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ABSTRACT: Host defense peptides show great potential for development
as new antimicrobial agents with novel mechanisms of action. However, a
small number of resistance mechanisms to their action are known, and here,
we report a novel bacterial resistance mechanism mediated by a lipid
receptor. Maximin HS from Bombina maxima bound anionic and
zwitterionic membranes with low affinity (Ky > 225 M) while showing a
strong ability to lyse (>55%) and penetrate (7 > 6.0 mN m™') these
membranes. However, the peptide bound Escherichia coli and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) membranes with
higher affinity (K3 < 65 4uM) and showed a very low ability for bilayer lysis
(<8%) and partitioning (7 > 1.0 mN m™"). Increasing levels of membrane
DMPE correlated with enhanced binding by the peptide (R* = 0.96) but
inversely correlated with its lytic ability (R* = 0.98). Taken with molecular

Maximin H5

dynamic simulations, these results suggest that maximin HS possesses membranolytic activity, primarily involving bilayer
insertion of its strongly hydrophobic N-terminal region. However, this region was predicted to form multiple hydrogen bonds
with phosphate and ammonium groups within PE head-groups, which in concert with charge—charge interactions anchor the
peptide to the surface of E. coli membranes, inhibiting its membranolytic action.

he “Golden Age of Antibiotics” began in the 1940s with

the introduction of penicillin,1 and in 1967, it was stated
by the US. surgeon William H. Stewart that “.we had
essentially defeated infectious diseases and could close the book
on them..”.> Instead, the latter decades of the 20th century and
the first decade of the 2Ist century were notable for the
appearance of pathogenic bacteria with resistance to conven-
tional antibiotics as an almost inevitable response to the
introduction of these drugs into clinical medicine.! The rapid
rise of these multidrug resistant (MDR) pathogens® is well-
illustrated by Escherichia coli, which remains a global cause of
morbidity and mortality.* E. coli is normally a commensal
organism of the gastrointestinal tract, but a number of recent
surveys have shown that pathogenic strains of the organism
with MDR increased from below 8% during the 1950s to
approaching 65% in the 2000s with the occurrence of these
MDR strains consistently highest for antimicrobial agents that
had been used the longest in human and veterinary medicine.>*
Currently, MDR forms of the organism are a leading cause of
nosocomial infections”® and have been responsible for recent
major community outbreaks of infectious diseases, including
the potentially fatal condition hemolytic-uremic syndrome.”*’
On the basis of the relative ease and adaptability with which E.
coli acquires resistance to antibiotics, along with its common
occurrence across many different species, the organism is now
used as a sentinel to monitor the development of antimicrobial
drug resistance in other bacterial pathogens.""
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Unchecked, the current upward trend in the occurrence of
pathogenic bacteria with MDR creates the very real threat that
in a short while there will be no suitable antimicrobials for the
systemic treatment of common diseases."> Accordingly, there
have been concerted attempts to identify alternative strategies
for the control of bacterial infections,>'* including the
development of host defense peptides (HDPs), which are
ancient and highly effective antimicrobials of the innate
immune system.'>'® The antibacterial activity of these peptides
involves multiple sites of action rather than the individual gene
and protein targets associated with the action of conventional
antibiotics. Moreover, evidence suggests that HDPs target
membrane integrity, bioenergetics, and other essential systems
of bacteria that are less mutable than the bacterial targets of
conventional antibiotics. On the basis of these observations, it is
generally believed that the emergence of bacteria with
resistance to the action of HDPs is less likely, thereby helping
to explain their longevity and potentially giving them a major
therapeutic advantage over conventional antibiotics.'>"”~"
Nonetheless, bacterial resistance mechanisms to the action of
HDPs, such as the production of both intracellular and
extracellular proteases to effect degradation of these pep-
tides,"”*' have been reported. Many of these resistance
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mechanisms have been identified in E. coli***' with the result

that the organism has been increasingly used to monitor and
study the development of bacterial resistance to HDPs.>*”>*
The present study reports a novel resistance mechanism to the
action of HDPs against E. coli and shows that intrinsic
properties of the organism’s membrane allow a mode of
antibacterial action used by these peptides to be harnessed as a
mechanism of resistance to their activity. Phosphatidylethanol-
amine (PE) is a major lipid in the membranes of E. coli*® that
has been shown to act as a lipid receptor for several HDPs and
promote their action against the 01‘ganism.26 However, in
contrast, our data show that PE acts as an inhibitor of maximin
HS activity, an anionic HDP recently identified in the skin and
brain of the Chinese red belly toad, Bombina maxima.>”>®

B EXPERIMENTAL PROCEDURES

Materials. A peptide homologue of maximin HS was
synthesized by Pepceuticals (Leicestershire, UK) by solid state
synthesis and purified by HPLC to a purity greater than 99%.
The lipids, E. coli cardiolipin (CA), 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phos-
phoglycerol (DMPG), 1,2-dimyristoyl-sn-glycero-3-phospho-
ethanolamine (DMPE), and the lipid probe, fluorescein-
phosphatidylethanolamine (FPE), were supplied by Avanti
Polar Lipids (USA). Unless otherwise stated, all other reagents
were supplied by Sigma-Aldrich (UK) and VWR (UK).

Molecular Dynamic Simulations of Maximin H5—
Membrane Interactions. Molecular dynamic (MD) simu-
lations to model the interactions of maximin HS with DMPC
and DMPE membranes were undertaken. The peptide was
assembled using the AMBER tools 1.5 program® and
minimized using the GROMOS96 53a6 force field,* which
was equilibrated at room temperature in water. These bilayers
contained 128 lipids in a box, which was 7.0 nm X 7.0 nm X 9.0
nm in the case of DMPC and 5.6 nm X 5.6 nm X 9 nm in the
case of DMPE, parallel to the z-axis. The GROMOS96 force
field step descendent method was utilized to minimize the
structure and, employing a 400 ns equilibration run at 303 K
(~30 °C), simulations were performed using the NPT
ensemble. Three peptide molecules were inserted into the
box containing the solvated bilayer, and an equilibration run
was carried out for the system. The stability of maximin HS
association with the surface of DMPE bilayers was estimated by
determining the energy required to force the peptide to occupy
a location in the membrane interior, which was performed
using the F»otential of mean force (PMF) facility available in
Gromacs.>' The potential energy of the system was extracted
for the slower pulling simulations with a pulling rate of 0.1 A/ns
for 40 1S, The peptide was pulled in the direction parallel to the
Z axis.

The Antibacterial Activity of Maximin H5. Cultures of E.
coli, strain W3110, and Staphylococcus aureus, strain ULI2,
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 and incubated at 37 °C until the exponential
phase was reached (OD = 0.6; 4 = 600 nm). Using a benchtop
centrifuge, the cell suspension was centrifuged at 15000¢ and 4
°C for 10 min. The resulting pellet was washed three times in
25% strength Ringer’s solution before being resuspended in
25% strength Ringer’s solution. One milliliter aliquots of
maximin HS ranging from 0 yM to 1000 uM were prepared in
25% strength Ringer’s solution. These peptide solutions were
inoculated with 10 uL cell suspensions and incubated at 37 °C

6022

overnight. After incubation, each bacterial culture was streaked
onto nutrient agar plates and incubated at 37 °C for 12 h.

The Preparation of Small Unilamellar Vesicles. Small
unilamellar vesicles (SUVs) were constructed with a mean
diameter of 0.1 4M as previously described.”> Essentially, either
prelipids or lipid mixtures were dissolved in chloroform (5 mg
mL™"), dried under N,, and further dried under vacuum
overnight. The resulting lipid film was rehydrated using
phosphate buffered saline (PBS; pH 7.5) containing NaCl
(150 mM) and sonicated for an hour or until the solution was
no longer turbid. To form SUVs, these solutions were then
freeze—thawed (XS) and extruded (X11) using an Avanti polar
lipid mini-extruder apparatus containing a 0.1 pm polycar-
bonate filter (Avanti, USA).

CD Structural Analyses of Maximin HS5. Structural
determination of maximin HS was performed using CD
spectroscopy and a J-815 spectropolarimeter (JASCO, UK) as
previously described. Far-UV CD spectra were collated for
peptide (0.1 mg mL™") both in PBS and in the presence of
SUVs prepared as described above from either CA, DMPG,
DMPC, DMPE or mixtures of CA, DMPG, and DMPE (molar
ratio 2:1:13.7) mimetic of E. coli membranes.”® For each
sample, four scans were performed over a wavelength range 260
to 180 nm at 0.5 nm intervals using a bandwidth of 1 nm and a
scan speed of 100 nm min~". CD spectra were measured using
a 10 mm path-length cell, and samples were maintained at 20
°C. For all spectra acquired, the baseline obtained in the
absence of peptide was subtracted, all as previously described.*®
These experiments were repeated four times, and the average
percentage of secondary structural elements was estimated for
peptides using the CDSSTR method (protein reference set 3)
from the DichroWeb server.****

Interaction of Maximin H5 with Lipid Monolayers.
Either CA, DMPG, DMPE, DMPC mixtures of DMPG and
DMPE (molar ratio varying between 10:1 and 200:1) or
mixtures of CA, DMPG, and DMPE (molar ratio 2:1:13.7)
mimetic of E. coli membranes>® were taken and dissolved in a
minimum of chloroform. Monolayers were formed by dropping
these chloroformic solutions onto a buffer subphase (Tris10
mM; pH 7.5), contained in a 601 M Langmuir Trough
equipped with moveable barriers (KVS NIMA, UK). The
barriers were closed at a rate of 5 cm®* min~" until an initial
surface pressure of 30 mN m™~" was achieved, which is generally
taken as representative of naturally occurring membranes, and
then monolayers were allowed to equilibrate for 30 min. Using
an L-shaped Hamilton syringe, maximin HS (1 mM) was
injected into the subphase to give a final subphase
concentration of 8 M, which was continuously mixed with a
magnetic stirrer at S rpm, and changes in surface pressure ()
were measured usin§ the Wilhelmy plate method, all as
previously described.> These experiments were repeated four
times, and the maximum change in surface pressure was
averaged.

Binding of SUVs by Maximin H5. SUVs were prepared as
described above from either DMPG, DMPE, mixtures of
DMPG and DMPE (molar ratio varying between 10:1 and
200:1), or mixtures of CA, DMPG, and DMPE (molar ratio
2:1:13.7) mimetic of E. coli membranes” except that 0.5 mol %
of FPE was added to the organic solvent before drying. After
drying, the resulting lipid films were hydrated with Tris-HCI
(10 mM; pH 7.4) containing EDTA (1 mM) to give a final
lipid concentration of 10 mg mL™". SUVs were diluted to 65
uM, and fluorescence was recorded using an FP-6500
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spectrofluorometer (JASCO, UK) with an excitation wave-
length of 492 nm and an emission wavelength of 516 nm: the
excitation and emission slits were set to S nm. The
incorporation of FPE label into SUVs was verified as previously
described® by observing fluorescence changes when SUVs
were incubated with (i) Ca®>* (10 mM) and (ii) calcimycin (3.0
UM), a calcium ionophore (A23187). To investigate the
binding of maximin HS to FPE-labeled SUVs, the peptide was
added to these lipid bodies to give final concentrations in the
range 0—250 M and fluorescence monitored. Changes in the
fluorescence (AF) of FPE-labeled SUVs induced by the
addition of maximin HS were then plotted as a function of
peptide concentration and fitted by nonlinear least-squares
analysis to the equation below where [M] is the concentration
of maximin HS, F,, is the maximum fluorescence change and
Ky is the binding coefficient of the peptide.**

_ AF,[M]

Ky + [M] (1)

To gain insight into the binding of maximin HS to E. coli
membranes, the change in fluorescence intensity observed upon
the addition of the peptide (100 uM) to FPE labeled SUVs,
which were mimetic of E. coli membranes (CA/DMPG/DMPE,
molar ratio 2:1:13.7*°) was recorded. The effects on
fluorescence induced by the subsequent addition of Ca*" and
calcimycin were also recorded. Similar analyses were performed
using maximin HS (200 ¢M) and FPE labeled SUVs formed
from either: DMPG, DMPE, or mixtures of these lipids
(DMPG/DMPE molar ratio varying between 10:1 and 200:1)
to gain a better understanding of the role of PE in the binding
of the peptide to E. coli membranes.

Lysis of SUVs by Maximin H5. SUVs were prepared as
described above from either DMPG, DMPE, mixtures of
DMPG and DMPE (molar ratio varying between 10:1 and
20:1), or mixtures of CA, DMPG, and DMPE (molar ratio
2:1:13.7) mimetic of E. coli membranes™ except that lipid (7.5
mg) was dissolved in chloroform. After drying, the resulting
lipid film was hydrated with 1 mL of HEPES (S mM; pH 7.5)
containing calcein (70 mM). SUVs with entrapped calcein were
separated from free calcein by gel filtration using HEPES (S
mM; pH 7.5) as an elutant and a Sephadex G7S column
(Sigma-Aldrich, UK), which was hydrated overnight with
HEPES (20 mM; pH 7.4) containing NaCl (150 mM) and
EDTA (1.0 mM). The ability of maximin HS to lyse these
SUVs was determined by assaying calcein release. Aliquots (20
uL) of solutions containing SUVs with entrapped calcein and
maximin HS at final concentrations in the range 0 yuM to 400
UM were incubated with 2 mL of HEPES (20 mM; pH 7.4)
containing NaCl (150 mM) and EDTA (1.0 mM). The
fluorescence intensity of released calcein was measured using an
FP-6500 spectrofluorometer (JASCO, UK) with an excitation
wavelength of 490 nm and an emission wavelength of 520 nm.
The change in fluorescence observed for calcein release when
SUVs were dissolved in Triton-X100 (20 pL) was taken to
represent 100% lysis and used to determine the percentage lysis
of these SUVs by maximin HS. These experiments were
repeated four times and the percentage lysis was averaged.

B RESULTS

Antibacterial Assay of Maximin H5. Cultures of E. coli,
strain W3110, were incubated with maximin HS, and it was
found that this strain was strongly resistant to the action of the
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peptide up to maximin HS concentrations of 1000 yM. In
contrast, S. aureus, strain UL12 was highly susceptible to the
action of maximin HS, which showed a minimum inhibitory
concentration (MIC) of 90 uM, in agreement with previously
published results.*®

Molecular Dynamic (MD) Simulations of Maximin
H5—Membrane Interactions. MD simulations to model
interactions between maximin HS and either DMPC or DMPE
membranes were undertaken (Figures 1, 2, and 3). These

100 ns 200 ns 300 ns 400 ns A

0ns
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L L
200 300 400
Time (ns)

1
100

Figure 1. Molecular dynamic simulation of maximin HS. Panel A
shows snapshots at fixed time points highlighting the interaction
between maximin HS and lipid bilayers formed from either DMPC or
DMPE. Panel B shows the distance between the center of mass of the
peptide and center of lipid bilayer DMPC (in black) and DMPE (in
red) with time.

simulations predicted that in the presence of membranes
formed from either DMPE or DMPC, the peptide would adopt
molecular architectures with levels of a-helicity of 55% and 40%
respectively. These simulations also predicted that maximin HS
would interact with these membranes via differing modes of
action, involving a variety of hydrogen bonds and charge—
charge associations (Figures 1,2, and 3).

In the case of DMPC, maximin HS took ca. 100 ns to attain
the membrane interface, and after 200 ns, the peptide
interacted with the hydrophobic core of the bilayer. After 300
ns, maximin HS clearly inserted deeper into the central region
of the DMPC bilayer, and at the end of the 400 ns simulation
the peptide was predominantly located in the membrane
interior in an orientation perpendicular to the bilayer surface
(Figures 1A and 2A). To measure the depth of penetration
shown by maximin HS in DMPC membranes, the distance
between the center of mass of the peptide and the top of PO,
groups in the DMPC bilayer was plotted for the course of the
simulation (Figure 1B). This distance increased over the course
of MD simulations in the direction of the membrane core and
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Biochemistry

A

Density (g em’)

Density (g em™)

Figure 2. The final molecular dynamic snapshot configuration of maximin HS—membrane interactions. Maximin HS with DMPC bilayer (A) and
maximin HS with DMPE bilayer (B). In each figure, the right-hand image is a simulation snapshot after 400 ns, The peptide coloring follows this
scheme: the hydrophobic N-terminal region (H,N-ILGPVLGLVS) is shown in blue, the aspartic acid-rich segment (DTLDD) is shown in red, and
the C-terminal residues (VLGIL-NH,) are depicted in green. Left-hand graphics in each panel shows partial densities of the components: overall
lipid density (solid black line), lipid head-groups (dots), lipid tails groups (dashed line), and peptide (purple line).
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Figure 3. Molecular dynamic analysis of hydrogen bonding. (A) The
number of hydrogen bonds (NrHB) as a function of time in the
presence of DMPC (black) and DMPE (red). (B) The plots show
examples the time evolution of hydrogen bond formation between
maximum HS the lipid bilayer DMPE (red) and DMPC (black) over
the course of the simulation. The right-hand side illustrates the
distance between the relevant groups at the end of the simulation after
400 ns (i—v).

predicted that the peptide would insert into the DMPC bilayer
to a depth of around 5 A or 0.5 nm, after 400 ns, indicating
deep penetration into the bilayer consistent with membrano-
Iytic activity (Figure 1B).
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In the case of DMPE, maximin HS reached the membrane
interface after 100 ns. After 300 ns, the peptide lay parallel to
the membrane surface, remaining in this orientation until the
end of the simulation at 400 ns (Figures 1A and 2B). To
measure the depth of penetration shown by maximin HS in
DMPE membranes, the distance between the center of mass of
the peptide and the top of PO, groups in the DMPC bilayer
was again plotted for the course of the simulation (Figure 1B).
After 30 ns, this distance remained constant for the duration of
the 400 ns simulation at 0.5 nm above the membrane surface,
indicating that maximin HS has no substantial propensity to
partition into the DMPE bilayer (Figure 1B).

The evolution of hydrogen bond formation for the
interaction of HS interaction with membranes formed from
either DMPC or DMPE was modeled using MD simulations
(Figure 3A). At the end of the 400 ns simulation, three
hydrogen bonds were observed between maximin HS and the
DMPC bilayer, which involved the CO and PO, groups of the
lipid head-group region (Figure 3A). Ilel of maximin HS
formed two hydrogen bonds with DMPC membranes, which
involved the amide moiety of the residue and the CO group of
the lipid. The initial distance between head-group and peptide
molecule was 80 A and decreased to S A after 130 ns as the
hydrogen bond was formed. At the end of the 400 ns,
simulation bond lengths were 2.76 A, indicating the creation of
a moderate hydrogen bond (Figure 3B (i)). Similar behavior
was observed for Ile19 of maximin HS, which showed that the
NH group on the backbone of the residue hydrogen bonded to
the PO, moiety of DMPC. In this case, the initial distance was
90 A, which was reduced to 2.5 A after 140 ns indicating strong
hydrogen bonds and remained so for the duration of the
simulation (Figure 3B (ii)). The amide moiety located on
Leu20 of maximin HS also formed hydrogen bonds with CO
groups of the DMPC bilayer, and, in addition, there was a
hydrogen bond between the NH group of the backbone of this
residue and the PO, moiety of DMPC (data not shown).

In the case of DMPE, a total of eight hydrogen bonds were
observed between maximin HS and the lipid bilayer at the end
of MD simulations. These hydrogen bonds involved the PO,
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Figure 4. CD structural analyses of maximin HS. Figure shows representative structural analyses of maximin HS. In panel A, the aqueous peptide was
mainly formed from f-type structures (50%; Table 1). Panel B shows that maximin HS adopted predominantly a-helical architecture in the presence
of SUVs formed from CA (solid gray), DMPE (solid black), DMPC (solid light gray), DMPG (solid light gray dotted), and lipids derived from E.
coli (dotted black). These levels of a-helicity ranged from 40 to 61% (Table 1).

and NH; groups of the lipid head-group region with examples
shown in Figure 3. Val$ of the peptide formed hydrogen bonds
with the NH; and CO groups of DMPE where the initial
hydrogen bond distance was 75 A. This distance decreased to 7
A after 30 ns and reduced to 3 A the end of the simulation
(Figure 3B (iii)). In addition, in this conformation an
intrapeptide hydrogen bond was predicted for maximin HS,
which involved the NH group on the backbone of Leu6 and the
CO moiety of Leul7. The initial distance for this hydrogen
bond was 25 A, which was reduced to 3 A at the end of the
simulation (Figure 3B (iv)). The amide moiety of the peptide’s
Leu20 formed two hydrogen bonds with the PO, groups of the
DMPE bilayer with an the initial distance of 75 A, which was
decreased to 25 A at 20 ns and reduced to 2 A at the end of the
simulation as the hydrogen bond formed (Figure 3B (v)).
Other hydrogen bonds predicted for the interaction of maximin
HS and with DMPE bilayers followed the same general trend in
formation as those of residues illustrated in Figure 3B (iv and
v). These interactions primarily involved NH; and PO, groups
of DMPE and Ilel, Pro4, Leu6, Gly7, Leu8, and Serl0 of
maximin HS (data not shown).

CD Structural Analysis of Maximin H5. CD analysis was
used to study the conformational behavior of maximin HS. In
aqueous solution, the peptide was predominantly formed from
f-strands and turns (50%) with the remainder mainly showing
an unordered structure (Figure 4; Table 1). In the presence of
pure anionic lipids (CA and DMPG), pure zwitterionic lipids
(DMPC and DMPE) and lipid mixtures mimetic of E. coli
membranes (CA/DMPG/DMPE, molar ratio 2:1:13.7>°), the
peptide underwent conformational change and adopted a
predominantly a-helical structure, which ranged from 40 to
61% (Figure 4; Table 1). The levels of this secondary structure
were significantly higher (F;,; = 8096.49; p = 0.00) for
maximin HS in the presence of DMPE (61%) as compared to
those of other lipids (<50%).

Interaction of Maximin H5 with Lipid Monolayers. The
ability of maximin HS to partition into a variety of lipid
monolayers was investigated (Table 2) with representative
examples of these interactions shown in Figure S. The peptide
was found to strongly partition into monolayers formed from
the anionic lipids CA and DMPG, inducing surface pressure
changes of 6.4 and 9.0 mN m™" respectively (Figure S, Table
2). The peptide showed a variable ability to partition into
zwitterionic lipid monolayers, inducing the highest surface
pressure change observed with DMPC (7 = 11 mN m™"), but
showed no ability to partition into DMPE (z = 0.01 mN m™")

6025

Table 1. Effect of Lipid on Secondary Structural
Contributions to Maximin H5“

%

maximin HS % a-helix % p-strand % p-turns unordered
aqueous solution 2.0+ 0.7 27.0 £ 0.7 23.0+ 07 480+ 14
DMPG 46.0 + 0.7 19.0 +£ 0.7 16.0 + 0.7 19.0 + 2.1
DMPE 61.0 + 1.5 150 + 1.0 80 + 1.5 16.0 + 1.0
DMPC 43.0 = 0.0 270 £ 2.1 9.0 + 0.7 22.0 £ 2.1
CA 40.0 + 1.2 310 £ 2.5 7.0 £2.0 22.0 £ 1.§
E. coli membrane  47.0 + 1.5 25.0 + 1.0 70+20 210+ 1S

mimics

“The structural contributions to the molecular architecture of maximin
HS in aqueous solution and in the presence of SUVs formed from a
range of anionic and zwitterionic lipids. SUVs mimetic of E. coli
membranes were formed from CA, DMPG, and DMPE at a molar
ratio of 2:1:13.7. These data show that in the presence of both anionic
and zwitterionic lipid, maximin HS adopts a predominantly a-helical
structure. The levels of this secondary structure were significantly
higher (F;,; = 8096.49; p = 0.00) for maximin HS in the presence of
DMPE (61%) as compared to those of other lipids (<50%).

monolayers (Figure S, Table 2). Maximin HS also showed only
a very limited propensity (7 = 0.9 mN m™") to partition into
monolayers formed from lipid mixtures mimetic of E. coli
membranes (CA/DMPG/DMPE molar ratio 2:1:13.725)
(Figure S, Table 2). In the case of monolayers formed from
mixtures of DMPG and DMPE, the highest surface pressure
change observed for these monolayers was 6.3 mN m™" at a
DMPG/DMPE ratio of 200:1, while the lowest was 2.0 mN
m™" at a DMPG/DMPE ratio of 10:1 (Table 2). These data
showed that maximin HS had a generally high ability to
partition into both anionic and zwitterionic membranes, other
than those formed from phosphatidylethanolamine (PE), with a
strong inverse correlation between the levels of PE present in
the monolayer and the ability of the peptide to partition (R* =
0.96).

Binding and Lysis of SUVs by Maximin H5. The ability
of maximin HS to bind and lyse a variety of lipid SUVs was
investigated (Table 2). The peptide bound to vesicles formed
from DMPC with a K4 of 245 yuM and DMPG with a K of 230
UM while showing a strong ability to lyse these lipid bodies
(57.5% and 61.6% respectively). However, maximin HS bound
SUVs formed from either DMPE or lipid mixtures mimetic of
E. coli membranes (CA/DMPG/DMPE molar ratio 2:1:13.7>)
with an affinity that was ca. S-fold higher (Ky = S5 and 65 yM
respectively, Table 2) and showed only a weak ability to lyse
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Table 2. Effect of Lipid Composition on the Membrane
Interactions of Maximin HS“

monolayer 7 binding to SUVs  lysis of SUVs calcein

lipids (mN m™) Ky (uM) release (%)

CA 6.0 + 0.24

DMPC 11.0 + 042 245.1 + 3.10 61.6 + 2.26

DMPG 94 + 0.51 229.9 + 0.65 57.5 £ 2.58

DMPG/DMPE 6.3 + 042 211.7 + 1.98 429 + 2.20
200:1

DMPG/DMPE 5.1 +0.21 196.5 + 1.98 38.7 +2.26
100:1

DMPG/DMPE 3.7 £ 0.14 178.9 + 1.90 32.5 £ 1.94
50:1

DMPG/DMPE 2.7 £0.20 149.9 + 0.61 19.2 + 0.82
20:1

DMPG/DMPE 2.0 + 0.14 95.8 + 0.73 112 + 221
10:1

DMPE 0.01 + 0.03 544 + 2.79 5.3 +£2.65

E. coli membrane 0.9 + 0.21 65.0 + 1.40 7.6 + 0.14
mimics

“The interaction of maximin HS (including standard deviations) with
anionic lipids, zwitterionic lipids and mixtures of these lipids presented
in various systems. The partitioning of the peptide into monolayers
formed from these lipids was determined as the maximum pressure
change induced (7 mN m™). The affinity of maximin HS for SUVs
formed from these lipids was measured as its binding coefficient (K}),
and the ability of the peptide to lyse these lipid bodies was quantified
by the percentage of calcein released by its lytic action. Monolayers
and SUVs mimetic E. coli membranes were formed from CA, DMPG,
and DMPE at a molar ratio of 2:1:13.7. These data showed that
maximin HS had a generally high ability to lyse and penetrate both
anionic and zwitterionic membranes, which correlated inversely with
PE levels in these membranes (R* > 0.9 in all cases). Conversely, these
data also showed that the ability of the peptide to bind to these
membranes correlated directly with their DMPE levels (R* = 0.98).
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Figure S. The interaction of maximin HS with lipid monolayers.
Figure shows surface pressure changes induced by the partitioning of
maximin HS into monolayers formed from (a) lipid mixtures mimetic
of E. coli membranes (CA/DMPG/DMPE molar ratio 2:1:13.7), (b)
DMPG, (c) CA, (d) DMPC, and (e) DMPE. The maximum surface
pressure changes observed in these monolayer interactions (7 mN
m™') were derived and are shown in Table 2.

these vesicles (5.3% in the case of DMPE and 7.6% in the case
of E. coli membrane mimics; Table 2). In the case of SUVs
formed from mixtures of DMPG and DMPE, at low DMPE
levels (DMPG/DMPE > 100:1), the peptide bound these
vesicles with Ky values that were >200 uM and achieved levels
of membrane lysis that were >35%. At high DMPE levels
(DMPG/DMPE < 20:1), the peptide bound these vesicles with
K values that were <150 M and exhibited levels of membrane
lysis that were <20% (Table 2). These data showed that the
level of DMPE in membranes correlated directly with the
ability of maximin HS to bind to these lipid bodies (R* = 0.96)
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and inversely with the peptide’s ability to cause lysis (R* =
0.98).

B DISCUSSION

It is well established that PE serves as a membrane receptor in
promoting the toxicity of a number of prokaryotic HDPs
toward bacteria and eukaryotic cells.*® There is also
accumulating evidence that the lipid may serve a similar role
in the activity of some eukaryotic HDPs as recently proposed
for human Af40 and Ap42, which appear to possess amyloid-
mediated antimicrobial properties.3 38 Currently, the major
focus of research into the role of PE-binding in the defense
function of HDPs is cyclotides from plants,*****" some of
which utilize the lipid to promote their action against a range of
bacteria including E. coli'™* However, in contrast to this
emerging role for PE-binding by HDPs to increase eficacy,
here, we show that the intrinsic properties of E. coli membranes
have allowed the organism to harness the affinity of PE for
these peptides to mediate its resistance to the action of
maximin HS from B. maxima.””?*

Our biophysical studies showed that maximin HS possessed a
generally strong ability to lyse and partition into both anionic
and zwitterionic membranes other than those inclusive of PE
where this ability was reduced in a manner that correlated
closely with levels of the lipid present (R* > 0.95; Table 2).
Taken with the fact that PE forms ca. 80% of the lipid in the E.
coli inner membrane,* these data suggested that this lipid may
play a role in the resistance of the organism to the action of
maximin HS. Consistent with this suggestion, the peptide was
found to have an affinity for DMPE and E. coli membranes that
was ca. S-fold higher than that of other lipid membranes (Table
2) and was comparable to those of several PE-binding
cyclotides.*”* These peptides possess affinities for PE that
are in the low micromolar range and, similarly to maximin HS,
are anionic and ineffective against Gram-negative bacteria.
However, the mechanisms underpinning this bacterial resist-
ance have not, as yet, been definitively elucidated.*>*

To gain insight into the affinity of maximin HS for PE,
molecular dynamic simulations were undertaken, which
predicted that the peptide would reside on the surface of
DMPE membranes, primarily via associations involving the N-
terminal region of the peptide (Figures 1A and 2B). This region
was predicted to possess random coil structure and was
therefore flexible, which allows the formation of a hydrogen
bonding network with phosphate and ammonium groups
within the DMPE head-group region (Figure 3B (iv and v)).
Bordering on this N-terminal region was a peptide segment rich
in aspartic acid residues, which was strongly a-helical and
included the bulk of the structure predicted for maximin HS in
the presence of DMPE (Figures 1A and 2B). This a-helical
segment appeared to serve a structural role by promoting a
bend in the chain of the peptide, which then formed a bridge
over the PE-binding sequence of maximin HS and terminated
by forming multiple hydrogen bonds with moieties in the
DMPE head-group region (Figures 2B and 3B (iv)). This
overall conformation stabilized the peptide/membrane inter-
face and overcame an energy barrier to insertion, therefore
decreasing the efficiency of HS membrane partitioning.

To confirm that the affinity of maximin HS for PE was
specific for this lipid rather than zwitterionic lipids in general,
molecular dynamic simulations were used to model the
interaction of the peptide with phosphatidylcholine (PC),
which is present in the membranes of ca. 10% of bacteria.**
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These simulations predicted that maximin HS would insert
deeply into a DMPC bilayer in an almost perpendicular
orientation relative to the membrane surface (Figures 1A and
2A). In this orientation, the PE-binding sequence of the peptide
was located in the apolar core of the membrane and was the
major site of a-helical structure predicted for maximin HS in
the presence of the lipid. As reported for other HDPs that
adopt membrane interactive a-helical structure, this conforma-
tional preference is well-known to enhance the lipid
interactivity of peptides by maximizing their hydrophobic
surfaces,'®!71933 Stabilizing these hydrophobic membrane
interactions, the aspartic acid-rich segment of maximin HS
was predicted to possesses random coil structure that facilitated
association with moieties in the DMPC head-group via multiple
hydrogen bonds and charge—charge interactions (Figure 3A,B).
This form of membrane penetration is typical of membranolytic
HDPs***** and may represent that generally used by maximin
HS to promote its antibacterial action, given the strongly lipid-
interactive nature of the peptide (Table 2).

This study strongly reinforces the view that a complete
description of the membrane interactions of HDPs can only be
obtained when the characteristics of both these peptides and
their target membranes are taken into account.'®'® For
example, PE and PC are the major zwitterionic lipids in
bacterial membranes and differ only in relation to the
constituents carried by the N™ moiety in their head-groups,
which are H and CHj respectively.”> However, recent studies
have shown that these structural differences can have a
profound effect on the properties of membranes formed by
PE and PC such as fluidity and lipid packing.*® These effects
were recently seen on studies on aureins, which are cationic
amphibian HDPs, when these peptides were found to possess a
much greater ability to insert into PC/PG bilayers as compared
to those formed from PE/PG. This inhibitory effect appeared
to be based on the smaller size of the PE head-group compared
to that of PC, which allowed tighter lipid packing in
membranes formed from PE/PG, thereby reducing the ability
of aureins to partition into these bilayers.*” In the present
study, it has been suggested that the ability of anionic maximin
HS to engage in multiple interactions with PE, which are
unavailable to PC and other lipids, may underpin the resistance
of E. coli to the action of the peptide. For example, maximin HS
was predicted to form hydrogen bonds with the ethanolamine
moiety of DMPE (Figure 3B), but clearly it cannot form such
bonds with the choline moieties of DMPC, whose methyl
groups lack this facility.** On the basis of our combined data,
we propose a mechanism to explain the resistance of E. coli to
the action of maximin HS. At the bacterial membrane interface,
the peptide adopts an a-helical structure (Table 1), which in
the case of membranes depleted in PE, leads to penetration of
the bilayer core region by maximin HS and bacterial cell death
via membranolytic mechanisms. In the case of PE-rich bacterial
membranes, head-group interactions stabilize the structure of
the peptide by the induction of significantly higher levels of a-
helical architecture, which is localized in the peptide’s aspartate-
rich segment (>ca. 15%; Table 1). Concomitant with this
conformational change, the peptide’s N-terminal segment binds
strongly to the membrane surface, thereby inhibiting bilayer
penetration by this segment and promoting adoption of the
bridged structure depicted in Figures 1A and 2 for maximin HS.
In this orientation, membrane penetration by maximin HS may
be further inhibited by the tethering effect imparted by the

presence of the bridging segment and the association of its C-
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terminus with the membrane. Moreover, in this orientation, the
close proximity of hydrophobic residues in the PE-binding and
bridging segments of the peptide (Figures 1A and 2) would
help compensate for the energetically unfavorable location of
these residues in the PE head-group region and its environ-
ment. In combination, the overall conformation of the peptide
coupled to its ability to form multiple hydrogen bonds with the
PE head-group region stabilizes the association of maximin H5
with the membrane surface. In turn, these membrane
associations make the transfer of the peptide into the
membrane interior energetically more expensive, which was
estimated by MD simulations to be ca. 560 KJ/mol, and this
energy barrier makes a major contribution to preventing the
membranolytic activity of the peptide (Table 2).

In conclusion, this would appear to be the first report of a
bacterial resistance mechanism to HDPs mediated by a lipid
receptor, and it expands the repertoire of microbial resistance
mechanisms to the action of these peptides. In addition to E.
coli, this knowledge might also help explain the ineffectiveness
of maximin HS against a range of other microbes with PE-rich
membranes, including bacteria and fungizé’28 along with
enveloped viruses.”” Conversely, the absence of PE in the
membranes of S. aureus”> may help explain the susceptibility of
the organism to maximin Hs.2® Although, as suggested for
other anionic HDPs,* it is also possible that this susceptibility
may involve the interaction of maximin HS with positively
charged lipids such as lysylphosphatidylglycerol, which is richly
represented in the membranes of S. aureus.”® Taken in
combination, it is also hoped that the data presented here
will help in the design of HDPs and thereby enhance the strong
potential shown by these peptides to act as therapeutically
useful antibacterial agents.'>'®>!
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