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ABSTRACT

Cell-penetrating peptides (CPPs) with a cationic-hydrophobic character are recognized as carriers for
delivering various therapeutics and diagnostic agents across cell membranes and into the cells. Among
the most studied CPPs, nona-arginine (R9) exhibits superior penetration compared to its equally charged
counterpart, nona-lysine (K9). This indicates that penetration ability relies not only on charge but also
on the structure, distribution, and concentration of peptides, as well as the composition of lipid
membranes. However, interactions of heptapeptides composed of arginine (R), lysine (K), and
phenylalanine (F) residues with membranes remain poorly explored. This study sheds light on the
interaction of R5F2/K5F2 on lipid membranes containing a zwitterionic lipid (phosphatidylcholine; PC)
and an anionic lipid (either phosphatidylglycerol, PG or phosphatidylserine, PS) in the 90:10 molar ratio.
Using differential scanning calorimetry (DSC) and temperature-dependent UV-Vis spectroscopy, we
observed peptide interaction-induced changes that stabilize a particular phase of lipid bilayers, as well
as their effect on the melting of the latter in terms of cooperative unit size (CUS). The distinct interaction
of R5F2/K5F2 on DPPC+DPPG and DPPC+DPPS lipid bilayers revealed that the changes in lipid packing
and hydrocarbon chain conformations are peptide-specific features. The peptide-induced formation of
vacancies in the non-polar bilayer part is consistent with partial membrane leakage observed in giant
unilamellar vesicles. This study provides new insights into the peptide-lipid interactions underlying the
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functionality of CPPs.

1. Introduction

As one of the most fundamental parts of the cell, the plasma
membrane serves as an efficient barrier between the cell
interior and its environment, regulating the movement of
substances in and out of the cell [1,2]. However, this protec-
tive function also prevents therapeutic agents from easily
penetrating the membrane, challenging drug delivery [3].
Therefore, significant effort has been invested to develop
delivery carriers capable of efficiently crossing membranes
and transporting biologically active cargo into cells. Recently,
attention has shifted to cell-penetrating peptides (CPPs),
which consist of no more than 30 amino acids and are char-
acterized by a high proportion of positively charged amino
acids, such as arginine (Arg/R) and lysine (Lys/K) [4,5]. These
peptides have a remarkable ability to cross cell membranes
and deliver various types of cargo [6,7]. The first discovered
CPP was derived from Transactivating Transcriptional Activator,
a protein of the human immunodeficiency virus 1 (HIV-1),
identified in the late 1980s [8,9]. Initially, it was found that
the full-length protein crossed the plasma membrane, while
later, small fragments able to penetrate the membrane were

(MD); peptide-dependent
hydration changes; lipid
bilayer defects

identified [7]. More specifically, it was found that the
R- and K-rich sequence consisting of eleven amino acids
(GRKKRRQRRRC) is more efficient than the full-length pro-
tein [10].

Several studies have demonstrated that CPPs containing R
residues are far more efficient than their K counterparts,
despite having the same net charge [11-13]. More specifi-
cally, Robison et al. demonstrated that R9 interacts more
strongly than K9 with bilayers primarily composed of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
varying amounts of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1"-rac-glycerol) (sodium salt) (POPG) [11]. This effect can be
attributed to the distinct chemical properties of the constitu-
tive cationic groups in R and K; in particular, the guanidinium
group (Gdm*) in R forms a bidentate interaction with the
phosphate on the lipid headgroup, while the amino group
(=NH,*) of K can only interact with a single headgroup at a
time [14-16]. The process by which R9 and K9, as well as
other (potential) CPPs, are adsorbed onto surfaces is signifi-
cantly influenced by a variety of factors. One of the most
critical of these factors is peptide concentration, as noted in
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studies [14,17]. In addition to this, the ionic strength of the
aqueous environment surrounding the peptides plays a vital
role in their behavior, as highlighted in recent research
[17,18]. The specific composition of the aqueous medium is
crucial to consider because the presence of different ions or
solutes can change the interactions between peptides and
membrane surfaces [17]. It is important to distinguish
whether hydrophilic compounds are located outside of the
liposomes, which serve as model lipid membranes, or are
contained within the lumen of these liposomes [19]. The
composition of the lipid membrane, particularly the propor-
tion and distribution of negatively charged lipids, significantly
impacts the activity of potential CPPs [20]. By recognizing
these factors, we can better understand the effectiveness of
CPP interactions and their ability to penetrate lipid mem-
branes. Therefore, a comprehensive understanding of both
membrane composition and the surrounding aqueous envi-
ronment is essential for advancing our knowledge of peptide
interaction processes [11].

Interestingly, Kamat et al. demonstrated that even pep-
tides of mixed cationic hydrophobic character shorter than
R9 and K9 may exhibit CPP-like properties when bound to
the bilayer surface. By compartmentalizing negatively charged
RNA molecules within large unilamellar liposomes (LUVs)
composed of POPC lipids, their study revealed that certain
R- and phenylalanine (F)-based heptapeptides are capable of
traversing the lipid membrane [19]. Inspired by this work [19]
and to comprehend why R- and F-based CPPs are more effi-
cient than their K-based analogs, we synthesized RRRRRFF
(R5F2) and KKKKKFF (K5F2) peptides, both having a net
charge 5+ at physiological pH values, and elucidated their
interaction pattern with lipid bilayers composed of domi-
nantly 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and with a small amount (5%) of 1,2-dipalmitoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt (DPPG)
[21]. By performing calorimetric, UV-Vis, and FTIR spectro-
scopic measurements, supported by MD simulations, we
reported that R5F2 exhibits stronger membrane interactions
than K5F2 and that it is buried deeper and sticks longer to
the membrane interface than K5F2. This study further tackled
the phenomenon of surrounding-dependent proton transfer
from the amino group of K-based peptides. In a buffer solu-
tion, the peptides establish an intramolecular hydrogen bond
that precedes the proton transfer. Conversely, when the pep-
tides are interacting with a lipid bilayer composed of DPPC
and DPPG (in a 95:5 ratio), they remain in their protonated
form [21]. The issue of deprotonation of the—NH;* group by
lipid molecules already emerged during the study of the
adsorption of —NH;* and Gdm* on the surfaces of DPPC and
1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS) lipid bilay-
ers. The findings indicated not just that the deprotonation of
the—NH,* moiety (pK,=9.3) occurred more easily than that
of the Gdm* moiety (pK,=13.6), but also that PS lipids, unlike
PG ones, can directly participate in proton transfer through
their carboxyl groups [15].

Thus, to gain a deeper insight into how these heptapep-
tides interact with lipid membranes composed from (domi-
nantly) a zwitterionic and an anionic lipid which contain
different functional groups (found in plasma membranes of

almost exclusively prokaryotes [22] or eukaryotes [23]), we
explored the interaction patterns of R5F2 and K5F2 with lipid
bilayers composed of mixtures of DPPC and DPPG (90:10%)
and DPPC and DPPS (90:10%) (Figure 1). Besides knowing
that the amount of anionic lipid controls the binding satura-
tion [24] and affects the passage of positively charged pep-
tides [25], this ratio of DPPC and DPPG/DPPS lipids was
chosen to decipher how an anionic lipid-containing bilayer
composed predominantly of zwitterionic lipids interacts with
peptides and how these interactions vary with the anionic
lipid. By selecting lipids that undergo phase transitions within
a temperature range suitable for experimental analysis, we
successfully distinguished between structural features associ-
ated with the phase-dependent arrangement of lipid bilayers
and those influenced by peptide interactions. This distinction
pertains specifically to the weakening of van der Waals inter-
actions between hydrocarbon chains and the increase in
hydration [26]. This phenomenon occurs not only during the
gel-to-fluid phase transition of lipid bilayers but also varies
depending on the presence of specific peptides. To character-
ize the peptide-dependent change in thermotropic proper-
ties of these bilayers as an indirect confirmation of their
interaction, we employed differential scanning calorimetry
(DSC) and temperature-dependent UV-Vis spectroscopy,
focusing on their pretransition (T,) and main phase transition
(T,) temperatures. The pretransition (Tp) corresponds to the
transition of DPPC lipids from the gel (Ly') to the ripple phase
(PB’), whereas the main transition (T,) marks the conversion
from the ripple (PB’) to the fluid phase (L) [27]. A
molecular-level understanding of these processes was
obtained through Fourier-transform infrared (FTIR) spectros-
copy and molecular dynamics (MD) simulations of mixed lipid
bilayers. These techniques enabled us to identify the most
sensitive lipid bilayer regions upon the interaction with pep-
tide, as well as the eventual specificity in the lipid mem-
branes’ response depending on the peptide.

2. Experimental

2.1. Chemicals and preparation of large unilamellar
liposomes (LUVs) in the absence/presence of peptides
R5F2 and K5F2

Peptides R5F2 and K5F2 were synthesized following the
solid-phase peptide synthesis protocol [21,28] (the details on
their characterization are presented in Supporting Information,
Section S1).

2.1.1. LUVs preparation

DPPC, DPPG, and DPPS were purchased as powders from
Avanti Polar Lipids (=99%). The aqueous solution of phos-
phate buffer (PB) of ionic strength 100mM was prepared
from commercially available sodium hydrogen phosphate,
anhydrous (Na,HPO,, =99%, Kemika, Zagreb, Croatia) and
sodium phosphate monobasic (NaH,PO,, p.a., Kemika, Zagreb,
Croatia) in Milli-Q water and titrated with freshly prepared
sodium hydroxide (NaOH, T.T.T, p.a.) solution (100mM) to
achieve pH = 7.4. Stock solutions of DPPC, DPPG, and DPPS
lipids were prepared by dissolving 100mg of lipids in 10mL
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Figure 1. Schematic chemical structures of lipids and peptides used in this work: (a) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); (b) 1,2-dipalmitoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt (DPPG); (c) 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS); (d) R5F2; (e) K5F2.

of chloroform (p.a., Carlo Erba). Lipid stock solutions were
mixed in round-bottom flasks to achieve 90:10 (mol %:mol
%) DPPC+DPPG and DPPC+DPPS mixtures. Following previ-
ously applied [21] (and slightly adjusted routine procedure
[29]), the organic solvent was then removed using a rotary
evaporator until obtaining a dry lipid film, and the latter
were additionally dried under an Ar stream before being
resuspended in 6mL of PB. For measurements with
peptide-free suspensions, 2mL of each lipid mixture suspen-
sion was pipetted into separate flasks. Separately, 10mg of

R5F2 and K5F2 peptides were dissolved in 10mL of PB (pH =
7.4) to achieve a concentration of 1Tmg mL™". These peptide
solutions were then added to the lipid suspensions to obtain
a peptide-to-lipid molar ratio of 1:30 to ensure that the pep-
tides are present at the surface of the bilayer [21]. The prepa-
ration of lipid suspensions in the form of MLVs involved three
cycles of vortexing, heating in a 60°C water bath, and cool-
ing in an ice bath (~4°C). The resulting MLVs were then
extruded at least 31 times through a 100 nm size polycarbon-
ate membrane using Avanti® Mini Extruder equipped with a
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holder/heating block (set at 55°C) and 10mm supporting
filters, yielding LUVs. The final mass concentrations of lipids
in LUVs, both without and with peptides (designated as
DPPC+DPPG+R5F2/K5F2 and DPPC+DPPS+R5F2/K5F2), were
as follows: 5mg mL™" for DSC and FTIR measurements, 1 mg
mL~" for temperature-dependent UV-Vis measurements, and
0.05mg mL~" for DLS and ELS measurements.

2.2, Dynamic and electrophoretic light scattering (DLS
and ELS) of LUVs: measurements and data analysis

The size distribution of LUVs was determined using dynamic
light scattering with a photon correlation spectrophotometer
(Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK)
equipped with a 532nm (green) laser. The average hydrody-
namic diameter (d,) was specified as the value at the peak
maximum of the volume size distribution. The results reported
correspond to the average of six measurements conducted at
25°C. The zeta ({) potential was measured by ELS (Malvern,
Panalytical Folded Capillary Zeta Cell) and calculated from
the measured electrophoretic mobility through the Henry
equation using the Smoluchowski approximation. The mea-
surements were repeated three times. The DLS and ELS data
processing was performed using Zetasizer software version
7.13 (Malvern Instruments) (see Supporting Information,
Figure S1). All suspensions were measured at a concentration
of 0.05mg mL™".

2.3. Differential scanning calorimetry (DSC) of LUVs:
data acquisition and curve analysis

The measurements of DPPC+DPPG and DPPC+DPPS systems
in the absence/presence of R5F2/K5F2 in the form of LUVs
were conducted in the microcalorimeter Nano-DSC, TA
Instruments (New Castle, USA), using the TA Instruments
Nano Analyze software package. In addition to LUVs, MLVs in
the absence/presence of peptides were additionally mea-
sured so that, based on qualitative differences of associated
DSC curves, we could confidently claim that LUVs do not
aggregate during the measurement (Figure S2 in Supporting
Information). All suspensions and PB solution were degassed
for 10min before measurements. The suspensions of LUVs
(and dispersion of MLVs presented in Figure S2) of
DPPC+DPPG+R5F2/K5F2 and DPPC+DPPS+R5F2/K5F2 (at
lipid concentration of 5mg mL™") were heated at a scan rate
of 1°C min~" in two repeated heating-cooling cycles in a
temperature range of 20-60°C, as duplicates. A reference, PB,
was examined in the temperature range 10-90°C.
Thermotropic properties of DPPC+DPPG+R5F2/K5F2 and
DPPC+DPPS+R5F2/K5F2 systems were determined from a
thermal history-independent second heating run [30,31].
First, the DSC curve of PB was subtracted from the DSC
curve of lipid suspensions (both obtained from the second
heating run). For further analysis, a temperature range of
30-52°C was selected, as this encompasses the pretransition
(T,) and main phase transition (T,) of DPPC, the dominant
lipid in both systems. These transitions are distinguished by
the periodic undulations at the surface of the lipid bilayer

and the weakening of van der Waals interactions between
hydrocarbon chains, increased hydration of the polar head-
group region, and consequential bilayer thinning [32-36]. T,
was identified as a slight deviation from the baseline of the
resultant DSC curve, whereas T,, was determined from the
maximum of the signal. Since some explored systems dis-
played two unresolved maxima during melting [37-39], we
designated the main phase transition obtained from DSC as
T, 12¢ Where 1 stands for the first maximum, and 2 for the
second one (the bracket in ,, is used because some DSC
curves display only one maximum). Note: these labels must
not be mixed with T, without the number(s) which desig-
nate the main phase transition determined from UV-Vis
spectra.

Furthermore, the area and the full width at half maximum
(FWHM) under the resulted DSC curve were measured [40] to
determine the calorimetric enthalpy (AH,,) and the van't Hoff
enthalpy change (AH,). In this context, AH_, refers to the
heat absorbed during the phase transition, while AH, serves
as a measure of its cooperativity [41].

T2
AH, ~3.5255-R-—"— M
FWHM
Having these two quantities, it becomes possible to deter-
mine the cooperativity unit size (CUS):

AH,

CUS= 2
A (2)

cal

that serves as an estimate of the size of lipid domains from
which melting starts [41].

2.4. UV-vis spectroscopy of LUVs: acquisition of
temperature-dependent spectra and data analysis

UV-Vis spectra of DPPC+DPPG+R5F2/K5F2 and
DPPC+DPPS £ R5F2/K5F2 (at lipid concentration of 1mg mL™")
were measured on a UV-Vis spectrophotometer Thermo
Scientific Nanodrop 2000 (Thermo Fischer Scientific, Waltham,
MA, USA) within the spectral range of 250-500nm. The sam-
ples were pipetted into 1ml quartz cuvettes and placed in a
temperature-controlled cuvette holder. The spectra of lipid
suspensions in the absence/presence of R5F2/K5F2 were
recorded at least three times (in covered cuvettes) in a tem-
perature range 30-52°C. The spectra of PB+R5F2/K5F2 were
collected once in the same temperature range. Obtained
UV-Vis spectra were smoothed (Savitzky-Golay; polynomial of
a 3rd degree and 10 points) [40] and analyzed in the spectral
range 250-300nm (Figure 2) applying multivariate curve
analysis (MCA) [42] using publicly available Matlab code [43].

As the details on MCA are thoroughly explained in other
papers [31,44-46], only the fundamentals will be outlined in
the continuation of the text. The collected spectra can be
presented in a matrix form (D) as the product of two matri-
ces: the one that presents the concentration profile (C) of
one component that exhausts all temperature-dependent
variability in the spectra, and the other that represents its
spectra profile (S):
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Figure 2. Temperature-dependent UV-Vis spectra (solid curves) and spectra profiles (dotted curves) of: (a) DPPC+DPPG; (b) DPPC+DPPS; (c) DPPC+DPPG+R5F2;
(d) DPPC+DPPS+R5F2; (e) DPPC+DPPG+K5F2; (f) DPPC+DPPS+K5F2. The spectra acquired at 30/52°C are highlighted (red/wine for DPPC+DPPG, blue/navy for
DPPC+DPPS, magenta/purple for DPPC+DPPG+R5F2, cyan/dark cyan for DPPC+DPPS+R5F2, pink/violet for DPPC+DPPG+K5F2, green/olive for DPPC+DPPS+K5F2),
as well as spectra profile (red for DPPC+DPPG, blue for DPPC+DPPS, magenta for DPPC+DPPG+R5F2, cyan for DPPC+DPPS+R5F2, pink for DPPC+DPPG+K5F2,

green for DPPC+DPPS+K5F2).

D=CS" +E (3),

where E presents a matrix of residuals unexplained by the
CST product.

The obtained concentration profile of this one component
displays (a single or a double) sigmoidal character in all six

examined systems (DPPC+DPPG+R5F2/K5F2 and DPPC+

DPPS+R5F2/K5F2) and the obtained inflection points coincide
with the phase transition temperatures, either only T/T,, or
both T, and T, [3942] (DPPC+DPPG: T, with R’*=0.999;
DPPC+DPPG+R5F2: T, with R*=0.999; DPPC+DPPG+K5F2: T,
with R?=0.999; DPPC+DPPS: T, with R*=0.998; DPPC+
DPPS+R5F2: T, with R*=0.971; DPPC+DPPS+K5F2: T, and T,

with R2=0.998).
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2.5. FTIR-ATR spectroscopy of LUVs: data acquisition
and spectral analysis

Invenio-S Bruker spectrometer equipped with the photovol-
taic LN-MCT detector and BioATR Il unit was used for mea-
surements of FTIR spectra of DPPC+DPPG+R5F2/K5F2 and
DPPC+DPPS +R5F2/K5F2 suspensions (at lipid concentration
of 5mg mL™"), as well as of and R5F2/K5F2 (at peptide con-
centration of Tmg mL™") and PB solutions (peptide spectra
are presented in Supporting Information, Figure S3). The cir-
cular BIOATR Il unit (radius of 2mm) is based on dual crystal
technology, where the upper ATR crystal is made of silicon
and the lower ATR crystal is made of ZnSe. The inside of the
ATR unit was continuously purged with N, gas connected
with an external supply and temperature-controlled using a
circulating water bath of Huber Ministat 125. The solutions of
R5F2/K5F2 and suspensions DPPC+DPPG+R5F2/K5F2 and
DPPC+DPPS +R5F2 were pipetted directly on the ATR crystal
unit (30pL of solution/suspension) and their spectra were
acquired at two temperatures: at 30°C (when the lipids are in
the gel phase) and at 50°C (when the lipids are in the fluid
phase). For suspensions, at least three independent unit fill-
ings were taken, and one for the reference solution. In all
measurements, the air was used as background. All spectra
were collected with a nominal resolution of 2cm™" and 256
scans using OPUS 8.5 SPI (20200710) software.

Following the subtraction of PB spectrum from
DPPC+DPPG+R5F2/K5F2 and DPPC+DPPS+R5F2/K5F2 spec-
tra acquired at the same temperatures, the obtained differ-
ence FTIR spectra were examined in the following spectral
regions [40]: (i) 2980-2820cm™" ((anti)symmetric stretching of
methylene moieties (v,,CH,) of hydrocarbon chains), (ii)
1700-1690cm™" (carbonyl stretching of glycerol backbone
that can be either non-hydrogen-bonded (non-HB) or
hydrogen-bonded (HB) (VC=0,,npg)), (i) 1515-1395cm™
(scissoring of methylene groups (yCH,)), (iv) 1395-1325cm™’
(scissoring of methyl groups of hydrocarbon chains and wag-
ging of methylene groups (yCH;, wCH,)); (v) 1275-1130cm™
(antisymmetric stretching of phosphate groups and glycerol
moieties (v,,PO,” and v, C-0)); and (vi) 1130-995cm™" (sym-
metric stretching of phosphate and their neighboring C-0O
groups (v,PO,~ and vCOP) along with antisymmetric stretch-
ing of choline moiety (v,,C—N)) [26,47,48]. In the selected
regions, the spectra were smoothed (Savitzky-Golay; polyno-
mial of a 3rd degree through 30 points), baseline-corrected
(two points), and normalized [40]. The position of maxima of
(dominantly) DPPC-originated bands in FTIR spectra in the
gel (30°C) and fluid (50°C) phases are summarized in Table S1.

2.6. Molecular dynamics simulations

Classical molecular dynamics (MD) simulations were utilized
for modeling DPPC+DPPG and DPPC+DPPS bilayers and their
interactions with R5F2 or K5F2. The bilayers were prepared
by CHARMM-GUI [49]. DPPC+DPPG bilayer consisted of 230
DPPC lipids and 26 DPPG lipids, while DPPC+DPPS bilayer
consisted of 230 DPPC lipids and 26 DPPS lipids. The bilayers
were solvated with 75 waters per lipid molecule, and NaCl
was added to neutralize and achieve a concentration of

100mM. 8 peptides (either R5F2 or K5F2) were then ran-
domly inserted into the water phase. The systems were min-
imized and heated for 200 ps in the NVT ensemble using the
V-rescale algorithm. The production was run in the NpT
ensemble. The Nosé-Hoover thermostat maintained the tem-
perature at either 30 or 50°C, with a time constant of 1ps.
The Parrinello-Rahman barostat maintained the pressure of
1bar with the semi-isotropic scaling and time constant of
5ps. The total production time was 500ns. The initial 200 ns
were dismissed from further analyses as equilibration period,
since that was the time required for the box x and y dimen-
sions to stabilize.

The simulations were run in GROMACS 2020.0 software
[50]. Lipids and peptides were described by the CHARMM36m
force field [51], and the TIP3 model was used for water [52].
The cutoff for short-range Coulomb interactions and van der
Waals interactions was 1.2nm with a switching function
turned on after 1.0nm, and long-range Coulomb interactions
were handled with Particle Mesh Ewald (PME). The bonds
involving hydrogen were constrained using LINCS, and the
time step was 2fs. Three-dimensional periodic boundary con-
ditions were applied throughout.

The simulations were conducted on the Supek supercom-
puter at the University Computing Center (SRCE) in Zagreb,
Croatia [53].

3. Results and discussion

3.1. The size and the (-potential of DPPC+DPPG and
DPPC+DPPS LUVs change in the presence of R5F2 and
K5F2

The average d,, values of both DPPC+DPPG and DPPC+DPPS
LUV increase in the presence of peptides; specifically,
DPPC+DPPG LUVs are the largest in the presence of K5F2
and DPPC+DPPS LUVs in the presence of R5F2, potentially
due to the peptide-induced LUVs interactions (see Figure
S1). Interestingly, (-potential value of DPPC+DPPG system
increases in the presence of R5F2, and decreases in the
presence of K5F2. The possible explanation of this effect
was given by Disalvo and Bouchet [54], who observed that
the addition of positively charged amino acids resulted in
increasingly negative (-potentials of liposomes due to the
orientation of the molecule with the Gdm*™ group toward
the bilayer. The modification of amino acids with hydropho-
bic groups resulted in the orientation flip and more posi-
tive (-potentials. The other way to achieve charge screening
was by adding oligopeptides of 4 or more charged amino
acids, which would accumulate on the surface (as shown
for R5F2). K5F2, as seen from MD simulations (see in Ref.
[21] and later in the text), is less likely to accumulate on
the bilayer, and when adsorption occurs, is frequently ori-
ented with positively charged K toward the bilayer. In
DPPC+DPPS systems, {(-potential increases in the presence
of both peptides, although less for R5F2 than K5F2 (see
Figure S1). In addition to charge screening owing to the
adsorption, this value might be associated with the proton
transfer between COO~ group of DPPS and the NH;* of
K5F2 [15,21].
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3.2. R5F2 and K5F2 modulate thermotropic properties
of DPPC+DPPG and DPPC+DPPG LUVs: indirect
confirmation of their association with peptides from
DSC and UV-Vis data

The turbidity of lipid suspensions is influenced by tempera-
ture [42], highlighting the ability of such measurements to
reveal structural phenomena that may not be easily observed
through other experimental methods [55]. In this context, the
UV-Vis spectra of DPPC+DPPG and DPPC+DPPS systems, both
with and without the addition of R5F2/K5F2, were systemati-
cally recorded across a range of temperatures (Figure 2). The
obtained phase transition temperatures were compared with
those measured by DSC (Figure 3).

In general, in the absence of peptides DPPC+DPPG and
DPPC+DPPS systems display pretransition (T,) only as a barely
seen deviation from the baseline, while the main phase tran-
sition appears as a broad envelope with one (DPPC+DPPS) or
occasionally two unresolved (DPPC+DPPG) maxima (T, ;)
(Figures 3(a,b)). According to previously known findings of
DSC curves of LUVs made of (predominantly) PC-based lipids
that undergo ripple phase upon heating [37,39,56,57], the
appearance of the curve is expected. In detail, in LUVs com-
posed from DPPC + 5% DPPG the pretransition is barely vis-
ible as a slight deviation of the baseline [39]. At the same
time, the main phase transition is described by a broad enve-
lope with two maxima: one maximum presumably originates
from the change in the curvature of the LUVs, while the
other originates from the thinning of the lipid bilayer, which
is also the most prominent feature of melting [37-39]. Since
all six systems were studied at the same heating rate and the
measured values were obtained from the same (thermal
history-independent second) heating run [30], it seems rea-
sonable to assume that the differences in the obtained DSC
curves are dominantly peptide-induced. Since the resulting T,
in both DPPC+DPPG and DPPC+DPPS systems in the absence
of peptides is only an estimate (see Figures 3(a,b)), their
eventual variations are not to be further discussed. Moreover,
T, 12 values of DPPC+DPPG differ for about 1°C in compari-
son with T, measured in the DPPC+DPPS system (see Table
1), which suggests that in the DPPC+DPPS system, the gel
phase is more stabilized than in DPPC+DPPG systems
[34,58,59].

On the other hand, the concentration profile of projected
temperature-dependent UV-Vis spectra of peptide-free
DPPC+DPPG and DPPC+DPPS systems appears as a sigmoidal
curve having only one inflection point (see Figures 3(a,b)).
Moreover, the values obtained from UV-Vis measurements of
both DPPC+DPPG and DPPC+DPPS systems are practically
the same, implying that, from the turbidity aspect, there are
no differences between the two (Table 1).

In the presence of R5F2, the DSC curve of the DPPC+DPPG
system provides only a rough estimation of the pretransition
and the main phase transition characterized by one maxi-
mum only (T ,), whereas the corresponding UV-Vis data dis-
plays a concentration profile of spectral projection having
one inflection point (Figures 3(c,d)). Interestingly, from the
DSC curve of the DPPC+DPPS system in the presence of
R5F2, it became possible to estimate a minor peak at the
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expected pretransition temperature and a broad signal asso-
ciated with the main phase transition of DPPC+DPPS-composed
LUVs (Figure 3(d)). The corresponding UV-Vis measurements
reported the discontinuous turbidity change at the value that
approximately coincides with the main phase transition tem-
perature determined from DSC (Figure 3(d)). As in the
peptide-free systems, the T, values of the DPPC+DPPS sys-
tem are higher than the corresponding values in the
DPPC+DPPG system. However, in the presence of R5F2, the
difference is reduced at the expense of an increase in the T,
of the DPPC+DPPG systems (Table 1).

In contrast to the discussed four systems (DPPC+DPPG/
DPPC+DPPS+R5F2), the presence of K5F2 in DPPC+DPPG
and DPPC+DPPS systems induces stronger pretransition as
observed in both DSC and UV-Vis data (Figures 3(ef)).
Moreover, the main phase transition itself exhibits clear dif-
ferences: in the DPPC+DPPG system, the T determination
from UV-Vis data is obtained only by visual estimation of the
inflection point, whereas in the DPPC+DPPS system, the main
phase transition is displayed as two unresolved maxima in
the DSC curve (T, ) (Figures 3(e,(f)). The similarity between
the values measured from DSC experiments, as well as those
determined (and estimated) from UV-Vis measurements
(Table 1), suggests that the presence of K5F2 peptide impacts
DPPC+DPPG and DPPC+DPPS lipid bilayers 2-fold: (i) it ampli-
fies the ripples at the surfaces of both DPPC+DPPG and
DPPC+DPPS lipid bilayers at temperatures below T (and T
12)- Since ripples on the surface of the lipid bilayer are the
most prominent feature of pretransition, a higher intensity of
the pretransition correlates with higher amplitude ripples
(the latter is supported by the DSC curves of MLVs in which
ripples are significantly more intense than those of LUVs [27]
(see also Figure S2); ii) contributes to the stabilization of the
gel phase in both systems (larger T and T, ) in compari-
son with pure DPPC+DPPG and DPPC+DPPS lipid bilayers.
Although calorimetric data do not provide direct information
on the stiffness/softness of lipid bilayers, the magnitude of T,
and T ., values correlates with the elastic properties of lipid
bilayers [33,34,60], meaning that an increase in T and T ;s
in the presence of K5F2 peptides might be interpreted as an
increase in rigidity. However, in the lack of other experimen-
tal data that would corroborate this interpretation, we are
inclined to the more general interpretation that the presence
of K5F2 stabilizes the gel phase. It is crucial to note that, at
this point in our research, we are unable to determine
whether the peptides engage specifically with certain regions
of the lipid bilayer or if they are instead distributed uniformly
across the LUVs [61]. This lack of specification limits our
understanding of the localized interactions that might occur
within the membrane structure versus a more general distri-
bution throughout the entire surface of the LUVs. Further
investigation is necessary to elucidate the exact nature of the
peptides’ interactions with the bilayer.

Notably, the turbidity-based response (UV-Vis) suggests
that the pre- and the main phase transition in
DPPC+DPPG+K5F2 are coupled, which contrasts with the
response of the DPPC+DPPS+K5F2 system in which these
two thermotropic events are well separated. The observed
phenomenon may be associated with both the affinity and
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Figure 3. DSC curves and concentration profiles of the (first) principal component accompanied with a single or a double Boltzmann sigmoidal transition of: (a)
DPPC+DPPG system in the absence of peptides (wine curve for DSC and red curve for spectral projection of UV-Vis data (solid)/double Boltzmann fit (dash-dot
curve)); (b) DPPC+DPPS system in the absence of peptides (navy curve for DSC and blue curve for spectral projection of UV-Vis data (solid)/double Boltzmann fit
(dash-dot curve)); (c) DPPC+DPPG+R5F2 system (purple curve for DSC and magenta curve for spectral projection of UV-Vis data (solid)/double Boltzmann fit
(dash-dot curve)); (d) DPPC+DPPS+R5F2 system (dark cyan curve for DSC and cyan curve for spectral projection of UV-Vis data (solid)/double Boltzmann fit
(dash-dot curve)); (e) DPPC+DPPG+K5F2 system (violet curve for DSC and pink curve for spectral projection of UV-Vis data (solid)/double Boltzmann fit (dash-dot
curve)); (f) DPPC+DPPS+R5F2 system (olive curve for DSC and green curve for spectral projection of UV-Vis data (solid)/double Boltzmann fit (dash-dot curve)).
Phase transition temperatures are highlighted with dashed (DSC) and dotted (UV-Vis) lines and are additionally written on graphs and designated with a corre-

sponding color.

the dynamics of K5F2 (un)binding (from) to the surface of
lipid bilayers [21].

By comparing the thermotropic properties of DPPC+DPPG
lipid bilayers with those having half the amount of DPPG
[21], several notable differences emerge, particularly concern-
ing the DSC results. First, the absence of peptides and the
presence of 10% DPPG (molar ratio) lowers the main phase
transition temperature by ~2°C. Second, the introduction of
R5F2/K5F2 shifts the main phase transition temperature by
about 1/4°C, respectively. Third, the concentration profile

observed from the temperature-dependent UV-Vis spectra of
DPPC+DPPG+K5F2 qualitatively resembles earlier reports [21].
Overall, these findings indicate that doubling the amount of
DPPG lipids (as done in this study) influences the T, ,,, value,
even without the presence of peptides. Moreover, the result-
ing DSC curve appears similar to that of DPPC+DPPG mix-
tures with different lipid ratios [62]. Additionally, the presence
of the cationic amino acids (R/K) plays a crucial role in stabi-
lizing either the fluid phase (with R5F2) or the gel phase
(with K5F2) of the lipid bilayer containing 10% DPPG (molar
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Table 1. Temperatures of the phase transitions of DPPC+DPPG/DPPC+DPPS systems in the absence/presence of R5F2/K5F2 peptides determined from the maxima
of DSC curves [T, and T, ;, for pre- and the main phase transition with one or two maxima, respectively] and from inflection points of concentration profiles
obtained from multivariate curve analysis (MCA; T, and T, for pre- and the main phase transition, respectively) by estimation/fitting on a single/double Boltzmann

profile; AH_,; and CUS values.

Phase transition temperature?

DSC UV-Vis
System T, T 1) T, T AH_,P Ccus-10~*
DPPC+DPPG ~33.2 40.0+0.1 n. o. 415+03 27.2+£0.1 9.79+0.01
40.6+0.1
DPPC+DPPG+R5F2 ~34 40.8%+0.1 n. o. 39.5+04 26.5+0.1 8.1+£0.6
DPPC+DPPG+K5F2 35.6+0.1 42.0+0.1 35+1 ~41.5 31.4+£0.1 49+03
DPPC+DPPS ~37 416%0.1 n. o. 41.7+04 31.7+0.1 4.59+0.01
DPPC+DPPS+R5F2 35.9+0.1 41.8+0.1 n. o. 41.0+0.3 18.3+£0.2 7.59+0.02
DPPC+DPPS+K5F2 36.0£0.1 41401 34+2 41.2+04 24.0£0.2 5.3+0.2
42.2+0.1
n. o. stands for not observed; ~ refers to the estimation of the baseline deviation.
an °C.
bIn kJ mol-".

ratio). Importantly, increasing the amount of DPPG does not
appear to affect the affinity of K5F2 for interacting with the
lipid bilayer surface regarding its association and
dissociation.

The observed results likely stem from the varying interac-
tions of R5F2 and K5F2 with the lipid bilayer, as well as dif-
ferences in their peptide dissociation dynamics. The remainder
of the manuscript presents more detailed insights into these
molecular interactions.

Before discussing CUS values, it is important to briefly
address AH_, values [37,63]. For peptide-free lipid bilayers,
the AH,, value is somewhat lower for the DPPC+DPPG mix-
ture compared to the DPPC+DPPS mixture, with a difference
of 5kJ mol~' (refer to Table 1). This indicates that more heat
is required to melt the DPPC+DPPS bilayers, which may be
related to the structural similarities between DPPG and DPPC,
as noted by Blosser et al. Interestingly, a similar difference in
AH_,, is observed when the R5F2 and K5F2 peptides interact
with either the DPPC+DPPG or DPPC+DPPS lipid bilayers. In
both cases, more heat is needed to melt the lipid bilayers in
the presence of K5F2 (see Table 1).

CUS values for lipid bilayers without peptides differ signifi-
cantly; specifically, the CUS of DPPC+DPPG lipid bilayers is
approximately twice as large as that of DPPC+DPPS bilayers.
When peptides are present, CUS values measured in the
presence of R5F2 are higher than those measured with K5F2,
by about 1.7 times for DPPC+DPPG and 1.4 times for
DPPC+DPPS.  Additionally, compared to peptide-free
DPPC+DPPG lipid bilayers, the CUS values in the presence of
R5F2 are only slightly reduced. However, the CUS values
obtained with K5F2 are around two times smaller. This pat-
tern does not occur with DPPC+DPPS lipid bilayers; the CUS
of peptide-free DPPC+DPPS is lower than that of DPPC+DPPS
with R5F2 and is also slightly smaller than that of DPPC+DPPS
with K5F2. Although CUS values are considered tentative
indicators of the size of lipid domains that serve as nucle-
ation sites for lipid melting [27,41,64], we can conclude that
the presence of R5F2 does not reduce the cooperativity
between DPPC and DPPG lipids, unlike K5F2, which decreases
cooperativity during the melting of DPPC+DPPG lipids, while
slightly increasing cooperativity during the melting of
DPPC+DPPS bilayers.

3.3. R5F2 and K5F2 interaction with DPPC+DPPG and
DPPC+DPPS LUVs changes the hydration, lipid packing,
and lipid chain conformation: FTIR data

3.3.1. Van der Waals interactions between hydrocarbon
chains of lipid molecules are weakened in the fluid phase
The first spectral region of FTIR spectra (2980-2820cm™") in
all six systems (DPPC+DPPG/DPPC+DPPS +R5F2/K5F2) reflects
the weakening of van der Waals forces between the hydro-
carbon chains of lipid molecules upon heating as the band
originated from v,CH, and v,CH, displaces to the higher
wavenumber region for 5 and 3cm™!, respectively (Figures
4(a,d)) [21,26]. No significant changes were observed in this
spectral region upon peptide addition, suggesting that the
van der Waals interactions between lipid acyl chains were
not markedly altered.

3.3.2. Hydration of the glycerol backbone of lipid
molecules differs for the associated peptide

The most important band that appears in the second spec-
tral region (1800-1690cm~') emerges from the stretching of
the carbonyl group (vC=0) of the glycerol backbone that is
(not) engaged in a hydrogen bonding with surrounding
water molecules and other hydrogen bond donating and
accepting centers (C=0,,,, s and C=0;) [65-67].

In a peptide-free DPPC+DPPG system, the maximum of
the band does not change upon the phase transition, while
the increase in the band asymmetry on the low-frequency
side suggests an increase in C=0,; population (Figure 4(b)).
In DPPC+DPPG+R5F2 system, the latter is manifested as a
heating-induced low-frequency shift of the corresponding
band [66,68,69] (Figure 4(b)). Upon the gel-to-fluid phase
transition of the DPPC+DPPG+K5F2 system, the increase in
the population of C=0,, is evidenced by the additional
vC=0y; band with the maximum at a lower frequency (Figure
4(b)). This peptide-dependent response of DPPC+DPPG sys-
tem suggests the diversity in their interaction with glycerol
moiety, highlighting the substantial rise of C=0,,; population
in the presence of K5F2. The overall band shape generated
by C=0 groups, as well as the band displacement upon
gel-to-fluid transition, is remarkably similar in all DPPC+DPPS
systems regardless of the absence or presence of peptides
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Figure 4. Normalized, smoothed and baseline-corrected FTIR spectra of DPPC+DPPG+R5F2/K5F2 and DPPC+DPPS +R5F2/K5F2 that display the following normal

modes: (a,d) v, ,CH,; (be) V(=0 )yer (C,f) YCH,, 8C-H, 80-H; (g,) YCH;, wCH,;

(hK) V€=, VPO, (i) v,PO,", VCOP, v,.C~N. DPPC+DPPG, DPPC+DPPG+RSF2,

and DPPC+DPPG+K5F2 spectra at 30/50°C are presented with solid red/wine, magenta/purple, and pink/violet curves, respectively; DPPC+DPPS, DPPC+DPPS+R5F2,
and DPPC+DPPS+K5F2 spectra at 30/50°C are presented with solid blue/navy, cyan/dark cyan, and green/olive curves, respectively. Along with the band assign-
ment, their displacements in the presence of peptides are labeled with light gray-shaded rectangles, while in their absence with dark yellow, respectively. The
bands that maintain the position upon the gel-to-fluid phase transition are designated with solid light gray (in the presence of peptides) or dark yellow (in the

absence of peptides) lines.

(Figure 4(e)). The only truly measured difference between
peptide-dependent systems is the position of the band max-
imum in the gel phase (Figure 4(e)). More specifically, in the
presence of R5F2 the maximum is at higher wavenumbers
than in the presence of K5F2, suggesting that the presence
of R5F2 reduced the hydration of glycerol moiety and/or sim-
ply prevented its involvement in a hydrogen bond network
as in the case of K5F2 (Figure 4(e)).

3.3.3. Peptide interaction induces distinct changes in
lateral interactions between lipid molecules

A third examined spectral region (1515-1395cm™) is distin-
guished by the signals originating from the scissoring of
methylene groups of hydrocarbon chains (yCH,), which are
exceptionally sensitive to lateral interactions between lipid
molecules [26,70,71]. In DPPC+DPPG system in the absence
of peptides, the band maximum appears at 1470cm™ in



both gel and fluid phase (Figure 4(c)), indicating the packing
of DPPC+DPPG system lipids in presumably an orthorhombic
arrangement [26,72]. Several maxima in a gray-shaded region
immediately below 1470cm~" (Figure 4(c)), likely assigned as
deformations of —CH and—OH moieties of DPPG [73], may
camouflage the existence of the additional band with a max-
imum at 1465cm™', which is anticipated for the lipid ordering
in an orthorhombic arrangement. In the presence of R5F2,
the displacement of the band maximum from 1468cm™’
(30°C) to 1470cm™" (50°C) suggests a change in the packing
pattern from hexagonal to a disordered fluid [72]. On the
contrary, K5F2 induces a very small displacement of the cor-
responding band maximum to the opposite direction upon
heating (Figure 4(c)), i.e. from 1470cm~" (30°C) to 1471cm™’
(50°C), suggesting the possible maintenance of the preferred
orthorhombic packing pattern of lipid molecules [74].
Additionally, the presence of K5F2 preserves the structure of
a broad envelope that encompasses the region ~1470-
1420cm™" (a gray-shaded region in Figure 4(c)), very likely
resulting from a different interaction pattern of these pep-
tides with the DPPC+DPPG system.

In DPPC+DPPS-related systems the spectral assignment
seems to be a bit simpler than in analogous DPPC+DPPG sys-
tems: in the absence and the presence of peptides, a
low-frequency shift of the band maximum upon gel-to-fluid
phase transition of lipid bilayers (Figure 4(f)), suggests the
transformation of DPPC+DPPS-systems from the hexagonal
arrangement in the gel phase [26] into disordered arrange-
ment in the fluid phase.

3.3.4. Hydrocarbon chains conformation depends on the
associated peptide in both the gel and fluid phases

The most distinguished signals in the fourth spectral region
(1395-1325cm™") are those originated from the umbrella of
methyl groups of hydrocarbon chains (yCH,) and a series of
bands attributed to the wagging of hydrocarbon chains’
methylene groups (wCH,) (Figures 4(g,j)). The intensity and
position of the latter is usually associated with the gauche
conformers of a certain type, as well as with the existence of
conformers that exhibit a kink [70,71,75].

Despite the complexity of the observed envelope, it is
clear that the yCH; band in DPPC+DPPG and DPPC+DPPS
systems in the absence of peptides does not displace upon
the gel-to-fluid phase transition (Figures 4(g,j)).

In the presence of R5F2, both DPPC+DPPG and DPPC+DPPS
lipid bilayers exhibit a very small (1cm™) shift of the yCH,
band, but in opposite directions; in DPPC+DPPG+R5F2 it dis-
places to higher (Figure 4(g)), while in DPPC+DPPS+R5F2
(Figure 4(j)) to lower frequencies. Upon the interaction with
K5F2, the corresponding band remains at the same position
upon gel-to-fluid phase transition in both DPPC+DPPG and
DPPC+DPPS systems (Figures 4(g,)). A more complicated
phase-induced response is registered regarding the signals
assigned to the wCH, bands, especially in the DPPC+DPPG
system (Figure 4(g)), originating from different conformers. By
going from the higher to the lower wavenumber regions,
they are attributed to the wagging of kink conformers,
double gauche and end gauche conformers, respectively.
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A crucial difference across DPPC+DPPG systems is that the
presence of K5F2 eliminates (or, at best, suppresses) the sig-
nal of double gauche conformers at 30°C, but then its signal
rises at the expense of the band assigned as the wagging of
end gauche groups (Figure 4(g)). The inversion of end gauche
and double gauche band intensities is not unusual during
melting [71], but it is rather interesting that it is more pro-
nounced for DPPC+DPPG+K5F2 than in any other system.

In the peptide-free DPPC+DPPS system, as well as in the
presence of DPPC+DPPS+R5F2, the gel-to-fluid phase transi-
tion is accompanied by the redistribution of the intensities of
the bands originating from double gauche and end gauche
conformers, i.e. the latter expectedly increases at the expense
of the former upon melting [26] (Figure 4(j)). Aside from the
maxima which originate from the resolved kink conformer,
the signals of double gauche and end gauche conformers in
DPPC+DPPS+K5F2 resemble those of DPPC+DPPS+R5F2, i.e.
they are accompanied with the inversion of the band inten-
sity owing to an increase of double gauche conformers upon
melting [71] (Figure 4(j)).

3.3.5. The hydration of phosphate moieties in the
presence of peptides varies with the composition of LUVs
The fifth spectral region (1275-1130cm™") is the most distin-
guished by the signals originating from antisymmetric
stretching of phosphate groups (v,,PO,”) of lipid molecules
that, as well as C=0O moieties, can be non-HB (v,.,PO,™, s
and HB (v,,PO, ) [48] (Figures 4(h,k)).

In DPPC+DPPG systems, irrespective of the absence/pres-
ence of peptides, the broad envelope generated by both
VPO, onmeme displays @ maximum at the wavenumber that
does not change upon the gel-to-fluid phase transition
(Figure 4(h)).

Unlike in DPPC+DPPG systems, in all DPPC+DPPS systems,
the corresponding band undergoes a high-frequency dis-
placement upon gel-to fluid phase transition (Figure 4(k)). As
the observed band is a superposition of numerous bands
generated by phosphate groups in different surroundings
roughly divided into two subpopulations (non-HB and HB)
[76], the observed phenomena suggest that the phase tran-
sition causes the increase in the number of non-HB phos-
phate groups in DPPC+DPPS systems, i.e. very likely their
hydration decreases. Besides small qualitative changes in the
envelope shape, in all DPPC+DPPG systems, nothing drasti-
cally changes upon the phase transition, implying that the
peptides do not severely affect the hydrogen bond network
meshed by phosphate groups. Along with the signals of
phosphate groups, the examined spectral region shows the
signals originating from the (anti)symmetric stretching of
C-0 moieties (v,,C-0) (Figure 4(h)) [48], as well as weak
bands between 1160 and 1140cm~', originating most likely
from various deformation modes of C—H groups [71].

3.3.6. Peptide association affects the response of polar
headgroups as a function of an anionic lipid

In the sixth spectral region examined (1130-975cm™), the
most important lipid-originated bands are those that arise
due to the symmetric stretching of phosphate groups (v,PO,")
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and due to the stretching of P-O-C- lipid parts (vPOC)
(Figures 4(il)); the former usually appears at about 1080-
1090cm™', the latter between about 1050-1070cm~', and,
even though both envelopes are rather strong, the former
usually exceeds the latter in the intensity (Figures 4(i,l))
[15,47].

Upon gel-to-fluid phase transition in both peptide-free
systems v.,PO,” band remains at the same position, whereas
the vPOC band either displaces to the lower frequencies
(DPPC+DPPG) (Figure 4(i)), or remains at the same position
(DPPC+DPPS) (Figure 4(l)). Along with these bands, there are
choline group-associated bands (v,.CN) [48] displaced from
1011ecm™ (30°C) to 1013cm™" (50°C) in DPPC+DPPG and at
1017cm™ (only at 50°C) in DPPC+DPPS systems in
peptide-free conditions.

In the presence of R5F2 in the DPPC+DPPG system v ,PO,~
band maintains its position maximum (Figure 4(i)), whereas in
the DPPC+DPPS it slightly displaces to lower frequencies
(Figure 4(I)). The inversion of band maximum displacement is
seen for the vPOC band upon gel-to-fluid phase transition: in
DPPC+DPPG system, it displaces to higher wavenumbers
(Figure 4(i)), while in DPPC+DPPS system, the corresponding
band remains at the same position (Figure 4(l)).

The features of v,.CN are significantly enhanced in the
DPPC+DPPG system in the presence of R5F2; upon gel-to-
fluid phase transition, one additional maximum appears (at
1035cm™") and a remarkable intensity gain of the band dis-
placed from 1010cm™" (30°C) to 1012cm~" (50°C) band is
detected (Figure 4(i)). In the DPPC+DPPS+R5F2 system, there
is no analogous or comparable effect.

Ultimately, in the DPPC+DPPG+K5F2 system, v,PO,” and
vPOC band maxima displace to lower and higher frequencies
in gel and fluid phase, respectively, whereas in
DPPC+DPPS+K5F2 the positions of maxima remain the same
(Figure 4(l)). Additionally, v,.CN signals are detectable only in
DPPC+DPPS+K5F2 as very weak bands at 1010cm™' (30°C)
and 1007 cm™" (50°C) (Figure 4(l)).

One of the most significant features associated with two
of the most distinguished bands is addressed to their inten-
sity ratios; usually, the bands are either of comparable inten-
sities or the v,PO,” band is slightly stronger than vPOC. In
DPPC+DPPG systems in the presence of R5F2 the expected
intensity ratio becomes significantly inverted simultaneously
with the appearance of, very likely, another band at about
1035cm™" that gains intensity upon gel-to-fluid phase transi-
tion (Figure 4(i)). Interestingly, in DPPC+DPPG+K5F2, these
bands are considerably superimposed and the former is by
far stronger than the latter, regardless of the phase of the
lipid bilayers. In DPPC+DPPS and DPPC+DPPS+R5F2 systems,
the latter band is slightly stronger than the former, but in
DPPC+DPPS+K5F2 the former is enhanced and the latter is
broader, irrespective of the gel/fluid phase (Figure 4(l)).
Although these bands are usually addressed as not as useful
in diagnostic purposes [26], their intensity ratios imply that
transitional dipole moments associated with normal modes
are changed in the presence of R5F2/K5F2, as well as the fact
that 10% of DPPG or DPPS in dominantly DPPC bilayer also
affects the response.

Ultimately, the differences in the responses of DPPC+DPPG
and DPPC+DPPS systems, irrespective of the presence of
peptides, may occur due to the hydration pattern of lipid
bilayers that differ in the type of anionic lipids at a mole frac-
tion of 10%. Additionally, these differences may arise from
the peptides that inherently form different kinds of intermo-
lecular interactions under the given conditions. The contribu-
tion of these factors was evaluated with the aid of MD
simulations.

3.4. R5F2 displays a higher tendency toward
association: molecular dynamics simulation results

MD simulations were employed to investigate the interac-
tions of peptides from the aqueous medium with the
bilayers. Basic structural parameters used to confirm the
correct phase of a bilayer are reported in Supporting
Information, Section S5 (Table S2 and Figure S4). Visual
inspection of the trajectories showed peptides descending
to the bilayer surface and initially associating with the
polar headgroups through the cationic part (Figures 5 and
S6). Only in certain instances was the phenylalanine end
able to reach the lipid backbone and chains, establishing
a hydrophobic interaction. Peptides often maintained lat-
eral mobility at the surface and would sometimes sponta-
neously dissociate.

The association was tracked by calculating the minimum
distance of any peptide atom to the P-atom, while the pre-
ferred location and orientation are visible from number den-
sity profiles. Peptides were shown to primarily interact with
the lipid interface through the charged amino acids, but the
propensity for binding varied between systems (Figure S5,
Table S3). DPPC+DPPG bilayers associated with R5F2 quickly
and strongly, particularly in the fluid phase, and after 300ns,
all peptides were bound and remained on the surface for the
duration of the simulation. On average, R5F2 spent over 90%
of simulation time interacting with the surface, with 2-3
instances of dissociation. In contrast, K5F2 was less stably
bound, dissociating ~10 times and with a lower average
retention time on the surface. R/K residues were retained
among the headgroups, with F mainly facing the solvent, but
in the 50°C simulation, there were also instances of peptide
penetration into the bilayer environment, where F was ori-
ented toward the hydrophobic center (Figures 5 and S6, 30°C
data separated to Supporting Information to improve legibil-
ity). DPPC+DPPS bilayers showed similar behavior, with R5F2
binding within the first 100ns, and 2-3 dissociation events
per run. K5F2 peptides were weakly interacting with the sur-
face with more dissociation events and a short average
retention time. Partial insertion still occurred at 50°C for both
peptides, but also at 30°C for R5F2.

The impact of peptide binding on the polar headgroups
was evaluated by counting the hydrogen bonds (HBs)
between lipid groups and peptides or water (Table S4, Figure
S7). R5F2 established more HBs both with phosphate and
C=0 groups, both in DPPC+DPPG and DPPC+DPPS systems
(with the one exception of C=0-+-R5F2 bonds in DPPC+DPPS
systems at 30°C). It also displaced water from the lipid
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Figure 5. Left: final snapshot of the simulated bilayer with the partially inserted peptide circled in red. Lipids are represented as gray lines with highlighted
P-atoms (yellow spheres). Peptide atoms are represented as spheres: R in purple, K in green, F in cyan. Right: number density profiles for P-atoms of lipids, and
R, K, and F residues of peptides; (a) DPPC+DPPG+R5F2, (b) DPPC+DPPG+K5F2, (c) DPPC+DPPS+R5F2, (d) DPPC+DPPS+K5F2. All systems simulated at 50°C.

interface and reduced the HBs formed between water and
phosphate groups. However, water interactions with C=0
groups were significantly less affected, possibly because pep-

tide insertion among the lipid backbone also allows more
water to reach it.

Thus, the findings from MD display a higher tendency of
R5F2 to bind and remain bound to the membrane. As was
discussed in our previous work [21], this can be attributed to
the ability of R residues to form more HBs with the polar
groups of the lipids. In contrast to that work, the binding of
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K residues was enhanced due to the presence of negatively
charged lipids in the bilayer. This membrane composition
also allowed for peptide penetration into the membrane to
be observed during the simulation time. The insertion was
expected to be more likely in the fluid phase due to larger
gaps in the packing of polar groups. Interestingly, both R5F2
and K5F2 have successfully penetrated the bilayer despite
the smaller likelihood of K5F2 binding. R5F2 forms more HBs
with phosphate and C=0 groups of lipids compared to K5F2,
due to the combination of a higher likelihood of binding and
a larger potential of the Gdm* residue for HB formation, in
comparison to the-NH;*. The differences between
DPPC+DPPG and DPPC+DPPS systems were much less pro-
nounced, both in peptide binding and hydration effects,
despite the experimental evidence to the contrary. Here, it is
important to emphasize the limitations of MD, as it only
computes a small segment of the bilayer with a few peptide
molecules and ignores other phenomena, such as curvature
or proton transfer, thus making it harder to observe signifi-
cant effects.

Prompted by the MD simulation results, we additionally
explored the permeation of R5F2, as the more promising
peptide, through POPC+POPG membranes in the form of
GUVs at (considerably) higher peptide concentrations. The
latter are ideal cell-sized model membranes due to their abil-
ity to mimic the structural and functional properties of bio-
logical membranes, allowing for direct microscopy observation
of membrane responses, interactions, and processes in a con-
trolled environment [77,78]. The details on this research seg-
ment are presented in Supporting Information, Section S6.

Briefly, confocal imaging revealed no significant changes
in vesicle morphology or population at low peptide concen-
tration (Figure S8), suggesting that the peptides are only
present at the bilayer surface at the concentrations used in
DSC, UV-Vis, and FTIR experiments. The GUVs were prepared
in sucrose solutions and diluted in glucose, allowing us to
monitor changes in vesicle stability and leakiness due to dif-
ferences in solution densities and refractive indices under
bright-field or phase-contrast observation (Figure S9).
Importantly, the vesicle membrane remains visible in fluores-
cence microscopy with unchanged volume and shape, con-
firming that the vesicles are intact but leaky. This suggests
the formation of pores that allow sugar molecules to perme-
ate, rather than membrane rupture or collapse.

Notably, the formation of pores that allow sugar mole-
cules to permeate, rather than membrane rupture or collapse,
was observed only in the presence of R5F2 at concentrations
of 5uM and higher (see Figures S10-S12).

3.5. Proposed mechanism of peptide interaction with
mixed lipid bilayers as a prerequisite for translocation

The examination of all obtained results can be summarized
in the following main findings (going from the top of the
lipid bilayer to below):

i. When approaching choline and especially phosphate
groups of the DPPC+DPPG  system, R5F2

simultaneously decreases the transition dipole moment
of v,PO,” normal mode and increases that of v,CN.
This significant charge redistribution probably emerges
due to the orientation of R5F2 against lipid polar moi-
eties and overall penetration depth (Figure 5(a)). This
phenomenon does not resemble the response of K5F2
(Figure 5(c)) since in DPPC+DPPG+K5F2, as well as in
DPPC+DPPS+K5F2 one cannot see so dramatic changes
in the relative intensities; i.e. although the presence of
K5F2 affects the intensity of the v,PO,™ band, but does
not cause reduction and high-frequency displacement
of the vCOP band (v,.CN band appears to be not very
sensitive to this). Presumably, upon the interaction of
K5F2 a shrinkage of vCOP moieties occurs, likely due
to reduced hydration in the presence of K5F2 (see
Table S3). Since the DPPC+DPPS system in both the
absence and presence of R5F2 produces qualitatively
similar responses of these bands, R5F2 does not
directly interact with these lipid parts. However, in the
DPPC+DPPS+K5F2 system, the broadening of vCOP
band on its high-frequency side, although not merged
as in DPPC+DPPG+K5F2, may be related to a decreased
hydration of COP moiety in the presence of K5F2. The
presumption of COP moiety as a hotspot for interac-
tion with peptides, accompanied by a significant
change in the hydration in the presence of K5F2, goes
along with relatively poor changes in the response of
v,,PO,” band, suggesting that gel-to-fluid phase transi-
tion of DPPC+DPPS systems in the presence of pep-
tides is very likely accompanied with increased
hydration in comparison with DPPC+DPPG systems.
The MD simulations support this assertion, with the
higher positive difference (gain) in HBs between gel
and fluid in DPPC+DPPS systems, but they did not
reproduce the dehydration caused by K5F2.

As far as the polar-apolar interface is concerned
(vC=0 band), the reduced hydration of the
DPPC+DPPG system in the presence of R5F2, unlike
that of K5F2, suggests the possibility that R5F2 inter-
acts directly with the carbonyl moiety and thus pre-
vents the approach of water molecules allowed by
K5F2 (the difference between pure DPPC+DPPG
response and that of DPPC+DPPG+K5F2 is negligible).
On the other hand, the similarity in responses of
DPPC+DPPS+R5F2/K5F2 suggests the absence of any
dramatic changes caused by the presence of pep-
tides. MD simulations confirmed more HB formation
between C=0 and R5F2 compared to K5F2, except in
the case of DPPC+DPPS systems at 30°C. Before going
deeper into the non-polar part of lipid bilayers, we
would like to draw attention to the (-potential values.
For DPPC+DPPG and DPPC+DPPS systems, they are
—-6.5+0.4 and -16.0£0.3mV, due to the negatively
charged lipids. The presence of R5F2 leads to
(-potential increase for about 2mV in both systems,
ie. —-45+09mV in DPPC+DPPG+R5F2  and
—13.6+0.5mV in DPPC+DPPS+R5F2, suggesting the
charge screening upon the peptide association. In the
presence of K5F2, the (-potential of the DPPC+DPPG
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system decreases to —10.0+0.8mV, i.e. the corre-
sponding LUVs are more stable upon interaction with
K5F2 than with R5F2s or even than peptide-free LUVs.
Owing to the high association/dissociation rate of
K5F2, this difference in (-potential values quantity
could be tentatively associated with the polarization
of the slipping plane of DPPC+DPPG+K5F2 LUVs due
to increased presence of buffer anions in the second-
ary solvation shell. Interestingly, the analogous
DPPC+DPPS system significantly increases and effec-
tively approaches 0. In addition to charge screening
owing to the interaction, this value might be associ-
ated with the proton transfer between COO~ group of
DPPS and the NH,* of K5F2 [15,21]. This phenomenon
might also contribute to the observed high-frequency
displacement of inherently broad vC=O,,,;z band
skewed toward lower frequencies, generated by lipid
molecules, that ought to overlap vC=0 band gener-
ated by COOH group expected at about 1710cm™
[79]. The decrease in (-potential of DPPC+DPPG+K5F2
may be associated with the reduction in the thickness
of the hydration shell around the liposome.

Nevertheless, at this point, we have to refer to the results
obtained from temperature-dependent UV-Vis and DSC
responses: in general, it is fair to say that pretransition is
barely detectable from DSC curves, except for the systems
that include K5F2 (see Figure 3 and Table 1). Moreover, UV-Vis
data suggest that only K5F2 in both systems enhances the
occurrence/magnitude of ripples at the bilayer surface. In this
light, it seems reasonable to assume that K5F2 remains closer
to the surface of the bilayer and induces substantial charge
redistribution within terminal polar moieties of lipid mole-
cules, whereas R5F2 may penetrate a little bit deeper in the
bilayer. Though MD simulations have shown that both pep-
tides may penetrate the membrane to reach the hydrophobic
segment, considering the binding of R5F2 is more likely and
more stable, it is reasonable to assume it will have more
prominent effects deeper in the membrane (Figure 5). The
microscopy observations showing partial GUV leakage
induced by R5F2 (Figure S10) might imply full insertion of
the peptide, leading to membrane restructuring and pore
formation, but this occurs at significantly higher peptide con-
centrations. This process effectively increases the water con-
tent and disorganizes the lipids, consistent with our
observations of decreased packing.

iii. The yCH, bands, mirroring the lateral interactions
between hydrocarbon chains, clearly imply that pep-
tides alter lipid packing patterns in terms of confor-
mation of glycerol moiety and the mutual position
and orientation of hydrocarbon chains [67,80,81]. This
seems to be particularly  pronounced in
DPPC+DPPG+R5F2 since the latter modulates the
packing pattern inherent for pure DPPC+DPPG lipid
bilayers, i.e. from orthorhombic in the gel phase to
hexagonal. The difference in the packing pattern of
DPPC+DPPG and DPPC+DPPS systems is also distin-
guished from their thermotropic data, especially
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obtained from DSC (see Table 1), since DPPC+DPPG
systems generally provide T ,, smaller by about 1°C
than the analogous quantity in DPPC+DPPS systems
[74,82]. Ultimately, crucial differences in the action of
these two peptides on a lipid bilayer emerge from the
features of wCH, bands. Owing to the differences in
the intensities of the bands associated with double
gauche, end gauche, and kink conformers, it can be
assumed that the interaction of polar lipid parts with
peptides reflects on the number and distribution of
these conformers across the hydrophobic part. In this
context, a greater number of double gauche conform-
ers in DPPC+DPPG+K5F2 (owing to the stronger band
associated with them), in contrast to more end gauche
conformers in DPPC+DPPG+R5F2 (Figure 4(g)), might
imply that K5F2 induces smaller number of larger
defects in DPPC+DPPG system than R5F2, but in the
presence of the latter the inversion appears, ie. a
larger number of smaller defects within non-polar
bilayer part. Knowing that these peptides do not dis-
rupt the vesicles overall (Figures S10-S12), these
defects may be considered as potential vacancies [83],
occasionally leading to pore formation. The analogous
phenomenon in DPPC+DPPS systems is not so pro-
nounced. The potential contribution of proton transfer
between DPPS and K5F2 [15] on the type and distri-
butions of gauche conformers [83], as well as on the
detection of ripple phase [84], cannot be excluded
but is out of the scope of the present study.

One more phenomenon ought to be more deeply elabo-
rated. According to Cevc, the ripple phase in DPPC lipid
(multi)bilayers is a result of a longitudinal displacement of
lipid molecules owing to a different hydration pattern in a
certain temperature range [35]. Besides more frequent (un)
binding of K5F2 from both DPPC+DPPG and DPPC+DPPS
bilayer surfaces, there is a possibility that K5F2 induces
hydration changes in the interfacial water layer that reinforce
this longitudinal displacement of lipid molecules, increasing
their protrusion beyond the surface. Moreover, the lack of
signals originating from the vibrations of the glycerol moiety
of DPPG lipids in DPPC+DPPG systems in the presence of
R5F2 (Figure 4(c)) might go along with the suppression of
longitudinal displacement of the lipids in the presence of
R5F2. In this light, one can conclude that the association of
peptides with DPPC+DPPG and DPPC+DPPS lipid bilayers is
dominantly driven by the charge distribution of peptides,
implying that the net charge of the prepared lipid bilayers is
of secondary importance [85]. The increased longitudinal dis-
placement in the presence of K5F2, but not in R5F2, should
be mirrored in the occurrence of different gauche conformers
(Figure 4(g)), especially in the intrinsically less hydrated gel
phase of lipid bilayers than the fluid phase [58,59,86].

Assuming that the gauche conformers can be taken as
defects, these results can serve as a platform for deciphering
how the interaction-induced change in the hydration pattern
and sliding the lipids along the membrane normal affect the
type and distribution of vacancies that might serve as a
pathway for peptide translocation.
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4. Conclusions

Both R5F2 and K5F2 show a propensity for non-covalent bind-
ing to the membrane, though R5F2 has a higher affinity and
greater ability to interact with the polar groups and form
hydrogen bonds. Depending on the composition of the lipid
membrane (DPPC+DPPG or DPPC+DPPS), the peptides exerted
a different effect on the membrane properties. In particular,
their T, values (DSC) are modulated in a way that in
DPPC+DPPG/DPPC+DPPS systems, the stabilization of the fluid/
gel phase of lipid bilayers is detected, but without specifying
peptide distribution across LUVs. Turbidity-based data (UV-Vis)
that detect ripple phase (T, determination) only when K5F2 is
present in the systems might be related to a considerable
impact of K5F2 on the interfacial water layer on both
DPPC+DPPG and DPPC+DPPS systems. Though both peptides
possess membrane-penetrating potential, R5F2 is likely situated
deeper in the membrane, while K5F2 retains positions at the
surface, and possibly longitudinally displaces lipids. This way of
peptide interaction with lipid bilayers, as well as association/
dissociation dynamics, might be associated with larger CUS of
both lipid bilayers in the presence of R5F2. Most importantly,
the detection of peptide-dependent gauche conformers for
DPPC+DPPG systems that serve as models for bacterial mem-
branes, along with the maintenance of their integrity, implies
that the number and type of gauche conformers may be
viewed as precursors of defects that ultimately, in a concerted
manner, enable peptide translocation across lipid bilayers.
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S1. R5F2/K5F2: Spectral characterization

The synthesis of R5F2 and K5F2 on a solid phase is thoroughly described in our previous paper
[1]. Here, the data obtained from NMR spectra, HRMS data, and the Scheme of their
chromatograms (Scheme 1.) are listed in the text below, proving their structure.

S1.1 Characterization of K5F2 and R5F2 peptides
L-lysyl-L-lysyl-L-lysyl-L-lysyl-L-lysyl-L-phenylalanyl-L-phenylalanine (KKKKKFF, K5F2)

'H NMR (600 MHz, DMSO-ds): 6 = 1.11 - 1.18 (m, 2 H, Lys>-y), 1.18 - 1.22 (m, 2 H, Lys*y),
1.24-1.28 (m, 2 H, Lys*y), 1.28 - 1.33 (m, 2 H, Lys>y), 1.33 - 1.38 (m, 2 H, Lys'-y), 1.43 - 1.49
(m, 3 H, Lys*>-B”), 1.49 - 1.55 (m, 12 H, Lys'-y, Lys®-B”, Lys>-p’), 1.56 - 1.61 (m, 1 H, Lys*
B), 1.60 - 1.66 (m, 2 H, Lys**-p’), 1.66 - 1.74 (m, 2 H, Lys'-p), 2.65 - 2.80 (m, 11 H, Lys!--¢,
PheS-B”), 2.92 (dd, J = 14.1, 8.6 Hz, 1 H, Phe’-B”), 2.99 (dd, J = 13.8, 4.2 Hz, 1 H, Phe®-B’), 3.07
(dd, J = 14.1,5.3 Hz, 1 H, Phe’-p*), 3.81 (br dd, J = 11.7, 5.9 Hz, 1 H, Lys'-q), 4.15 (td, J = 7.8,
5.0 Hz, 1 H, Lys*-a), 4.17 - 420 (m, 1 H, Lys*-a), 4.20 - 4.25 (m, 1 H, Lys*-a), 4.29 (td, J = 8.2,
5.3 Hz, 1 H, Lys*-a), 4.45 (td, J = 8.3, 5.3 Hz, 1 H, Phe’-0), 4.53 (td, J = 8.8, 4.4 Hz, 1 H, Phe®-
®),7.16 - 7.18 (m, 1 H, Phe-0), 7.18 - 7.20 (m, 1 H, Phe’-C), 7.19 - 7.23 (m, J = 2.2 Hz, 4 H, Phe®-
5, Phe®g), 7.23 (d, J= 7.7 Hz, 2 H, Phe’-5), 7.27 (1, ] = 7.3 Hz, 2 H, Phe’-¢), 7.81 - 7.91 (m, 10 H,
Lys!?-e-NH2), 7.88 - 7.91 (m, 1 H, Pheb-a-NH), 7.96 (br d, J = 8.1 Hz, 1 H, Lys®-0-NH), 7.96 (br
d,J=7.3Hz, 1 H, Lys*-a-NH), 8.15 (br d, /= 7.7 Hz, 1 H, Lys*-a-NH), 8.22 (br d, /= 3.7 Hz, 2
H, Lys'-a-NH), 8.36 (d, /= 8.1 Hz, 1 H, Phe’-0-NH), 8.59 (br d, ] = 7.3 Hz, 1 H, Lys*-a-NH) ppm.

13C NMR (151 MHz, DMSO-ds): 6 = 21.0 (Lys!-y-CH), 22.1 (Lys’-y-CHa), 22.2 (Lys>*-y-CHb),
26.3 (Lys'-3-CH), 26.6 (Lys*3-3-CHz), 30.4 (Lys'-B-CHz), 31.4 (Lys*5-B-CHa), 36.7 (Phe’-B-
CHb), 37.6 (Phe®-B-CHy), 38.4 (Lys'-e-CHa), 38.6 (Lys*S-e-CHa), 51.7 (Lys'-a-CH), 52.2 (Lys*-
a-CH), 52.3 (Lys*5-a-CH), 52.5 (Lys*a-CH 53), 53.3 (Phe®-a-CH), 53.4 (Phe’-0-CH), 126.2
(Phe®-(-CH), 126.4 (Phe’-{-CH), 127.9 (PheS-e-CH), 128.2 (Phe’-e-CH), 129.1 (Phe’-5-CH),
129.2 (Phe’-5-CH), 137.3 (Phe’-y-C), 137.4 (Phe’-y-C), 168.4 (Lys'-CO), 170.9 (Lys*-CO), 171.0
(Phe’-CO), 171.1 (Lys>-CO), 171.2 (Lys>-CO), 171.4 (Lys*-CO), 172.6 (Phe’-COOH) ppm.

C4sHgoN120s8 Mr = 952.62, [M + H]* . HRMS: m/z 953.6298 [M + H]* (calc. 953.6300).



L-arginyl-L-arginyl-L-arginyl-L-arginyl-L-arginyl-L-phenylalanyl-L-phenylalanine (RRRRRFF,
R5F2)

H NMR (600 MHz, DMSO-ds): 6 = 1.36 (br s, 2 H, Arg’-y), 1.40 - 1.46 (m, 2 H, Arg*y), 1.46 -
1.50 (m, 2 H, Arg>-y), 1.50 - 1.56 (m, 6 H, Arg'*-y, Arg®>-B), 1.58 (br s, 2 H, Arg*-B), 1.62 (brs, 2
H, Arg™-B), 1.69 (br s, 4 H, Arg'2-B), 2.75 (br dd, J = 13.9, 9.2 Hz, 1 H, PheS-p”), 2.92 (dd, J =
13.9, 8.8 Hz, 1 H, Phe’-B”), 3.00 (dd, J = 13.6, 4.0 Hz, 1 H, Phe®-B’), 3.02 - 3.05 (m, 4 H, Arg*°-
Y), 3.05 - 3.07 (m, 3 H, Arg>-y, Phe’-p’), 3.09 (br d, J= 6.6 Hz, 2 H, Arg>-5), 3.11 (brs, 2 H, Arg'-
5),3.84 (dt,J=7.0, 6.0 Hz, 1 H, Arg'-a), 4.16 - 420 (m, 1 H, Arg>-a), 4.22 (brd, J=7.0 Hz, 1 H,
Arg*-a), 4.23 - 4.26 (m, 1 H, Arg>-a), 4.33 (dt, J = 8.0, 6.0 Hz, 1 H, Arg’-), 4.44 (td, J=8.2, 5.7
Hz, 1 H, Phe’-0), 4.54 (td, J = 8.6, 4.8 Hz, 1 H, Phe®-a), 7.14 - 7.18 (m, 1 H, Phe®-(), 7.18 - 7.21
(m, 5 H, Phe%-3,¢, Phe’-(), 7.22 (br d, J = 8.4 Hz, 2 H, Phe’-§), 7.26 (t, J= 7.0 Hz, 2 H, Phe’-¢),
7.29-7.53 (m, 15 H, Arg"-e-NH,NHa), 7.65 (br t, /= 5.0 Hz, 1 H, Arg*-y-NH), 7.70 (br t, /= 5.1
Hz, 1 H, Arg*-y-NH), 7.79 (br t, J = 5.5 Hz, 1 H, Arg3-y-NH), 7.85 (br t, J= 5.9 Hz, 1 H, Arg'-y-
NH), 7.86 (t, J = 6.2 Hz, 1 H, Arg’>-y-NH), 7.95 (br d, J = 8.1 Hz, 1 H, Phe®-0-NH), 8.02 (d, J =
7.7 Hz, 1 H, Arg>-a-NH), 8.03 (d, /= 7.0 Hz, 1 H, Arg*-a-NH), 8.19 (br d, J=7.7 Hz, 1 H, Arg’-
-NH), 8.22 (br d,.J = 3.7 Hz, 2 H, Arg'-0-NHa), 8.44 (br d, J= 7.7 Hz, 1 H, Phe’-0-NH), 8.60 (br
d,J=7.3 Hz, 1 H, Arg*-a-NH) ppm.

13C NMR (151 MHz, DMSO-ds): 6 = 24.0 (Arg!-y-CHz), 24.8 (Arg’-y-CH>), 24.9 (Arg*-y-CH>),
25.0 (Arg*-y-CHa), 28.4 (Arg'-B-CHa), 29.1 (Arg>-B-CHa), 29.2 (Arg>*-B-CHa), 29.3 (Arg’p-
CHa), 36.7 (Phe’-B-CHa), 37.6 (Phe’-B-CHa), 40.1 (Arg'-5-CHa), 40.4 (Arg>’-5-CHa), 51.7 (Arg -
a-CH), 52.1 (Arg**-a-CH), 52.2 (Arg’-a-CH), 52.4 (Arg*-a-CH), 53.3 (Pheb-a-CH), 53.6 (Phe’-
4-CH), 126.2 (Phe®-(-CH), 126.4 (Phe’-(-CH), 127.9 (Phe®-e-CH), 128.1 (Phe’-g-CH), 129.1
(Pheb-5-CH), 129.2 (Phe’-3-CH), 137.3 (Phe®7-y-CH), 156.8 (Arg!*-5-NH), 168.4 (Arg!-CO),
170.9 (Arg>*-CO), 171.0 (Arg>-CO), 171.1 (Phe®-CO), 171.3 (Arg>-CO), 172.6 (Phe’-COOH)
ppm.

CasHgoN220s8 Mr = 1093.66, [M + H]*. HRMS: m/z 1093.6608 [M + H]" (calc. 1093.608).
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Scheme 1. The chromatography profile of the peptides K5F2 and R5F2



S2. DLS and &-potential data: PRO + R5F2/K5F2 and EU + R5F2/K5F2
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Fig. S1. The size and {-potential data of: a) PRO; b) EU; ¢) PRO+R5F2; d) EU+R5F2; ¢) PRO+K5F2; f)
EU+K5F2 obtained at 25 °C.



S3. DSC curves of PRO + R5F2/K5F2 and EU + R5F2/K5F2 as MLVs
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S4. Additional FTIR spectral data
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Fig. S3. FTIR spectra of R5F2/K5F2 (1 mM) after PB subtraction at 30 °C and 50 °C.



Table S1. The position of maxima of (dominantly) DPPC-originated bands in FTIR spectra in the gel (30 °C) and fluid (50 °C) phase.

system
DPPC+DPPG DPPC+DPPG+R5F2 DPPC+DPPG+K5F2 DPPC+DPPS DPPC+DPPS+R5F2 DPPC+DPPS+KSF2 assignment
30° 50° 30° 50° 30° 50° 30° 50° 30° 50° 30° 50°
2919 2924 2919 2924 2919 2924 29019 2924 2919 2924 2919 2924 vasCHz
2851 2854 2851 2854 2851 2854 2851 2854 2851 2854 2851 2854 vsCH»
1741 1741 1738 1731 1739 1739+ 1722 1739 1735 1740 1735 1737 1735 VC=OmonuB
1470 1470 1468 1470 1470 1471 1470 1463 1468 1465 1469 1465 vCH,
1380 1380 1378 1379 1380 1380 1379 1379 1379 1378 1379 1379 vCHj3
1375 1375 1373 1373 1374 1374 1373 1373 1373 1373 1373 1373 ®CH, kink
1361 1361 1361 1361 1361 1361 - - - - - 1366 oCH>
vt 1354 1354 1354 1354 - 1352 1352 1352 1355 1355 1352 1352 ®CH> double gauche
1342 1342 1342 1339 1341 1341 1345 1343 1345 1342 1345 1342 oCH; end gauche
1261 1260 1264 1264 1264 1260 1263 1260 1263 1260 1263 - vasC-0
1227 1227 1227 1227 1227 1227 1225 1231 1225 1231 1225 1231 VasPO2 " (non)HB
1200 -
1178 1178 1170 1182 1166 1172 1176 1176 1176 1166 1173 1182 vsC-O
1090 1090 1089 1089 1086 1079 1092 1092 1091 1088 1092 1092 VsPO2 (non)HB
1068 1059 1047 1050 1050 1052 1045 1045 1046 1046 1057 1057 vCOP

A lnecm™: P In °C.



S5. Additional molecular dynamics simulation data

Area per lipid (APL) is determined as the xy area of the simulation box divided by the number of
lipids in a single leaflet. It is an indicator of lipid packing, with higher values denoting the fluid
phase. As seen in Table S2, the values are similar to the experimentally determined APL of DPPC
(0.46 + 0.02 nm? in gel and 0.62 + 0.02 nm? in fluid) [3,4]. The increase in APL is accompanied
by a decrease in membrane thickness (MT, Table S2). MT is reported as the average distance of
P-atoms in opposing leaflets, taken from the phosphorus number density distribution. The values
are higher than previously reported for the gel phase [5,6], likely due to the formation of ripples.
Rippling was observed in the simulations at 30 °C, which is lower than the experimental Tp, but
was noted feature of DPPC simulations [7]. The deuterium order parameters (Fig. S4), showing
the level of organization of acyl chains, demonstrate high structuring (large -Sco) at 30 °C, and

high disorder (low -Scp) at 50 °C, confirming the phase difference.

Table S2. Area per lipid (APL) and membrane thickness (MT) of DPPC+DPPG or DPPS systems in the
presence of K5F2 or R5F2 peptides, at 30 °C or 50 °C.

System APL / nm? MT / nm

+R5F230 0.482+0.004 5.163+0.099

E:? +R5F250 0.619+0.009 3.896+0.126

S; +KS5F230 0.501+0.005 5.333=0.110

[a )

S LKSF250 0.617+0.010 3.895+0.013
+R5F230 0.488+0.005 5.102 < 0.066

‘&’i +R5F250 0.608+0.011 4.033+0.014

[

g:.j +KS5F230 0.497+0.004 4.580 = 0.147

[a )

[

+K5F250 0.609 +£0.010 4.003 +0.069
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Fig. S5. Minimum distance of any peptide atom to the phosphate atoms of lipids in systems simulated at 30
°C (left) and 50 °C (right): a) DPPC+DPPG+R5F2, b) DPPC+DPPG+K5F2, ¢) DPPC+DPPS+R5F2, d)
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Table S3. Quantitative analysis of peptide interactions with the lipid bilayer: the average percentage of
simulation time a peptide is associated/dissociated with the bilayer, the average number of dissociation

events of a peptide during the run, the average time a peptide spends in continuous contact with the bilayer.

System Assoc. % Dissoc. count Assoc. duration / ns

o +R5F230 93+ 16 3:2 185.6 £ 230.6
% +R5F2 50 98 +2 241 327.1 +230.1
é + K5F2 30 70 £ 26 8+ 4 42.4+99.5
5 +K5F250 78 + 14 10+5 37.8 +78.0
. TR5F230 929 342 183.8+215.1
5 +RSF250 08+ 5 242 275.0 + 2423
é + K5F2 30 73427 945 3944934
[a)

5 +K5F2 50 80 + 14 1327 31.4+65.0

The quantitative analysis of peptide binding was conducted by extracting the number of frames an
individual peptide spends in contact with the bilayer. Contact was defined as the minimum distance
of any peptide atom and lipid phosphate < 0.5 nm (Fig S5), lasting 3 or more continuous frames.
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and F residues of peptides: a) DPPC+DPPG+R5F2, b) DPPC+DPPG+K5F2, ¢) DPPC+DPPS+R5F2, d)
DPPC+DPPS+K5F2. All systems were simulated at 30 °C.

Table S4. Hydrogen bonds established between select molecules or functional groups for DPPC+DPPG or
DPPC+DPPS systems in the presence of R5F2 or K5F2, at 30 or 50 °C.

o Phosphate- Carbonyl — Phosphate- Carbonyl —
System Lipid-water . )
water water peptide peptide
o  TRSF230 1401 + 29 1160 + 25 387+ 14 76+9 8+3
[a WY
E + R5F2 50 1509 + 27 1193 +£20 460 + 16 96 +7 12+4
é + K5F2 30 1491 + 24 1226 £ 21 416+ 14 30+£5 3+2
E + K5F2 50 1568 £ 27 1256 + 23 472 £ 16 29+7 4+£2
»n  TRSF230 1379 £ 26 1142 +£20 382+ 14 53+7 3+1
a9
E +R5F2 50 1495 + 29 1179 +£22 458 £ 16 8710 14+4
J’_
©  +KS5F230 1440 + 25 1190 + 21 393+ 15 20+ 4 3+1
[a W
A  +K5F250 1562 + 28 1244 + 22 474 £ 16 24+5 2+1
2000, lipid - water HB DPPC+DPPG+R5F2 30
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Fig S7. Box-and-whisker plots of hydrogen bond counts from Table S3.
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S6. Microscopy data of GUVs

S6.1 GUVs preparation. POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and
POPG were purchased as powders from Avanti Polar Lipids (99%). Sucrose (> 99.5%) was
obtained from Sigma-Aldrich. The fluorophore, 1,1'-dioctadecyl-3,3,3',3"-
tetramethlyindocarbocyanine perchlorate (DilCis) was purchased from Thermo Fisher Scientific.
Stock solutions of lipids in chloroform at a concentration of 3 mM were prepared in 2 different
compositions: POPC + 10 mol% POPG + 0.5 mol% DilC1s (POPC+POPG) and POPC + 10 mol%
POPS + 0.5 mol% DilCis (POPC+POPS). The peptides R5F2 and K5F2 were dissolved in PB at
a concentration of 200 uM. The osmolarity of the peptide solution was measured by freezing point
osmometer Osmomat 3000 (Gonotec, Berlin, Germany), and adjusted to approximately 225 mOsm
kg™. Freshly prepared sucrose and glucose solutions were also adjusted to match this osmolarity.
GUVs constituted from POPC+POPG and POPC+POPS were prepared by the electroformation
method [8] described below and explored by confocal fluorescence microscopy. Indium tin oxide
(ITO)-coated glass slides were carefully washed in the following sequence: Milli-Q water, ethanol
(p.a., Honeywell) and chloroform and followed by drying under a stream of nitrogen. Then, 6 puL
of a 3 mM lipid stock solution in chloroform was spread on the conductive side of the ITO-coated
slides. The slides were placed under vacuum for one hour to ensure evaporation of the organic
solvent. Next, the two slides with the lipid-coated sides facing each other were assembled to
sandwich a rectangular Teflon spacer, and the electroformation chamber was filled with 2 mL of
sucrose solution. The chamber was connected to a signal generator (Agilent, USA) at a voltage
amplitude of 1-1.6 Vpp and a frequency of 10 Hz. After one hour, the resulting GUVs were

harvested and transferred to an Eppendorf tube.
S6.2 Confocal microscopy of GUVs

Imaging was performed on a Leica SP8 confocal setup (Mannheim, Germany). The fluorescent
dye, DilCis, was excited with a 552 nm laser. Before imaging samples, cover glasses used to
prepare the observation chambers were coated via incubation with 10 mg/ml bovine serum albumin
(BSA, Sigma) in a pure water solution to prevent vesicle adhesion. Before adding the vesicle
suspension, the glasses were rinsed with pure water to remove any unbound BSA. GUVs of two
different compositions were measured, POPC+POPG and POPC+POPS (both labeled with 0.5
mol% DilCis) in the absence/presence of R5F2 and K5F2. For imaging, 15 pL of the desired GUVs
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suspension was placed on BSA-coated glass and diluted at a 1:3 volume ratio with 45 pL of glucose
solution (same osmolarity as that of the sucrose solution), or at a 1:1 ratio using 10 pL of the GUV
suspension and 10 pL of glucose solution. All GUV samples were first observed without peptides
and then following the addition of 1 uM, 5 pM, 10 uM or 20 uM peptides. All images were
analyzed using ImageJ software.

S6.3 Microscopy analysis of giant vesicles shows partial membrane permeation induced by R5F2

Given the biological relevance of fluid membranes and the fact that microscopy observations do
not require phase transitions (unlike e.g. DSC measurements), we selected membrane
compositions with lipids with the same headgroup (to preserve the affinity of the peptides to the
membrane) that remain in the fluid state at room temperature. The latter allowed us to avoid
working above the lipid melting temperature, which would also be experimentally more
demanding. Furthermore, gel-phase membranes were excluded due to their high bending rigidity
[9] and their tendency to exhibit leakiness, often seen as a loss of optical contrast in GUVs [10].
Since our goal was to investigate potential peptide translocation, which may occur through pore
formation, we specifically chose to study fluid-phase membranes.

The vesicles were observed using bright-field and fluorescence microscopy, with the membrane
labeled with DilCis. Confocal imaging revealed no significant changes in vesicle morphology or
population at low peptide concentration (Fig. S8). The GUVs were prepared in sucrose solutions
and diluted in glucose, allowing us to monitor changes in vesicle stability and leakiness due to
differences in solution densities and refractive indices under bright-field or phase-contrast
observation (Fig. S9). Note that sucrose itself does not significantly affect peptide-membrane
interactions or membrane permeabilization, as demonstrated in previous studies on antimicrobial

peptides, which exhibit comparable effects in the presence and absence of sugar [11].
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Fig. S8. Confocal images of: (a-d) POPC+POPG GUVs and (e-h) POPC+POPS GUVs in the absence (a,
C, &, g) and presence of 1 uM peptides (b, d, f, h) (R5F2 - top rows; and K5F2 - lower rows). The membrane
was labeled with 0.5 mol% DilCas.

Fig. S9. Bulk observations of POPC+POPG GUV samples before (top row) and >10 min after (bottom row)
the addition of peptide-free buffer, captured using confocal microscopy (left, red) and phase contrast
imaging (right, grey). In phase contrast, vesicles appear as dark objects due to refractive index differences
caused by sugar asymmetry. The consistent vesicle appearance after buffer addition indicates no solution

exchange across the membrane, confirming that the GUVs remain intact and non-leaky. Scale bars: 50 pm.
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Contrary to fluorescence observations, which showed neither qualitative changes nor vesicle
rupture in the presence of the peptides, careful inspection of bright-field images revealed
permeation, visually recognized by a loss of contrast. This effect arises because the refractive index
of the internal solution equilibrates with that of the external medium, indicating exchange of
solutes (namely sugars) across the membrane. Importantly, the vesicle membrane remains visible
in fluorescence microscopy with unchanged volume and shape, confirming that the vesicles are
intact but leaky. This suggests the formation of pores that allow sugar molecules to permeate,

rather than membrane rupture or collapse. Notably, this effect was observed only in to the presence

of R5F2 at concentrations of 5 uM and higher (see Fig. S10 and Fig. S11).

T +5uMR5F2 &

+10 uM R5F2

Fig. S10. In the presence of R5F2, a fraction of the POPC+POPG vesicles exhibit permeation, resulting in
leakage of their internal content. In red (left): confocal cross-sections; in grey (right): bright-field images,
displaying changes in contrast due to equilibration of sugar concentration across the membrane. The loss
of contrast in bright-field images indicates solute exchange, while the persistence of fluorescence confirms
that the vesicles remain intact but leaky. Images were enhanced to better display the variations of contrast;
see Fig. S12 for additional examples. Scale bars: 50 um. a) Single-vesicle observation over time: snapshots
display a progressive loss of contrast, indicating leakage of the GUV after the addition of 5 uM R5F2. b)
Bulk observation over a population of GUVs: multiple leaky vesicles (marked with yellow asterisks) are

visible several minutes after the addition of 10 uM R5F2.
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20 uM R5F2

Fig. S11. Images of POPC+POPG GUVs incubated with R5F2 at different concentrations: a) 5 uM; b) 10
MM; ¢) 20 pM, simultaneously imaged in fluorescence and bright-field mode. Left (red): confocal cross
sections. Right (grey): bright-field images, where vesicles appear with a dark contour due to the refractive
index difference between the internal and external solutions caused by sugar asymmetry. When this
difference is lost (as is the case of the vesicles market with cyan arrowheads), vesicles in bright field lose
contrast, making their contour appear faint. The images were enhanced to better visualize these variations.
Scale bars: 50 um. Most vesicles remain visible in both the fluorescence (left) and bright-field (right)
channels, indicating they have not become leaky within 10 minutes of peptide addition. However,
increasing the peptide concentration results in more vesicles (marked by cyan arrowheads) visible in
fluorescence but not in bright field, indicating leakage and equilibration of sugar solutions across their

membrane, leading to contrast loss.
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This behavior aligns with a well-documented mode of action for antimicrobial peptides, which can
either form pores (often referred to as toroidal pores) or cause complete disintegration of the
vesicle (referred to as the carpet model) [12—-14]. These mechanisms can be distinguished in GUV
experiments: peptides that form pores result in leaky but intact vesicles (see e.g. [11,15]), whereas
those following the carpet model lead to vesicle collapse or burst [15]. The leakage we observe,
without vesicle collapse, supports the toroidal pore mechanism, as the vesicles remain intact but
permeable. Similar effects have been reported for detergents at sub-solubilization concentrations
[16,17].

Over time, approximately 10% of the vesicles (based on a sample size of over 940 GUVs)
exhibited leakage within 30-40 minutes of incubation. At a lower peptide concentration (5 puM),
only around 5% of the GUVs lost contrast (216 GUVs screened), see also Fig. S11. In the absence
of the peptide, no vesicle permeation was observed during this period.

Combined, these observations suggest that at higher concentrations (= 10 uM), R5F5 induces
membrane restructuring, decreased packing, and pore formation, which allows the exchange of
material between the membrane leaflets, and therefore, peptide translocation. These processes also
imply an effective increase of the water content within the vesicle membrane consistent with the
tendency of the peptide to remain bound to the membrane, as well as with detecting more end
gauche conformers in DPPC+DPPG+R5F2 than in DPPC+DPPG+K5F2 (as observed in Fig. 49).
Although fluorescently labeled peptide analogs could have facilitated visualization and
quantification of peptide adsorption and penetration across the membrane, the small molecular
weight of the peptides suggests that adding a fluorescent tag might significantly alter their

behavior.

While neither the addition of 1 uM R5F2 nor peptide-free buffer induced leakage in POPC+POPG
GUVs, multiple instances of leakage were observed after adding 5 uM (Fig. S11a), 10 uM (Fig.
S11b) or 20 uM (Fig. S11c) R5F2; additional data on individual vesicles observed over time and
bulk observations are provided in Fig. S12. No significant morphological changes were observed
after introducing the peptides (aside from slight deflation likely caused by sample evaporation or
small osmolarity mismatch), suggesting that the peptides insert symmetrically into both leaflets of
the bilayer without inducing substantial spontaneous curvature or measurable changes in

membrane area.
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Fig. S12. Additional examples displaying POPC+POPG GUVs, which in the presence of R5F2 exhibit
permeation and leakage of their internal content (see also Fig. S10). In red (left): confocal cross sections;
in grey (right): bright-field images, displaying changes in contrast due to equilibration of sugar
concentration across the membrane. The loss of contrast in bright-field images indicates solute exchange,
while the persistence of fluorescence in the confocal cross sections confirms that the vesicles remain intact
but leaky. Scale bars: 50 um. a) Time observation of two vesicles (marked with cyan arrowheads)
displaying progressive loss of contrast, indicating leakage after the addition of 20 uM R5F2. b) Bulk
observation over a population of GUVs: multiple leaky vesicles (marked with cyan arrowheads) are visible

several minutes after the addition of 10 pM R5F2.
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