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Charged Antimicrobial Peptides Can Translocate
across Membranes without Forming Channel-like
Pores
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ABSTRACT How can highly charged, cationic antimicrobial peptides (AMPs) translocate across hydrophobic lipid bilayers
despite the prohibitive energetic penalty to do so? A common explanation has been the formation of peptide-lined channels.
However, for most AMPs, no structures of membrane pores have been found despite clear evidence of membrane leakage
and antimicrobial activity. The study here suggests an alternative and simple reason: for the AMP PGLa from Xenopus laevis
(charge þ5), such pores are not needed to explain both leakage and peptide translocation. Elevated-temperature multimicro-
second equilibrium simulations at all-atomistic level reveal that peptides spontaneously translocate across the membrane
individually on a timescale of tens of microseconds, without forming pores. Both surface-bound peptides and lipids assist in
the one-by-one translocation of the charged side chains. Single peptides can remain in a transmembrane orientation for
many microseconds, snorkeling some charged residues to one interface and some to the opposite, but without inducing a water
channel. Instead of stable pores, short-lived water bridges occur when two or three peptides connect at their termini, allowing
both ion translocation and lipid flip-flop via a brushlike mechanism usually involving the C terminus of one peptide. The results
here suggest that for some specific antimicrobial and other membrane active peptides, pore formation may not have to be
invoked at all to explain peptide translocation and membrane permeabilization, which may explain why no channel structures
for them have been determined experimentally.
INTRODUCTION
Antimicrobial peptides (AMPs) are an ancient, powerful,
and ubiquitous component of the innate immune defense
in all domains of life (1–3). AMPs are amphiphilic peptides
that selectively target and kill a wide variety of microbial
pathogens at low micromolar concentrations (4). These pep-
tides vary greatly in size, sequence, and secondary structure,
yet despite the discovery of thousands of AMPs over the last
20 years, the molecular basis of antimicrobial activity re-
mains poorly understood (3,5,6). AMP are known to per-
meabilize membranes, and it is assumed many AMPs may
form pores in cell membranes, but the detailed structures
of these pores remain undetermined (7). The key difficulty
for structure determination is that pores may not be stable
under equilibrium conditions, but transient instead (8).

A typical highly charged AMP is PGLa, from the skin of
the African frog Xenopus laevis (9–12). It is part of the mag-
ainin family of peptides that exhibit broad antibacterial
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(13,14), anticancer (15), antiviral (16), and antifungal activ-
ity (17). Detailed structural information is available on this
AMP via recent solid-state NMR spectroscopy (18–30).
These measurements have revealed that PGLa is fully heli-
cal when membrane-bound, and resides in a well-defined
surface-bound S-state in dimyristoyl-phosphatidylcholine
(DMPC) bilayers at peptide-to-lipid ratios of P/L ¼ 1:200
and below. At higher peptide concentration, PGLa is
thought to form pores in a transmembrane configuration
(22,31), and several tilted orientations have been found
(19,22,25,27,29). Real membrane pores, however, have
not been detected, presumably because they form transiently
with lifetimes too short to be studied by NMR (27). How-
ever, in a mixture with Magainin 2, an almost upright
(transmembrane) inserted I-state was found for PGLa,
shedding some light on what such a pore could look like
(22,28,29,32–36). Unfortunately, for pure PGLa, no I-state
is found under the same conditions.

If experimental pore detection is challenging, can they be
predicted via computer simulations? Although some early
molecular dynamics (MD) simulations using united-
atom models indeed appeared to directly reveal AMP pore
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formation (37,38), it has been recognized over the years that
those models were unfortunately not accurate, with too-
rapid (<100 ns) membrane insertion, too-strong membrane
rupture, and even unfolded peptides in the membrane
core—which is energetically unlikely, due to the high cost
(4 kcal/mol) of breaking backbone hydrogen bonds in the
membrane interior (39,40). Other early attempts using
coarse-grained MD models (41) can be considered only
qualitative, as these force fields by construction cannot
account for the complex interplay of interactions among
protein, lipids, and water, which explains why the results
have never been reproduced using more accurate all-atom-
istic models. Indeed, most recent MD simulations of
AMPs using modern all-atom parameter sets, and resources
such as ANTON, have not shown spontaneous channel-like
pore formation for many microseconds, including PGLa
(39,42–44). Predicting pores has been limited to trying
initial transmembrane arrangements as suitable pore candi-
dates (44), but unbiased ab initio prediction has been chal-
lenging so far. We have, however, recently demonstrated
this is achievable for the AMP maculatin, in which an
ensemble of pore structures was found (45).

One possibility is that peptide-lined pores are not needed
at all to explain how a highly charged peptide (þ5) can
translocate across a lipid bilayer, and how ion leakage
through the membrane can be induced. Instead, as shown
here using fully atomistic models, both appear to be rela-
tively simple cooperative effects involving 2–3 peptides,
occurring on the order of once every several microseconds
per peptide. They are observed both in zwitterionic phos-
phatidylcholine (PC) bilayers as a model of the plasma
membrane of mammalian cells, and in anionic membranes,
involving PC and phosphatidylglycerol (PG) in a 3:1 mix, as
a model for bacterial membranes. PGLa translocates across
both membranes with similar efficiency. The results shown
here demonstrate how a cationic peptide penetrates mono-
merically through a lipid bilayer as well as induces (some)
leakage. Although it is certain that a large class of AMPs
indeed forms pores, there may be some peptides for which
channel-like pore models may not be needed to explain
the action of membrane permeabilization. Indeed, transloca-
tion models without pores have been proposed for several
cell-penetrating peptide sequences (46–49). And recently,
it has been shown that some cell-penetrating peptides with
large fractions of cationic and hydrophobic residues are
able to silently translocate membranes without causing too
much leakage (50–54).
MATERIALS AND METHODS

MD simulations

All simulations were performed and analyzed using GROMACS version

5.0.5 (http://www.gromacs.org) (55) and HIPPO b (http://www.

biowerkzeug.com), using the CHARMM27 force field (56), and TIP3P wa-

ter (57). CHARMM36 all-atom lipids parameters were used (58). Electro-
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static interactions were computed using particle mesh Ewald, and a cutoff

of 10 Å was used for the van der Waals interactions. Bonds involving

hydrogen atoms were restrained using LINCS (59). Simulations were run

with a 2 fs time-step, and neighbor lists were updated every 10 steps. All

simulations were performed in the NPT ensemble, with water, lipids, and

the protein coupled separately to a heat bath with T ¼ 120–160�C and a

time constant tT ¼ 0.1 ps using the velocity rescaling method. An atmo-

spheric pressure of 1 bar was maintained using weak semiisotropic pressure

coupling with the compressibility kz ¼ kxy ¼ 4.6 $ 10�5 bar–1 and a time

constant tP ¼ 1 ps.

The initial peptide setup was the surface-bound conformation, or S-state.

This stable interfacial a-helical minimum can be rapidly predicted, as

shown in Ulmschneider et al. (42). Simulations with 8/9 peptides were

started with all peptides in the same membrane leaflet, by replicating the

box of the single peptide simulation once it was stably inserted in the

S-state. Typical bilayers consisted of 176–189 DMPC and DMPG lipids,

and �36 water molecules per lipid and 0.1 M NaCl solution, as described

in Ulmschneider et al. (42). Membranes were either pure DMPC, or DMPC/

DMPG 3:1. The latter was used as a model membrane for an anionic bac-

terial membrane. Two to three lipids per peptide were initially removed in

the leaflet containing the peptides, to reduce the mass imbalance of the

bilayer and prevent biasing the results as a consequence of a highly

nonequilibrium starting membrane. The resulting bilayers are very stable,

and the first peptide translocation usually occurred only after many micro-

seconds, indicating that peptide translocation is not driven by some initially

prepared biased setup. Any concern regarding lipid mismatch of the bilayer

was found to be unfounded as multiple lipid flip-flop events occur during all

simulations, in both directions, allowing the membrane to adjust any poten-

tially severe mass imbalance.

All simulations were performed on the PI supercomputer at Shanghai

Jiao-Tong University and the MARCC supercomputing facility at Johns

Hopkins University. Typical simulation length was between 10–40 ms for

each trajectory, sufficient to capture at least one translocation event.
RESULTS

Insertion mechanism

In all simulations, PGLa prefers to remain in the surface (S-)
state. Insertion as well as translocation are rare events: in to-
tal, only 11 PGLa translocation events occur over a cumula-
tive of 110 ms of seven individual simulations (Table 1). In
the dominant insertion mechanism the peptide inserts with
the C terminus first (Figs. 1 and 2). This is expected, as
the N-terminus is charged, whereas the C terminus is ami-
dated and therefore neutral, resulting in average tilt angles
of t > 90�, as shown in Ulmschneider et al. (42). In the
absence of other peptides there is a limit on how strongly
PGLa can tilt and insert into the membrane core. However,
when assisted by one or two other surface peptides in mutual
contact at their C termini, deep insertion can occur (Figs. 1
and 2): a transient water bridge is established through which
Lys19 is translocated first. Translocation of Lys15 and Lys12

is then facilitated via cotransport of lipids and chloride an-
ions. Other surface-bound peptides finally assist the translo-
cation of the charged N-terminal groups (Lys5, Gly1) via
deep insertion of their C termini. After <50 ns, the water
bridge dissolves and all peptides return to the surface
S-state, with one peptide translocated across the membrane.
The same mechanism, and a similar timescale, is found for

http://www.gromacs.org
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TABLE 1 List of Molecular Dynamics Simulations Performed

Simulation T [�C] Length [ms] Peptides [Number] Peptides/Lipid Lipid Composition Number of Peptide Translocations

DMPC-393K 120 37.2 8 1/22 DMPC 1

DMPC-413K 140 19.6 8 1/22 DMPC 1

DMPC-433K-1 160 10.7 8 1/22 DMPC 1

DMPC-433K-2 160 11.0 8 1/22 DMPC 3

DMPC-453K 180 5.5 8 1/22 DMPC 2

DMPC-DMPG-413K-1 140 12.6 9 1/21 DMPC/DMPG 3:1 1

DMPC-DMPG-413K-2 140 13.0 9 1/21 DMPC/DMPG 3:1 2

Bilayer were fully hydrated (�36 waters/lipid) in a salt concentration of 0.1 M NaCl. The total simulation time was 110 ms.

PGLa Translocation Mechanism
both pure DMPC (Fig. 1) and an anionic DMPC/DMPG 3:1
bilayer (Fig. 2). Again, the translocation of the Lys19, Lys15,
and Lys12 side chains occurs first, this time assisted by
numerous anionic lipids that shield the cationic side chains.
A third event in pure DMPC follows the same pattern
(Fig. S1). For C-terminal insertion, no long-lived transmem-
brane (TM) structures are formed, with peptides being
rapidly translocated across, rather than inserted into, the
membrane.
Longer-lived TM structures

There are, however, translocation events that can result in
longer-lived TM orientations (Fig. 3). In one of these, the
peptide inserts via its N-terminus. This is only possible
via cotransport of anionic lipids, due to the positive charge
on the N-terminus of Gly1. The peptide is arrested in a TM
orientation for 4 ms before another surface-bound peptide
assists in the translocation of the three remaining lysines.
Of particular interest is the fact that the single-TM helix is
a

b

c

dry—no persistent water channel is formed, with all lysines
snorkeling to the interfacial region. Higher-order TM struc-
tures such as dimers and even trimers can also be observed in
the same simulation, involving one peptide that has already
translocated. However, these structures are extremely short-
lived. They induce a temporary water bridge through which
ions and lipids can translocate, but which then rapidly dis-
solves. Conformational clustering of all the orientational
and oligomerization states in the bilayer reveals that over
all DMPC/DMPG 3:1 simulations, the S-state clearly domi-
nates (pS ¼ 94%, DGS/TM ¼ 2.3 kcal/mol), and the only
TMstate that is significantly populated is the single TMhelix.
In pure DMPC, the S-state is evenmore stabilized (pS¼ 98%,
DGS/TM ¼ 3.8 kcal/mol).
Membrane permeabilization

At present, there is no quantitative link between the potency
of AMP activity with the degree of vesicle leakage. How-
ever, it is clear that AMPs somehow permeabilize bacterial
FIGURE 1 Rapid C-terminal-first peptide trans-

location mechanism, as observed in a pure DMPC

bilayer. (a) Shown here is total peptide mass den-

sity. (b) Shown here are helix tilt angles of all

PGLa peptides. (c) C-terminal insertion is facili-

tated by the lack of charge on this terminus, allow-

ing the peptide to tilt and insert strongly (t > 90�).
All such translocation events involve three pep-

tides in mutual contact at their C termini. Mutual

deep insertion opens a transient water bridge

through which Lys19 is translocated first. Translo-

cation of Lys15 and Lys12 is facilitated via cotrans-

port of two DMPC lipids and one chloride anion.

Twenty-to-thirty nanoseconds later, the N-terminal

charge groups (Lys5, Gly1) are translocated via

assistance of the C termini of the other two

strongly tilting peptides. The whole process occurs

in 30 ns, after which the peptides return to their

S-state and the water bridge dissolves. No stable

pores are formed, but one peptide has been translo-

cated across the membrane. To see this figure in

color, go online.
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FIGURE 2 Rapid C-terminal-first peptide trans-

location mechanism, as observed in a DMPC/

DMPG 3:1 bilayer. (a) Shown here is a total pep-

tide mass density. (b) Shown here are the helix

tilt angles of all PGLa peptides. (c) C-terminal

insertion is facilitated by the lack of charge on

this terminus, allowing the peptide to tilt and insert

strongly (t > 90�). The mechanism is almost iden-

tical to the pure DMPC simulation (Fig. 1). Here,

translocation of Lys15 and Lys12 is assisted by

numerous anionic lipids (one shown, red line).

Again, no stable pores are formed, but one peptide

translocates across the membrane in 40 ns. To see

this figure in color, go online.
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membranes (7,60,61). This could, in principle, lead to cell
death via leakage of ions (Hþ, Naþ, Kþ), ATP, or larger me-
tabolites via membrane disruption, by depolarizing the
a

b

c

e

g
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membrane, or by osmotic lysis via increased water influx.
Indeed, numerous ion leakage events are observed (7 Naþ,
2 Cl�) through short-lived membrane water bridges during
f

FIGURE 3 Simulation in a mixed DMPC/

DMPG 3:1 bilayer, where two peptides translocate

via forming longer-lived transmembrane orienta-

tions. (a) Shown here is total peptide mass density

(red line ¼ peptide 1, black line ¼ peptide 2). (b)

Shown here are the helix tilt angles. (c) Shown

here is population occupancy during the simula-

tion, clustering the peptides into their main states

(S, surface; TM1, single TM; TM2, TM dimer;

TM3 ¼ TM trimer). (e) N-terminal insertion is a

rare event due to the positive charge on the N-ter-

minus (requiring assisting lipids), and observed

only once over the 110 ms simulation time. The

peptide is trapped in a TM configuration for 4 ms,

with three lysines snorkeling to one interface,

whereas Lys5 snorkels to the opposite interface

(TM1). The TM orientation allows numerous lipid

flip-flops (red lines), as well as Naþ ions to trans-

locate (green lines), but is dry most of the time,

with no water pore. (f) The same simulation shows

how previously translocated peptides facilitate

translocation events by other peptides via forma-

tion of TM dimers or trimers. All TM structures

other than a single TM helix are extremely short

lived and rare, with PGLa strongly preferring the

S-state (DGS/TM ¼ 2.3 kcal/mol). (g) The overall

population distribution reveals the dominance of

the surface states over any TM structures. To see

this figure in color, go online.



PGLa Translocation Mechanism
the simulations, including those formed during peptide
translocation (Fig. 4). Ion transitions occur despite the fact
that no applied membrane voltage, which would drive
such events, is applied. The most frequent mechanism in-
volves one surface peptide and one TM inserted peptide,
as shown in Fig. 4. Initially, the membrane is completely
dry. However, if an S-state peptide touches the TM helix
at its polar side with its C terminus, it can tilt strongly and
initiate a short-lived water-filled bridge. The terminus acts
like a brush, shuttling both lipids and ions in both directions.
The lifetime of these water bridges is very short (5–50 ns),
and they do not resemble any of the classical pore models
suggested for AMPs. In other cases, no TM-inserted AMP
is needed, as the transient water bridge is generated by the
three peptides touching each other at their termini via strong
tilting and deep insertion (as shown in Fig. 3). Again, the
lifetime of these water bridges is very short, as the snor-
keling lysines rapidly pull the peptides back to a less tilted
orientation.

Because the short-lived water bridges are tiny and partly
filled with positively charged lysine residues from at least
one participating peptide, cation leakage is observed to be
tied to the cotransport of one or several shielding anionic
DMPG lipids. All Naþ leakage events are therefore found
in the DMPC/DMPG 3:1 simulations, and none in the
pure DMPC bilayer studies. Thus, in marked contrast to
the peptide translocation mechanism, which appears more
or less similar for both membranes, PGLa appears selective
toward anionic membranes, at least when the topic is
leakage of cations. However, there are too few ion leakage
events during all simulations to consider this a converged
observation, and longer simulations will be needed in the
future, when hardware performance increases will make
this feasible.
Translocation kinetics

The simulation protocol used here is based on the stability
of membrane-bound peptides against thermal denaturation,
as shown experimentally in numerous previous studies
(62–65). This allows MD simulations to be carried out at
elevated temperatures, which greatly speeds up sampling
(62–64). This has no effect on partitioning thermodynamics
(62), and the simulations here demonstrate that this holds
true also for cationic AMPs such as PGLa. No helical re-
straints were used, yet PGLa remains fully helical up to
140�C in the simulations. Some slight terminal fraying of
the helix is observed for T R 160�C, therefore these simu-
lations were only used in kinetic estimates, not in the anal-
ysis of the translocation mechanism as described. Similarly
FIGURE 4 Mechanism of Naþ ion leakage and

lipid flip-flop via spontaneous formation of short-

lived membrane water bridges. A total of seven

Naþ translocation events are found over all simula-

tions. (a) The most common mechanism (i.e.,

brushing) involves one S-state peptide and one

already TM inserted peptide. The charged lysines

of the TM inserted peptide snorkel to both mem-

brane leaflets, with the center of the membrane be-

ing completely dry (i.e., no water pore exists). The

spontaneous formation of a temporary water chan-

nel is initiated by an S-state peptide, which tilts to

place its polar C terminus toward the charged face

of the TM peptide. Facilitated by anionic or zwit-

terionic lipids, small cations can translocate the

channel, with the lipids cotransported, and the

S-state peptide C terminus acts like a polar brush.

(b) Such events can be very fast (5 ns) (green

sphere, Naþ; red sphere, DMPG phosphate; or-

ange sphere, DMPC phosphate). (c) Given here is

an example of a larger event (40 ns), in which

two Naþ, one DMPC, and one DMPG lipid trans-

locate. (d) Short-lived water bridges can also spon-

taneously form via synchronized tilting of three

S-state peptides, either all from the same interface,

as well as (shown here) if one AMP has already

translocated. (e) Similarly, the bridge is very short

lived (�50 ns) and immediately dissolves. To see

this figure in color, go online.
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to what was observed for hydrophobic sequences, the
translocation rates were found to fit extremely well to an
Arrhenius equation (Fig. 5), with an activation energy of
16 kcal/mol, and alternatively to an Eyring equation with
DHz ¼ 15 kcal/mol and DGz ¼ 19 kcal/mol. This is in
line with what has been reported for the translocation barrier
of charged lysine (66). Extrapolation to physiological tem-
peratures indicates that translocation of one peptide would
approximately occur every �10 ms at 37�C (green circle),
albeit at a significant expected error. In previous studies
on hydrophobic sequences, it was possible to directly mea-
sure the kinetics at these temperatures and demonstrate that
such an extrapolation is indeed reliable (62). Thus, it would
be expected that �40 ms is required to distribute half of the
a

b

FIGURE 5 Energetics and kinetics of peptide translocation. (a) Given

here is a schematic illustration of the presumed free energy profile for

PGLa, for the simulation containing the long-lived monomeric TM state.

A converged free energy profile is not shown, as it would require orders-

of-magnitude longer simulations. The results suggest a three-state system:

the surface S-state is lower in free energy than the monomeric TM state by

DGS/TM ¼ 2.3 (DMPC/DMPG 3:1) and 3.8 kcal/mol (pure DMPC). Thus,

instead of forming pores, the peptides strongly prefer to reside at the inter-

face. The values for DGS/TM are only rough estimates, as they depend on

the overall converged population of the metastable TM state, which was

infrequently visited. (b) The measured peptide translocation rates (blue

dots, DMPC; red dots, DMPC/DMPG 3:1) fit well both to an Arrhenius

equation (dashed line; inset, Arrhenius plot) with an activation energy of

16 kcal/mol, and to an Eyring equation with DHz ¼ 15 kcal/mol and

DGz ¼ 19 kcal/mol, demonstrating the large barrier for lysine translocation.

Extrapolation to physiological temperatures indicates that translocation of

one peptide would (very approximately) occur every �10 ms at 37�C
(green circle), or �40 ms required for the distribution of half of the eight

peptides in the simulation box across both bilayer leaflets. Error bars are

95% confidence intervals by assuming a Poisson process. To see this figure

in color, go online.

78 Biophysical Journal 113, 73–81, July 11, 2017
eight peptides in the simulation box across both bilayer
leaflets at 37�C.
DISCUSSION

Despite thousands of known sequences and two decades of
systematic studies, the mechanisms of AMP membrane tar-
geting and poration are poorly understood, and the role of
membrane permeabilization in antibacterial activity is still
debated (7). Although it is certain that AMPs target and per-
meabilize bacterial membranes (7,60,61), detailed pore
structures have only been reported in a few cases (67).
Possible reasons are that many AMPs may form transient
pores, are too unstable to observe in equilibrium, or that
only a small proportion of peptides might be involved in
pore formation.

Although it is certain that many AMPs form pores, the re-
sults here indicate that for some AMPs like PGLa, struc-
tured channels may not be required to explain both
translocation and permeabilization. This could explain
why defined oligomeric channels have not been experimen-
tally detected before for this AMP and many related ones. In
all simulations, peptide translocation occurs, but no pore
formation. In addition, a different model of AMP action—
the formation of large surface aggregates (‘‘carpets’’) that
dissolve the membrane in a concerted action—is not
observed for PGLa in any of the simulations. PGLa does
not aggregate at all, even at the chosen high P/L ratio of
1:22. This is not surprising, given its charge of þ5. Instead,
PGLa appears to behave more like a series of recently
described cell-penetrating and antimicrobial sequences
that appear to be able to stealthily, or silently, sneak across
membranes, without large pore formation and dye influx
(50–54).

The lack of stable pores has a relatively easy explanation:
in the simulation model, TM states (any TM state) have a
significantly higher free energy compared to the S-state
(Fig. 5). Due to the four charged lysines, the surface-bound
S-state constitutes the global free energy minimum of PGLa
in the membrane, with DGS/TM ¼ 2.3 (DMPC/DMPG 3:1)
and 3.8 kcal/mol (pure DMPC) calculated over the 110-ms
simulation time via DGS/TM ¼ �kT ln(pTM/pS). These
values are poorly converged because they depend
strongly on the population of the TM state, which was
encountered only briefly. In addition, the trapped TM
state, which is dry, differs from the short-lived TM states
where a peptide translocates in �40 ns, so the TM popula-
tion is a mix of states, sharing only the upright position of
the peptide. Spontaneous water bridges involving 2–3
peptides are extremely short lived because the strongly
tilting participating peptides force the attached lysines
to snorkel, ultimately pulling the peptides back to the
S-state. The only reasonably populated TM state is a
monomeric inserted peptide, which is kinetically trapped
by lysines snorkeling to both interfaces (Fig. 3), but actually
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DGS/TM >2.3 kcal/mol higher than the S-state. This free
energy penalty is for a thin and leaky DMPC and DMPC/
DMPG bilayer. The energy penalty will be even higher in
the case of a more realistic thicker bacterial bilayer.

The value for DGS/TM depends strongly on the
sequence: in a recent study on maculatin 1.1, a value of
DGS/TM close to zero was found, with numerous pores
found and TM states occupied half of the time (45). The
much higher DGS/TM for PGLa is due to the many more
charged lysines, which render any TM orientation highly
unfavorable. It is difficult to envision how this penalty could
be compensated by any form of oligomerization. One could
imagine a putative pore made of several TM inserted
peptides, with the lysine residues lining the sides of a mem-
brane-spanning water channel (44). However, the simula-
tions here reveal that the establishment of any water
bridge catalyzes rapid translocation of the lysine side chains
of PGLa to the opposing membrane leaflet, thus allowing
the peptides to return to the energetically preferred S-state
(Figs. 1 and 2). Essentially, once a water pore enables lysine
movement, nothing would stop the whole peptide from tran-
sitioning back to the surface. Thus, such a pore appears
inherently unstable compared to the S-state. In a recent
study of the AMP Piscidin 1, a similar instability of pre-
formed pores, and strong preference for the S-state, were
found (68). However, this observation is correct only for a
highly charged peptide like PGLa, and not—as shown—
for maculatin (45). There is also the possibility that current
MD force fields get DGS/TM significantly wrong, which
will require further investigation.

Can the observed monomeric translocation events explain
membrane leakage? Although not forming durable chan-
nels, the membrane is frequently short-circuited via short-
lived water bridges during peptide translocation that allow
for the movement of lipids, anions, and cations. In addition,
peptides can remain monomerically inserted in a TM state
for considerable time, allowing formation of water bridges
via contact of an additional S-state peptide. No voltages
are applied in the simulation, mimicking the situation in a
typical leakage assay. Under these conditions, as many as
seven Naþ ions were seen to translocate in one 13-ms simu-
lation in a bilayer patch of 80 nm2 containing nine peptides.
However, it is difficult to compare these numbers directly
with experimental leakage rates: first, there are too few
ion conduction events for reliable kinetics. Second, the
extrapolation to 37�C is problematic, because ion leakage
may also occur when peptides simply cause some mem-
brane defect, without translocation, as seen in the simula-
tions. If the same kinetic speedup factor of �250 is
assumed, this would indicate a rate of one ion translocation
every�0.5 ms at 37�C, for a surface patch of 80 nm2 at 0.11
peptides/nm2, at P/L ¼ 1:22. This extrapolation is expected
to have a huge error, so a direct comparison with experi-
mental leakage rates is reserved for future studies with
longer simulation timescales, and when the temperature
dependency for ion leakage has been determined. It remains
to be seen whether larger cargo, such as ATP, or fluorescent
dyes used in experimental leakage assays, can be cotranslo-
cated in a similar way as ions and lipids.

The results here may provide an explanation for the
frequent experimental observation that leakage from dye-
filled liposomes occurs in bursts immediately after addition
of the peptide, and then stops, only to restart by addition of
even more peptides. This suggests that peptides translocate
until both bilayer leaflets are equally populated, lowering
the driving force for further translocation and thus leakage
through the short-lived defects during translocation. Simula-
tions are currently under way to ascertain whether the trans-
location rate is lower when peptides are initially placed in
both bilayer leaflets, as compared to starting with all peptide
in the same bilayer interface.

Does the mechanism found here shed light on how PGLa
kills bacteria, or why it is selective for bacterial over eukary-
otic membranes? Although it can be expected that ion
leakage would be much larger if a membrane potential
were present—as for the membrane of a living bacte-
rium—more investigations are needed to determine if the
leakage mechanism observed here is sufficient to over-
whelm the bacterial metabolism maintaining the transmem-
brane voltage. Also, membrane leakage might not be the
sole mechanism driving antimicrobial activity. Other non-
pore mechanisms could involve AMP interference with
cell-wall biosynthesis, cell division, or acting on periplas-
mic or cytoplasmic targets after translocation (7,61,69). It
has been suggested that pore formation may merely be a
by-product of getting peptides efficiently across membranes
so that the peptides can cause cell-death by modulating key
components of the cellular machinery (70). However, the
simulations here reveal that PGLa does not detach from
membranes after translocation, thus excluding it as candi-
date for intracellular interactions, although it might still
interfere with membrane-specific proteins. The simulations
here, however, can only test for membrane leakage.

Interestingly, although lipid and anion translocations are
possible in all simulations, cation leakage is only observed
for the anionic DMPC/DMPG 3:1 membrane simulations,
and never for pure DMPC. Naþ can only traverse the
short-lived water defects when associated with one or
several negatively charged PG lipid headgroups. This is un-
derstandable, as the water bridge is frequently lined with the
lysine side chains, which would block all cations from pass-
ing unless screened by anionic groups. Thus, the observed
cation leakage is indeed selective for anionic membranes,
whereas peptide translocation is not. However, much longer
simulations, featuring many more ion translocations and/or
also including fluorescent dyes, other cargoes or molecules
used in typical leakage assays, are needed to determine
whether the rare leakage events shown here are indeed
representative of the presumed mechanism of membrane
permeabilization.
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Supplementary information 

Figure S1 

 
 
Figure S1. Example of a rapid C-terminal-first peptide translocation involving a short-lived water 
pore, as observed for a 20 µs simulation in a pure DMPC bilayer. The total peptide mass density is 
shown in the upper panel, with the transition shown in more detail in the lower panel. The 
mechanism is identical to the other C-terminal transitions observed, with the only change being 
the slightly longer translocation time (200 ns). Again, a lipid is co-translocated (flip-flop), 
facilitating the translocation of K12 and K15.  
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