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ABSTRACT 

Due to disruption of ecology of human microbiome by irrational use of broad-spectrum 

antibiotics and rapid emergence of antibiotic-resistant bacteria, there is an urgent need for narrow-

spectrum antimicrobials. Modular bacterial cell wall lytic enzymes are highly potent narrow-

spectrum antimicrobials owing to their selective target binding and peptidoglycan degradation. 

Lytic enzymes could be exploited for engineering a microbial consortium by selectively 

controlling its microbial population, for example, during a pathogenic bacterial infection. 

However, lytic enzyme behavior in a microbial community has not been studied exhaustively.  

First, we aimed at using lytic enzymes for selective pathogen removal from a microbial 

consortium. To that end, lytic enzymes lysostaphin (Lst) and PlyPH were employed for targeting 

Gram-positive skin pathogens Staphylococcus aureus and Bacillus cereus respectively. We 

investigated Lst and PlyPH activity in a consortium of S. aureus and B. cereus under growth and 

non-growth conditions. Both the enzymes were highly selective in the consortium, suggesting the 

potential of lytic enzymes as tools for selective remodeling of a microbial community. However, 

there was a reduction in the antimicrobial efficacy of both Lst and PlyPH in the actively growing 

consortium compared to non-growing conditions. Lst and PlyPH were found to be inhibited by 

proteases secreted during S. aureus and B. cereus growth in the co-culture. This work highlighted 

limitation of Lst and PlyPH activity in the presence of bacterial growth-supporting media. In order 

to investigate the cause for this limitation, we further studied the interdependence of Lst and PlyPH 

binding and killing activity in growth media. We hypothesized that the poor lytic enzyme activity 

in growth media results from compromised enzyme binding. Variation in the binding of isolated 

binding domains of Lst and PlyPH to S. aureus and B. cereus cells was quantified in the presence 

of three media with increasing nutrient complexity: a buffer, a defined and a complex growth 
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medium. Evaluation of real-time kinetics and efficiency of the isolated domains to bind to their 

target cells was done using surface plasmon resonance (SPR) and flow cytometry. A reduction in 

the rate of enzyme association and a decrease in the cell population with bound Lst or PlyPH was 

observed with increase in medium complexity.  Enzyme binding behavior was consistent with the 

catalytic behavior of Lst and PlyPH in the three media, thereby demonstrating the role of enzyme 

binding in determining its catalytic activity. This work suggests modulation of lytic enzyme 

binding properties as a potential avenue for enhancing lytic enzyme effectiveness in challenging 

bacterial growth-supporting environments and highlights the use of lytic enzymes for potential 

microbiome engineering applications. 
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1. INTRODUCTION 

1.1  Introduction 

Bacterial infections are one of the leading causes of deaths in humans throughout the world, 

particularly, due to the increase in the prevalence of antimicrobial resistance. According to the 

2019 AR Threats Report from the Centers for Disease Control and Prevention (CDC), 

approximately 35,000 people die annually in the United States alone due to resistant bacterial 

infections. Unfortunately, conventional antimicrobials including antibiotics are proving 

insufficient for combating these infections. All bacterial pathogens are naturally capable of 

developing resistance to antimicrobial compounds via evolutionary mechanisms1,2, however, 

currently, there has been a rampant increase in “acquired resistance” due to horizontal transfer of 

antibiotic-resistant genes among bacteria, primarily due to irrational use of antibiotics3. Moreover, 

antibiotics pose a greater concern due to their broad-spectrum activity, leading to non-specific 

elimination of commensal bacteria and consequently disruption of homeostasis or “dysbiosis” in 

human and animal microbiomes4. As a result, there is an urgent need for development of alternative 

antimicrobial strategies which are more target-specific and have a lower propensity for gained 

microbial resistance.  

In this thesis work, we have focused on exploring cell wall lytic enzymes as narrow-spectrum 

antimicrobials against pathogenic bacteria, particularly against Gram-positive Staphylococcus 

aureus and Bacillus cereus. Cell wall lytic enzymes represent a class of unique antimicrobials 

encoded by bacteria and bacteriophages1, which typically possess a modular architecture. These 

enzymes are capable of specifically recognizing and binding to their target bacterial cell walls 

utilizing their cell binding domain (CBD) and further hydrolyzing various covalent bonds in the 



 

 
2 

 

peptidoglycan aided by their catalytic domain (CD)5,6. The presence of a CBD imparts lytic 

enzymes with exquisite specificity, resulting in enzymes with genus, species, or even serotype-

level selectivity7. Bacterial peptidoglycan, the target of cell wall lytic enzymes, is a key structure 

involved in maintaining cell shape and integrity and is crucial for survival of bacteria8. There is 

tremendous variation in the peptidoglycan composition across different bacterial species9 and since 

lytic enzymes can recognize target-specific epitopes on the peptidoglycan, these enzymes have 

narrow-spectrum activity as compared to traditional antibiotics. Advancement in bioinformatic 

analysis of bacterial and bacteriophage genomes has facilitated identification of novel cell lytic 

enzymes10. Indeed, over the past few years, several lytic enzymes have been identified to show 

efficacy against multi-drug resistant pathogens including S. aureus11,12, Enterococcus faecium13–

15, Streptococcus pneumoniae 16,17,etc. Additionally, lytic enzymes can be recombinantly 

expressed and have shown the ability to extracellularly kill target pathogens18. Further, the ability 

of these peptidoglycan hydrolases to diffuse through and disrupt microbial biofilms provides them 

significant advantage over traditional antibiotics, since biofilm-associated bacterial infections have 

been the primary cause of nosocomial infections19,20. As a result, cell wall lytic enzymes may serve 

as promising antimicrobials.  

As new facets of lytic enzyme activity are being uncovered, there remain two primary areas in 

which lytic enzyme activity is relatively unexplored. Lytic enzymes have been primarily 

characterized against monoculture of their target species, in the presence of controlled and 

minimalistic buffer environments. However, the activity and selectivity of lytic enzymes has not 

been exhaustively explored in microbial communities. While the detrimental impact of antibiotics 

on the human microbiome is clear, the knowledge of lytic enzyme activity in presence of such 

microbial communities is limited. Natural microbial communities are often supported by nutrient-
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rich environments, that allow bacterial colonization and proliferation. However, the understanding 

of lytic enzyme activity in such bacterial growth supporting environments is also limited. Thus, in 

this work, we focused on exploring the activity of lytic enzymes in the presence of an actively 

growing microbial community (or consortium) and in a bacterial growth-supporting environment. 

With this objective in mind, we focused on characterization of two lytic enzymes from distinct 

classes – the bacteriolysin lysostaphin21 (Lst) and the bacteriophage encoded endolysin PlyPH22 

with activity against clinically-relevant Gram-positive pathogens S. aureus and Bacillus cereus, 

respectively. In order to understand Lst and PlyPH activity in the various environments, we have 

proposed three specific aims.  

1.2  Specific aims 

1.2.1 Specific aim I 

To evaluate Lst and PlyPH activity in a consortium of actively growing S. aureus and B. 

cereus 

S. aureus and B. cereus are associated with the human skin microbiome. S. aureus can be 

both a commensal or an opportunistic pathogen while, B. cereus is an opportunistic skin pathogen 

in immunocompromised individuals. This establishes an excellent model to study Lst and PlyPH 

activity in an actively growing consortium of both the bacteria. The ability of Lst and PlyPH to 

selectively kill S. aureus and B. cereus, respectively, from their consortium was tested. The 

enzymes were first tested for their ability to demonstrate antimicrobial activity against 

monocultures of S. aureus and B. cereus in three different media – buffer PBS, artificial sweat (a 

biological environment typically found on human skin) and a growth medium AAM that represents 

conditions associated with microbial community. Lst and PlyPH activity were then evaluated in a 
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synthetic bacterial mixture in each of the three media, particularly for testing the effect of the 

presence of a non-target bacterium on enzyme activity and selectivity. Enzyme activity in 

monocultures and mixture in different media were evaluated under conditions where the bacteria 

were not actively growing. Finally, Lst and PlyPH activities were evaluated in a consortium of S. 

aureus and B. cereus co-culture in AAM under active cell growth conditions. For the co-culture 

assays, Lst and PlyPH activities were evaluated against cells at growth stages in order to study 

stability of enzyme treatment in active cell growth conditions.  

1.2.2 Specific aim II 

Identification of factors altering Lst and PlyPH activity in an actively growing consortium 

of S. aureus and B. cereus as compared to non-growth conditions. 

Based on the results from Aim I, Lst and PlyPH activity showed reduced activity in the 

presence of actively growing co-cultures, or under cell growth conditions. Specific Aim II was 

focused on elucidating factors that altered Lst and PlyPH activity under cell growth conditions. To 

that end, we hypothesized that products of cell growth released into the medium potentially 

inhibited enzyme activity in the presence of active cell growth.  Supernatants of S. aureus and B. 

cereus mono- and co-cultures were tested for protease secretion as products of bacterial growth. 

Inhibition of Lst and PlyPH activity by proteases was successfully demonstrated by showing 

enhanced enzyme activity in the presence of a broad protease inhibitor cocktail. Further, based on 

the growth profile of S. aureus and B. cereus mono- and co-cultures, a reduction in S. aureus 

growth in co-culture as compared to monoculture was observed. We focused on understanding 

whether the cause for the observed S. aureus growth reduction in the co-culture. Specifically, we 

focused on evaluating competition for limiting nutrient glucose in the co-culture, that limited the 



 

 
5 

 

growth of S. aureus in the co-culture. We were able to identify possible factors associated with a 

microbial consortium that can potentially interfere with lytic enzyme activity including bacterial 

growth-associated products and nutrient competition in the consortium. 

1.2.3 Specific aim III 

To investigate the influence of bacterial growth media on the peptidoglycan binding and 

catalytic activity of Lst and PlyPH. 

Lst and PlyPH consistently showed reduction in their antimicrobial activity in the presence 

of bacterial growth media, in the presence or absence of growth, which suggested some inhibitory 

effect of the growth medium. Specific Aim III focused on investigating the cause of Lst and PlyPH 

activity reduction in the presence of bacterial growth-supporting environments. Both Lst and 

PlyPH are modular lytic enzymes with a C-terminally located CBD that confers peptidoglycan 

specificity to the enzymes. For several lytic enzymes, the CBD is required for the activity of full-

length enzyme. We investigated the role of Lst and PlyPH CBD in determining the enzyme-

catalyzed target cell killing, particularly to understand if Lst and PlyPH binding to target cell walls 

was compromised in the presence of bacterial growth media, ultimately leading to reduced killing 

activity.  

To that end, we initially studied variation in Lst and PlyPH activity against a monoculture 

of S. aureus and B. cereus, respectively, in the presence of three media; PBS buffer, AAM and 

complex medium tryptic soy broth (TSB). The three media represent environments with varying 

degrees of nutrient complexities, with PBS being the least complex, TSB being the most complex 

and AAM with intermediate nutrient complexity. Further, recombinantly expressed isolated 

binding domains of Lst and PlyPH (LBD and PBD) and their fluorescent fusions (EGFP-LBD and 
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GFP-PBD) were used for quantification of enzyme binding using surface plasmon resonance 

(SPR) and flow cytometry respectively. Based on these assays, reduction in binding kinetics and 

a reduction in the quantity of bound CBD in the presence of growth media was observed. This 

result suggested that variation in enzyme binding may be a possible factor for reduction in Lst and 

PlyPH activity in growth media. 

Bacterial cells interact with the surrounding nutrient environment of the growth medium, 

which could possibly lead to changes in the cell wall and ultimately to their susceptibility to lytic 

enzymes.  The final chapter (Chapter 6) of this thesis work includes preliminary work involving 

identification of other factors associated with a growth medium that could lead to variation in Lst 

and PlyPH activity. Specifically, we investigated the effect of individual components commonly 

present in complex media such as casamino acids and soytone on Lst and PlyPH activity. 

Proliferation of bacteria in a growth medium through different growth stages could also lead to 

changes in the cell wall susceptibility. Thus, we also studied the effect of bacterial culture age on 

Lst and PlyPH activity. Overall, this work will illustrate different factors that can alter lytic enzyme 

activity and highlight the importance of binding in determining the enzyme killing activity in 

bacterial growth supporting environments. 
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2. BACKGROUND 

2.1  Peptidoglycan – target of cell wall lytic enzymes  

   Peptidoglycan, also referred to as murein polymer, is a component of the bacterial cell wall 

assembly present in both Gram-positive and Gram-negative bacteria. The peptidoglycan is 

responsible for maintaining the cell shape, integrity and turgor pressure and is critical for bacterial 

survival. The peptidoglycan layer is 30-100 nm thick in Gram-positive bacteria and directly 

exposed to the external environment, while the peptidoglycan of Gram-negative bacteria is thinner, 

about 7-8 nm and is shielded by an outer membrane23.  

 The basic structure of bacterial peptidoglycan consists of chains of alternating disaccharide 

units of N-acetylglucosamine and N-acetylmuramic acid that form its sugar backbone, with each 

individual chain called glycan strand. The N-acetylmuramic acid residues in the glycan strands are 

covalently bound to a peptide stem composed of four or five amino acids (Figure 2.2). The peptide 

stems are further crosslinked via interconnecting peptide bridges in Gram-positive bacteria and a 

simple interpeptide bond in Gram-negative bacteria8. Thus, the degree of peptidoglycan 

crosslinking is higher in Gram-positive bacteria as compared to Gram-negative bacteria, making 

the former thicker as compared to the latter. The composition of the glycan strands is mostly 

conserved across bacterial species. However, there is tremendous variation in the composition of 

peptide stems and interconnecting peptide bridges across different species9.  

 

 

Portions of this chapter have been submitted to: Bhagwat, A., Mixon, M., Collins, C.H. & Dordick, J.S., Cell wall lytic enzymes: 
opportunities and challenges beyond non-therapeutic applications. Appl. Microbiol.  Biotech. (2020) 



 

 
8 

 

 Apart from the glycan strands and peptide bridges, the peptidoglycan surface in Gram-positive 

bacteria is decorated with other moieties such as negatively-charged wall teichoic acids (WTA) 

and lipoteichoic acids (LTA) that extend outside through the peptidoglycan. The WTAs are 

responsible for regulating cell shape and cell division and contribute towards bacterial 

pathogenesis by playing role in antibiotic resistance24. Besides providing structural strength to the 

bacterial cell, the peptidoglycan also contributes to the organism pathogenesis25,26. Modifications 

in the peptidoglycan have been reported to protect the bacteria from immune reaction developed 

by the host, prevent bacterial degradation by hydrolytic enzymes (e.g. lysozyme) produced by the 

human body27 or establish infection on mucosal surfaces by promoting bacterial attachment28. 

Various components associated with the peptidoglycan including capsular polysaccharide29, 

WTAs and proteins30 are responsible for enhancing the pathogenicity of the bacterial 

peptidoglycan. As a result, peptidoglycan is an ideal target for development of antibacterial 

molecules, particularly for combating Gram-positive bacterial infections. 

2.2  Cell wall lytic enzymes 

Cell wall lytic enzymes represent a class of narrow-spectrum antimicrobial enzymes that 

recognize, bind to and cleave covalent bonds in bacterial peptidoglycan with high specificity. 

Owing to the specificity and lower propensity of lytic enzymes for gained microbial resistance has 

led to a significant interest in developing lytic enzymes as alternative to antibiotics.  This section 

provides details about different classes, architectures and functions of lytic enzymes. 

2.2.1 Sources and Classes of Cell Wall Lytic Enzymes 

Bacterial cell wall lytic enzymes are naturally encoded by bacteria and bacteriophages. Four 

classes of lytic enzymes have been characterized; bacteriolysins and autolysins from bacteria, and 
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endolysins and virion-associated lysins (VALs) from bacteriophages1. Representative examples of 

each type are listed in Table 2.1. Each lytic enzyme class has a different native function (Figure 

2.1), yet all classes have shown potent exogenous antimicrobial activity against target Gram-

positive pathogens.  

 

Figure 2.1: Action of cell wall lytic enzymes from four classes in their native state1. 

2.2.1.1 Bacteriolysins 

Bacteriolysins are class IIIa modular protein bacteriocins that lyse cell walls of target Gram-

positive bacteria 31. In their native state, bacteriolysins can perform peptidoglycan hydrolysis of 

both static and actively dividing bacteria when applied exogenously, thereby making them potent 

antimicrobial agents. They are secreted by a bacterium to promote its own survival by killing 

related (narrow-spectrum) or different (broad-spectrum)  competing bacteria21. For example, Lst, 

from Staphylococcus simulans, is active against the closely related staphylococcal species S. 

aureus, S. epidermidis and S. haemolyticus. Enterolysin A has broader antimicrobial activity 
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against several Lactobacillus, Lactococcus and Bacillus species (Table 2.1). However, 

bacteriolysin activity is not considered strictly broad-spectrum because they do not target all Gram-

positive or any Gram-negative bacteria. Other classes of bacteriocins against Gram-positive 

bacteria are usually peptides and proteins with non-lytic bactericidal mechanisms. These classes 

are class I (nisin-like peptides), class II (cell wall permeabilizing small proteins), class IIIb (plasma 

membrane potential disrupting proteins) and class IV (proteins with lipid or carbohydrate 

molecules)32. Thus, out of all classes of Gram-positive bacteriocins, only bacteriolysins can be 

classified as cell lytic enzymes.  

2.2.1.2 Autolysins 

Autolysins are murein hydrolases encoded by all bacteria and are involved in local 

peptidoglycan degradation during cell wall remodeling and cell division. Thus, they are naturally 

involved in cellular functions necessary for bacterial cell survival and growth, including cell 

motility33, pathogenicity34, protein secretion35, biofilm formation36, gene transfer37, toxin release 

38, and cell autolysis39. However, when their expression is not tightly controlled, or they are used 

exogenously in excess, autolysins possess highly-specific antimicrobial properties40. Table 2.1 

represents examples of such autolysins which have been characterized for potent antimicrobial 

activity.  Autolysins such as AmiBA2446 against Bacillus anthracis41, CD11 against Clostridium 

difficile42, and SA1 against S. aureus43 are highly active in their native state (Table 2.1) in 

exogenously lysing target bacteria. Some autolysins appear to localize at specific locations on the 

target cell wall  and show limited binding leading to a limited bactericidal activity44. This possibly 

could arise from the native property of autolysins to not entirely lyse the cell, but only locally 

degrade it to promote cell division. Nonetheless, such autolysin activity can be enhanced via 
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protein engineering, as in the case of autolysins LytU45 and LytM46 against S. aureus, wherein 

autolysin fusion with SH3b binding domain from Lst enhanced their antimicrobial activity 540-

fold, possibly due to targeted high-affinity cell binding.  

2.2.1.3 VALs and endolysins 

Targeted bacterial lysis by bacteriophage-encoded VALs and endolysins occur at the beginning 

and the end of phage lytic cycle, respectively47. VALs are often highly thermostable peptidoglycan 

depolymerases that locally degrade the peptidoglycan from without to allow injection of phage 

genetic material into the host cell48. VALs possess cell wall penetrating structural features and 

catalytic function, and are usually found as components of the virion or phage particle present in 

the tail, tape measure proteins and baseplate10.  Conversely, endolysins hydrolyze the cell wall 

from within as a part of endolysin-holin dyad to allow for release of phage progeny18. Both VALs 

and endolysins (together referred to as phage lytic enzymes) have been explored as exogenous 

selective antimicrobials against primarily Gram-positive bacteria and to some extent against outer-

membrane permeabilized Gram-negative bacteria. Endolysins have been studied extensively for 

their modular structure and highly specific bactericidal activity. Also referred to as “enzybiotics”, 

endolysins are less prone to development of gained microbial resistance49. This lower propensity 

for resistance development may be due to the co-evolution of bacteriophages and their endolysins 

with target bacterial hosts. Interestingly, while endolysins are usually encoded by the phage 

genome within the bacterial cell, the host bacterial chromosome also has been observed to encode 

endolysins. Segments of the phage genome that remain integrated with the host bacterial 

chromosome, called prophage regions50, encode for endolysins with similar characteristics as 
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classical endolysins; for example, PlyL51 with activity against Bacillus species or LysTP71252 with 

activity against Lactococcus lactis (Table 2.1).  

Table 2.1: Examples of Gram-positive cell wall lytic enzymes from different classes. 

Enzyme type Name 
(source) 

Target organism Enzyme architecture 
and mechanism 

Reference 

Bacteriolysins Lysostaphin 
(Staphyloco

ccus 
simulans) 

Staphylococcus 
aureus, 

Staphylococcus 
haemolyticus, 

Staphylococcus 
epidermidis 

Modular 
N: CD with Glycyl-

glycine endopeptidase 
activity 

C:SH3b CBD 

53 

 Zoocin A 
(Streptococc

us equi) 

Streptococcus 
pyogenes 

Modular 
N: CD with M37 
protease family 

endopeptidase activity 
C: SH3b CBD 

54 

 Enterolysin 
A 

(Enterococc
us faecalis) 

Lactobacillus sake, 
Lactobacillus 

curvatus, 
Lactococcus 

cremoris, 
Lactococcus lactis, 
Listeria innocua, 
Bacillus cereus, 
Bacillus subtilis, 
Staphylococcus 

carnosus,  

Modular 
N: CD with 

endopeptidase activity 
C: CBD 

55 

Autolysins AmiBA244
6 (Bacillus 
anthracis) 

Bacillus anthracis, 
Bacillus cereus 

Modular 
N: CD with N-

Acetylmuramoyl-L-
alanine amidase 

activity 
C: CBD 

41 

 CD11 
(Clostridium 

difficile) 
CDG 

Clostridium 
difficile 

 

Modular 
N: CD with N-

Acetlymuramoyl-L-
alanine amidase 

activity 
C: CBD 

56 
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 SA1 
(Staphyloco
ccus aureus) 

 

Staphylococcus 
aureus, 

Staphylococcus 
epidermidis, 

Staphylococcus 
simulans 

Modular 
N: CD with Cysteine-
Histidine dependent 

amido peptidase 
activity 
C: CBD 

57 

Gram-positive 
endolysins 

from 
prophages 

PlyL (Ba02 
prophage in 

Bacillus 
anthracis) 

Bacillus anthracis, 
Bacillus cereus, 

Bacillus 
megatarium, 

Bacillus subtilis 

Modular 
N: CD with N-

acetylmuramoyl-L-
alanine amidase 

activity 
C: CBD 

51 

 LysTP712 
(TP712 

prophage in 
Lactococcus 

lactis) 

Lactococcus lactis Multi-modular 
N: CD with lysozyme 

activity 
C: Two LysM CBDs 

52 

Classic Gram-
positive 

endolysins 

LysSA97 
(SA97 
phage) 

Staphylococcus 
aureus 

Multi-modular 
N: Two CDs with 
Cysteine-Histidine 
dependent amido 
peptidase and N-

acetylmuramoyl-L-
alanine amidase 

activity 
C: CBD 

58 

 Cpl-1 
(Cp-1 

pneumococc
al phage) 

Streptococcus 
pneumoniae 

Modular 
N: CD with lysozyme 

activity 
C: Choline binding 

CBD 

59 

 LysB4 (B4 
phage) 

Bacillus cereus Modular 
N: CD with L-alanoyl-

D-glutamate 
endopeptidase activity 

C: SH3_5 CBD 

60 

Virion-
associated 

lysins 

HydH5 
(VB_SAUS-
PHIIPLA88 

PHAGE) 

 

Staphylococcus 
aureus 

Multi-modular: 
Two CDs with 

Cysteine-Histidine 
dependent amido 

peptidase and 
lysozyme activities 

 

61 
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 Chimeric 
P128 

(Phage K) 

Staphylococcus 
aureus 

Modular 
N: Cysteine-Histidine 

dependent amido 
peptidase domain CD 

(from phage) 
C: SH3b CBD from 

lysostaphin) 
 

62 
 

 

2.3  Lytic enzyme architectures and function  

2.3.1 Enzyme architecture 

Cell wall lytic enzymes possess a range of architectures, ranging from a simple single-domain 

to multi-domain enzymes. Single-domain lytic enzymes typically possess an enzymatically active 

catalytic domain (CD), which is responsible for cleavage of covalent bonds in the peptidoglycan. 

The most common Gram-positive lytic enzyme architecture is modular and characterized by the 

presence of at least one CD and one cell binding domain (CBD), separated by a flexible peptide 

linker sequence. The CBD is instrumental in cell wall targeting, i.e. recognition of epitopes on a 

target bacterial cell wall that usually confers target specificity. This architecture is found in Gram-

positive bacteriolysins, autolysins and endolysins. Majority of VALs lack a CBD63 since they are 

associated with a phage structural component and are guided to the target cell along with the phage; 

however, they typically possess multiple CDs64.  Typically, N-termini of Gram-positive lytic 

enzymes are involved in peptidoglycan catalysis and the C-termini consist of the CBD. The 

domains in a modular lytic enzyme are usually separated by a flexible, short peptide linker, which 

allows, in some cases, the distinct domains to function independently65. The linker is mostly 

composed of polar and charged amino acid residues and stabilizes domain-domain interactions.  
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2.3.2 Lytic enzyme mechanism 

 Due to the diversity in the peptidoglycan composition across bacterial species, there exists 

different targets for lytic enzymes to bind and catalyze peptidoglycan hydrolysis. Thus, different 

lytic enzyme binding and catalytic mechanisms exist depending on the peptidoglycan moieties 

targeted for binding or lysis, leading to great diversity in lytic enzymes.  

 Depending on the target peptidoglycan bond, three different catalytic mechanisms exist, 

including glycosidases (muramidases and glucosaminidases) lytic transglycosylases, amidases and 

endopeptidases (Figure 2.2). Muramidases, or lysozymes, are responsible for cleavage of b-1-4 

linkage between N-acetylmuramic acid and N-acetylglucosamine, while glucosaminidases cleave 

the bond between N-acetyl-D-glucosamine and N-acetylmuramic acid in the sugar backbone. Lytic 

transglycosylases and muramidases target the same bond; however, the former has a sugar 

transferase mechanism. Amidases hydrolyze the amide bond between N-acetylmuramic acid and 

the first amino acid in the stem peptide, while endopeptidases hydrolyze peptide bonds in the 

interpeptide bridge or within the interconnecting peptide strands (Figure 2.1). The lytic mechanism 

may also influence its target spectrum, i.e., lytic enzymes targeting conserved bonds will have a 

broader lytic spectrum as compared to those targeting species or genus – specific bonds. However, 

the effect of catalytic mechanism on antimicrobial potency is unknown.  

 The CBDs of lytic enzymes are involved in the recognition of specific cell wall epitopes in 

target bacteria. These epitopes could be carbohydrate components of the wall teichoic acids 

(WTAs), choline, proteins or glycan sequences of the peptidoglycan backbone (Figure 2.2). 

Specific binding epitopes for a number of lytic enzymes have been determined. Lytic enzymes 

with broader target activity are believed to bind to epitopes conserved across different target 
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species, while lytic enzymes binding to species or genus-specific epitopes are predicted to have 

higher specificity. Different endolysin CBD motifs, as predicted by in silico analysis, include PG-

binding, LysM, SH3, ChW, Cpl-7, LGFP, and SH3-r66. However, only LysM, SH3, and Cpl-7 

motifs have been characterized in vitro. LysM usually binds to the conserved N-acetylglucosamine 

in the peptidoglycan glycan strands67 and binds to a broad range of receptors, thereby leading to 

recognition of both Gram-positive and Gram-negative peptidoglycan. Endolysin Lyb5 with broad-

spectrum activity against several Gram-positive and Gram-negative species68, and autolysins Aaa, 

LytN and Sle1 from S. aureus44, and AcmA69 from L. lactis are examples of lytic enzymes with a 

LysM binding module. SH3 domains are peptide binding modules with a b-barrel structure. The 

SH3b binding module has been extensively studied and is found in lysostaphin and ALE-1 

bacteriolysins against S. aureus to facilitate binding to the pentaglycine bridge in the 

peptidoglycan. The SH3b domain is also found in endolysins LysGH1570, PlyPSA71,and  Ly7917 

72 among others.   

 Lytic enzymes are also capable of recognizing components of the WTAs of the peptidoglycan. 

For example, choline-binding domains found in Cpl-1 bind to choline-functionalized proteins on 

the WTAs. Endolysin PlyP35 against L. monocytogenes is predicted to recognize and bind to the 

carbohydrate moieties on the WTA73. Interestingly, the presence of a CBD may not be necessary 

for lytic activity, especially in cases where the CD carries a net positive charge. For example, 

LysPBC274, CD27L71, PlyL, Ply2151, and PlyGBS75 show enhanced lytic activity after deletion of 

the CBD. However, removal of the CBD resulted in broadening of target specificity. Thus, 

depending on the lytic enzyme application, the requirement of a CBD may or may not be 

advantageous. 



 

 
17 

 

 

Figure 2.2: Structure of cross-linked Gram-positive bacterial peptidoglycan with lytic enzyme catalytic and 
binding sites. The CDs target bonds in the glycan chain (muramidase and glucosaminidase), peptide bridge 
(endopeptidase) or glycan chain-peptide stem (amidase). N-acetylglucosamine in the glycan chain, wall teichoic 
acids or peptide chains serve as typical binding epitopes of lytic enzyme CBDs. Choline-modified wall teichoic 
acids are found in Streptococcus pneumoniae. 

2.4  Gram-negative lytic enzymes 

Gram-positive bacteria are typically good targets for exogenous cell wall lytic enzymes owing 

to their thick peptidoglycan directly exposed to the external environment. However, lytic enzymes 

have shown only modest success in externally lysing Gram-negative bacteria since the 

peptidoglycan is enclosed in an outer membrane. The poorly permeable outer membrane restricts 

the access of molecules more than 600 Da in size, consequently, preventing the lytic enzymes from 

lysing the cells. Thus, lytic enzymes against Gram-negative bacteria usually are at least partly 

successful when the cells are pretreated with an outer membrane permeabilizing agent such as 

EDTA, chloroform, citric acid, etc. that destabilizes the lipopolysaccharide (LPS) - metal cation 

N-acetyl muramic acid N-acetyl glucosamine Lipoteichoic acid Wall teichoic acid 
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interactions in the outer membrane allowing the lytic enzymes to access the peptidoglycan. A 

majority of endolysins against Gram-negative bacteria, including SPN9CC against Salmonella 

spp. and Escherichia coli76, PlyF307 against Acinetobacter baumannii77, ABgp46 against A. 

baumannii, P. aeruginosa, and Salmonella typhimurium78, LysABP-01 against A. baumannii, E. 

coli, and P. aeruginosa79, have a single enzymatically active domain and are called “globular 

endolysins”. It has been proposed that the C-terminal region of the single-domain enzymes is 

positively charged with a-helical structures that allows for permeation through the outer 

membrane80. Gram-negative modular endolysins, such as  KZ144 and EL188 against P. 

aeruginosa81 and OBPgp279  against a broad range of Gram-negative bacteria82 possess the exact 

reverse configuration with an N-terminal CBD and a C-terminal CD.  

Recently, there has been a focus on enhancing the permeability of Gram-negative lytic 

enzymes in order to avoid the use of outer membrane permeabilizers. These strategies involve 

fusion of Gram-negative lytic enzymes with elements that allow destabilization of interactions in 

the outer membrane or facilitate transport through the LPS. Some of these strategies include: (i) 

fusion of lytic enzymes with polycationic or amphipathic outer membrane destabilizing peptides 

to generate self-permeabilizing “ArtilysinsTM” 83,84 (ii) fusion of the lytic enzyme with colicin or 

pyocin-like modular Gram-negative bacteriocins85–88 by replacing C-terminal bacteriocin killing 

module (DNase or RNase domain) with a lytic enzyme (These bacteriocins rely on recognition of 

a species-specific receptor on the outer membrane and partition through the outer membrane by 

exploiting the TonB or Tol-Pal system); and (iii) enhancing the hydrophobicity at the C-terminus 

of lytic enzyme by addition of hydrophobic amino acid residues to promote interactions with the 

hydrophobic LPS layer89,90.  
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Figure 2.3: Strategies for engineering Gram-negative lytic enzymes to allow partitioning through the outer 
membrane. (A) Lytic enzyme fusion with polycationic (or amphipathic) peptides to penetrate through the 
negatively charged outer membrane. (B) Fusion of globular lytic enzyme with alpha helical peptide sequences 
from the C-terminal region of self-permeabilizing lytic enzymes. (C) Receptor mediated uptake by replacing 
the cytotoxic domain in colicin or pyocin-like bacteriocins with lytic enzymes to allow transport through 
species-specific outer membrane receptors, for example FpvA for iron uptake in P. aeruginosa. (D) Increasing 
the hydrophobicity of lytic enzymes by fusion with hydrophobic peptide tags to promote hydrophobic 
interactions with the lipopolysaccharides. 

2.5  Applications of cell wall lytic enzymes 

Lytic enzymes have a highly selective mode of action, have a lower probability for gained 

resistance development and can be applied extracellularly for bacterial lysis. As a result, lytic 

enzymes are being primarily explored for their therapeutic potential against drug-resistant bacteria. 

Lytic enzymes have been characterized for their in vitro and in vivo activity against a range of 

target pathogens7,91,92 including S. aureus12, B. cereus22,93, Enterobacterium faecalis94, 

Pseudomonas aeruginosa95,96, Escherichia coli88,89,95, Streptococcus pneumoniae17,37,97. Indeed, 

they have shown potent and highly-specific antibacterial and anti-biofilm activity both in vitro and 

in vivo for oral, gut, nasal, vaginal and oropharynx decolonization and on a range of nosocomial 
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infectious disease models including bacteremia, sepsis, endocarditis, mastitis, meningitis among 

others98, particularly in case of Gram-positive bacterial infections. Lytic enzymes are effective 

either alone, or also in synergy with other lytic enzymes or antibiotics. This synergistic effect also 

has led to enhancement of antimicrobial efficiency in terms of reduction in reaction time16 or 

reduction in the minimum inhibitory concentrations in vitro and in vivo99. Similarly, protein-

engineered lytic enzymes have demonstrated enhanced therapeutic potential in vivo. Chimeric 

lysins generated by genetic recombination of different lytic enzyme domains, or addition of CDs 

or CBDs to a parent lytic enzyme has resulted in higher lytic efficiency100,101, allowed for 

modulation of the lytic spectrum75,102,103 and altered physicochemical properties46,104–107 of the 

enzymes. Several lytic enzymes, including CF-301108, P12862, StaphefektTM 109 and SAL-200107, 

are currently in clinical trials for their approval as anti-S. aureus drugs, indicating the progress 

towards being used as commercial therapeutics.  

There is a growing body of information on host-microbiome interactions in the human 

body and influence of commensal bacteria on immune modulation. In order to safeguard the 

commensal community in the microbiome, selective pathogen killing is required. In the event of 

disruption of microbiome composition by a pathogenic bacterial infection (Figure 2.4), lytic 

enzymes would be beneficial in selectively eliminating the disease-causing pathogen. For example, 

endolysins LysEF-P10110 against Enterococcus faecalis in mouse gut colonization and S25-3 

against S. aureus colonization in mouse skin impetigo model111 resulted in selective removal of 

the causative pathogen with increase in the microbial diversity. Similarly, imbalance can also occur 

due to population shifts within the microbiome members due to external environmental factors 

leading to dysbiosis (Figure 2.4). In such cases, lytic enzymes could be used as a selective 
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“microbiome engineering” tool to restore the healthy composition of the microbiome, by reducing 

the population of the member that has outgrown other microbes. 

 

Figure 2.4: Homeostasis in the microbiome can get disrupted as a result of alteration in the composition of 
community members either in case of an infection (pathogen colonization) or environmental and genetic 
factors. Lytic enzymes could be relevant for restoring the balanced microbiome composition. 

Bacteria have the ability to colonize surfaces such as food products and on abiotic surfaces 

including plastic, metal, cloth, and glass. Therefore, bacterial contamination is pervasive in 

healthcare facilities, schools, food processing plants, the workplace, and in transportation and 

social infrastructure. Lytic enzymes have been used to decontaminate abiotic surfaces and food in 

order to avoid bacterial infections in humans via contact with contaminated surfaces. Table 2.2 

highlights the scope of application of lytic enzymes beyond therapeutics. These applications 

include removal of biofilms on abiotic surfaces, food preservation and incorporation of lytic 

enzymes in disinfecting solutions and pathogen detection using isolated lytic enzyme CBDs. 

Invading 
pathogen

Selective 
pathogen killing

Balanced 
microbiome

Dysbiotic 
microbiome Microbiome 

engineering

Balanced 
microbiome?

Environmental factors, diet, lifestyle, chemical exposure, hereditary factors
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Table 2.2: Non-therapeutic applications of lytic enzymes. 

Application Lytic enzyme Antimicrobial activity Reference 

Biofilm removal Lst Removal of S. aureus biofilm on glass 
surface by Lst immobilized via 
polydopamine in presence of tryptic soy 
broth 

112 

LysCSA13 Removal of S. aureus biofilm on glass 
and stainless-steel surface up to 80% 
and 92% respectively in 1 h 

113 

Food 
decontamination 

LysIS075, 

LysF8819.1, 

LysCER057 

Growth inhibition of vegetative cells 
and spores of emetic B. cereus: ~80% 
and 60% reduction in rice porridge and 
whole milk, respectively 
 

114 

PlyP100 Preservative (bactericidal and 
bacteriostatic) in fresh cheese against 
Listeria monocytogenes: Stable activity 
for 28 days at 4°C, 0.5 CFU/g reduction 
in total viable count 

115 

Surface 
disinfection 

PlyC Disinfection of steel, glass, wood, 
leather, cotton, nylon, neoprene and 
polyester surfaces commonly found in a 
horse stable in an aerosolized form. 
More than 3-log kill of 108 CFU/mL of 
horse pathogen Streptococcus equi.  

116 

LysSA11 1.35 µM of endolysin LysSA11 
disinfected the surfaces of a 
polypropylene cutting board and 
stainless-steel knife by causing 
reduction of 4 log CFU/cm2 of 
methicillin resistant S. aureus (MRSA) 
in 30 min  

117 

Pathogen 
detection 

PlyV12 CBD Detection of 525 CFU/mL S. aureus in 
contaminated milk and human serum, 
magnetic separation of CBD - magnetic 
beads fusion and detection by 
fluorescent amplex red/hydrogen 
peroxide-based assay 

118 



 

 
23 

 

 Lst, Ply500 and 
AmiBA2446 
CBD 

Detection of S. aureus, L. 
monocytogenes and B. anthracis in a 
bacterial mixture by CBD-biotin-DNA 
conjugates. Improved limit of detection 
by quantification of DNA by qPCR 

119 

 

2.6  Pathogenesis of target bacteria: Staphylococcus aureus and Bacillus cereus   

2.6.1 Staphylococcus aureus 

S. aureus is a Gram-positive bacterium that is commonly associated with the human skin120 

and nasal121 microbiomes. With respect to the human body. S. aureus shares dual relationship, 

both as a commensal and a pathogen. Rather, S. aureus is present as a commensal organism in 

30% of adults and up to 45% of children in the United States122. However, this pathogen has been 

able to overcome host immune defense and colonize human skin, thereby leading to a range of 

skin infections including impetigo, folliculitis, atopic dermatitis, necrotizing fasciitis123 among 

others. Furthermore, it can also colonize deeper human tissues leading to infections such as 

bacteremia124 and osteomyelitis125 etc. Opportunistic and hospital – acquired infections126 caused 

by contamination of S. aureus on abiotic surfaces including medical devices127 and food surfaces128 

has also led to an increase in the healthcare concerns associated with S. aureus. Additionally, there 

has been a rampant increase in the antibiotic-resistance in S. aureus due to irrational use of 

antibiotics as evidenced by the presence of the Methicillin-Resistant S. aureus (MRSA)129 and 

Vancomycin-Resistant S. aureus (VRSA) or Vancomycin-Intermediate S. aureus (VISA)130 

strains.  

There are several virulence factors associated with S. aureus that allow its successful 

colonization in diverse environments. Some of these include production of adhesins to promote 
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attachment to tissue surface, production of tissue-degrading enzymes and exoproteins, toxin 

production, biofilm formation131, etc. As a result of these factors, it has become increasingly 

difficult to decolonize S. aureus not only from tissues but also from abiotic surfaces. In 2017, 

20,000 deaths associated with S. aureus bloodstream infections were reported in the United States. 

Subsequently, the World Health Organization (WHO) classified MRSA and VISA strains as high 

priority targets for research and development of new antibiotic or antimicrobial candidates. 

Overall, S. aureus represents a major pathogen from public health and environmental perspective 

and thus, there is an urgency for search of novel antimicrobial candidates against S. aureus. 

2.6.2 Bacillus cereus 

B. cereus is a rod-shaped Gram-positive pathogen capable of forming spores and is commonly 

associated with environments such as soil and food (meat, dairy, rice, vegetables). With context to 

humans, B. cereus is primarily a gut pathogen and is usually the causative agent of food 

poisoning132. Besides B. cereus is also associated with several non-gastrointestinal infections, 

particularly skin infections, in immunocompromised individuals and patients with trauma injuries. 

For example, B. cereus has been isolated from open wounds in patients post-surgery or in cellulitis 

and necrotizing fasciitis conditions133. This microbe is also gaining significant attention as an 

opportunistic pathogen involved in nosocomial134 and device-associated infections such as 

bacteremia, endocarditis135, osteomyelitis136, urinary tract infections137, etc. B. cereus- associated 

virulence factors include production of emetic toxins such as enterotoxin, hemolysin and 

cytotoxin138 and proteases139. The prevalence of antibiotic resistance in B. cereus strains has further 

exacerbated management of its pathogenesis. Resistance of B. cereus strains isolated from food 

products to b-lactam antibiotics such as penicillin G140, oxacillin, amoxicillin, cefepime138 as well 
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as rifampicin141.  Thus, B. cereus transmission via external factors such as contact with food or 

contaminated surfaces can cause myriad of human infections, thereby proving its pathogenesis as 

an opportunistic pathogen for humans. In the light of rising antibiotic resistance, novel 

antimicrobial strategies are needed for combating B. cereus associated infections.  
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3. SELECTIVE ANTIMICROBIAL ACTIVITY OF CELL 
LYTIC ENZYMES IN A BACTERIAL CONSORTIUM 

 

3.1 Introduction 

 Bacterial infections are a major public health concern, often exacerbated by the overuse of 

broad-spectrum antibiotics leading to gained microbial resistance142. Fundamentally new methods, 

therefore, are needed to treat bacterial infections or to remove selectively bacterial pathogens from 

specific environments. Unlike broad-spectrum antibiotics, highly targeted antimicrobial approaches 

are complex, and while some exist, their use remains limited both as therapeutic candidates and for 

environmental applications. For example, programmable removal of pathogenic bacteria using 

CRISPR RNAs delivered using bacteriophages or phagemids has been shown to remove 

selectively pathogens from a microbial community143. However, limited delivery methods144,  

immune activation145, ability of lysogenic phages to enable horizontal transfer of antibiotic 

resistance genes to pathogens146, are few of several factors that limit the use of bacteriophages as 

human therapeutics, while potential lack of containment limits their use in the environment. 

Antimicrobial peptides (AMPs)147,148 and bacteriophages149 have been used to target specific 

bacteria with varying degrees of success in both ex vivo environments and as human and animal 

therapeutics150. AMPs are able to penetrate through the peptidoglycan (PG) layers of both Gram-

positive151 and Gram-negative bacteria152, weakening cell membrane integrity and targeting key 

biological macromolecules (e.g., DNA and ribosomes). While AMPs appear to have a lower 

chance of triggering an immune response, they can cause hemolysis, thus limiting their use153,154.  

This chapter previously appeared as: Bhagwat, A., Collins, C. H. & Dordick, J. S. Selective antimicrobial activity of cell lytic 
enzymes in a bacterial consortium. Appl. Microbiol. Biotechnol. 103, 7041–7054 (2019). 
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 An emerging alternative to the aforementioned selective antimicrobial approaches is the use of 

cell wall lytic enzymes, which catalyze the selective degradation of bacterial PGs6. These enzymes, 

including endolysins and virion-associated lysins (VALs) isolated from bacteriophages, and 

bacteriocins and autolysins1 isolated from bacteria, can be expressed recombinantly and 

administered exogenously to kill bacteria with exquisite selectivity. As a result of this selectivity, 

the use of cell wall lytic enzymes against human, animal and environmental pathogens represents 

an alternative to conventional broad-spectrum antimicrobials. Moreover, as opposed to 

bacteriophages155, cell lytic enzymes are non-replicative, providing an avenue to control their use. 

 Most endolysins targeting Gram-positive bacteria are modular in structure with an N-terminal 

catalytic domain and a C-terminal binding domain, the latter conferring high target specificity by 

recognizing specific binding sites on the bacterial PG156. The catalytic domain possesses amidase, 

muramidase, glycosidase/glucosaminidase, endopeptidase or transglycosylase activities64. Gram-

positive bacteria are particularly good targets for lytic enzymes due to presence of thick PG layer 

exposed to the external environment5.  

 While a growing body of literature exists on the structure, function and use of various lytic 

enzymes against pathogenic bacteria, there is limited knowledge on the function of these enzymes 

in an environment inhabited by multiple bacterial species. Metabolomic, transcriptomic and 

genomic studies157 on bacterial communities and microbiomes have highlighted the importance of 

community interactions158 among commensal members in, for example, human gut159 and skin 

microbiomes160, maintaining systemic health. Nonspecific, or broad-spectrum, antibiotic treatment 

can destroy the commensal community, leading to dysbiosis4. Hence, to assess the ability of cell 
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lytic enzymes to function within a microbial consortium, it is important to evaluate their selective 

activity in the presence of multiple bacteria. 

 Among a group of human pathogens, Gram-positive Staphylococcus aureus is of great interest 

due to the prevalence of antibiotic-resistant strains (e.g., often denoted as methicillin-resistant S. 

aureus or MRSA) particularly in hospitals and other clinical settings161 associated with a range of 

skin and systemic infections162. Gram-positive Bacillus cereus is a spore forming163 environmental 

microorganism that has been associated with gut164 and sometimes skin infections133 in 

immunocompromised patients. Thus, S. aureus and B. cereus, in the context of human skin, can 

serve as examples of opportunistic pathogens. Various selective cell wall lytic enzymes against 

these bacteria have been reported.  

 Lysostaphin (Lst), CF-301108, ClyH165 and ClyF166 are examples of enzymes that target S. 

aureus, while PlyPH22, PlyG93, LysB460 and AmiBA244641 are examples of enzymes that target 

B. cereus. The bacteriolysin Lst is a pentaglycine endopeptidase secreted by Staphylococcus 

simulans21, and has been studied extensively for its anti-staphylococcal activity in both free or 

immobilized forms167–169 against planktonic and biofilm-based S. aureus170,171. The bacteriophage-

encoded endolysin PlyPH is a muramidase with activity across a wide pH range (4.0-10.5) against 

B. cereus and related Bacillus species22. The activities of Lst172,173 and PlyPH 174 against S. aureus 

and B. cereus monocultures, respectively, have been reported previously under simple buffer 

conditions. However, to our knowledge, there are limited reports on their selective activity being 

evaluated in an environment with their target as well as non-target bacterial species present, for 

example, in a natural microbial community or a microbiome. Moreover, as antimicrobial agents, 

it is important for these enzymes to be effective not only in buffer but also in various media (e.g., 



 

 
29 

 

growth and other complex media), which can better resemble target treatment environments in the 

human body. In addition, for their application within a microbial community, such as the human 

skin microbiome (since both bacteria are human skin associated), there is a need to evaluate 

selective Lst and PlyPH activity against human commensal bacteria, such as Micrococcus luteus, 

a commensal member of the human skin environment175, to ensure that the enzymes are truly 

selective against their target pathogens. 

 Herein, with the broad objective of being able to selectively kill a pathogen from a community 

of bacteria in a natural environment (e.g., human skin), we first report the activity of Lst and PlyPH 

against S. aureus and B. cereus monocultures, respectively, in three media; PBS (phosphate 

buffered saline), AAM (defined growth medium) and artificial sweat (AS). AAM and AS represent 

environments that support bacterial growth, and in the case of AS, within a human-relevant 

environment. We further investigate Lst and PlyPH in multi-species bacterial mixtures (S. aureus 

+ B. cereus or S. aureus + B. cereus + M. luteus) in the three media to demonstrate enzyme 

selectivity and assess how non-target bacteria influence target bactericidal activity. We also 

demonstrate enzyme activity in a dynamic S. aureus + B. cereus co-culture, which mimics a 

realistic situation of a bacterial consortium actively growing and co-existing in a given 

environment during an infection. As a result of these studies, we demonstrate that Lst and PlyPH 

retain their exquisite antimicrobial specificity irrespective of the medium or treatment conditions.  

3.2 Results 

  3.2.1 Antimicrobial activity of Lst and PlyPH in bacterial monocultures 

 The cell lytic activities of Lst and PlyPH were initially quantified against monocultures of S. 

aureus and B. cereus, respectively, in the presence of PBS, AAM or AS. We chose PBS because 
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it is the standard media used to characterize the bactericidal activity of cell wall lytic enzymes.  

AAM is a defined medium developed to support the growth of S. aureus and other Gram-positive 

organisms. We chose to use artificial sweat (AS) to assess cell killing in a medium that 

approximates a target environment of the human skin microbiome. Enzymes were added to 

bacterial cells of varying starting cell challenges ranging from 104 to 107 CFU/mL and incubated 

for 3 h at room temperature. In each case cells were harvested from the exponential phase of their 

subculture in TSB. No significant cell growth was observed under assay conditions during this 

time in any medium. At all cell concentrations, Lst showed a strong dose-dependent bacteriolytic 

activity in all three media against S. aureus (Figure 3.2 a-c). Cell killing was comparable in all the 

media at 10 and 100 µg/mL Lst at 104 and 105 CFU/mL cell challenge (Fig. 3.1a). However, at 

higher cell challenges (106 and 107 CFU/mL), Lst activity in AAM was lower than in PBS or AS 

at 10 or 100 µg/mL Lst. Specifically, at 107 CFU/mL S. aureus, ~4-log kill was obtained in AAM 

(Figure 3.2b), which was ~ 2-log lower than that observed in PBS or AS. At lower Lst 

concentrations (0.1 and 1 µg/mL), a gradual reduction in the killing activity (by ~1-log) was 

observed with an increase in the cell concentration in all three media. At 1 µg/mL Lst, the effect 

of medium on enzyme activity is clearly evident, with ~1-log kill improvement in going from 

AAM to AS and also from AS to PBS.  

 PlyPH (Figure 3.2 d-f) was active against B. cereus monocultures, albeit without a strong dose-

dependent behavior above 10 µg/mL (Figure 3.1b).  PlyPH showed high activity at all cell 

concentrations in PBS. PlyPH (1 µg/mL) in PBS, achieved close to 4-log kill against the highest 

tested cell concentration of 107 CFU/mL B. cereus. There was variation in PlyPH activity against 

B. cereus as a function of the medium. At all cell concentrations, the lytic activity at 10 and 100 
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µg/mL PlyPH was comparable in PBS and AS; however, enzyme activity was substantially lower 

in AAM. In both PBS and AS, PlyPH was able to achieve ~5-log kill in 3 h at 100 µg/mL against 

107 CFU/mL B. cereus. But, the activity in AAM under the same conditions was limited to only 

1.8-log kill. Also, PlyPH activity appears to be more sensitive to the starting cell concentration 

than Lst. Maximum PlyPH activity in AAM was obtained at 105 CFU/mL B. cereus (~3-log kill at 

100 µg/mL) (Figure 3.1b). Increasing the cell concentration from 106 to 107 CFU/mL in AAM 

resulted in decreasing PlyPH activity by ~2-log CFU/mL. Despite these limitations, PlyPH was 

active in killing B. cereus in all the three tested media. 

 

Figure 3.1: Antimicrobial activity of: (a) Lst against S. aureus; and (b) PlyPH against B. cereus in monoculture. 
The starting cell concentration for each bacterium was 105 CFU/mL. The activity was measured in PBS, the 
defined media AAM and artificial sweat (AS). Cells were incubated with the enzyme at 0, 0.1, 1, 10, 100 µg/mL 
for 3 h at room temperature, 120 RPM. Error bars represent standard deviation from triplicate assays. Arrow 
indicates detection limit of the cell plating assay and the samples corresponding to that value are at or below 
the detection limit of this assay (~1-log CFU/mL). 
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Figure 3.2: Lytic activity of lysostaphin (Lst) and PlyPH against S. aureus and B. cereus monocultures, 
respectively, at different starting cell challenges after 3 h incubation at 120 RPM, room temperature in presence 
of different media. Lst against S. aureus in: (a) PBS buffer; (b) AAM (defined growth medium); and (c) 
biologically relevant environment artificial sweat (AS). PlyPH against B. cereus in: (d) PBS; (e) AAM; and (f) 
AS. Error bars represent standard deviation from the mean from triplicates. * Indicates samples below 
detection limit of assay (~1 log CFU/mL). 

   3.2.2 Activity of Lst and PlyPH in non-growing bacterial mixtures 

 To evaluate enzyme selectivity and influence of the presence of a non-target bacterium on 

enzyme activity, Lst and PlyPH activity was first quantified in a mixture of bacteria under non-

growth conditions. S. aureus and B. cereus cells were harvested at exponential phase of subculture, 

mixed in either PBS, AAM or AS at 105 CFU/mL of each bacterium. The mixture was incubated 

with either Lst (0.1-100 µg/mL) or PlyPH (1-100 µg/mL) at room temperature for 3 h. Both Lst 

and PlyPH were truly selective against their target bacteria in the mixture and showed no lytic 
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activity against the non-target bacterium in any of the three media (Figure 3.3a and b). Lst activity 

against S. aureus in the mixture was comparable to that in S. aureus monoculture (Figure 3.1a) in 

all three media. PlyPH activity against B. cereus in the mixture and monoculture was comparable 

except in PBS at 1 µg/mL. Under this condition, PlyPH activity in the mixture was lower by ~2-

log CFU/mL as compared to B. cereus monoculture. In AAM and AS, at 1 µg/mL PlyPH, the 

activity in the mixture was similar to that in B. cereus monoculture. However, at 10 and 100 µg/mL 

PlyPH, the activities in AAM and AS were lower than in monocultures by ~1-log. Thus, the 

presence of non-target bacterium does not affect Lst activity towards its target bacterium (Figure 

3.3a), making its activity independent of the non-target bacterium under conditions with no active 

bacterial growth. In no case was enzyme activity observed against the non-target bacterium in the 

mixtures, even under conditions with different activities in monoculture and mixture, indicating 

high enzyme selectivity. A third bacterium, commensal M. luteus, was added to the mixture to 

form a three-member bacterial consortium (Figure 3.3c and d). Not surprisingly, neither Lst nor 

PlyPH had lytic activity against M. luteus in any of the media.  
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Figure 3.3: Selective lytic activity of Lst and PlyPH in a mixture of bacteria in either PBS, AAM or AS. (a) Lst 
activity in S. aureus + B. cereus mixture; (b) PlyPH activity in S. aureus + B. cereus mixture; (c) Lst activity in 
S. aureus + B. cereus + M. luteus mixture with data for S. aureus and M. luteus shown; and (d) PlyPH activity 
in S. aureus + B. cereus + M. luteus mixture with data for B. cereus and M. luteus shown. Cells were incubated 
with the enzyme at room temperature for 3 h, 120 RPM.  Arrow indicates detection limit of assay and the 
corresponding samples were at or below detection limit of this assay (~1-log CFU/mL). 

 

       3.2.3 Long-term enzyme activity and cell recovery in actively-growing bacterial co-

cultures 

 As a result of their specific lytic activity, Lst and PlyPH may be used to selectively kill bacteria 

from a microbial community. An active co-culture would closely resemble a natural microbial 

community coexisting with some degree of microbial growth. We, thus, evaluated the 

antimicrobial effectiveness of Lst and PlyPH in an actively growing S. aureus and B. cereus co-
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culture. To this end, S. aureus and B. cereus co-culture growth in AAM was first studied (Fig. S2a) 

and three phases of growth were identified: 6 h (lag/early exponential phase), 12 h (exponential 

phase) and 24 h (early stationary phase). Lst or PlyPH were added to S. aureus and B. cereus 

mono- and co-cultures at these different stages of growth after inoculation of 105 CFU/mL each of 

both bacteria, thereby capturing a range of cell concentrations and media composition. This 

approach is distinct from the aforementioned cell cultures (Figure 3.1), where no significant cell 

growth was observed during the assay performed at room temperature for 3 h. In this approach, 

enzymes were incubated with actively growing mono and co-cultures at 37°C and 220 RPM 

shaking. We assessed Lst and PlyPH activity at 37°C and 220 RPM shaking to determine if the 

change in enzyme incubation condition altered enzyme activity against its target bacterium. Both 

enzyme activities at 37°C were comparable to room temperature activity over a period of 3 h (data 

not shown).  

 Lst and PlyPH were selective in both the short- and long-term in the actively growing culture. 

Under all conditions tested, Lst showed dose-dependent activity against actively growing S. aureus 

in AAM, consistent with its activity in bacterial monocultures and the two-cell non-growing 

mixture. However, as compared to Lst activity under non-growth condition, the magnitude of S. 

aureus killing was reduced in the presence of cell-growth. For example, a maximum of 4-log kill 

was achieved with 100 µg/mL of Lst in monoculture (Figure 3.4 a-c), if the lytic activity up to 3 h 

after enzyme addition in Figure 3.4 is considered. This was 100-fold lower than observed cell 

killing under non-growth conditions at 100 µg/mL Lst (Figure 3.2). It may appear that Lst had the 

highest activity when added to S. aureus monoculture at the 24 h early stationary stage. However, 

these cells show no growth in the no-enzyme control (Figure 3.4a) and some spontaneous lysis in 
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the co-culture (Figure 3.4d), suggesting the cells at this growth stage could be relatively weak. 

Thus, the observed ~5-log drop in S. aureus viable count may not entirely represent true enzyme 

activity for Lst addition to 24 h cultures (Table 3.1). 

 Under co-culture conditions, the effect of Lst addition is muted compared to the monoculture 

conditions. Except for Lst addition at 0 h, the maximum killing achieved in co-culture is lower 

than monoculture (Table 3.1). Recovery by ~2-log CFU/mL in co-culture was observed for Lst 

(10 and 100 µg/mL) addition at 0 and 6 h after inoculation (Figure 3.4 e and f). For Lst addition at 

12 and 24 h (Figure 3.4 e and f), S. aureus did not recover in co-culture. However, there was no 

further decrease in S. aureus viability beyond 8 h after Lst addition, indicating limitation of enzyme 

activity. In S. aureus monoculture, no recovery was observed except for incubations with Lst 

addition at 12 h (Figure 3.4 b and c). This recovery suggested that there may be a certain degree 

of resistance from actively growing cells to Lst lytic activity or the presence of an inhibitor or 

deactivator of Lst present in the culture supernatant. Despite this, only S. aureus was killed and B. 

cereus continued to grow in co-culture (data not shown), indicating retention of enzyme selectivity 

during cell growth. 
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Figure 3.4: Activity of Lst in an actively growing S. aureus monoculture (a-c) and co-culture of S. aureus + B. 
cereus (d-f). The culture was grown in AAM with 105 CFU/mL starting concentration of bacteria at time of 
inoculation. The viable count was measured 48 h after enzyme addition. (a, d) No-enzyme addition; (b, e) 10 
µg/mL Lst; and (c, f) 100 µg/mL Lst, the latter two when Lst was added at 0-24 h post-inoculation. Enzyme 
incubation was performed at 220 RPM, 37°C in 3 mL culture volume. The limit of detection was ~1-log 
CFU/mL. The X-axis represents the time after enzyme addition. Dlog CFU/mL represents the difference in 
viable count at a given time point (after enzyme addition) and the viable count at point of enzyme addition 
(0h/6h/12/24h post inoculation). Error bars smaller than size of data point. 

 PlyPH showed limited, yet similar lytic activity against B. cereus in both mono- and co-

cultures (Figure 3.5). Unlike Lst, PlyPH did not show a dose dependent activity. For both mono- 

and co-cultures, a drop in the viable count was observed for a short time after enzyme addition, 

followed by B. cereus recovery. Recovery was not observed for enzyme addition at 24 h, 

potentially due to death of B. cereus as a result of nutrient limitation in the medium (Figure 3.5 d, 

e and f). Also unlike with Lst, at 10 µg/mL PlyPH there was essentially no difference in cell killing 

at a given time post-enzyme addition between the mono- and co-cultures (Table 3.2); however, 

there was a clear difference at 100 µg/mL PlyPH in the co-culture vs. the monoculture at both 6 

(a) (b) (c) 

(d) (e) (f) 
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and 12 h post-enzyme addition (Table 3.2).  Interestingly, for all conditions, recovery begins earlier 

in co-culture than in monoculture. Also, the lytic effect of PlyPH lasts longer for both mono and 

co-culture for enzyme addition at 0 h (Figure 3.5 b and c). This suggests that the lytic activity of 

PlyPH may be overwhelmed by cell growth or some factors present in the culture supernatant that 

inhibit or deactivate PlyPH. Despite these limitations, PlyPH was truly selective and close to 1.2-

log kill (~97% killing) was achieved at both 10 and 100 µg/mL in the presence of pathogen growth 

in a co-culture when the enzyme was added at t=0 (Table 3.2).  

 

Figure 3.5: Activity of PlyPH in an actively growing B. cereus monoculture (a-c) and co-culture of S. aureus + 
B. cereus. The culture was grown in AAM with 105 CFU/mL starting concentration of bacteria at time of 
inoculation. The viable count was measured 48 h after enzyme addition (a, d) No-enzyme addition; (b, e) 10 
µg/mL PlyPH; and (c, f) 100 µg/mL PlyPH, the latter two when PlyPH was added at 0-24 h post-inoculation. 
Enzyme incubation was performed at 220 RPM, 37°C in 3 mL culture volume. The limit of detection was ~1-
log CFU/mL. The X-axis represents the time after enzyme addition. Dlog CFU/mL represents difference in 
viable count at a given time point (after enzyme addition) and the viable count at point of enzyme addition (0, 
6. 12, and 24 h post inoculation). Error bars smaller than size of data point. 

 

(a) (b) (c) 

(d) (e) 
(f) 
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Table 3.1: Comparison of maximum Lst activity in S. aureus monoculture and co-culture. a D log CFU/mL is 
calculated as: (log CFU/mL) t – (log CFU/mL) enzyme addition, and thereby, reflects the difference between log 
CFU/mL of bacterium at a given time point and at the point of enzyme addition. 

Time of Lst 

addition 

10 µg/mL 

(D log CFU/mL) a 

100 µg/mL 
 

 (D log CFU/mL) a  

 Monoculture Co-culture Monoculture Co-culture 

0 h -1.73 -1.77 -3.51 -3.91 

6 h -1.89 -0.91 -4.08 -3.19 

12 h -2.53 -1.89 -3.16 -2.24 

24 h -4.66 -1.52 -6.44 -3.57 

 

Table 3.2: Comparison of maximum PlyPH activity in B. cereus monoculture and co-culture. a D log CFU/mL 
is calculated as: (log CFU/mL) t – (log CFU/mL) enzyme addition, and thereby, reflects the difference between log 
CFU/mL of bacterium at a given time point and at the point of enzyme addition.  

Time of PlyPH 

addition 

10 µg/mL 

(D log CFU/mL) a 

100 µg/mL 
 

 (D log CFU/mL) a  

 Monoculture Co-culture Monoculture Co-culture 

0 h -1.57 -1.61 -1.17 -1.17 

6 h -0.55 -0.64 -0.25 -1.21 

12 h -0.84 -0.85 -0.56 -1.69 
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3.3 Discussion 

 Natural microbial communities associated with human or environmental hosts involve myriad 

microbe-microbe interactions and host-microbe interactions that are often disrupted in the presence 

of a pathogen. Lst and PlyPH are promising selective bacteriolytic enzymes, which have not been 

studied extensively in the context of microbial communities under conditions with some degree of 

microbial growth. We first demonstrated the lytic activity of Lst and PlyPH against a monoculture 

of their respective targets under non-growth conditions in the presence of three different media 

such as standard PBS buffer, AAM growth medium and artificial sweat. Our results suggest that 

in the absence of cell growth, the highest activity was obtained in PBS and lowest activity in AAM 

for both enzymes irrespective of starting cell concentration. This limitation is consistent with 

another lytic enzyme, CD-1142, which shows reduced cell wall binding in the presence of growth 

medium, mainly due to interference of the wall teichoic acids. AS contains fewer nutrients as 

compared to AAM, but more than PBS, and Lst and PlyPH activity in AS is intermediate to that 

in PBS and AAM. This may suggest the possible role of medium components in interfering with 

enzyme binding to the cells in the presence of non-buffer media. Furthermore, PlyPH activity was 

found to be dependent on the substrate/ target cell concentration in AAM, with maximum lytic 

activity obtained for 105 CFU/mL cells. Finally, we explored the lytic enzyme activity in a co-

culture of S. aureus and B. cereus in AAM during active cell growth. The co-culture better mimics 

the microbial communities that co-exist and compete for nutrients in a given environment.  

 Both Lst and PlyPH behave differently in presence of cell growth as compared to non-growth 

conditions. The pattern of dependence of killing activity on enzyme concentration was consistent 

for all conditions tested for both enzymes. Lst and PlyPH belong to different classes of 
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bacteriolytic enzymes – Lst is a bacteriolysin and PlyPH is a bacteriophage endolysin. A 

bacteriolysin catalyzes the lysis of competing bacteria in a community. Thus, the catalytic activity 

of Lst was reflected in its dose dependent behavior observed under all the conditions tested. 

Endolysins naturally cleave peptidoglycan from inside the cells7.  Typically, endolysins cleave the 

cell wall in absence of cell growth , which has ceased as a result of phage infection10. PlyPH 

activity is limited in growth medium and B. cereus recovers in the co-culture irrespective of the 

enzyme concentration. This is consistent with the behavior of other endolysins that exhibit very 

low activity against actively growing cells, possibly due to the mode of action of the endolysin or 

possible interference from medium components. Nonetheless, PlyPH showed remarkable 

selectivity in all three media tested. The results suggest that improvement of PlyPH is warranted. 

Lst activity in the co-culture was relatively low as compared to S. aureus monoculture and S. 

aureus recovery or re-growth was observed after lytic activity.   

 In conclusion, Lst and PlyPH exhibited exquisite selectivity, which is critical in being able to 

control microbial communities consisting of S. aureus and B. cereus, as well as commensal 

microbes such as M. luteus. Emerging studies have highlighted the importance of the microbiome 

in human health. Combating invading pathogens with nonspecific antimicrobials often 

inadvertently affects the human microbiome, leading to long-term dysbiosis. Owing to the 

spectrum of their selective action, lytic enzymes like Lst and PlyPH could potentially be used for 

selectively controlling the population of microbes in a microbiome and manipulating the natural 

microbiota, as well as in an environmental microbiome that is in contact directly or indirectly with 

humans. 
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3.4 Materials and methods 

  3.4.1 Bacterial cell cultures 

 Staphylococcus aureus ATCC 33807, Bacillus cereus ATCC 4342, and Micrococcus luteus 

ATCC 10240 were purchased from ATCC (Manassas, VA). All bacterial strains were stored 

at -80°C as frozen stocks in 20% glycerol. The frozen bacterial stocks were streaked on Tryptic 

Soy Broth (TSB; MP Biomedicals) plates and grown for 24 h at 37°C for S. aureus and B. cereus 

and for 48 h for M. luteus. A single isolated colony of each microorganism was used to inoculate 

3 mL TSB in 14 mL culture tubes and grown overnight for 14 h at 37°C with shaking at 220 RPM. 

  3.4.2 Expression and purification of Lst and PlyPH 

 The Lst gene (BankIt 2176434) was cloned into Escherichia coli plasmid pGS-21a using NdeI-

XhoI restriction sites. The protein was C-terminal 6x-His tagged for purification by Ni-NTA 

chromatography. The plasmid was transformed into chemically competent BL21(DE3) E. coli 

cells (Invitrogen). The transformed cells were grown overnight in LB broth with ampicillin (100 

µg/mL) at 37°C, 220 RPM. Five milliliters of overnight culture were transferred to 250 mL fresh 

LB-Ampicillin broth and grown at 37°C, 220 RPM until it reached an optical density at 600 nm 

(OD600) of 0.5. The culture was induced with 0.5 mM IPTG and further incubated at room 

temperature, 180 RPM for 4 h. The cells were harvested by centrifugation at 4°C, at 3,500 x g for 

20 min. The supernatant was discarded, the cell pellet was resuspended in 15 mL native 

purification buffer (50 mM sodium phosphate, pH 8, 500 mM NaCl) and stored at -80°C until 

purification. For purification, the cells were thawed and supplemented with 0.5 mM 

phenylmethanesulfonyl fluoride (Sigma) and 1 mg of deoxyribonuclease from bovine pancreas 
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(Sigma). The cells were sonicated (Sonics Vibra cell) for 10 min at 60% amplitude with 3 s pulses. 

The sonicated cells were centrifuged at 4°C, 3,220 x g for 20 min. The supernatant was then 

incubated with 2 mL Ni-NTA resin (Gold Biotechnology) for 2 h at 4°C, 120 RPM. The protein 

was then purified by Ni-NTA column chromatography and eluted with native elution buffer 

containing 250 mM imidazole, pH 8.0. The eluted protein was dialyzed against PBS pH 7.4 for 

imidazole removal using a 3.5 kDa molecular weight cut-off membrane. The protein was filter 

sterilized and stored at 4°C. PlyPH was expressed (NCBI Reference sequence NC_003997.3) and 

purified according to Yoong et al. (2006)22. 

  3.4.3 Preparation of AAM, artificial sweat and selective media 

 AAM, a defined growth medium, was prepared according to Rudin et al. (1974)176. Briefly, 

it was prepared by first dissolving KCl (3 g/L), NaCl (9.5 g/L), (NH4)2SO4 (4 g/L), KH2PO4 (140 

mg/L), Tris (12.1 g/L), L-Arg (125 mg/L), L-Pro (200 mg/L), L-Glu (250 mg/L) and L-Val, L-

Thr, L-Phe, L-Leu (150 mg/L each) in water and adjusting the pH of the solution to 7.9 using 4 M 

HCl. The solution was then autoclaved at 121°C for 20 min. After cooling to 50°C, filter sterilized 

solutions of MgSO4. 7H2O (1.3 g/L), CaCl2. 2H2O (22 mg/L), FeSO4.7H2O (6 mg/L), 

MnSO4.4H2O, citric acid (6 mg/L), L-Cys (80 mg/L) and biotin (0.1 mg/L), thiamin (2 mg/L), 

nicotinic acid (2 mg/L) and calcium pantothenate (2 mg/L) were added to the autoclaved solution. 

Finally, filter sterilized glucose solution was added to the medium at 0.05% (w/v) final 

concentration. Glucose was used as a carbon source at 0.05% (w/v) concentration unless otherwise 

stated. Artificial sweat (AS) was prepared according to the standard ISO 105-E04 protocol, with 

pH 6.5. Mannitol Salt Agar (MSA), M9+ with 1% (w/v) sucrose (M9+) and FTO Agar were used 

as solid media for selective quantification of S. aureus, B. cereus and M. luteus, respectively. 
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CRITERIONTM MSA was purchased commercially from Hardy Diagnostics and prepared as per 

manufacturer’s instructions. FTO Agar was prepared according to Curry et al. (1976)177. M9+ with 

sucrose was prepared according to Kalbarczyk et al. (2018)178 .Freshly made sucrose (Sigma) was 

added as a carbon source to the medium at a final concentration of 10 g/L.  

  3.4.4 Measurement of enzyme activity in monoculture and bacterial mixtures 

 Overnight cultures of bacteria (S. aureus, B. cereus, and/or M. luteus) were subcultured by 

transferring 60 µL into 3 mL TSB. The cultures were grown at 37°C, 220 RPM until reaching an 

OD600 of 0.8. The cultures were harvested and washed twice with the medium in which enzyme 

activity was to be tested (sterile PBS, AAM or AS) to remove excess TSB. Harvesting and washing 

were performed via centrifugation at room temperature, 9, 500 x g for 1.5 min. The cultures were 

then resuspended in 1 mL of the medium (PBS, AAM or AS) at a final cell concentration of 108 

CFU/mL. The cells were serially diluted in medium to prepare cell stocks at 107,106 and 105 

CFU/mL.  

 For testing enzyme activity in monocultures, 20 µL of a given cell stock was added to a sterile 

round bottom 96-well plate. Lst and PlyPH activities were tested against S. aureus and B. cereus, 

respectively, 104-107 CFU/mL. Lst was added to S. aureus cells at 0.1, 1, 10 and 100 µg/mL 

concentration while PlyPH was added to B. cereus cultures at 1, 10 and 100 µg/mL. A control 

without enzyme was included for each experimental set. The final volume in each well was 

adjusted to 200 µL by adding the appropriate amount of the medium in which activity was to be 

tested. Cells were incubated with enzyme for 3 h at room temperature (23oC), 120 RPM. The 

samples were serially diluted and spread-plated onto TSB agar plates. The plates were incubated 

for 18 h at 37°C to determine viable colony counts.  



 

 
45 

 

 For bacterial mixtures, 20 µL each of S. aureus and B. cereus from the 106 CFU/mL stocks 

were added together in a well of a 96-well plate. Lst (0.1-100 µg/mL) or PlyPH (1-100 µg/mL) 

was added to the samples and the final volume in each well was adjusted to 200 µL by adding the 

appropriate amount of the medium in which activity was to be tested. Cells were incubated for 3 

h at room temperature, 120 RPM. The samples were serially diluted 10-fold and 60 µL of each 

sample was spread-plated onto MSA and M9+ plates. MSA and M9+ plates were incubated for 30 

and 48 h, respectively, at 37°C to determine viable colony counts. Experiments involving M. luteus 

in a mixture with S. aureus and B. cereus were performed in a similar fashion. M. luteus was 

harvested from its subculture in TSB at OD600 0.8, washed twice with medium (PBS, AAM or AS) 

and resuspended in 1 mL of medium to a final concentration of 108 CFU/mL. This stock was 

diluted 100-fold. Specifically, 20 µL of M. luteus (106 CFU/mL) stock was added to each well 

along with S. aureus and B. cereus. The mixture of the three bacteria was incubated with either 

Lst or PlyPH at aforementioned concentrations for 3 h, 120 RPM. Each sample was plated onto 

MSA, M9+ and FTO agar plates for determining viable counts of S. aureus, B. cereus and M. 

luteus, respectively. FTO agar plates were incubated at 37°C for 48 h. 

  3.4.5 Growth of S. aureus and B. cereus in co-culture 

 Co-culture growth of S. aureus and B. cereus was performed in AAM. One milliliter of 

bacterial overnight culture was removed and washed twice with AAM by centrifugation for 1.5 

min at room temperature, 9,500 x g. The washed overnight cultures were then resuspended in 1 

mL fresh AAM. The bacteria were adapted to AAM by inoculating 3 mL AAM with 60 µL of 

washed S. aureus or B. cereus overnight monoculture and growing at 37°C, 220 RPM for 24 h. S. 

aureus and B. cereus from the adapted cultures together were used to inoculate 3 mL AAM, each 



 

 
46 

 

at 105 CFU/mL. The co-culture was grown at 37°C, 220 RPM. Monocultures of each bacterium 

starting at 105 CFU/mL were grown under similar conditions for comparison. 

  3.4.6 Enzyme activity and bacterial recovery in co-cultures 

 S. aureus and B. cereus monocultures and co-culture were grown as described above. Five 

tubes of each sample type were grown in parallel. At 0, 6, 12 or 24 h after inoculation, Lst or 

PlyPH (10 and 100 µg/mL each) was added to each culture type (S. aureus monoculture, B. cereus 

monoculture and co-culture). Controls without added enzyme were included for each culture. The 

cultures were maintained at 37°C, 220 RPM. At various times after enzyme addition, 20 µL of 

each sample was removed, and the samples were serially diluted and 60 µL of appropriate dilution 

was spread-plated on MSA and M9+ plates. MSA and M9+ plates were incubated for 30 and 48 h 

respectively at 37°C for viable colony counts. 
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4. ELUCIDATION OF LYSOSTAPHIN AND PLYPH 
ACTIVITY IN AN ACTIVELY GROWING MICROBIAL 

CONSORTIUM 
 

4.1 Introduction 

Lytic enzymes Lst and PlyPH demonstrated selective killing of S. aureus and B. cereus in 

presence of both non-growing synthetic bacterial mixtures and actively growing co-culture. While 

Lst and PlyPH killing activity against its target bacterium was unaffected by the presence of non-

target species in the mixture, both Lst and PlyPH killing activity decreased in the actively growing 

co-culture as compared to the activity against target species monoculture, approximately by 2-log 

CFU/mL. This indicated an inhibitory effect of bacterial growth (either S. aureus or B. cereus) on 

and presence of an actively growing non-target species on lytic enzyme activity.  

In this chapter, we focused on identification of possible factors associated with active cell 

growth in the co-culture that led to inhibition of Lst and PlyPH activity. Specifically, we compared 

the growth profiles of S. aureus and B. cereus in co-culture vs. their monoculture in AAM and 

observed inhibition of S. aureus growth in co-culture as compared to its monoculture. Further, we 

investigated if B. cereus had an inhibitory effect on S. aureus growth. Since, both Lst and PlyPH 

activity decreased in presence of bacterial growth, we studied the role of bacterial growth product 

in AAM, such as proteases on Lst and PlyPH activity. 

 

 

 

This chapter previously appeared as: Bhagwat, A., Collins, C. H. & Dordick, J. S. Selective antimicrobial activity of cell lytic 
enzymes in a bacterial consortium. Appl. Microbiol. Biotechnol. 103, 7041–7054 (2019). 
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4.2 Results 

  4.2.1 Influence of B. cereus on S. aureus growth 

  S. aureus viable cell count in co-culture was lower than in monoculture (Figure 4.1a) by 

~2-log CFU/mL, while B. cereus viable cell count was comparable in both mono- and co-cultures. 

The lower S. aureus concentration in co-culture compared to S. aureus monoculture could be due 

to competition for nutrients, in particular the limiting glucose, in presence of actively growing B. 

cereus. To assess this possibility, S. aureus and B. cereus mono- and co-cultures were grown in 

AAM with a 10-fold increased concentration of the limiting nutrient glucose (0.5%) as compared 

to the previous concentration (0.05%) (Figure 4.1b). As observed in AAM with 0.05% glucose 

(Figure 4.1a), S. aureus viable cell count in a monoculture was ~10-fold lower than in 0.5% 

glucose. Similar results were obtained for B. cereus monoculture and S. aureus + B. cereus co-

culture.  While the final S. aureus viable cell count in mono- and co-cultures differed by ~1.6-log 

CFU/mL in AAM with 0.05% glucose, it differed by ~0.7-log CFU/mL for AAM with 0.5% 

glucose (Table 4.1). Thus, the increase in glucose concentration reduced the difference in S. aureus 

viable cell count between mono- and co-cultures. This indicated that the lower S. aureus viable 

cell count in the co-culture may simply reflect nutrient (glucose) limitation due to the growth of 

competing B. cereus. However, we could not rule out the possibility of B. cereus producing 

metabolites that are inhibitory to S. aureus growth. 
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Table 4.1: Comparison of final bacterial viable cell count in AAM with 0.05% and 0.5% glucose. 

% glucose in 

AAM 

S. aureus 

(Final log CFU/mL at t=72h) 

B. cereus 

(Final log CFU/mL at t=72 h) 

 Monoculture Co-culture Monoculture Co-culture 

0.05% 8.2 6.6 6.8 6.4 

0.5% 9.1 8.4 8.2 8.0 

 

 
 

Figure 4.1: Growth of S. aureus and B. cereus in mono- and co-cultures in AAM with (a) 0.05% glucose – inset 
expands the first 20 h after inoculation in AAM, (b) 0.5% glucose. For all cultures, the starting cell 
concentration was 105 CFU/mL. The cultures were grown at 37°C, 220 RPM in 3 mL culture volume. 

To distinguish between nutrient limitation and growth inhibition due to B. cereus metabolites, we 

measured S. aureus growth in 12 and 24 h B. cereus monoculture supernatant and its 1:1 and 1:9 

dilutions with fresh AAM. S. aureus growth in fresh AAM was also measured as a control. S. 

aureus growth in 12 h B. cereus supernatant was comparable to growth in fresh AAM, indicating 

no growth inhibition due to B. cereus supernatant (Figure 4.2a). S. aureus growth in 24 h B. cereus 

supernatant was lower than in fresh AAM by ~1 log CFU/mL (Figure 4.2b). The lower S. aureus 
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growth observed in 24 h B. cereus supernatant may be due to lower remaining nutrient 

concentration as compared to 12 h supernatant. However, S. aureus growth in 1:1 and 1:9 dilutions 

of 24 h supernatant, which provides added (replenished nutrients) was comparable to the growth 

in fresh AAM. In either supernatant there was no significant decrease in S. aureus viable count. 

Even a 1:1 dilution of 24 h supernatant resulted in S. aureus growth comparable to fresh AAM. 

Thus, the 24 h supernatant likely did not inhibit S. aureus growth as a 1:1 dilution would not be 

expected to dramatically alter the effect of a potential inhibitor on S. aureus.  

 

Figure 4.2: Growth of S. aureus in (a) supernatant from 12 h B. cereus monoculture and (b) supernatant from 
24 h B. cereus monoculture. S. aureus was inoculated at 105 CFU/mL in B. cereus supernatant, 1:1 and 1:9 
supernatant dilutions with AAM, and fresh AAM. The cultures were grown at 37°C, 220 RPM in 3 mL culture 
volume. 

  4.2.2 Protease detection in culture supernatants 

  Lst and PlyPH activities were reduced in the presence of active cell growth as compared to 

non-growth conditions. We hypothesized that a possible reason for this may be enzyme inhibition 

or deactivation by metabolites or products of active cell growth present in the culture supernatants, 

such as proteases. To this end, supernatants from different time points (12, 24 and 48 h) of S. 

aureus and B. cereus mono- and co-cultures were analyzed for the presence of proteases using a 

fluorescent protease detection protocol (Sigma). 
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 A positive control of 5 µg/mL trypsin was used and gave a value of 470 fluorescent units. The 

excreted protease concentration in S. aureus monoculture supernatant was lower as compared to 

B. cereus mono- and co-culture supernatants, which is not surprising given that several species of 

Bacillus including B. cereus are known producers of intra- and extracellular proteases 179. Protease 

levels increased between 12 and 24 h, i.e. during active cell growth in AAM, in both mono- and 

co-cultures (Table 4.2). Interestingly, the protease level in the co-culture supernatant increased 

dramatically, i.e. ~7-fold between 12 and 24 h, while it increased only 1.6- and 3-fold for S. aureus 

and B. cereus monoculture supernatants, respectively. Thus, both S. aureus and B. cereus produce 

proteases that could potentially interfere with Lst and PlyPH activity during cell growth.  

Table 4.2: Protease detection in culture supernatants. FU = Fluorescent units; SD = Standard Deviation. 

Culture age S. aureus monoculture 

 (FU ± SD) 

B. cereus monoculture 

(FU ± SD) 

Co-culture  

(FU ± SD) 

12 h 73 ± 25 105 ± 15 154 ±	48 

24 h 124 ± 16 360 ± 52 1048 ± 34 

48 h 129 ± 8 1210 ± 116 1175 ± 55 

   

  4.2.3 Enzyme activity in culture supernatants with protease inhibitor 

  To determine further whether the proteases in the supernatant could reduce lytic enzyme 

activity, Lst and PlyPH activity was measured against 107 CFU/mL of S. aureus and B. cereus, 

respectively, in the presence of mono- and co-culture supernatants (12 and 24 h) with and without 

a protease inhibitor cocktail. The enzymes were incubated at room temperature for 3 h. As a 

control, Lst and PlyPH activity was also determined in fresh AAM supplemented with protease 
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inhibitor, which did not reduce cell viability or enzyme activity in fresh AAM (Figure 4.5). 

Addition of protease inhibitor cocktail to the supernatant improved the cell killing activity of both 

Lst and PlyPH as compared to their activity in culture supernatants in the absence of protease 

inhibitor (Figure 4.3 and 4.4). Specifically, S. aureus killing improved by 3-log CFU/mL at 10 

µg/mL Lst after addition of protease inhibitor to 12 h monoculture supernatants of both S. aureus 

and B. cereus, while it improved by 1.8-log CFU/mL in 12 h co-culture supernatant (Figure 4.3). 

Similarly, Lst activity improved by ~1.2-log CFU/mL in 24 h supernatants after protease inhibitor 

addition. Generally, similar results were observed with PlyPH against B. cereus in the presence of 

the protease inhibitor cocktail (Figure 4.4). These results suggest that proteases secreted into both 

mono- and co-culture supernatants interfered with both Lst and PlyPH activity. 

 

Figure 4.3: Lst activity against 107 CFU/mL S. aureus in the presence of culture supernatants without protease 
inhibitor (dark shade) and culture supernatants with 5% (v/v) protease inhibitor cocktail (light shade). The 
supernatants used for this assay were: (a) 12 h S. aureus monoculture; (b) 12 h B. cereus monoculture; (c) 12 h 
co-culture; (d) 24 h S. aureus monoculture; (e) 24 h B. cereus monoculture; and (f) 24 h co-culture. Cells were 
incubated with Lst for 3 h at 120 RPM and room temperature. Error bars represent standard deviation from 
triplicate assays. * Indicates samples below detection limit of assay (~1-log CFU/mL). 

1

2

3

4

5

6

7

8

0 0.1 1 10 100

S
. a

ur
eu

s 
lo

g 
C

FU
/m

L

Lst (µg/mL)

(a) 12 h S. aureus supernatant

*.          *   *.  1

2

3

4

5

6

7

8

0 0.1 1 10 100

S
. a

ur
eu

s 
lo

g 
C

FU
/m

L

Lst (µg/mL)

(b) 12 h B. cereus supernatant

*.                 * 1

2

3

4

5

6

7

8

0 0.1 1 10 100

S
. a

ur
eu

s 
lo

g 
C

FU
/m

L

Lst (µg/mL)

(c) 12 h co-culture supernatant

*.                * 

12 h supernatant 12 h supernatant + 5% protease inhibitor cocktail

1

2

3

4

5

6

7

8

0 0.1 1 10 100

S
. a

ur
eu

s 
lo

g 
C

FU
/m

L

Lst (µg/mL)

(d) 24 h S. aureus supernatant

*                *. 
1

2

3

4

5

6

7

8

0 0.1 1 10 100

S
. a

ur
eu

s 
lo

g 
C

FU
/m

L

Lst (µg/mL)

(e) 24 h B. cereus supernatant

*               . * 1

2

3

4

5

6

7

8

0 0.1 1 10 100

S
. a

ur
eu

s 
lo

g 
C

FU
/m

L

Lst (µg/mL)

(f) 24 h co-culture supernatant

*           *.*

24 h supernatant 24 h supernatant + 5% protease inhibitor cocktail



 

 
53 

 

 

Figure 4.4:  PlyPH activity against 107 CFU/mL B. cereus in the presence of culture supernatants without 
protease inhibitor (dark shade) and culture supernatants with 5% (v/v) protease inhibitor cocktail (light shade). 
The supernatants used for this assay were: (a) 12 h S. aureus monoculture; (b) 12 h B. cereus monoculture; (c) 
12 h co-culture; (d) 24 h S. aureus monoculture; (e) 24 h B. cereus monoculture; and (f) 24 h co-culture. Cells 
were incubated with PlyPH for 3 h at 120 RPM and room temperature. Error bars represent standard deviation 
from triplicate assays. 

It should be noted that the protease inhibitor cocktail contains EDTA, which could interfere with 

cell viability or enzyme activity180. To assess the effect of EDTA, Lst and PlyPH activities were 

measured in the presence of mono- and co-culture supernatants and fresh AAM supplemented with 

5 mM EDTA (final concentration of EDTA in the bacterial cultures following addition of the 

protease inhibitor cocktail). In AAM, Lst and PlyPH activity in the presence of 5 mM EDTA was 

similar to the activity in absence of EDTA (Figure 4.5). In the presence of culture supernatants, 

Lst and PlyPH activity with 5 mM EDTA was higher than without EDTA (Figure 4.6 and 4.7), 

albeit lower than in the presence of the protease inhibitor cocktail. Thus, Lst and PlyPH activity 

was inhibited during active cell growth due to the presence of proteases.  
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Figure 4.5: Effect of protease inhibitor and 5 mM EDTA added to AAM on (a) Lst activity against 107 CFU/mL 
S. aureus and (b) PlyPH activity against 107 CFU/mL B. cereus. Enzyme incubation was performed at room 
temperature, 120 RPM for 3 h. Error bars represent standard deviation from the mean from triplicates. 
* Indicates samples below detection limit of assay (~1-log CFU/mL). 

 

Figure 4.6: Effect of EDTA on Lst activity against 107 CFU/mL S. aureus in culture supernatants. Enzyme 
incubation was performed at room temperature, 120 RPM for 3 h. Error bars represent standard deviation 
from the mean from triplicates. * Indicates samples below detection limit of assay (~1-log CFU/mL). 
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Figure 4.7: Effect of EDTA on PlyPH activity against 107 CFU/mL B. cereus in culture supernatants. Enzyme 
incubation was performed at room temperature, 120 RPM for 3 h. Error bars represent standard deviation 
from the mean from triplicates. 

 

           4.2.4 Evaluation of potential biofilm formation 

  The experiments with actively growing cultures in AAM at 37°C and 220 RPM were 

performed for up to 72 h. S. aureus is prone to strong biofilm formation if incubated for more than 

24 h181, which could lead to trapping of the free cell biomass in the film, thereby causing 

underestimation of the viable cell count. Thus, the cultures were first subjected to detection of 

biofilm by crystal violet staining followed by quantification of the biofilm in order to determine 

the extent of biofilm formation and potential errors in the viable cell count. As shown in Figure 

4.8, there was a visible purple coloration observed in the positive control, indicating biofilm 

formation under stationary condition. However, no purple coloration was observed in either mono- 

or co-culture samples from any of the time points. This indicated that under 220 RPM shaking 

conditions, S. aureus and B. cereus did not form biofilm in mono- or co-cultures during the assay 

period. Results from quantification of biofilm by solubilizing the CV were consistent with the 
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results from qualitative biofilm detection. The OD550 nm of all the mono- and co-culture samples 

from 12, 24, 48 h points were comparable to the negative control (~0.01) without bacterial 

inoculation.  At 72 h, however, S. aureus biofilm was detected in the sample at OD550nm 0.09, but 

this was negligible in comparison to the positive control sample (OD550 nm ~0.3). 

(a) 12 h samples 

 

(b) 24 h samples 

 

      (c) 48 h samples 

 

(d) 72 h samples 

 

Figure 4.8: Crystal violet stained culture tubes from (a) 12 h, (b) 24 h, (c) 48 h, (d) 72 h time-points of S. aureus 
monoculture (S), B. cereus monoculture (B), and co-culture (C) growth in 3 mL AAM at 37°C, 220 PM shaking 
condition. The cultures were grown in 15 mL culture tubes. P indicates positive control of S. aureus 
monoculture incubated at 37°C without shaking, while N indicates negative control of AAM without bacterial 
inoculation. 
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4.3  Discussion 

 Under cell growth conditions, several factors could interfere with Lst and PlyPH activity 

against their target bacteria, with protease excretion into the medium being of key importance. 

Indeed, proteases were detected in the mono- and co-culture supernatants. There was an increase 

in the protease levels for all the cultures during active cell growth. The increase was especially 

dramatic for co-culture samples. The increase in co-culture protease levels at 24 h may be due to 

a protective response of B. cereus to the presence of S. aureus, as B. cereus in monoculture 

ultimately produced a relatively high protease level at 48 h. High protease levels detected in the 

co-culture and B. cereus monoculture supernatants may be indicative of B. cereus pathogenesis 

182. In any event, addition of protease inhibitor cocktail to the supernatant resulted in enhanced Lst 

and PlyPH activity. Further, we demonstrated that the presence of an actively growing B. cereus 

created competition and ultimately limitation of glucose in the co-culture that inhibited optimal 

growth of S. aureus. While S. aureus was still viable in the culture despite the nutrient competition, 

we may expect to see a drop in the viability over extended period of co-culture growth. This could 

lead to a misleading conclusion about enzyme activity in co-cultures. Thus, it may be necessary to 

ensure viability of community members and check for nutrient limitation while evaluating the 

antimicrobial effect of lytic enzymes in a bacterial co-culture. Finally, we ascertained whether 

potential biofilm formation could result in an underestimate of measured viable cell numbers, as 

bacteria present in a biofilm would not be counted if only cells suspended in supernatants are 

collected and assayed. However, minimal biofilm formation occurred during the course of the 

incubations perhaps as a result of the shaking conditions. 
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4.4  Materials and methods 

4.4.1 Bacterial strains, media and growth conditions 

Staphylococcus aureus ATCC 33807 and Bacillus cereus ATCC 4342 were propagated in TSB at 

37°C, 220 RPM for 24 h and stored as 20% glycerol stocks at -80°C. The glycerol stocks were 

streaked on TSB agar media plates. A single isolated colony was picked, inoculated in 3 mL TSB 

and grown in TSB at 37°C, 220 RPM for 14 h. AAM and the selective media plates (Mannitol Salt 

Agar and M9+ with 1% sucrose) was prepared as described in Section 3.4.3. 

       4.4.2 Evaluating inhibition of B. cereus on S. aureus growth 

 S. aureus and B. cereus mono- and co-cultures inoculated at 105 CFU/mL per bacterium were 

grown in 3 mL AAM at 37°C and 220 RPM shaking as described in Section 3.4.5. At 12 or 24 h 

after inoculation, the 3 mL cultures were centrifuged at 15,000 x g for 2 min. The supernatant was 

collected and filter sterilized using a 0.22 µm syringe filter. To study inhibition of S. aureus growth 

by B. cereus, 1.5 mL of B. cereus supernatants from 12 and 24 h cultures were mixed with 1.5 mL 

of fresh AAM, or 300 µL of B. cereus supernatant was mixed with 2.7 mL of fresh AAM to prepare 

1:1 and 1:9 dilutions, respectively. S. aureus adapted in AAM was inoculated in the undiluted B. 

cereus supernatant, the 1:1 and 1:9 AAM dilutions, and fresh AAM at 105 CFU/mL. The cultures 

were grown at 37°C and 220 RPM for 18 h. The samples were then serially diluted and spread-

plated onto TSB agar plates and to determine viable colony counts at different time points. 

   4.4.3 Protease detection in culture supernatants 



 

 
59 

 

 S. aureus and B. cereus mono- and co-culture supernatants from 12, 24 and 48 h were collected 

and subjected to a protease fluorescence detection protocol (Sigma). Supernatant (10 µL) was 

mixed with 20 µL of each incubation buffer and FITC-casein substrate available in the detection 

kit. A positive control sample was prepared by mixing 10 µL of a 20 µg/mL trypsin stock solution 

in HCl with 20 µL of each incubation buffer and FITC-casein. A blank sample was prepared by 

mixing 10 µL Milli-Q water with 20 µL of each incubation buffer and FITC-casein. The samples 

were incubated in the dark at 37°C for 12 h. A solution of 150 µL of 0.6 N trichloroacetic acid 

(TCA) was added to each sample and the samples were incubated in the dark at 37°C for 30 min 

to quench the protease reaction. The samples were centrifuged at 9,500 x g for 10 min to remove 

undigested FITC-casein. Then, 2 µL of the supernatant was mixed with 200 µL assay buffer in a 

black 96-well plate (Costar). Sample fluorescence was measured at 485 nm/535 nm 

(excitation/emission) wavelengths. 

      4.4.4 Measurement of enzyme activity in presence of protease inhibitor 

 The effect of added protease inhibitor was measured by testing Lst and PlyPH activity against 

monoculture S. aureus and B. cereus, respectively, in the presence of culture supernatants 

supplemented with protease inhibitor cocktail. For collecting the supernatants, S. aureus and B. 

cereus mono- and co-cultures in AAM were grown as described in Section 3.4.5. At 12 and 24 h 

after inoculation, the cultures were centrifuged at 15,000 x g for 2 min and the supernatants were 

collected and filter sterilized using 0.22 µm syringe filter.  S. aureus and B. cereus cells used for 

this assay were prepared by harvesting S. aureus and B. cereus at OD600 0.8 from their subcultures 

in TSB as described in Section 3.4.4. The harvested cells were washed and resuspended in 1 mL 

of collected supernatant to a final concentration of 108 CFU/mL. Lst and PlyPH activities were 
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tested against 107 CFU/mL of S. aureus and B. cereus, respectively, by adding 20 µL of the 108 

CFU/mL cell stock in a sterile round bottom 96-well plate. Supernatants (12 and 24 h) of mono- 

and co-cultures in AAM were added separately to S. aureus and B. cereus cells. For protease 

inhibitor-treated samples, 10 µL of protease inhibitor cocktail for bacterial cells (Sigma, Product 

number P8465) was added to the samples in each well. Lst was added to S. aureus cells at 0.1, 1, 

10 and 100 µg/mL while PlyPH was added to B. cereus cells at 1, 10 and 100 µg/mL, to a total 

volume of 200 µL. Cells were incubated with enzyme in the presence of supernatant or supernatant 

and protease inhibitor (5% v/v) for 3 h at room temperature with shaking at 120 RPM. Enzyme 

activity was also measured in the presence of AAM or AAM + protease inhibitor as a control. The 

samples were serially diluted and spread-plated onto TSB agar plates and incubated for 18 h at 

37°C to determine viable colony counts. 

     4.4.5 Qualitative and quantitative biofilm detection 

 S. aureus and B. cereus mono- and co-cultures were grown in 3 mL AAM (in 15 mL glass 

culture tubes) at 37°C, 220 RPM shaking as described above. Samples from 12, 24, 48 and 72 h 

were tested for biofilm formation in the culture tubes according to Christensen et al. (1982)183. S. 

aureus monoculture in AAM grown at 37°C and with no shaking served as a positive control, 

while 3 mL AAM without bacterial inoculation incubated at 37°C served as the negative control. 

Briefly, at these time points, the planktonic cultures were discarded from the tube. The tubes were 

washed twice with 3 mL PBS, inverted and dried completely. Three milliliters of 0.1% crystal 

violet (CV) stain was added to each tube and incubated at room temperature for 15 min. Excess 

stain was washed with 3 mL PBS and the tubes were inverted and dried completely. The tubes 

were assessed for purple lining along the walls of the tube as an indicator of biofilm formation.  
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 The stained tubes were used for biofilm quantification according to the method of O’Toole 

(2011).  Three milliliters of 33% (v/v) acetic acid solution was added to the stained tubes and 

incubated for 10 min at room temperature to solubilize the CV. The samples were then vortexed 

and their optical density (OD) was measured at 550 nm. Acetic acid solution was used as a blank 

for OD measurement. 
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5. INFLUENCE OF BACTERIAL CULTURE MEDIA ON 
PEPTIDOGLYCAN BINDING OF CELL WALL LYTIC 

ENZYMES 
 

5.1 Introduction 

 Gram-positive bacteria comprise a broad array of human pathogens that impact human health, 

including Staphylococcus aureus, Enterococcus faecium, Streptococcus pneumoniae, Clostridium 

difficile, Bacillus cereus, Listeria monocytogenes, among others. For many organisms, there has 

been a rapid rise in drug resistant strains that restrict therapeutic interventions185 . Such gained 

resistance, and lack of suitable alternative antimicrobial strategies186, has increased the morbidity 

and mortality of bacterial infections187. A solution to gained antibiotic resistance is to target 

specific bacterial structural components where mechanisms to overcome the antimicrobial agent 

are either non-existent or poorly effective188. A particularly appropriate structural feature is the 

cell wall peptidoglycan189, which is targeted by cell wall lytic enzymes.    

 The peptidoglycan of Gram-positive bacteria is typically thick and highly cross-linked. The 

peptidoglycan maintains cell shape, integrity and turgor pressure8 and provides protection to the 

cell against physical and chemical disruption9. Since the peptidoglycan plays a key role in Gram-

positive bacterial survival, it has served as a promising target for development of antimicrobials. 

Conventionally, b-lactam and glycopeptide antibiotics have been used to target the bacterial cell 

wall, exerting bactericidal action by inhibiting peptidoglycan biosynthesis190. However, rapid and 

broad-based resistance against these antibiotics have occurred, as, for example, evidenced by the 

prevalence of methicillin-resistant S. aureus129 or vancomycin-resistant enterococci191.  
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 As opposed to small molecules that target cell wall biosynthesis, cell wall lytic enzymes are 

narrow-spectrum antimicrobials that cause bacteriolysis by hydrolyzing bonds within the 

peptidoglycan. They also have a low propensity of resistance development49 making them 

promising alternative bactericidal agents against Gram-positive bacteria. Bacteriolysins, 

autolysins, endolysins and virion-associated lysins (VALs) are four major classes of cell lytic 

enzymes. The former two encoded by bacteria and the latter two encoded by bacteriophages1. 

Typically, lytic enzymes against Gram-positive bacteria have a modular architecture, where an N-

terminal catalytic domain (CD) responsible for peptidoglycan cleavage is linked to a C-terminal 

cell binding domain (CBD)192 via a flexible peptide linker. The narrow-spectrum activity of lytic 

enzymes arises from the ability of the CBD to recognize with high affinity and fidelity specific 

epitopes on the peptidoglycan including carbohydrate moieties, teichoic acid components, choline, 

and peptide moieties193. Importantly, lytic enzymes are highly effective against multidrug-resistant 

Gram-positive bacteria, and several have been used clinically10,12.  

 However, lytic enzymes often have reduced effectiveness in the presence of growth media, 

which limits their broader effectiveness. To address this concern, we have focused herein on the 

behavior of lytic enzymes from two distinct classes in the presence of increasingly complex media. 

Specifically, we have examined the bacteriolysin lysostaphin (Lst) against S. aureus and the 

endolysin PlyPH against B. cereus. Lst is a modular bacteriolysin derived from Staphylococcus 

simulans with Zn2+ dependent metallo-endopeptidase activity. The enzyme selectively cleaves the 

pentaglycine bridge connecting peptide stems in S. aureus peptidoglycan by recognizing the bridge 

from the groove between b1 and b2 strands of the eight b-strands of its SH3b binding domain194. 

Lst has potent activity against planktonic and biofilm-associated S. aureus in vitro171 and in vivo 

against methicillin-resistant (MRSA)195 and vancomycin-intermediate (VISA) S. aureus. PlyPH is 
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a modular endolysin acting against B. anthracis and related Bacillus species including B. cereus, 

with an N-terminal muramidase-like CD174 and a C-terminal CBD. Although the specific binding 

epitope on the Bacillus cell wall has not been characterized for PlyPH, it is predicted that it 

recognizes a specific polysaccharide epitope on the target cell wall22.  

 Lst and PlyPH have been characterized extensively for their antimicrobial activity under 

various physicochemical conditions in vitro. However, the activity of both the enzymes is reduced 

under bacterial growth supporting conditions. This is consistent with nearly all lytic enzymes that 

have been characterized. Although several lytic enzymes have shown in vivo efficacy in mouse 

infection models, some lytic enzymes such as Cpl-117 and LysGH15196,197, were ineffective when 

added few hours after bacterial inoculation. This suggests inhibition of lytic enzyme activity in 

vivo, i.e., in presence of bacterial growth supporting conditions.  Similarly, Lst against S. aureus171, 

PlyPH against B. cereus and CD11 against Clostridium difficile42, Lys170 against Enterococcus 

faecalis105, and SsaALP-LBD against S. aureus198 have shown poor or nearly no activity in the 

presence of growth media as opposed to vigorous antimicrobial activity in simple buffer solutions. 

We previously demonstrated that Lst and PlyPH were sensitive to the nutrient complexity of the 

medium. For both enzymes, bactericidal activity in the defined growth medium AAM was reduced 

by ~2-logs compared to phosphate buffered saline (PBS)199.  

 A key question, then, is whether poor lytic enzyme activity is a result of poor peptidoglycan 

hydrolysis activity and/or poor CBD binding to the peptidoglycan. These two functions are related. 

For several lytic enzymes, the CBD is required or enhances catalytic activity, e.g., with endolysins 

PlyB200, Cpl-1 and Cpl-7201, and PlyPSA202. Based on these previous studies, we hypothesize that 

the presence of complex growth medium interferes with CBD binding to its peptidoglycan target. 
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To test this hypothesis with Lst and PlyPH, two entirely distinct cell lytic enzymes, we examined 

both catalytic and binding activities in PBS, defined growth medium AAM, and an undefined 

complex medium, tryptic soy broth (TSB). Log-reduction of viable cell count and rate of cell lysis 

as well as binding kinetics (using the enzymes’ isolated non-catalytic CBDs) are examined, the 

latter quantified through binding isotherms obtained via Surface Plasmon Resonance (SPR) and 

flow cytometry. 

5.2  Results 

 Our core hypothesis is that the presence of complex growth medium interferes with the lytic 

enzyme CBD binding to its peptidoglycan target. To test this hypothesis, we chose two cell lytic 

enzymes with distinct peptidoglycan targets. Lst, PlyPH as well as their CBDs are readily 

expressed in soluble and active form in E. coli BL21(DE3)57,203. Thus, they represent excellent 

model enzymes and respective binding domains for this study. Three model culture media were 

used with increasing complexity: PBS, AAM and TSB. The latter was chosen due to its rich 

nutrient composition that promotes rapid bacterial proliferation. AAM was chosen as a defined 

medium with nutrient complexity intermediate of PBS and TSB that supports both S. aureus and 

B. cereus growth. 

  5.2.1 Lst and PlyPH activity in media with varying nutrient complexity 

 We first investigated the variation in killing activity of Lst and PlyPH in the three-model media. 

Lytic activity was characterized both by the reduction in viable plate count of 107 CFU/mL S. 

aureus and B. cereus incubated with Lst and PlyPH, respectively, for 3 h, and the rate of cell 

killing. The latter was calculated as the slope of the time-dependent linear region of OD600 

reduction for each sample (Figure 5.1 and 5.2). Lst killed S. aureus in all three media in a 
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concentration-dependent fashion. Over a period of 3 h (Figure 5.3a), Lst catalysis resulted in more 

than 6 log-kill of the 107 CFU/mL S. aureus challenge in PBS, even at 1 µg/mL However, the 

antimicrobial activity was reduced significantly in the presence of AAM or TSB, where at least 10 

µg/mL Lst was required to obtain ~3-log reduction in S. aureus in these media. Thus, in the growth 

media, Lst demonstrated activity comparable to PBS only at high concentrations. Interestingly, Lst 

activity was comparable in AAM and TSB, despite the difference in nutrient complexity. The rate 

of S. aureus lysis was also medium and enzyme concentration dependent (Figure 5.3c). At all Lst 

concentrations, the maximum rate of cell lysis was obtained in PBS. For example, at 10 µg/mL 

Lst, the rate of cell lysis was approximately 2- and 4-fold higher for PBS vs. AAM and TSB, 

respectively. Only at 100 µg/mL Lst did the rate of cell lysis in the growth media approach the rate 

of cell lysis observed in PBS. 

 PlyPH activity against B. cereus was extremely sensitive to medium complexity (Figure 5.3b). 

While 1 µg/mL PlyPH resulted in a 5-log reduction in 107 CFU/mL B. cereus challenge in PBS, 

the bactericidal activity was significantly inhibited in the presence of both AAM and TSB.  Rather, 

some B. cereus growth was observed in growth media AAM and TSB (Figure 5.2) While some 

limited concentration-dependent increase in bactericidal activity was observed in AAM, leading 

to approx. 2-log reduction in B. cereus at 100 µg/mL PlyPH, there was no observed activity in 

TSB. Consistent with this, the rate of cell lysis was more than 4-fold faster in PBS (Figure 5.3d) 

and minimal cell lysis was observed in both the growth media. It should be noted that there was a 

difference in the duration of the plating (3 h) and OD600 (1.5 h) assays, and thus, some killing was 

observed in the plating assay, particularly in AAM, at extended times.  
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Figure 5.1: Activity of Lst against S. aureus measured by reduction in OD600 of S. aureus culture over 1.5 h at 
room temperature with the OD600 measured every 30 s. Activity of 1, 5, 10, 50 and 100 µg/mL Lst was tested in 
the presence of PBS, AAM and TSB. 

 

 

Figure 5.2: Activity of PlyPH against B. cereus measured by reduction in OD600 of B. cereus culture over 1.5 h 
at room temperature with the OD600 measured every 30 s. Activity of 1, 5, 10, 50 and 100 µg/ml PlyPH was 
tested in the presence of PBS, AAM and TSB. 
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Figure 5.3: Variation in lytic activity of Lst and PlyPH in PBS, AAM and TSB. The antimicrobial activity was 
determined by measuring reduction in viable count (CFU/mL) of (a) S. aureus by Lst treatment and (b) B. 
cereus by PlyPH treatment for 3 h at room temperature and 120 RPM shaking. Arrows indicate detection limit 
of the assay (~1-log CFU/mL). Lst (c) and PlyPH (d) activity respectively determined by measuring the slope 
of reduction in OD600 of bacterial culture for 1.5 h at room temperature. Error bars represent standard 
deviation of triplicate samples. 

  5.2.2 Effect of the growth medium on Lst and PlyPH binding kinetics 

 Both Lst and PlyPH possess a C-terminal CBD. To investigate whether reduced Lst and PlyPH 

activity in AAM and TSB vs. PBS was due to reduced CBD binding to the peptidoglycan, the 

binding kinetics of isolated Lst and PlyPH CBD, referred to as LBD and PBD, respectively, in the 

various media were determined. Real-time binding kinetics of LBD and PBD (without fluorescent 

fusions) were measured using SPR by immobilizing whole biotinylated S. aureus and B. cereus 

cells (ligands) on streptavidin-coated SA sensor chips and passing LBD and PBD as the analytes. 

PBS, AAM and TSB were used as running buffers and as dilution media for LBD and PBD to 

measure binding kinetics. Isolated CBDs were used instead of full-length Lst and PlyPH to avoid 
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cell lysis that could interfere with binding measurements. As controls, LBD binding with 

immobilized B. cereus and PBD binding with immobilized S. aureus were also evaluated to ensure 

lack of non-specific binding. In these controls, no change in sensogram responses was observed, 

thereby indicating lack of binding (data not shown). In these experiments, rates of association (kon) 

and dissociation (koff), as well as the equilibrium binding constant (KD) were determined. 

 Interestingly, based on SPR sensograms (Figures 5.4 and 5.5), LBD-S. aureus binding 

parameters were comparable in all three media, indicating that the medium did not restrict access 

of LBD binding to the bacterial peptidoglycan (Table 5.1). Specifically, KD, kon and koff values 

each were within approx. 2-fold among the three media. An entirely different outcome was 

obtained for PBD-B. cereus binding parameters, which did vary significantly with media 

composition (Table 5.2). The KD value in PBS was approx. 3,300-fold lower (tighter binding) than 

in TSB, with an intermediate value in AAM. In particular, the kon value in TSB is extremely slow 

compared to either PBS or AAM, while the koff value was similar to those for PBS and AAM. Such 

a slow rate of association may indicate significant restriction of the PBD being able to access the 

B. cereus peptidoglycan.  
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Figure 5.4: Surface Plasmon Resonance sensograms for Lst binding domain (LBD) binding with S. aureus in 
the presence of (a) PBS (b) AAM (c) TSB at 25°C. 
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Figure 5.5: Surface Plasmon Resonance sensograms for PlyPH binding domain (PBD) binding with B. cereus 
in the presence of (a) PBS (b) AAM (c) TSB at 25°C. 
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Table 5.1: SPR-based binding parameters for LBD and PBD binding with whole S. aureus and B. cereus cells. 
(a) S. aureus – Lst binding domain (LBD) parameters. (b) B. cereus – PlyPH binding domain (PBD) parameters. 

(a) Lst vs. S. aureus 

 PBS AAM TSB 

kon (1/Ms) 8.6 x 103 1.4 x 104 1.4 x 104 

koff (1/s) 2 x 10-3 1.7 x 10-3 2.5 x 10-3 

KD (M) 2.4 x 10-7 1.2 x 10-7 1 x 10-7 

 

(b) PlyPH vs. B. cereus 

 PBS AAM TSB 

kon (1/Ms) 1239 ± 282.1 1733 ± 642 7.7 ± 6.3 

koff (1/s) 2.6x10-4  ± 2.3x10-5 1.7 x 10-5 ± 1.4 x 10-3 6.8 x 10-4 ± 1 x 10-4 

KD (M) 2.7x10-7 ± 2.3x10-7 3 x 10-9   ± 10-9 8 x 10-5 ± 1x10-5 

 

  5.2.3 CBD cell wall binding efficiency 

 The combination of binding kinetics and total fraction of CBD bound to a target cell provides 

a measure of the efficiency of CBD binding to the cell wall. Flow cytometry provided a useful 

method to measure CBD binding using the fluorescent GFP-CBD fusions. To this end, each 

fluorescent fusion protein (EGFP-LBD and GFP-PBD) was incubated with its target bacterium for 

3 h in PBS, AAM and TSB. The unbound protein was removed by washing the cells in PBS and 

the fluorescence signal representing the amount of bound protein was measured using a flow 

cytometer.  A negative control sample was included in which the cells were not treated with a 

fluorescent CBD. The 3 h incubation period was chosen to be consistent with the antimicrobial 
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plating assay. Histograms for EGFP-LBD binding to S. aureus and GFP-PBD binding to B. cereus 

in the three media were generated (Figure 5.6 and 5.7), measuring the distribution of the GFP 

signal amongst the population of cells. For both S. aureus and B. cereus, there is an increased shift 

in the signal with increased CBD concentration as compared to the negative control in PBS. 

However, the shift in fluorescence signal reduced in the presence of AAM and TSB for both the 

CBDs. This was evident in the presence of TSB, where GFP-PBD signal did not change between 

5 and 10 µg/mL, indicating no significant change in bound PBD above 5 µg/mL. The mean 

fluorescence intensity of each sample was also measured (Table 5.3 and 5.4). The variation of the 

mean fluorescence intensity across the samples was also consistent with the shift in fluorescence 

signal. 

Table 5.2: Mean fluorescence intensities of EGFP-LBD to S. aureus. 

EGFP-LBD  

(µg/mL) 

PBS AAM TSB 

1 134 72.5 261 

5 597 132 403 

10 1561 157 679 
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Table 5.3: Mean fluorescence intensities of GFP-PBD to B. cereus. 

GFP-PBD  

(µg/mL) 

PBS AAM TSB 

1 543 367 259 

5 524 512 398 

10 1005 581 374 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
75 

 

 

 

 

 

Figure 5.6: Flow cytometry analysis of EGFP-LBD binding to S. aureus in presence of (a) PBS (b) AAM and 
(c) TSB. EGFP-LBD was incubated with S. aureus cells for 3 h at room temperature and 120 RPM. 

 

Negative control 10 µg/mL1 µg/mL 5 µg/mL
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(b) 
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Figure 5.7: Flow cytometry analysis of GFP-PBD binding to B. cereus in presence of (a) PBS (b) AAM and (c) 
TSB. GFP-PBD was incubated with B. cereus cells for 3 h at room temperature and 120 RPM. 

Negative control 10 µg/mL1 µg/mL 5 µg/mL

(a) 

(b) 

(c) 
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Using this data, we determined the effect of medium on fraction of cells population with bound 

CBD (Figure 5.8). This was calculated as a percentage of 100,000 events or cells displaying 

fluorescence intensity against the negative control and provided a measure of CBD binding 

efficiency to a fixed cell population. For both EGFP-LBD and GFP-PBD there was an increase in 

the fluorescent population with increasing CBD concentration in all the media (Figure 5.8). As 

expected, there was a decline in the fluorescent population in growth media as compared to PBS 

for both proteins, with maximum fluorescent population in PBS.  At 10 µg/ml EGFP-LBD (Figure 

8a), the positive S. aureus population in AAM was 2.8-fold lower, while in TSB it was 4.6-fold 

lower as compared to PBS (Figure 5.8a), indicating a medium-dependent decrease in LBD binding. 

Surprisingly, Lst killing activity in TSB and AAM were comparable, while clearly there is a 

reduction in LBD binding in TSB as compared to AAM. At 10 µg/mL GFP-PBD, the positive B. 

cereus population was 3.5-fold lower in AAM and 17-fold lower in TSB as compared to PBS at 

the end of 3 h incubation (Figure 5.8b), confirming inhibition of PBD binding in the presence of a 

complex medium. Further, the positive B. cereus population does not increase significantly beyond 

5 µg/mL GFP-PBD in AAM and TSB, indicating saturation in the total protein binding. This 

behavior was consistent with the lack of concentration-dependent PlyPH killing activity in growth 

media.  
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Figure 5.8: Variation in the percentage of bacterial population with bound fluorescent protein in PBS, AAM 
and TSB. (a) S. aureus- EGFP-LBD (b) B. cereus-GFP-PBD fluorescence signal after 3 h incubation at room 
temperature and 120 RPM shaking was measured using flow cytometry. Only single replicate information is 
available. 

5.3  Discussion 

Lst and PlyPH are promising highly selective lytic enzymes against their target bacteria. 

Previously, we demonstrated the ability of these enzymes to selectively eliminate S. aureus and B. 

cereus from their microbial community, when the cells were actively growing 199. This effort met 

with certain limitations including reduced Lst and PlyPH activity in cell growth conditions and 

presence of secreted proteases that deactivated the enzymes. In the present work, we further 

examined potential mechanisms leading to reduced effectiveness of cell lytic enzymes in growth 

media with increasing nutrient complexity. To that end, we included TSB as a complex medium 

besides PBS and AAM. The nutrient composition of TSB is richer as compared to both AAM and 

PBS, since it consists of tryptone and soytone besides salts and glucose.  

We first quantified the variation in Lst and PlyPH activity in the three media. Consistent with 

the literature, activity of both enzymes in growth media (AAM and TSB) was lower than PBS. 

The reduced activity could arise from changes in the substrate, i.e., target cell wall, medium 

components or the enzyme itself. Previously, few studies have explored the mechanism of lytic 

enzyme behavior in complex media. We showed that reduction of wall teichoic acids (WTA) after 
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addition of WTA inhibitor tunicamycin resulted in higher Lst activity against S. aureus in TSB204. 

This hinted at a change in the cell wall teichoic acid conformation in the presence of complex 

bacterial growth media that restricted the access of the lytic enzymes to the peptidoglycan. 

Complete blockage of WTA biosynthesis was achieved using CRISPR-dCas9 which 

downregulated tarO, tarH and/or tarG gene expression, leading to enhanced Lst activity in TSB. 

However, there have been no efforts to quantify lytic enzyme binding and corelate it to the catalytic 

activity.  

Therefore, we focused on the quantification of Lst and PlyPH binding affinity and rate of 

association to their target bacteria to elucidate the interdependence of binding and catalytic activity 

in bacterial growth media. This was achieved by characterizing the binding kinetics and binding 

efficiency of Lst and PlyPH CBDs. Previously, SPR was used to determine equilibrium binding 

constants for endolysins Ply500 and Ply118 against Listeria monocytogenes in presence of 

buffered conditions205 that do not support bacterial growth. We modified the SPR approach by 

using whole bacterial cells in the presence of growth media as the SPR running buffer to obtain 

real-time CBD binding kinetics. This enabled determination of variation in LBD and PBD binding 

constants and their association and dissociation rates in PBS, AAM and TSB.  

The SPR binding parameters for S. aureus-LBD binding were largely independent of the media 

composition. However, there was a significant reduction in Lst activity in the growth media. Flow 

cytometry analysis for S. aureus showed a decrease in bound LBD signal in AAM and TSB vs. 

PBS as well as a decrease in the total S. aureus population with bound LBD, indicative of reduced 

binding in the growth media. This is agreement with the reduction of maximum response in 

presence of AAM and TSB vs. in PBS. This may suggest reduction in the availability of binding 
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sites on S. aureus cell surface in going from buffer to complex media. However, this reduced LBD 

binding in growth media did not correlate strongly to reduction of Lst activity observed in the 

plating assay or the cell optical density assay. Specifically, in TSB, although the LBD-bound 

population after 10 µg/ml EGFP-LBD binding was more than 4.6-fold lower in TSB vs. PBS, Lst 

killing activity in TSB was only 2-fold lower vs. PBS. Rather, even in presence of AAM and TSB, 

Lst demonstrated dose-dependent target killing.  

Unlike LBD, PBD binding was highly sensitive to the medium composition. Specifically, the 

PBD association rate was approximately 200-fold lower in presence of TSB as compared to PBS 

and AAM. Interestingly, PBD koff was comparable in all the media. This suggested strong affinity 

of PBD towards B. cereus cell wall and that once PBD accesses the cell wall, irrespective of the 

medium, it does not dissociate easily. This is consistent with the proposed “irreversible” binding 

nature of endolysins107 to their target peptidoglycan. Further, from flow cytometry studies, there 

was no dose-dependent increase in either fluorescent B. cereus population or the mean 

fluorescence intensity of bound GFP-PBD on B. cereus surface. This indicated that the lack of 

dose-dependent PlyPH behavior to kill B. cereus could arise from the inability of PlyPH to 

dissociate from B. cereus surface. Irreversible binding would prevent free PlyPH molecules from 

binding and lysing target cells, thereby limiting overall cell killing. Conversely, LBD koff from S. 

aureus cells was 100-fold lower compared to PBD, indicating, LBD binding affinity is weaker as 

compared to PBD. This may reflect differences between a bacteriolysin and an endolysin. 

Additionally, reduction in PBD-B. cereus binding in growth media reflected in the flow cytometry 

analysis may suggest reduced availability of binding sites on B. cereus cell wall in growth media. 

This suggests that PlyPH lytic activity is strongly governed by its binding.  
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Overall, we demonstrated that Lst and PlyPH binding to their target cells is compromised in 

bacterial growth media possibly due to poor binding kinetics, variation in the binding capacity of 

the cell surface or accessibility of the enzymes to access their target peptidoglycan binding sites 

(Figure 5.9). Our results also highlight the functional differences between a bacteriolysin and 

endolysin (Figure 5.10). Lst naturally functions to externally kill S. aureus. The relatively 

reversible binding of a bacteriolysin to its cell wall target is critical to ensure maximum 

effectiveness to reduce the population of a predatory bacterium. In this context, the irreversible 

nature of an endolysin is critical to its natural function, which is to lyse cells from within at the 

end of the bacteriophage lytic cycle. If reversible bind were to occur, then the released endolysin 

would act on neighboring cells resulting in their lysis and reduce propagation of the bacteriophage. 

PlyPH is meant for degrading B. cereus peptidoglycan to allow for release of phage progeny while 

not causing extensive destruction of neighboring cells. Thus, for Lst, the CBD is responsible for 

providing specificity, while in case of PlyPH, CBD is essential for specificity and controlling 

catalytic activity. Our work provides a quantitative basis for this hypothesis and would be 

beneficial in designing strategies for exploiting lytic enzymes effectively in myriad applications.  
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Figure 5.9: Proposed causes for reduction in Lst and PlyPH activity in the presence of bacterial growth media 
– variation in the rate of association of the binding domain with bacterial cell wall and reduction in the 
availability of binding sites in transitioning from buffer to growth media. 

 

 

 

Figure 5.10: Difference in the binding of a bacteriolysin vs. an endolysin. Higher dissociation rates of 
bacteriolysin lead to reversible binding, while endolysins due to low koff bind irreversibly. Reversible binding 
allows the enzyme to target larger cell population unlike irreversible binding. 
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5.4  Materials and methods 

 5.4.1 Bacterial strains, media and growth conditions 

Staphylococcus aureus ATCC 33807 and Bacillus cereus ATCC 4342 were purchased from 

ATCC (Manassas, VA). Both strains were stored in 20% glycerol stocks at -80°C. Single isolated 

colonies of S. aureus and B. cereus, chosen from TSB agar plates streaked from the individual 

glycerol stocks, were inoculated in 3 mL TSB (MP Biomedicals) and grown under aerobic 

conditions for 14 h at 37°C with shaking at 220 RPM. AAM was prepared according to Rudin et 

al. (1974); however, 0.05% (w/v) glucose was used.  

  5.4.2 Expression and purification of Lst and PlyPH enzymes and their binding 

domains 

Lst and PlyPH were recombinantly expressed in Escherichia coli BL21(DE3) and purified as 

described in Bhagwat et al. (2019)199. Lysostaphin binding domain (LBD) was expressed 

according to Kim et al. (2019)57; however, the culture was induced only by addition of 1 mM IPTG 

and biotin was not added to avoid expression of an Avi-tag. Enhanced green fluorescence protein 

(EGFP)-tagged LBD was expressed according to Wu et al. (2018)173. PlyPH binding domain 

(PBD) and its fluorescent variant (GFP-PBD) were expressed and purified according to Mundra 

et al. (2015)203. 

  5.4.3 Optical density measurement 

Overnight cultures of S. aureus and B. cereus grown in TSB were subcultured by inoculating 

60 µL of the overnight culture individually into 3 mL fresh TSB. The subcultures were grown until 

OD600 reached 0.8 at 37°C and 220 RPM. The subcultures were harvested, washed twice in the 

test medium for the assay by centrifuging at 9,500 x g for 90 s at room temperature and then 
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resuspended in 1 mL test medium and adjusting the OD600 to 0.7.  The test medium used for the 

assays were sterile PBS, AAM, and TSB. Bacterial subcultures were further washed and 

resuspended in these test media containing various metal cations. The resuspended culture (200 

µL) in given test media was added to each well of a sterile flat-bottom 96-well plate (Greiner Bio-

One). Lst or PlyPH was added to the wells at 0, 1.0, 5.0, 10, 50 and 100 µg/mL. The OD600 of the 

samples was recorded using a plate reader (Molecular Devices) over 90 min at 30 s intervals with 

shaking every 5 s.  

  5.4.4 Antimicrobial plating assays  

Overnight cultures of S. aureus and B. cereus were grown in TSB as described above. The 

subcultures were grown until OD600 reached 0.8 at 37°C and 220 RPM followed by harvesting, 

washing twice in the test medium as described above, and then resuspending in 1 mL test medium 

(PBS, AAM, or TSB) to a final cell concentration of 108 CFU/mL. Twenty microliters of S. aureus 

or B. cereus monoculture stock was added to a round bottom 96-well plate. Lst was added to S. 

aureus monocultures at 0.1, 1.0, 10 and 100 µg/mL. Similarly, PlyPH was added to B. cereus 

monocultures at 1.0, 10 and 100 µg/mL. A no-enzyme control was included for all experiments. 

The remaining volume was adjusted using the test medium to a final working volume of 200 µL. 

The samples were incubated (120 RPM) at room temperature for 3 h against a working 

concentration of 107 CFU/mL of each bacterium. The samples were then serially diluted in PBS 

and 60 µL of the appropriate dilution was spread-plated onto TSB plates. The plates were 

incubated at 37°C for 18 h and the colonies were counted for determination of viable count and 

bacterial killing. 
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    5.4.5 Biotinylation of S. aureus and B. cereus cells 

Overnight cultures of S. aureus and B. cereus were grown in TSB as described above. 

Overnight cultures (200 µL) were inoculated in 10 mL fresh TSB individually and grown (220 

RPM) at 37°C until OD600 reached 0.5. The cells were harvested by centrifuging at 9, 500 x g for 

1.5 min at room temperature, washed twice and resuspended in 1 mL PBS, pH 7.4. One mg/mL of 

EZ-LinkTM Sulfo-NHS-biotin (Thermo Fisher Scientific) was added to the resuspended S. aureus 

and B. cereus cultures, gently mixed, and incubated on ice for 1 h. The cultures were then 

centrifuged at 9,500 x g for 1.5 min and the supernatants were discarded to remove excess 

unreacted NHS-SS-Sulfo biotin, washed twice, and then resuspended in 1 mL PBS. The cultures 

(180 µL) were aliquoted into microcentrifuge tubes and 20 µL of sterile glycerol was added to 

each tube to prepare 10% glycerol stocks and stored at -20°C until further use.  

   5.4.6 SPR 

Streptavidin-coated SA sensor chips were purchased from GE Healthcare. Whole biotinylated 

S. aureus and B. cereus cells were immobilized on the SA sensor chip by injecting the thawed 

biotinylated bacterial glycerol stock at 50 µL/min flow rate in presence of PBS as the running 

buffer. For each sample, there was a corresponding reference channel with no cells immobilized. 

For channels immobilized with S. aureus, 50 µL and 100 µL of 5 mM D-biotin was injected at 50 

µL/min on the sample and control channels, respectively, to block LBD non-specific binding to 

the streptavidin surface. For channels immobilized with B. cereus, there was no need for a blocking 

agent, as PBD did not show non-specific binding to the chip (Figure 5.11).  Measurement of 

binding in test medium was achieved by using the same medium as the running buffer for SPR 

experiments. LBD and PBD were injected as analytes at 1.0, 5.0, 10 and 20 µg/mL at 40 µL/min 
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and the sensograms were recorded using a BIACORE 3000 instrument. LBD and PBD were used 

as analytes to facilitate determination of binding kinetic parameters. The sensogram curves were 

fitted using the BIAevaluation software using the 1:1 Langmuir binding model to determine 

binding parameters.   

 

Figure 5.11:  Surface Plasmon Resonance assay configuration. Chemically biotinylated S. aureus and B. cereus 
cells were immobilized on streptavidin sensor chips. Lst and PlyPH binding domains were passed as analytes. 

    5.4.7 Measurement of protein binding by flow cytometry 

Overnight cultures of S. aureus and B. cereus in TSB were grown as described above. 

Subcultures of the bacteria were grown by inoculating 60 µL of the overnight culture in fresh 3 

mL TSB and growing at 37°C, 220 RPM until OD600 = 0.6. The subcultures were centrifuged at 

9,500 x g for 1.5 min, washed twice and resuspended in 1 mL of PBS, AAM or TSB. Aliquots of 

500 µL of the washed subcultures were removed. EGFP-LBD and GFP-PBD were added to S. 

aureus and B. cereus aliquots, respectively, at 1.0, 5.0 and 10 µg/mL. A negative control of each 
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cell type was included without addition of a CBD. The cultures were shaken at room temperature, 

120 RPM for 3 h. The cultures were then centrifuged at 9,500 X g for 1.5 min and the supernatants 

were discarded. The pellets with bound CBD were washed twice and resuspended in 500 µL PBS. 

The fluorescent signal of the cell bound GFP was measured using an LSRII flow cytometer 

(Becton Dickinson). 
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6. IDENTIFICATION OF BACTERIAL GROWTH MEDIA 
ASSOCIATED FACTORS AND CULTURE AGE 

AFFECTING LST AND PLYPH ACTIVITY 
 

6.1 Introduction 

 Cell wall lytic enzymes Lst and PlyPH exhibit selectivity and potent activity against target 

bacteria S. aureus and B. cereus respectively. However, as shown in Chapter 3 and 5, their activity 

is reduced in the presence of bacterial growth supporting environments, such as complex growth 

media. Chapter 5 highlighted the role decreased Lst and PlyPH binding plays in reduced activity 

observed in a complex growth medium such as TSB. This was evident from slow PlyPH binding 

or association kinetics in the growth medium and a gradual reduction in the binding capacity of 

cell surface with increase in medium complexity. The specific components of the growth medium 

that interfered with the enzyme binding and activity remained unclear. 

 In this chapter, we present preliminary work to identify of components in the growth medium 

that alter, i.e. enhance or reduce Lst and PlyPH activity compared to activity in buffer PBS. Amino 

acids, vitamins and other components such as enzymatic digests of soymeal or beef extract are the 

typical components of complex media including TSB. We focused on understanding the variation 

in the rate of cell killing in the presence of components found in representative complex media. 

Here, we studied the effect of soytone and casamino acids on Lst and PlyPH activity. Bacteria 

transition from lag to exponential to stationary phase in growth media. These changes in culture 

age could lead to changes in the cell wall morphology. Since lytic enzymes target cell wall, culture 

age-related changes in cell wall morphology could lead to altered susceptibility due to lytic 

enzymes. Thus, we also investigated the variation in rate of S. aureus and B. cereus killing due to 
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Lst and PlyPH with respect to culture age, specifically at exponential as well as early and late 

stationary phase. This information will provide further insight into behavior of lytic enzymes in 

the presence of bacterial growth supporting conditions. 

6.2  Results 

  6.2.1 Activity in the presence of complex media components 

 Complex growth media such as TSB have a rich nutrient composition. Unlike defined or 

minimal media, the components that increase their nutrient complexity include enzymatic digests 

or undigested soymeal, casein or even infusion and extracts from animal body parts besides salts 

or a saccharide moiety. In this chapter, we focused on identifying the components of complex 

growth media that inhibit Lst and PlyPH activity under bacterial growth supporting conditions. To 

that end, Lst and PlyPH activity were measured in the presence of two media components – 

casamino acids and soytone. Soytone is one of the major components of TSB, the complex medium 

used in binding study from Chapter 5. Casamino acids represent the amino acid component 

typically present in various growth media.  

    Lst demonstrated potent concentration-dependent activity against S. aureus in the presence of 

PBS as well PBS supplemented with 0.1% (w/v) casamino acids and soytone. Rather, the rate of 

S. aureus killing was 1.5-fold higher in presence of casamino acids at Lst concentrations above 10 

µg/mL (Figure 6.1a). Thus, either amino acids or complex components of growth media did not 

interfere with Lst activity. On the other hand, rate of B. cereus killing by PlyPH reduced in the 

presence of both casamino acids and soytone as by 4.3-fold and 15-fold respectively as compared 

to PBS (Figure 6.1b). Rather, in the presence of soytone, PlyPH did not exhibit any killing activity. 
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Thus, these results indicated that both amino acids and soytone reduced the rate of PlyPH 

antimicrobial activity. 

 

Figure 6.1: Variation in (a) Lst activity against S. aureus and (b) PlyPH activity against B. cereus in the 
presence of PBS and components of complex media such as casamino acids and soytone measured as rate 
of cell killing at room temperature for 1.5 h. Error bars represent standard deviation from mean of 
triplicates. 

 

   6.2.2 Variation in activity with culture age 

 Change in the culture age with growth of S. aureus and B. cereus in growth media could 

possibly result in changes in the cell wall composition. Since, Lst and PlyPH target cell wall 

components, cell wall susceptibility due to these enzymes may be affected by the age of S. 

aureus and B. cereus cultures. In order to study the effect of culture age, we studied the 

variation in Lst and PlyPH activity against their target cells from three different growth stages, 

exponential, early stationary and late stationary phase of subcultures grown in TSB. The 

activity was studied in terms of slope of reduction in the OD600 of S. aureus and B. cereus 

cultures in PBS.  

 Lst was active against S. aureus from all growth stages, with comparable rate of killing at 
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3-fold against S. aureus from late stationary phase as compared to early stationary or 

exponential phase cells. PlyPH activity was highly sensitive to the age of B. cereus culture 

(Figure 6.2b). At all PlyPH concentrations, maximum rate of killing was observed with early 

stationary B. cereus cells, lowest rate against B. cereus from late stationary and an intermediate 

rate of killing against exponential phase B. cereus cells. Specifically, at 1 µg/mL PlyPH, the 

rate against early stationary B. cereus was 20-fold higher as compared to exponential phase 

cells. Both Lst and PlyPH activity reduced against late stationary phase target cells.  

 

Figure 6.2: Variation in (a) Lst activity against S. aureus and (b) PlyPH activity against B. cereus in the 
presence of PBS against cells from different stages of cell growth measured as rate of cell killing at room 
temperature for 1.5 h. Error bars represent standard deviation from mean of triplicates. 

6.3 Discussion 

 Protein-rich components make complex media nutritionally richer and promote rapid bacterial 

growth as compared to defined or minimal media. Minimal media usually consist of metal cation 

salts and a sugar (carbon source). Therefore, complex media allow for rapid bacterial growth, i.e. 

bacteria have shorter lag phase in complex media as compared to minimal growth media. While, 

the protein rich components support bacterial growth, they could potentially interfere with lytic 
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enzyme activity. Here, we focused on studying the contribution of protein-rich components 

towards reducing Lst and PlyPH activity against their target bacteria.  

 Lst activity against S. aureus was not compromised in the presence of either casamino acids 

or soytone. Rather, there was a concentration-dependent increase in its killing rate. The 

concentration-dependent behavior is consistent with Lst activity observed in all the media tested 

throughout the thesis. Thus, these components may not interfere with Lst activity. On the other 

hand, PlyPH killing rate was observed to be lower in the presence of both casamino acids and 

soytone. Amino acids are ubiquitously present in complex media, and in some defined media such 

as AAM. Soytone is one of the major components of TSB. Thus, this suggests that the protein 

components of a complex medium could be responsible for reducing PlyPH killing kinetics. 

Casamino acids consist of enzymatically digested casein residues. Possibly, the peptide moieties 

in digested casein, could be interfering with PlyPH activity. The precise mechanism of interference 

of protein components with lytic enzyme, particularly, endolysin PlyPH activity is yet unknown, 

and could be of further interest in understanding lytic enzyme behavior in complex media. As 

concluded from Chapter 5, PlyPH activity is strongly governed by its binding. Thus, it may be 

valuable to investigate the effect of protein components of growth media on PlyPH binding.  

 The rate of cell killing for both enzymes was significantly lower against late stationary phase 

cells as compared to exponential phase cells. Since Lst is a bacteriolysin, it is highly potent against 

actively dividing cells. Since late stationary S. aureus cells do not divide actively, the decrease in 

Lst activity is not surprising. Previously, PlyPH was shown to be less effective against stationary 

phase Bacillus anthracis cells as compared to  exponential phase cells174. Thus, lower rate of late 

stationary B. cereus killing by PlyPH is consistent with the literature. The early stationary phase 
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represents a transition from actively growing exponential to growth-saturated stationary phase.  

Thus, the early stationary phase includes some actively dividing cell population. Hence, possibly 

S. aureus killing rate due to Lst in exponential phase and early stationary phase was comparable. 

However, for endolysin PlyPH, the rate of B. cereus killing was the highest against early stationary 

phase cells. Natively, endolysins act against bacterial cells towards the end of phage lytic cycle, 

i.e. when the cells have ceased to be metabolically active. The early stationary phase of B. cereus 

possibly captured such a cell population, leading to higher killing rate. Variation in killing rate 

across different culture ages may suggest variation in the cell wall morphology affects enzyme 

killing activity. Thus, there is a need to quantify variation in enzyme binding to cells of different 

culture ages.  

 Overall, this section provides an insight into the role of bacterial growth medium associated 

factors such as protein components or culture age in altering lytic enzyme activity. This work 

would be further useful in identification of other factors responsible for reducing lytic enzyme 

activity in growth media.  

 6.4 Materials and methods 

   6.4.1 Bacterial strains, media and growth conditions 

 S. aureus and B. cereus strains used in this study and growth conditions are identical as 

described in Section 5.4.1.  

   6.4.2 OD600 measurement 

 Recombinantly expressed and purified Lst and PlyPH199 were used for determination of 

reduction in the optical density of S. aureus and B. cereus. The assay for reduction in OD600 of 
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the cultures was conducted in a similar fashion as described in section 5.4.3. For studying 

variation in the enzyme activity with complex media components, filter-sterilized 0.1% (w/v) 

casamino acids (MP Biomedicals) and heat-sterilized 0.1% (w/v) soytone (Sigma-Aldrich) 

supplemented to PBS were used for harvesting, washing and resuspending bacterial cells. For 

studying the effect of culture age on enzyme activity, S. aureus and B. cereus overnight cultures 

in TSB were subcultured in 3 mL TSB and aerobically grown at 37°C, 220 RPM till OD600 

reached 0.8 (exponential), 1.5 (early stationary) and 1.7 (late stationary). Cells from different 

growth stages were harvested, washed and resuspended in 1 mL PBS and the OD600 was 

adjusted to 0.7 before further use.  
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7. CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 Conclusions 

 Typically, lytic enzyme activity characterization is done against single target bacterial species 

in the presence of buffers that do not support bacterial growth. However, in this thesis work, we 

aimed at understanding lytic enzyme behavior under two relatively under-explored conditions, i.e. 

in the presence of a microbial consortium and in bacterial growth-supporting conditions. Human 

body as well as the environment are associated with natural microbial communities. The 

environments where these communities thrive typically support the growth of bacteria via 

providing nutrients. Thus, both the conditions are relevant for advancing lytic enzymes for 

therapeutic and decontamination applications.  

 The first goal described in the thesis was to study the impact of lytic enzyme-mediated selective 

pathogen removal on a microbial consortium. The work towards this goal was described in Chapter 

3. To that end, lytic enzymes Lst and PlyPH were employed for performing targeted killing of 

human skin-associated bacteria S. aureus and B. cereus. First, we assessed Lst and PlyPH activity 

against monocultures of target bacteria in three media conditions, i.e. in the standard buffer PBS, 

growth medium AAM and human skin-relevant artificial sweat (AS). Both the enzymes exhibited 

antimicrobial activity in the three media, although, reduction in activity was observed with increase 

in media complexity in going from PBS to AS to AAM. Further, Lst and PlyPH activity was 

characterized in a microbial consortium of S. aureus and B. cereus, which was represented in two 

ways: a bacterial mixture with no cell growth and a co-culture in AAM with active cell growth.  

Portions of this chapter have been submitted to: Bhagwat, A., Mixon, M., Collins, C.H. & Dordick, J.S., Cell wall lytic enzymes: 
opportunities and challenges beyond non-therapeutic applications. Appl. Microbiol.  Biotech. (2020) 



 

 
96 

 

 Lst and PlyPH demonstrated exquisite selectivity towards their target bacteria in the mixture 

and co-culture. Lst and PlyPH also did not alter the growth of non-target species in the co-culture, 

indicating that lytic enzymes have the potential to selectively remodel a microbial community. In 

the co-culture, activity was assessed for 48 h after lytic enzyme treatment in order to study long-

term response of a microbial community to selective pathogen removal. While in the non-growing 

mixture, Lst and PlyPH activities were not impacted by the presence of non-target bacteria, the 

enzyme activities were negatively impacted by active cell growth in co-culture. Lst activity could 

be improved by increasing its concentration, however, endolysin PlyPH activity was severely 

inhibited and showed no improvement due to increased protein concentration. After a 4-log and 

1.5-log CFU/mL decrease in S. aureus and B. cereus viability in the co-culture due to Lst and 

PlyPH treatment respectively, there was a recovery in both S. aureus and B. cereus growth.  

 Thus, in Chapter 4, we focused on identifying various factors associated with the S. aureus and 

B. cereus co-culture that affect lytic enzyme activity. We hypothesized that products of S. aureus 

or B. cereus growth, specifically proteases, in the co-culture interfere with Lst and PlyPH activity. 

To that end, first, protease secretion was quantified in the S. aureus and B. cereus mono- and co-

culture supernatants, with significantly higher protease levels observed in the co-culture. Further, 

enhanced Lst and PlyPH activity in the supernatants after addition of protease inhibitor cocktail 

confirmed inhibitory effect of proteases on the lytic enzyme activity. This suggests that growth-

associated products from either target or non-target species in a microbial community can alter 

lytic enzyme activity.  

 In the final part of this thesis, detailed in Chapter 5 and 6, we focused on addressing the concern 

of reduced Lst and PlyPH activity in the presence of bacterial growth- supporting conditions, 
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particularly in complex growth media. Since both Lst and PlyPH are modular lytic enzymes with 

a C-terminal binding domain, we hypothesized that poor activity could be due to reduced enzyme 

binding in growth media. Thus, we quantified changes in binding of Lst and PlyPH binding 

domains in the presence of three media: PBS, AAM and TSB. The binding was characterized by 

evaluation of real-time binding kinetics by SPR and amount of bound protein by flow cytometry. 

Lst binding kinetics was independent of the medium, while PlyPH binding kinetics was sensitive 

to the medium composition. The equilibrium dissociation constant for PlyPH binding domain in 

TSB was 3,300-fold higher as compared to PBS and had a 200-fold slower rate of association in 

the complex medium. SPR studies suggested that PlyPH binding was weak and slow to the target 

B. cereus in growth medium TSB compared to PBS. This possibly explained the lack of B. cereus 

killing in TSB. Based on the flow cytometry data, there was a gradual reduction in the population 

of S. aureus and B. cereus cells with bound Lst and PlyPH binding domains in going from PBS to 

AAM to TSB, indicating a lower binding efficiency in growth media. In AAM and TSB, there was 

an increase in the fluorescent S. aureus population with increase in LBD. On the other hand, 

fluorescent B. cereus population did not change significantly beyond 5 µg/mL PBD in both the 

growth media, indicating a decrease in PBD binding efficiency. Thus, we successfully 

demonstrated that Lst and PlyPH binding to their target cells reduced in growth media which 

possibly led to poor enzyme activity. Finally, we investigated Lst and PlyPH catalytic kinetics in 

the presence of components commonly present in complex growth media, such as casamino acids 

and soytone with the objective of studying their role in altering Lst or PlyPH activity. Lst kinetics 

in casamino acids and soytone was comparable with PBS, while PlyPH kinetics was dramatically 

slower in both the media as compared to PBS. This suggested a possible role of the protein 

components of growth media in reducing lytic enzyme activity. 
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 Overall, this work demonstrates the utility of lytic enzymes as a highly selective antimicrobial 

tool that can be used for selectively targeting bacterial members in a community, or broadly, a 

microbiome. This selective targeting could be required either for removal of an invading 

pathogenic species or for balancing the composition of a dysbiotic microbiome. However, there 

remains a serious need to improve lytic enzyme activity in the presence of bacterial growth-

supporting conditions. This work highlighted the possible role of weak enzyme binding in growth 

media towards poor lytic enzyme activity, thereby warranting enzyme engineering. Thus, this 

research could provide avenues for rationally designing engineering strategies for enhancing lytic 

enzyme efficacy in challenging environments.  

7.2 Future directions 

 The future work addresses strategies for improving lytic enzyme activity and stability against 

actively dividing bacteria or in the presence of a bacterial growth medium. Additionally, an 

alternative to direct exogenous administration of lytic enzymes will also be discussed.  

  7.2.1 Modulation of PlyPH binding 

 As compared to Lst, PlyPH demonstrated poor activity against B. cereus in the presence of 

growth media and against actively dividing cells in the co-culture. Further, under all conditions 

tested, PlyPH did not exhibit a strong concentration-dependent target killing. Endolysins typically 

act at the end of a phage lytic cycle, when the host cells are not growing actively. Further, in order 

to prevent an endolysin released from host cell together with phage progeny from destroying 

neighboring uninfected cells, endolysins do not easily dissociate from the cell surface (Figure 7.1). 

Hence, although PlyPH had a poor kon in TSB, its koff (dissociation rate) was comparable to PBS, 

suggesting, once PlyPH bound to B. cereus, it dissociated very slowly. This possibly could lead to 
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the proposed “single-hit” catalytic behavior of endolysins107 and resultant deficiency of free 

enzyme to kill neighboring dividing cells. Based on the study in Chapter 5, PlyPH activity is 

governed by its binding behavior. Thus, in order to enhance PlyPH effectiveness against dividing 

bacteria, there is a need to optimize PlyPH binding to B. cereus cells. 

A possible solution for improving PlyPH activity against actively growing cells in the presence 

of complex growth media could be to optimize PlyPH kinetic binding parameters. Endolysin 

binding to the target cell wall is typically guided by electrostatic interactions206. Thus, PlyPH CBD 

could be mutated to modulate the domain charge such that the mutant CBD possesses higher kon 

and a higher koff, while retaining species specificity, in the presence of complex media. For 

example, the magnitude of positive charge on PlyPH CBD could be optimized by replacement of 

the positively charged amino acid residues with either negatively charged or neutral amino acids. 

This will possibly result in rapid and more reversible PlyPH binding to B. cereus cells and allow 

for free enzyme to be available for lysis of dividing cells. Alternatively, chimeric PlyPH could be 

generated by substitution of the parent CBD with a CBD from a lytic enzyme with potency against 

actively dividing bacteria, for example, a bacteriolysin against B. cereus or B. anthracis (Figure 

7.1).   
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Figure 7.1: Endolysins are proposed to have a single-hit catalytic mechanism and high affinity binding, 
rendering them ineffective against actively dividing bacteria. Endolysin effectiveness against actively dividing 
bacteria could be enhanced by: (i) mutating the CBD to generate variants with weaker binding or a higher 
equilibrium binding constant (KD) that could lead to increased enzyme turnover; or (ii) substituting the 
endolysin CBD with a bacteriolysin CBD as bacteriolysins naturally have the capacity to kill actively dividing 
cells. 

 

  7.2.2 Increasing Lst and PlyPH stability 

 Lst and PlyPH activity was inhibited due to protease secretion in the actively growing S. aureus 

and B. cereus co-culture, as seen from Chapter 4. Besides, both Lst and PlyPH demonstrated 

antimicrobial effect only up to 3 h after their addition to the growing co-culture. This possibly 

suggested inactivation of Lst and PlyPH by proteases or other products of bacterial growth. Thus, 

there is a need to increase long-term Lst and PlyPH stability against actively dividing cells in the 

growth medium. Lst and PlyPH stability in presence of actively dividing bacteria should be first 

quantified by measuring the concentration of free Lst or PlyPH in the culture supernatants over a 

period of time. Based on this profile, different strategies for optimizing enzyme stability can be 

evaluated. One of the strategies could involve conjugation of Lst and PlyPH to polyethylene glycol 

(PEG). PEGylation of Lst has been previously shown to prolong its serum half-life, reduce 

immunogenicity and reduce its clearance rate in mice207. Similarly, PEGylation has also 

No endolysin 
desorption

High-affinity endolysin CBD binding : Single-
use nature of endolysins

Fusion
Fusion of endolysin CD with bacteriolysin CBD

Desorption from cell surface – killing of neighboring cells

Mutagenesis CBD with weaker binding 

KD



 

 
101 

 

demonstrated enhancement in the proteolytic stability of various proteins208,209.  Thus, this strategy 

could possibly prolong the activity of Lst and PlyPH in an actively growing bacterial culture with 

various products of growth and metabolism. Alternatively, Lst and PlyPH could be covalently 

immobilized on various solid surfaces, since protein immobilization has been shown to increase 

the long-term protein stability and activity210. Previously, covalent immobilization of Lst and 

PlyPH on Ni-NTA beads via peptide linkers increased the enzyme reusability and stability in harsh 

conditions such as anionic surfactants, despite some reduction in its antimicrobial activity. Thus, 

the activity and stability of immobilized Lst and PlyPH could be investigated in the presence of 

dynamic bacterial growth conditions.  

  7.2.3 Human sweat-based skin microbiome model 

 Lytic enzymes Lst and PlyPH used in this study demonstrated antimicrobial activity in the 

presence of artificial sweat. Both S. aureus and B. cereus are bacteria relevant for human skin, and 

typically found in human sweat, the skin-associated biological fluid. The sweat used in this thesis 

work (Chapter 3) was an artificial sweat model, with a minimal nutrient composition comprising 

of lactic acid, urea and salts, in which both S. aureus and B. cereus were viable, but could not 

actively proliferate. However, the realistic sweat composition is more complex with fatty acids, 

cholesterol, amino acids present in addition to salts and urea211 and can allow for bacterial growth. 

Thus, Lst and PlyPH activity could be further evaluated for performing selective pathogen killing 

in a realistic sweat environment. Due the complex nutrient composition of realistic sweat, it may 

be essential to first develop engineered PlyPH with enhanced effectiveness in nutrient-rich 

environments.  

 While this thesis focused on two key pathogens for human skin microbiome - S. aureus and B. 

cereus, in the future, it would be valuable to develop a comprehensive microbial community 
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representing different skin microbiome genera. It may not be possible to culture every member of 

a microbiome in vitro in a bacterial growth medium; however, a natural sweat environment with 

composition as described previously, could be useful for developing an in vitro human skin 

microbiome model. This could be either done by inoculating representative bacterial strains in the 

sweat or by swabbing parts of human skin (axilla, face, nose, hands, feet sole, etc.). This human 

sweat-based in vitro skin microbiome model could be further exploited for studying commensal-

pathogen and commensal-commensal interactions in the skin microbiome. This could be done by 

studying changes in the in vitro microbiome composition in response to pathogen invasion, 

antimicrobial (antibiotics or lytic enzymes) treatment, exposure to chemicals, changes in 

environmental physicochemical conditions, etc. For quantification of changes in the composition 

and member growth, techniques such as quantitative real time-PCR, i.e. qPCR or 16s rRNA 

sequencing could be employed.  

  7.2.4 Lytic enzyme-based probiotics 

 The ability to recombinantly express lytic enzymes is one of their major attributes. Lst and 

PlyPH used in this thesis work were recombinantly expressed in E. coli.  However, it is also 

possible to express these enzymes in other bacterial expression systems, for example Bacillus 

subtilis or Lactobacillus johnsonii systems. Both B. subtilis and L. Johnsonii are probiotic bacteria, 

that allow proliferation of commensal microbes in a microbiome.  

 To date, Lst and PlyPH have been expressed in E. coli and the purified protein has been used 

for exogenous antimicrobial applications. However, expression of Lst and PlyPH in probiotic 

bacterial strains presents a novel expression and delivery platform for lytic enzymes. Delivery of 

probiotic strains engineered for expression of Lst and PlyPH to the site of infection will allow 

selective elimination of target pathogen in a microbial community while simultaneously promoting 
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the growth of commensal microbes. However, various strategies for induction of Lst and PlyPH 

expression will need to be evaluated by studying the expression machinery in the probiotic hosts.  

Exogenous administration of lytic enzymes presents certain challenges such as immunogenicity in 

the host or inhibition of the activity due to media in the in vivo environment. Thus, this approach 

provides an avenue for overcoming these challenges by inducing enzyme expression in the event 

of an infection and locally delivering the enzyme.  

 Overall, while lytic enzymes have shown excellent potency and selectivity in controlled 

environments, there is a need for critical analysis of their behavior in complex environments. 

Particularly, bacterial growth-supporting environments are critical for lytic enzyme activity, as 

they are ubiquitously found in the human and animal body, in foods and in the agricultural sector. 

Lytic enzymes with activity and stability in dynamic growth-supporting conditions would be a key 

for their development as selective antimicrobials for a wide range of applications including 

microbiome engineering, therapeutics and food preservation. Thus, this work provides a valuable 

insight into identification of factors where improvement in lytic enzyme application is warranted.  
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APPENDIX 
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