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ABSTRACT: Thanatin is a cationic 21-residue antimicrobial and antifongical peptide found in the spined soldier bug Podisus
maculiventris. It is believed that it does not permeabilize membranes but rather induces the agglutination of bacteria and inhibits
cellular respiration. To clarify its mode of action, lipid vesicle organization and aggregation propensity as well as peptide
secondary structure have been studied using different membrane models. Dynamic light scattering and turbidimetry results show
that specific mixtures of negatively charged and zwitterionic phospholipid vesicles are able to mimic the agglutination effect of
thanatin observed on Gram-negative and Gram-positive bacterial cells, while monoconstituent (“conventional”) models cannot
reproduce this phenomenon. The model of eukaryotic cell reveals no particular interaction with thanatin, which is consistent with
the literature. Infrared spectroscopy shows that under the conditions under which vesicle agglutination occurs, thanatin exhibits a
particular spectral pattern in the amide I′ region and in the region associated with Arg side chains. The data suggest that thanatin
mainly retains its hairpin structure, Arg residues being involved in strong interactions with anionic groups of phospholipids. In
the absence of vesicle agglutination, the peptide conformation and Arg side-chain environment are similar to those observed in
solution. The data show that a negatively charged membrane is required for thanatin to be active, but this condition is
insufficient. The activity of thanatin seems to be modulated by the charge surface density of membranes and thanatin
concentration.

Antimicrobial resistance is a natural phenomenon that is
amplified by antibiotic misuse in medicine and the food

industry.1 It represents a serious public health threat, especially
in the hospital environment where it is the cause of many
infections. Currently, the arsenal of available antibiotics is
becoming less effective for the treatment of infections involving
multiresistant strains of bacteria such as methicillin-resistant
Staphylococcus aureus and vancomycin-resistant Enterococcus.2,3

The number of new antibacterial agents approved by the U.S.
Food and Drug Administration (FDA) is continuously
decreasing mainly because of economic considerations,4 and
also because very few novel classes of antibiotics have been
developed in the past 30 years.5 Therefore, the development of
new and efficient antibiotics is needed to save lives and to leave
time for societies to reexamine and transform their animal
husbandry and healthcare strategies.1

Among promising new alternatives, antimicrobial peptides
(AMPs) are recognized to be part of the next generation of
tools available to fight infectious diseases.6 Remarkable
examples of such peptides have initially been found in nature
as they constitute a key component in the innate immune
system of various species, from lower to higher organisms such
as bacteria and mammals.7 Their presence throughout all life
forms suggests an ancient origin. Despite their diversity, AMPs
tend to share common characteristics such as a short length
(20−50 amino acids), a net positive charge, and a marked
amphiphilic character.8 They are generally active against a
broad range of pathogens, including bacteria [both Gram-
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positive (G+) and Gram-negative (G−)], viruses, and fungi,
sometimes regardless of whether the strain developed resistance
to conventional antibiotics.7,9−12 In contrast to standard
human-made antibiotics, they usually do not act by altering
specific metabolic pathways. They instead target the cellular
membrane of bacteria where they induce defects that will
eventually cause an electrochemical gradient leading to cell
death.13−15 Thereby, the acquisition by bacteria of mechanisms
of resistance toward these molecules is less likely to occur.
Thanatin, an AMP found in the spined soldier bug Podisus

maculiventris, exhibits a broad spectrum of activity against G+
and G− bacteria and fungi.16 By contrast, thanatin does not
seem to interact with eukaryotic cells. In particular, it has been
shown not to be hemolytic.16 Moreover, the cytoplasmic
membrane is not the target of thanatin, and it seems to have a
different mode of action, or maybe several.16 This 21-residue
peptide (GSKKPVPIIYCNRRTGKCQRM) indeed does not
disorder or permeabilize the bacterial cell membrane, as the
cytoplasmic K+ content is not influenced by the presence of
thanatin.16 It rather blocks the motility of cells and induces
their agglutination (in the following, agglutination and
aggregation will be used indiscriminately).16 Lipopolysacchar-
ides (LPS) have been suggested to be responsible for the
binding of thanatin to the cell surface of G− bacteria.16

From a structural viewpoint, this peptide shares sequence
similarities with other AMP families such as brevinins,
protegrins, and tachyplesins.17 Its structure in solution consists
of a C-terminal β-hairpin, i.e., a two-stranded β-sheet connected
by a cationic loop and stabilized by one disulfide bridge
between Cys11 and Cys18, with a structurally variable seven-
residue N-terminal region.17 Some results suggest that thanatin
activity against G− bacteria specifically involves arginine 20
(Arg20) which is embedded in a hydrophobic environment.16,17

The salt concentration seems also to modulate the activity of
thanatin as its minimal inhibitory concentration (MIC)
increases with an increasing NaCl concentration.
Despite remarkable advances, the mechanism of action of

this peptide remains unclear, and a better understanding of its
influence on phospholipid vesicles is required. To this end, the
interactions between thanatin and phospholipid membranes
have been investigated in this study using specific bilayer
models, including conventional, monoconstituent saturated-
chain phospholipid membranes and binary lipid mixture
systems. The size distribution, turbidimetry, and stability of
the colloidal lipid suspensions have been followed using
dynamic light scattering (DLS) and UV−vis spectroscopy. It
appears that the choice of the model is crucial for adequately
mimicking the agglutination effect of thanatin. Suitable vesicles
can then be used to adequately investigate the biological effect
of thanatin on cell membranes. The secondary structure of the
peptide has also been assessed using infrared (IR) transmission
spectroscopy and electronic circular dichroism (ECD), whereas
lipid organization has been investigated by IR and nuclear
magnetic resonance (NMR) spectroscopies. It is found that
when thanatin induces the agglutination of phospholipid
vesicles, it displays a specific spectrum (i.e., different from
that obtained in solution). Analysis of these spectra in
conjunction with ECD data suggests that thanatin remains in
a β-hairpin form and that Arg residues may be involved in
strong interactions with anionic groups, probably the phosphate
moiety of lipid polar headgroups.

■ MATERIALS AND METHODS

Materials. All membrane constituents, including phospho-
lipids {dimyristoylphosphatidylcholine (DMPC), dimyristoyl-
phosphatidylglycerol (DMPG), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphoglycerol (POPG), and 1′,3′-bis(1,2-dioleoyl-sn-
glycero-3-phospho)-sn-glycerol [tetraoleoylcardiolipin
(TOCL)]} and cholesterol, were purchased from Avanti
Polar Lipids (Alabaster, AL) and used without further
purification. 2,2,2-Trifluoroethanol (TFE), deuterated 2,2,2-
trifluoroethanol (TFE-d3), 1,2-ethanedithiol (EDT), ethyl-
enediaminetetraacetic acid disodium (EDTA), HCl, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
NaCl were purchased from Sigma-Aldrich (St. Louis, MO).
Deuterium oxide (D2O) was obtained from CDN isotopes
(Pointe-Claire, QC). Water used for buffer preparation was
distilled and deionized using a Barnstead (Boston, MA)
NANOpurII system (resistivity of 18.2 MΩ/cm) with four
purification columns. All solvents were of reagent grade or
HPLC grade quality, purchased commercially, and used without
any further purification. Fmoc-protected amino acids, Wang
resin, and other solid phase peptide synthesis-related reagents
were purchased from Matrix Innovation (Queb́ec, QC). All
other chemicals were of reagent grade.

Peptide Synthesis. Thanatin was synthesized using the
solid phase peptide synthesis technique by sequentially adding
N-Fmoc-protected amino acids to the chain, fixed on Wang
resin (substitution of 0.46 mmol/g), as previously described.18

When the peptide was cleaved from the resin, 2.5% 1,2-
ethanedithiol (EDT) was added in a trifluoroacetic acid (TFA)
solution to prevent oxidation of the methionine residue. The
intramolecular disulfide bridge was formed by bubbling air in a
0.1 M (NH4)HCO3 solution containing the peptide, at room
temperature for 3 h. Residual TFA salts were removed by
repeated dissolution of the peptide in 10 mM HCl followed by
lyophilization overnight. After five cycles, the strong IR band at
1672 cm−1 associated with the trifluoroacetate ion19 was no
longer visible, indicating that TFA was completely removed.
The complete synthesis of thanatin was confirmed by liquid
chromatography−mass spectrometry (LC−MS).

Sample Preparation. Multilamellar Vesicles (MLVs). All
MLV samples for IR and NMR measurements were prepared
from commercially available lipid solutions (25 mg/mL in
CHCl3/MeOH). They were used either pure or mixed,
depending on which membrane model was made. The desired
amount of lipids was dried under a stream of nitrogen gas
before being freeze-dried overnight to remove any trace of
residual solvent. The samples were kept at −20 °C until the day
of analysis. Lipid samples were hydrated [80% (w/w) of the
total mass] in a 10 mM HEPES buffer solution with 5 mM
EDTA (pH 7.4). The buffer for IR spectroscopy was prepared
using D2O to avoid loss of spectral information in the amide I′
region due to the overlap with the water OH deformation band.
For thanatin-containing samples, the peptide was dissolved in
the buffer solution, before hydration. Every sample was then
processed through five cycles of mechanical agitation, freezing
in liquid nitrogen, and heating at 50 °C. It was finally frozen
one last time and thawed at room temperature.

Large Unilamellar Vesicles (LUVs). To prepare LUV
samples for DLS and turbidity measurements, lipids were
mixed in a glass vial, then dried, and stored as described for
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MLV samples. Lipids were suspended in HEPES buffer at a
total concentration of 20 mM and stirred for 1 h. For samples
containing 150 mM NaCl, the salt was diluted in the buffer
solution at the beginning. The resulting suspension was
extruded through a polycarbonate membrane with 100 μm
diameter pores (Whatman, Pittsburgh, PA) mounted in a Mini-
Extruder (Avanti, Alabaster, AL). After 21 passages through the
membrane, the LUV solution was diluted in HEPES buffer to
yield a final lipid concentration of 0.1 mg/mL at which analyses
were performed. Fresh LUV solutions were used for all
experiments.
Spectroscopic Techniques. Infrared Spectroscopy. IR

spectra were recorded using a Nicolet Magna 560 spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA) equipped with a
nitrogen-cooled MCT (mercury−cadmium−telluride) A de-
tector. The samples were deposited between two CaF2
windows forming a sealed cell with a 35 μm path length
(BioTools, Wauconda, IL) that was inserted in a regulated
temperature holding device. Each measurement is an average of
128 scans recorded at a resolution of 2 cm−1 using a Happ−
Genzel apodization. All data manipulations were performed
with Grams/AI 8.0 software (Galactic Industries, Salem, MA).
After subtraction of the reference and buffer spectra, baseline
corrections were applied using a cubic function, between 3050
and 2750 cm−1 for the methylene stretching νs(CH2) vibration
region and between 1685 and 1550 cm−1 for the amide I′
region (amide I′ refers to the fact that spectra were recorded in
D2O). Second-derivative spectra have been calculated using the
Savitzky−Golay method20 using a quadratic deconvolution
function and 49-point smoothing.

31P NMR Experiments. Proton-decoupled 31P solid-state
NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer (Bruker Biospin, Milton, ON). MLV suspensions
were introduced in a 4 mm solid-state NMR tube. Spectra were
recorded at 161.9 MHz with a Hahn echo sequence21 and two-
pulse phase modulation (TPPM) proton decoupling.22 Using
2000 scans and 4096 data points, the spectra were acquired
with a pulse length of 4.5 μs and a recycle delay of 4 s. The
spectral width was 50 kHz, and a line broadening of 50 Hz was
applied to all spectra. The chemical shifts were referenced
relative to external 85% H3PO4 (0.0 ppm).
Electronic Circular Dichroism (ECD). Analyses were

performed using a Jasco J-815 instrument (Jasco Corp., Easton,
MD) using freshly prepared aqueous solutions of peptides at a
concentration of 0.2 mg/mL (82 μM). Spectra were recorded
at 37 °C in quartz cylindrical cells with a 0.1 cm path length.
Ten scans were collected from 250 to 190 nm with a data pitch
of 0.2 nm and a scanning speed of 50 nm/min. The spectra of
the buffers were subtracted from the spectra of the
corresponding peptide solutions.
Dynamic Light Scattering (DLS) Measurements. The mean

diameter of LUV and aggregates was measured using a
Zetasizer Nano ZS instrument (Malvern, U.K.) with a 4 mW
He−Ne laser emitting at 633 nm. Scattered light was detected
at 173° of the incident beam with an APD detector. The LUV
solutions were placed in disposable acrylic cells (1.0 cm path
length). Thanatin was introduced via a 10 mg/mL solution in
HEPES buffer to yield a final concentration of 100 μM.
Measurements were taken 30 min and 4 h after addition of the
peptide. Control solutions were measured each time to ensure
that LUV suspensions were stable. Samples were stabilized at
37 °C for 300 s before each measurement.

Turbidity Experiments. LUV agglutination results in an
increase in the turbidity of the solution. Turbidity was then
monitored on the basis of the absorbance at 450 nm using a
Cary 500 (Varian, Palo Alto, CA) double-beam spectropho-
tometer equipped with a tungsten lamp and a PMT detector.
The choice of the measurement frequency is based on the fact
that no contribution of the lipids arises at 450 nm.23 The LUV
solutions were placed in disposable acrylic cells (1.0 cm path
length). Thanatin was introduced at various final concen-
trations via the same HEPES solution described before.
Samples were gently shaken between each data point to restore
homogeneity and to prevent loss of absorbance caused by
sedimentation.

■ RESULTS AND DISCUSSION

The impact of thanatin on phospholipid vesicles has been
evaluated using various phospholipid mixtures. In a first step, as
commonly assumed,24 simple membranes made of pure DMPC
or DMPG have been used to mimic eukaryotic and bacterial
cells, respectively. These simple models will hereafter be termed
conventional models. Considering the membrane composition
of both G− and G+ bacteria as well as eukaryotic cells, these
conventional models may be too simplistic to adequately mimic
the interactions between peptides and real membranes. In
general, G− and G+ bacteria contain a considerable amount of
zwitterionic phosphatidylethanolamine (PE) combined with
anionic phospholipids such as phosphatidylglycerol (PG) and
cardiolipins.10,25,26 For G− bacteria, they contain a larger
amount of PE and the most abundant anionic phospholipid is
PG.10,25,26 Some G+ bacteria may contain a significant amount
of PE, but this phospholipid can also be totally absent in others.
Membranes of G+ bacteria also include a large amount of
anionic phospholipids, especially cardiolipin and PG.10,25,26 For
mammalian cells, the outer membrane leaflet contains
zwitterionic phosphatidylcholine (PC) and sphingomyelin
whereas the inner leaflet contains PE and phosphatidylserine
(PS). In addition, cholesterol (30−40%) modulates membrane
fluidity.10,25,26 The membranes of both eukaryotic and bacterial
cells contain a large amount of unsaturated-chain lipids. By
taking into account all previous statements and the literature,
we found Eu, G+, and G− cells were mimicked with POPC/
Chol (8:2 molar ratio), POPG/TOCL (6:4 molar ratio), and
POPE/POPG (7:3 molar ratio) mixtures, respectively. The
lipid composition of the membrane models is detailed in Table
1.

Molecular Interactions between Thanatin and Phos-
pholipid Membranes. 31P has a 100% isotopic abundance
and a spin of 1/2, which makes this nucleus of great interest for
solid-state NMR studies involving phospholipid membranes. It
is well-known that the different phases and arrangements
adopted by phospholipids can be represented by a specific

Table 1. Lipid Compositions of the Membrane Models
Selected

model lipid molar proportions

G− POPE 7
POPG 3

G+ POPG 6
TOCL 4

Eu POPC 8
Chol 2
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shape and width of the powder spectrum.27,28 The dominant
interaction is the chemical shift anisotropy (CSA) and is
sensitive to variations in the dynamics and/or orientation of the
lipid polar headgroups.
Figure 1 shows the 31P solid-state NMR spectra of

phospholipid MLVs in the absence and presence of thanatin

(lipid:thanatin molar ratio of 60:1). There is overall no
significant difference in the powder spectrum when thanatin is
present as compared to the pure vesicles, regardless of the
membrane model used. This observation indicates that thanatin
does not (significantly) perturb the vesicle deformability or the
local orientation of the lipid polar headgroups, regardless of the
model used. However, a small change in the spectral line shape
is observed for DMPC vesicles (Figure 1B). This result suggests
DMPC MLVs remain more spherical in the magnetic field
when thanatin is present, suggesting a slight rigidification of the
vesicles,29 or a change in the local orientation of the lipid polar
headgroups in the presence of thanatin.
Among the various membrane models investigated, only pure

DMPC and DMPG vesicles exhibit a gel-to-fluid phase
transition (so-called main phase transition) in a temperature
range that can be investigated by our IR spectroscopy system.
The lipid thermotropism of DMPC and DMPG has been
followed by monitoring the position of the CH2 symmetric
stretching [νs(CH2)] vibration as a function of temperature
(Figure S1 of the Supporting Information). Pure DMPC and
DMPG MLVs exhibit a well-known sharp increase in the

position of the νs(CH2) band at 21 °C that is due to the
conversion of trans to gauche C−C bond conformations as a
result of the lipid phase transition.30−32 No significant effect is
observed on the νs(CH2) temperature profile of DMPC
bilayers in the presence of thanatin, indicating no specific
interactions (Figure S1A of the Supporting Information). A
slight increase (∼1 °C) in the main phase transition
temperature is observed for DMPG bilayers (Figure S1B of
the Supporting Information), which suggests that, because of its
positive charge, thanatin is located at the negatively charged
membrane surface of DMPG, thus inducing a slight compaction
of lipid acyl chains due to charge neutralization. Results similar
to those obtained with the νs(CH2) band are obtained by
monitoring the position of the carbonyl stretching vibrations
(data not shown), suggesting that the interfacial region of the
phospholipid bilayers, like the hydrophobic region, is not
affected by thanatin. Therefore, although not ruling out
completely membrane perturbation as the mechanism of action
of thanatin, NMR and IR results do not seem to support it and
are in agreement with prior work.16

Effect of Thanatin on Agglutination of Phospholipid
Vesicles. DLS Measurements. DLS measurements provide an
estimation of the size distribution of particles in a colloidal
suspension. This technique has been used to monitor the effect
of thanatin on the size distribution of LUVs of various lipid
compositions (Figure 2). The goal is to create models that
mimic the cell agglutination observed on living bacteria and to
determine whether phospholipids alone, and which phospho-
lipids, can be targeted by the peptide. In addition, because it has
been shown that the presence of salt reduces the efficiency of
thanatin,16 these experiments have been conducted with (150
mM) and without NaCl. It is noteworthy that the
polydispersity index (data not shown) was very high in most
of the measurements where aggregation occurred. This means
that the absolute values for mean diameters have to be
considered with caution and that the results should be regarded
as global trends rather than actual aggregate sizes.
Control LUV solutions in the absence of thanatin show that

the size of the vesicles is ∼100 nm, as expected from the sample
preparation, and is constant during the experiments for all
model systems, showing that all lipid dispersions are stable in
the absence of thanatin. When conventional models are used,
no sign of aggregation is measured after the addition of 100 μM
thanatin, even after 4 h (data not shown). By contrast, as shown
in Figure 2, an important increase in the mean diameter value
with G− and G+ models is observed upon addition of 100 μM
thanatin, which indicates that large aggregates form over time.
After a stabilization period of 4 h, both samples contain
aggregates a few thousand nanometers large and the solutions
are visually cloudy. Aggregates seem smaller for G+ than for
G− LUVs. These results are reminiscent of the agglutination
phenomenon observed in vitro with G− and G+ cells.16

With regard to Eu vesicles, like pure DMPC and DMPG
models, they do not seem to be affected by the peptide, which
is consistent with the absence of erythrocyte agglutination and
hemolytic activity of thanatin.16 The presence of 150 mM NaCl
yields significantly smaller aggregates for G− and G+ models.
This result is consistent with the fact that the MIC increases
with an increasing NaCl concentration, assuming that the
extent of aggregation reflects the activity efficiency of thanatin.
Vesicles made with the Eu model are as stable in the presence
of NaCl as they are in the absence of NaCl. In conclusion, DLS
results overall show that thanatin induces the agglutination of

Figure 1. 31P NMR spectra of MLVs composed of (A) DMPG, (B)
DMPC, (C) a G− model, (D) a G+ model, and (E) a Eu model, in the
absence and presence of thanatin (lipid:thanatin molar ratio of 60:1).
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vesicles when the membrane model chosen is appropriate, in
concordance with experiments performed on real bacteria,
including the effect of salt. It thus seems possible to mimic the
biological effect and activity of thanatin on cell model
membranes.
Turbidimetry Measurements. Using UV−vis spectrometry

for turbidity measurements allows real-time data acquisition for
aggregation kinetic analysis, which is impossible to conduct
with DLS due to long thermal stabilization periods and
acquisition times that take up to several minutes. These
experiments are thus complementary with DLS ones. They
were conducted with only more complex model systems
because conventional ones did not reproduce the biological
effect of thanatin.
Figure 3 shows the absorbance at 450 nm as a function of

time for G+, G−, and Eu LUVs at different thanatin
concentrations. For the G− model, the absorbance rises and
remains almost constant at 5 μM thanatin. From 10 to 50 μM, a
rapid rise in absorbance occurs, followed by a slower decrease.
Visual inspection of the samples shows that in the first stage of
the experiment, the solution becomes progressively cloudier. At
some point, after the maximal absorbance is reached, large
particles become visible to the eye. The suspension is in fact

composed of white (insoluble) aggregates dispersed in a clear
solution (probably due to coacervation), thus allowing more
radiation to pass through the sample, which causes the
absorbance to decrease. Then, although the absorbance
decreases after reaching a maximum, it appears that aggregation
actually still continues. For the G+ model (Figure 3B), the
absorbance reaches a maximum extremely rapidly at 5, 10, and
20 μM thanatin and then remains stable. The absorbance value
at the plateau is lower than that reached for the G− models.
The solutions were also visually homogeneous. At 50 μM
thanatin, the shape of the curve is similar to that of G− LUVs

Figure 2. Mean hydrodynamic diameter of LUVs corresponding to
(A) G−, (B) G+, and (C) Eu models, in the absence and presence of
thanatin, as measured by DLS. Measurements were taken after 30 min
or 4 h in the absence and presence of NaCl.

Figure 3. Absorbance at 450 nm as a function of time for LUVs
corresponding to (A) G−, (B) G+, and (C) Eu models at different
thanatin concentrations. Curve D compares the kinetics of vesicle
agglunitation of the G− LUV model in the absence and presence of
NaCl with 10 μm thanatin.
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(at the lowest concentrations) but the absorbance value
attained (A ∼ 1) is larger than for G− vesicles (A ∼ 0.3−0.4).
These results indicate that the charge density of the vesicles

has an impact on vesicle aggregation. The amplitude of the
agglutination phenomenon increases with thanatin concen-
tration, which suggests that thanatin is anchored to the vesicle
and reduces the apparent charge of the surface. For thanatin
concentrations corresponding to typical MICs (5−20 μM), the
agglutination response appears to be more rapid for G+ (100%
charged lipids) than for G− (30% charged lipids) LUVs but
leads to smaller aggregates. It thus seems that strong
electrostatic repulsions between G+ vesicles limit the growth
of aggregates, at least for the first 30 min. Another variable is
the presence of PE in G− model vesicles that is known to
induce a negative curvature in the membrane, which may in
turn affect the kinetics of agglutination and the interactions
with thanatin.
At a higher thanatin concentration (50 μM), repulsions

between vesicles are weakened and the behavior of the G+
model becomes similar to that of the G− model, with the
occurrence of insoluble aggregates. Assuming that a higher
absorbance at 450 nm indicates larger vesicle aggregates, DLS
and turbidimetry data indicate that aggregate size is generally
higher for G− bacteria than for G+ bacteria (except at 50 nm),
thus suggesting stronger antibacterial activity of thanatin against
G− bacteria as compared with G+ bacteria.33 This therefore
suggests that thanatin activity is modulated by the surface
charge density of the membrane and peptide concentration.
As a matter of fact, because the charge of the membrane is 30

units per 100 lipids for G− membrane models and 140 units
per 100 lipids (each TOCL molecule bears two negative
charges) for G+ vesicle models, the charge is ∼5 times higher
for G+ than G− vesicles. This would explain why 5 times more
thanatin is required to induce the formation of insoluble
aggregates for G+ (50 μM thanatin) than for G− (10 μM
thanatin) vesicle models.
For the Eu model (Figure 3C), only a slight increase in the

absorbance is observed even though higher thanatin concen-
trations were tested (up to 500 μM), which is consistent with
DLS experiments. Finally, the effect of 150 mM NaCl has been
studied for the G− model with 10 μM thanatin (Figure 3D). In
this case, the absorbance rises to a maximal value and remains
stable for the rest of the experiment. Samples were visually
homogeneous. The plateau value is lower than the maximal
value obtained in the absence of NaCl, which suggests that the
extent of vesicle agglutination is lower with NaCl than in the
latter case, which is consistent with DLS data and with the
lower activity of thanatin at higher ionic strengths. Altogether,
these data indicate that electrostatic interactions between
thanatin and phospholipids are some of the driving forces for
vesicle agglutination.
DLS and turbidimetry data are overall consistent with each

other, and both suggest that the extent and kinetics of G− and
G+ vesicle agglutination increases with thanatin concentration,
although they also depend on the vesicle model used. These
conclusions may not be surprising as the thanatin MIC is
known to depend on microorganism, even among G− or G+
bacteria themselves.16 It thus depends in particular on the
bacterial membrane composition. It has previously been shown
that thanatin presents a strong LPS-binding site, to which could
be attributed its anti-Gram-negative activity.17,34 Current
experiments show that thanatin also diplays a great affinity
for phospholipids typically found in bacterial lipid bilayers in a

way that resembles reported observations of its in vivo
activity.16,35 Our G− and G+ models suggest that PG or at
least negatively charged lipids are required to make thanatin
active against cell membranes. This is not sufficient, however,
because pure DMPG LUVs are insensitive to aggregation in the
presence of thanatin. Another component, zwitterionic or
anionic (PE or cardiolipin), seems also to be necessary.

Structure of Thanatin in an Aqueous Solution. Figure 4
shows the raw (Figure 4A) and second-derivative (Figure 4B)

IR spectra of thanatin in aqueous solution and in the presence
of DMPC and DMPG MLVs, in the amide I′ region (1600−
1700 cm−1). This spectral region mostly originates from the
carbonyl stretching mode of the peptide bond.36 The amide I′
band is known to be sensitive to the secondary structure
adopted by polypeptide chains37,38 and has thus been used to
evaluate the conformation of thanatin, in particular in the
presence of vesicles of various compositions.
In aqueous solution, the amide I′ band of thanatin is

characterized by a maximum at 1641 cm−1. It is broad with an
asymmetric shape, showing a certain heterogenity of the
secondary structure. The position of the peak maximum value
lies between what would be expected for a structure principally
composed of random coil (1645−1650 cm−1) and that of β-
sheet (1630−1635 cm−1).39,40 The spectrum is quite broad,
suggesting that other, less defined secondary structural
elements are also present. The second derivative shows a
main component at 1640 cm−1 assigned to a loose β-sheet,
accompanied by a broad multicomponent feature centered at
∼1671 cm−1 attributed to turns and disordered structures40 that
probably originate from the N-terminal region of the peptide.
The IR spectrum and its interpretation are in agreement with
the three-dimensional hairpin structure of thanatin as
determined from NMR.17 It is in fact similar to spectra
obtained with other β-hairpin peptides.41−43 Small bands
located at 1610 and 1585 cm−1 are due to the antisymmetric
[νas(CN3H5

+)] and symmetric [νs(CN3H5
+)] N−H stretching

Figure 4. Infrared spectra (A and C) and second-derivative infrared
spectra (B and D) at 25 °C in the amide I′ region of (A and B)
thanatin in a D2O solution at pH 7.4 in the presence of DMPC and
DMPG MLVs and (C and D) thanatin in the presence of G−, G+, and
Eu MLV model membranes. Spectra are normalized with respect to
the amide I′ maximum.
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vibration of the guadinino group of arginine (Arg),
respectively.36,44,45 The position of these bands has been
found to be sensitive to protonation, ion pairing, and the
environment in which it occurs.45 These bands are
representative of the three Arg residues that thanatin contains,
and they may be a probe for Arg environment.
ECD has been used as a complementary structural

investigation technique. The spectrum of thanatin in aqueous
solution (Figure S2A of the Supporting Information) is
characterized by a minimum near 200 nm. The spectrum is
identical in HEPES, Tris, or phosphate buffer and is
concentration-independent in the concentration range of
0.05−1.00 mg/mL (data not shown). This spectrum is in
agreement with that previously reported.33 Such a spectrum
does not correspond to any known pure secondary structure (it
is broader than that of random coil), but the literature shows
that it is representative of other β-hairpin peptides.46,47 It
certainly represents the superposition of contributions from β-
sheets, turns, and random coils. An estimation of the secondary
structure content as determined from the ECD spectrum using
the method developed by the group of Goormaghtigh48 indeed
suggests that thanatin in solution is composed of 35% β-sheets,
41% random coils, 13% turns, and 11% unordered structures.
Structure of Thanatin in the Presence of Conven-

tional Vesicle Models. In Figure 4A, the IR spectrum of
thanatin in solution is compared with those recorded in the
presence of DMPC or DMPG MLVs. In the presence of these
lipid vesicles, the shape of the amide I′ band is basically
retained, although it is narrower on the high-frequency side
than in solution, which indicates that the secondary structure is
slightly more homogeneous in the presence of membranes,
most probably because of a decrease in the amount of
disordered structures and/or turns. The maximum of the amide
I′ band is also slightly shifted toward lower wavenumbers (1640
and 1636 cm−1 for DMPG and DMPC, respectively), which is
confirmed by the shift in the position of the maximum of the β-
sheet component in the second derivatives (1638 and 1636
cm−1 for DMPG and DMPC, respectively). These shifts suggest
that the hairpin β-sheet is slightly affected by the presence of
the membranes. The second derivatives (Figure 4B) show that
the spectral pattern of thanatin in the presence of DMPC and
DMPG is basically the same as in solution, indicating that the
structural modifications of thanatin remain moderate in the
presence of conventional model MLVs.
Structure of Thanatin in the Presence of More

Realistic Vesicle Models. A completely different spectral
pattern is observed for thanatin in the presence of MLVs
formed with G− and G+ models (Figure 4C,D), which suggests
that the peptide adopts a specific conformation. It is remarkable
that the vesicle models that are able to reproduce thanatin-
induced agglutination of cells are associated with a particular
secondary structure of the peptide. The spectral change is
mainly due to a shift of the maximum of the amide I′ band
toward a higher wavenumber value (∼1645 cm−1) and a
flattening of the top of the band. These spectral changes are in
fact due to the presence of an additional sharp band at 1654
cm−1 as shown by the second-derivative spectra (Figure 4D).
This band would be traditionnaly assigned to α-helix structural
elements, although an alternative explanation is possible as
discussed below. The β-sheet component is still present at 1638
cm−1, suggesting that the β-hairpin remains in these circum-
stances. Like the spectra obtained in the presence of DMPC
and DMPG, a decrease in intensity is observed in the broad

1670 cm−1 region, probably due to a loss of turns or disordered
structures.
Although similar to those obtained in the presence of G−

and G+ models, the amide I′ band obtained in the presence of
Eu MLVs differs. It seems also to share some similarities with
the spectra of Figure 4A and then seems to be intermediate
between G−/G+ and conventional models. The amide I′ band
maximum is located at 1642 cm−1 due to the lower intensity of
the band at 1654 cm−1 (Figure 4D). The amide I′ band also
exhibits a weak shoulder on its high-frequency side (Figure 4C)
that arises from the presence of a sharp band at 1669 cm−1

(Figure 4D). This component seems absent or weak for G−
and G+ MLVs and likely reveals the presence of turns.
Thanatin also shows a decrease in the intensity of the side-

chain vibrations in the presence of G−, G+, and Eu models
(Figure 4C), as compared to that of the pure peptide in
solution (Figure 4A). In particular, the band at 1585 cm−1

completely disappears for G− and G+ membranes. Thus, the
specific conformation of thanatin that is related to vesicle
agglutination is also associated with a perturbation of the Arg
residues. This observation can be associated with the fact that
Arg20 is essential for the activity of thanatin.16

For the purpose of comparison, the spectra of thanatin have
also been observed in the presence of pure POPG vesicles
(Figure S3A,B of the Supporting Information). As can be seen,
the spectra and their second derivatives are very similar to those
of pure DMPG vesicles, suggesting no effect of the cis double
bond on the interactions between thanatin and PG bilayers.
Comparison with G− and G+ membrane models shows,
strikingly, that pure POPG bilayers are unable to mimic the
biological effect of thanatin. A mixture of POPG with another
lipid (PE or cardiolipin) seems necessary, an effect that remains
unclear and to be further investigated.

Interpretation of the IR Spectra of Thanatin in the
Presence of G−/G+ Model Membranes. Thanatin exhibits
three types of spectral patterns in the amide I′ region
depending on the type of model membranes. In the presence
of DMPC, DMPG, and POPG MLVs, the amide I′ band is
close to that of thanatin in solution and is characterized by a
predominant β-sheet component and several bands assigned to
turns and disordered structures. In the presence of G− and G+
membranes, thanatin is characterized by a decrease in the
percentage of turns and disordered structural elements, and the
marked presence of the component at 1654 cm−1. This
particular spectral signature is accompanied by the disappear-
ance of the component at 1585 cm−1 due to Arg side chains.
The conformation in the presence of POPC and POPC/
cholesterol (Eu) membrane models is intermediate between
these two types of spectral features.
The band component at 1654 cm−1 may have two

assignments. The classical interpretation would lead one to
conclude that this component originates from α-helical
structural elements. Another possibility is that the Arg band
that disappears at 1585 cm−1 is shifted to 1654 cm−1. To
evaluate the “α-helix hypothesis”, thanatin has been dissolved in
TFE-d3/D2O mixtures to promote the formation of α-helix.
The ECD spectrum of thanatin in a TFE/H2O mixture [98:2
(v/v)] is shown in Figure S2A of the Supporting Information.
The general shape is conserved; however, the minimum of the
spectrum is now located at 203 nm (instead of 200 nm in
H2O), and the spectrum broadens on the high-frequency side.
To determine which secondary structure is responsible for this
spectral change, the spectrum of thanatin in H2O has been
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subtracted from the spectrum obtained in the TFE/H2O
mixture. The rationale is that thanatin in a TFE/H2O mixture
may be represented by a superposition of the “native” β-hairpin
peptide with other secondary structural elements, assuming that
the disulfide bond imposes the persistence of the β-hairpin
without overly strong distortions from the native form. Using
an appropriate subtraction factor (0.34), one obtains the
spectrum in Figure S2B of the Supporting Information, which
strikingly resembles the spectrum of an α-helical peptide.
Comparison with the spectrum of myoglobin, a model of α-
helix protein, supports this finding. Therefore, the spectrum
obtained in a TFE/H2O mixture seems to be the superposition
of the native β-hairpin found in solution with α-helical
elements.
Similar IR spectra of thanatin in a TFE/D2O mixture have

been obtained (Figure S4A of the Supporting Information) and
the second derivatives calculated (Figure S4B of the Supporting
Information). Compared with the spectrum in D2O, the general
shape of the amide I′ band is not affected by TFE, although it is
shifted toward higher wavenumbers, the maximum of the amide
I′ band being located at 1648 cm−1 as compared to 1641 cm−1

in D2O. This wavenumber value is commonly associated with
α-helix. Thus, both ECD and IR spectra indicate that thanatin
forms α-helix in TFE. This seems consistent with the helix
propensity of thanatin in the presence of SDS33 and the helix
propensity of brevinin in a membrane-mimetic environment.49

However, the general shape of the amide I′ band and the
pattern of the second derivatives in a TFE/D2O mixture do not
correspond to what is observed in the presence of G− and G+
membrane models, in particular without a sharp component
near 1654 cm−1, suggesting that the conformation is different
and that this band is not necessarily due to α-helical segments.
In particular, the 1585 cm−1 band due to Arg is still present in a
TFE/D2O mixture while it totally disappears with G− and G+
vesicles and should absorb elsewhere. Because Arg amino acids
represent 14% of the peptide, their potential contribution in the
amide I′ region may not be negligible. Therefore, the 1585
cm−1 component of Arg may possibly be shifted to 1654 cm−1.
In fact, as shown in a study specifically dedicated to the effect of
the type of counterion and solvent on Arg vibrations,
ν(CN3H5

+), Arg bands can shift strongly depending on the
conditions. Shifts of up to ∼40 cm−1 are expected when Arg
side chains are involved in specific interactions, namely ion
pairing, in a hydrophobic environment.45

Therefore, the band at 1585 cm−1 may be shifted to 1654
cm−1 upon strong interactions of the Arg guanidino group with
negatively charged groups. A very similar band at 1695 cm−1

has indeed been observed in H2O for halorhodopsin and has
been suggested to result from a H-bond between Arg side
chains and carboxylate anions (borne by aspartate or glutamate
amino acids).45 Following this interpretation, it may be
suggested that Arg side chains of thanatin are involved in a
hydrogen bond with the phosphate groups of POPG (or
TOCL) in G− and G+ model membranes, although other
types of binding such as electrostatic interactions may be put
forward. This modification of Arg vibration seems consistent
with the fact that Arg20 has been found to be essential for the
activity of thanatin.16,17 Moreover, if the band at 1654 cm−1 is
actually due to Arg side chains, this implies that the specific
spectral pattern observed in the amide I′ region is not due to a
conformational change, suggesting that thanatin mainly retains
its β-hairpin structure in the case in which vesicle agglutination
occurs.

These results are generally consistent with a model
previously proposed35 in which thanatin is located at the
membrane surface and induces the agglutination of phospho-
lipid vesicles. These results, however, show that binding of
thanatin to vesicles is associated with a particular IR spectral
pattern that in fact reflects specific interactions of Arg residues,
probably with membranes. Such a change is not observed with
DMPG or POPG, showing that particular membrane
compositions are required to induce interactions between
thanatin and membranes and cause their agglutination. The
determinants that are essential to drive vesicle agglunitation and
the specific molecular interactions of “active” (membrane-
bonded) thanatin remain to be determined.

■ CONCLUSION
This study shows that with the right combination of
phospholipids and bacterial membrane constituents, it is
possible to reproduce the agglutination induced by thanatin
in ways that resemble previously published in vivo results. With
adequate models, it is possible to mimic thanatin’s selectivity
toward bacterial cells, as well as the effect of salt. G− and G+
models seem appropriately mimicked by phospholipid mixture
vesicles containing 30 and 100% anionic lipids, respectively.
These models could further be used in the future to efficiently
investigate the impact of thanatin on cell membranes and better
understand its mechanism of action. This study also suggests
that Arg residues of thanatin may be involved in strong
interactions with anionic groups when vesicles are agglutinated
and that anionic lipids are required for interactions to occur,
although their mere presence is insufficient to trigger
agglutination. Several questions regarding the molecular
interactions between thanatin and membranes remain to be
elucidated.
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concentration; MLV, multilamellar vesicle; NMR, nuclear
magnetic resonance; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol; TFA, trifluoroacetic acid; TPPM, two-pulse
phase modulation; TOCL, 1′,3′-bis(1,2-dioleoyl-sn-glycero-3-
phospho)-sn-glycerol (tetraoleoylcardiolipin); UV−vis, ultra-
violet−visible.
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