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Antimicrobial peptides (AMPs) commonly target bacterial membranes and show broad-spectrum activity against
microorganisms. In this research we used three AMPs (nisin, epilancin 15x, [R4L10]-teixobactin) and tested
their membrane effects towards three strains (Staphylococcus simulans, Micrococcus flavus, Bacillus megaterium) in
relation with their antibacterial activity. We describe fluorescence and luminescence-based assays to measure
effects on membrane potential, intracellular pH, membrane permeabilization and intracellular ATP levels. The
results show that our control peptide, nisin, performed mostly as expected in view of its targeted pore-forming
activity, with fast killing kinetics that coincided with severe membrane permeabilization in all three strains.
However, the mechanisms of action of both Epilancin 15x as well as [R4L10]-teixobactin appeared to depend
strongly on the bacterium tested. In certain specific combinations of assay, peptide and bacterium, deviations
from the general picture were observed. This was even the case for nisin, indicating the importance of using
multiple assays and bacteria for mode of action studies to be able to draw proper conclusions on the mode of

action of AMPs.

1. Introduction

Antimicrobial resistance is becoming a global threat to human health
as more and more antibiotics are losing their efficacy. Antimicrobial
peptides (AMPs) showing broad-spectrum activity against microorgan-
isms have been considered already for a long time as promising sub-
stitutions for these antibiotics [1-3]. AMPs are mostly positively
charged and amphiphilic, properties that are essential for their (initial)
interaction with the negatively charged membranes of target bacteria
[4]. Currently, there are three main models that are describing the
possible mechanisms of action of AMPs, i.e., the barrel-stave model,
carpet model and toroidal-pore model [4-6]. However, these three
classic models cannot account for the modes of action of many AMPs. In
addition, mechanisms of actions are often ascribed to peptides while
using improper model systems (e.g. composed of only one lipid) [6,7].

Increasingly more models have been proposed by which AMPs desta-
bilize the target membrane. Examples of these are thinning of the
membrane, clustering of anionic lipids or non-lytic membrane depo-
larization [8-11]. Alternatively, the AMPs induce phase separations that
lead to destabilization of the bacterial membranes via blebbing,
budding, or vascularization [12-15]. Recently, it was shown that many
AMPs lacked a correlation between membrane permeabilization and
antibiotic activity. This led to the suggestion that these AMPs inhibit
bacteria by perturbating the membrane and causing intracellular
biomass aggregation [16]. What all AMPs have in common is their af-
finity for the bacterial membrane, and even those that have internal
targets but do not cause permeabilization have mechanisms to pass this
membrane that are similar to certain pore-forming mechanisms [16].
Importantly, what mechanism a peptide is proposed to follow largely
depends on the method and bacterium used for determining the
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peptide's effects [17,18]. Thus, the way in which membrane per-
meabilization by an AMP is determined has major implications for the
conclusions that can (and will) be drawn on the proposed mechanism.
AMPs' effects on bacterial membranes can be subtle, such as mem-
brane depolarization or more severe, like pore-formation or disruption
via the carpet model and several methods exist that can measure these
effects on membranes. Dissipation of the membrane potential (A¥) and/
or ApH, are the subtlest indications of membrane perturbation that can
be measured. Both constitute the so-called proton-motive force (PMF,
Ap) where Ap = Ay — 2.3RT / F * ApH [19]. The dissipation of the PMF
is triggered by proton leakage or membrane potential depolarization
(ion leakage, in case of bacteria mostly K™). The depolarization of the
membrane can be measured by voltage-sensitive cyanine dyes such as
3,3'-Diethylthiadicarbocyanine (DisC3(5)) [20-23]. In the presence of a
membrane potential, these dyes are absorbed into the bilayer and
accumulate presumably in the inner leaflet of the plasma membrane
resulting in self-quenching [24]. The dyes are released after depolari-
zation of the membrane and as a result the self-quenching is relieved
[25-27]. Changes in the pH gradient are mostly measured by deter-
mining the pH of the cytosol via internalized pH-sensitive fluorophores.
Carboxyfluorescein diacetate succimidyl ester can be used for this,
where its esterized form can enter the cell and following de-
esterification it becomes fluorescent [28]. The succimidyl ester en-
sures stable intracellular localization. Besides dissipation of the PMF due
to loss of ions or proton influx, more severe membrane damage, such as
pore-formation, can be measured by determining the efflux of (much)
larger intracellular components. The earliest method used for this was
detecting the release of UV-absorbing components of the cell [29]. In
addition, the loss of ATP by the cells can be determined by a luciferase
based assay [30]. An alternative way to determine the membrane
damage is using probes that can enter the cells when their membrane is
damaged. DNA-binding probes such as SYTOX green or 4',6-diamidino-
2-phenylindole (DAPI) are membrane impermeable and they stain the
DNA only when the membrane barrier is compromised [31-38].
Members of the family of lantibiotics, which belongs to AMPs, usu-
ally have specific mechanisms and large amount of them harbors the
Lipid II targeting family members [39,40]. Nisin (Fig. S1A) is one of the
most well studied member of the lantibiotics family that targets Lipid II
and forms stable pores together with Lipid II in the bacterial membrane
[17,41-43]. The A and B ring-system of nisin is responsible for binding
to Lipid II and the C-terminal part of nisin including rings D/E has been
suggested to be important for pore-formation [44]. A recent high-
resolution NMR study revealed more details on the nisin-Lipid II bind-
ing in membrane bilayers, where the N20-K22 (the hinge) of nisin was
shown to be flexible and lines the pore lumen. This was suggested to be
important for the adaption of the pores to the thickness of the membrane
[45]. The C-terminal (S29-K34) part of nisin was shown to still be dy-
namic in the pore structure and it is proposed to pierce through the
membrane [45]. Pores formed by nisin are very stable and black lipid
bilayer studies have shown that nisin pores have a pore-size of about 2 to
2.5 nm, thus allowing molecules the size of ATP (Stokes radius of ~0.7)
through the pore [43,46]. The mode of action of epilancin 15x
(Fig. S1B), another member of the lantibiotics family, is still unknown.
Therefore we aimed to study the antibacterial activity of this peptide in
comparison to nisin. Epilancin 15x, which has one of the lowest MICs
against pathogenic bacteria and has potent activity especially against
Staphylococci [47]. It is produced by Staphylococcus epidermidis 15 x
154 and was isolated and structurally characterized in 2005 [48]. The C-
terminus of epilancin 15x, especially rings B and C, is very similar to
nisin, which may point to pore-formation as its mechanism [47]. How-
ever, epilancin 15x lacks nisin's N-terminal lipid II signature binding A/
B rings system, which makes it uncertain if it interacts with Lipid II. As
mentioned, how epilancin 15x acts is still unclear, but given the simi-
larity of the C-terminal lanthionine rings it may, like nisin, attack bac-
teria via membrane permeabilization. Teixobactin, which is produced
by Eleftheria terrae, kills pathogens via targeting Lipid II and the wall
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teichoic acid precursor Lipid III, thus its mode of action includes inhi-
bition of the bacterial cell wall synthesis machinery [49]. Recently it was
shown that teixobactin has a dual mode of action that besides cell wall
synthesis inhibition also includes membrane disruption via fibril for-
mation together with Lipid II on the membrane surface [50]. This
aggregational behavior with Lipid II had been shown before for an
improved teixobactin analog, D-Arg4-Leul0-teixobactin ([R4L10]-teix-
obactin, Fig. S1C) [51,52]. Hence, we also explored the permeabiliza-
tion activity of this teixobactin analog compared to that of nisin and
epilancin 15x.

During our efforts in studying the membrane effects of these AMPs
we noticed that even a well-known pore-former, the lantibiotic nisin,
sometimes behaved differently from what can be expected from a pore-
forming peptide in different methods and bacteria. Our results indicate
that it is important to use multiple assays and bacteria for mode of action
studies to be able to draw proper conclusions on the mode of action of
AMPs.

2. Method and materials
2.1. Materials and strains

Nisin A, epilancin 15x were prepared as previously described
[48,53]. [R4L10]-teixobactin was obtained from Ishwar Singh (Uni-
versity of Liverpool). 3,3'-Diethylthiadicarbocyanine iodide (DiSC2(5)),
4’,6-diamidino-2-phenylindole (DAPI) and Triton X-100 were purchased
from Sigma-Aldrich. SYTOX™ Green Nucleic Acid Stain (SYTOX green)
and 5(6)-CFDA, SE, Luria Broth (LB) and Tryptone Soya Broth (TSB)
were purchased from ThermoFisher. M9 medium supplemented with
vitamins and salts was prepared as described [54]. BacTiter-Glo™ Mi-
crobial Cell Viability Assay Kit was purchased from Promega. All other
chemicals or reagents used were of analytical grade. Strains used in this
study: S. simulans 22 [55]; M. flavus DSM 1790; B. megaterium ATCC
14581.

2.2. Methods

2.2.1. General procedures

Precultures of the indicator strains were grown at 37 °C in TSB for
S. simulans and M. flavus or LB for B. megaterium while shaking at 200
rpm overnight and then diluted to an ODgg of 0.05 with fresh medium.
The cultures were further grown for 4 h and spun down at 3000 xg for
10 min at 4 °C. The cells were washed twice with buffer A (250 mM
glucose, 5 mM MgSO4, 100 mM KCl, 10 mM potassium-phosphate buffer
at pH 7) for S. simulans and M. flavus or M9 medium for B. megaterium.
They were then resuspended to an ODgg of 5 and kept on ice until use on
the same day. The bacteria remained viable under these conditions for at
least 2 h.

The concentration of peptides was determined using the Pierce™
BCA Protein Assay Kit (Thermo Fisher) using BSA as a standard. Fluo-
rescence and luminescence related experiments (membrane potential
depolarization assay, membrane permeability assay, ATP leakage assay,
proton permeability assay) were performed using a Cary Eclipse fluo-
rescence spectrophotometer (FL0O904MO0O05) in a 10 x 4-mm quartz
cuvette at 25 °C.

To determine the number of surviving cells in the fluorescence
cuvette at a given time, 5 pL of the suspension was plated onto TSB agar
plates and incubated at 37 °C overnight.

Per species of bacteria all the experiments were done on the same day
and due to time restraints, per experiment, one set of data could only be
obtained. For each bacterium this was repeated at least twice, thus
generating fully independent measurements.

2.2.2. MIC determination
The lowest concentrations of AMPs (nisin, epilancin 15x and teix-
obactin) that did not allow growth of the indicator strains after 18 h
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were defined as the MICs. This was determined using 1 mL cultures of
indicator strains at a start ODggg of 0.05 in fresh medium (TSB for
S. simulans and M. flavus or LB for B. megaterium) containing a serial
dilution of antibiotics in sterilized glass tubes. The tubes were shaken at
37 °C, 200 rpm and the ODg(o was determined after incubation for 18 h
on a Novaspec II. MIC determination were repeated three times.

2.2.3. Membrane potential depolarization assay

The fluorescent dye DiSCy(5) (excitation at 650 nm and emission at
670 nm) was used to test the effect of the antibiotics on the membrane
potential of the bacteria. From the concentrated cell suspension, cells
were diluted to ODggp = 0.05 in a cuvette containing 1 mL of buffer A,
followed by the addition of 2 L of a stock solution of 0.1 mM DiSCy(5)
dissolved in DMSO. Antibiotics were added after 1 min, or left out for the
blank. At the end of the experiment 10 pL of 20 % Triton X-100 was
added to fully dissipate the membrane potential.

2.2.4. Membrane permeability assay (DNA binding stain)

The fluorescent dyes SYTOX green (excitation at 504 nm and emis-
sion at 523 nm) and DAPI (excitation at 364 nm and emission at 454 nm)
were used to inspect the abilities of the antibiotics to disrupt the bac-
terial membrane. From the concentrated cell suspension 10 pL was
added into a cuvette containing 1 mL buffer A to reach an ODgg of 0.05,
followed by the addition of 1 pL of a stock solution of 0.25 pM SYTOX
green dissolved in DMSO or 1 pL of a stock solution of 1 mg/mL DAPI
dissolved in 10 mM PBS at pH 7. Antibiotics were added after 1 min, or
left out for the blank. At the end of the experiment 10 pL of 20 % Triton
X-100 for SYTOX green or BacTiter-Glo™ disruption buffer for DAPI was
added to fully disrupt the cells.

2.2.5. ATP leakage assay

The BacTiter-Glo™ Microbial Cell Viability Assay Kit was used to
inspect the abilities of the antibiotics to cause ATP leakage from the
bacteria. Luciferase signal was recorded using the Bio/Chemi-
luminescence mode with the emission set at 556 nm. The BacTiter-
Glo™ substrate stock solution containing the luciferase enzyme and
substrate was made by dissolving the lyophilized substrate/enzyme
mixture provided in the kit in 1 mL of buffer A, which was then divided
into 50 pL aliquots and stored at —80 °C until use. From the concentrated
cell suspension 10 pL was added into a cuvette containing 1 mL buffer A,
followed by the addition of 5 pL of BacTiter-Glo™ substrate solution.
Antibiotics were added after 1 min, or left out for the blank. At the end of
the experiment 10 pL of BacTiter-Glo™ disruption buffer was added to
measure the amount of residual ATP that was left inside the cells. Ex-
periments using B. megaterium were performed in M9 medium to
maintain viability of the cells. Unfortunately, ATP measurements were
incompatible with M9 medium.

2.2.6. Proton permeability assay

The 5(6)-CFDA, SE (excitation at 490 nm and emission at 525 nm)
was used to inspect the proton permeabilities of the antibiotics against
the bacteria. Precultures of indicator strains were grown at 37 °C, 200
rpm overnight, and then diluted to an ODggg of 0.05 with fresh medium.
The culture was further grown for 4 h and spun down at 3000 xg for 10
min at 4 °C. Then cells were resuspended in buffer B containing 50 mM
HEPES, 20 mM glucose, 1 mM MgSO,4 at pH 7 to an ODggq of 0.5 and
incubated with 3 pM 5(6)-CFDA, SE for 30 min at 30 °C, 200 rpm. The
cells were washed twice with the same buffer and were resuspended to
an ODgqp of 5. From this cell suspension 10 pL was added into a cuvette
containing 1 mL buffer B set at pH 5. Antibiotics were added after 30 s,
or left out for the blank. At the end of the experiment 20 pL of a 1 mg/mL
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) solution in DMSO
was added to fully dissipate the ApH of the bacteria.

2.2.7. Analysis of lipid compositions of bacteria
Bacteria were grown overnight at 37 °C while shaking @200 rpm in
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TSB in the case of S. simulans, or at 30 °C while shaking at 200 RPM for
B. megaterium (in LB) and M. flavus (in TSB). The overnight culture was
diluted to an ODgg of 0.05 in 10 mL and grown to mid-log phase (ODggg
= 0.3-0.4) at the same conditions as for the overnight growth. Bacteria
were harvested, resuspended in 0.8 mL H,0, after which 2 mL MeOH
and 1 mL CHCl3 were added and the samples were vortexed extensively.
Subsequently, 1 mL of CHCl3 and H,O were added, the sample vortexed
and then centrifuged at 1000 xg for 2 min. The organic layer (bottom)
was dried under a N3 stream at 40 °C. The dried lipids were weighed and
redissolved in 250 pL 2:1 CHCl3:MeOH. Lipids were then spotted onto a
NP-TLC (HPTLC-Fertigplatten Nano-ADAMANT®) at 20 pg total lipids
per lane using a Camag Linomat 5. The TLC was developed in 48:48:3:1,
CHCl3:EtOH:NH3:Ho0 with 0.2 g/L NH4Ac, dried under vacuum and
then stained with iodine prior to imaging. Phospholipid species were
assigned based on pure references and the bacterial lipid extracts were
analyzed as three independent cultures per species.

For analysis of the acyl chain compositions, approximately 1 mg of
the bacterial extracts were redissolved in 1 mL n-hexane. Subsequently,
200 pL MeOH containing 100 g/L KOH was added and the samples were
extensively vortexed for 1 min to obtain fatty acid methyl esters
(FAMEs). The n-hexane layer was taken, dried under a N2-stream and
redissolved in 50 pL n-hexane. The FAMEs were then analyzed using gas
chromatography with flame-ionization detection on a Trace GC Ultra
(Thermo Fisher Scientific) equipped with a biscyanopropyl polysiloxane
column (Restek) and N2 as a carrier gas. A temperature gradient was
used that started at 40 °C and held for 1 min, followed by a linear
gradient to 160 °C in 4 min and a subsequent linear gradient to 220 °C in
15 min. Peak identification was performed using FAME standards
Mixture BR2 (Larodan; 90-1052) for branched species and certain
straight chain fatty acids or 63-B (Nu-Chek-Prep) for various unsatu-
rated and straight chain fatty acid species.

3. Results

The peptides under study here are targeted. Hence, to ensure that
unspecific (non-targeted) mechanisms do not play a role we deliberately
selected strains with low MICs to avoid clouding the results with a-
specific effects.

3.1. Nisin causes severe membrane disruption in S. simulans and
B. megaterium typical for pore-formation

Nisin displayed MIC values equal to 80 nM, 50 nM and 75 nM to-
wards S. simulans, M. flavus and B. megaterium respectively. In general,
severe membrane disruption, e.g. pore-formation, of a bacterium leads
to rapid death. This fast-killing rate should also correspond to the effects
observed in the assays that are employed to determine membrane effects
of AMPs if their mode of action involves membrane disruption. There-
fore, we also determined the number of cells killed by nisin by deter-
mining the amount of colony forming units (CFU) after 5 min
incubation, the average time needed for the assays employed here, at the
different concentrations mentioned above. To exclude any environ-
mental influence on the results we determined the CFUs that are present
in the same cuvette and under the identical conditions used for the
fluorescence experiments. From these plate assays it becomes clear that
nisin is able to kill rapidly, as can be expected from its targeted pore-
forming mechanism. At 5x and 10x MIC there is about a 3 and 4 log
reduction respectively in viable cells after 5 min and after 1 min already
more than 99 % of the bacteria have been killed (Fig. P1). At lower nisin
concentrations (1x and 2x MIC) only a 1 or 2 log reduction was ach-
ieved in 5 min and killing clearly takes longer.

The activity of AMPs, expressed in their MIC-values, towards
different strains and in comparison to others can vary quite extensively
from nanomolar to micromolar values depending on the killing mech-
anism they use. Therefore, in order to allow easy comparison, we used
AMP-concentrations equal to 1 x, 2x, 5x and 10 x the respective MICs of
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the different strains in all the assays that report on membrane effects by
the AMPs.

When testing the effects of nisin on the membrane potential with the
dye DiSCy(5) or the effect on membrane permeability to a DNA probe
with the dye Sytox green/DAPI, in all cases, a picture emerges where the
membrane effects parallel the killing rates (Figs. 1A, B and S2A). At low
MICs relative minor effects can be seen, while at the highest concen-
trations (5x and 10x MIC) the effects are maximal of what can be
achieved in the assay. The ApH measurements deviate from this picture
where already a maximum effect was achieved with a concentration of
only 1x MIC in about 1 min (Fig. 1C). An interesting case is presented
when we tested for ATP leakage in an on-line assay using luciferase to
determine both intra cellular ATP levels as well as ATP-leakage from the
cells. As luciferase is unable to enter the cell spontaneously and is too
large to leak through the pores formed by nisin, this assay allowed us to
determine i) the extent of ATP leakage from the bacteria in time and ii)
the total amount of ATP remaining in the bacteria after 5 min of incu-
bation with nisin. The low MIC traces (1x and 2x MIC) are especially
interesting as it shows that two simultaneously occurring processes have
to be considered (Fig. 1D). The addition on nisin at this concentration
clearly induced some leakage of ATP in 5 min, amounting to a little over
10 % of the original amount of ATP in the cells (as deduced from the
maximal signal obtained from the blank after lysis of the cells). How-
ever, simultaneously the total amount of ATP present in the cells had
dropped considerable. Only about 50 % of the ATP was left with respect
to the control, meaning that an additional 40 % of ATP was lost some-
how. This drop in cellular ATP can be explained by taking into account
that, within 1 min, nisin induced a complete dissipation of the ApH, the
main driving force for the generation of ATP in the bacteria [56]. As all
ATP-consuming processes (e.g. protein synthesis, a major ATP-
consumer) within the cell are still active, this results in a dramatic
drop of the ATP-levels. At the highest concentration of nisin a little over
20 % of the original amount of ATP has leaked out of the cells in 5 min,
while nothing remains as there is no extra increase of signal upon
complete lysis of the cells. Thus the remaining cells are completely
devoid of ATP and have lost their ATP due to the combined losses due to
leakage and consumption in the absence of ATP regeneration. So far,
studies on luciferase-based ATP determination for cells have been off-
line-and only determined the amount of ATP that leaked out after
separating the cells from the medium. Our method is able to determine
both the amount of ATP leakage in time and the total amount of ATP that
is left in the cells at a given timepoint, a valuable improvement of the
assay.

We next tested nisin's activity towards B. megaterium, a bacterium
with a similar sensitivity towards nisin as S. simulans (both 75 nM).
Surprisingly, B. megaterium seemed to be much more sensitive in the
membrane disruption assays (even in M9 medium) as its MIC would
suggest. Membrane effects could be observed in all assays at concen-
trations starting 100-fold lower than the MIC, which also correlated with
arapid drop in CFUs at similar concentrations (Fig. P2). Apparently, this
bacterium is much more sensitive towards nisin under the conditions of
the membrane permeability tests (M9 medium) opposed to MIC tests in
growth medium (LB-broth). Yet, at these lower concentrations, a fairly
similar behavior of nisin was seen towards B. megaterium as compared to
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S. simulans with all membrane disruption assays (Fig. S2E-H). Here, the
disruption of the ApH was very fast as well and already complete within
a minute, but also the membrane-potential measurements showed fast
dissipation kinetics. Thus, both the two components of the PMF, A¥ and
ApH, were affected early as compared to the more severe membrane
effects measured by the DNA probes. Taken together, the results with
these two bacteria show that there is a good correlation between the
killing rates observed and the membrane disruption measured by the
different assays.l

3.2. Deviations from ideal behavior as a pore-former with M. flavus

M. flavus is a bit more sensitive to nisin (MIC of 50 nM) as compared
to S. simulans (75 nM). The killing rate of nisin towards this bacterium is
similarly fast as compared to S. simulans as at a 10-fold MIC concen-
tration of nisin 3-4 log killing was achieved in 5 min (Fig. P3).

The effects of nisin in the membrane potential assay, Sytox green
assay and ATP-leakage assay on M. flavus, were all comparable to the
effects observed for the other bacteria (Fig. S2B-C and Fig. 1F). Sur-
prisingly, the effects of nisin on the ApH of M. flavus were much less
pronounced. Instead of a rapid decrease of the signal in the first minutes
as seen for the other bacteria, a gradual decrease over time was observed
(Fig. 1E). This coincided with a low drop of ATP levels within the cells at
the lower concentrations, again showing that the ApH and the ATP
content of the cells are correlated. Importantly, the leakage assay using
DAPI was completely non-responsive to the effects of nisin on M. flavus
(Fig. S2D). Since DAPI is a factor of ~2 times smaller than Sytox green
the size of the probe cannot explain this difference in responsiveness.
This deviation from the ideal behavior signifies that relying on only one
bacterium and one assay for determining membrane effects can be very
limiting and can lead to complete misinterpretation of the mode of ac-
tion. The non-responsiveness of DAPI stands out (also for the other
peptides, see below) and makes this probe unsuitable for this kind of
membrane permeability assays, at least in combination with M. flavus.

3.3. Epilancin 15x does not cause major membrane disruptions in
M. flavus and S. simulans

Epilancin 15x (abbreviated to epilancin) displayed MIC values equal
to 100 nM, 75 nM and 100 nM towards S. simulans, M. flavus,
B. megaterium respectively. Epilancin behaved quite differently from
nisin towards S. simulans and M. flavus. In contrast to nisin, epilancin
was shown to be bacteriostatic towards both S. simulans and M. flavus;
only 1-2 log of cells were killed at the highest concentration (10x MIC)
in 5 min (Figs. P4 and P5). The bacteriostatic effect of epilancin towards
these strains would suggest that it has less severe membrane perturbing
activity. This, we tested using the assays we have validated with nisin as
a reference compound above.

First, we used DiSCy(5) and 5(6)-CFDA, SE to test the membrane
depolarization activity and proton permeabilization activity of epilancin
towards the two strains. Epilancin causes clear effects in both assays
with S. simulans that increase with increasing concentration (Fig. 2A and
C) albeit that the effects on the ApH were not as strong as those of nisin
(compare Figs. 1C and 2C). Interestingly, concentrations of epilancin of

! Triton X-100 only induced a 100 % effect in the control situation of our
Sytox-green with B. megaterium. For the other two bacteria, a 100 % effect was
only obtained upon Triton X-100 addition to the cells in the presence of the
peptides. Triton X-100 addition did cause a 100 % effect with all bacteria in the
membrane depolarization assay. Another example of the higher sensitivity of
this assay to relative minor membrane perturbations.The lysis buffer supplied
with the BacTiter-Glo kit seemed to be an efficient way for bacterial cell lysis
and was compatible with the membrane depolarization, where it gave the same
results, and DAPI assays. However, it was not compatible with the Sytox-green
assay as this led to significant quenching of the fluorescence.
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Fig. 1. Effects of nisin on the membranes of S. simulans and M. flavus determined using different fluorescent probes on (A) the membrane potential of S. simulans; (B)
the membrane permeability of S. simulans determined using Sytox green; (C) the intracellular pH of S. simulans; (D) the intracellular ATP levels and leakage of ATP
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(blue) are indicated by different color. Blank and CCCP control trace are indicated by green and red. For each bacterium this was repeated twice, thus generating fully

independent measurements. Experiment 1E was repeated three times.

0.5x MIC and 1x MIC do not appear to cause proton permeability in
M. flavus (Fig. 2E). On the contrary, the signal has a clear increase,
pointing to increased outflow protons from the cells.

In line with epilancin's bacteriostatic activity, it barely shows effects
on membrane permeability in experiments using Sytox green, DAPI and
luciferase (Figs. 2B and D, S3A, C and E). Only at high concentrations
(5x & 10x MICs) some minor effects can be seen. Furthermore,
although epilancin barely causes any ATP leakage from S. simulans or
M. flavus, it did cause the internal ATP concentration to drop in both
cells at the higher concentrations (Figs. 2D and S3E) albeit not to a large

extent.

Previously, epilancin was predicted to kill bacteria via pore-
formation in view of similarities between the structures of epilancin
and nisin [47]. Our results show that this cannot be the case, at least not
with respect to its activity towards S. simulans and M. flavus.

3.4. Epilancin 15x activity towards B. megaterium

Similar to what we observed for nisin, B. megaterium was also very
sensitive to epilancin. It was clearly bactericidal as at 5x MIC it caused a
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Fig. 2. Effects of epilancin 15x on the membrane of S. simulans, M. flavus and B. megaterium determined using different fluorescent probes on (A) the membrane
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1x MIC (orange), 2x MIC (grey), 5XMIC (yellow) and 10x MIC (blue) are indicated by different color. Blank and CCCP control trace are indicated by green and red.
For each bacterium this was repeated twice, thus generating fully independent measurements. Experiment 2E was repeated three times.

4-log reduction in cells after 5 min (Fig. P6). This high sensitivity was
also reflected in the membrane depolarization assay, where epilancin,
like nisin, showed membrane depolarization activity below its MIC
value. At 0.1x MIC, epilancin exhibited already more than 50 %
membrane depolarization in 2 min and effects were maximal at con-
centrations of 1x MIC or higher (Fig. S3F). The proton permeability
assay showed similar results (Fig. S3H). Moreover, the Sytox green and
DAPI assays indicated severe membrane damage at these higher con-
centrations (Figs. 2F and S3G) and these effects parallel the killing rates.
Thus, these results suggest that the bactericidal activity of epilancin
towards B. megaterium is mainly due to its membrane damaging effect.

3.5. [R4L10]-teixobactin induced membrane permeabilization

[R4L10]-teixobactin displayed a MIC value of 0.125 pg/mL (100 nM)
which is 2-fold lower MIC than that of the natural version against MRSA

ATCC 33591 [52]. Besides, it displays MICs in the range of 0.25-1 pg/
mL (200-800 nM) against VRE, 0.03-0.5 pg/mL (24-400 nM) against
MRSA, and 0.125-0.5 pg/mL (100-400 nM) against Bacillus spp. [52]. In
this research, [R4L10]-teixobactin displayed MIC values equal to 1000
nM, 750 nM and 500 nM towards S. simulans, M. flavus, B. megaterium
respectively. Thus, our MIC values were close to the range of MIC-values
found in the literature even though we used a different method to
determine them. The MIC values of [R4L10]-teixobactin towards our
three test strains are 6-10 folds higher than that of nisin and epilancin
15x, therefore, to prevent possible a-specific effects due to high peptide
concentrations, we only used concentrations equal to 1 x, 2x and 5x the
MICs of [R4L10]-teixobactin in our membrane disruption assays.

At lower [R4L10]-teixobactin concentrations (1x and 2x MIC), it
barely killed S. simulans until at 5x MIC, the number of viable cells
dropped with 90 % in 5 min (Fig. P7). Similar to the case of epilancin,
[R4L10]-teixobactin only showed killing activity towards S. simulans at
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the highest concentrations. The time killing assay indicated that
[R4L10]-teixobactin should have a relatively low membrane perturbing
activity compared to nisin, at least within the short time frame used
here.

The membrane depolarization activity of [R4L10]-teixobactin to-
wards S. simulans was in line with its low membrane-perturbing activity.
Only at the highest concentration (5x MIC) a clear membrane depo-
larization effect could be observed and the maximal amount of
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dissipation that was reached in the experiment stayed below the 50 %
(Fig. 3A). Similarly, the ApH was dissipated at concentrations higher
than 1x MIC, with maximal effects only at a 5x MIC concentration
(Fig. S4B). While similar results were observed in the DAPI assay
(Fig. S4A), the Sytox green assay showed a different picture. A clear
membrane permeability effect was observed already at 1x MIC and the
maximal effect that was obtained at 5x MIC was above 70 % (Fig. 3B). In
line with these results, [R4L10]-teixobactin induced ATP leakage, and a
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Fig. 3. Effects of [R4L10]-teixobactin on the membrane of S. simulans and M. flavus determined using different fluorescent probes on (A) the membrane potential of
S. simulans determined using DiSCy(5); (B) the membrane permeability of S. simulans determined using Sytox green; (C) the ATP levels and leakage of ATP from
S. simulans; (D) the membrane potential of M. flavus; (E) the intracellular pH of M. flavus determined, SE; (F) the ATP levels and leakage of ATP from M. flavus. The
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X. Wang et al.

low but significant amount of ATP was released from the cells at 1 x MIC
(Fig. 3C). Like nisin, a dual effect could be seen here as the cytosolic ATP
concentration dropped significantly at concentrations equal to 2x and
5x MIC (Fig. 3C).

Similar to its activity towards S. simulans, [R4L10]-teixobactin killed
90 % of M. flavus cells in 5 min at a concentration equal to 5x MIC
(Fig. P8). Likewise, its effects on the membrane potential (Fig. 3D) and
ApH were also comparable (Fig. 3E) including the rise of the cellular pH
at low concentrations of the peptide. No severe permeabilization could
be observed at all concentrations in the Sytox assay and ATP only leaked
out of the cells at the highest 5x MIC concentration (Figs. S4D and 3F).
The DAPI results were (again) hardly showing any response with
M. flavus, only some effect at 5x MIC could be observed (Fig. S4C). A
very interesting effect could be observed for low concentrations (1 and
2x MIC) of [R4L10]-teixobactin on the internal ATP levels. A clear in-
crease in total ATP levels of this bacterium could be observed, which we
have never seen before in this test and seems unique for this combina-
tion of antibiotic and bacterial strain (Fig. 3F).

As observed for the other peptides, B. megaterium was more sensitive
towards [R4L10]-teixobactin as well. More severe effects in the time-
killing assay were paralleled by severe effects in the assays reporting
on membrane permeabilization. [R4L10]-teixobactin at 2x MIC killed
3-log of cells in 5 min while at lower concentrations the effect was
substantially lower in this time period (Fig. P9). In all membrane
perturbation assays with B. megaterium, [R4L10]-teixobactin exhibited
clear effects at 0.5x MIC and reached nearly 100 % at the concentration
of 2x MIC (Fig. S4E-H).

3.6. The ultra-sensitivity of B. megaterium may be related to membrane
lipid composition

What stood out in the experiments above was that the B. megaterium
cells were very sensitive and rapidly killed by all three antibiotic pep-
tides. This was always paralleled by severe membrane perturbation. To
test if this may be caused by the membrane lipid composition of this
strain compared to the other strains we determined their composition
with respect to the acyl chain and headgroup. There were some differ-
ences observed in acyl chain composition between the three strains
(Fig. S5). However, these small differences do likely not explain the high
sensitivity of B. megaterium vs the other strains. This changed when the
headgroup composition was determined (Fig. S6). Phosphatidylglycerol
(PG) and cardiolipin (CL) were predominantly found in S. simulans and
M. flavus, while phosphatidylethanolamine (PE) could only be observed
for B. megaterium. Most conspicuous was the absence of Lysyl-PG, a
version of PG with a lysine attached making it the only known naturally
occurring cationic lipid [57], in the B. megaterium abstract. Lysyl-PG is
synthesized from PG and flopped to the outer monolayer of the plasma
membrane by MprF, and is involved in resistance against positively
charged AMPs [58]. B. megaterium lacks the gene encoding for MprF,
which explains the absence of this lipid in the extracts. Therefore, it is
tempting to speculate that this absence of Lysyl-PG causes B. megaterium
to be highly sensitive to the membrane-disruptive effects of the AMPs
from in this study.

4. Discussion

Fluorescent probes that can measure, somehow, the extent of mem-
brane damage are often used for determining the mode of action of
antimicrobial peptides or other antibiotic compounds. Depending on the
probe used, moderate or more severe effects on the permeability barrier
of the bacterial plasma membrane are measured. Here we used five
different assays and three different bacterial strains and compared how
they report on the mode of action of three different antimicrobial pep-
tides. First we tested how the different assays report on the well-
established mode of action of nisin, that together with Lipid II effi-
ciently forms pores in target membranes. Then, we tested these systems
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on two other peptide antibiotics. One peptide with a so far unknown
mode of action was the lantibiotic epilancin 15x. The mode of action of
the other, the [R4L10] analog of teixobactin, also involves targeting
Lipid II and, similar to nisin, it clusters into higher order oligomers in a
Lipid II dependent way. Recently, natural teixobactin was shown to
induce membrane disruption in conjunction to its assembly into higher
order oligomers. Whether this is also the case for the [R4L10] analog
was not known [50].

4.1. General considerations

Changes in the internal pH of the cell that we measured using 5(6)-
CFDA, SE or in the trans-membrane potential measured by DiSCy(5)
were considered as moderate membrane permeabilization effects as they
report on leakage of protons into and of (mainly) potassium ions out of
the cells respectively. More severe membrane effects we determined by
measuring the leakage of DNA probes into, or ATP from the cells. For the
latter we devised an on-line luciferase-based assay that is able to
determine both the leakage of ATP from the cells as well as the
remaining ATP pool left in the cytosol. The membrane potential and
ApH are directly linked to the cell's ability to generate ATP [56]. Thus,
these three assays are, in principle, connected. The two DNA-dye based
assays differ in terms of the size of the dye where SYTOX-green (MW
600 g/mol) is more than twice the size of DAPI (MW 277 g/mol) and
thus may report differently based on the severity of the membrane
perturbation. We have no evidence of these probe interference by the
peptides.

Data from the previous century on polymeric exclusion thresholds of
Gram-positive cell walls indicated that this threshold is rather high (e.g.
number average molecular weight, Mn = 30,000 to 57,000 for
B. megaterium and Mn = 25,000 for Micrococcus lysodeikticus) [59].
Likely the staphylococci have similar thresholds. This fits nicely with
more recent data on the architecture of Gram-positive cell walls of
B. subtilis and S. aureus of which the smallest determined pore-size
present at the inner side of the peptidoglycan layer was ~6 nm [60].
Thus, the different dyes are not expected to be affected by different cell
wall architectures. Indeed, we haven't detected any evidence for
different behavior of the dyes with the different bacterial strains.

We consider severe membrane perturbation as the fastest way to kill
bacteria and we could clearly find a good correlation between the killing
kinetics of nisin and the assays that report on severe membrane
disruption. An existing correlation between killing kinetics and mem-
brane permeabilization is important to draw proper conclusions on
whether the mechanism of action involves membrane perturbation.
However, it should be noted that it is impossible to immediately stop the
killing of bacteria by nisin (or any other AMP) while determining the
number of CFUs after treatment. The amount of viable cells will likely
continue to drop to some extent after plating out and incubation over-
night, leading to a possible over estimation of the killing rate, especially
if the AMPs have fast killing kinetics. Additionally, it should be realized
that the membrane permeability experiments are only “sensitive” for up
to two log reductions in cell numbers, as they cannot discriminate be-
tween 99 % killing (2-log reduction) or 99.9 % killing (3-log reduction).
Nevertheless, whenever we noticed a higher than 2-log reduction of cell
numbers after 5 min, this always correlated with the occurrence of se-
vere membrane disruption in the assays. We noticed that, in general,
there seemed to be a specific order in which these membrane pertur-
bation effects are occurring. The ion and proton gradients are the first to
be dissipated. Often, within the first minute after addition on the AMPs
maximal effects were seen in the assays that measured the ApH and A,
while ATP-leakage and the Sytox green signal only appeared after a lag
time (usually 30 s to 1 min). Yet, only the Sytox, DAPI and ATP assays
correlated with bacterial killing, which implies that the effect on the
ApH and AY alone, although stress related, are not sufficient to
conclude that AMP's (or other compound's) killing mode involves
membrane perturbation.
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4.2. Specific observations

4.2.1. Nisin

From a targeted pore-former such as nisin it is to be expected that,
provided it is able to reach Lipid II in the target membrane, it will cause
severe membrane disruption. The pore-size of the nisin-lipid II pore-
complex, estimated to be of about 2 nm in diameter, would easily
allow passage of ATP and the DNA probes used in this study [46]. This
was indeed what we observed, as virtually all assays indicated fast and
severe membrane effects. There were however two exceptions; the DAPI
assay with M. flavus and the proton permeability assay with the same
bacteria. In combination with M. flavus, the DAPI probe displayed
strange behavior compared to Sytox green with all the peptides tested
here. This suggests that this combination of probe and bacterium is for
some reason not compatible, emphasizing the need for multiple probes
and bacteria when testing membrane effects of AMPs and proper posi-
tive controls. Our observation that nisin didn't cause a rapid and full
dissipation of the proton gradient in M. flavus even at very high (10 x
MIC) concentrations was especially surprising in relation to the results
obtained with the other probes that all show (at least some) membrane
perturbation at 1-2 x MIC. The other two peptides did show dissipation
of the ApH, which, together with the behavior of the control (CCCP),
rule out that 5(6)-CFDA is, similar to DAPI, not compatible with
M. flavus. We currently do not have a good explanation for this aberrant
effect of nisin on the pH gradient in M. flavus.

4.2.2. Epilancin 15%

The mechanism of action of epilancin 15x appeared to be different
for all the three test strains we used. It acted bactericidal towards
B. megaterium and, in line with this, it clearly induced membrane per-
meabilization in all our experiments even at concentrations lower than
the MIC. The clear effects in the Sytox green and DAPI assays indicate a
severe membrane damaging effect in this bacterium, possibly involving
pore-formation. In contrast, epilancin 15x acted bacteriostatic towards
S. simulans and M. flavus and displayed severe membrane effects (Sytox
green influx and ATP-leakage) at relative high concentrations only with
S. simulans. While with most assays a similar activity could be observed
with the two bacteria, M. flavus showed a surprising increase of the in-
ternal pH in the presence of low (0.5 and 1 x MIC) peptide concentra-
tions. At these concentrations no drop in cellular ATP levels and only a
small dissipation of the membrane potential could be detected. This
picture suggests that epilancin 15x targets an ATP-consuming process,
while also the ATP-synthesis is inhibited, which in turn decreases the
influx of protons [61]. In the meantime, protons are still pumped out of
the cells by the respiratory chain. These effects together led to the in-
crease of the cellular pH [62].

The inhibition of ATP-synthesis is most likely the result of the
epilancin-induced dissipation of the membrane potential, the main
determinant of the activity of the ATP-synthase [63-65]. Because bac-
teria maintained a ApH (which even increased at low concentrations)
this suggests that the membrane is still intact. Therefore, the dissipation
of the membrane potential is unlikely caused by a direct effect on the
bilayer lipids of M. flavus, but may rather involve perturbation of the ion
homeostasis in another way. A direct effect on ion transporters cannot be
ruled out.

4.2.3. [R4L10]-teixobactin

The binding mode of [R4L10]-teixobactin to Lipid II in bacterial
membranes was elucidated recently. The C-terminal depsi-cycle of
teixobactin binds the pyrophosphate and MurNAc parts of Lipid II
whereupon it assembles into antiparallel f-sheets in the membrane [51].
This is followed by a slower formation of a supramolecular fibrillar
structure. For natural teixobactin, this was recently also shown [50].
The multimeric structure of the natural form contains, like the [R4L10]
variant a concentrated hydrophobic patch and displays curvature that
results in local thinning of the membrane upon fibril formation, which
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was considered as the reason for teixobactin's ability to cause membrane
permeabilization. The polyprenyl tails of Lipid II that are concentrated
within the hydrophobic patch are proposed to also play an active role in
the membrane perturbation [50]. Although the 10th amino acid allo-
enduracididine of teixobactin is replaced by leucine in [R4L10]-
teixobactin which reduces Lipid II binding affinity, the interaction of
R4L10 teixobactin with Lipid II resembles that of natural teixobactin in
these aspects [50,51]. Indeed, we could show with our assays that also
[R4L10]-teixobactin was able to permeabilize bacterial membranes,
albeit that the severity of this permeabilization depended on the strain
tested.

Similar as was observed for epilancin 15x, [R4L10]-teixobactin
displayed different behavior towards the three different indicator
strains. Towards B. megaterium, killing was paralleled by membrane
perturbations in all assays, suggesting that membrane perturbation is a
major aspect of [R4L10]-teixobactin's mechanism of action towards this
bacterium. While [R4L10]-teixobactin induced somewhat less severe
membrane effects towards S. simulans, which were in line with previous
results, M. flavus was not that sensitive to [R4L10]-teixobactin [50].
What again stood out with this bacterium was an increased intracellular
pH at 0.5 x MIC, that was also observed for epilancin, albeit that the
effect was less severe with the [R4L10]-teixobactin variant. Interestingly
and contrasting the effects of epilancin on this bacterium, [R4L10]-
teixobactin caused an increase in intracellular ATP at the lower con-
centrations. This suggests that at least one major ATP-consuming
biosynthesis pathway has been stopped and that the ATP-synthase
remained active. Inhibition of ATP-consumption in the cells is most
likely caused by blocking peptidoglycan and wall teichoic acid biosyn-
thesis pathways via binding of the teixobactin analog to the isoprenoid-
based precursors [50,51]. The lack of effect on the membrane potential
in these bacteria would explain that the ATP-synthase activity remains
intact. Active ATP-synthesis would then explain the lesser effects on the
internal pH at low concentrations (0.5 and 1.0 x MIC), as protons would
be flowing back to the cytosol via the ATP-synthase.

5. Conclusions

In this research, we have developed an on-line ATP measurement
which determines the extent of ATP leakage from the bacteria in time
and the total amount of ATP remaining in the bacteria. The on-line ATP
measurements combined with membrane potential depolarization as-
says and proton permeability assays reflect how antibiotics interfere
with the intracellular homeostasis of the pH, ions and ATP, which are
highly interconnected and regulated. These three assays combined form
a very powerful tool to reveal antimicrobial mechanisms. In view of
their connectedness, we recommend to always combine these three as-
says if membrane effects of AMPs or other compounds are studied.

Almost all assays were consistent with the mode of action of nisin as
the typical example of a targeted pore-former. Yet, even for such a clear
MOA, deviations were observed in certain assay-bacterium combina-
tions. This points to the importance of using multiple assays and bacteria
for (general) mode of action studies.

The different behavior of epilancin 15x to the three strains makes it
difficult to propose one general mode of action for this peptide. This,
together with the recently found antagonization of the activity of epi-
lancin 15x by Lipid II and, to a lesser extent, DOPG [40], indicates the
need for further investigation of epilancin's mechanism of action in
relation to its possible target.

For [R4L10]-teixobactin it is clear that its primary target, like natural
teixobactin, is Lipid II and other prenyl-pyrophosphate-linked pre-
cursors [49]. The interaction with Lipid II leads to the formation of su-
pramolecular fibrillar structures on the target membrane [50]. Whether
the formation of these fibrillar structures leads to membrane damaging
effects seems to depend on the membrane lipid composition of the target
strain that is tested.
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