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Abstract

Antimicrobial peptides are viewed as a promising alternative to conventional antibiotics,
as their activity through membrane targeting makes them less prone to resistance
development. Among them, antimicrobial D,L-a-cyclic peptides (CPs) have been
proposed as an alternative, specially due to their cyclic nature and to the presence of D-
amino acids that increases their resistance to proteases. In present work, second
generation D,L-a-cyclic peptides with proven antimicrobial activity are shown to form
complex macromolecular assemblies in the presence of membranes. We addressed the

CPs:membrane interactions through a combination of experimental techniques (DSC and



ATR-FTIR) with Coarse grained molecular dynamics (CG-MD) simulations, aiming at
understanding their interactions, macromolecular assemblies and eventually unveil their
mechanism of action. DSC shows that the interaction depends heavily on the negatively
charge content of the membrane and on lipid/peptide ratio, suggesting different
mechanisms for the different peptides and lipid systems. CG-MD proved that CPs can
self-assemble at the lipid surface as nanotubes or micellar aggregates, depending on the
peptide, in agreement with ATR-FTIR results. Finally, our results shed light into possible
mechanisms of action of the peptides with pending hydrocarbon tail, namely membrane
extensive segregation and/or membrane disintegration through the formation of disk-like

lipid/peptide aggregates.

1. Introduction

The development of new, intelligent nanomaterials, capable of self-organization replying
to external stimuli, has been studied in the recent years, and a number of different
applications can be found in the literature [1-6]. Although a variety of different materials
have been studied, the structural similarity with natural peptides and proteins that are the
main molecular building blocks in nature makes the use of peptide-derived materials the
most common approach towards biocompatibility [7-9]. Some of these peptide-derived
new molecules were shown to self-assemble into structures such as nanotubes, due their
broad conformational, chemical and functional features [10-12]. One such group of
compounds are supramolecular structures called self-assembling cyclic peptide nanotubes
(SCPNs), build from cyclic peptides (CPs) with an even number of alternating D- and -
L-o-amino acids, as illustrated by Ghadiri and co-workers [3]. These new materials have
been shown to be able to form artificial transmembrane channels for ions, or to act as
good alternative to antimicrobial candidates, depending on peptide side chains
composition and hydrophobicity [3, 13-15]. These D,L-a-cyclic peptides (D,L-a-CPs) can
adopt a planar ring structure with side chains pointing outwards of the nanotube. Within
the appropriate environment, individual CPs can stack in a fS-sheet structure, creating
intermolecular hydrogen bond networks along the growing axis, forming the SCPNs [11,
16].

Antimicrobial resistance is considered as one of the major global health issues of the 21st
century [17], as the current therapeutic strategies are no longer appropriate to fight
infection and drug-resistant pathogens. In this combat, antimicrobial peptides (AMPs),
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also known as host defense peptides [18], are currently in the spotlight as a good
alternative to the conventional therapeutics to overcome bacterial resistance, as their main
target is the bacterial membrane and they induce significantly lower resistance [19].
AMPs are produced by a variety of organisms and present a diversity of functional and
structural properties [20, 21], but exhibit common basic features - they are usually
cationic, with amphipathic structure, they have a small number of amino acids and they
are active against Gram-positive and Gram-negative bacteria, fungi and viruses [20, 21].
Different mechanisms of action have been proposed for AMPs [22-24], all causing
membrane perturbation and/or destruction. Their action is triggered by electrostatic
interactions, the first driving force for interaction with the membranes, as the cationic
AMPs interact with the anionic membrane surface (negative headgroups) of pathogens.
Thereafter there is usually accumulation and rearrangement at the membrane, leading to
membrane micellization, segregation/permeabilization, pore formation or aggregation
[25-27]. Amphipathic cationic D,L-a-CPs, have been shown to be potent antimicrobials
whose mechanism of action is related with the nanotube formation that is facilitated by
membrane interaction, being this supramolecular structure the main active form [28]. The
robust secondary structure allied with the presence of D-amino acid residues reduces the
resistance against proteases, making SCPNs promising antimicrobial candidates [13, 14,
16, 29-31]. Therefore, the design of new SCPNs with good antimicrobial activity is a very
attractive application of these peptides, for their possible significant contribution to
worldwide wealth.

We combined experimental techniques (differential scanning calorimeter (DSC) and
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)) with
coarse-grained Molecular Dynamics simulations (CG-MD) to characterize and rationalize
the interactions of three second generation CPs of proven antimicrobial activity [32] with
lipid model membranes.

The antimicrobial D,L-a-CPs wused in this study are designated as CPR,
c-[RSKSWPgKQ] , CPRT10, c-[RSKSWXC!’KQ] and CPRT14, c-[RSKSWX *KQ]
(Fig. 1), and were designed as second generation peptides, based on a CP previously
reported by our group, there called CP2 [13]. In the amino acid sequence the use of
brackets indicates that the peptides have a cyclic structure, the underlined amino acids are
D-amino acids and X denotes (S)-2-amino-3-(1)2,2,3-triazol-4-yl) propanoic acid. CPR,
CPRT10 and CPRT14 are soluble in water and they contain one hydrophobic residue

3



(tryptophan (W)), known to increase membrane anchoring, three charged residues (one
arginine (R) and two lysines (K)), and three polar non-charged residues (one glutamine
(Q) and two serines (S)). CPRT10 and CPRT14 differ from CPR as they have a ten
(T10) and fourteen (T14) carbons’ tails, respectively, linked to the propargylglycine group
(Pg) through a copper catalyzed azide—alkyne cycloaddition (CuAAC reaction). All three
CPs present good antimicrobial activity, mainly against Gram positive bacteria [32].

DMPE  (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine) and DMPG (1,2-
dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) are used as simple models for the
bacterial membrane, since they are known to have a significant presence in Gram-
negative and Gram-positive bacteria cytosolic membrane. Although the lipid composition
varies quite significantly among pathogens, typically Gram-negative bacteria have a
higher PE content and Gram-positive bacteria a higher PG content [33]. As our peptides
showed the highest activity towards Gram-positive bacteria [32], we chose mixture with
high PG content, i.e., pure DMPG membranes and mixtures of DMPE:DMPG at different
molar ratios (1:1) and (1:9). Further to these, we also used DMPE alone, to assess its role
on the interactions of the peptides with the lipid mixtures. Finally eukaryotic membranes
were mimicked by using 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), as a
control for toxicity, as has been seen in different studies a remarkable correlation between

toxicity and DSC AMP:PC profile [26, 34-39].
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Fig. 1. Structures of the peptides studied here: CPR, c-[RSKSWPgKQ], CPRT10, c-
[RSKSWX“’KQ] and CPRT14, ¢-[RSKSWXC!*KQ]. In the amino acid composition
here shown the use of brackets indicates that the peptides have a cyclic structure, the
underlined amino acids are D-amino acids and X denotes (S)-2-amino-3-(12?,2,3-triazol-
4-yl) propanoic acid. The beads of a Coarse-Grained model for the Molecular Dynamics
simulation are represented for CPR. Amino acid residues are colored as follow: Gln-1
(rose), Arg-2 (brick-red), Ser-3 (dark green), Lys-4 (violet), Ser-5 (soft green), Trp-6
(cyan), R tail (gold), Lys-8 (dark blue).

2. Experimental

2.1 Materials and Methods
Hexafluorophosphate benzotriazole tetramethyl uronium (N-HBTU), tetrafluoroborate

benzotriazole tetramethyl uronium (N-TBTU), and the a-amino acids were purchased
from Iris Biotech, Novabiochem, Advanced Chemtech, Aldrich, and/or GL Biochem
(Shangai) Ltd. Rink Amide resin was purchased from Novabiochem. Triisopropylsilane
(TIS) and diisopropylethylamine (DIEA) were purchased from Sigma-Aldrich, Germany.
All solvents were HPLC grade purchased from Aldrich or Fisher Scientific, and they were



used without additional purification, except the dry DCM, which were distilled with
CaHa». Synthesis grade DMF was used to synthesize the peptides on solid phase.

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE) and 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DMPGQG) were from Avanti Polar Lipids, Alabama, USA, and used as received.
The water used was in all cases high purity Millipore water. The buffer was prepared with

HEPES, NaCl, NaN3z and EDTA all purchased from Sigma-Aldrich, Germany.

2.1.1. Synthetic procedures
Peptides CPR, CPRT10 and CPRT14 were synthesized manually by standard Fmoc
solid phase peptide synthesis protocols [40-43]. See Supplementary Material for details

about synthetic procedure and CPs characterization.

2.1.2. Preparation of Liposomes

Liposomes of DMPE, DMPG and DMPC and their mixtures at different molar ratios were
prepared by the lipid film method, as described in detail in Supplementary Material. Large
unilamellar vesicles (LUVs) were prepared for all systems except for DMPE, where

multilamellar vesicles (MLVs) were used.

2.1.3. Differential Scanning Calorimetry

Differential Scanning Calorimetry measurements were performed in a MicroCal VP-DSC
microcalorimeter from Malvern (Worcestershire, UK), by following the same protocol as
published by our group before [13, 38]. After the first DSC scan full equilibration was
attained, and from the second all scans were identical, as common in similar studies [13,
38, 44]. Therefore, all presented results are for the second scan. The data obtained were
treated and integrated after baseline correction, either as one peak or using multi-peak

deconvolution. Details on the procedure can be found in Supplementary Material.

2.1.4. Coarse-grained Molecular Dynamics simulations

Coarse-grained molecular dynamics (CG-MD) simulations of CPR, CPRT10 and
CPRT14 interacting with membrane models of DMPE, DMPG and their mixtures were
carried out, for at least 2 us in each case. The CG parameters used for CPs were those

corresponding to the polarizable MARTINI force field (Martini v2.2 polar amino acids
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and polarizable water) [45, 46], together with the use of distance restraints between all
the backbone particles to maintain the cyclic conformation (Fig. 1). The CG topologies
for the CPs were built using the martinize.py tool [47] and subsequently modified using

local code. Computational details can be found in Supplementary Material.

2.1.5. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy
ATR-FTIR measurements followed the same protocol as published before [13, 48]. The
measurements were carried in a Spectrum Two FTIR Spectrometer (PerkinElmer, EUA)
equipped with diamond internal reflection element from GladiATR Accessory S2PE
(PIKE Technologies Inc, EUA). The details of the procedure can be found in
Supplementary Material.

3.1. Results

The DSC thermograms for each model membrane system, as well as for their mixtures
with CPR, CPRT10 and CPRT14 at different L:P ratios can be found in Fig. 2. As
expected, the peaks for the pure lipids (DMPG and DMPE) are thinner than the ones
observed for their mixtures. The thermodynamic parameters retrieved after baseline
correction and integration (7m and Awans/7) are presented in Table S1. The values obtained
for the pure lipids (DMPE, DMPG and DMPC (Fig. S1, Table S2)) as well as their
mixtures agree with the literature [26, 34, 35, 37, 49, 50].
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Fig. 2. DSC curves for mixtures of the three cyclic peptides CPR (left panel), CPRT10 (middle panel)
and CPRT14 (right panel) with model membranes of DMPG, DMPE and their mixtures. A,B,C: LUVs
of DMPG; D,E,F: LUVs of DMPE:DMPG (1:9); G,H,I: LUVs of DMPE:DMPG (1:1); J,K,L: MLVs of
DMPE. The molar ratios of lipid to peptide (L:P) for each curve are shown in each plot. The DSC profiles

shown are all for the second scan. Note that the y scales for the different lipid systems are different.

In order to try to further decipher the mechanism of action of CPR, CPRT10 and CPRT14, CG-MD
simulations of 160 CP units placed randomly (representing a molar ratio of lipid to peptide 3:1), were
carried out in the presence of the same membrane compositions that were studied experimentally: DMPG,
DMPE:DMPG (1:9), DMPE:DMPG (1:1) and DMPE.

The CG-MD simulations show a significant difference in the behavior of the peptide CPR when compared
to those bearing a hydrophobic tail, CPRT10 and CPRT14, in agreement with the DSC results. The most
remarkable contrast is that whereas CPR units self-assemble into small or medium-size nanotubes (up to
5 CP units), the presence of T10 and T14 tails induce the formation of mostly micellar aggregates in
CPRT10 and CPRT14. In these micellar assemblies, the CPs are acting as the hydrophilic "head" regions
in contact with surrounding solvent, sequestering the hydrophobic tail regions in the micelle center (Fig.

3 and Fig. S3-S6).

CPR CPRT10

DMPE

e
CPRT14 CPRT14 ©°

DMPE: DMPG (1:1) DMPE: DMPG (1:9)

Fig. 3. Detail of some structures found in the last snapshot (t=2 ps) of the CG-MD simulations of CPR,
CPRT10 and CPRT14 in presence of different membrane compositions.



With ATR-FTIR we could characterize experimentally the CPs self-assembly when interacting with the
model membranes of DMPG, DMPE:DMPG (1:9) and DMPE:DMPG (1:1). The use of polarized ATR-
FTIR allowed us to assess their orientation relative to the membrane plane. The amide I band peaks
support the presence of [-sheet/aggregated structures whereas the amide II peak indicates

intermolecularly interactions. The results obtained can be found in Fig. 6,7 and 8§ and in Fig. S9 and S10.

3.2. Discussion

DMPG and DMPE:DMPG (1:9) model membranes

As stated above, the behavior of CPR is different from the obtained for the other two peptides with tail,
CPRT10 and CPRT14. When CPR is mixed with lipid systems with high PG content, the DSC results
(Fig. 2A for pure DMPG and 2D for DMPE:DMPG (1:9)) reveals a small shoulder above the Ti, (25°C),
but the temperature for the main transition is maintained (Table S1). The relative importance of the
shoulder increases, representing almost half of the total enthalpy change for the largest peptide content.
This suggests a phase separation into peptide-poor and peptide-rich domains in the membrane, as also
found previously by Sevcsik ef a/ [51]. These authors confirmed by X-ray that the shoulder reflects the
presence of a quasi-interdigitated phase, which creates a void in the membrane that is compensated by
moving the inner lipid layer towards the hydrophobic part of the peptide nanotube. Altogether, this
indicates that the interaction between this peptide and the negatively charged membranes is mainly
electrostatic and occurs at the membrane surface, with no significant penetration in the lipid’s
hydrocarbon core.

For these two membrane systems with high PG content, the CG-MD results show that the predominant
interaction between all CPs and both membranes is electrostatic, as can be clearly visualized from the
number of contacts of the individual residues (Fig. 4, columns 3-4). However, in the case of CPR, the
system seems to be still evolving towards the typical behavior observed in previous membrane systems,
mainly DMPE:DMPG (1:1): a decreasing of Arg-membrane interaction in favor of a correlated increase
in the number of contacts through Trp and the adjacent residues in the sequence, Ser and Pg. This indicates
that after an initial approach electrostatically driven (with the Arg facing the membrane, interacting with
the lipid’s headgroups) the peptides rotate turning the Trp towards the lipid chains. As such, based on
DSC and MD results we suggest that we possibly have also here a quasi-interdigitated phase for CPR and
DMPE:DMPG (1:9 and pure DMPG), that can only take place if the apolar part of the peptide’s nanotubes
face the hydrocarbon chains of the lipid.
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Fig. 4. Number of contacts within 0.6 nm between any pair of atoms of each amino acid of CPR, CPRT10
or CPRT14 and the corresponding membrane compositions, DMPE, DMPE:DMPG (1:1), DMPE:DMPG
(1:9) and DMPQG, respectively over 2 microseconds, analyzed from the CG-MD simulations. Note that
the scales in all cases are not the same on purpose, to facilitate the visualization of the lines. Matplotlib

[52] library was used to produce the figures.

In the case of the other two peptides, CPRT10 and CPRT14, the DSC results for the two PG rich lipid
systems must be evaluated separately. Starting for pure DMPG, for CPRT10 (Fig. 2 B) a small decrease
in T is observed for the lowest peptide content (27:1). Thereafter, two peaks are superimposed, one
centered at 7m of the pure DMPG and another at about 1°C lower (Table S1), showing that the peptide is
destabilizing the lipid membrane. As regarding CPR14 and DMPG (Fig. 2 C), after an initial decrease in
Tm of ~1°C for the lowest peptide content, a peak splitting is already present. However, it presents different
characteristics — at L:P ratio 22:1 two transitions appear, of just slightly enlarged width as compared to
pure lipid, but at the highest peptide content, 12:1, the DSC tracing shows a sharp peak centered around

20 ° that coexists with a broad peak centered about 22°C (see peak deconvolution for these ratios in Fig
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S2). These results can be interpreted as showing that at high peptide content part of the membrane most
likely forms disk-like peptide aggregates, that undergo a broad transition and coexist with DMPG with
small amount of peptide. A similar situation was already described for another antimicrobial peptide, LL-
37 by Sevcsik et al [33, 51]. The distinctly different behavior of CPRT10 and CPRT14 as compared to
CPR can be ascribed to the presence of the 10 and 14 hydrocarbon tails.

The MD results for DMPG display a strong distortion of the membrane, and also show significant
differences between the two peptides with tail. Whereas up to 1 ps the behavior of CPRT14 is very similar
to CPRT10, after that the number of contacts between Arg and the membrane significantly decreases,
together with an increase in the number of contacts between the T14 tail and the membrane, all this
accompanied by a great distortion and final collapse of the membrane system (Fig. 4, column 4 and Fig.
5). These observations match perfectly with the DSC results found for CPRT 14 and DMPG at the highest
peptide content, where we concluded that lipid-peptide disks are formed, that lead to membrane

disintegration.

DMPE DMPE:DMPG (1:1) DMPE:DMPG (1:9) DMPG

CPR

CPRT10

CPRT14

Fig. 5. Lateral view of the last snapshots at t=2 ps from the CG-MD simulation of 160 units of CPR,
CPRT10 and CPRT14, respectively, in the presence of different membrane compositions: DMPE,
DMPE:DMPG (1:1), DMPE:DMPG (1:9) and DMPG. DMPE lipids are represented in orange whereas
DMPG lipids are represented in purple. Each residue in the CP is represented in a different color. Water
molecules have been removed for clarity. Top view is represented in Fig. S3. The figure was rendered

using PyMOL (The PyMOL Molecular Graphics System, Version 2.5 Schrédinger, LLC).
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The structural changes in peptide organization and their possible effect on the lipid bilayer’s structure
were extensively studied by ATR-FTIR by our group for these three peptides, and the initial results
obtained for CPR and CPRT10 when mixed with DMPG liposomes were already published [48]. In that
study, we reported for both peptides the presence in the amide I band of a peak centered around 1675
cm! and another at 1625 cm’!, associated with the presence of S-turn [53] and S-sheet [16] structures,
respectively. The spectrum also showed a peak for the amide II at 1540 cm™!, representing intermolecularly
hydrogen-bonded amide groups together with unbound N-H, providing evidence for nanotube formation
in the presence of DMPG membranes [ 16, 48]. Deconvolution of the peaks revealed in the case of these
two peptides the presence of the parallel component of the amide I peak at ~1690 cm™ (weak) together
with the perpendicular component (strong) at 1625 cm™!, indicating the possible presence of antiparallel
[-sheets. The position of the aggregates as regarding the membrane was derived from the results obtained
when using polarized light, where the obtained negative dichroism at 1625 cm™ indicated that the formed
structures laid parallel to the membrane plane [48, 54]. Considering the results obtained by MD above, it
is possible that the observed dichroism is not too strong as many of the peptides are involved in aggregates,
of micellar type, and do not associate into well-formed nanotubes.

When similar measurements were made with CPRT14 and DMPG, at different L:P ratios, we observe the
same type and position of peaks, as reported for CPR and CPRT10 - the amide I band also has two peaks,
one around 1675 cm™! and other at 1625 cm’!, associated with the possible presence of f-turn [53] and -
sheet [16] structures, respectively (Fig. 6). Additionally, for higher CP contents, the spectra show a well-
defined peak at ~1692 cm’!, indicating the presence of either antiparallel S-sheet structure or aggregated
strands [55], and the peak for the amide II at 1540 cm™! is also present. Two interesting observations for
this system should be referred: i) the peak at 1625 cm™! has higher intensity for the middle L:P ratio, 23:1
when compared to L:P 10:1 and further ii) the peak at 1625 cm™ is higher than the peak at 1675 cm™' for
L:P 23:1 while the opposite is observed for 10:1. These can be associated with the formation of new
(possibly aggregated) structures. This is in line with both the DSC results, where we observe a decrease
in the Tm and clear domain formation with increase in peptide content, and with the MD results, which
suggest the formation of self-assembled/aggregated structures, and that interact with the membrane while
partly maintaining the micellar aggregates. In parallel with treatment in our previous publication [48], we
did also here a curve fitting to deconvolute the observed peaks in the range 1800-1600 cm™'for CPRT14.
This deconvolution allowed us to estimate the percentage of the various S-structures present, as indicative
values, and the values retrieved were 80% f-sheet and 22% of S-turns/aggregated structures for CPR, as
opposed to 46% of S-sheet and 54% of f-turns/aggregated structures and 40% of f-sheet and 60% of j-
turns/aggregated structures for CPRT10 and CPRT14, respectively. These results fit very well with what

was found here by MD, where CPR formed predominantly nanotubes with S-sheet structure as opposed
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to the peptides with tail, that induced domain formation within the lipid membrane, composed of lipid
and micellar-like aggregates at high peptide contents. Finally, it is worth mentioning that the
self/association of CPRT10 and CPRT14 was experimentally verified by Gonzalez-Freire et al [32] by
fluorescence measurements with thioflavin T (ThT), obtaining critical aggregation values of ~13 uM and

~4.5 uM for CPRT10 and CPRT14, respectively.

DMPG:CPRT14

Absorbance

T T T T T T
1800 1750 1700 1650 1600 1550 1500 1450 1400

El
Wavenumber / cm

Fig. 6. ATR-FTIR results for DMPG (black line, L:P 1:0) and its mixtures with CPRT14. The different
molar ratios for the mixtures, L:P, are shown in each curve. The dichroic spectra for the various ratios
(dashed lines, same color code) are also shown and calculated as the difference between the parallel and
perpendicular spectra, with appropriate scaling. Note that the negative dichroism at 1465 cm™ (vs (CH>)
with dipole perpendicular to the chain) also confirms that the membranes are oriented parallel to the

support, as stated in the text.

A qualitative analysis of the orientation of the nanotubes or aggregated structures was obtained through
the use of ATR-FTIR with polarized light. The orientation as regarding the membrane plane was evaluated
by subtracting spectra recorded with the perpendicular incident light from spectra obtained with the
parallel incident light (|| - 1), multiplied by an appropriate factor [56]. Negative deviations of the
difference spectra at 1625 cm™! (dashed lines, Fig. 6), whose intensity increases with increasing peptide
content, indicates that the peptide C=0O bond arranges perpendicular to the membrane normal axis - the
nanotubes are thus oriented parallel to the membrane normal axis. The positive dichroism of the amide II

peak (1540 cm™) (Fig. 6) is also in line that orientation [54, 56].
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When DMPE and DMPG are mixed, DSC shows as expected a broader profile in the transition curve, due
to structural mismatch between the two lipids. However, at pH 7.45, the formation of ion pairs facilitates
PE headgroup’s hydration, stabilizing the lipid mixture [49]. For the two peptides with tail, CPRT10 and
CPRT14, the effect of decreasing the membrane’s negative charge by adding a zwitterionic lipid at
DMPE:DMPG (1:9) can be seen in Fig. 2E,F. Both peptides induce a clear segregation in the membrane,
with the appearance of peaks at lower temperatures. Again here, some differences exist between CPRT10
and CPRT14 — for CPRT10 the peak around 25°C is maintained (peptide poor domain), with a small
increase in width as the peptide content increases, and a peak at lower temperature appears (peptide-rich),
which temperature decreases for the highest peptide content, but its relative importance in terms of
enthalpy is maintained; for CPRT14 the main peak maintained, whereas the peptide-rich part of the
membrane appears to be formed by ‘patches’ of different composition, as more than one peak appears at
lower temperatures. These differences reflect both a longer hydrocarbon tail, that drives a larger partition
of CPRT14 to the lipid membranes, and the capacity of this peptide to also interact with DMPE (see
below). Overall, the observed peak splitting reflects in the preferential association of the positively
charged CPs with DMPG, as the new low temperature peaks move towards temperatures close to the 7,
for DMPG (23.2°C) (they are thus richer in peptide and DMPG), whereas the remaining mixture (richer
in PE:PG with some associated CP), has peaks at temperatures similar to the original lipid mixture. The
ability of linear and cyclic peptides to induce segregation and domain formation within PE:PG membranes
has been reported by our group for different CPs, as well as by other groups using different antimicrobial
peptides [13, 44, 57].

The CG-MD results also did not show large differences for the interactions of CPRT10 and CPRT14
with DMPE:DMPG (1:9), except for a slightly higher number of Arg-membrane contacts in the case of
CPRT14 (Fig. 4).

The structural effect of the peptides by ATR-FTIR in the presence of DMPE:DMPG (1:9) can be seen in
Supplementary material Fig. S9. In Fig. 7 we show the spectra for the three CPs in DMPG and
DMPE:DMPG (1:9) at a chosen L:P molar ratio, L:P 10:1, to compare the influence of the membrane
charge in the structure and nanotube/aggregates’ formation. When we compare the relative intensities, we
see that overall, there is a trend in peak intensity depending on peptide, being the peaks for CPR the
highest, followed by CPRT10 and then CPRT14. Indeed, this reflects the fact found by MD that CPR
forms mainly nanotubes at the lipid surface, whereas CPRT10 and CPRT14 form mainly micellar
aggregates, with few nanotubes.

When we add 10% of DMPE to the negatively charged DMPG (Fig. 7 B) we observe the presence of the

same peaks in the amide I and amide II band, but two striking differences are apparent - the increase in
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intensity of the 1625 cm™ peak for all peptides, this peak becoming more intense than the one at 1675
cm’! in the same amide band, and the decrease in the intensities for the C=0 1740 cm™' for the mixture
with CPRT14. Indeed, this points to the presence of other aggregated structures, as the peaks at 1675 cm”
P'and 1692 cm™ (B-turns or antiparallel S-sheet or aggregated strands [55]) are evident, in line with our
DSC observation of a peak splitting (see above DSC section) and the MD results above for CPRT10 and
CPRT14. The decrease in the intensity of the C=0 band (1740 cm™) and the peak at 1675 cm™ for
DMPE:DMPG (1:9):CPRT14, may indicate the presence of aggregates/other type of structures,
associated with peptide micellar state, as already stated above, as well as the partial destruction of the
lipid membrane. Again, these observations are in line with the DSC and MD findings, as we observe some
membrane segregation, with parts of the membrane richer in DMPG and peptide, and other parts richer
in DMPE.

Overall, as regarding the position of the macromolecular structures relative to the membranes, obtained
from the polarized spectra for lipid systems here studied (results not shown), the negative dichroism
indicates that the nanotubes structures formed by CPR as well as the aggregates formed by CPRT10 and
CPRT14 lay parallel to the membrane, thus adopting the same orientation already reported in the presence

of DMPG membranes in previous studies [48] and here for CPRT14.
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Fig. 7. ATR-FTIR results for CPR, CPRT10 and CPRT14 mixed with DMPG (A) and
DMPE:DMPG(1:9) (B), at L:P 10:1 molar ratio. The color code for the different spectra is: pure lipid
(black), and mixtures with CPR (blue), with CPRT10 (green) and CPRT14 (red).

DMPE:DMPG (1:1) model membrane
When the content in DMPE is further increased (lower negative charge content), a peak with increased
T'm can be observed in the DSC tracings of the three CPs. This reflects most likely the depletion of DMPG

from part of the membrane, leaving a lipid mixture with composition that approaches DMPE as the CP
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content increases (Fig. 2 G-I). In the case of CPRT10 and CPRT14 a second, low temperature peak is
clearly seen, close to the 7Tm of pure DMPG (Fig. 2H,I and Table S1), showing that these two peptides
induce a clear phase separation in DMPE:DMPG (1:1) mixtures. As a result, we have DMPG-rich regions
(low temperature peak) in equilibrium with the remaining membrane mainly composed mainly of DMPE,
possibly still with some DMPG and CP associated (higher temperature peak), as its transition temperature
is lower than the one we determined to pure DMPE membranes, 50.3 °C. This behavior has been reported
for different antimicrobial peptides [13, 58, 59].

The MD results show that the influence of DMPE is still significant for the membrane system
DMPE:DMPG (1:1) (Fig. 5, Fig. S4-S6). The number of contacts between all CPs and DMPE:DMPG
(1:1) substantially increases when compared to the pure DMPE membrane (see above, Fig. 4, second

column), showing the importance of DMPG on the interaction.

A clear difference is again found in the behavior of CPR when compared to the peptides bearing
the hydrocarbon tails, CPRT10 and CPRT14: in the case of CPR the interaction with the membrane is
dominated by the Trp and the Lys adjacent to the Pg residue, whereas the highest number of contacts
between CPRT10 and CPRT14 and the DMPE:DMPG (1:1) corresponds to the Arg residue (Fig. 4,
second column). Interestingly, as can be observed from the graphics, the interaction with Arg was also
prevalent for CPR at this membrane composition at the beginning of the CG-MD simulation, but as the
simulation progresses, these Arg-membrane contacts are replaced by the interaction with Trp and Lys
mentioned previously. Overall, the common aspects for the peptide/membrane interaction, namely
electrostatic interactions and the role of Trp in the membrane anchoring, are in line with the expected
behavior for AMPS [34], and were also observed with other CPs in previous works [13]. The electrostatic
interaction between the charged residues of the CP and the charged heads of the lipids are the driving
force attracting the peptides towards the membrane, where thereafter the peptides turn around, inserting
their hydrophobic residues into the membrane. What is remarkable is how clear this shows up in the CPR
simulation results (Fig. 4). It is also noteworthy that once this happens, the number of contacts between
Trp and Lys and the membrane significantly increase (up to 1200-1400, and they seem to be still evolving)
with respect to the initial electrostatic contacts between Arg and the membrane, suggesting that this
interaction is much more favorable, i.e., energetically more stable. In the case of CPRT10 and CPRT14
the electrostatic interaction with the membrane takes place mainly through the Arg charged residues in
the first steps of the simulation. However, it should be noted that within the simulated time (2 ps), most
of CPRT10 and CPRT14 units are not able to turn around and introduce their hydrophobic tails inside
the membrane, at odds with CPR, as clearly seen in Fig. 4. In fact, as it can be appreciated in Fig. 4,

although the main membrane interaction between CPRT10 and CPRT14 takes place through the Arg
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residue, there are some contacts with the DMPE:DMPG (1:1) membrane through the T10 and T14 tails
already at this simulation time. The insertion of the hydrophobic tails in the membrane involves breaking
the micellar aggregates and this behavior could not be observed within the simulation times studied here.
However, the extension of some of the CG-MD simulations for longer periods (20 ps), led indeed, to
much more tails inserted in the membrane (see an example for CPRT10 and CPRT14 in Fig. S7-S8).
These finding are in agreement with the DSC results, as the strong interaction of CPRT10 and CPRT14
with DMPG leads to segregation and to the appearance of DMPE-rich and DMPE-poor domains within
the membrane.

The ATR-FTIR results for this system (Fig. 8) show the same peaks and similar decrease in the intensity
of C=0 band (1740 cm™) for all CPs, as described above for the system DMPE:DMPG (1:9). In the case
of CPR, the spectra suggest that most self-assembled structures are fS-sheet type, as we have a low
intensity peak at 1625 cm™!, in agreement with the MD results. Again, for this model membrane system,
the spectra for CPRT14 suggest the presence of aggregates/other type of structures, in agreement with
the DSC and MD results. Further, these findings also in line with the observation for CPRT14 of an
arrangement of self-assembled peptides with a filamentous structure, in the studies of Gonzalez-Freire et

al, when the peptides were studied in a solution (without membranes) by STEM microscopy [32].

C DMPE:DMPG (1:1)

fi CPRT10
I

Absorbance

PE:PG (1:1)

T L] T T T T T
1800 1750 1700 1650 1600 1550 1500 1450 1400

Wavenumber / cm”’

Fig. 8. ATR-FTIR results for CPR, CPRT10 and CPRT14 mixed with DMPE:DMPG(1:1) at L:P 10:1
molar ratio. The color code for the different spectra is: pure lipid (black), and mixtures with CPR (blue),
with CPRT10 (green) and CPRT14 (red).

DMPE model membrane
The DSC results show that CPR hardly interacts with DMPE (Fig. 2J), whereas CPRT10 shows a clear

but small change in the thermal profile, that is not strong enough to be reflected in a significant change in
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thermodynamic parameters (see Table S1). In the case of CPRT14 the Awans/d decreases significantly with
L:P decrease, indicating that this peptide interacts with this zwitterionic lipid. Nevertheless, it is difficult
to interpret the observed effect on the DSC profile, mostly a decrease in AgansH, and no change in 7h, as
one would expect if the tails or hydrophobic moieties of the peptide would penetrate the hydrophobic core
the DMPE.

A feature common to all simulations carried out in presence of DMPE is that there is very little (CPRT10
and CPRT14) on no (CPR) insertion of the peptides into the membrane (Fig. 5 and Fig. S3-S6). These
computational findings support the conclusions above from the DSC results. The MD results can provide
us further detail on these weak interactions. Regarding the differences between the three peptides in the
presence of this membrane model, the peptides with the tail continue to associate mostly into micellar
aggregates (CPRT14 and CPRT10) as in solution, whereas CPR forms short nanotubes. Some (few)
peptides CPRT10 and CPRT14 bury the aliphatic tail and the adjacent Trp in the membrane, either
through isolated CP units or through small nanotubes over the surface (Fig. 5 and Fig. S4-S6). The
interaction of CPR with the DMPE membrane takes place mostly through the residues Trp and Lys
adjacent to Pg (bearing the alkyne moiety) (Fig. 4). The presence of T10 tail significantly increases the
number of contacts between CPRT10 and DMPE membrane, through this hydrocarbon moiety, together
with the neighboring Trp, as well as through the adjacent Lys to a minor extent (Fig. 4 and Fig. S5). The
longest tail, however, drastically reduces the number of contacts between CPRT14 and the DMPE
membrane (Fig. 4 and Fig. S6). Although the residues interacting mostly with the membrane are the same
as for CPRT10 (the hydrocarbon tail, Trp and the adjacent Lys), the number of interactions shows a

significant decrease (about 4 times less than the previous peptide).

DMPC model membrane

Finally, the interaction of the three peptides with DMPC was also tested by DSC, as this membrane system
is often used as a simplified model membrane for eukaryotic cells, as a remarkable parallelism between
toxicity and interaction with DMPC membranes has been shown [26, 34, 37, 39, 60]. The results show
that CPR does not interact at all with this membrane system, whereas CPRT10 and CPRT14 show a mild
interaction (Fig. S1 and Table S2).

CONCLUSIONS

This work presents an orthogonal study using biophysical experiments (DSC and ATR-FTIR) and CG-

MD simulations of peptide/lipid model membranes mimicking bacteria membranes, aiming at
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understanding the mechanism of action of second generation D,L-a-cyclic peptides, with proven
antimicrobial activity. The CPs here studied share the same sequence but differ in the presence of a
hydrophobic tail of ten (CPRT10) or fourteen (CPRT14) carbons that replaces a Pg in the original
sequence (CPR).

DSC results showed that the presence of negative charge in the membrane is a requirement for a strong
interaction of the three peptides, as CPR and CPRT10 do not interact and CPRT14 just weakly with the
zwitterionic DMPE. Further, it is shown that the interaction depends on charge content and on peptide,
being stronger for the cyclic peptides with a tail and for the more negatively charged membranes.
Importantly, the CG-MD results show that the macromolecular structures adopted by the three peptides
are different — mostly short nanotubes in the case of CPR, and mainly micellar-type aggregates in the case
of CPRT10 and CPRT14, in line with results presented by Gonzalez-Freire et al [32]. These finding
corroborate the interpretations we suggest for the observed DSC profiles, showing a distinct behavior of
CPR as compared to the other two peptides with tail. This is also supported by our FTIR-ATR results,
where the amide I band peaks and the peak for the amide II, associated with the presence of f-
sheet/aggregated structures and intermolecularly interactions respectively, are present for all three CPs.
Further, they show that there is a trend in peak intensity depending on peptide, being the peaks for CPR
the highest, followed by CPRT10 and then CPRT14, related to the formation of a lower number of
nanotubes in the case of CPRT10 and CPRT14 when compared to CPR. Finally, these results can help
the understanding of the antimicrobial activity found for these peptides - very weak for CPR, very active
and fast for CPRT10, and very active but somewhat slower for CPRT14. Although CPR is also
interacting strongly to the negatively charged membranes, it is not destructive, as it shows a mild degree
of membrane penetration and no significant segregation in mixed membranes. On the contrary, the two
peptides with tail have a strong electrostatic interaction with negatively charged membranes, leading to
membrane disintegration at high peptide contents in the case of CPRT14 (with peptide lipid discs
formation, detergent like behavior), and to extensive domain formation in the case of CPRT10. For less
negatively charged mixed membranes, both peptides induce membrane segregation, that must impair cell
function in real pathogen systems. The observed faster effect of CPRT10 as compared to CPRT14 may
be due to the weaker tendency of this peptide to form micellar aggregates, making its partition to the

membrane more favorable and faster.

ACKNOWLEDGMENTS
M.B., B.C., A. P. and R. G. F. acknowledge the financial support from Fundagdo para a Ciéncia e

Tecnologia (FCT), Portugal, for a PhD grant PD/BD/135095/2017 (to B.C.), and FCT national funds and
20



FEDER European funds, through COMPETE2020 program, project PTDC/BIA-BFS/30579/2017 (POCI-
01-0145-30579) and UIDB/00081/2020. R.G.F. acknowledges to the Spanish Agencia Estatal de
Investigacion (AEI) and the ERDF (RTI12018-098795-A-100), and to the Xunta de Galicia and the ERDF
(ED431F 2020/05, ED431C 2017/25 and Centro singular de investigacion de Galicia accreditation 2016-
2019, ED431G/09). R.G.-F. thanks to Ministerio de Ciencia, Innovacion y Universidades for a “Ramoén y
Cajal” contract (RYC-2016-20335). B.C. acknowledges a STSM grant from COST Action CA15126
“Between Atom and Cell: Integrating Molecular Biophysics Approaches and Health Care (MOBIEU), for
a research stay in Brussels, Belgium, at E. G.’s Lab. M.B. and B.C. thank Profs. Paula Gameiro and
Eulélia Pereira for the access to the DLS instrument. E.G. is Research Director with the National Fund

for Scientific Research (Belgium). All the calculations were done at CESGA.

ABBREVIATIONS

CPs, cyclic peptides; SCPNSs, cyclic peptide nanotubes; AMPs, antimicrobial peptides; MD, molecular
dynamics; CG, coarse-grained resolution; DSC, differential scanning calorimetry; ATR-FTIR, attenuated
total reflection Fourier — infrared spectroscopy; Pg, propargylglycine group; DMPE, 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine; DMPG,  1,2-dimyristoyl-sn-glycero-3-phospho-(1°-rac-glycerol);
DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; PE, phosphoethanolamine; PG, phospho-(1’-rac-
glycerol); Twm, transition temperature; Cp, heat capacity; Gln, Glutamine; Arg, Arginine ; Ser, Serine; Lys,
Lysine; Trp, Tryprophan; DCM, dichloromethane; HPLC, High-Performance Liquid Chromatography;
HEPES, 4-(2-hydroxyethyl)-1- piperazineethanesulfonic acid; EDTA, Ethylenediamine tetra-acetic acid;
FMOC, fluorenylmethoxycarbonyl protecting group; LUVs, Large unilamellar vesicles;
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