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Bacterial susceptibility and resistance to
modelin-57
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Modelin-5 (M5-NH,) killed Pseudomonas aeruginosa with a minimum lethal concentration (MLC) of 5.86
puM and strongly bound its cytoplasmic membrane (CM) with a Ky of 23.5 uM. The peptide adopted high
levels of amphiphilic a-helical structure (75.0%) and penetrated the CM hydrophobic core (8.0 mN m™3).
This insertion destabilised CM structure via increased lipid packing and decreased fluidity (AGnix < 0),
which promoted high levels of lysis (84.1%) and P. aeruginosa cell death. M5-NH, showed a very strong
affinity (Kq = 3.5 uM) and very high levels of amphiphilic a-helical structure with cardiolipin membranes
(96.0%,) which primarily drove the peptide’'s membranolytic action against P. aeruginosa. In contrast,
M5-NH; killed Staphylococcus aureus with an MLC of 147.6 uM and weakly bound its CM with a K4 of
117.6 uM, The peptide adopted low levels of amphiphilic a-helical structure (35.0%) and only penetrated
the upper regions of the CM (3.3 mN m™). This insertion stabilised CM structure via decreased lipid
packing and increased fluidity (AGmix > 0) and promoted only low levels of lysis (24.3%). The insertion and
lysis of the S. aureus CM by M5-NH, showed a strong negative correlation with its lysyl
phosphatidylglycerol (Lys-PG) content (R®> > 0.98). In combination, these data suggested that Lys-PG
mediated mechanisms inhibited the membranolytic action of M5-NH, against S. aureus, thereby rendering
the organism resistant to the peptide. These results are discussed in relation to structure/function
relationships of M5-NH, and CM lipids that underpin bacterial susceptibility and resistance to the peptide.

Introduction

It has been predicted that infections due to pathogenic bacteria
could be instrumental in up to ten million deaths a year by
2050,"* with the very real possibility that many infections may
become untreatable.>* A primary focus in combatting these
infections has been the ‘ESKAPE’ pathogens, which include
multi-drug resistant (MDR) forms of Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species.’®
This group of bacteria are the major cause of life-threatening,
nosocomial infections in immunocompromised and critically
ill patients.®” In response, antimicrobial peptides (AMPs) have
been identified as promising pharmaceutical candidates for the
prevention and treatment of infections caused by these
pathogens.>® AMPs are naturally occurring antibiotics of the
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innate immune system that promote bacterial cell death
through multiple mechanisms, including membrane lysis
and/or attack on intracellular targets.'”'" Bacterial resistance
mechanisms to the action of AMPs are known,'**® but the
absence of specific interactors or defined mechanistic pathways
minimizes the likelihood of bacteria selecting for resistance to
this action.''> Moreover, the non-specific nature of their
antibacterial action allows AMPs to bypass the resistance
mechanisms of ESKAPE and other MDR bacterial pathogens to
conventional antibiotics, which generally result from selection
driven by the single sites of action used by these drugs.®*'*"”
This property is a major driver in the development of AMPs as
alternatives or adjuvants to conventional antibiotics and as
potential agents to fight the clinical challenges posed by ESKAPE
pathogens.'*'® Other important properties of AMPs in this
scenario are that most of these peptides act rapidly with potent,
broad-spectrum antimicrobial activity but do not affect micro-
biota or target healthy eukaryotic cells,* " although many are
able to kill cancer cells."®'® Currently, a number of AMPs are
either in clinical trials or therapeutic, topical use to treat a variety
of infectious conditions,>**" and progress towards their systemic
application for this purpose is ongoing.>*

Despite the clear therapeutic potential of AMPs, a number of
factors have impeded the full realisation of this potential and in

Soft Matter, 2023,19, 8247-8263 | 8247


https://orcid.org/0000-0003-4863-9607
https://orcid.org/0000-0002-0763-6373
http://crossmark.crossref.org/dialog/?doi=10.1039/d3sm01007d&domain=pdf&date_stamp=2023-10-21
https://doi.org/10.1039/d3sm01007d
https://doi.org/10.1039/d3sm01007d
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm01007d
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM019042

Open Access Article. Published on 16 October 2023. Downloaded on 3/8/2026 8:55:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

response a number of strategies to improve their efficacy have
been employed,>?* including the production of synthetic,
designed peptides.> A major example of these designed AMPs is
the C-terminally amidated peptide, modelin-5 (M5-NH,), which is
the archetypic member of the modelin family of AMPs.***” Recent
studies have shown that M5-NH, is non-haemolytic®® and pos-
sesses both anticancer activity””**>° and the ability to kill a variety
of fungi and bacteria.>**”*°* The present study investigates the
ability of M5-NH, to kill P. aeruginosa and S. aureus, which are
‘ESKAPE’ pathogens of critical priority on the World Health
Organisation’s (WHO) list of most dangerous pathogens.>*

Experimental
Materials

M5-NH, was supplied by Pepceuticals (Leicestershire, UK),
purified by HPLC to purity greater than 99% and its sequence
confirmed by MALDI mass spectrometry, as KLAKKLAKLAKLA-
KAL-CONH,. The phospholipids used were POPG: 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoglycerol; TOCL (1,1',2,2'-tetraole-
oyl cardiolipin): 1’,3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol;
POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; and
Lys-DOPG: 1,2-dioleoyl-sn-glycero-3{phospho-rac-(3-lysyl(1-glycerol))],
all of which were purchased from Avanti Polar Lipids (Alabaster, AL).
M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
and ethylenediaminetetraacetic acid (EDTA) was purchased from
Merk Sigma-Aldrich. All buffers were prepared using ultra-pure
water (resistivity 18 MQ cm). Ringer’s solution, nutrient broth and
nutrient agar were purchased from Thermo Fisher Scientific (Lei-
cestershire, UK). HPLC grade solvents were obtained from VWR
International Ltd (Lutterworth, UK) and all other regents were
purchased from Merk Sigma-Aldrich Company Ltd (Dorset, UK).
The preparation of bacterial cultures. Cultures of P. aerugi-
nosa, strain NCIMB 8295, and S. aureus strain NCIMB 6571,
which had been freeze-dried in 20% (v/v) glycerol and stored at
—80 °C, were used to inoculate 10 ml aliquots of sterile nutrient
broth. These samples were then incubated in an orbital shaker
(100 rpm; 37 °C) until the exponential phase (OD = 0.6; 4 =
600 nm) was reached. Each bacterial suspension was centri-
fuged (15 000xg; 10 min) to form a cell pellet using a bench top
centrifuge (ALC PK 120R). The resulting cell pellet was washed
three times in 1 strength Ringer’s solution and then resus-
pended in 1 ml of a 1 strength Ringer’s solution to ensure there
was starting inoculum density of circa 5.8 x 10® CFU ml ™",
The preparation of model membranes. Monolayers and
small unilamellar vesicles (SUVs) have been shown to replicate
the properties of whole cell, bacterial membranes and those
with the lipid compositions shown in Table 1 were prepared to
represent the cytoplasmic membranes (CM) of P. aeruginosa
and S. aureus.®*?” It has previously been shown that these lipid
mixtures are reliable mimics of naturally occurring membranes
of S. aureus and P. aeruginosa®®**° and have the added advan-
tage that they allow the quantitative analysis of interactions
between bacterial membranes and AMPs.***" Either these lipid
mixtures, or their individual lipid components, were then
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Table 1 The lipid composition of bacterial membrane mimics. Table 1
shows the lipid compositions used to form lipid monolayers and SUVs
mimetic of S. aureus and P. aeruginosa cytoplasmic membranes, which
were adapted from ref. 44 and 45

Membrane lipids

TOCL POPG POPE Lys-PG
Bacteria (mol%) (mol%) (mol%) (mol%)
P. aeruginosa 21 11 60 0
S. aureus 5 57 0 38

separately dissolved in chloroform (1 mg ml™") and used to
from monolayers, as described below. To form SUVs, these
same chloroformic solutions were dried under N, gas and then
vacuum-dried (4 hours), after which the resulting lipid films
were rehydrated using 1 x PBS (pH 7.5). These rehydrated
samples were then vortexed (5 min) and the resulting lipid
suspensions sonicated (30 min) using a sonicator (Soniprep
150, ISTCP, USA) until clear, followed by three cycles of freeze/
thawing. The resulting solutions of SUVs were then extruded
eleven times through a 0.1 pm polycarbonate filter using a polar
lipids mini-extruder apparatus (Avanti, UK) and diluted 10-fold
using 1 x PBS (pH 7.5). Due to the labile nature of lysyl phosph-
atidylglycerol (Lys-PG), monolayers and SUVs that included Lys-
DOPG were prepared and used immediately.*>*?

The antibacterial activity of M5-NH,. To evaluate the toxicity
of M5-NH, to bacterial cells, stock solutions of the peptide in 1
strength Ringer’s solution (1000 uM) were diluted to give
concentrations in the range 3.90 uM to 1000 pM. Aliquots
(1 ml) of the peptide at each concentration in this range were
then separately inoculated with the P. aeruginosa and S. aureus
cell suspensions prepared above (10 pl) and incubated overnight
(37 °C). As a control, cultures of these bacteria were similarly
treated but in the absence of M5-NH,. After incubation, aliquots
of control cultures and peptide treated cultures (10 pl) were
spread onto the surface of Nutrient Agar plates and incubated
overnight (37 °C; 12 h). After incubation, the plates were viewed
and samples with the lowest concentration of M5-NH, yielding
no bacterial growth was identified as the minimal lethal concen-
tration (MLC). These experiments were repeated four times.

The membrane binding of M5-NH,. The ability of M5-NH, to
bind to bacterial membranes was investigated using a fluores-
cent probe assay. Lipid mixtures with the compositions shown in
Table 1 were prepared to represent the CM of P. aeruginosa and
S. aureus. Either these lipid mixtures, or their individual
lipid components, were then separately dissolved in chloroform
(1 mg ml"). Fluorescein-phosphatidylethanolamine (FPE;
0.5 mol%) was then added to these chloroformic solutions,
which were then dried under vacuum, overnight, to create lipid
films. These films were then hydrated with Tris-HCI (10.0 mM,;
pH 7.4) and EDTA (1.0 mM), followed by freeze-thawing five
times and extrusion eleven times through an Avanti mini-
extruder apparatus containing a 0.1 pm polycarbonate filter.
Fluorescence was recorded using an FP-6500 spectrofluorometer
(Jasco, UK), with an excitation wavelength of 492 nm, an emis-
sion wavelength of 516 nm, and excitation and emission slits set
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to 5 nm. To investigate the binding of peptide to lipid vesicles,
M5-NH, in the range 0 to 325 uM, was added to the FPE-labelled
SUVs and the fluorescence monitored. The change in fluores-
cence (AF) was then determined as the fluorescence of
FPE-labelled vesicles in the presence of peptide minus that of
FPE-labelled vesicles in the absence of peptide. These AF values
were then plotted against the concentration of M5-NH, and then
fitted by non-linear least squares analysis to eqn (1):

AF = (AFya[A])/(Kq + [A]) (1)

where [A] is the concentration of M5-NH,, AF is the change in
fluorescence, AFy.x is the maximum change in fluorescence
and Ky, is the binding coefficient of the peptide. These experi-
ments were repeated four times and the average Ky, derived, all
as previously described.*®*”

The conformational behaviour of M5-NH, in the presence of
membranes. The secondary structural preferences of M5-NH,
in the presence of various SUVs was investigated using a J-815
spectropolarimeter (Jasco, UK) at a temperature of 20 °C, which
was maintained using a Peltier controller. SUVs were formed
from either individual pure lipids or lipid mimics of the CM of
P. aeruginosa and S. aureus, as described above. Spectral mea-
surements were performed in 10 mm path length quartz cells
(Starna Scientific, UK), which contained these SUVs mixed with
stock M5-NH, solution (final concentration of 0.1 mg ml™! in
1 x PBS (pH 7.4)) to give samples with a peptide:lipid molar
ratio of 1:20. Both in the presence and absence of these SUVs,
far-UV CD spectra were collected for M5-NH,, where ten scans
per sample were obtained using a 10 mm path-length cell. Each
scan was performed over a wavelength range of 180 nm to
260 nm at 0.5 nm intervals employing a bandwidth of 1 nm and
at a speed 10 nm min . For all spectra obtained, the baseline
acquired in the absence of peptide was subtracted and the
percentage o-helical content of M5-NH, estimated using the
CDSSTR method (protein reference set 3) from the Dichroweb
server.’® These experiments were repeated four times and the
percentage o-helicity of M5-NH, was averaged.

The membrane partitioning of M5-NH,. The insertion of
M5-NH, into lipid monolayers was investigated at a tempera-
ture of 20 °C using a 601 M Langmuir Teflon trough (Biolin
Scientific/KSV NIMA, Coventry, UK) equipped with moveable
barriers. Monolayers were formed from either individual pure
lipids or lipid mimics of the CM of P. aeruginosa and S. aureus,
as described above. These various lipid samples mixtures were
spread dropwise onto the buffer subphase (1 x PBS; pH 7.4) of
the 601 M Langmuir trough using a Hamilton syringe. The
solvent was allowed to evaporate for 10 min, and the monolayers
were compressed by the two moveable Derlin barriers of the
Langmuir trough at a velocity of 50 mm min~" until a starting
surface pressure of 30 mN m ™' had been achieved. This surface
pressure corresponds to that of naturally occurring cell mem-
branes and is generally used when constructing monolayers
representative of bacterial membranes.*®*! M5-NH, was injected
underneath monolayers to give a final peptide concentration of
6 pM in the subphase, which was maintained at a constant
surface area via a built-in controlled feedback system, Changes
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in surface pressure increases were monitored by the Wilhelmy
method using a Whatman’s CH1 filter paper plate and micro-
balance. These experiments were repeated four times and the
changes in maximal surface pressure induced by MS5-NH,
averaged.

Thermodynamic analysis of M5-NH, and lipid monolayer
interactions. Compression isotherms were generated from lipid
monolayer mimics of the CM of P. aeruginosa and S. aureus,
prepared as described above, and chloroformic solutions of
these lipid molecules (2.5 x 10"%) were spread onto a 1 x PBS
buffer subphase (pH 7.4) The solvent was allowed to evaporate
for 10 min, the monolayer left to stabilize for a further 20 min
and then the trough barriers were then closed at a speed of
0.22 nm®> min~' until monolayer collapse pressure was
achieved. Surface pressure changes were monitored and plotted
as a function of the area per lipid molecule. Corresponding
experiments were then performed except that M5-NH, was
introduced into the subphase to give a final peptide concen-
tration of 6.0 pM. All experiments were carried out at 20 °C,
repeated four times and averaged.

Thermodynamic analysis of these isotherms was undertaken
and used to determine the Gibbs free energy of mixing (AGpnx)
of monolayers, which provides a measure of the relative stabi-
lity associated with the miscibility energetics of their pure lipid
components. Thermodynamically stable and thermodynami-
cally unstable monolayers are indicated by negative and posi-
tive values of AGn; respectively.*®*" AG.; was computed
according to eqn (2):

AGpix = J[Al.z — (X14) 4 X2 4,)]dn (2)

where A;,, is the molecular area occupied by the mixed
monolayer, A, A, are the area per lipid molecule in the pure
monolayers of component 1 and 2, X;, X, are the molar
fractions of the components and n is the surface pressure.
Numerical data were calculated from the compression iso-
therms according to the mathematical method of Simpson.*’

The membranolytic activity of M5-NH,. The membranolytic
ability of M5-NH, was investigated by observing calcein release
from SUVs formed from either individual pure lipids or lipid
mimics of the CM of P. aeruginosa and S. aureus, prepared as
described above. These various lipid samples were dissolved in
chloroform (7.5 mg ml™") and dried in a glass tube to remove
the solvent, first under nitrogen and then under vacuum (circa
12 hours). The resulting dry lipid films were then suspended in
HEPES (5.0 mM; pH 7.5) containing calcein (70 mM) and
vortexed (5 min) before being sonicated (30 min) using a
sonicator (Soniprep 150, ISTCP, USA). To maximise calcein
encapsulation, the resulting solutions then underwent five
cycles of freeze-thawing before being extruded eleven times
through a 0.1 um polycarbonate filter using a polar lipids mini-
extruder apparatus (Avanti, UK). Calcein entrapped in SUVs was
then separated from the free dye by elution with HEPES (5.0
mM; pH 7.5) down a Sephadex G75 column (SIGMA, UK), which
had been rehydrated overnight in HEPES (20.0 mM; pH 7.5),
NaCl (150 mM) and EDTA (1.0 mM).
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The calcein release assay was performed by combining 25 ml
of SUVs containing entrapped calcein with 50 ml of M5-NH,
(10 mM), which was then made up to a final volume of 1 ml with
HEPES (20.0 mM; pH 7.5), NaCl (150 mM) and EDTA (1.0 mM).
The fluorescence intensities (FI) of calcein were monitored at
20 °C using an FP-6500 spectrofluorometer (JASCO, UK), with an
excitation wavelength of 490 nm and emission wavelength of
520 nm. The fluorescence intensity induced in SUVs containing
entrapped calcein by HEPES (20.0 mM; pH 7.5), NaCl (150 mM)
and EDTA (1.0 mM) was taken as background leakage and that
resulting from the addition of 1 pl of Triton X-100 (10%, v/v) was
taken to represent 100% dye release. The percentage lysis
induced by M5-NH, was then calculated according to eqn (3):

Lysis (%) = (([FIMS-NHZ] — [FLugpes])/((Fltriton x]
— [Flggpes])) x 100 (3)

In eqn (3), the fluorescence of calcein release by peptide is
denoted by [Flys.ni ], that released by buffer as [Flygpes] and
that released by Triton X-100 as [Flryton x]- These experiments
were repeated four times and the percentage lysis achieved by
M5-NH, was averaged.

The effect of varying Lys-PG on the interaction of M5-NH,
with lipid models of S. aureus membranes. Monolayers and
SUVs mimetic of the S. aurews CM with the lipid compositions
shown in Table 1 were prepared as described above, except that
the molar ratio of TOCL to POPG was held constant at 5:57
mol%. and that of Lys-DOPG varied between 0 and 50 mol%. At
each mol% of Lys-DOPG, monolayers were used to determine the
membrane partitioning of M5-NH,, and SUVs used to determine
the membranolytic activity of the peptide, all as described above.
In both cases, these experiments were repeated four times and
the average levels of membrane partitioning and lysis respec-
tively plotted as a function of Lys-PG levels.

Results

M5-NH, is a synthetic peptide designed to structurally mimic
naturally occurring, a-helical AMPs (Fig. 1)*>*” and in the
present study, this peptide is investigated for its ability to kill
P. aeruginosa and S. aureus, which are on the WHO’s list of most
dangerous pathogens.>*?*

P. aeruginosa

M5-NH, was found to kill P. aeruginosa with an MLC of 5.86 uM
(Fig. S1; Table 2, ESIY), indicating potent activity against the
organism which was comparable to that shown by the peptide
against other Gram-negative bacteria.’®*' In general, the action of
AMPs involves membrane interaction and a number of major steps
in this process have been identified, including the early steps
of membrane binding and conformational reassignment.*>”" In
the first of these steps, M5-NH, showed strong binding to SUVs
mimetic of the P. aeruginosa CM (Ky = 23.5 puM; Table 2), which is
consistent with the peptide’s potent activity against the organism
and indicative of a high affinity for these membranes (Table 2).*> To
characterise this binding step, the interactions of M5-NH, with
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Fig. 1 Graphical analysis of M5-NH,. Fig. 1 shows the sequence of M5-
NH, represented as a two-dimensional axial projection using software at
Heliquest, where numbers associated with individual residues represent
their position in this sequence (KLAKKLAKLAKLAKAL-CONH,).>° In an a-
helical conformation, the peptide shows amphiphilicity with a wide,
strongly cationic polar face and a narrower apolar face. The polar face
of the a-helix is primarily formed from multiple lysine residues and a C-
terminal, amidated leucine residue. This residue arrangement allows
electrostatic/hydrophilic interactions with anionic components of the
bacterial membranes studied here, including the headgroups of CL and
PG. The apolar face of the a-helix comprises alanine and leucine residues,
which permits hydrophobic interactions with the apolar core regions of
bacterial membranes studied here, primarily formed by the acyl chains of
CL, PG and PE.

Table 2 Properties of M5-NH, interactions with lipid membranes. In
Table 2, P. aeruginosa and S. aureus lipid mixes refer to the lipid composi-
tions that were used to form monolayers and SUVs mimetic of the CM
from these bacteria, as described in Table 1. MLCs of the peptide against P.
aeruginosa and S. aureus are 5.86 uM and 147.6 uM respectively

K4 Lysis o-Helicity =
Membrane M) (%) (%) (MNmM™")  AGmix
P. aeruginosa lipid mix ~ 23.5 84.1 75.0 8.0 >0
S. aureus lipid mix 117.6 24.3 35.0 3.3 <0
TOCL 3.5 931 96.0 12.3 —
POPG 6.7 74.5 86.9 9.6 —
POPE 14.9 51.0 53.0 4.9 —

SUVs formed from the individual lipid components of the CM of P.
aeruginosa was investigated (Table 1). Anionic lipid forms around
one third of the total lipid in these membranes and is predomi-
nantly formed from cardiolipin (CL) and phosphatidylglycerol (PG)
(Table 1).** M5-NH, showed very high levels of binding to SUVs of
TOCL (Kq4 = 3.5 pM; Table 2) and POPG (Ky4 = 6.7 puM; Table 2), which
represented CL and PG respectively (Table 1). These data clearly
suggested that the high affinity of M5-NH, for the P. aeruginosa CM
is driven by electrostatic interactions between anionic lipid in these
membranes and the peptide’s cationic residues. In contrast, M5-
NH, showed lower levels of binding with SUVs formed from POPE
(Kq = 14.9 pM; Table 2), which represented the zwitterionic lipid
phosphatidylethanolamine (PE); PE primarily forms the remaining
two thirds of the total lipid in the CM of P. aeruginosa (Table 1).**
These interactions appeared to make a minor contribution to the
affinity of M5-NH, for the P. aeruginosa CM and presumably
involved association of the peptide’s cationic residues with

This journal is © The Royal Society of Chemistry 2023
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phosphate groups of PE, as shown for other AMPs.>*** Long range
electrostatic attractive interactions similar to those involved in
membrane binding are known to drive the initial targeting of
bacterial membranes by AMPs, which is most probably the case
for M5-NH, in its action against P. aeruginosa.">"*

After membrane binding, one of the most important steps in
the antibacterial action of membranolytic AMPs is conformational
change at the membrane interface to adopt their functional
secondary structure.”® Consistent with this step, M5-NH,, which
was unstructured in aqueous solution (Fig. 2), adopted high levels
of o-helical structure in the presence of SUVs mimetic of the
P. aeruginosa CM (o-helicity = 75.0%; Table 2 and Fig. 2). It is well
established that the anisotropy of the bacterial membrane inter-
face lowers the energy barrier for a-helix formation by AMPs****
and to characterise this process for M5-NH,, the role of individual
P. aeruginosa CM lipids in this step was investigated (Table 1).**>*
The peptide showed very high levels of o-helical structure in the
presence of SUVs formed from TOCL (a-helicity = 96.0%) and
POPG (a-helicity = 86.9%), but lower a-helicity with SUVs formed
from POPE (o-helicity = 53.0%) (Table 2 and Fig. 3). These data
would seem to indicate that hydrophilic interactions with CL and
PG make the predominant contribution to o-helix formation by
M5-NH, with the P. aeruginosa CM. It would also seem that these
hydrophilic interactions are supported by a minor contribution
from hydrophobic interactions between the peptide and PE in
these membranes. Moreover, the involvement of both these types
of interaction would appear to indicate that the o-helical structure
formed by M5-NH, at the P. aeruginosa CM interface possessed
amphiphilic properties (Fig. 1). It is well established that the
interplay of hydrophilic and hydrophobic interactions promotes

2.00E+05
1.50E+05 -
1.00E+05 -

E 5.00E+04 '\
= 0.00E+00

S -1.00E+05 /
=
-1.50E+05 /
2.00E+05 | ¢
2.50E+05 -

240 250 260

wavelength [nm]

Fig. 2 Conformational analysis of M5-NH in the presence of lipid mimics
of the bacterial CM. Fig. 2 shows CD spectra for the conformational
behaviour of M5-NH; in solution, and in the presence of SUVs mimetic
of the bacterial CM, with the lipid compositions described Table 1. In
aqueous solution (dotted grey line), the peptide displayed a maximum at
215 nm and a minimum at 195 nm, indicating that the peptide was
predominantly formed from random coil and B-type structures and
possessed less than 10% a-helical structure. In the presence of SUVs
mimetic of the S. aureus CM (black line) and the P. aeruginosa CM (dark
grey line), the peptide showed minima at 208 nm and 225 nm, and a
maximum at 190 nm, which is characteristic of a-helical architecture.
Analysis of these spectra showed that the peptide was 75.0% a-helical in
the presence of SUVs mimetic of the P. aeruginosa CM, and 35.0% a-
helical in the presence of those mimetic of the S. aureus CM (Table 2).
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the formation of this type of secondary structure by AMPs 0

facilitate their membranolytic antibacterial action.>”*®

The next major step in the antibacterial action of AMPs is
membrane insertion®® and M5-NH, partitioned into mono-
layers mimetic of the P. aeruginosa CM following hyperbolic
kinetics (Fig. 4). In this process, the peptide showed a rapid
initial rate of insertion into these monolayers over circa
100 seconds, before achieving maximal surface pressures in
around 1000 seconds (Fig. 4), which is consistent with the
peptide’s strong affinity for these membranes (Table 2). Also
consistent with this strong affinity, the high levels of these
maximal surface pressure changes (n = 8.0 mN m™ ') (Table 2
and Fig. 4) indicated deep levels of insertion and penetration
into the monolayer hydrophobic region.*®*! Following inser-
tion, the next major step in in the antibacterial action of
AMPs is membrane lysis*® and M5-NH, demonstrated a strong
ability to compromise the integrity of SUVs mimetic of the
P. aeruginosa CM (lysis = 84.1%) (Table 2). In combination,
these results clearly showed that the action of the peptide against
P. aeruginosa involved membranolytic action, which receives sup-
port from thermodynamic data (Fig. 5 and 6). Monolayers
mimetic of the P. aeruginosa CM were thermodynamically stable
with values of AG,ix < 0; however, in the presence of the peptide,
these monolayer mimics became thermodynamically unstable
with values of AGp; > 0 (Table 2). This change in AGmix
suggested that the insertion of M5-NH, into these monolayers
had increased their lipid packing and decreased their fluidity,
which is consistent with the peptide’s deep insertion into the
P. aeruginosa CM**>*! (Table 2) as reported for other AMPs.>***

To further investigate later steps in the membranolytic action
of M5-NH, against P. aeruginosa, its interaction with model
membranes formed from individual lipid components of
the organism’s CM was investigated (Table 1).*>* The peptide
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Fig. 3 Conformational analysis of M5-NH; in the presence of individual
lipids from the bacterial CM. Fig. 3 shows CD spectra for the conforma-
tional behaviour of M5-NH, in the presence of SUVs formed from the
individual lipid components of the S. aureus and P. aeruginosa CM
(Table 1). In the case of TOCL (black line), POPG (dark grey line) and POPE
(light grey line) the peptide displayed minima 208 nm and 225 nm, and a
maximum at 190 nm, which is characteristic of a-helical architecture.
Analysis of these spectra showed that the peptide was mainly a-helical
with levels of a-helicity >85.0% in the cases of TOCL and POPG, and
a-helicity = 53.0% in the case of POPE (Table 2).
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Fig. 4 The interaction of M5-NH, with lipid mimics of the bacterial CM.
Fig. 4 shows the interaction of M5-NH, with monolayers mimetic of the
P. aeruginosa and S. aureus CM, with the lipid compositions described
Table 1. The peptide inserted into these monolayers following generally
similar, hyperbolic kinetics but showed widely different rates and levels of
insertion. In the case of monolayer mimics of the S. aureus CM (black
dotted line), the peptide took circa 2000 seconds to achieve maximal
surface pressure changes of = = 3.3 mN m™! (Table 2). However, with
monolayer mimics of the P. aeruginosa CM (dark grey line), M5-NH,
showed much higher rates and levels of insertion, taking circa 1000
seconds to achieve maximal surface pressure of © = 8.0 mN m~* (Table 2).

partitioned into monolayers formed from either TOCL or POPG
following hyperbolic kinetics (Fig. 7) generally similar to those
shown by M5-NH, with monolayers mimetic of the P. aeruginosa
CM (Fig. 4). M5-NH, showed extremely rapid initial rates of
insertion into these monolayers over circa 100 seconds, before
achieving maximal surface pressures in around 500 seconds,
(Fig. 7), which is consistent with the peptide’s high affinity for
these lipids (Table 2). Also consistent with this affinity, M5-NH,
induced very large maximal surface pressure changes in mono-
layers formed from TOCL (r = 12.3 mN m™ ') and POPG (r =
9.6 mN m ") (Table 2 and Fig. 7). The high level of these surface
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Fig. 5 Compression isotherms for lipid mimics of the bacterial CM. Fig. 5
shows compression isotherms for monolayer mimics of the P. aeruginosa
and S. aureus CM, with the lipid compositions described Table 1. Shown
are compression isotherms for monolayer mimics of the S. aureus CM
(dotted black line) and that of P. aeruginosa (dotted dark grey line) in the
absence of M5-NH2. Also shown are these isotherms for monolayer
mimics of the S. aureus CM (black line) and that of P. aeruginosa (dark
grey line) in the presence of the peptide. These isotherms were analysed to
determine values of AGnx. Which are shown in Fig. 6.
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Fig. 6 Thermodynamic analysis of compression Isotherms from lipid
mimics of the bacterial CM. Fig. 6 shows values of AGyx derived from
analysis of the compression isotherms depicted in Fig. 5. In the absence of
M5-NH;, AGnmix was < 0 for lipid monolayer mimics of the CM of both
S. aureus (black striped bars) and P. aeruginosa (dark grey striped bars). In
each case, AGnx became progressively more negative with increasing
surface pressure, indicating thermodynamic stability. In the presence of
M5-NH, this trend was maintained for monolayer mimics of the S. aureus
CM (black bars), except that AGmix was enhanced for a given surface
pressure. In contrast, AGmix for monolayer mimics of the P. aeruginosa CM
(dark grey bars) became >0 and progressively more positive with increas-
ing surface pressure, indicating thermodynamic instability.

pressure changes reflected the involvement of strong electro-
static interactions and an ability to deeply penetrate the hydro-
phobic acyl chain region of these monolayers (Table 2).*>*" In
contrast, although M5-NH, partitioned into monolayers formed
from POPE following hyperbolic kinetics similar to those with CL
and POPG, the characteristics of this process were clearly
different (Fig. 7). The peptide showed much slower rates of
insertion into these monolayers, achieving maximal surface
pressures in around 1500 seconds, (Fig. 7), which is consistent
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Fig. 7 The interaction of M5-NH, with monolayers formed from indivi-
dual lipids from the bacterial CM Fig. 7 shows the interaction of M5-NH,
with monolayers formed from the individual lipid components of the S.
aureus and P. aeruginosa CM (Table 1). The peptide inserted into these
monolayers following hyperbolic kinetics that were similar to those with
monolayers mimetic of bacterial cytoplasmic membranes, although rates of
insertion were generally faster (Fig. 5). M5-NH, peptide took <750 seconds
to achieve maximal surface pressure changes with © > 9.0 mN m™
(Table 2) for monolayers formed from TOCL (black line) and POPG (dark
grey line). However, for monolayers formed from POPE (dotted light grey
line), the peptide took circa 1500 seconds to achieve maximal surface
pressure changes with © = 4.9 mN m™ (Table 2).
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with its weaker affinity for these lipids (Table 2). Compared to
the case of TOCL and POPG, M5-NH, also induced lower
maximal surface pressure changes in monolayers formed from
POPE (n = 4.9 mN m '), indicating a weaker but significant
ability to penetrate these membranes (Table 2 and Fig. 7). The
peptide also showed a strong ability to lyse SUVs formed from
TOCL (lysis = 93.1%) and POPG (lysis = 74.5%) but a weaker
capacity to permeabilise those formed from POPE (lysis = 51.00%)
(Table 2). These data clearly showed that M5-NH, has a strong
ability penetrate and lyse model membranes formed from indivi-
dual lipid components of P. aeruginosa membranes, which in both
cases followed the rank order CL > POPG > POPE (Table 2). In
combination, these data would seem to indicate that M5-NH, has
a strong, general preference for anionic lipid in the steps of its
membranolytic action against P. aeruginosa. These data would
also appear to indicate that electrostatic interactions between the
peptide’s cationic residues and CL and PG drive the steps of
penetration and lysis in this membranolytic action. These electro-
static interactions would appear to be complemented by a minor
contribution to these steps from hydrophobic interactions
between M5-NH, and PE (Fig. 1).

The penetration and lysis of the P. aeruginosa CM by M5-NH,
involved both electrostatic and hydrophobic interaction, which
clearly reflected its use of amphiphilic structure to facilitate the
later steps of its membranolytic action (Fig. 1)."> The levels of
this structure formed by M5-NH, in the presence of single lipid
SUVs followed the rank order TOCL > POPG > POPE, correlat-
ing with those of its insertion and lysis with corresponding
model lipid membranes (Table 2). This correlation clearly
suggested that the ability of M5-NH, to lyse and penetrate the
P. aeruginosa CM was driven by the levels of its amphiphilic
a-helical structure. The levels of this structure formed by the
peptide with the P. aeruginosa CM accounted for three quarters
of its architecture (Table 2), which equates to circa three and a
half o-helical turns.'*®* The axial length of this o-helical
structure is sufficient to allow depths of insertion into the
P. aeruginosa CM by M5-NH, that could penetrate the hydro-
phobic core of the opposing membrane leaflet.*>*"** These
levels of insertion are clearly consistent with those shown by
M5-NH, in its steps of penetration and lysis of the P. aeruginosa
CM and with the associated changes to the structural properties
of these membranes (Table 2). As indicated above, M5-NH, also
showed a strong preference for anionic lipid in these later
steps, as well as that of adopting amphiphilic a-helical struc-
ture at the P. aeruginosa CM interface. These data clearly
reflected the dominance of electrostatic interactions in these
steps, which suggested that amphiphilicity is the major driver
of the peptides membranolytic action against P. aeruginosa and
is supported by previous work.*'***® Amphiphilic profiling has
shown that M5-NH, exhibits high levels of amphiphilicity along
the length of its a-helical conformation®® and it has been
demonstrated that this structural property drives major steps
in its membranolytic action against other bacteria.?*?*°°

In combination, these data would appear to indicate that in
the early steps of its action against P. aeruginosa, a high affinity
for anionic lipid in the CM of the organism drives binding and
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amphiphilic a-helix formation by M5-NH,. In the later steps of
this action, the high amphiphilicity of this a-helical structure
promotes deep insertion of M5-NH, into the P. aeruginosa CM
that induce high levels of lysis. These effects promote membra-
nolytic action that leads to the death of P. aeruginosa and
underpins the potent activity of M5-NH, against the organism,
which is represented schematically in Fig. 8.

S. aureus

MS5-NH, killed S. aureus with an MLC of 147.6 uM, representing
activity over twenty-five times lower than that against P. aeruginosa
and clearly showing S. aureus to be resistant to the peptide (Fig. S1
and Table 2, ESIt), which is consistent with previous work.***®
The capacity for potent membranolytic activity appears to gener-
ally underpin the antibacterial activity of M5-NH,, which sug-
gested that changes to this capacity may be involved in the
resistance of S. aureus to the peptide’s action.?*>*"**°¢ Consistent
with this suggestion, M5-NH, displayed low levels of binding to
SUVs mimetic of the S. aureus CM (Kq = 117.6 uM) that were over
five times lower than in the case of P. aeruginosa, reflecting the
peptide’s weaker activity against the former organism (Table 2).
The peptide also adopted low levels of amphiphilic a-helical
structure in the presence of these SUVs (Fig. 4), which accounted
for around one third of its structure (35.0%) and is equivalent
to circa one and a half a-helical turns (Table 2).""** Compared to
the case of P. aeruginosa, these levels of amphiphilic o-helical
structure were two thirds lower (Table 2), which would clearly be
predicted to reduce the peptide’s ability to penetrate and lyse the
CM of S. aureus.”””® Confirming this prediction, the insertion of
MS5-NH, into monolayer mimics of these membranes induced low
maximal surface pressure changes (t = 3.3 mN m™ '), which were
around one fifth of those with P. aeruginosa and indicated low
levels of insertion into these monolayers (Table 2). Although
showing similar kinetics, the peptide’s insertion into monolayer
mimics of the S. aureus CM was much slower than that of
P. aeruginosa, taking two-fold longer to reach maximal surface
pressures (Fig. 4). This slower kinetics of insertion reflected the
much lower affinity of the peptide for these monolayers, as
compared to the corresponding case with the P. aeruginosa CM
(Table 2). Consistent with these monolayer data, M5-NH, also
displayed a weak ability to induce the lysis of SUVs mimetic of the
S. aureus CM (lysis = 24.5%;), which was over two thirds lower
than that in the case of P. aeruginosa (Table 2). The levels of these
model membrane associations suggested that the interactions of
M5-NH,, with the S. aureus CM were more associated with their
head-group and upper regions than the deeper regions indicated
in the case of P. aeruginosa (Table 2).>** This suggestion was
supported by thermodynamic data (Fig. 5 and Fig. 6) showing
that, in contrast to P. aeruginosa, monolayer mimics of the
S. aureus CM were thermodynamically unstable with values of
AGpix > 0 (Table 2). However, these monolayers were rendered
thermodynamically stable by the presence of M5-NH, with values
of AGpix < 0 (Table 2) and this change in AG,,;x suggested that
insertion of the peptide into monolayer mimics of the S. aureus
CM had decreased their lipid packing density and increased their
membrane fluidity.*>*' These changes in membrane properties
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Fig. 8 A schematic representation of the membranolytic action of M5-
NH; against P. aeruginosa. In the first major step of the action of M5-NH,
against P. aeruginosa, electrostatic attraction facilitates targeting of the
CM and promotes high levels of binding to the headgroups of PG and CL
by the peptide (Fig. 8A). In the next major step, the anisotropic environ-
ment of the CM interface promotes high levels of amphiphilic a-helical
structure in M5-NH,, which potentially possesses a hydrophobicity gra-
dient (Fig. 8B). The tilted characteristics and/or the amphiphilicity of this
structure then drives the major step of insertion by the peptide into the
P. aeruginosa CM, which leads to penetration of the hydrophobic core
region of the membrane (Fig. 8C). In the final major step, the insertion of
the peptide promotes a range of effects, such as increased lipid packing
and decreased fluidity, that lead to destabilisation and lysis of the CM,
followed by P. aeruginosa cell death (Fig. 8D). This membranolytic action is
consistent with the use of pore forming mechanisms, such as toroidal
pores, and potentially involves other effects, including anionic lipid clus-
tering and tilted peptide destabilisation of the CM.

are consistent with the association of the peptide with the head-
group and upper regions of S. aureus membranes,***! and similar
data have previously been reported.***” In combination, these
data would seem to indicate that characteristics of the S. aureus
CM had lowered the capacity M5-NH, to achieve the levels of
conformational change and membrane interaction associated
with the major steps in its action against P. aeruginosa. The overall
effect of these weaker interactions appeared to be to lower the
ability M5-NH, to engage in membranolytic activity against S.
aureus, which contributed to the organism’s resistance to the
action of the peptide.

A primary characteristic of bacterial membranes that influ-
ences the activity of AMPs is differences in the lipid composi-
tion of these membranes and a major difference between
the CM of S. aureus and P. aeruginosa is the occurrence
of the cationic lipid Lys-PG (Table 1).***° The lipid is absent from
the CM of P. aeruginosa® but accounts for around four fifths
of the lipid content in the case of the S. aureus CM (Table 1)** and
is known to be an important mediator in the resistance of the
organism to the action of AMPs.*®%*73 Lys-PG was represented by
Lys-DOPG and the ability of the lipid to influence the interaction
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of M5-NH, with the S. aureus CM was investigated by varying
levels of the lipid in lipid mimics of these membranes where the
CL: PG ratio (5:57) was held constant (Fig. 9 and Fig. S2, ESI}).
Regression analysis of the data shown in Fig. 9 revealed a strong
inverse correlation between the levels of Lys-DOPG in these
S. aureus CM mimics and those of the penetration and lysis levels
induced by the peptide (R* > 0.98; Fig. 9). These results were
consistent with studies on the membranolytic action of other
AMPs against S. aureus and clearly indicated that Lys-DOPG was
able to attenuate the interaction of M5-NH, with these S. aureus
CM mimics.*® In the absence of Lys-DOPG, M5-NH, showed high
levels of insertion (m = 10.0 mN m™ ") and lysis (lysis = 76.6%)
(Fig. 9) with these membrane mimics, reflecting the peptide’s
strong preference for anionic lipid (Table 2).>*"** Increasing the
Lys-DOPG content of these membranes led to decreases in the
levels of penetration and lysis shown by M5-NH,, although they

A 10 X..
o % ....... N
J N S *
[ Tesg
ol " PR
% ......
T TN
Bt
IR *
»
0
| 10 : & 40 50
Lys-PG (mol %)
B
100
2=
80 o g, X X
............
T e g
ol T
20 y % .............
T~
0
0 10 20 7 ) 50

Lys-PG (mol %)

Fig. 9 The effect of varying Lys-PG on the interaction of M5-NH, with
lipid models of S. aureus membranes. Fig. 9 shows the effect of varying
Lys-PG content on the ability of M5-NH, to penetrate lipid monolayers
(Fig. 9A) and induce the lysis of SUVs (Fig. 9B) mimetic of the S. aureus CM
where the TOCL : POPG content was held constant at a physiological ratio
of 5:57. In both cases, regression analysis showed a strong inverse
correlation between the levels of Lys-PG in these membranes and those
of the penetration and lysis induced by the peptide (R? > 0.98). As can also
be seen from Fig. 9A and B, at physiological levels of the lipid (38 mol%),
the levels of the membrane interactions induced by M5-NH, (n =
33 mN m™ % lysis = 24.3%) were around one third of those in the case
of membranes where Lys-PG was mot included (r = 10.0 mN m™%; lysis =
76.6%). Data points shown Fig. 9A and B were derived from experimental
membrane insertion and lysis curves for M5-NH; shown in Fig. S2 (ESI). In
both Fig. 9A and B, error bars are the standard deviation of the data about
the mean value.
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remained high at lower levels of the lipid (Fig. 9). At 10 mol% Lys-
DOPG, the peptide inserted deeply into these lipid membrane
mimics (x = 79 mN m ") and induced high levels of lysis
(lysis = 70.5%) (Fig. 9) which is consistent with recent studies
on Bacillus subtilis.*® Lys-PG forms around 10 mol% of B. subtilis
7475 and M5-NH,, induced similar levels of membrane
penetration and lysis in its potent membranolytic action against
the organism.** At 38 mol% POPG, which corresponds to physio-
logical levels of Lys-PG in S. aureus membranes, the levels of
insertion and lysis shown by the peptide were over three-fold
lower relative to membranes lacking Lys-DOPG (Fig. 9). Increasing
Lys-DOPG above physiological levels has been shown to lead to
the eventual inability of AMPs to penetrate and lyse membranes of
S. aureus, which presumably would be the case with M5-NH,.”®
In combination, these data indicate that in the early steps of
its action against S. aureus, membrane binding and amphiphi-
lic a-helix formation by M5-NH, are attenuated by some factor

membranes
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Fig. 10 A schematic representation of S. aureus resistance of to the
membranolytic action of M5-NH, In the action of M5-NH, against S.
aureus, Lys-PG mediated effects attenuate the interactions of the peptide
with the organism’s CM relative to corresponding steps in the action of the
peptide against P. aeruginosa (Fig. 8). In the first major step, electrostatic
repulsion effects due to Lys-PG reduce the ability of the peptide to target
the S. aureus CM, resulting in lower levels of binding to the headgroups of
PG and CL (Fig. 10A). In the next major step, M5-NH, adopts lower levels of
a-helical structure due to Lys-PG mediated electrostatic repulsion effects
that raise the energy barrier for this process (Fig. 10B). The resulting loss of
tilted characteristics and/or amphiphilicity of this structure reduces inser-
tion of the peptide into the S. aureus CM to depths that are associated with
the upper regions of the membrane (Fig. 10C). In the final major step, the
insertion of M5-NH, promotes a range of effects, such as decreased lipid
packing density and increased fluidity, that stabilise the CM and reduce the
levels of lysis induced by the peptide, thereby rendering S. aureus resistant
to M5-NH; (Fig. 10D). The Lys-PG mediated inhibition of the peptide’s
membranolytic action appears to be the major mechanism used by S.
aureus to resist M5-NH,, but, as described in the text, there is also the
possibility that other mechanisms may make minor contributions to this
resistance.
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in the membranes of the organism, relative to the case of
P. aeruginosa. In the later steps of this action, the reduced
levels and amphiphilicity of this a-helical structure promotes
insertion of M5-NH, into the upper reaches of P. aeruginosa
membranes that induce low levels of lysis. These effects appear
to be related to the presence of Lys-PG in the S. aureus CM and
decrease the peptide’s capacity for membranolytic action to the
extent that they effectively promote the resistance of S. aureus
to this action, which is represented schematically in Fig. 10.

Discussion

The increasing occurrence and widening antibiotic resistance
of P. aeruginosa strains with MDR is critical”” and methicillin-
resistant S. aureus (MRSA) is tolerant to almost all known
conventional antibiotics.”® In both cases, this situation has
been exacerbated by the emergence of resistance to the last-
resort drugs used to eradicate infections due to these
bacteria.”> AMPs show a strong potential for development as
agents to treat infections due to P. aeruginosa, and S. aureus®®?
and in response, this potential was investigated for M5-NH,,
which is a peptide designed to mimic naturally occurring o-
helical AMPs.>**”

M5-NH, showed potent activity against P. aeruginosa that
was in the very low micromolar range and appeared to involve
the lysis of the organism’s CM (Fig. S1 and Table 2, ESIY),
clearly implying that the peptide was able to traverse the barrier
posed by the outer membrane (OM) of P. aeruginosa.’*® The
OM of P. aeruginosa is essentially a bilayer formed by an
external leaflet, primarily composed of anionic lipopolysacchar-
ides (LPS), and an internal leaflet predominantly comprising
phospholipids, that is spanned by specific uptake channels and
non-specific porins.®® Potentially, there are three major routes
by which antimicrobial compounds can traverse the OM of
P. aeruginosa: diffusion directly through the OM or via porins,
or translocation through electrostatic interaction with LPS and
self-promoted uptake.®>®”®® Diffusion through porins is
restricted to small hydrophilic molecules and, like most AMPs,
the molecular weight of M5-NH, (1.7 kDa)*® would be too high
to permit use of this pathway.®® Both remaining pathways have
been demonstrated for AMPs with comparable positive charge
to M5-NH,, although self-promoted uptake appears to be the
pathway most favoured by these strongly cationic peptides.’®™?

To gain insight into the interaction of M5-NH, with the CM
of P. aeruginosa, individual, major steps in these interactions
were investigated and a synthesis of these data allowed a putative
scheme for the action of the peptide against P. aeruginosa to be
constructed (Fig. 8). In first of these steps, M5-NH, shows a
strong affinity for the P. aeruginosa CM that is predominantly
driven by high levels of binding to anionic lipids in these
membranes (Table 2). This binding involves electrostatic inter-
actions between the negative charge of phosphate moieties in CL
and PG headgroups and the peptide’s strong positive charge,
which results from its multiple lysine residues and C-terminal
amide moiety (Fig. 8A and Fig. 1).>° However, the binding of M5-
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NH, to CL was the highest recorded for the peptide and was
around two-fold stronger than in the case of PG, reflecting
differences in their head-group charge (Table 2). CL has a charge
of —2 due to its two phosphate moieties whereas that of PG has a
charge of —1 due to its single phosphate group.”® Taken with the
circa two-fold higher occurrence of CL over PG in the P. aerugi-
nosa CM, this would appear to indicate that CL is the predomi-
nant mediator of M5-NH, binding to these membranes (Table 1).
The peptide showed an affinity for PE that was over four-fold
lower than that for CL, which appeared to indicate that inter-
action with this lipid made a minor contribution to the peptide’s
binding of the P. aeruginosa CM (Table 2). The binding of AMPs
to PE generally involves electrostatic interaction between their
cationic residues and the phosphate moiety in the lipid’s
zwitterionic headgroup, which would appear to be the case M5-
NH,.>*”* Interestingly, recent studies have suggested that the
greater accessibility of phosphate moieties in PE head-groups
compared to that in phosphatidylcholine (PC) head-groups may
play a role in the selective binding of AMPs to bacterial
membranes.”® PC is the major zwitterionic lipid in eukaryotic
membranes®>®> and M5-NH, shows negligible interaction with
these membranes®®*> but strong interaction with bacterial mem-
branes that is comparable to that found here for the P. aeruginosa
CM (Table 2).>'~%

The next two steps in the interaction of M5-NH, with the
P. aeruginosa CM were the closely coupled events of o-helix
formation and insertion (Fig. 8B and C); the coupling of these
events makes the insertion of AMPs into bacterial membranes
energetically less costly.*> The process of a-helix formation by
AMPs is primarily driven by the low dielectric properties and
interfacial anisotropy of the bacterial CM and reduces the cost of
peptide insertion through the formation of hydrogen bonds
between backbone amide and carbonyl groups of these o-
helices.”*”” M5-NH, adopted high levels of o-helical structure at
the interface of the P. aeruginosa CM (Table 2 and Fig. 8B) and the
strong amphiphilicity of this structure (Fig. 1) appeared to be the
major driver of the peptide’s insertion into these membranes
(Fig. 8C), which is consistent with other studies on M5-NH,,****3%%

Insertion into the P. aeruginosa CM involves electrostatic
interactions between the peptide’s cationic polar face, compris-
ing lysine residues and a C-terminal amide, and anionic lipid
head-groups in these membranes (Fig. 1). It has previously
been suggested that these positively charged residues may play
a number of roles in promoting the insertion of M5-NH, into
bacterial membranes.*® These residues are evenly distributed
along the a-helical long axis of the peptide (Fig. 1), which would
tend to maximise their access to CL and PG headgroups in
the P. aeruginosa CM (Fig. 8A). Indeed, this distribution may
contribute to the very high affinity of M5-NH, for CL (Table 2),
given that the anionic moieties in the head-group of this lipid
are far more accessible to AMPs than those of other membrane
lipids.”®

Concomitant with the electrostatic interactions of its polar
face, the apolar face of M5-NH,, comprising alanine and
leucine residues, engages in hydrophobic interactions with
the apolar core of the P. aeruginosa CM (Fig. 1). Collectively,
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these interactions lead to deep penetration of this hydrophobic
core region by M5-NH,, which induces increased lipid packing,
decreased membrane fluidity and the destabilization of these
membranes (Table 2 and Fig. 8C). Most recently, the o-helical
structure formed by M5-NH, was shown to possess an asym-
metric distribution of hydrophobicity along the o-helical long
axis.*® This structural feature, or hydrophobicity gradient, is
characteristic of tilted AMPs and drives the deep, oblique
insertion of these peptides into bacterial membranes.’® In the
case of M5-NH,, the peptide’s hydrophobicity gradient pro-
moted oblique insertion into the CM of B. subtilis that led to
depths of insertion and a mode of membrane destabilization
that showed similarities to those found here for P. aeruginosa
(Fig. 8).** Given the high levels of a-helical structure adopted by
the peptide, these observations suggest that M5-NH, nay have
the potential to promote its penetration and lysis of the
P. aeruginosa CM using tilted mechanisms. Moreover, it is
interesting to note that the polar face of M5-NH, face is
interrupted by hydrophobic residues, namely a leucine and
two alanine residues, which is clearly a case of imperfect
amphiphilicity (Fig. 1)."°° This form of imperfect amphiphili-
city appears able to promote high antimicrobial activity and
selectivity, although the mechanisms underlying this ability are
often unclear.'°®'® However, in the case of M5-NH,, the
leucine and alanine residues in the o-helical polar face occur
at positions 7, 12 and 15 of the peptide’s sequence (Fig. 1),
indicating that they are distributed along the hydrophobicity
gradient possessed M5-NH,.*> As shown for other residues in
tilted peptides, a role of these leucine and alanine residues
might be to provide the balance between amphiphilicity and
hydrophobicity required to promote the oblique insertion of
M5-NH, into the CM of P. aeruginosa and other bacteria.'®* It
has also been suggested that the lysine residues possessed by
M5-NH, could contribute to its oblique insertion into the CM of
bacteria through the snorkelling mechanism.** Using this
mechanism, the long hydrocarbon side chains of these residues
would extend into the hydrophobic core region of the
P. aeruginosa CM, permitting deeper levels of penetration by
the peptide’s tilted structure, as shown for other AMPs.°%"%>10¢

In a final major step of the action M5-NH, against
P. aeruginosa, the insertion of the peptide into the organism’s
CM and the resulting destabilization leads to high levels of lysis
and ultimately, cell death (Fig. 8D). It would seem that this action
is unlikely to involve the formation of a membrane spanning pore
by M5-NH,, such as the barrel stave model,'**'***> due to the
relatively short length of the peptide.* However, studies on other
bacteria, have suggested that the antibacterial action of M5-NH,
may involve mechanisms based on tilted peptide formation, the
toroidal pore model and the carpet mechanism.*"** To gain
further insight into mechanisms underpinning the action of
M5-NH, against P. aeruginosa, the role of individual lipid compo-
nents of the organism’s membranes in the steps of o-helix
formation, insertion and lysis were investigated.

M5-NH, showed levels of a-helicity, insertion and lysis with
PE membranes that were at least a third lower than those of
anionic lipid, indicating a minor, but not inconsiderable,
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contribution to steps in the membranolytic action of M5-NH,
against P. aeruginosa (Table 2). PE is known to play a number of
roles in the antibacterial action of AMPs'?” and can specifically
interact with o-helical AMPs to inhibit their antibacterial
action.'®® Some a-helical AMPs specifically target PE to promote
this action;*>'%° however, such specificity would seem unlikely
to contribute to the action M5-NH, against P. aeruginosa, given
its strong preference for anionic lipid (Table 2). In many cases,
the ability of PE to promote the antibacterial action of a-helical
AMPs involves the inherent propensity of the lipid’s cone shaped
molecule to induce negative curvature and non-bilayer structures
in membranes.”'>""" This propensity has been shown to contri-
bute to the antibacterial action of a-helical AMPs by promoting a
number of membranolytic mechanisms, including the formation
of toroidal-type pores and carpet-type modes of action.*>"*™!* n
general, each of these mechanisms would fit with the high levels
of insertion and lysis found for the action of M5-NH, against
P. aeruginosa, suggesting that similar mechanisms may contribute
to this action (Table 2 and Fig. 8). The ability of PE to induce non-
bilayer structures also appears to facilitate bacterial membrane
destabilization and lysis in response to the oblique insertion of
o-helical AMPs that use tilted structure in their antibacterial
action.**?%*7"15"117 Thjg ability would appear to be consistent
with the suggestion made above, which was that M5-NH, may use
tilted mechanisms to promote its membranolytic action against
P. aeruginosa. Indeed, recent studies have suggested that, in these
mechanisms, PE would be key to facilitating the peptide’s oblique
orientation and ability to perturb membrane properties such as
lipid packing and membrane fluidity.** The insertion of M5-NH,
into the CM of P. aeruginosa also appeared to lead to the
perturbation of these membrane properties, thereby contributing
to the peptide’s membranolytic action against the organism
(Table 2 and Fig. 8D).

As for binding, interactions of M5-NH, with anionic lipid in
the P. aeruginosa CM appeared to drive the remining major
steps in the peptide’s action against the organism with CL
showing the highest levels of a-helicity, insertion and lysis
recorded for the peptide (Table 2). However, whilst the levels
of o-helicity adopted by the peptide with CL were only around a
tenth higher than those with PG, the insertion and lysis shown
by M5-NH, with CL membranes was over a third higher than
those with PG (Table 2). These observations indicated that the
peptide adopted comparable levels of a-helicity with these two
lipids but showed a much greater ability to penetrate and lyse
CL membranes as compared to those formed by PG (Table 2).
These data would seem to indicate that CL was the primary
driver of a-helix formation, insertion and lysis by M5-NH, in its
action against P. aeruginosa and a number of mechanisms show
the potential to support this role for the lipid.

It is well established that CL is able to influence the action of
AMPs® and in general, this ability derives from the topography
of CL, which has a cone shaped molecule that promotes
negative membrane curvature, along with the formation of
domains and non-bilayer structures."'®'"" This non-lamellar
behaviour appears able to inhibit the ability of some o-helical
AMPs to insert into bacterial membranes®*'"*'*° but in most
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cases, this behaviour appears to promote mechanisms of
membranolytic action by these peptides.’*"*° In general,
these mechanisms appear to involve lipid clustering effects
where CL is segregated from PE,'*>'*®131 which is induced by
the strong positive charge of AMPs and appears to be facilitated
by the formation of hydrogen bonds between the headgroups of
these individual lipid types.""* In these CL mediated mechan-
isms, AMPs can either target naturally occurring CL domains or
induce these domains in bacterial membranes, which then
leads to the bacterial death through membranolytic action,
although bacterial killing through non-membranolytic action
has been reported.***>'*!71?>132 por example, a number of
a-helical AMPs induce negatively curved CL domains in the CM
of Escherichia coli,*** some of which involve clustering,'*®'*” to
promote non-membranolytic perturbation of this membrane that
leads to the lethal disruption of cellular processes.'**'?*'*” It is
possible that such CL-mediated non-membranolytic mechanisms
contribute to the action of M5-NH, against P. aeruginosa, but,
most likely, this contribution would be minor compared to
membranolytic mechanisms. Potentially, the non-lamellar beha-
viour of CL could promote the membranolytic action of M5-NH,
against P. aeruginosa by supporting a number of established
models used to describe this action for o-helical AMPs. As
examples, o-helical AMPs appear to induce CL domains segre-
gated from PE in the CM of P. aeruginosa that promote lysis via
carpet-like mechanisms,"**'*® and target negatively curved CL
domains in the CM of E. coli to promote lysis through pore
forming mechanisms."*" 1t is believed that lipid clustering by
a-helical AMPs contributes to carpet-type and pore-forming
mechanisms through the production of phase boundary defects
that induce leakage in target bacterial membranes.'**'>>'** Based
on these observations, it would seem that lipid clustering mechan-
isms could contribute to the high levels of insertion and lysis
found for the action of M5-NH, against P. aeruginosa (Fig. 8C and
D). Indeed, PE is strongly represented in the CM of the organism
(Table 1) and M5-NH, satisfies the two primary requirements for
AMPs that induce lipid clustering effects, namely, a high positive
charge and stable secondary structure (Table 2)."**7?*'33 Another
characteristic of M5-NH, that may show the potential to contri-
bute to its CL-mediated membranolytic action against P. aerugi-
nosa is its molecular shape; this property is well known to
influence the interactions of AMPs with bacterial membranes.'**
The molecular shape of M5-NH, is formed by a large hydrophilic
surface and a smaller hydrophobic surface, resembling an
inverted cone (Fig. 1). Synthetic AMPs with a similar molecular
shape to M5-NH, appeared to kill P. aeruginosa by complementing
the cone shape of CL, thereby promoting an increase in CM
tension that resulted in pore formation and other effects that led
to cell death."**™"” Interestingly, CL is also present in the OM of
Gram-negative bacteria'*® and in the case of E. coli, a-helical AMPs
have been to promote lysis of this membrane via carpet-like
mechanisms using CL mediated clustering effects."*" These
mechanisms appeared to make only a minor contribution to the
overall membranolytic action of these AMPs, but it is possible that
similar mechanisms could contribute to the action of M5-NH,
against P. aeruginosa.'*"
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M5-NH, showed weak activity against S. aureus that was in
the hundred micromolar range, which indicated resistance to
the action of the peptide and was in strong contrast to its
potent action against P. aeruginosa and other Gram-positive
bacteria (Fig. S1; Table 2, ESIf).*>* The S. aureus CM shows
major differences in lipid composition to those of P. aeruginosa
(Table 1) and such differences are well known to play a role in
determining the specificity, susceptibility, and resistance of
AMPs for bacteria.>®*>1%71% Here, these differences appeared
to mediate the resistance of S. aureus to the action of M5-NH,
by decreasing the peptide’s capacity for membranolytic action
(Table 2). To gain insight into mechanisms underpinning this
resistance, individual, major steps in the interaction of M5-NH,
with the CM of S. aureus were studied and a synthesis of these
data allowed a putative scheme for the action of the peptide
against the organism to be constructed (Fig. 9).

In the first major step of its action against S. aureus, M5-NH,
shows weak binding to the CM of the organism (Fig. 10A) that is
orders of magnitude lower than that in the case of P. aeruginosa
(Table 2). The CM of S. aureus contrasts to that of P. aeruginosa
in that it possesses circa a two-fold higher content of anionic
lipid which is predominantly formed from PG rather than CL
(Table 1). This would seem to indicate that PG primarily drives
the binding of M5-NH, to the CM of S. aureus and that the
peptide’s lower affinity for this lipid relative to CL could
contribute to the weaker binding of the peptide as compared
to that in the case of P. aeruginosa (Table 2 and Fig. 8A).
However, the major difference between the lipid compositions
of the CM of S. aureus and P. aeruginosa is the presence of the
positively charged lipid Lys-PG in the CM of the former organism
(Table 1). It is well established that the high levels of the lipid in
these membranes reduce the overall negative charge of CL and PG,
which leads to the electrostatic repulsion of AMPs and effectively
lowers their ability to bind these membranes.”"”>"3%'4° This ability
is consistent with the differing levels of bacterial membrane affinity
shown here by M5-NH, and strongly suggests that similar Lys-PG-
mediated electrostatic effects underpin the weak binding of the
peptide to the CM of S. aureus (Table 2). Taken in combination,
these data strongly suggest that the Lys-PG-mediated attenuation of
membrane binding makes a major contribution to reducing the
membranolytic efficacy of M5-NH,, thereby promoting the resis-
tance of S. aureus to the action of the peptide (Fig. 10A) In support
of this suggestion, Lys-PG has also been detected in the CM of other
bacteria®***"*" and appears to inhibit binding by AMPs in resis-
tance mechanism with similarities to that mediated by the lipid in
S. aureus.>>”**>7148 Interestingly, in what seems to be an evolu-
tionary response, some creatures appear to produce anionic AMPs
that bind Lys-PG to overcome S. aureus resistance mechanisms and
promote their antibacterial action."*

The weak affinity of M5-NH, for the CM of S. aureus
appeared to limit rather than completely abolish the ability of
the peptide to interact with these membranes. In the next two
major steps of this interaction, M5-NH, showed low levels of
a-helicity and insertion with the CM of S. aureus (Fig. 9B) that
were around one half of those shown by the peptide with that
from P. aeruginosa (Table 2). This relative decrease in the
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efficacy of M5-NH, to perform these steps appeared to be
mediated by the presence of Lys-PG in the CM of S. aureus
(Fig. 9B). In the case of o-helix formation by the peptide, it is
known that the positive charge on Lys-PG is able to influence
the energy barrier for the adoption of this structure by AMPs
and this ability appears to primarily depend on the charge
carried by these peptides.*®°®® studies on anionic o-helical
AMPs with action against S. aureus, showed that Lys-PG has no
effect on the levels of o-helical structure adopted by these
peptides.®® In this case, it appeared that electrostatic interactions
between negatively charged residues in these AMPs and the lipid
neutralised its ability to influence their conformational
behaviour.*® In contrast, studies on strongly cationic o-helical
AMPs resisted by S. aureus reported that electrostatic repulsion
between these peptides and Lys-PG in the organism’s membranes
inhibited the process of o-helix formation by these AMPs.®®%
These electrostatic repulsion effects appeared to raise the energy
barrier for this process and counter the ability of CL and PG in the
S. aureus CM to induce o-helical structure in these AMPs.®®%
Taken in combination, these observations strongly suggest that,
in its action against S. aureus, Lys-PG mediated electrostatic
effects inhibit the ability of M5-NH, to adopt the higher levels
of o-helicity seen with P. aeruginosa, thereby promoting the
resistance of S. aureus to the peptide (Table 2 and Fig. 10B).
Lys-PG-mediated reductions in the o-helicity of M5-NH, also
appeared to promote the resistance of S. aureus to the peptide
by decreasing its efficacy in the step of insertion into the
organism’s CM (Fig. 10C). In this step, the lower o-helicity of
M5-NH, led to levels of insertion into the S. aureus CM that
were more associated with their head-group and upper regions
than the deep penetration of their hydrophobic core seen with
P. aeruginosa (Fig. 10C). Clearly, a major potential contributor
to these decreased levels of insertion would seem to be the loss
of amphiphilic structure associated with reduced o-helix for-
mation by M5-NH,, given that, as suggested above, amphiphi-
licity appears to drive the peptide’s membrane interactions.
Another potential contributor to these decreased levels of
insertion could be disruption of the peptide’s hydrophobicity
gradient resulting from its lower adoption of o-helical struc-
ture, as compared to the case of P. aeruginosa. Indeed, the tilted
insertion of M5-NH, into the S. aureus CM could be further
compromised by their lack of PE (Table 1) and the ability of the
lipid’s non-lamellar behaviour to facilitate this form of bilayer
penetration.**?*%711>"117 Reduced insertion into the S. aureus
CM due to Lys-PG-mediated decreased o-helicity in M5-NH,
(Table 2 and Fig. 9B) could also contribute to S. aureus
resistance by inhibiting the use of novel anionic clustering
mechanisms reported for the action of AMPs against Gram-
positive bacteria. In these clustering mechanisms, strongly
cationic AMPs promote their antibacterial action through
membrane perturbation involving the induced segregation of
CL from PG."**'?* However, the low levels of a-helicity shown
by M5-NH, with the S. aureus CM (Table 2 and Fig. 9B) would
appear to lie outside the conformational requirements of lipid
clustering mechanisms, rendering their use by the peptide in
this case unlikely.'***?>'3 [n addition to mechanisms
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involving Lys-PG-mediated changes to the conformational
behaviour of M5-NH,, the insertion of the peptide into the
S. aureus CM could also be limited by mechanisms based on the
intrinsic properties of the lipid itself. It has previously been
shown that the ability of Lys-PG to reduce electrostatic repul-
sion between CL and PG lipid head-groups leads to decreases in
the fluidity of the S. aureus CM’***° and makes partitioning by
AMPs more difficult,”>73141,151,152

In the major steps discussed above, it was suggested that Lys-
PG promoted the resistance of S. aureus to M5-NH, by reducing
the peptide’s capacity for membranolytic action and that a
number of mechanisms mediated by the lipid could potentially
promote these effects (Fig. 10D). Strongly supporting this sugges-
tion, in the final major step of this action, the membranolytic
capacity of M5-NH, against S. aureus was around one third of that
shown against P. aeruginosa (Table 2) and this decreased mem-
branolytic efficacy appeared to be mediated by Lys-PG (Fig. 9).
Taken in combination, the Lys-PG-mediated effects found for
steps in the action of M5-NH, against S. aureus (Table 2 and
Fig. 10) are consistent with those of a major intrinsic mechanism
used by the organism to resist AMPs.”>'*"'*® This mechanism is
modulated by the MprF operon and involves the catalytic lysylina-
tion of PG to produce Lys-PG, which is subsequently translocated
to the outer leaflet of S. aureus membranes."**'>*

Although Lys-PG-mediated reductions in membranolytic
efficacy clearly appeared to be a major driver in the resistance
of S. aureus to the action of M5-NH,, the peptide showed a weak
ability to induce the lysis of the organism’s membranes. This effect
could reflect the fact that the in vivo situation of S. aureus mem-
branes is not fully represented by the in vitro membrane systems
used in the present study. One explanation for these observations is
that other mechanisms play a minor role in the resistance of S.
aureus to the action of M5-NH, and it is well established that the
organism uses a variety of strategies to resist AMPs.**'>"35 A
frequently reported strategy would involve interactions between
M5-NH, and components of the S. aureus cell wall when the peptide
was migrating to the organism’s CM. The S. aureus cell wall can be
considered as essentially a thick peptidoglycan (PGN) mesh that is
decorated with anionic teichoic acids.">® In general, PGN appears to
not significantly hinder the passage of AMPs as it is not anionic and
is porous to molecules with molecular weights that would include
M5-NH, and most AMPs.**>° However, the p-alanylation of
teichoic acids to decrease their negative charge and promote
electrostatic repulsion effects with AMPs is known to inhibit the
access of these peptides to S. aureus membranes.**'>** Very recent
studies have suggested that this access is also restricted by mod-
ifications to the polymer composition and/or synthesis of teichoic
acids anchored to these membranes. These modifications appear to
be modulated by MprF and function with Lys-PG electrostatic
repulsion effects and teichoic acid p-alanylation to decrease the
overall permeability of the S. aureus cell wall to AMPs."*!

Conclusions

M5-NH,, was designed to exhibit broad antimicrobial activity>*>>’
and shows potent action against a spectrum of fungi and

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper
bacteria,>>*”°* although the mechanisms underpinning this
action has been investigated in only a few cases, which has been
extended in the present study.**** The peptide showed potent
membranolytic activity against P. aeruginosa (Fig. S1 and Table 2,
ESIT) and similar results have been reported for the activity
of M5-NH, against E. coli,*"** which is increasingly regarded as
an ESKAPE pathogen.®” These observations suggested that the
peptide may have broad range action against Gram-negative
bacteria and the potential to kill not only P. aeruginosa and
E. coli but also other ESKAPE pathogens such as K. pneumo-
niae.'®® However, although M5-NH, showed potent membrano-
lytic action against B subtilis,> S. aureus was resistant to the
peptide (Fig. S1 and Table 2, ESIt) using mechanisms available
to other Gram-positive bacteria, clearly suggesting that the
peptide’s activity against these bacteria may show a more limited
Spectmm.55,71,l427148

Characterisation of the antibacterial activity of M5-NH,
showed it to possess potent CL driven membranolytic action
against P. aeruginosa but was rendered ineffective against
S. aureus by Lys-PG driven inhibition of this action (Table 2).
These observations clearly showed the effect of differences in
the lipid compositions of bacterial membranes on the activity
of AMPs and reinforce the importance of taking these differ-
ences into account when designing these peptides.'®* Indeed, it
has been recently suggested that when designing AMPs, other
often neglected factors, such as site of action pH should also
be considered;'®*'®* changes in pH have been shown to both
enhance and attenuate the response of S. aureus and
P. aeruginosa to the action of AMPs,**?%7°

The Lys-PG mediated mechanisms shown here to protect
S. aureus to the action of M5-NH, most probably involve the use
of an intrinsic resistance mechanism frequently reported in
studies on the susceptibility of the organism to AMPs.”>">"3?
The use of this intrinsic mechanism to resist M5-NH,, as
opposed to those that are acquired,'®® would help to explain
the fact that many other strains of S. aureus show similar
levels of resistance to the action of the peptide.”” Indeed,
S. aureus, particularly MRSA, shows resistance to many AMPs,
which has hindered progress in the development of these
peptides as therapeutic agents to combat infections due to the
organism.**$>131%5 I part, this lack of progress has been due to
a poor understanding of the mechanisms used by S. aureus to
resist the action of AMPs and why these mechanisms work against
some of these peptides and not others. It is well known that some
AMPs with a similar charge to M5-NH, are able to kill S. aureus,
whilst others are resisted by the organism using Lys-PG mediated
mechanisms."®” It is to be hoped that the data presented here will
help to explain these differences and increase the general under-
standing of mechanisms underpinning the ability of S. aureus to
resist AMPs.

Potentially, the CL driven membranolytic activity of M5-NH,
against P. aeruginosa involved the peptide’s ability to adopt
tilted a-helical structure and induce anionic lipid clustering.
These mechanisms were consistent with the overall effects of
the peptide’s membranolytic action against P. aeruginosa and a
number of models appeared able to describe this action,
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including toroidal-type pore formation and carpet-type mechan-
isms. In carpet-type mechanisms, AMPs promote their antibacter-
ial activity using a detergent-like membranolytic action that does
not generally entail the penetration of these peptide into the CM
hydrophobic core region.’®'! In contrast, the use of toroidal pore
formation to promote antibacterial membranolytic action by
AMPs generally involves deep penetration of the bacterial
CM.'' Given the ability of M5-NH, to penetrate and perturb
the acyl chain region of the P. aeruginosa CM, this might suggest
that the peptide is more likely to use toroidal-type mechanisms
than carpet-type mechanisms. Based on its action against P.
aeruginosa and lack of haemolytic activity,”® M5-NH, shows the
potential for medical development in a number of areas,'®%'¢°

including biofilm inhibition'”® combination therapy'’* and cystic
fibrosis treatment.'”?
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