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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 higl-helix content in dodecylphosphocholine (DPC) micelfés NMR data in water

and TFE confirmed these results and demonstrated that the segment of residided®pted an-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 reprodutiblécurves 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  Piscidins were the first antimicrobial cationic peptides to
immune response to bacterial challenge and thus in ensuringbe isolated from the mast cells of striped bags, (16).
the first-line defenses of many speciés?). These peptides  Piscidin-1 (Ard® and piscidin-2 (Ly%) were also discovered
are frequentlyo-helical (3), with several positive charges in the skin and gills of the striped bass at approximately the
and an amphipathic character. These features seem to plagame time and named sb- and wb-moronecidins, respectively
an essential role in the various mechanisms of membrane(17). These 22-residue peptides have broad-spectrum activity
permeabilization, which often lead to cell death-{7). against bacteria, fungi, and viruses and moderate hemolytic

Several models of membrane permeabilization mechanismsactivity. MIC* values determined againStaphylococcus
have been developed. In the “barrel-stave” model, the aureusfor piscidin-1 (or sb-moronecidin), piscidin-2 (or wb-

membrane is permeabilized by the formation of transmem- Moronecidin), and piscidin-3 are 3.1, 1:28.5, and 3. 1M,
brane pores composed of a bundlesielices, as described respectively 15, 17). Piscidin-2 was not hemolytlc for human
for alamethicin, ceratotoxins, and distinct®~(11). In the ~ @nd sheep erythrocytes at concentrationsafs uM (17).
toroidal pore model, as proposed for magairig, (.3), lipids They are very similar to other antimicrobial peptides from

are inserted between helices to form a mixed pore. In a third fiSh (se€ Figure 1), such as dicentracin from labrag),(
model, the “carpet-like” mechanism, peptides act as a €Pinecidin-1 from grouperl@), chrysophsins from bream

detergent, disrupting the bacterial membrane by forming (20, and pleurocidin-like peptides from floundeel.
eventually transitory poresld). In all these models, the Preliminary circular dichroism (CD) studies showed that

physical properties of the helices (charge, length, amphip- piscidins (or moronecidins) and chrysophsins were unstruc-

athicity, etc.) are key elements of the mechanisms operatingt“red in water but had a stromghelical structure when TFE

at various stages, at the surface of the membrane, within the/aS added. The Shiffer-Edmundson helical wheel diagram

membrane, or both. The complex lipidic composition of the ind_icatgd a probable amphipatiddlelical structuref(5,_17).
membrane bacteria as well as the total charge of the lipid 11iS diagram showed two well-defined hydrophilic and

headgroups also plays an important role in the mechanismshydrc’phObiC sectors, characteri.stic ofa s.trongly amphipa}thic
of action of antibacterial peptides molecule. To study the mechanism of action of the piscidin-1

Besides these pore forming mechanisms, several observa: — —— : : :
tions suggest that these antimicrobial peptides can also inhibit. * Abbreviations: AMP, antimicrobial peptide; CD, circular dichro-

. . . . ism; CSI, chemical shift index; DPC, perdeuterated dodecylphospho-
the synthesis of the cell wall, nucleic acids, and proteins or choline:  DQF-COSY,  two-dimensional  double-guantum-filtered

even inhibit enzymatic activity7). correlated spectroscopy; MIC, minimum inhibitory concentration; NMR,
nuclear magnetic resonance; NOE, nuclear Overhauser effect; NOESY,
two-dimensional nuclear Overhauser effect spectroscopy; rmsd, root-
* To whom correspondence should be addressed. Telephone: 33 4mean-square deviation; TOCSY, total correlation spectroscopy; TFE,
67 41 79 12. Fax: 33 4 67 41 79 13. E-mail: molle@cbs.cnrs.fr. 2,2,2-trifluoroethanol; TPPI, time-proportional phase incrementation.
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Peptide Sequence Similarities
(%)
Piscidin-1 FFHHIFRGIVHVGKTIHRLVTG 100

Moronecidin precursor(1) FFHHIFRGIVHVGKTIHRLVTG 100
Moronecidin precursor(2) FFHHIFRGIVHVGKTIHKLVTG 95
Pigcidin-2 FFHHIFRGIVHVGKTIHELVTG 95

Moronecidin precursor{3) FFHHIFKGIVHVGKTIHRLVTG 95

Dicentracin precursor FFHHIFRGIVHVGKSIHKLVTG 91
Piscidin-3 FIHHIFRGIVHAGRSIGRFLTG 68
Epinecidin FIFHITKGLFHAGKMIHCGLVT 57
Chrysophsin-2 FFGWLIRGATHAGKAIHCLT 50
Chrysophsin-1 FFOWLIKGATHAGKAIHCLT 45

Pleurocidin-1ike peptide FLGLLFHGVHHVGKWIHGLIHG 45

Ficure 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 FASTAS 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, POC006 piscidin-3, Q6JWQ9 epinecidin, P83546 chrysophsin-2, P83545 chrysophsin-1, and
Q7SZG6 pleurocidin-like peptide.

amidated isoform, we carried out multichannel and single- technique 26). The membrane was formed over a +a%0
channel experiments in bilayers of azolectin. This mixture um hole in a Teflon film (10um thick), which had been

of lipids presents a percentage of negatively charged lipids treated with a 1:40 mixture (v/v) of hexadecane and hexane,
(20%) similar to the one found in outer membranes of Gram- separating two glass half-cells. After 2 h, 1 of an
negative bacteria2@). In parallel, we determined its three- azolectin/hexane solution (5:1000) was added to both sides
dimensional structure via NMR experiments in different of the cell containing 2 mL of electrolyte solution [1 M KCI,
environments, including dodecylphosphocholine (DPC) mi- 10 mM N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic
celles that provide a zwitterionic lipid surface similar to that acid (HEPES) (pH 7.4)]. Bilayers were formed by lowering

of the membrane2@, 24). and increasing the level of electrolyte in one or both sides
and monitoring capacitance responses. Voltage was applied
MATERIALS AND METHODS through an Ag/AgCl electrode on the cis side. The peptide

was added to both compartments, typically att810-1°
M for single-channel experiments and $610" M for
macroscopic measurements.

Chemicals.Piscidin (FFHHIFRGIVHVGKTIHRLVTG-
NHz; My, = 2571 Da; pl~ 12) was generously provided by
E. J. Noga (Raleigh, NC). Soybean azolectin IV-S was

purchased from SigmaZ2Hzs)DodPCho dodecylphospho- In macroscopic conductance experiments, the doped
choline (DPC; M, = 389.5 Da) was purchased from membranes were subjected to slow voltage ramps (10 mV/
EURISOTOP. s) and transmembrane currents were fed into an amplifier

Circular Dichroism MeasurementsCD spectra were (BBA-O1, Eastern Scientific, Rockville, MD). Current .
recorded at room temperature on a Chirascan dichrographVOIt"’Ige curves were st_ored on a computer and analyzed with
(Applied Photophysics) in a quartz cell with an optical path SCOP€ (Bio-Logic, Claix, France).
of 0.5 mm for peptides in aqueous solution. Five scans were  In single-channel recordings, currents were amplified and
performed, and band positions were determined after smooth-potentials applied simultaneously with a patch-clamp ampli-
ing the spectra using the Savitzk@olay method. The  fier (RK 300, Bio-Logic). Single-channel currents were
peptide concentration was 1.2510~4 M in 20 mM sodium monitored using an oscilloscope (TDS 3012, Tektronix,
phosphate (pH 7.4). In the experiment performed in 1% DPC Beaverton, OR), filtered at 300 Hz, and stored on a CD
(25 mM), the DPC/peptide molar ratio was200. The recorder (DRA 200, Bio-Logic) for offline analysis. Data
percentage of the various secondary structures was calculatewere analyzed with Windac32 (http://www.shareit.com) and
with DICHROWEB @5). Biotools (Bio-Logic). All experiments were performed at

Conductance Experimenttn macroscopic and single- 00m temperature.
channel conductance experiments, virtually solvent-free NMR Spectroscopysamples of piscidin for NMR were
planar lipid bilayers were formed by the Montal and Mueller prepared in a 95:5 (v/v) mixture of & and QO to yield
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0.8—1.0 mM solutions. The pH was adjusted to the desired 60000

value by adding DCI or NaOD and was checked at room A )
b 75% TFE

temperature wit 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 1U-
PAC recommendations. We carried édtNMR experiments

on a Bruker Avance 600 spectrometer equipped with a triple-
resonance cryoprobe, and spectra were recorded at temper
atures ranging from 15 to 42C. 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-COY) (

28), z-filtered total correlated spectroscopy (z-TOCSX9,(

30), and nuclear Overhauser effect spectroscopy (NOESY) Wavelength (nm)

(31) were acquired in the phase-sensitive mode, using theFicure 2: Circular dichroism spectra for piscidin. The spectra were
States-TPPI| method $2) For spectra recorded in,B, the obtained in water, with 1675% TFE and 1% DPC [buffered with

10 mM sodium phosphate (pH 7.4)]. For spectra recorded in the
resonance of the water was suppressed by the WATERGATEpresence of TFE, only that with 75% is displayed. The peptide

method 83), except for DQF-COSY spectra, for which low-  ¢qcantration was 1.25 104 M. Five scans were recorded at
power irradiation was used. We obtained z-TOCSY spectra room temperature.

with a mixing time of 90 ms and NOESY spectra with o

mixing times of 100, 150, and 300 ms. Data were processed”’ROCHECK 86). The limits of the secondary structure

with XWINNMR. Full sequential assignment was achieved elements and the van der Waals surfaces and accessible
using the general strategy described bytkvich (34). surface area for each residue were determined with STRIDE

Piscidin studies in the presence of trifluoroethanol were (37)- The chemical shifts and NMR-derived constraints are
carried out with 25 and 50% trifluoroethanol (v/v). deposited in the BRMB (accession number 15050). Coor-
Finally, another 1 mM sample was used to study the dinates of piscidin are available on request (andre.aumelas@

solution structure of piscidin in a micellar environment. we C€bs-cnrs.fr).

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 Circular Dichroism Study

ms), and NOESY (mixing time of 200 ms) spectra were ) ) )

recorded. CD spectra were recorded in various solutions buffered
Calculation of StructuresNMR-derived constraints mea-  With 20 mM sodium phosphate at pH 7.4 (Figure 2). In water,

sured on NOESY spectra were converted into interproton & typical random coil spectrum was obtained. In 75% TFE,
upper distance limits of 2.5, 3.0, 4.0, and 5.0 A for strong, @ standardx-helix signal was detected, with characteristic

medium, weak, and very weak intensities, respectively. bands at 195,208, and 222 nM. A more accentuatédlical

Lower distance limits were taken as the sum of the van der cOnformation was observed in the presence of 1% DPC
Waals radii. As no stereospecific assignment was possible(liPid:peptide molar ratio of 200). Indeed, the percentage of
for the methyl and methylene protons, pseudoatoms were®-helix in DPC micelles was-65%, whereas that in 75%
used instead, after appropriate corrections of the constraints.] FE was only 40%.

The ¢ angle restraints were estimated from f3gn_ch
coupling constants and thg angle restraints were derived
from the combined analysis of th&ly,—nss coupling Macroscopic Current Measuremengiscidin was incor-
constants and intraresidue NOESs. For the calculation of three-porated into azolectin planar lipid bilayers formed by the
dimensional structures, distance and dihedral angle restraintdVontal—Mueller techniqueZ6). Typically, after 30 min (the
were input into DYANA, a program using simulated an- time required to stabilize the membrane), the bilayer was
nealing combined with molecular dynamics in torsion angle subjected to repetitive triangular ramping (10 mVis)V
space 85). In the first stage of the calculation, an initial set curves were obtained at various concentrations of piscidin
of 20 structures was generated from a template structure within 1 M KCI (Figure 3). The development of exponential
randomized¥ and ® dihedral angles and extended side branches occurred above a voltage threshéffldepending
chains. In preliminary calculations, hydrogen bonds were not on the peptide concentratioB8). Differences inV, values
used as a restraint. Hydrogen bonds were considered to banade it possible to estimate concentration dependange (
present if the distance between heavy atoms was less thamwhich is the shift ofV, produced by an e-fold change in
3.5 A and the donerhydroger-acceptor angle was greater peptide concentration. Thé, value of 52+ 5 mV obtained
than 120. Finally, we used 167 NOE-derived distances and for piscidin is indicative of strong concentration dependence.
nine dihedral constraints to calculate the structure of piscidin Finally, the voltage increment/f) resulting in an e-fold
in the presence of DPC micelles. Calculations were made change in conductance on the exponential branch gave a
for 60 conformers, and the resulting 10 structures with value of 24 + 2 mV, characteristic of weak voltage
minimal restraint violations (no violation of0.3 A) were dependence, in contrast to the value of 6 mV obtained for
analyzed with INSIGHT 97 (Molecular Simulation Inc., San alamethicin 88). Thus, theVy/V, ratio, known asNg, (38),
Diego, CA). Ramachandran analysis was performed with the apparent number of monomers constituting the pore-
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nA monomers by the conducting bundle, and the different
20 1 subconductance levels are characterized by nonintegral
3 increments.
10 2 NMR Structural Study

-

In the*H NMR spectrum of piscidin recorded in water at
22°C and pH 5.0, most of the amide signals are in the-8.8
50 100 150 8.1 ppm range (except that of @Jy7.58 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 (PhArg’,
20 Arg’—Gly8, Gly8—lle?, and Hig—Val'?) were also observed.
FIGURE 3: Macroscopic currentvoltage curvesl¢-V) for piscidin - The phé—|le? consecutive NOEs indicate that this sequence

at different concentrations in azolectin membranesV curves - ;
between—150 and 150 mV, at a ramp sweep of 10 mV/s in 1 M tends to adopt a poorly stable helical structure in water.

KCI. Peptide concentrations werex310-8 (curve 1), 107 (curve Overall, the absence of medium- and long-range NOEs
2), and 3.5x 1077 M (curve 3). indicates that piscidin is essentially unstructured in water.
The addition of 25% TFE had no significant overall effect
on the'H NMR spectrum. However, there was a significant

and global upfield shift of amide signals 0.25-0.30 ppm.
In addition, the methyl signals of THr(1.15 ppm) and TH#
(1.24 ppm), which were well-separated in water, overlapped
in the presence of TFE. The NOESY spectrum exhibited

0 R 2 more NN NOEs than in water, indicating the presence of a
Intensity (pA)

mV

Events
4000 |

2000 |

significant percentage of helical structure (data not shown).
The addition of TFE to a concentration of 50% slightly
Evinis increased the degree of dispersion of amide and methyl

8000 ¢ | 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

4000 |

2000
MHWHHHJH l were confirmed by a similar study performed by CD
NE E o measurements in the presence of-¥8% TFE (Figure 2).
| Intensity (pA) Above 40-50% TFE, the CD spectrum remained very
50 pA similar, indicating that there are no significant conformational
_ 08s _ o changes for higher percentages of TFE.
FiGure 4: Single-channel recordings for piscidim1 M KCI and Piscidin is thought to act at a membrane level. We

the associated amplitude histograms (A)-e80 mV and (B) at . .
100 mV. The piscidin concentration was510-2 M. The closed therefore carried out a structural study in the presence of

state is represented by a dotted horizontal line. The conductanceDPC, a zwitterionic lipid. Such a micellar environment is
of channels was calculated from the difference between the closedconsidered to mimic the amphipathic environment of a

state and the open states divided by the applied voltage value. phospholipid bilayer and the bilayewater interface Z4).
We recorded an initial set of spectra for different concentra-

forming aggregate according to the barrel-stave model, wastions of DPC and then determined the structure of piscidin
not significant (we obtained a value of 24 0.4). This N interaction with micelles. _ _
mechanism is characterized by values above 4. The addition of 13 equiv of DPCX13 mM) induced line
Single-Channel RecordingdlVe also studied channel Proadening. The effects of DPC on chemical shifts reached
formation by piscidin by means of single-channel conduc- @ plateau at around 3%4 equiv (-39-64 mM). Amide
tance measurements, after incorporating the peptide intorésonances in the 8.7 ppm range were more disperse
planar lipid bilayers, using the technique described above. than in water, suggesting a more constrained conformation.
Piscidin formed ion-permeable channels at all applied These spectral changes indicated an interaction between
voltages betweer150 and 150 mV. Rapid, discrete current Piscidin and the DPC micelles giving rise to a more
fluctuations occurred at80 mV (Figure 4A). The associated ~constrained structure.
amplitude histogram gave a conductance value of 200 pSin Full assignment was achieved with three data sets,
1 M KCI. Other levels of conductance were occasionally corresponding to COSY, TOCSY, and NOESY experiments
recorded in other experiments. The trace in Figure 4B showscarried out at pH 5 and at 27, 37, and %2, respectively.
the conductance level of 200 pS previously recorded and Then, chemical shifts ofi-protons sensitive to conforma-
another level of conductance at 720 pS. This behavior differs tional changes were analyzed, and NMR-derived constraints
from that of alamethicin, the archetype of the barrel-stave were used to determine the conformation of piscidin that
model, because piscidin did not induce a typical multistate binds to DPC micelles.
behavior. In the barrel-stave model, the fluctuations between The chemical shifts of thex-protons measured in the
substates are correlated with the uptake or release ofpresence of DPC micelles (DPC:peptide molar ratio of 39)
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FiGURE 5: Changes in the pisciditH NMR spectrum and chemical shift differences toiprotons upon addition of DPC (molar DPC:
peptide ratio of 39 at 27C). For glycine, the chemical shift was calculated from the downfield-shifted resonance.
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Ficure 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 2€ with a mixing time of 200 ms).

were compared with those measured in water, in which IV g-turn spanning residues—5 and two type I-turns

piscidin adopts an unstructured conformation (Figure 5). This spanning residues +20 and 19-22.

comparison revealed that, with the exception of ‘Gind As a result, in the presence of DPC micelles, piscidin

Leu®, mosta-proton resonances spanning-20 residues mainly adopts am-helical structure and thus belongs to the

displayed marked upfield shifts in the 6:2.6 ppm range,  o-helical class of antimicrobial peptides.

suggesting the formation of am-helical structure during The average surface area of the micelle-bonded conformers

interactions with DPC micelles. Similar chemical shift was 2590 & The hydrophobic side chains included Bhe

differences were obtained when compared with statistic Phe, lle5, Phé, Ile®, Val, Val'? lle! Leu!®, and Vat,

values for a random coil structur@q, 40) (data not shown).  and the hydrophilic side chains included #islis?, Arg’,

The helical structure was confirmed by the numerous His!t, Lys'4, Thr'5, His'’, Arg!8, and Thf. The mean

successive and strong NN amd—pji;s NOEs that were  hydrophobic and hydrophilic areas were 1298 (50.1%) and

observed (Figure 6). 1292 A& (49.9%), respectively. The hydrophobic and hy-
We used a set of 176 NMR-derived constraints (167 drophilic equivalent surface areas are responsible for the

distance constraints and nine angle constraints) to calculate>rondly @amphipathic character of piscidin.
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 Piscidin, a 22-residue cationic peptide isolated from the
rmsd of 1.41+ 0.33 A. The well-defined part of the molecule  mast cells or gills of basd.6, 17), has antimicrobial activity,
(residues 6-21), with an average rmsd of 0.38 0.12 A, possibly due to its ability to permeabilize bacterial mem-
contrasts with the less well-defined N-terminal part of the branes. As in many antimicrobial peptides, both the number
molecule (residues-15). The Ramachandran plot indicated of positively charged residues (two arginines, one lysine, and
that 98.3% of the residues were in the most favored and four histidines) and the ability to form an amphipathic helical
additional allowed regions, 1.1% were in the generously structure in membrane-mimicking environments seem to be
allowed region, and 0.6% was in the disallowed region{His the two main features responsible for the antimicrobial
for one conformer). The limits of the secondary structure activity of piscidin.

elements indicated that the structure of piscidin comprised Many antimicrobial peptides adopt a helical structure upon
a helical portion (residues-8L7) and thregs-turns: a type interaction with DPC micelles. This has been shown to be

DISCUSSION
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L A Nter L Ner

FicurRe 7: Stereoview of a family of 10 piscidin conformers bound to DPC micelles. The amphipathic feature of the structure is highlighted
on the Molscript structures(). Hydrophilic and hydrophobic side chains are colored blue and orange, respectively. The hydrophobic area
is thought to be part of the piscidirmicelle interface. In contrast, the hydrophilic side chains are thought to be exposed to the solvent.

the case for bacterioci{), melittin (42), PMAP-23 @3), presence of different lipids, piscidin was found to interact
zervamicin 44), sakacin 45), pleurocidin 46), CRAMP with various membrane-mimicking interfaces, suggesting that
(47), SMAP-29 @8), and ranalexin49). Circular dichroism its interaction with them is not only electrostatically medi-
experiments carried out with piscidin at pH 7.4 showed that ated.
this peptide adopts a random coil structure in water and an The piscidin sequence contains four histidine residues
o-helical structure (40%) in 75% TFE. Thehelix content located on the solvent-exposed side of the amphipathic helix.
of the molecule was significantly higher (65%) in the The K, of such a solvated histidine usually is around 6.5.
presence of DPC micelles. This change in conformation Since all histidine are solvated, theikKpis probably>6.5.
suggests that the helical structure is probably the active For ana-helical peptide of a similar size, the histidin&p
conformation able to permeabilize the membrane. in the range of 7.#7.8 was measuredb{). Accordingly,
NMR experiments were performed in various media, to the number of positive charges displayed by piscidin can
determine the three-dimensional structure of piscidin. This move from~7 (two Arg residues, one Lys residue, and four
molecule was mainly unstructured in water. As shown by His residues) for pH<5.0 where histidine side chains are
CD and NMR experiments, the addition of TFE led to the fully protonated to 3 for pH>=8 where they are deprotonated.
formation of a helical structure. In a DPC micellar environ- At pH 7.4, due to their partial protonation, the charge state
ment, piscidin interacted with micelles and its sequence of probably displays an intermediate value>e8.

residues 817 adopted aw-helical structure. Interestingly, Therefore, the presence of several positive charges com-
a similar induced conformational change has been reportedbined with a clear-cut distribution of hydrophilic and
for pleurocidin, a 25-residue antimicrobial peptidis); In hydrophobic side chains in a linear-helical structure

a recent solid-state NMR study of piscidin in the presence suggests that piscidin may act against bacteria by forming
of hydrated oriented lipid bilayers, piscidin was also found pores permeabilizing the bacterial membrane as reported for
to adopt aru-helical structure, lying parallel to the membrane other antimicrobial peptides. We therefore carried out
surface $0). The overall structure of piscidin was markedly reconstitution experiments, using planar azolectin bilayers
amphipathic, with hydrophobic and hydrophilic sectors to investigate the behavior of piscidin.

comparable in size. CD and NMR piscidin data were  Azolectin is a natural mixture of lipids [phosphatidyle-
collected in salt-free media. However, it should be noticed thanolamine (PE), phosphatidylinositol (PI), phosphatidyl-
that in the presence of 16280 mM NacCl, the MIC value  choline (PC), and phosphatidylserine (PS) with 20% net
was doubled for wb-moronecidin (piscidin-2) agairgt negatively charged headgroups, most of them bein@®).(
aureus(17). In the presence of high concentrations of salt, This composition is close to that of the outer membrane of
cations can interact with negative charges of the membranebacteria which also presem£20% negative lipids (mainly
and compete with the peptidenembrane electrostatic  phosphatidylglycerol). Piscidin gave symmetri€V curves,
interactions. Thus, we have to be aware of possible alterationsmaking it possible to determing, andV, values 88). The

of AMP solubility, antimicrobial activity, and to a lesser 52 + 5 mV V, value that was obtained indicates a strong
extent conformation. On the basis of these results in the concentration dependence, whereas\thgalue of 24+ 2
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mV indicates that piscidin does not induce voltage-dependentpiscidin permeabilizes the membrane more likely by toroidal
channels. This behavior was confirmed by the weak voltage pore formation rather than via the barrel-stave model.

required to induce ion channels, as pore forming activity was
observed at voltages below 70 mV. The obtaifhgg value

is not consistent with the barrel-stave mechanism. The single-
channel traces observed at different voltages were alsoD
inconsistent with this mechanism. Indeed, the barrel-stave
model is characterized by the uptake and release of helical

SUPPORTING INFORMATION AVAILABLE

Chemical shifts of piscidin in water (Table 1) and 39 mM
PC (Table 2) at 27C. This material is available free of
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