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ABSTRACT: Aberrant levels of glycolipids expressed on cellular
surfaces are characteristic of different types of cancers. The
oligomer of acylated lysine (OAK) mimicking antimicrobial
peptides displays in vitro activity against human and murine
melanoma cell lines with upregulated GD3 and GM3 gangliosides.
Herein, we demonstrate the capability of OAK to intercalate into
the sialo-oligosaccharides of DPPC/GD3 and DPPC/GM3 lipid
monolayers using X-ray scattering. The lack of insertion into
monolayers containing phosphatidylserine suggests that the
mechanism of action by OAKs against glycosylated lipid
membranes is not merely driven by charge effects. The fluorescence
microscopy data demonstrates the membrane-lytic activity of OAK.
Understanding the molecular basis for selectivity toward GD3 and
GM3 gangliosides by antimicrobial lipopeptides will contribute to the development of novel therapies to cure melanoma and other
malignancies.

■ INTRODUCTION

Gangliosides are a structurally and functionally diverse group
of glycosphingolipids that contain one or more sialic acid
groups. They are abundantly present at the outer leaflet of
eukaryotic plasma membranes and engaged in multiple
physiological processes including cell−cell recognition and
adhesion, ion homeostasis, and immune signaling.1 The
expression patterns of gangliosides vary significantly between
different species and tissues, throughout embryogenesis, and
under pathological conditions.2 Disialoganglioside with three
glycosyl groups (GD3) and its monosialyl precursor (GM3)
have been reported to constitute 80% of the total surface lipid-
bound sialic acids in metastatic melanomas.3

Oligo-acyl-lysines (OAKs) are peptide mimetic compounds
that incorporate variable hydrocarbon chains to positively
charged lysine residues through carbonyl groups (Figure 1b).4

Originally recognized for their antibacterial and antimalarial
properties,5−7 OAKs have been more recently reported to
suppress prostate adenocarcinoma growth both in vitro and in
vivo.8

We propose a mechanism of membrane disruptive activity
on model melanoma membranes by OAKs by intercalating
them into sialic acids of GD3 and GM3 gangliosides (Figure
1a), distinct from merely electrostatic interactions with anionic
phospholipids in bacteria.9 To test this hypothesis, we
reconstitute Langmuir monolayers composed of either GD3
or GM3 mixtures with dipalmitoyl-sn-glycero-3 phosphatidyl-
choline (DPPC) in physiologically relevant proportions
mimicking the melanoma cell surface.10 The insertion of

octameric OAK, dodecanoyllysyl-hepta(aminooctanoyllysyl)-
amide (C12K-7α8) from the aqueous subphase into model lipid
membranes is probed using constant-pressure insertion assays
and X-ray reflectivity.11 Monolayers of DPPC mixed with
saturated dipalmitoyl-phosphatidylserine (DPPS) are em-
ployed to characterize OAK interactions with anionic
phospholipids.12 Although other lipids are negatively charged,
such as dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG),
DPPS was chosen since it occurs in higher abundance in
human cells and has been implicated in other important
physiological processes.13,14 DPPG is often used as a model
system for bacterial cell membranes.15 Langmuir monolayers
mimic the outer leaflet of a cell where the aqueous
environment below acts as a platform to introduce membrane
active compounds to the simplified lipid monolayer.16 X-ray
reflectivity is used to generate an electron density profile of the
monolayer film before and after the compounds are
introduced. By combining the insertion assay with the changes
in electron density, an idea of how the compounds interact
with the lipids can be deduced. In vitro cytotoxicity is
measured on human cervical (HeLa) and lung (A549)
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carcinoma and human (SK-MEL-28) and murine (B78)
melanoma cell lines. Non-cancerous Chinese hamster ovary
(CHO-K1) cells and primary embryonic chicken fibroblasts
(UMNSAH/DF-1) are used as positive and negative controls,
respectively. Ganglioside surface levels are detected by
immunostaining using anti-GD3 and anti-GM3 monoclonal
antibodies. The data are compared to those by antimicrobial
peptide magainin 2 (MAG2) (Figure 1b), which has been
previously shown to suppress proliferation and induce cytolysis
of tumor cells.17

■ EXPERIMENTAL SECTION

Cells and Antimicrobials. HeLa (CCL-2), A549 (CCL-185),
CHO-K1 (CCL-61), and primary chicken embryonic fibroblasts
UMNSAH/DF-1 (CRL-12203) along with Kaighn’s Modification of
Ham’s F-12 Medium (F-12K) (30-2004) and Eagle’s minimum
essential medium (EMEM) (30-2003) were obtained from the
American Tissue Culture Collection (Maryland, USA). Human SK-
MEL-28 melanoma was a generous gift by Dr. Leonidas C. Platanias
(Robert H. Lurie Comprehensive Cancer Center of Northwestern
University, Chicago, IL). B78 cells were kindly provided by Dr. Gary
H. Cohen (University of Pennsylvania, Philadelphia, PA). Fetal
bovine serum (FBS) was purchased from Gemini Bio Products (West
Sacramento, CA), and 96-well clear bottom plates (Costar) were
obtained from Corning Inc. (Corning, NY). The Alamar Blue cell
viability assay kit and Dulbecco’s modified Eagle’s medium (DMEM,

Gibco) were obtained from Thermo Fisher Scientific (Waltham, MA).
Magainin 2 was purchased from AnaSpec (Fremont, CA), and lipids
were obtained from Avanti Polar Lipids (Alabaster, AL) and were
used without further purification.
OAK Synthesis. C12K-7α8 derivative of of ε-poly-L-lysine was

synthesized by the solid-phase method by applying the 9-
fluorenylmethyloxy carbonyl (Fmoc) active ester chemistry (Peptide
Synthesizer model 433A; Applied Biosystems, Waltham, MA) as
previously described.7 In brief, 4-methylbenzhydrylamine resin was
used to obtain amidated compounds. The crude compounds were
purified to chromatographic homogeneity in the range of >95% by
reverse-phase high-performance liquid chromatography (HPLC) on a
Vydac C18 column (Grace, Columbia, MD) with a linear gradient of
acetonitrile in water (1%/min); both solvents contained 0.1%
trifluoroacetic acid. The purified compounds were analyzed by mass
spectrometry (Alliance HPLC, Waters, Milford, MA) to confirm their
compositions and stored as lyophilized powders at −20 °C. The stock
solutions were prepared in ultrapure water (Millipore Sigma,
Burlington, MA), briefly vortexed, sonicated, and centrifuged,
followed by dilution in the appropriate medium.
Cytotoxicity Assays. In vitro cytotoxicity of MAG2 and OAK was

assessed via an Alamar Blue (resazurin) cell viability assay kit
according to the manufacturer’s protocol. In brief, cells were seeded in
sterile 96-well plates and cultured in the medium until they reached a
3 × 104 cells·mL−1 concentration (∼80% confluence) followed by 24
h of incubation with antimicrobials at 1−100 μM concentrations in a
humidified atmosphere at 37 °C with 5% CO2. The F-12K medium
was used for A549 and CHO-K1 cells. SK-MEL-28 cells were

Figure 1. Chemical structures of lipids (a) and antimicrobials (b) used in this study. Brackets dictate α8 (aminooctanoyl-lysyl) subunits (gray).
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incubated in EMEM with 10% FBS and 100 U·mL−1 penicillin−

streptomycin supplemented with L-glutamine. DMEM used for HeLa
cells was additionally supplemented with 2% HEPES (pH 7.4), 0.2
mg·mL−1 G418, and 0.1 mg·mL−1 hygromycin B. Untreated cells were
subject to an equal amount of sterile ultrapure H2O. After that, the
Alamar Blue reagent (10% v/v) was added and incubated for 4 h in
the dark. As a positive control, 100% reduced Alamar Blue was
prepared by autoclaving 10% v/v reagent in culture media for 15 min
before running the assay. Fluorescence signals were collected from
nine points per well at three excitation wavelengths (530, 545, and
560 nm) with an emission wavelength of 590 nm using a SpectraMax
M5 microplate reader (Molecular Devices, San Jose, CA).
The level of reduced resazurin was calculated as follows

Red. (%) (experimental RFU value

negative control (medium) RFU value)

/(positive control RFU value

negative control (medium) RFU value) 100

=

×

Cell viability was estimated as a ratio of the experimental RFU
value to the RFU value of untreated cells.16 The half-maximal
inhibitory concentrations (IC50) were identified as antimicrobial
concentrations at which the population of viable cells was reduced by
50%, using GraphPad Prism 8.3.1 (logistic nonlinear regression).
Immunofluorescence Microscopy. Cells were grown on glass

coverslips until 60−80% confluence followed by washing thrice in
phosphate-buffered saline (PBS) and then fixed with 10% formalin
(∼4% paraformaldehyde) (Electron Microscopy Sciences, Hatfield,
PA). Non-specific protein−protein interactions were blocked with 3%
bovine serum albumin (BSA) (Millipore Sigma, Burlington, MA) in
PBS, and cell surfaces were immunostained without permeabilization
using mouse anti-GD3 primary monoclonal antibody (mAb) (1:80,
Abcam, Eugene, CA) according to the manufacturer’s protocol or
mouse anti-GM3 mAb (1:250, Amsbio LLC, Cambridge, MA) in 2%
BSA/PBS for 1 h at room temperature. The secondary antibodies
used were goat anti-mouse IgG conjugated to Alexa Fluor 594 and
488 (Invitrogen, Carlsbad, CA, USA) at a concentration of 1:200 in
2% BSA/PBS for 1 h at room temperature followed by extensive
washes in PBS. The coverslips were then extensively washed in PBS
and mounted onto glass slides (Thermo Fisher Scientific, Waltham,
MA) using the Prolong Diamond antifade mountant (Invitrogen,
Carlsbad, CA) with 4′,6-diamidino-2-phenylindole (DAPI) for nuclei
staining and left to set overnight in the dark prior to sealing.
Immunostained cells were imaged with an LSM 800 Zeiss confocal
microscope (Thornwood, NY) using 40× and 63× magnification
objectives. For statistical analysis, a set of micrographs were collected
for each cell line with identical image acquisition settings and
exposure times. The data collected were processed using ImageJ18

software v. 1.52 (National Institute of Health, Bethesda, MD). The
corrected total cell fluorescence (CTCF) over the area unit was
quantified using the following formula

A A

A
CTCF

MFI (cell) MFI (background)
=

× ×

where A indicates the total area of cells selected; MFI refers to the
mean fluorescence intensity. Analysis of variance (ANOVA) was
performed followed by a Tukey’s multiple-comparison test in
GraphPad Prism 6.0 (GraphPad Software, Inc., San Diego, CA).
Constant-Pressure Insertion Assays. Langmuir monolayers

composed of dipalmitoyl-sn-glycero-3 phosphatidylcholine (DPPC)
and 1,2-dihexadecanoyl-sn-glycero-3-phosphatidylserine (DPPS) were
employed to reconstitute plasma membrane of healthy eukaryotic
cells, while cancer cell surfaces were modeled using DPPC/GM3 and
DPPC/GD3 mixtures at a 7:3 molar ratio. The instrumental setup
consisted of a custom-made Teflon Langmuir trough equipped with a
movable Teflon barrier controlled for the reversible compression and
expansion of monolayers. The surface pressure at the air−water
interface was measured by a stationary Wilhelmy plate (Riegler &

Kirstein, Potsdam, Germany) and kept invariable via a pressure-area
feedback loop throughout the duration of the experiment. Dulbecco’s
phosphate-buffered saline (Invitrogen, Carlsbad, CA) without Ca2+

and Mg2+ was used as a subphase, with the temperature being
maintained at 22 ± 0.5 °C. To reduce fluctuations and maintain
stability, the entire equipment was mounted onto a vibration isolation
stage (Newport Corporation, Irvine, CA).
Pre-mixed lipids were deposited onto the aqueous surface from the

organic solvent, allowed to evaporate, and then slowly compressed at
the surface pressure of 30 mN·m−1, consistent with the lateral
pressures in natural cell membranes.19 MAG2 and OAK stock
solutions dissolved in ultrapure water were then injected evenly into
the subphase underneath the monolayer up to the final concentration
of 10 μM using a micro-syringe with an “L-shaped” needle (VDRL,
needle; Hamilton Robotics, Reno, NV). As the injected antimicrobials
start interacting with the lipid monolayer, the surface pressure rises,
resulting in the barrier expanding the film area to maintain a constant
pressure. Knowing the amount of material deposited, the relative
change in area per individual lipid molecule (ΔA/A) can be
calculated.
Synchrotron X-ray Reflectivity. X-ray measurements were

carried out before and after the introduction of antimicrobials using
a liquid surface spectrometer at the 9-ID-B (XSD) and 15-ID-C
(ChemMatCARS) beamlines at the Advanced Photon Source,
Argonne National Laboratory. A Langmuir trough was mounted in
a hermetic helium-filled chamber. Low oxygen levels were maintained
in the chamber to minimize background scattering. The wavelength
(λ) was selected by a cryogenically cooled double-crystal Kozhu
monochromator to be 0.92017 Å (1.2374 Å at 15-ID-C beamline).
The incident X-ray beam strikes the horizontal surface of the liquid
sample at low angle α, close to the critical angle for this wavelength.
The scattered beam makes an angle β to the surface and an azimuthal
angle ψ to the plane of incidence. In specular X-ray reflectivity
geometry, α = β and ψ = 0, and the intensity of the reflected beam is
measured as a function of the incident angle over the wave vector
transfer qz = (4π/λ) sin(α) along the surface normal. The background
subtraction was done by collecting off-specular signals at fixed
distances from the incidence plane. The range of measured angles
corresponded to qz values from approximately 0.01 to 0.7 Å−1.20 All
reflectivity measurements were conducted by translating the trough by
1 mm after the low, mid, and high angle measures, corresponding to
qz ranges of 0.01−0.1, 0.1−0.5, and 0.5−0.7 (Å

−1), respectively, to
prevent damage from the X-ray beam. All measurements were
averaged over three independent measurements.
X-ray Reflectivity Data Analysis. Biologically interacting

systems such as those in our work are challenging to model since
they do not necessarily adhere to the simplified, though precise “box
model” criteria. Our models are mixtures of non-crystalline lipids with
variable lengths of soluble sugars that are not fixed in space. Into this
system, antimicrobials are introduced that can differentially intercalate
into one or more areas of the lipid monolayer. At the same time, the
introduction of these surface-active compounds causes an increase in
the area occupied by the film. This is caused by the feedback
mechanism set to maintain the surface pressure by adjusting the area.
In these cases, roughness estimates can be large with respect to layer
thickness and the electron density can have a non-Gaussian
distribution over the layer thicknesses. Under such circumstances,
fitting X-ray reflectivity data using simple models is quite challenging.
We chose to analyze our data using the “model-independent fitting”
routine in the software StochFit.21 Here, we started with a guess of
the total film thickness, estimated using the first minimum from the
reflectivity curves, and a guess of the average film electron density�
we assumed 1.0 (ρ/ρwater). This profile was broken into a single box
per Å of length, where each box has a fixed thickness. Each box then
has a density and smoothing parameter. This film is modeled by
assuming that the areas outside of the film have a known, fixed density
for the superphase (the air above the film, assumed to have ρ/ρwater ≈

0), and the subphase (the water below the film, assumed to have ρ/
ρwater of 1.0). Although these thin, biological films are not strongly
absorbing materials, absorption is considered by linking the
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absorption profile to the calculated electron density profile; this
procedure is detailed by Danauskas et al.21 and prevents overemphasis
and overfitting to the absorption parameters. This assumption reduces
to essentially a “first-order” correction where we suspect that the
absorption does not vary significantly throughout the film. Each point
in the density profile is treated as a layer, and the reflectivity is then
calculated by iterating through each of the points of the density
profile. Each fit was performed three times using different fitting
methods�greedy search, simulated annealing, and stochastic
tunneling�to make sure that the final density profile converged to
the same solution. After fitting, we are left with a continuous curve of
density for each film, with and without the drug present.
To analyze these continuous distributions, we fit the electron

density distribution to the standard error function “slabs” using the
constraint that the total area under the curves was the same and that
this was done using the smallest number of “slabs” possible to make
sense of the system. We used 2 for the simple DPPC/DPPS system,
since these have been used before, and then 3 for the GM3/GD3
systems, since we expect some additional structure beyond the PC-/
PS-like systems (Figure 1). The after profiles were fit using the same
number of slabs as the layers before the interaction. These curves are
presented in Figure 5B. Analysis of the electron densities involves
calculating the number of electrons per unit volume. The density is
given by the curves, but the area of the film changes. To visualize the
changes in the film, the density curves are normalized to the change in
film area (Figure 5, right). The difference between the two area-
normalized curves shows where the changes in density occur in the
film. These are an oversimplification and are only used for

visualization purposes. All analysis is conducted using the derived
slabs.
Calculation of the Lipid-to-Drug Ratio. This was done as

previously described for other antimicrobials interacting with lipid
monolayers.22−24 In brief, the number of electrons in each slab was
calculated using the density and area for both before and after fits.
The number of electrons in the antimicrobial was then calculated
from the chemical formula. The difference was calculated under the
assumption that no additional water is added to the head region since
this cannot be known and may be different from film to film.
However, the straight difference for the hydrophobic tail region
should have no water molecules, and the difference should correspond
well to the change in density and area. The lipid-to-drug ratio was
then simply calculated by the ratio of the number of electrons in the
antimicrobial to the number of excess electrons that are assumed to
not be water. This gives a rough estimate of the lipid-to-drug ratio but
relies on the assumption that the differences are spread evenly over
the beam area and the area per lipid molecule. This may not
necessarily be true in all cases but offers a way to apply a similar
approach to all films.

■ RESULTS AND DISCUSSION

Ganglioside Surface Localization. Cells are immunos-
tained without prior permeabilization to evaluate the surface
expression of GM3 and GD3 gangliosides. GM3 is abundantly
present in both melanomas and CHO-K1 cells with only
sporadic surface distribution in human carcinoma and primary

Figure 2. Surface localization of (a) GM3 (green) in cells immunostained with mouse anti-GM3 mAb clone GMR6, IgM, and Alexa Fluor 488 and
(b) GD3 (red) labeled with mouse anti-GD3 mAb clone R24, IgG3, and Alexa Fluor 594. Nuclei are stained with DAPI (blue). The scale bar
corresponds to 20 μm. (c) The bar graphs quantify the CTCF per μm2 for each ganglioside. Data represented as mean ± standard error of the
mean. Comparison made between the median CTCF values from 10 micrographs of at least 20 cells per each (**p < 0.001, *p < 0.05). ns�not
significant (p > 0.05).
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fibroblasts (Figures 2a and S1). SK-MEL-28 and B78 display
elevated levels of GD3 as compared to non-melanoma cell
lines (Figure 2b), characterized by a three- to tenfold increase
in the signal intensity (Figure 2c).
In Vitro Cytotoxicity. OAK and MAG2 reduce cell

viability in a dose-dependent manner. The activity of MAG2
is poor, with IC50 > 100 μM for all cell types being investigated
(Table 1). Furthermore, the viability of UMNSAH/DF-1 at
high concentrations of the peptide is lower (52%) than those
for immortalized cell lines (56−78%), indicating poor cell
specificity (Figure 3a). OAK displays a comparable cytotoxic
effect to MAG2 on adenocarcinoma while providing a better
survival rate for primary fibroblasts (IC50 ∼ 86.6 μM). A sharp
decline in cell viability is observed in both human and mouse
melanoma cell lines at concentrations between 10 and 50 μM
for OAK but not MAG2 (Figure 3b). The half-maximal
inhibitory dose of OAK varies from 13.6 to 34.3 μM, with the
best activity being against SK-MEL-28 (Table 1). Interestingly,
OAK is also more cytotoxic to non-cancerous CHO-K1 cells
presenting elevated GM3 levels than MAG2. A comparative
analysis of cell susceptibility toward 50 μM antimicrobials is
presented in Figure 4. Fluorescence microscopy data indicate
changes in cellular morphology caused by antimicrobials with
OAK at concentrations above IC50 to induce the loss of
membrane integrity and interfere with chromatin organization
(Figure S2).
Model Membrane Insertions. The introduction of

MAG2 to the DPPC/DPPS monolayer up to the subphase
concentration of 10 μM results in minor changes in area per
individual lipid molecule (<2%), indicating limited membrane
interactions. In turn, the modest area increase of ∼8.5% is
induced by OAK. In turn, both antimicrobials readily
intercalate into DPPC/GM3 and DPPC/GD3 characterized

by a 4- and 7-fold increase in area expansion by MAG2 and
1.5- and 3.5-fold�for OAK, for mono- and disialoganglioside,
respectively (Table 2). It should be noted that local
concentrations of antimicrobials at the monolayer surface
might differ upon adsorption from the subphase. The selected
concentrations to work with are based on the previously
published data from in vitro and mechanistic studies.25 OAK
binding affinity constants to POPC/POPG model membranes
have been previously found to be ∼2 × 106M−1

·s−1,26 which is
comparable to those for magainin 2 (0.5−1 × 106 M−1

·s−1).27

Phospholipid monolayers are typically modeled as a stack of
several slabs each with a distinct electron density. The upper
region closest to the air−water interface (slab 1) corresponds
to the hydrocarbon chains of lipids with the electron densities
ranging from 0.29 to 0.32 e−

·Å−3. These values are in line with

Table 1. IC50 Values (μM) ± S.D. of MAG2 and OAKa

GM3− GM3+

non-cancer carcinomas non-cancer melanomas

UMNSAH/DF-1 HeLa A549 CHO-K1 B78 SK-MEL-28

MAG2 >100 >100 >100 >100 >100 >100

OAK 86.6 ± 1.9 87.9 ± 2.7 95.8 ± 2.9 26.2 ± 0.8 34.3 ± 1.3 13.6 ± 1.0
aError bars represent S.E.M. obtained from triplicate.

Figure 3. Cell viability curves as measured by Alamar Blue (resazurin) assays for (a) MAG2 and (b) OAK. Cells are incubated in the presence of
various drug concentrations (1−100 μM) for 24 h at 37 °C. The percentage of viable cells is calculated as a ratio of the mean fluorescence from
cells treated with antimicrobials to the non-treated controls. Error bars represent standard deviation (S.D.) from triplicated measurements.

Figure 4. Cell viability after treatment with 50 μM either MAG2
(light gray) or OAK (white). Data are obtained from three
independent experiments each sampled in duplicate ± S.D.
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prior measurements of packed acyl chains measured using X-

ray reflectivity.20,28 The subjacent layer (slab 2) peaks in

electron density above 0.45 e−
·Å−3 from anionic phosphate

groups. In monolayers containing GM3 and GD3 gangliosides,

slab 2 has lower electron densities of 0.37−0.4 e−
·Å−3

contributed by the glucose and galactose residues. An

additional slab of the sialic acid group electron subphase

(slab 3) is characteristic for DPPC/GM3 and DPPC/GD3

Table 2. Slab-Modeled X-ray Reflectivity Dataa

Slab 1 Slab 2 Slab 3
area per lipid

(Å2)
lipid-to-drug

ratio

length (Å)
density
(e−

·Å−3) length (Å)
density
(e−

·Å−3) length (Å)
density
(e−

·Å−3)

DPPC/DPPS 15.61 ± 0.2 0.32 ± 0.03 10.52 ± 0.01 0.45 ± 0.04 44.4 ± 0.2

+Mag2 15.54 ± 0.02 0.32 ± 0.02 10.49 ± 0.01 0.45 ± 0.04 45.2 ± 0.5 >25

+OAK 14.05 ± 0.01 0.31 ± 0.01 12.72 ± 0.02 0.41 ± 0.01 48.2 ± 0.5 >25

DPPC/GM3 15.06 ± 0.02 0.29 ± 0.03 11.96 ± 0.02 0.37 ± 0.10 7.871 ± 0.02 0.35 ± 0.05 50.0 ± 0.4

+Mag2 14.21 ± 0.01 0.30 ± 0.02 12.59 ± 0.01 0.39 ± 0.05 9.315 ± 0.02 0.35 ± 0.08 54.2 ± 0.5 13

+OAK 13.59 ± 0.02 0.31 ± 0.02 14.03 ± 0.01 0.40 ± 0.01 9.782 ± 0.01 0.36 ± 0.01 55.8 ± 0.5 7

DPPC/GD3 14.96 ± 0.01 0.31 ± 0.02 10.51 ± 0.01 0.40 ± 0.01 11.76 ± 0.01 0.36 ± 0.03 46.4 ± 0.1

+Mag2 13.82 ± 0.02 0.29 ± 0.02 15.32 ± 0.01 0.41 ± 0.10 11.83 ± 0.01 0.38 ± 0.05 52.7 ± 0.6 14

+OAK 8.375 ± 0.04 0.22 ± 0.02 19.81 ± 0.01 0.39 ± 0.04 10.09 ± 0.02 0.36 ± 0.04 60.3 ± 0.5 4
aSubscripts: 1�hydrocarbon chains/“tails”; 2�phosphate/sphingosine and carbohydrate “heads”; 3�sialic acid groups.

Figure 5. X-ray reflectivity data on monolayers upon interaction with MAG2 (blue) and OAK (orange). (a) Reflected intensities (R) normalized
over the Fresnel reflectivity (RF) for an ideally flat air−water interface. Curves are vertically shifted for clarity. The scatter plots show the measured
values, where vertical bars indicate the error assuming Poisson distributions about the counted intensity. The solid−line curves are the best fit to
the experimental data. (b) Electron density profiles derived from the data in panel (a). Z denotes the distance from the top of the upper slab (slab
1) corresponding to the air−water interface. The electron density distribution by inserted antimicrobials is shown in dashed lines below each set of
curves. The density curves are normalized to both the density of water and the change in the film area.
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monolayers, with the electron densities just slightly above the
one of the aqueous buffer (0.334 e−

·Å−3) (Table 2). X-ray
reflectivity on planar lipid monolayer did not reveal the
formation of nanotube structures previously described for giant
unilamellar vesicles of POPC with GM1.29 This could be
explained by the lack of the curvature effect to achieve a
Langmuir model system as well as limited X-ray penetration
depth.
The reflectivity profile of DPPC/DPPS does not undergo

any notable changes upon introduction of MAG2, indicating
little to no permeation into the monolayer (Figure 5a). OAK
interacts with outer phosphate groups of lipids without
inserting into the hydrophobic core, characterized by an
increase in the electron density of slab 2 and the reduced
density of slab 1. The lipid-to-drug ratio corresponds to the
number of lipids per inserted molecule of the antimicrobial
compound and, thus, is inversely proportional to its insertion
rate. The high lipid-to-drug ratio (>25) confirms the limited
incorporation of antimicrobials into the DPPC/DPPS
monolayer. While the increase in area per lipid molecule
upon insertion of MAG2 and OAK into DPPC/GM3 is
moderate (8−12%), additional electron density contributed to
all three slabs indicates them to permeate throughout the
entire monolayer. This is also confirmed by the reduced
thickness of the lipid film by 1.2 and 2.5 Å, respectively. The
peaked density of the DPPC/GM3 monolayer is shifted
toward the interface by intercalation of antimicrobials (Figure
5b). In turn, the electron densities mainly contribute to the
middle portion of the DPPC/GD3 monolayer characterized by
the notable increase in thickness of slab 2 (1.5- and 2-fold for
MAG2 and OAK, respectively). OAK tends to insert into both
ganglioside-containing monolayers more efficiently than
peptide, characterized by a 2- to 3.5-fold lower lipid-to-drug
ratio (Table 2).
Result Interpretation. Various tumors, including sarco-

mas,30,31 melanomas,32 lymphomas,33 and leukemia,34 exhibit
elevated levels of GM3 and GD3 gangliosides. GD3 is often
identified as a cancer-specific cell surface antigen in human
melanoma.35 The murine B78 melanoma cell line primarily
exhibits GM3 as its sole detectable ganglioside,36 comparable
to non-cancerous CHO-K1 cells, which cannot convert GM3
to GD3 due to the absence of α-2,8-sialyltransferase.37

MAG2’s cytotoxicity is moderately influenced by the peptide
concentration and is possibly the result of non-specific
interactions with membrane lipids.17,38 Although cancer cells
often expose phosphatidylserine on their surface,39 X-ray
reflectivity data suggests its insignificant role in melanoma
recognition by antimicrobials. MAG2’s higher insertion levels
into ganglioside-containing monolayers versus DPPC/DPPS
can be partially attributed to non-specific electrostatic binding
to gangliosides’ larger carbohydrate moieties. Hydrophobic
forces might also promote the partitioning of the amphipathic
peptide α-helix between the membrane’s hydrophobic core
and polar outer layer.
OAK’s recognition of GM3 and GD3 is dictated by specific

interactions with sialic acids, elucidating peptidomimetics’
cytotoxicity against CHO-K1 and melanoma cells but not
primary fibroblasts. Our results from X-ray reflectivity show
that the binding constant of OAK to DPPC/GD3 and DPPC/
GM3 monolayers is larger than that to the DPPC/DPPS
monolayer and larger than those of MAG2. In the interactions
of OAK and MAG2 with DPPC/GD3 and DPPC/GM3
monolayers, the fractional area change values are significantly

high, indicative of strong peptide−lipid interactions. However,
this might not necessarily translate to similar observations in
lipid bilayers due to critical area strain and potential pore
formation.40

The additional sialic acid group in GD3 gangliosides allows
OAK’s flexible acyl chains to penetrate the carbohydrate
moieties of model cancer membranes. However, in lipid
bilayers, if the fractional area change surpasses ∼0.05, pore
formation can occur due to membrane tension, although this
value can depend on the types of lipids and the phase of lipid
bilayers.40 This discrepancy is one of the limitations of our
monolayer experiments. Despite this limitation, our work
suggests that OAK interacts with GM3- and GD3-enriched
lipid membranes, but the precise mechanism of interaction
leading to cell death remains undetermined. Although we
suspect that OAK might act through a standard mechanism
such as the detergent-like (carpet) mode of action or toroidal
pore formation, as suggested for MAG2,41 we cannot confirm
this.
Several mechanisms of peptide-induced pore formation have

been proposed, such as the MAG2-induced pore formation,
where the rate constant of pore formation increases with an
increase in the fractional area change of the lipid bilayer due to
the binding of MAG2 to the outer monolayer leaflet. This
results in increased membrane tension in the inner monolayer,
inducing membrane instability and leading to pore forma-
tion.42 When the fractional area change is 0.04, the rate
constant of pore formation is extremely high, though this value
inducing significant pore formation depends on the types of
lipids. Future experiments using methods like NMR,43

crystallography,44 circular dichroism,45 electron microscopy,46

surface plasmon resonance,47 and molecular dynamics
simulations48 might offer a clearer understanding of OAK’s
specific mechanism against cancer cells.
Beyond membrane disruption, our fluorescence data hints

that peptidomimetics might exert additional effects, such as
DNA binding, reported earlier for OAKs that bind bacterial
DNA.5,49 OAK appears to bind to GM3 and GD3 lipid
monolayers, causing a dose-dependent decrease in cell viability.
Despite OAK’s antimicrobial peptide origins suggesting
potential cellular lysis, it remains uncertain whether membrane
disruption or other effects cause cell death. Proving that OAKs
are lytic against these cancer cells rather than, perhaps, causing
cell death due to stress from destabilizing the membrane
potential requires additional investigation, which could involve
the proposed OAK-induced leakage experiments from lipid
vesicles containing GM3, GD3, or PS.50

GM3 and GD3 gangliosides’ overexpression in malignant
melanoma highlights their potential as cancer therapy targets.
To enhance our understanding of OAKs’ anticancer selectivity,
future research should explore their interactions with modified
sialic acids, like N-glycolylneuraminic acid and O-acetylated
derivatives.51,52 We suggest that identifying glycosylated
epitopes on malignant tumor cells as potential targets for
antimicrobial peptide mimics could guide the development of
next-generation therapeutics.

■ CONCLUSIONS

Our study provides compelling evidence that OAK mimics’
host defense peptides exhibit in vitro activity against melanoma
cells expressing GM3 and GD3 gangliosides. X-ray scattering
data suggest that peptidomimetics intercalate into sialo-
oligosaccharides of glycosylated lipid monolayers. These
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findings provide insights into their dual mechanism of action
that involves a carpet-like demolition of cancer cell membranes
and intracellular targeting. Our results highlight the signifi-
cance of glycosylation in the development of novel targeted
therapies to cure melanoma and other malignant tumors and
introduce oligo-acylated lysines as effective anticancer
therapeutics.
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(46) Janson, K.; Kyrilis, F. L.; Tüting, C.; Alfes, M.; Das, M.; Träger,
T. K.; Schmidt, C.; Hamdi, F.; Vargas, C.; Keller, S.; Meister, A.;
Kastritis, P. L. Cryo-Electron Microscopy Snapshots of Eukaryotic
Membrane Proteins in Native Lipid-Bilayer Nanodiscs. Biomacromo-
lecules 2022, 23, 5084−5094.
(47) Mozsolits, H.; Aguilar, M.-I. Surface Plasmon Resonance
Spectroscopy: An Emerging Tool for the Study of Peptide−
Membrane Interactions. Pept. Sci. 2002, 66, 3−18.
(48) Zhao, L.; Cao, Z.; Bian, Y.; Hu, G.; Wang, J.; Zhou, Y.
Molecular Dynamics Simulations of Human Antimicrobial Peptide
LL-37 in Model POPC and POPG Lipid Bilayers. Int. J. Mol. Sci.
2018, 19, 1186.
(49) Makobongo, M. O.; Gancz, H.; Carpenter, B. M.; McDaniel, D.
P.; Merrell, D. S. The Oligo-Acyl Lysyl Antimicrobial Peptide C12K-
2β12 Exhibits a Dual Mechanism of Action and Demonstrates Strong
in Vivo Efficacy against Helicobacter Pylori. Antimicrob. Agents
Chemother. 2012, 56, 378−390.
(50) Matsuzaki, K.; Harada, M.; Handa, T.; Funakoshi, S.; Fujii, N.;
Yajima, H.; Miyajima, K. Magainin 1-Induced Leakage of Entrapped
Calcein out of Negatively-Charged Lipid Vesicles. Biochim. Biophys.
Acta, Biomembr. 1989, 981, 130−134.
(51) Dorvignit, D.; Boligan, K. F.; Relova-Hernández, E.; Clavell,
M.; López, A.; Labrada, M.; Simon, H.-U.; López-Requena, A.; Mesa,
C.; von Gunten, S. Antitumor Effects of the GM3 (Neu5Gc)
Ganglioside-Specific Humanized Antibody 14F7hT against Cmah-
Transfected Cancer Cells. Sci. Rep. 2019, 9, 9921−10012.
(52) Cavdarli, S.; Delannoy, P.; Groux-Degroote, S. O-Acetylated
Gangliosides as Targets for Cancer Immunotherapy. Cells 2020, 9,
741.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c01008
Langmuir 2023, 39, 12541−12549

12549

https://doi.org/10.1073/pnas.0934731100
https://doi.org/10.1016/s0001-8686(02)00071-4
https://doi.org/10.1016/s0001-8686(02)00071-4
https://doi.org/10.1016/j.eururo.2005.12.043
https://doi.org/10.1016/j.eururo.2005.12.043
https://doi.org/10.1016/j.eururo.2005.12.043
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/s0304-4157(96)00009-3
https://doi.org/10.1016/0370-1573(94)90046-9
https://doi.org/10.1016/0370-1573(94)90046-9
https://doi.org/10.1016/0370-1573(94)90046-9
https://doi.org/10.1107/s0021889808032445
https://doi.org/10.1021/acsinfecdis.9b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamem.2014.05.022
https://doi.org/10.1016/j.bbamem.2014.05.022
https://doi.org/10.1021/acs.langmuir.6b03477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b03477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0005-2736(97)00051-5
https://doi.org/10.1016/S0005-2736(97)00051-5
https://doi.org/10.1128/aac.00656-08
https://doi.org/10.1128/aac.00656-08
https://doi.org/10.1128/aac.00656-08
https://doi.org/10.1016/j.bpj.2008.09.017
https://doi.org/10.1016/j.bpj.2008.09.017
https://doi.org/10.1016/j.bpj.2008.09.017
https://doi.org/10.1016/S0006-3495(91)82347-5
https://doi.org/10.1016/S0006-3495(91)82347-5
https://doi.org/10.1016/S0006-3495(91)82347-5
https://doi.org/10.1021/acsnano.8b00640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1097-0142(19920801)70:3<633::aid-cncr2820700315>3.0.co;2-f
https://doi.org/10.1002/1097-0142(19920801)70:3<633::aid-cncr2820700315>3.0.co;2-f
https://doi.org/10.1002/pbc.26097
https://doi.org/10.1002/pbc.26097
https://doi.org/10.1084/jem.155.4.1133
https://doi.org/10.1084/jem.155.4.1133
https://doi.org/10.1084/jem.155.4.1133
https://doi.org/10.1016/0277-5379(86)90068-4
https://doi.org/10.1016/0277-5379(86)90068-4
https://doi.org/10.1016/0277-5379(86)90068-4
https://doi.org/10.1073/pnas.77.10.6114
https://doi.org/10.1073/pnas.77.10.6114
https://doi.org/10.1073/pnas.77.10.6114
https://doi.org/10.1074/jbc.m210565200
https://doi.org/10.1074/jbc.m210565200
https://doi.org/10.1074/jbc.m210565200
https://doi.org/10.1074/jbc.m210565200
https://doi.org/10.1155/2013/831709
https://doi.org/10.1155/2013/831709
https://doi.org/10.1016/s0006-3495(90)82444-9
https://doi.org/10.1016/s0006-3495(90)82444-9
https://doi.org/10.1073/pnas.88.9.3792
https://doi.org/10.1073/pnas.88.9.3792
https://doi.org/10.1021/la503318z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la503318z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0257991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0257991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b11354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b11354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.2c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.2c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bip.10200
https://doi.org/10.1002/bip.10200
https://doi.org/10.1002/bip.10200
https://doi.org/10.3390/ijms19041186
https://doi.org/10.3390/ijms19041186
https://doi.org/10.1128/aac.00689-11
https://doi.org/10.1128/aac.00689-11
https://doi.org/10.1128/aac.00689-11
https://doi.org/10.1016/0005-2736(89)90090-4
https://doi.org/10.1016/0005-2736(89)90090-4
https://doi.org/10.1038/s41598-019-46148-1
https://doi.org/10.1038/s41598-019-46148-1
https://doi.org/10.1038/s41598-019-46148-1
https://doi.org/10.3390/cells9030741
https://doi.org/10.3390/cells9030741
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c01008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

