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1. Introduction

Antimicrobial resistance has become a global health threat [1].
Antimicrobial peptides (AMPs) are a potential alternative to com-
bat bacteria that are resistant to conventional antibiotics. AMPs
are key components of the innate immune system in all known liv-
ing organisms [2]. Their major advantages over conventional
antibiotics are the much lower rate of acquired resistance, the
lower induction of bacterial mutagenesis and the possibility of
usage by immunocompromised individuals [3-6]. In addition to
the antibacterial properties, AMPs can also display antiviral, anti-
fungal and anticancer properties [7-9]. Some AMPs were reported
to increase cell proliferation and activate the innate and adaptive
immunity mechanisms [10-12]. The main feature that enables
AMPs to have antimicrobial activity is their ability to penetrate
and disrupt the cellular membranes of bacteria [13]. The positive
charge of AMPs contributes to the selectivity for the mostly nega-
tively charged bacterial cells rather than mammalian cells [14].
However, the detailed mechanisms at play on the molecular and
colloidal scale are not yet fully understood. There are yet a few
challenges to overcome for the therapeutic usage of AMPs such
as the development of efficient delivery systems capable of pro-
tecting the AMPs from biological degradation and reducing their
side effects by means of targeted release [15,16].

LL-37 is the only AMP of the cathelicidin family found in
humans [17]. It contains 37 amino acids, with 16 of them being
charged and hydrophilic. Out of these 16 hydrophilic residues, 5
are negatively charged and 11 are positively charged, leading to
an overall charge of +6 at pH 7 [18,19]. The coexistence of both
negative and positive groups in AMPs is very important to the
destabilization of the packing of lipid bilayers [20]. Regarding its
secondary structure, LL-37 belongs to the a-helical class of AMPs,
possessing one face of the helix with a hydrophobic character
while the opposite side has a hydrophilic character [21].

Bacterial cell membranes have a considerable number of anio-
nic phospholipids such as phosphatidylglycerol (PG) while mam-
malian cell membranes are mainly composed of zwitterionic
phospholipids such as phosphatidylcholine (PC), which results in
bacterial cell surfaces possessing typically negative charge whereas
mammalian cell surfaces have a more neutral character [22,23]. 1-
Palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (POPG)
bilayers have been employed as a bacterial membrane model for
studies involving AMPs [24-28] based on its chain-length, charge
and capacity to form vesicles in water.

Unraveling the mechanisms of action of AMPs involving lipid
phase change and formation of peptide-lipid nanostructures are
gaining more attention recently [29-31]. Due to their amphiphilic
nature, AMPs can form intermolecular interactions with both the
polar head group and the hydrophobic tail of lipids. These interac-
tions can induce colloidal transformations on the bacterial mem-
branes, which can be linked to the antimicrobial activity of
AMPs. Therefore, it is of great importance to develop a deeper
understanding of these mechanisms in order to boost the efficacy
of AMP-based therapies. Models based on amphiphilic lipids - such
as vesicles, supported monolayers and supported lipid bilayers -
have been used to mimic the bacteria membrane and study the
interaction with AMPs [32,33]. For the particular case of LL-37,
its interaction with membranes is not fully understood and this
has been the target of many studies using a variety of membrane
models and characterization techniques. While some studies point
towards a toroidal pore formation [34-36], others suggest a carpet-
like mode of action [37-40]. The formation of supramolecular
fiber-like structures of LL-37 on the bacterial surface was also dis-
cussed as a reason for its antimicrobial activity [41]. Another
potential mechanism relies on the acceleration of flip-flop motion
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and the molecular transport of phospholipids without changes of
the overall membrane structure [42].

Techniques such as small angle X-ray scattering (SAXS) and
cryogenic electron microscopy (cryo-EM) have provided valuable
information on the colloidal interactions of AMPs with
membrane-mimetic lipid systems [43,44]|. Combining these tech-
niques with molecular dynamics allows for a molecular-level visu-
alization of the colloidal transformations, providing valuable
information on the colloidal transformations that drive AMP activ-
ity. As a surface-active peptide, LL-37 is capable of affecting the
self-assembly of different polar lipids. For example, the addition
of LL-37 to glycerol monooleate (GMO) based cubosomes revealed
the composition-dependent transformation from cubosomes to
lamellar and micellar structures [45,46]. LL-37 induced colloidal
transformations were also reported for the oleic acid (OA) based
self-assembled structures [47,48]. However, further knowledge
on the mechanisms underlying LL-37 induced membrane destabi-
lization on the molecular and colloidal length-scales is required for
a detailed understanding of the antimicrobial activity and the
rational design of novel antimicrobial systems.

In this study, SAXS, cryo-EM and dynamic light scattering (DLS),
together with coarse grain molecular dynamics (CG MD) simula-
tions are used to investigate the effect of LL-37 addition to POPG
vesicles on the molecular and colloidal scales. With increasing
LL-37 concentration, a gradual transformation from POPG vesicles
to cylindrical POPG | LL-37 micelles were discovered. Consistently,
CG MD simulations show that in presence of high concentration of
LL-37, POPG bilayers spontaneously transform into flat micelles.
The picture emerging from these findings cannot be easily concil-
iated with a presumed pore formation mechanism for LL37 in
POPG vesicles.

2. Materials and methods
2.1. Vesicle preparation

60 mg of POPG sodium salt (Avanti Polar Lipids, Inc., pur-
ity > 99%, Darmstadt, Germany) was dissolved in 0.5 mL of chloro-
form (Sigma-Aldrich, >99%, Buchs, Switzerland) and the solution
was vacuum evaporated in a 10 mL round flask overnight using a
rotary evaporator (Biichi R-134, Switzerland). The formed lipid film
was suspended in phosphate-buffered saline (PBS, 10 mM, pH 7.4),
at a concentration of 2% (w/w). The suspension was sonicated
using an ultrasonic probe-type sonicator (Sonics VibraCell VCX
130 W, 20 kHz, Sonics & Materials Inc., Newton, CT, USA) with
1 min at 20% of the maximum power of 130 W (1 s pulsing, 1 s
break) followed by 2 min at 27% of maximum power (3 s pulsing,
5 s break). 12.5 mg of LL-37 peptide (98.3% purity, Bachem AG,
Bubendorf, Switzerland) was dissolved in PBS buffer (10 mM, pH
7.4) at a concentration of 2% (w/w) and then combined with the
POPG vesicle solution at various mass ratios (namely POPG/LL-37
4:1, 3:1, 2.5:1, 2:1, 1.5:1, 1:1 and 1:2). Then the samples were
equilibrated for one hour at room temperature and characterized.

2.2. Dynamic light scattering (DLS) and zeta-potential measurements

DLS and zeta potential measurements were performed on a
Malvern Zetasizer Nano ZS90 (633 nm He-Ne Laser, Malvern
Instruments, USA). Samples were diluted 10 times with PBS buffer
at pH 7.4 and centrifuged at 1000g for 10 min to remove any dust
and air bubbles (Centrifuge Eppendorf 5417-R, Germany). DLS
measurements were done in triplicate at 25 °C on glass cells with
optical path of 10 mm. For zeta potential measurements, samples
were measured on DTS1070 capillary cells (Malvern Instruments
Ltd., U.K.). The cumulant method was used to calculate the appar-
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ent hydrodynamic diameter and the polydispersity index (PDI)
[49,50].

2.3. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering measurements were carried out on
a Bruker Nanostar U (Bruker AXS, Karlsruhe, Germany) with a
sealed-tube Cu anode source at 50 kV and 600 pA (Incoatec IpSCu,
Geest-hacht, Germany). The X-ray beam was filtered by a Gobel
mirror into a monochromatic Cu Ko radiation (wavelength
1.5406 A). The detector (VANTEC-2000, Bruker AXS, Karlsruhe,
Germany) had an active area of 140 x 140 mm? and pixel size of
68 um. The data collected at the detector were azimuthally inte-
grated into one-dimensional scattering curves I(q), where q is the
length of the scattering vector, defined by q = 47 [ A sin(0/2), A is
the wavelength and 6 is the scattering angle. Exposure time was
set to 60 min for each sample; and sample to detector distance
was 1.05 m, providing a g-range 0.008 < q < 0.29 A~!. Glassy carbon
was measured with all samples for transmittance corrections, rel-
ative to the transmittance of the buffer (background). The PBS buf-
fer scattering curve was subtracted as background from all
samples. Measurements were carried out at room temperature
(25 °C) in thin-walled glass capillaries with outside diameter of
1.5 mm (Hilgenberg GmbH, Malsfeld, Germany).

2.4. SAXS data analysis

2.4.1. Model-independent SAXS fitting

Vesicles and micelles were identified by their characteristic
power-law scattering at low q values [51]. The generalized indirect
Fourier transformation method (GIFT) was used to further analyse
the vesicles and micelles. The calculated pair-distance distribution
functions p(r) provide information on the size, shape and morphol-
ogy of the scattering objects [52]. This method can separate the
scattering intensity contributions of N number of monodisperse,
homogenous, and spherical particles into the form factor P(q),
and the structure factor S(q) with

I(q) = NS(q)P(q) (1)

The S(q) could be well approximated with 1 (absence of struc-
ture factor) for the selected systems, resulting in reasonable p(r)
functions and fits to the I(q); except for multilamellar POPG vesi-
cles where a structure factor peak was visible in the SAXS data.
In this case, the structure factor was obtained with a lamellar
model (Modified Caillé Theory [53]). Optimization was carried
out through Boltzmann simplex simulated annealing [54]. The
p(r) is linked to the form factor P(q) by equation (2):

singr ;.

P(q) = 4n | ")

For particles of arbitrary shape, the p(r) is given by
p(r) = r?Ap?(r) where Ap?(r) is the convolution square of the
excess electron density distribution, Ap(r), averaged over all direc-
tions in the space. In order to extract Ap(r)from p(r), a deconvolu-
tion procedure can be carried out, with prior assumption of the
symmetry of the system (spherical, lamellar or cylindrical) [55].
The thickness of the bilayer is very small compared to the vesicle
diameter, which allows the assumption of locally flat lamellar
structures for evaluation and the calculation of a thickness pair-
distance distribution function, p(r).[56] In the case of cylindrical
micelles with a sufficient length/diameter ratio (>3), the cross sec-
tion of the cylinders can be investigated using the cross-section
pair distance distribution function, pr). The deconvolution of
the p{r) and p4r) gives the thickness- or cross-sectional contrast
profile in electron density Ap, and Ap,, respectively.[56] These

(2)
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excess electron density profiles (relative to the PBS buffer) give
information about the internal structure of the scattering objects.
Most vesicles and cylindrical micelles have a core-shell-type struc-
ture, with a hydrophobic core with the alkyl chains of the POPG,
and the hydrophilic shell also containing counterions and bound
solvent molecules. If there is a difference in the excess electron
density, the radius of the core and the thickness of the shell can
be discerned directly from the radial contrast profile.

In the presence of Bragg reflections, the inter-lamellar distance
d for multilamellar vesicles can also be calculated using

_2mh

an
where h is the order of the Bragg peak, and gy, is the g-value of the h-
th order Bragg peak.

d 3)

2.4.2. Model-dependent analysis

Model-dependent fitting of the scattering data (form factor
scattering) was used to gain insights into nanostructure and mor-
phology of the self-assemblies.

In case of vesicles, following equation was used [57]

1
¢

scalefactor

=22 on)

P(q) = + background

with

P(q) = %{APH [sin[q(dx + or)] — sin(qor)] + Apysin(gor)}* ()
where dy is the length of the head group, dr is the length of the tail
group, P(q) is the form factor, Ap, is the difference between the
electron densities of head group and solvent and Ap; is the differ-
ence between the electron densities of tail group and solvent.

For core-shell cylinders, following equations were used to cal-
culate the best possible fit to the experimental data[58]:

__ scalefactor

Vv F?(q, o)sin(cr) + background
S

I(q, )

with

(6)

sin (q3Lcos()) 2J; (qRsin(ar))
q3Lcos(or) qRsin(or)

sin (q(3L + T)cos(x))
q(L+T)cos(a)

F(q,(x) = (ptail - phead)vf

+ (phead - psolvent)VS

o 21 @R+ T)sin(a))
q(R+ T)sin(x)

Vs = m(R+T)*(L+2T)
and

V.= nR’L 9)

Here o is the cylinder axis angle in relation to scattering vector
magnitude q, Vs is the total volume, V. is the core volume, L is
the length of the core, R is the radius of the core, T is the thickness
of the shell, p,,; is the electron density of the core (lipid tail), p},,q IS
the electron density of the shell (lipid headgroup), p,en: that of the
solvent, J; is a Bessel function of first order. The model is corrected
for random orientation by the equation (Eq. (10)):

F(q) = /O%Fz(q,oc) sin (or)do (10)

Initially, the model only accounts for cylinders at a single orien-
tation angle. When the cylinders are randomly orientated, then it is
necessary to integrate F?(q, o0)sin(o) over all possible angles (from
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Table 1
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Simulated systems. CG MD simulations of POPG mixtures (Systy) and bilayers (Sysg) in presence of increasing concentrations of the LL-37 peptide.

System Number of Molecules Mass Ratio POPG/LL-37
LL-37 Lipids Water Ions
Sysm-1 - 600 5574 912 -
Sysm-2 5 600 54,418 2016 21:1
Sysm-3* 5 600 54,418 2016 21:1
Sysm-4 80 4160 181,728 8732 4:1
Sysg-1 - 520 5207 114 -
Sysp-2 - 520 4800 520 -
Sysg-3 8 520 13,742 568 11:1
Sysg-4 40 2080 78,394 2320 9:1
Sysg-5* 40 2080 87,835 2320 9:1
Sysp-6 60 2080 110,289 2440 6:1
Sysg-7 40 600 51,796 1806 3:1

" Simulations performed using anisotropic pressure coupling.

0 to 90° due to symmetry) and thus it is possible to replace
F?(q, )sin(at) by F?(q) in Eq. (6).

In case of mixtures between vesicles and cylindrical micelles,
the experimental SAXS curves were approximated using a compos-
ite model, which was a linear combination of the lamellar and
core-shell cylinder model.

The scattering data in this study is plotted on an arbitrary scale.
The excess electron densities remained unchanged during the
fitting and their values were: p(head group) = 20 x 10°%/A? and
p(tail)= 5 x 10°/A2, Since we used PBS as medium, we set
p(solvent) = 9.4 x 10°%/A% [59]. These scattering length densities
values are relative and can be corrected to match the experimental
intensity by the inclusion of a scale factor to the model. Therefore,
the parameters being optimized to achieve the best possible fit of
the model to the experimental data were: scale factor, head group
length, tail length, and cylinder length. Data was fitted by using the
LMFIT package [60] for Python.

2.5. Transmission electron microscopy (TEM)
For negative staining TEM; 300 mesh cupper grids (EMS, USA),

formvar and carbon coated using EM ACE200 (Leica Microsystems,
Germany) and glow discharged in PELCO easiGlow (Ted Pella, inc.

USA). 3.5 ul of vesicle solution was adsorbed to the carbon surface
for 1 min, washed in two 50 pl drops of water and subsequently
stained with 1.5% solution of uranyl acetate (Electron Microscopy
Science (EMS), USA), 10 s in three 50 pl drops, blotted to filter
paper in between each drop and air-dried. Grids were analyzed
with Talos L1200 TEM (FEI, Netherlands, present part of Thermo
Fisher Scientific) at 17 500x magnification and images recorded
with CETA CMOS detector using TIA software (FEI). For cryogenic
TEM (cryo-EM) data collection, grids were plunged frozen using
the Vitrobot IV (FEI). Holey carbon film coated 300 mesh copper
grids (Quantifoil, Germany) were glow discharged. 4 pl vesicles
solution was adsorbed for 15 s, blotted for 5 s and plunge frozen
into liquid ethane and stored in liquid nitrogen. Grids were loaded
by the autoloader system into Titan Krios G2 300 kV TEM (FEI).
Images were recorded with K2 BioQuantom, energy filtered direct
electron detector using Digital Micrograph software (Gatan, Inc.
USA). 33 000x magnification resulted in a recorded pixel size of
437 A. Image] (NIH, USA) software were used for vesicle size
measurements.

2.6. Computational simulations

Coarse-grain (CG) molecular dynamics (MD) simulations were
performed for POPG in presence of different concentrations of LL-

1< - —— POPG/LL37 1:2
had o L o - - POPG/LL37 1:1
] = —— POPG/LL37 2:1
1 —— POPG/LL37 4:1
10 4 Pure POPG vesicles
5 ) :
] E Cylindrical micelle
> ~ 1
= > .3 I\ \ )
2 045 Y & q p/ ' Adding
@ N ‘ LL-37
= ~
£ 1 ~. ,/ (100) .
0.01 5
] —
0.001 - :
1E'4 — ) . . . : —_ . I | Multilan.l;;l;-r vesicle
0.01 0.02 0.03 0.05 0.1 0.2 0.3
-
qlA]

Fig. 1. Colloidal transformations in POPG vesicles upon addition of LL-37 analysed using SAXS. The experimental SAXS profiles with their error bars (transparent lines)
represent multilamellar vesicles for pure POPG, with a gradual transition to cylindrical micelles upon addition of LL-37. Dashed lines in the low-q region are calculated with a
q> and q! power law decay that is characteristic for multilamellar vesicles and cylindrical micelles, as a guide for the eye. The schematics visualise the observed trend in

structural transformations upon LL-37 addition to POPG vesicles.
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Fig. 2. SAXS model-dependent fitting estimations of the head group and tail length
parameters in the vesicles bilayer of POPG systems with increasing LL-37 content.

37 (Table 1) using the MARTINI force field [61,62]. The structure of
the LL-37 was built from the atomic coordinates of the antimicro-
bial peptide obtained via triple-resonance NMR spectroscopy (PDB
ID: 2K60) [63]. The cathelicidin sequence is composed of 37 resi-
dues (LLGDF-FRKSK-EKIGK-EFKRI-VQRIK-DFLRN-LVPRT-ES). The
atomistic sequence was converted to a coarse-grained representa-
tion with generation of the corresponding topology through the
Martinize 2.5 python script [64,65]. The initial configurations of

Journal of Colloid and Interface Science 596 (2021) 352-363

the POPG | LL-37 bilayers were modeled with the N- and C-
terminal of LL-37 embedded in the POPG membrane. This bias
was applied to facilitate the peptide penetration in the membrane,
and the potential formation of pores [66,67].

All systems were solvated with the MARTINI CG water. The full
systems were geometry optimized for 5000 steps and simulated
under NPT conditions with periodic boundary conditions applied
in all directions on each rectangular simulation box. The pressure
was kept at 1 bar using the Parrinello-Rahman scheme [68,69],
compressibility of 3 x 10 (k] mol~! nm~3)!. Two pressure cou-
pling schemes were applied (relaxation time of 12.0 ps), namely
semi-isotropic and anisotropic. In the latter regime the compress-
ibility was applied in the xx, yy and zz elements of the matrix. The
off-diagonal elements were set to zero to keep a rectangular box.
Simulations were run at constant temperature of 300 K by sepa-
rately coupling the temperatures of the membrane bilayer, pep-
tides and the solvent with a time constant of 1.0 ps using
velocity rescaling (v-rescale) with a stochastic term [70]. Following
the protocols recommended for the use of MARTINI force field, the
non-bonded interactions were cut off at 0.9 nm, using a shift func-
tion starting from 1.2 nm for dispersion interactions. The particle-
mesh Ewald (PME) [71] was used to calculate the long-range inter-
actions for the atomistic simulations with a Coulomb radius of
1.0 nm, making a grid in the box and checking the atoms in neigh-
boring grid cells every 40 steps. The PME-order was 4 with a Four-
ier spacing of 0.12 nm. The CG MD simulations were performed
using a time-step of 0.03 ps for 3 us. Trajectory analyses were per-
formed with GROMACS v. 4.6.7 [71,72] and SuAVE [73] packages.
Trajectories and coordinates were visualized using the software
VMD v.1.9.3 [74] and systems snapshots were prepared with the
cg_bond and cg_helix scripts from Martini.
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Fig. 3. (a) Experimental SAXS data of the POPG vesicles (symbols) with corresponding fit calculated with the GIFT method (red line) using a multilamellar structure factor; (b)
The corresponding p(r) calculated with Eq. (1); (c) The calculated p(r) of the vesicle bilayer thickness and; (d) the corresponding form factor, P(q), and structure factor, S(q),
scattering calculated using Eq. (1). (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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3. Results and discussion
3.1. Experimental study on POPG/LL-37 self-assembly

The SAXS data of the POPG self-assemblies are characteristic of
multilamellar vesicles (MLVs) with a q~ decay of the I(q) at low q
values (q < 0.025 A1), see Fig. 1 [75-77,78]. A broad correlation
peak between q around 0.05 A~! to 0.3 A~! can also be observed
that corresponds to the scattering of the lamellar thickness section
of the POPG vesicle bilayer. On top of this broad peak, a slightly
sharper reflection around q of 0.09 A~ is visible, which may arise
from the multi-lamellar domains. The weak intensity and broad
shape of this peak can be explained by the limited number of
bilayer repeat units in the MLVs. Upon addition of increasing
amounts of LL-37, this Bragg peak diminishes and the minimum
in the scattering profile of POPG at 0.035 A~! progressively shifts
towards higher g-values, indicating a reduction of the bilayer
thickness in the vesicles and increase in the content of single-
lamellar vesicles. At POPG/LL-37 mass ratios of 1:1 and 1:2 an
approximate q! dependence of the I(q) in the range between
q = 0.008 A~! and 0.03 A~! can be seen that is characteristic for
elongated, cylindrical structures (Fig. 1) [79]. In these structures,
the broad correlation peak at q between 0.07 A~! and 0.3 A~! can
be attributed to the cross-section of the core-shell type cylindrical
micelles.
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To gain further insights into the structure and morphology of
the POPG | LL-37 nano-self-assemblies, a composite model, defined
as a linear combination of a form factor model for vesicles (as
locally flat bilayer structure) and a form factor model for core-shell
cylinders, was used to produce the best possible fit to the experi-
mental SAXS data. Table S1 summarizes the results from the fitting.

The SAXS profile of POPG and POPG/LL-37 of 10:1 could be
approximated well with the lamellar model, using Eqgs. (4) and
(5), as presented in Fig. S1a. Those for systems at higher LL-37 con-
centration could be satisfactorily approximated with the compos-
ite model. Two examples were illustrated: POPG/LL-37 ratio of
3:2 (Fig.S1b) and 1:2 (Fig.S1c). For the POPG vesicles, a bilayer
thickness of 42.5 A was calculated, which is larger than the value
of 37 A found by Ku€erka et al. [80]. This difference could arise
from the presence of some multilamellar vesicles in our system,
and / or the adsorption of counter-ions from the buffer to the
bilayer surface, since their experiments were carried out in NaCl
solution while ours in PBS.

Upon gradual addition of LL-37 to the POPG vesicles, the appar-
ent size of the head-group gradually increases whereas the tail
length decreases (see Eq. (4) and Fig. 2). This result indicates that
LL-37 mainly partitions into the lipid-water interface of the bilay-
ers. The SAXS curve at POPG/LL-37 of 2:1 shows a slight upturn at
q < 0.012 A~!, which may result from modified structural features
during the colloidal transformations of the vesicles. Eventually, a
transformation of the vesicles to cylindrical micelles was found
at POPG/LL-37 of 1:1. This transformation is in qualitative agree-
ment with predictions from the critical packing parameter (Cpp)
model [81]. When the effective size of the head group increases,
the Cpp value will decrease and the lipid molecules will have a
preference to self-assembly into structures such as direct cylindri-
cal micelles rather than vesicle bilayers. This modulation of the
critical packing parameter by AMPs can be considered as a major
mechanism of the antimicrobial effect of such peptides [82].

To further study the dimensions and morphology of the
nanoparticles, the p(r) was calculated from the SAXS data using
the GIFT method. The shape of the p(r) for POPG self-assemblies
(Fig. 3b) is characteristic for vesicles, as reported from theoretical
calculations in the literature, where the oscillations at r < 50 A cor-
respond to the variations in excess electron density within the
bilayer region of the vesicles, while the smoother shape of the
curve for r > 50 A corresponds to the general morphology of the
vesicle structure.[83] Since the diameter of the vesicles is above
the resolution of the SAXS measurements but the GIFT method
requires a finite maximum distance, an arbitrary cut-off value of
3000 A was chosen to mathematically truncate the p(r). Further
calculation of the py(r) for the POPG bilayers (Fig. 3c) showed the
characteristic shape expected for lipid bilayers, confirming the
presence of vesicles [84,85]. The negative and positive values in
the p(r) are caused by the differences in excess electron density
between the hydrophilic head group with associated counter-
ions and the hydrophobic alkyl-chain tails of the phospholipids,
relative to buffer. The bilayer thickness was estimated around
45 A from py(r) = 0. which corresponds well to the result from
model-dependent fitting described above. From the calculated
multilamellar structure factor model, the number of bilayers was
2.9 £ 0.6, with a Caillé parameter of 1.2 + 0.1. A closer look at the
structure factor (Fig. 3d) demonstrates that the deviation from
the expected q~ dependence of the I(q) at q < 0.025 A~! to approx-
imate q can be attributed to the structure-factor contribution,
together with the very small and broad reflection at q of 0.09 A~!
that is caused by the spacing between bilayers of around 70 A
(Eq. (3)). The spacing between bilayers is the center-to-center dis-
tance between two bilayers within a multilamellar vesicle, includ-
ing the water layer, and shall not be confused with the bilayer
thickness reported above.
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The excess electron density profile Ap(r) of the POPG vesicles
was calculated for samples with different proportions of LL-37
(Fig. 4) through deconvolution of their respective p,(r) using a con-
volution square-root operation (see Fig. S2-3 for corresponding
fits). The integration of LL-37 on the lipid vesicle seems to gradu-
ally broaden the head group region, while maintaining the overall
bilayer thickness. This correlates well with the observations of the
model-dependent fitting (Fig. 2) in which the apparent head group
size was found to increase while the tail even decreased upon addi-
tion of LL-37. This broadening of the excess electron density region
of the headgroups indicates that LL-37 interacts more strongly
with the polar head group of the POPG rather than its hydrophobic
tail. These LL-37 triggered interactions within the bilayer ulti-
mately lead to smaller Cpp values and phase transformations into
the cylindrical micelles at high enough LL-37 concentrations
around POPG/LL-37 of 1:2.
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10 nm

Fig. 8. Time evolution of the self-assembling of aqueous mixtures of (a) pure POPG and POPG | LL-37 ratios of (b) 21:1, (c) 3:1. POPG molecules are represented by red beads
(phosphate group), green beads (glycerol group) and grey rods (acyl chains), LL-37 by yellow sticks, and water molecules by light blue beads. Water molecules were not
displayed in some of figures to facilitate the visualization of the lipid-protein aggregates. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

The p(r) calculated for the sample POPG/LL-37 at ratio 1:2
(Fig. 5b) shows a shape characteristic of core-shell cylinders [52],
in agreement with the result from model-dependent analysis.
The length of the cylinder was estimated as 250 A, which is in
agreement with DLS data (Fig. 6). This length is also in agreement
with the microscopy images (Fig. 7). In this p(r), the oscillation at
r < around 50 A result from the variation in excess electron density
of head and tail groups of the POPG/LL-37 assemblies, while the
peak at approximately 50 A and the gradual decay afterwards cor-
respond to the general morphology of an overall rod-like shape. To
gain further insights into the composition of the micelles, the p.(r)
and its correspondent deconvolution where also calculated for this
sample (Fig. S4). The cylinder diameter was estimated as 58 A,
which is larger than the estimated bilayer thickness for the POPG
vesicles. Such increase could be due to the LL-37 integration at
the lipid-water interface.

Dynamic light scattering and zeta potential measurements
were used to study the changes in size and charge of the particles
(Fig. 6). A hydrodynamic diameter of around 130 nm (PDI = 0.28)
was found for the POPG vesicles. Upon addition of LL-37 up to
POPG | LL-37 of 1.5:1, the particle size increases up to 163 nm
(PDI = 0.24). At POPG/LL-37 of 1:2, the hydrodynamic diameter
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abruptly decreases to around 20 nm (PDI = 0.21), in agreement
with the SAXS results showing the transition to cylindrical micelles
for this sample. The zeta potential measurements (Fig. 6b) show an
increase of the potential from —45 mV for the pure POPG vesicles
to almost neutral values for the cylindrical micelles at 1:2 POPG/
LL-37 ratio. Therefore, the initial increase in particle size (up to
163 nm) upon addition of the peptide may be due to particle aggre-
gation induced by LL-37, which screens the electrical double layer
repulsion between the negatively charged POPG particles. This is
also in agreement with the indicated aggregation from SAXS data
for the sample at POPG/LL-37 of 2:1 as discussed above.

TEM imaging (Fig. 7) of the preparations confirmed the indirect
observations from SAXS and DLS. The cryo-EM projection images of
plunge frozen hydrated samples show both unilamellar and multi-
lamellar vesicles in the POPG system, supporting the observations
of the SAXS scattering curves of the pure POPG self-assemblies. For
the systems without LL-37 (Fig. 7a), more than 50% of the vesicles
are unilamellar with a diameter below than 50 nm, although lar-
ger, multilamellar vesicles were easily spotted. The number of
shells on the multilamellar vesicles are mostly smaller than 5, in
agreement with the 2.9 + 0.6 value calculated from the SAXS mul-
tilamellar GIFT model. With negative staining TEM imaging, flat-
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tened and folded membrane vesicles are observed, most probably
dehydrated during the sample preparation. Furthermore, with neg-
ative staining TEM imaging of pure POPG, a clean carbon film back-
ground indicates that the vast majority of lipid molecules are
organized as vesicles. When LL-37 was added to the POPG, a
decrease on the number of larger vesicles was observed (Fig. 7b).
Also, smaller structures can be seen: disc-like structure with diam-
eter 10-50 nm and rod-like structures with diameter roughly
between 5 and 10 nm. TEM reveals that these newly formed struc-
tures fill the carbon film background of the sample. As the concen-
tration of LL-37 peptide is increased (Fig. 7c), fewer large vesicles
can be seen while the smaler rod and vesicle structures cover more
of the background. Finally, at very high LL-37 concentration
(Fig. 7d), it is possible to observe curved and possibly branched
nanorod-like structures. The high concentration with structures
in several layers, hinders the visualisation of these strutures. These
NS-EM and Cryo-EM images reinforce the considerations from
SAXS and DLS in which the POPG self-assemblies shift from vesi-
cles to smaller structures upon addition of LL-37.

3.2. In silico study of POPG / LL-37 self-assembly

Further evidence for the partition of LL-37 into the lipid-water
interface of the POPG membranes emerges from CG MD simula-
tions with direct implications for the mechanism of action of LL-
37 on POPG aggregates (Fig. 8). In all simulated conditions, such
as aqueous mixtures and bilayers with different concentrations
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of the peptide, LL-37 binds and remains at the lipid-water inter-
face. While simulations of pure POPG in aqueous solution lead to
a lamellar arrangement of the phospholipid (Fig. 8a), the addition
of LL-37 to the mixture yields a more complex self-assembling
pathway which is dependent on POPG/LL-37 mass ratio. The bind-
ing of LL-37 to the lipid-water interface increases the effective
head group area so that micellar arrangements may be stabilized
transitorily (POPG/LL-37 mass ratio of 21:1) or persistently
(POPG/LL-37 mass ratio of 3:1) (Fig. 8b-c). In the former regime,
the amount of LL-37 is not sufficient to increase the effective head
group area for micelle formation. Hence, the solvent-exposed
hydrophobic surface of small micelles rapidly coalesces into a
bilayer which thermodynamically optimizes the distribution of
POPG head group and hydrophobic tail in solution (Fig. 8b). Alter-
nately, in the low mass ratio regime (i.e. POPG/LL-37 mass ratio of
3:1), there is formation of small micelles that rapidly coalesce into
a larger, very stable, flat micelle which may be referred to as
bicelles (Fig. 8c). In this bicelle, the POPG head groups are clustered
along the flat polar surface, and LL-37 are distributed around the
equatorial edges so that the lipid-water interface is fully covered
by hydrophilic chemical entities (Fig. 8c). The bicelle is very stable
under the simulated conditions and display an average diameter of
ca. 27.7 nm and thickness of 4.4 nm. It should, however, be men-
tioned that the final dimension of the flat micelle will depend on
the total number of lipid molecules used in the simulation box.
The number of molecules in the simulated systems is relatively
small compared to the experimental setup due to the computa-
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tional cost of such calculations. However, the predicted dimensions
of these bicelles is compatible with the particle size observations
from the dynamic light scattering at highest LL-37 concentration
(Fig. 6a) as well as the microscopy images (Fig. 7b-d). As a require-
ment for the existence of bicelles, lipids at the flatter regions of the
bicelle form a bilayer-like arrangement and must have a Cpp close
to 1, which would be the case of the POPG molecules, while lipids
at the equatorial edges form a micelle-like arrangement and must
have a much smaller Cpp, which would correspond to the POPG
layers when integrated with LL-37.

MD simulations were also performed for different POPG/LL-37
ratios starting from a semi-isotropic bilayer arrangement which
emulates the setup in supported lipid bilayer assays (Table 1). Pep-
tide aggregation/adsorption to the bilayer surface takes place very
early in the simulation (<500 ns), and peptide dissociation was not
observed within 3 microseconds. Hence, these respective struc-
tures are in energy minima from which it can only leave if the sys-
tem is perturbed. The decrease in POPG/LL-37 mass ratio occurs
with a negligible decrease of bilayer thickness (Dyy) and increase
of the area per lipid (Ap) (Fig. 9). For reference, the largest differ-
ence between values of Dyy and A, for the highest and lowest mass
ratio simulated is ca. 2 A and 8 A?, respectively. These differences
are near or within the error between measured and calculated val-
ues (Fig. 9). Both the SAXS model-dependent (Fig. 2) and the
deconvoluted excess electronic density (Fig. 4) analyses agree with
the MD simulations on the maintenance of the overall bilayer
thickness upon addition of LL-37. During the setup of these sys-
tems, the multiple copies of LL-37 were placed with the N- and
C-termini embedded in the POPG bilayer. The conformational bias
was intended to facilitate the peptide penetration in the bilayer,
and the presumed pore formation following previously published
protocols [66,67]. However, in all simulated systems LL-37 reposi-
tions itself from this initial conformation to bind the lipid-water
interface with the longitudinal helical axis oriented parallel to
the membrane surface (Fig. 9¢). The repositioning occurs faster
for simulations at higher POPG/LL-37 mass ratio whereas at higher
concentrations of LL-37, some of the peptides are partially in con-
tact with the membrane surface (Fig. 9c), and longer timescales
may be required for the complete binding of all peptide molecules.
This suggests that the driving force of the LL-37 action lies in the
interaction between its positively charged helical face and the neg-
atively charged POPG head groups rather than hydrophobic inter-
actions between the other face of the peptide with the tail of the
lipids, in agreement with the observations from SAXS. The MD sim-
ulations indicate that LL-37 induces changes in the membrane cur-
vature, which in our simulations occurs above a concentration
threshold: In the simulated conditions, the membrane curvature
becomes more accentuated above at the 6:1 lipid/peptide ratio,
and reaches maximum bending at the 4:1 ratio under anisotropic
pressure coupling (Fig. 9c). Such changes in curvature are also in
line with the observations from the experimental techniques in
this work, supporting the capability of LL-37 to decrease the Cpp
of the POPG self-assemblies.

4. Conclusion

The use of AMP delivery systems, or the chemical modification of
peptides are valuable options to boost the efficiency and stability of
AMPs [87]. Towards the rational design of such novel AMP systems,
the mechanism of action of the AMPs underlying the destruction of
the bacterial membrane needs to be thoroughly understood. The
interaction of membrane-active peptides such as LL-37 with the bac-
teria membrane was found to depend on a variety of factors includ-
ing peptide concentration, distribution of charges, hydrophobic
groups and environmental parameters [88,89].
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In this study, the self-assembly of the AMP LL-37 with bacterial
membrane-mimetic POPG vesicles was researched by combining
advanced experimental and in silico methods. SAXS measurements
revealed the progressive transformation of POPG vesicles into
smaller self-assembled structures of cylindrical shape at elevated
concentrations of the peptide at POPG/LL-37 wt ratio of 1:1 and
1:2. This vesicle to cylindrical micelle transition was also observed
with cryo-EM and DLS. DLS results revealed a decrease in the par-
ticle diameter from 130 nm (pure POPG vesicles) to around 20 nm
upon exposure to increasing amounts of LL-37.

The CG MD simulations provided further molecular insights
into the POPG/LL-37 interactions. The main results from the simu-
lations are (i) LL-37 was located at the lipid-water interface; (ii)
Increasing the content of LL-37 induced the transition from lamel-
lar to micellar structures via a mechanism of enlargement of the
lipid effective headgroup area; and (iii) LL-37 does not appear to
spontaneously form pores in pure POPG membranes, but instead
induces changes in membrane curvature, ultimately causing the
collapse of the vesicle structure. These findings confirm the high
capability of LL-37 to influence the self-assembly of lipids and give
a direction on the mechanism of action of LL-37 against bacteria in
order to enable more rational strategies of fighting the issue of
antimicrobial resistance.
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