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Abstract The increasing prevalence of antibiotic-resis-

tant bacteria is becoming a public health crisis. Antimi-

crobial peptides (AMPs) are a promising solution, because

bacterial resistance is less likely. Quartz crystal microbal-

ance with dissipation monitoring (QCM-D) is a versatile

and valuable technique for investigation of these peptides.

This article looks at the different approaches to the inter-

pretation of QCM-D data, showing how to extract the

maximum information from the data. Five AMPs of diverse

charge, length and activity are used as case studies: caer-

in 1.1 wild-type, two caerin 1.1 mutants (Gly15Gly19-

caerin 1.1 and Ala15Ala19-caerin 1.1), aurein 1.2 and

oncocin. The interaction between the AMP and a 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) mem-

brane is analysed inter alia using frequency–dissipation

plots (Df–DD plots) to ascertain the mechanism of action of

the AMP. The Df–DD plot can then be used to provide a

fingerprint for the AMP–membrane interaction. Building

up a database of these fingerprints for all known AMPs will

enable the relationship between AMP structure and mem-

brane activity to be better understood, hopefully leading to

the future development of antibiotics without bacterial

resistance.
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Abbreviations

AMP Antimicrobial peptide

QCM-D Quartz crystal microbalance with dissipation

monitoring

DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

MPA 3-Mercaptopropionic acid

DMPG 1,2-Dimyristoyl-sn-glycero-3-phospho-rac-

(1-glycerol)

PBS Phosphate buffered saline

AFM Atomic force microscopy

Introduction

There is an urgent need for novel antibacterial drugs. The

Infectious Diseases Society of America estimates that 70%

of bacterial infections acquired in hospitals are resistant to

at least one antibiotic and, in 2002, there were 362,000

estimated cases of antibiotic-resistant infections in US

hospitals (IDSA 2004). Despite the increasing need, the

development of new antibiotics is dwindling. In 2006, only

six antibiotics were in phase 2 or phase 3 clinical trials,
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compared with 313 other drugs (Katz et al. 2006). Anti-

microbial peptides (AMPs) are promising candidates for

the next generation of antibiotics. Generally, they are

selective, act rapidly and have broad-spectrum activity

(Gordon et al. 2005; Shai 2002). Importantly, bacterial

resistance to AMPs is considered ‘‘improbable’’ (Zasloff

2002). The retention of their antimicrobial activity for

millions of years demonstrates such improbability.

Most known AMPs are linear, short (\100 amino acids),

cationic, composed of predominantly hydrophobic residues

(C50%) and unstructured in water, and form amphipathic

a-helical structures in a membrane environment (Powers

and Hancock 2003). AMPs kill bacteria via a diverse range

of mechanisms; for example, they can interact with the

lipid membrane via a ‘pore’ or ‘carpet’ mechanism (Shai

1999). According to the ‘pore’ mechanism, the peptides

span the bilayer perpendicular to the membrane surface and

assemble to form a pore lined by peptides (called ‘barrel-

stave’) or peptides and lipid (‘toroidal’). Conversely, in the

‘carpet’ mechanism, the peptides sit on the bilayer parallel

to the surface with their hydrophobic face embedded into

the hydrophobic core of the membrane. Once a threshold

concentration is reached, the peptides disrupt the bilayer in

a detergent-like manner. Both mechanisms kill the cell by

allowing free diffusion of species into and out of the cell,

either by permeabilising the bilayer or simply destroying it.

AMPs can also act on intracellular targets, leaving the lipid

membrane intact (Shai 2002). Often, AMPs will adopt

more than one of these mechanisms, explaining why the

development of bacterial resistance towards them is so

difficult (Peschel and Sahl 2006).

Three fundamental questions are raised when investi-

gating an AMP: Is it selective for bacteria? Does it have

high activity towards bacteria? And, how does it interact

with the membrane? A wide range of biophysical tech-

niques have been employed to help answer these questions;

for example, solid-state nuclear magnetic resonance

(NMR) (Balla et al. 2004; Marcotte et al. 2003), fluores-

cence spectroscopy (Ambroggio et al. 2005), atomic force

microscopy (Lam et al. 2006; Mechler et al. 2007) and

surface plasmon resonance (Papo and Shai 2003). Quartz

crystal microbalance with dissipation monitoring (QCM-D)

has been the subject of a small number of studies investi-

gating AMPs (Briand et al. 2010; Christ et al. 2007;

Knappe et al. 2010; Mechler et al. 2007; Nielsen and

Otzen 2010; Piantavigna et al. 2009; Sherman et al. 2009).

QCM-D is an attractive technique because it examines the

interaction between an AMP and a biological membrane in

real time and in situ, and provides information about the

mass and structural changes occurring to the membrane

(Mechler et al. 2007). Therefore, using this single instru-

ment, it is possible to answer all three questions posed

above. This study will demonstrate different methods of

presenting the raw data obtained by QCM-D and how these

plots can be interpreted to yield the maximum information

about AMPs.

Principles of QCM-D

In a QCM instrument, an alternating-current (AC) voltage

is applied across a gold-coated quartz chip to cause the chip

to oscillate in shear mode at its fundamental resonance

frequency and harmonics of the fundamental frequency.

This frequency of oscillation is denoted by fn, where n is

the harmonic number. When mass is adsorbed to the gold

surface, the resonance frequency decreases proportional to

the added mass (Sauerbrey 1959). In addition, in a QCM-D

instrument, the driving AC voltage is periodically removed

(about once per second) to measure the energy loss of the

chip into the surrounding environment. The dissipation

factor (D) is calculated from this energy loss according to

the equation (Rodahl et al. 1995)

D ¼ Edissipated

2pEstored

; ð1Þ

where Edissipated is the energy lost during a single oscilla-

tion after removing the driving voltage and Estored is the

initial energy of the chip. A high D means the chip loses its

energy quickly and suggests there is something thick, soft

or loose on the surface; conversely, a low D suggests the

film on the surface is rigid and compact (Rodahl et al.

1997).

Thus, changes in f and D give information about mass

and structure, respectively. In addition, the f and D values

for the different harmonics can provide three-dimensional

information (Mechler et al. 2007). The penetration depth of

the harmonic wave is inversely proportional to the fre-

quency of the wave (Rodahl and Kasemo 1996). Therefore,

higher harmonics probe close to the surface of the quartz

chip, while lower harmonics probe further away from the

surface. The following case studies use the third, fifth,

seventh and ninth harmonics. The fundamental frequency

is not used as, sensing the furthest from the chip surface, it

is very sensitive to flow changes within the cell and thus

gives noisy and unreliable data.

When referring to the ‘mass’ detected by the QCM-D, it

is important to remember that it includes both the dry mass

of the materials on the chip and associated water that is

coupled to the chip due to direct hydration of the materials,

entrapment in cavities in the film or viscous drag (Höök

and Kasemo 2001). This has two notable consequences:

firstly, the mass determined by the QCM-D may be sig-

nificantly larger than the dry mass [even as much as four

times larger, depending on the system (Rickert et al.

1997)]; and, secondly, it will cause an inherent differential

response in the harmonics for thick films, as the third
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harmonic will probe both the film on the chip and the bulk

solution that is coupled to the chip whereas the ninth har-

monic will only probe the film.

In a typical experiment, a 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) ‘bilayer’ is deposited on the gold

surface modified with 3-mercaptopropionic acid (MPA), to

mimic the cell membrane of eukaryotes. Other cell mem-

branes can be mimicked by using different lipid composi-

tions; for example, DMPC/1,2-dimyristoyl-sn-glycero-3-

phospho-rac-(1-glycerol) (DMPG) mimics prokaryotic cell

membranes (Mechler et al. 2007). Bilayer deposition is

achieved by flowing a solution of the liposomes through

the QCM-D cell. The liposomes adsorb and spontaneously

rupture on the MPA surface, forming a lipid bilayer

(Mechler et al. 2009). It is hypothesised that a decrease in

resonance frequency of ca. 15 Hz at the seventh harmonic

corresponds to one complete lipid bilayer (Mechler et al.

2009), so flow is stopped when this value is reached. After

equilibration with phosphate buffered saline (PBS), the

peptide solution is then introduced into the cell. The pep-

tide is left to incubate with the lipid bilayer before being

rinsed with PBS. In all experiments in this paper, the time

window presented begins when the peptide was introduced

into the cell and ends immediately before the PBS rinse

(except for Fig. 6, where the PBS rinse is shown).

Df–DD plot interpretation

Once the QCM-D experiment has been completed, we

commonly use three methods to present and interpret the

data collected. Firstly, Df–t and DD–t plots are prepared,

usually showing one concentration with all harmonics (e.g.

Figs. 3a or 4a). The Df and DD parameters refer to the raw

f and D data at a certain time, normalised by the values at

the start of the experiment (i.e. Dfat time=t = fat time=t -

fat time=0). Secondly, the raw data may be analysed in the

commercial software package QTools (Q-Sense AB, Väs-

tra Frölunda, Sweden) to extract either the Sauerbrey mass

of the film, or its thickness and viscoelasticity by using the

Voigt viscoelastic model (Voinova et al. 1999). Finally,

plots of Df versus DD may be prepared (hereinafter called

‘Df–DD plots’).

Df–DD plots are a unique way of presenting the effect of

a peptide on a lipid bilayer, first introduced by Rodahl et al.

(1997). They essentially show how the structure of the lipid

bilayer changes per unit mass addition. Df–DD plots consist

of a number of discrete points. Each point represents the

value of Df and DD at a particular point in time. Df values

are plotted in reverse on the x-axis (? ? -) in order to

reflect mass increase (i.e. -Df % Dm), and DD values are

plotted on the y-axis (Fig. 1). Thus the point (x, y) corre-

sponds to (Dftime=t, DDtime=t). In Df–DD plots, time is not

an explicit parameter. However, time can be inferred. The

point (0,0) corresponds to time = 0 min, and time increases

following the trace outward from the origin (Fig. 1).

Df–DD plots are useful for a number of reasons. Firstly,

they quickly show the behaviour of the peptide. This will

be explained below. Secondly, they highlight mechanistic

processes. Generally, where there is a change in the

direction of the trace this suggests a different process is

occurring [e.g. (i)–(ii) and (ii)–(iii) in Fig. 1] (Rodahl et al.

1997). Thirdly, kinetic information can be extracted from

the plots. Data points are acquired by the QCM-D every ca.

1 s, thus where the points are spread out the process is

rapid [e.g. (i)–(ii) in Fig. 1], and where the points are

closely spaced the process is slow [e.g. (ii)–(iii) in Fig. 1]

(Rodahl et al. 1997). Finally, the trace can be used as a

fingerprint for the interaction between that peptide with the

membrane. This may enable relationships between peptides

to be discovered. Peptides with similar Df–DD traces have

similar mechanisms of action, which may help us under-

stand which amino acid residues are responsible for that

mechanism and, hence, activity.

To interpret the behaviour of the peptide during each

process, it is useful to draw an arrow beginning at the start

of the process and pointing towards the end of that process

(e.g. for the first process in Fig. 1, the arrow would be

pointing south-east). Next, use Fig. 2 as a guide to ascer-

tain what that arrow indicates. If the arrow is pointing

south, the process is causing the bilayer to become more

rigid; conversely, if the arrow is pointing north, the bilayer

is becoming less rigid. If the arrow is pointing east, the

process adds mass to the bilayer; conversely, if the arrow is

pointing west, there is mass loss from the bilayer. For

example, a south-east arrow suggests an increase in mass

Fig. 1 Example of a Df–DD plot for the addition of a peptide solution

to a lipid bilayer. The behaviour of the third, fifth, seventh and ninth

harmonics are shown (darkest to lightest dots). Connecting lines are

used as a visual aid only. All figures in this paper were prepared using

OriginPro 8 (OriginLab Corp., Northampton, USA)
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with a corresponding increase in rigidity. This paper pro-

vides four case studies to assist in the understanding of this

interpretation process.

Peptides under investigation

Five diverse AMPs will be used as case studies in this

paper: caerin 1.1 wild-type, Gly15Gly19-caerin 1.1,

Ala15Ala19-caerin 1.1, aurein 1.2 and oncocin. The amino

acid sequences of these peptides are provided in Table 1.

Caerin 1.1 is a wide-spectrum antibiotic from the Aus-

tralian green tree frog, Litoria splendida. It has higher

activity against Gram-positive than Gram-negative bacteria

(Wong et al. 1997) and also has antiviral and anticancer

properties (VanCompernolle et al. 2005). The solution-

state structure of caerin 1.1 shows that it forms two

amphipathic a-helices (between Leu2-Lys11 and Val17-

His24) with a central flexible region containing two proline

residues (at positions 15 and 19), which cause the C- and

N-terminal helices to be angled at 105� with respect to each

other, such that it resembles a boomerang (Pukala et al.

2004; Wong et al. 1997).

In Gly15Gly19-caerin 1.1 and Ala15Ala19-caerin 1.1,

the two proline residues have been replaced with two

glycines and two alanines, respectively. The substitution

increases the angle between the two a-helices, making the

peptides more linear, and decreases their flexibility (Pukala

et al. 2004). This results in decreased antibiotic activity,

with the glycine mutant having only intermediate activity

and the alanine mutant being essentially inactive (Pukala

et al. 2004). It is suggested that the kink in the structure of

caerin 1.1 wild-type reorientates the two a-helices such

that there is a continuous hydrophobic and hydrophilic

face; however, as a result of the substitutions, the kink is

significantly reduced in the mutants, causing Lys11 to lie at

the interface of the two faces in Gly15Gly19-caerin 1.1 and

actually project into the hydrophobic face in Ala15Ala19-

caerin 1.1 (Pukala et al. 2004).

Aurein 1.2 is a short AMP secreted by the southern bell

frog, Litoria raniformis. It shows both antibiotic and anti-

cancer activity (Rozek et al. 2000). The solution structure

of aurein 1.2 shows it forms an a-helix with well-defined

hydrophilic and hydrophobic zones (Rozek et al. 2000). It

was hypothesised by Rozek et al. (2000) that aurein 1.2 is

unable to span the lipid bilayer because, with 13 amino

acid residues, it is too short, and thus operates via the

carpet mechanism. This was confirmed by QCM-D results

published by our group (Mechler et al. 2007).

Finally, oncocin (peptide 10) is a novel AMP based on

the native Oncopeltus antibacterial peptide isolated from

Oncopeltus fasciatus (Knappe et al. 2010). Oncocin was

optimised to have high activity against Gram-negative

bacteria, low toxicity towards human cell lines and human

red blood cells and a prolonged biological half-life. Unlike

the other AMPs discussed in this article, oncocin exerts its

antibacterial activity through a non-lytic, bacteriostatic

mechanism. It was demonstrated by Knappe et al. (2010)

that oncocin freely penetrates bacterial membranes, as

evidenced by confocal fluorescence microscopy and

QCM-D.

This research article will analyse the QCM-D data

obtained for the interaction of these five AMPs with

mammalian-like DMPC membranes, showing how Df–DD

plots aid in the interpretation of their mode of action.

The first two case studies for caerin 1.1 wild-type and

Gly15Gly19-caerin 1.1/Ala15Ala19-caerin 1.1 illustrate

how Df–DD plots may be used to determine the individual

mechanistic processes that occur during the interaction

Fig. 2 Interpretative guide for Df–DD plots. North is up, and east is

to the right. See text for explanation

Table 1 Sequence of AMPs

investigated
Name Sequence Ref.

Caerin 1.1 wild-type GLLSVLGSVAKHVLPHVVPVIAEHL-NH2 (Stone et al. 1992)

Gly15Gly19-caerin 1.1 GLLSVLGSVAKHVLGHVVGVIAEHL-NH2 (Pukala et al. 2004)

Ala15Ala19-caerin 1.1 GLLSVLGSVAKHVLAHVVAVIAEHL-NH2 (Pukala et al. 2004)

Aurein 1.2 GLFDIIKKIAESF-NH2 (Rozek et al. 2000)

Oncocin (peptide 10) VDKPPYLPRPRPPRRIYNR-NH2 (Knappe et al. 2010)
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between peptide with the membrane. The last two case

studies for aurein 1.2 and oncocin show two different ways

Df–DD plots can be used to extract additional information,

that is, by comparing them for different concentrations or

by including the buffer rinse that is performed after peptide

incubation.

Case studies

Case study 1: caerin 1.1 wild-type

All experiments in this study were conducted as previously

reported by Mechler et al. (2007). Figure 3a shows the

simplest representation of QCM-D data. The top panel in

Fig. 3a is a Df–t plot, which shows the changes in mass of

the membrane after the introduction of the peptide solution.

The bottom panel (Fig. 3a) is a DD–t plot, which shows

changes in the structure of the membrane. It can be con-

cluded from these plots that, upon interaction of caerin 1.1

wild-type with a DMPC membrane, there is an overall loss

of mass from and a stiffening of the membrane, evidenced

by a positive shift in the Df values at the end of the

experiment with respect to the start and a negative shift in

the DD values.

The Df–DD plot is a complementary method of pre-

senting the data (Fig. 3b). One advantage of the Df–

DD plot is that it highlights the mechanistic processes

occurring during the experiment (Rodahl et al. 1997); for

example, in Fig. 3b there are two distinct turning points in

the trace, which suggests that there are three mechanistic

processes [labelled (i)–(iii) in Fig. 3b].

The first process can be represented by a north-east

arrow [arrow (i) in Fig. 3b], which, according to Fig. 2, is

interpreted as an increase in mass of the membrane with a

corresponding loss of rigidity. In the experiment shown,

this process was very rapid (taking 40 s). However, in

some experiments it is not observed at all, suggesting that it

is a real effect, albeit dependent on variables such as

membrane structure, rather than an apparent effect caused

by a difference in density or viscosity of the peptide

solution being introduced in the QCM-D chamber

(Kanazawa and Gordon 1985). This process corresponds to

the addition of peptide to the membrane, until a critical

concentration is reached.

During the second process, represented by a south-west

arrow [arrow (ii) in Fig. 3b], mass is rapidly lost from the

membrane and it becomes more rigid. This suggests that

caerin 1.1 wild-type disrupts mammalian-like DMPC

membranes. In Fig. 3b the traces of the four harmonics do

not overlap, but rather they are spread out. The third and

fifth harmonics, which probe further from the chip surface,

show the greatest loss of mass, suggesting that more mass

is lost from the top of the membrane (Mechler et al. 2007).

Rapid disruption was observed at peptide concentrations of

C5 lM, with a slow gradual disruption at 2 lM, showing

the potency of this peptide towards DMPC membranes

(data not shown). Its potency is also emphasised by the

speed of membrane disruption, with both processes 1 and 2

taking less than 2 min.

Fig. 3 Interaction of caerin 1.1

wild-type with DMPC

membrane. a Change in Df and

DD with time on introduction of

a 20 lM solution of the peptide

into the QCM-D chamber. The

response of the third, fifth,

seventh and ninth harmonics are

shown (darkest to lightest lines).

Df-time and DD-time plots have

been smoothed using the

Adjacent-Averaging method,

with 20 points of window.

b Corresponding Df–DD plot for

the 20 lM sample. To assist

with interpretation, arrows
representing each distinct

mechanistic process are shown.

The arrows labelled (i)–(iii)

correspond to the first to third

processes, respectively

Eur Biophys J (2011) 40:437–446 441
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Finally, the third process [arrow (iii) in Fig. 3b] involves

very slow mass gain on the higher harmonics with a

continuing increase in rigidity of the membrane. This

process is consistent with a rearrangement of the peptide

and lipid remaining on the chip. During this process there

is no overall change in mass of the film, evidenced by there

being no change in the third harmonic, but mass gain in the

chip surface-sensing higher harmonics. This suggests that

weakly bound material is diffusing from the top of the film

inwards, thus resulting in a more densely packed film with

no overall change in mass.

In summary, caerin 1.1 wild-type disrupts DMPC

membranes. The three distinct processes in this mechanism

(addition, disruption and rearrangement), while not readily

identifiable from the Df–t and DD–t plots, are clearly dis-

tinguished in the Df–DD plot. By including all harmonics

in the Df–DD plot, it is possible to obtain information about

the three-dimensional structure of the lipid membrane. This

conclusion is consistent with solid-state NMR studies,

which have shown that caerin 1.1 wild-type appears to

‘‘partially insert’’ before ‘‘cell lysis’’ in DMPC bilayers

(Marcotte et al. 2003). However, we can now define this

peptide as acting on DMPC by a disruption consistent with

a carpet mechanism. This conclusion differs from our

earlier QCM-D work that suggested that caerin 1.1 wild-

type formed transmembrane pores (Mechler et al. 2007).

One possible explanation for this discrepancy is the pres-

ence of trace amounts of trifluoroacetic acid in the original

peptide sample, which were not present in the sample used

in this study.

Case study 2: Gly15Gly19-caerin 1.1

and Ala15Ala19-caerin 1.1

Fig. 4a shows the Df–t and DD–t plots for Gly15Gly19-

caerin 1.1. Remarkably, when comparing the plots in

Figs. 3a and 4a, it is observed that the Df–t plot in Fig. 4a

resembles the DD–t plot in Fig. 3a. Thus, substitution of

the two proline residues in the wild-type with two glycines

radically changes the behaviour of the peptide. The only

similarity between the interaction of the wild-type and the

mutant peptide with a DMPC membrane is that their

Df–DD plots both indicate a three-stage mechanism

(Fig. 4b). The behaviour of Ala15Ala19-caerin 1.1 is very

similar to that of Gly15Gly19-caerin 1.1, showing the same

Df–DD fingerprint with only slight differences in magni-

tude, hence the QCM-D data is not presented.

In interpreting the Df–DD plot (Fig. 4b) it is useful to

work in reverse, that is, first to understand the overall effect

of the peptide on the membrane, and then to elucidate how

this outcome is reached. Therefore, starting with the third

process [arrow (iii) in Fig. 4b], we note there is an increase

in both mass and energy dissipation. This process corre-

sponds to aggregation of the peptide on the surface. Fig-

ure 4b illustrates this aggregation, as the mass and

dissipation increase is greatest for the third harmonic,

suggesting that there is a non-rigid structure extending high

above the chip surface. Furthermore, this conclusion is

supported by atomic force microscopy (AFM) images,

which reveal that Ala15Ala19-caerin 1.1 forms large

aggregates, some as large as 800 nm in width and 8 nm in

Fig. 4 Interaction of caerin 1.1

mutants with DMPC membrane.

a Change in Df and DD with time

on introduction of a 20 lM

solution of Gly15Gly19-

caerin 1.1 into the QCM-D

chamber. The response of the

third, fifth, seventh and ninth

harmonics are shown (darkest to

lightest lines). Df-time and DD-

time plots have been smoothed

using the Adjacent-Averaging

method, with 20 points of

window. b Corresponding

Df–DD plot for the 20 lM

sample. To assist with

interpretation, arrows
representing each distinct

mechanistic process are shown.

The arrows labelled (i)–(iii)

correspond to the first to third

processes, respectively. c AFM

image of 0.5 lg Ala15Ala19-

caerin 1.1 incubated with a

DMPC membrane in PBS. Image

was processed using the free

software Gwyddion 2.20
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height, on DMPC bilayers (Fig. 4c). Clearly, the substitu-

tions have changed the disruptive mechanism of the wild-

type peptide to a non-disruptive mechanism on DMPC

membranes. Accordingly, Gly15Gly19-caerin 1.1 is a bet-

ter candidate for an antibiotic because it does not disrupt

mammalian membranes, while having the same activity

against certain bacteria as the wild-type, including Bacillus

cereus, Micrococcus luteus and Streptococcus uberis

(Pukala et al. 2004).

To ascertain whether the membrane was causing or

promoting aggregation, Ala15Ala19-caerin 1.1 was added

to an MPA-modified chip without lipid. A similar amount

of peptide added to the surface, but it formed a very

compact structure, as evidenced by a change in DD of

\0.5 9 10-6 and no spreading of the harmonics (data not

shown). Thus, while the membrane is not causing aggre-

gation, it does facilitate the formation of larger and highly

dissipating aggregates.

In the second process [arrow (ii) in Fig. 4b], mass rap-

idly increases with no change in energy dissipation. It is

not uncommon for peptides to bind to bilayers with no

change in dissipation; we have observed this for non-lytic

AMPs, e.g. apidaecin 1a and 1b (Piantavigna et al. 2009)

and oncocin (Knappe et al. 2010). The rationale behind this

is that non-lytic AMPs must be able to freely traverse the

membrane, which requires a low energy for membrane

penetration and thus suggests that changes to the mem-

brane during penetration must be minimised. Thus, during

this second process, peptide is added to the membrane with

little conformation change. Once saturation of the mem-

brane is achieved, the third process commences.

The first process can be represented by a south-west arrow

[arrow (i) in Fig. 4b], which suggests a loss of mass from

the chip surface with a corresponding decrease in energy

dissipation (Fig. 2). This process was observed at all

peptide concentrations and in all experiments involving

Gly15Gly19-caerin 1.1. A similar amount of mass is lost at

all concentrations; however, the mass loss is slower for the

lower concentrations (data not shown). Furthermore, this

process was only observed on interaction with DMPC

membranes and not DMPC/DMPG membranes (data not

shown). This suggests that, similar to the first process for

caerin 1.1 wild-type, this process cannot be attributed to the

difference in density or viscosity of the peptide solution,

otherwise it would be observed in all experiments regardless

of lipid composition and at different magnitudes for the

different peptide concentrations. Clearly, the introduction of

the peptide solution causes an instantaneous structural

change to the membrane. This structural change may expel

water molecules associated to the lipid headgroups, offset-

ting any increase in mass due to peptide addition (Nilebäck

et al. 2010). However, the actual mechanism through which

this is achieved is, at the moment, unclear.

The Df–DD plot again allows us to access mechanistic

information not readily apparent from the individual Df–t

and DD–t plots. For the addition of Gly15Gly19-caerin 1.1

and Ala15Ala19-caerin 1.1 to a DMPC membrane, three

processes are observed. These are consistent with, firstly,

addition of a small amount of peptide to the membrane in a

manner that changes its structure, secondly, addition of

peptide until membrane saturation and, thirdly, further

addition of peptide to the surface of the membrane to form

aggregates.

Case study 3: aurein 1.2

In the previous case studies, the response of the different

harmonics was used to ascertain the mechanism of action

of the peptides. An important additional source of infor-

mation is the behaviour of the peptide over a range of

concentrations. In general, the higher concentrations reveal

the overall mode of action of the peptide (e.g. membrane

disruption, pore formation), while the lower concentrations

elucidate how this mode of action is achieved (e.g. the

orientation of the peptide in the membrane, the effect of

binding on the structure of the membrane) (Mechler et al.

2007). The aurein 1.2 case study provides an illustration of

this strategy. Df–t plots of a low concentration of aurein 1.2

(5 lM) and a higher concentration (10 lM) are shown in

Fig. 5a and c, respectively. The corresponding Df–DD plots

are shown in Fig. 5b and d.

Beginning with the high-concentration sample (Fig. 5c

and d), it is observed that there is essentially one mecha-

nistic process that can be represented by a south-west

arrow, which indicates a rapid loss of mass with a decrease

in energy dissipation (Fig. 2). Thus, aurein 1.2 causes an

instantaneous disruption of the DMPC membrane. Similar

to caerin 1.1 wild-type, the spreading of the harmonics

suggests that more mass is lost from the surface of the

membrane. However, because of the rate of this process, it

is difficult to identify how this disruption proceeds. This is

where the data from the lower peptide concentration

becomes useful.

The low-concentration sample (Fig. 5a and b) causes a

decrease in resonance frequency at the seventh and ninth

harmonics, but an increase in frequency at the third and

fifth harmonics; that is, the harmonics sensing closer to the

chip surface (seventh and ninth) show a mass gain, but

those sensing further away from the surface (third and fifth)

show a mass loss. This could correspond to an addition of

peptide to the membrane, followed by an instantaneous

redistribution of mass from the top leaflet to the bottom

leaflet. However, the third harmonic essentially represents

what is happening to the overall mass of the membrane on

the surface. A redistribution of mass would not cause a

mass loss at the third harmonic, as mass is conserved.

Eur Biophys J (2011) 40:437–446 443

123



An alternative explanation is that aurein 1.2 binds to the

surface of membrane, decreasing the interaction between

the membrane surface and the bulk solution (Mechler et al.

2007). Thus, the third and fifth harmonics indicate mass

loss, because less solution and hence mass is coupled to the

membrane, while the seventh and ninth harmonics indicate

mass gain, because they only sense the membrane, which

has increased in mass due to the addition of the peptide.

This suggests that aurein 1.2 associates with the surface of

the membrane. Therefore, when combined with the infor-

mation extracted from Fig. 5c and d, it can be concluded

that aurein 1.2 acts via a carpet mechanism.

By comparing the Df–DD plots for different concentra-

tions, additional information about the mechanism of

action of the peptide can be obtained, which is not readily

available in either; for example, for aurein 1.2, the high-

concentration Df–DD plot showed that it disrupted the

membrane, and the low-concentration plot showed that it

initially binds to the surface. Together, they thus establish

that the peptide acts via a surface-based carpet mechanism.

Case study 4: oncocin

Df–DD plots can be used to show more than just the initial

addition of peptide to a membrane. Additional experi-

mental steps can also be included in the Df–DD plot. In the

oncocin case study, we have included the buffer rinse that

is performed after peptide addition and incubation (indi-

cated by a star in Fig. 6).

Addition of oncocin to a DMPC membrane reveals a

two-stage mechanism (Fig. 6b). The first process [arrow (i)

in Fig. 6b] corresponds to a rapid insertion of the peptide

into the membrane with no change in dissipation. All

harmonics overlap, indicating that there is an even distri-

bution of peptide throughout the membrane (Mechler et al.

2007). Secondly, after this initial interaction, there is a very

small and gradual increase in energy dissipation with a

small increase in mass [arrow (ii) in Fig. 6b]. This could

correspond to either a further addition of peptide behaving

in a different manner, and/or a rearrangement of the pep-

tide added during process (i); for example, since it is

known that oncocin freely penetrates bacterial membranes

(Knappe et al. 2010), the peptide within the membrane

may have diffused into the small pockets of trapped solu-

tion that exist between the bottom leaflet of the membrane

and the quartz chip surface, increasing the energy

dissipation.

The buffer rinse, indicated by a star in Fig. 6, removes

ca. 50% of the peptide from the membrane. This suggests

that insertion is an equilibrium process. Removing peptide

from the bulk solution causes peptide within the membrane

to diffuse into the solution to compensate. However, this is

not completely reversible. In particular, the increase in

dissipation observed during process (ii) does not change.

Fig. 5 Interaction of aurein 1.2

with DMPC membrane.

a Change in Df with time on

introduction of a 5 lM solution

of the peptide into the QCM-D

chamber. The response of the

third, fifth, seventh and ninth

harmonics are shown (darkest to

lightest lines). b Corresponding

Df–DD plot for the 5 lM

sample. c Df–time plot for a

10 lM sample.

d Corresponding Df–DD plot for

the 10 lM sample. All Df-time

plots have been smoothed using

the Adjacent-Averaging

method, with 20 points of

window
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This reinforces the interpretation that either the peptide has

bound in a manner that irreversibly changed the membrane

structure, or some peptide is trapped at the membrane–chip

surface interface.

In conclusion, including the buffer rinse in Df–DD plots

provides additional information such as the reversibility of

the peptide interaction, which may assist in understanding

its mechanism. In this case study, the non-lytic mechanism

of oncocin was established by two observations; firstly, the

due-east arrow in the Df–DD plot and, secondly, the loss of

peptide during the buffer rinse.

Conclusions

QCM-D can screen potential AMPs for activity towards a

variety of membranes and hence determine their selectiv-

ity; for example, in case studies 1 and 2 it was concluded

that caerin 1.1 wild-type disrupts mammalian membranes,

while the mutants do not. Membrane choice is almost

limitless, with even complex cell membranes being mim-

icked in QCM-D [e.g. the stratum corneum membrane of

the epidermis (Lee et al. 2009)]. QCM-D can determine the

relative potency of the AMP, by determining what con-

centration of peptide is required for membrane disruption

or pore formation. Importantly, QCM-D can investigate the

mechanism of action of the AMP. Both mass and structural

changes to the membrane are detected with time resolution

of seconds; for example, the first mechanistic process in

case study 2 was over in 15 s. Therefore, QCM-D is a

versatile and valuable technique for investigation of AMPs.

The Df–DD plot is a useful analytical tool to interpret

QCM-D results. This paper has showcased how it can be

used to elucidate potential mechanisms for five AMPs with

diverse activity. By including all the harmonics in the Df–

DD plot it is possible to ascertain where the disruption is

occurring (a differential response of the harmonics suggests

mass loss is occurring at the surface, e.g. case studies 1 and

3), or whether there is aggregation on the membrane (a

large energy dissipation at the third harmonic suggests the

formation of aggregates, e.g. case study 2). By comparing

the Df–DD plots for different concentrations, a more

complete understanding of the mechanism can be achieved

(e.g. case study 3). Finally, including additional steps in

the Df–DD plot, such as the buffer rinse, gives information

about the reversibility of the peptide interaction (e.g. case

study 4). Other biophysical techniques can then be used to

refine the model.

Furthermore, once the Df–DD plot has been used to

determine the mechanism of action, it then becomes a

fingerprint for that peptide. AMPs with similar Df–DD

plots have similar mechanisms. Therefore, the Df–DD plot

allows classification of peptides based on their activity

towards different membranes. This can lead to a greater

understanding of AMPs and, as a result, the development

of better antibiotics in the future.

Fig. 6 Interaction of oncocin with DMPC membrane. a Change in

Df and DD with time on introduction of a 15 lM solution of the

peptide into the QCM-D chamber. At the time point indicated by a

star, the chamber was flushed with buffer at 300 ll min-1. The

response of the third, fifth, seventh and ninth harmonics are shown

(darkest to lightest lines). Df-time and DD-time plots have been

smoothed using the Adjacent-Averaging method, with 20 points of

window. b Corresponding Df–DD plot for the 15 lM sample. To

assist with interpretation, arrows representing each distinct mecha-

nistic process are shown. The arrows labelled (i) and (ii) correspond

to the first and second processes, respectively, and the arrow marked

with a star corresponds to the buffer rinse
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Rodahl M, Höök F, Krozer A, Brzezinski P, Kasemo B (1995) Quartz

crystal microbalance setup for frequency and Q-factor measure-

ments in gaseous and liquid environments. Rev Sci Instrum

66:3924–3930
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