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Modulation of Antimicrobial Peptide Potency in Stressed Lipid Bilayers
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It is shown that the tendency of an archetypal antimicrobial peptide to insert into and perforate a simple
lipid bilayer is strongly modulated by tensile stress in the membrane. The results, obtained through molecular
dynamics simulations, have been demonstrated with several lipid compositions and appear to be general,
although quantitative details differ. The findings imply that the potency of antimicrobial peptides may not be a
purely intrinsic chemical property and, instead, depends on the mechanical state of the target membrane.
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Biological cells are routinely exposed to a wide variety
of mechanical forces that produce stress on the plasma
membrane. These arise from interactions with the envi-
ronment, between cells, and with the extracellular matrix,
leading to sophisticated feedback mechanisms between
membrane tension and cellular processes: Mechanical
stimuli at the cell periphery induce changes in gene
expression [1,2] and affect exo- or endocytosis, motility,
fusion [3], and aspects of vesicle dynamics [4]. Focal
adhesions have been found to show complex mechano-
sensitivity [5,6], and recent work has elucidated the effects
of mechanical tension on the specification and expansion of
stem cells during organ generation [7]. At the molecular
scale, certain ion channels in the plasma membrane (e.g.,
the bacterial membrane protein MscL, or the eukaryotic
K2P potassium channels) can be mechanically gated [8—
10], acting as exquisitely sensitive force detectors over a
wide dynamic range from just above thermal noise to near
the lytic tension limit of the bilayer [2]. Here, the gating
mechanism is thought to involve a conformational change
in the channel protein triggered by tension applied to the
cell membrane [11,12]. Mechanosensitive channels are
critical for bacteria to respond to changes in osmotic
pressure [13,14]. Observation of mechanical gating in
reconstituted membranes supports the view that the mecha-
nism depends only on membrane tension rather than
cytoskeletal effects or signalling pathways [12].

Sufficiently high mechanical stress leads to spontaneous
pore formation and compromises membrane integrity, as
has been well studied for model vesicles [15]. Such
poration events can also be induced chemically and are
a fundamental aspect of many natural and cytotoxic
processes: Host defense peptides, for example, are con-
served components of the innate immune systems of all
organisms. They are believed to function by perforating or
permeabilizing the membranes of pathogenic bacteria,
although the molecular mechanisms involved remain under
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active investigation [16,17]. Membrane disruption by
antimicrobial peptides (AMPs) is thought to induce leakage
of ions and metabolites, and to reduce the transmembrane
potential, resulting in impaired osmotic regulation and
eventual membrane rupture.

The extent to which chemically induced cell poration and
lysis can be influenced by mechanical stress is unexplored
and is the subject of the present Letter.

The simplest molecular model of a cellular membrane is
that of a lamellar lipid bilayer with self-assembly driven by
hydrophobic organization. As a two-dimensional fluid,
bilayers have a high elastic modulus but low shear modulus
[18]. According to classical nucleation theory, the free
energy required to form a circular pore of radius r in a
bilayer at tension A is decomposable into competing edge
and surface terms according to AG(r) = 2zor — zr?A. In
the first term, o is a line tension that determines the energy
penalty for supporting the pore boundary, whereas the
second term is the elastic energy reduction due to the pore
[19]. This simple continuum description encapsulates the
central idea of competing forces, but it fails to provide a
sufficiently detailed description when the pore size is
comparable to molecular dimensions, and where structural
rearrangement of the lipid polar groups occurs [20].
Moreover, it does not allow for metastable prepores, which
are thought to occur in real membranes; very recently, the
conditions under which small pores exist as metastable
defects in tensionless membranes have been proposed [21].

Thousands of membrane-disrupting peptides have been
discovered in nature, which vary in sequence length, net
charge, secondary structure, and other physical properties
[22]. We will consider here an archetypal peptide of the
cecropin family. The antibacterial spectrum of cecropins is
broad, and activity is understood to arise from membrane
permeation rather than by receptor-mediated recognition
[23]. The cecropin B (CecB) variant possesses the highest
activity in the family [24]. In the membrane environment,
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FIG. 1. Snapshots from MD simulations (top and side views) of
a 3:1 DLPC:DLPG membrane without peptides (top) and with
CecB peptides (bottom): (a) after 500 ns, no tensile stress applied;
(b) after 50 ns, A = 20 dyn/cm; and (c) after 150 ns of increasing
stress, 20-50-60 dyn/cm. Water is shown as red spheres, peptides
in yellow, and lipids as gray sticks with head groups as spheres.
(d) Side view of the pore formed without peptides. (e) Side view
of the pore formed with peptides.

the CecB structure comprises two o helices linked by a
hinge—a motif shared with several other antimicrobial
peptides.

We explore the extent to which the tendency of CecB to
induce metastable prepores in simple lipid bilayers is
influenced by the mechanical state of the membrane.
Unbiased, atomistic molecular dynamics (MD) simulations
using different lipid compositions are used to determine the
structure of the peptide-membrane complexes. We also
perform calculations of the potential of mean force (PMF)
for a key mode of peptide insertion, computed using the
adaptive biasing force (ABF) method implemented in the
NAMD software [25].

We use a 3:1 DLPC:DLPG lipid mixture as an example
of a short chain, saturated, negatively charged membrane
composition, which we have used in a recent study of
peptide cooperativity [24]. We also present results for other
lipid compositions including POPC (long chain, unsatu-
rated, neutral), 3: 1 POPC-POPG (long chain, unsaturated,
negatively charged), and 3:1 DSPC-DSPG (long chain,
saturated, negatively charged). We consider systems with-
out peptide or with ten copies of CecB, and either
unstressed or with a stepwise increase of external tensile
stress A [26], achieved by using the surfaceTensionTarget
module in NAMD [27]. All unbiased simulations were
run until the appearance of the first pore or up to 500 ns
otherwise, as well as in two independent runs to achieve
better sampling. Table 1 in the Supplemental Material [26]
shows a summary of the results.

Figure 1 displays example snapshots of MD simulations
for DLPC:DLPG alone (top) and with 10 CecB peptides
(bottom) initially placed at the water-lipid interface. With
no external tension applied, neither system exhibits pora-
tion, although membrane defects can be observed when
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FIG. 2. (a)—(c): Area per lipid over time (left to right: DLPC:
DLPG, POPC, and POPC:POPG). (d)—(f): Membrane thickness
over time (left to right: DLPC:DLPG, POPC, and POPC:POPG). For
each lipid composition, these quantities are plotted with or without
peptide present, and with/without applied stress. The colored bars
above each graph show the time profile of the applied stress.

peptides are present [Fig. 1(a), bottom]. This is in agree-
ment with previous observations of AMP penetration into
membranes without forming transmembrane channels [37].
Although CecB in unstressed systems does not form pores,
poration is observed (see Supplemental Material Sec. I1I. B
[26] and Fig. S1 for its definition [38]) after a few nano-
seconds when a tensile stress of only 20 dyn/cm is applied
[Fig. 1(b), bottom; and Fig. 1(e)], which is in contrast to the
membrane-only system (top). A notably higher tensile stress
of 60 dyn/cm is required to perforate the membrane in the
absence of CecB [Figs. 1(c) and 1(d); and Table 1 in the
Supplemental Material [26]].

To characterize the physical effects of applied stress A
and the added peptides, we monitor the area per lipid (APL)
and the bilayer thickness over the course of each simulation
[37]. With no peptide present and no external tension, we
find an average APL of 0.64 nm? and a thickness of
3129 A for DLPC:DLPG [Figs. 2(a) and 2(d)],
0.63 nm? and 40.1 A for POPC [Figs. 2(b) and 2(e)],
and 0.64 nm? and 41.78 A for POPC:POPG [Figs. 2(c) and
2(f)]. DSPC:DSPG (0.64 nm? and 46 A; Fig. S2) is found
to display a gel phase (Fig. S3), which is in agreement with
the experimental data [39,40] and with the overstabilization
of ordered structures reported in the computational analysis
in [41]. As a control, we have therefore run DSPC:DSPG
simulations, also at a temperature of 368 K (i.e., 40 K above
DSPC/DSPG transition temperature) for consistency with
the other compositions (Fig. S4). The lower applied stress
needed to perforate the membrane in the presence of CecB
(60 vs 80 dyn/cm; see Table S2) is consistent with findings
related to DLPC:DLPG, pure POPC, and POPC:POPG.

For all lipid compositions, the bilayer thickness
decreases slightly in the presence of peptides and dramati-
cally with increased tensile stress [Figs. 2(d)-2(f)]. The
latter is clearly visible for the DLPC:DLPG system shown
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in Fig. 1. The APL decreases with CecB, given the extra
space required to fit it, but it increases as stress is applied
[Figs. 2(a)-2(c)].

The curves in Fig. 2 for systems under stress terminate
when poration occurs. The faster poration in the presence of
peptides illustrated in Fig. 1 for the DLPC:DLPG mem-
brane can be seen in Figs. 2(a) and 2(d). POPC and POPC:
POPG systems show a similar trend, which is consistent over
both independent simulations, with a 4 = 80-90 dyn/cm
required for poration in the absence of peptide, and only
70 dyn/cm in the presence of CecB (Figs. S5 and S6;
Table S1). The higher applied stress needed as compared to
DLPC:DLPG can be explained by the lower head-to-tail
volume ratio of these lipids, which is in agreement with [21].
Unstressed simulations do not show any poration on the
timescale of these simulations [Figs. S5(a) and S6(a)].
As noted above, at 310 K, the DSPC:DSPG bilayer shows
aconformation typical of the gel phase. Consequently, tensile
stress values required to perforate the membrane are notably
higher as compared to the previous systems, and they are
independent of CecB presence (Table S1, and Fig. S4).

As critical tensions depend strongly on the loading rate
[42], it is worth noting that our loading rate is the same for
all systems. A relation has been proposed between the
rupture tension and the loading rate [43], which includes
parameters associated with membrane composition. When
applied on DOPC with a loading rate (1.4 mN/m/ns [44])
similar to ours (0.2 mN/m/ns), the calculated rupture
tension is 85 mN/m, which is consistent with simulation
values [44] and with our rupture tensions. Many other
simulation studies find comparably high stress values to be
required for poration across a variety of lipid compositions
and force fields [42,45-51].

From the changes in APL as a function of 1 reported in
Fig. 2, itis possible to calculate the compressibility modulus
K, of our systems as K, = (dA/d(APL))APL,, where
APL, is the area per lipid at the free energy minimum
[52]. This expression is valid only at equilibrium conditions;
hence we use APL values for the system with no tension
(A =0dyn/cm) and the one with the lowest tension
(A =20 dyn/cm). For our 424-lipid POPC-only system,
with APLs of 62.6 and 69.8 A2, respectively, the resulting
value of K, (173.7 & 21 dyn/cm) is very similar to the one
(185 £ 18 dyn/cm) computationally derived for a 416-lipid
POPC system [50], and within the range of experimental
values reported for similar lipids [53]. The K, value at this
system size is instead overestimated if obtained from lipid
density fluctuations, as observed in prior work [52].

We next perform simulations using the adaptive biasing
force method aimed at estimating the free energy barrier to
insertion for a single CecB peptide in 3:1 DLPC:DPLG, in
the presence or absence of external tensile stress. We choose
A =50 dyn/cm, which is higher than the value (20 dyn/cm)
used with 10 peptides (Supplemental Material [26], Table 1),
due to the lower peptide:lipid ratio [54]. The reaction
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FIG. 3. The free energy of peptide insertion is changed
qualitatively by the application of stress. PMF for CecB insertion
into a tension-free DLPC:DLPG membrane (red) and one with
A =50 dyn/cm (green). The origin of both lines is the membrane
surface, calculated as the average of the upper leaflet phosphates
position along the membrane normal. (a) Top and side views of
the initial equilibrated system, which is the same for both curves,
with the peptide N terminal 6 A above the membrane surface
(d = 6). (b) Peptide N terminal at d = 2. Top and side views with
no stress applied are shown on the left, with applied stress on the
right. (¢) As for Fig. 3(b), with d =0. CecB peptide is
represented as a ribbon, with residues color coded as follows:
red, negatively charged; blue, positively charged; green, polar;
and white, hydrophobic.

coordinate for the calculation is the perpendicular distance
(d) between the center of mass (COM) of the first three N-
terminal residues of the peptide and the membrane surface,
calculated as the z coordinate of the COM of the phosphorus
atoms of the upper leaflet. In the ABF method, a biasing force
facilitates the insertion of the peptide N terminal, which we
take as the primary mode of action on the basis of the
corresponding unbiased simulation with ten CecB peptides
(Table S1, and Fig. S7), and it is consistent with previous
work by Hsiao et al. [24]. We choose the membrane surface
as the reference to allow for variation of the membrane
thickness in the presence of tensile stress (Fig. 2). The
calculation starts from the end of the equilibration phase,
where the COM of the CecB N terminal lies 6 A above the
membrane surface (Fig. 3). Whereas the PMF curve for the
unstressed membrane does not show clear minima or maxima
(red in Fig. 3), the curve for the membrane under stress (green
in Fig. 3) shows a broad minimum between d = —2 A and
d=2A, implying a favorable insertion of the peptide into
the region of the lipid headgroups.

In the system under stress, a pore appears at d = 0; see
Fig. 3(c). The rearrangement of the system associated with
pore formation may explain the broad free energy mini-
mum in this region. For comparison, an unbiased control
simulation with a single CecB peptide showed rapid pore
formation and membrane disruption with A = 60 dyn/cm.
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This is only slightly greater than the applied stress of
50 dyn/cm used in the PMF calculation, but it is signifi-
cantly greater than the 20 dyn/cm required in the presence
of ten copies of CecB (Fig. 1). On the other hand, no pore
appears while varying d in an unstressed system (Fig. 3, red
boxes). Although the estimated ranges of the stressed and
unstressed curves begin to overlap below d = —6 A, they
differ significantly over the first 5 A below the membrane
surface. This result suggests that the tensile stress plays a
significant role in the early stages of penetration, but it may
have less effect once the peptide is fully embedded into the
membrane.

As outlined in [41], the increased APL under stress and
the decreased bilayer thickness [Figs. 2 and S8(a)] cause a
greater exposure of lipid tails to the solvent and to the
adsorbed peptide. In the PMF simulation, we indeed observe
a slight reduction of polar contacts between the peptide and
the lipid headgroups [Fig. S8(b)], which is offset by a
notably higher number of hydrophobic contacts with the
lipid tails [Fig. S8(c)]. As expected, there is also an increase
in hydrophobic contacts due to peptide insertion, but this
change is smaller than that induced by applied stress.

Pore formation follows the disordered toroidal model
[54], with the lipid headgroups reorienting towards the
interior of the membrane to line the pore [Figs. 1(d) and 1(e)].
Pores are clearly distinguishable as local alterations of the
z positions of headgroup phosphates, which are mirrored in
the upper and lower leaflets of the bilayer [regions circled in
Figs. 4(b) and 4(d)]. As a pore forms, water starts to penetrate
and interact with lipid headgroups, forming a membrane
perturbation [Fig. S1(a)], which then expands to a well
defined pore [Figs. 1(d) and S1(b)]. When CecB is present, its
charged N terminus immediately enters into the process by
interacting with waters and lipid headgroups, whereas
neutral side chains interact with exposed lipid tails, thus
facilitating the poration [Figs. 1(e) and 4(e)].

Itis possible to investigate precursor events in the poration
process by analyzing the variation in the local lipid density.
We quantify this by calculating the numbering of neighbor-
ing phosphate groups (closer than 5 A) for each lipid
phosphate group, and averaging over regions containing
pore nucleation sites. Poration is preceded by a steep increase
in the local phosphate density as the lipids cluster at the pore
edges [see asterisks in Fig. 4(f)]. After pore formation, the
local phosphate density decreases again, partly due to the
presence of the pore itself. When peptides are present, these
displace many lipid headgroups, again reducing the local
density [Fig. 4(f); blue-cyan-pink lines]. Interestingly, the
spike in local phosphate density suggests that the peptides
respond to stabilize the pore rather than driving pore
formation directly. The variation over time of the number
of neighbors for each phosphate around the poration site is
shown in the Supplemental Material (Movie S1) [26].

To conclude, we have used MD simulations and PMF
calculations to elucidate the mechanism by which the
ability of the antimicrobial peptide CecB to perforate

Bottom leaflet

Top leaflet

FIG. 4. Distribution of lipidic phosphate groups characterizing
poration of a 3:1 DLPC:DLPG membrane. (a)-(d): Map of
z coordinates for headgroup phosphates at + = 0 and at the end
of the simulation for top and bottom leaflets. (a) Membrane
only, no stress; (b) membrane only, A= 60 dyn/cm;
(c) membrane + CecB, no stress; and (d) membrane + CecB,
A =20 dyn/cm. Circles indicate the location of a well-defined
pore. (e) Snapshot of pore 4 (pink circle) formed by CecB
with applied stress. Waters are represented as red dots, phospho-
rus atoms are colored by the z coordinate (blue to red =
top to bottom). (f) Time course of the average number of close
neighbors (P pairs closer than 5 A) for all the phosphorus
atoms within 50 A from the pore nucleation site, over the
last 50 ns of simulation. Asterisks [same colors as in Figs. 4(b)
and 4(d)] indicate the point in time when the pore first appears.

different lipid compositions, which mimic bacterial mem-
branes, is strongly modulated by tensile stress in the
bilayer. CecB is a naturally occurring peptide with a broad
spectrum of activity that shares several physical, chemical,
and structural features with many other AMPs. Therefore, we
believe that these results can be generalized to other AMP
families.

For the systems studied here, the AMP CecB creates water
or lipid interface perturbations but fails to form complete
pores unless external stress is applied. This is consistent with
arecent joint experimental and computational study of CecB
and variants [55]. Conversely, poration can be induced
through applied stress alone, but it is potentiated significantly
by the presence of peptides. Estimated free energy profiles
for peptide insertion show a qualitative change when stress is
applied, and this can be rationalized in terms of specific
peptide-lipid interactions. Finally, we have analyzed the
distribution of lipidic phosphate groups that characterize the
formation of disordered toroidal pores. Peptides act to
stabilize the nascent pore, displacing some of the phosphate
groups that line the pore.

It has been observed before that the assumptions of
classical nucleation theory break down for small pores [20].
A key feature of applied stress (and, to a lesser extent, the
addition of peptide) is to thin the membrane, and this
is likely to reduce the line tension of any pore formed.
A knowledge of the physical response of biological
bilayers, as shown in Fig. 2, may help to predict the
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stability of membranes. Nevertheless, line tension is also
reduced by chemical factors, such as the rearrangement of
lipid headgroups and the positioning of peptides [56]; and it
is difficult to quantify this without a molecular under-
standing of the processes involved.

Extra stress leading to membrane expansion can be present
in several biological systems, including bacterial cells and
laboratory-prepared unilamellar vesicles [57]. Earlier studies
[41,58] suggested that tension could have an effect on the
action of AMPs, and the work presented here confirms this
and provides a mechanistic rationale. A further understand-
ing of the impact of the mechanical state of the membrane
on antimicrobial peptides’ potency with better mimics of
bacterial membranes, inclusions of cardiolipins, is required
to elucidate the mechanisms of bacterial drug resistance that
develop through changes in lipid composition [59].
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