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ABSTRACT Antimicrobial peptides are promising therapeutic agents to mitigate the global rise of antibiotic resistance. They
generally act by perturbing the bacterial cell membrane and are thus less likely to induce resistance. Because they are mem-
brane-active molecules, it is critical to verify and understand their potential action toward eukaryotic cells to help design effective
and safe drugs. In this work, we studied the interaction of two antimicrobial peptides, aurein 1.2 and caerin 1.1, with red blood cell
(RBC) membranes using in situ 3'P and ?H solid-state NMR (SS-NMR). We established a protocol to integrate up to 25% of
deuterated fatty acids in the membranes of ghosts, which are obtained when hemoglobin is removed from RBCs. Fatty acid
incorporation and the integrity of the lipid bilayer were confirmed by SS-NMR and fluorescence confocal microscopy. Leakage
assays were performed to assess the lytic power of the antimicrobial peptides. The in situ perturbation of the ghost membranes
by aurein 1.2 and caerin 1.1 revealed by 3'P and ?H SS-NMR is consistent with membrane perturbation through a carpet mech-
anism for aurein 1.2, whereas caerin 1.1 acts on RBCs via pore formation. These results are compatible with fluorescence mi-
croscopy images of the ghosts. The peptides interact with eukaryotic membranes following similar mechanisms that take place
in bacteria, highlighting the importance of hydrophobicity when determining such interactions. Our work bridges model mem-
branes and in vitro studies and provides an analytical toolbox to assess drug toxicity toward eukaryotic cells.

SIGNIFICANCE Antimicrobial peptides are promising therapeutic agents to mitigate the global rise of antibiotic
resistance. To develop drugs based on these peptides, the relevant forces dictating their membrane interaction
mechanism need to be identified. In addition, their toxicity toward eukaryotic membranes should be assessed. Here we
study the interaction of two antimicrobial peptides, aurein 1.2 and caerin 1.1, with erythrocytes by fluorescence leakage
assays, confocal microscopy, and various NMR methods. The peptides interact with eukaryotic membranes following
similar mechanisms that take place in bacteria, highlighting the importance of hydrophobicity when determining such
interactions. Our work bridges model membranes and in vitro studies and provides an analytical toolbox to assess drug
toxicity toward eukaryotic cells.

INTRODUCTION (2), and in this regard, antimicrobial peptides (AMPs) are
a promising therapeutic alternative that could be subjected
to advanced chemical engineering to become new antimi-
crobial drugs (3). The antimicrobial activity of AMPs in-
volves different possible action mechanisms that cause
bacterial cell death, including perturbation of the plasma
membrane (4,5). Because these mechanisms are entirely
distinct from those of current clinically used antibiotics,
there is great interest in their development as therapeutic

Antimicrobial resistance affects the lives of many people
around the world, and for this reason, the World Health
Organization has recently published its first list of anti-
biotic-resistant bacteria that should be prioritized in the
development of new treatments (1). New drug candidates
with novel action mechanisms must be found urgently
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candidates are not only able to kill bacteria but also to
modulate host immunity (10) because AMPs have evolved
as integral components of strategic and carefully regulated
mechanisms of immunity against infection (5).

In general, the outer surface of Gram+ and Gram— bacteria
contains peptidoglycan and teichoic acids or lipopolysaccha-
rides (11,12), each conferring a net negative charge. In addi-
tion, the outer leaflet of the lipid bilayer in bacterial
membranes often contains zwitterionic phosphatidylethanol-
amine (PE) as well as negatively charged lipids such as
phosphatidylglycerol and cardiolipin (13,14), promoting
electrostatic interactions with cationic AMPs (15). In contrast,
the outer leaflet of most mammalian cell membranes,
including the erythrocyte membrane, mainly consists of zwit-
terionic phospholipids such as phosphatidylcholine (PC) and
sphingomyelin (SM), as well as cholesterol (16). These funda-
mental differences between bacterial and eukaryotic mem-
brane compositions should offer some specificity. Although
many factors can influence this selectivity, including the mo-
lecular shapes of lipids and peptides (17), it has been proposed
that charged peptides would preferentially interact with and
affect the microbial membrane integrity with higher potency
than with eukaryotic membranes (18,19). One major chal-
lenge is to identify AMPs for their potential therapeutic use
and selectivity toward bacteria without affecting eukaryotic
cells such as erythrocytes. Many studies have shown the po-
tential of AMPs through their interaction with model mem-
branes (20-23). However, model membranes have limited
complexity and therefore overlook potentially important
features of the cellular envelope. In this regard, in vivo
studies are becoming more widespread, including in-cell
solid-state NMR (SS-NMR) spectroscopy (24—26). In our pre-
vious study, aurein 1.2 (GLFDIKKIAESF-NH,) and caerin
1.1 (GLLSVLGSVAKHVLPHVVPVIAEHL-NH,), natural
AMPs isolated from the skin secretions of Australian tree
frogs, were investigated (27-30). Their interaction with intact
Gram+ and Gram— bacteria was studied by in vivo H SS-
NMR following specific deuteration of their membrane phos-
pholipid acyl chains (24).

In this report, we investigated the action of these two
cationic peptides on erythrocyte ghost membranes. The term
“ghost” is used to describe the discoid bodies obtained after
removal of hemoglobin from erythrocytes (31). As post-he-
molytic remains of red blood cells (RBCs), their cell surface
and membrane composition, including lipids, proteins, and
other plasma membrane components, has been shown to be
similar or even identical to that of intact RBCs (31,32). Hence,
ghosts can be used to study the lipid phase, dynamics, and in-
teractions in RBC membranes (33). Devoid of signal-perturb-
ing hemoglobin or cytoplasmic phosphorus-containing
molecules, ghosts are better suited for SS-NMR studies.

We first optimized and characterized the deuteration of
erythrocyte ghosts with efficient incorporation of perdeuter-
ated exogenous palmitic acid (PA-ds;) in their membranes.
PA was chosen because saturated acyl chains with 16 carbons
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are the most abundant type of fatty acid (FA) chains in eryth-
rocyte lipids (Fig. 5), and it is commercially available in its
deuterated form. Similar labeling had been attempted in the
past by Davis et al. (34), who intercalated PA-d;; molecules
into lyophilized human erythrocytes and rehydrated them
prior to NMR experiments. They obtained a 5% deuteration
of the membranes and monitored the second moment of “H
SS-NMR spectra as a function of temperature, showing no
detectable phase transition down to 2°C, suggesting that
PA-d3, molecules are present in all lipid regions of the mem-
brane. In this work, we improved FA incorporation in the
ghost membranes, reaching a level of 25% deuteration. We
assessed changes in the lipid headgroup profile by *'P solu-
tion NMR and in the FA chain composition by gas chroma-
tography coupled to mass spectrometry (GC-MS). We also
validated PA-d5, insertion by *H SS-NMR and GC-MS and
membrane integrity by *'P SS-NMR and confocal fluores-
cence microscopy.

After characterization of deuterated ghosts, we studied
the effect of caerin 1.1 and aurein 1.2. Hemolytic and
leakage assays were used to determine the lytic action of
AMPs on erythrocyte and model membranes. Then *'P
and *H SS-NMR and confocal microscopy were employed
to investigate the interactions of the peptides with erythro-
cyte ghost membranes. By performing these experiments
at various lipid-peptide molar ratios, an overall picture of
peptide interactions with erythrocyte membranes emerges.
By determining the conditions under which these peptides
perturb the membrane, their relative selectivity toward bac-
terial membranes is established.

MATERIALS AND METHODS
Materials

Caerin 1.1 and aurein 1.2 were synthesized by GenScript (Piscataway, NJ)
with more than 95% purity. SM (egg, chicken), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1-palmi-
toyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-glycerol) (POPG) were obtained from Avanti Polar
Lipids (Alabaster, AL). EDTA was purchased from Fisher Scientific (Fair
Lawn, NJ), and PA-ds3;, cholesterol, deuterium-depleted water, Triton
X-100, FA methyl ester mix C4-C24, [16-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino] PA (NBD-PA), 1,1’-dilinoleyl-3,3,3’,3'-tetramethylindocarbocya-
nine 4-chlorobenzenesulfonate (FAST Dil), and all other solvents and
chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada).
Fresh horse RBCs packed 100% were purchased from Cedarlane Labora-
tories (Burlington, ON, Canada). Deionized 18.2 MQ.cm Milli-Q water
was used in all experiments (Millipore-Sigma, Oakville, ON, Canada).

Ghost sample preparation and labeling

Ghosts were prepared as described previously (32) with some modifications.
Concentrated horse RBCs were suspended in a 40-mL round-bottom centri-
fugation tube with isotonic HEPES buffer (20 mM HEPES, 150 mM NaCl
(pH 7.4)) and centrifuged at 500 x g for 5 min at 4°C. Supplementary washes
(2-3) in the same buffer were carried out until the supernatant became clear.
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After the final wash, the pellet was resuspended in 20 mL hypotonic HEPES
buffer (20 mM HEPES (pH 7.4)) and centrifuged at 25,000 x g for 40 min at
4°C (rotor JA-20, Beckman Coulter). The supernatant was removed, and the
pellet was transferred into new centrifuge tubes, leaving behind the “red but-
ton” that contained proteases. Additional washes (3—4) with the same buffer
were carried out until the pellet became white.

A 0.5 mM Triton X-100/0.25 mM PA-d3; mixed micelle (35) solution in
isotonic buffer was prepared in a sealed glass vial with three freeze
(—20°C)/thaw (95°C) cycles. The white ghost pellet was then resuspended
in 320 mL isotonic buffer to which 80 mL of the mixed micelle solution was
added and incubated for 15 min at 37°C. The mixture of ghosts and micel-
lized PA-d;; was then centrifuged at 25,000 x g for 20 min at 4°C in
different 20-mL aliquots. The excess detergent was washed away by centri-
fugation in isotonic buffer twice more at 25,000 x g for 20 min at 4°C. The
ghost pellets were pooled in a 1.5-mL Eppendorf tube and centrifuged at
20,000 x g for 20 min at 4°C. The pellet was then washed in an isotonic
buffer prepared with deuterium-depleted (DD) water, first at 20,000 x g
for 20 min at 4°C and then at 100,000 x g and 4°C for 20 min. This concen-
trated pellet was collected and stored at 4°C prior to the experiments. To
calculate the lipid-to-peptide ratios, the lipid concentration after ghost prep-
aration was determined by high-resolution *'P solution NMR after lipid
extraction, as described in the Supporting material (Fig. S1).

Preparation and labeling of liposomes

Multilamellar liposomes (MLVs) were prepared using the film method as
described by Warschawski et al. (36). Lipid powders (including cholesterol
and labeled PA-ds;) were dissolved in 2:1 methanol/CHCl; solution and
dried under a nitrogen stream. Residual organic solvent in lipid film was
removed by high vacuum for at least 2 h. The film was then hydrated
with a physiologically relevant buffer (20 mM HEPES, 150 mM NaCl
(pH 7.4)) in DD water. Lipid dispersion was vortexed and freeze-thawed
5-8 times (10 min at —20°C followed by 10 min at 55°C) and transferred
directly into a 4-mm rotor.

Microscopy sample preparation

Ghosts 1% (v/v) were labeled with FAST Dil (1/1000) using 10 rpm longi-
tudinal rotation for 1 h at 37°C and then pelleted at 16,000 x g for 15 min.
The pellet was resuspended in 500 pL. HEPES bulffer, transferred to Sarstedt
eight-well microscopy slides (300 pL), and left to stand for 30 min to allow
ghost immobilization. NBD-PAs were incorporated into ghosts along with
PA or PA-d3;as described above. After addition of an appropriate amount of
AMPs, calcein influx experiments were performed by adding 0.5 mM cal-
cein directly to 1% (v/v) ghosts. Images were acquired using a Nikon
confocal microscope with a 60x oil immersion lens and processed using
Image] software.

Lipid and FA profile

The lipid profile was determined following the procedure of Laydevant et al.
(37). Lipid extraction was performed in triplicate using the Folch protocol
(38), and freeze-dried sample weights were measured using a XP205 Mettler
Toledo analytical balance (up to 0.01 mg readability). Then samples were
dissolved in a biphasic solution composed of 200 pL CD3;OD, 500 pL
CDCl; (organic phase), and 50 pL of 200 mM EDTA (acid form) at pH
6.00 = 0.04 (aqueous phase). Solution NMR spectra were acquired using
a 600-MHz Avance III HD (Bruker, Milton, ON, Canada) spectrometer
equipped with a 5-mm broad-band probe operating at 243 and 600 MHz
for 3'P and 'H, respectively. 1D *'P NMR spectra were obtained with 'H
decoupling and employed 384 scans at 25°C with a 10-s relaxation delay
to obtain quantitative data. To identify the lipid profile, commercially avail-
able pure synthetic lipid (DOPC, 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine, and SM) solutions
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were spiked in the sample. Remaining ambiguities were resolved by 2D
3p.'H TOCSY (total correlation spectroscopy) NMR experiments as
described by Balsgart et al. (39) at 25°C with 12,000 data points in the direct
dimension and 200 data points in the indirect dimension, a repetition delay of
2 s, and a TOCSY mixing time of 70 ms. The acquisition time in the direct
dimension was 2.8 s for a total acquisition time of 22 h per 2D spectrum.

Samples used for solution NMR analyses were then recovered and pre-
pared for FA analysis by GC-MS. Briefly, samples were filtered, and then
transesterification was carried out in 2 mL of H,SO4 (2% in methanol)
and 0.8 mL of toluene for 10 min at 100°C.The GC-MS analyses were car-
ried out as described by Laydevant et al. (37) using a polar HP-5MS column
(30 m length x 250 pm diameter x 0.25 pum film thickness). The injection
volume was 1 pL, and the oven temperature was programmed to heat at
140°C for 5 min, followed by a 4°C/min ramp up to 300°C, prior to electron
ionization and detection with a quadrupole MS. Data acquisition and pro-
cessing were performed with Chemstation software.

Hemolysis assay

The hemolytic activity of the AMPs was determined by measuring the he-
moglobin released from horse RBCs as described previously (19). A vol-
ume of 500 pL of packed RBCs was centrifuged at 500 x g and 4°C for
5 min to recover the erythrocytes, and the supernatant was removed. The
pellet was subsequently washed three times with 10 mL of phosphate-buff-
ered saline (PBS) isotonic buffer to obtain a clear supernatant. The 30-puL
erythrocyte pellet was resuspended in 270 pL of a solution containing the
AMPs at the desired concentration (diluted in PBS buffer) to obtain a final
concentration of 5% RBCs (v/v) containing about 5-10 x 10% cells/mL.
The sample was incubated at 37°C for 1 h. The PBS buffer and 1% Triton
X-100 solution were used as negative (Ag) and positive (Ajgp) controls,
respectively. After 500 x g centrifugation for 5 min, the hemoglobin con-
centration in the supernatant (diluted to 2% RBCs in PBS buffer) was deter-
mined using an ultraviolet-visible spectrophotometer by monitoring the
optical density at 576 nm. The percentage of hemolysis was calculated
with the following equation:

_AO

Yohemolysis =
100 — Ag

x 100 (1)

Carboxyfluorescein leakage assays

Large unilamellar vesicles (LUVs) that mimic erythrocyte and bacterial
membranes were prepared for the carboxyfluorescein (CF) leakage experi-
ments by encapsulating CF into LUVs. About 20 mM lipids were rehy-
drated in a buffer (20 mM HEPES (pH 7.4)) containing 46 mM CF, and
MLVs were prepared using five freeze-thaw cycles and a 5-min vortex
step each time. LUVs were obtained by extruding the MLV suspension
through a polycarbonate filter with 100-nm pores (Avanti Polar Lipids).
The CF-containing vesicles were separated from non-entrapped CF using
a Sephadex G25 Fine (20 x 80 mm) size-exclusion chromatography col-
umn eluted with buffer. The lipid concentration of separated LUVs was
determined by a phosphorus assay in triplicates. 12.5 pL of the liposome
suspension of each lipid system was resuspended in 87.5 pL of solution
containing AMPs at the desired concentration (diluted in HEPES bulffer),
and the sample was incubated at 37°C for 1 h. The buffer and 1% Triton
X-100 were used as negative (Fy) and positive (F;qo) controls, respectively.
The percentage of CF released was measured using a microplate reader
set at Aemission = 917 nm and Aexcitation = 495 nm. The percentage of leakage
(%L) was calculated with the following equation:

gL = T =F0 100 )

Fio0 — Fo



SS-NMR and spectral moment analysis

3P and ?H SS-NMR spectra were acquired using a Bruker Avance III-HD
wide-bore 400 MHz spectrometer with respective resonance frequencies of
162 and 61.5 MHz. Static *'P SS-NMR spectra were obtained using a
phase-cycled Hahn echo pulse sequence (40) with high-power (50 kHz)
"H decoupling during acquisition. Using a 90° pulse length of 3 ps and
an interpulse delay of 35 ps, data were collected using 1024 points with
a recycle delay of 3 s and a total of 14,000 scans per spectra, amounting
to 12 h of acquisition. Magic-angle spinning (MAS) *H SS-NMR experi-
ments were carried out using a 10-kHz spinning frequency and a phase-
cycled quadrupolar echo sequence (41) with 100,000 data points acquired
with a 90° pulse length of 4 s, a rotor-synchronized interpulse delay of
96 ps, and a recycle time of 500 ms. A total of 44,000 scans per spectra
were acquired for 8 h. A line broadening of 100 Hz was applied to all
spectra, and the *'P chemical shift anisotropy (CSA) was determined by
line fitting using Bruker Topspin 4.0.6 and Sola (Solid Lineshape Analysis)
software.

2H spectral moment analysis was performed using MestRenova software
v.6.0 (Mestrelab Research, Santiago de Compostela, Spain). Second spec-
tral moments, M,, were calculated using Eq. 3 (41),
S NPAy APV
— 2EN=0 N — [ < S2 > (3)

O‘)r ZW A 5 CD
N=0"'N

M,

where w, is the angular spinning frequency, N is the side band number, Ay
is the area of each side band obtained by spectral integration, S*cp is the
mean square order parameter, and Vg is the static quadrupolar coupling con-
stant equal to 168 kHz for a C-D bond in acyl chains (42). The M, value
provides a quantitative description of the membrane lipid ordering and is
particularly sensitive to the gel-to-fluid phase transition. Despite using
DD water, a residual HDO peak remains, which accounts for 10%—-15%
of the total H NMR spectral intensity. This residual peak is excluded
from the spectral moment calculation.

RESULTS

Incorporation of FAs into erythrocyte ghost
membranes

Plasma membranes of RBCs are significantly different from
those of bacteria. Notably, they contain 30%-40% choles-
terol, and their phospholipid acyl chains show a higher de-
gree of ordered phase than those of fluid bacterial
membranes. Although erythrocyte ghost membranes have
been labeled previously with deuterated FAs (33), here we
show that the labeling can be improved to facilitate study
of peptide-membrane interactions. A first set of experiments
was performed to optimize the incorporation conditions of
PA-d;; into ghost membranes. Optimal insertion was
achieved by incubating ghosts in the presence of Triton
X-100/PA-d3; mixed micelles. In the presence of ghost
membranes, these micelles are in a dynamic association-
dissociation equilibrium whose kinetics depend on temper-
ature, pressure, and concentration (43). They were diluted so
that the concentration of Triton X-100 was decreased to
0.1 mM during the incorporation step; i.e., well below the
critical micelle concentration of Triton X-100 (0.23 mM)
(35). Nonionic surfactants such as Triton X-100 tend to un-
dergo slow dissociation during which exchange of FAs be-
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tween the mixed micelles and phospholipid bilayers
occurs. Because FA incorporation in the bilayer is thermo-
dynamically favorable, the exchange equilibrium is shifted
toward the bilayer, and the ghost membrane can thus be effi-
ciently H labeled (44,45). Although a full quantitative un-
derstanding of this process is beyond the scope of this work,
the relative partitioning of PA versus Triton X-100 in the
membrane is likely to be a key factor for successful labeling.
Indeed, the partition coefficient of PA is two orders of
magnitude higher than the one of Triton X-100 in PC mem-
branes (103 x 10> M~ ! for PA versus 3x10°> M~ for Triton
X-100) (46,47). PA is thus favorably inserted into the mem-
brane, and the residual detergent, which favorably remains
in the buffer, can be removed by a series of washing steps.

At a concentration of 0.1 mM, the surfactant is harmless
to the cell membranes, as demonstrated elsewhere (35,48).
This is supported by the >'P SS-NMR spectrum (Fig. 1 B),
which is characteristic of an intact lamellar lipid phase
and comparable with PC/SM/cholesterol/PA-d3; (5:3:7:5
molar ratio) model RBC membranes (Fig. 1 C) as well as
unlabeled ghosts (Fig. 1 A). The *'P CSA value of deuter-
ated ghosts is in good agreement with that of unlabeled
ghosts and model membranes as well as previous studies
of lipid bilayers (49) (Fig. 1). As shown in Fig. 2, A-C,
the integrity of the RBC ghost morphology is confirmed
by confocal fluorescence microscopy. A z stack of multiple
optical sections also reveals that ghosts retain the biconcave
disc shape of RBCs (Fig. 2 D).

To ensure that the ghost membranes were effectively
labeled, *H SS-NMR spectra were recorded (Fig. 1 D) us-
ing MAS, providing a high signal-to-noise (S/N) ratio in a
few hours, similarly to bacteria (4). The presence of spin-
ning side bands proves that a significant amount of deuter-
ated FAs is no longer incorporated in fast tumbling objects
such as micelles but, rather, found in an environment with
restricted motion, such as a membrane bilayer. The ’H
spectrum is very similar to the one obtained for a model
membrane with the same lipid composition (Fig. | E),
confirming that PA-ds, is indeed in a membrane environ-
ment. Incorporation of PA is supported by fluorescence
microscopy images, which locate NBD-PA, a fluorophore
structurally similar to PA-dz;, in the ghost membranes
(Fig. 2, C and D).

Incorporation of PA-d3; into ghost membranes was ascer-
tained by comparing the FA ordering in labeled ghosts and
in model membranes with increasing composition
complexity. The M, from *H SS-NMR spectra was deter-
mined at several temperatures. Indeed, if PA-ds; is incorpo-
rated in the ghost membranes, then the evolution of its ’H
M,, which reflects the fluidity of the membrane, with tem-
perature is expected to be similar to the one in a model
membrane that closely matches the lipid composition of
ghosts (Fig.1, D and E). As shown in Fig. 3, the ordering
of PA-d;; in DOPC/cholesterol (Chol)/PA-d;; and, to a
lesser extent, in DOPC/PA-d;; shows a reduction with
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FIGURE 1 NMR spectra of ghosts and model
membranes. (A—C) Static >'P SS-NMR spectra
with spectral fitting and average CSA of (A) unla-
beled, (B) deuterated ghosts, and (C) DOPC/SM/
Chol/PA-d3; (5:3:7:5) model membranes. (D and
E) H SS-NMR spectra with MAS (10 kHz) of
(D) deuterated ghosts and (E) DOPC/SM/Chol/
PA-d3; (5:3:7:5) model membranes with M, values.
All spectra were recorded at 293 K. The residual
HDO peak in deuterium-labeled ghosts accounts
for 10%—15% of the total *H intensity and is not in-
tegrated in the M, calculation.

Cc
r T T T T 1 T T T T T T T T T T T T T T T
40 20 0 -20 -40 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70

3P chemical shift [ppm] Frequency (kHz)

increasing temperature. Addition of sphingomyelin appears
to cancel this temperature dependence. Interestingly, PA-ds;
ordering in labeled ghosts as a function of temperature
closely follows the one of the model membranes whose

A.B
C.D

FIGURE 2 Characteristic confocal fluorescence microscopy images of
prepared erythrocyte ghosts, indicating that the membranes are intact,
incorporation of PA-d3; does not appreciably alter the overall morphology,
and PA molecules are evenly dispersed throughout the plasma membrane.
(A) Non-deuterated ghosts labeled with the lipophilic tracer FAST Dil
(red). (B) Ghosts with PA-d3; incorporated into the plasma membrane,
labeled with the lipophilic tracer FAST Dil (red). (C) Deuterated ghosts pre-
pared in the presence of fluorescent NBD-PA (green). (D) Z projection of
multiple planes of the deuterated ghosts prepared with fluorescent NBD-
PA (green). Scale bars are 5 pm. To see this figure in color, go online.
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composition is the closest to erythrocyte membranes
(DOPC/SM/Chol/PA-d3;) (Fig. 3). The temperature depen-
dence of “H M, values thus appears to confirm incorporation
of FAs into the ghost membrane. Moreover, as shown by 3p
SS-NMR and confocal fluorescence microscopy, the mem-
brane integrity of these labeled ghosts is preserved.

Lipid composition of erythrocyte and ghost
membranes

To characterize possible alterations to the lipid profile upon
“H-labeling of RBC ghost membranes, phospholipids were
identified and quantified using 1D *'P solution NMR after
lipid extraction (Fig. S2). *'P resonances of the main phos-
pholipids (PE, PC, SM, and PS) were identified by compar-
ison with the chemical shifts of standards and the literature
(37). Lipid proportions were determined by integrating
those resonances and are reported in Table S1.

To identify other lipids, in particular ether-linked phos-
pholipids, we used a 2D '"H—>'P TOCSY experiment in so-
lution NMR (39), as shown in Fig. 4. All 'H and *'P
chemical shifts are reported in Table S1, and two *'P lipid
columns, at —0.75 and 0.18 parts per million (ppm), showed
a marked shift of their g, glycerol proton from 5.05 ppm to
4.97 ppm. We assign this shift to originate from a change in
linkage from an ester to an ether group in ether PC and ether
PE, the additional oxygen in ester-linked lipids further de-
shielding the glycerol protons (50). One last *'P lipid col-
umn, at 0.22 ppm, was not assigned from the 1D *'P
solution NMR spectra. Its proton NMR pattern is similar
to that of SM, and we assigned it to dihydrosphingomyelin
(DHSM), which is compatible with a previous assignment in
a different context (51). Although ether PC is only ~20% of
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FIGURE 3 Membrane fluidity of model membranes and ghosts incorpo-
rating PA-d;, as a function of temperature, as reported by the second spec-
tral moment, M,, calculated from ’H SS-NMR spectra, error bars
correspond to standard deviations of three replicates. The similarity be-
tween the M, values obtained for labeled ghosts and model membranes
with the closest lipid composition is a strong indication that PA-ds; is incor-
porated in the ghost membrane. To see this figure in color, go online.

the total PC lipids, we note that around 60% of SM lipids are
DHSM and that almost all of PE lipids are actually ether PE.
After determination of lipid proportions by *'P solution
NMR, the FA proportions were determined by GC-MS after
lipid hydrolysis. Complete and unambiguous quantification
of the phospholipid profile of native horse RBCs, ghosts,
and “H-labeled ghosts is summarized in Fig. 5 and shows
that the membrane phospholipidic profile is in good agree-
ment with the literature (52) and that it was unaltered during
preparation of ghosts and incorporation of deuterated FAs.
As determined by GC-MS and shown in Fig. 5, incorpora-
tion of PA-d;; was highly successful because it represents
about 25% of the total FA chains in the ghost membrane.
Consequently, a change in membrane fluidity is expected
because the labeled ghosts contain about 65% of saturated
FAs compared with 50% in native RBCs. The incorporation
of PA-d;; together with protonated unsaturated FAs, such as
oleic acid (C18:1), could help reestablish a more natural
saturated/unsaturated FA ratio, as done with bacteria
(24,53). However, considering the low ’H NMR S/N ratio
obtained with “H-labeled ghosts, addition of protonated
FAs would reduce the sensitivity of the ?H SS-NMR exper-
iments, prohibiting this approach. The lower S/N ratio ob-
tained with *H-labeled ghosts compared with “H-labeled
bacteria (24,54) can be explained by the impossibility to
prepare ghost samples with sufficient concentration through
centrifugation even at 100,000 x g. Moreover, exogenous
PA-d;; is used by bacteria for phospholipid synthesis,
increasing membrane labeling. The NMR and GC-MS re-
sults show that ghosts can be labeled and enable mem-
brane-peptide interaction studies by SS-NMR.

SS-NMR of AMPs-erythrocyte interactions

PC

PEe
DHSMA ps SM PCe

- i L3.0 —~
£
% Q.
[}
o> [ 2 ° b & _3_5;
., . -
L ¥V 3 : - K
E ¢ % e® [403
° £
: 2
) 4.5 O
=

O 90, g, [50

T T | T T T T
0.4 0.2 0 0.2 04 -06 -08
P Chemical shift (ppm)

FIGURE 4 2D 'H-*'P TOCSY spectrum of RBC membrane phospho-
lipids extracted by the Folch method and solubilized in CD;0D:CDCl; so-
lution to which a small amount of EDTA aqueous solution was added. This
eliminates ionic species from the organic phase and improves lipid solubi-
lity (see Materials and methods for more details). To see this figure in color,
go online.

Effect of AMPs on erythrocyte membranes
Leakage experiments

Perturbation of phospholipid bilayers by AMPs can occur
through various processes (18), most notably via a carpet-
like mechanism or pore formation (55). At different stages
of these processes, membrane disruption, in the case of
RBCs, can lead to hemoglobin leakage, which can readily
be monitored. The lytic activity of caerin 1.1 and aurein 1.2
on actual RBCs and model membranes has been determined
previously (56-60). We measured the lytic activity of these
peptides on RBCs, reporting peptide and lipid concentra-
tions, enabling calculation of lipid/peptide (L/P) molar ratios
at which lysis occurs. This additional information allows
direct comparison with our leakage assays on RBC ghosts
and erythrocyte models with a membrane composition
(POPC/SM/Chol) closer to RBCs than reported previously.
As shown in Fig. 6 A, although caerin 1.1 seems to have a
higher lytic potency on RBCs than aurein 1.2 (with a higher
hemolytic activity and a plateau at a higher L/P molar ratio),
differences are much smaller than in model membranes
(Fig. 6, B and C) and fall within the experimental uncer-
tainty. The threshold concentrations and L/P molar ratios
at which membrane perturbation occurs are reported in Ta-
ble 1. Characteristic literature values are also indicated to
compare our results with those of previously published anti-
microbial assays. By examining the results in Table 1, it
appears that caerin systematically shows a higher permeabi-
lization potency than aurein in all membrane systems. Our
results show that caerin has lower minimum inhibitory con-
centrations (MICs) on Escherichia coli and Bacillus subtilis
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40 == RECS 40 —rr aur;in, for which .eight times more peptide is required to
i — == Ghost control achieve 50% lysis of the bacterial model membranes
1 Ghost 2H 1 Ghost 2H compared with model RBC membranes despite the negative
charge of the former. On the other hand, caerin shows a
I strikingly lower selectivity with 50% lysis of both model
membranes at roughly the same L/P ratios (126:1 and
105:1). One might thus expect aurein to show a higher
toxicity than caerin for RBCs. However, the LR50 values
of both peptides on RBCs are very similar (2.6:1 (0.2) and
3.2:1 (0.2) for aurein and caerin, respectively), and no sig-
nificant differences in the concentrations at which the pep-
tides lyse 10% of RBCs are observed.
& & N & & -0 R S N oo To quantify the selectivity of both AMPs toward bacteria
90% o &> O T R and, therefore, their potential toxicity, the therapeutic index
o (TI) was calculated. This index is defined as the ratio be-
FIGURE 5 Phosoholinid head 4 fatty acvi chain orofile of b tween the minimum hemolytic concentration (MHC) and
RBCs, ghosts, ar?csipd;u;le);ategagi:;l;poabrtlainZdyfri)cr?l 3ClPaanI\5)Irl§ ar?dOGC(;\r/;(S: tl_le MIC, which we Obtalged,m our prewous WOFk. on bacte-
analyses, respectively, error bars correspond to standard deviations of at ria (24). A large TI value indicates higher selectivity toward
least three replicates. Crosshatched areas correspond to ether-linked or a given bacterium. Table 1 shows that the calculated TI
DHSM lipids. Complete data are reported in Tables S1 and S2. values for aurein 1.2 and caerin 1.1 are low, revealing
poor selectivity of both peptides toward bacteria, a tendency
observed previously (56,61). Both peptides seem to be more
selective to the Gram+ B. subtilis, with TI values three
times the ones obtained for E. coli, although differences be-
tween the two peptides might be obscured by the poor accu-
racy of MHC values. Further chemical modifications would
be required to enhance the selectivity of these AMPs toward
bacteria to reduce their cytotoxicity. However, it is difficult
to compare TI values between different studies because they
are determined with various assays and different blood-resi-
dent cells (19).
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and higher L/P molar ratios at which 50% of RBCs or mem-
branes are lysed (LR50) on model membranes and, to a
lesser extent, RBCs. It is noteworthy that lysis of 50% of
the RBCs occurs at L/P molar ratios that are one to two or-
ders of magnitude lower than in the model eukaryotic
(POPC/SM/Chol) or bacterial (POPE/POPG) membranes.
This result indicates that RBCs are significantly more resis-
tant than model membranes to AMP-induced lysis and high-
lights the importance of assessing AMP activities on intact
cells.

Working with actual RBCs enables us to elucidate the ac-
tion mechanism of AMPs on these eukaryotic membranes
and address the question of their selectivity toward bacterial ~ To investigate the interaction of AMPs with erythrocyte
membranes. Indeed, a striking difference is observed for =~ membranes, perturbation of the phospholipid headgroups

SS-NMR experiments
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FIGURE 6 Lytic activity of AMPs on erythrocytes and model membranes. (A) hemoglobin leakage of RBCs with a phospholipid concentration of 200 uM,
(B) CF leakage of POPC/SM/Chol LUVs with a lipid concentration of 100 uM, and (C) CF leakage of POPE/POPG with a lipid concentration of 150 pM.
Results are presented as the mean of triplicate assays, error bars are the standard deviations of at least three replicates. Dashed and dotted lines correspond to
the best fit to a sigmoidal curve. To compare the relative effects of the AMPs on whole cells and lipid model membranes, molar L/P ratios are indicated.
Details of the experimental estimation of RBC lipid concentration are presented in the Supporting material. For comparison with other works, data presented
as a function of L/P weight ratios are also reported in the Supporting material (Fig. S3).
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TABLE 1 Comparison of the effects of the AMPs on red blood cells (RBCs), model RBCs, and bacterial membranes as well as
different bacteria

RBCs POPC/SM/Chol POPE/POPG RBCs E. coli B. subtilis
AMPs LR50 LR50 LR50 MHC (uM) MIC (uM) TI MIC (uM) TI
Aurein 1.2 2.6:1 (0.2) 54.3:1 (2.4) 7.2:1 (0.1) 15.8 (2.7) 68 0.23 (0.04) 20 0.79 (0.13)
Caerin 1.1 3.2:1(0.2) 124.7:1 (2.0) 100.3:1 (10.2) 12.1 (3.6) 39 0.31 (0.09) 12 1.00 (0.30)

The leakage assays were performed on intact RBCs. The minimum hemolytic concentration causing 10% leakage of RBCs (MHC) and the lipid-to-peptide
molar ratio at which 50% leakage occurs (LR50) are obtained by fitting of the leakage assays shown in Fig. 6 A. MIC, minimum inhibitory concentration (24);

TI, therapeutic index.

and deuterated hydrophobic core of RBC ghosts were stud-
ied by static >'P and MAS ?H SS-NMR, respectively
(Fig. 7). The *'P SS-NMR experiments shown in Fig. 7
were carried out on non-deuterated ghosts to approach
native conditions and keep the samples as fresh as possible;
however, experiments performed with deuterated ghosts did
not reveal significant differences (Table S3; Fig. S4).

As seen in Fig. 7, a narrow peak appears on the >'P NMR
spectrum at ~0 ppm when the proportion of aurein 1.2 is
increased. This type of central peak has been discussed by
Yang et al. (62) and can result from phospholipids in rapidly
reorienting small objects, such as micelles, or from phos-
pholipids in high-curvature membrane regions, such as
buds, cubic phases, or toroidal pores. Those cases differ
by their relaxation times and line widths, with the narrowest
lines being assigned to micelles and the broader ones to
high-curvature regions.

In the case of aurein, the breadth of this central peak
(~1000 Hz) gradually decreases to a value of 200 Hz,
consistent with formation of micelles that end up being
released from the membrane, leading to a sharp peak at a
1.7:1 L/P molar ratio. Interestingly, the CSA value of the re-
maining lamellar phase is unchanged up to an L/P ratio of
3:1 (Table S4). Simultaneously, the PA dynamics in the hy-

A

drophobic core increases, as revealed by the decrease in the
spinning side-band intensities on the H SS-NMR spectra
and the concomitant decrease in M, values (Figs. 7 A and
8 B). We had reported an increase in M, in the early stages
of the interaction of aurein with B. subtilis membranes (24).
Thus, differences between the first stages of aurein associa-
tion with Gram—+ bacteria and ghosts cannot be excluded.
The behavior of caerin is significantly different compared
with aurein. As the peptide concentration increases, an
isotropic peak intensifies on the *'P spectra and remains broad
(full width at half height of 1000—~1500 Hz) at all concentra-
tions (Figs. 7 B and 8 B), compatible with phospholipids in
high-curvature membrane regions. Interestingly, and in
contrast with the effect of aurein, the PA dynamics with caerin
concentration evolve in two stages, as revealed by “H SS-
NMR (Fig. 8; Table S4). In a first stage, the dynamics slightly
diminish, as seen by the increase in M, from 9.9 with no caerin
(not shown on logarithmic scale) to 11.3 x 10” rad s~ when
caerin concentration is increased up to an L/P molar ratio of
6:1. When the peptide concentration is raised further, lipid dy-
namics increase to return to the initial M, value and remain
constant up to the maximum L/P ratio studied (3:1). We should
point out that this behavior is different from the one we
observed in B. subtilis bacterial membranes (24) and could

No peptide l A A A
L/P ~11:1 A | | )

. N
70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 40 20 0O -20 -40 70 60 50 40 30 20 10 0 -10 -20 -30 40 -50 -60 -70 40 20 0 -20 -40
Frequency (kHz) 3P chemical shift [ppm] Frequency (kHz) 31P chemical shift [ppm]
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L/IP ~13:1 ) 1

L/IP ~1.7:1 L/P ~3:1

FIGURE 7 *H MAS (10 kHz) SS-NMR spectra and *'P static SS-NMR spectra of ghosts, acquired at 293 K, with different concentrations of AMPs. (A)
aurein 1.2 and (B) caerin 1.1. The corresponding lipid-to-peptide molar ratios (L/P) are indicated. *'P static and >’H MAS SS-NMR spectra were obtained with
unlabeled and deuterated ghosts, respectively. For >'P SS-NMR spectra, dotted lines represent spectral fitting of the broad anisotropic component and the
central peak (numerical values are shown in Tables S3 and S4).
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FIGURE 8 Effect of aurein 1.2 and caerin 1.1 on erythrocyte ghosts as a
function of the peptide-to-lipid (P/L) molar ratio, at 293 K. (A) Isotropic
contribution to the *'P SS-NMR spectra of unlabeled ghosts. (B) M, of
deuterated ghosts determined from H MAS SS-NMR spectra. All error
bars correspond to standard deviations of at least three replicates. Phospho-
lipid concentrations range from 4 to 9 mM. Dashed and dotted lines corre-
spond to the best fit to a sigmoidal curve or a simple guide to the eye when
fitting was not possible (caerin 1.1, B).

indicate subtle differences in the pore formation molecular
mechanism between the two cell types.

Microscopy experiments

Confocal microscopy results further support our SS-NMR
findings. With FAST Dil and NBD-PA labeling, labeled
and unlabeled ghosts appear to be destroyed by aurein 1.2
at an L/P molar ratio of 1.7:1 (Figs. 9, center column, and
S5). Aurein 1.2, with its relatively short 13-amino-acid
sequence, has been shown to perturb bacterial and mamma-
lian model membranes through a carpet-like mechanism
(60). Our SS-NMR and fluorescence microscopy results
support a similar action toward RBC ghosts.
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Caerin 1.1, with its 25-amino-acid sequence that can span
the membrane, triggers hemolysis at lower concentrations
than aurein (Fig. 6). The fluorescence confocal microscopy
images in Fig. 9, recorded using FAST Dil entrapped in
ghosts, show intact membranes in the presence of caerin
at concentrations where hemoglobin was shown to leak
from the cells (Fig. 6). Interestingly, NBD-PA-labeled
ghosts (Figs. 9 andS6) show intense spots on the membrane
where the dye appears to concentrate. Because the hemoly-
sis assays were carried out with RBCs, whereas SS-NMR
measurements were performed with labeled ghosts, we
imaged the calcein influx on ghosts by fluorescence micro-
scopy. The results (Fig. S7) not only prove that the influx in
the ghost membrane is possible but also that the membrane
can be crossed by molecules as large as calcein.

DISCUSSION

These results, analyzed together with those of the hemolysis
assay, can be interpreted in terms of membrane perturbation
mechanisms. The facts that aurein 1.2 exerts its hemolytic
action at later stages than caerin 1.1, that the lipid dynamics
in the hydrophobic region increase when the peptide con-
centration increases, and that small, rapidly reorienting ob-
jects are formed indicate a carpet-like mechanism, as
schematized in Fig. 10 A. This mechanism is also supported
by the more diffuse appearance of fluorescence-labeled
ghosts, as seen by confocal fluorescence microscopy
(Fig. 9).

In the case of caerin 1.1, the leakage results, 3lp SS-NMR
spectra, and confocal microscopy images are compatible
with a pore-forming mechanism (Fig. 10 B) where the broad
isotropic contribution would result from high-curvature re-
gions in the membrane such as those expected in a toroidal
pore (63). It is also tempting to assign the bright NBD-PA
fluorescence spots to pore locations, although an unambigu-
ous explanation for the concentration of the fluorescent tag
in the pores remains elusive. Nonetheless, other mecha-
nisms have been described that cannot be ruled out
(17,18). In particular, dynamic models where the membrane
only transiently becomes permeable could be considered. A
full proof of pore formation can only be obtained by more
detailed spectroscopical measurements, which are currently
underway.

“H SS-NMR spectra monitor the acyl chain order profile
of the PA-d;; molecules inserted into the ghost membrane
and not of the endogenous phospholipid chains, although
this “reporter” molecule is very likely to reflect the overall
state of the membrane. As a result of the presence of PC,
SM, and Chol in ghost membranes, liquid-ordered and
liquid-disordered domains can coexist, a delicate phase
equilibrium that can potentially be perturbed by addition
of PA-d;; (64). The preferential interaction of an AMP
with membrane domains of lower thickness or at domain
boundaries has recently been predicted and reported
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(65,66). A preferential interaction of caerin with the liquid-
disordered domain could expel the PA into the liquid-or-
dered phase or at the interface, resulting in stiffening of
the rest of the membrane. This would explain the different
dynamic behavior of PA-d3; upon caerin addition compared
with aurein. It is noteworthy that the effects of AMPs
observed by SS-NMR on labeled ghost membranes occur
at L/P molar ratios similar to those observed in hemolytic
assays on intact RBCs. We thus consider that, despite the
changes in the FA chain profile because of labeling (an un-
avoidable drawback required to perform experiments on
whole cells rather than model membranes), the mechanisms
of action we elucidated are closely related to those taking
place in intact RBCs.

Our results indicate that aurein 1.2 and caerin 1.1 interact
with erythrocyte membranes via similar mechanisms that
take place with bacterial membranes and that their relative
potency is maintained (61). Both peptides have been shown
to at least partially adopt an o-helical structure when inter-
acting with membranes (59). These o helices are amphi-
pathic with all charged and polar residues found along one
side of the helix and amino acids with non-polar side chains
on the opposite side (Fig. S8) (67). The interaction with the
membrane results from electrostatic and hydrophobic inter-
actions as well as from the respective shapes of lipids and
peptides (18,19). The fact that the AMPs maintain similar
action mechanisms on RBC and bacteria membranes despite
differences in surface charge seems to indicate that hydro-
phobic interactions play an important role in dictating this

FIGURE 9 Confocal fluorescence microscopy
images of ghosts. (A) FAST Dil entrapped in unla-
beled ghosts with addition of AMPs and (B) NBD-
PAs entrapped in deuterated ghosts with addition of
AMPs. The corresponding L/P molar ratios are
indicated, and the scale bars are 5 um. To see this
figure in color, go online.

mechanism. Electrostatic interactions are likely to play a
greater role in “capture” of the AMPs, explaining their
higher potency toward bacteria.

CONCLUSIONS

In this study, we took a new approach to understand the ac-
tion mechanism of AMPs on erythrocyte membranes. Pre-
paring ghosts by removing the contents of erythrocytes
preserves the cell surface and membrane composition while
ensuring minimal interference with *'P and *H SS-NMR
analysis. The successful non-biochemical labeling of eryth-
rocyte ghost membranes with deuterated FAs opens the pos-
sibility for other types of lipid labeling, such as with
13C-labeled FAs.

Using hemolysis assays and >'P static and ’H MAS SS-
NMR, we confirmed the poor therapeutic quality of aurein
1.2 and caerin 1.1 in their current versions (56,61). Although
both AMPs lyse bacteria at low concentrations, they present
poor selectivity between Gram+ and Gram— bacteria, and
we showed that their hemolytic potency is too high for
safe use in the clinic. We also showed that higher concentra-
tions of these peptides are required to perturb intact RBCs
compared with model membranes. This may be explained
by the fact that RBC membranes have not only lipids but
also glycocalyx on their surface, which is rich in carbohy-
drates, and have many transmembrane proteins embedded.
Although our experimental protocols are established to
compare similar L/P ratios in erythrocytes, ghosts, and
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FIGURE 10 Cartoon representation of AMPs’ potential action mecha-
nisms on ghost membranes incorporating deuterated PA. (A) Carpet mech-
anism with aurein binding on the surface and then disrupting the membrane
by micellization. (B) Pore formation by caerin after binding on the surface.
To see this figure in color, go online.

model membranes, we want to stress that, in some medical
cases, the ratio of bacteria to RBCs or other mammalian
cells may be such that a small concentration of AMPs
may be enough to kill all bacteria while leaving most
mammalian cells alive.

Despite these concentration considerations, AMPSs’
mechanisms of interaction on RBCs are similar to those
adopted in bacteria. Such a similarity may be specific to
the peptides studied here because many factors need to be
taken into account when comparing peptide-membrane in-
teractions with different cell membrane types. Comparison
between erythrocytes and bacteria highlights the importance
of hydrophobic effects in determining the mode of peptide
interaction with membranes. A detailed understanding of
the interaction of AMPs with mammalian cells is an essen-
tial step for their use as therapeutic agents in the clinics and
for their improvement before reaching the market. The
methodology described here does not rely on cell meta-
bolism and can, at least in principle, be transposed to other
eukaryotic cells or those of other organisms.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2022.03.009.
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Lipid concentration

To determine the final lipid concentration in the NMR or leakage assay samples, and therefore
determine lipid-to-peptide (L/P) ratios, the amount of lipids as a function of starting RBCs or
ghosts volume needs to be determined. This was carried out using 3P NMR and the well-resolved
PC peak at -0.81 ppm present in all samples.

In brief, the integral of the PC 3P NMR peak as a function of RBC (or ghost) sample volume was
plotted, as seen in Fig. S1A. Since RBCs (or ghosts) are composed of 33 % PC, the final total lipid
concentration in the sample is obtained by multiplying the determined concentration by three.

The corresponding integrals were related to PC concentrations using a calibration curve
determined with solutions of DOPC at various known concentrations (Fig. S1B). The obtained
lipid concentration can be converted into lipid weight, by using an average molecular weight:

Wy = X wix;

Where wi is the molecular weight of each lipid molecule and x; is the molar fraction of each lipid
(headgroups determined by 3P NMR and acyl chain lengths determined by GCMS). In the case
of ghosts, the average molecular weight is 735 g/mol. The conversion of Fig. S1A from
concentration to weight is shown in Fig. S1C.
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Figure S1: (A) Integral of the PC 3P NMR peak as a function of RBC (or ghost) sample volume.
(B) Integral of the PC *!P NMR peak as a function of DOPC concentration. (C) RBC (or ghost)
lipid weight as a function of sample volume.



Lipid profile and chemical shifts

We have identified and quantified the phospholipids (PLs) in RBCs, unlabeled ghosts and
deuterated ghosts samples after performing lipid extraction, 3P 1D, *H 1D and *!P-'H 2D solution
NMR experiments, as well as GCMS on hydrolyzed fatty acids (FAs). Figure S2 contains the
overlay of *H and 3P NMR spectra.

All chemical shifts have been determined from the 2D spectra, except for the y protons of PC and
SM, determined from H 1D spectra, and the y protons of PCe and DHSM, which have been
interpolated.

Numerical results, including *H and 3P chemical shifts, lipid classes and FA abundances, are
presented in Tables S1 and S2, as the mean of triplicate measurements.

-
{),810
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Figure S2: 'H- and 3'P-NMR spectra of (A) unlabeled ghost PLs, (B) deuterated ghosts PLs and
(C) RBCs membrane PLs. All spectra were acquired at 298 K, and “u” indicates unassigned peaks.



Table S1: Distribution (%) of phospholipids in horse RBC membranes as determined by *H- and
31p solution NMR, with 3P and *H chemical shifts. Standard deviations are indicated.

Chemical shift (ppm) Abundance (%)

PLs s1p H RBCs Unlabeled ghosts 2H ghosts

a: 4.08

B:3.43

v: 3.18
gl:3.98,4.23

g2:5.05

g3:3.80

PC -0.81 34.8 (1.1) 34.1 (1.3) 34.2 (0.9)

a: 4.07
B:3.42
PCe -0.75 y:~3.2 9.6 (2.1) 8.8 (0.7) 9.3(0.9)
g1, 93:3.79
g2:4.97

PE 0.01 - 1.9 (0.6) 13(L2)

a: 2.93
B:3.43
PEe 0.18 gl:3.83 22.0 (2.8) 21.6 (2.7) 19.7 (1.0)
g2: 4.97
g3: 3.78

a: 4.08
B:3.80
PS 0.09 gl:4.23 4.4 (1.9) 55 (1.4) 7.1(2.0)
g2:5.04
g3:3.97

a: 4.08
B: 3.42
SM -0.04 v:3.03 9.9 (L.1) 9.5 (1.0) 9.1 (0.6)
-CHNH-: 3.95
-POCH,-: 3.73

 4.07
B: 3.4
DHSM 0.22 ¥:~3.0 14.4 (0.5) 12.6 (2.6) 13.6 (2.4)
-CHNH-: 3.96
-POCH,-: 3.78

Others - 4.9 (0.7) 6.1 (1.9) 5.7 (L5)

Table S2: Distribution (%) of total fatty acids in horse RBCs membranes as determined by
GCMS. Standard deviations are indicated.

Abundance (%)
FAs RBC 2
S Unlabeled ghosts H ghosts
C16:0°H - - 25.2 (1.5)
C16:0 27.6 (0.7) 24.4 (0.7) 20.1 (0.1)
18:0 27.4(0.5) 29.3(1.5) 19.2 (2.7)
C18:1 22.1(0.3) 20.4 (0.6) 15.8 (0.1)

C18:2 22.9 (1.5) 25.9 (2.8) 19.7 (4.2)
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Figure S3. Lytic activity of antimicrobial peptides on erythrocytes and model membranes as
determined by (A) hemoglobin leakage of RBCs with a phospholipid concentration of 200 uM,
(B) carboxyfluorescein leakage of POPC/SM/Chol LUVs with a lipid concentration of 100 uM
and (C) carboxyfluorescein leakage of POPE/POPG with a lipid concentration of 150 uM. Results
are presented as the mean of triplicate assays. Dashed and dotted lines correspond to the best fit to
a sigmoidal curve. All data are reported as a function of RBC or lipid-to-peptide weights. Data as
a function of lipid-to-peptide molar ratios are shown in Figure 6 of the article.



Additional 3'P NMR spectra
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Figure S4: 3P static SS-NMR spectra of deuterated ghosts, acquired at 293 K with the addition
of different concentrations of (A) aurein 1.2 and (B) caerin 1.1. The corresponding lipid-to-peptide
molar ratios (L/P) are indicated. Dotted lines represent spectral fitting of the anisotropic
components and the isotropic peak.

Table S3: 3P NMR isotropic contribution (%) for unlabeled and deuterated ghosts with different
concentrations of peptides. Standard deviations are indicated.

Aurein 1.2 Caerin 1.1
Unlabeled ghosts Deuterated ghosts Unlabeled ghosts Deuterated ghosts
Isotropic Isotropic Isotropic Isotropic
L/P  contribution L/P  contribution L/P contribution L/P contribution
(%) (%) (%) (%)
- 8.3(2.1) - 4.1(0.3) - 8.3(2.1) - 4.1 (0.3)

131 163(29) 131  18.9(7.8) 221  22.3(0.1) - -
61  280(50) 61  288(25  11:1  290(L0) 111 34.2 (1.5)

41  438(0.1) - - 81  32.3(L5) - -
31 439(L2) - - 51  33.6(0.2) - -
21 65.0(0.3) - - 31 47.1(3.3) 3:1 58.4 (7.8)

171 79.9(0.1) 171  78.2(3.5)




Table S4. Effect of the antimicrobial peptides on the second spectral moment, M, from the 2H
SS-NMR MAS spectra, as well as *'P CSA with standard deviation, as a function of the lipid-to-
peptide molar ratio (L/P). 3P and 2H SS-NMR data were obtained with unlabeled and deuterated

ghosts, respectively.

Aurein 1.2 Caerin 1.1
L/P  My(10%rad.s? CSA (ppm) L/P My (10%rad.s? CSA (ppm)
- 9.9 (0.5) 26.1 (0.2) - 9.9 (0.5) 26.1(0.2)
13:1 8.2 (0.5) 23.2(4.7) 221 10.8 (0.2) 25.2 (0.9)
6:1 7.3(0.1) 26.2(2.2) 111 11.3(1.1) 23.9 (2.5)
4:1 5.1 (0.8) 259 (2.4) 81 10.0 (1.1) 24.5 (0.5)
31 3.8 (0.0) 259(1.6) 51 9.8 (0.8) 23.7(0.1)
2:1 2.5(0.1) 245(0.7) 31 9.9 (1.3) 22.1(2.1)
1.7:1 1.2 (0.3) 7.4 (3.6)

Additional confocal fluorescence microscopy images
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Figure S5: Confocal image of the fluorescence of Fast Dil entrapped in (A) deuterated ghosts and
(B) unlabeled ghosts with different concentrations of aurein 1.2 and caerin 1.1.
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131

Figure S6: Confocal image of the fluorescence of NBD-PAs entrapped in deuterated ghosts with
different concentrations of aurein 1.2 and caerin 1.1.

No peptide E No peptide

FAST-DIl

Figure S7: Confocal fluorescence microscopy image of FAST Dil entrapped in the ghost
membrane pool and calcein leakage experiments of (A) unlabeled ghosts and (B) deuterated ghosts
with addition of AMPs



Helical wheel representations of AMPs

aurein 1.2 caerin 1.1

Figure S8: Helical wheel representations of aurein 1.2 (left) and caerin 1.1 (right), showing their
amphiphilicity (https://heliquest.ipmc.cnrs.fr).
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