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Determining the structure of membrane-active peptides inside lipid bilayers is essential to understand
their mechanism of action. Molecular dynamics simulations can easily provide atomistic details, but need
experimental validation. We assessed the reliability of self-assembling (or “minimum-bias”) and potential of
mean force (PMF) approaches, using all-atom (AA) and coarse-grained (CG) force-fields. The LAH4 peptide
was selected as a stringent test case, since it is known to attain different orientations depending on the
protonation state of its four histidine residues.
In all simulations the histidine side-chains inserted in the membrane when neutral, while they interacted with
phospholipid headgroups in their charged state. This led to transmembrane orientations for neutral-His LAH4
in all minimum-bias AA simulations and in most CG trajectories. By contrast, the charged-His peptide stabilized
membrane defects in AA simulations, whereas it was located at the membrane surface in some CG trajectories,
and interacted with both lipid leaflets in others. This behavior is consistent with the higher antimicrobial
activity and membrane-permeabilizing behavior of the charged-His LAH4. In addition, good agreement with
solid-state NMR orientational data was observed in AA simulations.
PMF calculations correctly predicted a higher membrane affinity for the neutral-His peptide. Interestingly, the
structures and relative populations of PMF local free-energy minima corresponded to those determined in the
less computationally demanding minimum-bias simulations.
These data provide an indication about the possible membrane-perturbation mechanism of the charged-His
LAH4 peptide: by interacting with lipid headgroups of both leaflets through its cationic side-chains, it could
favor membrane defects and facilitate translocation across the bilayer.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Several peptides exert their functions by interacting with cell
membranes. Based on their effect, these membrane-active peptides
are usually divided in different classes. Host-defense peptides are a
heterogeneous class of amphipathic oligopeptides, which kill patho-
gens, and even cancerous cells, mainly by inducing leakage of their
cell membranes through physical interactions with the lipid bilayer,
making these molecules promising compounds to fight drug-resistant
atom; CG, coarse-grained; MD,
-field; ATR-FTIR, attenuated total
ichroism; TM, transmembrane;
OPC, 1-palmitoyl-2-oleoyl-sn-
lycero-3-phospho-L-serine; SW,
ss;WHAM,weighted histogram
bacteria [1–3]. Cell-penetrating peptides (CPPs) are used to deliver
therapeutic molecules (nucleic acids, drugs, imaging agents) to cells
and tissues in a nontoxic manner [4,5]. In the case of amyloid peptides
the mechanisms of aggregation and toxicity are not fully understood,
but a common property of these peptides is their ability to interact
with lipid bilayers, thereby disturbing membrane integrity. Lipid bilay-
ers can also act as conformational catalysts, favoring protein misfolding
and aggregation [6]. Fusion peptides are segments of viral proteins, or
model oligopeptides,with the ability to facilitate themerging of two ap-
posed lipid bilayers, a fundamental event in many biological processes
[7]. Finally, other peptides are able to recognize membrane regions
with a specific curvature, or to deform lipid bilayers [8]. Notably,
many peptides exhibit various functionalities and the separation into
distinct classes is not always obvious [9].

The molecular details of the mechanism of action of many of these
systems are still debated. This deficiency is duemainly to the difficulties
involved in the application of atomic-resolution structural techniques
(X-ray crystallography and NMR spectroscopy) to membrane systems.
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Although significant advances are being achieved in these areas [10,11]
determination of the structure, position and orientation of peptides and
proteins inmembranes is still a challenge, in particular as the outlines of
the lipid bilayers in or from high-resolution structures often remain
purely speculative. For this reason, alternative approaches are of partic-
ular interest to study peptide–lipid interactions.

Molecular dynamics (MD) simulations can provide atomic-level
data on the structure and dynamics of peptide–membrane systems
[12,13]. However, they might be affected by the approximations used
in the computation of the trajectories or suffer from sampling and con-
vergence problems due to the limited length of the simulations, typical-
ly in the 0.1–1 μs time-range. For instance, the simplest, brute force
approach follows themotions of all atoms in the systemwithout any ex-
ternal perturbation (“unbiased simulations”), startingwith a preformed
bilayer and with the peptide in the water or in the membrane phase. In
these cases, relaxation to the minimum free-energy configuration and
peptide conformation often does not take place during accessible
time-scales, due to the relatively viscous and ordered membrane envi-
ronment [14–17]. Therefore, the “unbiased” attributemight bemislead-
ing for these simulations of membrane systems, since the final results
are significantly affected by the starting conditions (even though tech-
nically the term “unbiased” refers to the absence of external pertur-
bations to the system).

A common method to increase the accessible simulation time is
based on the so-called coarse-grained (CG) force fields (FFs) [18]. In
CG simulations, groups of atoms are treated as a single particle (bead),
thus reducing the degrees of freedom of the system. The loss of atomic
details is balanced by an increase in sampling of up to 4 orders of mag-
nitude, in comparison with AA simulations [19]. For this reason, CG FFs,
and particularly MARTINI, are widely applied to peptide–membrane
systems, although the approximation used for water molecules has
been consistently shown to disfavor the formation of membrane de-
fects or pores [20]. In addition, also for these kinds of FFs, “unbiased”
simulations starting from preformed bilayers might fail to determine
the correct peptide position/orientation in the membrane, because
the system is caught in a local free-energy minimum [21].

To solve problems related to the slow relaxation of membrane sys-
tems, we [2,22,23] and others [18,24–28] have used an approach that
we termed “minimum bias”, since it minimizes the effect of the initial
configuration on the final results. In this method, which has been ap-
plied to both AA and CG FFs, the simulation is started from a random
mixture of peptide, lipids and water, and the bilayer forms spontane-
ously in 50–100 ns. During this self-assembly process, the system is
muchmore fluid than a fully formed bilayer, especially in thefirst stages
of the simulation. This ensures that the peptide can experiment dif-
ferent environments in a relatively short time, and, as a consequence,
it ismore likely to find itsminimum free energy configurations. Notably,
this approach is similar tomany biophysical experiments, such as solid-
state NMR, attenuated total reflection Fourier-transform IR (ATR-FTIR)
or oriented circular dichroism (OCD), where membranes are formed
from lipid–peptide mixtures completely dissolved in organic solvents
[29].

Another method to improve sampling of the system configurations
involves the addition of restraints to pull the peptide from thewater so-
lution to the center of the bilayer. By performing several independent
simulations with the peptide placed at different depths, it is possible
to determine the potential of mean force (PMF), or free-energy profile,
as a function of peptide position in the membrane. PMF calculations
have been successfully applied to determine the position and conforma-
tion of peptides in lipid bilayers [17,30–32]. In addition, PMF analyses
give a picture of the whole insertion pathway, including the configura-
tions corresponding to the potential energy barriers to the insertion, or
to local minima. However, the need to attain an equilibrated system at
each depth of peptide insertion [32] makes PMF calculations rather
demanding, so that CG FFs are often used to reduce the computational
costs [21,33,34].
In this article we aim to assess the reliability of the “minimum bias”
(AA and CG) and CG PMF approaches, by comparing their results with
experimental data. To this end, an ideal test case is provided by the
designed peptide LAH4, which exhibits both antimicrobial and cell-
penetrating activities [35,36]. Its sequence (KKALLALALHHLAHLALH
LALALKKA-NH2) comprises four histidines in the central part, which in
micelles exhibit pKa values between 5.4 and 6.0, so that the total
peptide charge can be tuned in a pH-dependent manner [37]. NMR,
ATR-FTIR andCDexperiments demonstrated that LAH4 is predominant-
ly helical when membrane bound, with an amphiphilic distribution of
the His and Leu/Ala side-chains [38–40]. In POPC membranes, the pep-
tide helix changes its orientation together with the protonation state of
the His residues, going from a prevalently in-plane to a transmembrane
(TM) arrangement when the pH increases from acidic to neutral/basic
values [37,38,41].

Although some previous studies compared solid-state NMR experi-
ments with peptide orientations independently predicted from MD
simulations [42,43], this is the first article focusing on a single peptide
that can sample the different positions/orientations usually observed
for membrane-active peptides, simply by varying its protonation state.
While this study was in progress, a simulation of LAH4 interaction
with membranes was published [44]. However, in that case the simula-
tions were started with a preformed bilayer and the peptide in the
water phase, and LAH4 remained associated to the membrane surface,
mostly above the phospholipid headgroups, likely due to the problems
of convergence affecting this kind of “unbiased” simulations (see
above). Our study also offers the additional benefit of comparing differ-
ent computational approaches (AA and CG minimum bias simulations
and CG PMF calculations), so that the advantages and limitations of
each method can be discussed. Finally, the computational results can
be used to provide an atomic level insight into themechanisms ofmem-
brane activity of LAH4. This peptide has a strong bactericidal activity
both at acidic and neutral/basic pH values, but it is more active and
membranolytic when its His residues are charged [36,39]. A stronger
lytic activity of the charged-His peptide state (LAH4-c, henceforth) has
been observed also in model POPC bilayers, even though the neutral-
His peptide (LAH4-n) has a higher membrane affinity [39,45].

LAH4 exhibits also an interesting ability to facilitate the entry of
nucleic acids into cells, which is correlated with the change in endo-
somal pH during the transfection process [35,46]. Interaction of DNA
with charged peptide residues favors its condensation, while proton-
ation of the His side-chains in the acidic environment of endosomes,
and thus activation of the peptide membrane permeabilization activity,
favors the escape of nucleic acids to the cytosol [35,47]. However, not-
withstandingmany studies and several successful practical applications
of LAH4 and its analogues in transfection [48,49], the molecular details
of their membrane-perturbing activities still need to be clarified.

2. Methods

2.1. AA simulations

AA simulations of LAH4 were performed using the “minimum-bias”
method, as previously described [22,24], except for the details reported
below. LAH4 was modeled into an α-helix structure and placed at the
center of a 9 × 9 × 9 nm box. POPC was selected for forming the mem-
brane since this is the lipid used in the experimental determination of
peptide orientation [37,38]. 128 POPC molecules with different confor-
mations [22] and 7500 water molecules were randomly added into
the box. Finally, 5 or 9 chloride ions (depending on the protonation
state of LAH4 His residues) were introduced in replacement of water
molecules to neutralize the system. Similarly to our previous studies
of peptide–membrane systems [2,13,22], simulations were performed
with the ffgmx force field, implemented with the previously reported
parameters for POPC [50], using the GROMACS 4.5 software package
[51]. A control box without the peptide and a total of five LAH4
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containing systemswere assembled and simulated independently. Each
systemwas energy-minimized and then equilibrated using a 100 psMD
simulationwhere the position of the peptidewas restrained. Production
simulations were performed for 125 ns at 300 K, followed by annealing
cycles between 300 K and 375 K (which were not needed for the simu-
lation without peptide). During each cycle, the temperature was risen
from 300 K to 375 K in 2 ns, decreased back to 300 K in 50 ps, followed
by1ns of simulation at 300 K. If needed, another annealing protocolwas
employed, in which the temperature was increased in 0.5 ns, kept con-
stant at 375 K for 20ns andfinally brought back to 300 K in 0.5 ns. Afinal
25ns simulation at 300 Kwas performedon the systemswith nodefects
in the bilayer. During this time, no evidences of further significant
changes were observed, so that the last 20 ns of each simulation were
used for analysis.

2.2. CG simulations

CG simulations were performed using the MARTINI force field, with
its extension to proteins [52]. In this representation, groups of four
atoms of lipids and amino-acids are mapped into CG beads of four
main types (polar, apolar, nonpolar, and charged), with different polar-
ities, van der Waals interaction parameters and hydrogen-bonding
capabilities. Bonds between beads are described by harmonic spring po-
tentials and backbone conformations are restrained by using dihedral
angle potentials. CG water comprises four real water molecules, de-
scribed as a single particle (standard water, or SW) [53] or using a
three-bead model (polarizable water, or PW) [54]. The “minimum-
bias” method was employed again, performing simulations on random
mixtures of the peptide, 128 POPC molecules, 1875 CG water beads
(SW or PW), and 5 or 9 chloride counterions. The secondary structure
of the peptides was restrained in a canonical α-helix structure with a
400 kJ mol−1 force constant, except where stated otherwise. 30 inde-
pendent simulations, 120 ns long, were performed for both protonation
states of LAH4 His residues, using SW or PW. Analyses were performed
on the last 20 ns of the simulations. MD parameters are summarized in
Table S1, and were selected according to the original references of the
two different watermodels. Actual simulation time lengthsweremulti-
plied by a conversion factor equal to 4, to take into account the speed up
in lateral diffusion coefficients of lipids and TM peptides [20].

2.3. PMF calculations

The energy for the insertion of LAH4 in a lipid bilayer was evaluated
by PMF calculations, using the umbrella sampling protocol [55]. Three
independent sets of calculations were performed for both protonation
states of the LAH4 His residues, each including 97 independent CG sim-
ulations, in which the peptide center of mass (COM)was restrained at a
specified distance from the bilayer COM (every 0.1 nm from+4.8 nm to
−4.8 nm along the axis normal to the bilayer). A force constant of
1000 kJ mol−1 nm−2 was imposed only on the peptide COM, and
LAH4 was free to rotate around it. Simulations were performed with
the peptide placed at different positions in a box containing 128 POPC
molecules in a preformed bilayer and about 5500 CG water beads,
with an initial orientation of the peptide helix parallel to themembrane
normal. The protocol used for peptide insertion in the boxwas the same
that we introduced previously for another peptide [13], while MD pa-
rameters were set as in the CG simulations with SW (Supplemental
Table S1). The boxes were first equilibrated using an annealing process,
with the temperature gradually being increased from 50 K to 300 K in
60 ns, and then simulated for 400 ns at 300 K. PMF was calculated
with the weighted histogram analysis method (WHAM) [56], using 50
bins and a tolerance of 10−6 kJ mol−1. Obtained profiles were finally
symmetrized with respect to the bilayer center by using the g_wham
GROMACS tool. Convergence of the PMF calculations was checked by
comparing the three different replicas of each system, andby calculating
the free energy profiles as a function of simulation time. For the final
analysis, the last 40 ns of each simulation were considered.

2.4. Computation of peptide orientations compatible with the solid-state
NMR chemical shifts

To evaluate the peptide orientations that agree with the previously
published experimental solid-state NMR spectra of [15N-Ala13]- and
[15N-Ala16]-labeled LAH4 [37,41] we followed a protocol already
employed in previous studies [57], with some modifications, as here
we analyzed the alignment of the plane defined by the peptide bond
rather than the orientation of the peptide helix. This approach has the
advantage of allowing comparison with the MD simulations of the ori-
entations of the Ala13 and Ala16 sites each individually, thereby
avoiding the need to assume a specific peptide structure. The orienta-
tion relative to the membrane normal of the plane of the peptide bond
(involving the labeled residue and the preceding carbonyl) was defined
by two angles, called tilt andpitch (Supplemental Figure S1 A). The tilt is
the angle formed by the N–H bondwith the normal to the bilayer plane
(coincident with the direction of the NMR magnetic field B0), in the
counterclockwise direction. Pitch takes into account rotations of the la-
beled residue around the N–H bond. Its value is defined as the angle
formed by the plane of the peptide bond involving the labeled N atom
(plane α) with the plane determined by the bilayer normal and the
N–H bond (plane β), counted in a counterclockwise direction. 0° pitch
corresponds to the orientationwhere the carboxyl C atomof the peptide
bond lies in plane β (Supplemental Figure S1 B).

The 15N chemical shift of the 15N labeled Ala13 and Ala16 sites was
calculated for every possible tilt and pitch value (50 × 50 steps) [57],
using the 15N chemical shift main tensor elements (in ppm: 56, 81,
223) and orientations of these main tensor elements within the molec-
ular frame that have been published and analyzed previously (reviewed
in [58]).

Contours reported in the so-called restriction plots (Fig. 3) mark the
angular restrictions that agree with the experimental 15N chemical
shifts by also taking into account an experimental uncertainty of
±5 ppm. From these data, the ranges of tilt angles that (with different
pitch values) are consistent with the experimental data were deter-
mined. Other possible errors arising from the variance observed during
the determination of the 15N chemical shift tensor elements [58] are
small when compared to the extended range of acceptable tilt angles
defined from a single 15N chemical shift. Due to the symmetries of the
system, tilt is reported in the 0°–90° range only.

3. Results

3.1. AA minimum-bias simulations

Initially, we performed two independent AA self-assembling simula-
tions for each protonation state. Fig. 1 shows some representative
timeframes along these trajectories. Simulations started from a random
mixture of lipids, water and peptide, which was initially placed in a ca-
nonical alpha helix conformation. A phase separation occurred relative-
ly quickly (~10 ns), and was followed by a lipid reorganization into a
bilayer (~60 ns), which still contained defects and water molecules.
Interestingly, from the initial stages of the simulation, neutral His resi-
dues were already located in the hydrophobic phase, while charged
side-chains were associated to lipid headgroups and water molecules.

Usually, a relatively mild annealing protocol (see Section 2) is suffi-
cient to obtain a perfectly ordered membrane [2,22]. This was indeed
the case for simulations of LAH4 with neutral His residues (LAH4-n
henceforth), where annealing was started at 125 ns, and all defects
were healed after a total time of approximately 230 and 350 ns, in the
two simulations. The system was then simulated for further 25 ns at
constant temperature.



Fig. 1. Snapshots of bilayer formation during LAH4-n (upper panels) and LAH4-c (lower panels) minimum-bias AA simulations. The initial situation (left panels) rapidly evolves into
micellar-like clusters, that coalesce to form a bilayer which still contains some defects (middle panels, 50 ns),eventually healed (for LAH4-n) by using an annealing protocol, leading to
a defect-free bilayer. Structures at the end of the simulations are reported in the right panels (377ns and 431 ns for LAH4-n and LAH4-c, respectively). LAH4 is represented as a cyan ribbon,
with Lys (red) and His (orange) residues in stick representation. Lipid phosphorus and nitrogen atoms are shown as gold and blue spheres, respectively, while the lipid acyl chains are
omitted for clarity. Water molecules are displayed as sticks, with oxygen in red and hydrogen in white.
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By contrast, in the case of LAH4 with charged His residues (LAH4-c),
it was not possible to remove themembrane defects in either of the two
trajectories up to more than 410 ns of simulation time, even annealing
the system by maintaining temperatures of 375 K for several periods
of 20 ns. To confirm this finding, we performed an additional simulation
of LAH4-c, which indeed exhibited a behavior similar to the first two
trajectories.

The final structures of all five independent simulations are re-
ported in Fig. 2. In both the LAH4-n trajectories, the peptide attained
Fig. 2. Final structures obtained for the five AA simulations
a transmembrane (TM) orientation, with the His residues located in
the hydrophobic core of the membrane. By contrast, the LAH4-c pep-
tides oriented approximately parallel to the membrane surface, and
at a shallower depth (Table 1), but some of the charged side-chains
interacted with the phosphates of the other leaflet of the bilayer,
causing distortions in the peptide helix, and stabilizing the mem-
brane defects and water insertion.

Solid-state NMR data for [15N-Ala13]-labeled LAH4 reconstituted
into uniaxially oriented POPC bilayers, showed a distribution of
of LAH4-n (upper panels) and LAH4-c (lower panels).

image of Fig.�2


Table 1
Peptide position and orientation calculated in the last 20 ns of the AA trajectories.a

Peptide state Distance from bilayer center (nm) Range of tilt angles relative to the bilayer normal (deg) Amide I order parameter

Peptide His imidazole rings Ala13 NH Ala16 NH

NMR MD NMR MD ATR-FTIR MD

LAH4-n 0.25 ± 0.11 0.15 ± 0.10 0–33 17–33 8–24 20–42 0.55 0.45 ± 0.08
LAH4-c 0.48 ± 0.19 0.60 ± 0.35 49–90 50–90 49–90 50–80 −0.12 −0.1 ± 0.2

a ± values or angle ranges represent standard deviations, except for the experimental values, where they are maximum statistical errors. Amide I order parameters were estimated in
the simulations from the order parameters of backbone CO bonds (with respect to the bilayer normal).
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chemical shifts centered at 70 ppm (±5 ppm) at acidic pH and at
215 ppm (±5 ppm) when the oriented samples were prepared under
neutral conditions [37,59]. Similar values of the chemical shifts were
observed for [15N-Ala16]-labeled LAH4under comparable experimental
conditions [41]: 80 ppm (±5 ppm) at acidic pH and a main peak at
225 ppm (±5 ppm) under neutral conditions. As already mentioned
in Section 1, these data are indicative of a pH-sensitive topological tran-
sition from the in-planar to the transmembrane configuration. In order
to quantitatively compare this experimental result with theMD simula-
tions, the combinations of tilt and pitch angles of the N–H bond of the
labeled amino acids that agree with the observed chemical shift values
were calculated following previous protocols [57] (Fig. 3). The ranges of
tilt angles that, with different rotational pitch angles, are consistent
with the experimental data for LAH4-c and LAH4-n, are reported in
Table 1. These values agree, within experimental errors with those ob-
served in the simulations (Table 1).

The orientational transition of LAH4 was observed experimentally
also by polarized ATR-FTIRmeasurements [38], from the order parame-
ters of the amide I transition dipoles, which varied from −0.12 for
LAH4-c to 0.55 for LAH4-n. Since the amide I transition is essentially
due to stretching vibrations of backbone CO bonds, we calculated the
order parameters for these groups in the AA simulations (Table 1).
Also in this case, quantitative agreement was observed between exper-
imental data and the simulations.

Another comparison could be performed on the peptide effects on
lipid order. The perturbation of deuterium order parameters by LAH4
or its analogues have been measured in a number of different systems,
Fig. 3. Restriction analysis of 15N solid-state NMR chemical shift measurements of [15N-Ala13
peptide bondplane that agreewithmeasured 15N chemical shifts are plotted by taking into acco
[58]. Panels A and B: [15N-Ala13]-LAH4 at acidic pH (observed chemical shift 70±5ppm) and at
pH (80±5ppm) andat neutral conditions (225±5ppm), respectively. In contrast to previousp
Figure S1 and Section 2).
such as POPC, POPC/cholesterol, POPC/POPS/cholesterol 3/1 [60–62
and unpublished data]. Consistently, a larger disordering of the lipid
fatty acyl chains has been observed for the in-plane oriented peptide
when compared to the transmembrane configuration. A similar trend
was observed in our simulations, as an obvious consequence of the
defects present in the membranes containing LAH4-c (Fig. 4).

3.2. CG minimum-bias simulations

CG FFs are significantly less demanding thanAA simulations in terms
of computational resources. Therefore, in this case we could perform 30
independent simulations for each peptide state. Each trajectory was
only 120 ns long, because in this case a defect-free bilayer formed in
all cases within 100 ns, without the need for any annealing protocol.
We also tested several different conditions (see below), including vary-
ingdegrees of restraints on the peptide secondary structure and twodif-
ferent water models, namely standard (SW) [53] and polarizable water
(PW) [54]. In the present system, the CG approach lowered the number
of CPU hours per nswith respect to AA simulations by a factor of 1400 or
120, depending on the specific water model used (SW or PW,
respectively).

For both LAH4-n and LAH4-c, final structures of the CG simulations
showed the peptide either associated to one membrane surface, or
interacting with both leaflets. However, in the case of LAH4-n, a clear
prevalence of TM states (~75%) was observed with both water models
(Table 2). By contrast, under all simulation conditions tested, the
two peptide arrangements were observed with approximately equal
]-LAH4 and [15N-Ala16]-LAH4 in uniaxially aligned POPC bilayers. The alignments of the
unt 15N chemical shift tensor values (in ppm: 56, 81, 223) and orientations reviewed earlier
neutral conditions (215±5ppm), respectively. Panels C andD [15N-Ala16]-LAH4 at acidic
ublications the alignments of 15N–Hvectors rather than of helical structures are shown (cf.

image of Fig.�3


Fig. 4. Peptide effects on lipid order. Deuterium order parameter (C–D) for the palmitic
(top panel) and oleic (middle panel) chains in AA simulations. Values were determined
in the last 20 ns of trajectories without the peptide (green line), or with LAH4-n (gray)
or LAH4-c (blue). Data of peptide-containing bilayers are expressed as the average with
standard deviations calculated on all the independent simulations performed. Bottom
panel: final structure of one of the LAH4-c AA simulations. The lipid tails of the POPC
molecules whose headgroups were stabilized by the peptide at the level of the otherwise
hydrophobic core of the membrane are shown as gray sticks.

Table 2
Peptide orientation in CG minimum bias simulations.

CG water
model

Simulations
performed

Total
time (ns)a

% inserted
structuresb

LAH4-n
SW 30 3600 73
PW 30 3600 77

LAH4-c
SW 30 3600 53
PW 30 3600 55

PMAP-23
SW 30 3600 30

Magainin
SW 30 3600 31

a Total times refer to the sum of all trajectory lengths.
b Defined as the final arrangements where the peptide was interacting with

headgroups of lipids belonging to both leaflets.
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probability in the case of LAH4-c. Changing the initial conformation of
the peptide from perfectly helical to the NMR structure determined
in micelles (PDB ID: 2KJN) [40], to the conformation obtained in the
AA simulations, or to a manually built perfectly amphiphilic helical
conformation, did not modify this finding. Similarly, the two arrange-
ments remained approximately equally populated when the restraints
on the backbone dihedrals were removed or rigidified, by increasing
the force constant from the standard 400 kJ mol−1 value to
1000 kJmol−1. Extending the simulations (up to 400ns) after formation
of a defect-free bilayer, or performing several annealing cycles, we did
not observe any rearrangement of the peptide orientation (data not
shown).

As a control, we performed additional simulations with two other
cationic peptides (magainin and PMAP-23), for which a surface-bound
orientation is distinctly favored, as shown by 15N solid-state NMR [63]
and fluorescence measurements [22]. In these cases, peptide arrange-
ments specifically interacting with the headgroups of only one mem-
brane leaflet clearly prevailed in the simulations (Table 2).

It is worth mentioning that the LAH4-c structures in which the
peptide interacts with both leaflets through its charged residues are
profoundly different from those of LAH4-n (Fig. 5). The neutral-His pep-
tide attains a classical TM arrangement; by contrast, LAH4-c is closer to
onemembrane surface, withmost of the peptide chain oriented parallel
to the membrane, and with just the terminal charged Lys residues
interacting with the other leaflet of the bilayer. These configurations
resemble the structure found in one of the AA simulations (Fig. 2).
This finding is demonstrated quantitatively in Fig. 6, showing that
LAH4-c is farther from the bilayer center than LAH4-n when in an
inserted orientation. This is a consequence of the fact that LAH4-c His
residues are always in contact with lipid headgroups, while they are
inserted in the core of the membrane for TM LAH4-n.

In the Martini CG FF, a single bead represents backbone atoms.
We approximated the N–H bond orientation in the Ala13 and Ala16
regions by considering the vector joining backbone beads of residues
−2 and+2with respect to the labeled amino acid, to take into account
the i → i + 4 periodicity of the alpha helix. The angle distributions are
reported in Fig. 6, and show a qualitative agreement with NMR data,
with LAH4-c forming higher angles with the bilayer normal than
LAH4-n.

3.3. CG PMF calculations

In order to assess more quantitatively the free-energy profile for the
equilibrium between the superficial and inserted states of LAH4, we
performed PMF calculations for peptide insertion into the membrane.
Since this type of calculations is rather expensive computationally, we
focused on the CG FF, using SW(since the PWmodel had yielded similar
results but at a computational cost more than tenfold higher) and a he-
lical structure for the peptide (since secondary structure restraints did
not significantly influence the results of minimumbias CG simulations).
Three independent determinations of the free energy profiles as a
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Fig. 5. Final structures in SW CG simulations, representative of the two possible orientations of LAH4-n (upper panels) and LAH4-c (lower panels). The superficial orientation (right) is
similar in both the protonation states. On the contrary, in structures with the inserted peptide (left), LAH4-c is more distant from the bilayer center than LAH4-n. The color code is the
same of Fig. 1, except for water beads, here shown as pink spheres.
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function of peptide distance from the bilayer center were performed for
each His protonation state (Supplemental Figure S2). The free energy
profile was very similar for all three simulations of LAH4-n, while the
relative free-energy of the inserted and superficial states of LAH4-c
showed some variation in the different trajectories, indicating a very
delicate orientational equilibrium. In any case, convergence of the PMF
calculationwas attested by the free energy values calculated in different
windows of the simulations (Supplemental Figure S3).

The average free energy profiles are reported in Fig. 7, together
with the helix tilt angles sampled at each depth of insertion. The
PMF calculations predicted a deep minimum for LAH4-n, located in
the center of the bilayer. By contrast, this position corresponded to
a maximum for LAH4-c, whose free energy profile exhibited minima
corresponding to inserted, but more superficial positions. Both
protonation states exhibited local minima corresponding to a
surface-bound peptide position. For LAH4-n, the free energy differ-
ence between the inserted state and the superficial orientation was
(-40 ± 6) kJ mol−1. By contrast, the two alignments were equally
probable, within errors, for LAH4-c (−15± 20 kJ mol−1). This result
is in qualitative agreement with the minimum-bias findings: the
standard free energy difference between inserted and superficial
states estimated from the frequencies of these orientations in the
SW simulations was (−2.5 ± 0.4) kJ mol−1 and (-0.3 ± 0.3)
kJ mol−1 for LAH4-n and LAH4-c, respectively, with errors calculated
according to a binomial statistics. Interestingly, also the peptide
arrangements and conformations corresponding to the local minima
of the free energy profile (Fig. 8) paralleled exactly those observed in
the minimum bias simulations (Fig. 5).

4. Discussion

In agreement with the experimental data, all three computational
approaches predicted a very different behavior for the two protonation
states of LAH4. In the case of AA simulations, this accord between our
simulations and experiments could be substantiated by several quan-
titative comparisons. The pH-dependent changes in alignment of the
peptide with respect to the bilayer normal, which were monitored by
solid-state NMRmeasurements in POPCmembranes [37,39,41], also oc-
curred in the MD simulation and good agreement, within experimental
errors, was observed for the order parameters of backbone CO bonds
and those determined in polarized ATR-FTIR measurements of the
amide I vibrational transition [38] (Table 1). A significant lipid
disordering effect was observed for LAH4-c only (Fig. 3) and this is in
agreement with the results of solid-state NMR studies performed on
several different systems [60–62]. Some degree of unfolding of the pep-
tide helix was observed in the simulations of LAH4-c, either at the ter-
mini or in the middle of the sequence, with the formation of a hinge.
These findings parallel nicely to what has been observed in the NMR
structures of LAH4-c in micelles [40]. All these data support the validity
of the observed structures.
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Fig. 6. Distributions of peptide position (top panels) and tilt (lower panels) in CG simulations performedwith SW (left) and PW (right) model. Profiles were calculated in the last 20 ns of
LAH4-n (gray) or LAH4-c (blue) simulations. Angle ranges, determined by NMR experiments on LAH4 at neutral and acidic pH values and by the restriction plot analysis reported in Fig. 3,
are shown as gray and blue shaded areas, respectively.
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The canonical TMorientation and conformation of LAH4-n predicted
by our simulations are exactly what had been hypothesized based on
the experimental data. However, most cationic amphipathic peptides
similar to LAH4-c usually bind parallel to the membrane surface, just
below the phospholipid headgroups. For instance, this was the position
determined experimentally and observed in simulations similar to
those reported here for PMAP-23 [22] and P5 [23]. By contrast, in our
simulations LAH4-c stabilized membrane defects, by interacting
through its charged residues with lipid headgroups of both leaflets
(Fig. 2). This finding was rather surprising, since it was never observed
in previous AA simulations of membrane self-assembly in the presence
of a single membrane-active peptidemolecule, performed by our group
[2,22,23] and by others [24,26,28,64], with the single exception of
protegrin-1 [65]. Usually, membrane defects can be easily healed and
in the end the cationic peptide interacts with just one leaflet, binding
close to the surface. Therefore, the ability to stabilize bilayer defects,
by associating with both membrane surfaces, seems to be a peculiar
property of some peptides, and might provide indications on their
mode of membrane perturbation. The structures reported in Fig. 2 for
membrane-bound LAH4-c are reminiscent of the interfacial activity
model [66], where peptideswith an imperfect amphiphilic arrangement
of their side-chains cause membrane permeability by inserting some
charged groups in the hydrophobic core of themembrane, thus drawing
lipid polar headgroups and water molecules inside the bilayer. Indeed,
LAH4-c is able to cause membrane leakage at the bound peptide to
lipid ratio of 1/128 used in the simulations [39]. In addition, its helical
structure is perfectly amphiphilic only in the central region, but not at
the chain ends, and the terminal Lys residues appear to play a
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Fig. 7. PMF free-energy profiles (top) and tilt angle distributions (bottom) for the insertion of LAH4-n (left panels) and LAH4-c (right panels) in a POPC bilayer. The free energy profiles
report averages and standard errors calculated from the three independent simulations of LAH4-n and LAH4-c. In the bottom plots, the tilt angles formed between themembrane normal
and thehelix axis (calculated by joining the center ofmass of the threeN-terminal andC-terminal backbone beads) are reportedwith a dot for each frame of the simulation, collected every
0.24 ns. All plots are symmetrized with respect to the membrane center.
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fundamental role in stabilizing the membrane defects observed in the
simulations. In principle, it might be argued that His residues, when
inserted in the low dielectric medium of the membrane core, might be-
come deprotonated even at low pH values. We cannot rule out the pos-
sibility that the fixed protonation state used in our simulations
somehow biased the predicted structures. However, the apparent pKa

values of LAH4 His residues measured in a micellar environment are
in the range 5.4 to 6, so that all side chains are protonated at pH around
4.5, where the orientational transition is complete. In addition, for Arg
residues it has been convincingly demonstrated that membrane inser-
tion of the protonated form is possible, thanks to the concomitant pres-
ence of phospholipid headgroups and water molecules [67], similar to
what is happening in our simulations. The good agreementwith the ex-
perimental results supports the conclusion that the observed structures
are related to what is actually happening during membrane perme-
abilization by LAH4 in real membranes.

It is worth mentioning that the present findings are in striking con-
trast to those of a recent AA simulation study of LAH4, performed by
starting with a preformed bilayer and the peptide in the water phase
[44]. In that case, very superficial peptide positions were observed,
irrespective of the His charge state, confirming that simulations of
membrane-active peptides performed in the presence of preformed bi-
layers can suffer from significant sampling problems, related to the lim-
ited length of the simulated trajectories. The present investigation
indicates that those limitations are strongly reduced in the case of the
minimum-bias approach.
CG simulations of LAH4-n showed a strong prevalence for a trans-
membrane orientation, in agreement with both experimental data and
AA simulations. We did observe also some in-plane alignments, but
the occasional occurrence of less favorable peptide orientations is a
common finding in CG self-assembly simulations [68,69]. Indeed, even
for cationic peptides known to locate at the membrane surface, such
as PMAP-23 and magainin, we observed a fraction of simulations
resulting in inserted structures. These observations might be related to
a potential effect of the minimum bias approach on the “roughness” of
the free energy surface during the first stages of the simulation,
enhanced by a similar influence of the CG approximation [20]. The ef-
fectiveness of this method in finding the peptide arrangements corre-
sponding to free energy minima is due to the high mobility of the
system in thefirst stages of the simulation,whichprecede the formation
of a defect-free bilayer. This implies that the free energy differences and
barriers between different peptide arrangements are likely smaller than
in a fully formedmembrane. Once themembrane defects are healed, the
systemmight become “frozen” (on the MD time-scale) and the relative
populations observed in minimum-bias simulations might somehow
deviate from those determined in an equilibrated system. Even with
these considerations, the behavior observed for LAH4-c was distinctive
of this specific peptide, similarly to what was observed in the AA simu-
lations.While other cationic AMPs attained a superficial arrangement in
most of the CG simulations, for LAH4-c two different states (surface-
bound and inserted) where equally populated. However, in this case
the inserted arrangement was very different from the TM orientation
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Fig. 8. Representative minimum free energy structures of LAH4-n (upper panels) and LAH4-c (lower panels). Left, structures corresponding to the inserted free energy minimum. The
center of mass of the LAH4-n is located at the center of the bilayer, the helix axis forming an angle of 20° with the bilayer normal, while the center of mass of LAH4-c is 0.6 nm away
from the bilayer center, with the helix axis tilted by 40° with respect to the bilayer normal. Right, structures corresponding to the superficial free energyminimum. The peptide is located
at about 1.8 nm from bilayer center for both the His protonation states.
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observed for LAH4-n, and resembled particularly one of the configura-
tions observed in AA simulations of LAH4-c, withmost charged residues
interacting with one leaflet, and the two Lys at one of the termini
reaching to the other layer of the membrane. The main difference be-
tween the AA and CG simulations of LAH4-c was that in the latter case
membrane defects with lipid headgroups andwater molecules inserted
in the bilayerwere not observed. This finding is very likely due to awell-
known limitation of the CG MARTINI FF [20,70]. A detailed study [70]
showed that the lack of defect formation is associated with the coarse
graining of water (with one bead representing four water molecules)
and more specifically with the parameters of the interaction potential
between CGwater and lipids. Unfortunately, until now it was not possi-
ble to find a set of parameters guaranteeing both a realistic formation of
membrane pores, and the correct equilibrium proprieties of the mem-
brane (e.g., area per lipid) [70].

Solid-state NMR data exhibit a chemical shift for 15N-lableled LAH4
of around 70–80 ppmunder acidic conditions. Themost straightforward
interpretation of this finding is that LAH4-c attains a canonical surface
bound arrangement only. However, restriction plot analysis showed
that the two possible peptide orientations observed in the CG simula-
tions of LAH4-c were in qualitative agreement with the published
NMR data. Furthermore, recent experimental data indicated that subtle
changes in the experimental conditions (buffer or lipid composition of
the membrane) can significantly shift the orientational equilibrium of
LAH4, with inserted states becoming favorable for LAH4 under acidic
conditions in some cases, and superficial alignments prevailing for
LAH4 in neutral environments in others [41]. Therefore, both in plane
and inserted orientations correspond to local minima for LAH4 under
both pH conditions. As a consequence, slight variations in the exact con-
ditions, such as the relatively lowwater content of mechanically orient-
ed samples in solid-state NMR experiments [71] or the presence of
specific ions [41] might cause a significant variation in the relative pop-
ulations of the two orientations. Overall, the minimum bias CG simula-
tions were able to determine the structures corresponding to the free
energyminima (see below), and indicated, consistently with AA results,
that LAH4-c might be able to interact with headgroups of both lipid
leaflets, thanks to its terminal Lys residues. This behavior might be an
important aspect of the membrane-perturbing activity of LAH4 under
acidic conditions.

Regarding the computational aspects, it is worth mentioning that
the more sophisticated PW water model did not lead to any signifi-
cant difference from the simpler SW approximation in the system
under study. This finding is in agreement with a systematic compar-
ison of the two water models showing that PW did not significantly
improve the insertion of water in the membrane, while parameters
for water-lipid interactions were critical [70]. These results suggest
that the less computationally expensive SW is probably the most
convenient choice for determining peptide location in membranes.
Similarly, changing the specific starting peptide structure or the
strength of the restraints on the backbone conformation did not
modify the behavior of LAH4 in our simulations, confirming the ro-
bustness of our findings.
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Having applied to LAH4 both the minimum bias self-assembly
approach and PMF calculations with the CG FF, we can compare the
two methods. The structures corresponding to the two free-energy
local minima observed for each peptide state in the PMF profile were
extremely similar to the structures and arrangements observed in the
minimum bias simulations. Also the relative populations of the two
states had the same trend in the two methods, with LAH4-c populating
equally the two alignments, and LAH4-n preferring the TM orientation.
However, in absolute terms, the free energy differences were signifi-
cantly smaller in the minimum bias CG calculations. In the only other
comparison of the two methods to have been published, to the best of
our knowledge [69], a similar trend was observed. As discussed above,
this might be a consequence of a smoother free energy surface in the
first stages of minimum bias simulations, before a defect-free bilayer
is formed. PMF profiles provide information also on the free energy of
water-membrane partition, and on the free energy barriers for mem-
brane translocation. For instance, in the present case PMF calculations
predicted a free-energy difference between water and the membrane-
bound minimum which was larger in the case of LAH4-n than for
LAH4-c. This indicates a higher affinity for POPC membranes for the
neutral-His peptide, in agreement with the difference observed experi-
mentally in the apparent dissociation constants [39]. Therefore, hydro-
phobicity is important to provide membrane affinity, while charge
facilitates bilayer perturbation.

The PMF approach is significantly more computationally demanding
thanminimumbias simulations: in the present instance,we simulated a
total of 268 μs and 7 μs in the two cases, respectively. In addition, the
computational cost of simulating each μs is greater in the case of the
PMF systems, which comprised 5500 water beads, in comparison to
the 1875 of the minimum bias simulations, needed in order to allow
us to place the peptide entirely in the aqueous phase, with no interac-
tions with the bilayer. Therefore, in all cases where water to membrane
partition energies don't have to be estimated, and only the peptide po-
sition in the membrane must be determined, we suggest the minimum
bias method as the most opportune choice, since both techniques lead
to similar results. Even though AA PMF calculationswere not performed
in the present study, which was focused on relatively inexpensive
computational methods available to most computational research
groups, this conclusion is very likely valid also for AA force fields. In
this case, PMF calculations become extremely demanding: in the pres-
ent instance, AA simulations would have been more than 1800 times
more expensive than CG, leading to a predicted requirement of about
1.2 × 106 CPU hours on an i7 2600 @3.4 GHz for a set of simulations
analogous to the CG PMF study reported here. In addition, a recent
study showed that simulations of several microseconds for each inser-
tion depth are needed to achieve convergence in AA PMF calculations
of peptide-membrane systems [32]. By contrast, in the case of our CG
calculations convergence was essentially reached already in 100 ns.
Similarly, in our minimum bias simulations, a defect-free bilayer was
obtained after 200–300 ns and several annealing cycles for the AA sim-
ulations, while less than 100 ns at 300 K were sufficient with coarse
graining. Also these observations are probably related to the well
know property of CG force fields, which cause a smoothing of the free
energy surface [20].

In conclusion, the different computational methods applied in the
present study predicted peptide structures, positions and orientations
in the membrane that were consistent with the extensive amount of
experimental data collected on LAH4 over the years. Particularly, AA
minimumbias simulationswere in quantitative agreementwith several
measured parameters.When validated by comparisonwith experimen-
tal data, even relatively inexpensive computational approaches provide
valuable atomic insight into the behavior and energetics of the system
under study. In the present case, the simulations suggested a plausible
mechanism of membrane destabilization by LAH4 with protonated His
side-chains: thanks to its terminal lysines, which break the designed
amphiphilicity of the central region of the helix carrying the charged
histidines, the peptide could interact with the headgroups of both
lipid leaflets, thus stabilizing membrane defects and causing leakage.
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