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ABSTRACT: Piscidins are histidine-enriched antimicrobial pep-
tides that interact with lipid bilayers as amphipathic α-helices.
Their activity at acidic and basic pH in vivo makes them promising
templates for biomedical applications. This study focuses on p1
and p3, both 22-residue-long piscidins with 68% sequence identity.
They share three histidines (H3, H4, and H11), but p1, which is
significantly more permeabilizing, has a fourth histidine (H17).
This study investigates how variations in amphipathic character
associated with histidines affect the permeabilization properties of
p1 and p3. First, we show that the permeabilization ability of p3,
but not p1, is strongly inhibited at pH 6.0 when the conserved
histidines are partially charged and H17 is predominantly neutral.
Second, our neutron diffraction measurements performed at low
water content and neutral pH indicate that the average conformation of p1 is highly tilted, with its C-terminus extending into
the opposite leaflet. In contrast, p3 is surface bound with its N-terminal end tilted toward the bilayer interior. The deeper
membrane insertion of p1 correlates with its behavior at full hydration: an enhanced ability to tilt, bury its histidines and C-
terminus, induce membrane thinning and defects, and alter membrane conductance and viscoelastic properties. Furthermore, its
pH-resiliency relates to the neutral state favored by H17. Overall, these results provide mechanistic insights into how differences
in the histidine content and amphipathicity of peptides can elicit different directionality of membrane insertion and pH-
dependent permeabilization. This work features complementary methods, including dye leakage assays, NMR-monitored
titrations, X-ray and neutron diffraction, oriented CD, molecular dynamics, electrochemical impedance spectroscopy, surface
plasmon resonance, and quartz crystal microbalance with dissipation.

■ INTRODUCTION
The amphipathic α-helix (AH) is a structural motif employed
by membrane-interacting peptides and proteins to mediate
vital processes that require membrane remodeling, such as cell
fusion, entry, and lysis.1−6 A perfect AH has a strict segregation
of its hydrophilic and hydrophobic residues and a ratio of

hydrophilic to hydrophobic area of 1.0 (equivalently, a “polar
angle” of 180°). As such, it complements the chemistry of the
water−bilayer interface and binds parallel to the bilayer
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surface, with the nonpolar side chains interacting with the lipid
acyl chains and hydrophilic residues pointing toward the polar
lipid headgroups.7 Notably, membrane-binding AHs that are
biologically active usually feature some degree of imbalance in
their amphipathicity, including polar angles different from
180°, charged residues present on the nonpolar face, N- and C-
terminal ends with unequal numbers of charged residues, and
hydrophilic faces enriched in one type of residue.2,5,6,8 Such
imperfections affect the relative magnitude of the electrostatic
and hydrophobic interactions between AHs and bilayers.
However, it is not well understood how specific imperfections
influence the membrane conformations and/or orientations
(“topologies”) and functions of AHs.
As one of the most studied classes of AHs, cationic α-helical

antimicrobial peptides (AMPs) exhibit permeabilization and/
or cell-penetrating properties. They rely on positive charges to
enhance their electrostatic interactions with anionic bacterial
membranes and selectively target bacteria over host cells.9−13

Basic arginines and lysines are their primary sources of
cationicity. Histidines, which are pH-responsive in the
physiological pH range, can also contribute to cationicity if
the pH and environment favor their protonated state. Direct
killing of bacteria by AMPs is most commonly attributed to
damaged plasma membranes, leading to various effects, such as
membrane blebbing, permeabilization, and depolariza-
tion.8,10,14−17 In some cases, membrane-active AMPs employ
cell-penetrating rather than permeabilizing properties to kill
cells: after translocating across cell membranes, they damage
intracellular targets.16,18,19

Permeabilizing amphipathic peptides disrupt membranes in
a concentration-dependent manner.14,20−25 AMPs, which tend
to have polar angles near 180°, bind parallel to the membrane
surface (S-state) at low concentrations (peptide-to-lipid ratio,
P/L < 1:500).26,27 Permeabilization of large solutes typically
appears once a critical P/L* is reached and leakage-competent
states are established in the membrane through a process that
involves reorienting peptides from the S-state to a tilted state
that either partially or fully crosses the membrane. The
structures of the permeabilizing states remain uncertain. In the
pore view, “pore-forming peptides” adopt fixed transmembrane
(TM) oligomeric structures filled with water. In the case of
nonselective peptide toxins, strong evidence indicates that their

amphipathically imperfect AHs associate to form toroidal
“lipidic” pores even at low P/L (<1:1000). These pores feature
merged lipid monolayers due to the recruitment of lipid
headgroups to stabilize a TM state of the AH where the
cationic side chains are inserted in the hydrocarbon
core.21,23,28,29

Direct evidence for TM pores is lacking for a large number
of AHs, many of which are membrane-active AMPs.8,14,25,30−32

Nonpore mechanisms have been suggested to explain why
their vesicle leakage behavior is often slow, transient, and
dependent on membrane composition and high P/L
(>1:500).8,30,31 For instance, the “interfacial activity” model
proposes that “defect-inducing peptides” abolish the structural
integrity of the membrane by desegregating its polar and
nonpolar regions as the peptides transiently cross membranes
to equilibrate their concentrations on each side of the
membrane.8 This mechanism stipulates that amphipathic
imperfections enhance bilayer disordering albeit at the cost
of lower cell specificity.8,31 Recent all-atom molecular
dynamics (MD) simulations have indicated that AMPs form
metastable pores or pore-like defects that elude experimental
methods due to their transient nature and heterogeneous
structural features.33−36

We recently identified significant differences in permeabili-
zation strengths between piscidin 1 (p1, FFHHIFR-
GIVHVGKTIHRLVTG) and piscidin 3 (p3, FIHHIFRGIV-
HAGRSIGRFLTG), two homologous and α-helical AMPs
from fish.16,37−42 The peptides are differentially expressed, with
p3, the less hemolytic isoform, more preponderant in
vascularized tissues.41,43,44 Although they are both efficacious
AMPs (e.g., respective minimum inhibitory concentrations of 4
and 8 μM on Escherichia coli) and have cell-penetrating
properties that allow them to exist on both sides of bacterial
membranes, p1 is 3−4-fold more effective at permeabilizing
bacterial and model membranes.16,45 It also kills bacteria
within minutes as compared to 1 h for p3, possibly because the
mechanism of p3 requires entering cells to disrupt DNA.16,37

Structurally, they share three histidines in their N-terminal
halves, and p1 has an extra histidine in the C-terminal region,
H17. Bound to membranes, they adopt similar structures, but
H17 creates an amphipathic imperfection due to its position at
the polar−nonpolar interface of the AH.38

Table 1. List of Methods and Sample Conditions Used on p1 and p3

method lipids configuration P/L [P] in μMa

dye leakage 3:1 POPC:POPG LUVs 1:256−1:2
NMR titration 3:1 PC:PGb bicelles 1:20

SDS, DPC micelles 1:100
MD simulations 3:1 POPC:POPG BL 1:20

1:40
OCD 3:1 POPC:POPG BL 1:150−1:8
ND 3:1 POPC:POPG BL 1:25−1:16

1:25
1:12

X-ray 3:1 POPC:POPG BL 1:134−1:16
solid-state NMR 3:1 POPC:POPG BL 1:80
SPR 3:1 POPC:POPG tBL 3

2.5−20
QCM-D 3:1 POPC:POPG tBL 2−20

11.4
aConcentrations of the peptide solutions flown on the supported bilayers are indicated for the surface-sensitive techniques. bBicelles were made
using a 3:1 molar ratio between the long chains 14-0-PC and 14-O-PG (see Materials and Methods). BL = bilayer; tBL = tethered bilayer.
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In vivo, multiple piscidins are deployed during bacterial
infections. They kill bacteria at both basic (extracellularly) and
acidic (phagosomes) pH values.43,46,47 Thus, piscidins,
collectively or individually, feature pH-resiliency (i.e., retain
similar function across a broad pH range) despite being
distinctively rich in histidines (14−20% in p1 and p3 versus 2%
on average in other AMPs).48 In contrast to AMPs that lose
their charge and activity at basic pH because they rely primarily
on histidines for cationicity, piscidins remain cationic in the
physiological pH range due to multiple arginines and lysines.49

However, it is unclear how the charge state of their histidines
affects their permeabilization strength and pH-sensitivity.
In this study, we investigated the effects of pH on the

permeabilization strengths of p1 and p3, and the structures of
each peptide and surrounding membrane. By comparing two
homologous AHs that have cell penetrating properties but
differ significantly in permeabilizing effects, our goal was to
examine how variations in amphipathic character associated
with histidines affect their bilayer interactions, topologies, and
permeabilization properties. Because they share amphipathic-
ity, cationicity, and α-helicity with other AHs and differences
in histidine content yield distinctive amphipathic imperfec-
tions, p1 and p3 are good archetypes for studying the
relationships between the amphipathic and permeabilization
properties of AHs.
Given that biological membranes exhibit complex phys-

icochemical properties, rigorous biophysical studies of
membrane-bound peptides and proteins require selecting a
model membrane system that promotes native-like molecular
behaviors.50−57 In this research, we favored phospholipid
bilayers and bicelles to reproduce membrane characteristics
(e.g., the lateral pressure profile and 2-order magnitude change
in dielectric constant across the membrane) known to affect
peptide structures and molecular interactions.
We subjected p1 and p3 to complementary methods (Table

1) and compared their behavior in terms of charge,
permeabilization strength and pH-resiliency, bilayer structure
and interaction, and ability to alter membrane conductance
and viscoelastic properties. Specifically, we used vesicle leakage
assays at acidic and basic pH values, and NMR-monitored
titrations in lipid bicelles, to investigate how the membrane
activities of p1 and p3 are affected by the charge of their
histidines. We performed molecular dynamics (MD) simu-
lations on surface-bound p1 and p3 to determine the insertion
depths of their histidines and employed surface-sensitive
methods to characterize their effects on membrane con-
ductance and viscoelastic properties. We supplemented these
studies with structural investigations by neutron diffraction
(ND), in conjunction with specific deuterium labeling of the
peptides, lipids, and water. This allowed us to examine the
positions and orientations of p1 and p3 simultaneously with
the structures of the surrounding bilayer and water, as needed
to connect our macroscopic observations and molecular-level
structural data. The structural work used conditions where p1
and p3 differed significantly in membrane reorientation,
permeabilization, and thinning capabilities, based on oriented
CD (OCD), leakage, and X-ray diffraction data. MD
simulations provided insights into the dynamic structural
ensemble adopted by the peptides in the bilayer. Altogether,
this study shows that peptides differing in histidine content
and amphipathic imperfection in their C-terminal regions can
exhibit contrasted directionalities of membrane insertion,
permeabilization strengths, and pH-behaviors.

■ MATERIALS AND METHODS
Materials, Peptide Synthesis, and Purification. Unless

otherwise specified, chemicals were purchased from Millipore Sigma
(Saint Louis, MO). Carboxyamidated p1 (MW 2571) and p3 (MW
2492) were chemically synthesized at the University of Texas
Southwestern Medical Center and purified on a Waters HPLC
system with a C18 column and acetonitrile/water gradient, as
previously reported.38,41 The 2H-labeled forms of the peptides used in
the ND experiments (d18-p1 = L19d10V20d8, d15-p3 = F19d5L20d10,
d 3 3 - p 1 = I 5 d 1 0 F 6 d 5 L 1 9 d 1 0 V 2 0 d 8 , a n d d 3 0 - p 3 =
I5d10F6d5F19d5L20d10) were similarly synthesized. The labeled
amino acids were obtained from Cambridge Isotope Laboratories
(Tewksbury, MA). After lyophilization, the peptides were dissolved in
dilute HCl and dialyzed to remove residual trifluoroacetic acid,
leading to 98% pure peptides. Following reconstitution of the peptides
in nanopure water, their molar concentrations were determined by
amino acid analysis performed at the Protein Chemistry Center at
Texas A&M. The stocks were diluted in buffer, as needed for the
different experiments. Phospholipids were purchased from Avanti
Polar Lipids (Alabaster, AL). Fresh solutions were made in
chloroform, and concentrations were determined by solution NMR
using trioxane as an internal reference.

Calcein Leakage from Large Unilamellar Vesicles (LUVs)
Treated with Piscidin. The ability of p1 and p3 to induce leakage in
membranes was estimated by monitoring the rate of fluorescence
enhancement when calcein-loaded LUVs were exposed to the AMPs.
LUVs contained 4 μmol (total lipid) of 3:1 (mol:mol) 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol (POPC/POPG). The experiments were performed
following a protocol previously published and summarized in the
Supporting Information.16

Solution NMR Titration of the Histidine Side Chains of p1
and p3. The histidine side chains of p1 and p3 were reconstituted in
three chemical environments, as described in the Supporting
Information: 3:1 phosphocholine/phosphoglycerol (PC/PG) iso-
tropic bicelles as well as dodecylphosphocholine (DPC) and sodium
dodecyl sulfate (SDS) micelles. Piscidin samples containing a single
15N-labeled histidine residue at position 3, 4, 11, or 17 of p1, or 3, 4,
or 11 of p3, were subjected to pH titration by solution NMR at 298 K
in the presence of the bicelles and micelles. Progress of the titrations
was monitored using previously established heteronuclear multiple
quantum coherence solution NMR experiments and described in the
Supporting Information.58,59

To calculate the pKa of each
15N-labeled imidazole side chain, the

chemical shifts of its ε1 proton were plotted as a function of pH and
fitted to the following equation using the least-squares method:

δ δ δ= + ×
+

+ −

−(pH)
His His 10

1 10

K

K

0 pH p

pH p

a

a (1)

where δ(pH) is the proton chemical shift of the ε1 proton at a given
pH, δHis+ and δHis0 are the chemical shifts for the positively charged
(His+) and neutral (His0) states, respectively, and pKa is the pH at
which one-half of the titrating group is protonated.59 The pKa value
for each plot was obtained through a process of minimizing the root-
mean-square deviation (rmsd) between observed and calculated
chemical shifts. For the titrations in SDS micelles, the 15N chemical
shifts were also fitted and yielded pKa values in agreement with those
determined from 1H chemical shifts (standard deviation, SD ≤ 0.10),
indicating that 1H chemical shifts could be reliably used to obtain pKa
values within 0.10 units. Representative plots are shown in Figure S1.

Molecular Dynamics (MD) Simulations. The dependence of
histidine charge state and peptide insertion depth was determined
from 100 ns simulations of p1 in 3:1 POPC/POPG with 1 peptide
and 40 lipids per leaflet (P/L = 1:40). Values for all neutral histidines
were obtained from our previously reported60 simulations, and
additional trajectories at two different charge states were generated for
this study (Table S2). The prior work included pressure profiles.
Initial peptide structures were generated with φ/ψ angles of −61° and
−45°, respectively, and extended side chains. Peptides were aligned
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with their centers of mass (COM) 14 Å above or below the center of
the bilayer and hydrophobic residues facing the bilayer core.
Simulations were performed with CHARMM 38b2,61 the CHARMM
36 protein force field,62 the CHARMM 36 lipid force field63 with
corrections for sodium binding,64 and the TIP3P water model,65,66

and contained approximately 50 waters/lipid (see the Supporting
Information for more details).
The simulations described above contained only 1 peptide per

leaflet and were run for 100 ns. While this is sufficient to generate
reliable average insertion depths for peptides at low concentration, the
system sizes are too small, the trajectories too short, and the peptides
too isolated to analyze excursions to the midplane and defects at the
conditions of many of the experiments reported here. Consequently, a
previously published33 trajectory of 8 p1 peptides per leaflet at P/L =
1:20 and 56 waters/lipid was extended to 3.0 μs. A comparable
simulation of p3 in 3:1 POPC/POPG was carried out for 0.4 μs.
These simulations were used to calculate the depth distributions of
the histidine side chains. Potentials of mean force (PMF) were
calculated from these distributions p(z) as PMF(z) = −RT ln p(z),
where R is the gas constant, and T is temperature.
Oriented Circular Dichroism (OCD). Samples were prepared as

previously reported.16,41,42 Briefly, a 3:1 POPC/POPC mixture
(approximately 0.5 mg) dissolved in chloroform was combined with
a desired quantity of p1 or p3 in 2,2,2-trifluoroethanol. After
evaporation of the solvents under a flow of nitrogen, each sample was
placed under vacuum for at least 8 h before being hydrated, vortexed,
and spread on a quartz slide. The sample was then equilibrated
overnight at 298 K before being placed in a sealed stainless wheel that
contained a saturated K2SO4 solution (∼98% relative humidity).
Following equilibration for two hours, CD spectra were obtained at
eight angles (i.e., every 45°) using a Jasco J-815 spectrometer (Jasco
Analytical Instruments, Easton, MD). The data were collected at 298
K between 190 and 260 nm with a 100 nm/min scan speed of 1 nm
bandwidth, and signal averaging over 4 scans. Artifacts from linear
dichroism were avoided by spreading the samples in a thin layer over
a surface area that was about 10 mm in diameter and averaging the
spectra collected at eight different angles. A blank sample containing
3:1 POPC/POPG but no piscidin was recorded and subtracted from
the signal obtained in the presence of piscidin.
Neutron Diffraction (ND). Oriented lipid multilayers with

piscidins were prepared as above using 1.5−2 mg of lipids (3:1
POPC/POPG) per sample. After removal of the organic solvents, the
lipid/peptide mixtures were thoroughly hydrated with water at neutral
pH and fused on thin glass coverslips allowing the bulk water to
slowly evaporate at room temperature. The resulting oriented lipid
(lamellar) samples were annealed at 98% relative humidity and 303 K
for at least 12 h before measurements. Hydrated lamellar samples
containing 2000−3000 bilayers with piscidins in either protonated or
deuterated form were measured under controlled temperature−
humidity conditions (296 ± 0.5 K, 86% and 93% relative humidities)
on the MAGIk instrument at the National Institute of Standards and
Technology (NIST) Center for Neutron Research, Gaithersburg,
MD.
Bragg diffraction probing the axis perpendicular to the bilayer plane

(z-axis) was used to determine the one-dimensional scattering length
density (SLD) profile of the bilayer. Up to five Bragg diffraction peaks
(h = 1−5) were observed (Figure S2) for each of the measured
samples, with the peaks h = 1−3 being the most prominent. Bilayer
structure factors (Tables S3 and S4) were obtained as the square root
of the integrated Bragg peaks, corrected for background, absorption,
and extinction, and their phases determined by deuterium contrast,
using H2O/

2H2O exchange.67−69 The bilayer one-dimensional SLD
profile was calculated by Fourier synthesis of the structure factors. All
profiles were determined on a per-lipid “absolute-relative” scale using
structure factors calibrated to reflect the composition of the unit cell
and without explicitly determining the area per lipid.68 The contrasts
between deuterium-containing and natural abundance samples arising
from the higher neutron scattering length of deuterium (b2H = 6.67 ×
10−5 Å) with respect to hydrogen (bH = −3.74 × 10−5 Å) were used
to parse out by difference the SLD profiles of the deuterated regions.

For p3, the composition-based scale of the profiles was determined, to
the best approximation, using the deuterium peaks of the N- and C-
termini for the calibration. For samples containing p1, because profiles
were noisier, an additional, homologous sample containing the
deuterated lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine-1-
1-2-2-d4-N,N,N-trimethyl-d9 (d13-POPC) was used as a standard for
calibration (Figure S3). The thus calibrated SLD profiles were also
used to determine the amount of water per lipid headgroup, as
described previously.70 Briefly, the conformations (position and
orientation) of p1 and p3 in the bilayer were parametrized by fitting
the measured deuterium difference structure factors (Δf) with
Gaussian models, as described previously.70 A Levenberg−Marquardt
nonlinear least-squares fit was used, with χ2 weighted by the
uncertainties in the measured data (SD, due to counting statistics).
Fit parameter confidence intervals were determined by a Monte Carlo
resampling technique,68,71 where a large number (n = 100) of
statistically independent sets of mock structure factor values
(normally distributed within ±1 SD) were tested, thus producing
one set of fit parameters for each iteration. Means and SDs of the fit
parameters were calculated from these sets.

Surface Plasmon Resonance/Electrochemical Impedance
Spectroscopy (SPR/EIS) Measurements on Tethered Bilayer
Lipid Membranes (tBLMs). SPR/EIS experiments were conducted
using a custom-built SPR instrument. The specifications of the
instrument72 and the methodology used to form tBLMs73,74 are
briefly described in the Supporting Information. The freshly prepared
tBLMs (Figure S4A) were equilibrated in HEPES buffer (50 mmol/L
HEPES, 50 mmol/L NaCl, pH 7.4) and allowed to rest until SPR and
EIS signals stabilized (30−40 min). Solutions of p1 and p3 in HEPES
buffer were then introduced into the tBLM-containing SPR/EIS cell
to a final concentration of 3 μmol/L. After 10 min of incubation, the
cell was rinsed with the buffer, and the SPR/EIS measurements were
continued for another 10 min.

Intensity distribution versus pixel position on the camera chip was
measured by SPR. The pixel positions of the SPR minima
corresponding to minimum reflectivity were plotted as a function of
time. EIS data were recorded from 1 to 10 kHz at a rate of 1 spectrum
per minute, resulting in a total 22 spectra for each experiment. Each
spectrum contained 100 data points. The Z-plot and Z-view software
(Scribner Associates, Inc., NC) was employed for the impedance
spectral collection and analysis. The simplest electrical circuit model
(Figure S4B) was used to fit the impedance data using a complex
nonlinear least-squares minimization procedure based on a Leven-
berg−Marquardt algorithm implemented in the Zview software. The
SD in the fit parameters (e.g., capacitance and resistance) were
estimated from the residuals of the fit (mean square error).

Quartz Crystal Microbalance with Dissipation (QCM-D) on
Supported Lipid Bilayers (SLBs). QCM-D runs were performed at
296 K in Tris buffer (10 mmol/L, 100 mmol/L NaCl, pH 7.4) using
an E4 auto system and its standard flow module QFM 401 (Biolin
Scientific/Q-Sense, Linthicum, MD). Polished silicon dioxide quartz
crystals with fundamental frequencies of ∼5 MHz (QSX 303, Biolin
Scientific/Q-Sense, Linthicum, MD) were washed with Milli-Q water,
rinsed with ethanol, and dried with N2. Organic contaminants were
removed by plasma cleaning (Atomflo 400L2 Plasma System, Surfx
Technologies, Culver City, CA) at 120 W (30 L/min He, 0.2 L/min
O2) for 4 min. Crystals were used immediately after plasma cleaning.
SLBs were formed following the protocol by Cho et al.75 Specifically,
3:1 POPC/POPG SLBs were made following a two-step process: (i)
fast adsorption and (ii) rupture of the small unilamellar vesicles
(SUVs) on the silicon dioxide surface. The preparation of the SUVs is
described in the Supporting Information. A buffer wash was
performed for an additional 10 min, to allow complete SLB annealing
as described by Briand et al.76 At this point, the AMP was flown onto
the SLB. In the initial experimental setup, the QCM-D pump was
then stopped, and the SLB was incubated with the peptide solution
for up to 1 h. Because having an incubation step did not affect the
values of Δf and ΔD in the subsequent steps (e.g., the 15 min buffer
wash), all experiments were performed using a continuous flow mode.
Each run ended with thorough cleaning of the silica surface using a
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2% SDS solution and washing it with buffer until the baseline
stabilized. Runs were done at a crossflow rate of 100 μL/min. The
data were analyzed using a well-established procedure summarized in
the Supporting Information.

2H Solid-State NMR Experiments, X-ray Diffraction Data
Collection, and Membrane Binding Kinetics Measurements
by SPR on Biacore Chips. These experiments are described in the
Supporting Information.

■ RESULTS
Dye Leakage: Membrane Permeabilization Potencies

of p1 and p3 as a Function of pH. Our prior results showed
that p1 is more permeabilizing to bacterial membranes than
p3.16 Because the lipid mixture 3:1 POPC/POPG has been
widely used to mimic bacterial cell membranes, we used it to
compare the membrane permeabilization strength and pH-
resiliency of p1 and p3. We prepared 3:1 POPC/POPG LUVs
containing trapped calcein and measured how much
fluorescent dye is released when each AMP is added at a
specific concentration (Figure 1). We chose the pH values of
6.0 and 7.4 to reflect conditions experienced by the peptides in
vivo.

Both peptides display the typical behavior of AMPs: beyond
a given threshold concentration, leakage increases in a
sigmoidal fashion, reflecting the cooperativity of the perme-
abilization process.77 While both p1 and p3 induce leakage
from the LUVs at pH 6.0 and 7.4, p1 is significantly more
effective than p3 at both pH values. In particular, in terms of
maximum permeabilization capability, p1 is equally effective at
pH 6.0 and 7.4 within the 95% confidence level, that is, within
2 SDs (97 ± 6% and 79 ± 9% at pH 7.4 and 6.0, respectively),
while p3 is much weaker at pH 6.0 than at 7.4 (58 ± 6% and
20 ± 2% at pH 7.4 and 6.0, respectively). Furthermore, the
peptide concentrations yielding 50% leakage (EC50) are lower
for p1 than p3. At pH 7.4, the EC50 values are p1/L = 1:22 =
0.045 (0.45 μmol/L) and p3/L = 1:4 = 0.25 (2.5 μmol/L). At
pH 6.0, p1 has an EC50 value of P/L = 1:20 = 0.05 (0.50
μmol/L), while p3 is too weak to have an EC50. Overall, the
dye leakage experiments ascertain that 3:1 POPC/POPG is a
reliable system to capture the stronger membrane activity of p1
as compared to p3. Importantly, the results also reveal that p1
is more pH-resilient than p3 in the 6.0−7.4 window.
NMR-Monitored Titrations: Determination of Peptide

Charge in the Physiological pH Range Using the pKa
Values of the Individual Histidine Side Chains Present
in p1 and p3. To determine whether the contrasted

membrane activities and pH-behaviors of p1 and p3 originate
from different peptide charges as a function of pH and peptide
identity, we determined the charges of p1 and p3 at both pH
6.0 and 7.4. Ionizable groups in p1 and p3 include the side
chains of the basic residues (Arg, Lys, and His) and the N-
terminus. Because arginine and lysine side chains have high
pKa’s, they can readily be assumed to have the same positive
charge in p1 and p3, and at pH 6.0 and 7.4. Given that p1 and
p3 have highly conserved N-terminal sequences and the
average pKa of the N-terminus in proteins is 7.7,78 we reasoned
that the N-terminal charge of each piscidin is +1 at pH 6.0 and
7.4. However, histidine side chains have an average pKa of
6.579 and are pH-responsive in the physiological range, and
thus determine any change in the overall charge of p1 and p3
as the pH changes from 6.0 to 7.4. Because the exact pKa of
histidine is highly sensitive to its local environment and we
wanted to accurately characterize the overall charge of each
peptide, we deemed it necessary to determine the pKa of each
histidine side chain in p1 and p3. For this purpose, we
performed NMR-monitored pH titrations for each side chain
when each peptide was bound to 3:1 PC/PG. More
specifically, piscidin peptides containing a single 15N-labeled
histidine side chain were titrated in the presence of 3:1 PC/PG
isotropic bicelles. We used a P/L of 1:20 and C14:0 acyl
chains, which were previously shown by solid-state NMR and
MD to stabilize to the S-state of piscidin.38,60

In bicellar solutions, the peptides are in exchange between
bound and unbound states. Therefore, it is important to
establish that the state detected by NMR is the bound form of
interest for the titrations. Previous studies of p1 by Campagna
et al. and Lee et al. in SDS and DPC micelles, respectively,
ascertained that the α-helical bound state was detected.80,81

Given that these earlier studies provided useful benchmarks to
demonstrate that the solution NMR signals arise from the
bound state of the peptide, we also reconstituted and titrated
p1 and p3 in the presence of SDS and DPC micelles. However,
we note that micellar systems have limitations that may lead to
inaccurate determination of structures and molecular inter-
actions,82 and thus only the titration results from the bicellar
samples were relied upon to determine peptide charge. Several
features of our NMR titration data on p1 and p3 confirmed
that the signals observed were arising from the bound state: (i)
we detected broadening and upfield shifts of the α-proton
signals, as previously reported by Campagna et al. and Lee et
al.;80,81 (ii) we observed major differences in pKa values when
labeled peptides were pH-titrated in different biomembrane
mimetic environments (e.g., PC/PG bicelles, and SDS and
DPC micelles (Table 2 and Table S1)); (iii) the pH titration
curves could be readily fitted with small rmsd (≤ 0.07); and
(iv) the dissociation rate proved to be slow relative to the
association rate on the NMR time scale because a separate set
of peaks for free and bound were not detected (this assumes

Figure 1. Permeabilization assays on 3:1 POPC/POPG vesicles
exposed to p1 and p3. The % calcein release (mean ± SD) is plotted
as a function of p1 (left) and p3 (right) concentration for at least six
measurements (n = 6) done at pH 7.4 (blue) and pH 6.0 (red).

Table 2. pKa Values for the Histidine Side Chains of p1 and
p3 Bound to 3:1 PC/PG Bicellesa,b

pKa (± 0.10)

H3 H4 H11 H17

3:1 PC/PG bicelles p1 5.99 5.67 5.90 5.55
p3 5.94 5.88 6.12 N/A

aThe SD for the pKa values is ± 0.10, as determined from titrations
using both 15N and 1H chemical shifts. bRepresentative NMR data
and titrations curves are shown in Figure S1.
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that the chemical differences between free and bound states of
the observed histidines are larger than the peak line width of
several Hz). This was confirmed in membrane-binding kinetics
experiments by SPR (Figure S5 and Table S5).
NMR-monitored titration plots in 3:1 PC/PG bicelles

showing the change of ε1 proton chemical shifts of the 15N-
labeled histidine chain versus pH are displayed in Figure 2, and

the pKa values obtained from fitting the chemical shifts versus
pH plots using eq 1 are summarized in Table 2. For each p1
(p3), there are four (three) plots, each corresponding to one of
the four (three) histidines. The pKa values are between 5.55 ±
0.1 and 6.12 ± 0.10; therefore, the histidine side chains of p1
and p3 are completely neutral at pH 7.4, while at pH 6.0 they
carry a partial positive charge, and thus make the peptides
more cationic at pH 6.0 than 7.4. We note that H4 and H17
have the lowest pKa values (5.67 and 5.55, respectively) of the
seven histidines, suggesting that their environments are the
most nonpolar.
With an average pKa of 5.77 in p1 versus 5.98 in p3, the

histidines of p1 are only 37% charged at pH 6.0, while those of
p3 are 49% charged. Scaled up to 4 and 3 histidine residues in
p1 and p3, respectively, this small (12%) difference in charge
shows that, although p1 carries one more histidine than p3, it is
not more charged at pH 6.0. Thus, p1 has, within experimental
error, the same charge as p3 not only at pH 7.4 when the

histidines are neutral (Qp1 = Qp3 = +4.0 ± 0.1), but also at pH
6.0 when these side chains are partially charged (Qp1 = +5.3 ±
0.1 and Qp3 = +5.4 ± 0.1).
The titration results lead to two important conclusions. First,

combined with the dye leakage data, they show that the
permeabilization effects of p3, but not p1, require that the
conserved histidines be neutral. Second, the histidine side
chains of p1 have overall lower pKa values than those of p3,
enabling p1 to have the same charge as p3 even at acidic pH.
Thus, charge alone does not explain the stronger permeabiliza-
tion strength and pH-resiliency of p1 revealed in the dye
leakage experiments. Because their hydrophobicities45 and
hydrophobic moments38 (Table S6) are also comparable, they
cannot account for the different permeabilization behaviors
either.

MD Simulations: Insertion Depths and Defects. The
titration experiments indicated that the four histidines of p1
have overall lower pKa values than the three histidines of p3
when the peptides are in the S-state. This begged the question
as to whether the histidine side chains of p1 reach more deeply
in the hydrophobic core of the bilayer than those of p3. Table
3 lists the average insertion depths of each histidine with

respect to the phosphate plane from simulation systems
containing 8 peptides per leaflet with P/L = 1:20, and neutral
histidines. The histidines of p1 insert more deeply than those
of p3, with H4 and H17 adopting an equilibrium position
approximately 4.5 Å below the phosphorus atoms while the
histidine side chains of p3 do not insert deeper than 2.9 Å.
The peptides are highly dynamic, and the root mean squared

fluctuations (in parentheses in Table 3) are comparable to the
mean insertion depths. Hence, averages are best used to
understand trends and not to be interpreted as precise
locations in the membrane. To this end, Figure S6 plots the
distributions of insertion depths of the COM of the individual
histidines of p1 and p3 with respect to the midplane.
Excursions to the midplane are also more energetically
favorable for p1 than for p3, as is evident from the potentials
of mean force (PMF) plotted in Figure 3. Of particular note,
the potential energy penalty for sampling the midplane (z = 0)
is only 3 kcal/mol for H17 of p1. With the H17 side chain
strongly populating a nonpolar environment of the bilayer, its
neutral state is stabilized, thereby explaining its particularly low
pKa (Table 2). It is also evident from the distributions (but less
so the means) that deep insertions into the bilayer are more
favorable for the C-terminal (red line showing H17) of p1,
while p3 shows a mild preference for N-terminal insertion
(blue line showing H3).
Figure S7 plots the positions of H3 and H17 for each of the

16 p1 peptides over the 3 μs trajectory, and includes snapshots

Figure 2. Determination of peptide charge via NMR-monitored
titrations of the histidine side chains of p1 and p3 bound to PC/PG
bicelles. (A) Color-coded helical wheels and amino sequences of p1
(left) and p3 (right), based on previously determined structures.38

The shared histidines are indicated in purple, and H17 is in green. (B)
NMR-monitored titration curves for p1 and p3 in the bilayer. Each
histidine is marked a specific colored symbol (e.g., red square). The
chemical shifts of Hε1 in the imidazole ring of each histidine were
followed as a function of pH, and the resulting curve was fitted to the
Henderson−Hasselbalch equation to obtain the pKa value of the
corresponding histidine side chain in situ (see Materials and
Methods).

Table 3. Insertion Depthsa with Standard Errors (Å) for
Individual Histidines of p1 and p3 at P/L = 1:20; Root
Mean Squared Fluctuations (Å) in Parentheses

histidine p1 p3

H3 2.9 ± 0.1 (2.7) 2.3 ± 0.1 (2.3)
H4 4.5 ± 0.1 (2.9) 2.9 ± 0.1 (2.4)
H11 4.0 ± 0.1 (2.8) 2.4 ± 0.1 (2.4)
H17 4.5 ± 0.1 (3.5) N/A

aEach reported depth corresponds to the distance along the
membrane normal between the COM of the specified histidines
and the instantaneous average of all lipid phosphorus atoms.
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of the bilayer at 0.9, 1.9, and 2.8 μs. There were 20 excursions
of H17 to within z = ±5 Å of the midplane over the 3 μs
trajectory for the 16 peptides, for an average of 0.4 per peptide
per μs. H3 (near the N-terminal), in contrast, only had a single
entry into the z = ±5 Å band. From the PMFs of p1 (Figure
3), the free energy difference between H17 and H3 at z = 5 is 1
kcal/mol. The ratio of excursions can then be estimated to be
exp(ΔG/RT) ≈ 5. This estimate is more robust than that
obtained directly from the preceding counts, where the
statistical uncertainty is quite high. The third snapshot in
Figure S7 shows a substantial undulation of the membrane at

2.8 μs. Homogenous bilayers of this size, an edge-length of 10
nm, do not exhibit such large undulations,83 indicating that the
distortion is peptide-generated.
Figure 4 focuses on the 1.9 μs snapshot, where three

peptides on one leaflet cooperatively tilted into the bilayer and
produced a conical water-filled half-channel. This defect, which
is formed by the C-termini of two peptides and the N-terminal
of a third, is closely associated with two POPG headgroups,
and stable for only approximately 100 ns. The defect at 0.9 μs
pictured in Figure S7 involves a deeply inserted C-terminus
interacting with a somewhat less inserted N-terminus in the
same leaflet. A third example of a defect involving p1 was
observed in a previously published trajectory initialized with 20
p1 peptides arranged in 4 barrel-stave pores.33 In this case, 18
of the 20 TM peptides migrated to the surface by 15 μs, and a
defect involving the N- and C-termini of two peptides on the
same leaflet formed at 19.8 μs. Hence, all three of the defects
observed in our simulations of p1 involved both N- and C-
termini of different peptides. While the waters are mostly
confined to the one leaflet, the cone-shape defects do facilitate
water leakage through the bilayer; in this sense, the defects
might be described as “funnel-like”.
The 0.4 μs trajectory of 16 p3 peptides did not show large

undulations or defects. Given that defect formation is on the
microsecond time scale for conventional MD simulations
carried out at physiological temperatures, longer simulations or
enhanced sampling methods will be required to more fully
characterize defects induced by p3 and study the translocation
events for both peptides.
As was already noted, the peptides can also induce transient

undulations in the bilayer (e.g., the 2.8 μs snapshot in Figure
S7). This underscores why it was important to analyze the
defects described above with respect to the local, not the
global, bilayer midplane. Nevertheless, average insertion depths
from 100 ns simulations of systems with only 4 peptides per 80
lipids (2 per leaflet, P/L = 1:20) differ by only 0.1 Å from
those in Table 3 (data not shown), indicating that undulations
present in the larger system (8 peptides per leaflet) do not
substantially change the mean depths.
Last, we explored the effects of protonating H17, the

histidine present in p1 but absent in p3, on the insertion depth

Figure 3. Potentials of mean force for p1 and p3 in 3:1 POPC/
POPG. Coloring is as follows for p1 (top) and p3 (bottom): His 3
(blue), His 4 (green), His 11 (yellow), and His 17 (red). Averages are
over 16 peptides at P/L = 1:20, and z = 0 specifies the average
position of the bilayer midplane. The phosphate plane is at
approximately 19 Å.

Figure 4. Defect from a 3 μs trajectory of 16 p1 in a 3:1 POPC/POPG bilayer at P/L = 1:20. (A) Side views. The left panel (1.8 μs) shows a
typical configuration with the peptides close to the equilibrium insertion depths. The middle panel (1.9 μs) captures a transient “funnel-like” defect
in the top leaflet where two p1’s have inserted their C-terminal ends in the bilayer, bringing their H17 side chains in close proximity to interact with
the H3 and H4 side chains from the N-terminus of a third peptide. The right panel includes waters within 10 Å of the midplane for the 1.9 μs
frame. Water atoms, when present, are rendered as cyan spheres when within 10 Å of the midplane and gray otherwise. Other components are
displayed as follows: peptide backbones (gray ribbons); histidine side chains (space-filling with H17 in red, and H3, H4, and H11 in purple);
remaining peptide side chains (sticks); POPC and POPG phosphates (green and yellow spheres, respectively); and remaining lipid atoms (light
gray sticks). (B) Top down, slightly tilted, view of the 1.9 μs configuration with associated waters. Coloring is the same as in (A), except
nonhistidine residues are in space-filling gray spheres while peptides not in the defect and nonphosphate lipid atoms are removed for clarity.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b00440
J. Am. Chem. Soc. 2019, 141, 9837−9853

9843

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00440/suppl_file/ja9b00440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00440/suppl_file/ja9b00440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00440/suppl_file/ja9b00440_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00440/suppl_file/ja9b00440_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b00440


of p1 at P/L = 1:40 (Figure S8 and Table S2). When H17 and
the other three histidine side chains are charged (“p1, His+ 3,
4, 11, 17”), the COM of p1 is less inserted (4.8 ± 0.2 Å) than
when they are neutral (6.3 ± 0.2 Å). Deprotonating H17 while
maintaining the charged state of the other three histidines
allows p1 to insert deeply (6.1 ± 0.2 Å). Thus, the charge state
of the single histidine present in the C-terminal region of p1
strongly influences its insertion depth.
OCD: Ability of p1 and p3 to Tilt in Bilayers. Next, we

turned to studying the tilting propensity of the peptides in
membranes. We used OCD to determine to a first
approximation the P/L at which the peptides start reorienting
in the membrane. Figure S9 displays the OCD data collected
for p1 and p3 in 3:1 POPC/POPG at pH 7.4, and a hydration
level similar to that used in the diffraction experiments (Table
4). At P/L = 1:150, the (almost) equal intensities at 208 and

222 nm indicate that both peptides are α-helical and in the
surface bound S-state.16 At P/L = 1:40, the lower magnitude of
the signal at 208 nm indicates that the S-state vanishes, being
replaced by a tilted T-state or coexisting with a TM state that
remains α-helical but is oriented perpendicular to the bilayer
surface. Effects such as light scattering from the multilayered
phospholipid samples can be significant at the lower wave-
lengths in the spectrum, preventing an unambiguous
quantification of the proportion between various states.16

However, qualitatively, the results show that at P/L = 1:25 and
above, the signal at 208 nm stabilizes and almost completely
vanishes in the p1 sample, indicating that p1 has completed its
reorientation; that is, it has reoriented to the maximum of its
tilting range, while the p3 sample is at an intermediate stage
between S-state and fully reoriented. Therefore, at P/L = 1:25,
when only p1 is near its threshold for 50% calcein leakage
(Table 4), p1 appears to have fully tilted, while p3 has only
partially reoriented in the OCD samples. In the next section,
tilt values are quantified by ND and discussed.
Neutron and X-ray Diffraction: Bilayer Perturbations

Caused by p1 and p3. To determine the effects of p1 and p3
on the membrane structure, we performed ND on oriented
lamellar lipid mixtures of 3:1 POPC/POPG. We worked at P/
L = 1:25 where the AMPs differ significantly in membrane
reorientation and permeabilization capabilities, based on the
OCD and dye leakage data (Table 4). As illustrated in Figure
5, variations in the neutron SLD of a bilayer projected on the
z-axis, the normal to the bilayer plane, reflect the molecular
composition and organization of the bilayer. Regions of low
SLD are found around hydrogen-rich molecular groups
(hydrocarbon chains and aqueous phase) due to the negative
scattering length of hydrogen, while higher SLDs are caused by
atoms enveloped in the phospholipid headgroups (phosphate,
carbonyl). When we compare density profiles of neat bilayers

(i.e., without peptide) with those containing p1 and p3, we
find that the lipid headgroup regions broaden in the presence
of the peptides. The headgroup-to-headgroup distance,
estimated from the SLD maxima of the bilayer profiles (Figure
5), decreases from 34.2 Å for a neat bilayer to 30.5 and 31.1 Å
for bilayers containing p1 and p3 at P/L = 1:25, respectively.
The thinning and broadening of the lipid headgroups in the
presence of p1 and p3 indicate that peptide partitioning in the
bilayer induces reorganization of the lipid molecules.
As shown by X-ray (Figure S10) and ND (Figure 5), raising

the concentration of p1 and p3 in the lipid bilayer produces a
gradual change in bilayer structure and decrease in membrane
thickness. This progressive change in thickness is due to an
area expansion of the bilayer surface as more peptide is
accommodated in the bilayer, resulting in a thinning of the
hydrocarbon region at constant density that is also detected by
2H solid-state NMR (Figure S11 and Table S7). At P/L =
1:80, the significant increase in bilayer order parameter
measured by NMR reflects higher dynamics and disorder at
the tip of the acyl chain. This phenomenon is often referred to

Table 4. P/L Ratios Used to Characterize the Abilities of p1
and p3 to Reorient in, Permeabilize, and Thin Membranes

P/L

dye leakage:
EC50

X-ray: end of abrupt
thinninga

OCD: complete
reorientationa

p1 1:22 1:32 (29)b 1:25 (40)b

p3 1:4 1:16 (12)b 1:16 (12)b

aObtained under similar hydration conditions (approximately 10.6
waters/lipid).84 bValues in parentheses represent the percent dye
leakage that the peptide achieves at the specified P/L.

Figure 5. Neutron scattering length density profiles of bilayers and
water in the presence of p1 and p3. (A) Scattering length density
(SLD) profiles of a neat (lamellar) bilayer (3:1 POPC/POPG)
(black), or a bilayer incorporating p1 (red) or p3 (pink), at 296 K and
P/L = 1:25. The water profiles for the three samples were found by
H2O/

2H2O contrast variation: neat bilayer (gray), with p1 (dark
blue), and with p3 (light blue). (B) Neutron SLD profiles for bilayer
(gray) and water (2H2O, blue) at a high p1 concentration.
Measurements were done at p1/L = 1:16, 93% relative humidity,
and 296 K. The approximate extension of the hydrocarbon core (HC)
is indicated.
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as the basket effect because the acyl chains bend to surround
the surface-bound peptide, leading to membrane thinning.26,27

While the X-ray data show that both peptides thin the bilayer
throughout a broad range of P/Ls, the more dramatic changes
in bilayer thickness occur below p1/L = 1:33 = 0.030 and p3/L
= 1:16 = 0.063, with p1 reducing membrane thickness
significantly more than p3 in the 1:33−1:25 P/L range.
Notably, the P/Ls that mark the end of the abrupt thinning
agree well with the peptide concentrations needed to achieve
significant tilting and initiate permeabilization (Table 4).
Interestingly, the ND data collected on p1 at P/L = 1:16
(Figure 5B) show that the perturbations induced by the
peptide are so dramatic that the hydrocarbon region is reduced
to a small region, about 10 Å thick (versus 25 Å for neat
bilayers). Because the boundary between the polar and
nonpolar regions of the bilayer has almost disappeared, the
bilayer has lost its original integrity under the action of p1.
Next, we employed H2O/

2H2O exchange and deuterium
contrast analysis to parse out the water distribution in bilayers
with or without piscidin. As shown in Figure 5, water is mainly
concentrated at the membrane surfaces, around the phospho-
lipid headgroups, and in the space between adjacent bilayers in
the lamellar samples. However, as compared to neat bilayers,
the water profiles in the presence of the peptides extend further
into the bilayer hydrocarbon core. Most of this water
redistribution can be explained by changes in hydrogen
bonding and dipolar interactions between the water,
phospholipid headgroups, and peptides at the water-bilayer
interface.8 At P/L = 1:25 and 86% relative humidity, we
quantified using a deuterium-based calibration method (Figure
S3) that the water content (per 1 lipid) increases from 8.0
waters (± 0.1) for a neat 3:1 POPC/POPG bilayer to 8.9
waters (± 0.5) for the bilayer with p1, and 9.4 waters (± 0.1)
for the bilayer with p3. We thus estimate that 23−35 water

molecules per peptide are carried into the bilayer by each p1
and p3.
In previous 31P solid-state NMR studies in 3:1 POPC/

POPG, we detected a weak signal consistent with the merged
monolayers expected for toroidal pores lined by both peptide
molecules and lipid headgroups.33 Here, given the large
distortions of the bilayer and pronounced water penetration
observed by ND (Figure 5B) for p1 at high peptide content,
we decided to test whether toroidal pores existed in the ND
samples. Water columns on the order of 15−25 Å in radii were
found in samples containing magainin 221 and melittin85 by in-
plane ND, using H2O/

2H2O contrast variation. These water-
filled cavities were assimilated to TM toroidal pores given the
presence of bent monolayers. We performed a similar type of
measurement for p1 in 3:1 POPC/POPG (at p1/L = 1:12),
but despite our efforts we did not detect similar TM pores.
However, we detected large bilayer deformations associated
with deep water penetration in the hydrocarbon region (Figure
5B and Figure S12B). How are these deformations connected
to the peptide conformation?

ND with Site-Specific Deuteration: Directionality of
Membrane Insertion for p1 and p3. Describing the
conformations of piscidin-bilayer complexes occurring at
different stages of the disruptive process is especially
challenging due to the lack of high-resolution methods to
simultaneously map the protein, lipid, and water components
of samples. To address this, we designed an experimental
strategy that combines the power of ND to map the cross-
section of oriented, stacked bilayers with that of strategic
peptide deuteration that can examine with subangstrom
accuracy the bilayer conformation (location and orientation)
of each piscidin. The p1 and p3 peptides were labeled with the
stable 2H isotope in either the C-terminal region (d18-p1 =
L19d10V20d8, d15-p3 = F19d5L20d10), or both the C- and the

Figure 6. Analysis of the orientations and positions of p1 and p3 in bilayers. (A) Profiles of the deuterated residues of p1, projected on the z-axis of
the bilayer: green = d18-p1 (C-terminal end) and red = d33-p1 (C- + N-terminal ends). The N-terminal deuterium profile (dark blue) was
determined by deuterium difference (d15 = d33 − d18). The calculated uncertainties in the deuterium profiles are shown as pink bands (Materials
and Methods). (B) Same as in (A), but for d15- and d30-p3. The overlay shows the water profiles (cyan), obtained by H2O/

2H2O contrast
variation, and the overall envelopes of the bilayer profiles with peptides in nondeuterated forms (gray). The insets (top) display the NMR
structures of p1 (PDB ID 2MCU) and p3 (PDB ID 2MCW) in the conformations (bilayer orientations and positions) that best fit the restraints of
the neutron profiles: red = deuterated atoms, blue = basic residues, and gray = hydrophobic residues. Only one peptide is shown, although multiple
peptides partition equally on both sides of the centro-symmetric bilayer system. The profiles, which were measured at P/L = 1:25, 86% relative
humidity, and 296 K, were determined on a per-lipid scale using structure factors calibrated to reflect the composition of the unit cell and without
explicitly determining the area per lipid.68
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N-terminal regions (d33-p1 = I5d10F6d5 L19d10V20d8, d30-p3 =
I5d10F6d5 F19d5L20d10). The contrasts between deuterium-
containing and natural abundance samples arising from the
higher neutron scattering length of deuterium with respect to
hydrogen were used to parse out the SLD profiles of the
deuterated regions (Figure 6) and obtain the distributions of
the deuterated residues in the membrane.
While thermal motions prevent resolving individual

deuterons, the deuterium profiles, which provide the envelope
of the deuterated sites projected on the z-axis, still accurately
determine the positions and distributions for the COM of the
deuterated regions. Furthermore, without need for additional
labeling, we can use the deuterium differences between (d33-
p1 and d18-p1) and (d30-p3 and d15-p3), respectively, to
calculate the deuterium distributions of the N-terminal region
(I5d10F6d5) of each peptide (Figure 6A-B). The differences in
membrane orientation between the two peptides are striking.
Overall, p1 reaches deeper in the bilayer interior than p3
because the deuterium signal at z = 0 (bilayer center) is
nonzero for p1 (Figure 6A) while it is null for p3 (Figure 6B).
Because peptides distribute equally on both sides of the

membrane, we can parse out for each peptide the relative
positions of its N- and C-terminal regions in the centro-
symmetric system of the bilayer. The deuterium profiles for the
C- and N-terminal ends of p3 show that it is slightly tilted with
its N-terminus more inserted than its C-terminus. This is
consistent with the partial insertion detected by OCD (Figure
S9). Contrastingly, the profiles for p1 are consistent with two
possible peptide orientations in the bilayer (Figure 6A and
Figure S12A): (1) the p1 helix crosses the midplane of the
membrane, and (2) the p1 helix is deeply buried into the
bilayer hydrocarbon region, but aligned almost parallel to the
bilayer surface with its C-terminal region more deeply inserted
than its N-terminus. Only scenario 1 agrees with the
pronounced tilting captured by OCD spectra at P/L = 1:25
(Figure S9). Accordingly, the C-terminus of p1 reaches into
the hydrocarbon core of the bilayer membrane, while the N-
terminus remains anchored in the lipid headgroup region. To
confirm this finding and the relevance of this persistent
conformation to a broader range of concentrations, we
measured additional ND samples containing deuterated p1 at
a higher peptide content (P/L = 1:12) (Figure S12) and found
that the C-tail of p1 consistently gathers close to the middle of
the hydrocarbon region.
Because the two peptides remain α-helical as they reorient in

the membrane (Figure S9), we then modeled the deuterium
distribution starting from the solid-state NMR high-resolution
backbone structures of p1 and p3 (PDB ID nos. 2MCU and
2MCW, respectively) in 3:1 1,2-dimyristoyl-sn-glycero-3-
phosphocholine/1,2-dimyristoyl-glycero-3-phosphoglycerol
(DMPC/DMPG).38 While POPC/POPG has acyl chains
different from those of DMPC/DMPG, the 3D structures of
the peptides are well conserved between lipid systems.38

Deuterons were substituted for protons in the sites labeled in
the N- and C-terminal regions (Figure 6, insets), and each
deuterium was described by a Gaussian distribution, taking
into account the amplitude of atomic thermal fluctuations in a
bilayer (thermal B-factor). Following a methodology described
previously,70 we considered several side chain conformers and
applied rigid body rotations and translations to each peptide to
identify which tilt, azimuthal rotation about the helical axis,
and bilayer locations fitted the ND data. Only the best fit
values are reported here, based on a χ2-minimization routine.

We observed that the fit was generally better for p3 than p1
(Figure S13), possibly because the data describing p1 are
affected by somewhat higher uncertainties. The values of the
thermal B-factors for p1 and p3 at P/L = 1:25 determined from
the analysis (320 and 395 Å2, respectively) were comparable to
values previously reported for lipid systems at partial
hydration.69,70,86 Using the best fits, we compared the COM
positions for each set of deuterium labels (N- or C-terminal
regions) relative to the bilayer center (zcm) and the full-width-
at-half-maximum (fwhm) of their envelopes along the z-axis
(Figure 6). For p1, the average positions of the deuterium
centroids of the N- and C-terminal ends are zNcm = 9.5 Å ± 0.5
Å (fwhm = 8.4 Å ± 0.8 Å) and zCcm = −4.8 Å ± 0.6 Å (fwhm =
7.6 Å ± 0.7 Å). For p3, these values are zNcm = 7.4 Å ± 0.4 Å
(fwhm = 7.1 Å ± 0.6 Å), and zCcm = 14.2 Å ± 0.4 Å (fwhm =
9.1 Å ± 0.8 Å). Altogether, the COM of p1 is closer to the
bilayer center than that of p3 by 4.6 Å, and the tilt of p1 (43.6°
± 4.2°) is much more pronounced than that of p3 (69.7° ±
1.5°) (Figure 6), accounting for its stronger smearing effect on
the lipid headgroups distribution. We note that the tilt angle
obtained in DMPC/DMPG (84° ± 2°)38 is smaller than that
in POPC/POPG (69.7° ± 1.5°), possibly because of the
reduced packing occurring in the PO acyl chains.60 Higher
exposure of the hydrocarbon region and higher fluidity appear
to result in enhanced insertion.
At a P/L = 1:12 and higher hydration, the deuterium profiles

display features similar to those at P/L = 1:25, but they are
more broadly distributed and noisier (Figure S12), precluding
an unambiguous determination of orientation. Increased
thermal and lattice disorders are expected with hydration
and peptide concentration, and it is not excluded that the p1
helix experiences large orientation and position fluctuations,
under these conditions. It is also possible that at the higher P/
L we are close to the solubility limit of the peptide in the
membrane, and some of the peptide would not be integrated in
the bilayer (e.g., a fraction of the deuterium seems to be
present outside the bilayer boundaries, in the aqueous phase)
(Figure S12A).

SPR/EIS: Ability of p1 and p3 to Increase the
Conductance of Supported Bilayers. Next, we aimed at
correlating the structural perturbations of the bilayer induced
by piscidin with specific types of leakage-competent defects
(e.g., pores, detergents, and other nonpore mechanisms of
membrane permeabilization). We conducted simultaneous
SPR and EIS experiments on preformed tethered bilayer
membranes (tBLM) constituted of 3:1 POPC/POPG (Figure
S4). SPR provides as a function of time the total amount of
material added or removed during the course of the
experiment. EIS characterizes the electrical properties of the
supported membrane, mainly the conductance and capacitance
(thickness) of its hydrophobic, insulating part. During phase 1
of these experiments, the peptide is injected and incubated
with the bilayer. In phase 2, the SPR/EIS cell is rinsed with
buffer to remove loosely bound peptide molecules and
equilibrate the system (Figure 7). We performed these
experiments on a custom-made instrument with dual SPR
and EIS capability because our aim was to correlate the
electrical properties of the bilayer with the adsorption and
desorption events experienced by the peptides. In contrast, the
aforementioned membrane-binding kinetics experiments (Fig-
ure S5) were carried out on an automated SPR instrument
capable of rapidly screening different peptide concentrations.
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Immediately after injecting p1 and p3, the SPR signal in
phase 1 increases sharply for both peptides, due to a strong
affinity of the cationic peptides for the bilayer, leading to rapid
mass accumulation (Figure 7A). Phase 2 starts with a small
decrease in SPR signal (Figure 7A), which can be attributed to
desorption of loosely bound peptides from the tBLM surface.
The SPR signal then quickly recovers, most likely due to
structural alterations of the membrane (e.g., changes in the
amount of counterions). Phase 2 is also marked by a sharp rise
in the conductance of the tBLM in the presence of both
peptides (Figure 7B). Thus, while loosely bound peptides are
washed away at the start of the rinsing, strongly bound
peptides are integrated into the bilayer, leading to the
formation of defects that facilitate ion passage through the
membrane.
Several important findings emerge from scrutinizing the

EIS/SPR experiments. First, it is striking that the conductance
does not increase until the buffer wash at the onset of phase 2.
In contrast, detergents (Figure S14) and pore-forming
peptides76 increase conductance during phase 1. Second, p1
and p3 differ in both their SPR (Figure 7A) and their EIS
responses (Figure 7B), with p1 being more impactful than p3
on both accounts. In particular, the higher rise in conductance
obtained with p1 as compared to p3 confirms its stronger

permeation ability (Figure 1 and Table 4). Third, while the
conductance of the tBLM (Figure 7B) displayed no significant
differences between the two peptides during phase 1, the
bilayer undergoes a considerable increase in capacitance
(Figure S15A), which is inversely proportional to the thickness
of the tBLM (Figure S15B). Because EIS is most sensitive to
changes in the thickness of the hydrocarbon region, the
detected thinning is taking place in that region of the
membrane, in agreement with the ND data. Under identical
experimental conditions, thinning of the hydrocarbon core of
the tBLM is significantly stronger with p1 (6 Å) than with p3
(2.5 Å), as described in Figure S15B. Overall, the EIS/SPR
data on tBLMs show that the peptides behave differently from
stable TM pores and their permeabilization effects are strongly
associated with thinning of the hydrocarbon core, with p1
being significantly more effective than p3.

QCM-D: Ability of p1 and p3 to Change the
Viscoelastic Properties of Supported Bilayers. To
complement the SPR/EIS results that detected an increase in
the conductance and capacitance of the SLB upon adding p1
and p3, we investigated the elastic (stiffness) and viscous
(stress relaxation) properties of the SLB using QCM-D. With
QCM-D, real-time recording of changes in crystal oscillation
frequency, Δf (a reporter of mass), and energy dissipation, ΔD
(a degree of viscoelasticity reporter), for various overtones
(i.e., different distances from the sensor surface) provides a
temporal connection between a given amount of AMP and
bilayer disruption.75,87−89 Notably, water is included in the
measurements while it is not in SPR. Following the protocol
from Cho et al.,75 we formed a 3:1 POPC/POPG SLB on the
silicon dioxide sensor (Δf = 25.6 ± 0.4 Hz; ΔD = (0.19 ±
0.07) × 10−6) before introducing the AMPs in the flow cell
(Figure S16).
Histograms for p1 (Figure 8B, left, and Figure S17A) and p3

(Figure 8B, right, and Figure S17B) at pH 7.4 present the
changes occurring when Δf and ΔD are compared before
peptide addition (“i” in inset of Figure 8A) and after peptide
addition/buffer wash (“f” in inset of Figure 8A). These data
indicate that p1 is more effective than p3 at affecting the
viscoelastic properties of the SLB. Indeed, the SLB transitions
from being elastic (ΔD < 1 × 10−6; gray background
histograms in Figure 8B and Figure S17) to viscoelastic (ΔD
> 1 × 10−6; white background histograms in Figures 8B and
S17) at lower threshold doses of p1 (0.5 nmol) than p3 (1.0
nmol). Furthermore, the data in Figure 8C show that the Δf
and ΔD changes occurring at a given peptide dose are twice
larger with p1 than with p3. We note that stronger peptide-
induced effects on ΔD are achieved at lower overtones, that is,
near the membrane surface (Figure 8B, Figure S17, and S19),
indicating that the peptide induced asymmetrical changes to
the bilayer structure, possibly due to the rearrangement of the
lipid headgroups, as detected by ND. Overall, the EIS/SPR
and QCM-D experiments indicate that p1 and p3 disrupt
supported bilayers in multifaceted ways that include increased
conductance, thinning of the hydrocarbon core, rearrangement
of the lipid headgroups, and transitioning from elastic to
viscoelastic behavior.

■ DISCUSSION
This study compared two evolutionarily related AHs, p1 and
p3. They share three histidines at their N-terminal ends, but p1
has an additional histidine that creates an amphipathic
imperfection in its C-terminal region. As membrane-active

Figure 7. Simultaneous SPR and EIS measurements following the
addition of p1 and p3 to supported bilayers. (A) SPR sensorgrams
obtained following addition of p1 and p3 solutions to 3:1 POPC/
POPG tBLMs. The SPR signal (in arbitrary units of pixels) is plotted
versus time. (B) tBLM conductance changes calculated from the EIS
spectra collected during and after peptide adsorption. Peptides were
injected at a concentration of 3 μmol/L in HEPES buffer at pH 7.4.
Arrows indicate the starting times of the peptide and buffer injections.
Small spikes in the SPR sensorgram may occur at the onset of each
EIS measurement. Conductance, capacitance, and SD values were
calculated using a curve-fitting procedure of the EIS data to an
equivalent circuit model (see Materials and Methods and Figure
S4B).
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peptides, p1 and p3 disrupt membranes in a concentration-
dependent fashion, but a molecular basis has been missing to
explain why p1 is more membrane permeabilizing than p3. Our
work yields a converging picture of structure−function
relationships in these two peptides.

While the antimicrobial properties of piscidins have been
ascribed to their ability to recognize and compromise bacterial
membranes, few studies have investigated how their high,
albeit differing, histidine content affects their mechanism of
bilayer insertion, membrane permeabilization efficacy, and pH-
behavior.16,17,90 Mao et al. recently documented that adding a
histidine at the C-terminus of Pc-Pis, a piscidin from the fish
Pseudosciaena crocea, produced an AMP with stronger pH-
resiliency and tolerance to divalent cations.91 The significance
of the neutral state of histidine for the activity of p1 and p3
revealed here is noteworthy because it highlights the
importance of balanced hydrophobic and electrostatic
interactions for the membrane activity of amphipathic
peptides. Lower histidine and peptide charge signifies
diminished opportunities for electrostatic interactions with
anionic lipids. However, neutral histidines are energetically less
costly to bury in the bilayer interior.92 Furthermore, neutral
bulky aromatic side chains can readily intercalate between the
acyl chains of the lipids, resulting in enhanced membrane
disruption.93,94 Within a membrane environment, the neutral
state of histidine could be achieved through proton transfer
between the histidine side chains and lipid headgroups.95 Even
with neutral histidines, piscidin remains cationic due to
multiple arginine and lysine residues. As compared to histidine,
they have longer side chains with delineated hydrophobic and
charged regions, allowing them to snorkel to stabilize a deep
insertion.93

Several histidine-containing synthetic peptides that interact
with membranes have been investigated under varying pH
conditions, yielding results consistent with ours. For instance,
Bechinger and colleagues designed histidine-rich cell-penetrat-
ing “LAH4” peptide analogues and used solution and solid-
state NMR to show that pH is a key regulator of their
membrane orientations.96−100 Higher pH, which is consistent
with neutral histidines, was required for cell entry by the
peptides.101,102 Interestingly, the authors showed that these
histidine-rich AMPs can be more disruptive when they adopt
an in-plane rather than TM orientation.12,103 An integrated
model was proposed to explain how pH can affect the charges,
structures, and topologies of the peptides.99 In another study,
the same group revealed that subtle changes in cationicity at
the C-terminal end of histidine-containing peptides from tree
frog influence their tilt angles.100 In another development,
Koeppe and colleagues used GWALP23, an α-helical TM
peptide, to investigate how the charge state of a histidine
placed near the center of the bilayer affects the bilayer
orientation of the peptide.104 When the histidine was charged,
the single TM state observed with a neutral histidine was
dramatically destabilized. Similar results were obtained when
histidines were incorporated into the TM portion of pHLIP, a
pH-sensitive peptide that is rich in glutamic and aspartic
residues, and is effective at targeting acidic tissues.105

Conversely, Wiedman et al. found that the charge of histidines
placed near the N- and C-terminal ends of peptides designed
to form large TM pores at acidic pH did not have a major
impact on their permeabilization properties.106

In our case, the vesicle leakage assays show that the
permeabilization effects of p3, but not p1, are strongly
dependent on the conserved histidines being neutral. An
explanation of why p3 is so pH-sensitive, while p1 is not,
emerges from combining multiple aspects of our study. As
indicated by the dye leakage and OCD data and in agreement
with the behaviors of other AMPs,26,27 similar concentrations

Figure 8. QCM-D analysis of piscidin−lipid interactions as a function
of peptide concentration and exposure time at pH 7.4. For each
QCM-D experiment, a given piscidin solution was run on a 3:1
POPC/POPG SLB over a period of time varying from 0.5 to 2 min
(Figures S16 and S17). (A) Sensorgrams are shown for the data
points (light blue) that were averaged to calculate ΔΔf n and ΔΔDn as
a difference between initial (i) and final (f) values of the Δf and ΔD,
respectively. The averages and SD were calculated from at least three
repeats. (B) Representative histograms of Δf (green) and ΔD
(purple) changes for the different overtones (from 3rd, n = 3, to 13th,
n = 13) are shown using the data collected when 7.5 μmol/L AMP
was flown at 100 μL/min for 1 min, corresponding to 0.75 nmol of
peptide. Gray and white backgrounds indicate the validity of the
Sauerbrey and Kelvin−Voigt models, respectively. (C) Averaged Δf
(green, top) and ΔD (purple, bottom) for the 5th overtone versus
moles (= peptide concentration [μmol/L]·volumetric flow [μL/min]·
time [min]) for p1 (left) and p3 (right) interacting with the SLB.
Each trace was calculated as described in Figure S18. The best linear
fits (solid line) ± 1 SD (1σ, dashed line) are also included.
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of peptide are needed to permeabilize membranes and reorient
the peptide in the membrane. At P/L = 1:25 and neutral pH,
the NMR-monitored titrations show that the histidine side
chains of p1 and p3 are neutral, while the OCD data indicate
that p1 and p3 have achieved full and partial membrane
reorientation, respectively. Under these conditions, ND
captures p1 with its C-terminal region buried in the membrane,
while p3 directs its N-terminal end toward the bilayer interior.
In agreement with the high cost associated with burying
charged histidine side chains in membranes,92 our MD
simulations show that p1 inserts much more deeply in the
bilayer when H17, the single histidine at the extremity that
directs membrane insertion, is neutral. On the basis of the
titration data, this side chain prefers the neutral state even at
pH 6.0. Hence, p1 inserts and remains permeabilizing at pH
6.0. However, p3 inserts through its N-terminal end, the
extremity that contains all of its histidines. Because these side
chains are charged at pH 6.0 (as shown by the titration data),
the insertion of p3 is impeded, resulting in reduced
permeabilization activity.
The AH orientation and location derived from the ND

investigations offers some clues to explain how p1 peptides
arrange themselves within the membrane and overcome the
apparent energy penalty of transferring hydrophilic residues
(T15, H17, R18, T21 found near the C-terminus) into the
hydrocarbon region. Indeed, because the deuterium profile is
unchanged by rotations of the peptide around the z-axis, it is
possible that several peptide molecules and lipid headgroups
cluster into a cone shape, forming an aqueous pocket lined by
lipid headgroups associated with the long side chains of the
charged arginine and lysine residues. Alternatively, the peptides
could be arranged side-by-side, displacing the lipid molecules
and leading water through the bilayer. The MD data are
consistent with the conical arrangement of the peptides,
although as noted in the Results, the precise arrangement
varies among the defects observed.
Both the conical and the side-by-side arrangements are

consistent with p1 recruiting water molecules and lipid
headgroups. In a manner analogous to molecular chaperones,
lipid headgroups could help stabilize the penetration of the AH
across the midplane of the membrane. Because there is a
strong drive to maximize hydrogen bonding in the low
dielectric environment of bilayers,2 hydrogen bonding
involving multiple H17 side chains may play a key role in
stabilizing the C-terminal tail of p1 in the hydrocarbon region
of the bilayer. The MD simulations support this possibility as
funnel-like defects transiently formed by p1 feature close
histidine−histidine contacts in the membrane (Figure 4 and
Figure S7 herein, and prior work33). This could help explain
why p1 appeared to be retained more durably than p3 by
bilayers in the membrane-binding kinetics experiments (Figure
S5). Chen et al. also observed acute structural heterogeneity
for the various inserted states adopted by synthetic AHs
designed to achieve antimicrobial action via membrane
poration.34 Incorporating residues that promote intermolecular
salt bridges and hydrogen bonding produced peptides that
formed higher order oligomeric structures and were able to
leak water across the membrane. Notably, our data, the
interfacial model,8,25 and the dynamic pore view of Chen et
al.34 support the notion that AMPs achieve membrane
disruption through the formation of transient defects rather
than long-lived TM pores. From this perspective, it is possible
that p3 and other AMPs that cross membranes without being

strongly permeabilizing form defects that are too small or
short-lived to induce significant leakage.
A few features of the amino acid sequence of p1 may dictate

its higher propensity for insertion in the hydrocarbon region,
as compared to p3: (i) a single histidine (H17) in its C-
terminal end that creates an amphipathic imperfection and
provides opportunities for intermolecular contacts in the
membrane to stabilize the inserted state; and (ii) a Phe-Phe
motif that favors bilayer anchoring of the N-terminal end of p1,
while p3 lacks this motif and has phenylalanines distributed
throughout its sequence. Overall, the stronger disruptive effects
of p1 are associated with the enhanced ability of its C-terminal
end to insert into and desegregate the membrane regions,
drawing water into the bilayer core and enhancing membrane
conductance. It is possible that at peptide concentrations high
enough to compromise the bilayer’s insulating properties, the
hydrocarbon core becomes sufficiently thin that it allows
individual peptides to “snorkel” as a mechanism of transferring
or translocating from one side of the bilayer to the other.
Biological membranes feature biophysical properties im-

portant to preserve in studies investigating the structures and
molecular interactions of membrane-bound peptides. These
characteristics include the gradient in dielectric constant and
the lateral pressure profile along the bilayer normal.50−57 Our
work has examined piscidin/membrane bilayer systems under a
wide range of conditions: vesicles at very high hydration (dye
leakage), multilayers at full hydration (NMR);38 multilayers at
partial hydration (ND, OCD); supported bilayers (EIS, SPR,
QCM-D); and, last, by MD simulations, where a single bilayer
at full hydration is replicated using periodic boundary
conditions. Consequently, a precise correspondence among
them is not expected. For example, the surface bound average
peptide orientations identified by NMR and MD differ from
the tilted orientations obtained by ND and OCD.
Furthermore, while the defects observed in the MD contained
deeply inserted C-termini from one or two p1 (reminiscent of
the average orientation observed in the ND), the MD-
generated defects also contained a peptide with its N-terminus
inserted. Nevertheless, there is strong consensus from all of
these methods that p1 is more disruptive to the physicochem-
ical properties of bilayers than p3; it is also more pH-resilient
and able to reorient in the membrane. Most strikingly, both the
ND experiments and MD simulations revealed the preferential
insertion of the C-terminus of p1 and N-terminus of p3, and
point at a mechanism of membrane disruption via conical
defects rather than TM pores. It was essential to screen a wide
range of conditions using complementary methods to fully
explain the markedly different functional and structural
behaviors of p1 and p3. In particular, their variations in
membrane activities and pH-behaviors characterized at very
high hydration (e.g., leakage assays, SPR/EIS, QCM-D)
correlate with their different directionalities of membrane
insertion and propensities for membrane tilting, insertion, and
thinning detected at lower hydration (e.g., OCD, X-ray
diffraction, and ND). Overall, our investigation highlights the
value of using multiple methods and varying conditions to
establish a converging view of the mechanistic steps followed
by AHs as they interact dynamically with bilayers to cross and
sometimes disrupt them.
On a biological level, the salient pH-resiliency of p1 suggests

that this homologue plays an important role in ensuring that
piscidin secretions from the mast cells of fish contain a family
member fit to be active at the low pH of phagosomes. In the
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evolutionary journey resulting in p3 being more selective than
p1, p3 appears to have emerged as an AMP with lower
membrane-activity strength than p1 but improved DNA-
disruptive capability and selectivity for bacteria over mamma-
lian cells.16,37,43 Importantly, p3 cannot reach intracellular
bacterial DNA without having cell-penetrating properties.
Thus, the involvement of its N-terminal end in membrane
insertion could reflect a salient feature used to rapidly enter
cells without yielding extensive membranolytic effects, a
characteristic that may have the benefit of enhancing cell
selectivity.

■ CONCLUSION
Through this comprehensive study of p1 and p3, two
homologous AMPs, we gained new insights into the molecular
features that influence their permeabilization properties. The
results suggest that evolutionarily related AHs use small
variations in histidine content and position to slightly vary
their amphipathic character, alter their directionality of
membrane insertion, modulate their cell-penetrating and
permeabilization properties, and achieve the required bio-
logical fitness. Altogether, our studies provide a platform of
molecular features critical for not only explaining the
membrane activity of AHs but also engineering efficient,
“double-action” antimicrobial peptide pairs with contrasted
membrane permeabilizing and DNA-disruptive properties.
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