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ABSTRACT: Piscidins were the first antimicrobial peptides
discovered in the mast cells of vertebrates. While two family
members, piscidin 1 (p1) and piscidin 3 (p3), have highly
similar sequences and α-helical structures when bound to
model membranes, p1 generally exhibits stronger antimicrobial
and hemolytic activity than p3 for reasons that remain elusive.
In this study, we combine activity assays and biophysical
methods to investigate the mechanisms underlying the cellular
function and differing biological potencies of these peptides,
and report findings spanning three major facets. First, added to
Gram-positive (Bacillus megaterium) and Gram-negative
(Escherichia coli) bacteria at sublethal concentrations and
imaged by confocal microscopy, both p1 and p3 translocate across cell membranes and colocalize with nucleoids. In E. coli,
translocation is accompanied by nonlethal permeabilization that features more pronounced leakage for p1. Second, p1 is also
more disruptive than p3 to bacterial model membranes, as quantified by a dye-leakage assay and 2H solid-state NMR-monitored
lipid acyl chain order parameters. Oriented CD studies in the same bilayers show that, beyond a critical peptide concentration,
both peptides transition from a surface-bound state to a tilted orientation. Third, gel retardation experiments and CD-monitored
titrations on isolated DNA demonstrate that both peptides bind DNA but p3 has stronger condensing effects. Notably, solid-state
NMR reveals that the peptides are α-helical when bound to DNA. Overall, these studies identify two polyreactive piscidin
isoforms that bind phosphate-containing targets in a poised amphipathic α-helical conformation, disrupt bacterial membranes,
and access the intracellular constituents of target cells. Remarkably, the two isoforms have complementary effects; p1 is more
membrane active, while p3 has stronger DNA-condensing effects. Subtle differences in their physicochemical properties are
highlighted to help explain their contrasting activities.

■ INTRODUCTION

As key participants in innate immunity, cationic antimicrobial
peptides (AMPs) are multifunctional host defense molecules
that can be expressed constitutively or induced by pathogens
and danger signals.1−4 AMPs were originally described as
providing a first line of defense against a wide range of microbes
that they can directly eradicate via membrane lysis or
intracellular targeting.2−4 In recent years, their new character-
ization as host defense peptides (HDPs), rather than AMPs, has
emerged to reflect their multifaceted functions on host cells,

including the immunomodulatory, anti-inflammatory, and
wound-healing effects they manifest under physiological
conditions.1,3,5 Since some HDPs activate adaptive immune
cells (e.g., T-lymphocytes) as well as cells that link the adaptive
and innate immune systems (e.g., dendritic cells, macrophages),
they are also considered to be important participants in the
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interplay between adaptive and innate immunities.5 While any
given HDP can be multifunctional, organisms rely on a plethora
of HDPs that can act synergistically to boost the immune
response of the host and combat infections.3,5,6 In light of their
anti-infective potencies, low inductance of bacterial resistance,
synergistic effects with conventional antibiotics, and protection
of the host from antibiotic-induced septic shock and overactive
inflammatory response, HDPs have garnered significant interest
in terms of development of new therapeutics effective against
multidrug resistant bacteria, which represent a growing public
health threat worldwide.1−3,6−8

Since AMPs play multifaceted roles in immunity, it is not
surprising that they are often intrinsically disordered molecules
and exhibit conformational plasticity. Biophysically, this variety
translates into versatile modes of interaction that could
underpin multispecificity and polyreactivity, and therefore
multihit mechanisms and broad-spectrum activity. While their
mechanisms of action as AMPs (i.e., direct antimicrobial
agents) are not fully understood on a molecular level, cationic
HDPs are known to initially rely on electrostatic interactions to
recognize and interact with microbial cell membranes.2,4,9

Bacterial cell death may then be achieved through disruption of
the essential cell membrane and/or translocation across this
membrane to reach and disrupt vital intracellular targets (e.g.,
DNA; RNA; protein synthesis and folding; enzymatic
functions).3,5,6,10,11 However, it is not known how various
factors such as the concentration and physicochemical features
(e.g., hydrophobicity, charge, amphipathicity, angle subtended
by the polar residues) of the peptides influence the relative
contribution of membrane disruptive and intracellular effects to
their mechanisms of cell death.6,12 As a result, even though a
number of well-studied HDPs have been shown to penetrate
bacterial membranes, a direct causal relationship between
intracellular effects and the lethal step has been established for
only a few.12,13 Understanding the physicochemical principles
underlying the mechanisms of action of the most potent AMPs
and comparing them to other membrane-disruptive or
translocating peptides such as cell penetrating peptides
(CPPs) and preamyloid toxins (PATs) that are also
amphipathic and cationic are necessary steps to rationally
design drugs with improved therapeutic effects, lower toxicity,
and enhanced stability in vivo.
Members of the piscidin family were the first AMPs

discovered in the mast cells of vertebrates.14,15 An important
consequence of this finding was intensified research that
revealed the crucial role of AMPs and mast cells in the first line
of defense against infectious diseases.16,17 Originally isolated
from the hybrid striped seabass, piscidin 1 (p1: FFHHIFRG-
IVHVGKTIHRLVTG) and piscidin 3 (p3: FIHHIFRGIVHA-
GRSIGRFLTG) are 22-residue-long, cationic, amphipathic, and
membrane disruptive isoforms from the piscidin fam-
ily.14,15,18−20 Similar to other piscidins, p1 and p3 feature an
unusually high content of histidine residues (20% in p1 versus
2% on average in the >2500 peptides deposited in the AMP
database).19 Notably, p1 and ascaphin-8 are the only AMPs
known to combine broad-spectrum antimicrobial activity on
both Gram-positive and Gram-negative bacteria as well as anti-
HIV-1 and anticancer properties.19,20 Apponyi et al. recently
reviewed highly potent antimicrobial frog peptides and
highlighted that caerin 1.1 is also anticancer and anti-HIV but
its antimicrobial activity is mostly focused on Gram-positive
bacteria.21 Recently, p1 and tilapia p3 (TP3) were shown to
have HDP functions, including anti-inflammatory properties

not only in vitro (macrophages)22 but also in vivo (mice),23 and
p1 was shown to be an anesthetic.24 While both peptides have
highly similar amino acid sequences and therefore physico-
chemical properties (Figure 1), and demonstrate comparable

potency against Gram-positive bacteria, p1 is more hemolytic
and usually more active than p3 against Gram-negative bacteria
for reasons that remain elusive.15,25,26 Bound to bacterial
mimetic lipid bilayers, p1 and p3 adopt disrupted α-helical
conformations that kink in the middle at a highly conserved
glycine to optimize contacts with the hydrophobic core of the
bilayer (Figure 1).26 Distinctions between the amphipathicity of
the helical structures of p1 and p3 (Figure 1) correlate with
differences in their antimicrobial potency and support an
interfacial activity mode of action where peptide carpeting on
the membrane surface followed by insertion in the bilayer leads
to loss of segregation between the polar and nonpolar regions
of the bilayer, and creates packing defects in the bilayer and/or
disordered toroidal pores through which leakage can occur.9,26

While the membrane-binding and -disrupting properties of
p1 and p3 have been documented,22,25−31 the possibility that
they translocate across bacterial cell membranes, and have other
targets than membranes as part of their mechanisms of cell
death, is plausible for several reasons. First, piscidin has
physicochemical properties that CPPs and translocating AMPs
also share, including cationicity, amphipathicity, patches of
cationic residues, and a high content of one or two selected
amino acids (Arg, Lys, Trp, His).10,12,32,33 In this regard, the
high histidine content of p1 and p3 may confer an advantage in
translocating across membranes as pH-sensitive cargo-com-
plexed peptides that can deliver DNA intracellularly.34 Second,

Figure 1. (A) Helical wheel diagrams for p1 (left) and p3 (right) as
determined by solid-state NMR in 1:1 POPE/POPG.26 Kinking is
manifested by rotation angles about the helical axis that are different
for the N-end (ρN) and C-end (ρC) on each side of Gly13. The
hydrophobic moment (μH) calculated as explained previously26 is
specified. (B) Surface rendering of the peptide 3D structures in 1:1
POPE/POPG. The color scheme is as indicated in the amino
sequences. Notably, His17 (purple, top right corner) in p1 is at the
interface between the hydrophilic and hydrophobic section, while in
p3 this residue is a flexible glycine. Other distinctions include the
presence of three arginines and four glycines in p3 while p1 has two
and three of them, respectively. PDB ID: 2MCV (p1) and 2MCX
(p3).
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because the ability to translocate is not shared by all AMPs, it
has been suggested that this property is restricted to only some
peptide families.12 This is a significant observation for piscidins
because pleurocidins, which are part of the piscidin family,35

translocate across E. coli membranes below their minimum
inhibitory concentrations (MICs) and disrupt the synthesis of
macromolecules.36

Focusing on the two piscidin family members, p1 and p3, this
study combines multiple biochemical and biophysical methods
to investigate their mode of action as AMPs that act directly on
bacterial cells. The investigations, which are strongly motivated
by the search for molecular drivers and physicochemical
parameters underpinning the contrasting biological activities of
these two natural peptides, characterize their relative abilities to
affect biological membranes and DNA. Using confocal
microscopy, we studied the ability of p1 and p3 to translocate
across Gram-positive and Gram-negative bacterial membranes
below their MICs and colocalize with nucleoids. Inner
membrane (IM) permeabilization of live E. coli was used to
investigate if both peptides could permeabilize cells at sublethal
concentrations. Studies executed with model membranes and
isolated DNA were performed to better understand peptide
translocation and interactions with these cellular components.
Using 1:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyletha-
nolamine/palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPE/POPG) as bacterial model membranes, we obtained
dye leakage assay data on large unilamellar vesicles (LUVs) to
confirm that the model membranes reflected the relative
membrane disruptive potencies of p1 and p3 on bacteria. Solid-
state NMR was then performed to measure lipid acyl chain
order parameters of 1:1 POPE/POPG-d31 in the presence of
p1 versus p3. Oriented CD was also carried out in these model
bilayers to study the ability of p1 and p3 to change from a
surface-bound state at low peptide-to-lipid ratio (P/L) to a
tilted state at higher P/L, and therefore identify a possible
molecular model for membrane activity and translocation. Gel
retardation assays and CD-monitored titrations performed
using isolated DNA were accomplished to characterize the
ability of p1 and p3 to retard and condense DNA, while solid-
state NMR distance measurements were carried out to
characterize the secondary structure of the peptides bound to
DNA. Overall, this study provides insights that may be helpful
in not only better understanding the polydiversity of piscidins
and related AMPs but also identifying important physicochem-
ical features of histidine-rich peptides to further develop anti-
infective drugs and gene therapies. The investigation also
provides an opportunity to examine whether, as peptides evolve
to have stronger disruptive effects on phospholipid bilayers,
they congruently have weaker effects on DNA, another
phosphate-containing target.

■ EXPERIMENTAL METHODS
Materials, Peptide Synthesis, and Purification. Chem-

icals were obtained from Sigma-Aldrich (Saint Louis, MO)
unless otherwise indicated. Carboxyamidated p1 (MW 2571)
and p3 (MW 2492) were synthesized by solid-phase peptide
synthesis at the University of Texas Southwestern Medical
Center and purified by HPLC as previously described.37 For
the fluorescein isothiocyanate (FITC) forms of the peptides,
the fluorescein label was attached to the amino end of the
peptides before cleavage from the resin. The peptides were
washed with dilute HCl and dialyzed to remove residual
trifluoroacetic acid (TFA; Sigma-Aldrich), leading to 98% pure

peptides. Their concentrations were obtained by amino acid
analysis at the Protein Chemistry Center at Texas A&M.

Antimicrobial Assays.MIC values were obtained using the
method outlined by Chekmenev et al.25 and briefly outlined in
the Supporting Information.

Confocal Microscopy. Mid-logarithmic phase E. coli and B.
megaterium were treated first with 0.75 μM FITC-p1 or FITC-
p3 for 30 min and second with 0.75 nM 4′,6-diamidino-2-
phenylindole (DAPI) (Life Technologies) for another 30 min
prior to washing with 10 mM PBS (Fisher BioReagents). Next,
they were fixed with 4% paraformaldehyde (in phosphate
buffer), immobilized on poly-L-lysine-coated #1.5 circular
coverslips, and mounted with 100% glycerol. Imaging was
performed by sequential scanning of FITC-piscidin (green) and
DAPI-stained DNA (blue but pseudocolored red to enhance
contrast) on a Zeiss LSM 510 Meta/Multiphoton NLO
microscope using a 100×/1.4 oil-immersion lens at the Center
for Biotechnology and Interdisciplinary Studies at RPI (Troy,
NY). FITC-piscidin was detected at LP505 nm emission after
excitation with a 488 nm argon laser, while DAPI was excited
via a Ti:sapphire laser (Coherent Chameleon) at 720 nm and
detected with a bandpass filter between 390 and 465 nm. Under
these conditions, bleedthrough of the FITC signal into the
DAPI channel was avoided. Contrast enhancement was
employed to improve the visibility of the bright field images.
By itself, fluorescein is known to be cell impermeant; controls
run under the experimental conditions described here
confirmed that it was the case.

Permeabilization Experiments. Permeabilization assays
on live bacteria involved following the cleavage of the lactose
analogue ortho-nitrophenyl-β-galactoside (ONPG) into o-
nitrophenol (ONP) by β-galactosidase constitutively expressed
by the ML-35 strain of E. coli, which is deficient in lactose
permease.38 The standard protocol is briefly described in the
Supporting Information.

Calcein Leakage Experiments. Calcein-loaded large
unilamellar vesicles (LUVs) were exposed to p1 and p3 to
determine the ability of the peptides to cause leakage. A
standard protocol was followed and outlined in the Supporting
Information.

Gel Retardation Assays. A 5 μL aliquot (100 ng) of the
linearized plasmid pNEB206A (2706 bp; New England Biolabs,
Ipswich, MA) was incubated with increasing amounts of
peptide (0−800 ng from a 100 ng/μL stock) for 30 min. The
total volume was maintained at 15 μL by adding appropriate
amounts of 10 mM PBS at pH 7.4. After addition of loading
dye, the samples were placed into a 1% agarose gel and run at
120 V for 90 min. The DNA was visualized by staining with
ethidium bromide (75 μg/L) for 15 min followed by destaining
with nanopure water for 10 min. Gels were imaged using a Bio-
Rad Gel-Doc XR+, and bands were quantified using the
accompanying Image Lab 5.0 software. EC50 and EC90 values of
DNA retardation were calculated from a best-fit line using
values obtained from three independent experiments.

Circular Dichroism. Titrations of duplex DNA (AAAT-
ACACTTTTGGT, MW 9141.1; Integrated DNA Technolo-
gies) by p1 and p3 were performed in Tris buffer (10 mM Tris,
pH 7.5, 0.1 mM EDTA) at a DNA concentration of 2.0 μM
using a previously published protocol and briefly explained in
the Supporting Information.39

Oriented Circular Dichroism. Lipids (approximately 0.5
mg) dissolved in chloroform were added to a desired amount of
peptide in 2,2,2-trifluoroethanol (TFE, Acros Organics). The
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organic solvents were dried under a flow of nitrogen and placed
under a vacuum overnight prior to hydration, vortexing, and
spreading on a quartz slide. After equilibration overnight at
room temperature, the sample was placed in a sealed wheel
containing a saturated solution of K2SO4 to maintain the
relative humidity at 93%. After 2 h of equilibration in the wheel,
CD spectra were recorded on a Jasco J-815 spectrometer (Jasco
Analytical Instruments, Easton, MD) at eight different angles
(every 45°). The spectra were recorded at 298 K over a
wavelength range of 190−260 nm using a scan speed of 100
nm/min, a 1 nm bandwidth, and four scans. To avoid artifacts
from linear dichroism, samples were made by spreading over an
area measuring approximately 10−12 mm in diameter and the
signal was averaged over the eight measurements.40 A blank
containing lipids but no peptide was obtained and subtracted
from the peptide signal to correct for the lipid background
signal.
Preparation of Samples for Solid-State NMR. Oriented

Samples. Oriented samples were prepared to quantify the
order parameter of the lipid acyl chains in 2H solid-state NMR
experiments. The samples were prepared according to a
procedure that we previously described.37 Briefly, aligned
lipid bilayer preparations were made using 1:1 POPE/POPG-
d31 (Avanti Polar Lipids) to mimic bacterial cell membranes.
The peptide and lipids were mixed in a mixture of chloroform
and TFE to reach a peptide-to-lipid ratio of 1:60. Higher
peptide concentrations were attempted but resulted in a
significant powder pattern due to the disruption induced by the
peptide, and therefore could not be reliably used to obtain
quadrupolar splittings. Hydration of the peptide−lipid films was
accomplished using 3 mM phosphate buffer at pH 6.0. After
overnight binding, the samples were centrifuged and the pellet
was spread on thin glass slides (dimensions 5.7 × 12 × 0.03
mm3 from Matsunami Trading Co., Japan). The samples were
equilibrated in a chamber maintained at a relative humidity
higher than 90% using a saturated K2SO4 solution. Additional
buffer at a ratio of 1 μL buffer for every 1 mg of peptide/lipid
mixture was added. After being stacked, the slides were placed
in a glass cell (Vitrocom Inc., NJ), sealed with beeswax, and
incubated at 37 °C until the samples became homogeneously
hydrated.
Peptide−DNA Samples. Samples were made by adding the

peptide to a solution of duplex DNA (AAATACACTTTT-
GGT) to condense the DNA into DNA−peptide aggregates
that could be collected for solid-state NMR experiments. On
the basis of the CD-monitored titrations, a 1:1 peptide-to-DNA
molar ratio was used to work under conditions where enough
condensed DNA−peptide could be harvested and the
concentration of free peptide was negligible, and therefore
did not interfere with the NMR experiments on the DNA-
bound peptide. The amount of piscidin averaged about 2−3 mg
per sample. The samples were centrifuged (<2000 rpm) to
remove excess hydration while maintaining the ratio of 69 water
molecules per nucleotide needed to stabilize the B-form of
DNA.41 Sample weight was recorded to ensure sufficient
hydration.
Solid-State NMR Experiments. 2H Solid-State NMR. 2H

solid-state NMR spectra were acquired at 305 K, above the
phase transition temperature of the lipids, on a 400 MHz NMR
spectrometer with a Bruker DRX console and quadrupolar echo
pulse sequence. A low electrical field probe built at the National
High Magnetic Field Laboratory (NHMFL) with a 90° pulse
width of 3.05 μs and an echo time of 30.0 μs was used. Spectra

were processed with a line broadening of 50 Hz. 2H, a spin 1
nucleus, gives rise to quadrupolar splittings (ΔνQ) that have a
magnitude related to SCD, the order parameter of the
corresponding CD bond.42 For oriented samples studied such
that the bilayer normal is parallel to the static magnetic field, as
was the case in this study, the expression for ΔνQ and SCD is

ν χΔ = S
3
2Q CD (1)

where χ is the quadrupolar splitting constant (168 kHz for
paraffin chains).42 Qualitatively, a decrease in the quadrupole
splitting of the signal from a deuterium nucleus indicates lower
order of the acyl chain. In this study, the 2H quadrupolar
splittings ΔνQ for the deuterons of the labeled palmitoyl chain
were assigned as previously described.42 To report the effect of
each peptide, we compared the order parameter for each bond
in a pure lipid “blank” sample (“SCD(lipid)”) against that in a
peptide-containing sample (“SCD(lipid + peptide)”) to yield the
absolute change in order parameter, ΔSCD, and the normalized
change in order parameter, ΔSCDnorm, as follows

Δ = − +S S S(lipid) (lipid peptide)CD CD CD (2)

Δ =
Δ

S
S

S (lipid)CD
norm CD

CD (3)

15N/13C Distance Measurements. The REDOR measure-
ments were carried out on a midbore 800 MHz magnet
equipped with a Bruker Avance III console using an NHMFL
3.2 mm low-E triple-resonance biosolids MAS probe. The
Larmor frequencies of 1H, 13C, and 15N were 800.12, 201.19,
and 81.08 MHz, respectively. The hydrated samples were
transferred into a 3.2 mm thin-wall MAS rotor (36 μL sample
volume) and sealed with tightly fitted caps to prevent loss of
hydration during the NMR experiments. The sample spinning
rate was controlled by a Bruker pneumatic MAS unit at 13 kHz
± 3 Hz. Details of the parameters used to set up the REDOR
pulse sequence are given in the Supporting Information. During
the REDOR experiments, the sample temperature was
controlled to 280 ± 0.1 K by a Bruker BVT-3000 unit, which
was calibrated in separate experiments using 207Pb NMR of
dilute lead nitrate (mixed with KBr at a mass ratio of 1:1). The
13C chemical shift was referenced to the carbonyl carbon
resonance of glycine at 178.4 ppm relative to trimethylsilane
(TMS).43

For each dephasing time (i.e., a multiple of rotor periods),
two sets of data without and with the train of 15N 180° pulses
were recorded, corresponding to the 13C signals without (S0)
and with (S) 15N dephasing. The number of scans used to
accumulate the signals ranged from 10 240 to 30 720 depending
on the dephasing time. Their difference ΔS over S0 depends
exclusively on the 13C−15N dipolar coupling, and a MATLAB
program was used to fit the ratio of ΔS/S0 as a function of the
dephasing time, thus yielding the internuclear distance between
the 13C and 15N labeled sites. Further details about fitting the
data and obtaining error bars are given in the Supporting
Information.

■ RESULTS AND DISCUSSION
Antimicrobial Assays. On the basis of prior studies, p1

and p3 are more active on Gram-positive than Gram-negative
bacteria, and p1 is more potent than p3. Here, we tested p1 and
p3 on Gram-positive Bacillus megaterium, whose large size
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facilitated optimal conditions for confocal microscopy imaging,
and on a Gram-negative E. coli strain not tested previously. As
shown in Table 1, the MICs obtained on E. coli confirm that p1

is more active than p3 and agree with those previously obtained
by Chekmenev et al.25 on another E. coli strain (ATCC #
25922). The observation that p1 and p3 had similar MICs on B.
megaterium is consistent with the trend that the two isoforms
are similarly active against Gram-positive bacteria.15

At Sub-Lethal Concentrations, Both P1 and P3
Translocate across Bacterial Membranes and Access
Intracellular Constituents. Confocal microscopy was
performed using FITC-labeled p1 and p3. When piscidin was
previously derivatized with fluorescein, it was reported to
maintain the same antimicrobial potency.29 Images of fixed E.
coli and B. megaterium cells that had been incubated with sub-
MIC (0.75 μM) dose treatments of FITC-p1 and FITC-p3 for
30 min reveal that both isoforms cross the bacterial membranes
and localize intracellularly (Figure 2). Since DAPI binds DNA,
it can be used to demonstrate protein−nucleic acid
colocalization in bacteria, and we utilized it to locate cellular
areas rich in nucleic acids (aka “nucleoids”) relative to the
location of FITC-p1 and FITC-p3. As shown in Figure 2, E. coli
and B. megaterium cells that were first treated with piscidin and
then DAPI prior to washing and fixing uptook DAPI. For the
large B. megaterium cells, normalized FITC- and DAPI-
fluorescence intensities correlate well over the long axis of
each cell (Figure 2C). This observation is consistent with the
colocalization of intracellular p1 and p3 to the nucleoids of
Gram-positive bacteria. For the smaller E. coli cells, the nucleoid
regions could not be resolved by confocal microscopy (Figure
2B and D); however, the imaged piscidin-treated E. coli cells
displayed intracellular FITC fluorescence. We note that, on the
basis of the confocal microscopy images of Kim et al.,29 a
peptoid analogue of piscidin 1but not wild-type p1
translocated E. coli after a markedly higher 3.4 μM dose
treatment. However, the apparent discrepancy may come from
using different imaging conditions and/or E. coli strains.
Interestingly, the images with B. megaterium indicate that
piscidin is concentrated at the septa, a phenomenon that has
been reported for other AMPs44,45 and will be discussed further
below.
Permeabilization of Bacterial Cell Membranes Occurs

in a Dose-Dependent Fashion at Sub-Lethal Concen-
trations of P1 and P3 and Is More Pronounced with P1.
To determine if piscidin’s mode of cell entry at sublethal
concentrations may be concomitant with permeabilization, we
exposed the bacterial strain E. coli ML35 to p1 and p3 below
their MICs (2−10 μM as determined using the standard
protocol applicable to the data in Table 1) and performed the
β-galactosidase permeabilization assay. More precisely, the
ability of p1 and p3 to permeate bacterial membranes was
quantified on the basis of how much cleavage of ONPG into
ONP occurred when the peptides altered the IM of E. coli and
released the ONPG-cleaving β-galactosidase enzyme from the

cytoplasm.38 As shown in Figure 3, beyond a threshold
concentration of 0.25 μM for p1 and 0.75 μM for p3,
permeabilization took place in a dose-dependent fashion and
induced leakage that was more pronounced for p1 than p3.
Notably, the leakage effectiveness of p1 leveled off at 0.75 μM
while that of p3 increased gradually throughout the tested
range. At the end of the range, it took 4 times as much p3 (2
μM) to reach the same leakage effectiveness as with p1 (0.5
μM).
These results agree with prior findings that permeabilization

of bacterial cell membranes can occur prior to lysis and cell
death, and that coupling exists between peptide translocation
and membrane leakage.6,9 Indeed, other AMPs also induce
permeation below their MIC.6,9,12 For instance, temporin L also
permeates cells in two steps that indicate a delineation between
permeation and cell death: at low concentrations, it enters cells
that become permeant to small molecules but remain alive; it is
only at higher concentrations that larger intracellular
compounds leak out and cell death occurs.12

In terms of the site of membrane attack, piscidin may be
opportunistic, since the log-phase B. megaterium cells treated
with FITC-p3 revealed colocalization with the nascent septum

Table 1. Antibacterial Activity of p1 and p3

MIC (μM)

bacteria ATCC #a P1 P3

Bacillus megaterium 14581 2−10 2−10
Escherichia coli 14948 2−10 10−20

aATCC #: American Type Culture Collection number.

Figure 2. Co-localization between piscidins and the nucleoid regions
of Gram-positive and Gram-negative bacteria. Confocal images of B.
megaterium (A, C) and E. coli (B, D) treated first with 0.75 μM FITC-
p1 (A, B) or FITC-p3 (C, D) (green) followed by 0.75 μM DAPI (red
DNA marker) for another 30 min before washing with PBS. (D)
Normalized fluorescence along the yellow line drawn across septating
cells; the extremities and center of the lines are marked with squares. A
high concentration of FITC-p3 is present at the septum appearing at a
distance of 4 μm along this line, while the DAPI signal is absent at this
cellular location. Similar results were obtained with FITC-p1 and B.
megaterium.
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(Figure 2C). LL-37 also selectively targets the structurally
weaker septum membrane of some dividing bacteria such as E.
coli.44,45 Indeed, the real-time activity of LL-37 on E. coli cells
revealed two stages when the peptide concentration was 8 μM
(4 times the MIC). Initially, the peptide accumulated on the
cell membrane, probably interacting with the anionic lip-
opolysaccharides (LPS) in the outer membrane (OM).
Translocation in septating cells allowed the peptide to enter
and spread into the periplasm. At that point, growth was
inhibited, possibly due to disruption of the cell envelope. Cells
being complex systems, we moved on to quantifying the effects
of p1 and p3 on isolated DNA and model membranes.
Calcein Release from 1:1 POPE/POPG Large Uni-

lamellar Vesicles Is More Pronounced with P1 Than P3.
To specifically characterize the membrane permeabilization
effects of p1 and p3, release of calcein from LUVs constituted
of 1:1 POPE/POPG that mimic E. coli bacterial cell membranes
was monitored by fluorimetry at pH 7.4. In Figure 4, we report

the percentage of leakage from the LUVs as a function of
peptide-to-lipid ratio (P/L) and peptide concentration. Both
peptides caused leakage from the LUVs, but p1 was significantly
more permeabilizing than p3, giving rise to respective EC50
values (effective concentration of peptide yielding 50% leakage)
of 1.1 (P/L = 1:10) and 3.5 (P/L = 1:3) μM. Notably, this
effectiveness of p1 is stronger than that of p3 by a magnitude

(∼4) that is on par with that observed in the aforementioned
permeabilization assays on E. coli. Overall, these dye leakage
results track closely with the trend exhibited in the
permeabilization (namely, that p1 is more active than p3 by a
factor of ∼4) and antimicrobial assays, and therefore validate
the use of 1:1 POPE/POPG as a bacterial membrane model
that reflects the stronger membrane activity of p1 as well as its
more potent antimicrobial effects assuming that membrane
disruption is the major factor contributing to its biological
activity. The higher hydrophobicity of p1 compared to p3
combined with its imperfect amphipathicity (Figure 1) may
explain its stronger membrane activity by allowing more
pronounced perturbation of the lipid packing and mixing of the
polar and nonpolar regions of the bilayer.9,46−48 Interestingly,
the onset of dye leakage just below 1 μM and a P/L of 1:16 for
p1 agrees well with the values obtained for the start of the
bactericidal activity of PMAP-23, a 23-meric AMP that was
studied on live E. coli cells to precisely characterize the critical
P/L ratio for cell death and demonstrate that lipid vesicles are
reliable systems to study the interactions of AMPs with cell
membranes.49 They can also be used to study the
permeabilization capability of peptides in a competitive lipid
bilayer environment.50 As explained by the authors of the
PMAP-23 study, the high P/L required to achieve cell death is
consistent with a carpet mechanism, where membrane
permeabilization results from peptide accumulation on the
cell surface. In the case of piscidin, the leakage at high P/L
corroborates the carpet mechanism previously postulated on
the basis of solid-state NMR data.26,27

Lipid Acyl Chain Order Parameters Indicate Interfacial
Incorporation of P1 and P3 into 1:1 POPE/POPG Model
Membranes. Increased disorder in phospholipid bilayers
exposed to AMPs is a phenomenon known to accompany
membrane thinning and increased trans−gauche isomerization
of the acyl chains when peptides bind interfacially. Measuring
the quadrupolar splittings of deuterons in methylene and
terminal methyl groups of deuterated acyl chains by 2H solid-
state NMR is particularly well suited to quantifying the
disorder.51 Here, the effects of p1 and p3 on bacterial cell
mimics made of 1:1 POPE/POPG-d31 (i.e., with the palmitoyl
chain of POPG as the deuterium reporter) were characterized
in wide-line 2H NMR spectra obtained in the absence and
presence of p1 and p3 at a P/L of 1:60 (Figure 5). At higher P/
L, distortions of the baseline due to the underlying powder
pattern, probably induced by major disruptive effects of
piscidin, prevented accurate determination of accurate quad-
rupolar splittings; thus, the data are interpreted at a P/L of
1:60. Two major findings emerge from these spectra. First, the
percent decrease in the quadrupolar splittings (Table S1)
demonstrates the membrane disordering effect of piscidin on
the lipid acyl chain order, and hence the bilayer’s susceptibility
to the peptide. More specifically, the percent decrease in
quadrupolar splittings of the methyl group is greater than that
of the plateau region (formed by C2−C7 of the acyl chain),
which is consistent with the “basket effect”, where the binding
of piscidin close to the headgroups of the phospholipid bilayers
forces the rearrangement of the lipid tails to fill gaps under the
surface-bound peptide.52,53 Second, the results suggest that p1
has stronger disordering effects than p3 within the margin of
error (±0.25 kHz). Overall, these experiments show that both
p1 and p3 are interfacially incorporated into the POPE/POPG
bilayers and induce disorder in the bilayer even at a P/L of

Figure 3. Permeabilization assays at sublethal concentrations of p1 and
p3. ML-35 E. coli cells were incubated with p1 and p3 to characterize
their ability to permeate bacterial membranes. The absorbance data at
415 nm for ONP are plotted for p1 (blue) and p3 (red) from bottom
to top at 0 (black), 0.25, 0.50, 0.75, 1.0, and 2 μM peptide
concentrations (the 0.25 and 0.50 μM data overlap for p3). The
averages of triplicates are displayed along with the standard error.

Figure 4. Percent release of calcein from LUVs made of 1:1 POPE/
POPG after 3 min of exposure to increasing amounts of p1 and p3 at
pH 7.4.
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1:60, which is below the threshold leading to leakage in the
calcein release experiments.
Notably, the order parameters of C−D bonds in the

palmitoyl chain are higher in POPE- than 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC)-containing bi-
layers.54 This has been attributed to the smaller area per
molecule of membranes containing PE headgroups (which are
smaller than PC in size) as known from X-ray diffraction data.55

Given the higher order of POPE-containing membranes and
the resulting higher surface density, one might expect the
membrane to become more resistant to the action of piscidins
because ordered membranes are generally known to be less
permeable.56 However, this did not prevent p1 and p3 from
decreasing the order of the acyl chains throughout the PG
chains in mixed PE/PG. The results could have important
ramifications, since bilayer fluidity and composition are aspects
that bacteria modify as part of their mechanisms of drug
resistance, but p1 and p3 have membrane disordering effects
even when membranes contain 50% POPE. Interestingly,
pleurocidin, a member of the piscidin family, is also able to
disrupt bilayers containing a high amount of PE.57

Both P1 and P3 Adopt Tilted/Transmembrane
Orientations When Their Concentration Is Increased in
1:1 POPE/POPG Model Membranes. Since piscidin trans-
locates across membranes, permeabilizes E. coli membranes and
induces strong dye leakage in model membranes, we used OCD
to determine if the peptide could adopt an orientation
conducive to translocation and leakage when it interacts with
membranes. Figure 5C shows the OCD data for p1 and p3 in
1:1 POPE/POPG at pH 7.4. At 1:150 P/L, the signal has the
features expected for the surface-bound state (S-state), namely,
(almost) equal intensities at 208 and 222 nm. When a P/L of

1:40 is reached, decreased intensity of the shoulder at 208 nm
indicates the disappearance of the S-state as it converts to a
tilted state (T-state) or coexists with a transmembrane state
that is parallel to the bilayer normal (TM-state). At a P/L of
1:25, the shoulder has almost completely vanished, indicating
that the T- and/or TM-states predominate. We did not attempt
to quantify the amount of each state and compare the
respective abilities of p1 and p3 to tilt in the membrane due
to the amount of scattering in the multilayered phospholipid
bilayers used in these experiments.58 Notwithstanding, these
results show that p1 and p3 tilt into the membrane at high
concentrations and tilting in a TM- or T-orientation may play a
role in the activity of the peptides, since it occurs in the range of
P/L ratios inducing the calcein leakage described above.
However, we note that the threshold for the appearance of the
tilted state (<1:40 for p1 and p3) is lower than that observed
for the onset of permeabilization in the dye leakage assays
(∼1:32 for p1 and 1:16 for p3). It is also true that the solid-
state NMR data of the peptides at a 1:20 P/L ratio do not show
a TM- or T-state.26 Such disparities could be due to (1) T- or
TM-states not forming pores or defects large enough to be
leaky at the lowest P/L ratios; (2) lower hydration level in the
OCD samples (11 water molecules per lipid)59 stabilizing the
tilted state (that would otherwise be short-lived and not
captured by NMR done at a hydration of 50 waters per lipid)26

because the lower hydration of the bilayer could heighten
repulsion between peptide molecules bound in the S-state and
force them to settle in the bilayer core in a T- or TM-state.
The mechanism by which charged peptides translocate across

bacterial membranes is not fully understood. It is possible that
peptides tilt in bacterial membranes and translocate by taking
advantage of transient defects in the membrane and/or oxidized
lipids that may form following exposure to the reactive oxygen
species released during phagocytosis in the host.32,60 On the
basis of the interfacial activity model, nascent lipid defects could
be stabilized by piscidin and/or disordered toroidal pores could
form, allowing the peptide to reorient in the membrane to cross
it without experiencing a long-lived TM- or T-state (unless
lower hydration stabilizes it). This process would occur even at
low (e.g., sublethal) peptide concentrations due to the driving
force of equilibrating peptide concentrations on each side of the
membrane. Structurally, kinks in the structures of AMPs may
facilitate flipping in the membrane as an intermediate step to
crossing it.61−64 Here, the ability of p1 and p3 to penetrate
bacterial membranes and localize intracellularly at concen-
trations below those that would be needed to fatally lyse the
membrane may be related to the Gly13-mediated kink that has
been recently identified by NMR structures of both p1 and
p3.26 Interestingly, the proline hinge of buforin II, a remarkably
similar and helix-disrupting structural feature, may be
implicated in its translocation capacity.65

Both P1 and P3 Bind and Condense Isolated DNA, but
P3 Is More Effective. Ability of P1 and P3 to Retard DNA
Gel Migration. That p1 and p3 appear to colocalize with the
nucleoids behooves the question that they may exhibit an
intracellular mechanism of antibacterial action, which could, as
in the case of its relative pleurocidin, involve interactions with
nucleic acids. The gel retardation assay was employed to
illuminate DNA binding in vitro. Both p1 and p3 were shown to
bind isolated DNA; as the concentration of each isoform
increased, more DNA was neutralized in terms of charge and/
or became aggregated, and therefore was restricted from
migrating through the gel (Figure 6). As shown by the fits in

Figure 5. Acyl chain order parameters and orientations of p1 and p3
measured in 1:1 POPE/POPG membranes. (A) 2H NMR spectra for
1:1 POPE/POPG-d31 model membranes in the absence (bottom)
and presence of p1 (middle) and p3 (top). The data were recorded on
a 400 MHz spectrometer at 305 K and a frequency of 61.4 MHz. (B)
Normalized changes in order parameters of the palmitoyl chain of the
anionic lipid POPG-d31 upon addition of p1 (blue) and p3 (red) to
1:1 POPE/POPG-d31. (C) Oriented circular dichroism of p1 (blue)
and p3 (red) at P/L values of 1:150 (solid line), 1:40 (long dashes),
and 1:25 (short dashes) in 1:1 POPE/POPG at 298 K.
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Figure 7, the respective peptide-to-DNA weight ratio leading to
50 and 90% inhibition of DNA migration are 4.4 and 7.2 for p1,

while they are only 3.9 and 6.4 for p3, indicating that p3 retards
DNA gel migration more readily than p1.
Ability of P1 and P3 to Condense DNA. In a previous study,

a 15-base-pair DNA sequence bound to a section of histone
H2A homologous to buforin II was used to study via CD-
monitored titrations the DNA-interacting and -condensing
ability of buforin II, magainin 2, and pleurocidin.39 Similar to
some salts and polymers, cationic AMPs can induce DNA
aggregation into polymer-and-salt-induced (psi- or Ψ-)
condensates that have been ascribed to compacted DNA,
typically highly ordered superhelical structures.66 Here, we also
followed by CD the extent to which p1 and p3 bind and

compact DNA in vitro. The signature of B-DNA includes strong
positive and negative CD signals in the 260−290 and 230−260
nm ranges, respectively. As cationic piscidin is added to anionic
DNA, the CD signal between 260 and 290 nm collapses,
reflecting peptide-induced, dose-dependent condensation of
DNA (Figure 6C and D). The CD spectra contain the
characteristic circular intensity differential light scattering
known to reflect the presence of Ψ-condensates.39 Since the
drop in signal intensities at 272 nm provided a good
representation of the DNA-binding affinity of buforin II,
magainin 2, and pleurocidin,39 we similarly plotted the values
for piscidin-to-DNA titration ratios preceding excessive
scattering, as estimated by UV monitoring of the samples
(Figure 7B). According to these plots, p3 is more effective than
p1 at retarding and condensing DNA. This distinction
supplements gel retardation assay results well and leads to
the conclusion that the peptide with the stronger DNA-
retarding ability is also the one that more effectively compacts
DNA into highly ordered structures.
The comparatively enhanced ability of p3 to interact with

DNA may be explained by its amino acid sequence. While p1
has two arginines, p3 contains an additional one at position 14
(Figure 1); notably, buforin II’s strong affinity for DNA is likely
driven by arginine−DNA interactions.65 Moreover, Gly17 in
p3, whose equivalent in p1 is an uncharged histidine at pH 7.4,
may provide p3 with additional flexibility needed to bind and
alter the conformation of duplex DNA. Since different
sequences of DNA were used in the CD experiments and the
gel retardation assay, it is likely that piscidins do not require a
specific DNA sequence for binding. Indeed, if piscidin is similar
to buforin II in terms of its mechanism of DNA binding being
driven by interactions between its basic residues and the DNA
phosphate groups, then p1 and p3 may similarly be expected to
interact with DNA independent of its nucleic acid sequence.65

In this regard, the gel data displayed in Figure 7A indicate that
the plots for p1 and p3 converge at 100% DNA retardation; i.e.,
the same amount of p1 and p3 is needed to reach full
retardation even though p3 gets there in a more hyperbolic
fashion than p1. Precipitation of DNA by amphipathic peptides
represents an interesting situation, since not only do the
cationic peptides neutralize charges on the DNA (and thus
lower its solubility), but they also present their cationic face to
the DNA, thereby leaving the hydrophobic side exposed to the
aqueous environment. Presumably, this unfavorable state
translates into favorable aggregation of DNA−peptide com-
plexes via the exposed nonpolar residues of the peptide, and
therefore creates another path for decreased solubility.
Precedents of similar DNA aggregation and involvement of
hydrophobic chemical groups exist for synthetic materials such
as mannobiose-modified polyethylenimines.67 Here, since p1 is
more hydrophobic than p3 (Figure 1), a cooperative effect that
enhances compaction may take place once a threshold amount
of p1 has bound DNA, and this could explain the seemingly
sigmoidal behavior of p1’s binding while that of p3 is more
hyperbolic (Figure 7A).

Solid-State NMR Structural Studies Indicate That P1
and P3 Are α-Helical When Bound to DNA. While the
above CD studies clearly document the binding of piscidin to
DNA, they do not establish the structural features of piscidin in
the bound state. A major issue with CD is that the peptide and
DNA signals overlap in the region between 190 and 250 nm,
which prevents the clear detection of signals important to
decipher the secondary structure of the peptide. The problem is

Figure 6. Binding of p1 and p3 to isolated DNA. (A, B) Gel
retardation assay experiments on p1 (A) and p3 (B). Each well
contained 100 ng of linearized plasmid DNA and increasing amounts
of p1 or p3 at pH 7.4. The gel was soaked in ethidium bromide for
visualization. (C, D) Circular dichroism titration experiments at 2.0
μM DNA (AAATACACTTTTGGT) and increasing p1-DNA (C) or
p3-DNA (D) molar ratios at pH 7.4.

Figure 7. Analysis of p1 and p3 effects following binding to DNA. (A)
Percent retardation of DNA as the peptide to DNA weight ratio
increases and the linearized plasmid DNA is neutralized in terms of
charge and/or becomes aggregated by the amphipathic peptide at pH
7.4. (B) Normalized values for the CD signal of DNA (AAATACAC-
TTTTGGT) monitored at 272 nm as a function of peptide dose up to
a 1.5:1 peptide-to-DNA molar ratio at pH 7.4.
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further exacerbated by the precipitation of the peptide−DNA
complexes. Fortuitously, solid-state NMR is a powerful
technique to study aggregated complexes. Here, we used
rotational-echo double-resonance (REDOR) NMR68 within
15N- and 13C-labeled p1 and p3 peptides to determine their
secondary structures in the Ψ-condensates. We hypothesized
that the amphipathic nature of piscidin folded into an α-helix
would create favorable interactions with DNA and therefore
favor binding to it. The 13C-carbonyl and 15N-amide labels were
placed at positions i and i + 4 to span the distance of a
hydrogen bond (∼4.2 Å) in the hypothesized α-helix, while this
13Ci/

15Ni+4 distance in a β-sheet or extended structure is too
long (>5 Å) to be measurable by REDOR.37 As shown in
Figure 8, the 4.30 ± 0.55 Å distance in 13C-G8/

15NV12 p1 and

4.62 ± 0.35 Å in 13C-G8/
15N-A12 p3 confirm α-helicity, whereas

the shorter distance of 3.46 ± 0.51 Å in 13C-F2/
15N-F6 p1

indicates a tighter structural arrangement at the N-end but
more structural restraints are needed to characterize it at high
resolution. Interestingly, p3 gave rise to sharper signals than p1,
which would be consistent with increased motional averaging in
p3, and therefore a reduced 13C/15N dipolar coupling and
increased 13CG8-

15N-A12 distance. Alternatively, the sharper
lines may indicate that p3 adopts a structure that is more
homogeneous than that of p1, possibly because the arginine at
position 14 in p3 interacts more strongly with DNA than the
lysine at the same position in p1. The details of the helical
structure of piscidin bound to DNA are not known, but they
are expected to differ from those obtained in 1:1 POPE/POPG,
since the initial electrostatic attraction of peptides to anionic
membranes is followed by an insertion that is driven by
hydrophobic interactions. In contrast, binding to DNA buries

the hydrophilic side chains, leaving the hydrophobic ones
exposed to the solvent. Binding to the relatively rigid surface of
DNA would require adjustment of the peptide’s structure in a
way that is different from optimizing contacts with hydrophobic
bilayers but achievable thanks to the plasticity of the α-helix and
flexibility of numerous glycine and serine residues.69

■ CONCLUSIONS
AMPs are crucial molecules that provide a first line of defense
in the fight against pathogens. Endowed with flexible
amphipathic structures, they are inherently able to recognize
and interact with a broad range of pathogens and cellular
components. As mentioned in the Introduction, it is not a
straightforward task to establish the relative contributions of
various mechanisms of action to the lethality of AMPs.12 Here,
our results on p1 and p3, both of which are good archetypes of
AMPs, span three major facets that taken together allow us to
compare the relative abilities of these two natural peptides to
affect biological membranes and DNA. First, p1 and p3 (Figure
1), which are known to interact and disrupt lipid bilayers, are
demonstrated to translocate across bacterial membranes at
sublethal concentrations (Figure 2), and this is accompanied by
permeation in E. coli that leads to more significant leakage with
p1 (Figure 3). In model membranes, p1 is also more
membrane-active than p3 (Figures 4 and 5). Since permeation
occurs below the MIC, it is not necessarily the step inducing
cell death, in agreement with observations on other AMPs and
the idea that pores and/or defects may not be lethal until they
reach a certain threshold size. Second, inside the cells, both p1
and p3 are colocalized with nucleoids (Figure 2). Third, in vitro,
both peptides bind DNA in an α-helical conformation (Figure
8) and structurally disrupt it, but p3 is more effective at
retarding and condensing DNA into highly ordered structures
(Figures 6 and 7). These findings, which lay the groundwork
for further investigations to determine the significance of
piscidin’s ability to access the cytoplasm at sublethal
concentration and bind DNA, provide a backdrop for several
concluding points, as follows. First, we find that, as previously
postulated, the ability to translocate and access intracellular
targets appears to be found in specific families of AMPs, since
several members of the piscidin family, including pleuro-
cidins,36 have now been shown to translocate, but not all AMPs
have demonstrated this property. Second, at sublethal
concentrations, both p1 and p3 permeabilize E. coli membranes
(Figure 2) and p1 is more effective in the ML35 cells; therefore,
both peptides have an opportunity for cell penetration and
intracellular accumulation to an extent that very likely varies
depending on the peptide and its bacterial targets. Higher MICs
on Gram-negative bacteria may be due to diversion of some
peptide in the periplasm of these bacteria via the septum
(Figure 2), an effect that would be absent in the Gram-positive
bacteria and would leave more peptide to act on targets such as
the membrane and nucleic acids. Third, whether enough
peptide can translocate and accumulate into the cytoplasm to
affect DNA is uncertain, but within the nucleoids, a mechanism
of action for piscidin that complements its membrane activity
could include affecting processes such as protein synthesis, as
was discovered for Bac1−35.

13 Fourth, piscidin is found to
accumulate at the septum where the membrane is weaker
(Figure 2). Interestingly, CRAMP (16−33) inhibits the FtsZ
assembly that forms at the midcell position where the septum
will then appear;70 this mechanism may be applicable to
piscidin. Fifth, the relative abilities of the two piscidin isoforms

Figure 8. Secondary structure of p1 and p3 bound to DNA. REDOR
solid-state NMR 13C/15N distance measurements between the 13C of
the carbonyl at position i and the 15N of the amide at position i + 4 in
p1 (blue and green) and p3 (red). The measured distances on the
order of 4 Å are consistent with α-helicity. Hydrated samples prepared
at pH 7.4 were investigated by NMR at 280 K on a 800 MHz
spectrometer. Representative spectra are shown in Figure S1.
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to condense DNA do not correlate with their respective
antibacterial potency: although p1 is typically a more potent
AMP than p3 on Gram-negative bacteria (Table 1),15,25 the
latter isoform compacts DNA more readily than does the
former (Figures 6 and 7). Since p1 is more membrane
disruptive than p3, it is tempting to infer that the bactericidal
activity is mostly governed by piscidin’s membranolytic effects
as a primary mechanism of action, once enough peptide has
accumulated on the bacterial membrane. However, since p1
and p3 have similar MICs on a significant number of bacteria
(e.g., Gram-positive), it is possible that p3 relies on a
supplementary mechanism of action on these bacteria to
compensate for weaker membranolytic effects. In fact, the
ability to translocate across the membrane of Gram-positive
bacteria (that do not have a periplasm) and affect DNA (or
other intracellular targets) more effectively than p1 could
explain how p3 makes up for lower membrane activity than p1,
and thereby remains generally as effective as p1 on these
bacteria. Sixth, the finding that the two homologues have
complementary effects on DNA and lipid membranes raises an
interesting question with regard to the recognized synergy that
exists between the AMPs expressed by a given organism.6

Complementary effects within the piscidin family may help
members act more broadly on pathogens. In fact, it may be a
critical aspect of minimizing bacterial resistance and could be an
important feature to incorporate in the design of novel drugs to
combat drug-resistant bacteria. From this perspective, optimiz-
ing a peptide to be the strongest of its family on all targets (e.g.,
membranes, DNA) may not be beneficial to the organism
because the higher incidence of bacterial resistance that it could
induce would lead to an evolutionary dead-end, which is
seemingly circumventable by a group of peptides with
complementary effects. Ultimately, understanding the biological
significance and specific physicochemical details of membrane
translocation and nucleic acid binding ability by members of the
piscidin family will not only help further understand their
multifunctionality and polyreactivity but also establish the
knowledge needed to design novel therapeutic drugs with
improved specificity, synergy, and potency.
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