routinely grown at 37 ˚C 

and 5% CO2 without shaking. For selection of positive clones the agar plates 

were statically incubated either aerobically (E.coli; 37˚C) or anaerobically 

(S.mutans; 37˚C, 5% CO2).  For planktonic and biofilm cultivation, glucose and 

sucrose were added to the cultures respectively.  

 

2.4 Preparation of bacterial stocks 
Bacteria were grown overnight in respective media with or without antibiotics 

as indicated. 1:1 (E. coli and streptococcal strains) or 1:5 (L. lactis) dilutions of 

cultures in glycerol were made in cryovials and stored at -80 ˚C. 
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2.5 Standard molecular biology techniques 

2.5.1  Genomic DNA isolation from S. mutans 
The isolation of genomic DNA was performed based on the protocol from 

Macherey Nagel nucleo spin tissue kit (740952.250) with slight modifications 

for better yield. Prior to isolation, LM solution was prepared according to the 

following protocol carried out in ice: 9.8 ml of 1x TE buffer was added to 150 mg 

of lysozyme from chicken egg white (Sigma Aldrich, L6876) in a falcon tube. 400 

µl of sterile 1x TE buffer is added to 10,000 U of mutanolysin from Streptomyces 

globisporus (Sigma Aldrich, M9901). 200 µl of mutanolysin was added to the 

existing 9.8 ml of lysozyme solution to obtain a final concentration of 500 U/ml 

mutanolysin and 15 mg / ml of lysozyme. Aliquots of 200 µl LM solution are 

stored at -20˚C. 

2 ml of overnight culture of S.mutans in an eppendorf tube was centrifuged at 

13,000 rpm / 2 min.  The pellet was re-suspended in 40 µl LM solution gently to 

prevent any shearing and made up to 200 µl with MB grade water. Later the 

isolation was carried out according to the protocol from the kit. The 

concentration of the isolated genomic DNA is quantified using nanodrop and the 

quality is checked by running it on an agarose gel electrophoresis. The genomic 

DNA is stored at -20˚C until further use. 

2.5.2 Plasmid DNA isolation from E. coli 
The plasmid DNA from E.coli DH5α was isolated using the Macherey Nagel, 

nucleo spin plasmid kit (740588).  5 ml of overnight culture of E.coli DH5α was 

centrifuged at 6,000 rpm for 15 minutes at RT. The pellets are used for isolation 

accordingly or could be stored at -20˚C and retrieved on ice for isolation later. 

The plasmid concentration is quantified using nanodrop. 

2.5.3 PCR amplification 
The PCR reactions were carried out in 0.2 ml PCR tubes in a thermocycler. The 

PCR amplification of the targets of interest was carried out using Phusion high 

fidelity DNA polymerase (New England Biolabs, M0530S). The PCR reactions 

were set up according to the manufacturer’s protocol to a final concentration as 

described below: 
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 0.5 µM    forward and reverse primers 

200 µM    dNTPs 

1x     HF buffer 

0.25 U     Phusion DNA polymerase  

Template DNA   Concentration dependent 

The volume was made up to 40µl with MB grade water. 

The PCR was carried out at conditions as described below: 

Pre-denaturation    98˚C / 3 min 

Denaturation  (35 cycles)  98˚C / 10-15 s  

Annealing    62- 65˚C / 30 s 

Extension      72˚C / 30 s 

Final extension    72˚C / 10 min 

After the termination of the reaction, PCR products were stored at 4˚C for 

further study. 

2.5.4 Agarose gel electrophoresis 
The PCR products were analyzed on 1% agarose gel (Carl Roth laboratories). 

For visualization of DNA, ethidium bromide staining at 2µg/ml was performed 

for 15 minutes. 

2.5.5 PCR purification 
The PCR products were purified using the Qiaquick PCR purification kit (Qiagen, 

28106). The purification is carried out according to the protocol in the kit. The 

products are eluted with 35-50 µl of MB grade water or elution buffer. The 

product is quantified using nanodrop and analyzed on agarose gel 

electrophoresis. 

2.5.6 Restriction digestion 
The PCR fragments were digested with restriction enzymes to facilitate cloning.  

The enzymes FseI (R0588S) and AscI (R0558S) were obtained from New 

England biolabs.  The reaction mixture was set up as follows: 
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FseI or AscI enzyme   0.5 µl  

10x cut smart buffer   2 µl 

DNA     0.5-1 µg  

Total reaction volume 20 µl (MB grade water) 

The reaction was carried out at 37 ˚C overnight and the enzyme reaction is 

inactivated at 80˚C for 20 min. 

2.5.7 Ligation 
Ligation was performed using T4 DNA ligase (B0202S) from New England 

biolabs. The reaction was set up as described: 

Vector: insert   1:3 

 10x ligase    1 µl  

 10x T4 DNA ligase buffer 2 µl  

Total reaction volume  20 µl (MB grade water) 

The reaction is carried out at RT for 10 min. The reaction is terminated by 

enzyme inactivation at 65 ˚C for 10 min.  

2.5.8 Blunt end ligation 
Blunt end or cut ligation was performed using SmaI (Thermo Fisher, ER0661) 

and T4 DNA ligase 5U/ µl (Thermo Fisher, EP0061). The reaction mixture 

contained the following reagents: 

Vector    50 ng 

Insert     100 ng 

PEG 4000    2 µl  

10 mM ATP    1 µl  

10x TANGO buffer   2 µl  

SmaI     1 µl  

T4-DNA ligase   1 µl  

Total reaction volume  20 µl (MB grade water) 

The reaction is left to proceed at RT overnight followed by incubation at 4˚C for 

2 – 3 h the next day. 
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2.5.9 Transformation 
Initial thawing of SOC medium at 37 ˚C and TSS solution on ice was required to 

begin the competent cell preparation. 600 µl of SOC medium was aliquoted and 

placed at 37 ˚C until required. Overnight culture of E. coli DH5α diluted to 1:100 

in 5 ml sterile LB broth was incubated in a 37 ˚C shaker at 200 rpm until the O.D. 

reached 0.3-0.4. 1 ml of the culture was centrifuged at 13,000 rpm for 1 minute. 

The supernatant was discarded and the residual media was removed by tapping 

on the tissue. The pellet was re-suspended in ice-cold TSS solution. Plasmid 

construct was added to the competent cell and placed on ice for 30 minutes 

followed by a heat shock at 42 ˚C for 45 minutes with immediate transfer to ice 

for 2 minutes. Transformed cells were transferred to the aliquoted SOC medium 

and incubated for 1 h in the 37 ˚C shaker. The cells were centrifuged at 10,000 

rpm for 2 minutes and 550 µl of SOC medium was removed. The pellet was re-

suspended with the residual medium and plated on LB agar. The plates were 

incubated at 37 ˚C overnight and the positive colonies were selected and 

verified by sequencing for transformation in S. mutans. 

Overnight culture of S. mutans was diluted to 1:10 in 5 ml THBY medium. The 

cells were incubated at 37 ˚C and 5% CO2 for 2 h. 5 µl of 1 mM MIP was added 

and further incubated at 37 ˚C for 30 minutes. 200 µl of the culture was 

aliquoted into an eppendorf tube to which transformation product was added 

and gently tapped. The cells were incubated for another 3 h until they were 

plated on THBY agar for selection of the constructs. The positive clones were 

verified by PCR and glycerol stocks were stored at -80 ˚C. 

 

2.6 Strain construction 

2.6.1 Construction of fluorescent reporters 
The promotor of the target gene for screening was amplified using the specific 

primers listed in table 4. Promotor sequences and plasmids were amplified with 

PCR Phusion polymerase. Plasmid pAE03 [81] was used in the construction of 

the fluorescent expression reporters. The plasmid encodes an erythromycin 

cassette for selection and a promotorless-GFP+ fluorophore to which the target 
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promotor was fused. The construction of the reporters for the screen was 

achieved via single homologous recombination where each promotor was 

cloned into the promotorless-GFP+ fluorophore segment. The primers for 

promotor amplification included a sequence homologous to the pAE03-plasmid 

so that it enabled the integration of the gene by homologous recombination. The 

cloning of the target promotors into the plasmid were performed using the 

Clone EZ Genscript kit (L00339) where the recombination reaction was carried 

out in a thermocycler at 22 ˚C for 30 minutes and later transformed into E.coli 

for selection of positive clones. The sequences were verified and transformed 

into S.mutans. 

2.6.2 Creation of knock-out mutants 
The genomic DNA of S.mutans was amplified with the listed primers (table 4) for 

deletion of target genes. 5’ end of the forward and reverse primer for 

erythromycin, and P2/P3 sequences of the gene amplification primers were 

incorporated with restriction sites (AscI and FseI) to create overhangs for 

ligation. The amplified sequences were digested with restriction enzymes AseI 

and FseI and later purified. Concentration of the fragments was quantified using 

nanodrop and verified on agarose gel electrophoresis. The digested 

erythromycin B cassette and the flanking regions were ligated with T4 DNA 

ligase. The ligated product was transformed into S.mutans wildtype background 

and picked for positive clones with erythromycin. 

2.6.3 Construction of constitutive expression constructs 
The primers listed in table 4 were used to amplify the SMU.836 and SMU.2147 

targets. Blunt end ligation was performed with Sma I and T4 DNA ligase to clone 

the target genes into pIB166 plasmid for constitutive expression under the 

lactococcal P23 promotor.  After purification the constructs were transformed 

into E. coli for selection with chloramphenicol for positive clones. The 

constructs were PCR amplified and verified by sequencing. 

2.6.4 Construction of over-expression strains 
The plasmids for transformation into S. mutans UA159 were obtained from the 

study of Reck et al.[40] to generate the over-expression strains.  
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2.7 Sample preparation for screening natural product 

libraries. 
Cryostocks of reporter strains were thawed on ice and 0.5 - 1 % inoculum is 

used for growth until mid-logarithmic phase in THBY. Antibiotics were added as 

indicated. 1% inoculum from the culture was used to inoculate 15 ml THBY for 

overnight incubation. On the following day, the cells were harvested using a 

centrifuge (Thermo scientific X1R) at 6000 rpm/15 min at 4 ˚C. The supernatant 

was decanted and any trace of medium was removed carefully using a pipette. 

Cell pellet were gently re-suspended in 7 ml of freshly prepared BM-glucose 

medium using a pipette to achieve a homogenous suspension. The OD600 of the 

culture was adjusted to 0.2 O.D. units/ml using Ultrospec 3100 pro UV/VIS 

spectrophotometer.  

For measurement on a plate reader, a 96 well optical bottom polystyrene black 

microtitre plate (Thermo scientific, 165305) was used to carry out the assay. 

The assay was performed in triplicate with a final culture volume of 200 µl / 

well. The reporters were induced with respective inducers as described in table 

15. Fluorescent and optical density measurements were performed using the 

software program associated with the Wallac plate reader. 

Table 15. Screening reporters and their inducers 

Screening reporter Inducer Concentration 

S. mutans P423 MIP 2.5 µM 

S. mutans P2147 Ampicillin 0.25 µg / ml 

S. mutans P836 XIP 2.5 µM 

 

2.7.1 Optical density and fluorescence measurements 
Wallac plate reader (Perkin elmer, Victor31420 multilabel counter) was used to 

read out the absorbance using P620/8nm filter. Fluorescence measurements for 

GFP or SYTO9 was carried out using 485nm excitation /535 nm emission filter and  

PI using 485nm excitation /630 nm emission filter.  

The fluorescence value from the screening reporters was quantified and 

represented in terms of mean fluorescent intensity or their log10 values for 
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control and induced strains. To quantify the viability, the percentage reduction 

in the green / red ratio relative to the control was calculated. 

2.7.2 Handling natural product stocks 
A total of 302 compounds used for screening were obtained from three different 

natural product libraries (KOM, MWIS and DZIF).  

KOM and MWIS compounds 

The compounds were stored at -20°C and retrieved on ice when necessary. It is 

advisable to maintain the stocks on ice so the degradation of the compounds 

due to temperature fluctuations could be reduced. The compounds were 

dissolved in methanol or DMSO based on their solubility. Master stocks were 

aliquoted to obtain working master stocks from which working stocks of 100 µg 

and 10 µg / ml were prepared.  All compounds were stored in dark bottles to 

protect from any degradation on light exposure.   

DZIF compounds 

Compounds from DZIF were obtained on a polypropylene microtitre storage 

plate at 1mM concentration which was stored at -80°C until used.  Shortly 

before screening, the plate was retrieved from -80˚C and thawed at room 

temperature. To pool the compounds to the bottom, the plate was centrifuged in 

a microplate centrifuge (Thermo scientific Heraeus labofuge 400 R) at 1,500 

rpm for 5 minutes of the well and transferred to the black microtitre plate for 

testing. Screening was performed as discussed. 

 

2.8 Validation of compound activity 

2.8.1 Bacteriocin overlay assay 
Overnight cultures of the S. mutans WT, Δ150, Δ1914 and Δ423 routinely grown 

in THBY were adjusted to OD600=0.2 O.D units /ml. Each culture in the presence 

and absence of 2.5 µM MIP was treated with and without the compound 

(erinacine C; 5 µg/ml). The cultures were incubated for 30-45 minutes until it 

was centrifuged at 7500 rpm for 5 minutes. The supernatant was discarded and 
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the pellet was re-suspended in 50 µl fresh THBY. 2.5 µl of each sample was 

spotted on THBY agar. The plates were incubated for 4-6 h. On plate retrieval, 

2.5µl of 1 mM MIP and 0.2 mg/ml erinacine C was added to the spot and 

incubated overnight. On the following day, overnight cultures of L. lactis and S. 

sanguinis were adjusted to an OD600 of 0.1. After 2.5 h, 100 µl of the mid-log 

phase culture was diluted in 6 ml of 0.7% THBY top agar and overlaid. After 20 

h incubation, the zone of inhibition around each spot was calculated.  

2.8.2 Live – dead staining for cell viability assessment 
Preparation of stain for use 

Live / dead Baclight bacterial viability kits (Molecular probes L7012) were used 

to perform the staining. The protocol for staining with SYTO 9 and PI was 

followed as per manufacturer’s instructions. For procedures involving 

counterstaining, cells were stained with PI dye only. For stain preparation the 

reagents were mixed in a falcon tube covered with aluminium foil to protect 

from light as follows: 

0.85 % NaCl   15 ml 

3.34 mM SYTO9  10 µl 

20 mM PI   10 µl 

The stain was mixed well and incubated for 1 h at RT in dark prior to staining. 

Sample preparation for fluorescence quantification and microscopy with 

SYTO9 / PI. 

Before staining, the cells were washed to eliminate any traces of medium. For 

washing, 0.85 % NaCl was used. The cells were pooled into an eppendorf tube 

and centrifuged at 13,000 rpm for 3 – 5 min. The supernatant was carefully 

removed using a pipette. 100 µl of 0.85 % NaCl was added. For rinsing the cells 

without any shear or cell loss, gentle pipetting or tapping of the eppendorf tube 

is recommended. The cells were centrifuged at 13,000 rpm for 3 – 5 min. The 

supernatant is decanted and the washing step is repeated again. After washing, 

100 µl of the prepared staining solution was added and the cells are gently 

mixed and incubated at RT / 15 min. The cells were then visualized under 
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microscope or added to a black microtitre plate in order to measure and 

quantify the fluorescence using a plate reader. For microscopic visualization, 3.5 

µl of the sample was mounted on a microscope slide and visualized under 

Olympus or Evos phase contrast fluorescence microscope. Overlay images are 

created using the software associated with the microscope.  
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3.1 Description of natural product libraries 
Three libraries consisting of purified natural products (NP) were used for 

screening with each of the constructed S. mutans reporters.  A total of 297 

compounds mostly derived from myxobacteria and fungi were tested on 96 well 

plates.  The three natural product libraries were the following: 

1. KOM NP library 

2. MWIS NP library 

3. DZIF NP library 

To obtain the strong and the most interesting compounds and eliminate any 

false positives, inclusion criteria were defined in each section of the screening 

results based on the objectives of the screen. The results of the screening are 

explained for each reporter individually based on the calculated OD % and the 

fluorescence % values. 

3.1.1 KOM NP library 
The KOM library consists of 81 compounds isolated from myxobacteria at the 

HZI. The cytotoxicity profile of each of these compounds was studied earlier at 

the HZI and the compounds were categorized based on their cytotoxicity IC50 

value against L929 mouse fibroblast cell lines into low cytotoxic compounds 

(yellow) with IC50 > 1000 ng ml-1, moderate cytotoxic compounds (green) with 

IC50 > 100 < 1000 ng ml-1 and highly cytotoxic compounds (red) with IC50 < 100 

ng ml-1 (table S1, appendix).  Since the interesting compounds would be 

followed up later for human application only those compounds with low 

cytotoxicity values were tested. Thus, from the 81 different compounds, 41 were 

selected because of low toxicity. 

From the 41 low toxicity compounds, only 25 were available at sufficient stock 

concentrations. Finally, 25 compounds were selected from the KOM library for 

screening in this study (summarized in table 16). Of these, Aurachin E, 

Chondrochloren A, Crocaceptin A, Soraphen A, Soraphen A1 alpha and Angiolam 

exhibited auto fluorescence and therefore was excluded during analysis. 

Corallopyronin A and Sorangicin A were known RNAP inhibitors which 

inhibited the growth of the reporter strains were excluded from analysis. 
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Table 16. Compounds screened from KOM library and their structural 
class. 

No. Compound Chemical class 

1 Ambruticin S Lactone 

2 Ambruticin VS 1 Lactone 

3 Ambruticin VS 3 Lactone 

4 Ambruticin VS 5 Lactone 

5 Ambruticin VS 6 Lactone 

6 Myxovirescin A2 Macrolide 

7 Crocapeptin A Cyclicdepsipeptide 

8 Jerangolid A Lactone 

9 Aurachin E Quinolone 

10 Chondrochloren A Styrene 

11 Argyrin A Peptolide 

12 Maracen A Vinyl ether 

13 Myxochromide S Lipopeptide 

14 Pyrronazol A Pyrone 

15 Soraphen A Macrolactone 

16 Soraphen A1 alpha Macrolactone 

17 Corallopyronin A α - pyrone 

18 Sorangicin A Macrolactone 

19 Ajudazol A Isochromanone 

20 Althiomycin Cyclic peptide 

21 Angiolam Macrolactone 

22 Byssochloren Polyketide 

23 Cyrmenin B1 N- acylpeptide 

24 Nannochelin A NAE Dilysin Citrate  hydroxamate 

25 Thuggacin Macrolide 
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All compounds were dissolved in methanol except for thuggacin A which was 

dissolved in DMSO. The compounds were screened in triplicates at a final 

concentration 5 µg and 0.5 µg ml-1.  

3.1.2 MWIS NP library 
The MWIS library is another huge repertoire of natural products available at 

HZI, Germany. Several compounds from this library were provided for 

screening. The compounds from this library were mostly isolated from fungi. An 

overview of 13 compounds that were used for screening are listed in table 17 

with the corresponding chemical classes. Compounds were dissolved in 

methanol and tested in triplicate at a final concentration of 5 µg ml-1 and 0.5 µg 

ml-1. If available, structure and molecular weight as well as the original 

identification of the active compounds are also indicated.  

Compounds spiculisporic acid, secospiculisporic acid, 16-α-

mannopyranosyloxy-isopimar-7-en-19-oic acid and Elaeicolaside C exhibited 

autofluorescence and was hence excluded during analysis. 

3.1.3 DZIF NP library 
The DZIF library was provided by the HIPS Saarbrücken, Germany [82]. The 

compound library was comprised of 259 compounds distributed on three 96 

well plates namely MXL-1, MXL-2 and MXL-3. Plate MXL-1, MXL-2 and MXL-3 

plates included 88, 88 and 83 compounds respectively. The compounds in the 

plate had an average molecular weight of 560 Da.  For each compound, 5 µl of a 

1 mM stock dissolved in DMSO was present.  The plates were processed for 

screening according to the protocol in the materials section.  For screening, 200 

µl of the S. mutans P423 culture was added to obtain a final working 

concentration of 25 µM of the compound per well.  The rational to choose this 

working concentration of 25 µM, was that compounds that required higher 

concentrations would not be interesting to follow up. These plates were 

designed to provide the maximal structural diversity of natural compounds 

from myxobacteria, the isolation of which is very time- and labor-intensive. 

Therefore, each compound is represented only once, and the plates are used as 

pre-screening tools only. 
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Table 17. Compounds screened from MWIS library and their structural 
class. 

No. Compound Class 

1 Secospiculisporic acid Hydrolyzed tri-carboxylic acid 

2 Spiculisporic acid Hydrolyzed tri-carboxylic acid 

3 Secospiculisporic acid-methyl ester Hydrolyzed tri-carboxylic acid 

4 Disciformycin A Macrolide glycoside 

5 Disciformycin B Macrolide glycoside 

6 Elaeicolaside C Isopimarane diterpene glycoside 

7 Hymatoxin A Isopimarane diterpene glycoside 

8 
16-α-mannopyranosyloxy-isopimar-

7-en-19-oic acid 
Isopimarane diterpene glycoside 

9 Erinacine C Di -terpene 

10 Myrocin B Di -terpene 

11 Glykenin 17 Glycolipid 

12 Glykenin 19 Glycolipid 

13 Glykenin 14 Glycolipid 
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3.2 Media selection for screening 
The study involved development of a whole cell fluorescent screen to identify 

natural compounds that could target the virulence of S. mutans UA159, thus 

weakening the bacterium. For this, reporter strains were designed in which the 

target genes of interest were fused to a GFP+ fluorophore which are integrated 

into the genome of S. mutans by single homologous recombination. These 

reporters were developed with an objective to screen them against different 

natural product libraries in order to identify interesting compounds that 

influence the gene under study.  

Since the read-out was fluorescence based and a medium throughput screening 

model was desired, it was necessary to choose a cultivation medium which was 

minimally auto fluorescent.  

 

Figure 5. Auto fluorescence of cultivation medium at GFP emission. 
Complex medium THBY and semi-defined medium (CDM, YNBNPS and BM) 
were tested for their background fluorescence at conditions suitable for 
cultivation of S. mutans UA159. 200 µl of each of the freshly prepared media 
were pipetted into a black microtitre plate and incubated at 37 °C at 5 % CO2. 

The background fluorescence was measured using a VICTOR3 plate reader at 
GFP excitation and emission (485 / 535 nm). Values represent mean and the 
standard deviation of triplicate samples after 6 h of incubation. NaCl was used 
as a reference. BM medium offered the least fluorescence background and was 
chosen for cultivation of screening reporters. 
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Hence, complex and different semi-defined media were tested for their 

background fluorescence without any bacterial culture at specified cultivation 

conditions. Figure 5 illustrates the auto fluorescence of different media 

incubated for 6 h at 37 °C at 5 % CO2 measured at GFP excitation and emission 

(485 nm / 535 nm) wavelengths on a plate reader. 

Of all the media tested, CDM and complex media THBY possessed a highest 

fluorescent background while YNBNPS and BM medium had the least. Further, 

the fluorescent values of YNBNPS and BM medium were compared and were 

found to be 26,919 and 11,493 fluorescence units respectively. Therefore, BM 

medium was chosen for cultivating reporters for screening with least 

fluorescence background thus enabling direct measurement of fluorescence 

without any washing steps. 
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3.3 Suppressors of mutacin synthesis 

3.3.1 Fluorescent reporter strain to screen for compounds that 

can suppress bacteriocin synthesis of S. mutans 

 

In order to survive and dominate, one of the interesting mechanisms adopted by 

S. mutans is to mediate the inter-species competition in a given niche of closely 

related organisms. It synthesizes antimicrobial peptides called bacteriocins 

which in S. mutans are termed mutacins. These molecules kill competing 

bacteria in the environment and thus improve survival of S. mutans. Different 

strains of S. mutans produce different mutacins [43]. S. mutans UA159 produces 

the non-lantibiotic mutacins IV, V and VI.  Mutacin IV acts against many 

streptococcal strains, mutacin V against non-streptococcal species [44] , and 

mutacin VI shows no visible activity under standard bacteriocin assay 

conditions unless from a strain over-expressing BsrR. In this strain, mutacin VI 

lysed the vancomycin resistant Enterococcus faecium (FQ1VRE strain) in CDM 

medium [45]. In this study, a reporter strain for mutacin VI was constructed 

because it is the least understood mutacin of S. mutans UA159. Mutacin VI 

synthesis is encoded by SMU_423. For the study, pAE03 plasmid was obtained 

from Eberhardt et al., 2009 (figure 6, [81]) used for reporter construction. The 

promoter of SMU_423 was tagged to GFP+ and the construct was integrated into 

the chromosome of S. mutans UA159 by single homologous recombination, 

resulting in S. mutans P423, which was then used to identify compounds that 

suppress its transcription. 
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Figure 6. pAE03 plasmid (A) and the mode of integration of promoter-
GFP+ fusion into the target genome.  The figure is adopted from Eberhardt et 
al. 2009 [81]. (A) Plasmid pAE03 enables C- terminal fusion of protein to GFP+. 
Also it harbors origin of replication from E.coli, and erythromycin cassette for 
selection.  (B) Integration of the promoter –GFP+ fusion (e.g. licD2-GFP+) via 
single homologous recombination event into the native locus of the genome.  

 

Growth and fluorescence of S. mutans P423 

Of those factors that are responsible for mutacin synthesis, it was shown that 

the presence of the pheromone MIP (mutacin inducing peptide), an 18 mer 

peptide that is synthesized by S. mutans and secreted into the environment, 

signals the transcription of bacteriocin encoding genes [40]. Therefore, in order 

to obtain maximal expression of the mutacin VI promotor, we added MIP to the 

S. mutans P423 culture, and monitored the growth and fluorescence over 24 h.  

The optical density of un-induced and induced S. mutans P423 culture was 

similar without significant differences until 8 h. A slight increase in growth was 

observed for S. mutans P423 treated with MIP from 8 h (figure 7 A). At 24 h of 

growth, the un-induced culture showed a small growth inhibition.  
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To test the transcription of the mutacin VI promotor, the GFP fluorescence was 

monitored from the un-induced and the induced S. mutans P423 (figure 7 B).  

Under un-induced conditions, the strain produced a basal level of fluorescence 

which remained similar over 24 h. It can be attributed to endogenous MIP 

production in the cell. When MIP was externally added to the culture, a very 

strong expression of the mutacin VI promoter was noted. For ease of 

visualization, the signal intensity is represented in the logarithmic scale. The 

GFP fluorescence from the MIP treated S. mutans P423 culture exponentially 

increased until 8 h. The intensity of the fluorescence corresponded to a value 

46x higher than the baseline at this time. Later, the response of the promotor 

increased slightly and remained stable until 24 h.  

 

Figure 7. Growth (A) and log10 fluorescence (B) of S. mutans P423. The 
experiment was carried out in BM medium supplemented with 0.5 % glucose. 
2.5 µM of MIP was added to induce the mutacin VI promotor. The optical density 
(620 nm) and fluorescence (485/ 535 nm) at GFP excitation/emission was 
determined on a VICTOR 3 plate reader. The values represent the mean (optical 
density), logarithmic mean (fluorescence) and the standard deviations from two 
independent experiments which had been conducted with triplicate technical 
replicates. Growth was similar in un-induced and induced S .mutans P423 
cultures. The GFP tagged mutacin VI promotor showed a strong fluorescence 
when induced with MIP. 
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3.3.2 Population wide expression of mutacin VI  
To determine if the activation of the S. mutans 423 reporter with MIP caused a 

partial or population wide response, the S. mutans P423 cells with and without 

MIP were microscopically analyzed for GFP expression. Figure 8 shows GFP 

fluorescence of S. mutans P423 at 8 h in BM medium. Un-induced S. mutans 

P423 cells showed a weak basal GFP expression. This was mainly contributed by 

the internal MIP production in the cell. When treated with MIP, the cells showed 

a strong fluorescence as seen in the image. GFP was expressed in all cells 

(overlay) thus confirming the population wide expression of the mutacin VI 

promotor.  

 

Figure 8. Population wide activation of S. mutans P423 with MIP. The cells 
were grown in BM medium supplemented with 0.5 % glucose. For the induction 
of the mutacin VI promotor transcription 2.5 µM of MIP was added and S. 
mutans P423 was incubated for 8 h at 37°C / 5 % CO2. The overlay images were 
created using software installed in the Olympus fluorescence microscope.  Weak 
GFP expression was noted in un-induced cells due to internal MIP production. 
The induction of the GFP+ tagged mutacin VI promotor by MIP resulted in bright 
and population wide expression of GFP in all cells. 

 

3.3.3  Deletion of mutacin synthesis genes 
To clarify if deletion of the mutacin gene would result in loss of mutacin 

transcription leading to reduced competitiveness, without compromising the 

survival of S. mutans UA159, a knock-out for mutacin VI (S. mutans ∆423) was 
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created. The gene was deleted by replacing the SMU_423 gene locus with an 

erythromycin B cassette yielding S. mutans ∆423. For comparison, knockout 

mutants of the well-studied mutacin IV (S. mutans ∆150) and V (S. mutans 

∆1914) were also tested. 

 

 

 

Figure 9.Growth of mutacin deficient strains. The strains were grown in 
THBY medium with 10 µg ml-1 erythromycin and incubated in 5 % CO2 at 37°C. 
Sampling for optical density was done in triplicates and measured using Ultra 
spec UV/VIS spectrophotometer. Mean and standard deviation of triplicate 
samples are shown. The growth of the mutacin VI knock out strain was similar 
to the wildtype and to the other bacteriocin knock out mutants. SMU WT: 
wildtype S. mutans UA 159; SMU ∆150: mutacin IV deletion mutant; SMU ∆1914: 
mutacin V deletion mutant; SMU ∆423: mutacin VI deletion mutant. 

 

The growth of the deletion mutants were monitored in THBY medium and 

compared to the wildtype S. mutans UA 159 and with each other. Figure 9 

demonstrates that S. mutans ∆423 knock out strain did not show any change in 

growth compared to the wildtype and the other mutacin knock out mutants (S. 

mutans ∆150 and S. mutans ∆1914). Thus, it could be concluded that deletion of 

the bacteriocin genes does not affect the growth of the strain.  

3.3.4 Natural product screening with S. mutans P423 
The screening was carried out with S. mutans P423 reporter to identify 

compounds that suppress the mutacin VI transcription. The un-induced 

reporter served as positive control for growth. To identify compounds that 

suppress the mutacin VI activity, the compounds were added to an MIP induced 
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S. mutans P423 culture.  MIP was added to the S. mutans P423 culture to obtain 

maximum expression of the reporter, which represents the 100 % value.  

The compounds that could suppress the mutacin VI transcription were 

identified based on the fluorescence signal emitted by the GFP-tagged mutacin 

VI promotor. To obtain the strong and the most interesting compounds and 

eliminate any false positives, inclusion criteria were defined. 

Criteria for identification of mutacin VI suppressors 

To determine the cut-off for growth and fluorescence, a calculation was 

performed on the optical density and fluorescence data after screening.  At each 

measured time point, the optical density or fluorescence value of a sample (i.e., 

compound treated) was normalized to the corresponding optical density or 

fluorescence value of maximally expressed MIP induced S. mutans P423 value, 

which resulted in an OD factor or fluorescence factor. For ease of data 

visualization, the factor was multiplied by 100 to obtain OD % and fluorescence 

% values which were used for analysis.  

In other words, OD % and fluorescence % of a compound can be derived using 

the formulae: 

OD % = OD factor X 100 where,  

OD factor = Optical density of compound treated culture / optical density of the 

MIP induced S. mutans P423. 

Similarly, 

Fluorescence % = Fluorescence factor X 100 where, 

Fluorescence factor = Fluorescence of the compound treated culture / 

fluorescence of the MIP induced S. mutans P423.  

The values of OD % and fluorescence % are always 100 % for an MIP induced 

culture. Any compound treatment on the S. mutans P423 that resulted in OD % < 

100 % demonstrated that the compound affected the growth of the strain.  
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Activity of any compound that resulted in fluorescence % < 100 % was 

considered to suppress the expression of the promoter. The OD % and the 

fluorescence % values are listed in the results tables (appendix) of each 

screening libraries together with the absolute values of OD and fluorescence. 

For identification of interesting compounds, a cut-off value was defined for 

growth and fluorescence to determine compounds which did not inhibit growth 

and strongly suppressed the mutacin VI activity, respectively. To strengthen the 

inclusion criteria for compounds, the reporter response had to match the cut – 

off values strictly at three measured time points. This was intended to ensure 

that the effect of the compound on the S. mutans P423 was stable.  

Compounds that inhibited the growth of the reporter were excluded. Growth cut 

– off was defined when the OD % value of the compound treated culture was ≥ 

90 % similar to the MIP induced strain. In other words, those compounds which 

showed an OD % value < 90 % at three measured time points were excluded 

from further analysis.  

The next step was to determine compounds that suppressed the induced 

mutacin VI promoter. However, based on the screening data, it was observed 

that many compounds reported values of fluorescence % < 100 %, and 

therefore, a strong and stable suppressor had to be identified for follow up.  

Therefore, to narrow down the interesting compounds and procure the 

strongest suppressors of mutacin VI transcription, the fluorescence cut-off was 

defined as those compounds that caused 50 % reduction in the GFP 

fluorescence of the induced mutacin VI at three measured time points. In terms 

of fluorescence %, if the value ≤ 50 % was reported, the compound was 

concluded as a strong suppressor of mutacin VI transcription.  
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3.3.5 Results from screening with the S. mutans P423 reporter 

strain 
 Results will be described for the three compound libraries separately. 

KOM NP library 

Table S1 (appendix) shows the results of testing reporter strain S. mutans P423 

against 25 compounds from the KOM library. In the table S1, the mean optical 

density and the fluorescence values for each compound at each measured time 

point are shown. Adjacently, the calculated OD % and fluorescence % values are 

also enlisted. All the values corresponding to optical density are marked in blue 

and fluorescence in red.  

On comparing the OD % values for identifying growth inhibitors, four out of 25 

compounds inhibited the growth by more than 90 % at three time points and 

thus were excluded from further study. As mentioned in section 1 of this 

chapter, RNAP inhibitors corallopyronin A and sorangicin A [83,84] inhibited 

growth. Additionally, Thuggacin A and Cyrmenin A did not match the growth 

criteria. The rest of the compounds from the library did not show any growth 

inhibition at both working concentrations and was comparable to the induced S. 

mutans P423.  

The fluorescence % value of the remaining 21 compounds was used to identify 

compounds that caused 50 % suppression of mutacin VI transcription. 

Myxovirescin A2 was the only compound where a gradual decrease in the GFP 

fluorescence was noted after 2 h of treatment and a maximum of 51 % 

suppression was seen at 24 h. However, as per the cut-off criteria to determine 

the best suppressor, Myxovirescin A2 was not considered to be a stable 

suppressor of mutacin VI expression as the suppression was observed only at 

24 h.  

Although not in the scope of the study, it was also interesting to note that some 

compounds increased GFP fluorescence of the induced promoter. Variants of 

ambruticin (compounds 3-5), showed nearly >25 % increase in mutacin VI 

promoter expression at two measured time points.  
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Since there were no compounds that showed 50 % suppression at three 

measured time points, it was concluded that there were no strong inhibitors of 

mutacin VI from this library. 

MWIS NP library 

Table S3 (appendix) shows the results of testing reporter strain S. mutans P423 

against 13 compounds from the MWIS library. In the table S3, the mean optical 

density and the fluorescence values for each compound at each measured time 

point are shown. Adjacently, the calculated OD % and fluorescence % values are 

also listed. All the values corresponding to optical density are marked in blue 

and fluorescence in red.  

The OD % data from the screening were used to identify those compounds that 

did not inhibit growth. Of 13 compounds tested, 10 compounds (1-6, 9, 11-13) 

did not inhibit growth and the optical density was comparable to the MIP 

induced S. mutans P423. These compounds were further analyzed to identify 

those that suppress the mutacin VI promoter activity. The rest of the 

compounds were excluded from further analysis. 

Next, the fluorescence data of 10 compounds were analyzed to identify those 

that reduced induced mutacin VI promoter expression by 50 %. Erinacine C was 

the first compound in this study that was observed to reduce the MIP induced 

expression of mutacin VI promoter. Although, Myrocin B belonging to the same 

structural class of Erinacine C did not match the growth cut-off, the compound 

was included for comparison and the summary of the result is shown in table 

18. 

Table 18. Compounds from MWIS library reducing the mutacin VI 
expression 

Compound Class 
Least fluorescence % 

reported 
Reference 

Erinacine C 
Cyathane di-

terpene 
38 [85] 

Myrocin B 
Isopimarine di-

terpene 
48 [86] 
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Erinacine C at 5 µg ml-1 resulted in 57 % decrease in the GFP fluorescence from 

the MIP induced S. mutans P423 at 4 h, which was further reduced to 62 % at 8 

h. The suppression was stable and lasted until 24 h.  At a 10-fold lower 

concentration the activity was not lost; however, the suppression was smaller. 

Nearly 35% decrease in the GFP fluorescence was noted when treated with 0.5 

µg ml-1 of Erinacine C.   

Myrocin B showed 52 % decrease in the transcription of the induced mutacin VI 

promoter at 5 µg ml-1 at 4 h which was stable until 24 h.  However, at 0.5 µg ml-1, 

Myrocin B showed 40 % suppression of the induced S. mutans P423 reporter 

expression at 4 h which lasted until 24 h.  

Therefore, Erinacine C and Myrocin B were the two primary hits that were 

concluded to be interesting compounds that reduced the mutacin VI promoter 

activity by 50 %.  These two compounds belonged to the class of di-terpenes 

and were chosen for validating the mutacin VI suppression activity. 

DZIF NP library 

Table S4 (appendix) shows the results of testing the S. mutans P423 strain 

against 259 compounds of the DZIF library. In the table S4, the optical density 

and the fluorescence values for each compound at each measured time point are 

shown. This was because the pre-screening of only a single replicate was 

performed (see above). Adjacently, the calculated OD % and fluorescence % 

values are also enlisted. All the values corresponding to optical density are 

marked in blue and fluorescence in red. The compounds which resulted in OD % 

≥ 90 % and fluorescence % ≤ 50 % of the induced S. mutans P423 at three 

measured time points were shortlisted.  

The results from each plate screened of the DZIF library are categorically 

described. 

MXL - 1 plate 

Of the 88 compounds that were screened from the MXL-1 plate, 20 compounds 

were growth inhibiting and were excluded. Additionally, three compounds had 
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background fluorescence at the beginning of the experiment and hence were 

eliminated from analysis. The remaining 65 compounds were analyzed to 

identify compounds that resulted in fluorescence % ≤ 50 %. The list of 

interesting compounds obtained from the screening is summarized in the table 

19. The corresponding serial number in table S4, compound code, structural 

class, least % fluorescence value are also included. 

The suppression for the listed compounds began 2 h after treatment which 

gradually reached its low fluorescence value reported at 24 h. 

MXL – 2 plate 

The plate consisted of 88 compounds of which 10 compounds inhibited growth 

of the screening S. mutans P423 expression reporter. Of these, six compounds 

had shown fluctuations in growth data and were therefore excluded to prevent 

any bias. Three compounds showed background fluorescence at 0 h. Of the 

remaining 75 compounds, only two compounds listed in table 19 were 

identified as interesting leads that contributed to 50 % reduction of mutacin VI 

promoter expression. 

Myxopyronin A reached its lowest GFP fluorescence after 8 h and Jerangolid E 

caused maximum suppression of the induced promoter at 24 h. 

MXL - 3 plate 

Of the 83 compounds from this plate, 24 compounds were excluded from 

analysis as 12 of them were growth inhibitors and the rest of them had high 

background fluorescence at the beginning of screening. From the rest of the 59 

compounds, only one suppressed the induced mutacin VI activity by 50 %.  The 

maximum suppression by the compound was observed at 8 h. 

Therefore, 8 out of the total 259 compounds from the DZIF library were 

shortlisted for their ability to strongly and stably suppress the mutacin VI 

transcription by 50 % (table 19). These could be studied further to validate 

their activity.  
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Table 19. Compounds from DZIF library reducing the mutacin VI 
expression 

Compound 
code 

Compound Structural class 
Least 

fluorescence % 
reported 

Reference 

MXL -1 A4 Noricumazol A 
Oxazole- 

isochromanone 
24 [87,88] 

MXL -1 D5 Myxovirescin D Macrolide 13 [89,90] 

MXL -1 G7 Myxovirescin M Macrolide 28 [89,90] 

MXL -1 F9 Chondrochloren B 
Chloro-hydroxy-

styryl amide 
25 [91] 

MXL -1 G10 Aurachin A Quinolone 16 [92] 

MXL -2 H5 Myxopyronin A α - pyrone 20 [93–95] 

MXL -2 E6 Jerangolid E Lactone 35 [96] 

MXL -3 E1 Aurachin A Quinolone 47 [92] 

 

3.3.6 Elucidating the role of mutacin VI 
Apart from a study where an indicator organism was reported for mutacin VI 

under an over-expressed BsrRM condition [45], no other indicator organisms 

were reported for this mutacin. Hence, ascertaining the exact role of mutacin VI 

was required. For this, it was necessary to identify a suitable indicator organism 

that could be acted by mutacin VI. By evaluating this function of this mutacin, 

the loss in functionality of mutacin VI upon treatment with the compound could 

be easily illustrated.  

For this, the single deletion knock – out of mutacin VI (S. mutans ∆423) was 

tested on a bacteriocin overlay assay against indicator organisms S. sanguinis 

and L.  lactis.  For comparison, knock-out mutants of the well-studied mutacin IV 

(S. mutans ∆150) and V (S. mutans ∆1914) were also included in the bacteriocin 

overlay assay. The activity of mutacin IV against S. sanguinis and mutacin V 

against L. lactis [40,44] had been reported earlier in THBY. The indicator strains 

S. sanguinis and L. lactis were shown to be sensitive against mutacin IV and V of 

S. mutans UA159 respectively.  

The bacteriocin assay was carried out on THBY agar medium. S. mutans UA159 

wildtype strain was used as a reference strain that produced all three mutacins. 

To induce mutacin expression, synthetic MIP was added. In the presence of MIP, 
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the mutacin encoding genes were transcribed and mutacin peptides were 

synthesized and secreted into the environment. When a sensitive competitor 

organism encountered the secreted mutacin, the organism was killed due to the 

anti-bacterial action of the mutacin.  Thus, the growth inhibition halo of the 

indicator strains was indicative of mutacin activity.  A decrease in the size of the 

halo was indicative of a decrease of mutacin activity.  

To clarify this, the producer strains S. mutans UA159 (wildtype), S. mutans Δ150 

(mutacin IV deletion, S. mutans Δ1914 (mutacin V deletion) and S. mutans Δ423 

(mutacin VI deletion) were spotted with and without MIP. These strains were 

tested for mutacin production against the indicator organisms L. lactis and S. 

sanguinis.  

Figure 10 illustrates the growth inhibition halo of the producer strains of S. 

mutans against the indicator organisms L. lactis and S. sanguinis in THBY. The 

zone of inhibition was determined by measuring the diameter of the clear zone 

around the spot of the producer strain. The measurement was done for three 

technical replicates and the mean and the standard deviation between them was 

calculated.  The measured zone of inhibition for each mutacin producer strain in 

the presence and absence of MIP is given in table 20.  

From figure 10, it can be seen that S. mutans UA159 inhibited the growth of the 

indicator L. lactis in the presence and absence of MIP as expected. A slight 

increase in the growth inhibition halo was noted when the wildtype strain was 

treated with MIP (14.3 ± 0.44 mm) in comparison to the un-induced strain (13 ± 

0 mm). When the knock-out mutants of S. mutans UA159 were tested against 

the indicator L. lactis, there was no zone of inhibition detected with S. mutans 

Δ150 and S. mutans Δ423, but activity was found for S. mutans Δ1914. This 

correlates with the earlier studies with regard to the specificity of mutacin V 

activity against the indicator L. lactis [40,44]. No growth inhibition halo was 

observed in spite of MIP addition thus confirming that mutacin V is specific to L. 

lactis.   
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Figure 10. Bacteriocin overlay assay to determine the role of mutacin 
VI. The assay was carried out in THBY agar. The producer strains S. mutans 
UA159 (WT); S. mutans Δ150 (Δ150), S. mutans Δ1914 (Δ1914) and S. 
mutans Δ423 (Δ423) were tested against indicators L. lactis and S. sanguinis.  
Overnight cultures of producer strains were adjusted to O.D=0.2 and grown 
until early exponential phase in THBY with and without 2.5 µM MIP. 1 ml 
from these cultures was centrifuged at 7,500 rpm / 5 min. The pellet was re-
suspended in 50 µl fresh THBY and 2.5 µl was spotted. The plates were 
incubated for 4 – 6 h. To ensure stable mutacin expression 2.5 µl of 1 mM 
MIP was added to the spot and incubated overnight at 37 °C at 5 % CO2. On 
day 1, exponentially grown indicator strains in THBY were overlaid with 0.7 
% THBY top agar and incubated for 20 h. On day 2, the growth inhibition 
halo was measured.  S. sanguinis was inhibited by mutacin IV and L. lactis by 
mutacin V. No activity was detected with mutacin VI against both indicator 
organisms. 
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Table 20. Zone of inhibition for mutacin knock –outs of S. mutans UA159 

Zone of inhibition ± SD (mm) 
L. lactis 

 
Control MIP 

WT 13 ± 0 14.3 ± 0.44 

Δ 150 10.3 ± 0.44 11.7 ± 0.89 

Δ 1914 0 ± 0 0 ± 0 

Δ 423 12.3 ± 0.44 16.7 ± 0.44 

Zone of inhibition ± SD (mm) 
S. sanguinis 

 Control MIP 

WT 13.7 ± 0.44 17 ± 0 

Δ 150 0 ± 0 0 ± 0 

Δ 1914 11.3 ± 0.44 13 ± 0 

Δ 423 10.7 ± 0.44 16 ± 0 

 

Similarly, when S. mutans UA159 strain was tested against the indicator S. 

sanguinis, the MIP treatment caused a wider zone of inhibition (17 ± 0 mm) in 

comparison to the un-induced strain (13.7 ± 0.44 mm). However, with S. mutans 

Δ150 (± MIP), no growth inhibition halo was seen while with S. mutans Δ1914 

and S. mutans Δ423, a zone of inhibition was detected. These results confirmed 

that the effect of mutacin IV of S .mutans UA159 was specific to S. sanguinis as 

described earlier. This also clearly demonstrates that the assay was successfully 

optimized to detect the mutacin activity.  

As stated earlier in the section, the study aimed at elucidating the role of 

mutacin VI.  Based on these experimental data, however, no significant activity 

of mutacin VI was detected against the indicator strains S. sanguinis and L. lactis. 

This could be because either the mutacin VI had specificity against different 

indicator organisms or the mutacin VI was not secreted under the conditions of 

the assay. Therefore, from this experiment it was concluded that mutacinVI did 

not act against the tested organisms and could not be pursued further in 

validation studies. 
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3.3.7 Growth and fluorescence of S. mutans P150 and P1914. 

In order to validate the mutacin suppression activity of a compound, a suitable 

indicator strain that could be inhibited specifically by mutacin VI was needed. 

This would be useful in explaining the loss of functionality upon treatment with 

the compounds. However, from the bacteriocin overlay assay that was carried 

out with S. mutans wild type and bacteriocin knock out mutants, a suitable 

indicator for S. mutans Δ423 could not be identified. Therefore, it was 

investigated if those compounds that suppressed mutacin VI transcription were 

also able to suppress mutacin IV and V transcription. 

Therefore, the growth and fluorescence of S. mutans P150 and S. mutans P1914 

strains had to be characterized. Therefore, a reporter strain for mutacin IV and 

V were used. Mutacin IV synthesis is encoded by SMU_150 and mutacin V by 

SMU_1914. The reporter strain was constructed by tagging the promoter of 

SMU_150 or SMU_1914 to GFP+ and the construct was integrated into the 

chromosome of S. mutans UA159 by single homologous recombination, 

resulting in S. mutans P150 and S. mutans P1914, which were then used to 

identify compounds that suppressed transcription of GFP+. 

As in the earlier section MIP was added to the cultures of S. mutans P150 and S. 

mutans P1914, to obtain maximal expression of the respective promoters. The 

growth and fluorescence were monitored over 24 h. The mean of log10 

fluorescence values are shown. 

In case of S. mutans P150, there was no difference in the optical density between 

the induced and un-induced strain throughout the experiment (figure 11 A).  

The un-induced strain did not show any fluorescence over 24 h. Upon addition 

of MIP, the fluorescence increased until 8 h and then stabilized until 24 h (figure 

11 B).  However, the intensity was much lower than the un-induced strain and 

corresponded to only 6x higher value from the baseline.  
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Figure 11. Growth (A) and log10 fluorescence (B) of S. mutans P150. The 
experiment was carried out in BM medium supplemented with 0.5 % glucose. 
2.5 µM of MIP was added to induce the mutacin IV promoter. The optical density 
(620 nm) and fluorescence (485/ 535 nm) at GFP excitation/emission was 
determined on a VICTOR 3 plate reader. The values represent the mean (optical 
density), logarithmic mean (fluorescence) and the standard deviations from two 
independent experiments which had been conducted with triplicate technical 
replicates. There were no differences in the growth of un-induced and induced 
S. mutans P150 cultures. The mutacin IV promoter showed an increase in GFP 
fluorescence over time upon MIP addition. 
 

The optical density of the un-induced and induced S. mutans P1914 culture was 

similar without significant differences until 8 h. A slight increase in growth was 

observed for S. mutans P1914 treated with MIP from 8 h (Figure 12 A). At 24 h 

of growth, the un-induced culture showed a small growth inhibition.  

The GFP fluorescence was monitored from the un-induced and the induced S. 

mutans P1914 culture (Figure 12 B) in order to test the transcription of the 

mutacin V promoter.  Under un-induced conditions, the strain produced a basal 

level of fluorescence mainly due to internal MIP production until 24 h. When 

MIP was externally added to the culture, a very strong expression of the mutacin 

V promoter was noted. The GFP fluorescence exponentially increased until 8 h. 

The intensity reached a value 42x higher than the baseline and was in the same 

range until 24 h.  
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Figure 12. Growth (A) and log10 fluorescence (B) of S. mutans P1914. 2.5 µM 
of MIP was added to induce the mutacin V promoter. The experiment was carried out in 
BM medium supplemented with 0.5 % glucose at 37 °C and 5 % CO2. The optical density 
(620 nm) and fluorescence (485/ 535 nm) at GFP excitation/emission was determined 
on a VICTOR 3 plate reader. The values represent the mean (optical density), 
logarithmic mean (fluorescence) and the standard deviations from two independent 
experiments which had been conducted with triplicate technical replicates. There were 
no differences in the growth of un-induced and induced S. mutans P1914 cultures until 
8 h. At 24 h, a slight growth inhibition was observed for the un-induced strain. The 
GFP+ tagged mutacin V promoter showed strong GFP fluorescence when induced with 
MIP.  
 

3.3.8 Suppression of mutacin synthesis by natural compounds. 
Due to the lack of indicators for mutacin VI, it was necessary to validate if the 

interesting compounds from screening could cause a similar suppression effect 

on mutacin IV and V reporters. If this could be clarified, then the validation of 

the compound activity using the bacteriocin overlay assay could be performed 

using the known indicators for mutacin IV and mutacin V strains. 

The initial two compounds that showed a strong suppression on mutacin VI 

activity, Erinacine C and Myrocin B, were followed up for validation. To 

determine if these compounds reduced the mutacin IV and V activity upon 

treatment, the screening test was repeated with reporter S. mutans P150 and S. 

mutans P1914 for mutacin IV and V respectively. The test was again performed 
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with the two compounds at a final working concentration of 5 µg ml-1 and 0.5 µg 

ml-1. For comparison, the S. mutans P423 was also included in the screening. The 

fluorescence % values at 8 h upon treatment with Erinacine C and Myrocin B 

are illustrated in figure 13.  

 

 

Figure 13.  Activity of Erinacine C (A) and Myrocin B (B) on mutacin 
synthesis of S. mutans UA159. The compounds were tested at final 
concentrations of 5 µg ml-1 and 0.5 µg ml-1 on the three bacteriocin expression 
reporters S. mutans P150 (mutacin IV), S. mutans P1914 (mutacin V) and S 
.mutans P423 (mutacin VI).  The experiment was carried out in BM medium 
supplemented with 0.5 % glucose. The reporters were incubated at 37 °C and 5 
% CO2 and the fluorescence was recorded at 485/ 535 nm (GFP excitation/emission 
wavelengths) on a VICTOR 3 plate reader. The fluorescence % of the reporters upon 
compound treatment at 8 h (time of max. response) is shown for three technical 

replicates. Erinacine C at 5 µg ml-1 resulted in maximum suppression of mutacin 
transcription which was followed up for validation. Weak suppression of mutacin 
transcription was noted with Myrocin B treatment and hence excluded for validation. 

 

From figure 13 A, it was observed that Erinacine C at 0.5 µg ml -1 did not 

suppress the fluorescence of induced S. mutans P1914 and P423 strain, but 

around 10 % suppression was noted for S. mutans P150. At the 10 fold higher 

concentration of 5 µg ml -1, the fluorescence % value was 70%, 44 % and 33 % 
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for S. mutans P150, P1914 and P423, respectively.  In other words, Erinacine C 

resulted in 30 %, 56 % and 67 % reduction in the fluorescence of the induced 

mutacin IV, V and VI promoters, respectively. The value of fluorescence 

reduction was consistent with the earlier screening data of Erinacine C with S. 

mutans P423. 

Figure 13 B shows the fluorescence % values of the mutacin IV, V and VI 

mutacin reporters at 8 h upon treatment with Myrocin B. At the lowest 

screening concentration of 0.5 µg ml -1, the compound did not cause a reduction 

in the fluorescence of the mutacin V and VI reporters. A small reduction by 25 % 

was observed for S. mutans P150. This did not correlate with the earlier 

screening data of Myrocin B for S. mutans P423 where 0.5 µg ml -1 of the 

compound caused 40 % reduction in the fluorescence. Also at higher 

concentration, it was strange to note that the compound did not cause a 

significant reduction as seen in the earlier screening data with S. mutans P423. 

Only 11 % reduction in the fluorescence of S. mutans P423 was observed upon 

treatment. Closer to 14 % reduction in the fluorescence was observed for S. 

mutans P150 while there was almost no effect on S. mutans P1914.  

Therefore, based on these data, two conclusions were arrived at:  

1) Suppression of mutacin synthesis by Myrocin B could not reproducibly be 

shown. This could be due to instability of the compound. Thus, Myrocin B was 

not chosen to be followed up for validation.  

2) The activity of the compounds suppressing mutacin transcription was a 

global effect. The compounds most likely acted on a common target controlling 

transcription of all mutacins rather than acting specifically on transcription of a 

single mutacin of S. mutans UA159. Therefore, the validation of the effect of 

mutacin suppression by the compound could be carried out using the available 

indicator organisms for mutacin IV and V. 
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3.3.9 Determination of MIC50 values for mutacin suppression  
In order to determine the minimum concentration which caused the 

suppression of bacteriocin transcription, Erinacine C was tested at different 

concentrations. Also, the concentrations were used to analyze if they influenced 

the growth and fluorescence of the mutacin reporters.  

Figure 14 A, B and C shows the concentration dependent test of Erinacine C on 

mutacin IV, V and VI expression reporters, respectively. Six different 

concentrations (0.5, 1, 2, 5, 10, 20 µg ml -1) were tested and the OD % and 

fluorescence % values at 8 h are shown for all three reporters.  

 

Figure 14. Concentration dependent inhibition of transcription of mutacin 
expression by Erinacine C. The experiment was carried out in BM medium 
with 0.5 % glucose. 2.5 µM MIP was added to induce the reporters. Different 
master stocks were used to obtain the final working concentrations 0.5, 1, 2, 5, 
10 and 20 µg ml -1. The bacteriocin reporter was adjusted to O.D = 0.2 and 
compounds were tested for their activity on OD and fluorescence of an induced 
S. mutans P150 (mutacin IV) (A), S. mutans P1914 (mutacin V) (B) and S. mutans 
P423 (mutacin VI) (C).  The mean OD % and fluorescence % values of three 
technical replicates with the standard deviation are shown. Erinacine C at 5 µg 
ml -1 was the minimum concentration that caused suppression of mutacin 
synthesis without any growth inhibition. 
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At concentrations ranging from 0.5 to 5 µg ml -1, Erinacine C did not inhibit the 

growth of the mutacin reporter strains. At 10 µg ml -1, the optical density 

showed a slight decline. At 20 µg ml -1, the OD % was almost 50 % which was 

half of the OD % noted at 10 µg ml -1. Therefore, it was concluded that Erinacine 

C at concentrations > 5 µg ml -1 affected the growth of the mutacin expression 

reporters.  

As the fluorescence % values were analyzed for S. mutans P1914 and S. mutans 

P423, 0.5 – 2.0 µg ml -1 of Erinacine C did not cause any suppression of the 

induced mutacin promoters. The fluorescence % was reduced, upon treatment 

with 5 µg ml -1 Erinacine C, to 51 % (S. mutans P1914) and 71 % (S. mutans 

P423). The loss in the suppression of S. mutans P423 was attributed to a 

technical error while pipetting the compound. This was further confirmed 

because upon treatment with 10 µg ml-1 of the compound, approx. 85 % 

suppression of mutacin synthesis was detected on both the S. mutans P1914 and 

S. mutans P423 reporters. This increase in suppression could be noticed only 

with increasing concentration.  At 20 µg ml -1, the mutacin synthesis was 

reduced to 5 %, but there was also a growth inhibition at this concentration. 

In case of S. mutans P150, fluctuations were seen upon Erinacine C treatment, 

probably due to the weak signal from the reporter. At 0.5 and 1.0 µg ml -1, no 

suppression of the induced mutacin promoter was noted. At 2.0 µg ml -1, 33 % 

suppression was seen which was a likely an artifact due to the huge error bar. At 

5.0 µg ml -1 there was a reduction in mutacin transcription to 22 %. At 10 and 20 

µg ml -1, fluorescence % of 36 % and 20 % were reported respectively. As 

before, 20 µg ml -1 caused a growth inhibition of S. mutans P150. 

Therefore, 5 µg ml -1 was concluded to represent the minimum concentration of 

Erinacine C that caused suppression of mutacin synthesis. Stronger suppression 

could also be achieved at 10 µg ml -1 without any strong effect on growth. 

Beyond 10 µg ml -1, the compound Erinacine C inhibited the growth of the 

reporter strains. 
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3.3.10 Suppression of mutacin synthesis of S. mutans 

UA159 affects its competitiveness. 
S. mutans mediates the inter species competition in a given niche of closely 

related organisms with the help of mutacins. One way to reduce the virulence of 

S. mutans is to increase the population of the competing organisms in the niche. 

This can also help to reduce the synergistic role of S. mutans which interacts 

with the other members of the microbial community towards development of 

dental plaque. In order to prove that the suppression of the mutacin 

transcription results in the excretion of active mutacins that can kill sensitive 

competitor organisms, a bacteriocin overlay assay was performed in the 

presence of the newly identified mutacin suppressor Erinacine C. 

The assay was carried out in the presence of the compound and suppression of 

the mutacin V and IV activity was detected as difference in the growth inhibition 

halo for the indicator organisms L. lactis and S. sanguinis, respectively.  

 

Figure 15. Mutacin suppression of S. mutans UA159 by treatment with 
Erinacine C. Overnight cultures of S. mutans UA159 were adjusted to O.D=0.2 
and incubated in THBY for 30- 45 min with and without 2.5 µM MIP and 5 µg ml 
-1 Erinacine C. 1 ml from these cultures was centrifuged at 7,500 rpm / 5 min. 
The pellet was re-suspended in 50 µl fresh THBY and 2.5 µl was spotted. The 
plates were incubated for 4 – 6 h. To ensure stable mutacin expression 2.5 µl of 
1 mM MIP and 5 µg ml -1 Erinacine C was added to the spot incubated overnight 
at 37 °C at 5 %CO2. On day 1, exponentially grown L. lactis and S. sanguinis in 
THBY were overlaid with 0.7 % THBY top agar and incubated for 20 h. On day 2, 
the growth inhibition halo was measured. The reduction in mutacin V activity 
was clearly demonstrated by the decrease in the zone of inhibition for L. lactis 
upon treatment with Erinacine C with and without MIP. This was also evident 
when the compound was used to cause a suppression of mutacin IV activity that 
resulted in a smaller zone of inhibition for S. sanguinis.  
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Table 21 illustrates the values of the growth inhibition halo upon treatment 

with Erinacine C in the presence and absence of MIP.  In case of S. sanguinis 

which is an indicator for mutacin IV activity, there was a slight difference by 3 

mm in the growth inhibition halo for indicators treated without MIP (as seen in 

figure 15). Upon MIP addition, the growth inhibition halo increased (17.4 mm) 

in comparison to an un-induced strain (14. 3 mm). Upon treatment with 

Erinacine C, a clear decrease in the zone of inhibition (12.8 mm) was observed.  

The same was true for L. lactis which indicates the activity of mutacin V. 

Without MIP, Erinacine C still caused a reduction in the growth inhibition zone 

(9.5 mm) in comparison to a condition without the compound (12.4 mm). The 

effect was much stronger when treated with MIP. A growth inhibition halo of 

(14.6 mm) was observed which was reduced to (9.2 mm) by Erinacine C.  

Table 21: Bacteriocin overlay assay with Erinacine C 

Zone of inhibition ± SD (mm) 

 
S. sanguinis L. lactis 

- MIP 14.3 ± 0.40 12.4 ± 0.35 

- MIP + Erinacine C 11.6 ± 0.25 9.5 ± 0.1 

+ MIP 17.4  ± 0.25 14.6 ± 0. 15 

+ MIP + Erinacine C 12.8 ± 0.15 9.2 ± 0.1 

 

Therefore, it could be concluded that Erinacine C does affect the 

competitiveness of S. mutans UA159 by suppressing the mutacin synthesis. Such 

natural compounds could be used in modulating the virulence of S. mutans thus 

reducing the pathogenicity of a dental plaque. 
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3.4 Inducers & suppressors of transglycosylase 

3.4.1 Fluorescent reporter strain to screen for compounds that 

modifies the expression of the transglycosylase of S. 

mutans. 
SMU_2147c has been suggested to be a lytic transglycosylase in S. mutans 

UA159 based on sequence homology [54], but its actual role during growth has 

not yet been studied. The enzyme was chosen because it is a novel target. 

Overexpressing and deleting it would additionally allow clarifying its role 

during growth.   

Therefore, a screen was developed which could identify compounds that induce 

or suppress the action of the transglycosylase encoded by SMU_2147c. To do so, 

a reporter strain for transglycosylase was constructed. The promoter of 

SMU_2147c was fused to GFP+ promotor-less region and was integrated into the 

chromosome of S. mutans UA159 by single homologous recombination, 

resulting in S. mutans P2147, which was then used to identify compounds that 

either induced or suppressed the transcription. 

Growth and fluorescence of S. mutans P2147 

β- lactam antibiotics are drugs that target cell division [97]. Ampicillin, a semi-

synthetic β-lactam, inhibits the last step of cell division by inhibiting the cell 

wall transpeptidase. Therefore, ampicillin was chosen as a positive control. In 

order to determine the optimal concentration of ampicillin that maximally 

induced the transglycosylase promoter in S. mutans P2147 and its effect on 

growth, different concentrations of ampicillin were tested (Figure 16).  

Figure 16 A shows the effect of different concentrations of ampicillin on the 

optical density of S. mutans P2147. The un-induced S. mutans P2147 showed 

exponential growth until 8 h and later entered the stationary phase which was 

observed until the end of the measurement period. The highest concentration 

(0.5 µg ml -1) of ampicillin caused maximum growth inhibition in comparison to 

the other used concentrations.  In the presence of 0.25 µg ml -1ampicillin, S. 

mutans P2147 grew similar to the un-induced strain until 2 h, but later, strong 

growth inhibition was observed which remained stable for 24 h.  Moderate 
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growth inhibition of S. mutans P2147 was observed on treatment with 0.1 µg ml 

-1 ampicillin. 

 

Figure 16. Influence of ampicillin on the growth (A) and fluorescence (B) 
of S. mutans P2147. The experiment was carried out in BM medium 
supplemented with 0.5 % glucose. Different concentrations (µg ml -1) of 
ampicillin were tested (0.5=red; 0.25=green; 0.1= violet; 0.05= light blue). The 
optical density (A) at 620 nm and fluorescence (B) at GFP excitation/emission 
(485/ 535 nm), was determined on a VICTOR 3 plate reader. The values 
represent the mean and standard deviations from two independent 
experiments which had been conducted with triplicate technical replicates. 0.5 
µg ml-1 of ampicillin showed maximum growth inhibition on S. mutans P2147. 
0.25 µg ml-1 of ampicillin caused the highest induction of the transglycosylase 
promoter and was hence used as a positive control. 
 

However, with 0.05 µg ml -1ampicillin, there was no growth inhibition observed 

and the S. mutans P2147 grew similar to the un-induced strain. 

Figure 16 B shows the effect of different concentrations of ampicillin on the 

transcription of the transglycosylase promoter tagged to a GFP+ fluorophore.  

Since the difference between un-induced and induced cells was only about 2 

fold, non-logarithmic representation of the data was chosen.  The un-induced S. 

mutans P2147 showed a basal level of fluorescence around 15, 710, which 

exponentially increased until 6 h and stabilized later on at around 27,500. Since 

the transglycosylase is active in dividing cells, this is the natural activity of the 

promoter which can be observed here.  Accordingly, the increase in the activity 
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of transglycosylase transcription was observed during the exponential phase of 

growth which correlates with the maximal rate of cell doubling.  

Upon treatment with the 0.5 µg ml -1, the highest concentration of ampicillin 

included in the test, only moderate induction of the promoter was observed in 

comparison to the un-induced strain. The highest induction from the 

transglycosylase promoter was observed when treated with 0.25 µg ml -

1ampicillin. The induced S. mutans P2147 culture showed higher fluorescence in 

comparison to the un-induced culture and the maximum value of GFP 

fluorescence was observed at 4 h after which the signal remained stable until 24 

h. 0.1 µg ml -1 ampicillin caused the second highest induction of the S. mutans 

P2147. With 0.05 µg ml -1 ampicillin, the GFP fluorescence was similar to the un-

induced strain until 8 h and then gradually declined.  

Thus from the experiment, the optimal concentration of ampicillin to induce the  

transglycosylase was found to be 0.25 µg ml -1 which was used as a positive 

control during all screening experiments.  

3.4.2 Population-wide increase in transglycosylase activity 

upon ampicillin treatment  
In order to determine if the activation of S. mutans P2147 transcription caused 

induction of transglycosylase expression in all the cells, the fluorescence of S. 

mutans P2147 was analyzed with and without ampicillin under the microscope. 

The images (Figure 17) show a basal level of fluorescence in all un-induced cells 

due to the action of the transglycosylase in normally dividing cells. Upon 

ampicillin treatment, an increase in GFP fluorescence was observed due to 

increase in transglycosylase promoter activity upon induction. The induced 

fraction also exhibited bulky, rounded cell morphology with shorter chains in 

the presence of the antibiotic, indicating a growth defect. Therefore, all cells 

expressed the transglycosylase, both with and without ampicillin 
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Figure 17. Increase in GFP fluorescence of S. mutans P2147 with 
ampicillin. The cells were grown in BM medium supplemented with 0.5 % 
glucose. For the induction of the lytic transglycosylase transcription 0.25 µg ml-1 

of ampicillin was added and S. mutans P2147 was incubated for 8 h at 37°C / 5 
% CO2. The overlay images were created using software installed in the 
Olympus fluorescence microscope.  The cells showed a basal level of GFP 
expression due to the lytic transglycosylase activity during normal cell division. 
The induction of the GFP+ tagged lytic transglycosylase promoter by ampicillin 
resulted in increased brightness of GFP in all cells. The treatment with the 
antibiotic resulted in rounded and bulky morphology of the cells. . 

 

3.4.3 Influence of the transglycosylase on growth and viability 
To characterize the effects of the lytic transglycosylase upon induction or 

deletion of the protein, constitutive, deletion and overexpression strains were 

constructed and the results for each of these strains are explained below: 

Constitutive expression of the transglycosylase 

This construct was developed with an aim to study the effects of constantly 

highly expressed lytic transglycosylase in the bacterium. To characterize the 

phenotype of an S .mutans cell in which lytic transglycosylase enzyme was 

constantly expressed, the gene encoding the lytic transglycosylase promoter 

was cloned in frame with a constitutively expressed promoter into a pIBI66 

plasmid [98]. The promoter was a strong constitutive lactococcal P23 promoter 

and the plasmid contained a chloramphenicol resistance marker gene for 

selection. The obtained plasmid was not fully sequenced to obtain the complete 

map. 
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Primers (table 4; materials) were used to PCR amplify the SMU_2147 locus. The 

amplified gene product was then cloned into pIB166 plasmid by the blunt end 

ligation protocol.  This resulted in a pIB166 _2147 plasmid construct in which 

the entire operon encoding the lytic transglycosylase was under the influence of 

a strong constitutive P23 lactococcal promoter. The construct was transformed 

into E. coli and ten positive colonies were picked in the presence of 

chloramphenicol. The plasmids were isolated and a PCR was performed to 

amplify the integrated gene locus. Only four clones resulted in a positive band 

on the PCR gel. The accuracy of the integrated locus was verified by sequencing. 

Sequence analysis was repeated twice. The sequences from the four positive 

clones were verified. Until bases 14 of the amplified product (forward 

sequence) sequencing errors were detected as a part of overload from the 

sequencing machine. Although the resulting chromatogram showed overlapping 

peaks, sequences 15 – 436 were manually checked and found to be identical to 

the reference sequence without any mismatches. Similar sequencing errors due 

to machine overload were detected in <15 and > 1,107 base positions of the 

reverse strand. The remainder of the bases was verified to find that the 

sequence was identical to the reference. Hence, the constructs carried right 

sequences. The constructs were not however, transformed into S. mutans as it 

was decided to over-express the gene under an inducible promoter to control 

the gene expression. 

Inducible over-expression of the transglycosylase 

To study the phenotype of a strain over-expressing the transglycosylase, the 

SMU.2147c encoding the transglycosylase was cloned into a plasmid consisting 

of a strong promoter whose expression could be controlled using an inducer. 

Plasmid pIB166 [98] was amplified using primers pIB1A and pIB2A (table 4) 

thus releasing the P23 promoter. The xylose inducible XylS1 Cassette was 

amplified from plasmid pZX9 [99] with primers XylS1F/XylS1R and cloned into 

the PCR-amplified pIB166 plasmid using the ClonEZ Kit (Genscript). The 

resultant pIB-166-xylose plasmid [100] was used where the xylose inducible 

promoter was used to obtain maximum expression of the cloned 
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transglycosylase gene with a suitable concentration of xylose (inducer). The 

recombinant plasmid was transformed into S. mutans UA159 resulting in SMU 

pIB-xyl_2147 strain.  

 

 

Figure 18. Influence of overexpression of lytic transglycosylase on growth 
of S. mutans UA159.  The experiment was carried out in THBY at 37 °C and 5 % 
CO2. In order to induce the xylose inducible promoter, 1.5 % xylose was added 
at the beginning of the experiment. The growth was monitored using Ultra spec 
UV/VIS spectrophotometer. The un-induced strain grew exponentially until 4 h 
and later entered the stationary phase of growth. The values represent the 
mean (optical density) and standard deviation from two independent 
experiments which had been conducted with triplicate technical replicates. 
Weak growth inhibition was observed on inducing the lytic transglycosylase 
under the xylose inducible promoter with 1.5 % xylose. Figure legend: SMU 
UA159: wildtype; SMU pIB-xyl-2147: Over-expression strain of lytic 
transglycosylase.  

In order to obtain maximum induction of the promoter, 1.5 % xylose was used. 

The concentration has been optimized in a recent study to obtain maximal 

induction from the xylose promoter [100].  

The experiment was carried out in THBY. The optical density of the SMU pIB-

xyl_2147 strain was monitored with and without 1.5 % xylose. For comparison 
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and in order to eliminate the effects caused by the inducer, the S. mutans UA159 

wildtype strain (SMU UA159) was also investigated (figure 18).   

The S. mutans UA159 wildtype strain reached its maximum exponential growth 

by 4 h and entered into stationary phase which remained until 24 h. The 

addition of 1.5 % xylose did not cause major disturbance in growth in 

comparison to the wildtype strain grown without xylose.  

The SMU pIB-xyl_2147 without 1.5 % xylose also showed a similar growth trend 

to that of the wildtype strain with 1.5 % xylose. Upon induction with 1.5 % 

xylose, the SMU pIB-xyl_2147 had a slight growth inhibition in comparison to 

the un-induced strain at 2 h. The data show 13 % decrease in the optical density 

in comparison to the un-induced SMU pIB-xyl_2147 at this time point.  The 

induced strain also showed a slight lag during the entry into the stationary 

phase. However, the effect of the induction of lytic transglycosylase on growth 

remained similar until the end. From these data it was concluded that the lytic 

transglycosylase has a natural role during growth and even when 

overexpressed does not cause significant lysis of the cells.  

Deletion of SMU_2147 

It was determined from the over-expression of the lytic transglycosylase that 

only a mild growth inhibition was observed. So it was interesting to check if a 

deletion of the target caused a change in the phenotype of a cell lacking the lytic 

transglycosylase encoded by SMU_2147c.   

Therefore, a knock out mutant for the lytic transglycosylase was constructed 

where the locus SMU_2147c was replaced with the erythromycin B cassette by 

double homologous recombination resulting in S. mutans ∆2147.  To study the 

phenotype of S. mutans ∆2147, the growth of the strain was monitored in THBY. 

For comparison, S. mutans UA159 wildtype strain (SMU UA159) and S. mutans 

P2147 was also included.  
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Figure 19. Growth of lytic transglycosylase knock-out mutant.  The knock-
out mutant for lytic transglycosylase was created by replacing the gene 
encoding locus with erythromycin B cassette via double homologous 
recombination. The experiment was carried out in THBY at 37 °C and 5 % CO2. 
The growth was monitored by measuring the optical density at 600 nm using 
the Ultra spec UV/VIS spectrophotometer. The values represent the mean 
(optical density) and standard deviation from two independent experiments 
which had been conducted with triplicate technical replicates. No growth 
inhibition was observed in all three cultures while only a mild delay in the onset 
of the stationary phase was observed for S. mutans ∆2147. Figure legend: SMU 
UA159: wildtype; S. mutans ∆2147: Lytic transglycosylase deletion mutant; S. 
mutans P2147: GFP+ reporter for lytic transglycosylase transcription. 

 

From figure 19 it is evident that all three strains reached the end of the 

exponential phase at 4 h. S. mutans ∆2147 culture showed a mild delay until 8 h 

on entering the stationary phase in comparison to the wildtype strain. However, 

the deletion of the SMU_2147c locus did not result in growth inhibition.  

3.4.4 Natural product screening 
The S. mutans P2147 reporter was screened against three natural product 

libraries (KOM, MWIS & DZIF) consisting of total of 297 compounds. The un-

induced S. mutans P2147 culture served as a positive control for growth.  The 

ampicillin induced S. mutans P2147 culture that induced the lytic 

transglycosylase promoter was used as a control for fluorescence.   
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To obtain the most interesting compounds that induced and suppressed the 

lytic transglycosylase and eliminate any false positives, inclusion criteria were 

defined. Those compounds which were excluded due to high auto-fluorescence, 

RNAP inhibition (part 3.1) and those that did not match the inclusion criteria 

(table S6, S7 and S8; appendix) were excluded from the analysis. 

As described in part 3.1, the calculated OD % and fluorescence % values were 

chosen to analyze the data. However to obtain these values, at each measured 

time point, the optical density or fluorescence value of a sample (i.e., compound 

treated) was normalized to the corresponding optical density or fluorescence 

value of the un-induced S. mutans P2147 value, in this screen. 

Criteria for identification of lytic transglycosylase inducers and 

suppressors  

In section 2 b, it was observed that when lytic transglycosylase promoter was 

strongly induced under the xylose inducible promoter, no growth inhibition was 

observed in comparison to the un-induced S. mutans P2147. Compounds which 

had growth ± 15 % of the un-treated S. mutans P2147 were considered. In other 

words, compounds that resulted in a value of OD % > 85 % and < 115 % at a 

minimal of three time points were shortlisted.  

To identify inducers of the lytic transglycosylase, those compounds that resulted 

in 20 % higher fluorescence than the untreated S. mutans P2147 were chosen. In 

other words, those compounds that resulted in fluorescence % > 120 % at a 

minimum of three measured time points were identified. 

To identify suppressors of the lytic transglycosylase, those compounds that 

resulted in 20 % lower fluorescence than the untreated S. mutans P2147 were 

chosen. The cut-off was defined based on the least fluorescence value detected 

upon treatment with the compounds. In other words, those compounds that 

resulted in fluorescence % < 80 % at a minimum of three measured time points 

were identified. 
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3.4.5 Results from screening with the S. mutans P2147 reporter 

strain 
The results from screening the S. mutans P2147 against the three different 

libraries are summarized in table S5 (KOM), S6 (MWIS) and S7 (DZIF) of the 

appendix. 

Of the 297 compounds, after exclusion of compounds that inhibited growth and 

those with high autofluorescence, 169 compounds in total from all libraries 

reported an OD % value between > 85 % at three measured time points. This 

accounts for 57 % of the total compounds.  

The compounds were then analyzed to identify the inducers of lytic 

transglycosylase. Only those compounds which resulted in fluorescence % > 

120 % were identified. Seven compounds from the DZIF library induced the 

lytic transglycosylase with fluorescence % > 120 % at three time points. An 

overview of the compounds is shown in table 22. 

Similarly, suppressors of the lytic transglycosylase were identified based on the 

compounds that decreased the fluorescence of the promoter.  Compounds 

which resulted in fluorescence % value < 80 % in comparison to the un-induced 

S. mutans P2147 were identified.  

Table 22. Inducers of lytic transglycosylase 

Compound 
code 

Compound Structural class 
Maximum 

fluorescence % 
reported 

References 

MXL1_F3 Antalam B Unpublished 141 - 

MXL1_D7 Stigmatellin A γ-chromone 175 [101] 

MXL1_D11 Disorazol A Macrodilactone 180 [102–105] 

MXL1_H11 Myxovirescin H Macrolide 141 [89,90] 

MXL3_E2 Carolacton Macrolactone 130 [100,106] 

MXL3_F3 Disorazol A3 Macrodilactone 137 [102–105] 

MXL3_C5 Disorazol A4 Macrodilactone 137 [102–105] 

 

There were no compounds from the KOM and MWIS library that caused a 

suppression of the lytic transglycosylase. Only one compound from the DZIF 

library caused a suppression of the lytic transglycosylase which are listed in 

table 23.  
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Table 23. Suppressors of lytic transglycosylase 

Compound 
code 

Compound Str. class 
Minimum 

fluorescence % 
reported 

Reference 

MXL2_A8 Trichangion HZI Phenothiazine 62 [107] 

 

3.4.6 Validation of compound activity 

Determination of MIC50 value of Disorazol A for 
transglycosylase induction. 

Disorazol A (MXL1_D11) was the strongest inducer of the lytic transglycosylase 

found from the DZIF library. Not only did it induce the transcription of the 

promoter, but a stable response was also noted. The compound resulted in 

fluorescence % value of 120, 151 and 180 % at 4, 8 and 24 h respectively.  In 

other words, the lytic transglycosylase activity was enhanced by this compound 

which reached a maximum value almost nearing two fold induction in 

comparison to the un-induced S. mutans P2147. 

To determine the minimum concentration that caused the induction of lytic 

transglycosylase promoter, Disorazol A was tested at different concentrations. 

10- fold dilutions (0.25, 2.5 and 25 µM) were tested on the lytic transglycosylase 

promoter and monitored over 24 h. 

Figure 20 shows the concentration dependent effect of Disorazol A on the 

transcription of lytic transglycosylase promoter. The maximum induction of the 

lytic transglycosylase with Disorazol A was seen at 24 h. The OD % and the 

fluorescence % values of the Disorazol A treated S. mutans P2147 at 24 h is 

shown.  

The optical density of the S. mutans P2147 treated with Disorazol A was similar 

to the un-induced strain at all working concentrations. The values met the 

defined cut-off criteria for growth. 
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Figure 20. Concentration dependent induction of lytic transglycosylase 
promoter by Disorazol A. The experiment was carried out in BM medium with 
0.5 % glucose. Different master stocks were used to obtain the final working 
concentrations 0.25, 2.5, 25 µM. The S. mutans P2147 reporter was adjusted to 
O.D = 0.2 and compounds were tested for their activity on OD and fluorescence 
of an un-induced S. mutans P2147.  The mean OD % and fluorescence % values 
of three technical replicates with the standard deviation are shown. The 
maximum induction was observed at 24 h which is represented here. Disorazol 
A at 25 µM was the minimum concentration that induced the lytic 
transglycosylase promoter without any growth inhibition. 

 

The fluorescence % values were analyzed to determine the effect of the 

concentrations of Disorazol A on the lytic transglycosylase promoter. With 25 

µM of Disorazol A, a fluorescence value of 126 % was reported, i.e., 25 % 

increase in the GFP fluorescence was noted in comparison to the un-induced 

culture. This was the same concentration used in the pre-screening however, a 

higher fluorescence % (180 %) was seen earlier. Concentrations 0.25 and 2.5 

µM of Disorazol A did not cause an induction of the lytic transglycosylase 

promoter. Therefore, 10 and 100 fold diluted concentrations of the compound 

resulted in loss of lytic transglycosylase promoter induction. 
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It was concluded that 25 µM concentration of Disorazol A could be useful for 

further studies involving the induction of lytic transglycosylase. Such a variation 

is quite possible when dealing with secondary metabolites due to stability and 

handling issues.  

3.4.7 Glykenin activity on the lytic transglycosylase 
The glykenins did not show an induction of the transglycosylase promoter 

during the early time points in the screening. Nevertheless, based on the 

information (unpublished) from the MWIS collaborators who isolated the 

glykenins, more emphasis on the induction of the transglycosylase promoter 

post 8 h was laid. This was because the glykenins, derived from fungi 

Dacrymyces stillatus, was a glycolipid and was hypothesized that such molecules 

tend to act slowly on the targets.  

Evidences also point out that the rate of action at which drug enters depends on 

the molecular structure of the drug and the interaction with the lipid bilayer of 

the targeting cell wall [108,109]. Upon achieving, a high drug: lipid molar ratio 

with surfactants, the cell membranes become saturated with drugs leading to 

membrane disruption [109].   

Therefore, the inclusion criteria were slightly modified to analyze the effect on 

the Glykenins on the transglycosylase promoter for 24 h with an emphasis post 

8 h. Although the compounds had an OD % < 85 %, the study was carried out to 

test if these novel compounds triggered an effect on the transglycosylase 

promoter. 

Glykenin 17 and 19 on growth and fluorescence of S. mutans 

P2147 

In order to test the activity of the compounds based on the above inferences, the 

compounds were screened on S. mutans P2147 culture to check for their activity 

on the lytic transglycosylase promoter. However, although measurement was 

carried out over 24 h, emphasis was given to check their activity on the target 

post 12 h.  
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Figure 21 shows the optical density and the fluorescence from the S. mutans 

P2147 reporter. Two representative experiments are shown. The course of the 

optical density (figure 21 A) of the un-induced S. mutans P2147 reporter 

remains similar in both the experiments. When treated with ampicillin, growth 

inhibition was noted (exp.2) as expected while the strain unusually grew better 

in exp. 1. The trend of the S. mutans P2147 culture treated with compounds look 

similar in both the experiments. Glykenin 17 and 19 inhibit the growth of the S. 

mutans P2147 which lasts until 24 h. Upon evaluation of the OD % value, 40 % 

decrease in the growth in comparison to the un-induced strain was noted upon 

treatment with both compounds.  

On analyzing the fluorescence (figure 21 B), basal level of fluorescence ~ 25,000 

is observed in the un-induced S. mutans P2147 until 24 h in both experiments. 

In the presence of ampicillin, induction of the lytic transglycosylase promoter is 

seen with the maximum value (~ 50,000 units) measured at 12 h. Beyond 12 h, 

decrease in the fluorescence was observed for the ampicillin treated culture.  

Glykenin 17 and 19 at 5 µg ml -1 induced the promoter of lytic transglycosylase 

in comparison to the un-induced culture despite the growth inhibition. The 

highest induction was observed at 12 h for both compounds in both the 

experiments. The fluorescence of the glykenin 17 treated S. mutans P2147 

remained stable until 16 h (exp. 1) and 20 h (exp. 2) after which a decrease in 

fluorescence was observed. 

In case of glykenin 19, the fluorescence remained stable until 20 h (exp. 1) and 

16 h (exp. 2) after which it declined. When the fluorescence % at the maximum 

response time (12 h) was evaluated from both experiments, the glykenin 17 and 

19 resulted in 54 % and 38 % increase in fluorescence respectively in 

comparison to the untreated S. mutans P2147. The compounds were thus 

interesting as they induced the promoter of lytic transglycosylase although they 

had growth inhibition on S. mutans P2147. 
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Figure 21. Growth (A) and fluorescence (B) of S. mutans P2147 with 
Glykenin 17 and 19. The experiment was carried out in BM medium 
supplemented with 0.5 % glucose. 5 µg ml -1 of Glykenin 17 and 19 were tested. 
The optical density (A) at 620 nm and fluorescence (B) at GFP 
excitation/emission (485/ 535 nm), was determined on a VICTOR 3 plate 
reader. Two representative experiments are shown. The values represent the 
mean and standard deviations of triplicate technical replicates. The values were 
compared to the untreated reporter to investigate the activity of compounds on 
lytic transglycosylase induction. Ampicillin was used to induce the S. mutans 
P2147 which served as positive control for fluorescence. Glykenin 17 and 19 
induced the lytic transglycosylase promoter and the maximum induction was 
observed at 12 h.  
 

Glykenin on viability of S. mutans P2147 

To investigate the viability of S. mutans P2147 upon treatment with glykenin 17 

and 19, the 5 µg ml -1 glykenin treated S. mutans P2147 was used. The culture 
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treated for 12 h was washed and counter stained with the propidium iodide (PI) 

stain.  All the cells fluoresce green due to the expression of the GFP+-tagged lytic 

transglycosylase promoter. Of these however, only those cells that are 

membrane compromised or dead take up the PI stain and stain red thus 

differentiating the live from the dead cells. 

.  

 

Figure 22. Glykenin on the viability of S. mutans P2147. Phase contrast 
microscopic images of S. mutans P2147 untreated (A), ampicillin (B), glykenin 
17 (C) and 19 (D) treated cultures. The cells were grown in BM medium 
supplemented with 0.5 % glucose. 5 µg ml -1 of the compounds were tested. 
After incubation at 37°C / 5 % CO2 for 12 h, 100 µl of culture was washed with 
0.85 % NaCl. Counter-staining with PI dye was performed based on the 
manufacturer’s instructions in the Bac Light LIVE/DEAD staining kit 
(Thermofisher L7012). The overlay images were created using software 
installed in the EVOS fluorescence microscope.  The cells showed a basal level of 
GFP expression due to the lytic transglycosylase activity during normal cell 
division.  Treatment with the ampicillin resulted in dead and bulky morphology 
of the cells (indicated by the arrows). The glykenin treatment showed increased 
fluorescence and also caused growth inhibition (PI stained) in some cells. 
Brightness correction has been introduced in (C) for better contrast. 
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Figure 22 show the microscopic images of the untreated (A), ampicillin (B) and 

the glykenin 17 (C) and 19 (D) treated S. mutans P2147 reporter. The untreated 

S. mutans P2147 reporter (figure 22 A) were almost stained green thus 

reporting 100 % viability.  Treatment with ampicillin (figure 22 B) resulted in 

increased number of red cells due to the action of the antibiotic. 

Also bulky and rounded morphology of cells were observed as indicated by the 

arrows. Upon treatment with glykenin 17 and 19, dead cells were observed due 

to the action of the compound as indicated by the arrows (figure 22 C &D). 

Therefore, microscopically an effect of glykenin on cell viability was detected 
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3.5 Identification of inducers of lytfsm 

3.5.1 Fluorescent reporter strain to screen for compounds that 

can induce the lytFsm of S. mutans. 
lytFsm , a murein hydrolase homologue in S. pneumoniae is also present in S. 

mutans UA159. It is a component of transformasome and a late competence 

gene.  Upon activation, it encodes an enzyme which plays a major role in self –

inflicted autolysis which occurs mainly in those cells that are competent [40].  

In this study, a reporter strain for lytFsm encoded by SMU_836 was constructed. 

For the study, the promoter of SMU_836 was tagged to GFP+ and the construct 

was integrated into the chromosome of S. mutans UA159 by single homologous 

recombination, resulting in S. mutans P836, which was then used to identify 

compounds that induce the transcription of the promoter. 

Growth and fluorescence of S. mutans P836 

It was shown that the transcription of the late competence gene SMU_836 was 

induced by activation of the competence cascade with auto-inducer signal XIP 

(Alternative sigma factor X-inducing peptide) [40]. Therefore, in order to obtain 

maximal expression of the lytFsm promoter, XIP was added to the S. mutans P836 

culture, and the growth and fluorescence was monitored over 24 h.   

The optical density of un-induced S. mutans P836 culture (Figure 23 A) 

exponentially increased until 8 h. Later growth inhibition of the untreated strain 

was observed until 24 h. In the presence of XIP, growth inhibition was observed 

in comparison to the un-induced S. mutans P836. The growth of the XIP induced 

cells was retarded throughout the course of the measurement until 24 h. At 24 h 

the OD values obtained by the induced and un-induced cells were the same.  

The GFP fluorescence was monitored from the untreated and the induced S. 

mutans P836 culture in order to test the transcription of the lytFsm promoter 

(Figure 23 B).  No fluorescence was detected from the untreated S. mutans P836. 

When synthetic XIP was added to the culture, strong expression of the lytFsm 

promoter was noted. 
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Figure 23. Growth (A) and fluorescence (B) of S. mutans P836. The 
experiment was carried out in BM medium supplemented with 0.5 % glucose at 
37 °C and 5 % CO2. 2.5 µM of XIP was added to induce the lytFsm promoter. The 
optical density (620 nm) and fluorescence (485/ 535 nm) at GFP 
excitation/emission was determined on a VICTOR 3 plate reader. The values 
represent the mean (optical density & fluorescence) and the standard 
deviations from two independent experiments. Growth inhibition was observed 
in the XIP induced S. mutans P836 in comparison to the un-induced culture. The 
GFP tagged lytFsm promoter showed a strong fluorescence when induced with 
XIP. 

 

The GFP fluorescence from the XIP treated S. mutans P836 had basal level of 

fluorescence until 2 h which exponentially increased and reached a maximum 

value at 8 h. The fluorescence intensity corresponded to a 10x higher value than 

the baseline at this time. At 24 h, the GFP response of the induced promoter 

showed a slight decrease in intensity than the earlier measured time point. 

3.5.2 Population wide expression of S. mutans P836. 
To determine if the activation of the S. mutans P836 reporter with XIP caused a 

partial or population wide response, the S. mutans P836 cells with and without 

XIP were microscopically analyzed for GFP expression. Figure 24 shows GFP 

fluorescence of S. mutans P836 at 8 h in BM medium. Untreated S. mutans P836 

cells did not show any GFP expression. When treated with XIP, the cells showed 

a strong fluorescence as seen in the image. Also a bulky morphology was noted 

in some cells. GFP was expressed in all cells (overlay) thus confirming the 

population wide expression of the lytFsm promoter. 
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Figure 24. Population wide activation of S. mutans P836 with XIP. The cells 
were grown in BM medium supplemented with 0.5 % glucose. To induce the 
transcription of lytFsm promoter, 2.5 µM of XIP was added and S. mutans P836 
was incubated for 8 h at 37°C / 5 % CO2. The overlay images were created using 
software installed in the Olympus fluorescence microscope.  There was no GFP 
expression from the untreated culture. The induction of the GFP+ tagged lytFsm 
promoter by XIP resulted in bright and population wide expression of GFP. 

 

3.5.3 Influence of lytFsm  on growth and viability 
To characterize the effects of the induced lytFsm on the viability of the producing 

cell, constitutive, deletion and overexpression strains were constructed and the 

results for each of these strains are explained below. 

Deletion of lytFsm. 

To clarify if deletion of the lytFsm gene encoding the murein hydrolase would 

affect the viability of the strain, a knock-out mutant (S. mutans ∆836) was 

created. The gene was deleted by replacing the SMU_836 gene locus with an 

erythromycin B cassette yielding S. mutans ∆836. 

The growth of the deletion mutants were monitored in THBY medium and 

compared to the wildtype S. mutans UA159. Figure 25 demonstrates that S. 

mutans UA159 reached the peak exponential phase at 4 h and entered the 

stationary phase during the rest of the measured time.  In comparison, knock 
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out strain of lytFsm showed a lag in both the lag and exponential phase. Also the 

delay in the onset of the stationary phase was observed. However, no growth 

inhibition was observed upon deletion of target. 

 

 

Figure 25. Growth of lytFsm knock-out mutant.  The knock-out mutant for 
lytFsm was created by replacing the gene encoding locus with erythromycin B 
cassette via double homologous recombination. The experiment was carried out 
in THBY at 37 °C and 5 % CO2. The growth was monitored by measuring the 
optical density at 600 nm using the Ultra spec UV/VIS spectrophotometer. The 
values represent the mean (optical density) and standard deviation of triplicate 
technical replicates. A delay in the onset of exponential and stationary phase 
was observed for S. mutans ∆836 in comparison to the untreated wildtype 
strain. Figure legend: SMU UA159: wildtype; S. mutans ∆836:  lytFsm mutant. 

 

Constitutive expression of lytFsm. 

To illustrate the effects of highly expressed lytFsm in the cell, a constitutively 

expressing construct was developed. The lytFsm encoded by SMU_836 was 

cloned in frame with a constitutively expressed promoter into a pIBI66 plasmid 

[98] . A lactococcal P23 promoter in the pIB166 plasmid caused a strong 

constitutive expression of the protein. Chloramphenicol resistance marker gene 

was present for selection.  
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Primers (table 4; materials) were used to PCR amplify the SMU_836 locus. The 

amplified gene product was then cloned into pIB166 plasmid by the blunt end 

ligation protocol.  This resulted in a pIB166 _836 plasmid construct in which the 

entire operon encoding the lytFsm was under the influence of a strong 

constitutive P23 lactococcal promoter. The construct was transformed into E. 

coli and ten positive colonies were picked in the presence of chloramphenicol. 

The plasmids were isolated and a PCR was performed to amplify the integrated 

gene locus. Only three clones resulted in a positive band on the PCR gel. The 

accuracy of the integrated locus was verified by sequencing.  The sequences 

from the positive clones were verified and found to be correct.  However, the 

work was not carried out further as it was decided to over-express the gene 

under an inducible promoter to control the gene expression. 

Inducible over-expression of lytFsm. 

To study the phenotype of a strain over-expressing the transglycosylase, the 

SMU.836 encoding lytFsm was cloned into a plasmid pIB-xyl-166 (like in the 

earlier screen) consisting of a strong promoter whose expression could be 

controlled using the inducer xylose. The gene in the plasmid was under the 

control of a xylose inducible promoter which was induced with 1.5 % xylose for 

maximal promoter induction [100].  

a) Growth of SMU pIB-xyl-lytFsm 

In order to determine the effect of over-expressed lytFsm on the viability of the 

cell, the growth was monitored in the presence and absence of the inducer 

xylose. The experiment was carried out in THBY.  

Figure 26 denotes the effect of lytFsm on growth. Under normal conditions, the 

untreated SMU pIB-Xyl_lytFsm grew exponentially until 4 h. Later on the culture 

entered the stationary phase which lasted until 24 h. 
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Figure 26. Influence of over-expressed LytFsm on growth of S. mutans 
UA159.  The experiment was carried out in THBY at 37 °C and 5 % CO2. The 
values represent the mean (optical density) and standard deviation from two 
independent experiments. To induce the xylose inducible promoter, 1.5 % 
xylose was added at the beginning of the experiment. The growth was 
monitored using Ultra spec UV/VIS spectrophotometer. The untreated SMU pIB-
Xyl_lytFsm showed an exponential growth until 4 h beyond which stationary 
phase of growth was observed until 24 h. Growth inhibition was noted upon 
over-expression of lytFsm under the xylose inducible promoter with 1.5 % 
xylose.  

 

However, upon addition of 1.5 % xylose which causes maximum induction of 

the xylose promoter, the induced SMU_pIB-xyl_lytFsm showed decrease in 

growth due to the over-expression of the lytFsm encoded protein. The effect of 

growth inhibition was observed from 4 h which prevailed during the entire 

stationary phase of growth. The value of the induced SMU_pIB-xyl_lytFsm was 

offset by 0.3 O.D units from the un-induced culture upon over-expression. 

b) Quantification of cell viability on lytFsm over-expression. 

From the growth curves it was illustrated that overexpression of lytFsm had 

influence on growth of the bacterium. To quantify the growth inhibition upon 

lytFsm over-expression, LIVE/DEAD BacLight Bacterial Viability kit consisting of 

two fluorescent dyes SYTO9 and PI was used. The untreated SMU_pIB-xyl_lytFsm 

strain was used as a reference for 100 % viable cells. Based on the principle that 

SYTO9 and PI dye stains live and membrane compromised cells respectively, the 
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reduction in the green to red fluorescence ratio was calculated which 

determines the decrease in the number of green cells upon over-expression.  To 

calculate the reduction in the number of live cells in comparison to the control 

(untreated culture), the green / fluorescence ratio value of the overexpressed 

strain are divided to those of the untreated SMU_pIB-xyl_lytFsm strain.  This 

results in a factor which is multiplied by 100 to obtain the % green / red 

fluorescence. Any reduction in the number of the live cells as a result of over-

expression is reflected as reduction in the % green/ red fluorescence values. 

 

 

Figure 27. Effect of over-expressed lytFsm on cell viability.  The experiment 
was carried out in THBY. The cultures were incubated at 37 °C and 5 % CO2. At 
each measured time point, the cells were washed with 0.85 % NaCl solution 
twice. The washed cells were incubated on a black plate and stained with 
BacLight LIVE/DEAD staining kit (Thermo fisher L7012) according to the 
manufacturer’s instructions. The fluorescence was measured using VICTOR3 
plate reader. The fluorescence measurement was performed at excitation / 
emission wavelength of 485/535 nm (green) and 485/630nm (red).  The mean 
of triplicate samples with standard deviations from two independent 
experiments are represented.  

 

Figure 27 represents time course for the mean reduction in the green/red 

fluorescence ratio (%) of the SMU_pIB-xyl_lytFsm induced with 1.5 % xylose. In 
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the presence of 1.5 % xylose, the SMU_pIB-xyl_lytFsm culture over-expressed the 

gene encoding lytFsm protein thus resulting in a decrease in the number of live 

cells.  At 4 h, the % reduction value of green /red fluorescence = 82 % i.e. the 

number of live cells (green) decreased by 20 % in comparison to the untreated 

strain. The highest % reduction of green /red fluorescence was observed after 

12 h which reported a value of 72 %.  In other words, 28 % decrease in live cells 

was observed. At 24 h, only 10 % cells were found to be growth affected.  

3.5.4 lytFsm induction on cell growth in the presence of MIP. 
To the SMU_pIB-xyl_lytFsm culture, 2.5 µM MIP and 1.5 % xylose was added to 

induce simultaneously the bacteriocin encoding and competence cascade 

respectively and the growth was monitored over 24 h to clarify the role of MIP 

during murein hydrolase over-expression. 

 

Figure 28. Growth of a cell over-expressing LytFsm with the presence of 
MIP. The experiment was carried out in THBY at 37 °C and 5 % CO2. The growth 
was monitored using Ultra spec UV/VIS spectrophotometer. The values 
represent the mean optical density and standard deviation of triplicate technical 
replicates. All cultures reached a peak exponential phase of growth at 4 h. The 
lytFsm induction with 1.5 % xylose caused a growth inhibition as shown earlier. 
In the presence of MIP, the induced lytFsm showed a slight increase in growth 
inhibition.  
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Figure 28 shows the effect of various treatments on the cell viability of 

SMU_pIB-xyl_lytFsm. All cultures reached their maximum exponential phase of 

growth at 4 h. Thereafter, the cultures entered the stationary phase. In the 

presence of 2.5 µM MIP, the growth of the SMU_pIB-xyl_lytFsm, remained similar 

to the untreated culture until 12 h. Later, mild growth inhibition was observed 

in the MIP treated strain. Upon inducing the lytFsm expression with 1.5 % xylose, 

growth inhibition was observed as shown earlier. However, when MIP was 

added to the lytFsm induced culture, growth inhibition was observed that was 

slightly increased to that of a lytFsm induced culture. 

Quantification of cell viability with MIP in a lytFsm induced cell. 

To quantify the viability of a lytFsm induced cell in the presence of MIP, 

LIVE/DEAD BacLight Bacterial Viability kit was used. As in the earlier section 

the mean reduction in the green/red fluorescence ratio (%) of the SMU_pIB-

xyl_lytFsm for various treatments are calculated and represented in figure 29.  

Upon addition of MIP, ~30 % reduction in the green /red fluorescence was 

observed in the SMU_pIB-xyl_lytFsm induced strain. When the LytFsm protein 

was induced with 1.5 % xylose, maximum decrease in cell viability was 

observed at 12 h. The observation was similar to the earlier reported value. 

When the lytFsm over-expressed strain was simultaneously treated with MIP, % 

green / red fluorescence showed a decrease slightly in the presence of MIP. 30 

% of the cells in the population were growth affected at 4 h and a maximum 

effect of growth was noted at 12 h with 40 % reduction in live cells.  It was 

concluded that only a mild effect of cell viability was observed in the presence of 

MIP on an over-expressed lytFsm strain. 
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Figure 29.Live dead quantification of cell viability of over-expressed lytFsm 
with MIP.  The experiment was carried out in THBY. 2.5 µM of MIP was added. 
1.5 % xylose was added to induce the xylose inducible promoter. The cultures 
were incubated at 37 °C and 5 % CO2. For At each measured time point, the cells 
were washed with 0.85 % NaCl solution twice. The washed cells were incubated 
on a black plate and stained with BacLight LIVE/DEAD staining kit (Thermo 
fisher L7012) according to the manufacturer’s instructions. The fluorescence 
was measured using VICTOR3 plate reader. The fluorescence measurement was 
performed at excitation / emission wavelength of 485/535 nm (green) and 
485/630 nm (red).  The mean and the standard deviation were calculated from 
triplicate samples. MIP caused a mild increase in the number of dead cells in a 
lytFsm over-expressed culture. 

 

3.5.5 Defective cell morphology upon overexpressing lytFsm 

To illustrate the role of lytFsm expression on cell morphology, the SMU_pIB-

xyl_lytFsm with various treatments were stained with SYTO9-PI dyes of the 

BacLight LIVE/DEAD staining kit and analysed under the phase contrast 

fluorescent microscope.  Figure 30 shows the microscopic images of cultures of 

SMU_pIB-xyl_lytFsm untreated (A), treated with 2.5 µM MIP (B), 1.5 % xylose (C) 

and 2.5 µM MIP and 1.5 % xylose (D) after 12 h of incubation. From figure 30 A, 

lesser dead cells (red) are seen in the untreated culture which is evident from 

the overlay image. In figure 30 B, upon treatment with MIP after 12 h, increased 

dead cells were observed in comparison to the untreated culture. When the cells 

were induced with lytFsm, increased red cell number was noted in comparison to 

the untreated culture.  
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Most interestingly on close observation, the cells looked swollen and bulky with 

decreased number of chains. Some of these bulky cells were dead. Upon 

treatment with MIP and 1.5 % xylose, the overlay image clearly represents a 

mixture of green, yellow and red stained cells. Also there were increased 

number of bulky cells which were dead (red) and membrane compromised 

(yellow).  The bulky cells are indicated by the yellow arrowhead in the images. 

Therefore, it was demonstrated that the induction of the LytFsm in the cell 

results in changes in cell morphology in comparison to the normal culture. 

 

Figure 30. Microscopic analysis of SYTO9/PI stained lytFsm over-expressed 
cells. The SMU_pIB-xyl_lytFsm cells were grown in THBY at 37°C / 5 % CO2. 
Images of untreated culture (A), treatment with 2.5 µM MIP (B), 1.5 % xylose 
(C) and 2.5 µM MIP and 1.5 % xylose (D). At each measured time point, the cells 
were washed with 0.85 % NaCl solution twice. The washed cells were stained 
with BacLight LIVE/DEAD staining kit (Thermo fisher L7012) according to the 
manufacturer’s instructions. Images shown here are taken after 12 h incubation. 
The overlay images were created using software installed in the Olympus 
fluorescence microscope.  The untreated culture had very few dead cells. MIP 
treated culture also showed cells which were membrane compromised. The 
induction of the xylose inducible lytFsm locus both in the presence and absence 
of MIP resulted in bulky cell morphology, with the number increased in the 
presence of MIP. Decreased cell chains were also observed. 
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3.5.6 Natural product screening. 
The S. mutans P836 reporter was screened against three natural product 

libraries (KOM, MWIS & DZIF) consisting of total of 297 compounds. The 

untreated S. mutans P836 culture served as a positive control for growth.  The 

XIP induced S. mutans P836 culture was used as a control for fluorescence.   

To obtain the most interesting compounds that induced the murein hydrolase 

promoter and eliminate any false positives, inclusion criteria were defined. The 

growth inhibitors mentioned earlier and those compounds having background 

fluorescence were excluded (part 3.1). 

As described in part 3.1, the calculated OD % and fluorescence % values were 

chosen to analyze the data.  At each measured time point, the optical density or 

fluorescence value of a sample (i.e., compound treated) was normalized to the 

corresponding optical density or fluorescence value of the un-induced S. mutans 

P836 value, in this screen to obtain the OD % and fluorescence % respectively. 

Criteria for identification of lytFsm inducers  

When the lytFsm target was induced it was clearly evident from the validation 

experiments that a certain amount of growth inhibition is observed.  At least 30 

% decrease in the number of live cells was observed from the cell viability assay 

data. Therefore, to identify compounds that induced the lytFsm, compounds 

which had growth ± 30 % of the untreated S. mutans P836 were considered.  In 

other words those compounds which resulted in OD % > 70 % at minimal of 

three measured time points were identified.  

To identify the compounds that increased the fluorescence of the lytFsm 

promoter, compounds that resulted in at least 50 % higher fluorescence than 

the untreated S. mutans P836 were chosen i.e.,  the compounds that resulted in  

fluorescence % > 150 % at a minimum of three measured time points were 

shortlisted. 
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3.5.7 Results of the natural product screening 
The results from screening the S. mutans P836 against the three different 

libraries are summarized in table S8 (KOM), S9 (MWIS) and S10 (DZIF) of the 

appendix. 

Of the 297 compounds, after exclusion of compounds that inhibited growth and 

those with high auto fluorescence, 191 compounds in total from all libraries 

reported an OD % value between > 70 percent at three measured time points. 

This accounts for 64.30% of the total compounds. 

The compounds were then analysed to identify the inducers of lytFsm promoter. 

Only those compounds which resulted in fluorescence % > 150 % at three 

measured time points were considered. Interestingly, not a single compound 

from all three libraries resulted in the induction of lytFsm. It was inferred from 

this observation that the target is highly specific to cause the response. 
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In this study, a novel screen using GFP+ fluorescent reporters that measures the 

transcription of three genes involved in the survival and cell viability of S. 

mutans has been developed. These GFP+-transcriptional fusion have been 

incorporated into the native locus of the genome via single homologous 

recombination and the resulting reporters have been used for screening natural 

product libraries with a purpose of finding new anti-virulence drugs for S. 

mutans.   

Such screens have been developed as they offer advantages over conventional 

screening strategies. The study of Hautefort et al. were convinced to monitor the 

gene expressions using a similar approach in this study as they were interested 

in a system that could provide accurate gene expressions in vitro and in vivo 

[110].  Plasmid based systems were not preferred as it could result in the 

discrepancies in the promoter strength which may result from a variation in 

plasmid copies or from loss of plasmid. With the fusion of promoter of gene 

proU regulating the osmolarity in S. typhimurium to GFP+ accurate and stable 

gene expression was achieved and the expression was highly comparable to 

expression monitored to lacZ-fusion of the same promoter.  Additionally, assays 

using the transcriptional fusion reporters have been applied for screening anti-

microbial agents for various pathogens. For instance, using an assay 

incorporating an acetamidase promoter of Mycobacterium smegmatis fused to 

GFP, high throughput screening of compounds for anti-tuberculosis was 

performed in a microtitre plate setting [111]. As understood, to date no whole 

cell fluorescent reporters have been developed for identifying drugs that can 

weaken the cell mechanisms in S. mutans. Also the use of naturally sourced 

compounds from myxobacteria and fungi as an alternative strategy to modulate 

the gene expression is quite interesting to get insights into the mechanisms 

associated with target under study. Therefore, three reporters for mutacin VI 

(SMU.423), cell wall transglycosylase (SMU.2147) and an autolysin lytFsm 

(SMU.836) of S. mutans have been used to develop screens for weakening its 

fitness. The outcomes of each screen have been discussed in the next sections. 
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4.1 Suppressors of mutacin synthesis 
Screening a total of 297 natural compounds resulted in seven natural 

compounds which inhibited the transcription of mutacin transcription by ≥ 50 

% in comparison to the maximally transcribed strain at three measured time 

points. An overview of the compound classes and their known biological activity 

are summarized in table 24.  

Out of the 7 compounds that suppressed the transcription of mutacin synthesis, 

Erinacine C was followed up for validation of its activity on suppressing the 

mutacin synthesis. Erinacine was an interesting compound to be followed up as 

the compound is known to function diversely with distinctive biological 

properties. 

Table 24: Compound (classes) identified with suppression of mutacin VI 
transcription during pre-screening. 

Compound Structural class 
Biological activity and mode of 

action (if available) 
References 

Erinacine  
Cyathane di-

terpene 
Inducers of NGF-synthesis in 
neurons 

[85]  

Noricumazol 
Oxazole- 

isochromanone 

Inhibits the life cycle of Hepatitis C 
Virus (HCV) 
Moderate Cytototoxicity 

[87,88] 

Myxovirescin Macrolide 

Anti-bacterial  
Inhibits the incorporation of N-
acetylglucosamine into the 
peptidoglycan backbone 

[89,90] 

Chondrochloren 
Chloro-hydroxy-

styryl amide 

Weak anti-bacterial against a few 
gram positive and gram negative 
bacteria 

[91] 

Aurachin Quinolone 

Anti-bacterial against gram positive 
Weak inhibition against few yeast 
and molds 
Interferes with the respiratory chain 
(complex I and III) 

[92] 

Myxopyronin α - pyrone 
Inhibits the bacterial RNA 
polymerase 

[93–95] 

Jerangolid Lactone 
Changes the membrane permeability 
of the yeast Hansenula anomala 

[96] 
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Erinacine was isolated from a white beard like mushroom called Hericium 

erinaceus. The mushroom is also called the ‘lion’s mane mushroom’ due to its 

appearance and is found growing mostly on old trees in Asia, Europe and North 

America. The mushroom is an edible product in China and Japan with no health 

issues reported and has shown to exhibit medicinal properties against human 

health with different modes of action. 

Total synthesis of Erinacines and isolation of new derivatives of Erinacine from 

H. erinaceus has been reported [112–120]. Erinacine C, a cyathane di-terpene 

was first isolated from the mycelium of Hericium erinaceum in 1994 [85].  

 

 R=CH2OH 

Figure 31. Structure of Erinacine C . Figure adopted from [85]. R-group 

represents the functional group of the molecule.  

An approach was optimized with altered media components and pre-cultivation 

conditions to increase the yield of Erinacine C [119]. For increased wet biomass 

and best suited pre-cultivation medium of H. erinaceus, GP medium with casein 

peptone at pH 5.0, buffered with HEPES buffer was recommended.  The 

optimization had reportedly increased the yield of Erinacine C concentrations 

up to 2.73 g L-1, eight fold higher than the earlier studies. The cultivation time 

was shown to be reduced from 14 days to 6 days which favours the industrial 

perspective of producing large amounts of Erinacine C at a faster pace.  A 

biosynthetic route was also figured for the synthesis of Erinacine C. Through 

feeding experiments with 1’-C13, the biotransformation of a new derivative 

Erinacine Q into Erinacine C via Erinacine P in H. erinaceum YB4-6234 strain 

was shown using NMR spectroscopy [113]. Therefore, the production of 

compound allows performing further studies with no scarcity issues.  
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Erinacine C has been mostly known for their action on neuronal cells. Erinacine 

C has been reported to strongly initiate the nerve growth factor (NGF) synthesis 

from nerve cells. When a bioassay was conducted using Erinacine A, B and C, 

highest secretion of NGF into the medium from the mouse astroglial cells was 

reported with Erinacine C [85]. Detailed studies on the mode of action of 

Erinacine A have been conducted in the pathology of Parkinson and Alzheimer 

disease and its ability to confer neuro-protection [121,122].  

Parkinson’s disease is a neurodegenerative condition leading to motor 

dysfunction and dementia in advanced stages. In this condition, the 

dopaminergic neurons are mostly affected damaging the nerve cells. This can 

trigger an inflammatory response, increase in reactive oxygen species and 

ultimately an apoptotic response. In a mouse model of Parkinson’s disease, 

Erinacine C was successful in bringing down the reactive oxygen species and 

several other markers like JNK/p38, CHOP,  NF-κB, Fas / Bax associated with 

neuronal apoptosis with gain in the lost motor function in an MPTP induced 

Parkinson’s mouse model [121]. 

Likewise, Alzheimer’s disease is an age related progressive neuro disorder 

leading to memory loss. It is characterized by formation of neurofibrillary 

tangles and amyloid beta plaques leading to a loss of function in the neuronal 

synapses. Treatment of Alzheimer’s mouse model with the fruiting bodies of H. 

erinaceum and ethanol extracts enriched in Erinacine A was shown to reduce 

the amyloid beta plaques and dementia with significant increase in the NGF 

/pro NGF protein levels which is required for nerve cell regeneration [122]. 

Therefore, Erinacines have been proposed as good therapeutic candidates in the 

treatment of neurodegenerative disorders. 

In this screen, Erinacine C was demonstrated to suppress the mutacin synthesis 

in S. mutans UA159. This defines a new biological activity for Erinacine C as 

there are no such studies which have been reported on the anti-virulence 

potential of the molecule in bacteria except for one study which reported weak 

anti-bacterial activity of H. erinaceus extracts against S. mutans in a disc 

diffusion assay using BHI medium [123]. No information on the mode of action 
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has been mentioned and studies with purified compounds have not been 

conducted. 

 

The ability of Erinacine C to suppress the mutacin transcription was observed 

during pre-screening with the S. mutans P423. During the pre-screening,  where 

the effect of the compound on suppressing the transcription of the induced S. 

mutans P423 culture was measured between 0- 8h and 24 h , the beginning of 

suppression was noticed immediately after addition of Erinacine C. By 2 h, 

closer to 30 % decrease in GFP fluorescence was observed. A maximum 

suppression by 60 % of the mutacin VI promoter transcription was noted at 8 h 

and at 24 h.  These results clearly demonstrated that the compound began to act 

on the target right after its addition and the effect lasted over 24 h.  

Erinacine C also suppressed the transcription of mutacin IV and V. While 56 % 

reduced transcription of mutacin V was observed, only 30 % suppression of 

transcription was seen for mutacin IV during the pre-screening (Figure 13).  

Although Erinacine C caused a strong suppression of mutacin V and VI 

promoters, the suppression was weak in case of mutacin IV. When the 

fluorescence data of the MIP induced reporters for mutacin IV, V and VI were 

compared (figure 7, 11 and 12), mutacin V and VI promoters exhibited strong 

GFP fluorescence and the promoter of mutacin IV resulted in lesser GFP signal 

compared to the latter. This led to speculation that the strength of mutacin IV 

promoter must be weaker in comparison to the other two promoters and this 

could be a possible reason for the detection of low levels of suppression. 

A literature search was done to find any data that supports the low levels of 

mutacin IV reporter expression as observed in this study. Work by Reck et al. 

[100] incorporating the mutacin IV promoter for expression of cell division 

protein for membrane localization studies with Carolacton gave some insights 

into the strength of the promoter. When promoter of mutacin IV and VI was 

used for the expression of cell division protein DivIVa fused to GFP+, higher 

protein expression was observed when expressed from the promoter of 

mutacin VI versus mutacin IV. The results were also confirmed on analysing the 

fluorescence microscopy images of MIP induced DivIVa reporter strains 
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carrying mutacin IV and VI promoter. The cells expressing the DivIVa GFP fusion 

protein induced by mutacin VI promoter resulted in brightly fluorescing cells in 

comparison to the cells with mutacin IV promoter.  From this study, it was 

concluded that mutacin IV promoter was much weaker in eliciting a response 

than the promoter of mutacin VI.  

When a concentration dependent test was performed on all three mutacin 

reporters, it was clearly evident that 5 µg ml-1 (11.5 µM) of the compound was 

the minimum concentration of Erinacine C required to cause suppression of 

mutacin transcription in all three reporters without any effect on growth 

(Figure 14). Concentrations lower than 5 µg ml-1 did not cause suppression of 

the promoter expression neither did it affect the growth. At concentrations 

beyond 5 µg ml-1, one could clearly observe the effect of Erinacine C on the 

growth of the mutacin reporter. At 10 µg ml-1, the suppression of mutacin 

synthesis was much higher in comparison to the earlier concentrations. The 

same is true for compound at 20 µg ml-1, where almost the transcription of the 

mutacin V and VI promoters were completely abolished.  

However, at these concentrations, the effect of growth cannot be neglected as a 

significant effect on the growth by the compound was seen. At these higher 

concentrations, the growth effect caused by Erinacine C on the reporters might 

reflect an increase in suppressive effect which is an artefact. This can be 

explained by the fact of decrease in the number of fluorescing cells available due 

to bactericidal action of the compound, at higher concentrations. Therefore, 

lesser cells are detected which might result in reduced GFP fluorescence.  To 

avoid such a bias in finding suppressors of mutacin synthesis, the cut-off criteria 

for growth was set to an OD % ≥ 90 %, so that effect due to decrease in growth 

rate on the number of GFP fluorescing cells could be eliminated.  

Until now, the effect of Erinacine C on suppressing the transcription of the 

mutacin genes which is primarily required to make mutacins was 

demonstrated. The next step was to demonstrate that not only the transcription 

but the synthesis of mutacin was also inhibited using Erinacine C. Therefore, a 

bacteriocin overlay assay was used to exhibit the anti-bacterial activity of the 
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secreted mutacins by S. mutans using indicator strains. The assay is based on 

the principle that when the mutacins are secreted into the media, they inhibit 

the growth of the specific strains that are overlaid, which is reflected as an 

inhibition zone around the spotted S. mutans.  Knock-out strain of each mutacin 

was used as control to show the lack of inhibition of the growth on the indicator 

organism as they are incapable of producing the mutacins anymore. Previous 

studies have shown the anti-bacterial activity of mutacin IV against a wide range 

of streptococcal strains and mutacin V against lactococcal species [40,44]. In the 

bacteriocin overlay assay performed in this study, when the knock-out mutants 

constructed for mutacin IV, V and VI were over-laid with indicator organisms, a 

clear loss of zone of inhibition was observed for S. sanguinis for mutacin IV and 

L. lactis for mutacin V. These results were in agreement with the findings of the 

earlier studies. However, no loss of inhibition zone was observed for mutacin VI 

knock –out strain with both S. sanguinis , L. Lactis and Enterococcus faecium 

(data not shown)which demonstrated that an indicator for mutacin VI could not 

be found from this study.  

This observation led to speculation of several possibilities on the lack of 

mutacin VI activity: 1) The mutacin VI activity is not specific to the indicator 

organisms used in the assay. 2) The media and the conditions used in the assay 

might have not favoured the secretion of mutacin VI into the environment.  To 

date, there have been no reports specifying the inhibitory activity of mutacin VI 

against other bacteria except for one study which identified the function of a 

novel and direct regulator of bacteriocins, BrsR (encoded by SMU.2080), 

regulated by HdrRM. Under these specified conditions the strain specifically 

producing mutacin VI inhibited the growth of Lactococcus lactis and vancomycin 

resistant Enterococcus faecium (FQ1VRE) in CDM medium, when BrsR regulator 

was over-expressed [45]. They tested several other gram positive bacteria to 

identify a potential indicator organism for mutacin VI, the data of which ones 

are not disclosed. Their results also suggested that mutacin VI might not be 

produced under standard bacteriocin assay conditions. This might explain the 

lack of inhibition of mutacin VI on the growth of indicator strains in the current 

study. Although, the study [45] reported inhibitory activity of mutacin VI against 
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L. lactis, still a zone of inhibition was observed for the knock-out mutant of 

mutacin VI with L. lactis in the assay performed here. This was because the gene 

responsible for mutacin V synthesis was still intact in the knock –out strain for 

mutacin VI leading to the inhibition of L. lactis. 

Therefore, the bacteriocin overlay assay was now used to exhibit the reduced 

anti-bacterial activity due to the reduction in the secreted mutacins by Erinacine 

C. Despite the lack of suitable indicator strain to demonstrate the inhibitory 

activity of mutacin VI, the reduced mutacin synthesis by Erinacine C, could still 

be demonstrated by the well characterized mutacin IV and V anti-bacterial 

activity as the compound suppressed the transcription of all three mutacins. The 

results of the bacteriocin overlay assay clearly indicated the potential of 

Erinacine C to suppress the function of mutacin encoding genes induced by both 

endogenous MIP production and externally added MIP.  In the assay, a 14.3 ± 

0.44 mm zone for S. sanguinis (mutacin IV indicator strain) was reduced to 11.6 

± 0.25 mm which is a 20 % reduction when treated with Erinacine C. The same 

effect was true for the zone of L. lactis (mutacin V indicator strain) that was 

reduced from 12.4 ± 0.35mm to 9.5 ± 0.1mm accounting to a 24 % reduction. 

These values indicated that the compound suppressed the mutacin synthesis 

induced by endogenous MIP production.  

With MIP addition, the zone of inhibition of mutacin IV indicator strain S. 

sanguinis was reduced by 27 % from 17.4 ± 0.25 mm to 12.8 ± 0.15 mm with 

Erinacine C treatment.  Similarly, for the mutacin V indicator strain L. lactis, the 

zone of inhibition was reduced by 37 % from 14.6 ± 0. 15 mm to 9.2 ± 0.1 mm 

with Erinacine C. These observations were striking because the same 

concentration of Erinacine C suppressed the mutacin synthesis induced by MIP 

addition strongly than the native transcription.  Most importantly, the 

suppression of mutacin gene transcription under the above said conditions was 

possible only when the compound was added at the beginning of the 

experiment.  This was because no suppression of mutacin synthesis was 

observed when a culture treated was with Erinacine C for 8 h and then spotted 

for testing inhibitory activity against indicator strains. The inhibition zones 

remained same as the controls. In other words, the culture must be treated with 
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Erinacine C before the initiation of transcription of bacteriocin encoding genes, 

for the effect of suppression to be observed.  

Since Erinacine C inhibited transcription of all three mutacins, and synthesis of 

at least two of them, the target of Erinacine must be upstream of the individual 

synthesis genes and common for all three mutacins. Also the time of addition of 

compound is quite crucial and a competitive mode of inhibition of Erinacine C 

on the target can be hypothesized.  Therefore, studies on the regulation of 

mutacins can help speculate a few modes of action for mutacin suppressive 

activity of Erinacine C.  

The major common regulator of mutacin encoding genes is the two component 

system comDE. The transmembrane histidine kinase comD is auto-

phosphorylated when bound by a pheromone MIP and phosphorylates ComE.  

This causes transcriptional activation of all mutacin encoding genes. Also the 

presence of bacteriocins in peptide rich media which causes membrane 

permeabilization has led to the hypothesis that the pores allow import of XIP 

activating the SigX. This causes SigX-RNA polymerase complex to bind to the cin 

box upstream on comE resulting in the induction of bacteriocin expression [40].  

Based on this regulation, one can speculate the inhibition of mutacin synthesis 

by Erinacine C at several stages. Since it can be seen that Erinacine C inhibits the 

mutacin synthesis only when added earlier in the culture, one could speculate 

that the compound competitively interacts with MIP, blocking its binding to 

comD thus decreasing the transcription of the mutacin encoding genes. If the 

compound may gain entry into the bacterial cell a possibility of the compound to 

interfere with the auto-phosphorylation of the histidine kinase itself can also be 

predicted. Additionally, since it has been found that the RNA polymerase 

complex binding initiates the bacteriocin induction, chances for Erinacine C to 

interfere with the RNA polymerase may also be a factor causing reduced 

transcription. If it is the case, a new inhibitor for comDE, a regulator of 

bacteriocin encoding genes has been identified which weakens the 

competitiveness of S. mutans UA159 by suppressing the mutacin synthesis.  
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Targeting the histidine kinase in S. mutans with small molecule inhibitors has 

been reported as a potential anti-virulence strategy [124].  Walkmycin isolated 

from Streptomyces, a first discovered inhibitor of histidine kinase in B. subtilis, 

was evaluated for its inhibition against three two component systems (CiaRH, 

VicRK and LiaSR) of S. mutans UA159 involved in virulence. Using the purified 

proteins which included the cytoplasmic regions of the histidine kinases VicK, 

LiaS and CiaH and the response regulator proteins VicR, LiaR and CiaR, the 

Walkmycin was shown to inhibit the phosphorylation reaction of the response 

regulators by the auto-phosphorylated histidine kinases in a 

autophosphorylation and phosphotransfer assay.  

 

 

Figure 32. Structure of Walkmycin C adopted from Eguchi et al.[124]. The 
compound is isolated from Streptomyces sp. in the same study which was 
shown to inhibit the autophosphorylation of three histidine kinases LiaS, VicK 
and CiaH of S. mutans UA159. 

 

This effect was observed when the histidine kinases were treated with 

Walkmycin for 5 minutes before the beginning of the auto-phosphorylation 

reaction. Therefore, it supports the hypothesis that Erinacine C can suppress the 

transcription of mutacin synthesis only when added to the culture prior to the 

beginning of cell growth.  

However, we do not observe complete reduction in the zone of inhibition for the 

indicator strains when treated with Erinacine C.  

The first possibility could be because the compound might not be sufficient 

enough to cause complete suppression of mutacin transcription. It would be 

worthwhile to test for the growth effect for smaller concentration ranges of 
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Erinacine C based on the growth data observed. Further concentration 

dependent test ranging from the minimum concentration that did not cause a 

growth inhibition to the concentration up to which the first growth inhibition 

occured (5 µg ml-1 to 10 µg ml-1) can be performed. Based on this data, a 

concentration of the compound that is higher can be used to increase the 

suppression of the mutacin transcription with no effect on growth. 

The second possibility is the new role of cipB that has been recently identified 

[40] in peptide rich media to permeabilize the membrane of S. mutans allowing 

the internalization of XIP into the cell. The internalized XIP activates the master 

regulator Sig X which is shown to post transcriptionally regulate the response 

regulator comE and hence the bacteriocin encoding genes. This may increase 

the synthesis of mutacins. Under such conditions, the post transcriptional 

regulation of comE might overtake the suppression caused by the compound 

producing enough mutacins leading to the residual inhibitory activity of 

mutacins which is seen in the assay. Also, the deficit of mutacins in the 

environment caused due to Erinacine C in response to the actual transcripts 

synthesized might act as a feedback signal to compensate for the decreased 

peptides. Even if a feedback is expected to happen, the inhibition of the mutacin 

is much stronger when treated with Erinacine C.  

The last and the most important possibility which opens a huge area of work is 

the role of other TCSs involved in regulating the bacteriocin encoding genes 

especially when these genes regulated by comDE are being suppressed by 

inhibitors like Erinacine C.  When an inhibitor is present in a cell, the cell 

perceives it as stress. Alternative feedback mechanisms by other two 

component systems might come into play to compensate for the suppression of 

the comDE system (stress caused to the cell) from Erinacine C. This also leads to 

another question if Erinacine C acts only on ComDE or on other TCSs of S. 

mutans UA159. If one considers that Erinacine C might interfere with the auto-

phosphorylation mechanism of a single two component system, the same might 

be true for other histidine kinases.  
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However, all of these questions regarding mode of action of Erinacine C are 

open and need to be further evaluated. Studies to express His or GST tagged 

protein of comD have failed [124]. By using FRET technology, the binding ability 

of the fluorescently labelled Erinacine C and CSP to comD or Erinacine C directly 

to comE can be studied. This is also dependent on the ability to synthetically 

generate fluorescent analogues of Erinacine and CSP. Bio-informatics 

approaches to determine similar conformational regions in CSP and Erinacine C 

which binds to the target can give additional information.  

Walkmycin showed other effects on the phenotype of S. mutans due to its 

inhibitory action on the various two component systems influencing the 

virulence traits [124]. For instance, the inhibitory activity on VicK by Walkmycin 

affected the different traits regulated by the VicK histidine kinase. Formation of 

weaker biofilms and increased chain lengths were observed which was similar 

to the phenotype of a vicK mutant. Transcriptome analysis of vicK mutant and 

walkmycin treated cells showed similar gene regulation patterns. The genes for 

encoding bacteriocins and cell wall re-modelling were down-regulated in both 

conditions.  

Thus, experiments could be designed in a similar way with Erinacine C which 

not only have the potential of such inhibitors to interfere with the 

competitiveness of bacteria, but can also elucidate how the drug influences the 

various other traits and phenotypes in S. mutans. In a dental plaque, these 

organisms co-habit each other and a model mimicking the true scenario would 

give a better understanding. Developing such models are cumbersome, but a 

study involving a multi-species biofilm model,  a sub-set of the true model, 

treated with inhibitors like Erinacine C can give more information on how the 

compound might interact in a surrounding involving multiple interactions and 

complex processes. 
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4.2 Inducers and suppressors of transglycosylase 
S. mutans P2147 reporter was used for screening natural compounds for the 

identification of inducers and suppressors of the SMU.2147 promoter 

transcription.  The gene encoded by SMU.2147 encodes a protein which is part 

of a transglycosylase enzyme and therefore we call it so throughout this study. 

However, the specific functions of this protein or the molecular mechanisms 

underlying its regulation in S. mutans UA159 are still unknown. 

The data on the growth and fluorescence of the S. mutans P2147 reporter 

(figure 16) clearly indicate the role of the SMU.2147 encoding protein in cell 

division.  An increase in GFP fluorescence of the reporter strain was observed as 

the cells were growing. This shows that the transcription of the promoter of 

SMU.2147 is growth dependent due to its intrinsic function in cell division [125].  

The increase in fluorescence to its maximum value was visualized due to the 

actively dividing cells during the exponential phase of growth. The later 

stabilization of fluorescence is seen in the stationary phase as the growth rate 

equals the death rate of cells.   

 

4.2.1 Inducers of transglycosylase 
For identification of inducers of the SMU.2147 promoter, it was necessary to 

determine how high the transglycosylase was capable of being induced. Two 

approaches were therefore followed to induce the SMU.2147 promoter. 

Although, the induction of the transglycosylase was achieved in both 

approaches, the extent of induction is yet to be quantified. 

In the first approach that was used in this study, a cell wall interfering β-lactam 

antibiotic ampicillin was used to induce the transcription of the 

transglycosylase (figure 16). At the optimized concentration of 0.25 µg ml-1 

Ampicillin, induction of the transglycosylase promoter was seen with severe 

growth inhibition due to the bactericidal activity of the drug.  The effect of the 

transglycosylase induction is apparently a secondary effect of ampicillin as 

reviews state that presence of β lactams induces the β-lactamases in the cell 
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which in turn require the action of lytic transglycosylases [70]. The exact 

mechanism is however not understood. 

In the second approach, the SMU.2147 gene was cloned to a strong xylose 

inducible promoter on a plasmid. The overproduction of the gene product was 

controlled using the inducer xylose. Maximum response from this promoter was 

attained using 1.5 % xylose in an earlier study [100] and the same concentration 

was used in this study to over-produce the SMU.2147 encoded protein. As seen 

in figure 18, over-producing the protein resulted in only weak growth inhibition 

as compared to the strain with no xylose (inducer).  The observation was 

contrasting to the hypothesis that overproduction of transglycosylase would 

result in cell lysis. This observation is explained by some supporting findings in 

the literature. 

The lack of growth inhibition upon over-expression of transglycosylase has 

been found in several other studies. When the emtA gene encoding an endo lytic 

transglycosylase in E.coli was over-expressed using a pAK5 plasmid under the 

control of the tac promoter, no bacteriolysis was observed [126] except for an 

increase in cross linked anhydromuropeptides (meso-di amino pimelic acid 

residues). These moieties are thought to defend the cell against lysis [70]. Other 

examples showed that constitutive overproduction of an outer membrane 

bound lytic transglycosylase MltA and 30-fold over expression of soluble lytic 

transglycosylase Slt in E. coli did not result in lysis, but when conditions were 

used to express these proteins beyond these levels occasional lysis was detected 

[127,128].  

Tight regulation of the lytic transglycosylases is an important aspect in 

tolerance of the cells to these enzymes [66].The mature peptidoglycan is 

modified to protect from the action of cell wall hydrolases. Pfeffer et al. review 

explained one such mechanism known to occur in gram positives like S. aureus, 

S. pneumoniae , L. lactis  and E. faecium that protects and controls the lytic action 

of transglycosylase [129]. A lytic transglycosylase can initiate a lytic reaction 

only with free C-6 hydroxyl group required for the formation of 1, 6-

anhydromuramyl reaction product. Nevertheless, an O-acetylation modification 
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of the peptidoglycan, catalysed by an enzyme O-acetylase which transfers the 

Acetyl Co-A from the cytoplasm to the C-6 hydroxyl residue of the N-

acetylmuramic acid, blocks the mature peptidoglycan from being attacked by 

the action of the enzyme. With a slight contrast, a pneumococcal hydrolase LytB, 

was demonstrated to cleave β 1,4 glycosidic bonds  at N-acetylglucosamine 

residues that were fully acetylated with a specificity for ‘uncross-linked stem 

peptides’ thus causing partial hydrolysis contributing to the non-autolytic 

behaviour of the enzyme [76]. Based on the above findings, it can be concluded 

that the transglycosylase induction depends not only on the modification of the 

peptidoglycan but also on the presence of cell wall precursors. 

The O-acetylase enzymes are encoded by the oatA gene [130,131]. Random 

BLAST search of the O-acetyl transferase protein of S. pneumoniae against the S. 

mutans genome provided protein sequences annotated as acetyl transferase 

with 52 % identity. The presence of these enzymes gives a clue about the 

possible occurrence of these enzymes in S. mutans as well. However, their role 

in modifying the peptidoglycan in S. mutans needs to be elucidated.   

Huge focus has shifted towards the understanding the divisome and elangosome 

of a cell [132]. These are multi-enzyme complexes consisting of cell wall 

hydrolases and biosynthesis proteins. While the divisome is present at the cell 

septum, elangosomes are usually concentrated at the poles, characterized by a 

complex of multiple enzymes. However, the complete regulation, the number of 

proteins and which of them are involved have not been understood in most 

bacteria. As an example, a section of the divisome and elangosome is partially 

explained to exhibit the dynamics of these proteins in S. pneumoniae.  

Scaffolding proteins are usually concentrated at the poles of the cell wall and 

ensures proper arrangement of cell wall biosynthesis proteins and keeps the 

peptidoglycan structure intact during re-modelling. Two such proteins GpsB 

and EzrA have been discovered in pneumococci. EzrA is mainly concentrated at 

the mid cell. The GpsB interacts with another scaffolding protein DivIVa which 

recruits the cell division proteins to the poles of the cell. The DivIVa protein also 

interacts with the protein FtsZ which controls the assembly of the divisome 

from the cell interior. Besides DivIVa interacting with itself, it interacts with 
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several other cell wall Fts proteins, chromosomal segregation protein SpoOJ. 

This reveals the complexity of these protein interactions in cell wall assembly. 

Additionally, proteins like GpsB are found to be highly dynamic orienting 

themselves in various parts of the cell performing various functions at these 

locations. Many other mechanisms like phosphorylations and protein-protein 

interactions which are involved in cell division are being studied to gain a 

deeper understanding. The complexity and tight network of the divisomes 

clearly explains many proteins are involved working in co-ordination during cell 

wall expansion. Thus, owing to the redundancy, targeting not just one enzyme 

but the exact protein is crucial for altering the behaviour of the cell through its 

cell-wall modifying enzymes.  

As a last attempt, the sequence encoded by SMU.2147 was verified to check if it 

actually codes for a lytic transglycosylase enzyme domain.  in silico analysis in 

this study and other studies [75] revealed that a part of this sequence encodes a 

lysine motif (lysM) which is characteristic for cell wall degrading enzymes and 

required for the presentation of the cell substrates for degradation. Besides, 

from [75] and a search through the KEGG database it was found that the 

adjacent gene SMU.2146 codes for a soluble lytic transglycosylase domain and 

this suggests that both regions together may be necessary for the lysis to occur . 

Since studies expressing these proteins individually or together are not 

reported it might be a good perspective to look into the action of these products 

in a co-ordinated way on the cell. 

Although the biological function of this protein is not clearly understood, the 

pre-screening data found that seven compounds induced the SMU.2147 

transcription which can nevertheless be useful in understanding their effect on 

the cell. The known biological activity and the mode of action for these 

compound classes are listed in table 25. 
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Table 25. Inducers (compound class) of transglycosylase with known 
biological activity. 

Compound Structural class 
Biological activity and mode of 

action (if available) 
References 

Antalam  Not known Not known - 

Stigmatellin  γ-chromone 
Myxobacterial respiration (complex I) 
inhibitor 

[101] 

Disorazol Macrodilactone 

Inhibits tubulin polymerization 
Apoptosis inducer 
High cytotoxicity against L929 mouse 
fibroblasts 

[102–105] 

Myxovirescein Macrolide 

Anti-bacterial 
Inhibits the incorporation of N-
acetylglucosamine into the 
peptidoglycan backbone 

[89,90] 

Carolacton Macrolactone 
Anti-biofilm effect in S. mutans 
Cell wall permeabilization 

[100,106] 

 

The table does not list Glykenins as they did not match the cut-off criteria for 

growth. Nevertheless, they were followed up as they were new compounds, and 

were interesting to check if they elicited any biological activity. They were 

isolated from Dacrymycetes at HZI. The structure of glykenin 19 is similar to 

structure 19 of the patent [133] while the structure of glykenin 17 was only 

recently elucidated and is yet to be published. Based on the structural 

information deduced, the glykenins have two sugars attached to a carbon chain 

varying between 24-26 residues and are classified as glycolipids. 

The glykenins were observed over 24 h against S. mutans P2147 and their 

induction of the SMU.2147 promoter was monitored every 4 h (figure 21). 

Three observations were found from the experiments with these compounds on 

S. mutans P2147. Firstly, a peak induction of the lytic transglycosylase with 

these compounds was observed at 12 h and the value was stable for the next 6 – 

8 h. Secondly, these compounds also resulted in growth inhibition of the S. 

mutans P2147 by 30 % (glykenin 17) and 36 % (glykenin 19) in comparison to 

the un-treated reporter. 

The third observation of the effect of Glykenins was deduced from the live-dead 

assay. Since the glykenin treated cells induced bright fluorescence from the 

GFP+ tagged SMU.2147 promoter, a counter-staining with a red fluorescent dye 
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capable of detecting cell membrane damage was applied to confirm cell death. A 

propidium iodide dye capable of entering cells with damaged membranes was 

used in counter-staining the glykenin treated cells and the microscopic pictures 

clearly indicated that red cells as a result of PI dye uptake were detected which 

was indicative of membrane damage. But, the quantification of cell viability of 

the glykenin treated biofilm cells in live-dead staining assays was not possible 

as washing steps for the removal of media before staining resulted in the 

complete loss of biofilm due to the weak biofilm formation. 

These findings correlate with the various anti-microbial studies conducted with 

different glycolipids available in the literature.  Rhamnolipids are glycolipids 

with rhamnose sugars attached to the fatty acid side chains and were isolated 

from Pseudomonas aeruginosa. With an aim of combinatorial therapy, the 

molecules were tested in combination with sorpholipids (with sorphorose 

sugar), a known biofilm disruptive agent against P. aeruginosa and S. aureus 

biofilms using live-dead stain [134]. The biofilms of S. aureus were disrupted 

efficiently by cell removal with no dead cells reported. In contrast, only minimal 

biofilm disruption of P. aeruginosa was detected but many cells were killed.  

This shows that the glycolipids affect growth which may be bactericidal or 

bacteriostatic in nature depending on the acting cell.  

Additionally, many studies on the biofilm disruption by glycolipids have been 

reported. Rufisan, a biosurfactant produced by Candida lipolytica UCP 0988 was 

reported to cause 90% anti-adhesive activity of S. mutans HG [135]. Glycolipid 

from Streptococcus mitis which was reportedly similar to rhamnolipid reduced 

the adhesion of S. mutans not only to glass but also to the surfaces coated with 

saliva [136]. These show that the surface properties of S. mutans could be 

modulated by the action of glycolipids. 

The efficiency of the anti-bacterial activity and the mode of action were found to 

be related to the chemical structure of the glycolipids. Most glycolipids are 

biosurfactants with unique structural properties. Briefly, biosurfactants are 

amphiphilic molecules known for their anti-microbial properties. They are 

comprised of two parts: a non-polar and a polar residue which determine their 
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interactions with cell membrane. The former is usually long chain fatty acids 

and the latter can be variable e.g. a carbohydrate residue in case of a glycolipid 

[137]. The more non-polar the molecule is, the lesser is the charge and higher is 

the chances of interaction with highly charged cell membranes.  

From a few studies, the mode of action of glycolipids was proposed as a two-

step process [138]. Initially, the glycolipid bio surfactant needs to adsorb on the 

lipid bilayer which is dependent on the composition of the lipid bilayer.  

Secondly, due to the fluidic nature of the lipid bilayer, a flip flop mechanism 

causing the internalization and subsequent intercalation of the biosurfactant 

lipid into the membrane occurs [139] leading to membrane de-stabilization and 

lysis. Membrane permeabilization was reported to be dependent also on the 

CMC (critical micelle concentration) of the bio-surfactant, the concentration at 

which these molecules form micelles, and the nature of the bio-surfactant itself 

[138]. 

These findings were very supportive in the understanding of the differential 

antibacterial activity of the monorhamnolipid RL1 and dirhamnolipid RL2 

isolated from P. aeuroginasa, against gram positive organisms [140]. In gram 

positives, the membranes are highly charged due to the large amount of 

phosphatidylglycerols in their membranes [141]. HPLC MS analysis showed RL1 

and RL2 contained a single and double Rhamonose sugars linked to a C10-C10 

fatty acid chain. In case of dirhamnolipid, due to the presence of two rhamnose 

sugars, the charge on the polar head increases (or the non-polarity is reduced) 

leading to increased repulsion from the highly charged gram positive 

membranes. Therefore, weaker anti-bacterial activity was noted in RL1 than 

RL2.  

Based on these findings, it is assumed that the Glykenins in this study might act 

in a similar fashion by intercalating with the cell membrane of S. mutans. The 

longer fatty acid side chain of Glykenins (yet to be published) may result in 

increased non-polarity of the molecule that might allow better interactions with 

lipids present on the cell wall of S. mutans. The action of membrane 

intercalation of these compounds or the interaction with the lipids might trigger 
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the activity of the transglycosylase which is only a secondary effect as seen with 

ampicillin. The activity of the Glykenins leading to weaker biofilms can be 

exploited to modulate cell surface properties of S. mutans thereby reducing the 

colonization by them. However, all these suggestions are speculative and more 

evidence is needed to understand the biological activity of the compound. 

Some of the other inducers though not followed up were speculated for their 

effect based on initial experiments conducted with them. One of them was, 

Disorazol A which elicited the strongest induction of the transglycosylase 

promoter of the seven compounds. This compound causes microtubule de-

stabilization and cellular apoptosis in mammalian cells [102]. The other 

derivatives Disorazol A3, A4 identified in the pre-screening did not induce the 

transglycosylase to the same extent as Disorazol A. A 10-fold concentration 

dependent test with Disorazol A confirmed that 25 µM was the minimum 

concentration required to cause the induction of the promoter (figure 20). One 

might speculate that its ability to inhibit the cytoskeleton in eukaryotic cells 

may be a reason for its action on the bacterial cytoskeleton. Reports have shown 

some similarities between the actin cytoskeleton of eukaryotic and prokaryotic 

cells and this might be a probable reason for its activity [142].  Since the degree 

of induction was not reproducible in the confirmatory test and due to its 

cytotoxic activity which can hinder human application, the compound was not 

studied further.  

One of the other inducers was Myxovirescein H. Since its derivative, 

Myxovirescin A was already in the screening data of the KOM library against S. 

mutans P2147, the results were compared. Although the growth pattern 

remained the same, results indicated there was no induction of the SMU.2147 

promoter with Myxovirescin A. These compound stocks were stored at -20°C for 

a longer period of time in methanol. When some of these stocks were analysed 

on HPLC-MS, degradation peaks were observed. This could be a possible reason 

for the lack of activity of Myxovirescein A. However, studies have shown that 

myxovirescein A inhibited the peptidoglycan synthesis in E. coli cells by 

blocking the incorporation of N-acetylglucosamine [89]. The process very 

closely involves the substrates of the transglycosylase and this could be the 
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likely reason for detecting the induced activity of the transglycosylase with this 

compound which could be explored in future.  

4.2.2 Suppressors of transglycosylase 
Control studies for inhibition of transglycosylase were performed using knock-

out strain of SMU.2147. With this strain one could determine the phenotype of a 

cell lacking the SMU.2147 gene which is reflective of the maximum suppression 

that can be achieved as the cell cannot produce the enzyme any more. Growth of 

the knock-out mutant did not result in any growth inhibition in comparison to 

the wildtype (figure 19).  

Other studies have supported this observation. The knock-out of SMU.2147 in S. 

mutans did not affect the growth or cell morphology when the mutant was 

grown planktonically in BHI medium [75]. It was also found in a study in E. coli 

where not just single but triple deletion of the MltA, MltB and Slt70 lytic 

transglycosylase genes did not affect the growth yield in comparison to the 

parent strain [128].  Nevertheless, these studies have made it clear that deletion 

of these genes resulted in altered phenotypes.  Supporting this, Stipp et al. could 

demonstrate the formation of weaker biofilms and differences in colony 

morphologies in cultures of the S. mutans ∆2147 strain. Similarly, the triple 

deletion of lytic transglycosylase in E. coli resulted in longer chains with 

reduced anhydromuramoyl residues. In the presence of functional lytic 

transglycosylase, the chains were shorter due to cleaving by the enzyme leading 

to increased formation of anhydromuramoyl moieties [128]. Therefore, the 

phenotypes of these knock-out mutants for transglycosylase should be 

considered when testing natural compounds for inhibitors as they are shown to 

weaken the survival traits of bacteria in accordance with the objectives of this 

screen.  The pre-screening data showed that Trichangion was the only 

compound identified which inhibited the transcription of the transglycosylase 

promoter by 40 %. The compound is reported as a hit in a screen targeting the 

P-body assembly, a complex of enzymes involved in mRNA turnover of 

eukaryotic cells [107]. Further studies need to be done to determine its effect on 

the inhibition of the transglycosylase in S. mutans.
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4.3 Inducers of the autolysin lytFsm 
lytFsm (SMU.836) is a late competence gene and its activation using various 

approaches in this study has shown that it results in growth inhibition and cell 

death. In the first approach (figure 23), the natural inducer XIP was externally 

added to maximally induce the gene expression of lytFsm in the S. mutans P836 

reporter. The induced culture showed maximum growth inhibition by 30 % at 8 

h in comparison to the wildtype strain. However, the cell death was not 

quantified for the XIP treated S. mutans P836.  

The second approach used a controlled over-expression of the lytFsm under a 

xylose inducible promoter to express the protein. Using the concentration that 

maximally induces the xylose promoter [100] 25 % growth inhibition was 

observed in the strain over-producing LytFsm in comparison to the control. 

Quantification of cell death by the over-produced strain by live/dead staining 

reported 30 % reduction in viable cells. Therefore, either by using the native 

inducer XIP or by over-producing the lytFsm gene using a plasmid containing a 

strong promoter, growth inhibition and cell death could be demonstrated. Both 

approaches in this study illustrate the role of lytFsm in cell death. This is also 

supported by the work of  Dufour et al. [53] when the expression of truncated 

forms of the lytFsm protein in E. coli cells did not result in cell lysis.  This is 

because the CHAP domain and four Bsp like proteins [56] which possess 

activities of amidase and cell wall binding of the substrate to the lytic domain 

respectively are required for the full lytic activity of the protein.  

Although growth inhibition and cell death was observed in the over-expression 

strain of lytFsm, an enhancement of cell death could be more interesting. Since 

the over-expression studies were carried out in THBY, a peptide rich medium, 

the increase in the expression of LytFsm could only be possible by MIP which can 

activate the late competence gene cascade through the expression of cipB 

leading to the import of XIP for SigX activation [40]. Therefore MIP was added to 

the LytFsm over-producing strain and the growth inhibition and the cell death 

was monitored. In compared to an expectation of a significant increase in 

growth inhibition, only a slight increased growth inhibition (figure 28) was 

observed in comparison to the LytFsm over-producing strain. Cell death also was 
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quantified by live / dead assay which resulted in only 40 % reduction in live 

cells. The difference was rather small (10 %) when compared to the reduction 

of live cells in the LytFsm over-producing strain.  

Besides, a change in the cell morphology resulting in bulky and swollen 

phenotype which was a characteristic that was demonstrated in cells over-

expressing LytFsm with and without MIP (figure 30). Staining with SYTO9/ PI 

dye which indicates the state of cell viability revealed that many cells were 

shown to uptake the red PI dye indicative of membrane damage along with 

some cell debris.   

The reasons for the lack of increased cell death in a LytFsm over-producing 

strain treated with MIP could be the following.  On over-producing the LytFsm 

the cell might be subjected to tight regulation and activate protective 

mechanism in order to prevent the cell from being lysed due to the excessive 

autolysin protein in the cell. Such mechanisms have been reported in  

pneumococci, where the expression of cbpD, a homologue of lytFsm does induce 

the activation of ComM protein to confer immunity to the producing cell [143]. 

In a case of such a cell defense, the cell might be protected from lysis due to any 

further increase of autolysin in the cell. And since the activation of lytFsm via MIP 

is demonstrated in earlier studies to be a late response in the cell [40,63] no 

further increase in cell death can be observed due to established immunity in 

the cell.  

A second speculation for partial increase in cell death due to MIP could be based 

on the study that only a sub-population of cells expressed SigX and lytFsm when 

the cells were induced with MIP in peptide rich medium [62]. Therefore, it might 

be necessary for all cells to express the lytFsm protein to see a significant effect 

on cell death.  

The over-expression study relates to the expression of lytFsm protein using an 

inducible plasmid independent of the actual transformasome machinery in the 

cell. Despite the over-production of autolysin no increase in cell death leads to 

the hypothesis that several other proteins of the transformasome also may be 

required to work in a co-ordinated fashion for the full functionality of the 
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autolysin leading to cell lysis. This is supported by the complex circuit and the 

involvement of several proteins interacting with each other in the process of 

transformation that has been studied in many organisms [52,144]. 

No studies have been performed by using natural compounds to initiate a ‘lytFsm 

induced’ autolysis in S. mutans whereby triggering the native mechanism of the 

organism affects its viability. Therefore, the S. mutans P836 reporter was 

screened here to identify natural compounds which induced this mechanism. 

Unfortunately yet interestingly, we could not identify a single inducer of the 

lytFsm promoter from the 297 compounds that were screened. This led to the 

speculation about the specificity of lytFsm along with the entire cascade causing 

its activation via XIP signalling and its role to be used as an anti-virulence target. 

Although studies on compounds up-regulating lytFsm were unavailable, 

nevertheless it was interesting to find literature on compounds interfering with 

any target that modulated the expression of lytFsm to get an overview of how 

they interact and their modes of action. As it has been explained before from the 

study of Reck et al. [40] that MIP in peptide rich media can be used to initiate the 

expression of lytFsm via cipB induced membrane permeabilization leading to MIP 

import and activation of comRS cascade, an indirect strategy was also attempted 

which abolished the competence mediated late competence gene activation of 

pneumococci using variants of CSP [145] (renamed as MIP [40]). The fact of 

specificity of the quorum sensing proteins to their signalling peptides was 

demonstrated in the work of Zhu et al. in S. pneumoniae where a single amino 

acid modification in the conserved residues of the CSP peptide (E1A amino acid 

substitution) reduced the CSP mediated competence and also inhibited the 

transcription of the cbpD gene, the pneumococcal homologue of lytFsm.  

Studies on direct inhibition of competence were also performed using the ComR 

protein of S. mutans aiming at reducing the virulence [146]. The screen using 

ComR, a transcription factor, and its signalling peptide XIP labelled with FITC 

was developed to identify inhibitors that would disrupt the binding between the 

two, thus causing a quorum sensing disturbance of S. mutans. By doing so, one 

could also block the downstream cascade of late competence genes including 
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lytFsm if at all SigX could be inactivated. But, only the weakly inhibiting (< 15%) 

compounds Telmisartan (anti-hypertensive drug), Simvastatin (cholesterol 

lowering drug), Saquinavir mesylate (anti-viral drug) were recovered.  

This study shows that activation or inhibition of lytFsm and other late 

competence genes require the signal to be transmitted to either comR or SigX. 

Hence, further literature search relating to these targets or compounds which 

interfered with them were explored.   

A remarkable study has shown that the promiscuity of ComR proteins plays a 

crucial role in the ability of the compounds to interact with them. In this work, 

extensive investigation into the specificity of the pheromone recognition by the 

ComR proteins was performed [147]. It was deduced by a creating a test strain 

of S. mutans UA159 called ES1 where the entire comRS locus was replaced by a 

spectinomycin resistance cassette so that no XIP pheromones could be sensed 

or produced. Later a plasmid expressing comR proteins from other 

streptococcal species under the native promoter, comR binding site and the 

comS promoter tagged to luciferase gene were cloned into the ES1 strain. These 

clones were checked for their ability to interact with cognate and non-cognate 

XIP peptides from the streptococci under study so that the binding resulted in a 

bioluminescence signal. Results confirmed that comR proteins of S. mutans and 

S. suis are very strict in binding only the cognate XIP while some strains of S. 

pyogenes, S. bovis and S. dysagalactiae showed high promiscuity in the ability of 

binding non-cognate XIP to their ComR proteins.  

This also correlates with the work of Parashar et al., in which the compounds 

cyclosporine and valspodar were able to tightly bind to the pheromone binding 

sites of these Rgg protein from S. dysagalactiae, the transcription factor which 

binds pheromone, thus disrupting the SHP pheromone mediated signalling 

[148]. 

The X-ray crystallography of the comR protein of S. suis showed its XIP binding 

region to have a conserved motif for XIP binding and a variable motif for 

differentiating between the XIP peptides of different species [147]. This is also 

supported by the fact that although the XIP peptides of the streptococci have a 
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WW conserved residue, the variation in the other residues might contribute to 

the differential binding of ComR and hence the specificity. This could be a 

probable reason why none of the compounds from the library were able to 

cause any change in the expression of the lytFsm gene via the ComRS cascade of 

S. mutans UA159 in this study which might be answered by its strict recognition 

pattern. 

From these literatures it looks like the ComR is the real target and only through 

its inhibition or induction can the subsequent expression of lytFsm be 

manipulated. This gives a scope to explore many more compounds which might 

be capable of interacting with the ComR protein of S. mutans.  Parallel to the in 

vitro screening, a bioinformatic analysis or structure-activity relationship study, 

to check if an interaction between the molecule and the ComR protein can add 

insights if the structure of the compound and the protein is available.  
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5 SUMMARY 
 
The aim of the work was to develop a whole cell based screening system for 

virulence related genes of Streptococcus mutans and use it to identify natural 

compounds that might have potential as anti-virulence drugs. Fluorescent 

transcriptional reporters were constructed for three genes involved in different 

mechanisms for survival and cell viability.  The gene encoding GFP+ was fused 

to the promoter of interest and this construct was integrated into the native 

locus of the genome of S. mutans UA159 via single homologous recombination 

resulting in the screening reporter.  The role of the three genes for growth and 

viability was determined by investigating the phenotypes of deletion and 

overexpression constructs. The three reporters were used to screen natural 

product libraries consisting of 297 compounds in total, derived from 

myxobacteria and fungi. Interesting hits were validated and analysed further. 

The summary of the results for each screen is described below. 

Screen 1: Suppression of mutacin synthesis (SMU.P423) 

1. Anti-microbial peptides called ‘mutacins’ are synthesized by S. mutans 

for killing the closely related species to improve its survival in the 

environment. For screening, the reporter strain S. mutans P423 for 

mutacin VI was used.  

2. Maximum induction of the reporter S. mutans P423 was obtained by 

adding MIP. 

3. Suppressors of mutacin synthesis were identified based on those 

compounds which matched the cut-off for growth (OD ≥ 90 % of the 

untreated control) and fluorescence (fluorescence ≤ 50 % of the 

maximally induced reporter).  Eight compounds were identified that 

suppressed the transcription of the mutacin VI promoter. They were 

Erinacine C, Noricumazole A, Myxovirescein [D &M], Chondrochloren 

B,  Aurachin A, Myxopyronin A and Jerangolid E.  

4. Erinacine C, a di-terpene molecule, was followed up for validation. At 5 

µg ml-1, Erinacine C suppressed the transcription of all three mutacins 

of S. mutans, namely mutacin IV, V and VI. 
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5. A concentration dependent test of Erinacine C on the transcription of 

all three mutacins showed that 5 µg ml-1 was the minimal effective 

concentration that caused the suppression of mutacin transcription 

without any effect on the growth of the reporter strain. Below 5 µg ml-

1, no suppression of the mutacin transcription was seen, and above 5 

µg ml-1, growth was inhibited by Erinacine C. 

6. Synthesis of bacteriocins was validated using indicator assays in which 

the activity of secreted bacteriocin is detected by its inhibition of an 

indicator strain. Using knock-out strains for each of the mutacin genes 

mutacin IV could be specifically detected by S. sanguinis and mutacin V 

by L. lactis as published before. An indicator strain for mutacin VI was 

not found. 

7. Suppression of mutacin synthesis by Erinacine C was confirmed by 

determining the zone of growth inhibition using those two indicator 

strains in an overlay assay. Erinacine C showed 20 % suppression of 

endogenous synthesis of mutacin IV (-MIP) and 25 % suppression of 

maximally induced synthesis of mutacin IV (+MIP).  This means, 

natural synthesis of mutacin IV as well as increased synthesis induced 

by MIP was suppressed. Similarly, Erinacine C inhibited mutacin V 

synthesis by 24 % (-MIP) and 37 % (+MIP). This effect was observed 

only when the compound was added initially and not after the 

commencement of the transcription of mutacin synthesis genes. 
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Screen 2: Induction or suppression of a cell wall modifying 

transglycosylase (SMU.2147) 

1. The gene product of SMU.2147 is predicted to belong to the class of lytic 

transglycosylase enzymes important for cell wall re-modelling.  They 

break the β 1, 4- glycosidic bonds between the glycosyl residues in the 

peptidoglycan polymer. S. mutans P2147 reporter was used to identify 

inducers or suppressors of lytic transglycosylase.  

2. Lytic transglycosylase SMU.2147 is functional in actively dividing cells, 

thus a strong GFP fluorescence was observed during growth which 

reached a maximum during the exponential phase and gradually declined 

during the stationary phase of growth.  

3. The antibiotic Ampicillin, which targets peptidoglycan synthesis, 

inhibited growth but induced the promoter of SMU.2147. Deletion of 

SMU.2147 did not cause any change in growth, suggesting that its 

function can be replaced by other enzymes.  Over-expression of 

SMU.2147 using a strong inducible promoter resulted in weak growth 

inhibition.  

4. Based on the behaviour of over-expression strain of SMU.2147 which 

showed 13 % growth inhibition in comparison to the wild-type, cut-off 

criteria were defined.  Cut-off was defined for growth at OD % > 85 % 

and < 115 % in comparison to the untreated reporter strain. For 

fluorescence, the cut-off was fluorescence % > 120 % for inducers and 

fluorescence %< 80 % for suppressors of transglycosylase.  

5. Seven compounds induced the transcription of the SMU.2147 promoter 

with a few of them being derivatives of the same compound. The 

compounds were Antalam, Stigmatellin, Carolacton, Disorazol [A, A3 and 

A4] and Myxovirescein H.   

6. Only one compound, Trichangion, was found to inhibit the transcription 

of transglycosylase promoter. 

7. Disorazol A was followed up and tested at 10 – fold lower concentrations 

to demonstrate that 25 µM was the minimal concentration required to 

induce the lytic transglycosylase promoter. The induction was not 
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reproducible as only 25 % increase in the fluorescence of the promoter 

was observed compared to pre-screening result with 80 % increased 

fluorescence. Instability of Disorazol might have caused this result. 

8. Glykenins are new molecules extracted from Hericium erinaceus and 

therefore were studied in more detail independent of the pre-screening 

results. Glykenins showed a late induction (between 12 – 24 h) of the 

lytic transglycosylase promoter. The compounds inhibited growth by 40 

% relative to the un-treated reporter strain. At the same time an increase 

in fluorescence by 54 % for glykenin 17 and 38 % for glykenin 19 treated 

samples was detected. Microscopic analysis of 12 h glykenin treated 

samples which were counter-stained with propidium iodide revealed an 

increased number of dead cells in comparison to the un-treated culture. 
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Screen 3: Induction of an autolysin, lytFsm (SMU.836) 

1. lytFsm gene encoded by SMU. 836 is a late competence regulated gene, 

and is part of the so-called transformasome, the membrane machinery 

for uptake of DNA. Its transcription it induced by the auto inducer XIP 

(sigX inducing peptide) and can result in autolysis of a competent cell.  

The reporter strain S. mutans P836 was used for identifying inducers of 

the lytFsm transcription.  

2. Knock-out mutant of lytFsm resulted in delayed lag phase and exponential 

phase of growth in comparison to the wild-type. Over-expression of 

lytFsm using a strong inducible promoter resulted in growth inhibition 

and cell death.   

3. Quantification of cell death in the over-expression strain showed 30 % 

reduction in the number of live cells in comparison to the control. Cells 

over-expressing lytFsm revealed swollen morphology and cell debris due 

to cell lysis. 

4. MIP was added to check if the fraction of dead cells could be increased by 

inducing transcription of the complete transformasome, and not only 

LytFsm, in an over-expression strain. Quantification of cell death resulted 

only in a mild effect. Only a 40 % decrease in the number of live cells was 

observed. Heterogeneity of competence in the rich medium used might 

be the reason for this result.  

5. Based on the growth behaviour of over-expression strain, cut-off was 

defined for growth at OD % > 70 %. For fluorescence, the cut-off was 

defined at fluorescence % > 150% to identify the lytFsm inducers. 

Strikingly, not a single compound increased the transcription of the 

lytFsm promoter even if the cut-off for fluorescence was further lowered 

indicating that the naturally inducing conditions through XIP are 

extremely specific. 
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Conclusion 

These results have re-inforced the idea that quorum sensing and cell wall 

associated genes are attractive targets to find new drugs. Not only natural 

products sourced from myxobacteria and fungi, but several other natural 

products sourced from plant or marine origin could be attempted using these 

novel screens. With the format being able to screen large number of low sample 

volumes, the rate of finding new drugs can be accelerated or new modes of 

action for existing drugs can be explored. With the questions in the discussion 

being answered, one can unravel more information about new unexplored 

targets and the associated pathways. Also with the ease of genetic manipulation 

the screening strategy can be also adopted for several other pathogens in 

finding anti-infectives. 
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7 APPENDIX 
 

The appendix is provided on the CD with the following supplementary table 

information: 

Table S1_KOM compound cytotoxicty profile 

Table S2_Screening results_S mutans P423_KOM 

Table S3_Screening results_S mutans P423_MWIS 

Table S4_Screening results_S mutans P423_DZIF 

Table S5_Screening results_S mutans P2147_KOM 

Table S6_Screening results_S mutans P2147_MWIS 

Table S7_Screening results_S mutans P2147_DZIF 

Table S8_Screening results_S mutans P836_KOM 

Table S9_Screening results_S mutans P836_MWIS 

Table S10_Screening results_S mutans P836_DZIF 
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