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ABSTRACT: Skin secretions of numerous Australian tree frogs contain antimicrobial peptides that form part of
the host defense mechanism against bacterial infection. The mode of action of these antibiotics is thought to
be lysis of infectious organisms via cell membrane disruption, on the basis of vesicle-encapsulated dye leakage
data [Ambroggio et al. (2005) Biophys. J. 89, 1874-1881]. A detailed understanding of the interaction of
these peptides with bacterial membranes at a molecular level, however, is critical to their development as
novel antibacterial therapeutics. We focus on four of these peptides, aurein 1.2, citropin 1.1, maculatin 1.1, and
caerin 1.1, which exist as random coil in aqueous solution but have R-helical secondary structure in membrane
mimetic environments. In our earlier solid-state NMR studies, only neutral bilayers of the zwitterionic
phospholipid dimyristoylphosphatidylcholine (DMPC) were used. Deuterated DMPC (d54-DMPC) was used
to probe the effect of the peptides on the order of the lipid acyl chains and dynamics of the phospholipid
headgroups by deuterium and 31P NMR, respectively. In this report we demonstrate several important differences
when anionic phospholipid is included in model membranes. Peptide-membrane interactions were characterized
using surface plasmon resonance (SPR) spectroscopy and solid-state nuclear magnetic resonance (NMR)
spectroscopy. Changes in phospholipid motions and membrane binding information provided additional insight
into the action of these antimicrobial peptides. While this set of peptides has significant C- and N-terminal
sequence homology, they vary in their mode of membrane interaction. The longer peptides caerin and maculatin
exhibited properties that were consistent with transmembrane insertion while citropin and aurein demonstrated
membrane disruptive mechanisms. Moreover, aurein was unique with greater perturbation of neutral versus
anionic membranes. The results are consistent with a surface interaction for aurein 1.2 and pore formation
rather than membrane lysis by the longer peptides.

Antibacterial peptides are widely distributed in nature with
several hundred antimicrobial peptides characterized to date,
and their sequences are available together with a compre-
hensive list of reviews and publications (1–3). The majority
of antibacterial peptides appear to act by permeabilisation
of the target membrane (4–6), which could lead to their
development as novel therapeutic agents, in particular, those
that preferentially lyse bacterial cell membranes. Therefore,
understanding the mechanistic properties of antibacterial
peptides and the factors that govern selectivity is of consider-
able interest.

The most abundant and well-studied antibacterial peptides
are linear helical peptides, which are generally short (<40
residues), cationic, and adopt amphipathic R-helical structures
in membrane environments, e.g., cecropins, magainins, and
melittin (7). Several models have been proposed to describe
how these helical peptides disrupt bacterial membranes, of

which the “pore” and “surface interaction” mechanisms are
the most common. In the barrel-stave model of the pore
mechanism, peptides aggregate at the membrane surface
before inserting into the membrane and forming a trans-
membrane pore (6, 8). An alternative to the barrel-stave
model, where the lumen of the pore is lined by the peptides,
is the “toroidal pore” where both peptides and the phospho-
lipid headgroups line the pore (9, 10). The carpet model is
an example of a surface interaction mechanism where
peptides assemble parallel to the membrane surface and form
a detergent-like monolayer (5, 6). Notwithstanding the mode
of action, ultimately the disruption of normal membrane
function results in cell lysis.

The skin secretions of numerous Australian tree frogs
contain antimicrobial peptides (AMP),1 which cause cell lysis
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(11). We have chosen to study the peptides aurein 1.2 (13
residues), citropin 1.1 (16 residues), maculatin 1.1 (21
residues), and caerin 1.1 (25 residues), which have potential
applications in the fight against bacterial infection. These
peptides are unstructured in water and form amphipathic
R-helical structures in trifluoroethanol (TFE)/water, in dode-
cylphosphocholine micelles, and with phosphatidylcholine
(PC) vesicles (11–14). The sequences and structures of the
peptides are shown in Table 1 and Figure 1. These peptides
are effective against a range of Gram-positive bacteria,
including pathogenic species, and cause disruption of bacte-
rial cell membranes (15).

The longer peptides, maculatin and caerin, are capable in
principle of inserting into the membrane with transmembrane
orientation, as their membrane-induced R-helical lengths are
long enough to span the bilayer (11, 13). These peptides have
one and two proline residues, respectively, which create a
kink in the structure, and may be crucial to membrane
interaction. By contrast, aurein and citropin are too short to
span a bilayer and thus are more likely to have a surface
orientation or partially insert (11, 12, 16) and act as a
detergent to disrupt the membrane (12).

Model membrane systems have been used to study the
effects of these cationic AMP from amphibians (11, 12, 14,
16–20). In our earlier solid-state NMR studies (14, 16),
neutral bilayers of the zwitterionic phospholipid dimyris-
toylphosphatidylcholine (DMPC) were used. Deuterated
DMPC (d54-DMPC) was used to probe the effect of the
peptides on the order of the lipid acyl chains and dynamics
of the phospholipid headgroups by deuterium and 31P NMR,
respectively. In this report we demonstrate several important
differences when anionic phospholipid is included in model
membranes. The net negative charge introduced at the vesicle
surface by incorporation of dimyristoylphosphatidylglycerol
(DMPG) with DMPC better mimics the electrostatics of
negatively charged bacterial membranes (21) in contrast to
eukaryotic cells, which could clearly be an important aspect
of cationic antibacterial peptides selectivity. In this study,

we report how these AMPS interact with anionic membranes
of DMPC/DMPG (2:1) using solid-state NMR and surface
plasmon resonance (SPR) spectroscopy (22) to characterize
peptide-membrane interactions. The peptide concentrations
used for NMR were high, equivalent to our earlier work using
neutral bilayers for which little effect was observed, while
the concentrations used for SPR were chosen to be in the
range that kills bacteria and lyses model membranes. The
combination of solid-state NMR and SPR techniques as
applied here to model membrane bilayers provides insight
into the mechanism by which AMP interacts with the
bacterial membrane.

MATERIALS AND METHODS

Preparation of Phospholipid NMR Samples. DMPC, d54-
DMPC, and DMPG, were purchased from Avanti Polar
Lipids (Alabaster, AL) and used without further purification.
Two lipid systems were prepared: a pure DMPC lipid system
(DMPC/d54-DMPC, 1:1 mol ratio) and a mixed lipid system
(DMPC/d54-DMPC/DMPG, 1:1:1 mol ratio). Phospholipids
were dissolved in ∼1 mL of chloroform/methanol (9:1), and
a rotary evaporator was used to form a thin film on a 50 mL
round-bottom flask. Samples were placed at high vacuum
overnight to remove any trace amounts of solvent.

Preparation of Peptide-Lipid NMR Samples. Peptides
were purchased from Mimotopes Ltd. (Melbourne, Australia)
with the purity of >90% and used without additional
purification. The peptides, aurein 1.2 (0.7 mg), citropin 1.1
(0.8 mg), maculatin 1.1 (1.02 mg), and caerin 1.1 (1.2 mg),
were dissolved in 75 µL of 10 mM 3-(N-morpholino)pro-
panesulfonic acid (MOPS) buffer and vortex mixed to assist
solubility. Salt was not included in the buffer to minimize
electric field heating effects under RF pulsing during
subsequent NMR experiments. The peptide-buffer solutions
were used to hydrate dried lipid mixtures to a final 10:1 lipid/
peptide molar ratio. Upon complete suspension of lipid, the
peptide-lipid mixture was submitted to five cycles of
freeze-thaw, centrifuged, and transferred to a 5 mm NMR
rotor.

Solid-State NMR Experiments. SS-NMR experiments were
performed on a Varian (Palo Alto, CA) Inova-300 spec-
trometer using a 5 mm HX AutoMAS (Varian) probe. Static
2H and 31P spectra were collected at 30 °C for each of the
peptides in the different lipid compositions. Static deuterium
spectra were carried out 46.09 MHz using a quadrupolar-
echo pulse sequence (23). The operating parameters included
3.8 µs 90° pulses, 40 µs echo delay, and 0.5 s recycle delay.
Spectra were collected with an incomplete final echo delay
and 500 kHz spectral width such that left shifting followed
by downsampling allowed for Fourier transformation at the
top of the echo. Typically 120K scans were collected, and
100 Hz exponential line broadening was applied. “De-

Table 1: Amino Acid Sequence of Antibacterial Peptides from Australian Tree Frogs (11, 12) Used in This Studya

peptide amino acid sequence MW AA net charge

aurein 1.2 GLFDII----KKIA--------ESF-NH2 1478 13 +1
citropin 1.1 GLFDVI----KKVA-SVI----GGL-NH2 1613 16 +2
maculatin 1.1 GLFGVL---AK-VAAHVVPAIAEHF-NH2 2145 21 +3
caerin 1.1 GLLSVLGSVAKHVLPHVVPVIAEHL-NH2 2582 25 +4

a Approximate alignments highlight potential structural or mechanistic determinants. Nonhydrophobic residues (except glycine) are underlined.

FIGURE 1: NMR-derived structures of selected antimicrobial frog
peptides in TFE/water: (a) aurein 1.2, (b) citropin 1.1, (c) maculatin
1.1, and (d) caerin 1.1 (11, 13).
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Pakeing” of deuterium spectra and calculation of order
parameters was performed as previously described (24, 25).

Static 31P NMR spectra were collected at 121.5 MHz using
a Hahn echo sequence pulse with proton decoupling to allow
for correct preacquistion delays, which obviates the need to
set nonzero linear phase corrections. The operating param-
eters were 5.8 µs 90° pulse followed by a 62 µs total Hahn
echo time, and 12K scans were acquired and processed with
100 Hz exponential line broadening.31P relaxation experi-
ments were carried out under magic angle spinning
(MAS) (26, 27) at 6.25 kHz. T1 relaxation times were
measured using the inversion recovery pulse sequence with
a recycle delay of 4 s and variable delay (τ) values between
0.03 and 3.5 s. T2 relaxation times were measured with a
Hahn spin-echo experiment with total echo delay (τ) values
between 0.64 and 24 ms using integer multiples of the rotor
period.

Relaxation times in the pure DMPC system were found
by fitting peak intensities to single exponential equations
using Gnuplot (28). Two overlapping peaks in the DMPC/
DMPG mixed system were deconvoluted using Gnuplot (28)
by fitting the spectra to a sum of two Lorentzian lines of the
form

f(ν))Σi

Αi

1.0+ [2(ν- µi)

∆i
]2

where Ai is the maximum amplitude, ν is spectral frequency,
µi is the center of the Lorentzian line, and ∆i is the full-
width half-maximum of the component. The values of µi and
∆i were fixed for each sample following inspection of the
spectra from the shortest echo time in the T2 experiment and
the shortest and longest relaxation delays in the T1 experi-
ment. The optimized maximum amplitudes Ai of the indi-
vidual “major” and “minor” peak components (Figure 2) for
each delay time were individually fit to single exponential
decays to determine relaxation times for the two components
that comprise the signal.

Preparation of SPR Samples. DMPC was dissolved in
chloroform, and DMPG was dissolved in a mixture of
chloroform/methanol (3:1 v/v) to create individual stock
solutions of 5 mM. These stock solutions were then aliquoted
out in the desired ratios: DMPC and DMPC/DMPG (2:1 v/v)
into clean tubes. The solvent was then evaporated under a
gentle stream of N2 and vacuum desiccated overnight. Prior

to experiments, lipids were resuspended in 10 mM MOPS
buffer (pH 6.9) with 150 mM NaCl (29) and vortexed to
give a concentration of 1 mM. The resultant lipid dispersion
was then sonicated with a bath-type sonicator until clear.
The lipid solutions were extruded through a 50 nm pore
diameter polycarbonate membrane to form the appropriate
size liposomes for the sensor chip. Peptide solutions (0.1
mM) were prepared by dissolving aurein 1.2, citropin 1.1,
maculatin 1.1, and caerin 1.1 in 10 mM MOPS plus 150
mM NaCl buffer. These solutions were sonicated to assist
solubility and then filtered and diluted to 1, 5, 10, and 20
µM.

SPR Experiments. SPR experiments were carried out with
a Biacore T100 analytical system with on L1 sensor chip
(Biacore, Uppsala, Sweden). The system was cleaned using
the “desorb and sanitize” protocol with a maintenance chip
and then allowed to run overnight with water. The L1 chip
was docked and first washed with an injection of 5 µL of 20
mM nonionic detergent, 3-[(cholamidopropyl)dimethylam-
monio]-1-propanesulfonate (CHAPS), at a flow rate of 5 µL/
min to clean the chip surface. The extruded lipid solutions
were then applied to all four flow cells on the chip surface
simultaneously with injections of 80 µL at a low flow rate
of 2 µL/min. To remove any mutilamellar structures from
the lipid surface and to stabilize the baseline, 30 µL of 10
mM NaOH was injected at 50 µL/min. The peptide solution
(100 µL) was then injected onto the model membrane surface
at a flow rate of 30 µL/min, having a total injection time of
200 s. On completion of injection, buffer flow continued to
allow a dissociation time of 600 s. CHAPS was then injected
(5 µL at 5 µL/min) to clear the chip of any material. All
binding experiments were carried out at 30 °C. All solutions
were freshly prepared, degassed, and filtered through a 0.2
µm filter. Each sample was run in duplicate.

RESULTS
31P and 2H solid-state NMR techniques have been applied

to investigate the interaction between AMP and bilayer
membranes (7, 30, 31) and were used to probe changes in
phospholipid motion and conformation over a range of time
scales.

2H Static Solid-State NMR. 2H NMR experiments were
performed to determine if the peptides disrupted the lipid
acyl chains, where an increase in quadrupole splitting
indicates an increase in acyl chain order. The outermost
splitting of the 90° edge for the CD2 of pure DMPC bilayers
was 29.9 ( 0.1 and 3.8 ( 0.1 kHz for CD3. DMPC samples
with peptide showed little change in splitting, with the
exception of citropin (Table 2), where the CD2 splitting
decreased slightly, indicating that citropin 1.1 disordered the
acyl chains of the bilayer but not the terminal methyl. Aurein

FIGURE 2: 31P MAS NMR spectrum of DMPC/DMPG (2:1) bilayers
with aurein 1.2. The filled squares are the experimental data, and
the solid lines are two Lorentzian functions that are summed to
give the line shape and used to determine the peak intensities.

Table 2: Effect of Peptides on 2H Quadrupolar Splitting of DMPC and
DMPC/DMPG Bilayers

DMPC DMPC/DMPG (2:1)

peptide
CD2

(kHz)
CD3

(kHz) peptide
CD2

(kHz)
CD3

(kHz)

control 29.9 3.8 control 27.1 3.2
aurein 1.2 30.3 4.1 aurein 1.2 29.2 3.4
citropin 1.1 28.6 3.8 citropin 1.1 29.9 3.8
maculatin 1.1 30.1 3.8 maculatin 1.1 29.9 3.8
caerin 1.1 29.9 3.9 caerin 1.1 29.2 3.6
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1.2, maculatin 1.1, and caerin 1.1 showed little change in
the CD2 and CD3 splitting, which indicated weak interaction
with the neutral phospholipid membranes.

Deuterium NMR spectra of perdeuterated lipid acyl chains
produce a complex line shape, the sum of individual Pake
powder patterns from each CDn position (26, 27, 32, 33).
“De-Pakeing” of the spectrum (23) derives a measure of the
segmental dynamics or the order parameter profile for all
CDn positions down the acyl chain and may reveal changes
in the membrane structure and dynamics upon the introduc-
tion of peptide. Acyl chain order parameters in the pure
DMPC lipid system control were 0.23 at the CD2 closest to
the membrane surface and 0.03 at the terminal CD3 in the
membrane interior (Figure 3). All four peptides had little
impact on these order parameters. In the DMPC/DMPG (2:
1) lipid system, the PG headgroup decreased the DMPC acyl
chain order by 9% at the CD2 closest to the surface and 22%
at the terminal CD3. Each of the peptides increased the
deuterated DMPC acyl chain order within the mixed lipid
system to a state similar to that in the pure DMPC control
vesicles, albeit less so for aurein 1.2 particularly at the
terminal CD3. Full order parameter profiles (Figure 3)
indicate that the DMPC ordering effect of citropin 1.1,
maculatin 1.1, and caerin 1.1 in DMPC/DMPG extends
through the full length of the chain. Aurein, however,
appeared to significantly order DMPC in the mixed lipid
system only down through C9 of the acyl chain. The ordering
effect of the peptides on DMPC in the mixed lipid system,
however, may be indirect: by taking a truly mixed lipid
system and actively segregating DMPG out of the mixture,
DMPC-enriched domains could be formed which experience
similar fluctuations to pure DMPC.

31P Static NMR. Static 31P NMR of unoriented phospho-
lipid liposomes results in a powder pattern with a chemical
shift anisotropy (CSA). In liquid-lamellar phase membranes,
due to fast axial rotation of lipids, the CSA is axially
symmetric with an overall width that depends on the 31P
headgroup orientation and disorder (33–38). The static 31P
line shape, therefore, is used to probe perturbations to
headgroup orientation and dynamics on the 10-4 s time scale.
The 31P static powder patterns of DMPC bilayers showed a
significant drop of 4-10 ppm in CSA with the addition of
all peptides (Table 3). The decrease in CSA indicates that

the peptides are disordering the DMPC headgroups and/or
altering their orientation, with caerin 1.1 having the least
effect. In the DMPC/DMPG (2:1) lipid system, the CSA
widths in Table 3 are an aggregate of both DMPC and
DMPG; the PG headgroup decreased the overall CSA width
by 13% relative to pure DMPC. This corresponds to a
headgroup orientation more parallel to the bilayer in the
presence of PG and/or an increase in headgroup disorder on
the ∼10-4 s time scale to complement the disorder noted
above for the acyl chains on the ∼10-5 s time scale. In
contrast to the pure DMPC system, the peptides had only
slight further influence on headgroup conformation and/or
disordering effect for the DMPC/DMPG bilayers.

31P Relaxation Studies. Measurement of 31P T1 and T2

relaxation times are used to characterize intensity of fluctua-
tions on the fast (10-9 s) and slow (10-3 s) time scales,
respectively (39–41). Changes in T1 upon addition of AMP
indicate changes in individual lipid dynamics, whereas
changes to T2 indicate changes in collective membrane
motions. In pure DMPC lipid systems, all peptides increased
dynamics on both the 10-9 and 10-3 s time scales, dominated
by fast fluctuations of individual lipid headgroups and slow
fluctuations of the anisotropic chemical shift tensor under
collective bilayer motions, respectively. Figure 4a shows that
citropin 1.1, maculatin 1.1, and caerin 1.1 had similar effects
on the fast lipid motions (decrease in T1), but aurein 1.2 had
even more effect, indicating that it may interact with neutral
bilayers in a different manner to the other peptides. Figure
4b indicates that both aurein 1.2 and maculatin 1.1 increased
collective bilayer motions to a similar extent, roughly halving
the T2 relaxation time, while citropin 1.1 and caerin 1.1 had
less effect on these dynamics.

The 31P MAS spectra revealed two components from the
DMPC/DMPG (2:1) samples (Figure 2). Several aspects of
these experiments suggest that the major peak corresponds
to DMPC and the minor to DMPG: the major and minor
peaks were upfield and downfield of 0 ppm, respectively (24);

FIGURE 3: Order parameters of the 2H acyl chains in DMPC bilayers
(9) and DMPC/DMPG bilayers (b) with aurein (∆), citropin (]),
maculatin (3), and caerin (O).

Table 3: Effect of Peptides on 31P CSA of DMPC and DMPC/DMPG
Bilayers

peptide
DMPC 31P
CSA (ppm) peptide

DMPC/DMPG (2:1)
31P CSA (ppm)

control 47.9 control 41.5
aurein 1.2 40.6 aurein 1.2 40.3
citropin 1.1 37.8 citropin 1.1 38.1
maculatin 1.1 37.8 maculatin 1.1 40.2
caerin 1.1 43.8 caerin 1.1 39.9

FIGURE 4: Effect of peptide addition on 31P relaxation times: (a,
top) T1 and (b, bottom) T2 of DMPC bilayers. The error bars
represent the range of values calculated using Gnuplot (28).

8560 Biochemistry, Vol. 47, No. 33, 2008 Gehman et al.



deconvolution of major and minor components indicates that
they were present in approximately 2:1 proportion; and the
intensities of each peak fit well to single exponential curves
in both T1 and T2 experiments. The peptides affected each
phospholipid component within the mixed membrane system
to different degrees. The AMP generally decreased both T1

and T2 relaxation times of both DMPC and DMPG, indicating
a general tendency to influence lipid and membrane dynamic
modes such that fluctuations increase on both fast and slow
time scales. Most notable is the dramatic reduction in T1 and
T2 for both lipid components by citropin 1.1 (Figure 5). An
interesting exception to the trend is maculatin 1.1 with an
increase in T1 by about 10% for the major lipid component,
i.e., an apparent reduction in intensity of fast motions for
DMPC headgroups, while displaying an increase in fast
fluctuations for the DMPG headgroups. Both aurein 1.2 and
caerin 1.1 affected phospholipid motions but not to the extent
of citropin 1.2 and, like maculatin 1.1, indicated a preferential
interaction with the anionic lipid.

Surface Plasmon Resonance Spectroscopy. SPR spectros-
copy is a mass sensitive technique that measures the change
of adsorbed mass at the sensor surface in real time (22, 42).
Changes in mass are detected on a gold-coated surface of a
sensor chip by changes in the refractive index of the reflected
polarized light, which is shone onto the gold surface. The
vesicle capture sensor chip has dextran modified matrix
molecules on the surface that allow binding of liposomes
(22) to mimic a fluid bilayer membrane. A change in the
refractive index due to material being added or removed from
the chip is proportional to the change in mass, which results
in a sensorgram of response units (RU) versus time. A typical
sensorgram shows a response, which increases and reaches
a plateau some point after injection and decreases quite
rapidly after the chip is washed to remove material. SPR
sensorgrams can show the strength of association and
dissociation on the chip surface of AMPs (22).

SPR of DMPC Bilayers. The peptides were introduced to
the two lipid systems at concentrations of 1, 5, 10, and 20
µM, with the higher concentrations similar to the reported
minimum inhibitory concentration (MIC) against bacteria
(11). The sensorgrams of each peptide binding to the pure
DMPC lipid system are shown in Figure 6 and indicate that
each of the peptides demonstrated rapid initial binding to
the model membrane.

In addition, the response was also proportional to peptide
concentration with one exception. At the highest concentra-
tion, a sharp drop in response occurred soon after the

introduction of aurein 1.2, which was followed by a sharp
drop again at the end of the association phase. The abrupt
drop in response (approximately 3500 RU) after the associa-
tion to RU below the original baseline indicates loss of
membrane material from the surface and demonstrates that
aurein 1.2 rapidly bound and ruptured the membrane which
was then stripped off the surface of the L1 chip. The lower
concentrations did not show such a dramatic effect but
appeared also to exhibit some lipid dissociation simultaneous
with peptide association. Regardless of concentration, aurein
1.2 displayed strong interactions and significant lysis or loss
of DMPC bilayers.

The sensorgrams of citropin 1.1 with DMPC gave proto-
typical curves, with the response proportional to peptide
concentration (4300 maximum RU). While citropin 1.1
appeared to bind very strongly to the membrane, with a
significant amount of peptide still bound to the membrane
in the dissociation phase, no loss of bilayer was evident.

The profile of the maculatin-DMPC sensorgrams during
association indicates that maculatin 1.1 did not disrupt the
bilayer to any significant extent. While the 20 µM sample
had a RU of 2000, there was a gradual drop in RU at 5 and
10 µM. The dissociation phase showed a short immediate
drop in material followed by rapid decline toward baseline,
indicating that a small amount of material was being taken
off the membrane. The differences in the curves indicate that
the binding mechanism of this peptide is dependent on
concentration.

The caerin-DMPC sensorgram showed a similar degree
of binding to that observed for maculatin 1.1, with a
comparable maximum response of ∼2400 RU at 20 µM. The
effect of caerin 1.1 was also concentration dependent but
not linearly proportional to concentration and suggests the
binding was approaching saturation at 20 µM. Caerin
appeared to behave similar to maculatin 1.1 and did not
fundamentally disrupt bilayer integrity as lipid mass was not
clearly stripped from the L1 surface.

SPR of DMPC/DMPG Bilayers. The sensorgrams showing
the binding of peptides to the mixed DMPC/DMPG lipid
system are shown in Figure 7. Aurein 1.2 had a similar affect
on the DMPC/DMPG membrane as for the pure DMPC
system, but the association response (4200 RU) was higher.
In DMPC with aurein, lipid mass appears to be lost with a
very fast initial drop in RU at 20 µM, whereas this effect
was seen in the mixed bilayers at 10 µM and not 20 µM.
This suggests that aurein 1.2 may have a preference for a
negatively charged environment. Rupturing or loss of the
membrane occurred almost immediately after peptide intro-
duction into the flow cell.

There was a lower response of citropin 1.1 with DMPC/
DMPG (2500 RU) in comparison to the DMPC system (4300
RU), and binding is related to concentration. However, there
was a significant degree of peptide that remained bound to
the membrane after washing, and the orientation of this
strongly bound citropin is such that it does not cause
rupturing of the membrane.

The sensorgrams show that, for maculatin 1.1 with DMPC/
DMPG, the binding step competes with a partial rupturing
process of the membrane. Maculatin 1.1 may have an
optimum range for lytic activity, as it appeared to affect the
membrane to a similar extent in the 5-10 µM range. Material
was removed from the chip surface after a maximum

FIGURE 5: Effect of peptide on 31P relaxation times of DMPC (black)
and DMPG (white): (a, top) T1 and (b, bottom) T2 in DMPC/DMPG
bilayers. The error bars represent the range of values calculated
using Gnuplot (28).
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association response of 2000 RU, which was the same as
for DMPC. Comparison of the interaction of the peptide in
the two different lipid systems demonstrates a preference
for DMPG since maculatin led to greater disruption of the
mixed lipid system.

Like maculatin, caerin 1.1 had a similar response value
for both the DMPC and DMPC/DMPG systems (2000 RU)
with less difference in the peptide interactions between the
two lipid systems. However, in contrast to maculatin, caerin
1.1 did not show any evidence of membrane rupture, and
the binding approached saturation at 20 µM. A significant
amount of peptide remained associated with the bilayer
following the wash, which suggests that caerin 1.1 embeds
in the bilayer in such a way that does not destroy the
membrane.

DISCUSSION

Antimicrobial peptides derived from the skin secretions
of Australian tree frogs may provide valuable leads as a new
class of antibiotics against infectious microbes based upon
selectivity of prokaryotic versus mammalian cell membranes.
Previous studies (11) have shown that aurein 1.2, citropin
1.1, maculatin 1.1, and caerin 1.1 are effective against Gram-
positive bacteria and are only weakly hemolytic.

The sequence of each peptide is amphipathic and with a
pattern which places hydrophilic residues roughly along a
common face of a helix (Table 1). Approximate alignment
of these four peptides indicates homology at the N-terminus,
middle, and C-terminus of the peptides, with insertion of
roughly one additional helical turn on going from aurein to
citropin to maculatin to caerin. The persistence of the
amphipathic pattern suggests that all four peptides may
interact with membranes in the interfacial region at the
bilayer surface. The rough conservation of register between
homologous sequence regions in each of the four peptides

further suggests that these common regions may be the
determinants that govern a common topology and membrane-
disruptive mechanism.

With the additional helical turns relative to aurein and
citropin, maculatin and caerin become in principle long
enough to span a membrane bilayer, which must also,
therefore, be considered. Some sequence characteristics of
maculatin 1.1 and caerin 1.1, however, argue against the
proposition that these peptides adopt a transmembrane
topology. First, the kink introduced by prolines in the
R-helical structure of maculatin 1.1 in 50% TFE (43), and
caerin 1.1 in 50% TFE (44) and DPC micelles (45), is
energetically costly owing to the disruption in hydrogen
bonding (46) known to be critical in stable transmembrane
R-helical structure. Proline, though, is common in trans-
membrane helices: of 199 transmembrane helices known to
high resolution, only one was found not to contain proline
(46); and 47% of the 13606 putative R-helical transmembrane
segments included in the homology-purged, single and
multispan TMSTAT database (47) have one or more prolines.
Second, there is a high prevalence of �-branched residues,
which are typically thought to have greater propensity for
�-sheet than for R-helix owing to the entropic cost of
restricting the side chains to a single favorable rotamer
position in a helix. Nevertheless, there is also a statistically
significant overrepresentation of the �xxx� motif (� ) Ile
or Val) in the TMSTAT database. One explanation is that
the entropic cost paid to fix the rotamer conformations of
�-branched residues upon folding of the helix encourages
intermolecular association, as there is little further entropic
cost associated with packing side chains across an interface
(47). For maculatin 1.1 and caerin 1.1, such intermolecular
association could result in a transmembrane oligomer,
possibly forming a pore.

FIGURE 6: SPR sensorgrams of the peptide interactions with the DMPC membrane system.
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Our investigations provide evidence for the specific
molecular basis of the bilayer interactions for each peptide
to discriminate between the possible modes of membrane
interaction and disruption, using SS NMR and SPR. We note,
however, that low salt concentrations increase the electro-
static component of the interactions and so differences in
apparent affinity between the NMR (low salt) and SPR (150
mM NaCl) experiments will be observed. However, the
relative membrane affinity of each peptide was similar at
the peptide concentrations used so that comparison of the
peptides can be made.

Aurein 1.2. In a pure DMPC lipid system, aurein had little
effect on lipid acyl chains (Table 2) but increased 31P
headgroup disorder on the 10-4 s time scale and/or caused
the 31P headgroup to lie more parallel to the bilayer surface
(Table 3). Phospholipid dynamics on the 10-9 s time scale
were substantially intensified, with increased fluctuations on
the 10-3 s time scale also (Figure 4). This evidence, together
with aurein 1.2 being only 13 residues in length, indicates
that the peptide associates with zwitterionic lipid headgroups
in a fashion which propagates part of the way down the
hydrophobic acyl chains but itself does not reach significantly
beyond the hydrophilic/hydrophobic lipid interface. Aurein
1.2 nevertheless appears to effectively solubilize DMPC
bilayers, as mass was lost from the SPR support soon after
the increase in mass associated with peptide binding. An
alternative possibility, but unlikely at the peptide concentra-
tions used here, is that the peptide may envelope the vesicles,
which is consistent with the surface interaction reported by
NMR, and lead to their desorption from the chip.

With mixed DMPC/DMPG lipid vesicles, the behavior of
aurein 1.2 through all experiments was similar, although
generally less dramatic than for the pure DMPC bilayer. With
regard to differences in effect on the two lipid components,
there may have been slightly more increase in fast DMPG

fluctuations than for DMPC (Figure 5), which was likely to
be in DMPC-enriched domains (Table 1). Possibly owing
to a relatively high proportion of charged residues, while
maintaining a side chain charge balance, aurein 1.2 appears
to interact with membranes only at the surface with little
discrimination between neutral and anionic membrane bi-
layers (Figures 6 and 7). Similarly, for the related peptides
aurein 2.2 and 2.3, little discrimination between anionic and
neutral bilayers was seen by oriented circular dichroism and
31P solid-state NMR at lower hydration level (48).

Citropin 1.1. Similar to aurein 1.2, but longer and with a
more hydrophobic tail, citropin 1.1 may bind at the bilayer
surface or partially insert, depending on the lipid system. In
pure DMPC vesicles, citropin 1.1 had a strong effect on
headgroup dynamics (on the ∼10-4 s time scale) and/or
orientation (Table 3), appreciable increase in fluctuations felt
at the headgroup on the 10-9 and 10-3 s time scales (Figure 4),
only a slight disordering effect on the CD2 closest to the bilayer
surface, and no effect on the terminal CD3 (Table 2) on ∼10-5

s time scale. By SPR, citropin 1.1 appeared to bind strongly to
DMPC bilayers but did not solubilize appreciable material from
the chip at the same concentrations as aurein 1.2.

In mixed bilayers, citropin 1.1 had the strongest effect of
any of the peptides on both DMPC and DMPG components
with respect to factors influencing headgroup CSA (Table
3) and increased fluctuations felt at the headgroup on the
10-9 and 10-3 s time scales (Figure 4). The peptide also
increased order all along the acyl chain (Table 2, Figure 3).
By SPR the binding of citropin 1.1 to mixed bilayers
appeared similar to pure DMPC bilayers. Citropin 1.1 would,
therefore, appear to bind at the bilayer surface in the absence
of DMPG. The binding may be stronger in the presence of
DMPG but not in a fashion that segregates the two lipid types
within the membrane. Neither lipid system appeared to lose

FIGURE 7: SPR sensorgrams of the peptide interaction with DMPC/DMPG membrane systems.
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integrity upon binding of citropin 1.1, which is a longer
peptide and has an additional charge compared to aurein.

Maculatin 1.1. With pure DMPC vesicles, maculatin 1.1
behaved similarly to citropin 1.1. Only slight differences were
noted, where maculatin appeared to have even less impact
on the lipid acyl chains (Table 2), but promoted collective
membrane motions on the 10-3 s time scale (Figure 4). SPR
sensorgrams indicated peptide binding but no significant
removal of membrane lipid and in a manner that allowed
the peptide to wash away.

The behavior of maculatin 1.1 changed dramatically, how-
ever, when DMPG was included in the bilayers. The deuterated
DMPC, which was disordered by the presence of DMPG,
regained the characteristic order of pure DMPC in the presence
of the peptide. Furthermore, fast fluctuations (10-9 s time scale)
were actually reduced, lengthening T1 relaxation time for DMPC
while fast fluctuations of DMPG were promoted. The SPR
sensorgram at lowest concentration indicated binding of mac-
ulatin 1.1 to the mixed bilayer surface. Higher concentrations,
however, promoted rapid removal of lipid before all peptide
was able to bind. Maculatin 1.1 consequently appears to
associate with zwitterionic lipid bilayers only at the surface
where it is not particularly effective at disrupting membrane
integrity. The data using mixed lipids suggest that maculatin
has specific affinity for the negative lipid such that the
zwitterionic lipid is excluded by default into significantly
enriched domains. Although not obvious from the sequence,
the combination of this cationic peptide and the appropriate
bilayer thickness could lead to domain formation in mixed lipid
bilayers. The inability to wash the peptide off at low concentra-
tions and the effect of concentration on binding indicate some
cooperativity consistent with a classic two-stage insertion into
the membrane followed by formation of an oligomer. While
this topology would compromise the membrane without dis-
rupting the bilayer structure per se, membrane still appeared to
be lost from the mixed lipid system. The slight loss of lipid
may indicate multiple modes of interaction in mixed bilayer
systems in the presence of excess peptide, leading to some loss
of bilayer stability as well as membrane insertion.

Caerin 1.1. Although longer and with a second proline-
induced kink in the R-helix, caerin 1.1 behaved similarly to
maculatin 1.1 in both lipid systems. The activity profiles
observed by SPR, however, differed appreciably. Signifi-
cantly, the lowest concentration of caerin 1.1 did not bind
at all to either lipid system, while the higher concentrations
did, but without loss of lipid. Upon the effectual dilution by
washing, the higher concentrations of peptide were readily
removed from the lipid. These results could be due to some
degree of cooperativity, such as peptide oligomerization,
which may precede insertion into the membrane, or each
peptide affects the membrane structure such that the energy
barrier to further insertion by subsequent monomers is
lowered. Further work is needed to clarify the nature of the
cooperativity, which is more evident with anionic membranes
and is consistent with the formation of membrane insertion
rather than membrane rupture.

Solid-state NMR revealed that the dynamics of the pure
DMPC membranes were most affected by aurein 1.2. Strong
interactions between the peptide and the lipid headgroups
provide detailed evidence at the molecular level that aurein
1.2 lyses bacterial membranes via a surface interaction con-
sistent with the “carpet” model (18). Citropin 1.1, maculatin

1.1, and caerin 1.1 had less effect on the pure DMPC lipid
system. T2 of the maculatin-DMPC sample revealed that
maculatin 1.1 had a strong collective effect. Citropin 1.1 had a
preference for a net negatively charged environment and
strongly affected both the faster and slower motions of the
phospholipids. Leakage data (18) also suggest that this peptide
appears to lyse membranes via a carpet mechanism, but our
new evidence indicates that citropin 1.1 may bind parallel to
the membrane surface and only partially insert. Monolayer
studies (17) show that citropin 1.1 and maculatin 1.1 are more
miscible with anionic lipids, and calorimetry (19) shows that
aurein 1.1, citropin 1.1, and maculatin 1.1 interact more strongly
with DMPG. Surprisingly, aurein 1.2 did not have as great an
effect on mixed bilayers, and maculatin 1.1 and caerin 1.1 may
have shown less effect at the membrane surface by NMR due
to a transmembrane orientation.

Evidence detailed in our studies is consistent with the
earlier phenomenological observations from the leakage of
dyes from POPC and POPC/POPG lipid vesicles using aurein
1.2, citropin 1.1, and maculatin 1.1 (18). Aurein 1.2 and
citropin 1.1 appeared to lyse the model membranes, as
encapsulated large dye molecules were released from vesicles
at the same time that bilayer structure was lost. The longer
peptide, maculatin 1.1, possibly formed pores, as large dyes
were retained in the interior of vesicles while small dyes
escaped, and overall membrane bilayer integrity was main-
tained. ATR-FTIR evidence (49) further supports the mac-
ulatin pore hypothesis. The caerin used in this study is
somewhat an extension of maculatin 1.1, being a longer
R-helical peptide, with an additional kink due to two prolines
versus one. While our present evidence does not necessitate
an oligomeric state for the longer peptides, the accumulating
information makes the hypothesis of a transmembrane pore
increasingly viable. If true, in addition to the �-branched
residues, the presence and placement of polar residues may
also govern the pore structure, where these residues would
point inward toward the aqueous lumen of a pore.

In summary, the results are consistent with a surface interac-
tion for aurein 1.2 and pore formation rather than membrane
lysis by the longer peptides. Changes in phospholipid motions
and membrane binding information have provided additional
insight into the action of AMP. Utilizing both SS-NMR and
SPR techniques, further understanding of how antimicrobial
peptides interact with bacterial membranes was gained.
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