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Cyclic peptides (CPs) formed by alternation of D- and L-amino acids (D,L-CPs) can self-assemble into nan-
otubes (SCPNs) by parallel or/and antiparallel stacking. Different applications have been attributed to
these nanotubes, including the disruption of lipid bilayers of specific compositions and the selective
transport of ions throughout membranes. Molecular dynamics (MD) simulations have significantly con-
tributed to understand the interaction between CPs, including the structural, dynamic and transport
properties of their supramolecular aggregates. The high computational cost of atomic resolution force-
fields makes them impractical for simulating the self-assembly of macromolecules, so coarse-grained
(CG) models might represent a more feasible solution for this purpose. However, general CG models used
for the simulation of biomolecules such as the MARTINI forcefield do not explicitly consider the non-
covalent interactions leading to the formation of secondary structure patterns in proteins. This becomes
particularly important in the case of CPs due to the D- and L-chirality alternation in their sequence, lead-
ing to opposite orientations of the backbone polar groups on both sides of the cyclic ring plane. In order to
overcome this limitation, we have extended the MARTINI forcefield to introduce chirality in each residue
of the CPs. The new parametrization, which we have called MA(R/S)TINI, reproduces the expected self-
assembly patterns for several CP sequences in the presence of different membrane models, explicitly con-
sidering the chirality of the CPs and with no significant extra computational cost. Our simulations provide
new mechanistic information of how these systems self-assemble in presence of different lipid scenarios,
showing that the CP-CP and CP-membrane interactions are sensitive to the peptide sequence chirality.
This opens the door to design new bioactive CPs based on CG-MD simulations. A web-based tool for
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the automatic parameterization of new CP sequences using MA(R/S)TINI, among other functionalities, is
under construction (see http://cyclopep.com).

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Molecular self-assembly is the spontaneous organization pro-
cess of randomly distributed and oriented molecules into well-
defined and stable structural arrangements without guidance from
an artificial external source [1]. This is mainly controlled by the
cooperative result of many weak non-covalent interactions of dif-
ferent type: ranging from electrostatic, direct or water-mediated
hydrogen bonds (H-bonds), halogen bonds and van der Waals
interactions among others. Nature, through billions of years of evo-
lution, is an excellent reference to find inspiration and ideas for
molecular assembly [2]. Unsurprisingly, many scientists have
found motivation in the captivating and sophisticated biological
recognition mechanisms and they are making an effort to mimic
themwith diverse organic and inorganic building blocks in the lab-
oratory, with the aim of creating new materials, molecular carriers
for active principles or specific molecular traps for toxic com-
pounds, amongst other applications.

Peptides represent one of the most evident organic building
blocks for the design of nanomaterials with controllable structural
features, due to their simple topology, relative chemical and phys-
ical stability, diversity in sequences and shapes, biocompatibility,
biodegradability and feasibility to synthesize in large amounts
[3,4]. In particular, cyclic peptides (CPs) are a fascinating class of
molecules that can be designed, because of their conformationally
restricted freedom, to fold or self-assemble into diverse mono- and
multidimensional suprastructures with potential applications in
biomedicine, nanoelectronics, or catalysis [5–7]. As bioinspired
supramolecular building blocks, CPs can stack into self-
assembled cyclic peptide nanotubes (SCPNs), which have attracted
special attention due to the facility to modify their structure and,
thus, their functional properties [5,7]. This makes them well suited
to be used in numerous applications, such as electronic devices,
artificial photosystems, photoresponsive materials, biosensors,
antimicrobials and antiviral agents, selective transmembrane
transport channels, catalysis, and drug delivery. The first SCPNs
were proposed in 1974 [8], but they could not be synthesized until
1993 [9]. These materials comprised the use of D,L-a-cyclic pep-
tides (D,L-a-CPs) formed by an even number of alternating D-
and L-a-amino acids. This leads to a flat ring-shaped conformation
in which amide groups (NH and CO) lay perpendicular to the plane
of the CPs, allowing the formation of supramolecular nanotubes
upon hydrogen bonding with neighbor CPs in a b-sheet fashion
(parallel or antiparallel, Fig. 1). Such a special arrangement leaves
an empty inner duct of the assembly, with all the side chains
exposed on the external surface of the cylindrical structure. One
of the main advantages of these nanostructures is the simplicity
with which their internal and external properties can be modified
based only on the selection of the appropriate CP sequence: the
inner diameter of the SCPNs is determined by the number of resi-
dues, whereas their outer surface properties depend on the amino
acid side chains. The properties and orientation of the SCPN can be
tuned by tailoring the peptide sequence [10]. In this sense, SCPNs
with appropriate hydrophobic sequences have emerged as attrac-
tive transmembrane channel mimics that are able to replicate
specific functions of natural transport systems, in terms of affinity,
efficiency, stability, and selectivity [11,12]. Alternatively, amphi-
pathic D,L-a-CPs form SCPNs that lie parallel to lipid membranes
causing their disruption, thus making these materials particularly
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suitable for the development of new antimicrobial agents
(Fig. 1A) [13–15].

Molecular self-assembly and, in particular, the assembly of CPs
into SCPNs, typically involves a complex interplay of physical
interactions that is extremely challenging to investigate with tradi-
tional experimental techniques. Different simulation methods can
be employed nowadays to model CPs and SCPNs thanks to the cur-
rently available computational facilities [16,17]. In particular,
Molecular Dynamics (MD) simulations allow to reproduce the
self-assembly process of this kind of molecular systems, so it can
facilitate unprecedented access to a range of physical properties
at the intra-, inter-, and supramolecular scales. While atomic reso-
lution models (AT) can provide important insights into SCPNs [18–
25], they are too computationally expensive to follow dynamic
behavior of the self-assembly process of CPs. To tackle these limi-
tations, coarse-grained (CG) models, in which multiple atoms are
grouped to form joint interaction sites, can be used. Thus, some
intramolecular degrees of freedom are ignored to increase the sam-
pling in the system dimensions leading to the spontaneous forma-
tion of supramolecular structures. Another advantage of using CG
resolution is that the time step employed to solve the motion equa-
tions in MD simulations can be significantly increased without los-
ing stability in the calculations. This is because the fastest
intramolecular movements are no longer considered at this resolu-
tion level, and the shortest periods of the remaining degrees of
freedom are typically longer than 100 fs. The immediate conse-
quence of using longer time steps is that significantly longer trajec-
tories, compared to those obtained using AT resolution, can be
generated with the same computational resources. Multiscale
approaches to take the best from both resolution levels -CG for
self-assembly and AT to identify atomic level interactions stabiliz-
ing the supramolecular patterns- have been proposed [26].

MARTINI is the most popular CG forcefield for the simulation of
biomolecular systems [27–29]. It has been used to investigate the
spontaneous self-assembly of peptides, proteins, carbohydrates,
surfactants, and polymers into different supramolecular structures.
Despite its unquestionable advantages, i.e., reduced computational
costs and accurate description of molecular movements, none of
the available versions of this forcefield [30–33] considers the
non-covalent interactions leading to the formation of secondary
structures in peptides and proteins. Secondary structure arrange-
ments are imposed by harmonic potentials between backbone
beads. Thus, MD simulations based on MARTINI are not suitable
for the study of transitions among different secondary structures,
like for example in protein folding. A direct consequence of this
limitation is the loss of chirality in the amino acids, and also the
lack of information about directional non-covalent forces such as
hydrogen, halogen or chalcogen bonds [34], which becomes partic-
ularly important in the case of CPs due to the D- and L-chirality
sequential fluctuation: the donor and acceptor groups of each resi-
due (NH and CO) are alternatively oriented in opposite directions
with all amide groups of the residues of identical chirality pointing
to the same side of the CP plane Due to this directional orientation,
D residues of one CP unit interact with L residues of a contiguous,
parallel CP, while residues of the same chirality interact in contigu-
ous, antiparallel CPs. (Fig. 1A). Consequently, the self-assembly of
D,L-a-CPs using MARTINI produces a misleading representation
of reality because it does not consider these specific interactions,
thus making it impossible to distinguish between the parallel
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Fig. 1. A. Top-left: general structure of a CP, with an even number of alternating D- (in blue) and L- (in red) a-amino acids. Top-right: structure of parallel and antiparallel
dimers formed by two CPs, as models of the basic interactions between stacked CPs together with a schematic representation of a SCPN (stacked yellow rings). Bottom:
schematic representation of a transmembrane channel formed by the self-assembly of hydrophobic CPs (left) and of a SCPN parallel to the membrane formed by amphipathic
CPs (right). B. Top: Structure of the three simulated CPs, CP1, CP2 and CP3. The underlined residues in the abovementioned sequences represent the non-natural D-residues.
Bottom: CG representations of the membrane models M1 (mammalian), M2 and M3 (bacteria), used in this work. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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and antiparallel b-sheets that can be formed along the SCPN (Fig. 2)
[7]. Furthermore, the number of possible interactions between
backbone beads of different CP units is overestimated, allowing
stackings that should be forbidden due to the previously men-
tioned alternated chirality and alignment (Fig. 2). This overestima-
tion of these interactions is extended not only to all the b-sheet
based protein/peptide structures, but also to all the systems where
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the directionality of the H-bonds is critical, even if the residues
have the same chirality. All the CG-MD simulations that have been
carried out so far employing MARTINI are subjected to these limi-
tations [13–15,35–37].

In order to solve this problem, an extension of the MARTINI
forcefield that introduces chirality in the residues is proposed here.
While ad hoc CGmodels might lead, in principle, higher accuracy in



Fig. 2. Atomistic representation of a generalized CP backbone with the optimal antiparallel and parallel conformations of CP dimers, along with a representation of the
backbone in the MA(R/S)TINI extension of the force field and the standard MARTINI. Note that standard MARTINI does not account for the limitation of certain orientations,
making it impossible to distinguish between parallel and antiparallel b-sheets that can be formed along the SCPN. The ‘‘Unmatched H-bonds!” labels indicate that with those
relative rotations of both CP units (45�) the formation of H-bonds is not feasible.
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the representation and treatment of a specific system, we preferred
to extend a well stablished model for which many functional
groups have already been parameterized. The new parametriza-
tion, which we have called MA(R/S)TINI (Fig. 2), reproduces the
expected self-assembly patterns for several CP sequences, explic-
itly considering the chirality of the CPs with no significant extra
computational cost. This strategy facilitates monomer customiza-
tion as well as the simulation of CPs with relatively complex
molecular mixtures: lipid bilayers of different composition, pro-
teins, linear peptides, surfactants, etc. In this way, the self-
assembling of monomeric peptides with different sequences can
be studied in a variety of environments, allowing to consider
structure-activity relationships.

The self-assembly process of three different CP sequences in the
presence of membrane models for healthy mammal and for bacte-
ria has been simulated using the classical and the new parameter-
izations of the MARTINI forcefield (Fig. 1B). The three CPs are
expected to exhibit different behaviors in the presence of the
employed membrane models due to the large differences in the
total charge, as well as in the hydrophobic and electrostatic dipolar
moments. The MA(R/S)TINI parameterization reproduces the gen-
eral trends expected for the proposed sequences while it explicitly
considers the chirality of the CPs that is missed in the original
MARTINI model. Furthermore, the simulations with the new
parameterization provide new mechanistic information of how
these systems self-assemble in presence of different membranes,
at a level of resolution that had not been previously attained.
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2. Materials and methods

2.1. Peptide sequences and membrane models

Three cyclic sequences of 8 amino acids each, with different
expected behaviors in the presence of a lipid environment, were

used (Fig. 1B): CP1 (RRKWLWLW), with amphipathic character
and with demonstrated activity against bacteria [38]; CP2

(LLLLLLLL), consisting on a fully hydrophobic sequence so, a priori,
it should lead to the formation of transmembrane SCPNs; and CP3

(LQLWLWLW), mostly hydrophobic and known to form transmem-
brane nanotubes [11]. The underlined residues in the abovemen-
tioned sequences represent the non-natural D-residues.

These CPs have been simulated in the presence of three differ-
ent lipid membrane models, depicting a mammalian and two bac-
teria cell membranes (Fig. 1B). The mammalian model (M1)
consisted of a pure 1,2-dimyristoil-sn-glycero-3-
phosphatidylcholine (DMPC) bilayer, as this lipid represents >50%
of the phospholipids in most eukaryotic membranes [39]. The bac-
terial membrane models (M2 andM3) were formed by a mixture of
1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-glycerol) (DMPG)
and DMPC in 3:1 ratio for M2 and 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE) and DMPG in 1:9 ratio forM3, since
these lipids are the main constituents of Gram-Negative and Gram-
Positive bacteria membranes [40,41]. These models are expected to
provide useful information about the role of lipid composition, and
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in particular of the net charge of the membrane, in the self-
assembly of the CPs.

2.2. Structure and parameterization of the CPs

The coordinates of the particles describing the CP models and
the corresponding force field parameters (topologies) were gener-
ated as follows:

2.2.1. Standard MARTINI
Atomistic coordinates of linear peptides with the required

sequences are automatically obtained using the Python Pep-
tideBuilder library [42]. The resulting structures are then mapped
into a MARTINI v2.2 CG model [43] with the martinize.py tool
[31]. Next, following the Tarek’s strategy [37], the topology pro-
vided by this tool is modified by introducing the bonds, angles
and dihedrals that reproduce a reliable structure for the CPs: The
bonds between backbone beads (BB) are described by a harmonic
potential with the equilibrium distance at 3.8 Å and a force con-
stant of 6275 kJ�mol�1�nm�2. The angle between consecutive BB
beads is described using again a harmonic potential with an equi-
librium angle h0 of 135� and a force constant of 627 kJ�mol�1�rad�2.
Improper dihedrals centered on each BB and using the correspond-
ing lateral chain together with the two bound BB beads are
imposed to restrain the relative orientation of each residue. The
angle and force constants employed in this case are n0 = 180�
and Kn = 418 kJ�mol�1�rad�2. A second group of improper dihedrals
between 4 consecutive BB beads with an equilibrium angle of 0�
and the same force constant employed above (418 kJ�mol�1�rad�2)
is added to restrain the planarity of the CPs. All these parameters
were directly taken from the Tarek’s previous work [37], with
the exception of the force constant for the bonds between BB
beads, In order to increase the rigidity of these interactions and
enhance the stability of the simulations, such force constant was
augmented by a factor of 100. The resulting structures and param-
eters were taken as a reference to include the chirality in the
extended version of the forcefield (see below).

2.2.2. MA(R/S)TINI parameterization
To introduce chirality in the D- and L- residues composing the

CPs, the original P5 bead representing the backbone in the classical
MARTINI CG model was replaced by a new particle (CPBB) com-
bined with two virtual sites (CPCO and CPNH). The virtual sites
(VS) were introduced to depict the C@O acceptor (CPCO) and
NAH donor groups (CPNH) of the amino acids (Fig. S1). The param-
eters associated to the new beads (r and e values for the Lennard-
Jones potential, equilibrium distances, angles, and force constants)
were optimized through an extensive trial and error iterative pro-
cess in which several tens of combinations were essayed. The cri-
terion utilized for the determination of the optimal LJ parameters
was guided by a purely empirical approach, which involved screen-
ing a large number of potential combinations until the most favor-
able ones were identified. The final values lead to both parallel and
antiparallel SCPNs with the experimentally reported distances
between CPs and the expected interactions between the VS
(Fig. 2) [9,11]. This extension of the MARTINI force field was
designed to maintain the versatility of its original version, so the
modifications only affect the interaction between CPs. Thus, the
new CPBB bead has exactly the same parameters as the original
P5 MARTINI particle, including the cross-interactions with all the
beads of the force field. However, the r Lennard-Jones (LJ) param-
eter for the CPBB-CPBB self-interaction was decreased from 0.47 to
0.4 Å. This reduction was key to get a CP-CP distance closer to the
experimentally reported by electron diffraction and Fourier-
transformed infrared spectroscopy values [9,11], compared to the
original version of the force field (see below). On the other hand,
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VS were used to model the C@O and NAH groups, thus introducing
chirality in the CG model of the CP, directly keeps them at fixed
positions with respect to the backbone. 3out type VS, as defined
in GROMACS [44], were employed for both CPCO and CPNH. This
means that the position of each VS is given by a set of coordinates
in a local reference system given by three beads. The position in the
plane and out of the plane defined by such beads can be easily set
in the topology file. Trying to mimic the optimized atomic struc-
ture of the CPs, both VS particles, CPCO and CPNH, were initially
placed at 1/3 of the distance between consecutive BB beads (d),
along the axis joining them (Fig. S1). This distance was set to
0.35 d upon optimization. A similar process was followed to get
the distance to the central bead (CPBB) in the vertical axis (h),
obtaining a value of 1.053 Å (which is the length of the NAH bond
in atomic resolution models) for both VS. This distance, combined
with the reduced r value of the CPBB beads, is key to define the
distance between CPs in SCPNs. In contrast to CPBB, the new CPCO
and CPNH particles are allowed to interact only between them. The
self-interaction parameters are r = 0.35 nm and e = 3 kJ�mol�1,
leading to a relatively weak interaction, while the cross-
interaction is much stronger: r = 0.26 nm and an e = 5.6 kJ�mol�1.

2.3. Construction of the lipid bilayers

CG lipids distributed in 250 units per leaflet were introduced in
a 12.5x12.5x15 nm3 rectangular simulation box and solvated using
the MARTINI Builder module of the CHARMM graphical-user inter-
face [45] (Fig. 1B).

2.4. Free MD simulations

Once the CP structures were optimized for both parametriza-
tions (standard MARTINI v2.2 and MA(R/S)TINI), different number
of CPs (20, 40, 80 and 160) were inserted into the water phase of
the simulation boxes corresponding to each of the three membrane
models. As a result, 36 systems (3 membrane models � 3 CP
sequences � 4 CP concentrations) were prepared. The counterions
required to neutralize the electrostatic charge of the whole system
were added in each case. A steepest descent energy minimization
was performed to remove eventual atomic overlaps and clashes,
followed by 50 ps (for simulations in MARTINI) and 50, 200,
2500, and 1500 ps (for MA(R/S)TINI) of stepwise constant pressure
equilibrations using the Berendsen barostat [46]. The production
trajectories were carried out at 1 bar and 303 K using the semi-
isotropic Parrinello–Rahman barostat [47], and a V-rescale ther-
mostat [48]. The LINCS algorithm [49] was used to eliminate
bond vibrations or its drifting in the system. The Particle Mesh
Ewald [50] method with periodic boundary conditions was used
to treat the long-range electrostatics with a 1.1 nm cut-off in
direct-space. The dielectric constant was set to 15, as recom-
mended for the non-polarizable version of MARTINI [51]. Van der
Waals interactions were computed using a spherical cut-off of
1.1 nm. Production trajectories of 20 ls with a time step of 25 fs
(for the MARTINI model) and 20 fs (for the MA(R/S)TINI model)
for the integration of the motion equations were performed. Ener-
gies and positions of atoms were stored every 1000 steps (25 ps).
All MD simulations were performed with the GROMACS 2021.4
[52] software package.

2.5. Metadynamics simulations

Parallel and antiparallel CP dimers were built for both MARTINI
parameterizations (standard v2.2 and MA(R/S)TINI versions of the
forcefield). Each system was subjected to a 500 ns free MD simula-
tion following the protocol described above, in all cases the dimers
remain stable. Then, well-tempered two-dimensional metadynam-
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ics simulations with PLUMED 2.8.0 [53] and GROMACS 2021.4 [52]
were performed at 298 K, using the distance between the centre of
mass of both dimers and the relative angle between the vectors
joining the centre of each CP with its own first BB bead as collective
variables. This angle measures the relative rotation between CPs
while they share the same symmetry axis (perpendicular to the
plane of the peptide ring). Gaussians with 0.1 kJ mol�1 height
and 0.01 nm width were deposited every 500 ps using a biasing
factor of 15. Several harmonic restrains were applied to the relative
movement of both CPs: the angle between the normal to the CP
rings was set to 0� for parallel dimers and to 180� for antiparallel
structures; and the centres of mass were restrained to move
throughout the axis perpendicular to both CPs, with no lateral dis-
placement. The force constants used for both restraints was
1000 kJ mol�1 rad�2 for the angle and kJ mol�1 nm�2 for the dis-
tance to the axis. An artificial wall was also set to prevent a sepa-
ration longer than 2.5 nm between the centre of both CPs. A
minimum of 10-ls-long trajectories with 6 walkers were obtained
following this protocol.
2.6. Analysis of the trajectories

VMD [54] was employed to generate snapshots and animations
from the MD trajectories. The analysis of the simulations was car-
ried out using GROMACS and PLUMED tools as well as specific code
written in Python mainly based on the MDAnalysis [55], NumPy
[56] and Matplotlib libraries [57].

For the free simulations, the number of CPs forming nanotubes
of different size was computed as a function of time. For the kinetic
analysis, two CPs are considered to form a dimer when the distance
between their centres of mass is lower than 6 Å. This analysis
allows to observe the spontaneous self-assembly of independent
CP molecules, as well as their interaction with the different mem-
brane models, since they are initially at random positions and ori-
entations within the simulation box. Average values of the
following properties along the last microsecond of the trajectories
were determined: the number of CPs forming parallel and antipar-
allel dimer b-sheets, the distance between the centers of mass of
the same CPs, and their rotational angles. For this analysis a more
restrictive cutoff of 5.5 Å was employed to consider that two con-
tiguous CPs form a dimer. The parallel and antiparallel orientations
of contiguous molecules are identified from the angle between the
normal vectors to the CP rings (Fig. S2). These normal vectors are
determined considering the closest plane to the 8 CPBB beads of
each CP, and they are clockwise oriented in the direction defined
by the residue sequence. Then, the angle for parallel and antiparal-
lel relative orientations are expected to be 0� and 180�,
respectively.

Potential of mean force (PMF) profiles were obtained from the
2D metadynamics simulations using the sum_hills tool of PLUMED
[53].
3. Results and discussion

3.1. Validation of the MA(R/S)TINI parameters: Potential of mean force
profiles for parallel and antiparallel CP dimers

In order to evaluate the reliability of the MA(R/S)TINI parame-
ters, metadynamics simulations (see Methods) were carried out
for parallel and antiparallel dimers with the three selected CPs
(CP1-CP3). The objective of the metadynamics simulations is to
quantify the energy of interaction between CP dimers as a function
of the distance between the center of mass of CP units, of the rota-
tional angles and also of the relative orientation between them
(parallel or antiparallel). The MA(R/S)TINI parameters led to signif-
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icantly more reliable results than the original MARTINI parameter-
ization in all the studied cases. The resulting energy profiles (Fig. 3)
clearly confirm: (i) the minimum energy for all peptides and for
both the parallel and the antiparallel orientations corresponds to
a shorter distance between CP units using MA(R/S)TINI than using
MARTINI; (ii) only 4 rotational angles centered at 0�, 90�, 180� and
270� are allowed for the new chirality aware parameterization
while for the original MARTINI parameterization 8 angles are
observed; (iii) the rotamers observed for the original force field
are shifted by 22.5� with respect to the expected angles; and (iv)
in contrast to the new parameterization, MARTINI is not sensitive
to the relative orientation (parallel or antiparallel) of the CP units.
In addition to this information, several interesting features can be
seen in the PMF profiles. First, both parameterizations exhibit peri-
odic energy barriers of decreasing amplitude as the distance
between both CPs increases. Such energy barriers arise from the
solvation layers with the explicit water beads considered in the
force field, which are identical for both parameterizations
(Fig. S3). This behaviour is reflected in the 2D PMF profiles as ver-
tical bands of different intensity. In the 1D projection of the PMF on
the distance between CPs, the solvation layers are seen as damped
waves with one or more small shoulders along the first period
(Fig. 3). Those shoulders are provoked by the impact of the rota-
mers in the first solvation layer. Such effect is clearer for the orig-
inal MARTINI probably because for that parameterization there are
twice more rotamers than for MA(R/S)TINI. This behaviour is
clearly observed for the three CPs and for both relative orientations
(Figs. S4-S8). Notably, MA(R/S)TINI distinguishes better the
sequence than MARTINI. More specifically, the depth of the min-
ima for CP1 and CP3 are more similar to each other than those
for CP2. This happens for both parameterizations and relative ori-
entations, but the differences are clearer for the new parameteriza-
tion (see Table 1). The energy values in Table 1 also show that the
parallel orientation is slightly preferred over the antiparallel one
when using the MA(R/S)TINI model while the PMF profile is much
more similar for both relative orientations of the CP units for old
parameterization of the force field. The anisotropy of the rotations
is only marginal in the metadynamics simulations in pure water, in
contrast to what is observed in the unbiased free MD simulations
(see section 3.2.3). This indicates that the external presence of
the membrane model favours specific rotations of the CPs, more
than the interaction between contiguous CPs.

3.2. Self-assembly of CPs into SCPNs

Once it is confirmed that MA(R/S)TINI reproduces the correct
relative rotations between CP dimers, unbiased MD simulations
using 20, 40, 80 and 160 CP units in the presence of three different
membrane models (M1-M3), were carried out for all the sequences
(CP1-CP3). The results of the analysis obtained from all these sim-
ulations are presented in what follows.

The presence of lipid membranes in the simulation boxes repre-
sents a double-edged sword for the self-assembly of CPs into
SCPNs. On one hand, the lipid membranes may compete with CP
aggregates for the capture of peptide monomers, hindering the for-
mation of SCPNs in aqueous media. On the other hand, the lipid
bilayers can also help the self-assembly of CPs by attaching indi-
vidual molecules to their surface, increasing their local concentra-
tions and potentially aiding the formation of SCPNs embedded in
membranes. The interaction mechanism of the CPs or the corre-
sponding nanotubes with the lipids will be determined by the nat-
ure of the amino acids in each sequence. As mentioned in the
Methods section, CP1 is expected to form horizontally oriented
SCPNs in the lipid membrane due to its amphipathic character,
while CP2 and CP3, are expected to form transmembrane nan-
otubes because of their hydrophobic sequences.



Fig. 3. Two-dimensional potential of mean force (PMF) profiles obtained for the interaction between CP2 dimers with antiparallel relative orientation from metadynamics
simulations (see Methods section) using the MA(R/S)TINI (top) and the MARTINI (bottom) models. The 1D projections of the PMF on each collective variable (distance between
CP units and rotational angle) calculated over periods of 0.8 ls is shown on top and on the right of the PMF plots. The results obtained for all the sequences and orientations
are shown in Figs. S4-S8.

Table 1
Energies (in kJ/mol) and their corresponding standard deviation (between parenthesis), corresponding to the flat region in the one-dimensional projection of the PMF profile on
the first collective variable (the distance between monomers) for the 3 CPs with both relative orientations and parameterizations of the force field. These energies represent a
measurement to the depth of the lowest minima with positive sign.

MA(R/S)TINI MARTINI

Parallel Antiparallel Parallel Antiparallel

CP1 159 (17) 115.6 (7.0) 76.7 (5.3) 75.7 (5.4)
CP2 115 (16) 101.9 (7.0) 67.1 (4.0) 66.7 (3.4)
CP3 154 (21) 114.6 (7.6) 78.5 (5.0) 78.6 (5.9)
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The membrane models, CP structures and concentrations cho-
sen for the free simulations are intended to provide insight into
the ability of both MARTINI and MA(R/S)TINI force fields to accu-
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rately represent not only the ability to form nanotubes but also
to anticipate trends for each system. The kinetic variation in cluster
sizes over the whole trajectories, as well as the distributions
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between parallel and antiparallel CP arrangements, CP-CP dis-
tances and rotational angles for contiguous CPs in the last
microsecond of each trajectory, will be used as quantitative
descriptors of the self-assembly process and the resulting final
supramolecular structures.
3.2.1. Kinetics of the simulations and SCPN length distributions
In all cases, the distribution of CPs in aggregates of different

sizes was stable before the end of the trajectories (20 ls long). This
analysis revealed significant differences based on the peptide
sequence and on the lipidic environment sensed by the CPs
(Fig. 4 and S9-S15). The results of the simulations in the presence
of different membrane compositions are discussed separately in
the next section:
3.2.1.1. Simulations in the presence of DMPC bilayers (M1). The
results of the simulations containing 40 CP units and using the
MA(R/S)TINI model are shown in Fig. 4. It is observed that, even
after 20 ls, a significant number of CP1 and CP3monomers remain
as independent entities in the corresponding simulation boxes,
while for the simulation with CP2 almost all the peptides become
part of trimers or larger aggregates within the first 7 ls. The distri-
bution of CP1 molecules between SCPN of 1–5 molecules (mono-
mers to pentamers) is quite homogeneous, ranging from 5 to 10
units per type of assembly over the last 10 ls of the trajectory.
The last few ls contain 6 monomers, 5 dimers, 2 trimers, 2 tetra-
mers and 2 pentamers. CP2 clearly forms larger and very stable
aggregates, the last 14 ls with 2 dimers, 5 trimers, 1 tetramer, 2
pentamers and even 1 heptamer, with no monomers at all. The
behaviour of CP3 is more similar to CP1 than to CP2, the last few
ls containing 9 monomers, 8 dimers, 2 trimers, 1 tetramer and 1
pentamer. Similar general trends, although with some singulari-
ties, are observed at other peptide concentrations. CP2 still exhibits
a higher ability to aggregate, compared to CP1 and CP3, in all the
simulations. For the simulations with 20 CP units, CP1 still shows
several free monomers together with some dimers, trimers, and a
Fig. 4. Number of CPs in clusters of different size (indicated by the colours in the legend)
of the three membrane models, using the new MA(R/S)TINI CG parameterization develop
line (representing the number of monomers) is always 40 for all the plots, while the rest o
clearly seen in the behaviour of the different curves. The results obtained for the rest of
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longer SCPN; CP2 forms 3 hexamers, together with some dimers
and trimers; and CP3 forms mostly trimers, together with a pen-
tamer and several dimers (Fig. S9). The simulations with 80 pep-
tide units (Fig. S12) are more similar to those with 40 CPs. CP1
and CP3 form relatively small aggregates (mostly dimers and tri-
mers) while CP2 forms predominantly tetramers, pentamers, hex-
amers and even heptamers. In the simulations containing 160
peptides, a large number of CP1 and CP3 remain as monomers at
the end of the corresponding trajectories while CP2 tends to form
SCPNs of 4 to 8 units (Fig. S14).

For the simulations with the original MARTINI model using 40
CP units, CP2 and CP3 form medium sized SCPNs, while the beha-
viour of CP1 is more similar to that observed with the new param-
eterization (Fig. S11). The main assemblies observed in the
trajectories with 20 CPs are again dimers and trimers for CP1,
CP2 leads to one trimer, 2 pentamers and even one heptamer,
and CP3 forms an octamer together with trimers and dimers
(Fig. S10). When using 80 CP units, dimers and trimers are mostly
formed for CP1 and CP3, while the assemblies with CP2 are larger,
with SCPNs of 6, 9 and even 11 molecular units, and with no
dimers and trimers at all (Fig. S13). Finally, the simulations with
160 units of CP1 and CP3 are again similar to those obtained with
their respective studies in the new parametrization, being mono-
mers, dimers and trimers the dominant species. CP2 changes its
tendency a bit as the nanotubes formed are not as large as with
the other concentrations, now 4-subunit SCPNs are predominant
followed by dimers and trimers (Fig. S15).
3.2.1.2. Simulations in the presence of DMPC:DMPG 3:1 bilayers
(M2). The behaviour of the peptides in this model of bacteria
membrane is quantitatively different from that in the simulations
with pure DMPC lipid bilayer (M1) but the general qualitative fea-
tures persist. Again, for the simulations using 40 CP units with the
MA(R/S)TINI parameterization, a significant number of CP1 and
CP3 monomers survive as independent molecules while all the
CP2 molecules aggregate forming medium size SCPNs (Fig. 4).
as a function of time, for simulations with 40 units of CP1, CP2 and CP3, in presence
ed in this work. Note that the initial value (at Time = 0) corresponding to the black
f the lines start at zero. The exchange of CPs between clusters of different size can be
the free MD simulations with different number of CP units are in Figs S9-S15.
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The main quantitative difference is apparent for CP1, which shows
a significantly larger number of monomers in the presence of this
membrane than in the presence of M1: almost half of the peptides
remain stable as independent structures and the rest of molecules
form mostly dimers. The differences in the behaviour of CP2 and
CP3 between the two membrane models are less clear. The trends
of the simulations with 20 CP molecules are similar (Fig. S9), or
even more marked than those using 40 peptide units. More than
half of CP1 remain as monomers after 20 ls while no isolated
CP2 molecules and just one dimer was found in the corresponding
simulation and an intermediate behaviour is observed for CP3,
with 6–7 stable monomers and a similar number of peptides
assembled in dimers, trimers and one tetramer. Again, the domi-
nant species are CP1monomers when using 80 peptide units, med-
ium size SCPNs for CP2 and a significant presence of monomers
and mostly dimers for CP3 (Fig. S12). Monomers, dimers and tri-
mers dominate the simulations of 160 CP1 and CP3 while SCPNs
with 3 to 5 units are more likely for CP2 (Fig. S14).

The simulations using the original MARTINI force field seem to
favour the aggregation kinetics, compared to the results obtained
using MA(R/S)TINI. The final number of CP1 monomers after
20 ls in the simulation with 40 peptide units is lower than that
with the new parameterization, although most of the aggregates
are small dimers and trimers (Fig. S11). A similar behaviour is
observed for CP3, although for this peptide the SCPNs are a bit
longer. CP2 exhibits a faster kinetics, reaching stable tetramers
and pentamers just after 3 ls. Reducing the number of components
to 20 in the simulation boxes, the three systems conserve the
trends: CP1 forms small aggregates and less monomers than in
the simulations with the new parameterization; CP2 forms longer
aggregates of up to 9 subunits and, surprisingly, CP3 leads to an
aggregate of 16 peptides that includes most of the CPs in the sim-
ulation box (Fig. S10). Differences between both parameterizations
are smaller when the concentration of peptides increases up to 80
peptide molecules (Fig. S13). Slightly less monomers and more CP1
dimers are formed with MARTINI than with MA(R/S)TINI, 2 to 5
units length SCPNs are quickly formed with CP2, and CP3 is mainly
distributed in monomers and dimers, with 3 trimers, 6 tetramers
and even one hexamer at the end of the trajectory. For the simula-
tions with 160 peptides (Fig. S15), the final distribution of struc-
tures is similar for CP1 and CP3, with most of the peptides as
monomers, dimers and trimers, while CP2 aggregates much faster
and forms significantly larger aggregates of up to 9 molecular
units.
3.2.1.3. Simulations in the presence of DMPE:DMPG 1:9 bilayers
(M3). The simulations with this lipid bilayer are characterized by a
larger presence of CP1monomers for both parameterizations of the
force field, compared to the simulations with the other two mem-
brane models. This is likely due to the electrostatic attraction
between this cationic peptide and the DMPE:DMPG 1:9 bilayer
(M3), which contains a high density of anionic lipids.

Thus, the CP1 structures directly join the membrane as mono-
mers, making difficult their aggregation. Typically, half of the
CP1 structures remain as monomers throughout all the simula-
tions, regardless the concentration and even of the force field
parameterization, while the rest of the peptide units form mostly
dimers and some trimers, also interacting with the membrane
(Fig. 4 and S9-S15). CP2 keeps its ability to aggregate very quickly
compared to CP1 and CP3, forming relatively large SCPNs of up to
8–10 peptide units for both parameterizations and for all the con-
centrations. Again, a key feature of CP3 is the persistency of mono-
mers even at large concentrations of the peptide for both
parameterizations. This behaviour is a constant for both CP1 and
CP3, although to a lower extent for CP3.
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Differences in the kinetic behaviour between both force field
parameterizations are not evident for any of the three CP
sequences. The general trends are also similar, although quantita-
tive differences can be observed. The behaviour of CP1 in the sim-
ulation with 20 peptide units is practically the same for both
parameterizations (Fig. S9-S10) while for the rest of concentrations
the ratio of CPs forming dimers to the number of monomers is
higher for the original MARTINI parameterization than for MA(R/
S)TINI (Fig. 4 and S11-S15). CP3 also exhibits a persistent higher
number of independent peptide units in the simulations with the
new parameterization of the force field for all the studied concen-
trations. CP2, in agreement with the simulations in the other two
membrane models, does not show free monomers at the end of
the trajectories but the final aggregates are consistently larger at
all the concentrations for the simulations with the original MAR-
TINI force field.

Overall, the kinetic analysis reveals interesting aspects on the
competition between the adsorption of the peptides by the lipid
bilayers and their self-assembly process. It is shown that the self-
assembly kinetics is significantly faster for CP2 in practically all
cases. This is probably connected to a specific interaction mecha-
nism exhibited by this peptide (see next section). The self-
assembly of CPs and the interaction with the lipid bilayers are seri-
ously affected by the electrostatic attraction between different
molecular entities (CP monomers, CP aggregates and membrane
models). This is very clear for the most cationic peptide (CP1),
which exhibits a progressively lower tendency to self-aggregate
when increasing the negative charge density of the membrane,
thus favouring its adsorption. It can be shown that the hydropho-
bic residues (W and L) of all the CPs in the SCPN are oriented
towards the same side of the CP assemblies using both MA(R/S)
TINI and MARTINI (Fig. S16). When a lipid membrane is present,
these hydrophobic residues interact with the lipid tails of the
bilayer, while the ionic residues (R and K) are exposed to the polar
solvent. One difference between these two forcefields is that with
the new parametrization, the formation of an amphipathic SCPN,
i.e., with polar and nonpolar residues aligned with themselves,
seems to be less likely in the absence of the membrane. This means
that the relative orientation of the residues is more random with
MA(R/S)TINI than with MARTINI in aqueous media. Additionally,
the length of the final SCPNs is also consistently larger for the neu-
tral CP2 than for the charged CP1 and, to a lower extent for the
polar CP3. Globally, no significant quantitative differences can be
observed between MARTINI and MA(R/S)TINI in terms of the num-
ber of CP clusters formed during the simulated time (Fig. 5).

3.2.2. Final self-assembly patterns
The kinetic quantitative results are clearly connected to the

final self-assembly patterns achieved by each system (Fig. 6).
When using the chirality aware MA(R/S)TINI force field in presence
of the mammalian membrane model (M1), the cationic CP1 and
the non-ionic but polar CP3 tend to aggregate in the aqueous solu-
tion more than to interact with the neutral lipid bilayer, while CP2
clearly exhibits two different interaction mechanisms: formation
of SCPNs throughout the lipid membranes and formation of two-
dimensional lattices in water solution. This behaviour persists for
all the peptide concentrations. In contrast, CP1 is strongly attracted
for both bacteria membrane models (M2 andM3) favoured by elec-
trostatic interactions. When the concentration increases, CP1 seri-
ously perturbs the structure of such membrane models, mainly
that of M3, indicating the specificity of this peptide towards mem-
branes of different composition and, in particular, charge density.
These results suggest the interaction mechanism for the toxicity
of CP1 towards bacteria. The simulations using the original MAR-
TINI force field provide similar results to those obtained with the
MA(R/S)TINI parameterization (Fig. S17). At low concentrations



Fig. 5. Number of CPs in clusters of different size (indicated by the colours in the legend) for the last frame of all the CPs and membrane models (indicated in the labels). The
results for the simulations with the original MARTINI parameterization are represented as the striped bars while those for the new MA(R/S)TINI parameterization are
represented as solid bars.

A. Cabezón, M. Calvelo, J.R. Granja et al. Journal of Colloid and Interface Science 642 (2023) 84–99
CP1 interacts with the surface of M1 while at higher concentra-
tions it aggregates mainly in the aqueous solution. Again, this pep-
tide has a strong affinity to interact with bacteria membrane
models, causing significant distortion of M3 membranes and, to a
lesser extent, of M2-type membranes at high concentrations.

The electrostatically neutral and hydrophobic nature of CP2
suggests that this peptide should not be too affected by the lipid
composition of the membrane. Considering its sequence, it is
expected to self-assemble at the membrane hydrophobic environ-
ment into transmembrane SCPNs, independently of the membrane
model used in the simulations, although no experimental informa-
tion is available for this system [58]. Our free simulations con-
firmed this prediction for CP2 in presence of the three
membrane models, mainly at low concentrations of peptide for
M1, intermediate concentrations for M2 and high concentrations
for M3 (Fig. 6). Notably, the formation of two-dimensional lattices
with the CPs interacting throughout lateral leucine zippers, is
observed in the presence of the three membrane models, mainly
at high concentrations of the peptide. This kind of structures have
been recently observed by scanning transmission electron micro-
scopy using the so called CPx (which consists of the following resi-

dues: WLHEQHEL) [59]. The kinetics of this structural pattern
seems to be significantly faster than the less ordered aggregation
exhibited by the other two peptides in aqueous solution. It is worth
to mention that the 2D lattices observed at high concentrations are
large enough to be connected in an infinite plane by periodic
boundary conditions (PBCs), but it is also observed at low concen-
trations with just a few units (see simulation with 40 units of CP2
in the presence of M1, for instance, Fig. 7) discarding that this pat-
tern is an artifact caused just by the PBCs. It seems that the forma-
tion of this pattern competes with the formation of
transmembrane SCPNs, the kinetics favouring the 2D lattices. Thus,
at high concentration of the peptide, the aggregation in the aque-
ous solution dominates and less nanotubes are observed, which
could also be related to the low solubility and tendency to precip-
itate that has been observed experimentally for these CPs. Again,
no significant differences in the general aggregation pattern
between both parameterizations of the force field are observed,
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including the spontaneous formation of the 2D lattices (Fig. 6
and S17).

As in the kinetic analysis, the behaviour of CP3 is closer to that
of CP1 than to CP2. CP3 does not form transmembrane nanotubes
and leads to relatively disordered aggregates in aqueous solution
but, in contrast to CP1, does not distort any of the membrane mod-
els. The membrane composition, the concentration of the peptide
and the force field parameterization do not seem to significantly
affect the interaction mechanism nor the aggregation pattern (Fig
6 and S17). The reason for the lack of transmembrane nanotubes
in MD simulations of CP3 is unclear. One possible explanation is
the presence of an energy barrier that prevents the membrane pen-
etration along the simulated time period. As a non-charged and
slightly polar nanotube, it is relatively comfortable in the aqueous
phase but it may be difficult to cross the interface formed by the
lipid polar heads to enter into the hydrophobic region of the lipid
bilayer. In any case, simulating a pre-formed nanotube inside the
membrane resulted in the preservation of the transmembrane
structure and orientation using the MA(R/S)TINI force field. Inter-
estingly, a similar simulation starting with a preformed transmem-
brane SCPN formed with CP1 did not preserve the nanopore
structure, instead the SCPN reorientated itself parallel to the mem-
brane surface (Fig. S18). This confirms the tendency of CP1 to form
aggregates characteristic of the proposed carpet-like mechanism
[19].

These results, obtained from free MD simulations, provide gen-
eral information of the possible interaction mechanisms in the sys-
tems: different kind of aggregation patterns in the aqueous
solution, formation of transmembrane nanotubes, self-assembly
in SCPNs of different sizes in contact with the membrane surface
and even the presence of free monomers in solution or interacting
with the lipid bilayer. The range of simulations at different concen-
trations and using different membrane models as well as the
reproducibility of the observed patterns supports the general
trends described. However, it is not possible to discard additional
interaction mechanisms that could be observed at other time
scales or using different concentrations. Finally, the analysis does
not show significant qualitative differences between both parame-
terizations, MARTINI and MA(R/S)TINI. Nevertheless, the introduc-



Fig. 6. Snapshots for the last frame (at 20 ls) of all the simulations performed in this work using the chirality aware MA(R/S)TINI force field. The names of the CPs and
membranes are indicated in the black labels and the number of CP units for each set of simulations is indicated in the red labels. The new CPBB, CPCO and CPNH beads of the
CPs are represented in cyan, red and white respectively. The beads in ochre represent the phosphate groups of the lipids. The CG beads corresponding to the lipid tails and the
water have been omitted to facilitate the view. The equivalent results obtained using the original parameterization of the MARTINI model are shown in Fig. S17. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Zoom in of the 2D lattice observed in the simulation of 40 CP2 units in M1. The representation is equivalent to that of Fig. 8, with the beads corresponding to the
leucine lateral chains in yellow spheres. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tion of the new beads in the MA(R/S)TINI force field allows the cor-
rect orientation of the CPs and the possibility of distinguishing
between the different parallel and antiparallel arrangements along
the SCPN.
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3.2.3. Quantitative structural characterization of the SCPNs
The main structural parameters of the SCPNs are the distance

between adjacent CPs, their relative rotational angle, and the rela-
tive orientation that determines whether they are parallel or
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antiparallel to each other. The modifications introduced in the
force field seriously affect these parameters. In all cases, the aver-
age CP-CP distance is reduced from an average value of 5 Å to 4.7 Å
(Fig. S19-S23), which is closer to the value observed by electron
diffraction and Fourier transformed infrared spectroscopy for CP1
[9] and CP3 [11].

The relative orientation (parallel / antiparallel) of the CPs does
not seem to be seriously affected by the parameterization
(Fig. S24). The results obtained for the simulations with the origi-
nal parameterization of the MARTINI force field are not signifi-
cantly different from those with the new MA(R/S)TINI model.

One of the most significant benefits of incorporating chirality
into CP structures is the impact on the rotational angle between
Fig. 8. A. Distribution of rotational angles for the simulations of 160 CP units in three me
force field for parallel dimers. The membrane model and CP sequence are indicated in th
accessible angles but also in the centre of all distributions, which are shifted by an angl
parallel CP1 dimers in MA(R/S)TINI showing selected rotational angles. Only the new CPB
Analogous pictures for CP2 and CP3 are represented in Fig. S32-S33. The corresponding
references to colour in this figure legend, the reader is referred to the web version of th
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adjacent CPs. The new parameterization only allows four out of
the eight angles observed in the original parameterization of
the force field (those in which the D-residues are aligned - hydro-
gen bonded- with L-amino acids), regardless of whether the rela-
tive orientation of the CPs is parallel or antiparallel. This
restriction offers improved precision and accuracy in modelling
and predicting the behaviour of these chiral molecules and other
forming b-sheet like structures. The probability of the different
angles is different for each peptide, and it seems to be almost
independent on the membrane composition present in each sim-
ulation box. This is much clearer for the MA(R/S)TINI simulations
with high peptide concentrations since the number of CPs inter-
acting is larger, thus improving the statistics and reducing the
mbrane models using the original MARTINI (red) and modified MA(R/S)TINI (black)
e upper and right labels. Note that the error in MARTINI is not only in the number of
e of 22.5� (p/8 rad) with respect to the correct orientation. B. Side and top views of
B, CPCO, and CPNH beads of the CPs are shown in cyan, red, and white, respectively.
figures obtained for MARTINI are shown in Fig. S34-S36. (For interpretation of the
is article.)
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uncertainty of the results. For this reason, the following discus-
sion will be mostly based on the simulations for the highest con-
centration of CP molecules (Figs. 8-9), although the general trends
are also observed in the simulations with reduced number of pep-
tide units (Figs. S25-S31). Interestingly, the differences in the
rotational angles seem to depend on whether the contiguous
CPs are parallel or antiparallel oriented to each other. Specifically,
for both CP1 and CP3 the parallel orientation favours the rotamer
around 0� more than the antiparallel, most likely due to a better
complementarity between the interaction of the residue side
Fig. 9. A. Distribution of rotational angles for the simulations of 160 CP units in three me
force field for antiparallel CP dimers. The membrane model and CP sequence are indicat
MA(R/S)TINI showing selected rotational angles. Only the new CPBB, CPCO, and CPNH bea
CP2 and CP3 are represented in Fig. S32-S33. The corresponding figures obtained for MAR
figure legend, the reader is referred to the web version of this article.)
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chains. The presence of the rotamer around 180� (leading to the
interaction between hydrophobic and hydrophilic residues) is
negligible for CP1 in the parallel orientation while the distribu-
tion over all rotamers is quite homogeneous for the antiparallel
orientation of this CP (Figs. 8-9). This effect is less evident for
CP3, although the change of distribution of rotamers between
parallel and antiparallel relative orientations is also significant.
As expected, CP2 does not show any clear difference between
simulations in the presence of different membrane models or rel-
ative orientations of the peptides.
mbrane models using the original MARTINI (red) and modified MA(R/S)TINI (black)
ed in the upper and right labels. B. Side and top views of antiparallel CP1 dimers in
ds of the CPs are shown in cyan, red, and white, respectively. Analogous pictures for
TINI are shown in Fig. S34-S36. (For interpretation of the references to colour in this
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The analysis of the rotamers for the simulations using the orig-
inal MARTINI force field leads to completely different results. As
anticipated, these simulations provide angles that should be struc-
turally forbidden. The error is not only in the number of accessible
angles but also in the centre of all distributions (Figs. 8-9 and S25-
S31), which are shifted by 22.5� (p/8 rad) with respect to the cor-
rect orientation. This means that for a given rotamer, the optimal
location of CG beads representing the backbone of the closest
amino acids of contiguous CPs are not aligned along the normal
to the plane of both peptides but rotated by an angle of 22.5�
around the principal axis of the dimer (Fig. S32-S36). Even with
these errors, there are clear differences in the rotamer profiles of
the different CPs (Fig. S31). The most likely orientation for CP1 cor-
responds to 338�, followed by 222� and, to a lower extent by 247�
and 112�. The probability for the rest of the angles being signifi-
cantly lower for all the simulations. CP3 exhibits larger differences
when using the original parameterization of the force field than
when using the MA(R/S)TINI parameterization. The most probable
rotamers taking place at 347� and around 22� for the parallel orien-
tation. The impact of the relative orientation for this peptide is
extremely marked, with a clear rotation towards 67� and 112�
for the antiparallel orientation (Fig. S31 and S34-S36).

All the previous results indicate that the new chirality-aware
parameterization, MA(R/S)TINI, improves the structural results
obtained for the self-assembly of individual CPs into SCPNs. The
new parameterization resulted in improved agreement between
the simulated and experimental CP-CP distances, more reasonable
rotational angles, and more consistent angle distributions across
different simulations at various concentrations and in the presence
of different membrane models. This helps to ensure that the
assemblies formed during the simulations are feasible.
4. Conclusions

The MARTINI force field is a powerful model for simulating bio-
logical systems at a coarse-grained level. Using this model, it is
possible to study the self-assembly of a variety of molecules into
reliable supramolecular patterns. However, the original form of
the MARTINI force field is not able to accurately describe the inter-
actions that lead to the formation of protein or peptide secondary
structures. Even the last version of the force field [30], which intro-
duces new particles and features with respect to previous versions,
represents the backbone residues using a single bead, which does
not allow to consider the directionality of the H-bonds required
to correctly establish the chirality of these groups. This limitation
becomes particularly important when studying D, L-a-CPs, which
have a critical D- and L-chirality sequential fluctuation that affects
their disposition into SCPNs. The self-assembly of D,L-a-CPs using
the unmodified versions of the MARTINI CG model results in a mis-
representation of reality, as it does not properly account for rela-
tive amino acid chirality and for the parallel and antiparallel
beta-sheets that can form along the SCPN. Additionally, the MAR-
TINI model overestimates the interaction between the beads that
represent the backbone atoms of contiguous parallel or antiparallel
CPs. This allows stacking patterns that should not be feasible
because of the unmatching between donor and acceptor groups
of both peptide strands as a consequence of the alternating
chirality.

D,L-CPs have the potential to be used in many biological and
biotechnological applications, mainly due to capability of tunning
the external properties to favour interactions with other entities,
such as lipid bilayers of different compositions and mechanisms
of interaction with the membrane depending on their sequence.
To better understand the properties of different CPs and their inter-
actions with membrane models, we have introduced a new param-
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eterization of the MARTINI 2.2 force field, called MA(R/S)TINI. This
chirality aware new model solves the most evident issues of the
original parameterization. The optimized model is tested using
three CPs evaluating their contact with three membrane models.
The three CPs have 8 amino acids but different expected behaviour
in the presence of lipid bilayers. CP1 is amphipathic, with a total
positive charge of +3e and with demonstrated antibacterial activ-
ity, CP2 is a model structure consisting of 8 leucine residues, and
CP3 is mostly hydrophobic. They were simulated in presence of a
simplified mammalian membrane (M1), and two bacterial mem-
brane models (M2 and M3) with different negative charge density
(M2 < M3). Both MARTINI and MA(R/S)TINI parameterizations pro-
duced similar aggregation patterns as well as equivalent interac-
tion mechanisms with the different lipid bilayers. CP1 clearly
perturb the structure of the membranes at high concentration,
while CP2 forms 2D lattices and transmembrane nanotubes. CP3
forms aggregates in the water solution, probably because it is
highly hydrophobic, and it is not able to traverse the energy barrier
represented by the lipid heads. CP1 and CP3 typically form small
aggregates and, even at high concentration, many of these peptides
remain as isolated monomers. In contrast, CP2 forms larger aggre-
gates with just a marginal presence of monomers, which could be
related to its low solubility. The kinetic behaviour of the three pep-
tides is also interesting, the formation of CP2 aggregates being
much faster than that of CP1 and CP3. The time scale required to
form stable aggregates is typically of just 1–2 ls for CP2, 2–4 ls
for CP3 and 4–7 ls for CP1. When looking into detail at the inter-
actions between consecutive CPs in the aggregates the results were
very clear in favour of the new parameterization, which was able to
reproduce the distance between CPs interacting in parallel and
antiparallel orientation, as well as the correct rotational angles
and energy profiles. Additionally, in contrast with the original force
field parameterization, the simulations with MA(R/S)TINI were
able to distinguish the different relative orientation of the peptides
(parallel or antiparallel).

When analysing the interactions between consecutive CPs in
the aggregates, the results were overwhelmingly in favour of the
new parameterization. The MA(R/S)TINI model was able to accu-
rately reproduce the distance between CPs interacting in parallel
and antiparallel orientations, as well as the correct rotational
angles and energy profiles. Furthermore, unlike the original force
field parameterization, MA(R/S)TINI was able to distinguish the
different relative orientations of the peptides (parallel or antiparal-
lel), avoiding the forbidden rotational angles that were present in
the original MARTINI model. These results are supported by the
known and expected behaviour of the studied CPs and membrane
models. Further validations and improvements in the MA(R/S)TINI
model can still be performed. This would require more detailed
quantitative experimental information such as energy of interac-
tion for different sequences in different relative orientations. Addi-
tionally, in this study, the MARTINI 2.2 force field was selected as
the reference to develop the personalized adaptation for cyclic
peptides, despite the availability of the more versatile and accurate
MARTINI 3.0. This decision was made as the initiation of the pro-
ject preceded the publication of last version of the force field and
the trial and error process, along with the production of results
for all systems, was a long process. Anyway, the essential aspect
of both MARTINI 2.2 and 3.0 parameterizations are equivalent in
regards to the modifications introduced in this manuscript. Both
parameterizations represent the amino acid backbone using a sin-
gle bead, making the adaptations introduced in this work crucial
for accurate parameterization of cyclic peptides.

The observed strong perturbation of M2 and M3, and not of M1,
by CP1 should be clearly connected to its known antibacterial
activity [15,38]. Other CP sequences have been observed to form
2D lattices and transmembrane nanotubes, similarly to CP2 [59].
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For CP3 we expected to see also the formation of transmembrane
SCPNs due to its hydrophobic nature but the presence of the lipid
heads could prevent the penetration of this peptide in the
hydrophobic region of the membrane, thus favouring its self-
aggregation in the aqueous bulk [11]. The new parameterization
of the MARTINI force field, MA(R/S)TINI, opens the door to compu-
tationally characterizing the dynamic behaviour of CPs in contact
with membrane models in a more efficient way, thus facilitating
the design of new functional sequences. In addition, a web applica-
tion (https://cyclopep.com) is being developed to automatically
generate CP structures and the corresponding MA(R/S)TINI param-
eters for any sequence of natural amino acids, among other
functionalities.
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