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Introduction

Mycobacterium tuberculosis, the etiological agent of tuberculo-
sis (TB), is responsible for approximately 9.27 million inci-
dent cases of TB annually, resulting in 2–3 million deaths.1 
The recent emergence of drug-resistant mycobacteria, particu-
larly XDR-TB, has prompted the World Health Organisation 
(WHO) to set clear objectives to control this threat.1 The rising 
incidence of human and animal infection by non tuberculosis 
mycobacteria (NTM) has also become a serious public-health 
concern.2 NTM can cause a broad spectrum of diseases includ-
ing pulmonary infections resembling tuberculosis3 and extra 
pulmonary infections affecting lymph nodes, skin and soft 
tissue.4 Among NTM, Mycobacterium avium subsp. paratu-
berculosis (MAP), the causative agent of Johne’s disease in 
ruminants, has been the focus of much attention in recent 
years, partly as a consequence of its association with Crohn 
disease in humans.5-7

Nisin A is the most widely characterized lantibiotic investigated to date. It represents one of the many antimicrobial 
peptides which have been the focus of much interest as potential therapeutic agents. This has resulted in the search for 
novel lantibiotics and more commonly, the engineering of novel variants from existing peptides with a view to increasing 
their activity, stability and solubility.

The aim of this study was to compare the activities of nisin A and novel bioengineered hinge derivatives, nisin S, nisin 
T and nisin V. The microtitre alamar blue assay (MABA) was employed to identify the enhanced activity of these novel 
variants against M. tuberculosis (H37Ra), M. kansasii (CIT11/06), M. avium subsp. hominissuis (CIT05/03) and M. avium subsp. 
paratuberculosis (MAP) (ATCC 19698). All variants displayed greater anti-mycobacterial activity than nisin A. Nisin S was 
the most potent variant against M. tuberculosis, M. kansasii and M. avium subsp. hominissuis, retarding growth by a maxi-
mum of 29% when compared with nisin A. Sub-species variations of inhibition were also observed with nisin S reducing 
growth of Mycobacterium avium subsp. hominissuis by 28% and Mycobacterium avium subsp. paratuberculosis by 19% 
and nisin T contrastingly reducing growth of MAP by 27% and MAC by 16%.

Nisin S, nisin T and nisin V are potent novel anti-mycobacterial compounds, which have the capacity to be further 
modified, potentially generating compounds with additional beneficial characteristics. This is the first report to demon-
strate an enhancement of efficacy by any bioengineered bacteriocin against mycobacteria.
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Lantibiotics have been suggested as a possible alternative to 
antibiotics for many drug-resistant infections.8-11 This is due to 
their multiple mechanisms of action, broad-spectrum activity 
against a wide variety of Gram-positive targets, gene-encoded 
nature (making them excellent templates for bioengineering) and 
their ability to be delivered to the site of infection.12-14 However, 
although lantibiotics have been extensively researched, little work 
has been done to investigate their application to treat mycobacte-
rial diseases.15

Nisin A is the prototype lantibiotic and has safely been incor-
porated into a wide range of commercial products since its accep-
tance by the Food and Drug Administration (FDA) as a food 
additive in 1988.16 As with all lantibiotics, synthesis of the mature 
nisin peptide involves extensive post-translational modification 
resulting in the formation of the unusual amino acids lanthio-
nine and β-methyllanthionine, as well as dehydrated amino 
acids.8 Nisin is produced by Lactococcus lactis which is generally 
regarded as safe (GRAS) for food applications. Nisin is generally 
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produce. Mycobacterium smegmatis was chosen as a target strain 
due to its fast growing properties. This study indicated that nisin 
S, T and V all possess greater anti-mycobacteria activity (as evi-
dent from zones of activity). These zones were 2.2 mm (nisin V),  
2.7 mm (nisin T) and 4 mm (nisin S) compared to their nisin 
A counterpart (the producer of which failed to generate a zone 
of clearing) (Fig. 2). To more accurately assess the activity of 
nisin S, T and V these peptides were purified and equimolar 
(sub-lethal) concentrations were used to determine their activity 
against Mycobacterium tuberculosis H37Ra, Mycobacterium kan-
sasii, Mycobacterium avium subsp. hominissuis and Mycobacterium 
avium subsp. paratuberculosis, using the MABA.

Efficacy of nisin S against four pathogenic mycobacteria. The 
variant nisin S exhibited the greatest activity of the nisin peptides 
tested against Mycobacterium tuberculosis H37Ra, Mycobacterium 
kansasii and Mycobacterium avium subsp. hominissuis (Fig. 3). 
This bioengineered variant more effectively inhibited all four tar-
gets than wild-type nisin A. This impact was most apparent for M. 
kansasii as relative growth of the target was reduced by 29% com-
pared to that which occurred in the presence of nisin A (Fig. 3).  
The sensitivity of MAC and M. tuberculosis was comparable as 
respective 28% and 26% reductions in growth, relative to that 
brought about by nisin A, were apparent (Fig. 3). MAP was the 
least susceptible in that there was only a 19% decrease in growth. 
Thus, the K22S change within nisin S increased the efficacy of 
nisin A against mycobacteria by an average of 26%.

Efficacy of nisin T against four pathogenic mycobacteria. 
Nisin T also demonstrated enhanced activity, relative to wild-
type nisin A, against the four target strains. Mycobacterium avium 
subsp. paratuberculosis was the most susceptible species in that 
27% decrease in growth relative to nisin A was observed, thereby 
establishing it as the most potent anti-MAP variant (Fig. 3). K22T 
increased the extent to which M. kansasii and M. tuberculosis were 
inhibited by 24% (compared to nisin A) while MAC was least sus-
ceptible, corresponding to a 16% increase in inhibition (Fig. 3).  
It is noteworthy that while the activities of nisin T and nisin S 
against M. tuberculosis and M. kansasii were very similar, their rela-
tive activities against Mycobacterium avium subsp. paratuberculosis 

used as a food preservative, although it has recently been applied 
therapeutically in the form of an anti-mastitis product called 
‘Wipe-out’.8

The bio-engineering of lantibiotics has been particularly use-
ful with respect to elucidating the importance of specific residues 
and domains within the peptides. In particular, the N-terminal 
region responsible for binding lipid II in the cell wall of target 
cells was elucidated, as was the C-terminal region which inserts 
into the cell membrane to cause pore formation. Most note-
worthy is the work focusing on the central hinge region which 
allows the aforementioned domains to move relative to one 
another.17-19 In contrast however, the generation of lantibiotics 
with enhanced features has been infrequently reported. Some 
successes have occurred, such as the generation of nisin variants 
with enhanced solubility at neutral pH20 or increased antimicro-
bial activity against non-pathogenic strains.21 Interestingly it has 
been established that modification of the hinge region in nisin 
Z (a natural variant of nisin A which differs by only one amino 
acid) led to the identification of variants (N20K and M21K) with 
increased efficacy against Gram-negative species, i.e., Shigella, 
Pseudomonas and Salmonella.18 Perhaps more significantly, 
variants with enhanced activity against specific Gram-positive  
pathogens, such as S. aureus, S. agalactiae and L. monocytogenes, 
have also been generated.19 The enhanced activity of two peptides, 
i.e., nisinK22T and M21V (hereafter nisin T and V respectively), 
(Fig. 1) has been confirmed against non mycobacterial targets, in 
studies with purified peptides.19,22 However, nisinK22S (hereafter 
nisin S) has not been evaluated in purified form to date. Here we 
carry out an investigation to determine if any of these three nisin 
variants display enhanced antimicrobial activity against four rep-
resentative species of pathogenic mycobacteria.

Results

Initial agar-based comparison of the anti-mycobacteria activity 
of nisin and nisin variants. Nisin and nisin variant-producing 
lactococci were employed for initial agar-based bioactivity studies 
to assess the anti-mycobacteria activity of the peptides that they 

Figure 1. Structure of nisin variants Nisin A, Nisin V, Nisin S and Nisin T. Dark circles indicate amino acid differences between Nisin A and its derivatives.
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concentrations,15 and do not require access into the mycobacterial 
cell to exert their effect, unlike conventional anti-mycobacterial 
drugs like rifampicin.25 While the identification of nisin deriva-
tives with enhanced activity is itself a rare event, this is the first 
report to demonstrate the increased efficacy of any bioengineered 
bacteriocins against mycobacteria. Moreover, the further dem-
onstration of the usefulness of MABA indicates that it could be 
employed on a larger scale to screen banks of bioengineered lan-
tibiotics, and indeed other antimicrobials, to identify anti-myco-
bacteria compounds with enhanced activity, stability, solubility 
and/or pH range.

Considering the intentional mutagenesis of lantibiotics was 
initiated in the early 1990s,26,27 it is somewhat surprising that so 
few enhanced lantibiotic variants have been identified. Recent 
work19 employed saturation and site directed approaches in 
which enhanced variants were identified, producing the first 
such peptides to display enhanced activity against Gram-positive 
pathogens.

and Mycobacterium avium subsp. hominissuis, both subspecies 
of M. avium, varied. Overall, relative mycobacterial growth was 
decreased by 23% when nisin T rather than nisin A was employed.

Efficacy of nisin V against four pathogenic mycobacteria. The 
nisin V variant also displayed potent activity against each species 
of mycobacteria. This was enhanced relative to nisin A but was 
reduced relative to that of nisin S and T. MAP was the most sus-
ceptible species with a 23% decrease in relative growth while effi-
cacy was least enhanced against M. tuberculosis (10% decrease in 
relative growth). The growth of M. kansasii and MAC was reduced 
by 20 and 16%, respectively, relative to that which occurred in the 
presence of nisin A (Fig. 3). Collectively, nisin V brought about an 
average 17% increase inhibition relative to nisin A.

Discussion

Lantibiotics are well established anti-microbial agents with 
many attractive attributes. They are gene-encoded, active at low 

Figure 2. Agar diffusion assay of Nisin A and its derivatives Nisin V, Nisin T and Nisin S, overlaid with M. smegmatis.

Figure 3. Activity of nisin V (M21V), nisin T (K22T), nisin S (K22S) and wild-type nisin A against a cohort of pathogenic mycobacteria. Efficacy was evalu-
ated using alamar blue colorimetric indicator dye. The dye reduction value of nisin A was taken as 100% relative growth, facilitating direct comparison 
of nisin A to the activity of nisin V, nisin T and nisin S.
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compared with wild-type nisin, deferred antagonism assays were 
performed by spotting 10 μl of nisin A producing strain L. lactis 
NZ9800 pCI372-nisA and the relevant variant producers L. lac-
tis NZ9800 pCI372nisA-K22S, L. lactis NZ9800 pCI372nisA-
K22T and L. lactis NZ9800 pCI372nisA-M21V on GM17 agar 
plates and allowing them to grow overnight. Each spot was 
then irradiated under ultra violet light for 10 minutes to kill the 
nisin producing L. lactis strains and subsequently over-laid with 
Middle-brook (MB) agar (0.75% W/V agar) seeded with the fast 
growing indicator strain M. smegmatis MC2155 (10%).

Purification of wild-type nisin A and variants. To deter-
mine if an enhancement of activity was a result of increased 
production or increased potency by each variant, evaluation of 
equimolar purified peptides was performed. All nisin peptides 
were purified using the protocol described previously.19 Briefly, 
overnight cultures of Lactococcus lactis NZ9800 producing either 
nisin A or each of the nisin variants, were inoculated into 1 L 
modified TY broth (1% inoculum) and incubated overnight at 
30°C. Cells were harvested by centrifugation at 7,000 rpm for 
15 minutes. The cell pellet was re-suspended in 300 ml of 70% 
propan-2-ol and 0.1% trifluoroacetic acid (TFA) pH 2.0. After 
stirring at room temperature for 4 hours, the cell debris was 
removed by centrifugation (7,000 rpm for 15 minutes) and the 
bacteriocin-containing supernatant reduced to approximately 60 
ml by rotary evaporation. The resultant preparation was adjusted 
to pH4 before applying to a 10 g (60 ml volume) Varian C18 
Bond Elut Column (Varian, Harbor City, CA) pre-equilibrated 
with methanol and water. The column was subsequently washed 
with 100 ml of 20% ethanol and the active bacteriocin was eluted 
with 100 ml 70% IPA, 0.1% TFA. Aliquots (15 ml) were con-
centrated to 2 ml through the removal of propan-2-ol by rotary 
evaporation. Aliquots (1.5 ml) were applied to a Phenomenex 
(Phenomenex, Cheshire UK) Jupiter Proteo RP-HPLC column 
(250 x 10 mm, 90 Å, 4 μm) previously equilibrated with 25% 
propan-2-ol, 0.1% TFA. The column was subsequently devel-
oped in a gradient of 30% propan-2-ol containing 0.1% TFA to 
60% propan-2-ol containing 0.1% TFA from 10 to 45 min at a 
flow rate of 1.2 ml/min.

Analysis of the relative activities of nisin and nisin vari-
ants against mycobacteria. A previously optimized microtitre 
alamar blue assay (MABA)23 was employed to detect viability of 
target mycobacterial cells in the presence of each nisin variant. 
AlamarBlue is an indicator dye which quantitatively measures the 
proliferation of cells including mycobacteria. It consists of an oxi-
dation-reduction (REDOX) indicator that yields a colorimetric 
change and a fluorescent signal in a response to metabolic activity.

The mycobacterial strains were grown to late log phase and 
a 10 ml culture of each target strain was centrifuged at 15,000 
RPM for 20 minutes using a bench top centrifuge (Model CR 
4–12 Jouan Inc., UK). The supernatant was removed and the pel-
let was washed in fresh Middlebrook 7H9GC broth. The pellet 
was then re-suspended in 10 ml of fresh supplemented MB broth 
(containing 0.2% mycobactin J in the case of MAP). To mini-
mize bacterial clumping, cell suspensions were initially vortexed 
for 2 minutes and subsequently mixed by pipetting each suspen-
sion up and down for 2 minutes. This ensured mycobacterial 

This study demonstrated the enhanced activity of three puri-
fied variants, nisin S, nisin T and nisin V, which retarded relative 
growth by as much as 29% (Fig. 3). The increased efficacy of 
nisin S and nisin T is of particular interest in that both variants 
contain a new incorporated hydroxy-amino acid at the same posi-
tion but each have differing activities. Interestingly each newly 
introduced residue, i.e., valine, serine and threonine (in nisin V, 
S and T, respectively), were much smaller than the residues ini-
tially present i.e., methionine (M) and lysine (K). The corollary 
also seems to be true as the introduction of larger residues such 
as arginine have previously been found to have a negative impact 
against other targets.19

Previous observations suggest that the enhanced activities of 
the nisin variants are strain and species specific.19 Sub-species 
fluctuations are also apparent in this study i.e., variant nisin S 
reduced the growth of Mycobacterium avium subsp. hominis-
suis by 28% and Mycobacterium avium subsp. paratuberculosis 
by 19% whereas nisin T contrastingly reduced MAP growth by 
27% and MAC growth by 16% (Fig. 3). It may be that a detailed 
understanding of the basis for the enhanced activity of these 
peptides coupled with the creation of new generations of bio-
engineered lantibiotics could yield new lantibiotic variants with 
particular potency against species and sub-species of pathogenic 
mycobacteria

The generation of species specific lantibiotics with dual modes 
of action would be an exciting step forward in the development 
of novel anti-mycobacterial drugs. Moreover, as these variants are 
the result of just a single nucleotide mutation on the nisin struc-
tural gene, it could mean their acceptance may be more readily 
and rapidly facilitated by food and clinical regulators.19 In con-
clusion, the creation, identification and evaluation of enhanced 
variants nisin T, nisin S and nisin V may represent the first step 
in producing species or even sub-species specific bio-engineered 
anti-mycobacterial peptides.

Materials and Methods

Bacterial strains and culturing conditions. Four common infec-
tious species of mycobacteria were chosen as targets for antimi-
crobial activity studies. These were (period of growth in brackets) 
Mycobacterium tuberculosis H37Ra (11 days), Mycobacterium 
kansasii CIT11/06 (10 days), Mycobacterium avium subsp. hom-
inissuis (CIT05/03) (10 days) and Mycobacterium avium paratu-
berculosis (ATCC 19698) (6–8 weeks). Each was routinely grown 
in Middlebrook 7H9 broth (MB broth) (Sigma Aldrich), supple-
mented with 10% oleic acid-albumin-dextrose-catalase (OADC; 
Unitech), at 37°C. Culturing of Mycobacterium avium subsp. 
paratuberculosis also required the addition of 0.2% Mycobactin J  
(Synbiotics). The rapid growing Mycobacterium smegmatis 
MC2155, also grown in supplemented MB broth, was used as 
a mycobacterial indicator strain for initial agar based assays.  
L. lactis NZ9800 harboring plasmid-associated nisin A and nisin 
variant genes19 were grown in M17 broth (Oxoid) supplemented 
with 0.5% glucose (GM17) and chloramphenicol (10 μg/ml).

Agar diffusion detection of antimicrobial activity. To ini-
tially determine if the peptide variants showed increased activity 
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The formula used for calculating % reduction of alamar blue dye 
was as follows;24

Percent reduction of alamarBlue

= 

Where:
O1 = molar extinction coefficient (E) of oxidized alamarBlue 
(Blue) at 570 nm
O2 = E of oxidized alamarBlue at 600 nm
R1 = E of reduced alamarBlue (Red) at 570 nm
R2 = E of reduced alamarBlue at 600 nm
A1 = absorbance of test wells at 570 nm
A2 = absorbance of test wells at 600 nm
N1 = absorbance of negative control well (media plus alamarBlue 
but no cells) at 570 nm
N2 = absorbance of negative control well (media plus alamarBlue 
but no cells) at 600 nm.
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clumping did not adversely interfere with the assay. Cultures 
were subsequently adjusted to match McFarland standard no. 1  
(3 x 108 CFU/ml), prior to a subsequent 1:20 dilution of the cul-
ture in MB broth.

The MABA was performed in triplicate in a sterile 96 well 
microtitre plate. All outer perimeter wells were filled with sterile 
water to prevent evaporation of test wells. Positive controls con-
taining no nisin and negative controls containing no mycobacte-
ria were included for each test strain. Sub-lethal concentrations 
of wild-type nisin A or a variant peptide were added to each well 
(containing 100 μl of the target strain) at a final concentration of 
10 μg/ml (20 μg/ml for MAP). Following 24 hours incubation, 
20 μl of alamar blue (AbD Serotech) (10% final volume of the 
well) was added to each well. Subsequent readings were taken at 
570 and 600 nm over a 6 day period. Plates were covered and 
re-sealed with parafilm and incubated at 37°C following each 
reading. The time taken for a visual color change in all wells 
varied from four days (MAC) to thirteen days (MAP), with M. 
kansasii and M. tuberculosis requiring four and six days incuba-
tion respectively. The activity of each nisin variant, relative to the 
wild-type nisin A, was initially observed visually. Once the posi-
tive control produced a strong color change indicating cell viabil-
ity, quantitative measurements of all wells for each target strain 
(in the presence of wild-type nisin A and variants) were taken and 
calculated using the appropriate formula.24 Background values 
from the negative controls were subtracted from each test well.

In the case of each individual species of mycobacteria, the 
wild-type nisin dye reduction value was taken as 100% and the 
relative anti-mycobacterial activity of each nisin variant was 
directly compared to that. This was carried out separately for 
each individual test species due to their differing growth rates. 
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