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ABSTRACT: The solution structure of fallaxidin 4.1a, a C-terminal amidated analogue of fallaxidin 4.1, a
cationic antimicrobial peptide isolated from the amphibian Litoria fallax, has been determined by nuclear
magnetic resonance (NMR). In zwitterionic dodecylphosphocholine (DPC) micelles, fallaxidin 4.1a adopted
a partially helical structure with random coil characteristics. The flexibility of the structure may enhance the
binding and penetration upon interaction with microbial membranes. Solid-state 31P and 2H NMR was used
to investigate the effects of fallaxidin 4.1a on the dynamics of phospholipid membranes, using acyl chain
deuterated zwitterionic dimyristoylphosphatidylcholine (DMPC-d54) and anionic dimyristoylphosphatidyl-
glycerol (DMPG)multilamellar vesicles. InDMPC-d54 vesicle bilayers, fallaxidin 4.1a caused a decrease in the
31P chemical shift anisotropy (CSA), and a decrease in deuterium order parameters from the upper acyl chain
region, indicating increased lipid motion about the phosphate headgroups. Conversely, for DMPC-d54/
DMPG, two 31P CSA were observed due to a lateral phase separation of the two lipids and/or differing
headgroup orientations in the presence of fallaxidin 4.1a, with a preferential interaction with DMPG. Little
effect on the deuterated acyl chain order parameters was observed in the d54-DMPC/DMPG model
membranes. Real time quartz crystal microbalance analyses of fallaxidin 4.1a addition to DMPC and
DMPC/DMPG supported lipid bilayers together with the NMR results indicated transmembrane pore
formation in DMPC/DMPG membranes and peptide insertion followed by disruption at a threshold
concentration in DMPC membranes. The different interactions observed with “mammalian” (DMPC) and
“bacterial” (DMPC/DMPG) model membranes imply fallaxidin 4.1a may be a useful antimicrobial peptide,
with preferential cytolytic activity toward prokaryotic organisms at low peptide concentrations (<5 μM).

Amphibians live in environments that are rich in microbial
flora, against which they require an adequate defense immune
mechanism (1). Antimicrobial peptides form an important front-
line defense against invading microbes (2). Generally, amphibian
species produce a unique collection of antimicrobial peptides that
significantly vary in length, hydrophobicity, and charge. While
the antimicrobial action of these peptides is to some extent a
result of their synergistic effects, single, isolated peptides have
also been noted to have a spectrum of activity that reaches
beyond bacterial targets to include fungal and eukaryotic cells.
An amphibian peptide, temporin A, has also been shown to
indirectly affect antimicrobial activity by acting as an intra-
cellular signal to coordinate the innate and adaptive host defense
to initiate processes such as wound healing, angiogenesis, and cell
proliferation (3).

Traditional antibiotic therapeutic agents target the enzymes
and receptors that form integral components of the bacterial
biochemistry. Rapid adaptation by bacteria has led to the
appearance of numerous drug-resistant bacteria strains (4, 5).
Antimicrobial peptides on the other hand act via a nonreceptor
mediated method that results in the disruption of the target
membrane (6-10). In nature, the diversity of peptides simulta-
neously secreted by amphibians is likely designed to counter the

diversity of potentially infectious bacteria and resistance is,
therefore, unlikely. Amphibian peptides, consequently, provide
several attractive leads for therapeutic prospects in modern
medicine (11). The mechanisms of action and the factors that
govern their selectivity must be understood, however, before the
task of developing nonhydrolyzable analogues can begin.

Amphibians produce around 20% of the known antimicrobial
peptides. Typically, these peptides are 11-46 residues long (12),
positively charged due to the high content of Lys and Arg
residues, and are encoded by genes displaying high homology
between species (13). These antimicrobial peptides are generally
classified into two broad classes based on their chemical struc-
ture: linear, largely R-helical peptides, and peptides held in
β-sheet conformations via cystine linkages (13, 14). A common
characteristic of linear antimicrobial peptides is the propensity to
formamphipathicR-helices. The positively charged regions of the
helix bind to the negatively charged lipid bilayers of bacterial
membranes, thereby disrupting them. Interestingly, antimicro-
bial peptides display activity against a broad spectrum of micro-
organisms including bacteria, fungi, viruses, and malaria para-
sites (12), in addition to antitumor activity (15).

These amphipathicR-helical peptides interact with and disturb
the function of bacterial membranes by mechanisms as described
by two models, the “carpet” (16) and the “barrel-stave” mechan-
isms (7). In the carpet model, the peptides assemble parallel to the
membrane surface, acting in a detergent-like manner that strains
the bilayer and results in the formation of transient defects or
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pores. Themembranemay ultimately break up into small vesicles
coated by the peptide (17). Alternatively, for the barrel-stave
model the peptides insert themselves into the membrane and
aggregate, forming transmembrane pores that disrupt the osmo-
tic potential of the cell (7, 18). Another transmembrane model is
the “toroidal” pore, where both the peptides and the lipid
headgroups line the lumen of the pore (19). A minimum of 20
residues is required to span themembrane as anR-helix, although
for smaller peptides a modified model has been proposed where-
by these peptides dimerize end-to-end to effect complete penetra-
tion (19, 20). In both surface and transmembrane models, the
disruption of the membrane leads to the breakdown of the
transmembrane potential and ion gradients, creating leakage of
the cellular contents resulting in cell death.

Australian amphibians have proved to be an abundant source
of antimicrobial peptides including the aureins (21), citropins 1 (22),
caerins 1 (23, 24), dahleins 1 (25), uperins (26), and maculatins
(27, 28), many of which are small cationic peptides that adopt
amphipathic R-helical structures in lipid environments. In addition
to their antimicrobial activities, many of these peptide types
show fungicide activity against chytrid fungus (Batrachochytrium
dendrobatidis), which is widespread among Australian anuran
species (15). The caerin peptides, for instance, have C-terminal
amides and basic residues concentrated in the C-terminal region.
Caerin 1.1, which has been studied extensively, adopts a helix-
hinge-helix conformer (29) and appears to disrupt model mem-
branes via a transmembrane interaction (30). Caerin 1.1 is a wide
spectrum antimicrobial agent against Gram-positive bacteria but
has also been shown to be an anticancer agent againstmost types of
human tumors and active against enveloped viruses including HIV
and Herpes simplex 1 (31) at much lower concentrations than that
which is toxic to cells (12). It also is an antifungal agent, kills
nematodes, and inhibits the formation of NO by nNOS (15).

As part of our ongoing studies of the host defense peptides
contained in the glandular secretions of Australian anurans [for
reviews see refs 15 and 31], we have recently studied the skin peptides
of the Eastern Dwarf Tree Frog Litoria fallax (32). Of the peptides
isolated from L. fallax, one peptide, fallaxidin 4.1 displays modest
antimicrobial activity. The sequence of fallaxidin 4.1 is unusual, in
that it contains three Pro residues and has a C-terminal free
carboxylic acid group, features not typically present in antimicrobial
peptides (33, 34). We have found that adding the C-terminal amide
considerably increases the activity of fallaxidin 4.1 against several
Gram-positive bacteria (Table 1). Consequently, we now report the
solution structures of fallaxidin 4.1 and its amidated analogue
fallaxidin 4.1a in a membrane-like environment using solution state
NMR1 spectroscopy and computational calculations.

Although the solution structure of the peptide is important for
assisting in understanding its antimicrobial activity, it is also
essential to investigate the perturbations ofmembrane bilayers by

the peptide. Solid-state NMR spectroscopy has been widely used
for this purpose and applied to model lipid membranes (35-37).
The lipids investigated have naturally abundant 31P in the
phospholipid headgroup and synthetically incorporated 2H in
the acyl chains. This allows the order and dynamics of the lipid
molecules to be probed over a wide range of time scales
(35, 38-42). In addition, real time analysis of peptide interactions
upon addition to lipid bilayers is observed using quartz crystal
microbalance (QCM), by monitoring the change in frequency
(Δf) and dissipation (ΔD) of a resonating quartz chip coated with
a supported lipid bilayer (43-45). QCM probes the immediate
interaction between the peptide and the membrane prior to an
equilibrium state, thereby enabling some elucidation of the
pathway. Consequently, solid-state NMR spectroscopy and
QCMare complementary techniques for studying themechanism
of interaction of the peptide with the lipid membrane.

The aims of this study are 3-fold: (i) to investigate the influence
of the C-terminal group on the antimicrobial activity of fallaxidin
4.1, (ii) to determine the solution structure of fallaxidin 4.1 and its
amide analogue (fallaxidin 4.1a) in membrane environments and
provide insight into their conformations when associated with a
lipid membrane, and (iii) to obtain information about the
interactions of the most active analogue with biomimetic mem-
branes. The results presented here provide some insight into the
mechanism by which fallaxidins 4.1 and 4.1a exert their anti-
microbial activities.

MATERIAL AND METHODS

Solution-State NMR Spectroscopy. Fallaxidin 4.1 and
its amide modification were synthesized with L-amino acids

Table 1: Antimicrobial Data for Fallaxidin 4.1 and its C-Terminal Amide

Analogue Fallaxidin 4.1a [MIC (μg 3mL-1)]a

fallaxidin 4.1 GLLSF LPKVI GVIGH LIHPP S-OH

fallaxidin 4.1a GLLSF LPKVI GVIGH LIHPP S-NH2

bacteriab fallaxidin 4.1 4.1a

Gram Positive

Bacillus cereusc -b 25

Enterococcus faecalis

(ATCC29212)

-b 50

Leuconostoc lactisc 12 3

Listeria innocuac -b 50

Micrococcys luteus

(ATCC9341)

100 12

Staphylococcus aureus

(ATCC29213)

-b 25

Staphylococcus epidermidis

(ATCC14990)

100 25

Streptococcus uberisc 50 12

Gram Negative

Enterobacter cloacae

(ATCC13047)

-b -b

Escherichia coli

(ATCC35218)

-b -b

aMIC - minimum inhibitory concentration that inhibits the visible
growth of a microbe. bIndicates that there is no activity e100 μg 3mL-1.
cWild strain.

1Abbreviations: 2D, two-dimensional; CSA, chemical shift aniso-
tropy; DQF-COSY, double quantum filtered correlation spectroscopy;
DMPC, dimyristoylphosphatidylcholine; DMPG, dimyristoylphospha-
tidylglycerol; DPC, dodecylphosphocholine; DSS, 4,4-dimethyl-4-sila-
pentane-1-sulfonic acid; ESI-MS, electrospray ionization mass spectro-
metry; FID, free induction decay; HPLC, high performance liquid
chromatography; HSQC, heteronuclear single quantum coherence;
MIC, minimum inhibitory concentration; MLV, multilamellar vesicles;
MOPS, 3-(N-morpholino) propanesulfonic acid;MPA, 3-mercaptopro-
pionic acid; NMR, nuclear magnetic resonance; NOE, nuclear Over-
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; QCM,
quartz crystal microbalance; RMD, restricted molecular dynamic; SA,
simulated annealing; TFE, 2,2,2-trifluoroethanol.
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using the standard N-R-Fmoc method, by GenScript Corp
(Piscataway, NJ) (46) and shown to be of greater than 95%
purity, determined by HPLC and ESI-MS. Solution studies were
carried out in trifluoroethanol (TFE)/water and in aqueous
dodecylphosphocholine (DPC) micelles by codissolving the
fallaxidin 4.1a (7.67 mg, 3.5 μmol) and 40 mol equiv of DPC
(54.56 mg, 140 μmol) in an aqueous solution containing 10%
D2O and 50 mM NaH2PO4 buffer to produce a final volume of
0.7 mL. The pH was adjusted to 6.0 (using sodium hydroxide)
and a single crystal of DSS was added as a chemical shift
reference.

A Varian (Varian Inc., Palo Alto, CA) Inova-600 NMR
spectrometer using a 1H frequency of 600 MHz and a 13C
frequency of 150 MHz was used for acquisition of all NMR
spectra. Experiments were run at 25 �C and 1H NMR spectra
were referenced to DSS (0.0 ppm).

High-resolution 1D 1H NMR spectra were acquired for the
fallaxidins 4.1 and 4.1a using 0.125Hz per point digital resolution
to obtain 3JNH-RH coupling constants, which are used for back-
bone torsion angle restraints in structure calculations. 2D NMR
experiments TOCSY, DQF-COSY, and NOESY were acquired
in phase-sensitivemode, using time proportional phase incremen-
tation in t1 (47). Typically 64 time-averaged scans were acquired
per increment, totalling 200 increments per experiment with
spectral width of 6999.7 Hz. The FID in t2 contained 2048 data
points spread over a spectral width of 6999.7 Hz. A 90� pulse was
calibrated for each experiment and a recycle delay of 1 s was
incorporated. NOESY spectra were acquired using mixing times
of 100 ms. TOCSY pulse sequences included a 60 ms spin-lock.
Presaturation was used to suppress water resonances. The
13C-1H HSQC experiments were recorded with an interpulse
delay of 1/2JCH=3.6ms corresponding to JCH=140Hz. In the
13C-1H HSQC experiment 200 increments were used, each
consisting of 64 scans. The FID in the directly detected 1H, F2

dimension consisted of 4096 data points and spectral width
of 6999.7 Hz. A spectral width in the 13C, F1 dimension of
21114.5 Hz was also used.

2D NMR experiments were processed on a SunMicrosystems
Ultra Sparc 1/170 workstation using VNMR software (VNMRJ,
version 1.1D). Data matrices were multiplied by a Gaussian
factor of 0.15 in the direct dimension and zero-filled to 2048
(for 1H-1H experiments) or 4096 (for 13C-1H HSQC) points in
t1 before Fourier transformation.
Structure Calculations. Cross-peaks in TOSCY and

NOESY spectra were assigned using SPARKY software
(version 3.106) and a standard sequential assignmentmethod (48).
The NOESY cross-peak volumes were converted to distance
restraints as described by Xu (49). When symmetric pairs of
cross-peaks were present, the larger peak volume was used and
converted to a distance restraint (50). 1H dihedral angles were
restrained to 3JNHRH<5Hz, φ=-60�( 30� and 5< 3JNHRH<
6 Hz, φ = -60� ( 40�. For 3JNHRH > 6 Hz, φ angles were not
restrained.

Structures were generated using ARIA (version 1.2) applied
with CNS Solve (version 1.1). The standard RMD and SA
method of ARIA was used (51) with the inclusion of floating
stereospecific assignments to enable the assignment of distance
restraints relating to methylene and isopropyl group reso-
nances (52). Each ARIA run was comprised of eight iterations.
Better convergence was achieved using parameters based on
those previously used (53, 54). 60 structures were calculated in the
final iteration and the 20 lowest potential energy structures were

selected for analysis. The final 3D structures was displayed using
VMD software (version 1.8.2) (55) and MOLMOL (version
2k.2) (56).
Solid-State NMR Spectroscopy. Phospholipids, dimyris-

toylphosphatidylcholine (DMPC), deuterated DMPC (DMPC-
d54), and dimyristoylphosphatidylglycerol (DMPG), were ob-
tained fromAvanti Polar Lipids (Alabaster, AL) andusedwithout
further purification. Fallaxidin 4.1a (2.1 mg, 1 μmole) was
codissolved with either a 1:1 molar mixture of DMPC-d54/DMPC
or a 1:1:1 molar mixture of DMPC-d54/DMPC/DMPG using
1 mL of MeOH/CHCl3 (1:1 v/v), producing a lipid/peptide ratio
of 10:1. The organic solvent was removed via rotary evaporation
(250 mbar, 30 �C) to form a thin lipid/peptide film in a round-
bottom flask, and the samples lyophilized overnight. The dried
samples were hydrated with 100 μL of 50 mM 3-(N-morpholino)
propanesulfonic acid (MOPS) (150 mM NaCl, pH 7) buffer,
subjected to five freeze-thaw/vortex cycles and centrifuged
(1 min, 4000 rpm). The resultant viscous translucent suspensions
were transferred to 5 mm NMR tubes for NMR analysis. The
“neutral” DMPC and “anionic” DMPC/DMPG controls
were prepared in a similar manner, without the addition of
fallaxidin 4.1a.

All solid-state NMR experiments were performed on a Varian
(Palo Alto, CA) Inova-300 spectrometer, using a 5 mm Doty
(Columbia, SC) MAS probe at 30 �C. Static proton decoupled
31P NMR spectra were obtained at an operating frequency of
121.5MHz using a Hahn spin-echo pulse sequence with a 5.8 μs
90� pulse, 62 μs interpulse delay, and a 4 s recycle delay. 31PNMR
spectra were averaged over 60 000 scans at a spectral width of
125 kHz with 100 Hz exponential line broadening upon proces-
sing. Overlapped 31P lineshapes were deconvoluted using the
DMFIT program, employing the “CSA static” model (57) for a
hydrated phospholipid bilayer (where CSA = σ^ - σ )) (58).

2H NMR spectra were obtained at an operating frequency of
46.1MHz using a quadrupolar-echo pulse sequence with a 3.8 μs
90� pulse, 40 μs interpulse delay, and a 0.5 s recycle delay.
2H NMR spectra were averaged over 160 000 scans at a spectral
width of 500 kHz with 100 Hz exponential line broadening.
The overlapping Pake doublets from the unoriented deuterium
spectra were “dePaked” using single value decomposition
(39, 59-61), numerical calculations were administered by
GNU Scientific library v.1.11 (62) and graphical outputs gener-
ated with gnuplot v4.2.4 (63).
QCM of Fallaxidin 4.1a on Supported Phospholipid

Bilayers. A quartz crystal microbalance (QCM) was used to
examine the influence of fallaxidin 4.1a on supported phospho-
lipid bilayers. QCM measurements were performed using the
Q-Sense E4 system (Q-Sense, Sweden). The sensor crystals used
were 5 MHz, AT-cut, quartz discs (chips) with an evaporated
gold surface (Q-Sense). The resonance frequency and energy
dissipation were measured simultaneously at the fundamental
frequency of the crystal (1st harmonic at 5 MHz) and four
harmonics of the fundamental frequency (third, fifth, seventh,
and ninth harmonic at 15, 25, 35, and 45MHz, respectively) (45).
Raw data were analyzed by QTools (Q-Sense) and Origin 7.5
(OriginLab, Northampton, MA) software. The buffer used
throughout the QCM experiments was phosphate buffered saline
(PBS), containing 0.1 M NaCl and 20 mM phosphate (pH 6.9).
Sodium chloride (Ultra, g 99.5%), potassium phosphate mono-
basic, and potassium phosphate dibasic (ACS reagent, g 99%)
were purchased from Sigma-Aldrich (Castle Hill, Australia).
All experiments were performed at 19.10 ( 0.05 �C.
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Supported phospholipid bilayers were prepared using a lipo-
some deposition procedure, whereby liposomes are allowed to
spontaneously rupture and fuse together to form bilayers on a
3-mercaptopropionic acid (MPA)modified chip. Liposome solu-
tions of either neat DMPC or DMPC/DMPG (2:1) composition
were prepared as previously described (43). The liposome solu-
tions (0.13 mM) were introduced into the QCM cells at a flow
rate of 100 mL/min. Nonruptured liposomes were rinsed off with
buffer. After a baseline had been established, the peptide solution
(1, 2, 5, 7, 10, and 20 mM in buffer; total volume of 1 mL) was
flowed through the cells at 100 mL/min. The peptide was left to
incubatewith the lipid bilayer for at least 20min and then the cells
were rinsed with buffer.
Chip Cleaning and Surface Modification. Before each

experiment, the QCM chips were cleaned in a 1:1:3 mixture of
ammonia (28%, Finechem, Seven Hills, Australia), hydrogen
peroxide (30%, Merck, Kilsyth, Australia), and ultrapure water
(18.2MΩ 3 cm, SartoriusAG,Goettingen,Germany), at ca. 70 �C
for 15-20 min. The chips were then thoroughly rinsed with
ultrapure water and propane-2-ol (Merck, Kilsyth, Australia)
prior to immersion into a 1mM solution ofMPA (g99%, Fluka,
Bio-Chimica, Switzerland) in propane-2-ol, for at least 30 min.
The chips were subsequently rinsed with propane-2-ol, dried
under a gentle stream of N2 gas and assembled into the QCM
cells ready for use.
Antibiotic Testing. Peptides were tested for antibiotic acti-

vity at varying concentrations by the Institute of Medical and
Veterinary Science (Adelaide, Australia). The method used
involved the measurement of inhibition zones on an agarose
plate containing the microorganisms listed in Table 1 (64).

RESULTS

Synthetic Modification of Fallaxidin 4.1. Fallaxidin 4.1
shows modest antimicrobial activity against some of the Gram
positive bacteria tested (Table 1) despite containing (i) three Pro
residues, which must significantly reduce the helicity and amphi-
pathicity of membrane-active antimicrobials, and (ii) the
C-terminal free acid group, which reduces the overall positive
charge of the peptide. In order to investigate the influence of the
C-terminal acid group, we have studied the activity of a fallaxidin
4.1 synthetic modification where the C-terminal residue is

amidated (fallaxidin 4.1a). The antimicrobial data recorded in
Table 1 show fallaxidin 4.1a had an approximate 4-fold activity
enhancement against microbes affected by fallaxidin 4.1 (MICe
100 μg 3mL-1), and was active against all Gram positive bacteria
tested. This enhanced activity of the amidated analogue illus-
trates the significance of the net positive charge of the peptide to
antimicrobial activity.
Solution-State NMR Spectroscopy. The antimicrobial

activity of fallaxidins 4.1 and 4.1a are unusual, as the peptide
sequence with three proline residues is not consistent with those of
other amphipathic membrane-active antimicrobial peptides iso-
lated from tree frogs of the genus Litoria (15, 31). We have
investigated the 3D solution structure of the two peptides by 2D
NMR in TFE/water (1:1 v/v), a reduced dielectric solvent system,
which may mimic the membrane environment. The solution
structures of fallaxidins 4.1 and 4.1a were essentially the same
(apart from theC-terminal group) in aqueous TFE (64), and sowe
now concentrate on the solution structure of themore active amide
analogue (fallaxidin 4.1a) in DPC micelles in order to investigate
the solution structure at the site of action: the membrane.

NMR spectra were acquired for fallaxidin 4.1a in DPC
micelles (40:1 lipid/peptide ratio) and the proton chemical
shifts were assigned using a combination of NOESY, TOCSY,
and COSY experiments and standard sequential assignment
methods (48). RC resonances were assigned by investigation of
the RH/RC region of a HSQC spectrum. A summary of the
1H and RC 13C resonances can be found in the Supporting Infor-
mation, Table S1, and secondary chemical shifts (Supporting
Information, Figure S1) along with partial NOESY, TOCSY,
andHSQC spectra (Supporting Information, Figures S2 and S3).

There is a general upfield shift for the RH resonances from
random coil values (65) for the N-terminal residues consistent
with a helical structure, with some disruption to the helical shift
from around Ile13 (Supporting Information, Figure S1a) and at
the C-terminus.Although itwas anticipated that there would be a
lack of defined secondary structure at the ends of the peptide as a
result of a reduction in hydrogen bonding (66), there appeared to
be a trend toward random coil values observed for the residues
C-terminal to Ile13, which suggests that this region of the peptide
is unstructured. The RC secondary shifts (Supporting Informa-
tion, Figure S1b) further support this, illustrating two distinct
regions: a helical region from Ser4 to Ile13 as indicated by the

FIGURE 1: A summary of the diagnosticNOEconnectivities used in the structure calculations for fallaxidin 4.1a inDPCmicelles. The thickness of
the bar indicates the relative strength of the NOEs (strong <3.1 Å, medium 3.1-3.7 Å, weak>3.7 Å). Gray shaded bars represent ambiguous
NOEs. For Pro where no amide proton is present, NOEs to δH are shown. 3JNHRH values are indicated where applicable. # indicates coupling
constants that were not resolved due to signal overlap, * indicates no coupling constant was detected.
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downfield shift from the random coil values (67), and a region
with less defined structure (Ile13 to Ser21) as indicated by the
near zero secondary shifts. TheNHsecondary shift values deviate
periodically over three to four residues, with the resonances of
the hydrophilic residues generally upfield relative to those of the
hydrophobic residues (Supporting Information, Figure S1c),
which is common in R-helical structures (67). The exception to
this is in the vicinity of Ile13 (Gly11 toHis15), suggesting that this
region of the peptide does not display defined amphipathicity.

A summary of the diagnosticNOE connectivities for fallaxidin
4.1a inDPCmicelles is shown in Figure 1. Strong sequential dNN,
dRN, and dβNNOEs were observed alongmost of the sequence. A
number of medium range NOE connectivities was observed from
three residues apart, notably dRN(i,iþ3) and dRβ(i,iþ3) signals. The
absence of medium range NOEs at the C-terminus from His18
and in the regions of Ser4 to Leu6 and Gly11 to Ile13 suggests
that in these regions, some disruption to the defined secondary
structure is present. The remaining regions of the peptide had
NOE connectivity patterns consistent with helical secondary
structure (48). No long-range NOEs were observed, signifying
a lack of intermolecular association.

The extent of cis-trans isomerization of the Pro residues can
be determined from the observed NOEs about the Pro imide
bond (68). As dRδ and not dRR signals were present, it is likely that
the trans isomer is the dominant isomer for all of the three Pro
residues.

A total of 275 nonredundant distance restraintswere generated
from the NOESY spectrum, including 44 ambiguous restraints,
which were used for the structure calculations. The energy and
statistics for the generated structures of fallaxidin 4.1a in DPC
micelles can be found in the Supporting Information (Table S2).
The average backbone torsion angles are also shown in a
Ramachandran plot (Supporting Information, Figure S3). Sev-
eral dihedral restraints derived from the 3JNHRH coupling con-
stants (Figure 1) were also employed in the structure calculations.
The values of these coupling constants were consistent with
regions of helical secondary structure.

The 20 lowest energy structures of fallaxidin 4.1a aligned over
the backbone atoms are shown in Figure 2a. The helicity in the
C-terminus appears to be inconsistent with the chemical shift
data (Supporting Information, Figure S1) and may be due to
conformational averaging due to peptide dynamics, with the

NOESY data giving a time averaged distance (67). The most
energetically stable calculated structure is shown in Figure 2b.
Fallaxidin 4.1a displays regions of defined secondary structure
resembling an R-helix. However, structure disruptions by Gly11
andGly14 result in the central region of the peptide between these
two residues displaying a more extended strand-like structure.
Further disruption to the helical structure is observed at Pro7.
Overall, the secondary structure of fallaxidin 4.1a appears to be
helical with a disruption to this structure in the region of Pro7,
Gly11, and Gly14.
Solid-State NMR Spectroscopy. Solid-state 31P NMR has

been employed to detect alterations in the dynamics and orienta-
tions of polar head groups of phospholipids. The line shape or
chemical shift anisotropy (CSA) of the static 31P spectra gives an
indication of the motion and alignment of the phosphate head
groups due to changes in orientation and surface charge den-
sity (58, 69, 10). The unoriented lineshapes showed axially
symmetric CSA properties, which indicate the lipids are in the
fluid or lamellar (LR) phase (69). The overlapping 2H quadru-
polar spittings from the static 2H NMR spectra (70-72) were
“dePaked” to further calculate the order parameters (SCD) of the
DMPC (Table S3, Figure 5), which indicate the degree of
disorder of the CD2/CD3 groups of the deuterated phospholipid
acyl chains (73). Neutral DMPC and anionic DMPC/DMPG
multilamellar vesicles (MLV) were employed as model mem-
brane systems for eukaryotic and prokaryotic membranes,
respectively.

31P NMR of Phospholipid Bilayers. The 31P static NMR
spectra for DMPC andDMPC/DMPGMLV exhibited CSAs of
-43 and-38 ppm, respectively (Figure 3, Table 2), in agreement
with previous studies (39, 74, 75). The addition of fallaxidin
reduced the 31P CSA of DMPCMLV to-38 ppm, and resulted
in two contributing powder patterns for DMPC/DMPG MLV.
Deconvolution of the two 31P powder patterns using the DMFIT
program (57) revealed two lipid lamellar component CSAs of
-39 (60%) and -34 ppm (40%) (Supporting Information,
Figure S4), approximately congruent with the molar fraction of

FIGURE 2: (a) The 20 lowest potential energy calculated structures of
fallaxidin 4.1a inDPCmicelles.The structures have been alignedover
the backbone atoms. (b) The most stable calculated structure of
fallaxidin 4.1a in DPC micelles.

FIGURE 3: 31P NMR spectra obtained for unoriented bilayers of
(a) d54-DMPC/DMPC, and (b) d54-DMPC/DMPC/DMPG alone
(gray) in the presence of fallaxidin 4.1a (black) at a lipid/peptide ratio
of 10:1 at 30 �C.
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PC and PG phosphate headgroups, respectively. The decrease in
the minor CSA, assigned to the DMPG enriched fraction (39),
suggests a preferential electrostatic interaction between the
cationic peptide and the anionic headgroups of DMPG (30, 10).

2H NMR of Phospholipid Bilayers. The static 2H NMR
spectra (Figure 4) were typical for hydrated DMPC andDMPC/
DMPG MLV, with a small isotropic peak due to residual
D2O (40, 72, 76). The 2H NMR spectral powder pattern of the
DMPC MLV narrowed upon the addition fallaxidin 4.1a
(Figure 4a, Table 2). A small decrease in the SCD order profile
(Figure 5) of DMPC MLV was observed at the acyl chain
positions 2-6, indicating increased motion or decreased order
of the upper part of the chain toward the head of the phospho-
lipid. A small increase in the SCD order was observed at the
central region of the acyl chain, which may result from addi-
tional steric interactions and reduced space causing a lack
of CD2 mobility as though the presence of the peptide has
extended the more ordered “plateau region” further down the
acyl chain from positions 8 to 9. Collectively, this effect may
result from partial peptide insertion into the bilayer. The 2H
NMR spectra of DMPC/DMPG MLV showed a slight in-
crease in quadrupolar splittings upon the addition of fallaxidin
4.1a (Figure 4b), as reflected in the SCD order profile (Figure 5).
The peptide appears to order the neutral DMPC in the mixed
bilayer.

QCM of Fallaxidin 4.1a on Supported Phospholipid
Bilayers. The interaction of fallaxidin 4.1a with DMPC and
DMPC/DMPG (2:1) bilayers was investigated using QCM. The
frequency change versus time (Δf-t) data for the seventh harmo-
nic are shown in Figure 6. Data obtained on the DMPC bilayer
(Figure 6A) revealed initial insertion (decrease in frequency) of
fallaxidin 4.1a into the lipid layer for all concentrations. How-
ever, at a peptide concentration of 5 μM, membrane disruption
was observed. Above this concentration threshold, peptide
insertion was followed by lipid removal (increase in frequency).

In contrast, on the DMPC/DMPG (2:1) bilayers (Figure 6B),
introduction of fallaxidin 4.1a caused an increase in mass
consistent with insertion of the peptide into the bilayer. The
harmonics (third, fifth, seventh, and ninth) were uniform up to a
threshold mass, after which they diverged (Supporting Informa-
tion, Figure S6). As observed in our earlier study (45), this is
consistent with mass addition across the bilayer (i.e., trans-
membrane) followed by peptide aggregation on the surface of
the bilayer. Following a buffer rinse, this surface-bound peptide
was removedwhile leaving some peptide remaining in the bilayer.

In summary, fallaxidin 4.1a disrupted mammalian-like
(DMPC) membranes in a concentration-dependent manner.
These data are consistent with a two-stage mechanism: insertion
followed by a threshold-disruption. Conversely, the interaction
of fallaxidin 4.1a with bacterial-like (DMPC/DMPG) mem-
branes, with an increase in mass across the bilayer (Supporting
Information, Figure S7b), is consistent with transmembrane
peptide insertion, suggesting pore formation (45). Transmem-
brane insertion of peptides has been demonstrated previously
by QCM for apidaecins (44) using the frequency change over
the four harmonics to identify the mechanism of interaction,
although in the case of fallaxidin 4.1a, the peptide accumulates
on the surface of the membrane following transmembrane
saturation.

DISCUSSION

Many of the antimicrobial peptides isolated from amphibians
are C-terminally amidated, although an exception is magainin,
which carries a free acid (77). It has been demonstrated that
peptides that have C-terminal amides generally display greater
antimicrobial activity (2). An increased positive charge usually
results in an increase in antimicrobial activity but a large positive
charge (e.g., greater than þ9) can reduce potency (78). This
reduction in activity may be a consequence of the higher charge
density affecting the propensity of helix formation (79).

The solutionNMRstudies show that the structure of fallaxidin
4.1a is partially helical, yet disrupted about the central region of
the peptide. Pro, and to a lesser extentGly residues, are known to
disrupt R-helical structure (80, 81), as is reflected by the observed

Table 2: 31P and 2H Spectral Data for DMPC and DMPC/DMPG MLV with the Addition of Fallaxidin 4.1a

2H quadrupolar coupling constants (kHz)b,c

31P CSA (ppm)a CD2 CD3

( fallaxidin 4.1a - þ - þ - þ
DMPC MLV -43 -38 27.6 26.8 3.4 3.5

DMPC/DMPG MLV -38 -39 (60%)d 27 27.9 3.3 3.4

-34 (40%)d

aCSA determined ( 0.5 ppm. bFrequency determined ( 0.1 kHz. cCD2 and CD3 quadrupolar splittings taken from positions 2 and 14 on the deuterated
acyl chain of d54-DMPC, respectively. dFitting of the two contributing CSAs was determined using the DMFIT program (57).

FIGURE 4: 2H NMR spectra obtained for unoriented bilayers of
(a) d54-DMPC/DMPC, and (b) d54-DMPC/DMPC/DMPG alone
(gray) in the presence of fallaxidin 4.1a (black) at a lipid/peptide ratio
of 10:1 at 30 �C.
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random coil characteristics about residues from Pro7 toward the
C-terminal end of the peptide. However, flexibility of the peptide
may enhance interaction with membranes in a similar manner to
the central hinge regions of many amphipathic helical pep-
tides (39, 82, 83). The DPC and DMPC lipids each share the
zwitterionic choline headgroup, and DPC micelles mimic a
membrane environment by promoting the formation of intra-
molecular hydrogen bonds in the peptide. Fallaxidin 4.1a could
be assumed to adopt a similar structure in the DPCmicelles as in
DMPCMLVs, though the curvature on themembrane surface of
DPCmicellesmay perturb the propensity of the peptide to form a
helical structure. The mixed DMPC/DMPG surface has a net
negative surface charge on the membrane. The additional
electrostatic interactions with the cationic/polar side chains

may induce a more helical secondary structure due to facial
alignment of the cationic side chains on one face of a proposed
R-helix, as anticipated from an Edmundson helical wheel projec-
tion (Supporting Information, Figure S5).

The solid-state NMR and QCM of fallaxidin 4.1a exhibited
different interactions with the DMPC and DMPC/DMPG lipid
systems. The 31P NMR powder pattern (CSA) of DMPC MLV
indicates a significant increase in the mobility and/or change in
orientation of the phospholipid headgroups upon addition of
fallaxidin 4.1a. Also the SCD order profiles determined from
2HNMR showed an increase in order about the center of the acyl
chain (positions 7-9) and a decrease toward the head region of
the chain. This difference in the acyl chain order may indicate
incorporation of the peptide into the membrane surface
(interfacial) region, leading to increased spacing of the lipid
headgroups. This would lead to a change in dynamics about the
upper region of the acyl chain, as shown by the decreased SCD
order parameters and the decrease in the 31P CSA. The insertion
and subsequent rapid mass removal upon addition to DMPC
supported lipid bilayer at concentrations g5 μM observed using
QCM suggests the peptide interacts via a surface (carpet)
interaction and a possible interfacial insertion.

With the addition of fallaxidin 4.1a to the negatively charged
DMPC/DMPG MLV, the contributing 31P CSA of the DMPG
enriched component decreased, while the 31P CSA of the
DMPC component remained relatively unchanged. A decrease
in 31P CSA is typically associated with increased headgroup
mobility or an alteration in headgroup conformation away from
the bilayer normal (84). This suggests an associative electrostatic
interaction of the PG head groups with the fallaxidin 4.1a. The
deuteriumNMR, however, revealed an increase in the acyl chain
order of the DMPC phospholipids. Fallaxidin 4.1a may form
toroidal pores in the membrane as described for melittin (85) and
cupiennin (39), leading to disordering and a decrease in the
31PCSAof theDMPG enriched lipid fraction and slight ordering
of the DMPC enriched lipid fraction. The PG head groups may
orient themselves about the lumen of the toroidal pores, as
evident in the 31P NMRpreviously reported by Pukala et al. (39).
The additional membrane curvature about the toroidal pore
would affect the averaging of the 31P shielding tensor relative
to a planar membrane surface; hence the observed reduction in

FIGURE 5: Plot of the carbon-deuterium bond order parameters (SCD) against acyl chain carbon position for unoriented bilayers ofDMPC-d54/
DMPC (left) and DMPC-d54/DMPC/DMPG (right) alone (9) and in the presence of fallaxidin 4.1a (b) at a lipid/peptide ratio of 10:1 at 30 �C.

FIGURE 6: QCM traces for the interaction of fallaxidin 4.1a with
(A) DMPC, and (B) DMPC/DMPG (2:1) lipid bilayers as a function
of peptide concentration (1-20 μM). The frequency change (Δf)
versus time is shown. At time = 5 min the peptide was introduced
onto the lipid surface and the peptide was incubated for 20 min. The
buffer rinse, after ca. 25 min, is not shown.
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31P CSA. This could result in the decrease in the 31P CSA for the
DMPG and an increase in order for the DMPC acyl chains.
Supporting the NMR results, the QCM data for fallaxidin 4.1a
with DMPC/DMPG (2:1) bilayers showed a transmembrane
interaction, consistent with that observed for caerin 1.1 with
DMPC/DMPG (4:1) bilayers (45). Transmembrane peptide
insertion was observed for all peptide concentrations used in this
study (1-20 μM). Upon saturation of the bilayer, excess fallaxi-
din 4.1a bound to the surface of the membrane and these loosely
associated peptide aggregates were readily removed by rinsing
with buffer solution.

From the antimicrobial activity data, fallaxidin 4.1a appears to
be cytolytic toward only the Gram positive bacteria tested, which
is similar to many antimicrobial peptides (14, 82), and the
amidated N-terminus significantly increased the peptide activity
compared to the wild type peptide. The solid-state NMR and
QCM results show a differential interaction of fallaxidin 4.1a
with neutral DMPC and anionic DMPC/DMPG bilayers, with
possible transmembrane insertion in the latter, which mimic the
charge of bacterial membranes. The structure of the peptide in
micelles indicates that the charged residues of the peptide could
interact with the anionic lipid to form pores in membranes and
result in the antimicrobial activity of the peptide. The formation
of pores at low peptide concentration (g1 μM) in anionic
membranes, combined with the disruption of neutral membranes
at higher peptide concentrations (g5 μM), points to a concen-
tration-dependent cell-selective antimicrobial activity of fallaxi-
din 4.1a. Further modification of fallaxidin 4.1a could lead to
possible development of enhanced selectivity toward Gram
positive bacteria.

SUPPORTING INFORMATION AVAILABLE

Tables of NMR chemical shifts, structural statistics, and
experimental restraints for fallaxidin 4.1a in DPC micelles, and
2H NMR quadrupolar splittings and SCD order parameters for
phospholipid bilayers; plus NMR chemical shifts and spectra,
and Ramachandran plot of fallaxidin 4.1a in DPC micelles; 31P
NMR spectra for PC/PG bilayers in the presence of fallaxidin
4.1a; helical wheel projections for fallaxidin 4.1a; and QCM
traces for the frequency change of fallaxidin 4.1a in phospholipid
bilayers. This material is available free of charge via the Internet
at http://pubs.acs.org.
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