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Abstract

We studied amidated and non-amidated piscidins 1 and 3, amphipathic cationic antimicrobial peptides from fish, to characterize functional and
structural similarities and differences between these peptides and better understand the structural motifs involved in biological activity and
functional diversity among amidated and non-amidated isoforms. Antimicrobial and hemolytic assays were carried out to assess their potency and
toxicity, respectively. Site-specific high-resolution solid-state NMR orientational restraints were obtained from '*N-labeled amidated and non-
amidated piscidins 1 and 3 in the presence of hydrated oriented lipid bilayers. Solid-state NMR and circular dichroism results indicate that the
peptides are a-helical and oriented parallel to the membrane surface. This orientation was expected since peptide—lipid interactions are enhanced
at the water—bilayer interface for amphipathic cationic antimicrobial peptides. '*N solid-state NMR performed on oriented samples demonstrate
that piscidin experiences fast, large amplitude backbone motions around an axis parallel to the bilayer normal. Under the conditions tested here,
piscidin 1 was confirmed to be more antimicrobially potent than piscidin 3 and antimicrobial activity was not affected by amidation. In light of
functional and structural similarities between piscidins 1 and 3, we propose that their topology and fast dynamics are related to their mechanism of
action.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Piscidins or moronecidins, co-discovered by Silphaduang
and Noga [1] and Lauth et al. [2] in hybrid striped bass (Morone
saxatilis x M. chrysops), are the first antimicrobial amphipathic
cationic peptides (ACAPs) ever found in the mast cells of
animals. Piscidins 1 and 2, which are also known as sb-
moronecidin and wb-moronecidin, respectively, were also
found in each parental stock of hybrid striped bass. Present in
the skin, gills and gastrointestinal tract of this fish, piscidins 1,
2, and 3 are believed to play a crucial, direct role in the fight
against many aquatic bacterial infections. Antimicrobial pep-
tides as part of innate immunity represent an important
mechanism of defense in fish and other vertebrates with
primitive immune systems [3-7]. Since fish have been
considered as a source of natural antibiotics only recently,
there have been few reports of antimicrobial peptides from fish
[7,8]. Other antimicrobial peptides originating from fish include
chrysophsin [9], bass hepcidin [10], hipposin [11], misgurin
[12], pleurocidin [13,14], and pardaxin [15]. Piscidins have
broad-spectrum activity against antibiotic-resistant bacteria
filamentous fungi, yeast, and viruses [1,2,16]. Interestingly,
piscidins 1, 2, and 3, each 22-amino acid long, are characterized
by several special features [1,2,7]. Piscidins have highly con-
served amino ends featuring several isoleucines, phenylala-
nines, and histidines. Piscidins may exist in a carboxyamidated
form. While it is not unusual for ACAPs to be amidated,
piscidins were reported to be the first amidated ACAPs isolated
from fish. The biological significance of this modification is not
fully understood. Piscidins are tolerant to high salt concentra-
tions. Piscidin 2, which differs from piscidin 1 only at position
18 (R in piscidin 1 vs. K in piscidin 2), was found to be still
active against S. aureus at sodium chloride concentrations up to
1280 pM [2]. In a comparative analysis among a few
antimicrobial peptides done by Noga and Silphaduang [7] in
2003, piscidin 2 performed as the most salt-tolerant peptide with
respect to monovalent and divalent cations. In terms of charge,
arginine and lysine contribute to the high cationic character and
pl of piscidins (e.g., pl of 12.4 for piscidin 1). Finally, piscidins
have a high content of histidine, i.e., four in piscidins 1 and 2,
and three in piscidins 3.

Detailed characterization of piscidin structure is a necessary
step in the search for relationships between structural motifs,
interactions with biological membranes, potency, and mechan-
isms of action. Many recent studies of ACAPs have produced a
large amount of information, which can be used to facilitate the
structural study of piscidins. ACAPs vary greatly in terms of
amino acid content, length, ability to interact with membranes,
and effects of pH and salt concentrations on antimicrobial
activity. Minimal Inhibitory Concentrations (MICs) vary
greatly, as well [3-5,17-23]. A large number of cationic
antimicrobial peptides can interact, at least initially, with
negatively-charged microbial membranes, which suggests that
molecular interactions at the water—bilayer interface are
important for target recognition [24—31]. Furthermore, bilayer
composition can affect the peptide depth of penetration and
ability to impact lipid organization and dynamics. ACAPSs’

amphipathic structures, molecular volumes, and aggregation
states in solution and the membrane have been considered
important for function [30-34]. In an aqueous medium,
ACAPs are unstructured, but they usually become structured
in the presence of lipid bilayers and organic solvents. Out of the
five major structural classes described for ACAPs, a-helices
(e.g., cecropins, magainin) and P-sheets (e.g., defensins,
protegrin-1, tachyplesin) dominate [17,20,22,30-37]. 3-D
structures of ACAPs in the Protein Data Bank (PDB) feature
a number of a-helical and B-sheet antimicrobial peptides [33].
The fact that, in the presence of bilayers, ACAPs adopt amphi-
pathic structures hints at the importance of secondary structure
for optimized recognition and interactions with targets. Hence
amphipathic structures seem to optimize electrostatic and/or
hydrophobic interactions between the peptides and their envi-
ronment. While the interactions with microbial membranes, the
membrane permeation effect, and the formation of channels
have been documented for many ACAPs [6,17,20,22,24,25,
27,30-37], there is still a question about whether they kill
bacteria due to cell lysis concomitant with bilayer disruption
and/or channel formation or whether they translocate inside the
cell where they bind anionic targets and activate pathways
leading to cell death [17,22,30—-38]. Thus, fully understanding
how ACAPs work may involve studying the possible synergy
between several functions (“multihit” mechanism involving
multiple negatively-charged targets including intracellular
DNA) as well as realizing that the diversity in amino acid
sequences and structures may translate in a variety of
mechanisms of action. Mechanisms of action currently
discussed [17,22,30-38] include: (1) the barrel-stave model
with transmembrane pore formation, possibly voltage-depen-
dent; (2) the wormhole model with formation of peptide—lipid
association in “torodial pores”; (3) the “carpet” mechanism
with a monolayer distribution of peptide; (4) in plane-diffusion,
which does not require self-association. The permeation effect
caused by the formation of pores seems to include peptide
binding to the membrane prior to formation of a co-assembly
leading to permeation at a threshold concentration. “Detergent-
like” or micellization effects and “sinking rafts” of peptides
making their way across membranes represent other possible
mechanisms of action [37,38]. Hancock et al. [39] have
suggested that ACAPs cross the membrane of gram-negative
bacteria using a “self promoted uptake” mechanism which
includes charge-mediated binding of ACAPs to lipopolysac-
charides (LPS) followed by crossing of the outer of membrane
to reach the inner membrane, where lethal activity can be
initiated.

Due to their amphipathic structures, ACAPs whose bilayer
location is known prefer binding on the bilayer surface, but
some ACAPs may adopt a transmembrane orientation. In fact,
some ACAPs can have in-plane and/or transmembrane orienta-
tions depending on the environment conditions. Examples
include melittin [40,41], pardaxin [42], and synthetic LAH4
[43]. Aromatic amino acids are often found at interfaces [44,45]
where they seem to “hold” the peptides near the bilayer—water
interface. In fact, in the case of an in-plane orientation of the
peptide, hydrophobic amino acids can be more than 10 A away
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from the center of the bilayer [46]. Positively charged side
chains such as the ones of lysines and arginines are also
fundamental players in the partitioning of the peptides at
bilayer—water interfaces. For instance, as amphipathic peptides
are drawn to the hydrophobic interstices of bilayers, the long
side chain of lysine can remediate unfavorable interactions with
the hydrophobic core by snorkeling its charged amino end at the
interface [47].

A number of interesting features have been described for
histidine-containing peptides. Being around physiological pH,
the pK, of the histidine side chain depends on the local
environment and cannot be easily predicted. Therefore the
protonation state and charge of this side chain are not always
known for a given peptide. pK, values have been reported to
be about 6 for several membrane-bound peptides studied by
NMR [43,48] and UV [49]. Recently, the structure of SDS-
bound Hb-33-61 indicated that the pK,’s of its histidine side
chains were on the order of 7.7 to 7.8 [50], which is
significantly high but understandable due to possible micelle—
peptide interactions. Small changes of the vicinal pH may
have large effects on the amphipathicity and activity of
histidine-containing ACAPs. As a way of example, using
histidines as pH-sensitive switches, the delivery of DNA into
cells using synthetic, histidine-rich, pH-sensitive LAH4
peptides was brilliantly achieved [51]. Clavanins, antimicro-
bial peptides from chordates, which also have a high content
of histidines but a cationic character (pI of 8.75) lower than
piscidin, have pH-dependent antimicrobial activity featuring
low activity at physiological pH, presumably due to the
deprotonation of the histidines and a significant loss of
cationic character [2]. With respect to piscidins, the presence
of multiple histidines may contribute to their positive charge
under physiological conditions, depending on the pK,’s of
these residues in their given environment.

Earlier functional studies indicate that piscidins are highly
potent antimicrobial peptides. Silphaduang and Noga tested
the antimicrobial activity of piscidins 1, 2, and 3 and reported
that they exist as a mixture of amidated and non-amidated
peptides while Lauth et al. studied the activity of synthetic
amidated piscidin 2 against numerous microorganisms.
According to these studies, piscidin 1 (FFHHIFRGIVHVGK-
TIHRLVTG-COO /NH,, pl-COO /NH,) is the most active
piscidin, while the least active of the three is piscidin 3
(FIHHIFRGIVHAGRSIGRFLTG-COO /NH,, p3-COO /
NH,), which compared to piscidin 1, lacks a histidine at
position 17-. The MICs of piscidin 1 for most bacteria tested
(<10 pM) [1,2] are in the range of the most effective ACAPs
(0.1-10 pM) [20]. Piscidin 3 is significantly less hemolytic
(~5% at 100 pg/mL) than piscidins 2 and 3 (~20% hemolytic
at 20 pg/mL and ~95% at 100 pg/mL). From a structural
standpoint, based on their amino-acid structures and functional
roles, it was hypothesized early that piscidins adopt an
amphipathic a-helical structure [1]. In fact, piscidin 2 was
found to be a-helical in a 50/50 (v/v) mixture of TFE and
phosphate buffer at pH 7.25. More recently, we used solid-
state NMR to study piscidins 1 and 3. We characterized
piscidin 1 as being «-helical in the presence of hydrated lipid

bilayers while amidated piscidins 1 and 3 were shown to lie in
the plane of the lipid bilayer [52].

Here, we compare amidated and non-amidated piscidins 1
and 3 in terms of their secondary structure, dynamics, and
topology with respect to the lipid bilayer. The function is
assessed by their individual antimicrobial activity. Hemolytic
assays, which are traditionally used to determine the toxicity
of antimicrobials against mammalian cells, were carried out,
as well. To probe local structure and dynamics, we took
advantage of solid-state NMR, which can be performed on
site-specific isotopically-labeled peptides [37,53—-57]. We
employed complementary solid-state NMR orientational
restraints to probe the structure and topology of piscidins
in the membrane-bound state. Specifically, PISEMA (Polar-
ization Inversion Spin Exchange at the Magic Angle) [58—
61] was performed on oriented samples. A number of
circular dichroism (CD) experiments were also carried out
and interpreted qualitatively to aid the solid-state NMR
work. Our investigation of amidated and non-amidated
piscidins 1 and 3 is an attempt to characterize similarities
and differences between these peptides to better understand
structure—function relationships, and more particularly, the
structural motifs involved in biological activity and
functional diversity among variants. Since motions in
ACAPs may be correlated to their ability to perturb lipid
membranes and thereby define their mechanism(s) of action,
we have incorporated dynamic information from solid-state
NMR to our structural and functional studies. More detailed
structural knowledge of ACAPs such as piscidins could help
future selection and design of peptides which could have
increased antimicrobial activity and reduced toxicity [4,18—
21,34,62-64].

2. Materials and methods
2.1. Materials

All isotopically labeled peptides used for the structural studies (CD and
solid-state NMR) were synthesized using Fmoc chemistry and solid phase
peptide synthesis at United Biochemical Research (Seattle, WA). Following in
house protection (Pacific Lutheran University) using well-established protocols
[65—67], isotopically labeled amino acids (Cambridge Isotope Laboratories,
Andover, MA) were incorporated in peptides as appropriate for the NMR
studies. After synthesis and cleavage from the resin, peptides were purified
using a Waters HPLC system and a Terra C18 column. The method consisted in
a 25 min gradient of acetonitrile/water with 0.1% TFA. Peptides eluted at an
acetonitrile concentration of approximately 30%. Purity was confirmed by mass
spectroscopy. These peptides were also utilized for the antimicrobial and
hemolytic assays to the exception of the amidated and non-amidated piscidin 1
used in antimicrobial assays, both of which were obtained from the University of
Texas Southwestern Medical Center (UTSW) where their purity was determined
using HPLC. Lipids were obtained from Avanti Polar Lipids (Alabaster, AL).
Solvents (acetonitrile, chloroform, HPLC grade water, methanol, 2,2,2-
trifluoroacetic acid, 2,2,2-trifluoroethanol) originated from Fisher Scientific
(Pittsburgh, PA).

2.2. Antimicrobial assays

Bacterial strains used in this study were as follows: Proteus vulgaris , ATCC
13315; Staphylococcus aureus, ATCC 25923; Bacillus cereus, ATCC 25923;



1362 E.Y. Chekmenev et al. / Biochimica et Biophysica Acta 1758 (2006) 1359-1372

Escherichia coli, ATCC 25922. The antimicrobial activity of amidated and non-
amidated piscidins 1 and 3 was determined using a modified liquid growth assay
described previously [2]. Briefly, logarithmic phase bacterial cultures were
diluted 1 in 1000 in growth media (Todd Hewitt Broth). Synthetic amidated or
non-amidated piscidins 1 and 3 dissolved in sterile double distilled water were
added to 85 pL of diluted bacteria to yield final peptide concentrations of 0, 2,
10, 20 and 30 uM. Absorbance at 600 nm was measured using a microplate
reader (pQuant Biotek Instruments) before and after overnight. MICs were
reported as a range bracketed by the highest peptide concentration allowing
unperturbed bacterial growth and the lowest peptide concentration leading to
maximum bacterial death.

2.3. Hemolytic assays

Hemolytic assays were performed as described previously [68]. Succinctly,
a defined concentration of peptides was added to a 5% suspension of freshly
drawn human erythrocytes, which had been washed twice in phosphate-
buffered saline. The suspension was incubated at 37 °C for 30 min prior to
centrifugation at 10,000xg for 10 min. The absorbance at 400 nm was
measured. Complete hemolysis was obtained by adding 0.2% Triton X-100 in
place of the peptides.

2.4. Circular dichroism

Lipid films were prepared in a round bottom flask by dissolving
phosphocholine (PC) and phosphoglycerate (PG) in a 3:1 molar ratio in
chloroform. POPC (1-Palmitoyl-2-Oleoyl-sn-glycero-3-phosphocholine and
POPG (1-Palmitoyl-2-Oleoyl-sn-glycero-3-phosphoglycerate) were used for
piscidin 1 while DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and
DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerate) were used for piscidin
3. After rotary evaporation to form a thin layer around the walls of the round
bottom flask, samples were dried under high vacuum. The lipid films were then
hydrated with a phosphate buffer at pH 7.0 and incubated for 40 min in a water
bath at 40 °C. The lipid suspensions were extruded at 35—40 °C, above the phase
transition 7, of the lipids, using an Avanti Polar Lipid Mini Extruder and filters
with 200 nm pores to obtain Large Unilamelar Vesicles (LUVs). Peptide
solutions of 100 pM were prepared by dissolving the peptide in phosphate buffer
at pH 7.0. The peptide and lipids were mixed to yield a 1:30 peptide to lipid ratio
and a final peptide concentration of about 30 pM. CD spectra were obtained on a
Jasco 720 CD Spectrometer at the University of Washington Department of
Chemistry. Parameters were as follows: temperature of 25 °C, 1 mm quartz
cuvette, scanning range from 270 to 195 nm, scanning speed of 100 nm/min, and
2 nm bandwidth. A total of 15 scans were accumulated. Following background
subtraction, the ellipticity 6 in millidegrees was displayed as a function of the
wavelength in nanometers.

2.5. Preparation of samples for solid-state NMR

Oriented samples were prepared by drying lipid films of DMPC and
DMPG containing 10 to 12 mg of peptide. The molar peptide to lipid ratio
for oriented samples was 1:20 and the DMPC to DMPG molar ratio was 3:1
unless otherwise indicated. The peptide—lipid films and a 20 mL phosphate
buffer solution (NaH,PO4/Na,HPO,, pH 6) were both pre-warmed to about
40 °C and mixed. Following swirling to allow for complete suspension, the
binding of the peptide to the lipid was allowed to occur overnight after which
the samples were centrifuged at 46,000xg for 3.0 h at 4 °C. Following
centrifugation, the pellet was spread on about 50 thin glass slides (dimensions
5.7x12%0.03 mm’® from Matsunami Trading Co., Japan). Thicker glass slides
(dimensions 5.7x12.0x0.07 mm® from Paul Marienfeld GmbH and Co.,
Germany) were used for the '"N—V,, pl-COO™ sample. After equilibrium
was reached in a chamber at a relative humidity greater than 90% in the
presence of a saturated solution of K,SOy,, buffer was added to the slides at a
ratio of 1 pL of buffer per 1 mg of peptide/lipid mixture. Next, the slides
were stacked and inserted into glass cells (internal dimensions 6 x 20 x4 mm?,
Vitrocom Inc., NJ). These cells, which were sealed with beeswax to preserve
hydration, were incubated at 43 °C until the samples appeared clear and
homogeneously hydrated.

2.6. Solid-state NMR experiments

3P solid-state NMR spectra were collected on the 500 WB Varian Unity+
NMR spectrometer at the Environmental Molecular Sciences Laboratory
(EMSL, Richland, WA). Typical experimental parameters included a resonance
frequency of 202.49 MHz, a 4 ps 90° pulse on *'P and 'H decoupling. The
temperature was 39 °C. One hundred twenty scans were acquired with a recycle
delay of 3 s. The spectra were referenced to an 85% solution of H3PO,.

Standard [69] and low electric-field (E-field) flat coil 'SN/'H probes
(Gor’kov, P. L. et al., unpublished data) were used to collect '*N chemical
shifts and "*N/'H dipolar coupling information from oriented samples. The
low-E probes built at the National High Magnetic Field Laboratory
(NHMFL, Tallahassee, FL) feature variable temperature capability and a
circuit with an efficient sample coil that maintains a homogeneous excitation
radio-frequency field over the sample volume while preventing damaging
overheating of the biological sample subjected to repetitive high power radio-
frequency pulsing. The combined use of low-E field probes and the use of
well-sealed samples allowed for the preservation of sample authenticity
during the long and demanding PISEMA experiment. Another feature of the
NHMFL probes used here is the option to easily switch between vertical and
horizontal coil assemblies.

5N cross-polarization experiments were performed at a resonance frequency
of 50.69 MHz on the EMSL 500 WB Varian Unity+ NMR spectrometer.
Experimental parameters included a temperature of 39 °C, a contact time of
0.8 ms, a cross-polarization field of about 48 kHz, a decoupling field of 65 kHz,
and a recycle delay of 6 s.

PISEMA experiments were performed on the 600 MHz WB Bruker Avance
x3 NMR spectrometer at the NHMFL. Experimental parameters on the
600 MHz instrument were as follows: temperature of 40+0.1 °C, '°N resonance
frequency of 60.83 MHz, 24—48 t; increments with 256—1024 transients each,
recycle delay of 4-6 s, B; 'H decoupling field of ~60 kHz, and B, cross-
polarization field of ~45 kHz. The dipolar axis was adjusted to account for the
scaling factor of 0.81 arising from the application of phase-alternated Lee—
Goldburg homonuclear decoupling [58,70]. '°N chemical shifts (CS) were
referenced to a saturated solution of '’NH,NO; which resonates at +22.3 ppm
with respect to liquid NH;.

3. Results
3.1. Antimicrobial assays

Using amidated and non-amidated piscidins 1 and 3 (pl-
NH,/COO™ and p3-NH,/COQO "), we investigated the functional
significance of amidation and variations in amino acid content.
Antimicrobial activity against two representative Gram-positive
bacteria, Staphylococcus aureus and Bacillus cereus, and two
Gram-negative bacteria, Escherichia coli and Proteus vulgaris
was determined. The results, which are the average of at least
two independent experiments, are summarized in Table 1.
Within the accuracy of these results, amidation did not affect the
MIC ranges. However, piscidin 1 and 3 performed differently
on all bacteria except S. aureus and P, vulgaris. The MIC range
for S. aureus was 0—2 uM for both amidated and non-amidated
piscidins 1 and 3. In the case of B. cereus, the MIC range was 0—
2 uM for p1-NH, and p1-COO " while it was 2—10 pM for p3-
NH, and p3-COO . pl1-NH, and p1-COO" were somewhat less
potent against the Gram-negative bacteria. Their MIC against .
coli and P. vulgaris ranged from 2 to 10 uM. The MIC of
piscidin 3 against E. Coli was greater than the one for gram-
positive bacteria, as well, and reached a range of 10—20 uM.
The MIC range of piscidin 3 against P. vulgaris was identical to
the one against B. cereus, i.c., 2—10 pM.
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3.2. Hemolytic assays

Similarly to the antimicrobial assays, we used amidated and
non-amidated piscidins 1 and 3 to determine if the amidation and
specific amino acid sequence of piscidin affect its hemolytic
effects. Fig. 1 shows the percent hemolysis obtained at a peptide
concentration of 100 pg/mL. Blood originating from two diffe-
rent human subjects was used and three independent assays were
performed on each source of blood. pl-NH, and pl1-COO™
yielded similar results, i.e., about 73+8 and 78 + 11% hemolysis,
respectively. p3-NH, was next in strength with about 50+11%
hemolysis. p3-COO with a percent hemolysis of about 15+2
was the least hemolytic of the piscidins tested.

3.3. Circular dichroism

Since very small amounts of peptide are needed for CD
experiments, we used this technique to assess the global second-
ary structure of amidated and non-amidated piscidins 1 and 3
under various sample conditions. This investigation was per-
formed in parallel with the solid-state NMR experiments, which
yielded site-specific, local information about secondary struc-
ture. Fig. 2 shows the appearance of secondary structure in
amidated and non-amidated piscidins 1 and 3 upon exposure to
1:3 PC/PG LUVs at pH 7. As shown in Fig. 2, intense negative
bands around 222 and 208 nm are observed indicating that p1-
NH,, pl-COO ", p3-NH,, and p3-COO  adopt an «-helical
conformation when the peptide to lipid ratio is 1:30. p3-NH,
appears to have the highest helical content. The peptides
behaved similarly at pH 5. a-helicity was observed whether a
mixture of POPC/POPG or DMPC/DMPG was used (data not
shown).

4. Solid-state NMR

4.1. P and "°N solid-state NMR on oriented samples
Oriented samples containing site-specific isotopically la-

beled amidated and non-amidated piscidins 1 and 3 were used to

study peptide structure and dynamics. The alignment of the
bilayers was checked by *'P solid-state NMR, which takes

Table 1
Antimicrobial activity of piscidins 1 and 3 against different microorganisms
Bacteria ATCC # MIC (uM)
pl-NH, pl-COO  p3-NH, p3-COO

Gram-Positive

Bacteria
Staphylococcus ~ ATCC 25923  0-2 0-2 0-2 0-2

aureus
Bacillus cereus ~ ATCC 25923  0-2 0-2 2-10 2-10
Gram-Negative

Bacteria
Escherichia coli  ATCC 25922 2-10 2-10 10-20  10-20
Proteus vulgaris  ATCC 13315 2-10 2-10 2-10 2-10

ATCC #: American Type Culture Collection number; MIC: Minimum Inhibitory
Concentration; pl: piscidin 1; p3: piscidin 3, COO : free carboxyl end; NH,:
carboxyamidated end.

100
90 4
80 ~
70
60 -
50 4
40 1
30
20 4
m
0 4 T T T

pl-NH,  pl-COO" p3-NH, p3-COO°

% Hemolysis

Fig. 1. Percent hemolysis for pl-NH,, p1-COO", p3-NH,, and p3-COO". The
assays were performed using two different sources of human red blood cells.
The results from three independent experiments for each source of blood were
averaged and plotted here.

advantage of the high natural abundance of *'P nuclei present in
the headgroups of phospholipid bilayers to obtain *'P chemical
shift spectra in a matter of minutes. The *'P chemical shift was
used to characterize the organization and macroscopic phases of
the bilayers and determine the level of alignment in oriented
samples. '°N oriented chemical shifts were used to investigate
the topology of the labeled peptides in hydrated lipid bilayers.
While *'P and "N chemical shift spectra were collected for
each of the four piscidins, a representative subset of spectra is
displayed and interpreted here. Fig. 3 shows the *'P spectrum
obtained for fully hydrated 3:1 DMPC/DMPG lipid bilayers
containing p1-COO in a 1:50 peptide to lipid ratio while Fig. 4
displays the '°N spectrum of '*N-L,, p3-NH, interacting with
fully hydrated 3:1 DMPC/DMPG in a 1:20 peptide to lipid ratio.

Multiple factors including molecular motions and uniform
macroscopic alignment of the samples can be used to explain the
sharp chemical shift resonances observed in Figs. 3 and 4.
Chemical shift nuclear spin interactions, which dominate *'P

40 -
30

20 -

Ellipticity (mdeg)

-20 T I T T I T T
200 210 220 230 240 250 260
Wavelength (nm)

Fig. 2. Circular Dichroism. The ellipticity (mdeg) is displayed as a function of
the wavelength (nm) as follows, from top to bottom where the curves start at
195 nm: p3-NH, (gray line), pI-NH, (black line), p3-COO" (black line) and p1-
COO (gray line) in 3:1 PC/PG at pH 7. The plots for pl-COO ™ and p3-COO"
overlap above 200 nm.
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and >N (spin %4) spectra obtained under 'H decoupling, are
anisotropic due their angular dependence with respect to the
magnetic field By. More specifically, the chemical shift ani-
sotropy (CSA) is due to the anisotropy of the electron density
around the observed nuclei [71]. In unoriented samples con-
taining molecules oriented randomly with respect to B, the CSA
manifests itself by giving rise to broad chemical shift spectra for
a specific nucleus due to the various orientations of the nuclear
spins contributing to the spectrum. *'P and '°N anisotropic
chemical shift spectra of static or immobilized molecules can
giverise to “powder patterns” as wide as 200 ppm [71]. The three
discontinuities observed in these spectra correspond to the three
principal components (d7, 922, and d33, with d;;>0d,,>033) of
the 3x3 tensor used to represent the CSA [71]. Motions affect the
spectra appearance and, in an extreme case, fast and isotropic
motions in solution average the chemical shift interaction to an
isotropic chemical shift. Phospholipid bilayers, which are of
interest here, provide a good example to explore the effects of
motions often observed in samples with solid-like properties
[38,72,73]. Phospholipid molecules in hydrated bilayers do not
undergo isotropic motions. Instead, they rotate fast around their
long axis at temperatures above their phase transition, T,
Consequently, motionally averaged *' P chemical shift spectra of
phospholipid bilayers in the fluid state are axially symmetric and
characterized by two principal components, §,, and J ,, both of
which are shown in Fig. 3. §,, corresponds to the chemical shift of
lipid molecules oriented with their long axis parallel to By while
&, indicates the chemical shift of lipid molecules oriented per-
pendicular to B,. Besides motions, the macroscopic orientations
of molecules can also affect anisotropic chemical shift spectra.
When all molecules are uniformly oriented with respect to a
defined molecular axis such as a bilayer normal, the observed
chemical shifts collapse to a single line representing the
orientations of the observed nuclei and molecular axis with
respect to By [53,57,74,75]. Both spectra shown in Figs. 3 and 4
were obtained with the bilayer normal parallel to By. In this
configuration, the bilayer normal is parallel to B, and the axis of
motional averaging for the lipids. Hence, an intense *'P
chemical shift at §,, as observed around 30 ppm in Fig. 3,

50 40 30 20 10 0 -10 -20 -30 -40 -50

31P chemical shift (ppm)

Fig. 3. *'P solid-state NMR spectrum of fully hydrated oriented 3:1 DMPC/
DMPG lipid bilayers containing pI-COO™ in a 1:50 peptide to lipid ratio at
40 °C. The sample was oriented so that the bilayer normal was parallel to the
static magnetic field, By.

100
5N chemical shift (ppm)

Fig. 4. >N solid-state NMR spectrum of L,-p3-NHj in fully hydrated oriented
3:1 DMPC/DMPG lipid bilayers at 40 °C. 8616 scans were averaged. The sample
was oriented so that the bilayer normal was parallel to the static magnetic field,
By. The experiment was carried out on the EMSL 500 MHz Wide Bore
spectrometer.

indicates that the lipid molecules are well aligned. A small
amount of signal around —15 ppm (J,) is indicative of
unoriented bilayers.

Fig. 4 indicates that the amide '*N anisotropic chemical shift
resonance frequency for Leuyq in p3-NH, is 49.2 ppm (refe-
renced to saturated '>NH4NO3). This chemical shift provides a
powerful way to investigate the orientation of the peptide with
respect to the molecular axis of orientation, i.e., the bilayer
normal. Amide'°N resonances are highly orientational depen-
dent [53,54,57,74,75]. Since the secondary structure has already
been assigned by REDOR for piscidin 1 [52] and piscidin 3 (D. J.
Mitchell, B. S. Vollmar, and M. Cotten, unpublished data) and
CD experiments for the four piscidins, >N backbone chemical
shifts measured in oriented samples can be used to determine the
orientation of the secondary structure element (i.e., helical axis)
with respect to the bilayer normal and B,,. This interpretation is
based on the principal component’s values (611, 95, and d33) of
the amide '°N chemical shift tensor and the orientation of this
tensor with respect to the peptide plane and B,. Advantageously,
amide '’N chemical shift tensors vary within a small range in
polypeptides [76—87] with typical values for 8y, 9,5, and 33
around 200, 60, and 40 ppm, respectively. The orientation of the
principal components with respect to the peptide plane is also
well defined. Based on this approach, solid-state NMR has
proven to be consistent in determining transmembrane and
in-plane orientation of helices, and deciphering the disruptive
effects of antimicrobial peptides on lipid membranes [37,42,53,
54,57,75,88—104]. Here, based on CD and REDOR results
indicating that piscidins 1 and 3 are a-helical in the presence of
lipid bilayers, we interpret the observed '’N chemical shifts
around 50 ppm. As shown in Fig. 4, B is oriented within the
plane defined by d,, and 33, indicating that the main axis of the
a-helix is perpendicular to By and the bilayer normal, and the
peptide is oriented parallel to the bilayer surface. If the peptide
had been transmembrane and parallel to the bilayer normal, the
signal would have appeared around 180-200 ppm. Table 2
indicates that the amide '°N oriented backbone chemical shifts
for p1-NH,, p1-COO ", p3-NH,, and p3-COO  resonate around
45-66 ppm in 3:1 DMPC/DMPG. The positions of these
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resonances and their sharpness indicate that each piscidin was
very well aligned in these samples and the helical axis was
oriented perpendicular to the bilayer normal [37,42,53,
54,57,75,88—97]. To determine if the peptide could become
transmembrane in longer-chain lipids, 3:1 POPC/POPG bilayers
were also tested on piscidin 1. However, the chemical shift
remained virtually unchanged indicating that hydrophobic mis-
match between the 22-mer peptide and the shorter DMPC/
DMPG chain was not the reason for the in-plane orientation of
the peptide. We also changed the peptide to lipid ratio from 1:20
to 1:50 but this did not affect the chemical shift and linewidth
indicating no signs of or changes in peptide aggregation states
within that range of concentration (data not shown).

4.2. Studies of peptide backbone dynamics using °N solid-
state NMR

To investigate peptide dynamics, we positioned oriented
samples in the NMR probe so that the bilayer normal was
perpendicular to By (the so-called “90° orientation”). The '°N
NMR data collected on '*N-V, pl-COO " at 20 and 40 °C are
shown in Fig. 5. At 20 °C, the broad powder pattern indicates
that below the phase transition of DMPC/DMPG (7}, of 23 °C),
the >N chemical shift interactions are not averaged by fast,
large amplitude motions and the peptide backbone is not
moving fast on the NMR timescale [37,105]. As illustrated in
the top part of Fig. 5, below T;,, the immobilized peptide
experiences some level of orientation since it lies in the plane of
the bilayers, but the helical axis of the numerous peptide
molecules have different orientations with respect to the
magnetic field resulting in a broad powder pattern. At 40 °C,
above T, the broad powder pattern obtained at 20 °C is reduced
to a narrow peak at 125 ppm. The sharpness of the resonance
indicates that fast, large amplitude motions are present but they
are not isotropic since the resonance frequency of the oriented
chemical shift is significantly different from di, (~100 ppm)
[53,54,56,57,74,75]. Furthermore, this chemical shift is cen-
tered between 017 and d,,/d33, i.¢., the edges of the static amide
>N chemical shift powder pattern. As illustrated in Fig. 5, this
result shows that, above 7}, the peptide experiences significant

Table 2
SN chemical shifts and ">N—"H dipolar couplings for piscidin 1 and piscidin 3
5N oriented SN-"H
chemical shifts®
ppm kHz
SN—F4 p1-COO™ 66.1+0.2 7.1+0.3
N-V, p1-COO~ 57.1+0.2 8.3+0.3
N-V, p1-COO~ 50.1+0.2 7.2+0.3
N-V, p1-COO~ 50.7+0.2 8.4+0.3
SN-V,, p1-NH, 50.2+0.2 8.1+0.3
SN-Lsg p3-COO~ 46.7+£0.2 8.9+0.3
SN-L,o p3-NH, 492+0.2 9.2+0.3

pl: piscidin 1; p3: piscidin 3, COO : free carboxyl end; NH,: carboxyamidated
end.

2 Referenced to '*NH4NO;, which resonates at 22.3 ppm when referenced to
15

NH;.
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Fig. 5. >N solid-state NMR spectra of V, pl-COO in fully hydrated oriented
3:1 DMPC/DMPG lipid bilayers at 20 (top) and 40 (bottom) °C. 2616 and 1154
scans were collected for the top and bottom spectra, respectively. The sample
was oriented so that the bilayer normal was perpendicular to the static magnetic
field, By. At 20 °C, below the phase transition temperature of the lipids, a static
powder pattern is observed. At 40 °C, above the phase transition temperature of
the lipids, the resonance at 125 ppm indicates that the peptide is undergoing fast
motional averaging around an axis which is perpendicular to the magnetic field
and parallel to the bilayer normal. Since the bilayer normal is perpendicular to
the static magnetic field in this experiment, this resonance marks the upper edge
of the motionally averaged powder pattern which would result from an
unoriented version of this oriented sample. The spectra were recorded on the
NHMFL 600 MHz Wide Bore spectrometer.

molecular motional averaging around an axis parallel to the
bilayer normal and the motions are fast enough (i.e., on the
order of a few kHz or more) to average out the singular
orientations of the various peptide molecules in the plane of the
bilayer. pl-NH,, p1-COO ", p3-NH,, and p3-COO " containing
a '°N-label at position 20 gave rise to similar results. Therefore,
the four piscidins undergo motions around an axis parallel to
the bilayer normal that are fast and large enough to average
orientations in the plane of the bilayer [106,107].
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4.3. PISEMA

In addition to providing information about the orientation of
the peptide with respect to the bilayer normal, oriented samples
can be used to characterize the peptide secondary structure.
Indeed, if enough solid-state NMR orientational restraints such
as '°N chemical shifts and '"N/'H dipolar couplings are col-
lected, they can be used to fully describe the high resolution
backbone structure of membrane peptides and proteins [37,53,
57,91,108,109]. 2-D PISEMA [53,58,70] experiments per-
formed on oriented samples yield a >N chemical shift and a
SN-"H dipolar coupling for every peptide plane investigated.
PISA (Polarity Index Slant Angle) wheel patterns observed in
PISEMA spectra from helical segments can be analyzed to yield
the tilt, polarity (rotation of the helix around its helical axis), and
high-resolution structure of these stretches [57,92,108—110].
The center of the wheel relates to the tilt while indexing the
signals on the wheels provides the polarity of the wheel. High-
resolution PISEMA data sets were obtained for several back-
bone sites of piscidins in the presence of fully hydrated 3:1

A A M A

00000000000

00000000000
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DMPC/DMPG bilayers at a peptide to lipid ratio of 1:20 and a
pH of 6. The data were collected above the phase transition of
the lipids. The positions investigated were as follows: '*N—Fg,
BN-Vio, "N=V,, and "’N-V,, in non-amidated piscidin 1,
IN-V,, in amidated piscidin-1, and I5N-L,, in amidated and
non-amidated piscidin 3. Fig. 6 provides a comparison of pl-
NH,, pl-COO ", p3-NH,, and p3-COO at position 20. The
four peptides yielded high-resolution spectra. As a way of
example, the linewidth at half-height for '*’N—V,, p1-NH, is
600 Hz in the "’N—"H dipolar coupling dimension. Overall,
upon comparisons of the piscidin PISEMA with excellent
spectra published for various membrane bound species
[57,94,110—-114], we conclude that very good sensitivity and
sample orientation were achieved for the piscidin samples
investigated here. The four piscidins give rise to very similar
chemical shifts and dipolar couplings at position 20, which is
very close the carboxyl end and site of amidation for p1-NH,
and p3-NH,. This result demonstrates that the four peptides
adopt very similar orientations with respect to B, and the
bilayer normal, and their tilt and polarity are very similar at that
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Fig. 6. 2-D PISEMA spectra for pI-NH2 (black), p1-COO™ (green), p3-NH2 (blue) and p3-COO™ (red) in fully hydrated oriented 3:1 DMPC/DMPG lipid bilayers at
40 °C. The sample was oriented so that the bilayer normal was parallel to the static magnetic field, By. The experiments were performed on the NHMFL 600 MHz Wide

Bore spectrometer.
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position. Table 2 summarizes the PISEMA results obtained for
the different backbone positions investigated to date. Data do
not vary very much at positions 10, 12, and 20. However, the
'>N—F¢ chemical shift of pl-COO" is significantly higher than
the other chemical shifts explored along the peptide backbone.
While the limited size of our data prevents us from concluding
about the reasons underlying this result, several causes may be
advanced to explain the spread of experimental chemical shifts
values observed here. First, according to a simulation done by
Wang et al. [110] for an ideal a-helix tilted at 90°, chemical shifts
and dipolar couplings spread out to some extent. Second, Wang
et al. indicate that multiple factors giving rise to deviations from
predictions include the relative orientation of the >N chemical
shift and ">N—"H dipolar interaction tensors, changes in tilt (T)
and polarity (p) along the length of the helix, differences in the
>N chemical shift tensors, and local distortion(s) of the a-helix.

5. Discussion

The breath and depth of studies on a-helical antimicrobial
amphipathic cationic peptides has brought new insights about
the biological and physico-chemical properties of these peptides,
which have the potential to be useful for the future selection and
design of peptides with increased antimicrobial activity and
reduced toxicity [4,18-21,34,62—64]. A number of questions
remain outstanding. For instance, it has been challenging to
establish a unifying view of relationships between structure and
function, and the mechanisms of action of many ACAPs remain
to be elucidated. Performing traditional structural/dynamic me-
thods on physiologically relevant peptide—lipid samples is
challenging, which explains that few ACAPs have been
characterized at high-resolution in the presence of lipid bilayers.
The structures of a few ACAPs exist in the PDB. Most of them
were obtained in the presence of micelles or organic solvents
[33]. While these studies have brought some insight about the
structure of ACAPs, they do not necessarily allow us to appre-
ciate subtle yet significant features of peptides binding lipid
membranes and partitioning at the water—bilayer interface or
inserting in the core of the membrane. Hence, it is important to
study peptides and proteins active at membranes in the presence
of the “most native-like bilayer environment”, as recently
reviewed by Opella and Marassi [57]. Moreover, since multiple
mechanisms of action may exist for one given ACAP and several
structures may be involved in the unfolding of each specific
mechanism, it is also crucial to characterize these peptide struc-
tures and their topological features under stabilizing conditions.

The structural and functional studies presented here allow us
to characterize a family of novel ACAPs from fish. Piscidins are
particularly interesting systems due to numerous special features
[1,2,7], which make them well-suited for structural and func-
tional studies at the fundamental and applied levels. They are
highly potent, highly cationic, histidine-rich, salt-tolerant, and
they may naturally exist as a mixture of amidated and non-
amidated peptides. Using two isoforms in their amidated and
non-amidated forms, we have investigated the possible roles of
sequence variations and carboxyamidation in the modulation of
these peptides’ function and structure. The antimicrobial assays

performed here documents for the first time the individual
antimicrobial activity of amidated versus non-amidated pisci-
dins 1 and 3. Since the peptide threshold concentrations perturb-
ing bacterial growth and leading to maximum antimicrobial
effects were identical for amidated and non-amidated versions of
a given isoform, we conclude that amidation did not affect the
antimicrobial activity of these two peptides against the bacteria
tested and at the peptide concentrations used here. Our results
confirm earlier reports that piscidin 1 is more potent than
piscidin 3 [1] and our MIC ranges on bacteria previously tested
by Lauth et al. (i.e., S. aureus and E. coli) are comparable [2].
Difference in activity amongst isoforms of piscidins may be
related to the ability of the peptides to interact with microbial
membranes whose composition can vary greatly. For instance,
Gram-negative bacteria have more complex cell walls than
Gram-positive bacteria due to the presence of two lipid mem-
branes and lipopolysaccharides on the outer surface of the outer
membrane. Neutral PE (phosphatidylethanolamine), and anionic
PG and DPG (diphosphatidylglycerol) are lipids commonly
found in bacteria. Since the relative distribution of phospholipids
between outer and inner leaflets of the bilayer is not well
characterized, it is difficult to predict the nature of the lipid
molecules first encountered by approaching antimicrobial pep-
tides [34]. Both our relatively small data set on piscidins 1 and 3
and the extensive one presented by Lauth et al. [2] on amidated
piscidin 2 suggest that piscidins may be more active against
Gram-positive bacteria. Interestingly too, the lowest MIC of
both piscidins 1 and 3 was obtained against Gram-positive S.
aureus which, according to Ratledge [115], contains no PE in
their cell membranes.

The hemolytic assays presented here confirm that piscidin 3
is less hemolytic than piscidin 1. While the hemolytic assays
done by Silphaduang and Noga [1] did not distinguish between
amidated and non-amidated peptides, their results also followed
this trend. We also noticed that p3-COQO  appeared significantly
less hemolytic than its amidated version. Due to the asymmetric
transverse distribution of lipids in red blood cells, more neutral
PC is present in the outer leaflet, which may reduce electrostatic
interactions with ACAPs possibly explaining that, even though
ACAPs, including piscidins, are usually hemolytic, 100%
hemolysis often occurs at concentrations higher than the MICs.
Other effects including hydrophobic forces may be at play, as
well [26,116—118]. Ultimately, structural considerations help
gain a better understanding of hemolytic and antimicrobial
effects. Recently, Jin et al. [119] discussed findings showing
that amphipathic structures, whether they are a-helices or -
sheets, were crucial for antimicrobial activity. Amphipathic «-
helical peptides bind and destabilize PC containing membranes
in agreement with their higher hemolytic effects compared to -
sheet peptides [116—118]. Notably here, our CD structural
studies indicate that amidated and non-amidated piscidins 1 and
3 adopt «-helical structures in the presence of PC/PG LUVs.

Using solid-state NMR, we initiated the structural and dyna-
mic study of amidated and non-amidated piscidins 1 and 3 in
view of better understanding functional differences between
isoforms and amidated versus non-amidated forms. Solid-state
NMR offers several advantages for the study of membrane-
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bound species. It is a powerful tool to investigate site-specific
structure and dynamics. Based on amide '°N oriented chemical
shifts, we have demonstrated that the four piscidins adopt an
orientation perpendicular to the bilayer normal indicating that
amidation and variation in amino acid content do not affect the
topology of piscidin. This orientation allows these amphipathic
peptides to lie on the surface of the lipid bilayer. The amphi-
pathic a-helical structure of piscidin is particularly well suited to
partition at the water—bilayer interface based on the observation
that the formation of secondary structure provides a strong
contribution to the force driving the partitioning of peptides at
interfaces [26,28,29,118,120]. Amidation is also an important
factor since it relieves a negative charge at the carboxyl end and
improves the binding energy. Both piscidins 1 and 3 have similar
hydrophobic moments according to the scale developed by
Whimley and White [45]. The protonation state of the histidine
side chains is a factor which is also predicted to affect the binding
of the peptide at the interface. Interestingly, neutral histidine side
chains give rise to a lower hydrophobic moment for the helix
[120], which would be expected to lower antimicrobial effects.
The nature of the amino acids on the hydrophobic side of the
helix is also determinant in influencing the ability of the peptide
to bind bilayers. Both piscidins 1 and 3 contain phenylalanine,
isoleucine, and leucine, which favor partitioning [45,120].
Overall, while these two isoforms have very similar sequences,
there are some slight variations in the nature and distribution of
the nonpolar and polar side chains around the helical wheel of
piscidins 1 and 3 [1]. Added to the charge effects at the level of
the histidine side chains, which may be protonated or
deprotonated, and the carboxyl end, which may be amidated
or not, these properties may combine to lead to the hemolytic and
antimicrobial effects observed here.

In Fig. 3, results from *>'P NMR demonstrated that the
oriented samples used in the present study were well aligned. A
small shoulder on the right side of 9, the aligned lipid signal, can
be noticed. This feature is not unprecedented in PC/PG lipids
containing antimicrobial peptides. Hallock et al. [42], who
observed this effect in their investigation of pardaxin, attributed
the phenomenon to a preferential binding of the cationic peptide
to the negatively-charged PG headgroups as opposed to the
neutral PC headgroups. The isotropic signal (i.e., around 0 ppm)
in the *'P spectrum shown in Fig. 3 may be due to lipids in an
isotropic phase. Phosphate ions used in the hydrating buffer
solution may contribute some *'P isotropic signal, as well.

We also collected solid-state NMR orientational restraints
using oriented samples containing amidated and non-amidated
piscidins 1 and 3, as displayed in Figs. 4 and 6. High-quality
PISEMA spectra were obtained for the four piscidins. They
represent excellent results for peptides studied under physio-
logically relevant conditions. Linewidths for single crystals (i.e.,
close to perfect orientations) are on the order of 180 Hz [89].
Here, the narrow linewidths observed for the peptides in the
presence of hydrated DMPC/DMPG bilayers (e.g., 600 Hz for
p1-NH,) indicates that excellent resolution can be achieved in
complex mixtures of peptide, lipids, and water. The sensitivity
and resolution achieved with these peptides is significant since
experimental challenges exist for the detailed structural cha-

racterization of peptides with an in-plane bilayer orientation
[57,108]. In fact, the resolution observed here would translate in
a serious advantage if further structural work were performed on
multiple labeled peptides [57,108,121]. Piscidins can now be
added to the list of naturally occurring antimicrobial peptides
such as magainin [122], pardaxin [42], melittin [40], LL-37
[123], cecropin [95], and aurein [124], which have been site-
specifically labeled and structurally studied by solid-state NMR
in an in-plane bilayer orientation. LH4 [43] and KL-14
[106,107] are synthetic peptides, which have also been studied
in a similar fashion while lying in the plane of the bilayer. In the
case of our study, the results from the 2-D PISEMA provide
additional information compared to the 1-D "N solid-state
experiments. Since amidated and non-amidated piscidins 1 and 3
have an overall a-helical structure, and the >N and '"N-'H
dipolar couplings obtained from PISEMA vary little at position
20, the peptides are shown to adopt similar orientation, tilt, and
polarity in hydrated DMPC/DMPG bilayers.

The structural and dynamic data presented here were obtained
from samples in which the peptide to lipid ratios varied from
1:20 to 1:30 for the '>N'NMR and CD experiments, respectively.
According to calculations performed by Blazyk et al. [68] for a
peptide with a molecular weight of ~2000 and an MIC of 8 pg/
mL, there is a real potential for a very large number of peptide
molecules to interact with the surface of bacterial plasma
membranes at peptide concentrations comparable to the MICs
determined for piscidin. The authors indicate that their pre-
diction remains meaningful even if not all of the peptide mole-
cules reach the plasma membranes of the bacterial cells. On the
basis of this prediction, the peptide concentrations used in the
studies presented here are relevant to conditions under which the
antimicrobial activity of piscidin is estimated to take place.

As demonstrated here for piscidin, the relatively small size
of ACAPS can allow them to be highly mobile. Fast and large
amplitude backbone motions in piscidins were detected in
oriented samples using '°N solid-state NMR (Fig. 5). More
precisely, piscidin was found to experience global motional
averaging around an axis parallel to the bilayer normal. Inte-
restingly, this appears to be a situation in which both a well-
defined structure and a planar orientation help the peptide
achieve fast and large amplitude motions. Since these backbone
motions stop below the phase transition of the lipids, a parallel
can be established between the fluidity of the lipid bilayer and
the motions of piscidin. The strong temperature dependence of
these motions, especially around T, suggests that motions are
not librational in nature but rather concerted global motions
along the peptide backbone. This dynamics may have
functional implications since it could provide a mechanism
for the perturbation of cell membranes. Furthermore, it can be
used to provide insight into the aggregation state of the peptide.
In light of ">N and ?H solid-state NMR studies of KL-14,
Bechinger and coworkers proposed that aggregation was not
taking place [106]. Repulsion between highly positively
charged peptides was proposed to be at play and favor the
monomeric state over oligomerization. We propose that this
reasoning also applies to piscidin under the experimental
conditions tested here.
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6. Conclusion

Since piscidins naturally occur as a mixture of amidated and
non-amidated peptides, they represent an interesting system to
study the possible significance of amidation both at the
structural and functional levels. Amidation did not affect the
antimicrobial activity and the topology of the peptides. Overall,
piscidin 1 was confirmed to be more antimicrobial and
hemolytic than piscidin 3. Peptide motions proved to be
modulated by the physical state of the lipids. No fundamental
structural differences have been identified in these peptides at
position 20, which is close to the site of amidation. However,
focusing on the features shared by the four piscidins such as an
in-plane bilayer orientation at pH 6 and fast, large amplitude
backbone motions, we propose that these properties contribute
to the strong antimicrobial activity and particular features of
these peptides. The in-plane orientation of these «-helical
amphipathic peptides, which partition at the water—bilayer
interface, appears to optimize peptide—lipid interactions and
it is consistent with the carpet and in-plane diffusion me-
chanisms [4,20-22,30-33,36—38]. Fast, large amplitude mo-
tions occurring in the plane of the bilayer above the phase
transition of the lipids may contribute to the perturbation of
lipid organization, which may facilitate the induction of cell
death. In closing, excellent PISEMA data indicate the feasibility
of obtaining the high-resolution structures [57,108,110,121] of
amidated and non-amidated piscidins 1 and 3 so that
differences in potency and toxicity can be better understood.
This knowledge will not only benefit research on ACAPs and
broad spectrum drugs but it will also provide insight about
other species active at membranes including membrane
proteins and fusion peptides.
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