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’ INTRODUCTION

Antimicrobial peptides (AMPs) serve as a natural defense for
living organisms against pathogenic bacteria. They can be derived
from various organisms, including frogs, moths, and pigs, as well
as synthesized.1,2 AMPs exhibit broad-spectrum activity against
bacteria and are less prone to the development of pathogen resi-
stance than antibiotics. Increasing concerns over antibiotic-resistant
pathogens and public health issues have led to interest in using
AMPs therapeutically and in self-decontaminating surfaces.3,4

For example, omiganan, a synthetic cationic peptide, has been
shown to inhibit the growth of pathogens that cause catheter-
associated infections, such as Gram-positive Staphylococcus aur-
eus and Gram-negative Pseudomonas aeruginosa (P. aeruginosa).5

The ability of AMPs to avoid pathogen resistance is largely due
to the mechanism by which they kill bacteria. AMPs attach to
bacterial cell membranes and, at a critical concentration, cause
the cells to lyse by disrupting the membrane.6 However, the
mechanism of cell lysis is not well understood. The attachment of
AMPs to cells, such as cecropin P1 to Escherichia coli, has been
studied, but questions remain on the exact nature of the cecropin
P1�E. coli interaction.7,8 Detailed knowledge of the mechanism
behind AMP action is essential for developing applications that
make use of AMPs, such as biosensors or AMP-coated materials.

Two main theories have been proposed to explain how AMPs
destabilize bacterial cell membranes. In each case, the AMPs first
attach to components of bacterial surfaces through electrostatic
interactions.9 The carpet model supposes that AMPs align them-
selves parallel to the membrane surface, which is facilitated by
their amphipathicity. AMPs surround the lipids, and micelles
break off from the lipid membrane. In the barrel-stave model, the

AMPs insert themselves into the bacterial cell membrane per-
pendicularly and form a pore.10,11 The pores enable large mole-
cules to enter or exit the cell and disrupt ion gradients, causing the
cell to die. The disruption of the lipid membrane may also allow
AMPs to enter the cell and destroy intracellular components.8

The mechanism is thought to differ among AMPs and is related
to the structure and charge of the peptide, as well as the lipid
composition of the cellmembrane.12,13 For some cases, bothmicelle
formation and pore insertionmay occur, depending on the peptide-
to-lipid concentration ratio.14

The peptide investigated in this study is chrysophsin-3, a histidine-
rich AMP that is found in red sea bream gills. The red sea bream,
Chrysophrys major, secretes AMPs from exposed areas, such as
gills, to defend itself against bacterial infection.15 Chrysophsin-3
consists of 20 amino acids in an α-helical structure, which is
highly cationic and amphipathic (Figure 1). It exhibits antimi-
crobial activity against Gram-positive and Gram-negative patho-
genic bacteria and exhibits hemolytic activity at approximately
1 μM.16 AMPs have been shown to be effective against P. aeruginosa
in vivo using rat models, suggesting that AMPs may still be used
clinically, despite their hemolytic properties.17 Peptide mimics
may also play a role in therapeutic treatments, as chrysophsin-3
can be made less harmful to eukaryotic cells by removing the
characteristic C-terminal RRRH amino acid sequence.18

In this study, a supported phosphatidylcholine (PC) bilayer
was used as amodel zwitterionicmembrane toobserve the interaction
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ABSTRACT: Antimicrobial peptides (AMPs) are naturally oc-
curring polymers that can kill bacteria by destabilizing their
membranes. A quartz crystal microbalance with dissipation mon-
itoring (QCM-D) was used to better understand the action of the
AMP chrysophsin-3 on supported lipid bilayers (SLB) of phos-
phatidylcholine. Interaction of the SLB with chrysophsin-3 at 0.05
μM demonstrated changes in frequency (Δf) and energy dissipa-
tion (ΔD) that were near zero, indicating little change in the
membrane. At higher concentrations of chyrsophsin-3 (0.25�4
μM), decreases inΔf of up to 7Hzweremeasured. These negative
frequency changes suggest that mass was being added to the SLB,
possibly due to peptide insertion into the membrane. At a
chrysophsin-3 concentration of 10 μM, there was a net mass loss, which was attributed to pore formation in the membrane. QCM-
D can be used to describe a mechanistic relationship between AMP concentration and interaction with a model cell membrane.
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between chrysophsin-3 and a cell. Phospholipid vesicles have
been studied extensively for their ability to self-assemble into
planar bilayers on solid surfaces.19,20

Quartz crystal microbalance with dissipation (QCM-D) mon-
itoring was used to investigate themechanism behind the peptide�
lipid system of chrysophsin-3 and PC. QCM-D has become a
valuable tool for monitoring real-time mass changes of various
biological systems, including fatty acid attachment to supported
lipid bilayers and cell adsorption to fibronectin.21,22 Frequency
and dissipation measurements at various overtones can be used to
determine the nature of mass attachment to a quartz sensor crystal.

Overtone analysis was used by Mechler et al. to infer details
about the fundamental mechanisms behind AMP action on sup-
ported bilayers. Similar changes in frequency (Δf) and dissipation
(ΔD) at all overtones indicate a homogeneous change in mass
and viscoelasticity of the membrane on the crystal’s surface. Studies
exposing lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 1,2-dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DMPG)
to 1�20 μMconcentrations of peptides aurein 1.2, maculatin 1.1,
and caerin 1.1 resulted in qualitative and quantitative differences
in the frequencies that were specific to each system.23

Monitoring overtone similarity can provide significant infor-
mation about the mechanism of action of AMPs on a lipid bilayer

surface. The barrel-stave model for peptide�membrane interac-
tions should ultimately result in uniformly negative Δf and ΔD
values at all overtones, which would represent cylindrical pore
formation (Figure 2B, F). In the case of toroidal pore formation,
however, more lipid would be lost at the top and bottom of the
bilayer and replaced by pore-forming peptides, resulting in hete-
rogeneous frequency changes at different overtones (Figure 2D).
Initial adsorption of AMPs onto the membrane surface will theo-
retically result in nonhomogeneous negative changes in frequency
if no other action occurs (Figure 2A). Since the changes occur
primarily on the surface of the membrane, the adsorption process
will not be homogeneous throughout the membrane, which would
result in different response at various overtones. Combinations of
membrane surface adsorption and pore formation will result in
nonuniform Δf results across overtones (Figure 2C). Given that a
full PC bilayer (∼5 nm thick) assembled on a cleanQCM-D crystal
corresponds with a Δf of ∼�26 Hz, we can calculate the approx-
imate Δf due to adsorption of a monolayer of α-helical peptides
(∼1.2 nm thick) to be∼2�4Hz.20,24Therefore, if the carpetmodel
is operative, membrane lysis will be demonstrated through uniform
positive Δf values up to 26 Hz at all overtones (Figure 2E, G).

The action of chrysophsin-3 on a PCmembrane supported on
a QCM-D sensor crystal was monitored in real time in this study.
Changes in frequency and dissipation were monitored when
chrysophsin-3, at concentrations between 0.05 and 10 μM,
interacted with the PC bilayer. Values of Δf and ΔD were also
monitored after rinsing the system with buffer to remove any
unattachedparticles and to reveal the irreversible effect of peptide on
the lipid bilayer. QCM-D data are used to propose a mechanism for
how chrysophsin-3 interacts with cell membranes.

’EXPERIMENTAL METHODS

Vesicle and Peptide Preparation. Lyophilized powder PC
derived from chicken egg yolk was purchased from Sigma Aldrich

Figure 1. Helical wheel diagram of chrysophsin-3. The diagram repre-
sents the peptide viewed along the axis of the helix, in which the peptide
backbone is shown by the inner circle and the spokes represent amino
acids. The amino acids are numbered according to their sequence. The
helical wheel diagram reveals the concentration of amino acids with
positively charged side chains on one side of the helix and the clustering
of nonpolar, aliphatic side chains.

Figure 2. Possible mechanisms of peptide action on cell membranes
(A�E) and corresponding estimated Δf values (F�G). (A) Monolayer
of peptide adsorbed on the lipid bilayer surface. (B) Cylindrical pore
formation. (C) Pore formation with adsorption. (D) Toroidal pore:
lipids bend at the pore site to create a toroidal shape around peptides
forming a pore. (E) Large pore formation. Negative Δf values indicate
mass addition (F), which may occur in A�D. PositiveΔf values indicate
mass removal (G), which corresponds to the large pore formation
shown in E. The baseline at Δf = 0 would indicate the presence of a
bilayer on the QCM-D crystal.
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(St. Louis, MO) and Avanti Polar Lipids (Alabaster, AL). PC
was dissolved in ethanol to create 100 mg/mL stock solutions
that were stored at �15 �C. A buffer of 100 mM sodium
chloride and 10 mM tris(hydroxymethyl)aminomethane
(Sigma-Aldrich, St. Louis, MO) at pH 7.9 was prepared in
ultrapure water.25

The PC stock solution was measured and dried with nitrogen
gas to remove the ethanol. Dried lipids were placed in a vacuum
desiccator overnight and suspended in buffer at 2.5 mg/mL.26

The lipid mixture was vortexed and homogenized through five
freeze�thaw and subsequent vortexing cycles.20

Small unilamellar vesicles (SUVs) were formed by sonicating
the mixture in a glass test tube with an ultrasonic dismembrator
(model 150T, Fisher Scientific, Waltham, MA) for 30 min in
pulsed mode with a 30% duty cycle (3 s pulse at an amplitude of
60, followed by a 7 s pause) at 0 �C. Probe particles were removed
from the solution through centrifugation (Sorvall Discovery 100SE,
Kendro, Newtown, CT) at 15 000 rpm (38 500g) for 10 min at
4 �C. The supernatant containing the SUVs was collected and
stored at 4 �C under nitrogen for up to 5 weeks.20 Dynamic light
scattering experiments (Zetasizer Nano ZS, Malvern, Worcester-
shire, UK) revealed the size of the vesicles to be approximately
37 nm in diameter. The stock solution was diluted to 0.1 mg/mL
for each experiment.
Chrysophsin-3 (FIGLLISAGKAIHDLIRRRH) was purchased

from Bachem (Torrance, CA) and stored at �15 �C. Samples
were prepared at chrysophsin-3 concentrations of 0.05, 0.25, 1, 2,
4, and 10 μM in tris buffer. Solutions were brought to 23 �C
before use in experiments.
Quartz Crystal Microbalance with Dissipation Monitoring

(QCM-D). QCM-D measurements were performed using the
Q-SENSE E4 system (Biolin Scientific, Sweden). Quartz sensor
crystals were placed into the QCM-D’s four chambers and exposed
to solutions of buffer, lipids, or peptides. We measured over-
tones, or harmonics, of the resonant frequency and the energy
dissipation of the sensors as mass attached to the exposed silica-
coated surfaces. The normal mass and dissipation sensitivities of
QCM-Dmeasurements in liquid are∼1.8 ng/cm2 and∼0.1� 10�6,
respectively.
The Sauerbrey equation describes the relationship between

Δf and change in mass (Δm) in a rigid film

Δf ¼ �2f 20
A ffiffiffiffiffiffiffiffiffiffiffiFqμ q
p Δm ð1Þ

where f0 is the resonant frequency of the quartz crystal (5 MHz);
A is the peizoelectrically active crystal area; Fq is the density of
quartz (2.648 g/cm3); and μq is the shear modulus of the crystal
(2.947 � 1011 g/cm 3 s

2). Therefore, the change in frequency is
inversely related to the change in mass attached to the sensor.
However, in the case of a less rigid film, the Sauerbrey equation
must be adjusted to reflect the effects of a viscoelastic film and the
bulk solution.27,28 Changes in dissipation are related to the
rigidity of the film and can be described by

D ¼ G00

2πG0 ð2Þ

where G00 is the loss modulus and G0 is the storage modulus. A
softer film will result in a larger ΔD.

Different harmonics of a sensor crystal can be correlated with
changes in various depths of a film deposited on the crystal. The
penetration depth, δ, of an acoustic wave can be found

δ ¼ ηf
nπf0Ff

� �1=2

ð3Þ

where ηf is the viscosity of the film; n is the overtone number; and
Ff is the density of the film.29 Penetration depths of various over-
tones are greater in water than in a membrane (Table 1).
QCM-Dmeasurements can be sensitive to changes in viscosity

and density of the bulk solution, which can complicate inter-
pretation of the data. Bordes and H€o€ok developed methods to
quantify the bulk response and separate the bulk effect from the
response of the adsorbed mass. The measured Δf is effectively a
sum of the Δf of the adsorbed mass and Δf of the bulk solution
(where the frequencies are normalized to each overtone).30 The
bulk solution effect in these experiments, which consists of the
buffer, lipids, and/or AMPs, was determined to be negligible at
the measured harmonics, which were the 3rd�11th harmonics of
the sensor crystal’s natural frequency (5 MHz). Due to the low
concentrations of AMPs and lipids used, the viscosity and density
of the solutions would not change enough to produce a signi-
ficant effect on the measured frequencies. The measured harmo-
nics were normalized to each overtone (f/n, where f is frequency
and n is the harmonic number) by the Q-SENSE software. The
fundamental frequency was not analyzed due to a higher sen-
sitivity to changes in the bulk solution during flow.23

Sensor Preparation. Silica-coated sensor crystals were placed
into theQCM-D flow chambers and cleaned by flowing ultrapure
water, 2% sodium dodecyl sulfate solution (Sigma, St. Louis,
MO), and ultrapure water through the system. The sensors and
chambers were dried with nitrogen gas. A Plasma Prep II oxygen
plasma cleaner (SPI Supplies, West Chester, PA) was used to
etch the sensor surface before each experiment to remove the outer
atomic layers of the crystal surface and make it more hydrophilic.
This latter step facilitates vesicle rupture into a bilayer.
Bilayer Formation andPeptide Exposure.Buffer was flowed

over QCM-D sensors at 0.15 mL/min for ∼15 min until the
frequency and dissipation responses were stable. The lipid SUV
solution was flowed over the crystals for∼8 min to form a stable
supported lipid bilayer (SLB). The crystals were rinsed with buffer
to remove any unattached lipids. After establishing a baseline,
peptide solution was added for 10 min, at which time the pump
was stopped. QCM-D crystals were exposed to a stagnant peptide
solution for 1 h, after which the peptide solution was replaced
with a final buffer rinse at 0.15 mL/min until the frequency

Table 1. Penetration Depths of Different Overtones inWater
and in a Membrane

overtone

number

penetration depth in

water (Ff = 1 g 3 cm
�3,

ηf = 0.01 g 3 cm
�1

3 s
�1)a

penetration depth in

membrane (Ff = 1 g 3 cm
�3,

ηf = 1 g 3 cm
�1

3 s
�1)a

3 146 nm 14.6 nm

5 113 nm 11.3 nm

7 95 nm 9.5 nm

9 84 nm 8.4 nm

11 76 nm 7.6 nm
a Ff and ηf are the density and viscosity of the film, respectively.
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stabilized. Each experiment was repeated at least three times for
each concentration of chrysophsin-3.

’RESULTS

Bilayer formation was monitored by observing patterns in
QCM-D frequency and dissipation responses. During bilayer
formation, lipid vesicles first attach to the QCM-D sensor surface,
adding mass. The vesicles then burst, releasing the fluid within
the vesicle and creating a supported lipid bilayer.31,32 Typically,
the frequency decreased by∼80 Hz when vesicles adsorbed and
showed an increase as soon as the vesicles ruptured to form the
bilayer (Figure 3). The dissipation showed a characteristic in-
crease to∼6� 10�6 in response to the attachment of the water-
filled vesicles. After bilayer formation, dissipation decreased
because the bilayer is more rigid than vesicles. A complete bilayer
could be characterized by a final Δf of ∼26 Hz and change in
dissipation (ΔD) of ∼1 � 10�6 in the third harmonic.

When peptide was added and allowed to remain in contact
with the bilayer, changes in frequency and dissipation were
monitored continuously for ∼60 min (Figure 4). Typical fre-
quency responses at all overtones showed an initial decrease in
frequency, and therefore an increase in mass, on the crystal as
peptides attached to the bilayer (Figure 5). The frequency
response produced using the 0.05 μM solution of chrysophsin-
3 showed the smallest change of the concentrations tested
(Figure 5A). Between chrysophsin-3 concentrations of 0.25 and
2 μM, the frequency decreased up to several Hertz upon peptide
exposure (Figure 5B�D). At higher chrysophsin-3 concentra-
tions, dissipation values increased upon the sensor’s contact with
the peptide solution, suggesting that the film upon the sensor
crystal became less rigid ormore saturated with fluid (Figure 4B).
The subsequent buffer rinse resulted in a decrease in mass on the
crystal and a more rigid film. Exposure to peptide at 4 and 10 μM
concentrations also caused Δf to decrease rapidly, and this
gradually stabilized to a value between�6 and�7Hz, suggesting
that the peptides approached a critical concentration on the
supported lipid bilayer surface (Figure 5E�F).

Data were analyzed in terms of Δf and ΔD at all measured
overtones before and after the final buffer rinse. The first mea-
surement represents the stable state reached after 1 h of peptide
exposure, while the second measurement taken after the buffer
rinse shows the irreversible change due to peptide�bilayer inter-
actions. The Δf was calculated by taking the difference between

frequencies at the beginning of peptide exposure and before
(Figures 6 and 7) or after the subsequent buffer rinse (Figures 8
and 9)23

Δf ¼ ðΔfbilayer and peptide �ΔfbilayerÞ
1
n

ð4Þ

At a very low concentration (0.05 μM chrysophsin-3), the peptide
did not destabilize the bilayer, and Δf and ΔD were typically
small, positive, and uniform across all overtones (Figures 6A, 7A,
8A, 9A). The average Δf for 0.25 μM chrysophsin-3 was bet-
ween �0.7 and �1.0 Hz (Figures 6B and 8B), and the average
ΔD was positive (Figures 7B and 9B). At intermediate chry-
sophsin-3 concentrations of 1, 2, and 4μM, the greatest decreases in
frequency and increases in dissipation occurred at the third
harmonic. The changes became less pronounced at higher over-
tones (Figures 6C�E, 7C�E, 8C�E, and 9C�E). For the highest
concentration tested (10 μM chrysophsin-3), nonhomogeneous
Δf and ΔD values were produced at the stable stage before the
buffer rinse (Figures 6F and 7F). However, positive Δf values
were observed at all overtones after the buffer rinse (Figure 8F),
while theΔD values were lower than those for 1, 2, and 4 μMand
before the buffer rinse (Figure 9 F).

’DISCUSSION

Formation of Supported Lipid Bilayer. TheΔf values corre-
sponding to PC bilayer formation were compared to published
values.20 According to prior researchers, a PC bilayer on silica
corresponds to an initialΔf of about�70 Hz and a net change of

Figure 3. Typical QCM-D response for PC bilayer formation. (1)
Initial buffer baseline, (2) vesicle deposition, (3) vesicle rupture and
release of water, (4) stable bilayer. The lines represent different overtone
responses for frequency and dissipation.

Figure 4. Typical frequency (A) and dissipation (B) responses for PC
bilayer formation and subsequent chrysophsin-3 deposition. This ex-
periment represents a chrysophsin-3 concentration of 4 μM. (1) Initial
buffer baseline, (2) lipid vesicle deposition, (3 and 5) buffer rinse, (4)
peptide addition.
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�26 Hz, which are similar to what we observed. However, our
initialΔf was slightly higher at�80 Hz, which may be attributed
to the use of Texas Red DHPE in this previous study, which we
did not use.20 Supported PC bilayers can be made reproducibly
and easily on silica surfaces, which has led to them being used
widely as model cell membranes.24,32,33

Mechanism of Chrysophsin-3 Action on PC Bilayer. Once
formation of the PC bilayer was validated through Δf and ΔD
data, various concentrations of chrysophsin-3 were introduced
to themembrane. At 0.05μMchrysophsin-3, smallΔf values (<1Hz)
were observed for each overtone (Figures 6A and 8A) and small,
positiveΔD values were recorded before and after the final buffer
rinse (Figures 7A and 9A). These results indicate that little or no
mass change occurred in the bilayer. A small Δf (∼0.4�0.7 Hz)
was seen in the third harmonic, which indicates a small amount of
nonhomogeneity in AMP action. The difference was not uniform
at all overtones and the positive Δf indicates that small amounts
of mass are being removed after the final buffer rinse. Only a
small fraction of lipid mass was removed, however, since the Δf
values were much less than 26 Hz, which corresponds to removal
of the full bilayer.
The frequency data for 0.25 μM chrysophsin-3 resulted in Δf

values of ∼�1 Hz (Figures 6B and 8B) and positive ΔD for all
recorded overtones before and after the buffer rinse (Figures 7B

and 9B), which indicates that the final buffer rinse did not
significantly affect the mass and viscoelasticity of the membrane.
Relatively uniform mass changes were observed at all measured
overtones of the bilayer, which indicates that mass changes were
homogeneous at all depths of the bilayer. The positiveΔD values
observed at all overtones suggest that the membrane became less
rigid with the addition of peptide. TheΔf andΔD data combined
indicate cylindrical pore formation may have occurred, as pep-
tides are positioned perpendicularly through the lipid bilayer and
the mass changes at all depths are similar (Figure 10A). Also, the
creation of pores would allowmore water to enter the membrane
space, making the film less rigid. At the third harmonic, a mass
change similar to that of the other overtones was observed.
Therefore, the peptides that attached to the SLB likely formed
pores and did not remain on the bilayer surface, which would
have resulted in heterogeneous changes and nonuniform re-
sponses. The difference in results at these low concentrations
indicates that chrysophsin-3 will begin to form pores in the PC
membrane at some critical concentration between 0.05 and
0.25 μM.
At 1, 2, and 4 μMconcentrations, the third harmonic exhibited

the most mass addition (Δf) after peptide exposure and after the
final buffer rinse. The other Δf values decreased in absolute
magnitude with increasing overtones (Figures 6C�E and

Figure 5. Typical QCM-D responses in the third harmonic for PC bilayers exposed to chrysophsin-3 at (A) 0.05 μM, (B) 0.25 μM, (C) 1 μM, (D) 2
μM, (E) 4 μM, and (F) 10 μM chrysophsin-3 concentrations. The initial time of 0 min corresponds to time position (4) in Figure 4, and the final buffer
rinse occurs at about 70�80 min, which corresponds to time position (5) in Figure 4.
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8C�E). The third harmonic also demonstrated behavior of a less
rigid film (ΔD) compared to the other harmonics, which also
decreased as the overtones increased (Figures 7C�E and 9C�E).
This indicates that the mass changes and viscoelasticity changes
were heterogeneous throughout the membrane. One possible
interpretation of these results is a large amount of peptide absorbed
to the bilayer surface, resulting in nonuniform change in the bilayer.
TheΔD results suggest that the film may be “softer” at the liquid�

membrane interface due to the presence of water between the
peptide molecules and the less rigid structure of the peptides
adsorbed to the membranes. Since chrysophsin-3 formed cylind-
rical pores at 0.25 μM, the system likely consists of both pores
and adsorbed AMPs at 1, 2, and 4 μM concentrations. In the
proposed mechanism, the peptides adsorbed onto the surface of
the SLB and formed pores in themembrane, as in the barrel-stave
model (Figure 10B, C). The frequency response curve for 4 μM
chrysophsin-3 shows the AMPs adsorbed on the lipid membrane
rapidly reaching saturation, due to the Δf reaching steady state
at �6.5 Hz (Figure 5E).

Figure 7. AverageΔD at different overtones for (A) 0.05 μM, (B) 0.25
μM, (C) 1 μM, (D) 2 μM, (E) 4 μM, and (F) 10 μM chrysophsin-3
concentrations, before the buffer rinse. The changes reveal the homo-
geneous (at 0.05 and 0.25 μM concentrations) and heterogeneous (at
larger concentrations) nature of the viscosity of the mass after exposure
of the lipid bilayer to chrysophsin-3 for 1 h.

Figure 6. Average Δf at different overtones for (A) 0.05 μM, (B) 0.25
μM, (C) 1 μM, (D) 2 μM, (E) 4 μM, and (F) 10 μM chrysophsin-3
concentrations, before the buffer rinse. The graphs show the amount of
mass that is attached to or removed from the bilayer after the SLB was
exposed to chrysophsin-3 for 1 h.

Figure 8. Average Δf at different overtones for (A) 0.05 μM, (B) 0.25
μM, (C) 1 μM, (D) 2 μM, (E) 4 μM, and (F) 10 μM chrysophsin-3
concentrations, after the buffer rinse. The changes show the amount of
mass that is not removed by the final buffer rinse and is irreversibly
attached to the crystal surface.

Figure 9. AverageΔD at different overtones for (A) 0.05 μM, (B) 0.25
μM, (C) 1 μM, (D) 2 μM, (E) 4 μM, and (F) 10 μM chrysophsin-3
concentrations, after the buffer rinse.
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At a concentration of 10 μM, chrysophsin-3 addition to the PC
bilayer resulted in negative Δf values at the third harmonic and
positive Δf values at higher overtones after 1 h of peptide ex-
posure (Figure 6F). However, the buffer rinse produced uniform
positive Δf values at all overtones (Figure 8F). The raw frequency
data showed an initial mass addition on the PC bilayer surface
upon exposure to the AMP, followed by a decrease in mass that
seemed to approach steady state (Figure 5F). These results sug-
gest that at high concentrations chrysophsin-3 initially adsorbs to
the surface of the bilayer, forms pores in the membrane, and gra-
dually causes mass removal, which may be in the form of peptide�
lipid aggregates (Figure 10D, E). The mass loss was also increased
by rinsing the system with buffer. The dissipation results suggest
that the film became less rigid after 1 h of peptide exposure
(Figure 7F) but more rigid after the buffer rinse (Figure 9F). The
membrane also became more rigid with 10 μM chrysophsin-3
than it did at lower chrysophsin-3 concentrations. This could be
due to the remaining large “islands”, or areas, of lipids on the
crystal surface surrounded by large regions of water created by
mass lipid removal. The water may not be incorporated into the

membrane as it is when there are fewer pores in the membrane,
causing the measured film to be composed of the more rigid PC
bilayer.
Mechler et al. followed a similar procedure to investigate the

action of the peptides caerin 1.1, maculatin 1.1, and aurein 1.2 on
DMPC and DMPC/DMPG (4:1) bilayers using QCM-D. The
negative Δf resulting from chrysophsin-3 in this experiment
correlated most closely with those of caerin 1.1, a 25-amino acid
AMP isolated from the skin of the Australian tree frog.23 Like
chrysophsin-3, caerin 1.1 also exhibits an amphipathic α-helical
conformation at the cell membrane surface.34 On a DMPC bilayer,
larger Δf values were measured for the 10 and 20 μM caerin 1.1
concentrations, which were significantly larger than those used in
this study. The results for maculatin 1.1 revealed a critical
concentration between 5 and 7 μM at which the system transi-
tioned between overall mass removal and mass addition. Aurein
1.2 also appeared to exhibit different behavior at higher overtones
between 7 and 10 μM solutions. The much smaller critical con-
centration of chrysophsin-3 may be attributed to the difference in
peptide composition and structure, as well as to the different
lipids used in the membrane. Chrysophsin-3 has a higher mole-
cular weight than aurein 1.2 and maculatin 1.1.16,23 Also, DMPC
has a lower molecular weight than PC, the latter of which may be
more conducive to pore formation.
Relating QCM-D Results to Chrysophsin-3 Activity Against

Bacteria. Pore formation can represent the start of the killing
process in bacteria. Chrysophsin-3 has been tested for its antimi-
crobial activity against some Gram-negative and Gram-positive
bacteria, although the lethal concentration is different for each
case. Iijima et al. found 0.25 μM to be the minimal lethal con-
centration of chrysophsin-3 required to kill 99% of Bacillus
subtilis or Escherichia coli. Certain strains of Gram-positive and
Gram-negative pathogenic bacteria, such as Lactococcus garvieae
and Vibrio anguillarum, required 10 μM synthetic chrysophsin-3
to achieve the same level of killing, while other strains were
resistant or required as low as 5 μM chrysophsin-3.16 Research
from our laboratory has shown that 0.22mM chrysophsin-3, with
added inosine and L-alanine, was needed to kill 99% of spores of
B. anthracis, the cause of anthrax, and this killing occurred within
one hour of exposure. Inosine and L-alanine are germination
agents that promote the breakdown of the spore coat. Without
any germinants, the same concentration of chrysophsin-3 killed
about 80% of B. anthracis spores.35

In QCM-D experiments, we showed that at 0.25 μM chry-
sophsin-3 pore formation began to develop along the thickness of
the membrane. At a much higher concentration of 10 μM, pore
formation was greater, and more mass was lost from the lipid
bilayer membrane. These results seem consistent with the observed
range of experimental lethal concentrations on bacterial cells. It is
not yet known how specific differences in the lipid composition
affect the ability to break down the membrane. The lipid PC,
which we used in the present studies, has a zwitterionic head-
group. This is similar to the zwitterionic headgroup of E. coli and
other Gram-negative bacterial membrane lipids.36 Gram-positive
bacteria, including Bacillus spp., have negatively charged head-
groups in their lipid membranes.36

’CONCLUSIONS

QCM-D frequency and dissipation data were used to elucidate
the mechanism of AMP action on SLBs. Our results demonstrate
that the nature of chrysophsin-3 interactions with a PC bilayer is

Figure 10. Proposed mechanism of chrysophsin-3 action on a sup-
ported PC bilayer as a function of peptide concentration. (A) At low
chrysophsin-3 concentrations (∼0.25 μM), peptides prefer insertion
into the membrane over adsorption onto the surface. (B) As the concen-
tration increases (∼1μM), peptides continue to form pores and begin to
adsorb onto the bilayer surface. (C) The amount of peptides adsorbed
on the bilayer surface and inserted to form pores increases (∼2 μM).
(D) At a certain critical concentration (∼4 μM), peptide�lipid aggre-
gates begin to be removed from the membrane. (E) Large concentra-
tions of chrysophsin-3 (∼10 μM) result in the loss of large areas of the
bilayer.
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concentration-dependent. The AMP appears to destabilize the
model membrane by forming pores and leaving the bilayer via
peptide�lipid aggregates. QCM-D was shown to be an effective
technique for studying AMP and SLB interactions. This method
can be applied to other systems of peptides and lipid bilayers to
provide a better understanding of AMP action on cell membranes.
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