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ABSTRACT: Piscidin, an antibacterial peptide isolated from the mast cells of striped bass, has potent
antimicrobial activity against a broad spectrum of pathogens in vitro. We investigated the mechanism of
action of this 22-residue cationic peptide by carrying out structural studies and electrophysiological
experiments in lipid bilayers. Circular dichroism experiments showed that piscidin was unstructured in
water but had a highR-helix content in dodecylphosphocholine (DPC) micelles.1H NMR data in water
and TFE confirmed these results and demonstrated that the segment of residues 8-17 adopted anR-helical
structure in a micellar environment. This molecule has a marked amphipathic character, due to well-
defined hydrophobic and hydrophilic sectors. This structure is similar to those determined for other cationic
peptides involved in permeabilization of the bacterial membrane. Multichannel experiments with piscidin
incorporated into azolectin planar bilayers gave reproducibleI-V curves at various peptide concentrations
and unambiguously showed that this peptide permeabilized the membrane. This pore forming activity
was confirmed by single-channel experiments, with well-defined ion channels obtained at different voltages.
The characteristics of the ion channels (voltage dependence, only one or two states of conductance) clearly
suggest that piscidin is more likely to permeabilize the membrane by toroidal pore formation rather than
via the “barrel-stave” mechanism.

Antibacterial peptides play an important role in the innate
immune response to bacterial challenge and thus in ensuring
the first-line defenses of many species (1, 2). These peptides
are frequentlyR-helical (3), with several positive charges
and an amphipathic character. These features seem to play
an essential role in the various mechanisms of membrane
permeabilization, which often lead to cell death (4-7).

Several models of membrane permeabilization mechanisms
have been developed. In the “barrel-stave” model, the
membrane is permeabilized by the formation of transmem-
brane pores composed of a bundle ofR-helices, as described
for alamethicin, ceratotoxins, and distinctin (8-11). In the
toroidal pore model, as proposed for magainin (12, 13), lipids
are inserted between helices to form a mixed pore. In a third
model, the “carpet-like” mechanism, peptides act as a
detergent, disrupting the bacterial membrane by forming
eventually transitory pores (14). In all these models, the
physical properties of the helices (charge, length, amphip-
athicity, etc.) are key elements of the mechanisms operating
at various stages, at the surface of the membrane, within the
membrane, or both. The complex lipidic composition of the
membrane bacteria as well as the total charge of the lipid
headgroups also plays an important role in the mechanisms
of action of antibacterial peptides.

Besides these pore forming mechanisms, several observa-
tions suggest that these antimicrobial peptides can also inhibit
the synthesis of the cell wall, nucleic acids, and proteins or
even inhibit enzymatic activity (7).

Piscidins were the first antimicrobial cationic peptides to
be isolated from the mast cells of striped bass (15, 16).
Piscidin-1 (Arg18) and piscidin-2 (Lys18) were also discovered
in the skin and gills of the striped bass at approximately the
same time and named sb- and wb-moronecidins, respectively
(17). These 22-residue peptides have broad-spectrum activity
against bacteria, fungi, and viruses and moderate hemolytic
activity. MIC1 values determined againstStaphylococcus
aureusfor piscidin-1 (or sb-moronecidin), piscidin-2 (or wb-
moronecidin), and piscidin-3 are 3.1, 1.25-2.5, and 3.1µM,
respectively (15, 17). Piscidin-2 was not hemolytic for human
and sheep erythrocytes at concentrations of<2.5 µM (17).
They are very similar to other antimicrobial peptides from
fish (see Figure 1), such as dicentracin from labrax (18),
epinecidin-1 from grouper (19), chrysophsins from bream
(20), and pleurocidin-like peptides from flounder (21).
Preliminary circular dichroism (CD) studies showed that
piscidins (or moronecidins) and chrysophsins were unstruc-
tured in water but had a strongR-helical structure when TFE
was added. The Shiffer-Edmundson helical wheel diagram
indicated a probable amphipathicR-helical structure (15, 17).
This diagram showed two well-defined hydrophilic and
hydrophobic sectors, characteristic of a strongly amphipathic
molecule. To study the mechanism of action of the piscidin-1
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amidated isoform, we carried out multichannel and single-
channel experiments in bilayers of azolectin. This mixture
of lipids presents a percentage of negatively charged lipids
(20%) similar to the one found in outer membranes of Gram-
negative bacteria (22). In parallel, we determined its three-
dimensional structure via NMR experiments in different
environments, including dodecylphosphocholine (DPC) mi-
celles that provide a zwitterionic lipid surface similar to that
of the membrane (23, 24).

MATERIALS AND METHODS

Chemicals.Piscidin (FFHHIFRGIVHVGKTIHRLVTG-
NH2; Mw ) 2571 Da; pI≈ 12) was generously provided by
E. J. Noga (Raleigh, NC). Soybean azolectin IV-S was
purchased from Sigma. (2H38)DodPCho dodecylphospho-
choline (DPC; Mw ) 389.5 Da) was purchased from
EURISOTOP.

Circular Dichroism Measurements.CD spectra were
recorded at room temperature on a Chirascan dichrograph
(Applied Photophysics) in a quartz cell with an optical path
of 0.5 mm for peptides in aqueous solution. Five scans were
performed, and band positions were determined after smooth-
ing the spectra using the Savitzky-Golay method. The
peptide concentration was 1.25× 10-4 M in 20 mM sodium
phosphate (pH 7.4). In the experiment performed in 1% DPC
(25 mM), the DPC/peptide molar ratio was∼200. The
percentage of the various secondary structures was calculated
with DICHROWEB (25).

Conductance Experiments.In macroscopic and single-
channel conductance experiments, virtually solvent-free
planar lipid bilayers were formed by the Montal and Mueller

technique (26). The membrane was formed over a 100-150
µm hole in a Teflon film (10µm thick), which had been
treated with a 1:40 mixture (v/v) of hexadecane and hexane,
separating two glass half-cells. After 2 h, 10µL of an
azolectin/hexane solution (5:1000) was added to both sides
of the cell containing 2 mL of electrolyte solution [1 M KCl,
10 mM N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic
acid (HEPES) (pH 7.4)]. Bilayers were formed by lowering
and increasing the level of electrolyte in one or both sides
and monitoring capacitance responses. Voltage was applied
through an Ag/AgCl electrode on the cis side. The peptide
was added to both compartments, typically at 10-11-10-10

M for single-channel experiments and 10-8-10-7 M for
macroscopic measurements.

In macroscopic conductance experiments, the doped
membranes were subjected to slow voltage ramps (10 mV/
s) and transmembrane currents were fed into an amplifier
(BBA-01, Eastern Scientific, Rockville, MD). Current-
voltage curves were stored on a computer and analyzed with
Scope (Bio-Logic, Claix, France).

In single-channel recordings, currents were amplified and
potentials applied simultaneously with a patch-clamp ampli-
fier (RK 300, Bio-Logic). Single-channel currents were
monitored using an oscilloscope (TDS 3012, Tektronix,
Beaverton, OR), filtered at 300 Hz, and stored on a CD
recorder (DRA 200, Bio-Logic) for offline analysis. Data
were analyzed with Windac32 (http://www.shareit.com) and
Biotools (Bio-Logic). All experiments were performed at
room temperature.

NMR Spectroscopy.Samples of piscidin for NMR were
prepared in a 95:5 (v/v) mixture of H2O and D2O to yield

FIGURE 1: Sequence alignment of peptides or protein fragments that exhibit significant levels of identity in sequence to piscidin. The
sequences and the alignment were obtained with FASTA3 at the EMBL-EBI, using the Uniprot database (http://www.embl-heidelberg.de/).
Conserved residues are colored black, and residues conserved in all sequences are shown in bold. Note that the moronecidin-1 and -2
sequences are identical to the piscidin-1 and -2 sequences, respectively: sb-moronecidin precursor, Q8UUG2 moronecidin precursor, P59906
dicentracin precursor, Q2VWH5 moronecidin, P0C006 piscidin-3, Q6JWQ9 epinecidin, P83546 chrysophsin-2, P83545 chrysophsin-1, and
Q7SZG6 pleurocidin-like peptide.
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0.8-1.0 mM solutions. The pH was adjusted to the desired
value by adding DCl or NaOD and was checked at room
temperature with a 3 mmelectrode. The pH values given
have not been corrected for the deuterium isotopic effect.
Proton chemical shifts are expressed with respect to sodium
4,4-dimethyl-4-silapentane-1-sulfonate, according to the IU-
PAC recommendations. We carried out1H NMR experiments
on a Bruker Avance 600 spectrometer equipped with a triple-
resonance cryoprobe, and spectra were recorded at temper-
atures ranging from 15 to 42°C. In all experiments, the
carrier frequency was set at the center of the spectrum, at
the frequency of water. Spectra produced by double-
quantum-filtered correlated spectroscopy (DQF-COSY) (27,
28), z-filtered total correlated spectroscopy (z-TOCSY) (29,
30), and nuclear Overhauser effect spectroscopy (NOESY)
(31) were acquired in the phase-sensitive mode, using the
States-TPPI method (32). For spectra recorded in H2O, the
resonance of the water was suppressed by the WATERGATE
method (33), except for DQF-COSY spectra, for which low-
power irradiation was used. We obtained z-TOCSY spectra
with a mixing time of 90 ms and NOESY spectra with
mixing times of 100, 150, and 300 ms. Data were processed
with XWINNMR. Full sequential assignment was achieved
using the general strategy described by Wu¨thrich (34).

Piscidin studies in the presence of trifluoroethanol were
carried out with 25 and 50% trifluoroethanol (v/v).

Finally, another 1 mM sample was used to study the
solution structure of piscidin in a micellar environment. We
added DPC gradually (2.5 mg at a time) until 12.5 mg had
been added (DPC:peptide molar ratio of 64). After each
addition, DQF-COSY, TOCSY (isotropic mixing time of 70
ms), and NOESY (mixing time of 200 ms) spectra were
recorded.

Calculation of Structures.NMR-derived constraints mea-
sured on NOESY spectra were converted into interproton
upper distance limits of 2.5, 3.0, 4.0, and 5.0 Å for strong,
medium, weak, and very weak intensities, respectively.
Lower distance limits were taken as the sum of the van der
Waals radii. As no stereospecific assignment was possible
for the methyl and methylene protons, pseudoatoms were
used instead, after appropriate corrections of the constraints.

The φ angle restraints were estimated from the3JNH-CH

coupling constants and theø1 angle restraints were derived
from the combined analysis of the3JHR-Hââ′ coupling
constants and intraresidue NOEs. For the calculation of three-
dimensional structures, distance and dihedral angle restraints
were input into DYANA, a program using simulated an-
nealing combined with molecular dynamics in torsion angle
space (35). In the first stage of the calculation, an initial set
of 20 structures was generated from a template structure with
randomizedΨ and Φ dihedral angles and extended side
chains. In preliminary calculations, hydrogen bonds were not
used as a restraint. Hydrogen bonds were considered to be
present if the distance between heavy atoms was less than
3.5 Å and the donor-hydrogen-acceptor angle was greater
than 120°. Finally, we used 167 NOE-derived distances and
nine dihedral constraints to calculate the structure of piscidin
in the presence of DPC micelles. Calculations were made
for 60 conformers, and the resulting 10 structures with
minimal restraint violations (no violation of>0.3 Å) were
analyzed with INSIGHT 97 (Molecular Simulation Inc., San
Diego, CA). Ramachandran analysis was performed with

PROCHECK (36). The limits of the secondary structure
elements and the van der Waals surfaces and accessible
surface area for each residue were determined with STRIDE
(37). The chemical shifts and NMR-derived constraints are
deposited in the BRMB (accession number 15050). Coor-
dinates of piscidin are available on request (andre.aumelas@
cbs.cnrs.fr).

RESULTS

Circular Dichroism Study

CD spectra were recorded in various solutions buffered
with 20 mM sodium phosphate at pH 7.4 (Figure 2). In water,
a typical random coil spectrum was obtained. In 75% TFE,
a standardR-helix signal was detected, with characteristic
bands at 195, 208, and 222 nM. A more accentuatedR-helical
conformation was observed in the presence of 1% DPC
(lipid:peptide molar ratio of 200). Indeed, the percentage of
R-helix in DPC micelles was∼65%, whereas that in 75%
TFE was only 40%.

Ion Channel Formation

Macroscopic Current Measurements.Piscidin was incor-
porated into azolectin planar lipid bilayers formed by the
Montal-Mueller technique (26). Typically, after 30 min (the
time required to stabilize the membrane), the bilayer was
subjected to repetitive triangular ramping (10 mV/s).I-V
curves were obtained at various concentrations of piscidin
in 1 M KCl (Figure 3). The development of exponential
branches occurred above a voltage threshold (Vc) depending
on the peptide concentration (38). Differences inVc values
made it possible to estimate concentration dependence (Va),
which is the shift ofVc produced by an e-fold change in
peptide concentration. TheVa value of 52( 5 mV obtained
for piscidin is indicative of strong concentration dependence.
Finally, the voltage increment (Ve) resulting in an e-fold
change in conductance on the exponential branch gave a
value of 24 ( 2 mV, characteristic of weak voltage
dependence, in contrast to the value of 6 mV obtained for
alamethicin (38). Thus, theVa/Ve ratio, known asNapp (38),
the apparent number of monomers constituting the pore-

FIGURE 2: Circular dichroism spectra for piscidin. The spectra were
obtained in water, with 10-75% TFE and 1% DPC [buffered with
10 mM sodium phosphate (pH 7.4)]. For spectra recorded in the
presence of TFE, only that with 75% is displayed. The peptide
concentration was 1.25× 10-4 M. Five scans were recorded at
room temperature.
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forming aggregate according to the barrel-stave model, was
not significant (we obtained a value of 2.1( 0.4). This
mechanism is characterized by values above 4.

Single-Channel Recordings.We also studied channel
formation by piscidin by means of single-channel conduc-
tance measurements, after incorporating the peptide into
planar lipid bilayers, using the technique described above.
Piscidin formed ion-permeable channels at all applied
voltages between-150 and 150 mV. Rapid, discrete current
fluctuations occurred at-80 mV (Figure 4A). The associated
amplitude histogram gave a conductance value of 200 pS in
1 M KCl. Other levels of conductance were occasionally
recorded in other experiments. The trace in Figure 4B shows
the conductance level of 200 pS previously recorded and
another level of conductance at 720 pS. This behavior differs
from that of alamethicin, the archetype of the barrel-stave
model, because piscidin did not induce a typical multistate
behavior. In the barrel-stave model, the fluctuations between
substates are correlated with the uptake or release of

monomers by the conducting bundle, and the different
subconductance levels are characterized by nonintegral
increments.

NMR Structural Study

In the1H NMR spectrum of piscidin recorded in water at
22 °C and pH 5.0, most of the amide signals are in the 8.8-
8.1 ppm range (except that of Gly8, 7.58 ppm), suggesting
that the peptide is mainly unstructured in water (Figure 5).
In NOESY experiments, sequential NOEs of strong intensity
facilitated the identification and assignment of all the spin
systems. Four NN NOEs of weak intensity (Phe6-Arg7,
Arg7-Gly8, Gly8-Ile9, and His11-Val12) were also observed.
The Phe6-Ile9 consecutive NOEs indicate that this sequence
tends to adopt a poorly stable helical structure in water.
Overall, the absence of medium- and long-range NOEs
indicates that piscidin is essentially unstructured in water.

The addition of 25% TFE had no significant overall effect
on the1H NMR spectrum. However, there was a significant
and global upfield shift of amide signals of∼0.25-0.30 ppm.
In addition, the methyl signals of Thr15 (1.15 ppm) and Thr21

(1.24 ppm), which were well-separated in water, overlapped
in the presence of TFE. The NOESY spectrum exhibited
more NN NOEs than in water, indicating the presence of a
significant percentage of helical structure (data not shown).
The addition of TFE to a concentration of 50% slightly
increased the degree of dispersion of amide and methyl
signals and led to line broadening, particularly for amide
signals. The NOESY spectrum exhibited several successive
NN NOEs of strong intensity, indicating the formation of a
more stable helical structure (data not shown). These results
were confirmed by a similar study performed by CD
measurements in the presence of 10-75% TFE (Figure 2).
Above 40-50% TFE, the CD spectrum remained very
similar, indicating that there are no significant conformational
changes for higher percentages of TFE.

Piscidin is thought to act at a membrane level. We
therefore carried out a structural study in the presence of
DPC, a zwitterionic lipid. Such a micellar environment is
considered to mimic the amphipathic environment of a
phospholipid bilayer and the bilayer-water interface (24).
We recorded an initial set of spectra for different concentra-
tions of DPC and then determined the structure of piscidin
in interaction with micelles.

The addition of 13 equiv of DPC (∼13 mM) induced line
broadening. The effects of DPC on chemical shifts reached
a plateau at around 39-64 equiv (∼39-64 mM). Amide
resonances in the 8.9-7.7 ppm range were more disperse
than in water, suggesting a more constrained conformation.
These spectral changes indicated an interaction between
piscidin and the DPC micelles giving rise to a more
constrained structure.

Full assignment was achieved with three data sets,
corresponding to COSY, TOCSY, and NOESY experiments
carried out at pH 5 and at 27, 37, and 42°C, respectively.
Then, chemical shifts ofR-protons sensitive to conforma-
tional changes were analyzed, and NMR-derived constraints
were used to determine the conformation of piscidin that
binds to DPC micelles.

The chemical shifts of theR-protons measured in the
presence of DPC micelles (DPC:peptide molar ratio of 39)

FIGURE 3: Macroscopic current-voltage curves (I-V) for piscidin
at different concentrations in azolectin membranes.I-V curves
between-150 and 150 mV, at a ramp sweep of 10 mV/s in 1 M
KCl. Peptide concentrations were 3× 10-8 (curve 1), 10-7 (curve
2), and 3.5× 10-7 M (curve 3).

FIGURE 4: Single-channel recordings for piscidin in 1 M KCl and
the associated amplitude histograms (A) at-80 mV and (B) at
100 mV. The piscidin concentration was 5× 10-9 M. The closed
state is represented by a dotted horizontal line. The conductance
of channels was calculated from the difference between the closed
state and the open states divided by the applied voltage value.

1774 Biochemistry, Vol. 46, No. 7, 2007 Campagna et al.



were compared with those measured in water, in which
piscidin adopts an unstructured conformation (Figure 5). This
comparison revealed that, with the exception of Gly8 and
Leu19, most R-proton resonances spanning 5-20 residues
displayed marked upfield shifts in the 0.2-0.6 ppm range,
suggesting the formation of anR-helical structure during
interactions with DPC micelles. Similar chemical shift
differences were obtained when compared with statistic
values for a random coil structure (39, 40) (data not shown).
The helical structure was confirmed by the numerous
successive and strong NN andRi-âi+3 NOEs that were
observed (Figure 6).

We used a set of 176 NMR-derived constraints (167
distance constraints and nine angle constraints) to calculate
the structure of piscidin bound to micelles. A stereoview of
a family of 10 conformers is displayed in Figure 7. The
superimposition of all these conformers resulted in an average
rmsd of 1.41( 0.33 Å. The well-defined part of the molecule
(residues 6-21), with an average rmsd of 0.33( 0.12 Å,
contrasts with the less well-defined N-terminal part of the
molecule (residues 1-5). The Ramachandran plot indicated
that 98.3% of the residues were in the most favored and
additional allowed regions, 1.1% were in the generously
allowed region, and 0.6% was in the disallowed region (His3

for one conformer). The limits of the secondary structure
elements indicated that the structure of piscidin comprised
a helical portion (residues 8-17) and threeâ-turns: a type

IV â-turn spanning residues 2-5 and two type Iâ-turns
spanning residues 17-20 and 19-22.

As a result, in the presence of DPC micelles, piscidin
mainly adopts anR-helical structure and thus belongs to the
R-helical class of antimicrobial peptides.

The average surface area of the micelle-bonded conformers
was 2590 Å2. The hydrophobic side chains included Phe1,
Phe2, Ile5, Phe6, Ile9, Val10, Val12, Ile16, Leu19, and Val20,
and the hydrophilic side chains included His3, His4, Arg7,
His11, Lys14, Thr15, His17, Arg18, and Thr21. The mean
hydrophobic and hydrophilic areas were 1298 (50.1%) and
1292 Å2 (49.9%), respectively. The hydrophobic and hy-
drophilic equivalent surface areas are responsible for the
strongly amphipathic character of piscidin.

DISCUSSION

Piscidin, a 22-residue cationic peptide isolated from the
mast cells or gills of bass (15, 17), has antimicrobial activity,
possibly due to its ability to permeabilize bacterial mem-
branes. As in many antimicrobial peptides, both the number
of positively charged residues (two arginines, one lysine, and
four histidines) and the ability to form an amphipathic helical
structure in membrane-mimicking environments seem to be
the two main features responsible for the antimicrobial
activity of piscidin.

Many antimicrobial peptides adopt a helical structure upon
interaction with DPC micelles. This has been shown to be

FIGURE 5: Changes in the piscidin1H NMR spectrum and chemical shift differences forR-protons upon addition of DPC (molar DPC:
peptide ratio of 39 at 27°C). For glycine, the chemical shift was calculated from the downfield-shifted resonance.

FIGURE 6: Part of the NOESY map showing the NN dipolar interactions and chart of the NOEs measured for piscidin interacting with DPC
micelles (molar DPC:peptide ratio of 39 at 27°C with a mixing time of 200 ms).
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the case for bacteriocin (41), melittin (42), PMAP-23 (43),
zervamicin (44), sakacin (45), pleurocidin (46), CRAMP
(47), SMAP-29 (48), and ranalexin (49). Circular dichroism
experiments carried out with piscidin at pH 7.4 showed that
this peptide adopts a random coil structure in water and an
R-helical structure (40%) in 75% TFE. TheR-helix content
of the molecule was significantly higher (65%) in the
presence of DPC micelles. This change in conformation
suggests that the helical structure is probably the active
conformation able to permeabilize the membrane.

NMR experiments were performed in various media, to
determine the three-dimensional structure of piscidin. This
molecule was mainly unstructured in water. As shown by
CD and NMR experiments, the addition of TFE led to the
formation of a helical structure. In a DPC micellar environ-
ment, piscidin interacted with micelles and its sequence of
residues 8-17 adopted anR-helical structure. Interestingly,
a similar induced conformational change has been reported
for pleurocidin, a 25-residue antimicrobial peptide (46). In
a recent solid-state NMR study of piscidin in the presence
of hydrated oriented lipid bilayers, piscidin was also found
to adopt anR-helical structure, lying parallel to the membrane
surface (50). The overall structure of piscidin was markedly
amphipathic, with hydrophobic and hydrophilic sectors
comparable in size. CD and NMR piscidin data were
collected in salt-free media. However, it should be noticed
that in the presence of 160-1280 mM NaCl, the MIC value
was doubled for wb-moronecidin (piscidin-2) againstS.
aureus(17). In the presence of high concentrations of salt,
cations can interact with negative charges of the membrane
and compete with the peptide-membrane electrostatic
interactions. Thus, we have to be aware of possible alterations
of AMP solubility, antimicrobial activity, and to a lesser
extent conformation. On the basis of these results in the

presence of different lipids, piscidin was found to interact
with various membrane-mimicking interfaces, suggesting that
its interaction with them is not only electrostatically medi-
ated.

The piscidin sequence contains four histidine residues
located on the solvent-exposed side of the amphipathic helix.
The pKa of such a solvated histidine usually is around 6.5.
Since all histidine are solvated, their pKa is probablyg6.5.
For anR-helical peptide of a similar size, the histidine pKa

in the range of 7.7-7.8 was measured (51). Accordingly,
the number of positive charges displayed by piscidin can
move from≈7 (two Arg residues, one Lys residue, and four
His residues) for pHe5.0 where histidine side chains are
fully protonated to 3 for pHg8 where they are deprotonated.
At pH 7.4, due to their partial protonation, the charge state
probably displays an intermediate value of>3.

Therefore, the presence of several positive charges com-
bined with a clear-cut distribution of hydrophilic and
hydrophobic side chains in a linearR-helical structure
suggests that piscidin may act against bacteria by forming
pores permeabilizing the bacterial membrane as reported for
other antimicrobial peptides. We therefore carried out
reconstitution experiments, using planar azolectin bilayers
to investigate the behavior of piscidin.

Azolectin is a natural mixture of lipids [phosphatidyle-
thanolamine (PE), phosphatidylinositol (PI), phosphatidyl-
choline (PC), and phosphatidylserine (PS) with 20% net
negatively charged headgroups, most of them being PI (22)].
This composition is close to that of the outer membrane of
bacteria which also presents∼20% negative lipids (mainly
phosphatidylglycerol). Piscidin gave symmetricI-V curves,
making it possible to determineVa andVe values (38). The
52 ( 5 mV Va value that was obtained indicates a strong
concentration dependence, whereas theVe value of 24( 2

FIGURE 7: Stereoview of a family of 10 piscidin conformers bound to DPC micelles. The amphipathic feature of the structure is highlighted
on the Molscript structure (57). Hydrophilic and hydrophobic side chains are colored blue and orange, respectively. The hydrophobic area
is thought to be part of the piscidin-micelle interface. In contrast, the hydrophilic side chains are thought to be exposed to the solvent.
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mV indicates that piscidin does not induce voltage-dependent
channels. This behavior was confirmed by the weak voltage
required to induce ion channels, as pore forming activity was
observed at voltages below 70 mV. The obtainedNapp value
is not consistent with the barrel-stave mechanism. The single-
channel traces observed at different voltages were also
inconsistent with this mechanism. Indeed, the barrel-stave
model is characterized by the uptake and release of helical
peptides in the conducting bundle, which modify the pore
size and induce different levels of conductance. In this model,
there may be more than 10 levels, with a geometric
progression of increments between levels (52). With piscidin,
we observed only one level of conductance in most experi-
ments, with two in rare instances. Similar behavior, with a
single level of conductance, has previously been reported
for magainin (53) and pleurocidin (54). Another common
feature of magainin, pleurocidin, and piscidin is their strong
amphipathic character, with a 140-180° positively charged
hydrophilic sector on the planar projection of the helical
wheel. In contrast, alamethicin has a narrow and uncharged
polar sector (<50°), which forms a hydrophilic pore fol-
lowing the association of several monomers via strong
hydrophobic interactions. This amphipathic character is an
important feature, accounting for the self-association of
peptides before their insertion in lipid bilayers. In reconstitu-
tion experiments with various amphiphilicR-helical peptides
(10, 11, 53, 54), we have found that the barrel-stave model
is inconsistent with a strongly charged large hydrophilic
sector. This hypothesis is supported by several studies. In
the first, a study of two synthetic peptides with polar angles
of the hydrophilic sector of 100° and 180°, the authors
claimed that this factor was an essential determinant of
peptide-lipid interactions (55). In the second, a study of
lysine-containing amphipathic peptides (56), the authors
concluded that (LxKy)n polypeptides with a single lysine
residue adopted a transmembrane orientation, whereas pep-
tides with two separate lysines in the polar sector were in
equilibrium between the planar and transmembrane orienta-
tions. Peptides with more than three lysines remained
preferentially on the membrane surface. These findings are
consistent with solid-state NMR data in the presence of
hydrated oriented lipid bilayers (50).

On the basis of these arguments, we can exclude the barrel-
stave model as a possible mechanism of action of piscidin.
The similarities between the pore forming properties of
piscidin, pleurocidin, and magainin suggest that the antimi-
crobial activity of piscidin is due to the formation of toroidal
pores in the bacterial membrane. In these pores, the lipids
are inserted between theR-helices to form a toroidal hole,
so the pore is lined by both the peptides and the lipid head
groups.

In conclusion, we have determined the three-dimensional
structure of piscidin in various media. In the presence of
DPC micelles, this molecule has well-defined hydrophilic
and hydrophobic sectors along the practically straight linear
molecule, which is mostlyR-helical. This conformation,
induced during the initial adsorption of the molecule onto
the membrane surface, has been reported for many other
antimicrobial peptides. When piscidin is incorporated into
azolectin bilayers, it displays well-defined single channels
at different voltages. The characteristics of these ion channels
(voltage dependence, levels of conductance) suggest that

piscidin permeabilizes the membrane more likely by toroidal
pore formation rather than via the barrel-stave model.

SUPPORTING INFORMATION AVAILABLE

Chemical shifts of piscidin in water (Table 1) and 39 mM
DPC (Table 2) at 27°C. This material is available free of
charge via the Internet at http://pubs.acs.org.
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34. Wüthrich, K. (1986)NMR of Proteins and Nucleic Acids, John
Wiley & Sons, New York.

35. Guntert, P., Mumenthaler, C., and Wuthrich, K. (1997) Torsion
angle dynamics for NMR structure calculation with the new
program DYANA,J. Mol. Biol. 273, 283-298.

36. Laskowski, R. A., Rullmannn, J. A., MacArthur, M. W., Kaptein,
R., and Thornton, J. M. (1996) AQUA and PROCHECK-NMR:
Programs for checking the quality of protein structures solved by
NMR, J. Biomol. NMR 8, 477-486.

37. Frishman, D., and Argos, P. (1995) Knowledge-based protein
secondary structure assignment,Proteins 23, 566-579.

38. Hall, J. E., Vodyanoy, I., Balasubramanian, T. M., and Marshall,
G. R. (1984) Alamethicin. A rich model for channel behavior,
Biophys. J. 45, 233-247.

39. Wishart, D. S., Bigam, C. G., Holm, A., Hodges, R. S., and Sykes,
B. D. (1995)1H, 13C and15N random coil NMR chemical shifts
of the common amino acids. I. Investigations of nearest-neighbor
effects,J. Biomol. NMR 5, 67-81.

40. Wishart, D. S., and Case, D. A. (2001) Use of chemical shifts in
macromolecular structure determination,Methods Enzymol. 338,
3-34.

41. Fregeau Gallagher, N. L., Sailer, M., Niemczura, W. P., Na-
kashima, T. T., Stiles, M. E., and Vederas, J. C. (1997) Three-
dimensional structure of leucocin A in trifluoroethanol and
dodecylphosphocholine micelles: Spatial location of residues
critical for biological activity in type IIa bacteriocins from lactic
acid bacteria,Biochemistry 36, 15062-15072.

42. Sharon, M., Oren, Z., Shai, Y., and Anglister, J. (1999) 2D-NMR
and ATR-FTIR study of the structure of a cell-selective diaste-
reomer of melittin and its orientation in phospholipids,Biochem-
istry 38, 15305-15316.

43. Park, K., Oh, D., Shin, S. Y., Hahm, K. S., and Kim, Y. (2002)
Structural studies of porcine myeloid antibacterial peptide PMAP-
23 and its analogues in DPC micelles by NMR spectroscopy,
Biochem. Biophys. Res. Commun. 290, 204-212.

44. Shenkarev, Z. O., Balashova, T. A., Efremov, R. G., Yakimenko,
Z. A., Ovchinnikova, T. V., Raap, J., and Arseniev, A. S. (2002)
Spatial structure of zervamicin IIB bound to DPC micelles:
Implications for voltage-gating,Biophys. J. 82, 762-771.

45. Uteng, M., Hauge, H. H., Markwick, P. R., Fimland, G., Mantzilas,
D., Nissen-Meyer, J., and Muhle-Goll, C. (2003) Three-dimen-
sional structure in lipid micelles of the pediocin-like antimicrobial
peptide sakacin P and a sakacin P variant that is structurally
stabilized by an inserted C-terminal disulfide bridge,Biochemistry
42, 11417-11426.

46. Syvitski, R. T., Burton, I., Mattatall, N. R., Douglas, S. E., and
Jakeman, D. L. (2005) Structural characterization of the antimi-
crobial peptide pleurocidin from winter flounder,Biochemistry
44, 7282-7293.

47. Yu, K., Park, K., Kang, S. W., Shin, S. Y., Hahm, K. S., and
Kim, Y. (2002) Solution structure of a cathelicidin-derived
antimicrobial peptide, CRAMP as determined by NMR spectros-
copy,J. Pept. Res. 60, 1-9.

48. Tack, B. F., Sawai, M. V., Kearney, W. R., Robertson, A. D.,
Sherman, M. A., Wang, W., Hong, T., Boo, L. M., Wu, H.,
Waring, A. J., and Lehrer, R. I. (2002) SMAP-29 has two LPS-
binding sites and a central hinge,Eur. J. Biochem. 269, 1181-
1189.

49. Vignal, E., Chavanieu, A., Roch, P., Chiche, L., Grassy, G., Calas,
B., and Aumelas, A. (1998) Solution structure of the antimicrobial
peptide ranalexin and a study of its interaction with perdeuterated
dodecylphosphocholine micelles,Eur. J. Biochem. 253, 221-228.

50. Chekmenev, E. Y., Vollmar, B. S., Forseth, K. T., Manion, M.
N., Jones, S. M., Wagner, T. J., Endicott, R. M., Kyriss, B. P.,
Homem, L. M., Pate, M., He, J., Raines, J., Gor’kov, P. L., Brey,
W. W., Mitchell, D. J., Auman, A. J., Ellard-Ivey, M. J., Blazyk,
J., and Cotten, M. (2006) Investigating molecular recognition and
biological function at interfaces using piscidins, antimicrobial
peptides from fish,Biochim. Biophys Acta 1758, 1359-1372.

51. Sforca, M. L., Machado, A., Figueredo, R. C., Oyama, S., Jr.,
Silva, F. D., Miranda, A., Daffre, S., Miranda, M. T., Spisni, A.,
and Pertinhez, T. A. (2005) The micelle-bound structure of an
antimicrobial peptide derived from theR-chain of bovine hemo-
globin isolated from the tickBoophilus microplus, Biochemistry
44, 6440-6451.

52. Taylor, R. J., and de Levie, R. (1991) “Reversed” alamethicin
conductance in lipid bilayers,Biophys. J. 59, 873-879.

53. Duclohier, H., Molle, G., and Spach, G. (1989) Antimicrobial
peptide magainin I fromXenopusskin forms anion-permeable
channels in planar lipid bilayers,Biophys. J. 56, 1017-1021.

54. Saint, N., Cadiou, H., Bessin, Y., and Molle, G. (2002) Antibacte-
rial peptide pleurocidin forms ion channels in planar lipid bilayers,
Biochim. Biophys. Acta 1564, 359-364.

55. Uematsu, N., and Matsuzaki, K. (2000) Polar angle as a deter-
minant of amphipathicR-helix-lipid interactions: A model peptide
study,Biophys. J. 79, 2075-2083.

56. Vogt, B., Ducarme, P., Schinzel, S., Brasseur, R., and Bechinger,
B. (2000) The topology of lysine-containing amphipathic peptides
in bilayers by circular dichroism, solid-state NMR, and molecular
modeling,Biophys. J. 79, 2644-2656.

57. Kraulis, P. J. (1991) MOLSCRIPT. A program to produce both
detailed and schematic plot of protein structures.J. Appl.
Crystallogr. 24, 946-950.

BI0620297

1778 Biochemistry, Vol. 46, No. 7, 2007 Campagna et al.


