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A B S T R A C T

Piscidins are host-defense peptides (HDPs) from fish that exhibit antimicrobial, antiviral, anti-cancer, anti-in-
flammatory, and wound-healing properties. They are distinctively rich in histidine and contain an amino
terminal copper and nickel (ATCUN) binding motif due to the presence of a conserved histidine at position 3.
Metallation lowers their total charge and provides a redox center for the formation of radicals that can convert
unsaturated fatty acids (UFAs) into membrane-destabilizing oxidized phospholipids (OxPLs). Here, we focus on
P1, a particularly membrane-active isoform, and investigate how metallating it and making OxPL available
influence its membrane activity. First, we quantify through dye leakage experiments the permeabilization of the
apo- and holo-forms of P1 on model membranes containing a fixed ratio of anionic phosphatidylglycerol (PG)
and zwitterionic phosphatidylcholine (PC) but varying amounts of Aldo-PC, an OxPL derived from the de-
gradation of several UFAs. Remarkably, metallating P1 increases membranolysis by a factor of five in each lipid
system. Conversely, making Aldo-PC available improves permeabilization by a factor of two for each peptide
form. Second, we demonstrate through CD-monitored titrations that the strength of the peptide-membrane in-
teractions is similar in PC/PG and PC/PG/Aldo-PC. Thus, peptide-induced membrane activity is boosted by
properties intrinsic to the peptide (e.g., charge and structural changes associated with metallation) and bilayer
(e.g., reversal of sn-2 chain due to oxidation). Third, we show using oriented-sample 15N solid-state NMR that the
helical portion of P1 lies parallel to the bilayer surface in both lipid systems. 31P NMR experiments show that
both the apo- and holo-states interact more readily with PC in PC/PG. However, the presence of Aldo-PC renders
the holo-, but not the apo-state, more specific to PG. Hence, the membrane disruptive effects of P1 and its
specificity for the anionic lipids found on pathogenic cell membrane surfaces are simultaneously optimized when
it is metallated and the OxPL is present. Overall, this study deepens our insights into how OxPLs affect peptide-
lipid interactions and how host defense metallopeptides could help integrate the effects of antimicrobial agents.

1. Introduction

Biological membranes and their constituents are implicated in vir-
tually all processes vital to living organisms [1–3]. The dependence of

cell membrane functionality on the intertwined properties of its lipids,
proteins, and surrounding environment is both captivating and chal-
lenging to investigate given the chemical diversity of the components
and the technical challenges associated with their characterization
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under physiologically-relevant conditions. Here, we feature the use of
several biophysical methods, including solid-state NMR, to investigate
the membrane interactions of copper-binding host defense peptides
(HDPs) from the piscidin family. Bacterial membranes are battle-
grounds for these peptides that can leverage multiple antimicrobial
strategies such as copper-associated oxidative stress, structural and
chemical modifications of phospholipids, and macrophage chemotaxis
to sensitize biological membranes and achieve high antimicrobial effi-
cacy [4–9]. However, the molecular mechanisms through which these
peptides and other agents of the immune response could help synergize
their antimicrobial effects at cell membranes remain elusive.

As the first line of defense against an infection or injury, the innate
immune response is mediated by a variety of chemical species that
orchestrate molecular recognition at the plasma membrane [4–7]. In-
itially, pathogenic cells are targeted by the constitutively produced
proteins (e.g., HDPs) and phagocytic immune cells (e.g., neutrophils)
that are recruited by signaling molecules and the complement system.
Phagocytic cells generate and release reactive oxygen species (ROS)
upon phagocytosis and stimulation by diverse agents [8,9]. ROS are
involved in not only bacterial cell death, inflammation, and tissue in-
jury, but also the activation of major signaling pathways [10–12].

HDPs feature evolution-tested efficacy against a broad spectrum of
pathogens, including bacteria, fungi, yeasts, and viruses [13–17]. In
spite of significant variations in sequence, length (6–50 residues) and
sensitivity to changes in pH and ionic strength, they share physico-
chemical features (e.g., amphipathic secondary structures; cationicity).
It is well accepted that the initial attraction and higher specificity of
membrane-active HDPs for bacterial over mammalian cells is due to
recognition of physicochemical properties of pathogenic cell mem-
branes [18–25]. Properties that differ between bacterial and mamma-
lian cells include surface charge (e.g.; anionic lipopolysaccharides or
teichoic acids), composition (cholesterol content), fluidity, thickness,
packing, and transmembrane potential.

Given the membrane affinity and activity of most HDPs, it is be-
lieved that they irreversibly disrupt pathogenic membranes by per-
meabilization (pores, defects) and/or disintegration (carpets). These
mechanisms have been studied in model membranes by complementary
methods (dye leakage assays, ion channel formation, CD, oriented CD
(OCD) and NMR) [26–28]. The converging view for most HDPs is that
at low peptide-to-lipid ratios (P/L), they acquire a surface-bound state
(“S-state”) but at increasing P/Ls they adopt a tilted state (“T-state”)
and cause leakage. However, details of their immunomodulatory ef-
fects, synergy with other immune molecules and access to intracellular
components have recently emerged, leading to a new paradigm in
which HDPs are thought to employ a multi-hit mechanism to directly
eradicate bacteria and improve host immunity [13–16,29–35]. In
keeping with their ability to target vital and ubiquitous parts of pa-
thogenic cells (e.g. plasma membranes) through multi-hit mechanisms,
they kill a broad range of not only dividing but also non-dividing pa-
thogenic cells (e.g., planktonic; biofilm; persister) and have low in-
cidence of resistance [35–39]. Thus, they represent promising templates
for the development of novel therapeutics that are active against drug-
resistant bacteria [40–43].

With the aim of better understanding the interplay between Cu2+

and HDPs as host defense agents at lipid membranes, we have been
investigating copper-binding HDPs. More specifically, we speculate that
the physicochemical properties of bacterial cell membranes and their
surrounding environment produce conditions (e.g.; labile copper ions;
ROS formation; anionic charge and oxidized lipid content of bilayers)
that enable membrane-interacting host defense metallopeptides to de-
velop membrane interactions conducive to membrane disruption. As
explained next, several lines of evidence support this possibility.

Extensive research on biological copper ions shows that Cu2+ plays
an essential role as an antimicrobial weapon [44]. “Macrophage copper
burst” is part of the arsenal used by the phagolysosomes of

macrophages to kill engulfed bacteria via a poisonous environment
(low pH; high concentrations of copper, ROS and HDPs). The accu-
mulated Cu2+ can attack bacteria by disrupting vital bacterial cu-
proenzymes and mediating Fenton chemical reactions that form toxic
ROS [8,9].

Once formed, ROS have structural and functional implications for
their surrounding environment, including bacterial cell membranes.
ROS damage unsaturated fatty acids (UFAs) in phospholipid acyl
chains, resulting in oxidized phospholipids (OxPLs) that exhibit double
bond loss, a shortened acyl chain, and functionalization with aldehyde
and hydroperoxy groups [45–47]. While lipid peroxidation has been
investigated mainly in the context of mammalian cells and pathological
conditions [48–52], it is also relevant to bacterial cells. For instance,
some bacteria such as Vibrio species modulate their membrane prop-
erties and virulence by incorporating exogenous poly-UFAs (PUFAs)
into their membranes [53–56].

Lipid oxidation affects model membranes, leading to: i) increased
passive permeability; ii) modified phase behavior; iii) increased water
content; iv) cross-linking between OxPLs and protein side chains
[50,57–61]. These changes translate into disrupted membrane bulk
properties, protein-lipid interactions, and thus altered biological func-
tion. Several HDPs (e.g., LL-37) experience enhanced interactions with
bilayers containing zwitterionic 1- palmitoyl-2-(9′-oxo-nonanoyl)-sn-
glycero-3-phosphocholine (commonly abbreviated as Aldo-PC or Pox-
noPC, Fig. 1-A), an OxPL derived from the degradation of several UFAs.
It contains an aldehyde group at the end of a shortened sn-2 acyl chain.
High ionic strength mimicking in vivo conditions does not attenuate
this effect even though it reduces peptide binding to anionic lipids
[45,62].

Interestingly, several naturally-occurring HDPs, including piscidins
from hybrid striped bass, have an amino terminal copper and nickel
(ATCUN) binding motif (Fig. 1) [63–65]. As shown by our previous
work, some of these peptides form a complex with labile Cu2+ that
leads to ROS formation, lipid peroxidation, DNA damage, and enhanced
biological activity [65–68]. Hence, ATCUN-HDPs can become metal-
lated in the surrounding environment and adopt membrane-bound
conformations that are favorable to the structural and chemical dis-
ruption of pathogenic cell membranes, and thus cell death. These re-
sults are captivating since they support the notion that ATCUN-HDPs
could constitute a form of host defense through which several agents of
the immune response integrate their anti-infective effects in multi-
cellular organisms.

In this study, we focus on piscidin 1 (P1) (Fig. 1) as a membrane-
interacting ATCUN-HDP that binds labile Cu2+ to enhance its anti-
microbial effects. We use its homolog piscidin 3 (P3) for comparative
purposes. Discovered in the mast cells of hybrid striped bass and later
found in other teleost fish species (Fig. 1) [40,41,69–72], piscidins are
histidine-rich HDPs that play a crucial defense role in fish fighting
bacteria, viruses, and parasites [72]. Both the P1 and P3 forms have
been functionally, structurally, and mechanistically investigated
[73–78]. P1, the more antimicrobial, membrane-active, and hemolytic
isoform, is less damaging to DNA than P3. With a minimum inhibitory
concentration (MIC) <10 μM on most bacteria, it also has anti-cancer,
anti-HIV-1, immunomodulatory and anesthetic properties [70,79–82].
This high potency together with other special features (e.g., resiliency
to changes in ionic strength and pH changes [83], activation of immune
cell chemotaxis [84]) makes P1 a unique template for the development
of novel anti-infective therapeutics [40–43]. Mechanistically, the pep-
tide deploys a multi-faceted strategy that includes exploiting hetero-
geneity in lipid bilayers containing certain lipid types, such as phos-
phatidylethanolamine (PE) and cholesterol [85]. These effects can
directly impact membrane integrity or indirectly affect the function of
membrane proteins (e.g., mechanosensitive channels) that interact with
lipids.

Previous work has been useful in demonstrating that Cu2+ and Ni2+
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bind specifically to the ATCUN motif of P1 and P3 in a 1:1 stoichio-
metric ratio, and that the ATCUN motif for piscidin is important for its
antimicrobial effect [86,87]. However, there have been no character-
izations on a molecular level of the impact that metallation has on its
ability to permeabilize membranes and its interactions with different
membrane constituents. Here, we start with dye leakage assays to study
how metallation influences the membrane permeabilization effects of
P1 with large unilamellar vesicles (LUVs). Next, we use circular di-
chroism (CD) to investigate whether Aldo-PC changes the binding af-
finity of P1 for bilayers. We used 10% Aldo-PC to reflect conditions that
are expected to be physiologically relevant under oxidative stress
[50,88]. We then turn to oriented-sample solid-state NMR to char-
acterize how the peptide interacts with different lipid constituents and
what topology it adopts in the bilayer. We focus on bacterial model
membranes as a way to accurately and precisely control membrane
composition and directly relate their molecular content to specific
functional and conformational behaviors of the metallopeptides under
native-like conditions, such as the presence of redox ions and OxPL. The
knowledge gained from these studies provides new insight into struc-
ture-function relationships of piscidin, a good archetype of host defense
metallopeptides that could be involved in combining the effects of an-
timicrobial agents.

2. Materials and methods

2.1. Materials, and peptide synthesis and verification

Chemicals were acquired from Fisher Scientific (Hampton, NH)
unless otherwise indicated. The phospholipids were obtained from
Avanti Polar Lipids (Alabaster, AL). 15N-G13 P1 (MW 2572) and 15N-
G13 P3 (MW 2492) were synthesized using Fmoc-solid-phase peptide
synthesis at the University of Texas Southwestern Medical Center
(Dallas, TX). The peptides were purified by reverse phase HPLC on a
Waters 150LC system fitted with a Waters XBridge C18 preparative
column, as previously reported [73]. The mobile phases consisted of
water and acetonitrile acidified with 0.1% trifluoroacetic acid (TFA).
An acetonitrile/water gradient was run, allowing P1 and P3 to elute at
~30% acetonitrile [89]. The HPLC fractions containing pure peptide
were lyophilized after removing the organic phase through rotatory
evaporation. Next, the peptides were dissolved in dilute HCl (0.12 M) to
substitute chloride for trifluoroacetate ions. After lyophilization, each
peptide was dissolved in nanopure water and the pH adjusted to 7.4
prior to dialysis as needed to ensure the removal of any residual
chloride ions. The solution collected at the end of dialysis was lyophi-
lized and the dry powder dissolved in nanopure water. An aliquot of
this solution was sent out for amino acid analysis (AAA) and con-
centration determination at the Protein Chemistry Lab at Texas A&M
University (College Station, TX). Peptide purity was assessed to be 98%
pure based on mass spectrometry and analytical HPLC [89].

2.2. ANTS/DPX leakage assays

Large unilamellar vesicles (LUVs) were prepared with the two dif-
ferent lipid compositions of 3.0:1.0 (molar) 1-palmitoyl-2-oleoyl-gly-
cero-3-phosphocholine (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (POPG) and 2.6:1.0:0.40 (molar) POPC/POPG/1-pal-
mitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phosphocholine (Aldo-PC).
5.1 μmol of lipids were dried from chloroform into a thin film in a glass
vial under nitrogen gas, and then overnight under vacuum. The lipid
was resuspended in 517 μl of degassed buffer at pH 7.0 containing
12.5 mM 8-aminonaphthalene-1,2,3-trisulfonic acid (ANTS), 45 mM p-
xylylenebis(pyridinium bromide) (DPX), 10.0 mM sodium phosphate,
and 100 mM potassium chloride. The lipid solutions were extruded 10
times using a 0.1 μm pore size Nuclepore polycarbonate filter
(Whatman-GE Healthcare, Pittsburgh, PA). External ANTS and DPX
were removed by gel filtration with Sephadex G100 (GE Healthcare,
Pittsburgh, PA). Vesicle concentrations were measured by a modified
Stewart Assay [90].

The lipid vesicles with entrapped ANTS and DPX were diluted with
degassed pH 7 buffer containing only 10.0 mM sodium phosphate and
100 mM potassium chloride. The diluted vesicles were aliquoted into
wells of a 96 well plate such that the final lipid concentration after
addition of the peptide solution was 1.00 mM. The peptides P1 and
P1eCu2+ were added to the vesicles at P/L values of 1:256, 1:128,
1:64, 1:32, 1:16, 1:8, 1:4, and 1:2. Samples were prepared in triplicates.
After 60 min, vesicle permeabilization was measured by an increase in
ANTS fluorescence on a BioTek H4 Synergy Hybrid Microplate Reader,
with excitation at 350 nm and emission at 519 nm. Fractional leakage
was quantified using Eq. (1):

=Fraction ANTS Leakage
I I

I I
background

triton background (1)

Here I is the intensity at 60 min, Ibackground is the intensity of a
control with vesicles only, and Itriton is the intensity in the presence of
vesicles and 0.4% v/v of the detergent Triton X-100 added to com-
pletely permeabilize the vesicles and release the ANTS dye.

Hybrid striped bass
P1: FFHHI FRGIV HVGKT IHRLV TG
P2: FFHHI FRGIV HVGKT IHKLV TG
P3: FIHHI FRGIV HAGRS IGRFL TG

Cod
Pis1: FIHHI IGWIS HGVRA IHRAI HG
Pis2: FLHHI VGLIH HGLSL FGDR AD

Tilapia
TP3: FIHHI IGGLF SVGKH IHSLI HGH 
TP4: FIHHI IGGLF SAGKA IHRLI RRRRR

B

C

Aldo-PCA

Fig. 1. Structures of the Oxidized Lipid of Interest and ATCUN Motif, and
Sequences of Various Piscidins. (A) Structure of the oxidized lipid used in this
study, AldoPC (obtained from Avanti Polar Lipids). (B) Amino acid sequences of
piscidins found in hybrid striped bass, tilapia, and cod [40,41,69–72]. The
conserved histidine at position 3 is highlighted in green. (C) Amino-terminal
copper and nickel (ATCUN) Motif. The Motif (“XXH”) includes three amino
acids at the amino end of a protein chain, with the third amino acid being a
histidine whose side chain is involved in metal coordination. The nitrogen
atoms coordinating the metal are shown in purple and the metal ion, either
Cu2+ or Ni2+, appears in yellow.
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2.3. Circular dichroism-monitored titrations of large unilamellar vesicles
with P1

Titration of P1 with PC/PG and PC/PG/Aldo-PC LUVs was followed
by CD in phosphate buffer (3 mM, pH 7.4). LUVs were prepared as
previously described [76]. Briefly, a lipid film was prepared in a round
bottom flask by co-dissolving the lipids in chloroform. The solvent was
evaporated under a flow of nitrogen gas prior to lyophilization over-
night. Next, the lipid film was hydrated with buffer to yield a 5 mM
lipid suspension. Following multiple freeze-thaw cycles, the suspension
was extruded using an extruder at 100 nm for PC/PG and 200 nm for
PC/PG/Aldo-PC. We note that the LUV size difference is not expected to
affect the binding affinity since magainin-2, a similar HDP, gave rise to
similar free energy of binding when 100 nm-LUVs and 30 nm-SUVs
were used [91]. The LUVs were diluted to 2.00 mM prior to mixing with
different amounts of peptide stock solution (283.8 and 232.5 μM for P1
in PC/PG and PC/PG/Aldo-PC) and buffer to yield P/L values varying
between 0 and 80. Each sample was performed at fixed peptide con-
centration (20 μM). CD spectra for PC/PG and PC/PG/Aldo-PC were
acquired at 298 K on a Jasco J-815 and J-1500 spectrometers (Jasco
Analytical Instruments, Easton, MD), respectively, over a wavelength
range of 190–260 nm using a scan speed of 100 nm/min, a 1 nm
bandwidth, and four scans. For each P/L ratio, a blank containing the
phosphate buffer and phospholipids but no peptide was obtained and
subtracted from the piscidin signal to account for the background
signal. Samples were made in duplicates using two different batches of
LUVs yielding similar results. The molar ellipticity obtained at 222 nm
was plotted in the form of a binding isotherm and fitted by a nonlinear
least-squares minimization in Excel using the Solver Add-in to de-
termine the dissociation constant, KD.

2.4. Preparation of oriented samples for solid-state NMR

Oriented samples of P1, P1-Ni2+, P3, and P3-Ni2+ were prepared
using two different lipid mixtures: 3.0:1.0 (molar) POPC/POPG and
2.6:1.0:0.47 (molar) POPC/POPG/Aldo-PC. The peptides were recon-
stituted with the two lipid mixtures at molar P/L equal to either 1:80 or
1:20.

On day one of preparing a given sample, a lipid film containing
15 mg of lipids was made by co-dissolving the lipids in chloroform,
evaporating the organic solvent under a flow of nitrogen gas, and lyo-
philizing overnight. For each sample, the amount of moles of peptide
needed to reach a given P/L was obtained by pipetting from the aqu-
eous peptide solution of concentration previously determined by AAA
(typically on the order of 250 μM). Following lyophilization, the pep-
tide powder was resuspended in 2.00 mL of nanopure water.

For samples containing P1 or P3 in the holo state, the 2.00-mL so-
lution of peptide was titrated on day one with an equimolar amount of
nickel chloride (Hampton Research, Aliso Viejo, California) to form the
P1-Ni2+ or P3-Ni2+ complex, as previously reported [87]. The chloride
form was used given that it is more physiologically relevant and diva-
lent anions could affect membrane heterogeneity [92]. Because com-
plex formation leads to deprotonation of the coordinating amine and
amide bonds at the N-terminal end of the peptide, the pH dropped and
had to be adjusted to 7.40 with NaOH. Due to the slow kinetics of metal
binding to the ATCUN motif [93], the reaction takes a few minutes.
Formation of the peptide-Ni2+ complex was readily visualized from the
yellow color of the solution once the pH was sufficiently high. The
presence of a stable complex was also verified by measuring UV–Vis
spectroscopy since the ATCUN-Ni2+ complex absorbs light at 420 nm
[94–96]. To be sure that the reaction with Ni2+ was complete, the
samples were left overnight and the pH adjusted the next day if needed.
On the second day, the lipid films were hydrated with the metallated
peptide solution supplemented with 8.0 mL of BisTris buffer (3 mM,
pH 7.4). The large amount of buffer ensured that the pH remained 7.4
in the final mixture.

For samples containing P1 or P3 in the apo state, the same steps
were followed on the same time scale as for the holo peptides but nickel
chloride was not added before adjusting the pH of the peptide solutions.

The hydrated lipid films were gently swirled to achieve complete
mixing of the components. Incubation was carried out overnight at
40 °C prior to ultra-centrifugation on the third day at 8 °C for 1.5 h on a
Beckman Optima-90 K centrifuge at 23,700 rpm (42,000 g, Beckman
SW40Ti rotor). Next, the supernatant was pipetted out and stored at
4 °C while the pellet (~500–600 μl) was recovered and spread on 15–20
thin glass slides (dimensions 5.7 × 12 × 0.03 mm3 from Matsunami
Trading Co., Japan). The samples were then equilibrated in a closed
chamber maintained at a relative humidity >90% using a saturated
solution of K2SO4. This step usually took at least two days. Next, each
slide was rehydrated by directly pipetting on it the quantity of corre-
sponding supernatant necessary to reach 40% hydration by weight. The
slides were then stacked and placed in a glass cell (internal dimensions
6 × 20 × 4 mm3, Vitrocom Inc., NJ) prior to sealing with beeswax
(Hampton Research, Aliso Viejo, CA) and incubating at 40 °C until
appearing homogeneously hydrated, i.e. the samples were uniform in
appearance and clear.

2.5. Solid-state NMR experiments

A low electric-field (E-field) HX flat coil probe [97] built by Black
Fox (Tallahassee, FL) was employed to collect 31P and 15N chemical
shifts on oriented samples studied above the phase transition of the
lipids. This probe offered the benefit of preserving integrity of the hy-
drated samples during the high power solid-state NMR experiments
[97,98].

2.5.1. 31P solid-state NMR experiments
31P solid-state NMR spectra were acquired under proton decoupling

on the 750 Bruker Avance NMR spectrometer at William & Mary (W&M,
Williamsburg, VA). Typical experimental parameters included a re-
sonance frequency of 303.73 MHz, a 5.0-μsec 90° pulse on 31P, and a
proton decoupling power of 78 kHz. The temperature was equilibrated
to 305 ± 0.1 K prior to recording 256 scans with a recycle delay of
3.0 s. All free induction decays were processed with 50 Hz of Gaussian
line-broadening and the spectra referenced using an 85% aqueous so-
lution of H3PO4 at 0 ppm. Given the overlapping resonances for the PC-
rich and PG-rich regions, deconvolution of the spectra was considered.
The lineshapes are Lorentzian and deconvolution did not affect the
chemical shifts by >0.1 ppm. Thus, the reported chemical shifts were
established using the original spectra.

2.5.2. 15N NMR solid-state NMR experiments
15N cross-polarization (CP) experiments were carried out at a re-

sonance frequency of 76.03 MHz on the 750 MHz WB Bruker Avance
NMR spectrometer at W&M. The probe used was the same as for the 31P
experiments (see above). Experimental parameters included a contact
time of 1 msec, a CP field of ~ 50 kHz, a decoupling field of ~76 kHz, a
recycle delay of 4.0 s, a temperature of 305 ± 0.1 K, and a number of
transients equal to 1024. The 15N data were processed with 50 Hz of
Gaussian line-broadening and the spectra referenced to a saturated
aqueous sample of (15NH4)2SO4, set at 26.8 ppm with respect to liquid
NH3.

3. Results

3.1. Dye leakage assays

To quantify the membrane permeabilization effects of P1 as a
function of the lipid oxidation state and peptide metallation state, we
measured the release of ANTS from LUVs made of either 3:1 POPC/
POPG or 2.6:1:0.40 POPC/POPG/Aldo-PC following exposure to either
P1 or P1-Cu2+. Fig. 2 displays the fractional leakage from the LUVs as a
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function of the P/L while Table 1 summarizes the EC50 values (effective
concentration of peptide yielding 50% leakage) based on the response
curves shown in Fig. 2. All curves are sigmoidal, in agreement with the
permeation process being cooperative [99]. Both P1 and P1-Cu2+ in-
duce leakage from the LUVs, but P1-Cu2+ is significantly more per-
meabilizing than P1, producing respective EC50 values of 1:84 and 1:15
in POPC/POPG. Furthermore, the effectiveness of P1 and P1-Cu2+ was
doubled in the presence of Aldo-PC, yielding respective EC50 values of
1:32 and 1:160. Overall, these dye leakage results confirm the pre-
viously reported ability of P1 to be strongly permeabilizing
[78,83,100–103]. Importantly, they demonstrate that the combination
of metallating the peptide and the presence of OxPL increases its ef-
fectiveness by a factor of 10 compared to the apo-state in the PC/PG

membrane (Fig. 2, Table 1).
In the P/L range where the peptide goes from inactive to membrane

active, it is expected to transition from surface-bound (S-state) to in-
serted (I-state) [104,105]. Multiple factors influence the P/L at which a
given peptide transitions from S- to I-state [28,106–109]. A major force
driving the membrane binding and insertion of amphipathic peptides
comes from the hydrophobic effect associated with the nonpolar side
chains of the peptide. There may also be attractive forces between the
cationic peptides and the phosphate group in the phospholipids.
However, these favorable forces are not sufficient to overcome the cost
of partitioning the polar peptide bonds at the water-bilayer interface
unless secondary structure forms to hydrogen bond these polar groups.

When membranes contain anionic lipids, complex electrostatic ef-
fects between the HDP and lipids are also at play. On one hand, the
anionic lipids attract the peptide to the bilayer surface until the lipid
charge is neutralized by that of the bound peptides. On the other hand,
this interaction tends to retain the peptide on the surface and hinder its
ability to insert and adopt the disruptive I-state. Considering the elec-
trostatic interactions on the membrane surface, full membrane lysis
(100% leakage) will occur only if the forces driving insertion prevail,
allowing the HDP to insert and interact cooperatively to permeabilize
the bilayer before charge saturation takes place on the membrane and
repulsive peptide-lipid electrostatics prevent more peptide molecules
from binding to the membrane surface [110].

At pH 7.4, the charges of P1 and P1-Cu2+ predicted based on side
chain pKa values are Q = +4 and + 3, respectively, since the histidines
are above their pKa values; these were determined to be ≤6.0 in the
presence of 3:1 PC/PG [83]. We note that Cu2+ binding to the ATCUN
motif is accompanied by the loss of three protons, and thus the net loss
of one positive charge from the peptide [86]. The predicted Q is ex-
pected to be higher than the effective charge experienced by the sol-
vated peptide, i.e. Qeff < Q [111]. To a first approximation in our
comparison of the two forms of the peptides, we will assume that the Q
values apply here. In this case, each P1 molecule can neutralize four
anionic PG headgroups. In a lipid mixture containing zwitterionic and
anionic lipids mixed in a 3:1 M ratio, a quarter of the lipid molecules is
anionic, and thus the PG headgroups will be neutralized by P1 at P1/
L = 1:16. In the case of P1-Cu2+, this value is P1-Cu2+/L = 1:12. Thus,
there is a modest advantage for P1-Cu2+ over P1 when we consider its
ability to accumulate on bilayers before repulsive forces take place.

Based on the dye leakage assays (Fig. 2; Table 1), the plateau for
about 100% leakage starts at P1/L = 1:8 and P1-Cu2+/L = 1:16 in PC/
PG; and P1/L = 1:32 and P1-Cu2+/L = 1:64 in POPC/POPG/Aldo-PC.
Given that P1 and P1-Cu2+ fully lyse all of the vesicles, both peptides
have strong propensities for insertion and cooperative interaction. It is
also true that the lower the peptide charge, the more effective a given
form (P1 or P1-Cu2+) is in a given lipid mixture. Thus, lower peptide
charge correlates with enhanced membrane insertion and cooperative
association. However, these considerations of charge do not explain
why each peptide form is more active in the OxPL-containing mem-
brane. In the next sections, we seek to address this question. We use CD
and NMR to investigate on a molecular level the interactions of the two
forms of the peptide with the different lipid components of the binary
and tertiary lipid mixtures used in the dye leakage assays.

3.2. CD-monitored titrations of P1 with PC/PG and PC/PG/Aldo-PC LUVs

To determine whether Aldo-PC enhances the binding of P1 to bi-
layers, we used CD to titrate P1 into PC/PG and PC/PG/Aldo-PC ve-
sicles. The peptide becomes α-helical upon LUV binding, while it is
unstructured when it is not membrane bound (Fig. 3 and Fig. S1). The
presence of a clear isosbestic point when the spectra for the titrations
are stacked confirms that two states are present. Thus, we assumed that
the α-helical content directly reports on membrane binding. Using the
molar ellipticity at 222 nm as a reporter of α-helical content, binding
isotherms were plotted and fitted to yield the dissociation constants

Fig. 2. Dye Leakage Assays for P1 and P1-Cu2+ Acting on PC/PG and PC/PG/
Aldo-PC Vesicles. The fractional release (mean ± SD for triplicates) is displayed
as a function of the peptide concentration. The tested conditions included 3:1
POPC/POPG (blue lines) and 2.6:1:0.4 POPC/POPG/Aldo-PC (red lines) LUVs
exposed to P1 (A) and P1-Cu2+ (B).

Table 1
EC50 EC50 Values for Dye Leakage Assays of P1 and P1-Cu2+ in POPC/POPG
and POPC/POPG/Aldo-PC.

EC50values(P/L) PC/PG PC/PG/
Aldo-PC

P1 1:15 1:32
P1-Cu2+ 1:84 1:160
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(Fig. S1). Similar KD values on the order of 100 μM were obtained
whether Aldo-PC was present or not. Thus, the two-fold improvement in
permeabilization efficacy that P1 experiences when Aldo-PC is present
cannot be explained based on stronger peptide-lipid interactions. Si-
milar results were obtained with P3 (Fig. S2).

Because metal binding prevents the first few amino acids of the
peptide from becoming α-helical, we did not test the metallated form of
the peptide using CD-monitored titration. However, given that both the
apo- and holo-states of P1 experience the same two-fold enhancement
of membranolytic effects when Aldo-PC is available (Fig. 2, Table 1), an
intrinsic property of the Aldo-PC membranes (rather than altered pep-
tide-lipid interactions and mechanistic strategies associated with pep-
tide metallation) must underlie the enhanced membrane disruption and
the binding affinity is very likely not affected by metallation.

3.3. 31P solid-state NMR experiments

3.3.1. Overview
As described above, the stronger membrane activity of piscidin in

the OxPL-containing membranes cannot be fully explained by charge

effects. Given that some cationic HDPs preferentially interact with
anionic headgroups [112–116] and piscidin exploits heterogeneity in
bilayers as part of its mechanism of membrane disruption [85], we
speculated that the unmetallated and metallated peptide may interact
differently with the multiple components of the bilayer, thereby en-
abling the metallated state to rearrange the lipids and form bilayer
defects at a lower P/L threshold than possible with the apo-state. To
gain more insight into this question, we performed 31P solid-state
NMR experiments on oriented samples prepared under conditions si-
milar to those used for the dye leakage assays, i.e. using either me-
tallated or unmetallated P1 interacting with either POPC/POPG or
POPC/POPG/Aldo-PC bilayers. The headgroups of phospholipids act
as “electrometers” that are highly sensitive to the presence of charged
molecules in their proximity and 31P oriented chemical shifts are ex-
cellent reporters of this effect [117–123]. Furthermore, there is a
precedent for being able to resolve the 31P resonances from PC and PG
headgroups [120]. Based on all of these advantages of 31P solid-state
NMR, we used it to follow the POPC/AldoPC and POPG resonances in
the presence of increasing amounts of metallated and unmetallated
P1. We used Ni2+ to metallate the peptide in the NMR samples be-
cause it is diamagnetic when bound to the peptide. In contrast, Cu2+,
which remains paramagnetic when it is coordinated by the ATCUN
motif, alters the relaxation properties of neighboring 31P nuclei,
leading to broad or vanished resonances, and thus preventing a
straightforward interpretation of the signals [87]. Since both Ni2+ and
Cu2+ generate similar planar structures of the ATCUN motif [124],
using Ni2+ in the NMR experiments versus Cu2+ in the permeabili-
zation assays is not expected to affect the peptide structure and par-
titioning behavior in membranes. We prepared the NMR samples at
the P/L ratios of 1:80 and 1:20 to gain insight into the effects induced
by the two states of the peptide in a concentration range where the
permeabilization efficacy changes significantly, based on the data
presented in Fig. 2 and Table 1.

Since 31P is a spin-1/2 nucleus, its proton-decoupled spectra are
dominated by the chemical shift interaction. This interaction is referred
to as the chemical shift anisotropy (CSA) due to its angular dependence
with respect to the static magnetic field, B0 [126]. In the solution state,
the fast and isotropic motions abolish the angular dependence and
“isotropic” chemical shifts are observed. In the solid-state, as is the case
for the mechanically-aligned extended bilayers used in this study, the
CSA effect is observed, yielding anisotropic shifts [125,127,128].

The bottom spectra of Figs. 4 and 5 correspond to POPC/POPG and
POPC/POPG/Aldo-PC oriented bilayers, respectively. In the absence
of glass plates to align the samples and below the phase transition
temperature of the lipids (Tm), the extended bilayers would be ran-
domly oriented and in the gel state; thus the phospholipid molecules
would give rise to a wide 31P powder pattern spectrum, characterized
by three discontinuities corresponding to σ11, σ22, and σ33, the three
principal components of the 31P chemical shift tensor [126]. Above
Tm, as is the case in our samples, these molecules rotate rapidly about
their long axis, producing a motionally-averaged powder pattern that
is axially symmetric and delineated by the tensor components σ⊥ and
σ∕∕. The former correlates to molecules oriented with their long axis
perpendicular to B0 while the latter corresponds to a parallel or-
ientation of the lipid molecules and B0. When the phospholipid mo-
lecules are mechanically oriented on glass plates and the samples
placed in the NMR probe so that the bilayer normal is parallel to B0,
only the chemical shift at σ∕∕ persists near 25–30 ppm [120]. Edge
effects due to the mosaic spread can lead to a small amount of signal at
σ⊥ (~−15 ppm) [129].

Fig. 3. CD-monitored Titrations of P1 with PC/PG and PC/PG/Aldo-PC LUVs.
The titrations were done at a fixed concentration of peptide (20 μM) and
varying amounts of 3:1 POPC/POPG (A) and 2.6:1:0.4 POPC/POPG/Aldo-PC
(B) LUVs. Binding isotherms calculated from these titrations are shown in Fig.
S1.
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3.3.2. Effects of P1 and P1-Ni2+ on POPC/POPG and POPC/POPG/Aldo-
PC bilayers

Taking a closer look at the spectra shown in Figs. 4 and 5 for POPC/
POPG (binary mixture) and POPC/POPG/Aldo-PC (tertiary mixture),
respectively, the strong oriented shifts around 25–30 ppm indicate that
the phospholipid molecules are well oriented. A small amount of signal
around −15 ppm corresponds to unoriented bilayers due to the mosaic
spread. Upon examination of the signal near 25–30 ppm, two re-
sonances are observed, as expected from samples containing two types
of lipid headgroups. In agreement with previously published spectra of
PC/PG bilayers (reviewed in [120]) and consistent with the 3:1 M ratio,
the downfield resonance at 28.8 ppm corresponds to the PC headgroup
while that at 26.8 ppm arises from the PG lipid. The single peak ob-
served for the PC region indicates that POPC and Aldo-PC are indis-
tinguishable in terms of 31P oriented signal. This is consistent with
previous 31P data obtained with Aldo-PC studied in unoriented bilayers
by static and magic angle techniques [58].

Histograms plotted in Fig. 6 help visualize the changes experienced
by the 31P chemical shifts as different parameters, including metallation
of P1 and the addition of OxPL, are varied in the samples (Tables 2 and

3). Upon addition of P1 (blue, Fig. 6) and P1-Ni2+ (green, Fig. 6) to 3:1
POPC/POPG at P/L = 1:80, the changes are very small. However, at P/
L = 1:20, the PC resonance is strongly affected by the peptide, be-
coming broader and moving downfield, which indicates an increase in
the 31P CSA and the reorientation of these lipid headgroups. This effect
was previously observed for other membrane-binding molecules
[117,118,130]. Thus, both forms of the peptide accumulate strongly
near the PC headgroups. These trends were confirmed by making du-
plicate samples as well as by studying the effects of P3 and P3-Ni2+ on
the binary and tertiary lipid mixtures (Figs. S3 and S5).

Remarkably, the PG-rich region is highly sensitive to the metallation
state of the peptide and OxPL content. As seen in Fig. 6, ΔCS(PG) at P/
L = 1:20 is only 0.1 ppm in the PC/PG/P1 sample while it is 3.0 ppm in
the PC/PG/Aldo-PC/P1-Ni2+ counterpart. In contrast, ΔCS(PC) is quite
similar under these two sets of conditions. Thus, the PG headgroup
region responds more strongly to the presence of the peptide when the
peptide is metallated and the OxPL is present.

Overall, the 31P NMR data demonstrate that in the presence of
OxPL, the metallated peptide interacts more readily with the PG region.
Importantly, the strong interaction of P1-Ni2+ with the anionic lipid

Fig. 4. 31P Solid-state NMR Spectra of PC/PG in the presence of P1 and P1-Ni2+. 31P chemical shifts were collected at 305 K under proton decoupling. The samples
were analyzed so that the bilayer normal was parallel to the static magnetic field, B0. The displayed spectra correspond to 3:1 POPC/POPG hydrated bilayers studied
in the absence or presence of P1 or P1-Ni2+ at P/L = 1:80 and 1:20, as indicated. Vertical lines indicate the positions of the PC- (short dashes) and PG- (long dashes)
regions in neat POPC/POPG. Labels on the lipid-only sample indicate the positions of the PC and PG resonances. Table 2 lists the chemical shift data extracted from
these spectra.
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component only when the OxPL is present correlates well with the
stronger membrane activity of the metallated peptide on the tertiary
lipid mixture (Fig. 2, Table 1). The results also show that the simple
addition of 10% OxPL to the membrane sensitizes it to the action of the
apo-peptide without changing its affinity for the PC and PG membrane
components. Thus, a property intrinsic to the OxPL-containing mem-
brane is implicated in the enhanced membrane activity.

3.3.3. Effects of free Ni2+ on POPC/POPG and POPC/POPG/AldoPC
bilayers

We performed complementary experiments where we added free
Ni2+ in molar amounts equal to that of P1-Ni2+ in the P/L = 1:20
samples. Importantly, free Ni2+ is paramagnetic due to its octahedral
geometry in coordination with water [Ni(H2O)6] while Ni2+ co-
ordinated to the ATCUN motif is in a square planar geometry and
diamagnetic [93]. Thus, the experiments with free Ni2+ feature com-
plex relaxation effects that are absent in the P1-Ni2+ samples. Never-
theless, they provide some insight into any preferential partitioning
that may occur when the divalent cation is present.

As shown in Fig. S6, the addition of Ni2+ at the molar equivalent of
P/L = 1:20 to the binary lipid mixture dramatically affects the che-
mical shifts of both the PC and PG resonances by moving them upfield.
Both the chemical shift value and intensity of the PG resonance are
affected. The change in chemical shift can be explained by the pre-
ferential binding of the cation to the anionic lipid while the decrease in
signal strength is attributed to the interactions of the paramagnetic
center with the 31P nuclei in the PG headgroups. Notably, adding P1-
Ni2+ to bilayers leads to a change in chemical shift but not intensity of
the PG resonance. This confirms that Ni2+ is diamagnetic bound to the
peptide and no free Ni2+ is present. This is because we carefully added
stoichiometric amounts of metal ion to the peptide and the peptide-
metal interaction is very strong [86]

Interestingly, the intensity of the PG resonance is not affected as
much by free Ni2+ when the OxPL is present. This suggests that Ni2+

does not have as much access to the PG headgroup as it does in the
binary lipid mixture. This is consistent with the reorientation of the sn-2
chain to reach the lipid-water interface that was detected in MD si-
mulations of bilayers containing 25% Aldo-PC [59]. The layering of the
aldehyde group of the acyl chain on the surface of the bilayer may
prevent the Ni2+ from approaching the PG phosphate group.

Fig. 5. 31P Solid-state NMR Spectra of PC/
PG/Aldo-PC in the presence of P1 and P1-
Ni2+. 31P chemical shifts were collected at
305 K under proton decoupling. The sam-
ples were analyzed so that the bilayer
normal was parallel to the static magnetic
field, B0. The displayed spectra correspond
to 2.6:1:0.47 POPC/POPG/Aldo-PC hy-
drated bilayers studied in the absence or
presence of P1 or P1-Ni2+ at P/L = 1:80
and 1:20, as indicated. Vertical lines in-
dicate the positions of the PC- (short da-
shes) and PG- (long dashes) regions in neat
POPC/POPG/Aldo-PC. Labels on the lipid-
only sample indicate the positions of the PC
and PG resonances. Table 3 lists the che-
mical shift data extracted from these
spectra.

Table 2
31P Chemical Shift Data for POPC/POPG in the Presence of P1 and P1-Ni2+.a

31P chemical shifts (ppm) PC - region PG - region

PC/PG 28.8 26.8
+ P1 (1:80) 29.1 26.4
+ P1-Ni2+ (1:80) 29.4 26.3
+ P1 (1:20) 31.4 26.9
+ P1-Ni2+ (1:20) 30.9 26.7

a The error bar is ±1 ppm based on replicates (see Methods).

Table 3
31P Chemical Shift Data for POPC/POPG/Aldo-PC in the Presence of P1 and P1-
Ni2+.a

31P chemical shifts (ppm) PC - region PG - region

PC/PG/Aldo-PC 29.0 27.1
+ P1 (1:80) 29.5 26.8
+ P1-Ni2+ (1:80) 29.2 26.2
+ P1 (1:20) 32.2 27.2
+ P1-Ni2+ (1:20) 30.2 24.1

a The error bar is ±1 ppm based on replicates (see Methods).
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3.4. 15N solid-state NMR experiments

We investigated the orientation of P1 and P1-Ni2+ in the binary and
tertiary lipid mixture using 15N NMR cross-polarization experiments.
Using the same oriented samples as for the 31P studies, we detected the
signal of 15N-G13-P1 and 15N-G13-P1-Ni2+ at P/L = 1:20. G13 lies in
the center of the α-helical region of the peptide, a region remote from
the metal-binding site. As illustrated in Fig. 7, all samples gave rise to a
sharp resonance near 62 ppm. Similar to the oriented 31P chemical
shifts, this value reports on the molecular orientation of the α-helical
peptide with respect to B0. Being close to σ11 and σ22, this chemical shift
is consistent with the α-helical part of the peptide orienting its long axis
almost parallel to the membrane surface [131–133]. Given the simi-
larity of the different spectra in Fig. 7, the orientation of the α-helical
part of the peptide with respect to the bilayer surface is affected by
neither the presence of OxPL nor peptide metallation. However, sig-
nificant broadening of the resonance occurs when the OxPL is present
and metallated state of the peptide is used as shown in Table S3, sug-
gesting that the peptide adopts a broader range of orientations in the
tertiary mixture. As discussed below, this result together with the strong
PG/P1-Ni2+ interaction detected by 31P NMR is consistent with the
possible formation of multiple domains, such as PC-rich and PG-rich
regions, that could destabilize the membrane and explain the particu-
larly strong disruptive effects achieved by metallated P1 in the tertiary
lipid mixture.

4. Discussion

This study lies at the interface of several areas of research: the
mechanism of action of HDPs, the possible synergistic effects between
antimicrobial agents, and the impact of OxPLs on lipid-protein inter-
actions. More specifically, we have explored the novel paradigm that
copper-binding HDPs could represent an interesting form of host de-
fense that unifies the effects of several antimicrobial agents available at
lipid membranes. Not only does metal-binding provide these HDPs with
an opportunity to alter their charge state, but it also places a redox
center in the membrane, as needed to form ROS in proximity to the
double bonds of UFAs. While ROS formation is faster for free Cu2+

[86], the coordination to a cationic peptide provides enhanced speci-
ficity to negatively-charged microbial membranes. Oxidized lipids alter
the structural arrangement of membranes [50,57–61]. To our knowl-
edge, we provide the first example of oriented sample solid-state NMR
applied to bilayers containing OxPLs. Together, our NMR, CD, and dye
leakage experiments on the apo- and holo-forms of P1 in OxPL-con-
taining membranes demonstrate that both peptide metallation and
OxPL availability significantly enhance the membrane disruptive effects
of the peptide. Next, we discuss how metallation and OxPL availability
could produce this outcome.

We previously showed that the metallation of piscidin improves its
antimicrobial effects and results in significant lipid peroxidation [86].
Here, our finding that both peptide metallation and OxPL availability
enhance membrane activity provides a starting point to explain on a

Fig. 6. 31P Chemical Shift Changes for POPC/POPG and POPC/POPG/Aldo-PC in the Presence of P1 and P1-Ni2+. The chemical shift changes are indicated for the
PC-(ΔCS(PC)) and PG- regions (ΔCS(PG)) for POPC/POPG (A) and POPC/POPG/Aldo-PC (B) exposed to P1 (blue) and P1-Ni2+ (green) at P/L = 1:80 and 1:20.
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molecular level the biological effects of metallation (e.g.; lower MICs
and enhanced lipid peroxidation) and supports the notion that copper-
binding peptides can help integrate the activities of antimicrobial
agents. Importantly, free Cu2+ is antimicrobial but lacks specificity.
Thus, its association with a membrane-binding HDP provides the ad-
vantage of bringing this redox center to pathogenic cell membranes
with more specificity than possible with labile Cu2+. Zn2+ is another
ubiquitous metal ion that has been involved in boosting the activity of
some HDPs through motifs such as HEXXH (e.g., histatin-5) and HXXXH
(e.g., clavanin A) [64,134]. However, P1 does not feature these motifs.

In terms of mechanism of action, our earlier work on the apo-state
in model membranes containing either PE or PC combined with PG
points at the formation of transient defects rather than toroidal pores to

explain membrane permeation [83,85,135]. As shown in our current
study, metallation of P1 leads to the same five-fold enhancement of
membranolysis whether PC/PG or PC/PG/Aldo-PC LUVs are used.
Thus, metallation provides an advantage that is intrinsic to P1. Con-
versely, making Aldo-PC available results in the same two-fold en-
hancement whether the apo- or holo-state is used. Hence, a property
intrinsic to the OxPL-containing bilayer is responsible for the enhanced
membrane activity by both forms of the peptide.

Previous studies of HDPs showed that OxPL can enhance the affinity
of the peptide for bilayers [45,50]. This was explained by the reversal of
the sn-2 chain, which makes it orient almost perpendicular to the bi-
layer normal at the water-bilayer interface. Such exposure of the polar
sn-2 chain on the surface of the membrane was postulated to represent
binding sites for HDPs. From our CD data, we did not find that P1
bound bilayers more readily when Aldo-PC was present. This is con-
sistent with the changes in 31P chemical shifts of the PC-headgroup
region not being stronger in the Aldo-PC containing samples when P1 is
added (Fig. 5). Thus, we conclude that the oxidized chain of Aldo-PC is
not targeted by piscidin.

With regard to the physical changes occurring in bilayers upon the
addition of OxPL, earlier 31P NMR studies of unoriented samples by the
group of Gröbner showed that adding Aldo-PC to 1,2-dimyristoyl-
phosphatidylcholine (DMPC) leads to phase separation below and near
the phase transition of the lipids [58]. Based on differential scanning
calorimetric (DSC) data, up to three domains were detected while 2H
NMR experiments showed a significant increase in headgroup hydra-
tion in the presence of Aldo-PC. Above the phase transition, fast ex-
change between domains results in fluid and homogeneous membranes.
However, molecular dynamics (MD) simulations showed that bilayers
in the fluid state are thinner when Aldo-PC is present [59]. These stu-
dies show that Aldo-PC has a propensity to induce domain formation
and thinning in an otherwise well behaved phospholipid bilayer.
Clearly, membrane thinning and increased hydration of bilayers in the
presence of Aldo-PC would help piscidin form leakage-competent de-
fects across the membrane. Furthermore, domain boundaries may re-
present a targeted site of action of membrane-active peptides [136].

Interestingly, we recently demonstrated that P1 exploits hetero-
geneity in membranes containing either PE or cholesterol, and that
these effects correlate with its ability to lower the activation threshold
for mechanosensitive channels from E. coli [85]. In cholesterol-con-
taining membranes, P1 induces phase separation, leading to liquid-or-
dered (Lo) and liquid-disordered (Ld) domains.

Peptide binding to phospholipid bilayers can affect the 31P chemical
shifts of the headgroups directly or indirectly [117,125,133]. First, the
binding of the peptide in the lipid headgroup region can directly alter
the conformations and chemical environment of the headgroups.
Second, the peptide can bind in a way that changes the overall bilayer
structure, resulting in changes in the arrangement and chemical en-
vironment of the headgroups. Our NMR data indicate that in PC/PG,
both P1 and P1-Ni2+ impact only the 31P chemical shifts of the PC
headgroups, indicating that the peptide directly interacts or indirectly
alters this component of the bilayer. In contrast, when the OxPL is
present, P1-Ni2+, but not P1, dramatically influences the 31P chemical
shift of the PG headgroups. Therefore, the specificity of the peptide to
directly or indirectly affect a given lipid component is dependent on not
only its metallation state but also whether the structurally-disruptive
lipid is present or not. The strong specificity for one lipid type suggests
that in a fashion similar to its effect in PC/Cholesterol bilayers, the
peptide prefers binding to one lipid type, promoting the formation of
PC- and PG-rich domains, and yielding boundary sites that may be more
susceptible to membrane attack compared to well mixed bilayers. As
shown by comparing the data collected at P/L = 1:80 and 1:20, when
the PG region becomes saturated at the higher P/L, the peptide also
interacts with the PC region. If domain formation plays a role in the
mechanism of membrane disruption by P1, we would expect it to
contribute similarly in PC/PG versus PC/PG/Aldo-PC or for the apo-

Fig. 7. 15N Chemical Shift Spectra for 15N-G13 P1 and 15N-G13 P1-Ni2+ Bound
to Aligned POPC/POPG or POPC/POPG/Aldo-PC Bilayers. These oriented
sample solid-state NMR spectra were collected at 305 K under cross polarization
using samples prepared at P/L = 1:20. The signal of 15N-G13, which is in the α-
helical region of the peptide whether the ATCUN motif is metallated or not, is
observed at about 62 ppm. This is consistent with an orientation of the peptide
parallel to the bilayer normal. Full widths at half-height are given in Table S3.
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versus holo-states since the improvement in permeabilization is con-
served when one of these parameters (metallation, lipid content) is
changed and the other kept constant. While there may not be a me-
chanistic advantage to having P1-Ni2+ interact preferentially with PG,
this acquired specificity could be advantageous in vivo, as further dis-
cussed below.

With regard to properties intrinsic to P1 that could underlie the five-
fold improvement in membrane activity upon metallation, both the
charge and the structure of the peptide are altered by metal binding,
and both could explain enhanced membrane activity. Indeed, the lower
charge and flatter shape of the amino terminal end achieved upon metal
coordination of the ATCUN motif could indeed promote the insertion of
the peptide in the bilayer. From this perspective, the partitioning of the
irregularly-structured metallated peptide in a bilayer that is structurally
rearranged and thinned due to OxPL would explain its particularly
strong membrane disruptive effects in PC/PG/Aldo-PC. It is also pos-
sible that metallation of the amino terminal is conducive to oligomer
formation and enhanced bilayer disruption, a situation previously re-
ported for the amyloid-beta peptide [137].

Given that the apo-state of P1 is fully α-helical [73] and its affinity
for PC is not affected by the addition of Aldo-PC, while the holo-state
adopts a square planar geometry at its amino end and is strongly at-
tracted to PG in the presence of Aldo-PC, we conclude that the irregular
conformation of P1-Ni2+ directs it to the PG headgroups, leading to a
PG-rich region that is rich in peptide but depleted in PC headgroups. We
speculate that the reorientation of the sn2-acyl chain of Aldo-PC to the
bilayer interface leads to a structural organization of the bilayer that is
not conducive to the partitioning of the irregularly structured metal-
lated peptide in the PC headgroups.

It is interesting that free Ni2+ interacts strongly with PG in PC/PG,
but not when OxPL is present. In drastic contrast, P1-Ni2+ pre-
ferentially interacts with PG in the tertiary lipid mixture. Thus, even if
metallation leads to the same five-fold improvement of permeabiliza-
tion effects whether Aldo-PC is present or not, the specifics of the un-
derlying interactions are different depending on the metallation state.
Remarkably, the peptide-metal complex is more specific to the anionic
content of bacterial membranes when Aldo-PC is present. In the context
of in vivo conditions, this could have important implications since the
peptide is expected to be secreted in the holo-state [86] and con-
comitantly to the release of ROS by phagocytic cells [138]. Given the
formation of OxPLs by ROS and the fact that the metallated state of the
peptide is the more membrane-active form, the peptide could be more
specifically directed to the anionic lipids that differentiate pathogenic
from healthy (host) cells.

5. Conclusions

In conclusion, these studies of P1 as an ATCUN-containing HDP
demonstrate that metallation of HDPs could represent an interesting
pathway used in nature to unify how membrane-interacting anti-
microbial agents achieve their effects. It also provides new molecular-
level insight into the roles that OxPLs play in the efficacy of membrane-
active peptides. In particular, it is fascinating that the membrane-ac-
tivity of the peptide and its specificity for the anionic lipids char-
acteristic of pathogenic cell membrane surfaces are simultaneously
optimized when the peptide is metallated and OxPLs are available. The
methods used here could be useful to study other peptides and proteins
that interact with OxPLs. We hope that this work will stimulate further
studies to better understand the biological effects of metal-binding
peptides and oxidized lipids.
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