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ABSTRACT: This paper is focused on the thermodynamics and the structural investigation of the interaction
of the antimicrobial peptide dicynthaurin monomer with model lipid membranes composed of mixtures
of 1-palmitoyl-2-oleyl-glycerophosphocholine and -glycerophosphoglycerol. The thermodynamic binding
parameters as obtained by isothermal titration calorimetry reveal strong binding toward the lipid model
system dominated by large chemical binding constants which exceeds the electrostatic binding effects
and thus suggests insertion of the amphipathicR-helical peptide into the hydrophobic membrane core.
Circular dichroism study shows that the peptide exhibits trans-membraneR-helix secondary structure.
Neutron diffraction measurements using partially deuterated sequences were successfully applied to
determine the orientation of the peptide thus proving insertion into the hydrophobic membrane core. This
insertion and the formation of higher order porelike aggregates is assumed to be the most relevant event
in microbial membrane perturbation thatin ViVo finally leads to bacterial cell death on a fast time scale.

Antimicrobial peptides (AP) have been identified as being
the native line of defense throughout Nature, e.g., in animals,
plants, and also single-cell organisms. The immune response
is governed by the expression of the peptides that show a
high toxicity against diverse species including both Gram-
negative and Gram-positive bacteria, but they often also
exhibit activity against fungi, and some also show antiviral
activity (1-4). A wealth of active sequences has been
described; most of them are relatively short length peptides
with fewer than 100 amino acid residues forming diverse
structures. A high content of mostly positively charged
residues in polar side chains leads to amphipathic structural
elements. The increasing scientific interest on the antimi-
crobial activity is mainly driven by the relevance of the AP’s
to intrinsic host defense and the enormous potential in future
drug development (5). There is a strong line of evidence that
the activity of many AP’s is directly connected with the
interaction between the peptides and the membrane bilayer
(6). This interaction between the positively charged peptide
and the negatively charged bacterial membrane affects the
integrity of the bacterial cell by forming pores, inducing
curvature or disrupting the membrane which finally leads to
cell death. For the process, different mechanisms have been
proposed in the literature (7-9).

In recent studies, a novel antimicrobial peptide, dicyn-
thaurin, was isolated from the hemocytes of a tunicate,
Halocynthia aurantium. Dicynthaurin belongs to a unique
group of amphipathicR-helical antimicrobial peptides from
tunicates. These peptides include halocidin (10, 11) and
dicynthaurin (12); both peptides have an unusual structural
motif consisting of two amphipathic helices that are co-
valently linked through a single disulfide bond formed
between adjacent single cystine residues. For dicynthaurin,
in a membrane mimetic environment anR-helical secondary
structure was found for both the peptide monomer and the
dimer, respectively. Dicynthaurin’s broad spectrum activity
encompassed Gram-positive (Micrococcus luteus, Staphy-
lococcus aureus, Listeria monocytogenes) and Gram-negative
bacteria (Escherichia coli, Pseudomonas aeruginosa), but
not Candida albicans, a fungus. Comparing the activity of
the monomer and the cynthaurin dimer, the dimer shows
better response; however, on a weight basis the activity was
found equivalent (12). The native peptide is composed of
two mono-cystine-bounded monomers (I L Q K A V L D C
L K A A G S S L S K A A I T A I Y N K I T) of 30 amino
acids with a formal positive charge of+3. From the peptide
sequence it is clearly evident that, for the monomer,
clustering of polar and apolar residues imparts amphipath-
icity, thus suggesting a high capacity for membrane in-
sertion.

In a recent work, the binding of dicynthaurin monomer
with lipid model membranes has been extensively studied
by isothermal titration calorimetry (ITC1) (13) using the
sequence that contains alanine instead of cysteine to avoid
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spontaneous dimerization. The ITC analysis using a surface
partitioning equilibrium model shows that the interaction is
predominately driven by hydrophobic effects (Kb between
2 × 104 and 1× 105 M-1). The improved in vivo activity of
the peptide at low salt conditions is mainly due to the
enhanced electrostatic interaction leading to larger peptide
concentrations immediately above the vesicle surface, which
initiates the further insertion of the peptide more effectively.
Fluorescent leakage measurements have shown the leakage
of the fluorescent dye induced by the peptide. From the
leakage kinetics analysis a minimum aggregation number of
about 7( 2 peptide monomers per pore is obtained. The
DLS measurements confirm the maintained integrity of the
vesicle. Such findings also suggest that the fluorescent
leakage found in the model system is initially driven by pore
formation (13). As pore formation requires aggregation of
surface bound peptides, the dimer sequence in dicynthaurin
offers the advantage of having already two monomer units
bound in a single binding event. This could help to improve
the antimicrobial activity; but on the other hand, such
dimerization could also alter the mechanism of membrane
perturbation as the dimer could exhibit a more polar peptide
surface while the monomer shows amphipathic properties.
For melittin recent X-ray diffraction studies showed small
perturbations for the peptide monomer; however, a cysteine-
substituted melittin causes much larger structural changes
under equivalent conditions, suggesting that self-association
of amphipathic helices maybe the crucial step toward
membrane lysis (14).

The orientation of helical peptides bound to lipid bilayers
has been examined in great detail by many investigators.
For melittin and alamethicin it was shown that the orientation
of the helix axis varies depending on the physicochemical
conditions of the bilayers. From spectroscopy and CD data
it was concluded that both peptides are oriented preferentially
parallel to the membrane normal at high water content.
However, upon cooling the samples below the main transition
temperature, the peptides’ long axis moves toward the
membrane plane. For low water content, a parallel orientation
(perpendicular to the membrane normal) of the helices was
suggested (15, 16). Huang and co-workers have found that
the most important parameter for controlling the peptides’
orientation at constant physicochemical environment is the
peptide/lipid (P/L) ratio. Using a combination of CD and
neutron diffraction measurements on oriented samples, for
melittin they have observed a parallel orientation of the helix
to the bilayer below a certain peptide threshold concentration.
With increasing P/L ratio, the helix orientation starts to move
toward the surface normal, and above a critical concentration
all peptide molecules exhibit such a perpendicular orientation
(17). This change in orientation is strongly dependent on
the lipid composition of the bilayer and was most pronounced
for POPC. In this perpendicular orientation, pore formation
has been observed for both alamethicin and melittin;
however, from the analysis of the single channel conductance
of alamethicin, a barrel stave model was derived, where the
channel changes its conductivity when a single peptide enters
or leaves the pore (18). The absence of such discrete levels
in the ion conductivity measurements performed on the
antimicrobial peptide magainin (19) together with crystal-
lographic data (20) and neutron results strongly suggest that

these peptides form pores that are described with the toroidal
model (17).

Despite published knowledge about the interaction of
dicynthaurin monomer with model monolayers (21, 22) and
bilayers (13), direct evidence about the penetration of the
peptide in the membrane and its location and orientation
thereafter has not yet been obtained. In this paper we have
applied isothermal titration calorimetry (ITC) in order to get
information about the thermodynamic parameters of the
binding of the dicynthaurin monomer to lipid model mem-
branes closely mimicking the phospholipid composition of
a bacterial cytoplasmic membrane. A circular dichroism
study has been performed to gain information about the
secondary structure change of the peptide before and after
exposure to the lipid membrane. Additionally, neutron
diffraction measurements using partially deuterated peptides
have been applied to elucidate the peptides’ orientation and
location in model membranes using supported lipid bilayers
on solid substrates. The data obtained demonstrate that the
peptide strongly binds and inserts into the membrane. The
CD study has revealed a trans-membrane distortedR-helical
secondary structure upon interaction with the model mem-
brane. Neutron diffraction demonstrates that the peptide is
located in the hydrophobic core of the membrane by crossing
through the bilayer which is also found in our simulations.
The findings described in this paper strongly support our
former assumption that a pore formation is the underlying
mechanism of the antimicrobial activity.

MATERIALS AND METHODS

Materials.The 30 amino acid dicynthaurin monomer was
prepared at a 0.25 mmol scale on an ABI 431A peptide
synthesizer using FastMoc chemistry and further purified by
RP-HPLC. Using deuterated alanine for the peptide synthesis
yielded a partially deuterated sequence carrying the isotopic
labeled amino acid at the fifth position. The molar masses
were confirmed using MALDI-TOF and electrospray mass
spectrometry (UCLA Center for Molecular and Medical Mass
Spectrometry, Los Angeles, CA). For the ITC experiments
a peptide sequence that contains an alanine instead of
cysteine residue was used in order to avoid spontaneous
dimerization. The deuterated peptide samples did contain the
cysteine present also in the native sequence. Here, MALDI-
TOF analysis of the lipid-peptide dispersion before and after
the measurements indicated that the peptide remained in a
reduced monomeric state.

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glyc-
erol)] (sodium salt) (POPG) were purchased from Avanti
Polar Lipids and used as obtained without further purifica-
tion. ITC samples are prepared in phosphate buffered saline
solution (PBS) containing 10 mM phosphate with 140 mM
NaCl at pH 7.4. All aqueous solutions were prepared using
Milli-Q deionized water of a specific electrical conductivity
of >18 MΩ cm.

For the experiments, peptide stock solutions were prepared
by dissolving the solid peptide in PBS followed by vortexing
for 10 min. For the preparation of the lipid mixtures certain
amounts of POPC and POPG (3/1 mol/mol) were mixed via
organic solvents and consecutively dried under a stream of
nitrogen. Cyclohexane was used for subsequent dissolving
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the lipid film to lyophilize by freeze-drying overnight. Finally
the dry solid mixture was weighed and suspended in PBS
by intensive vortexing followed by five freeze-thawing
cycles. The lipid concentration was determined on a weight
basis of the dry powder. All samples were stored at 4°C
prior to usage. For the neutron diffraction study, the sample
preparation was performed using Milli-Q water as solvent.

Methods. Titration Calorimetry.The experiments were
performed using an isothermal titration calorimeter VP-ITC
(Microcal Inc., Northampton, MA). For the analysis the
dilution data of either lipid to buffer or peptide to buffer
experiments were subtracted from the binding heat obtained
in the lipid to peptide. Initial data analysis (background
subtraction, peak integration) procedures were performed
using the MicroCal Origin 5.0 software package. In the lipid
to peptide titration experiment, a 5 mM lipid solution was
titrated into the sample cell, which contains 1.4337 mL of
peptide solution at a concentration of 40µM. The first
injection is subject to the largest errors caused mainly by
injection volume variations, and therefore, an injection
sequence (1× 1 µL + n × 5 µL) was applied to limit the
influence of the possible errors present in this first titration
step on the further analysis. Final ITC data given in this paper
were repeated at least three times. To fit the heat traces we
adopted the data handling program that comes with the ITC
device. For further analysis, the surface partitioning model
was applied using a fitting procedure programmed in IDL
(Research Systems Inc., Boulder, CO) (23, 24). In brief, it
describes the peptide-lipid interaction by means of a
partitioning equilibrium of free and bound peptide between
the aqueous phase and the surface of the liposome. The
apparent binding constant/partitioning equilibrium constant
is defined as

whereγ is the accessibility of lipid molecules to the peptide;
P, Pb, and Pfree are the total concentration of peptide, the
concentration of peptide bound to the membrane surface, and
the unbound peptide, respectively;L is the total lipid
concentration; andKb is the intrinsic binding constant, which
describes the chemical binding. The exponential part ofKapp

describes the electrostatic interaction.Zp denotes the effective
charge of the peptide, andψ0 denotes the surface potential
of the liposome. The detailed description about this model
is presented elsewhere (23, 24).

Circular Dichroism Measurements.Circular dichroism
spectra were recorded with a Jasco 720 (JASCO Inc., MD)
spectrophotometer from 190 to 260 nm using quartz cuvettes
with an optical path length of 0.1 cm, peptide concentration
of 0.2 mg/mL, and POPG liposome concentration of 1 mM.
The data were obtained after accumulation of four measure-
ments for PBS and 8 measurements for all other samples
investigated using a speed of 50 nm/min, a response of 2 s,
a bandwidth of 1.0 nm, and a data pitch of 0.2 nm. The
analysis was performed after subtraction of the spectra of
the corresponding subphase (PBS or POPG liposome in PBS)
using mean residual molar ellipticity, [θ].

Neutron Diffraction Measurements.The diffraction mea-
surements were carried out using the V1 membrane diffrac-
tometer at the Berlin Neutron Scattering Centre (BENSC)

in the Hahn Meitner Institute (HMI, Berlin, Germany).
Oriented samples were obtained by spreading aqueous
dispersions of the lipid mixtures onto quartz glass slides
(65 × 15 × 0.3 mm) and subsequent solvent evaporation
for 24 h in a dust free environment at room relative humidity
and ambient temperatures and finally dried in a vacuum
desiccator over 12 h. For the peptide containing samples, a
certain amount of the aqueous peptide stock solution was
added to the lipid dispersion before spreading. For the
experiments, the samples were rehydrated for 24 h at room
temperature in a fully hydrated atmosphere of 98% relative
humidity maintained with a saturated K2SO4 solution. Each
sample contained about 10 mg of lipid and different molar
concentrations of partially deuterated peptide. Contrast
variation was achieved by adjusting the atmosphere in the
sample chamber at three different H2O/2H2O compositions
(50, 20, and 8 vol %2H2O). For the measurement the samples
were vertically mounted and placed in an aluminum chamber.
The diffraction intensities were measured up to the 5th order
of the lamellar spacings at 20°C using rocking scans around
the expected Bragg positions with exposure times between
20 min and 4 h depending on the scattered intensities.

For data analysis, the lamellar spacingd was determined
from the 2θ values of the reflections using the Bragg
equation. The structure factor amplitudes|F(h)| are obtained
from the square rooted integral of the Gaussian fit to the
diffraction peak followed by correction for absorption and
Lorentz factor. The relative absolute density profileF(z) is

whereF is in units of the scattering length andF0 is the
average scattering length per unit length of the bilayer.F(h)
are the scaled structure factors, and the sum describes the
distribution in scattering length across the bilayer. Isomor-
phous replacement using2H2O/H2O exchange allowed phase
assignment, as the structure factors are linearly related to
the 2H2O/H2O ratios. Structure factors for all samples were
measured at three different isotopic water vapor composi-
tions. For the localization of the deuterium label, measure-
ments at 8%2H2O are taken into account, because at these
conditions the water layer depicts zero scattering length
density. For further information we kindly refer to the
literature (25-27).

RESULTS AND DISCUSSION

To get information about the binding equilibrium of the
peptide toward vesicles consisting of a lipid mixture of
negatively charged POPG and neutral POPC in 1/3 molar
ratio, we have applied ITC experiments titrating the vesicle
suspension into the peptide solution. Figure 1 (top) shows
the titration curve exhibiting exothermic binding events that
decrease in intensity with ongoing titrations as the peptide
binds to the lipid and consequently the free peptide concen-
tration is reduced. The integration of the heat flow vs time
curve gives the binding isotherm, i.e., molar heat of binding
per lipid molecule as function of the lipid/peptide molar ratio
(see Figure 1, bottom). Here, the solid line depicts the fit
using the surface partitioning equilibrium model (23, 24).
This analysis yields the intrinsic binding constant (Kb), the

Kapp)
Pb/γL

Pfree
)

Pb/γL

P - Pb
) Kb exp(- ZpFψ0

RT ) (1)

F(z) ) F0 +
2

d
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effective peptide charge (Zp), and the molar binding enthalpy
per bound peptide (∆Hb) of (1.6( 0.5)× 105 M-1, 0.5, and
(-2.1 ( 0.3) kJ/mol, respectively. For this calculation, the
accessibility of the liposome of 0.6 was taken into account.
The small exponential term of only 1.2 obtained in the
analysis is much smaller than the intrinsic binding constant.
Such behavior has also been found previously for a series
of POPC/POPG mixtures (13). The molar binding entropy
calculated from these data suggests an entropy driven binding
mechanism as theT∆Sb value is about 20-fold of the binding
enthalpy. Both findings, the large intrinsic binding constant
and the entropy driven process, can be explained by the
classical and nonclassical hydrophobic effects, e.g., water
release from the peptide upon binding and membrane
incorporation of the peptide in the hydrophobic bilayer core
(28-30). In addition, a change in the peptides secondary
structure upon binding or insertion would also contribute to
such an effect.

To study the effect of membrane binding on the formation
of the secondary structure, we have undertaken CD measure-
ments on the peptide in PBS and in a POPG suspension
(CL ) 1 mM). Figure 2 plots the mean residual molar
ellipticity of the peptide showing the typical minima of
negative ellipticity at about 220 and 205 nm and positive
ellipticity at 192 nm suggesting mainlyR-helical content.

For the analysis of the CD data in terms of the secondary
structure content, we have applied CDPRO, which has been
successful in estimating the secondary structure of membrane
proteins (31, 32). The pure peptide contained about 40%
R-helical content corresponding to 12 amino acids with some
minor contributions coming from unstructured peptide
sequence. The CD spectrum obtained after adding the peptide
to POPG vesicles in PBS also depicts typical features of
R-helical components, but the maximum position of the
positive ellipticity moved toward larger wavelength (λ )
198 nm) and the negative ellipticity at 205 nm shifts toward
larger λ-values and is less pronounced, features that are
typically found for a trans-membraneR-helix (33, 34).

To get information about structural changes that occur
upon peptide binding and about the orientation of the peptide
in the bound state, we have studied the lipid mixture on solid
support before and after peptide incubation by means of low
angle neutron diffraction measurements. Figure 3 depicts the
rocking curves around the first-order Bragg reflections
obtained for the pure lipid and subsequent mixtures with
dicynthaurin monomer in different concentrations. The pure
lipid shows a narrow mosaicity, i.e., a well-aligned lipid
bilayer orientation with respect to the surface normal
determined by the quartz support. Adding peptide to the lipid
system increases the peak width of the diffracted intensities
in theω-direction, thus indicating a perturbation of the lipid
bilayer orientation by the peptide. This effect becomes more
dominant with increasing peptide concentration. At 1 mol
%, the region of narrow mosaicity around the first-order
Bragg position remains present, but at the largest peptide
concentration investigated (3 mol %), a typical powder
diffraction pattern is observed and the narrow mosaicity
around the first-order Bragg position is completely disap-
peared.

Figure 4 summarizes the 2θ-integrated rocking scans
showing a sharp signal of the pure lipid (A) with a fwhm of
about 0.36°, a value that is typically found for well-aligned
lipid samples (27). On adding the peptide to the model
system, the signal obtained cannot be sufficiently described
by a single Gaussian peak, but instead larger deviations have
to be taken into account that indicate a portion of the stacked
bilayers that is clearly influenced by peptide. At 1 mol %
peptide (C), a more homogeneous intensity distribution in
the whole omega region and significant smaller intensities

FIGURE 1: Calorimeter tracings (heat flow vs time) of a titration
of POPC/POPG (3/1 mol/mol) vesicles (5 mM, 2.5µL) into
dicynthaurin monomer solution (40µM). The experiment was
performed in phosphate buffer (10 mM phosphates, pH) 7.4,
140 mM NaCl) at 45°C. The lower panel shows the integrated
and normalized heat from this ITC experiment, and the solid line
represents the fit result using the surface partitioning equilibrium
model.

FIGURE 2: CD spectra of dicynthaurin monomer performed in
10 mM phosphate buffer containing 140 mM NaCl (solid) and in
POPG vesicle solution (1 mM, dotted) recorded at 20°C.
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at the Bragg peak position are obtained. Figure 4 (D) shows
the integrated wide range rocking curve (-18° < ω < 22°)
obtained for the mixture containing 3 mol % peptide. The
region of narrow mosaicity is completely disappeared, and
a broad Gaussian distribution (fwhm) 30°) that describes
the bilayer disorientation induced by the peptide is obtained.

The Bragg diffraction peaks recorded for the pure lipid
system (top) and the lipid model containing 3 mol % of
protonated (middle) and deuterated (bottom) peptide are
shown in Figure 5. For the pure lipid system, five Bragg
peaks of a lamellar structure can be resolved. From the peak
maximum positions a spacing of (55( 0.2) Å can be
calculated. The lamellar spacing calculated from the peak
positions after adding 3 mol % peptide amounts to (54.9(
0.2) Å, indicating that the overall membrane thickness is not
significantly affected by the peptide. However, the change
in the intensity distribution points to a modification of the
structure factors and moreover to an alteration of the neutron
scattering length density profiles.

The analysis of the diffraction patterns yields structure
factors that allow calculating the neutron scattering length
density profiles. Figure 6 shows the result obtained for the
pure lipid model. The profile depicts the typical features
expected for a lamellar lipid structure, e.g., two maxima for
the highest scattering density at the lipid head group regions
and a minimum of lowest scattering density at the terminal
CH3 groups in the membrane core. The two shoulders
between maximum and minimum represent the alkyl chain

FIGURE 3: Rocking curves obtained at 8%2H2O contrast by rotating
the samples around the first-order Bragg reflection with an angle
of ω ) (2°. Panel A shows a narrow reflection of the well-aligned
pure lipid sample. Adding dicynthaurin monomer drops the intensity
of this sharp peak (B, 0.3 mol %; C, 1.0 mol %; D, 3 mol %). The
upper panel shows a long range (ω ( 20°) rocking scan with the
two dips representing the adsorption maxima of the samples
respectively.

FIGURE 4: The 2θ-integrated rocking profiles of the POPC/POPG
(3/1 mol/mol) lipid mixture before (A) and after peptide exposure
at different molar concentrations of 0.3% (B), 1.0% (C), and 3%
(D), along with the Gaussian fits to the pure lipid (A) and the
powderlike pattern observed after dicynthaurin monomer incorpora-
tion (D: 3 mol %). The patterns were determined at 8%2H2O
contrast.

FIGURE 5: From top to bottom, the diffraction patterns of the pure
lipid mixture (POPC/POPG 3/1 mol/mol) and subsequent mixtures
with dicynthaurin monomer (3 mol %) and with 5-Ala-2H dicyn-
thaurin monomer are summarized. For clarity the fourth and fifth
order of each profile are presented in the corresponding insets at a
differenty-scale. The patterns were determined at 8%2H2O contrast.
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regions of the hydrophobic part of the molecules that contain
the single double bond in each oleyl chain. A more
quantitative description of the data was achieved by decom-
position of the profile into the individual contributions arising
from the head groups, the chain regions, and the four terminal
CH3 groups (see Figure 6, bottom) coming from the two lipid
molecules, respectively. To limit the number of free param-
eters during refinement, the mirror symmetry of the system
was taken into account. Given the chemical structure of the
molecule, the scattering length per molecular group can be
calculated, thus allowing the area ratio of the Gaussian peaks
to be kept at fixed values that reflect the scattering length
ratios accordingly. Using this approach, six parameters are
taken into account, i.e., two positions of the head group and
the chain part respectively, three widths of each Gaussian
peak, and one scaling factor for the area. The solid line in
Figure 6 (top) depicts the global fit result. From the fitted
width of the Gaussian peaks (see Table 1), a length per lipid

molecule of 20.9 Å can be calculated, which includes about
13.7 Å for the hydrocarbon region, a small value that reflects
molten chains.

The scattering length density profiles obtained for the pure
lipid mixture at different H2O/2H2O contrasts are given in
Figure 7. Increasing the2H2O content in the atmosphere
increases the scattering length density in all molecular
subunits that are hydrated, in particular at the lipid head
groups. Starting from 8%2H2O, the water bound to the lipid
head groups depicts zero scattering length density. On going
from 8 to 20%2H2O, the profile exhibits larger values at
the head group region and the water layer between opposing
bilayers. Additional lift up at the hydrophobic membrane core
suggests some hydration also at the methylene groups of the
oleyl chains. Further increase in the2H2O content shows
pronounced shifts in the scattering length densities at the
relevant positions. The superior hydration at the lipid head
groups yields a shift of almost the whole profile that extends
deep into the chain region, thus making the slight hydration
at the methylene groups relatively less pronounced. However,
the difference in the density profiles shown in the lower panel
clearly depicts the additional hydration at the methylene
groups besides the lipid head groups present in both
difference profiles.

The difference of the profiles yields the remaining scat-
tering length density that must be attributed to the change
in the 2H2O content of the hydrating atmosphere, thus
allowing calculation of the number of water molecules bound
per lipid molecule. From the calculated scattering length
density of 20% and 50%2H2O, the number of water
molecules bound to one lipid molecule amounts to 17( 2,
respectively indicating full hydration under the experimental
conditions (35). Fitting the difference of the profiles (see
Figure 7, bottom) with two Gaussians per lipid molecule
gives a very good description of the experimental finding,
thus allowing division of the total number of bound water
molecules into 16 mol of water associated with the lipid head
group and 1 mol penetrating into the hydrophobic part.

Figure 8 (top) shows the profile calculated from the
diffraction pattern of the lipid containing 3 mol % dicyn-
thaurin monomer. Taking the profile obtained for the pure
lipid into account (see Figure 6), peptide addition yields a

FIGURE 6: Neutron scattering length density profile calculated from
the measured structure factors of a POPC/POPG (3/1) bilayer along
the bilayer normal (]). The lower panel depicts the decomposition
of the profile into Gaussian peaks representing different submo-
lecular groups: polar heads (solid), alkyl chains (dashed), and
methyl groups (dotted). The solid line in the upper panel depicts
the best fitting result using the Gaussian peaks for these submo-
lecular groups respectively. The profile was determined at 8%2H2O
contrast.

Table 1: Fit Parameters of the Gaussian Peaks Representing
Different Submolecular Groups as Shown in Figure 6

gauss
area per
Gaussian position/(Å) width/(Å)

peak A (4× CH3 groups) -44.0( 0.5 0 5.9( 0.2
peak B (2× alkyl chains) -41.9 10.0( 0.3 10.7( 0.4
peak C (head group incl

glycerol backbone)
151.2 16.9( 0.8 7.2( 0.2

FIGURE 7: Density profiles of the pure lipid bilayer at all2H2O
contrasts measured. Increasing2H2O content from 8 to 50% in the
water composition shifts the profiles in the head group region to
larger values. The lower panel depicts the difference of the profiles
given to the profile obtained at 8%2H2O.
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smearing out effect in the membrane core region. The peptide
sequence shows a positive scattering length as its chemical
composition contains large amounts of carbon, nitrogen, and
oxygen. Figure 8 (bottom) shows the decomposition of the
profile into the pure lipid and the remaining residue of the
lipid/peptide profile. The positive residual scattering length
in the central part of the membrane could be attributed to
the insertion of the peptide showing positive scattering length.
However, a simple additive effect of scattering lengths from
pure lipid and the peptide is unlikely, instead also a change
of the lipid structure must be taken into account.

Detailed information about the location of the peptide is
derived from the comparison of the two samples containing
labeled and unlabeled dicynthaurin monomer. Figure 9
exhibits the neutron scattering length density profiles ob-
tained from protonated (solid) and partially deuterated peptide
(2H-Ala-5, dashed) at 8%2H2O. The difference between these
two density maps (dotted) yields the deuterium distribution
in the lipid bilayers showing three maximum positions in a
centrosymmetric unit cell. Fitting Gaussian functions to the

2H-distribution curve yields the amount of deuterium located
in the membrane: 46% in the membrane core and 35%
bound at the lipid head groups. The aqueous medium
contains only 19% of the deuterium available. Insertion into
the hydrophobic core of the membrane requires adsorption
to be an initial step before insertion can take place. The large
amount of deuterium detected at the membrane core region
suggest that the peptide has a high capability to insert into
the membrane, which is in general agreement with the
findings from both ITC and CD measurements. However,
the large peptide concentration of 3 mol % required for the
detection of deuterium might also be larger than the
saturation of the insertion, thus a significant amount of
peptide remains in the aqueous bulk between adjacent
headgroups. This would explain the large value found for
deuterium present in the aqueous phase. In recent studies
on melittin binding toward POPC membranes, a concentra-
tion dependent orientation of theR-helical peptide was found
for fully hydrated bilayers. At a P/L ratio of 1/40, 85% of
the peptides are oriented parallel to the bilayer, and at a larger
peptide concentration of P/L) 1/15, more than 60% of the
peptides are aligned parallel to the bilayer normal (17). Such
behavior could also be relevant for our system showing a
P/L ratio of about 1/32 and thus explain the findings from
the neutron scattering length density profile (Figure 9) by
equilibrium of peptides oriented along the bilayer normal
(e.g., inserted into the membrane core) and substantial
amounts of the peptide molecules oriented perpendicular
(e.g., parallel to the bilayer surface); the latter would cause
the increase in scattering length density at the membrane
surface.

The activity profile of dicynthaurins exhibits a maximum
at low salt conditions suggesting predominantly intracellular
function (12). Changing the salt concentration alters the
interaction between the peptide and the lipid as shown in a
recent ITC study. The results clearly show a change in the
electrostatics of the interaction, thus a change in the
distribution of the peptide between water, headgroup, and
lipid core must be taken into account. Therefore, it would
also be interesting to study the effect of changing salt
concentration or pH on the peptide distribution within the

FIGURE 8: Neutron scattering length density profile calculated
from the measured structure factors of a POPC/POPG (3/1) bi-
layer containing 3 mol % dicynthaurin monomer (]). The lower
panel depicts the decomposition of the profile into Gaussian peaks
representing different submolecular groups of the pure lipid: polar
heads (solid), alkyl chains (dashed), methyl groups (dotted), and
the residual scattering length density (dash dotted). The solid line
in the upper panel depicts the best fitting result using the Gaussian
peaks for these submolecular groups respectively. The profile was
determined at 8%2H2O contrast.

FIGURE 9: Neutron scattering length density profiles of POPC/
POPG (3/1) mixture containing 3 mol % dicynthaurin monomer
(solid) and the lipid mixture containing 3 mol %2H-Ala-5
dicynthaurin monomer (dashed). The dotted line represents the
difference between the two profiles. The profiles were determined
at 8%2H2O contrast.
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bilayer, which would provide additional evidence for the pore
formation mechanism as proposed (13).

Figure 10 depicts a computer molecular graphics cross-
sectional representation of the trans-membrane insertion of
dicynthaurin monomer in a bilayer ensemble composed of a
lipid mixture of POPC/POPG) 3/1 mol/mol with the water
molecules removed for clarity. The amino acid sequence was
modeled as anR-helix conformation using Hyperchem 7.5
(http://www.hyper.com). This initial peptide conformation
was then inserted into a pre-equilibrated bilayer by carefully
removing several lipid molecules from each side of the model
membrane (36). The peptide-lipid bilayer ensemble was then
optimized using the Inflategro utility (http://moose.bio.ucal-
gary.ca) in the GROMACS version 3.3.1 environment (37).
After optimization of the ensemble, the system was hydrated
in a (64× 64 × 64) Å3 solvent simulation box. The system
was then subjected to steepest descent minimization followed
by 10 ps of dynamics at 25°C with the peptide constrained
and an unrestrained dynamics for 1 ns to approximate an
apparent equilibrium-like state. The computer graphic il-
lustration of the dynamics run was then rendered using
PyMOL v0.99 (http://pymol.sourceforge.net). After finishing
the 1 ns simulation, theR-helical peptide spans through the
membrane and adopts a tilted orientation within the bilayer.
However, the tilt of the peptide suggests that under equi-
librium conditions several different types of orientations in
the lipid environment showing flexibility in the tilt must be
taken into account. Upon accumulation of more peptide
monomers spanning through the membrane, higher order
porelike structures could form that stabilize the orientational
flexibility of a single peptide monomer found in our
preliminary simulations. The result of the simulation showing
the peptide spanning through the membrane strongly supports
our experimental findings from the neutron diffraction and
the CD study. The formation of higher order aggregates or
pores as suggested experimentally by fluorescent leakage
measurements remains to be explored in the simulations.

CONCLUSION

The large amount of deuterium present in the membrane
core strongly suggests that the peptide is inserted into the
bilayer. Such a membrane insertion would be a prerequisite

for pore formation, one of the main mechanisms for
antimicrobial peptide mode of action. On the other hand,
insertion would modify the energy balance for the binding,
favoring intrinsic contributions over electrostatic effects; the
latter would facilitate initial peptide accumulation at the lipid
head groups. The location of the peptide being inserted into
the membrane core is in very good agreement with the large
intrinsic binding constant found in the ITC study on this
particular lipid system, but also for lipid mixtures at different
PC/PG ratios. In addition, the trans-membrane helix structural
motive present in the CD measurements and the constant
d-value obtained in the neutron diffraction measurements also
support the high insertion capability of the peptide. This
inserted peptide is probably in equilibrium with surface
bound peptide showing a parallel alignment, a behavior that
was also found for melittin binding toward POPC (17).
Therefore, we can conclude that the dicynthaurin monomer
binds to phospholipids typically found in bacterial cytoplas-
mic membranes and shows strong insertion capacity, thus
being able to form a trans-membrane pore. This pore
formation would disturb the integrity of the microbial cell.
The dissipation of ion and water gradients across the
disrupted membrane must be continuously compensated by
the microbes thus leading a cumulative energy drain and a
loss in viability that finally kills the target microbes on a
short time scale.
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