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Elastic behavior of model membranes with
antimicrobial peptides depends on lipid specificity
and D-enantiomers

Akari Kumagai,a Fernando G. Dupuy, b Zoran Arsov, c Yasmene Elhady,a

Diamond Moody,a Robert K. Ernst, d Berthony Deslouches, e

Ronald C. Montelaro, f Y. Peter Di e and Stephanie Tristram-Nagle *a

In an effort to provide new treatments for the global crisis of bacterial resistance to current antibiotics, we

have used a rational approach to design several new antimicrobial peptides (AMPs). The present study focuses

on 24-mer WLBU2 and its derivative, D8, with the amino acid sequence, RRWVRRVRRWVRRVVRVVRRWVRR.

In D8, all of the valines are the D-enantiomer. We use X-ray low- and wide-angle diffuse scattering data to

measure elasticity and lipid chain order. We show a good correlation between in vitro bacterial killing

efficiency and both bending and chain order behavior in bacterial lipid membrane mimics; our results suggest

that AMP-triggered domain formation could be the mechanism of bacterial killing in both Gram-positive and

Gram-negative bacteria. In red blood cell lipid mimics, D8 stiffens and orders the membrane, while WLBU2

softens and disorders it, which correlate with D8’s harmless vs. WLBU2’s toxic behavior in hemolysis tests.

These results suggest that elasticity and chain order behavior can be used to predict mechanisms of

bactericidal action and toxicity of new AMPs.

1. Introduction

The world is now facing a growing threat from bacteria that are
resistant to available antibiotics.1,2 Several strategies are being
utilized to combat this threat, including eliminating antibiotics
from animal feed, increasing antibiotic stewardship, reducing
transmission in hospital settings and designing new types of
antibiotics. Most current classes of antibiotics inhibit a specific
metabolic pathway and typically require multiple doses to
eradicate bacterial infections, during which time a resistance
phenotype can occur.3 As a result, a class of pathogens termed
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species) has been identified as the most common

multidrug-resistant (MDR) bacteria.4 As a component of the host
innate immune system, natural antimicrobial peptides5 (AMPs)
such as human cathelicidin LL-376 have inspired the rational design
of novel synthetic AMPs. Some of us have developed new AMPs that
were inspired by both natural AMPs and the lytic peptide, LLP1, part
of the C-terminus of the HIV-1 gp41 fusion protein.7 These peptides
contain a cationic amphipathic motif with only 2 or 3 types of
amino acids compared to natural peptides. WLBU2 is a 24-mer
containing 3 types of amino acids: arginine, valine and tryptophan,
with the primary sequence shown in Fig. 1. It was rationally
designed, taking into account hydrophobicity, hydrophobic
moment, helicity and overall net charge.8 Some of us previously
demonstrated that WLBU2 was more effective than LL37 (made of
14 different types of amino acids) in animal models.9–11 In a
recent study, it was demonstrated that WLBU2 is able to overcome
resistance from 92% of 142 clinical isolates representing the
ESKAPE pathogens, including those resistant to colistin and
LL-37.12 In addition, WLBU2 effectively treated a variety of clinical
methicillin-resistant S. aureus surgical implant biofilms.13

Fig. 1 Primary structures of WLBU2 and D8. The underlined valines in D8
indicate D-Val substitutions. The net charge of both peptides is +13.
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An important consideration is that the activity of AMPs
measured as MIC/MBC (minimum inhibitory/bactericidal con-
centration) must be weighed against their toxicity. The latter can be
assessed through hemolytic activity14 or a combination of hemolytic
activity and lymphocyte viability.15 The ratio between a maximum
nontoxic dose/minimum effective therapeutic dose in animals is
called the Therapeutic Index (TI). The activity of WLBU2 under
physiological conditions, including salt, improved when tryptophan
was included in the sequence along with arginine and valine.11 The
typical MBC (which reduces bacterial viability by 3 logs) of WLBU2 is
lower than that of LL-37.11 Similarly, the TI of WLBU2, 3–5,11 based
on efficacy in a murine model of P. aeroginosa bacteremia, is far
superior to that of LL-37,11 although it is not optimal. Another
consideration is protease digestion of the AMPs, which reduces their
efficacy. In an older work, Wade et al. found that the D-enantiomer
of the frog-skin derived AMP, temporin A, was as effective as the
L-form, indicating that AMPs kill bacteria at the level of the lipid
membrane, rather than in protein–protein interactions.16 In this
work, in addition to WLBU2, we utilize a second form, D8, in which
all of the L-valines in WLBU2 are replaced with their D-enantiomer.
This substitution acts to prolong the peptide’s lifetime in the
bloodstream17 and also reduces its in vitro toxicity.

AMPs share an amphipathic character and are thought to act
directly and rapidly on bacterial membranes.18 In many cases
antimicrobial activities are attained by the nonspecific interac-
tions of AMPs with membranes, which lead to membrane
disruption. The mechanism of action of AMPs is traditionally
attributed to the formation of pores in the lipid cell membranes
of pathogens.19 More recently AMPs have been shown to produce
perturbations without membrane lysis, e.g., by changing lipid
ordering, membrane curvature and thickness, forming of spe-
cific lipid–peptide domains, lateral lipid phase segregation and
even forming non-lamellar lipid phases.19–22 Such perturbations
may be manifested in the elastic properties of lipid membranes;
these can be extracted using X-ray scattering-based approaches.

This work aims to delineate the role of lipids and D-enantiomeric
amino acids in the interactions between WLBU2 and D8 with
bacterial and eukaryotic membrane mimics, and compare to their
efficacy and toxicity. It is of interest to determine if the reason
WLBU2 has higher toxicity than D8 is because it has a different
effect on membrane elastic properties. By means of X-ray diffuse
scattering we measure the elastic parameter bending modulus (KC),
which yields information about membrane stiffening/softening. In
addition, an order parameter (SX-ray) that assesses lipid acyl chain
ordering is obtained. Our results will be discussed in terms of
mechanisms of action of antimicrobial peptides and toxicity through
nonspecific as well as specific interactions with lipid components of
the bacterial/eukaryotic membrane mimics.

2. Experimental section
2.1. Materials

The synthetic lyophilized lipids 1-palmitoy-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(10rac-glycerol) sodium salt (POPG),

10,30-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol sodium
salt (TOCL, i.e., cardiolipin), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1,2-dioleoyl-3-trimeathylammonium-
propane chloride salt (DOTAP) were purchased from Avanti Polar
Lipids (Alabaster, AL) and used as received. Cholesterol was from
Nu-Chek-Prep (Waterville, MN). HPLC grade organic solvents were
purchased from Sigma-Aldrich (St. Louis, MO). The 24-mer pep-
tides WLBU2 and D8 (chemical structures shown in Fig. 1) were
synthesized either by the Peptide Synthesis Facility (University of
Pittsburgh, Pittsburgh, PA) or Genscript (Piscataway, NJ). Purity
was B98% as shown by mass spectroscopy analysis. While their
amino acid sequence is identical, all of the valines in D8 are the
D-enantiomer.

2.1.a. LPS purification and lipid A isolation. Large-scale
P. aeruginosa (PA01) LPS preparations were isolated using a hot
phenol/water extraction method after growth in lysogenic broth
supplemented with 1 mM MgCl2 at 37 1C.23 Subsequently, LPS was
treated with RNase A, DNase I and proteinase K to ensure purity
from contaminating nucleic acids and proteins.24 Individual LPS
samples were additionally extracted to remove contaminating
phospholipids25 and TLR2 contaminating proteins.26 Finally,
individual LPS preparations were resuspended in 500 ml of
water, frozen on dry ice and lyophilized.

To confirm the structure of the lipid A component of the
purified LPS, lipid A was isolated after hydrolysis in 1% SDS
at pH 4.5 as described.27 Briefly, 500 ml of 1% SDS in 10 mM
Na-acetate, pH 4.5 was added to a lyophilized sample. Samples
were incubated at 100 1C for 1 h, frozen, and lyophilized. The
dried pellets were resuspended in 100 ml of water and 1 ml of
acidified ethanol (100 ml 4N HCl in 20 ml 95% EtOH). Samples
were centrifuged at 5000 rpm for five minutes. The lipid A pellet
was further washed (3�) in 1 ml of 95% EtOH. The entire series
of washes was repeated twice. Samples were resuspended in
500 ml of water, frozen on dry ice and lyophilized.

2.1.b. Mass spectrometry procedures. Negative ion matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry (MS) experiments were performed as described
for the analysis of LPS or lipid A preparations with the following
modifications.28 Lyophilized lipid A was dissolved with 10 ml
5-chloro-2-mercaptobenzothiazole (CMBT) (Sigma-Aldrich,
St. Louis, MO) MALDI matrix in chloroform/methanol, 1 : 1 (v/v),
and then applied (1 ml) onto the sample plate. All MALDI-TOF
experiments were performed using a Bruker Autoflex II MALDI-
TOF mass spectrometer (Bruker Daltonics Inc., Billerica, MA).
Each spectrum was an average of 200 shots. ES Tuning Mix
(Agilent, Palo Alto, CA) was used to calibrate the MALDI-TOF MS.

2.2. Sample preparation

Membrane mimics were prepared by first dissolving lyophilized
lipids in chloroform or LPS in trifluoroethanol (TFE)/H2O (4 : 1, v/v).
These lipid stock solutions were combined to create lipid mixtures
in molar ratios mimicking bacterial membranes: Gram-negative
inner membrane G(�) (IM), POPE/POPG/TOCL (7 : 2 : 1 molar ratio),
Gram-positive membrane, G(+) POPG/DOTAP/POPE/TOCL
(6 : 1.5 : 1.5 : 1); eukaryotic membrane POPC/POPE/cholesterol
(5 : 1 : 1.8) (23 mole% cholesterol, Euk23), and red blood cell
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(RBC) eukaryotic membrane (5 : 1 : 6) (50 mole% cholesterol,
Euk50). For the outer membrane (OM) of G(�) bacteria, a mixture
of LPS/DLPG (1 : 9) (LPS model) was used instead of pure LPS
because LPS alone did not undergo thermal fluctuations when
fully hydrated. Composition of bacterial membrane mimics was
based on ref. 29 and eukaryotic mimics was based on ref. 30. Our
data analysis relies on membrane fluctuations that produce
diffuse X-ray scattering as described below. WLBU2 and D8
stock solutions were prepared by mixing lyophilized powder in
hexafluoroisopropanol (HIP).

Multilamellar stacked samples for X-ray scattering were
prepared by mixing 4 mg of the lipid mixtures plus WLBU2
or D8 into glass test tubes in molar ratios from 1000 : 1 to 75 : 1,
lipid/peptide. When calculating the molecular weight of the
peptides, 13 trifluoroacetate counter-ions were included for each
peptide for a total gram-molecular weight of 4865. Solvents
were removed by evaporation under vacuum and samples were
redissolved in appropriate HPLC-grade solvents for spreading
(v/v ratios): G(�) IM, HIP/chloroform (2 : 1); G(+), HIP/chloroform
(1 : 1); LPS/DLPG, TFE/H2O (10 : 1); eukaryotic with 23 mole%
cholesterol, TFE/chloroform (1 : 1); and eukaryotic with 50 mole%
cholesterol, chloroform. These mixtures were plated onto silicon
wafers (1 � 15 � 30 mm) via the rock-and-roll method31 to
produce stacks of B1800 well-aligned bilayers, where the silicon
wafer is rocked continuously during solvent evaporation. Plating
occurred in the fume hood instead of the usual glove box due to
the toxicity of HIP. Once immobile, the thin film was additionally
evacuated for at least 2 h. The sample was trimmed to a central
5 mm wide strip parallel to the long-edge of the wafer.31 Hydra-
tion occurred through the vapor in a thick-walled X-ray hydration
chamber.32

2.3. Low-angle X-ray scattering

Low-angle X-ray scattering (LAXS) data from oriented, fully
hydrated samples were obtained at the G1 line at the Cornell
High Energy Synchrotron Source (CHESS, Ithaca, NY) on two
separate trips using X-ray wavelengths of 1.096 and 1.098 Å and
sample-to-detector (S)-distances of 397 and 417 mm. In addi-
tion, a laboratory X-ray source RUH3R rotating anode X-ray
generator (Rigaku, Tokyo, Japan) with a FOX 2D focusing
collimator (Xenocs, Sassenage, France) and a Mercury CCD
detector (Rigaku) was used with an X-ray wavelength of 1.5418 Å
and S-distance of 283 mm. Full hydration was judged by no
further increase in lamellar D-spacing after equilibration.
Measurements were carried out in the fluid phase at 37 1C.
The flat silicon wafer is rotated from �1.6 to 7 degrees during
the data collection to equally sample all scattered X-rays (30 s
dezingered scans at CHESS or 10 minute dezingered scans at
CMU). The background was collected by setting the X-ray angle
of incidence = �2.41, where sample scattering does not con-
tribute to the image. For data analysis, backgrounds were first
subtracted to remove extraneous air and mylar scattering and
the images were laterally symmetrized to increase the signal-
to-noise ratio. As the sample nears full hydration, membrane
fluctuations occur which produce ‘‘lobes’’ of diffuse X-ray
scattering data.33,34 The fluctuations are quantitated by measuring

the fall-off in lobe intensity in the lateral qr direction. The fitting
procedure is a non-linear least squares fit that uses the free energy
functional from liquid crystal theory

f ¼ p
NLr

2

ð
r dr

XN�1
n¼0

KC rr
2unðrÞ

� �2þB unþ1ðrÞ � unðrÞ½ �2
n o

; (1)

where N is the number of bilayers in the Z (vertical) direction,
Lr is the domain size in the r (horizontal) direction, KC is the
bending modulus, un is the vertical membrane displacement,
and B is the compressibility modulus. We are able to obtain
KC and B independently, where KC describes the bending of a
single bilayer.35 A higher KC indicates a stiffer membrane, while
a lower KC indicates a softer membrane, since KC is the bending
modulus. This method has been used to obtain bending moduli
of pure lipid membranes,36–43 membranes with peptides,44–52

cholesterol,53–55 sugar,56 drugs57 and bioflavinoids.58

2.4. Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) was obtained at CHESS
(S-distance = 180 and 173 mm) and at CMU (S-distance =
123 mm). In order to obtain WAXS data, the same sample that
was hydrated for LAXS is X-rayed with the CCD detector closer to
the sample. Two exposures are taken at angle of X-ray incidence
a = +0.51 and a = �0.51, which are then subtracted from each
other. Both are dezingered, 30 second scans (CHESS), or dezin-
gered 10 minute scans (CMU). In some cases at CMU, multiple
scans at a = +0.51 were averaged before subtracting the back-
ground scan to enhance the sample signal-to-noise ratio. The
subtraction procedure removes extraneous scatter due to the
mylar chamber windows and shadows. The chain–chain correla-
tion appears as strong diffuse scatter projecting upwards circu-
larly from the equator; the fall-off in intensity yields information
about chain order. In order to obtain an SX-ray order parameter
the intensity is first integrated along its trajectory, then fit with a
wide-angle liquid crystal theory.59 The chain scattering model
assumes long thin rods that are locally well aligned along the
local director nL, with orientation described by the angle b. While
acyl chains from lipids in the fluid phase are not long cylinders,
the model allows the cylinders to tilt (b) to approximate chain
disorder. From the fit of the intensity data, we obtain SX-ray using
eqn (2) and a Matlab computer program.59

SX-ray ¼
1

2
3 cos2 b
� �

� 1
� �

(2)

We also obtain the RMSE (root mean square error), which
indicates the goodness of the fit. This method has been used to
identify liquid–liquid domains in samples containing cholesterol,60

and chain order in many of the same references as for LAXS
scattering (see above).

2.5. Bacterial growth inhibition assays

Antibacterial activity was examined by a standard growth inhi-
bition assay endorsed by the Clinical and Laboratory Standards
Institute (CLSI) with minor modifications as follows.61 Bacteria:
P. aeruginosa (PA01); Methicillin-resistant Staphylococcus aureus
(MRSA), USA300, were incubated at 37 1C with each of the

Soft Matter Paper



This journal is©The Royal Society of Chemistry 2019 Soft Matter, 2019, 15, 1860--1868 | 1863

indicated peptides in cation-adjusted Muller–Hinton broth
(MHB; Sigma-Aldrich, St. Louis, MO) for 18 h, at which time
A600 (absorbance at 600 nm) values were measured to examine
growth inhibition using a BioTek microplate reader (BioTek
Instruments).8 MICs were defined as the peptide concentration
completely preventing detectable growth. Peptide concentra-
tions up to 32 mM were evaluated for antibacterial activity.

3. Results & discussion

Fig. 2A shows typical background-subtracted LAXS data from
oriented, fully-hydrated stacks of G(�) IM mimics containing
WLBU2 in a 250 : 1 molar ratio. In addition to the usual white
round ‘‘lobes’’ of diffuse data shown in Fig. 2A that are due to
fluctuating bilayers, there are faint arcs with a much lower,
desiccated D-spacing. These arcs were present in all G(�) IM/
peptide samples with a concentration of either WLBU2 or
D8 Z 500 : 1, and at Z100 : 1 in G(+)/peptide samples, but not
in either eukaryotic mimic (23 or 50 mole% cholesterol) or in
the LPS model mimic. Since the G(�) IM mimic displays the
desiccated D-spacing at a lower concentration of peptide, it
suggests that the higher content of PE in this mimic could be
interacting with some of the peptide creating a phase-separated
domain with a small D-spacing. As the amount of PE is com-
parable in G(+) and Euk23 but the arcs are only present in the
former, it is perhaps that even a small cholesterol concen-
tration inhibits this phase separation. PE bilayers are known
to take up very little water and we have shown previously that
fluctuations of PE are inhibited when a positively charged
peptide encounters it.44 Fig. 2B shows typical raw WAXS data
of the same sample as in Fig. 2A, collected at a 0.51 glancing
angle of X-ray incidence. Background collected at �0.51 was
subtracted. The wide-angle correlation between chains is strongest
near the equator at qr B 1.4 Å�1, and then tapers off azimuthally

due to chain disorder, which is quantitated using liquid crystal
theory as described in Materials and Methods. LAXS and WAXS
images for the rest of the samples in this work were similar.

There is an increase in KC as low concentrations of the
peptides are added to the G(�) IM (Fig. 3) and to the G(+)
mimics (Fig. 4). This indicates that small amounts of both
peptides cause stiffening of both mimics. The stiffening is
more pronounced for G(�) IM mimics, which continue to be
stiffened at 250 : 1 lipid : peptide molar ratio. Notice that the
G(�) control is stiffer than the G(+) control, as we have seen
previously,44 which is due to the higher PE content. The chain
order results paralleled the KC behavior, indicating that the
stiffening also involves ordering of lipid chains. We have pre-
viously observed that another cationic antimicrobial peptide,
colistin, caused loss of fluctuations when added to POPE, due
to extreme stiffening of the pure POPE membrane.44 At higher
concentrations of both WLBU2 and D8, there is a softening
below the control value. The parallel behavior of both peptides
with G(�) IM and G(+) membrane mimics is an important
result since both peptides efficiently kill both kinds of bacteria
(see Table 1), indicating that modulation of elastic properties of
membranes should be involved in the antimicrobial mechanism
of action.

Different elastic behavior at lower and higher concentration
of peptides implies a possibility of peptides interacting with
particular lipid components to a different degree, also evident
from the appearance of desiccated lamellar orders mentioned
above. Consequently, addition of peptide could initiate or enhance
lipid demixing. Therefore, in the bacterial cell membrane there
could be two or more different local concentrations of WLBU2
or D8, which could juxtapose domains with different material
moduli, as we have suggested previously for the interaction
of colistin with G(�) IM mimics.44 At the interface of these
domains, defects could form allowing release of ions, water
and perhaps proteins, thus killing the bacteria. The idea for

Fig. 2 (A) LAXS and (B) WAXS data collected at CHESS at 37 1C of the G(�) IM mimic with 250 : 1 molar ratio lipid/WLBU2. In 2A, the beam stop (dark
rectangle) covers the beam and the first and second lamellar orders. The thin, white vertical line in 2A is the X-ray reflectivity from the underlying silicon
wafer. This sample is fully hydrated with a D-spacing of 85 Å. The faint arcs seen at B0.4 Å�1 and B0.5 Å�1 in qz are consistent with a second desiccated
D-spacing of B48 Å. In 2B, the chain correlation is the strong intensity centered qr B1.4 Å�1. In 2B, the LAXS pattern is partially visible above the dark
beam stop in the lower left hand corner.
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juxtaposed domains with different material moduli causing
defects along the domain walls was proposed by López Cascales,
inspired by the results of their MD simulation.71 Existence of
domains and lipid demixing as well as domain boundary effects
triggered by specific lipid–peptide interactions have been shown
experimentally.63,64 For example, Epand and Epand have called
attention to indirect experiments using DSC, FTIR and NMR that
have demonstrated a phase coexistence in model membrane
mimics induced by cationic AMPs forming domains with
negatively charged lipids.65 Our present results support a mode

of action for both WLUB2 and D8 with both G(�) and G(+)
bacterial cell membranes of domain formation with different
elasticity that could lead to leakage along domain walls.

Before AMPs can reach the cell IM in G(�) bacteria, they
must first bind to the outer LPS leaflet of the outer membrane,
and then traverse the periplasmic space. Fig. 5 shows elasticity
and chain order results for the LPS membrane mimic (DLPG/
LPS 9 : 1) with increasing amounts of WLBU2 or D8. As shown
in Fig. 5A, KC is quite low compared to G(�) IM or G(+) mem-
branes, indicating a much softer membrane, which could allow
the peptides to pass through. As we published previously, it is
the LPS component, and not the DLPG that lowers the bending
modulus, presumably due to the high carbohydrate content of
LPS.44 The marked stiffening and softening that occurred with
G(�) IM and G(+) membranes are not observed with the LPS
membrane mimic. Indeed, the small apparent decrease in chain
order caused by both peptides could be within the error of these
measurements.

While the results so far have referred to bactericidal activity,
experiments with neutral phospholipids, more typical of

Fig. 3 G(�) IM mimic. (A) Elasticity (KC) results for WLBU2 (black squares) and D8 (red circles). (B) SX-ray order parameter results for WLBU2 and D8,
symbols as in (A). Standard deviations represent averages of three or more samples.

Fig. 4 G(+) mimic. (A) Elasticity (KC) results for WLBU2 and D8 in G(+) mimic. (B) SX-ray order parameter results for WLBU2 and D8, same symbols as in
Fig. 3. The data point at 75 : 1 G(+)/D8 in (A) was not successful after several attempts. Standard deviations represent averages of three or more samples.

Table 1 Comparison of bacterial killing efficacy with toxicity

Peptide PA01 MIC (mM) MRSA MIC (mM)
%RBC
lysisa

%PBMC
toxicityb

WLBU2 3.5 � 1 (N = 4) 3.2 � 1.1 (N = 5) 14 � 1 23 � 1
D8 3 � 1.2 (N = 4) 3.2 � 1.1 (N = 5) 0 � 1 8 � 1

a Red blood cell lysis measured at 50 mM peptide. b Peripheral blood
mononuclear cell (leukocyte) toxicity measured by propidium iodide
incorporation using flow cytometry, measured at 50 mM peptide.
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eukaryotic cells (POPC : POPE 5 : 1), were also carried out to
compare to AMP toxicity. Toxicity results of WLBU2 and D8
with two types of eukaryotic cells, leukocytes and red blood
cells (RBCs), are shown in Table 1. In hemolysis tests in RBCs,
WLBU2 caused significant hemolysis (14%) at 14X MIC, while D8
displayed essentially no hemolysis at 16X MIC. In leukocytes,
WLBU2 was also more toxic (23%) than D8 (8%). One of the
main differences between these two cell types is the percentage
of cholesterol. Leukocytes have B33 mole% cholesterol,66 while
RBCs have B48 mole% cholesterol.67 Therefore we tested two
eukaryotic membrane mimics with 23 and 50 mole% cholesterol
to bracket the in vivo cholesterol content to investigate how
cholesterol affects the elastic moduli and lipid chain ordering.

As shown in Fig. 6, both peptides perturb lipid membranes
as seen from a marked softening (A) and disordering of chains
(B) when added to the 23% cholesterol eukaryotic mimic.
Within the standard deviations there was no difference between
WLBU2 and D8. The mechanism could be a generalized per-
turbation, similar to the carpet model68 or detergent model69

where either a reorientation of lipid headgroups (carpet model)
or micelle formation (detergent model) causes perturbation

leading to leakage of contents through the cell membrane. Both
of these mechanisms would be promoted by a softer and more
disordered membrane. Therefore, we predict that eukaryotic
cells containing 23 mole% cholesterol would be equally per-
turbed by both peptides. On the other hand, leukocytes con-
taining B33 mole% cholesterol,66 do show some differences in
toxicity (see Table 1). This suggests that the higher amount of
cholesterol in leukocytes could offer a protection from D8, but
not from WLBU2. As a comparison to literature studies, Golbek
et al. added WLBU2 to the subphase of a condensed phase
of DPPC monolayers at room temperature and used sum
frequency generation spectroscopy to find an increase in chain
order due to WLBU2.70 However, given the lack of cholesterol
and PE and different experimental conditions, this comparison
may not be meaningful.

When we tested the RBC mimic with 50% cholesterol, the
differences in bending modulus with peptide were very dramatic.
Notice that the scale of the Y-axis in Fig. 7 is double that in
Fig. 3–6. Fig. 7A shows that D8 increased KC (stiffened the mem-
brane) by a factor 2, even at very low concentration (1000 : 1).
At higher concentrations, the KC value declined back towards

Fig. 5 LPS mimic. (A) Elasticity (KC) results for WLBU2 and D8. (B) SX-ray order parameter results for WLBU2 and D8, same symbols as in Fig. 3. Standard
deviations represent averages of three or more samples.

Fig. 6 Euk 23 mimic. (A) Elasticity (KC) results for WLBU2 and D8. (B) SX-ray order parameter results for WLBU2 and D8, same symbols as in Fig. 3.
Standard deviations represent duplicate samples.
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the control value. By contrast, WLBU2 softened the membrane
even at low concentration, and increased softening as its con-
centration increased. Differences in chain order were also
observed (7B). Chain order increased above control when D8
was added to the 50% cholesterol mimic, while it decreased
with WLBU2. While these are real differences, they are not as
dramatic as the KC behavior. Chain order does not always
parallel membrane stiffness48 since it involves only the lipid
acyl chains, while KC results from changes in material moduli
of both headgroup and lipid chains.38 When we compare these
results to the dramatic differences in RBC hemolysis (see Table 1),
this suggests that D8 stabilizes membranes containing B50%
cholesterol which protects them from hemolysis. With stiffer
membranes and more ordered chains than even the control, D8
does not cause lysis of RBCs, even at high concentration. By
contrast, lysis in RBCs by WLBU2 is correlated with an increased
softening of RBCs by WLBU2, and increased chain disorder
compared to controls, similar to toxicity in leukocytes. In a
literature study that used MD simulations, López Cascales et al.
explored membrane perturbations caused by two 9-mer peptides
with a charge of +4 or +7 in a fluid DPPC bilayer.62 They found
that the +4 peptide caused larger membrane perturbations,
especially an enhanced entropic component in the center of the
bilayer that correlated with its greater microbicidal activity. While
we do not measure entropy, we similarly find that the softening
perturbation seen in Fig. 7 corresponds to WLBU2’s toxic effect in
RBC membrane mimics, while D8’s stiffening effect may protect
the membrane from degradation.

In our previous study of the AMP colistin interacting with
membrane mimics,44 we found a correlation between irregular
elasticity and chain order in G(�) IM mimics and killing of
G(�) bacteria, which we interpreted as domain formation. We
did not observe irregular changes in elasticity with G(+) mimics
and colistin. Since colistin kills G(�) but not G(+) bacteria,
we suggested that domain boundaries between the domains
formed by colistin in G(�) bacteria allow leakage of bacterial
contents. Since WLBU2 and D8 both kill G(�) and G(+) bacteria,
we expected that their elastic and chain order behavior would

be similar, which they were. We suggest that studies of
membrane elastic behavior and chain order can be predictive
of the efficiency of bacterial killings as well as of the toxicity
towards eukaryotic cells when new AMPs are designed. Studies
are now underway to decipher the structure and membrane
location of WLBU2 and D8 when interacting with several mem-
brane mimics.

4. Conclusions

In this work we show similar elastic behavior of WLBU2 and D8
with the G(�) IM and G(+) bacterial membrane mimics that
increase stiffness and chain order at low concentrations, and
soften and disorder these membranes at higher concentrations.
This could lead to a juxtaposition of membrane domains
with different stiffness and order, which could lead to leakage
between the domains along their domain boundaries, similar
to our proposed interaction of colistin with G(�) IM mimics.
Both peptides slightly softened an already soft LPS mimic of the
G(�) OM, which could facilitate transport of these AMPs across
the OM to the IM of G(�) bacteria. While no differences in
elastic and chain order behavior were observed between WLBU2 and
D8 in eukaryotic membrane mimics containing 23% cholesterol,
dramatic differences occurred with 50% cholesterol, a similar
amount as present in an RBC membrane, correlating with their
hemolytic activity. These results suggest that elasticity and
chain order behavior can be used to predict mechanisms of
bactericidal action and toxicity of new AMPs.
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