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• Interactions between lipid bilayers
and 4 structurally diverse AMPs were
examined.

• Each peptide's interaction mecha-
nism produces a unique molecular
QCM-D signature.

• QCM-D signatures give information
about the dynamics of AMP–membrane
interactions.

• Mechanistic variations were related
to AMP structural properties (e.g.
hydrophobicity).
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Many antimicrobial peptides (AMPs) kill bacteria by disrupting the lipid bilayer structure of their inner membrane.
However, there is only limited quantitative information in the literature to differentiate between AMPs of differing
molecular properties, in terms of how they interact with the membrane. In this study, we have used quartz crystal
microbalance with dissipation monitoring (QCM-D) to probe the interactions between a supported bilayer mem-
brane of egg phosphatidylcholine (egg PC) and four structurally different AMPs: alamethicin, chrysophsin-3,
indolicidin, and sheep myeloid antimicrobial peptide (SMAP-29). Multiple signatures from the QCM-D measure-
ments were extracted, differentiating the AMPs, that provide information on peptide addition to and lipid removal
from themembrane, the dynamics of peptide–membrane interactions and the rates atwhich thepeptide actions are
initiated. The mechanistic variations in peptide action were related to the fundamental structural properties of the
peptides including the hydrophobicity, hydrophobicmoment, and the probability ofα-helical secondary structures.

Published by Elsevier B.V.
1. Introduction

Antimicrobial peptides (AMPs) are pathogen-killing molecules that
were originally derived from various organisms, including frogs and
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moths [1,2]. They are known to kill a broad spectrum of pathogenic
bacteria, fungi, and viruses. AMPs are believed to kill bacteria by
destabilizing bacterial membranes or translocating through the
membranes to interact with intracellular targets. Because of the nature
of these interactions, pathogenic bacteria are less able to develop resis-
tance against the membrane-active AMPs, in contrast to the ease of
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developing antibiotic resistance. A bacteriummust substantially change
the characteristics of its membrane if it has to succeed in developing
resistance to AMPs, but because the lipids are highly conserved in mi-
croorganisms, this occurrence is unlikely [3–5]. This unusual property
of low susceptibility to development of AMP resistance by the microor-
ganisms has stimulated major research efforts to chemically synthesize
AMPs replicating some of the structural features of the naturally
occurring AMPs, with the expectation of reproducing their mechanism
of action in killing bacteria for practical applications.

The membrane-destabilizing mechanisms exhibited by AMPs are
thought to fall into several categories. Manymembrane-active peptides
have been shown to insert into lipid bilayers and create pores using a
mechanism described by the barrel-stave model [6]. These pores have
been detected by studying voltage-dependent conductance that occurs
via transmembrane channels that are created as a result of peptide
insertion [7,8]. The AMPs may also disrupt cell membranes by first
attaching to the surface and forming lipid–peptide aggregates, which
then leave the membrane causing lysis, in a mechanism described by
the carpet model. Variations of these models have also been developed.
For instance, the barrel-stave cylindrical pores, in which the edges are
lined by perpendicularly-oriented peptides, may be distinguished
from toroidal pores, in which the pore edges consist of peptides and
lipid head groups that bend continuously from the top bilayer leaflet
to the bottom bilayer [9]. Themechanism of interaction between a pep-
tide and a cell membranemay follow any one or a combination of these
molecular events, depending on the type of peptide and lipid present in
the system.

Peptide characteristics of secondary structure, charge, and hydro-
phobicity are usually thought to play substantial roles in determining
AMPs' mechanisms of action on a cell membrane [10]. Studies have
shown that increased helicity in AMPs can be correlated with increased
antibacterial activity [11,12]. The cationic nature of AMPs is also thought
to play a large role in their ability to target negatively charged bacterial
cell membranes. Electrostatic interactions are largely responsible for
drawing cationic AMPs to anionic bacterial cellmembranes. If themem-
brane is primarily made up of zwitterionic lipids, then the strong ionic
attractions that exist between the anionic lipid membranes and the
AMP are replaced by relatively weaker attractive interactions between
the dipoles of the neutral membrane and the charges on the AMP. In
this case, the hydrophobicity of the peptide may become a more signif-
icant factor in determining antimicrobial activity. Hydrophobicity has
been shown to affect the antibacterial and hemolytic activity of AMPs,
but the correlation with antibacterial activity may not be strong
[10,13–17]. Although numerous studies in the literature have examined
the relationship between AMP structure and antibacterial or hemolytic
activity (represented by experimentally determinedminimum inhibito-
ry concentrations), less is known about how the structure of the AMP
and its resulting physicochemical properties determine the specific
mechanism of interaction with cell membranes.

To discover themechanistic variations between different AMPs, four
molecules, alamethicin, chrysophsin-3, indolicidin, and sheep myeloid
antimicrobial peptide (SMAP-29), with varying secondary structures,
charges, and hydrophobicities were chosen for this study (Table 1).
The helical wheel diagrams for these four peptides are shown in Fig. 1.
This diagram provides a projection of amino acids perpendicular to
the helix long axis assuming that the peptide exists in an α-helical sec-
ondary structure. Since theα-helix contains 3.6 residues per turn, adja-
cent residues on the peptide are separated by 100° on the helical wheel.

The first AMP, alamethicin, is a 20-amino-acid, α-helical peptide
that is derived from the fungus Trichoderma viride and is known to insert
into membranes at higher concentrations, forming well-defined cylin-
drical pores [18–20]. The structure of alamethicin includes two amino
acids that are rarely found in nature, aminoisobutyric acid and
L-phenylalaninol. Alamethicin contains a negative charge associated
with the glutamic acid residue near the C-terminus. However, this
side chain is typically protonated when the peptide is oriented in a
transmembrane state, making alamethicin's net charge effectively zero
in a peptide–lipid membrane system [21]. The helical wheel diagram
shows a clear separation between the dominant hydrophobic face and
a smaller polar face in the alpha-helical structure for this peptide.

Chrysophsin-3, another 20-amino-acid AMP, is derived from the
gills of the red sea bream, Chyrsophrys major. It also assumes an α-
helical structurewhen in contactwith a biologicalmembrane and is am-
phipathic [22,23]. Chrysophsin-3 exhibits a positive net charge of +5
(fractional charge 3.2 at pH 7), which differentiates it from alamethicin.
Again in this case, the helical wheel diagram shows a clear separation
between the dominant hydrophobic face and a polar charged face in
the alpha-helical structure for this peptide.

Indolicidin, a 13-residue AMP derived from bovine neutrophils, is
one of the smallest of the known naturally occurring linear peptides
[24]. Indolicidin's amino acid content is quite remarkable because of
its five tryptophan and three proline residues. Indolicidin carries a net
charge of +4 at pH 7 and assumes a specific coiled and folded confor-
mation when in contact with a cell membrane, unlike the α-helical or
β-sheet conformations formed bymost other AMPs [25,26]. Intramolec-
ular cation–π electron interactions allow it to assume a folded, boat-
shaped conformation with positive charges at the peptide termini and
a hydrophobic core [27–29]. Studies have shown that indolicidin does
not cause hemolytic lysis at concentrations below 30 μM [30]. The heli-
cal wheel diagram shows a separation of hydrophobic and hydrophilic
residues but the large presence of prolines in this small peptide prevents
it from assuming an α-helical secondary structure.

Sheep myeloid antimicrobial peptide (SMAP-29) is a cationic AMP
composed of 29 amino acids that carries a +11 net charge at pH 7
[31]. Its structure is predominantly α-helical, with the hydrophobic
residues aligned along one side and the polar residues along the other
[32–34] as can be seen from the helical wheel diagram. The SMAP-29
used in our study contains a C-terminal cysteine residue, which was
introduced to support other research where the AMP was attached to
fluorescent dyes or other surfaces through the sulfhydryl functionality
of cysteine [35,36]. The presence of the terminal cysteine could possibly
give rise to the formation of SMAP dimers in solution through disulfide
bonding.

In addition to the selection of peptides, it is necessary to specify the
membrane model, the type of lipids and the experimental technique to
explore the AMP–membrane interactions. In the literature, different
membrane models and experimental techniques have been reported,
each technique providing useful observations about one or another
aspect of the AMP interactions, making it necessary for multiple tech-
niques to be applied to piece together a comprehensive molecular
scale picture of the AMP action. For example, the AMP alamethicin has
been studied using black lipid membranes, vesicles, liposomes, multi-
layers, and Langmuir–Blodgett film as membrane models, prepared
with different choices of lipid molecules and employing experimental
techniques including electrical conductance [37], crystallographic
analysis [38], circular dichroism [39], phenylalaninol fluorescence [39],
oriented circular dichroism (OCD) [19], neutron in-plane scattering
[40], X-ray diffraction [41], cryo transmission electron microscopy
(cryoTEM) [42], liposome leakage measurements [42], electrochemical
scanning tunneling microscopy [43] and also computer simulations
[43-45].

Because of its real time monitoring capability, we employed quartz-
crystal microbalance with dissipation monitoring (QCM-D) as the tech-
nique on themembranemodel of solid supported lipid bilayer (SLB), to
monitor the dynamics of AMP–membrane interactions and to search for
molecular signatures specific to each peptide. With QCM-D, changes in
mass and viscoelasticity of a supported lipid bilayer can be quantitative-
ly determined by monitoring the changes in frequency (Δf) and energy
dissipation (ΔD) of a quartz crystal sensor on which the bilayer is
assembled [46–52]. Due to varying acoustic penetration depths of the
different overtones [46], higher overtones are correlatedwith processes
occurring closer to the sensor surface [46] while the lower overtones



Table 1
Characteristics of various antimicrobial peptides.

Peptide Number of
amino acids

Predominant secondary
structurea

Nominal charge
at pH 7

Comments

Alamethicinb

Ac-UPUAUAQUVUGLUPVUUEQZ
20 α-helix [38] 0 [21] Contains non-proteinogenic amino acids aminoisobutyric

acid and phenylalaninol
Chrysophsin-3
H-FIGLLISAGKAIHDLIRRRH-OH

20 α-helix [22] +5

Indolicidin
H2N-ILPWKWPWWPWRR-OH

13 Folded, boat-shaped
conformation [29]

+4 [26] Smallest peptide with dominant presence of tryptophan
and proline

SMAP-29
H2N-RGLRRLGRKIAHGVKKYGPTVLRIIRIAG-OH

29 α-helix [32] +11 Cysteine was attached at the C-terminus to support other
research

a The secondary structures mentioned in the literature for the peptides in aqueous solutions, when in contact with biological membranes.
b “U” and “Z” represent the non-proteinogenic amino acidsα-aminoisobutyric acid and L-phenylalaninol, respectively. N- andC-terminal groups are also shownon each amino acid sequence.
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represent processes occurring closer to the aqueous interface. Themea-
surements can be made at multiple frequency overtones, or harmonics,
and related to homogeneity of molecular processes occurring through
the depth of the bilayer, following the overtone analysis pioneered by
Mechler et al. [47]. QCM-D also offers information on the dynamics of
the process because of the real time monitoring of very small mass
and dissipation changes.

In selecting the lipids for themembranemodel, our choicewas influ-
enced by the need to study both the antimicrobial action of AMPs and
the hemolytic action of AMPs. Egg phosphatidylcholine (egg PC)
bilayers and vesicles have been used extensively to model erythrocyte
membranes and egg PC and other zwitterionic phospholipids have
also been shown to form highly reproducible supported lipid bilayers
(SLBs) [50–52]. Therefore, for all the experiments reported in this
Fig. 1.Helical wheel diagrams for alamethicin, chrysophsin-3, indolicidin, and SMAP-29.α-Amino
“U” and “Z,” respectively. These diagrams reveal differences in the placement of charged amino ac
paper, we used egg PC as the lipid. Bacterial membranes have either
all anionic lipids (Gram-positive bacteria) or a mixture of anionic and
zwitterionic lipids (Gram-negative bacteria) [53]. The successful forma-
tion of robust and stable SLBs with a large proportion of anionic lipids
(such as phosphatidyl glycerol, PG and lysophosphatidyl glycerol, LPG)
has not yet been achieved. Our lab has recently made progress in devel-
oping protocols for first treating the quartz surface and then forming
SLBs composed of only anionic lipids. We plan to use such anion domi-
nant membrane models representing bacterial cells in future studies.

Specific molecular structural characteristics of each AMP, such as
charge, α-helicity, hydrophobicity and hydrophobic moment were
calculated and combined with the molecular signatures derived from
QCM-D to relate peptide molecular structural characteristics with the
mechanism of how the AMP interacts with the lipid bilayer.
isobutyric acid and L-phenylalaninol in alamethicin's amino acid sequence are represented by
id residues, as well as hydrophobic and polar side chains.



Fig. 2. Four states of peptide–membrane interactions: (A) peptide insertion into the bilayer as a singlemolecule, (B) peptide adsorption to themembrane surface, (C) peptide insertion as
an aggregate without a water channel and (D) peptide insertion as a cluster forming a pore around a water channel.
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2. Materials and methods

2.1. Materials

Indolicidin and cysteine-terminated SMAP-29 (cysteine located at
the C-terminus) were purchased from New England Peptide (Gardner,
MA). Alamethicin was purchased from Sigma-Aldrich (St. Louis, MO)
and chrysophsin-3 was acquired from Bachem (Torrance, CA). Peptide
and lipid vesicle solutions were prepared in Tris–NaCl buffer [100 mM
sodium chloride and 10 mM tris(hydroxymethyl)aminomethane at
pH 7.8]. All solutions were prepared in Tris–NaCl buffer to facilitate
the formation of stable supported lipid bilayers and prevent non-
peptide-related changes at the membrane–liquid interface. Lyophilized
egg phosphatidylcholine (PC) was purchased from Avanti Polar Lipids
(Alabaster, AL) and stored in ethanol at −20 °C.

2.2. Supported lipid bilayer preparation

The stored egg PCwas driedwith nitrogen gas to remove the ethanol
and stored under vacuum in a desiccator overnight. The dried lipids
were then resuspended in Tris–NaCl buffer and brought to a final con-
centration of 2.5 mg/mL. The mixture was subjected to 5 freeze–thaw
cycles and small unilamellar vesicles (SUVs) were formed using an ul-
trasonic dismembrator (Model 150 T, Fisher Scientific, Waltham, MA)
in pulse mode for 30 min at 0 °C. The pulse was set to stay on for 3 s
at an amplitude of 60, followed by a 7 s pause, resulting in a 30% duty
cycle. The SUV solution was then centrifuged at 17,500 rpm (37,000 g)
for 10min at 4 °C (J2-MI Centrifuge, BeckmanCoulter, Brea, CA). The su-
pernatant containing homogeneous SUVs was collected and stored
under nitrogen at 4 °C for up to 5 weeks. This stock solution was
aliquoted and diluted to 0.1 mg/mL before each experiment. Experi-
ments were performed with peptide concentrations between 0.5 μM
and 10 μM. Lower concentrations between 0.01 μM (data not shown)
and 0.5 μM were also tested with alamethicin, chrysophsin-3, and
SMAP-29 to determine the critical concentration at which AMP action
occurs.

2.3. QCM-D experiments

The Q-SENSE E4 system (Biolin Scientific, Stockholm, Sweden) was
used to monitor the formation of an SLB on a silica surface and changes
to the membrane upon exposure to AMPs in real-time. This technique
Table 2
Calculated estimates of maximum frequency changes resulting from various modes of peptide

Peptide Molecular weight of
peptide (Da)

Expected maximum Δf (Hz)

Insertion as monomer
or as cluster

Alamethicin 1965 −0.10
Chrysophsin-3 2287 −3.26
Indolicidin 1906 0.48
SMAP-29 3256 −12.78
SMAP-29 Dimer 6512 −44.74
uses the piezoelectric qualities of a quartz sensor crystal to measure
the relative change in mass on its surface. The instrument measures
the change in frequency (Δf) and change in energy dissipation (ΔD) of
the crystal and any associated mass.

All the experiments involved the following steps (see a typical trace
of frequency and dissipation measurements over time in the Supple-
mental Material Topic S1). First, at time t0, a PC vesicle solution
(0.1 mg/mL) was allowed to flow over the QCM-D silica sensor surface
at 0.15 mL/min until the frequency and dissipation stabilized, indicating
the formation of a stable bilayer [50,51]. The vesicles initially attach to
the silica surface and then rupture spontaneously forming a stable and
uniform membrane. A Viton o-ring positioned around the edge of the
silica surface prevented the lipid bilayer from having any lateral areal
expansion once formed. Then at time t1, the buffer was injected into
the QCM-D chamber to rinse away any unattached particles. When
the system showed a stable response at time t2, a solution of the AMP
in the buffer at the desired peptide concentration was allowed to flow.
After 10 min of AMP injection, at time t3, the flow was stopped and
the system was left to equilibrate for 1 h. Following this equilibration
step, at time t4, a final buffer rinse was applied until the frequency and
dissipation stabilized at time t5. The change in frequency Δf and change
in dissipation ΔD data reported everywhere in this paper are the differ-
ence in values between that at time point t2 associated with a stable
supported bilayer just before AMP injection and the time point t5 at
the end of the final buffer rinse. The differences thus reflect solely the
consequences of AMP interaction with the bilayer and are unaffected
by all other system variables.

The Δf and ΔD values were measured with the 3rd, 5th, 7th, 9th,
and 11th harmonics, or overtones, of the QCM-D crystal's resonant fre-
quency. Due to different penetration depths of the acoustic waves asso-
ciated with different overtones, higher overtones (e.g. the 9th and 11th
harmonics) are associated with activity near the crystal surface and
lower overtones aremore related to processes occurring near the exter-
nal surface of the attached mass [47–49]. Homogeneous Δf and ΔD
values at all overtones suggest that the process occurs throughout the
thickness of the bilayer.
2.4. QCM-D data analysis

Methods to relate the measured frequency and dissipation changes
to changes in mass and in the viscoelastic properties of the membrane
on the surface are briefly outlined here. For a rigid film on the crystal
–bilayer interactions.

Pore formation with
8 peptides/pore

Pore formation with
20 peptides/pore

Surface adsorption
flat

6.92 12.08 −4.85
4.91 10.91 −4.85
7.29 12.29 −4.85

−1.14 7.41 −4.85
−21.47 −4.37 −4.85
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surface exposed to air, the areal massmf (mass per unit area) is related
to the frequency change Δf by the Sauerbrey equation, while the dissi-
pation change ΔD is zero. The frequency value reported by the
Q-Sense system is normalized so that the QCM-D output is Δfn / n,
where Δfn is the frequency at overtone number n. The ΔD value is not
normalized.

Δ f ¼ − f o
mf

mq
¼ −C mf ; ΔD ¼ 0 ð1Þ

Here, fo is the natural frequency of the oscillator,mq is the arealmass
of the quartz crystal and C is the Sauerbrey constant. Net mass addition
is reflected by a negativeΔf (decrease in frequency) while net mass loss
is indicated by a positive Δf (increase in frequency). If the film is not
rigid but viscoelastic and is submerged in a Newtonian liquid (water
Fig. 3. Changes in frequency and dissipation corresponding to various concentrations of alame
creases in frequency and dissipation at all overtones for each peptide concentration point to ma
Error bars represent the standard deviation based on at least 3 replicate experiments.
or buffer), then the frequency and dissipation changes are given by

Δ f ¼ − ηL
2πδLmq

− f o
mf

mq
1− 2

ρ f

ηL
δL

� �2 G″

G02 þ G″2

" #
;

ΔD ¼ ηL
nπ f oδLmq

þmf

mq

4
ρ f

ηL
δL

� �2 G0

G02 þ G″2

" # ð2Þ

where ρf is the density of the film on the crystal, ηL is the viscosity of the
liquid, δL is the decay length of the acoustic wave in the liquid, and G″
and G′ are the loss modulus and the storage modulus connected to the
dissipation, D= G″ / (2π G′) [46]. The measured Δf value is normalized
with the overtone number n (by dividing the frequency value for each
overtone by n), whileΔD is not normalized. The first term in the expres-
sions forΔf andΔD is due to the solvent effect and they vanishwhenwe
consider peptide-induced changes in the bilayer since the bilayer is
immersed in the liquid both before and after contact with the peptide.
thicin interacting with a PC membrane (data previously published) [49]. The uniform in-
ss changes throughout themembrane thickness, which are indicative of peptide insertion.
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The mass change is now given by the Sauerbrey term with a correction
factor accounting for the viscoelastic properties of the film. The change
in dissipationΔD is related to the changes in the rigidity or viscoelasticity
of the bilayer. Small ΔD implies bilayer rigidity similar to that of the un-
perturbed bilayer and in this case the mass change is given by the simple
Sauerbrey term without the viscoelastic correction.
3. Results and discussion

3.1. Dependence of frequency changes on peptide interaction modes

In order to link the frequency changes measured in the QCM-D
experiments to molecular events, we first established a connection
between the frequency changes and the different modes of peptide in-
teraction with the bilayer. Four different states of peptide interacting
with the membrane are shown in Fig. 2: (A) peptide is inserted into
the bilayer as a single molecule, occupying an area ap per peptide;
(B) peptide is adsorbed on the bilayer surface in the lipid head group re-
gion, occupying an area Ap; (C) peptide is inserted into the bilayer as an
aggregatewithout anywater channel, occupying an area ap per peptide;
and (D) peptide is inserted into the bilayer as a n-size cluster forming
the pore wall around awater channel, occupying an area AH / n per pep-
tide, AH being the pore cross-sectional area. If the peptide adsorbs on the
bilayer surface, there is no need for any lipid removal to occur. On the
other hand, if peptide addition results in pore formation or in the inser-
tion of single peptides or peptide aggregates into the bilayer then some
lipid molecules will have to be removed from the bilayer since the total
bilayer area cannot expand on the quartz crystal. If a fraction λ of the bi-
layer area is affected by these peptide interactions, then the resulting
frequency changes can be calculated (see details in Supplemental
Material Topic S2) as the areal mass change divided by the Sauerbrey
Fig. 4. Representative ΔD vs. Δf plots showing the action of alamethicin at 0.5, 1, 5, and 10 μM
points over time. The changing directions of the arrows (i–iv) can be related to several differen
creases in mass are represented by frequency shifts to the right. Representative data from each
constant C:

Δf ¼ −λ
C

MP

aP
−2

ML

aL

� �
Insertion of peptide=peptide clusters

Δf ¼ −λ
C

MP

AH

n

−2
ML

aL

2
64

3
75 Formation of pores

Δf ¼ −λ
C

MP

Ap

" #
Adsorption of peptides

: ð3Þ

In this equation,MP andML are molecular masses of the peptide and
lipid molecule, respectively, calculated from their molecular weights.

Setting the fractional area λ to be unity, we have calculated the the-
oretical maximum in the frequency change (corresponding to Δfn / n)
and the results are given in Table 2. From the calculated results, we
observe that for alamethicin, pore formation will give rise to a positive
Δf and will be measurable. In contrast, if alamethicin simply inserts
into the bilayer either as a single molecule or as an aggregate, Δf is
negative but will be too small to be observed. If alamethicin adsorbs
on the bilayer surface with the helix being flat, Δf will be negative and
large enough to be observable. For chrysophsin-3, pore formation will
give rise to a positiveΔf andwill bemeasurable. If the peptide simply in-
serts into the bilayer or if it adsorbs on the bilayer, the frequency change
will be negative and measurable. For indolicidin, pore formation will
give rise to a positiveΔf andwill bemeasurable. If the peptide simply in-
serts into the bilayer, Δfwill be positive but too small to bemeasurable.
If indolicidin adsorbs flat on the bilayer surface, Δfwill be negative and
large enough to be observable. For SMAP-29, formation of a large pore
will give rise to a positive Δf, while for a small pore Δf will be
negative. If the peptide simply inserts into the bilayer, Δf is negative
and large enough to be observed. Also, if the peptide is adsorbed flat
concentrations on a supported PC membrane. The arrows indicate the progression of data
t processes occurring in the membrane. The frequency axis has been reversed so that in-
peptide concentration were chosen from sets of at least 3 replicate experiments.
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on the bilayer surface, Δf will be negative and large enough to be
observable. Also included are the results for the dimeric state of
SMAP-29 since there is the possibility of dimerization due to the pres-
ence of a terminal cysteine added to SMAP-29 tested in our work. For
the SMAP-dimer, all states of interaction give rise to negative Δf and
the magnitude is significantly large compared to all other cases consid-
ered in Table 2. These calculatedmaximumΔf estimates allowus to look
at specific peptide induced changes on the bilayer in molecular terms.

3.2. Alamethicin prefers pore formation

The net changes in the frequency and the dissipation for the bilayer
exposed to alamethicin are shown on Fig. 3 for various concentrations of
alamethicin in the aqueous phase. For all alamethicin concentrations,
the experimental data show that (i) the frequency changes are positive
suggesting a net mass loss occurs, (ii) all overtones show uniform
responses, suggesting a process that is homogeneous along the depth
of the bilayer, and (iii) the dissipation changes are very small, indicating
that the membrane retained the relatively rigid order similar to the
Fig. 5. Frequency and dissipation shifts for chrysophsin-3 (data previously published) [48]. Fre
greater decreases in frequency at the 3rd overtone are indicative of peptide adsorption to the b
unperturbed lipid bilayer. The mass loss and the uniform response at
all overtones are consistent with alamethicin causing some amount of
lipid molecules to be removed from the bilayer and creating cylindrical
pores. The very small dissipation change is consistent with alamethicin
occupying the porewalls tomake the bilayer as rigid as its original state.

The dynamics of the interaction process are revealed by theΔD vs.Δf
plots in Fig. 4. As discussed by McCubbin et al. [52] and in a previous
paper from our lab [49], these plots reveal the time dependent dynamic
changes that occur in the membrane which are not captured by the
plots of net changes in ΔD and Δf shown on Fig. 3. The direction of
each line in the graphs in Fig. 4 can be related to different molecular
scale mechanisms occurring in the membrane. The x-axis is scaled
such that the frequency changes to the “east” would correspond with
mass increases. At bulk solution concentrations of 0.5 μM and 1 μM
alamethicin, the membrane did not show significant changes. At 5 μM,
simultaneous increases in mass and dissipation occurred initially,
which corresponded with a line moving in the north–east direction
(labeled i). The data then shifted to the north–west direction
(labeled ii), indicating that the viscoelasticity of the membrane was
quency changes at all overtones suggest insertion of the peptide into the membrane and
ilayer surface.
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still increasing, but mass had been lost. The bilayer then became more
rigid with a small increase in mass and appreciable decrease in dissipa-
tion (labeled iii), followed again by mass loss (labeled iv). A similar
phenomenon occurred at 10 μM alamethicin, but with larger changes
in mass throughout the process and a faster initial rate of peptide
adsorption to the membrane surface. These graphs showed that
alamethicin first attached to the bilayer (mass addition) and caused
the membrane to become more viscoelastic. The increasing “softness”
of the bilayer could be due to decreasing organization of the membrane
structure. The alamethicin then promotes pore formation in the bilayer,
causing lipid removal and a more rigid bilayer structure as the peptides
stabilized the edges of pores.

3.3. Chrysophsin-3 displays insertion, surface adsorption and pore formation

Chrysophsin-3 exhibited a concentration-dependent interaction
mechanism on the PC bilayer (Fig. 5). At a concentration of 0.25 μM,
Δf was negative and uniform at different overtones suggesting that a
small amount of chrysophsin-3 was inserted into the membrane.
Between 1 μM and 2 μM chrysophsin-3 (not shown), Δf was negative
and the 3rd overtone showed a larger magnitude compared to the
higher overtones suggesting that the peptide continued to insert into
the membrane, but also was adsorbed on the bilayer surface. At 4 μM
chrysophsin-3, the net Δf values and overtone responses were similar
to that at 1 μM, indicating peptide insertion and surface adsorption.
The dissipation changes were larger, however, suggesting that the pep-
tide induced actions were perturbing the organization of the bilayer. At
the largest chrysophsin-3 concentration of 10 μM, Δf became positive,
overtone responses weremore uniform, and the dissipation significant-
ly decreased to small values, all suggesting that the net mass loss could
be due to the formation of pores with the peptide stabilizing the pore
walls and making the membrane reasonably rigid as in its unperturbed
state.

The dynamics of the interactions between chrysophsin-3 and the PC
bilayer displayed in theΔD vsΔf plots in Fig. 6 show that at the low con-
centration no significant change occurred on the bilayer. However, for
1 μMand 4 μMconcentrations, an initial shift in the north–east direction
(i) indicated simultaneous increases in mass and membrane viscoelas-
ticity as peptide attached to the membrane. The 3rd overtone showed
Fig. 6. RepresentativeΔD vs.Δf plots for chrysophsin-3 at 0.25, 1, 4, and 10 μMconcentrations. T
to chrysophsin-3: (i) increasing mass and dissipation, due to peptide incorporation into the bi
greater change than the 11th overtone, suggesting that most of the
peptide-membrane dynamics was taking place near the surface of the
membrane. The graph then shifted to a south–west direction (ii), indi-
cating that mass had been lost from the membrane, leaving a more
structurally organized and rigid film that still contained more mass
than the original lipid membrane before peptide exposure. The results
at 10 μM showed the same trends, but revealed a larger initial mass
addition to the membrane, followed also by a larger mass loss (ii),
resulting in a more rigid film.

3.4. Indolicidin prefers surface adsorption

The QCM-D responses for indolicidin at different peptide concentra-
tions are shown on Fig. 7. The QCM-D responses for 0.5 μM and 1 μM
indolicidin were not strong, indicating some interactions but no signifi-
cant changes to the membrane. At 5 μM indolicidin, frequency change
was negative at the 3rd harmonic, but positive at higher overtones, sug-
gesting that mass had been added to the bilayer surface, but removed
from within the bilayer. These results showing both mass gain and
loss may be explained by simultaneous peptide adsorption at the sur-
face (corresponding to the negative frequency shift in the 3rd harmon-
ic) and promoting some lipid loss from the bilayer (corresponding to
the positive frequency shift at higher overtones). The dissipation chang-
es also show significant positive values indicating that the membrane
organization is somewhat disrupted because of the removal of lipids
without accompanying space filling by the peptide. At the highest con-
centration of 10 μM indolicidin, the membrane experienced mass gain
that was non-uniform at different overtones, the largest gain being in
the 3rd overtone. This indicated significant surface adsorption of
indolicidin with increasing concentration and partial peptide insertion
into the membrane space where lipid molecules had been removed.
The 10 μM indolicidin concentration also resulted in larger ΔD values
and, therefore, the “softest” film compared to other indolicidin concen-
trations. The creation of a “softer” film suggests that the lipid bilayer has
been disrupted, allowing more water to enter the membrane space
since the inserted amount of peptide was probably small compared to
the adsorbed amount of peptide.

The dynamics of indolicidin action on PC membranes as seen from
the ΔD vs. Δf plot (Fig. 8) showed that the rate of peptide attachment
he arrows reveal two distinct processes occurring in themembrane as a result of exposure
layer and (ii) simultaneous decreasing mass and dissipation.



Fig. 7. Frequency and dissipation shifts resulting from indolicidin action on a supported PC bilayer at various peptide concentrations. The differences shown in each overtone indicate that
the processes occurring throughout the membrane thickness are not uniform. The error bars represent the standard deviation based on at least 3 replicate experiments.
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to the bilayer at the beginning of the process was higher than with
alamethicin and chrysophsin-3 discussed earlier. This is revealed by
the substantial separation of data points in the ΔD vs. Δf trace (since
two adjacent frequency data points correspond to some fixed time in-
terval, points separated by long distance indicate a rapid change of fre-
quency compared to a situation where the points are very close to one
another). The plot at 10 μM indolicidin indicated a higher rate of initial
adsorption in the 3rd harmonic (i), followed by a slower loss of mass
from the membrane (ii). Before the membrane stabilized during the 1-
h incubation period with the peptide, the bilayer regained a small
amount ofmass and continued to decrease in dissipation (iii), indicating
that themolecules within themembranewere becomingmore ordered.
The subsequent increases in dissipation andmass (iv) resulted from the
start of buffer flow after incubation with the peptide. The mechanism
then shifted to a loss in mass and dissipation (v) as the membrane lost
weakly attached particles and began to stabilize.
3.5. SMAP-29 exhibits adsorption, insertion, pore formation and presence as
dimer

For SMAP-29, significant changes in frequency or dissipation were
not observed at or below the 1.0 μM concentration (Fig. 9). Between
2 μM and 10 μM peptide concentrations, large frequency decrease and
dissipation increase occurred, thatwere not homogeneous over the var-
ious overtones. The negative shifts in frequency were larger at lower
overtones and the largest Δf values were observed for 10 μM SMAP-
29. These results indicate that more mass was added to the membrane
surface than throughout the membrane thickness, suggesting that pep-
tideswere adsorbing aswell as inserting into thebilayer. Pore formation
is also possible but as the estimates in Table 2 show, the positive fre-
quency change due to pore formation can be more than compensated
by the negative frequency change associated with peptide insertion
and surface adsorption.



Fig. 8. Representative ΔD vs. Δf plots for indolicidin at 0.5, 1, 5, and 10 μM concentrations. The arrows show that the addition of peptide into the membrane (i) is followed by a series of
more complex interactions (ii–v) as time progresses.
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The frequency change for concentrations of 5 μM to 10 μM SMAP-29
was notably large, about −21 Hz at the 3rd overtone. The calculated
maximum free energy changes in Table 2 for SMAP-29 are well below
this value for all states of the peptide considered. Therefore, the large
frequency shifts resulting from exposing the lipid bilayer to these con-
centrations of SMAP-29 require alternate molecular reasoning. The
most likely explanation comes from the possible dimerization of
SMAP-29 because of the formation of disulfide bonds between the ter-
minal cysteine residues attached to the peptide. This phenomenon
was reported previously in a study by Uzarski et al., in which cysteine-
terminated cecropin-P1 peptide formed disulfide bonds, resulting in
peptide dimmers [35]. The peptide dimer could still insert into the
membrane or form a pore in the membrane but a significant portion
of the dimer (almost 30 amino acid residues) would remain exposed
to water on the bilayer surface.

Positive shifts in dissipation indicating a softer membrane were ob-
served for all peptide concentrations with the largest ΔD values record-
ed for the third overtone. We noted that the SMAP dimers inserted into
the bilayer or the dimers forming pores would have a significant part of
them outside the bilayer membrane creating a water filled region
crowdedwith the exposed parts of the dimers. Such amolecular system
wouldmake the effectivemembrane soft or viscoelastic andwould give
rise to the high dissipation changes observed.

The presence of dimerized SMAP-29 molecules could also explain
the fast rate of initial mass attachment (i) to the lipid bilayer at
5–10 μM concentrations (Fig. 10). The membrane became substantially
more viscoelastic upon this mass addition, suggesting that it was
becoming more structurally disorganized. The rate of change slowed
as peptide attachment reached a saturation point around Δf = 18 Hz
for both concentrations and the membrane began to lose mass, while
increasing in viscoelasticity (ii). During the final buffer rinse, the dissi-
pation then continued to increase along with the membrane mass
(iii). This suggests that the mass gain may stem from trapping of some
buffer by the exposed parts of peptide dimer on the bilayer surface
while the increase in dissipation or viscoelasticitymay reflect a structur-
al disorganization of a more hydrated, peptide containing region on the
bilayer surface.
3.6. Comparison of kinetics of peptide–membrane interactions

Wehave used the QCM-D data to estimate some kinetic information
about how the peptides interact with bilayer. The frequency response of
the QCM-D traces show that when the peptide comes into contact with
the bilayer, a significant change in the frequency occurs in the initial
period of contact following time point denoted as t2 in the experiment
(see QCM-D time trace in Supplemental Information Topic S1). The
duration of this initial period as well as the rate of change of frequency
during this initial period are found to be different for the four peptides
(Fig. 11). The duration of change for this initial period of contact is the
smallest for alamethicin and largest for chrysophsin-3 and the other
two peptides have comparable behaviors. The rate of mass or frequency
change in this initial period is the largest for SMAP-29 and smallest for
alamethicin and chrysophsin-3. Indolicidin exhibits an intermediate
rate of change. We observe that the initial interaction times (duration
of initial change) of the four peptides are better differentiated at lower
peptide concentrations whereas the initial interaction rates (frequency
change over time) of the four peptides are better differentiated at the
higher peptide concentrations.

3.7. Calculated peptide molecular structural properties

Key peptide structural properties were calculated to establish a con-
nection between the QCM-D results and the molecular processes they
signify, with the molecular structural features of the peptides. The
most common properties used to differentiate peptides in the literature
are hydrophobicity, charge, and secondary structure. Many numerical
scales of hydrophobicityΦn for each peptide residue n have been devel-
oped in the literature (see Supplemental Material Topic S3). Although
they show some correlation with one another, the numerical measures
can be very different. Therefore they are used more for the purposes of
comparison.Wehave calculated the hydrophobicity of the four peptides
using the normalized consensus scale of Eisenberg and the Urry scale
based on phase inversion and the results are provided in Table 3 [54,
55]. The hydrophobicity of the entire peptide Φ (=∑Φn for all n = 1
to N amino acids considered) and the hydrophobicity per residue N



Fig. 9. Frequency and dissipation shifts resulting from SMAP-29's action on a supported PC bilayer at various peptide concentrations. The non-uniform changes at each overtone indicate
that the interaction mechanism consists of a combination of peptide adsorption and insertion. Error bars represent the standard deviation based on at least 3 replicate experiments.
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(Φ / N) are both shown. For alamethicin containing two unnatural
amino acids, the hydrophobicity of aminoisobutyric acid (U) was
taken to be the average of the chemically similar amino acids, alanine
and valine, and the hydrophobicity for L-phenylalaninol (Z) was taken
to be the same as for phenylalanine.

In the Urry scale that is based on hydrophobic association,
indolicidinwas themost hydrophobic (based both on the entire peptide
and also on a per residue basis) and alamethicin was the least hydro-
phobic, because of the large hydrophobicity estimates for tryptophan
compared to the small estimates for alanine and valine. In the Eisenberg
consensus scale based on various transfer free energies, alamethicinwas
the most hydrophobic while SMAP-29 was hydrophilic, reflecting the
total absence of charge on alamethicin and the presence of 11 charged
groups on SMAP-29.

A second characteristic used for analyzing amino acid sequences of
membrane-related proteins is the hydrophobic moment, a measure of
the amphiphilicity of the peptide. It is calculated for an amino acid
sequence of N residues, with residue n having the hydrophobicity Φn

from the definition,

μH ¼ Φn cos δnð Þf g2 þ Φn sin δnð Þf g21=2 ð4Þ

where δ is the angle (in radians) atwhich successive side chains emerge
from the backbone when the peptide is viewed down its axis. For an
α-helix, this angle is 100°. The hydrophobic moment will be small for
a helix where all residues are evenly distributed about the helix, and
large for the case where most of the hydrophobic residues are on one
side and most of the hydrophilic residues are on the other. Thus, the
hydrophobic moment measures the extent of amphiphilicity of a helix.
Any of the hydrophobicity scales could be used to provide the residue
contributions Φn and we have used the Eisenberg consensus scale for
this purpose. The calculated hydrophobicity moment per residue for
all four peptides is also given in Table 3. The hydrophobic moment is
the largest for alamethicin, indicating its preference for helical



Fig. 10. RepresentativeΔD vs. Δf plots for SMAP-29 at 0.5, 1, 5, and 10 μM concentrations. The spacing between the data points indicates that mass was added to themembrane at a faster
rate than the other peptides, possibly due to the large mass of the dimerized SMAP-29 molecules.

Fig. 11. Initial interaction times and rates for various AMP concentrations. These values
represent the rate of change during the initial stage of contact between the bilayer and
the peptide.
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secondary structure, and is the smallest for indolicidin, indicating the
low probability of a α-helix. Both chrysophsin-3 and SMAP-29 have in-
termediate values of hydrophobicmoment indicating a larger likelihood
of α-helices.

In contrast to the hydrophobicity scales established for amino acids
based on experimental measurements of free energy change of some
relevant processes (discussed in Supplemental Material Topic S3),
methods based on data mining have also been developed to predict
the hydrophobicity and amphiphilicity of polypeptides [56]. Artificial
neural networks were trained on a set of experimentally solved protein
structures to predict properties including the relative surface accessibil-
ity of the amino acids and the probability of having a given secondary
structure. In this approach, a given amino acid does not have a fixed
value for a property but it depends on where the amino acid occurs in
the peptide chain. The solvent accessible surface area (ASA) of amino
acid residues within a native folded protein is calculated by rolling a
sphere the size of a water molecule over the protein surface. For com-
parative purposes, the ASA is transformed into a relative surface area,
which is calculated as the ASA of a given amino acid residue in the poly-
peptide chain, relative to the one where the amino acid is in maximal
possible exposure, with the residue in the center of a tri-peptide be-
tween either glycine or alanine residues. The neural networks were
also trained on the same protein data set to learn the probability of a
secondary structure for each amino acid depending on where it may
occur in a polypeptide.

Using theweb-based tool NetSurfP where these neural network cal-
culations can be implemented, we have calculated and plotted the rela-
tive solvent accessible surface area for the four peptides in Fig. 12 and
the probability of the residue being part of an α-helix in Fig. 13. Since
this neural network learning is based on a protein data set with exper-
imentally solved protein structures, no information on the non-natural
amino acids are available. For the purposes of our calculations, we
have used alanine and valine as replacements for aminoisobutyric acid
and phenylalanine for phenylalaninol while calculating for alamethicin
and have provided two sets of results corresponding to either alanine
(A) or valine (V). The calculated results show a set of amino acids



Table 3
Hydrophobicity and hydrophobic moment of peptides.

Peptide Urry hydrophobicity Eisenberg hydrophobicity Eisenberg hydrophobic moment per residue

For whole peptide Per residue For whole peptide Per residue

Alamethicin −30.7 −1.54 6.22 0.3110 0.3084
Chrysophsin-3 −41.5 −2.08 1.52 0.0762 0.1537
Indolicidin −44.45 −3.42 0.29 0.0223 0.0795
SMAP-29 −40.95 −1.41 −5.25 −0.1810 0.1957
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with larger surface accessibility and a set of amino acids with low sur-
face accessibility for all peptides, suggesting the possibility of amphi-
philic nature for their secondary structures. The fact that such facial
segregationmay not occur for indolicidin is likely due to the small num-
ber of amino acids present in it. The predicted probability of a residue
having α-helical structure shown on Fig. 13 clearly indicates that
alamethicin, chrysophsin-3 and SMAP-29 can all haveα-helical second-
ary structures while indolicidin has a random coil secondary structure
(calculated data for random coils and beta structure are not plotted on
the figure).
3.8. Linking peptide molecular structure to membrane interactions

The calculated structural properties of hydrophobicity, accessible
surface area and probability of α-helical secondary structures as well
as the net charge on the peptide can be related to the molecular scale
descriptions of peptide–membrane interactions derived from QCM-D
measurements. In Fig. 14, we summarize the molecular scale models
for peptide–bilayer interactions by combining the results obtained
from the QCM-D experiments with the insights provided by the
calculated peptide properties.

For alamethicin, the dominantmolecular event suggested byQCM-D
data is pore formation over the range of concentrations studied.
Alamethicin is amphiphilic with α-helical structure as determined by
the calculated hydrophobic moment, relative accessible surface area
and the probability forα-helical secondary structure. It has zero charges
on the surface. It has the largest hydrophobicity among the four
peptides in the Eisenberg scale, which is based on the free energy of
transferwater to a secondbulk phase or to an interface. Thesemolecular
properties of alamethicin all promote its insertion into the bilayer
creating pores, as part of the pore wall separating the lipid tails from
water channels. Further, in the Urry scale which is based on hydropho-
bic association, the hydrophobicity of alamethicin is the smallest. That
would suggest that it is less likely that alamethicin is inserted into the
bilayer either as a single molecule or as an aggregate devoid of water
channel, even though it cannot be ruled out.
Fig. 12. Relative solvent accessible surface area of the amino acid residues in each peptide.
Alanine (A) and valine (V) were used as replacements for aminoisobutyric acid and phe-
nylalanine was substituted for phenylalaninol. These values were calculated using
NetSurfP [56].
For chrysophsin-3, the dominantmolecular events suggested by the
QCM-D data includemembrane insertion and pore formation, aswell as
surface adsorption. Chrysophsin-3 is amphiphilic with α-helical struc-
ture as shown by the calculated hydrophobic moment, relative surface
accessibility and the probability for α-helical secondary structure.
Therefore it is reasonable to expect its presence in the bilayer as a part
of pores, similar to alamethicin. The five charges on chrysophsin-3 can
contribute to attractive charge–dipole interactionswith the zwitterionic
head groups on the PC bilayer, thereby allowing the peptide to also be in
the adsorbed state on the bilayer. At the same time, the charges are con-
centrated near the C-terminus and the rest of the peptide is significantly
hydrophobic asmeasured by both the Urry and Eisenberg scales. Conse-
quently, chrysophsin-3 can also just insert as a single molecule or as an
aggregate into the bilayer.

In the case of indolicidin, the dominant molecular events suggested
by the QCM-D data include surface adsorption and partial insertion into
the bilayer. The peptide is not amphiphilic, does not have the α-helical
secondary structure and is really a random coil. Therefore, indolicidin
does not promote pore formation in the bilayer (at least over the pep-
tide concentration range studied). The low probability of indolicidin
being part of a pore wall separating hydrophobic tails of the lipid from
water channels is also supported by the small magnitude of hydropho-
bicity on the Eisenberg scale. Indolicidin has four charges and has the
largest hydrophobicity, among the four peptides, in the Urry scale
because of the presence of the tryptophan residues. As a result it can
strongly adsorb at the bilayer surface both through the attractive
charge–dipole interactions as well as through hydrophobic association
with the bilayer surface uncovered by the lipid head groups. Further, be-
cause of the hydrophobicity and the coil-like conformation, it can also
partially insert itself into the bilayer.

For SMAP-29, the QCM-D experiments suggest significant surface
adsorption and also pore formation. Also, there was clear indication
that the sample SMAP-29 used which contained a C-terminus cysteine
had dimerized (this would not be relevant in the case of SMAP-29
without the cysteine modification). The calculated hydrophobic mo-
ment, accessible surface area and probability of α-helical secondary
structure are all consistent with the possibility of pore formation with
the peptide being at the pore walls. The large number of 11 charges
Fig. 13. Probability of amino acid residueshaving anα-helical structure. These valueswere
calculated using NetSurfP [56].



Fig. 14. Representative mechanistic models for alamethicin, chrysophsin-3, indolicidin,
and SMAP-29 action on a supported PC membrane. AMPs and lipids are shown in red
and blue, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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on the peptide supports the idea of strong surface adsorption through
attractive charge–dipole interactions as well as hydrophobic associa-
tion. The significantly large mass changes observed in the QCM-D re-
quired consideration of the peptide dimers and could not be explained
if dimerization had not occurred.

3.9. AMP concentrations marking QCM-D signatures span the range for
bacterial inhibition and hemolysis

The AMP concentrations at which the QCM-D experiments showed
peptide induced changes (0.25 μM–10 μM) were within the range of
bacteria-inhibiting and hemolytic concentrations reported for these
AMPs. In theQCM-D experiments, alamethicin exhibited substantial im-
pact on themembrane at concentrations above 1 μM,whichwaswithin
the range of LC50 (50% lethality concentration) values of 1.955 μM and
0.988 μM, respectively [57] reported for invertebratemodels Artemia sa-
lina and Daphnia magna after a 36-h incubation with alamethicin.
Chrysophsin-3, which exhibited measureable changes above 0.25 μM
in the QCM-D experiments has been found to inhibit Bacillus subtilis
ATCC 6633 and Escherichia coliWT-2 bacterial growth at 0.25 μM (min-
imum lethal concentration required to kill 99% of bacteria) and cause
50% hemolysis of human erythrocytes at around 2 μM [22]. Indolicidin
created substantial changes in the PC membranes at concentrations
above 1 μM in the QCM-D experiments that correlated with the Mini-
mum Inhibitory Concentration (MIC) of 1 to 13 μM for various bacteria
and hemolytic concentrations around 10 μM against rat erythrocytes in
the literature [58]. For SMAP-29, MIC values between 0.5 μM and 2 μM
for various bacteria and ~80 μM for 50% hemolysis of human erythro-
cytes have been reported [33]. These concentrations are larger than
the concentrations that led to substantial changes in the PCmembranes
in the QCM-D experiments which could have been due to the dimeriza-
tion of the cysteine containing peptide used.

4. Conclusions

The most interesting conclusion from this study is the recognition
that QCM-D provides many unique signatures or fingerprints to differ-
entiate the action of antimicrobial peptides on lipid bilayer membranes.
Themost obvious and easy to observe fingerprint was the static (actual-
ly the difference between two steady-state conditions which we have
termed “static” for simplicity) net frequency change and net dissipation
change caused solely by the peptide, at different overtones and at differ-
ent peptide concentrations as shown on Figs. 3, 5, 7 and 9. Even if we
had not been able to interpret these data in molecular mechanistic
terms, there is no denying the obvious differences in the signatures
shown by each of the four peptides. A second unique fingerprinting
was provided by the dynamic Δf–ΔD plots, as shown on Figs. 4, 6, 8
and 10. Although not as obvious as the static data, these dynamic data
also showed significant variations in the multistep interactions of the
peptides with the bilayer. A third fingerprint was the data quantifying
the initial stage of contact of the peptide with the bilayer as shown on
Fig. 11. Changes in the membrane occurred quickly in the first stage
followed by a slower process. Both the time duration of this first stage
as well as the rate or intensity of change in this first stage were
peptide-specific. We believe that it may be possible to identify yet
other unique signatures by performing additional data mining of the
rich steady state and dynamic measurements derived from the QCM-D
experiments. By establishing a correlation between these uniquefinger-
prints and peptide molecular properties for a sufficiently large database
of peptide, we could potentially identify and/or design AMPs with good
antimicrobial activity and low hemolytic activity for many biomedical
applications.
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Appendix A. Supplemental material

See supplementalmaterial for typical frequency and dissipation data
obtained from QCM-D experiments (Figure S1). Calculations for the
maximum frequency changes for various peptide interaction modes
are presented and various hydrophobicity scales are also discussed
and compared (SupplementalMaterial Topics S2 and S3). Supplementa-
ry data to this article can be found online at http://dx.doi.org/10.1016/j.
bpc.2014.09.003.
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