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Abstract 

Bacteriocins have been deemed the “microbial weapon of choice”.  The ability to ribosomally 

synthesise these toxins means that their peptide scaffolds can be rapidly adapted to optimise 

stability, potency and specificity, allowing producers to outgrow closely related strains and 

become dominant. In some cases, a bacteriocin may inhibit a broader spectrum of microbes 

than just its species/genus of origin.  Recently, the bacteriocin glycocin F (GccF), produced by

Lactobacillus plantarum KW30, was biochemically and structurally characterised.  GccF is

unique, as it has two covalently linked N-acetylglucosamine (GlcNAc) moieties, one O-linked

and one S-linked, that are critical for the inhibition of target cell growth.  

How GccF causes bacteriostasis in sensitive Lactobacillus cells was unknown. Experiments 

were developed and conducted to probe the antimicrobial spectrum of GccF and how this

spectrum is affected by free GlcNAc. It was found that a variety of species and strains, not 

just those closely related to L. plantarum KW30, were inhibited by the addition of GccF to 

cultures in solid or liquid media. Susceptible strains were identified in the genera 

Streptococcus, Enterococcus, and Bacillus. Interestingly, assays indicated that free GlcNAc 

plays a more dynamic role in modulating GccF activity than previously thought. The 

protective effect of high concentrations of GlcNAc, including the reversal of GccF-induced 

bacteriostasis, was confirmed for susceptible L. plantarum strains, but surprisingly addition of

relatively low concentrations of GlcNAc prior to GccF led to a concentration-dependent 

increase in bacteriostasis for some other species including Enterococcus faecalis. GccF’s 

mechanism of action was found to be different to the bactericidal membrane-permeabilising 

effect of the lantibiotic nisin, as L. plantarum cells treated with GccF did not die, and there 

was no substantial release of ATP from cells upon GccF-induced bacteriostasis.

It was also found that for Gram-negative bacteria, which are generally resistant to GccF, 

growth inhibition was greatly enhanced if the integrity of the outer membrane was 

compromised by treatment with polymyxin, or by expression of a ‘leaky’ mutant of the outer 

membrane secretin PulD.  Thus GccF-mediated inhibition of growth is limited to Gram-

positive bacteria mainly because of the barrier function of the Gram-negative outer membrane.

Experiments to identify changes in E. faecalis V583 gene expression or the levels of specific 

proteins in response to free GlcNAc were inconclusive due to time constraints. Further 

research is needed to determine GccF’s exact mechanism of action.  
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The results of experiments with GccF, with and without added GlcNAc, on a range of bacterial

species led to a hypothetical model for the mechanism of action of GccF, specifically that 

GccF may be ‘hijacking’ GlcNAc-specific phosphotransferase system signalling pathways.

This could disrupt normal GlcNAc metabolism, perhaps resulting in UDP-GlcNAc becoming

limiting for peptidoglycan synthesis, thus preventing cell wall expansion, and normal cell

growth and division.
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1.0 A BRIEF INTRODUCTION TO BACTERIOCINS 

1.1 Introduction 

Antimicrobial molecules are synthesised and secreted by a wide range of organisms, 

including bacteria, fungi, animals, and plants. In bacteria and fungi, many of these 

compounds, e.g. non-ribosomal peptides, are synthesised via multiple enzymatic reactions, 

while others are ribosomally synthesised. The large array of ribosomally-synthesised 

produced by individual bacteria enable a particular species to maintain a competitive 

advantage over other species and strains, ensuring their own survival. These peptides are 

collectively known as bacteriocins and generally have a phylogenetically narrow spectrum of

antimicrobial activity, typically centred on closely-related strains or species, which enables 

producers to outgrow non-producer strains, and thus optimise their numbers in particular 

ecosystem or niche. However, despite the influence of competition for resources between 

strains within a species, many bacteriocins have been found to inhibit distantly related 

species. 

Since the discovery of colicins (peptides produced by, and active against Escherichia coli) 

nearly ninety years ago, bacteriocin activity spectra, regulation and mechanisms of activity 

have been areas of in depth investigation. Some have a narrow spectrum of activity, targeting 

a single receptor in susceptible cells. Other bacteriocins, such as the model lantibiotic, nisin, 

have a wide spectrum of activity
6
, and can act synergistically with eukaryotic host peptides

7
.

Interest in bacteriocin research has recently flourished, possibly due to the widespread 

emergence of antibiotic resistance in pathogenic bacteria. 

Due to their effectiveness, availability and spectrum of antimicrobial activities, some 

bacteriocins are used commercially for improved health outcomes and increased food shelf-

life. The probiotic benefits of certain ‘generally regarded as safe’ (GRAS) strains of bacteria 

are now recognised by the nutraceutical industry, and in some cases these benefits can be 

directly attributed to bacteriocin production. This is particularly so for food-grade lactic acid 

bacteria (LAB) which have the most extensively studied bacteriocins in terms of activity, 

mechanism of action and immunity. LABs are ubiquitous, and are able to manipulate the 

environment to their advantage by fermenting hexose sugars to lactic acid, lowering 

environmental pH. Because of their ability to synthesise bacteriocins that can inhibit 
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pathogen growth, LAB have been used to prevent food and product spoilage, and for their 

probiotic properties.  

1.2 Bacteriocins 

Often referred to as the “microbial weapon of choice”
8, it has been suggested that 30-99% of 

Archaea and Bacteria species secrete at least one bacteriocin
9; 10

. Bacteriocins are varied in 

terms of structure, mechanism of action and spectrum of species/strains affected, and 

collectively constitute a diverse array of antimicrobial peptides. While both Gram-negative 

and Gram-positive bacteria have been found to produce bacteriocins, those from Gram-

positive organisms appear to have a broader antimicrobial spectrum and potency
11

. 

Interestingly, very few Gram-positive bacteriocins are able to inhibit Gram-negative bacteria 

without aid from other treatments to destabilise the outer membrane
12; 13

, possibly because the 

bacteriocins are too large to pass through the Gram-negative outer membrane, and thus are 

unable to reach their targets/receptors in the inner membrane. 

Bacteria must possess several co-ordinating proteins in order to respond to bacteriocin-

inducing stimuli, produce prepeptide(s), modify prepeptide(s) and release active bacteriocin, 

while remaining immune to the active bacteriocin(s)
14

. Typically, bacteriocin production is 

controlled by a pheromone molecule that is secreted as part of a quorum sensing mechanism.

Above a certain threshold, pheromones trigger a phosphorylation cascade, resulting in a 

response regulator activating the genes responsible for bacteriocin maturation and secretion
14; 

15
. 

Whether located on a bacterial chromosome or on a plasmid, the genes associated with 

production of a particular bacteriocin are almost always found in close proximity to each 

other
14

. In the case of class II bacteriocins, a minimum of four different genes function to 

produce active bacteriocin. First, there is the gene required to express the aforementioned 

quorum-sensing system. In addition, there is the prepeptide gene, which encodes an inactive 

form of bacteriocin. This protein has an N-terminal region which acts as a leader peptide and 

is later cleaved in order to form the mature peptide
16

. The leader peptide serves a dual 

purpose. First, it prevents premature antimicrobial activity of the bacteriocin and therefore 

protects the producer strain from being attacked from the inside by its own weapon
17; 18

. It is 

thought that the leader peptide keeps the prebacteriocin in a more soluble state, preventing it 

from permeabilising the cell membrane.  Second, it targets prepeptide to the appropriate 

transporter for cleavage and export from the cell. This was shown for class I lantibiotics, by 
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attaching leader peptides to non-lantibiotic proteins, and observing their export
19; 20

. In

addition, for bacteriocins that undergo modification as part of their maturation process the 

leader sequence may be responsible for recognition and subsequent post-translational 

modification by specific enzymes
18; 21; 22

. This introduction is focused primarily on LAB

bacteriocins. 

Bacteriocin transporters are generally dedicated ATP-binding cassette (ABC) transporters
23

.

While ABC transporters are functionally diverse, those involved with bacteriocins have two 

functions; (i) to cleave the leader peptide, creating an active bacteriocin, and (ii), to facilitate 

the export of the mature peptide into the extracellular environment.  They are made up of 3 

domains, typically part of a single polypeptide chain, consisting of cytoplasmic proteolytic N-

terminal, and ATP – binding C-terminal domain, connected by a hydrophobic integral 

membrane domain
24

. The proteolytic domain is responsible for recognition of the prepeptide

leader sequence, often containing a double glycine motif
24

, and its cleavage to form a mature,

active peptide. The C-terminal domain contains a ubiquitous and conserved ATP binding 

cassette, which assists protein translocation by utilising energy obtained from ATP binding 

and hydrolysis
25

.

Finally, an immunity gene must be present to protect the producer strain from its own 

bacteriocin. In the case of nisin producing strains of Lactococcus lactis, full resistance is only 

attained by the expression of a dedicated immunity gene when the dedicated ABC 

transporters are functional
26

. Proteins involved in immunity may act by: actively exporting

the bacteriocin
27

, binding to and hence sequestering the bacteriocin
28

, or by binding to the

target receptor and blocking the effect of the bacteriocin
29

. Many immunity genes have been

discovered, including nisI for nisin
30

, lcaB for leucocin A
31

 and ltnI and ltnR for lacticin

3147
32; 33

. Interestingly, the latter bacteriocin while usually active against Staphylococcus

aureus strains, displays a rare case of cross-immunity with S. aureus strains producing 

staphyloccocin C55, a lantibiotic similar to lacticin 3147
34

.

1.3 Ecological Significance 

In nature, bacteria do not exist as pure cultures, but rather as diverse, interacting populations. 

In a nutrient rich environment neighbouring bacterial species may grow in a logarithmic 

fashion, until substrates are depleted. Towards the end of log phase and in stationary phase, 

competition for nutrients occurs with subsequent selection for species or strains that best suit 
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the environment creating a “bottle-neck” phase
35

 and bacteriocins confer an advantage,

increasing the likelihood of strain survival.  

In a community, the ability to synthesise a substance that results in stasis, permeabilisation or 

even complete cell lysis of rival bacteria enables better access to pre-existing resources, and 

any released cellular nutrients such as proteins, carbohydrates
36

 and nucleic acids
37

. At an 

ecological level, bacteriocin production leads to a shift in the species composition of the 

microbial community. Organisms sensitive to the antimicrobial peptides will rapidly decline. 

However, because of the narrow spectrum/range of most bacteriocins, many resistant strains 

or species may thrive. Bacterial populations are modified when a community is composed of 

several bacteriocin producers, leaving a hierarchy where tolerant/producer strains reign, 

ousting sensitive strains
38

.

In a dynamic community of combined bacteriocin-producing, resistant and sensitive species, 

a “non-transitive interaction network” occurs
5
. This has been described in depth for the

colicins, whereby the population of sensitive strain A is outcompeted by a bacteriocin-

producer B. The population of B is itself reduced through competition with a strain C, a non-

producer which is resistant to the bacteriocin. However, in the absence of bacteriocin the 

population of C does not grow as fast as strain A, which tends to take over
39

. These networks

occur because bacteriocins prevent sensitive cells from thriving; however, bacteriocin 

biosynthesis, secretion and self-immunity incur a cost to the producer strain which has to 

devote resources to bacteriocin production that would otherwise be used in cell metabolism, 

effectively slowing producer growth and division relative to a non-producing strain. Resistant 

strains exploit this, and since the burden of maintaining immunity is less than that of 

bacteriocin production and immunity combined, they can grow faster than the producer. 

Since growth rates may be reduced in resistant strains compared to wild-type/sensitive 

strains
40

, sensitive cells also have the potential to outgrow resistant strains in the absence of a

bacteriocin producing organism. 
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Figure 1.1 – A simplified diagram of a non-transitive competition network; a bacterial game of paper - 

scissors - rock in which strains vie for environmental supremacy
5
.

Resistant (rock) (C) 

Bacteriocin Producer (Scissor) (B) Sensitive (Paper) (A) 

Kills 

Withstands Out-grows 

 

There are many examples of population effects on species dominance. Bacillus subtilis 

secretes a toxic peptide called SDP which acts against its own strain, targeting spores and 

cells that are genetically identical
41

. The toxin induces sibling autolysis via loss of proton 

motive force
42

 resulting in nutrient release, which is then recycled back into the population in 

a process known as cannibalism. Competent pneumococcal cells express a two-peptide

bacteriocin, CibAB, and deliver it to non-competent pneumococcal cells, in a process known

as fratricide.  This bacteriocin activates cell wall hydrolases resulting in “allolysis,” a 

triggered release of intracellular virulence factors that aids invasive infection, while creating 

an isogenic population of competent cells
43

.  A similar phenomenon has been seen in 

Paenibacillus dentritiformus. In order to prevent self-predation by colonies in close 

proximity, a protease is perpetually secreted into the environment, along with a prepeptide 

(DfsB, 20 kDa). When sibling colonies are close to each other, elevated concentrations of

protease cause increased cleavage of the prepeptide to produce a mature bacteriocin (Slf, 12 

kDa) that prevents its parent’s growth. In this example, one colony does not cannibalise the 

other. Instead, both populations are permitted to thrive at the cost of each losing a small 

portion of cells
44

.
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Bacteriocins have been found in other species where antimicrobial activity does not appear to 

be the primary function of the peptide It has been proposed that bacteriocins also play a role 

in quorum-sensing, since many bacteriocins are not expressed until stationary phase where 

signalling molecules presumably surpass a concentration threshold
45; 46

. The filamentous 

bacterium, Streptomyces coelicolor, produces peptides SapB and SapT that act as

biosurfactants, and are involved in the formation of aerial hyphae. These peptides contain 

lanthionine bridges, a post-translational modification (PTM) synonymous to lantibiotics, and 

have limited antimicrobial activity
47; 48; 49

.

1.4 Classification 

As more bacteriocins have been detected and characterised, researchers have developed 

classification schemes which continue to evolve as new bacteriocins are discovered. An early 

classification scheme introduced by Klaenhammer in 1993
50

, divided LAB bacteriocins into 

four major classes. Class I consisted of the lantibiotics; small, heat stable peptides that are 

also active at low pH. Mature lantibiotics are characterised by an unusual post-translational 

modification in which internal peptide rings (lanthionines) are formed between specifically 

modified amino acid residues and cysteines. For example, nisin, a lantibiotic produced by 

Lactococcus lactis, has five serines and threonines dehydrated by specific enzymes encoded 

on the nisin operon. A cyclase then catalyses reactions between these newly formed

dehydroamino acids and specific cysteine residues to form five (methyl) lanthionine rings, 

which are essential for nisin’s antimicrobial function
18

.

Class II bacteriocins are small (2 to 10 kDa) heat-stable unmodified peptides, some of which 

are characterised by a novel processing site on the prepeptide. Within this class are several 

subclasses: Class IIa is characterised by a unique, cationic N-terminal sequence motif, 

YGNGVXC
51

. This was first discovered in the bacteriocin pediocin, which is highly active

against Listeria. This subclass is therefore referred to as pediocin-like, and/or anti-listerial
52;

53
. Class IIb bacteriocins require a pair of peptides for activity, and IIc bacteriocins are thiol 

activated.  

Class III bacteriocins have large molecular masses, and are heat-labile
54; 55

. Finally, class IV

bacteriocins are composed of protein plus one or more chemical moieties (lipid, 

carbohydrate) that are required for activity.  
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In 2005, Cotter et al. re-organised this classification system, largely due to lack of evidence 

for the class IV bacteriocins described by Klaenhammer
56

. They also changed class IIc, from

bacteriocins that are thiol-activated peptides to those that are cyclic peptides, more 

specifically those that have linked C and N termini.  

A mixed group (IId) was also introduced that contained bacteriocins that do not meet the 

requirements of the previous subclasses. In addition to these changes, Cotter et al. proposed 

that class III be reclassified as bacteriolysins, “non-bacteriocin lytic proteins.” 

Todorov made minor modifications to Cotter’s classification system, replacing cyclic 

peptides (IIc) with sec-dependant bacteriocins. These are bacteriocins that do not possess 

their own transporter, but rather are exported via the sec pathway
23

.  A combined general 

classification scheme for LAB bacteriocins is summarised in Table 1.1.

Class Subclass Name Size Features Example(s) 

I a Lantibiotics: 

elongated, cationic 

2-4 

kDa 

Nisin, 

lacticin 3147 

I b Lantibiotics: globular, 

non-charged 

2-3 

kDa 

Mersacidin 

II a <10 

kDa 

Pediocin PA-

1, sakacin A 

II b 

Pediocin-like /
listerial-active

Two-Peptide 

Complexes 

<10 

kDa 

Lanthionine rings, 

pore forming 

Lanthionine rings, 

interfere with 

enzymatic 

processes 

Consensus N-

terminal motif

Activity requires

both peptides

Lactacin F, 

lactococcin G

II c sec 

Dependent/Leaderless 

<10 

kDa 

Enterocin P 

II d Uncharacterised <10 

kDa 

III Bacteriolysins >30 

kDa 

Do not meet 

criteria of IIa, b or 

c, but contain
no PTMs

Helveticin J,

enterolysin

IV a Cyclic <10 C-terminus fused Garvicin ML,
lactocyclin QkDa to N-terminus 

Sublancin,
Glycocin F

Bacteriocins with
other PTMs

IV b, c, ... Miscellaneous ?

Table 1.1 – A proposed general bacteriocin classification scheme. This scheme is deduced from a 

combination of the aforementioned systems (excluding Zouhir’s novel system, see next page), while being

opening to accepting new classes of bacteriocins.

Heat labile

Lack their 
own ABC 
transporter 
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1.5 Modes of Action of Bacteriocins 

Despite more than 100 bacteriocins having been discovered, sequenced and characterised, 

very few have had their modes of action elucidated. Lantibiotics were found early on in 

research to cause the leakage of low molecular weight compounds and dissipation of 

membrane potential. It was later found that nisin used lipid II, a cell wall precursor molecule, 

as a receptor in order to initiate its effect.  While cell wall synthesis and hence cell growth is 

impaired, the bacteriocin-lipid II complex forms multimers, resulting in the formation of 

pores allowing the efflux of ATP, ions and amino acids (Figure 1.2A). The binding of nisin 

was also found to prevent concentration of lipid II, an important process in facilitating spore 

outgrowth
58

.

The α subunit of the two-peptide lantibiotic lacticin 3147 first binds to lipid II in a manner 

similar to nisin, and subsequently recruits the β subunit to cause pore formation and 

bacteriolysis
59

. While the previous examples use a dual mechanism (i.e. (i) depleting 

available lipid II and (ii) forming membrane permeabilising pores) to bring about their 

antibiotic effect, some lantibiotics simply bind tightly to lipid II to inhibit target cell wall 

biosynthesis. Mersacidin, a 1.8 kDa lantibiotic, binds to the sugar-phosphate of lipid II, 

preventing transglycosylation, and halting cell wall synthesis, cell growth and division
60; 61

.

Class IIa bacteriocins are highly active against Listeria species, but are also able to inhibit a 

broader spectrum of species. Initially they were found to dissipate both proton motive force 

and membrane potential
62

, and to bind to the bacterial cell wall. Class IIa bacteriocins have 

been shown to exploit the mannose phosphotransferase system (Man-PTS) as a molecular 

target / receptor.    This is an integral inner membrane protein that imports and phosphorylates 

In 2010, Zouhir addressed the limitations and lack of stability within current classification 

schemes (including bacteriocins falling into more than one category) and proposed their own 

system based on amino acid sequence alignments, conserved motifs and phylogenetic 

relationships. Although certain bacteriocins did not fit their sequence-based model, it did 

allow the generation of new branches
57

. Current 'universal' bacteriocin classification 

schemes seem to be tending towards a simplified three-class system; Modified, Unmodified, 

and Large, with the first two classes being populated by small molecules < 10 kDa in size.
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(A) 

(ii) (i) 

(B) 

Figure 1.2 – Schematic diagrams of the proposed modes of action of bacteriocins. (A) The binding of 

nisin to Lipid II (i) prevents its use in peptidoglycan synthesis and (ii) leads to pore formation causing  

leakage of ATP and ions2.  (B) A class IIa bacteriocin e.g. pediocin PA-1 interacting with the Man-PTS, 
inducing a conformational change to create a perpetually open pore, resulting in loss of proton and other ion 

gradients
3
.

sugar molecules for intracellular metabolism. Diep et al. demonstrated that class IIa

bacteriocins interact with the membrane associated IIC subunit of the man-PTS
29

, 

compromising transport function, and causing ion efflux (Figure 1.2B), and subsequent cell

death, although the precise mechanism remains unknown. Another effect is rapid ATP 

depletion, which is thought to be a result of the cells attempting to re-establish proton 

balance. It has also been shown that down-regulation of a man-PTS in Listeria 

monocytogenes leads to increased resistance to IIa bacteriocins, and re-introduction of the 

PTS components re-establishes sensitivity
63; 64

. Bioinformatics analysis of transporters from 

cells susceptible to class IIa bacteriocins showed there was a high sequence homology 

between their membrane domains (IIC and IID). Furthermore, sensitivity to class IIa 

bacteriocins is related to the expression level of these man-PTS transporters, and to their 

structural similarities
65

, as class IIa bacteriocins have been shown to selectively target an 

extracellular loop on the IIC domain of the transporter
66

.

(A) 

(B) 
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More recently, the mode of action of another class II bacteriocin, sakacin C2 has been 

elucidated in E. coli. Interest in the mechanism used by this bacteriocin to kill cells arose 

because of its ability to inhibit both Gram-positive and Gram-negative food spoilage 

organisms
67

. It was shown that sakacin C2 was able to depolarise E. coli transmembrane 

potential, indicating it operated by forming pores, allowing an efflux of intracellular ions
68

. 

There also appeared to be a substantial leakage of UV absorbing materials at 260 nm and 280 

nm, indicating a possible leakage of nucleic acids and proteins. Flow cytometry confirmed 

there was an increase in cell membrane permeability due to pore formation upon exposure of 

E. coli cells to sakacin C2. 

1.6 Applications 

Because they have been assigned GRAS (generally regarded as safe) status and have the 

ability to enhance their environment (e.g. by lowering pH, and thereby deterring growth of 

pathogenic organisms) live lactobacilli have been exploited in the food and health industries. 

More recently, the potential for the production and use of bacteriocins in the food industry has 

been realised. Isolated in 1933 at the Dairy Research Institute in Palmerston North, New 

Zealand, first marketed in 1953 and added to the food additives list in 1983
56

, nisin is the 

most commercially exploited bacteriocin today. Interestingly there are only a handful of 

others used commercially today, despite the intense interest in the properties and activities of 

known bacteriocins and the on-going search for new ones. 

Both nisin and pediocin PA1 are currently utilised in the food industry to increase product 

shelf-life. They fulfil important criteria that include inhibiting a wide spectrum of bacterial 

species (including pathogens), a lack of toxicity to humans and stability to a variety of 

conditions
56

. Nisin A is commercially sold as Nisaplin™, and not only prevents bacterial 

growth, but can also prevent spores and vegetative cells from becoming viable, dividing 

cells
69

. Bacteriocins can be introduced into food products using a number of different methods

that include adding a producer-strain, or adding a purified or semi purified additive solution. 

The use of nisin imbued in packaging materials has also been investigated in detail with 

largely positive results
70; 71

. The uses of bacteriocins in food preservation have expanded 

because they can be combined with agents such as organic acids, which increase net charge at 

varying pHs 
72

,  enhancing bacteriocin activity;  chelators,  which diminish the barrier function
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of Gram-negative outer membranes
13

; and other antimicrobial substances, which act

synergistically with, for example, nisin to prevent pathogen growth
7
.

Bacteriocins also confer benefits that may be of use in clinical medicine. Apb118 from L. 

salivarius UCC118 has a potent anti-listerial effect in vivo, preventing progressive liver 

infection in mice
73

. Mining of colonic commensal bacteria yielded Bacillus thuringiensis

DPC 6431, a strain that secretes a two-peptide bacteriocin named thuricin CD. This 

bacteriocin kills several Clostridium species, in particular the causative agent of antibiotic 

associated diarrhoea, C. difficile, which colonises the host colon after antibiotic treatment has 

depleted the commensal gastrointestinal bacteria. Interestingly, when thuricin CD reduced the 

viability of L. monocytogenes cells, it did not impair the growth of commensal bacteria
74

,

whereas broad spectrum antibiotics, e.g. vancomycin, and the bacteriocin nisin, inhibited the 

growth of both C. difficile and gut commensals. Thuricin CD could therefore be useful in the 

treatment of antibiotic-induced C. difficile infections, precisely because of its narrow 

spectrum of activity.  

Bacteriocins may also prove to be useful against bacteria resistant to conventional antibiotics. 

For example, lacticin 3147 has been shown to inhibit the in vivo growth of methicillin-

resistant Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE) and an 

array of other Gram-positive pathogens
75

.

The ability of non-pathogenic LAB and Bacillus species to produce bacteriocins may confer 

probiotic status. Recent mining of oral microflora revealed a strain of Streptococcus 

salivarius that is non-pathogenic, adheres to respiratory epithelial cells and also secretes

bacteriocins or bacteriocin-like substances (BLISs), which prevent the growth of several 

respiratory pathogens
76

. These bacteriocins are now the cornerstone of a thriving

biotechnology company, BLIS Technologies. In addition, two Lactobacillus species were 

recently found to down-regulate aflatoxin production by the fungus Aspergillus
77

, a finding

that may suggest an application for lactobacilli to control fungal contamination.  

Potential applications for bacteriocins are rapidly expanding with recent advances in 

bioengineering. An example is the site-directed mutagenesis of nisin that has resulted in a 

peptide with greater stability
78

. Rink et al. used protein engineering to probe the lanthionine

rings of nisin, discovering in the process that modifications of ring A lead not only to better 

activity but also to an altered activity spectrum
79

. Random mutagenesis has also been a

powerful tool in yielding several novel nisin variants. For example, substitution of serine 29 
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of nisin A with specific amino acids increased activity against both Gram-positive, and 

Gram-negative pathogens
80

.

1.7 Glycocin F of Lactobacillus plantarum KW30 

In 1996 Kelly et al. discovered that Lactobacillus plantarum KW30 was able to prevent the 

growth of other Lactobacillus strains isolated from its environment, a corn fermentation. The 

compound responsible for antimicrobial activity was deduced to be a heat-and-pH-stable, 

protease-sensitive substance with a narrow range of activity that appeared bactericidal81. This 

substance was initially named plantaricin KW30 and appeared to be chromosomally encoded.  

Plantaricin KW30 was subsequently purified and further characterised by Stepper et 

al. (2011), who renamed that bacteriocin ‘glycocin F’ (GccF) in recognition of its 

covalently- linked GlcNAc moieties82. The study determined the bacteriocin to be a 43

amino acid peptide with a “hair-pin architecture” formed by two internal disulfide bonds.  In 

addition to this, the bacteriocin contains two post-translational modifications: an N-

acetyl-D-glucosamine (GlcNAc), covalently O-linked to serine 18 and another GlcNAc, 

covalently S-linked to cysteine 43 (Figure 1.3), a novel form of glycosylation found only

in this bacteriocin and sublancin. The presence of amino-sugar moieties in GccF and 

sublancin supports Klaenhammer’s class IV category of complex bacteriocins
50

, since

these bacteriocins do not contain lanthionine modifications, are post-translationally

modified and have a low molecular weights (~5200 Da for GccF). 

The paper also showed the purified GccF was bacteriostatic and that the removal of the O-

linked GlcNAc abolished activity against the susceptible L. plantarum indicator strain. The 

removal of the S-linked GlcNAc, however, severely reduced GccF potency, demonstrating 

the importance of both covalently linked glycans for GccF activity. The study also identified 

the gcc gene cluster (NCBI accession number GU552553; 6789 bp), encoding (pre)glycocin

F, thioredoxin-domain protein genes (GccC and/or GccD) for disulfide bond formation, a 

dedicated proteolytic ABC transporter (GccB) and a glycosyltransferase (GccA) hypothesised

to be responsible for GccF’s glycosylation.  A putative immunity gene (gccI) was annotated 

without experimental evidence of function.
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Figure 1.3 – A schematic diagram of the primary structure (i.e. the amino acid sequence) of GccF.

Notable features are the disulfide bridges forming nested cystines, and N-acetyl-D-glucosamine moieties O-

linked to serine and S-linked to the C terminal cysteine
1
. 

1.8 The Biological Roles of N-acetyl-D-glucosamine 

The molecular receptor for several class IIa (unmodified) bacteriocins is the mannose PTS
29

which has previously been described as “an open door for macromolecular invasion”
83

. It is 

conceivable that susceptible bacteria could gain a measure of resistance to these bacteriocins 

by down-regulating the targeted phosphotransferase system and so lessen the impact of any 

disruption in PTS-mediated regulation of metabolic and other intracellular processes that

might be caused by bacteriocin binding
84

. The possibility that the formation of bacteriocin-

PTS complexes might affect intracellular sugar metabolism is a concept that may be 

particularly relevant to GccF. 

The connection between GlcNAc and GccF, as previously mentioned, is two-fold: (i) the O- 

and S- linked amino-sugar moieties are crucial for GccF activity, and (ii) free GlcNAc both 

protects against GccF-mediated bacteriostasis, and reverses bacteriostasis after it has been 

established
82

. GlcNAc plays many roles throughout nature. In the human fungal pathogen, 

Candida albicans, GlcNAc acts via cell signalling pathways to instigate virulence
85

 and 

GlcNAc’s breakdown for energy
86

. In humans, GlcNAc can have a profound effect on cells 

involved in immunity
87

 and is an important component of inter and intracellular 

communication
88

. For example, O-GlcNAcylation is a ubiquitous reversible regulatory PTM 

found on over 3,000 nuclear, cytoplasmic and mitochondrial proteins89.
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GlcNAc 

GlcNAc-6-P GlcN-6-P 

D-GlcN-1-P 

Fru-6-P 

NagC 

NagC + 

GlcNAc -

6-P 

Cell Wall 

Biosynthesis/ 

Polymerisation 

Figure 1.4 – Schematic diagram of GlcNAc’s fate in bacterial cells. Green represents a GlcNAc-free 

environment where the transcriptional regulator NagC promotes expression of the glm genes for biosynthesis 

of GlcNAc from common sugars. Blue represents a GlcNAc-rich environment where GlcNAc-6-P stops glm 

expression and allows nag expression for GlcNAc catabolism. Red represents GlcNAc being used as a carbon /
energy source by nag-encoded proteins.

UDP-GlcNAc 

Like eukaryotes, bacteria are able to convert GlcNAc to fructose-6-phosphate which may serve 

as a source of energy via glycolysis or as a carbon source to form compounds required for cell 

growth
90

, which is significant only if GlcNAc is either abundant, or the only sugar present. The

chief role of GlcNAc in bacteria is its incorporation into peptidoglycan, the primary cell wall 

component
91

. In Escherichia coli, glucosamine (GlcN) -6-phosphate may be formed from

fructose-6-phosphate (obtained from multiple metabolisable carbon sources) by GlmS

(glutamine-fructose-6-phosphate transaminase), then isomerised to GlcN-1-P by GlmM 

(phosphoglucosamine mutase), and finally a dual-function enzyme, GlmU (bifunctional UDP- 

GlcNAc pyrophosphorylase / GlcN-1-phosphate N-acetyltransferase), both acetylates to

GlcNAc-1-P and transfers a uridine-diphosphate (UDP) group to form UDP-GlcNAc
92; 93; 94

. In

the event of an exogenous GlcNAc source, NagE, a GlcNAc phosphotransferase system, 

facilitates the transfer of GlcNAc across the cell membrane, and also its phosphorylation to 

GlcNAc-6-P. In E. coli, NagC acts as a transcriptional activator of the genes glmU and glmS, 

while repressing the nag operon that carries genes necessary for GlcNAc catabolism
95

.

GlcNAc-6-P binds to NagC, altering the latter’s DNA binding site and releasing it from the 

synthesis and catabolism genes
96

. This down-regulates the expression of GlcNAc synthesis

machinery (glm), and up-regulates GlcNAc catabolism genes (nag), effectively inhibiting the 

conversion of a potential energy source (GlcNAc) into a precursor for cell wall synthesis 

(UDP-GlcNAc) and reducing resources dedicated to this conversion, optimising energy 

efficiency and substrate usage in a given environment.  
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SunA: 18 -gsGLGKAQCAALWLQCASGGTIGCGGGAVACQNYRQFCR 

GccF: 20 -gg--KPAWCWYTLAMCGAG--YDSG----TCDYMYSHCFGIKHHSSGSSSYHC 

ASM1: 20 -gg--KPAWCWYTLAMCGAG--YDSG----TCDYMYSHCFGVKHSSGGGGSYHC 

*.    * *      *..*   ..*.   :*:   ..* 

* = Fully conserved residue

:  = ‘Strong’ group fully conserved

.  = ‘Weak’ group fully

Figure 1.5 – Multiple sequence alignment of bacteriocins similar to GccF. A ClustalW2 multiple sequence 

alignment of the mature sublancin 168 (SunA), GccF and ASM1 peptides (plus the known ‘double glycine’ motifs 

of the leader peptides, in lowercase italics) with manual adjustment.  The C-X6-C motifs in each peptide are 

underlined, and glycosylated residues are highlighted. 

1.9 Similar Bacteriocins (Other Glycocins?) 

The mature form of the bacteriocin, sublancin 168 is composed of 37 residues with two 

nested disulphide bonds creating a constrained “hairpin-loop” (helix-loop-helix), and was 

initially thought to be a lantibiotic
97

. Sublancin 168 was reported to be bactericidal towards

closely-related Bacillus strains. In the same study conducted on GccF, Stepper et al. reported 

that the producer strain of sublancin 168, Bacillus subtilis 168 did not possess the genes 

encoding the dehydratase and cyclise enzymes required to form lanthionine ring, 

undermining its classification as a lantibiotic. In addition, the team discovered an S-linked 

hexose on the non-disulfide bonded Cys22 of sublancin 168
82

. Other study published at the

same time determined the S-linked hexose of sublancin to be a glucose moiety
98

. The latter

group also suggested that glycosylation was required for sublancin’s activity, although this 

interpretation may be incorrect
99

.

Sublancin is not the only bacteriocin scaffold that shares the same fold as GccF. ASM1, 

produced by Lactobacillus plantarum A-1, inhibits growth of certain Lactobacilli species, as 

well as Enterococcus faecalis and Leuconostoc mesenteroides. Stepper et al. reported the 

very high (88.4%) sequence homology between GccF and ASM1
82

. A multiple sequence

alignment of sublancin 168, GccF and ASM1 can be seen in Figure 1.5.  



INTRODUCTION 

16 

1.10 Research Aims

This study aims to test two hypotheses.  First, that purified GccF can inhibit the growth of  

bacterial species not tested by Kelly et al.101, including (but not limited to) the potentially 

pathogenic species Enterococcus faecalis.  Second, that free GlcNAc may modify the 

susceptibility of target bacteria to GccF.  This hypothesis is based on the observation that 

free GlcNAc antagonises GccF-mediated inhibition of susceptible L. plantarum strains.102

Experiments will also be directed towards obtaining more information about how GccF

affects susceptible species or strains, and ideally elucidate a potential target/receptor by which 

GccF binds and is able to exert its inhibitory effect.

The significance of this research revolves around the exploitation of bacteriocins to enhance 

animal health, human health and food quality. Like nisin and pediocin PA-1, GccF may prove 

to be useful resource for the food and dairy industries, and in a clinical setting. As GccF is 

bacteriostatic, in contrast to the vast majority of bactericidal bacteriocins, and as it acts so 

quickly and at such low concentrations, understanding how it works may lead to the 

development of a new class of antimicrobials, one that does not lyse target cells and so avoids 

the release of toxins during the treatment of host infections. There has not been a new 

antibiotic developed since the late 1960s, yet pathogens are relentlessly mutating and 

adapting in their quest to overcome host immune systems and develop and spread antibiotic 

resistance genes.     
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2.1   Disposable Materials

Materials are grouped by manufacturers/suppliers, listed in alphabetical order. 

AMRESCO: 

- EDTA disodium salt dehydrate. 

Ansell Healthcare: 

- Micro-Touch® DermaClean® Latex Gloves. 

Axygen Scientific Inc: 

- 10 μL "MAXYMum Recovery" Tips for P-2, Racked, Pre-Sterilized. 

- 20 μL "MAXYMum Recovery" Filter Tips for P-20, Racked, Pre-Sterilized. 

- 0.5-10 μL Clear Tips for P2/P10. T-300. 

- 200 μL Yellow Tips. T-200-Y. 

- 1000 μL Blue Tips. T-1000-B.  

- 0.2 mL Thin Wall PCR Tubes, Flat Cap. Clear.  PCR-02-C. 

- 0.6 mL MaxyClear microtubes. Clear. MCT-060-C. 

- 1.7 mL Microtubes. Clear, MCT-175-C.  

BDH Laboratory Supplies: 

- Sodium dodecyl sulfate. 

Becton, Dickinson and Company: 

- BD Bacto
TM

 Agar.

Bio-Rad: 

- 10 mg/mL Ethidium Bromide, 10 mL. 

Carl Roth®: 

- Glycerol. 

2.0  MATERIAL AND METHODS 
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Corning Incorporated: 

- 100 – 1000 μL Universal Fit FilterTips. Non-Pyrogenic, RNase/DNase Free. 

- 96 Well White Flat Bottom Polystyrene Not Treated Microplate. 

Fisher Scientific 

- Acetonitrile (Optima*) 99.9% min. 

- Formic acid (Optima* LC/MS) ≥ 99.5%. 

- Methanol ≥ 99.8%. 

- Water (Optima* LC/MS). 

GE Healthcare: 

- illustra RNAspin Mini Kit. 

- Iodoacetamide. 

GoldBio: 

- DL-Dithiothreitol (>99% pure) protease free. 

Grace Davidson Discovery Sciences (Formerly Alltech Associates Inc.): 

- Glass Beads, Regular, 60/80 mesh. 

Greiner Bio-One: 

- 5 mL Serological pipettes, 1/10 graduation, sterile. 

- 15 mL Centrifuge tube, graduated, bagged, sterile. 

- 50 mL Centrifuge tube, conical base, bagged, sterile. 

LabServ: 

- 90 mm x 15 mm plastic Petri dishes. 

Life Technologies Corporation: 

- Ambion® DNA-free™ DNase Treatment & Removal Reagents. 

- LB Broth Base, Powder (Lennox L Broth Base)® (Invitrogen™). 

- SuperScript® VILO™ cDNA Synthesis Kit. 
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LP Italiana: 

- Special PS Micro Photometer Cuvette, 2 mL. 

- Special PS Macro Photometer Cuvette, 4 mL. 

Merck: 

- Acrylamide:Bis 40% solution (19:1). 

Neogen Corporation/Acumedia: 

- Lactobacilli MRS Broth. 

Neptune Scientific: 

- BT200 Series - 200 µL Barrier Tip, Racked, Pre-Sterile. 

New England Biolabs® Inc: 

- Deoxynucleotide Solution Mix (10 mM of each nucleotide). 

Oxoid Limited: 

- Tryptone Soya Broth (TSB) (Casein soya bean digest medium). 

Promega Corporation: 

- Wizard® Genomic DNA Purification Kit. 

Pure Science Limited: 

- Glycine. 

- Tris buffer Research grade/min.99.8% 

Roche Applied Sciences, Roche Diagnostics: 

- 

- 

- 

Complete, Mini Protease Inhibitor Cocktail

Tablets. PCR Buffer with MgCl2, 10 x 

concentrated. 

Taq DNA Polymerase, 5 U/μL. 
SARSTEDT 

- Micro tube, 2 mL, PP. 
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Sigma-Aldrich Co: 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Adenosine 5′-triphosphate (ATP) Bioluminescent Assay Kit. 

Ammonium bicarbonate. 

Ammonium persulfate (>98%). 

Coomassie Brilliant Blue G 250 (Fluka analytical). 

Lysozyme from chicken egg white, lyophilized powder, protein ≥90 %, ≥40,000 

units/mg protein. 

N-Acetyl-D-glucosamine ≥ 99%. 

N,N,N′,N′-Tetramethylethylenediamine (~99%). 

Orange G. 

Trypsin from Porcine Pancreas, Proteomic Grade, BioReagent, hemimethylated.

ThermoFisher Scientific Inc.: 

- 2 mL Short thread Vial. 32 x 11.6 mm, clear glass, wide opening. 

- 0.1mL Micro-Insert, 29 x 5.7 mm, clear glass, with attached Plastic Spring. 

- 9 mm Blue Cap TFE/Rubber. 

- PageRuler Unstained Ladder. 

United States Biochemical Corp.: 

- Bromophenol Blue disodium salt. 

VWR International: 

- Ortho-boric acid, crystallized (Normapur®). 

2.2  Laboratory Equipment 

Agilent Technologies: 

- Cary 300 UV – Visible Spectrophotometer. 

- 6220 Q-TOF LC/MS System. 

GccF was purified from culture supernatants of L. plantarum KW30 and 

quantitated spectrophotometrically as described by Stepper et al. (2011).82
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Bio-Rad Laboratories: 

- SmartSpecPlus™ Spectrophotometer. 

- Molecular Imager® Gel Doc™ XR+ System with Image Lab™ Software. 

- Mini-PROTEAN® 3 Cell. Electrophoresis System. 

- PowerPac™ Basic Power Supply. 

Biometra: 

- T-Gradient Thermocycler. 

BMG Labtech: 

- FLUOstar Galaxy – Multidetection Microplate Reader. 

Hitachi: 

- U-1100 Spectrophotometer. 

Hybaid: 

- Ribolyser (model FP120HY-230). 

Kendro®: 

- Heraeus® Biofuge® Fresco. 

Mettler: 

- AE200 Analytical Balance. 

- PM460 DeltaRange® Precision Balance. 

Savant: 

- Speed Vac DNA 110 Concentrator. 

Sorvall: 

- RT7 Benchtop Centrifuge. 

ThermoFisher Scientific Inc.: 

- NanoDrop™ 1000 Spectrophotometer. 

- Barnstead NANOpure® Diamond Life Science (UV/UF) Ultrapure Water System. 
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2.3  Methods 

2.3.1 Purified Water                                                    e 

A Barnstead NANOpure® Diamond Life Science (UV/UF) Ultrapure Water System 

supplied UV treated water (filtered to 0.2 μm), which in this section is referred to as 

“purified water”. 

2.3.2 Bacterial Growth Media 

Media was prepared as per manufacturer’s instructions (unless otherwise stated). All 

media were autoclaved at 121
°
C at 30 psi for 15 – 20 minutes. For solid media, BD 

Bacto
TM

 Agar (1% or 1.2% agar) was added prior to autoclaving. Lactobacillus spp. 

were grown in/on deMan, Rogosa, and Sharpe (MRS) media, Escherichia and 

Yersinia spp. were grown in/on LB media and all other species were grown in/on TSB 

media. 

Lactobacilli (MRS) Broth: 

- 55 g MRS Broth Medium

- Make up to 1 L using purified water 

Luria Broth (LB): 

- 20 g LB Medium

- Make up to 1 L using purified water 

Tryptone Soya Broth (TSB): 

- 30 g TSB Medium

- (12 g glycine for TSB supplemented with 1.2% glycine, i.e. TSBgly) 

- Make up to 1 L using purified water 

2.3.3 Bacterial Stocks 

Certain bacterial stocks were received from sources from Massey University as 

glycerol deeps stored at -80°C. Other cell cultures were imported from the New 

Zealand Reference Culture Collection (NZRCC) at the Institute of Environmental 

Science and Research (ESR, Wellington, New Zealand). Ampoules were received and 
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broken open to access freeze-dried bacteria. 0.5 mL of the appropriate liquid 

medium was added into the ampoule to rehydrate and resuspend the bacteria.

Bacterial suspensions were then streaked using a flame sterilised loop onto a 1.2% 

agar plate of the appropriate media and incubated overnight at 30
o
C. Single colonies 

were then picked from the plates and inoculated into liquid media and incubated again 

at 30
°
C with shaking if required.

The resulting pure cultures were then mixed in a 1:1 ratio with 40% (v/v) glycerol 

(40% glycerol, 60% purified water, autoclaved) and stored at -80
°
C until required.

A complete list of bacterial strains used in this research project can be found in the 

Appendix 6.1. 

2.3.4 Susceptibility Plating 

Bacterial strains were aseptically inoculated into media from -80
°
C glycerol stocks and

incubated overnight at 37
°
C with shaking if required. 100 μL of this culture (typically

in stationary phase) was added to 20 mL of molten media containing 1% agar and 

equilibrated to 40
°
C, poured into plastic Petri dishes and left to set. Solutions of

various compounds (names and volumes are recorded in the Results and Discussion 

chapters) were applied to the surface of the agar plate and allowed to dry into the agar. 

Plates were then incubated overnight at 37
°
C and the effect of the compound on the 

growth of the embedded bacterial indicator strain was evaluated
100

.

2.3.5 Measurement of Bacterial Cell Optical Density 

A SmartSpecPlus™ Spectrophotometer (Bio-Rad) was first blanked at a wavelength of 

600 nm (OD600) with sterile medium. Overnight cultures were measured after ten-fold

dilution with sterile medium. This was to keep within the instrument’s accurate

measurement range. Blanks and cultures were measured in 1 mL path-length cuvettes. 

2.3.6 Colony Forming Unit (cfu) Plating 

Cells scraped from the surface of frozen glycerol stocks were used to inoculate 5 mL 

of liquid medium which was incubated with shaking overnight at 37
°
C. Cells were

then subcultured to an O.D.600nm of ~0.2 (see Methods 2.3.5) and growth continued at 

37
°
C.
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Details of GccF and/or GlcNAc additions are alongside their data in the Results and 

Discussion section. Cultures were incubated at 37
°
C with shaking. Culture samples of 

2 μL were serially diluted first in 998 μL media and then 5 μL in 995 μL media (total 

dilution factor (DF) of 10,000), 50 μL of which was pipetted onto 1.2% agar plates, 

spread and then incubated at 37
°
C.

The next day, colonies were counted, recorded and calculated back to cfu/mL. 

Final results were plotted using Microsoft® Excel 2010. 

2.3.7 Spectrophotometric Assays 

Initial experiments used a Hitachi U-1100 spectrophotometer at 30
°
C, using 4 mL 

cuvettes and manually recording readings O.D.600nm values. Later experiments used a 

Cary 300 UV – Visible spectrophotometer under similar conditions and the 

temperature of each assay is shown in the results descriptions. 

5 mL of appropriate medium was inoculated from single colony bacterial 

glycerol stocks. Cultures were then incubated O/N at 37
°
C, and subcultured the next 

day to an O.D.600nm of 0.1 - 0.3 (see Methods 2.3.5). N.B. O.D.600nm Y axes may be 

labelled as Abs units.  

The timing, volumes and concentrations of various additives are recorded in the 

Results and Discussion chapter.

Results from the Hitachi spectrophotometer were entered manually into a Microsoft® 

Excel 2010 spreadsheet for plotting. Results from the Cary spectrophotometer were 

automatically plotted using the Cary WinUV software application, “Enzyme 

Kinetics.”  

2.3.8 ATP Efflux Assay for Lactobacillus plantarum ATCC 8014 treated with GccF. 

L. plantarum ATCC 8014 was inoculated into 5 mL of sterile MRS in loosely capped 

15 mL centrifuge tubes and incubated overnight at 37
°
C with shaking (rotary,

200rpm). The next morning O.D.600nm was measured and the culture diluted to an 

O.D.600nm of ~0.3 in 20 mL MRS and incubated at 37
°
C without shaking. 1 mL

samples were taken at various time points prior to and after bacteriocin addition. 

Samples were centrifuged at 10,000 x g for 3 minutes. Supernatants were carefully 

transferred to new Eppendorf tubes and analysed immediately for ATP.  
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50 μL of each supernatant sample was pipetted into a 96 well plate, alongside 

dilutions of an ATP Standard (Sigma). To each sample or standard, an equal volume 

of undiluted ATP Assay Mix (Sigma) was added and mixed. 

Bioluminescence was measured 5 times per sample using a FLUOstar Galaxy – 

Multidetection Microplate Reader (BMG Labtech). Measured values were then 

averaged and graphed using Microsoft® Excel 2010.  

2.3.9 Protein Extraction of Enterococcus faecalis V583 

TSBgly (5 mL) was inoculated with E. faecalis V583 from a glycerol stock and 

the culture incubated overnight at 37
°
C, shaking at 200 rpm. The next morning, 

OD600 was measured and the culture diluted to an O.D.600nm of ~0.2 in 10 mL 

TSBgly and left for one hour to re-establish growth. Any additions to media were 

made at time 0, and cultures were incubated at 37
°
C for 2 hours with occasional 

inversion (approximately every 20 minutes). Cells were then centrifuged at

4,400 rpm for 10 minutes at 4
°
C and resuspended in 1.5 mL 1 x phosphate

buffered saline (PBS) with protease inhibitor added.

1 mL of resuspended cells was added to 250 μL (packed volume) glass beads (0.2 mm 

diameter) and lysed using a Ribolyser (Hybaid) on a setting of 4, for three 40 second 

bursts at 4
°
C. After the glass beads had settled, the cell lysate was transferred to a 

clean tube and centrifuged at 14,000 x g for 20 minutes at 4°C to separate soluble and 

insoluble proteins. Supernatant (soluble fraction) was carefully aspirated, and the 

pellet (insoluble fraction) was resuspended in 1 x PBS with protease inhibitor to a 

volume equal to the aspirated supernatant.

An aliquot (nine volumes) of each sample was added to 10 x Protein Loading 

Dye solution (one volume), boiled for 3 minutes and either stored at -80
°
C, or 

loaded into the sample well of an SDS-PAGE gel. 

10 x Phosphate Buffered Saline (PBS): 

- 4 g NaCl 

- 0.1 g KCl 

- 0.12 g KH2PO4 

- 0.72 g Na2HPO4.7H2O 

- 1 tablet Mini Protease Inhibitor Cocktail 

- Make up to 100 mL using purified water, and adjust pH to 7.4 
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10 x Protein Loading Dye: 

- 2 g Sodium dodecyl sulfate 

- 2.5 mL 2 M Tris-HCl, pH 7.6  

- 3 mL Glycerol 

- 0.1 g Bromophenol Blue 

- 0.31 mg Dithiothreitol  

- Make up to 10 mL using purified water, and store at -20°C in 0.1 mL aliquots. 

2.3.10 Protein Separation by Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

Gels mixes for SDS-PAGE are described in Table 2.1. The separating gel (10%, 12% 

or 15% acrylamide) was poured and set first, followed by the stacking gel. Gels were 

0.75 mm thick and the separating gel was three times the height of the stacking gel. 

4% Stacking 

Gel 

10% Separating 

Gel 

12% 

Separating Gel 

15% 

Separating Gel 

Purified Water 3.68 mL 4.85 mL 4.35 mL 3.6 mL 

1 M Tris-HCl, 

pH 6.8 

0.63 mL - - - 

1.5 M Tris-HCl, 

pH 8.8 

- 2.5 mL 2.5 mL 2.5 mL 

10% (w/v) 

Sodium Dodecyl 

Sulfate 

100 μL 100 μL 100 μL 100 μL 

40% (w/v) 

Acrylamide/Bis 

(19/1) Stock 

0.5 mL 2.5 mL 3 mL 3.75 mL 

VACUUM DEGAS FOR 15 MINUTES AT ROOM TEMPERATURE 

10% (w/v) 

Ammonium 

Persulfate 

100 μL 100 μL 100 μL 100 μL 

N, N ,N’, N’ – 

Tetramethyl 

ethylenediamine 

5 μL 5 μL 5 μL 5 μL 

Table 2.1 – Reagents (in order of addition) and volumes for stacking and separating gel mixes 

for SDS-PAGE. 
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The cast gels were placed in tanks containing 1 x SDS-PAGE running buffer (diluted 

from a 5 x stock with dH2O). 15 μL protein/dye samples were pipetted into stacking 

gel wells. Gels were run at 200 volts for 35-60 minutes. 

5 x SDS-PAGE Running Buffer 

- 72 g Glycine 

- 15.1 g Tris base 

- 5 g Sodium dodecyl sulfate 

- Make up to 1 L using purified water. 

2.3.11 Colloidal Coomassie Staining 

After electrophoresis, SDS-PAGE gels were fixed in fixative solution with gentle 

agitation for 1 hour. Gels were then washed with gentle-agitation in purified water for 

10 minutes three times. Gels were then stained overnight with working Colloidal 

Coomassie stain (4:1, dye stock:methanol) with agitation. The next morning gels were 

washed in ~50
°
C purified water to remove residual stain.

Fixative Solution: 

- 100 mL Acetic acid 

- 400 mL Methanol 

- Make up to 1 L using purified water. 

Dye Stock Solution: 

- 50 g Ammonium sulfate 

- 6 mL Phosphoric acid, 85% (w/v)  

- 10 mL Coomassie Blue G250, 5% (w/v) 

- Make up to 500 mL with purified water. 

2.3.12 In-Gel Tryptic Digestion 

After washing the SDS-PAGE gel, protein bands of interest (e.g. increased abundance 

shown by more intense colouration relative to other bands) were excised and the gel 

slices placed in separate clean 1.5 mL Eppendorf tubes and 200 μL of destain solution 

(D) was added. Gel slices were left overnight, incubated with a fresh 200 μL aliquot 

of D for another 3 hours. D was then discarded. 
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200 μL of acetonitrile (ACN) was added to dehydrate gel slices for ~5 minutes at 

room temperature. ACN was then removed, and the gel slices were dried in a vacuum 

centrifuge (Speed Vac) for 10-15 minutes at room temperature (RT). 

30 μL of reducing agent (E) was added to hydrate gel slices, followed by incubation at 

RT for 30 minutes to reduce protein disulfide bonds to free cysteine residues. E was 

then replaced with 30 μL of alkylating reagent (F) at RT for 30 minutes. F was then 

replaced with 200 μL ACN to dehydrate gel slices for 5 minutes at RT. ACN was then 

removed and discarded. 

Gel slices were next rehydrated in 200 μL of digest solution (C) for 10 minutes at RT.  

C was then replaced with 200 μL of ACN, and gel pieces were dehydrated for 5 

minutes at RT. ACN was then removed and gel bands dried in a vacuum centrifuge 

for 10-15 minutes. 30 μL of trypsin solution (G) was added to the samples. Gel pieces 

were hydrated on ice for 10 minutes with occasional vortexing. Once gel pieces had 

fully hydrated, they were allowed to digest overnight at 37
°
C.

The next morning, 30 μL of Extraction Buffer (H) was added to the tubes containing 

the gel pieces and incubated for 10 minutes with occasional, gentle vortexing. 

Supernatants were collected and placed in fresh, washed 0.6 mL tubes. A second 

aliquot of 30 μL H was added to the gel pieces, and treated as before, and supernatant 

combined with the original. Samples were then centrifuged at 13,000 x g for 5 

minutes to remove insoluble material, and supernatants transferred to HPLC sample 

vials. 

Samples were then processed on an Agilent 6220 QTOF mass 

spectrophotometer. Mass data were subsequently processed with Mass Hunter

Version B03.01 Rev B.02.01 SP1, and analysed using Mascot Daemon (© 

2002-9 Matrix Science Ltd.) software, Version 2.3.2.    

Solution A: 

- 1 g Ammonium bicarbonate 

- Make up to 25 mL with purified water 
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Solution B: 

- 0.27 g CaCl2  

- Make up to 25 mL with purified water 

Solution C: 

- 0.5 mL Solution A 

- 40 μL Solution B 

- Make up to 4 mL with purified water 

Solution D: 

- 5 mL Methanol 

- 0.5 mL Acetic acid 

- Make up to 10 mL with purified water 

Solution E: 

- 1.5 mg Dithiothreitol  

- 250 μL Solution A 

- Make up to 1 mL with purified water 

Solution F: 

- 18 mg Iodoacetamide  

- 250 μL Solution A 

- Make up to 1 mL with purified water 

Solution G: 

- 1 mL Solution C 

- 20 μg Trypsin, proteomic grade (Sigma) 

Solution H: 

- 5 mL Acetonitrile  

- 0.5 mL Formic acid 

- Make up to 10mL with purified water 
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2.3.13 Oligonucleotide Primers 

Primers for the amplification of regions of three Enterococcus faecalis V583 genes 

were supplied by Integrated DNA Technologies. Primer sequences are listed in Table 

2.2. Lyophilised primers were diluted to 100 μM stock solutions, and further diluted 

to 2 μM working solutions using purified water. 

2.3.14 Genomic DNA Extraction of Enterococcus faecalis using Promega – Wizard 

Genomic DNA Purification Kit 

Enterococcus cells were inoculated into 5 mL of TSB supplemented with 1.2% w/v 

glycine (TSBgly) and grown overnight at 37
°
C with shaking at 200 rpm. Cells were

then subcultured into 50 mL of TSBgly to a final O.D.600nm of 0.2 and incubated at 

37
°
C to an O.D.600nm of ~1.0. Cell cultures were then centrifuged at 4

°
C, 2,700 x g for

10 minutes. 

Cell pellets were then resuspended in 2 mL ice-cold 50 mM EDTA (pH 7.8) 

containing 10 mM Tris-HCl (pH 8). Suspensions were then split equally into 2 x 1.5 

mL microcentrifuge tubes. 400 μL of 40 mg/mL lysozyme was added, then incubated 

at 37
°
C for 50 minutes, inverting every 10 minutes. Solutions were then centrifuged at

Gene to be 

Amplified 

Gene 

Name 

Forward Primer 

5’ –  3’ 

Reverse Primer 

 5’ – 3’ 

GlcNAc PTS nagE, 

EF1516 
GI:29376082

GGCTTTGCCTTTAGTGCAGGTT GCAACATCTGGCGTTTCTTCGC 

Glyceraldehyde

-3-phosphate 

dehydrogenase 

gap2 

EF1964 
GI:29376486

TCCACGCTTACACAGGTGACC CGTTGAGCAGCGCCATCTAATT 

DNA – directed 

RNA polymer-

ase subunit α 

rpoA 

EF0233 
GI:29374877

GAGCTACTTTCCATGCTCGCT TCATCACGACGACCAACACG 

Table 2.2 – PCR Primer Pairs for three E. faecalis V583 genes. nagE is the gene encoding the 

GlcN Ac-specific PTS transporter hypothesised to be more abundant in E. faecalis grown in the 

presence of GlcNAc.  gap2 and rpoA are considered ‘house-keeping genes’, i.e. they are constitutively

expressed and can serve as controls to help determine changes in the relative abundance of nagE 

transcript under different growth conditions.  
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14,000 x g for 1 minute. Supernatant fractions were removed and cell pellets were 

resuspended in 800 μL of Nuclei Lysis Solution at room temperature. Solutions were 

then subjected to three freeze (-80
°
C) - thaw (80

°
C) cycles. Tubes were cooled to

~35
°
C and 5 μL of 4 mg/mL RNase solution was added. Tubes were incubated at 37

°
C

for 45 minutes with inversion every 15 minutes. Tubes were put on ice and 270 μL 

Protein Precipitation Solution added. Tubes were inverted until the contents were well 

mixed, then cooled on ice for 5 minutes, and centrifuged at 14,000 x g for 5 minutes. 

Supernatant fractions were transferred to fresh 1.5 mL tubes and centrifuged for 3 

minutes at 14,000 x g three times, transferring the supernatant after each spin. 620 μL 

isopropanol was layered on top of the resultant supernatant and mixed by gentle 

inversion. Tubes were then given physical shock to maximise DNA precipitation. The 

DNA was pelleted and washed twice in 70% ethanol. Washed DNA was resuspended 

in 50 μL purified H2O and stored at -80
°
C.

2.3.15 Measuring Genomic DNA Concentration 

1 μL of DNA solution was placed on the sample pedestal of a NanoDrop™ 1000 

Spectrophotometer (ThermoFisher Scientific Inc.) and absorbance at 260 nm and 280 

nm was measured. ND-1000 software V3.1.0 converted the absorbances into 

concentration and purity values. 

2.3.16 Polymerase Chain Reaction (PCR) using Primers for Three Enterococcus faecalis 

V583 genes. 

To amplify internal segments of the target genes, PCRs were done using a T-Gradient 

Thermocycler (Biometra). Reagents and solutions used per 20 μL reaction are shown 

in Table 2.3, while Table 2.4 shows the thermocycling parameters for the PCR. 

Reagent/Solution Volume (μL) 

100 ng/μL Genomic DNA 1 

Forward Primer (2 µM) 1 

Reverse Primer (2 µM) 1 

10 X PCR Buffer with MgCl2 
2 

Deoxynucleotide Solution Mix (10 mM) 1 

Taq DNA Polymerase (5 U/µL) 0.2 

Purified Water 13.8 

Table 2.3 – Reagents/solutions and their respective volumes for a 20 μL PCR mix. Reagent 

suppliers are listed in the Materials section 2.1.  
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2.3.17 DNA Gel Electrophoresis 

Samples obtained from PCR were mixed with 6 x DNA gel loading dye to a final 

volume of 14 μL. Orange G was chosen as the gel dye since the bromophenol blue 

dye that is normally used migrates at the same rate as the expected product. A 0.8% 

agarose gel was cast, set, placed in a gel tank and submerged in 1 x TBE running 

buffer. 12 μL of the DNA/dye was loaded into wells alongside a ladder of DNA 

molecular size standards. Samples were run for ~45 minutes at 80 volts.  

Gels were then stained in ethidium bromide (EtBr) solution for ~10 minutes, washed 

in purified water and visualised using a Molecular Imager® Gel Doc™ XR+ System 

with Image Lab™ Software (Bio-Rad Laboratories).   

6 x DNA Loading Dye: 

- 6 mL Glycerol 

- 0.6 mL 1 M Tris HCl, pH 8.0 

Step Temperature 

(
°
C) 

Duration (s) Notes 

Lid Preheating 98 N/A Initial melting step commences when 

heated metal lid reaches 98
°
C 

Initial Melting 92 60 

Melting 92 45 

Annealing 58 30 

Elongation 72 40 Returns to melting, annealing and 

elongation steps 30 x before 

proceeding to final elongation  

Final Elongation 72 300 

Hold Phase 10 Indefinite Amplified samples cooled until used 

or frozen at -80
°
C. 

Table 2.4 – Steps involved in PCR amplification of regions of selected genes. As stated, melting, 

annealing and elongation steps are repeated 30 times (cycles) to give exponential product 

amplification.  
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- 0.12 mL 0.5 M EDTA, pH 8.0 

- 10 mg Orange G 

- Make up to 10 mL using purified water. 

10 x Tris-Borate-EDTA (TBE) Buffer, pH 8.0: 

- 108 g Tris base 

- 55 g Boric Acid 

- 40 mL 0.5M EDTA, pH 8.0 

- Make up to 1 L using purified water. 

Ethidium Bromide (EtBr) Working Solution: 

- 10 μL of 10 mg/mL EtBr  

- Make up to 200 mL using purified water. 

2.3.18 PCR Product Sequencing 

PCR products were first purified, and then quantified using a NanoDrop™ 1000 

Spectrophotometer (ThermoFisher Scientific). Samples containing 20 ng PCR product 

DNA and 3.2 pmol forward primer were made up to 15μL with purified water. 

Reactions were then sent to the Massey Genome Services to be sequenced using 

BigDye™ Terminator Version 1.1 Chemistry and a capillary ABI3730 Genetic 

Analyser instrument (ABI). Results were analysed using CLC Genomics Workbench 

5 (Limited Mode). 

2.3.19 RNA Isolation from Enterococcus faecalis V583 

TSBgly (5 mL) was inoculated from a frozen glycerol stock and incubated overnight 

at 37
°
C with shaking. The following morning, part of the culture was diluted to an

OD600 of 0.2 in 10 mL of TSBgly and incubated for one hour. A 1.5 mL sample of this 

culture was taken and labelled T0. GlcNAc (from a 0.905 M filter-sterilised stock) 

was then added to the remaining 8.5 mL culture to a final concentration of 10 mM. 

1.5 mL samples were then taken every half hour for two hours. Each sample was 

immediately frozen at -80
°
C to minimise RNA degradation.

Once all samples had been taken, the illustra RNAspin Mini RNA Isolation Kit (GE 

Healthcare Life Sciences Ltd.) was used to isolate total RNA. “5.4. Protocol for total 
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RNA purification from up to 10
9
 bacterial cells”, can be retrieved from the following

URL for the manufacturer’s product booklet for this kit: 

https://www.gelifesciences.com/gehcls_images/GELS/Related%20Content/Files/1314

807262343/litdoc28982258AC_20110831205926.pdf 

2.3.20 DNase Treatment of Extracted RNA 

Once total RNA had been extracted from E. faecalis cells, residual DNA 

contaminants were removed by DNase digestion.  This was done with a DNA-free™ 

Kit (Life Sciences). The manufacturer’s protocol can be retrieved from the following 

URL: 

http://tools.invitrogen.com/content/sfs/manuals/cms_055739.pdf 

2.3.21 Reverse Transcription of Extracted RNA Molecules 

After DNAse treatment of extracted RNA, cDNA formation was required prior to 

qPCR for determining the ratios of nagE, gap2 and rpoA mRNA. For cDNA 

formation, extracted RNA was treated according to the manufacturer’s instructions for 

the SuperScript® VILO™ cDNA Synthesis Kit (Life Sciences). The protocol can be 

retrieved from the following URL: 

http://tools.invitrogen.com/content/sfs/manuals/vilo_cdna_synthesis_man.pdf 
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3.0 Determining the Antimicrobial Spectrum of Purified GccF

While Kelly et al. described a culture supernatant of Lactobacillus plantarum KW30 

(containing GccF) as having an inhibitory effect on L. plantarum strains and one strain each 

of Lactobacillus delbrueckii supsp. lactis and Lactobacillus brevis, the range of bacteria

tested was rather limited
101

. Since this early work, details of the structure of GccF have been 

reported, including the S- and O-linked N-acetyl-D-glucosamine moieties, attached to 

cysteine 43 and serine 28 respectively. The subsequent discovery that free GlcNAc 

specifically protects L. plantarum strains from GccF-mediated bacteriostasis
82

 hinted at a 

mode of action that is novel, but has yet to be elucidated. Experiments carried out in this 

study were therefore designed to expand what is known about the phylogenetic spectrum of 

activity of GccF, and its mechanism, or mechanisms, of action.  

This chapter presents the logic behind selecting the range of bacterial genera and species to 

be tested for their susceptibility to GccF, and the results of these tests. 

3.1 Objectives 

1) To identify other possible target organisms based on the presence of predicted

GlcNAc PTS transporter genes in genomes.

2) To test the selected bacterial strains on solid media against a variety of antimicrobials,

including GccF, with and without the addition of GlcNAc.

3) Use liquid culture assays to determine the nature and strength of GccF-mediated

inhibition on selected bacteria, as well as the influence that GlcNAc has on GccF’s

activity.
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Figure 3.1 – KEGG amino sugar metabolism pathway for L. plantarum WCSF1. The enzyme 

bordered in red, a GlcNAc-specific PTS transporter  (E.C. 2.7.1.69;  pts18CBA  and  pts22CBA),
represents the possible molecular receptor for GccF, as it selectively imports extracellular GlcNAc into 

cells, simultaneously phosphorylating it to GlcNAc-6-phosphate.

3.2 Selecting Candidate Organisms for GccF Susceptibility Testing 

As the GlcNAc moieties of GccF had been shown to be essential for its activity, the genome 

of a well characterised indicator strain, Lactobacillus plantarum WCFS1, was examined to 

see if a potential membrane receptor for GlcNAc could be identified. 

Using the website Kyoto Encyclopedia of Genes and Genomes (www.kegg.jp/kegg/), the 

amino sugar metabolism pathway of GlcNAc for L. plantarum WCFS1 was examined.  

Two gene products were identified that are involved in the import of GlcNAc in WCFS1. 

These are pts18CBA and pts22CBA, both of which are phosphotransferase systems (PTSs), 

specific for importing and phosphorylating GlcNAc. In these particular transporters, the 

transmembrane EIIC protein and intracellular EIIB and EIIA proteins are fused into a single 

polypeptide. The transmembrane subunits, IIC and IID, of a mannose PTS transporter have 

recently been shown by Kjos et al. to be the receptor for the bacteriocin, pediocin PA-1
66

. It

is therefore possible that a domain of the GlcNAc PTS transporter(s), the EIIC 

transmembrane domain, fulfils the same role acting as a target for GccF. This is an attractive 

hypothesis because (i) the GlcNAc PTSs are not promiscuous, but are GlcNAc specific, and 

GlcNAc is the only monosaccharide that protects L. plantarum from GccF
82

 and (ii) PTSs are

components of dynamic cell signalling pathways involved in metabolite system control and 

regulation. If  GccF binds with one or both GlcNAc-PTS(s) it may: (a) force the 

transporter(s) open to allow efflux of intracellular material in a manner similar to type IIa 

bacteriocins, (b) block the transporter, preventing GlcNAc transport, (c) hijack the 

http://www.kegg.jp/kegg/
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intracellular phosphorelay signalling cascade associated with the PTS, leading to inefficient 

metabolic regulation, (d) be imported into the cell by the PTS and have a direct intracellular 

effect, or (e) a combination of effects (a) – (d). As GccF does not kill cells, but effectively 

inhibits growth, it is unlikely that (a) is the mechanism used, as this typically kills target cells. 

On the basis of this hypothesis, the KEGG database was searched for orthologues of L. 

plantarum WCFS1 GlcNAc-specific transporter, pts18cba. This transporter was specifically 

chosen because it has been observed in populations of L. plantarum ATCC 8014, that two to 

five cells per million spontaneously become resistant to GccF. Within the ribosomal binding 

site of pts18cba gene for these resistant cells was found to be a single nucleotide 

polymorphism, which is likely to decrease the efficiency of its translation, resulting in fewer 

of these PTS transporters (pts18CBA) being present in the cell membrane102
.  Since the 

formation of a complex between GccF and a GlcNAc-specific PTS, such as pts18CBA, is 

hypothesised to be required for GccF-mediated bacteriostasis, fewer copies of pts18CBA in 

the cell membrane should decrease the susceptibility of target cells to GccF.

In order to be a suitable candidate for GccF testing, a bacterial species must not require 

containment facilities higher than a PC2 laboratory, which allows work with low level 

pathogens, and must be easily obtainable for testing. Some of the bacteria that were 

eventually tested are not listed in the orthologue tree in Figure 3.2, but were tested out of 

interest, or because they belong to the same genus as other susceptible species.  

Using the information collected from the databases, multiple species were selected, including 

those shown in Figure 3.2, to be challenged with GccF. Tests were conducted with and 

without GlcNAc, to see if species other than L. plantarum are similarly protected from the 

bacteriostatic effects of GccF. 



RESULTS AND DISCUSSION 

38 

Figure 3.2 – Alignment Tree of pts18CBA Protein Orthologues. Amino acid sequences from NCBI and 

KEGG databases were loaded into CLC Genomics software, aligned and plotted as a tree. Not all

phosphotransferase systems appear to be GlcNAc specific, but were selected as the most similar match per 

s pecies. 
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3.2.1 In-plate Growth Assays 

Refer to Methods: 2.3.3 and 2.3.4 

Having obtained a variety of organisms from both the Institute of Environmental Science and 

Research  (Wellington,  New Zealand) and the culture collection at the Institute of Molecular 

Biosciences,  Massey University (Palmerston North,  New Zealand),  indicator plates of each

organism were poured, set and subsequently spotted with a number of antimicrobial 

solutions, including GccF, and GlcNAc.  

Results were then visually scored on the basis of the size of the zone of bacterial growth 

inhibition caused by each antimicrobial. 

Genus Species Strain NZRM ATCC NCTC 

GccF 

Inhibition 

GlcNAc 

Effect 

Bacillus megatarium DSM 319 ++ + 

subtilis 6633 - N/A 

BR151 - N/A 

Carnobacterium divergens 3572 - N/A 

Enterococcus casseliflavus 3293 

faecalis V583 + + 

Stubbs IV 89 370 - N/A 

Tissier 1106 19433 775 ++ + 

1240 6055 5957 +++ - 

2244 29212 ++ + 

PCl l325 2262 14506 ++ + 

HH22 3178 + + 

FC 

Tenover 

NJ-3 3488 51299 + + 

3601 +/- 0 

POW 

1994 4061 ++ + 

TX0104 - + 

faecium TYPE 1236 19434 7171 +++ 0 

4037 +++ 0 

Lactobacillus acidophilus NCFM ++ + 

brevis 

LMG1143

7 - N/A 

plantarum KW30 - N/A 

1100 8014 +++ - 

Lp965 - N/A 

8014 – - N/A 
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Table 3.1 – Table of bacterial species and strains challenged with GccF in solid media. GccF inhibition 

has been scored on a scale of – (no inhibition) to +++ (strong inhibition).  The effect of adjacent GlcNAc has 

also been assessed as either synergistic (+), protective (-), no effect (o) or not applicable (N/A). 

The indicator plates served as a simple method of determining an approximate level of 

susceptibility to GccF. The presence of free GlcNAc next to GccF had a pronounced effect on 

Imm 

14917 +++ - 

Lp39 +++ 

WCFS1 +++ - 

WRSF1 +++ - 

KW30 – 

2111 – 4 +++ - 

14917 +++ - 

NC8 +++ - 

sakei Lb790 +++ - 

Leuconostoc mesenteroides 3199 - N/A 

3620 - N/A 

Listeria monocytogenes 35152 7973 - N/A 

Staphylococcus aureus Newmans - N/A 

Streptococcus agalactiae TYPE 2267 13813 8181 +++ 0 

2721 27956 ++ 0 

mutans 987 25175 10449 +/- 0 

pneumoniae TYPE 100 33400 7465 - 0 

2725 9163 - N/A 

2762 ++ 0 

3399 49619 + 0 

pyogenes TYPE 2264 12344 8198 - N/A 

2724 21547 - N/A 

Dochez 

NY5 3604 12351 - N/A 

T2/44/Rb

4 8322 + 0 

salivarius TYPE 3489 7073 8618 - N/A 

suis - N/A 

Weissella viridescens 3313 - N/A 

Yersinia frederiksenii +/- + 
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the inhibition of several bacterial species. The opposing effects that GlcNAc has on 

individual species must be due to differences in GlcNAc metabolism. For example, the 

protective effect of GlcNAc seen in Lactobacillus plantarum may be due to the 

target/receptor binding free GlcNAc and preventing the GlcNAc’s attached to GccF from 

binding. In such a case, the receptor would have to have a higher affinity for free GlcNAc, 

compared to the S- or O- linked GlcNAcs found on GccF. For strains where GccF and 

GlcNAc act synergistically, the presence of GlcNAc in the environment may act as a signal to 

up-regulate GlcNAc-specific PTS transporter gene expression to facilitate GlcNAc uptake 

and optimise GlcNAc metabolism. However, in doing this cells may be “presensitising” 

themselves by increasing the number of receptors that may act as a target for GccF, thus 

promoting bacteriostasis.  

These results demonstrate that the antimicrobial spectrum of activity of GccF extends far 

beyond Lactobacillus plantarum. Certain strains of pathogenic bacteria, including 

Enterococcus faecalis and faecium, Streptococcus spp. and to a lesser extent, Yersinia 

frederiksenii show suppressed growth when exposed to GccF. This supports the current 

hypothesis that GccF may act upon, at least as a primary target, the family of specific 

GlcNAc-specific PTS transporter, orthologous to those found in sequenced L. plantarum 

indicator strains.  
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3.2.2 Variation in Response to GccF and GlcNAc 

Please refer to Methods: 2.3.4 

Similar to the results found by Kelly et al. (1996)101 certain strains of L. plantarum, were

shown to develop resistance to GccF. For example, the indicator strain, ATCC 8014, became 

immune to GccF relatively easily through an unknown process that may involve mutation of 

key receptor residues or a change in regulation of receptor production
102

.

Conversely, the producer strain, KW30 was able to undergo a modification which had the 

result of increasing its sensitivity to GccF. This could be due to the loss, or down-regulation 

of the entire gcc gene cluster, or of the immunity protein itself
102

. Unfortunately, none of

these hypothesises has yet been proved. The natural variations within L. plantarum ATCC 

8014, alongside novobiocin treated (2111-4) KW30 cells are shown in Figure 3.3.  
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It should be noted that Kelly et al. (1996) found that strains of L. plantarum were the main 

targets for GccF.101 However assays carried out in this work (Table 3.1), showed that a wide 

variety of bacteria are (a) susceptible to GccF to some degree and (b) that the addition of 

adjacent N-acetyl-D-glucosamine has varying effects on the activity of GccF, either 

attenuating, or enhancing its antimicrobial activity. The species that were most affected by 

free GlcNAc were Lactobacillus plantarum (attenuation) and Enterococcus faecalis 

(enhancement of GccF activity). Examples are seen in Figure 3.4. 

KW30 2111-4 KW30 

8014-Immune 8014 

Figure 3.3 – Variation in susceptibility to GccF within Lactobacillus plantarum. Strains are given by the 

most adjacent caption. Inset squares starting at the top left, going clockwise: 1.5 µL 2.6 mg/mL GccF; 1.5 µL 

0.52 mg/mL GccF; 1.5 µL 0.10 mg/mL GccF; 5 µL 20% (w/v) GlcNAc.  White patches correspond to areas 
where the growth of indicator bacteria embedded in agar have been inhibited by pure GccF applied to the plate.
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Figure 3.4 – Examples of differential GlcNAc effects between species. Samples of GccF or GlcNAc were

pipetted into the centre of each square. Starting from the top left, going clockwise, each square was spotted with: 

1.5 µL 2.6 mg/mL GccF; 1.5 µL 0.52 mg/mL GccF; 1.5 µL 0.10 mg/mL GccF; 5 µL 20% (w/v) GlcNAc. Plate 
(A) E. faecalis NZRM 4061 in TSB (1% agar); GlcNAc enhances the activity of GccF in the area where

diffusion has resulted in the presence of both GccF and GlcNAc.  Plate (B) L. plantarum KW30 2111-4 in MRS

(1% agar); GlcNAc exhibits a protective effect where diffusion it has diffused into areas where growth would 

otherwise be inhibited by GccF.  

A B 

Enterococcus faecalis, like L. plantarum, includes strains that are both resistant and sensitive 

to GccF. Figure 3.5 shows three distinct levels of increasing susceptibility to GccF within the 

species, Enterococcus faecalis. 
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NZRM 89 displays complete resistance to GccF, irrespective of the presence of GlcNAc. 

NZRM 1106 displays the typical response of the species, with mid-low level inhibition by 

GccF alone, but has enhanced activity in the presence of GlcNAc, shown on plates as a 

crescent-shaped zone of inhibited bacterial growth between the square containing GccF and 

that containing GlcNAc. NZRM 1240 is the most susceptible E. faecalis strain identified, and 

seemingly reverts to the typical L. plantarum response whereby GlcNAc becomes protective. 

For 1240 in particular there is evidence of 3 overlapping regions of different response.  For 

the top left panel, in the GccF-affected region, starting at lower diving line and working up, 

there is: (1) A zone where inhibition of growth has been partly prevented by a relatively high 

[GlcNAc]; (2) A region where inhibition is increased (note the wider diameter in this region 

of the ‘circle’) due to the synergistic action of GccF and a lower [GlcNAc]; and (3) A region 

where the [GlcNAc] is too low to affect GccF-mediated growth inhibition. 

Although the concentration gradients of GccF and GlcNAc that formed in these indicator 

plates were clearly eliciting a complex range of behaviours from some susceptible bacteria 

embedded in agar, it was not feasible to develop methods for measuring these gradients, 

and/or the way in which local ratios of GccF and GlcNAc vary over time, in the time 

available for this study.  Therefore an attempt was made to replicate GccF and GlcNAc’s 

synergistic inhibition of E. faecalis strains in liquid cultures, where the concentration and 

timing of GlcNAc and GccF addition can be carefully controlled. 

Figure 3.5 – Variation in GccF susceptibility and GlcNAc response within E. faecalis. NZRM 89 appears 

completely resistant to the highest concentration of GccF, 1106 shows typical GlcNAc-dependent inhibition, 

and 1240 is very sensitive. Inset squares starting at the top left, going clockwise: 1.5 µL 2.6 mg/mL GccF; 1.5 

µL 0.52 mg/mL GccF; 1.5 µL 0.10 mg/mL GccF; 5 µL 20% (w/v) GlcNAc. 

E. faecalis NZRM 1106 E. faecalis NZRM 1240 E. faecalis NZRM 89 
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3.2.3 Real-Time Growth Determination in Liquid Media Using a Typical Enterococcus 

faecalis strain, V583 

Please refer to Methods: 2.3.5, 2.3.7 

As the identification of organisms susceptible to GccF had been done with agar diffusion 

assays (effectively end-point assays), the experiments were repeated in liquid culture growth 

assays using real time to optimise the GlcNAc/GccF synergy for inhibition and to visualise 

relative growth impairment by the bacteriocin.  

Enterococcus faecalis V583 was used to investigate the synergy between GccF and GlcNAc 

because it is a sequenced strain and it exhibited a response typical reaction seen in most E. 

faecalis strains.  Growth curve data was collected using a Cary 300 UV-Visible 

spectrophotometer (section 2.3.7).

Figure 3.6 presents initial in-liquid tests using a constant concentration both of GccF and 

GlcNAc, while varying the time that cells were (pre)exposed to GlcNAc. The graph shows 

that, as on solid media, GlcNAc appears to sensitise cells to GccF, because when cells are 

exposed to GlcNAc prior to the addition of GccF, growth inhibition is stronger. It was 

interesting that 60 minutes pre-exposure gave the most pronounced inhibition before the cells 

recover and start growing again, while T(-20) and T(-40) levels off temporarily further into 

the assay. 

This preliminary result was the basis on which to conduct future experiments, using the same 

concentration of GccF, the principle of GlcNAc presensitisation and, once optimised, 

GlcNAc concentration. 

 

Figure 3.6 is a key finding, since it suggests that pre-exposure to GlcNAc is the key to 

sensitisation to GccF, a result that could not be elucidated from afar diffusion assays. The 

next step was to determine the effect of different concentrations of GlcNAc on GccF-induced 

bacteriostasis of E. faecalis V583. Figures 3.7 and 3.8 show the effects of a range of low and 

high GlcNAc concentrations, respectively. 

 

Figure 3.6 – OD600 growth curve of E. faecalis V583 with addition of 1 µM GccF at time 0.  Positive 

Control/No GccF, GccF Only, GlcNAc added at T(0), GlcNAc added T(-20), GlcNAc added T(-40), 

GlcNAc added T(-60). GccF was not added to positive control. Final [GlcNAc] in cuvettes was 100 µM. 
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Figure 3.7 – OD600 growth curve of E. faecalis V583 with GlcNAc supplementation at T(-60) mins. Positive 

Control/No GccF, GccF Only, 1 µM GlcNAc, 10 µM GlcNAc, 25 µM GlcNAc, 50 µM GlcNAc. Final GccF 

concentration was 1 µM and was not added to positive control.  

Figure 3.8 – OD600 growth curve of E. faecalis V583 with higher level GlcNAc supplementation at T(-60) 

mins. Positive Control/No GccF, GccF Only, 1 mM GlcNAc, 1.5 mM GlcNAc, 2.5 mM GlcNAc, 5 mM 

GlcNAc,. Final GccF concentration was 1 µM and was not added to positive control. 
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Figure 3.7 shows that GlcNAc acts synergistically with GccF, even at concentrations as low 

as 1 μM. Since TSB contains approximately 14 mM glucose the glucose:GlcNAc ratio is 

14,000:1, indicating that E. faecalis V583 (and possibly other bacteria) has a very sensitive 

and specific GlcNAc-sensing mechanism. In addition, the result shows that the GlcNAc 

response at low concentrations is concentration dependent, and the extent of growth 

inhibition seems to correlate with the concentration of free GlcNAc that was added 60 

minutes prior to GccF addition. A possible explanation could be that free GlcNAc has an 

extended effect that lasts long after GlcNAc has been taken up from the environment. This 

could potentially relate to the GlcNAc-PTS. If it were upregulated in response to free 

GlcNAc, the cells would be able to take it up from their immediate surroundings, which 

would be much more efficient than synthesising their own GlcNAc by a series of enzymatic 

reactions that utilise substrates for other key processes including ATP synthesis (see Figure 

1.4). Subsequently, more copies of GlcNAc-PTS would result in more targets for GccF to act 

upon cells with perhaps a temporarily decreased capacity for GlcNAc synthesis. However, 

not enough is known about GlcNAc sensing and uptake, or regulation of GlcNAc metabolism 

in E. faecalis to draw any firm conclusions.  

The higher GlcNAc concentrations in Figure 3.8 initially provided protection against the 

effects of GccF, much like the effect seen for lower concentrations of GlcNAc with L. 

plantarum ATCC 8014 and GccF. The crossover point between protection and enhancement 

of growth inhibition occurred at ~2.5 mM GlcNAc, and was obvious at about 135 minutes 

after addition of GccF. The growth of the culture with 1 mM GlcNAc added at T(-60) 

minutes began to slow, relative to the control with no addition, ~90 minutes after addition of 

GccF, while for the culture containing 1.5 mM GlcNAc there was a longer delay of 105 

minutes before the cells succumbed to strong inhibition by GccF Interestingly, 5 mM 

GlcNAc protected E. faecalis V583 cells from GccF inhibition for the entire duration of the 4 

hour assay, closely mimicking the positive control. A logical interpretation is that 

extracellular free GlcNAc prevents GccF from inhibiting cell growth, possibly by competing 

with GccF for binding to its receptor and/or possibly by alleviating an intracellular shortage 

of GlcNAc (or UDP-GlcNAc) that might be caused by the GccF:GlcNAc PTS complex 

disrupting intracellular regulation of GlcNAc metabolism. Any temporary up-regulation of 

GlcNAc-PTS numbers in order to optimise GlcNAc uptake might also amplify the effect of 

GccF after the extracellular GlcNAc has been imported, as there would be more receptors for 

GccF to bind to, potentially amplifying its bacteriostatic effect. Experimental measurements 
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of GlcNAc concentrations in culture supernatants by capillary electrophoresis could confirm 

if the onset GccF-mediated growth inhibition coincided with the complete depletion of 

extracellular GlcNAc, but this was beyond the scope of this project. 

Experiments were then carried out to determine whether E. faecalis, like L. plantarum, could 

be revived from GccF-induced bacteriostasis by GlcNAc.  

 

Figure 3.9 shows that when a culture of GccF-inhibited E. faecalis V583 cells was 

supplemented with an excess of GlcNAc, bacteriostasis was temporarily reversed and cells 

began to grow again within 15 minutes. This result is reminiscent of that found with L. 

plantarum and indicates that GlcNAc plays a dynamic role in GccF-induced inhibition in not 

just L. plantarum, but E. faecalis as well. The slight decrease in O.D.600nm values in the 10 

minute period after GlcNAc supplementation at 150 minutes is particularly interesting, since 

this was also observed for the GlcNAc-mediated revival of L. plantarum ATCC 8014
82

.

The effect of “GccF Only” treatment on E. faecalis V583 growth in Figure 3.9 was 

different from that seen in Figures 3.6 - 3.8.  It appeared to cause enhanced growth inhibition

Figure 3.9 – OD600 growth curve of E. faecalis V583 showing GlcNAc-mediated recovery. Positive Control, 

GccF Only, 500 µM GlcNAc T(-60) + 1 mM GlcNAc T(150), 500 µM GlcNAc T(-60). Final GccF 

concentration was 1 µM and was not added to the positive control. 
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without the need for GlcNAc presensitisation. It is possible that the addition of GccF at a 

lower optical density (~0.1 rather than ~0.2 - 0.3) may have caused this effect.  
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3.2.4 Real-Time Growth Determination of Bacterial Cocci Strains, and Species 

Obtained from ESR 

Refer to Methods: 2.3.5, 2.3.7 

Given the diverse response of Enterococcus strains to GccF, it was important to verify that 

the results of liquid media assays would be consistent with the results of the agar diffusion 

assays.  

E. faecalis was focused upon, not only due to its relative position near L. plantarum in terms 

of GlcNAc specific PTS orthology, but also due to its status as a pathogen. While part of 

normal gastrointestinal flora, E. faecalis has been known to cause endocarditis, meningitis 

and bacteraemia, especially in hospital environments. This species also makes up a large 

proportion of vancomycin-resistant-enterococci (VRE) and thus infections are becoming 

increasingly difficult to treat. The potential for a new antimicrobial product to slow or stop 

the growth of these pathogens, or even act synergistically with commonly used 

antimicrobials, would be of interest to the wider community. 

Figure 3.10 presents the two extremes of GccF sensitivity found in Enterococcus faecalis 

strains shown in E. faecalis NZRM 89 (resistant) and NZRM 1240 (sensitive) under same 

conditions used for the strain V583. 
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Figure 3.10 – OD600 growth curves of E. faecalis NZRM 89 and NZRM 1240. 89 Positive Control, 89 GccF 

Only, 89 GlcNAc T(-60) + GccF, 1240 GlcNAc T(-60) + GccF, 1240 GccF Only, 1240 Positive Control. 

Final GccF concentration was 1 µM, added at T(0) and was not added to positive controls. Final GlcNAc 

concentration at time of addition was 1 mM. 

The results in Figure 3.10 mirror those shown in Figure 3.5. E. faecalis 89 did not succumb 

to GccF outright, nor did GlcNAc presensitise cells to the bacteriocin since the growth curves 

were essentially the same as the positive control. E. faecalis NZRM 1240 curves were exactly 

as expected; GccF alone had a powerful inhibitory effect on bacterial growth, while GlcNAc 

allowed growth, albeit not as rapid as the positive control, before levelling off, presumably 

due to the possibility that all the free GlcNAc has been taken up by the cells, allowing GccF 

to assert its effect. This would explain the protective effect of GlcNAc seen on plates, where 

cells could grow for a period, before growth was slowed or halted. This ‘partial’ growth of 

bacteria was difficult to observe in agar diffusion assays, but is much clearer in this assay. 

 Figure 3.11 shows another two strains of E. faecalis responding to GccF alone or in 

combination with GlcNAc. 
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In the case of NZRM 3601, pre-sensitisation with GlcNAc initially provided an extended 

protective effect, suggesting that its rate of GlcNAc uptake is slower than other E. faecalis 

strains, so that bacteriostasis by GccF does not occur during the initial growth phase. There 

was however some degree of susceptibility to GccF, as seen in the in-plate assay. The effect 

of GlcNAc on the efficacy of GccF inhibition of NZRM 4061 growth is more typical. In this 

case, pre-exposure of the cells to GlcNAc increase their sensitivity to GccF. 

Potentially sensitive Streptococcus species from Table 3.1 were tested for their response to 

GccF. Streptococcus pneumoniae is an important human pathogen which is a leading cause of 

pneumonia and may also cause an array of other invasive diseases including meningitis, 

sepsis and endocarditis. Streptococcus pyogenes is also a very invasive organism, causing 

necrotising fasciitis, toxic shock syndrome and sepsis. Figure 3.12 shows their growth when 

exposed to GccF both alone and with pre-exposure to GlcNAc. 

Figure 3.11 – OD600 growth curves of E. faecalis NZRM 3601 and NZRM 4061. 4061 Positive Control, 

3601 Positive Control, 3601 GlcNAc T(-60) + GccF, 3601 GccF Only,  4061 GccF Only,  4061 GlcNAcT(-

60) + GccF. Final GccF concentration was 1 µM, added at T(0) and was not added to positive controls. Final

GlcNAc concentration was 1 mM. 
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The results shown are a contrast to those observed for in-plate assays. S. pyogenes showed 

slight inhibition on plates by GccF; however the liquid assay shows that GccF had a strong 

inhibitory effect on cell growth almost as soon as it was added. S. pneumoniae growth was 

also inhibited, although the inhibition was gradually overcome from 120 minutes onwards. 

Both Streptococcus species were affected by the addition of 1 mM GlcNAc 60 minutes prior 

to GccF addition at the start of the assay. S. pneumoniae growth was inhibited more than it 

was with GccF alone, it is even possible that some cells might be lysing, as the OD600nm 

actually decreases slightly from around 180 minutes onwards. However, this may be due to a 

combination of powerful bacteriostasis and cell settling, given that the cultures in the cuvettes 

were not agitated.  S. pyogenes was initially protected from the effects of GccF by the 

addition of GlcNAc. However, after approximately 120 minutes it decreases to a rate similar 

to that seen when the cells are treated with GccF only, probably because of the depletion of 

the added GlcNAc. Despite GccF having the greater initial antimicrobial effect on S. 

pneumoniae, it recovers well after 150 minutes. Interestingly, while pre-exposure to GlcNAc 

seems protective in the initial stages of growth, it causes longer term enhancement of GccF 

activity seen by the lower growth rates at the end of the 4 hour assay. 

Figure 3.12 – OD600 growth curves of Streptococcus species: pneumoniae positive control, pyogenes positive 

control, pyogenes GccF only, pneumoniae GccF only, pneumoniae GlcNAc T(-60) + GccF, pyogenes 

GlcNAc T(-60) + GccF. Final GccF concentration was 1 µM, added at T(0) and was not added to positive 

controls. Final GlcNAc concentration was 1 mM. 
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This is an important result for the potential applications of GccF, since both Streptococcus 

pneumoniae and pyogenes are responsible for major invasive infections world-wide. The 

ability for GccF to slow the growth of these organisms in liquid culture indicates that the 

bacteriocin may be a useful therapeutic agent in infection treatment, overcoming resistance of 

these pathogens to conventional antibiotic treatments. It would be important to establish just 

how long GccF-mediated inhibition of growth can be sustained in cultures of those 

pathogens, as the (end-point) agar diffusion assay results would suggest that inhibition is 

eventually overcome. 
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3.2.5 Real-Time Growth Determination of Bacterial Rod Species in Liquid Media 

Refer to Methods: 2.3.5 and 2.3.7 

Species from the genus Bacillus (Gram-positive rods) were challenged with GccF. Bacillus 

subtilis strains tested on plates showed no sensitivity to GccF, while Bacillus megaterium 

exhibited GlcNAc-dependant inhibition by GccF. Following the growth of B. megaterium in 

liquid media proved difficult in the Cary 300 UV – Visible Spectrophotometer (Agilent 

Technologies), since unagitated growth led to rapid cell clumping, rendering results unusable. 

Instead, a U-1100 Spectrophotometer (Hitachi) was used in a 25
o
C room, with manual

reading and cuvette inversions to avoid cell clumping. Results are shown in Figure 3.13.  

Figure 3.13 – OD600 growth curves of Bacillus megaterium DSM319. GlcNAc was added at T(-45). Final 

GccF concentration was 1 μM and was not added to the positive control. Cuvettes were inverted prior to 

each reading. 
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Bacillus megaterium is a very fast growing organism, reaching a maximum O.D.600nm of more 

than 6 over the 4 hour assay. The rapid growth may have contributed to the cell clumping that 

made growth assays in the Cary Spectrophotometer problematic. The bacterium appeared to 

have strong bacteriostasis induced by GccF alone upon its addition at T(0), however, at 

approximately T(110) growth accelerated back to a rate similar to that of the positive control. 

The mechanism of overcoming GccF’s toxicity is unknown. Perhaps GccF is metabolised by 

B. megatarium, since GccF is a conjugate of peptide and glycans that individually do not 

induce cell death. This means that temporarily inhibited cells may have the potential to exude 

enzymes able to degrade the bacteriocin. Another possibility is that B. megaterium possesses 

a resistance mechanism with the potential to re-establish any intracellular metabolic 

processes that GccF has disrupted.  

Despite the atypical recovery from GccF inhibition by B. megaterium, the GlcNAc 

presensitisation was typical. Samples with pre-added GlcNAc resisted GccF inhibition, 

before succumbing to dramatically decelerated growth around T(100). It was unexpected that 

both sets of cultures exposed to 0.29 and 1.47 GlcNAc expressed inhibition at near identical 

times if we assume that GccF is able to take effect when GlcNAc levels have dropped 

sufficiently. This could be attributed to rapid cell growth. It may be speculated that the initial 

slowing of growth in the GccF only cuvette us due to the similarity between the B. 

megaterium GlcNAc-PTS and the L. plantarum PTS18CBA, which was the original basis for 

selecting this organism. However, the presence of a PTS18CBA-like PTS may not be the sole 

requirement for GccF susceptibility.    

 In addition to Gram-positive pathogens being potential target organisms, some Gram-

negative organisms also possess GlcNAc specific PTSs that are orthologues of the L. 

plantarum transporters. One such genus is Yersinia, which encompasses Yersinia pestis, the 

infamous causative agent of the bubonic plague. Yersinia are Gram-negative rods, hence they 

have an outer cell membrane that serves as an extra barrier and level of selectivity for 

substances pass into, or out of the cell. GccF susceptibility was tested with and without 

polymyxin, an antibiotic that, allegedly, selectively targets lipopolysaccharide molecules in 

Gram-negative outer membranes (OM) causing damage via a “detergent-like” mode of 

action. Yersinia frederiksenii, a mild pathogen known to occasionally cause gastrointestinal 

infections in humans was used as a representative organism for this genus. 
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Figure 3.14 shows growth assays of Y. frederiksenii against polymyxin B as a basis to 

initially damage the OM, without killing the cells.  

Y. frederiksenii displayed moderate resistance to polymyxin, which was unexpected. Upon 

investigation, Y. frederiksenii strain ATCC 33641 was found to carry a gene that encodes for 

a polymyxin resistance protein
103

. Perhaps the unexpected resistance could be attributed to

this protein. Nonetheless, all concentrations of polymyxin, except 0.5 µM caused a minor 

concentration-dependent inhibition of growth shortly after addition of polymyxin.  

From these results, a concentration of 0.5 µM was chosen for the next set of assays to 

assess the effect of GccF on Y. frederiksenii. It was hoped that 0.5 µM polymyxin would 

permeabilise the OM sufficiently to allow GccF to  access targets in the inner 

membrane, e.g. PTS18CBA. 

Figure 3.14 – OD600 growth curve of Yersinia frederiksenii in the presence of a range of concentrations of 

polymyxin B. Positive Control, 0.5 µM polymyxin, 1 µM polymyxin. 2 µm polymyxin, 5 µM polymyxin, 

Polymyxin B was added at T(0). 
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Figure 3.15 demonstrates that GccF does slightly inhibit the growth of Y. frederiksenii. This 

effect, typically seen for most previous results, was exacerbated by exposure to GlcNAc an 

hour prior to commencing the assay, but the sensitisation is not quite as dramatic as seen for 

other genera. In addition, the presence of polymyxin appeared to slightly enhance GccF’s 

ability to inhibit cell growth. It was hypothesised that the disruption of the Gram-negative 

OM, GccF would have easier access to its theoretical target (a GlcNAc-PTS), which is 

present in the inner membrane. This hypothesis is investigated further in Chapter 4. 

Figure 3.15 – OD600 growth curves of Yersinia frederiksenii in the presence of GccF with and without the 

addition of polymyxin B.  Positive Control, Positive Control (PM), GccF Only, GccF Only (PM), GlcNAc 

T(-60) (PM), GlcNAc T(-60). GccF was not added to positive control. Final concentrations were 1mM GlcNAc, 

1 μM GccF and 0.5 μM polymyxin. PM indicates the addition of polymyxin at T(0). 
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4.0 Investigating the Mode of Action of GccF 

Kelly et al. (1996)101 and Stepper et al. (2011)82 obtained conflicting results regarding the

effect of GccF on the indicator strain, L. plantarum ATCC 8014. Kelly et al. observed that the 

culture supernatant of L. plantarum KW30, containing GccF, was bactericidal
101

, while

Stepper et al. showed that purified GccF was bacteriostatic
82

. It remains unclear how GccF

exerts its antimicrobial effect, and given its distinct structural features, including novel post-

translational modifications (PTMs), and its bacteriostatic activity, it is likely that it employs a

novel inhibitory mechanism. 

While circumstantial evidence suggests that the potential target of GccF is a GlcNAc-specific 

pts18CBA/22CBA/NagE, this is by no means certain. It was therefore necessary to rule out 

other common antimicrobial mechanisms of bacteriocins. Due to Gram-negative bacteria 

possessing an addition barrier (the outer membrane) that may enable cells to resist GccF, E. 

coli outer membranes were made ‘leaky’ to test if this increased inhibition by GccF.  Because 

of the different effects of free GlcNAc on different bacterial strains, the effect of this amino-

sugar on the proteome and transcriptome of various susceptible strains was also investigated. 

4.1 Objectives 

1) To determine whether GccF is bactericidal, or bacteriostatic towards both L.

plantarum and GlcNAc-presensitised E. faecalis.

2) To determine if GccF, like nisin, causes an efflux of ATP through pores formed

in the bacterial membrane, using a sensitive bioluminescent assay for ATP.

3) Use the Gram-negative bacterium E. coli expressing “leaky” secretins in the outer

membrane to deduce the location of GccF’s receptor in E. coli.

4) Identify differentially expressed proteins in E. faecalis after GlcNAc addition

using proteomics techniques.

5) Use qPCR to investigate the effect of GlcNAc addition on the expression of nagE

in E. faecalis.
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4.2 Is GccF bactericidal, or bacteriostatic? 

Refer to methods: 2.3.5- 2.3.7 

The first article documenting plantaricin KW30 by Kelly et al. concluded that the bacteriocin 

was bactericidal
101

. Their bacteriocins activity assays were, however, carried out using L.

plantarum KW30 supernatant containing GccF, rather than purified GccF. It is possible that 

the culture supernatant contained additional antibacterial substances, for example an organic 

acid and/or another bacteriocin, and that the death of the indicator L. plantarum ATCC 8014 

cells occurs only when these other substances are present in addition to GccF. In the 17 years 

since this paper was published there has been steady progress in peptide purification 

techniques for the isolation bacteriocin molecules. Stepper et al. studied the effect of purified 

GccF on L. plantarum ATCC 8014 using a Live/Dead assay to determine cell death
82

. They

found that after three hours exposure to a high concentration of GccF (200 nM, i.e. 

approximately 100-times the IC50), only 5% of the indicator cells were dead. This, in 

conjunction with the fact that prolonged, complete bacteriostasis induced by purified GccF 

can be reversed by adding free GlcNAc (Stepper et al. (2011) and this study), strongly 

suggests that, when acting alone, GccF is primarily a bacteriostatic agent.  

Both GlcNAc moieties on GccF contributed to antibacterial activity, indeed the O-linked 

GlcNAc is essential for activity in agar diffusion assay
82

. Recombinant N-acetyl-β-D-

glucosaminidase (GcnA) from Streptococcus gordonii was used to specifically cleave the O-

GlcNAc residues from GccF, leaving the S-linked GlcNAc attached to the peptide.  In this 

thesis the agar diffusion assays were repeated in liquid culture, where L. plantarum cells were 

treated with various concentrations of O-deglycosylated GccF, and GccF. Untreated cells 

grown under identical conditions were used as a positive control. Cell viability was 

determined by counting colonies. Results are expressed as colony forming units (cfu) per 

millilitre of culture and are shown in Figure 4.1. 
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Figure 4.1 – Calculated cfu/mL for L. plantarum ATCC 8014 cultures, at 30 minute intervals after 

addition of GccF or O-deglycosylated GccF. The positive control (no addition) and GcnA+GccF (~200 

nM O-deglycosylated GccF) have similar trends in both lag and log phase. GccF (200 nM) treated culture 

shows no growth but also no decrease in numbers of viable cells. All additions were made at T(0). 

Contrary to the finding by Kelly et al. (1996)101 of bactericidal activity in L. plantarum 

KW30 supernatants, L. plantarum ATCC 8014 cfu/mL did not decrease at all as a result of 

treatment with purified GccF. Bacterial growth was completely inhibited for the duration of 

the assay, and colonies grown from these GccF-inhibited cells were smaller than those seen 

on positive control plates with similar cfu numbers. This may be a result of residual amounts 

of GccF being transferred to agar plates when culture samples were taken for spread plates. 

Another explanation may be that GccF-induced bacteriostasis is slowly reversed over time 

once the GccF concentration has decreased through culture dilution prior to spreading on agar 

plates, where further dilution of GccF occurs.
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Figure 4.1 supports the results obtained in the Live/Dead cell assay conducted by Stepper et 

al. (2011)82. In both cases L. plantarum ATCC 8014 responded rapidly to purified GccF. In 

the above experiment, intact GccF caused cfu/mL values to stabilise; they did not increase 

(whereas the untreated cultures did), but nor did they decrease, whereas L. plantarum KW30 

culture supernatants caused a 100-fold decrease in cfu/mL values of ATCC 8014 log-phase 

cultures in 30 minutes, and a 1000-fold decrease after 4 hours 101.

A similar viable cell count experiment was done with E. faecalis V583 cultured in TSB 

medium. In one culture, cells were pre-treated with GlcNAc to maximise the GccF-mediated

inhibition of E. faecalis growth. The aim was to determine whether cells sampled after the 

point where the culture OD600nm values level off, in a seemingly premature stationary phase, 

remained viable, as was shown for L. plantarum in Figure 1.4. 
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Figure 4.2 – Growth curves of E. faecalis V583 with and without 1 mM GlcNAc added at T(-60) and 1 μM 

GccF added at T(0). (a) OD600 values (b) cfu/mL. Positive Control (no addition), GlcNAc and GccF treatments.  

(a) 

(b) 



RESULTS AND DISCUSSION 

65 

For E. faecalis V583, both the positive control and cells treated with GlcNAc (T(-60)) and 

GccF (T(0)), continued to multiply. Although the GccF treatment did decrease in growth rate 

after 100 minutes, as shown by both O.D.600nm and cfu/mL values, there was no indication of 

cell death.  

Figures 4.2a and b together show a fair correlation between O.D.600nm and the number of 

cells that can form colonies (cfu/mL). O.D.600nm is roughly proportional to the number of cells 

per mL of culture, regardless of whether the cells are viable or dead, while cfu values 

measure only live cells. Thus a correlation between the two values would indicate that GccF-

induced inhibition of E. faecalis growth is due to bacteriostasis, and that few, if any, cells are 

actually killed by GccF treatment. It is notable, however, that for untreated cells, the ratio of 

cfu/mL : OD600 values roughly doubles over the 180 minutes of culture growth (from 7.5 to 

14.5), while the ratio for the treated cells is relatively uniform (10 ± 1 across all time points), 

so the correlation may depend on additional factors such as the growth phase of the culture, 

and will also be confounded by errors in the individual measurements.  

Overall, the results obtained for experiments with L. plantarum and E. faecalis suggest that 

GccF is indeed bacteriostatic. It may be possible that the supernatant of L. plantarum KW30 

cultures contain some substance(s) that work synergistically with GccF to induce cell killing 

and the subsequent 1-3 log drops in cfu/mL seen by Kelly et al.
101

, however purified GccF is

not significantly bactericidal in the short term, i.e. up to 240 minutes exposure (Figure 4.1).  
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4.3 Monitoring Bacteriocin-Induced Efflux of Cellular ATP via Bioluminescence Assay 

Refer to methods: 2.3.8 

Several bacteriocins, including nisin and some characterised type IIa bacteriocins, form pores 

in bacterial cell membranes, and in many cases, these pores result in the leakage of ATP and 

other intracellular metabolites or ions. Indeed, the loss of cell membrane integrity is 

considered to be a common mechanism of action for many bactericidal bacteriocins
104

.  To

determine whether GccF treatment compromises the integrity of target cell membranes, ATP 

efflux from treated cells was measured using a sensitive bioluminescence assay for ATP. 

Nisin, a pore-forming bacteriocin known to cause ATP efflux
105; 106 

was used as a positive

control.  

(a)

(b)

Figure 4.3 – Outline of reactions taking place in the ATP bioluminescence assay - “Reaction (1) is

reversible and the equilibrium lies far to the right. Reaction (2) is essentially irreversible. When ATP is the 

limiting reactant, the light emitted is proportional to the ATP present” – Excerpt taken from Sigma® ATP 

Bioluminescent Assay Kit outlining the principle on how the kit detects ATP and yields a result. 

ATP + Luciferin 

Adenyl-luciferin + PP
i

Firefly (Photinus pyralis) Luciferase 

Mg
2+

Adenyl-luciferin + O
2

Oxyluciferin + AMP + CO
2 
+  LIGHT

(1) 

(2) 

Adenyl-luciferin + PPi
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Figure 4.4 – Change in ATP levels in cell-free supernatants over time. Bacteriocins were added to L. plantarum 

ATCC 8014 cultures at T(0); final concentrations for nisin were all 1 μM (estimated) and for GccF 1.56 μM. 

Fluorescence was converted to ATP concentration using a standard (see appendices). The experiment for the top graph 

was conducted on 24/07/12, the middle on the 27/07/12, and the bottom on 16/08/12. 

M
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ATP assay results show that GccF treatment did not cause any substantial efflux of ATP upon 

its addition to L. plantarum ATCC 8014 cultures. It is interesting however, that in GccF-

treated cultures there is a slight rise followed by a drop in ATP levels, in all cases, 15 minutes 

after addition of GccF. This might be due to a modification in cellular messaging, since ATP 

plays more roles than just as a cell's energy currency. This result is evidence that GccF does 

not trigger the formation of ATP-permeable pores in the cell membrane, unlike the positive 

control bacteriocin, nisin.  This result is consistent with a bacteriostatic mode of action, and 

the hypothesis that the ultimate target of GccF may be intracellular regulatory mechanisms. 

Therefore, GccF-induced bacteriostasis of L. plantarum ATCC 8014 is not due to ATP 

efflux, and this is consistent with an inhibitory mechanism that does not compromise 

membrane integrity.  

The positive control, treatment with nisin, shows efflux of cellular ATP, consistent with 

nisin’s well documented bactericidal effect due to membrane pore formation
107; 108

. The rapid 

decrease in ATP post-efflux may be due to the hydrolysis of ATP, catalysed by enzymes 

present in the incubation mixture. Apparently this phenomenon has not previously been 

reported in assays of ATP released from nisin treated cells. Many articles focus on the 

immediate ATP efflux at a single time point, for example, intracellular/extracellular 

fluctuations of ATP due to nisin in Listeria monocytogenes by Winkowski et al.
109

 rather than 

a time course of ATP measurements after addition of the bacteriocin. In one study where 

[ATP] was recorded for periods up to 15 minutes after nisin addition to L. monocytogenes 

cells, no ATP depletion was detected
110

. It is possible that the phenomenon seen in Figure 

4.4 is restricted to L. plantarum, or that L. monocytogenes does not release ATP-metabolising 

proteins. 

It should be noted that the differences in [ATP] values between each graph may be due to a 

decrease in the activity of the luciferase in the assay kit over time. The manufacturer states 

“This solution is stable for at least two weeks when stored at 0-5
o
C and protected from light. 

A slight decrease in light production and sensitivity may occur during this time.”  Because 

one of the ‘reagents’ in the ATP assays is bacterial cells, it is also possible that differences in 

the growth media and other growth conditions may have contributed to the poor 

reproducibility of this assay, so all three results have been included for information.  It is also 

possible  that  other  components in the MRS growth  medium, e.g. Mn
2+

, may be  responsible
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for catalysing the hydrolysis of released ATP. Most assays for bacteriocin-induced release of 

ATP are done with washed bacterial cells resuspended in a relatively simple buffer. 
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4.4 Compromising Outer Membrane Integrity Sensitises Gram -ve Bacteria to GccF 

Bacteriocins from Gram-positive (G +ve) bacteria invariably inhibit G +ve bacteria more 

effectively than Gram-negative (G –ve) bacteria, and this difference in sensitivity is usually 

attributed to the protective effect of the outer membrane of G -ve bacteria. This acts as a 

physical barrier, preventing bacteriocins from binding to their molecular receptors/targets
111; 

112
. At 5200 Da, GccF is too large to pass through the outer membrane. The finding that GccF 

is slightly inhibitory towards the G -ve bacterium, Yersinia frederiksenii (see Table 3.1) was 

therefore an unexpected result. Inhibition of Y. frederiksenii growth inhibition by GccF was 

enhanced in the presence of polymyxin, an antibiotic produced by Bacillus polymyxa, which 

acts in part by damaging the outer membrane
113

.

Secretins are a family of homologous selective outer membrane channels that facilitate the 

export of specific substrates and sometimes aid in the assembly of products/complexes, 

including virulence factors. Secretins are dynamic, in that they must undergo extensive 

structural changes in order to permit export, without compromising the barrier function of the 

outer membrane. 

pIV is a unique secretin which spans both the outer and inner membranes. It is involved in the 

assembly and export of filamentous bacteriophage f1. The pIV secretin was found to constrict 

to an internal diameter of 6.0 nm, in addition to having an internal “plug,” yet is able to 

export phage particles 6.5 nm in diameter, indicating that pIV undergoes dramatic 

conformational changes in order to permit substrate passage
114

. It was found in 2010 that 

amino acid substitutions within certain “gating” regions of the secretin pIV, makes the 

channel ‘leaky’ without disrupting its overall structural integrity. The substitutions allowed 

an influx of relatively large molecules, e.g. maltopentose (829 Da), vancomycin (1486 Da) 

and deoxycholate (393 Da), that would otherwise be excluded by the outer membrane
115 and 

therefore be unable to support (maltopentose) or inhibit (vancomycin, deoxycholate) growth.

PulD is the secretin responsible for the secretion of pullulanase (PulA), a starch de-branching 

lipoprotein, in Klebsiella oxytoca. PulD undergoes chaperone (PulS) dependent 

localisation
116; 117

 to the outer membrane (OM), spans only the OM and, like pIV, has been

found to have similar regions within its sequence that once modified, compromise gating 

function. The studies on pIV
115

 and PulD
118

 involved introducing the relevant mutated
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secretin genes into E. coli, expressing them, and scoring appropriate phenotypes, e.g. 

sensitivity to vancomycin. 

 The hypothesis that secretins with compromised gating functions might allow GccF direct 

access to either the periplasm/inner membrane in the case of pulD mutants, or cytoplasm in 

the case of pIV mutants (Figure 4.5), was tested by comparing the GccF-induced growth 

inhibition seen in wild-type E. coli strains, to strains with mutated secretin genes expressing 

‘leaky’ secretins. 

Figure 4.5 – A computer generated reconstruction of secretin multimers. (A) 3D cross-sectional density 

map of pIV showing the plug (*) and inner constriction (arrow). (B) Constructed by Chami et al.,
4
 this 3D 

projection shows PulD spanning the outer membrane (~4.5 nm wide), with a minimum internal diameter of 5.4 

nm at the entrance to the periplasm.  

(A) 
(B) 

~4.5 nm 
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4.4.1 Real-Time Growth in Liquid Media of Escherichia coli Secretin Mutants 

Refer to Methods: 2.3.7 

Figure 4.6 shows a simple schematic diagram of the hypothesised mechanism of improved 

GccF access to putative targets in the cytosol or inner membrane via ‘leaky’ pores. Using 

secretin mutant strains, there is no need to treat the cell with compounds that destabilise the 

OM, for example polymyxin or EDTA, which has the advantage of avoiding any potential for 

additive or synergistic inhibition of growth from exposure to multiple inhibitory substances.  

Figure 4.7 shows the results of initial experiments testing the effect of GccF, with and 

without GlcNAc, on the growth of ΔpulD+pulS, ΔpIV, and the parental K1508 E. coli strains. 

Note that E. coli was a faster growing organism than others used in this study, so typically 

growth was monitored for a shorter period of time. As with prior experiments, GlcNAc (1 

mM final concentration) was added to selected cuvettes at T(-60). At T(0), GccF only and 

GlcNAc+GccF treatments received GccF to a final concentration of 1 μM. 

OM

IM

Extracellular 
Environment

Periplasm

Cytosol

GccF 

Figure 4.6 – Schematic diagram of GccF’s hypothetical entry through ‘leaky’ pIV or PulD. If GccF can 

pass through ‘leaky’ pIV channels, then it can interact directly with cytosolic molecules, while access through 

leaky PulD would allow GccF to interact with periplasmic and inner membrane proteins. 
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Firstly, it should be noted that the parental E. coli K1508 strain grew more slowly than the 

mutant secretin strains, possibly because the ‘leaky’ secretin mutants allow a more efficient 

uptake of metabolites from the rich LB growth medium. In addition, GccF and 

GlcNAc+GccF treated parent (K1508) samples did not deviate significantly from the strain’s 

positive control. This indicates that GccF has little to no effect on wild type E. coli cells, with 

or without 60 minutes prior sensitisation to 1 mM GlcNAc. 

Secondly, the growth of ΔpulD+pulS is significantly inhibited by GccF addition, compared to 

its positive control (no GccF). This inhibition is also apparent when 1 mM GlcNAc is added 

before GccF, but to a lesser extent, suggesting a protective role for GlcNAc.  

Lastly, the growth of ΔpIV mutants was not significantly inhibited by GccF. The ΔpIV 

cultures grew the fastest in this experiment, suggesting that, if GccF has been permitted 

access to the cytosol through the ‘leaky’ pIV secretin, it has not targeted cytosolic proteins, at 

least as its primary target. If ‘leaky’ pIV secretins allow GccF to access the E. coli cytosol, 

then there is no indication that cytosolic GccF is inhibitory to growth, but this is hypothetical 

because there is no test to determine whether GccF enters the cytosol of these cells 

The results suggest that it is unlikely that GccF exerts its effect by interacting directly with 

cytosolic proteins, since ΔpIV could hypothetically allow free passage of GccF into the cell. 

In addition to this, the set of ΔPulD(+PulS)-carrying cells were affected considerably by 

GccF. The introduction of this “leaky” secretin hypothetically permits the passage of GccF 

through the outer membrane by effectively increasing its permeability without the need for 

treatment with extra compounds that would also increase the permeability of the OM.  

The fact that in this instance GccF inhibited cell growth, suggests that the initial target/

receptor for GccF is a molecule, or a region of a molecule, that is exposed to the periplasm.  

The sole GlcNAc-specific PTS in E. coli, NagE, is an inner membrane protein (as are all 

active sugar transporters), which binds periplasmic GlcNAc and actively translocates it into 

the cytosol.  Thus the increased GccF-mediated inhibition seen for ΔPulD(+PulS)-carrying 

cells is consistent with the hypothesis that GlcNAc PTS transporters are receptors for GccF. 
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Figure 4.8 – A generalised schematic of a sugar phosphotransferase system. The EIIC protein (or 

transporter domain) is responsible for coordinating the import and phosphorylation (by EIIB) of extracellular 

sugars, trapping them inside the cell. EIIB is then re-phosphorylated by a phosphorelay system, with phospho-

enol-pyruvate (PEP, the orange circle with a ‘P’ in the middle) as the phosphate donor. In the case of N-

acetylglucosamine PTSs, EIIC, EIIB and EIIA are fused into one multidomain protein, with the EIIC 

embedded in the inner membrane. 

PEP 

Pyruvate 

Figure 4.8 shows that sugars, and possibly molecules that contain sugar moieties, such as 

GccF, can be bound by periplasmic-facing sugar-specific binding sites of PTSs (GlcNAc-

specfic NagE in the case of E. coli and GccF), and that this binding can influence the 

phosphorylation status of intracellular domains and proteins in the phosphorelay system. The 

ratio of phosphorylated and non-phosphorylated forms or various intracellular domains and

proteins can in turn act as signals to control a variety of processes, including gene expression 

and/or intracellular metabolism. 
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4.4.2 Testing Experimental Controls for a ‘Leaky’ PulD Secretin Mutant 

Refer to Methods: 2.3.5 and 2.3.7 

The presence of two plasmids (pCHAP362 Δ477-481, and pAH181, refer to Table 6.2) in the 

E. coli K1508 expressing a leaky PulD secretin meant that additional controls were needed. It 

is important to note that wild type E. coli lack a pulD gene. Specific questions included:  

- Does expression of the chaperone PulS alone increase GccF-induced inhibition?  

- If the ‘leaky’ PulD was mislocalised due to absence of its chaperone, would the strain 

still exhibit increased sensitivity to GccF? 

- Does expression of wild-type PulD also increase sensitivity to GccF? 

Figure 4.9 shows the growth curves for these additional controls (±1 µM GccF). The original 

result of GccF-induced growth inhibition for the ‘leaky’ pulD mutant, compared to wild-type 

pulD which was not inhibited, was confirmed.  

The presence of PulS alone did not increase GccF susceptibility, which was an expected 

result, since PulS is a chaperone protein and is not present in the other susceptible organisms. 

Finally, the presence of ‘leaky’ PulD by itself had no impact on GccF-induced bacteriostasis. 

This was also an expected result, since without PulS, functional PulD secretin channels 

localise to the inner, rather than outer membrane
119

.
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4.4.3 GlcNAc-Mediated Revival in ΔpulD+pulS E. coli from GccF-Induced 

Bacteriostasis 

Refer to Methods: 2.3.5 and 2.3.7 

The addition of free GlcNAc to cultures of Lactobacillus plantarum and Enterococcus 

faecalis in GccF-induced complete or partial bacteriostasis (respectively), restored near-

normal growth in these cultures. If free GlcNAc can also reverse the GccF-induced partial 

bacteriostasis of E. coli cultures, then this would suggest that a common mechanism of GccF-

induced growth inhibition is operating in both Gram positive, and Gram negative species.  

Figure 4.10 shows similar responses to those seen in Figure 3.4, i.e. addition of GlcNAc to 

cultures in the GccF-induced partial bacteriostasis acts to stimulate growth (compare the blue 

(no GlcNAc) and brown (GlcNAc added at T(120)) lines in Figure 4.10). This reversal of 

bacteriostasis in E. coli is not as dramatic as seen in L. plantarum, perhaps because GccF 

Figure 4.10 – Restoring growth of GccF-inhibited ΔpulD+pulS GccF with GlcNAc. Positive Control, 

GlcNAc T(-60) + GccF T(0), GccF T(0) + GlcNAc T(120), GccF T(0).  Final concentration for GccF was 1 

µM and GlcNAc was 1 mM. At T(120) all cultures were mixed by inverting the cuvettes.  
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induced only partial bacteriostasis in E. coli under these culture conditions. Towards the end 

of the assay (220-240 minutes), it appears that the “GccF T(0) + GlcNAc T(120)” curve 

begins to level off again. It may be that all exogenous GlcNAc has been taken up and 

metabolised by the cells, and hence the protective effect of GlcNAc is lost and GccF-induced 

bacteriostasis is being re-established. This hypothesis could be tested by repeating the 

experiment and varying the concentration of GlcNAc added at T(120), and/or by measuring 

the concentration of GlcNAc in the growth medium, although the latter is not trivial for a rich 

growth medium such as the LB medium used here for E. coli cultures.

Another point of interest is that, as for E. faecalis V583 and B. megaterium, growth of the 

GccF T(0) culture appeared to recover towards the end of the assay. While careful 

measurements of specific growth rates would be needed to compare these responses across 

species, it is possible that these organisms employ similar mechanisms to overcome partial 

bacteriostasis e.g. the adjustment of metabolic regulation, or perhaps proteolytic inactivation 

of GccF. Lastly, while the addition of 1 mM GlcNAc at T(-60) initially strongly protects 

against GccF added at T(0), this protection  also only lasts about 120 minutes, after which the 

red (control) and purple growth curves begin to diverge. One could speculate that the 

protective effect of GlcNAc has been lost due to uptake and metabolism, although the only 

way to be sure of this would be to measure free GlcNAc in the culture medium.  While 

analytical methods exist to measure GlcNAc (e.g. high performance liquid chromatography, 

or colorimetric
120

), it is not trivial to apply these methods to a complex matrix such as rich 

growth media, and these measurements were deemed beyond the scope of this project. 
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4.5 Using Proteomics Methods to Investigate Proteins Involved in GccF Susceptibility 

Refer to Methods: 2.3.9 – 2.3.12  

The discovery that pre-incubation of E. faecalis with free GlcNAc sensitises some strains to 

GccF-induced growth inhibition led to a hypothesis that exogenous GlcNAc changes the 

abundance of the GccF receptor and/or the regulation of intracellular processes in a way that 

enhances GccF activity. Intracellular regulation to change, for example, enzyme 

activity, might be due to change either in the abundance or post-translational 

modifications (e.g. phosphorylation) of intracellular proteins.

The aim of this part of the research was to use proteomics methods to investigate the effect 

of supplementing TSB growth medium with 5 mM GlcNAc on the abundance of soluble 

and insoluble proteins extracted from E. faecalis V583. The 5 mM GlcNAc concentration 

was higher than the 1 mM used in culture growth assays to ensure that GlcNAc would be 

present in the culture throughout the 120 minute period the cells had to adapt to the 

presence of GlcNAc. If the free GlcNAc were to be depleted before the T(120) sample,

then proteolysis might reverse any changes in protein abundance. 

The proteins in the soluble and insoluble fractions extracted from cells were separated by 

one-dimensional SDS-PAGE, the selected bands were subjected to in-gel digest with trypsin. 

An apparent increase in bands intensity during the 120 minute incubation was the main 

criterion for band selection. The tryptic peptides were eluted from gel slices and analysed 

using mass spectrometry at The Riddet Institute on Massey University’s Manawatu Campus 

in Palmerston North. Figure 4.11 shows the gel with locations of the eight bands of interest 

indicated, before their excision, subsequent digestion with trypsin, and mass spectrometry 

analysis. 

Table 4.2 shows the top two relevant proteins from each band in terms of organism (only E. 

faecalis proteins were considered), size and protein score. A high protein score indicates a 

low probability that the protein observed was due to a random event, i.e. the higher the 

protein score, the more significant the result.  
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S- S30 S60 S90 S120 I30 I60 I90 I120 I- 

Figure 4.11 – Coomassie-stained SDS-PAGE of proteins extracted from lysed E. faecalis V583 cells 

grown in the presence of GlcNAc. S = Soluble fraction, I = Insoluble fraction. The suffixes indicate the 

time (in minutes) after GlcNAc addition to cultures, and the ‘-’ samples were those taken immediately 

before GlcNAc addition. Numbered arrows show the excised bands. Sample volume loaded per lane: 20 

μL. N.B. Molecular Marker absent. 
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Table 4.1 – Top two protein hits for each band from Figure 4.11. All proteins appear to show an increase 

in relative intensity upon GlcNAc addition and hence may have a role in increasing cell susceptibility to GccF.  
The "Score" number is related to the 'Expect values' in Blast sequence similarity search, and is a measure of 
the significance of the protein identification.  Higher scores indicate a better identification.

Band 

Number 

Protein Name Protein 

Size 

(Da) 

ID 

Number 

Score 

1 Acyl carrier protein 8610 525278 166 

Peptidase propeptide and YPEB domain protein 19488 749518 156 

2 Superoxide dismutase 22683 226185 433 

Xanthine phosphoribosyltransferase 20912 749497 103 

3 Triosephosphate isomerase 27518 565646 335 

General stress protein Gls20 20540 491075 220 

4 Triosephosphate isomerase 27112 699185 46 

2,3-bisphosphoglycerate-dependent 

phosphoglycerate mutase 

26047 525271 40 

5 Putative uncharacterized protein 26579 749518 82 

Carbamate kinase 36034 749511 73 

6 Probable manganese-dependent inorganic 

pyrophosphatase 

33604 749494 137 

Putative PTS system mannose-specific EIIAB 

component 

41571 749506 128 

7 Phosphoglycerate kinase 42428 657310 327 

Glyceraldehyde-3-phosphate dehydrogenase 35920 525278 303 

8 Elongation factor 43418 657310 386 

Band 1’s best ‘hit’ was acyl carrier protein which is involved in fatty acid and polyketide 

synthesis, while the second hit, a peptidase, is involved in protein turnover and degradation. 

Band 2’s hits include superoxide dismutase, which eliminates free radicals resulting from 

oxidative phosphorylation, and xanthine phosphoribosyltransferase, an enzyme involved in 

purine metabolism. Band 3’s and also 4’s top hit, triosephosphate isomerase, is essential to 

glycolysis and hence energy production, while the general stress protein, Gls20, is a response 

to different environmental pressures.  Band 4’s 2,3-bisphosphoglycerate-dependent 

phosphoglycerate mutase is an enzyme that catalyses the conversion of 2,3-

bisphosphoglycerate to 3-phosphoglycerate in glycolysis. Band 5’s top hit is of unknown 

function while the second, carbamate kinase, catalyses the synthesis of carbamoyl phosphate, 

an anion used for nitrogen disposal and pyrimidine synthesis. Band 6’s top hit is responsible 

for splitting linked phosphate groups via hydrolysis. The second, however, is a PTS 

component which allows the “specific” cellular import of mannose; however these 
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transporters are often promiscuous and may facilitate the influx of other monosaccharides, 

e.g. glucose. Band 7’s top protein of interest catalyses the ATP producing step in glycolysis,

and the second is also involved in glycolysis. Finally, the only protein from Band 8 which 

had an E. faecalis origin was elongation factor, a protein that facilitates translational 

elongation. 

From the results of the mass spectrometry, no proteins were found which would conclusively 

explain the increased susceptibility of GlcNAc-treated E. faecalis cells to GccF. Five of the 

fifteen proteins were involved with glycolysis, which may have been up-regulated due to the 

ability for GlcNAc to be channelled into the energy yielding glycolytic pathway. A possible 

candidate for a GccF susceptibility protein is the mannose PTS EIIAB component. This is 

because some PTSs can translocate more than one substrate, and therefore may be related to 

GccF susceptibility should the hypothesis that an increase in the abundance of GlcNAc PTSs 

would provide more targets for GccF prove correct. 

From the point of view confirming this hypothesis, the ideal protein(s) to identify would have 

been directly related to N-acetylglucosamine metabolism, including either NagE itself, or

perhaps proteins encoded by the Nag and/or Glm pathways of E. faecalis (see Figure 1.4).      

A second round of mass spectrometry was undertaken to investigate bands that appeared to 

decrease in intensity upon GlcNAc supplementation, using gels of varying percentages in 

order to increase the resolving power of the separation. Unfortunately, the results did not 

yield any substantial data, and the experiment could not be repeated within the time 

constraints of the project. This experiment should be repeated in the future in order to identify 

which specific proteins increase or decrease in response to either GlcNAc and/or GccF 

treatment.  
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4.6 Designing a qPCR Experiment for nagE of E. faecalis V583 

The discovery that pre-incubation of E. faecalis with free GlcNAc sensitises some strains to 

GccF-induced inhibition led to a hypothesis nagE, encoding the predicted GccF receptor, the 

GlcNAc-specific NagE, is up-regulated in response to the addition of GlcNAc to the growth 

medium. The sugar specific induction of genes involved in sugar uptake and subsequent 

metabolism is one of the most well characterised examples of prokaryotic gene regulation, 

e.g. the lac operon in E. coli
121

. An increase in nagE transcription, and subsequent increase in

NagE abundance, would present more receptor molecules for GccF to bind to and therefore 

strengthen its effect. This hypothesis is described visually in Figure 4.12. 

This section of research aimed to prepare and test materials needed to measure nagE mRNA 

via quantitative polymerase chain reaction (qPCR) before and after GlcNAc addition, to 

confirm that there is an increase. 

 

 

1 2 3 

Figure 4.12 – Schematic diagram of the hypothetical mechanism of GlcNAc’s influence on susceptibility to 

GccF Green represents the E. faecalis cell membrane, Red is NagE/GlcNAc-PTS, Bold substrates are bound to 

NagE, and the rest are free. (1) Low abundance NagE; GlcNAc and GccF have just been added to the culture. (2) 

Increased GlcNAc has led to increased NagE, efficiently taking up GlcNAc, N.B. Relative affinities of free 

GlcNAc and GccF for NagE are unknown, but while free GlcNAc is in large excess to GccF, the inhibitory action 

of GccF is minimal. This may be because free GlcNAc competes with GccF for binding to NagE, or it may be that 

free GlcNAc protects the cell against the downstream effects of a GccF-NagE complex. (3) Upon GlcNAc 

depletion, GccF is free to bind to the (more abundant) NagE and exert its bacteriostatic effect more strongly 

compared to cells not exposed to GlcNAc. 
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4.6.1 Verification of PCR Primer Specificity 

Refer to Methods: 2.3.13 - 2.3.18 

To check that the oligonucleotide primers (listed in the Materials and Methods section, Table 

2.2) specifically amplify an internal segment of E. faecalis target gene, nagE, and the control 

genes gap2 and rpoA, PCR was done using these primers and E. faecalis V583 genomic 

DNA as template. E. faecalis V583 is a mild human pathogen, and its genome was sequenced 

in 2003
122

. Using Integrated DNA Technology’s data and manually checking the primer

sequence vs. the gene sequences, the predicted lengths of PCR products would be the 

following: 

- nagE: 200 bp 

- gap2: 172 bp 

- rpoA: 172 bp 

PCR products were analysed on an agarose gel, stained and visualised. 

 Figure 4.13 - 1% Agarose Gel Electrophoresis of PCR Products. The gel was stained with ethidium 

bromide. The 1kb+ ladder bands are labelled in base pairs (bp). The PCR product lanes each contain a single 

band of the predicted size. Each lane was loaded with 15 μL of dye/product. 
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Figure 4.14 – CLC Genomics Alignments of Sequenced PCR Products. nagE (top), gap2 (middle) and rpoA 

(bottom) sequences from Massey Genome Services (MGS) aligned against those from the NCBI database. Top

row sequences are the MGS results, bottom rows are database sequences. 
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Figure 4.13 shows that only one product of the expected size was detected in each of the 

three reactions. To confirm the identity of the PCR products, and the suitability of the primers 

for qPCR experiments, each product was sequenced by Massey Genome Services (MGS). 

Figure 4.14 shows the alignments of MGS sequencing results and the corresponding genes of 

interest, downloaded from the NCBI database. These alignments confirmed the identity of 

each PCR product.  

Having run this control, further preparation for the quantification of corresponding mRNA in 

GlcNAc induced and non-induced cells could proceed. 
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4.6.2 RT-PCR of nagE, gap2 and rpoA 

Refer to Methods: 2.3.16, 2.3.17, 2.3.20 and 2.3.21 

After isolating total RNA from GlcNAc-induced and non-induced cells, the next step was an 

incubation with DNase to remove residual genomic DNA contamination that would 

otherwise confound the interpretation of downstream experiments. After this, a reverse 

transcription (RT) step was used to form cDNA from the RNA, using the primers validated in 

the previous conventional PCR experiment (Section 4.6.1). The resultant cDNA was then 

amplified by conventional PCR and run on an agarose gel to check that cDNA had been 

synthesised. The best agarose gel for this analysis is shown in Figure 4.15.  

Figure 4.15 shows PCR products of the expected size in every lane. Despite this, many of the 

results are far from ideal. For example, lanes N1, N4, N5, G5 and R5 contain a second band 

(120 min), and some bands appear smeared (primarily at 30 min and 60 min), although this 

could be caused by too much DNA in the sample. This result brought the purity of reagents, 

primers and other PCR components into question. 

Figure 4.15 – 1% Agarose Gel of RT-PCR Products. (N) nagE, (G) gap2 and (R) rpoA genes. (1)  No 

GlcNAc, (2) 30 min GlcNAc, (3) 60 min GlcNAc, (4) 90 min GlcNAc (5) 120 min GlcNAc. Each lane was 

loaded with 10 μL of dye/product. 1 kb+ ladders flank each side of the gel. 

100 bp 

200 bp 
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The gap2 primers were used to test if the total RNA samples were contaminated with 

genomic DNA. gap2 was selected because rpoA had low product yields, and nagE showed 

multiple PCR products.  

Figure 4.16 shows a major problem with sample workup in the RT-PCR process. The 

formation of a PCR product from the DNase treated RNA sample indicates that despite the 

DNase treatment, this sample still contains genomic DNA, as Taq DNA polymerase is unable 

to amplify mRNA. This indicates contamination, but not how the contamination occurred. 

Further attempts to eliminate the DNA contamination were unsuccessful, and due to time 

restrictions, the qPCR of the desired genes was postponed until the DNase treatment is 

optimised to decrease the DNA contamination to acceptable levels. Despite this problem, the 

primers can be used for a future qPCR experiment. 

Figure 4.16 – 1% Agarose Gel of RT-PCR Step Products. (G) Genomic DNA, (R) Extracted total RNA 

(D) DNase treated RNA. (0) No GlcNAc cDNA, (30) 30min GlcNAc cDNA. Each lane was loaded with 15 

μL of dye/product. 
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5.0  Conclusions and Future Directions 

The experimental results presented in this thesis have demonstrated many formerly unknown 

attributes of the diglycosylated bacteriocin, glycocin F (GccF). GccF was found to have a 

much wider spectrum of activity than previously realised, and even the Gram-negative 

bacterium Yersinia frederiksenii was slightly susceptible. Appendix 2 contains a 

photographic record of most agar diffusion assays of GccF activity performed in this thesis. It 

was also found that if the integrity of the outer membrane (OM) was compromised by 

polymyxin treatment or by the presence of a ‘leaky’ mutant of the OM secretin, PulD, then 

the susceptibility of Gram-negative bacteria to GccF was increased, suggesting that in these

bacteria the GccF receptor is located in, and binds GccF at the periplasmic surface of, the 

inner membrane.  

In addition, new information about how this bacteriocin’s activity is modulated either up or 

down by GlcNAc has been revealed. Apart from GlcNAc’s established role as an antagonist 

of GccF-mediated inhibition of L. plantarum strains, at lower concentrations GlcNAc can 

enhance activity of GccF against E. faecalis and other species, which was a most unexpected 

result. An attempt to unravel this apparently synergistic effect of GccF and GlcNAc led to the 

conclusion that exposing E. faecalis cells to GlcNAc prior to treatment with GccF results in a 

stronger inhibitory effect. A possible explanation of this startling behaviour is that free 

GlcNAc increases the number of GccF receptors, and/or changes an intracellular process, for 

example regulation of GlcNAc metabolism, in a way that increases the inhibitory activity of 

GccF added at a later time (see Figures 5.1 and 5.2). 

It was also demonstrated that GccF does not induce significant ATP efflux in sensitive L. 

plantarum cells, indicating that GccF does not form large pores through which ATP can leak 

from the cell. Thus GccF’s mode of action is quite different to that of the bactericidal pore-

forming lantibiotic, nisin. Despite not having obtained convincing results from either mass 

spectrometry or qPCR, the methodological groundwork has been laid for future experiments 

to use these methods to detect changes in the putative GccF receptor, a GlcNAc-specific PTS

transporter (pts18/22CBA, NagE). 

From these results of these and other experiments, the hypothetical mechanism of action for 

GccF-induced bacteriostasis was developed and is presented in Figures 5.1 and 5.2. GccF 
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may ‘hijack’ the regulatory signalling pathway associated with a GlcNAc-specific PTS, with 

its O-linked GlcNAc tricking the cell into a response that occurs when an exogenous GlcNAc 

source is discovered (as per Figure 5.1). The cells decrease internal GlcNAc-1P synthesis, 

but are unable to take up the O-linked GlcNAc (which may be phosphorylated by the PTS). 

Thus, cells are manipulated into creating a GlcNAc(-1P)-depleted cytosol. The absence of 

this peptidoglycan precursor would halt cell wall synthesis, slowing or even stopping cell 

growth without killing cells (Figure 5.2). In the event that cells have been pre-exposed to 

GlcNAc, the GlcNAc-specific PTS may have already be up-regulated, and GlcNAc synthesis 

machinery already been down-regulated, resulting in a stronger inhibitory response once all 

free GlcNAc is imported and only GccF remains to bind to the GlcNAc-PTS transporter, 

Symbol in Diagrams Designation 

GlcNAc 

GlcNAc precursors 

GlcNAc-1/6-phosphate 

GccF, emphasising O-linked GlcNAc 

Phosphate 

GlcNAc Phosphotransferase system 

Glm (GlcNAc synthesis) Pathway 

(Inner) Cell Membrane 

P P 

 P 

Table 5.1 - Key to Figures 5.1 and 5.2 
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Figure 5.1 - Schematic Diagram of GlcNAc-Induced Metabolic Regulation. Upon sensing abundant 

exogenous GlcNAc, cells use the readily available GlcNAc, rather than catabolising potentially high energy 

yielding intermediates, e.g. fructose-1-phosphate. 

Figure 5.2 illustrates a hypothetical model for the mechanism of GccF-induced growth 

inhibition.  Some aspects of this model could be tested using established methods.  For 

example. the model requires that a GlcNAc moiety of GccF binds to a GlcNAc-specific PTS 

transporter.  If the pts18CBA and/or pts22CBA genes that encode these transporters in 

susceptible L. plantarum strains could be knocked out, then knockout strains could be assessed 

for susceptibility to GccF.  According to the model proposed in Figure 5.2, the prediction 

would be that at least some of the knockout strains would show greatly reduced susceptibility 

to GccF.  Similar (nagE) knockouts could be generated in Gram-negative bacteria such as E. 

coli, although it would be necessary to optimise the assay conditions for GccF activity against 

E. coli before testing whether knocking out the nagE gene decreases susceptibility to GccF.

Whether L. plantarum strains would be viable after the pts18CBA and/or pts22CBA have been 

knocked out is unknown, although the nagE deletion mutant E. coli is viable.123
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Figure 5.2 - Schematic Diagram of Hypothesised GccF Mechanism of Action. GccF acts as GlcNAc, and 

cells change metabolic regulation according to GlcNAc abundance. However, there is no GlcNAc readily 

available to be taken up into cells.

Further testing of the effects of GccF inside susceptible cells might require the use of 

quantitative proteomic, transcriptomic and/or metabolomic methods.  An example of the latter 

would be to measure the concentration of UDP-GlcNAc, an essential GlcNAc-derived 

precursor for peptidoglycan biosynthesis, with and without GccF treatment.  The activities of 

enzymes of the Glm pathway for UDP-GlcNAc synthesis (see Figure 1.4) could also be 

measured before and after GccF treatment.  These tests could be carried out on susceptible 

strains of L. plantarum or E. faecalis.

Only when the molecular mechanism of GccF is understood will it be possible to leverage 

nature’s design for the development of new antibiotics that exploit the novel inhibitory 

principles illustrated in Figure 5.2.
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6.0 Appendices 

6.1 - Bacterial strains and plasmids used in this study 

Genus Species Strain NZRM ATCC NCTC 

Bacillus megaterium DSM 319 

subtilis 6633 

BR151 

Carnobacterium divergens 3572 

Enterococcus casseliflavus 3293 

faecalis V583 

Stubbs IV 89 370 

Tissier 1106 19433 775 

1240 6055 5957 

2244 29212 

PCl l325 2262 14506 

HH22 3178 

FC Tenover NJ-3 3488 51299 

3601 

POW 1994 4061 

TX0104 

faecium TYPE 1236 19434 7171 

4037 

Lactobacillus acidophilus NCFM 

brevis LMG11437 

plantarum KW30 

1100 8014 

8014 - 

Imm 

14917 

Lp39 

WCFS1 

WRSF1 

KW30 - 2111 - 4 

KW30 - 2111 - 4 

Imm 

14917 

NC8 

sakei Lb790 

Leuconostoc mesenteroides 3199 

3620 

Listeria monocytogenes 35152 7973 

Staphylococcus aureus Newmans 

Streptococcus agalactiae TYPE 2267 13813 8181 

2721 27956 

mutans 987 25175 10449 
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pneumoniae TYPE 100 33400 7465 

2725 9163 

2762 

3399 49619 

pyogenes TYPE 2264 12344 8198 

2724 21547 

Dochez NY5 3604 12351 

T2/44/Rb4 8322 

salivarius TYPE 3489 7073 8618 

suis 

Weissella viridescens 3313 

Yersinia frederiksenii 

Strain Parental 

Strain 

Plasmids Notes Reference(s) 

K1508 MC4100 N/A ΔlamB106, faulty 

maltopentose uptake 

K2162 K1508 pPMR132 

T327A 

pIV his tagged (as in 

pPMR132) has leaky 

T327A mutation 

115; 124

K1508 pCHAP362 

Δ477-481 

pulD (as in pCHAP362) 

contains Δ477-481 

mutation 

118

K1508 pAH181 pulS (as in pAH181) 116; 118; 125

K2234 K1508 pCHAP362 

Δ477-481 + 

pAH181 

pulD (as in pCHAP362) 

contains Δ477-481 

mutation, pulS (as in 

pAH181) 

116; 118; 125

K2235 K1508 pCHAP362 + 

pAH181 

pulD (as in pCHAP362) is 

wild-type, pulS (as in 

pAH181) 

116; 125

Table 6.1 - Comprehensive list of non-genetically modified bacteria used in this study. 

Table 6.2 - Escherichia coli strains and plasmids used in secretin mutant analysis. K1508 strains were 

transformed and obtained courtesy of Helipad Lab, Massey University, Palmerston North.  
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6.2 – Antimicrobial Spotting on Indicator Bacterial Lawns 

Figure 6.2 (below) – More Indicator Plates for Antimicrobial Agar Diffusion Assays. Key: 1 - 2.6 

mg/mL GccF, 2 - 5-Fold dilution of 1, 3 - 5-Folid dilution of 2, 4 - V583/TX0104 mixed culture + 9mM 

GlcNAc supernatant, 5 - 20% w/v GlcNAc, 6 - 10% w/v Nisaplin (nisin), 7 - V583/TX0104 mixed

culture supernatant, 8 - V583 supernatant (TSB), 9 - TX0104 supernatant (TSB), 10 - 5 mg/mL plnA, 11 - 

Vancomycin.HCl (1 mg/mL in H2O), 12 - Bacitracin (1.8 mM), 13 - plnEF/JK (DSM 13273 plnA 

supernatant). 

Left: Bacillus 

megaterium 

DSM 319 

Right: Bacillus 

subtilis BR151 

Left: 

Enterococcus 

faecium 

NZRM 1236 

Right: 

Streptococcus 

agalactiae 

NZRM 2267 

Left: 

Streptococcus 

pneumoniae 

ATCC 2762 

Right: 

Streptococcus 

pyogenes 

NCTC 8322 

Figure 6.1 – Indicator Plates for Antimicrobial Agar Diffusion Assays. Key: 1 – No spot/Positive 

control, 2 – 2.8 mg/mL GccF, 3 – 20% w/v GlcNAc, 4 – Nisaplin (10% w/v), 5 - PlnA (5 mg/mL), 6 – 

Polymyxin B (100mM). N.B. All samples were 2 μL drops. 
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Top - Down: 

- Lactobacillus plantarum 

NCFM 

- Lactobacillus plantarum 

ATCC 14917  

- Lactobacillus plantarum 

ATCC 8014 

- Lactobacillus 

acidophilus  NCFM 

Top - Down: 

- Lactobacillus plantarum 

KW30 2111-4 

- Lactobacillus plantarum 

WCSF1  

- Lactobacillus plantarum 

KW30 

- Lactobacillus brevis 

LMG11437 

Top - Down: 

- 

- 

- 

- 

Lactobacillus plantarum 

NCFM 

Lactobacillus plantarum 

WRSF1 

Lactobacillus sakei 

Lb790 

Enterococcus faecalis 

V583 
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Top - Down: 

- Enterococcus faecalis 

NZRM 89 

- Enterococcus faecalis 

NZRM 2262 

- Enterococcus faecalis 

NZRM 3601 

- Carnobacteria 

divergens NZRM 3572 

Top - Down: 

- Enterococcus faecalis 

NZRM 1106 

- Enterococcus faecalis 

NZRM 3178 

- Enterococcus faecalis 

NZRM 4061 

- Leuconostoc 

mesenteroides NZRM 

3572 

Top - Down: 

- Enterococcus faecalis 

NZRM 1240 

- Enterococcus faecalis 

NZRM 3480 

- Enterococcus 

cassiflavus NZRM 

3293 

- Leuconostoc 

mesenteroides NZRM 

3572 

-
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6.3 – ATP Assay Standard Curves, [ATP] vs. Luminescence 
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Figure 6.3 – Standard Curves for ATP bioluminescence assay taken for Figure 4.4. Top was taken on 

24/07/2012 for data taken on 24/07/2012 and 27/07/2012. Bottom was taken on 16/08/2012 for the data 

taken on the same day.   
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