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ABSTRACT Peptides that self-assemble into nanometer-sized pores in lipid bilayers could have utility in a variety of biotech-
nological and clinical applications if we can understand their physical chemical properties and learn to control their membrane
selectivity. To empower such control, we have used synthetic molecular evolution to identify the pH-dependent delivery pep-
tides, a family of peptides that assemble into macromolecule-sized pores in membranes at low peptide concentration but
only at pH<�6. Further advancements will also require better selectivity for specific membranes. Here, we determine the effect
of anionic headgroups and bilayer thickness on the mechanism of action of the pH-dependent delivery peptides by measuring
binding, secondary structure, and macromolecular poration. The peptide pHD15 partitions and folds equally well into zwitterionic
and anionic membranes but is less potent at pore formation in phosphatidylserine-containing membranes. The peptide also
binds and folds similarly in membranes of various thicknesses, but its ability to release macromolecules changes dramatically.
It causes potent macromolecular poration in vesicles made from phosphatidylcholine with 14 carbon acyl chains, but macromo-
lecular poration decreases sharply with increasing bilayer thickness and does not occur at any peptide concentration in fluid bi-
layers made from phosphatidylcholine lipids with 20-carbon acyl chains. The effects of headgroup and bilayer thickness on
macromolecular poration cannot be accounted for by the amount of peptide bound but instead reflect an inherent selectivity
of the peptide for inserting into the membrane-spanning pore state. Molecular dynamics simulations suggest that the effect
of thickness is due to hydrophobic match/mismatch between the membrane-spanning peptide and the bilayer hydrocarbon.
This remarkable degree of selectivity based on headgroup and especially bilayer thickness is unusual and suggests ways
that pore-forming peptides with exquisite selectivity for specific membranes can be designed or evolved.
SIGNIFICANCE This article establishes the intricate and unique membrane selectivity of synthetically evolved peptides
that self-assemble into nanometer-size pores in response to pH. The work has broad implications for the engineering of
self-assembling peptide nanopores for a multitude of applications in biotechnology and medicine.
INTRODUCTION

Peptides that permeabilize membranes have many potential
applications, including antiviral, antifungal, antibacterial,
and anticancer applications (1–4). They can also be used
in drug delivery applications to deliver cargos by tran-
siently permeabilizing the plasma membrane or by permea-
bilizing endosomal membranes after the uptake of peptide
and cargo (5–8). The biggest challenge in advancing mem-
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brane-permeabilizing peptides is the need to control mem-
brane selectivity. Toward this goal of controlled membrane
activity, we recently evolved a family of pH-sensitive,
pore-forming peptides that release macromolecules from
synthetic bilayers at very low concentrations but only at
an acidic pH (9). These so-called ‘‘pH-dependent delivery
(pHD) peptides’’ are inactive random coils in buffer at
pH 7 and above. But when the pH is decreased below
�6, they partition into synthetic lipid vesicles and simulta-
neously fold into a-helical secondary structure (9,10).
When the number of bound peptides reaches an unusually
low threshold of �1 peptide per 1000 lipids or �100 pep-
tides per vesicle, the pHD peptides assemble into macro-
molecule-sized pores with radii between 3 and 10 nm
(10) and release the vesicle contents.
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Control of pHD peptide activity
To date, the pH-triggered activity of the pHD peptides
has been described only for synthetic bilayers made
from zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) or C16:0,C18:1(9)-PC. POPC is a very
widely used mimic of the generic physical chemical proper-
ties of fluid-phase mammalian plasma membranes. However,
for maximal utility, pore-forming peptides must be tuned to
selectively act upon particular biological membranes, which
are composed of hundreds of different lipid species with
different headgroups, zwitterionic or anionic, and various
acyl chains that affect the physical properties of the mem-
brane (11–15). These properties can control the activity of
peptides. In particular, membrane charge and thickness
have been shown to modulate the binding, aggregation, and
activity of peptides (16–31). Here, we seek to understand
how these important aspects of lipid composition affect the
macromolecular poration activity of the pHD peptides.

We test the effect of these two critical bilayer properties,
headgroup charge and bilayer thickness, on the activity of
pHD15 (sequence: GIGEVLHELADDLPDLQEWIHAA
QQL-amide). We find that pHD15 generally retains its pH-
sensitive binding and helical secondary structure in all bila-
yers tested. However, its insertion into the transmembrane
pore state and macromolecular poration activity is sensitive
to lipid composition, showing much less activity in 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)-con-
taining bilayers compared to POPC only. Most remarkably,
pHD15 activity is highly sensitive to bilayer thickness. The
peptide has very potent activity in fluid PC bilayers made
from lipids with 14-carbon acyl chains yet is functionally
inactive in fluid-phase bilayers made from PC lipids with
20-carbon acyl chains, despite similar, strong pH-dependent
binding anda-helix formation in both PC bilayers. The exqui-
site sensitivity of macromolecular poration to bilayer proper-
ties arises from the physical chemistry of insertion into the
transmembrane pore state from the interfacially bound state.
Understanding this sensitivity will be an important step
toward the design of membrane-selective pore-forming
peptides.
MATERIALS AND METHODS

Peptides of >95% purity were purchased from Bio-Synthesis

(Lewisville, TX). The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

choline (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS),

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(10-rac-glycerol) (POPG), 1,2-

dimyristoleoyl-sn-glycero-3-phosphocholine (C14PC), 1,2-dipalmitoleoyl-

sn-glycero-3-phosphocholine (C16PC), 1,2-dioleoyl-sn-glycero-3-phospho-

choline (C18PC), 1,2-dieicosenoyl-sn-glycero-3-phosphocholine (C20PC),

and 1,2-dierucoyl-sn-glycero-3-phosphocholine (C22PC) were purchased

from Avanti Polar Lipids (Alabaster, AL). 8-Aminonaphthalene-1,2,3-trisul-

fonic acid and p-xylylenebis (pyridinium bromide) were purchased from

Thermo Fisher Scientific (Waltham, MA). Chloroform, ammonium thiocya-

nate, and other salts and buffer materials were purchased from Thermo Fisher

Scientific or Sigma-Aldrich (St. Louis, MO). Tetramethylrhodamine

(TAMRA)-biotin-dextran (TBD) was synthesized as described elsewhere

(9,32,33).
Buffers

Thirteen buffers were prepared with pH from 4 to 7 at 0.25 pH increments.

Buffers with a pH between 4 and 5.5 were prepared with 10 mM sodium

acetate, and buffers with a pH between 5.75 and 7 were prepared with

10 mM sodium phosphate. Buffers for binding and leakage assays were pre-

pared with 100 mMKCl. Buffers for circular dichroism (CD) were prepared

without KCl, and their pH was adjusted with phosphatidic acid instead of

hydrochloric acid to avoid the absorption of the chloride ion below

200 nm. All buffers were vacuum filtered through a 0.22-mm pore size

membrane to remove dust and bacteria before use.
Peptides

Solutions of �1 mM pHD15 were prepared with Millipore water (Millipor-

eSigma, Burlington, MA). Concentrations were determined using the absor-

bance of the single tryptophan on the peptide. The average of three

absorbance measurements at 280 nm on a NanoDrop 2000c (Thermo Fisher

Scientific) was used to determine the concentration. Peptides were stored

frozen until use and were subjected to no more than five freeze-thaws to

minimize peptide degradation.
Vesicle preparation

Large unilamellar vesicles of �100-nm diameter were prepared with the

lipid compositions POPC, 1:9 POPS:POPC, 1:9 POPG:POPC, C14PC,

C16PC, C18PC, C20PC, or C22PC. For all vesicle types, lipid dissolved

in chloroform was dried under vacuum overnight, resuspended in buffer,

and extruded 10 times through 100 nm Nucleopore polycarbonate mem-

branes using a handheld syringe extruder made by Avanti Polar Lipids.

Vesicles with no entrapped probes were used for binding and CD. For ves-

icles with encapsulated TBD, dry lipid films were resuspended in buffer

containing 1 mg TBD per 50 mmol lipid. The samples were frozen and

thawed 10 times before extrusion. After extrusion, vesicles were incu-

bated on high-capacity streptavidin agarose to remove unencapsulated

TBD. Lipid concentration was measured using a modified Stewart assay

(34). Vesicle size and uniformity were evaluated by dynamic light scat-

tering on a Zetasizer Nano (Nano Zetasizer; Malvern Instruments, Wor-

cestershire, UK) to have an average size of 118 5 7 nm and an average

polydispersity index of 0.08 5 0.02 (indicating low polydispersity). Ves-

icles were used either on the same day or stored at 4�C and used 1–3 days

after their preparation.
Dextran leakage assays

Leakage of 40 kDa dextran from vesicles was measured using a Förster

resonance energy transfer (FRET) assay (9,32,33). Dextran vesicles with

entrapped TBD were diluted to 1 mM, and streptavidin-AlexaFluor488

(AF488) (the donor fluorophore) was added to a final concentration of

20 nM. In a 96-well plate, peptide and vesicles were mixed and then incu-

bated while shaking at room temperature for 1 h before measuring FRET by

donor fluorescence quenching on a BioTek H4 Synergy Hybrid Microplate

Reader with excitation/emission ¼ 495/519 nm (BioTek Instruments, Wi-

nooski, VT). As a positive control for 100% leakage, 4 mL of 10% Triton

X-100 was added to three wells. As a negative control, no peptide was

added to three wells. Leakage measurements are the average of at least three

unique vesicle preparations. Fractional leakage was calculated as follows:

fleakage ¼ Fno peptide � Fsample

� �.
Fno peptide � FTriton

� �
: (1)

The leakage as a function of pH was fit to determine the pH at which

leakage is 50% (the midpoint or ‘‘pH50’’):
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fleakage ¼ Lmax þ Lmin � Lmax

1þ e
pH50�pH

rate

: (2)

Here, Lmax and Lmin are the curve’s maximal and minimal values, respec-

tively, and rate describes the steepness of the curve.
Tryptophan binding

Vesicles were prepared at �30 mM at pH 4.75 and pH 6.25 as described

above. Vesicles were diluted to 1 mM with buffers spanning pH 4–7 and

then incubated overnight at 4�C to allow the internal and external pH to

equilibrate while minimizing vesicle degradation due to hydrolysis. The

next morning, the pH of the solution was verified with MColorpHast pH

test strips (MilliporeSigma). Peptide was added with peptide-to-lipid ratio

(P:L) ranging from 1:50 to 1:5000 in 0.5-mL centrifuge tubes. After 1 h

of incubation at room temperature, tryptophan fluorescence spectra were

measured on a HORIBA Fluorolog 3–22 (HORIBA, Kyoto, Japan) in a

45-mL cuvette. Polarizers were inserted into the light path oriented at 90�

for the excitation light and 0� for the emission light to reduce the effect

of light scattering (35). The fluorescence from 330 to 335 nm was averaged

and normalized from 0 to 1. The midpoint of the curve, or the pH50, was

obtained by fitting using Eq. 2. The nmol of peptide bound was calculated

as follows:

Nbound ¼ fboundNtotal; (3)

where fbound is the fraction of peptide bound, as determined by the normal-

ized tryptophan fluorescence, and Ntotal is the total nmol of peptide in a

sample.
Circular dichroism

Vesicles without KCl were prepared as described above for tryptophan

binding. Scans were collected in a 1-mm pathlength cuvette on a Jasco J-

715 spectropolarimeter (JASCO, Easton, MD) with a scan rate of

100 nm/min, three accumulations, at room temperature. After measure-

ment, the scans were corrected for background using a vesicle sample

with no peptides. Relative percentage of helicity was calculated by scaling

the average ellipticity at 217–227 nm. The midpoint of the curve, or the

pH50, was obtained by fitting using Eq. 2.
Oriented circular dichroism

Mixtures of peptide and lipid were prepared in methanol at P:L ¼ 1:50 for

pHD15. Aliquots were dried under vacuum onto a quartz disk for at least 1

h. The disk was sealed in a chamber with a second quartz window. The sam-

ples were allowed to hydrate for at least 30 min through the vapor phase us-

ing Milli-Q water (MilliporeSigma) in the chamber to form stacked

oriented multibilayers. The quartz disk was oriented perpendicular to the

beam, and CD spectra were collected at eight rotations of the sample holder

around the beam axis and averaged. Lipid-only spectra, collected the same

way, were subtracted.
Molecular dynamics simulation

Coordinates for the peptide in a-helical conformation were generated using

Phyre2 (36,37). The peptide was then oriented with its principal axis along

the membrane normal using Visual Molecular Dynamics, VMD (38). The

peptide was positioned such that its center of mass was in the center of

Cartesian coordinates using Chemistry at Harvard Molecular Mechanics

(CHARMM) (39). All carboxylate groups were considered neutral,

and the histidine groups were singly protonated on Nε2. We used
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CHARMM-GUI (40) to prepare three simulation systems with the peptide

embedded in C14PC, POPC, and C20PC. Sodium ions were added to bulk

water for charge neutrality. Hydrated lipid membranes contained 289–296

lipid molecules, for a total of 76,420–80,953 atoms.

Interactions between atoms of the system were described with

CHARMM 36 (41–44) with TIP3P water (45). All simulations were per-

formed with NAMD (46,47). Equilibration was performed with velocity re-

scaling and positional restraints as set by standard CHARMM-GUI, and

with an integration timestep of 1 fs. All positional restraints were then

switched off, and the simulation continued for 1 ns with 1-fs integration

steps. For the remaining of the simulations, we used a multiple time integra-

tion step (48,49) of 1 fs for the bonded forces, 2 fs for short-range

nonbonded forces, and 4 fs for long-range nonbonded forces. We used a

switching function between 10 and 12 Å for the short-range real-space in-

teractions and smooth particle mesh Ewald summation (50,51) for Coulomb

interactions. Coordinates were saved each 10 ps. Average values were

computed from the last 100 ns of each simulation.
RESULTS

The pHD peptides were evolved by screening an iterative,
second-generation peptide library for a unique activity,
macromolecular poration, in 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) lipid vesicles at pH 7 and
pH 5 (9). The selected pHD peptides are highly active
only at pH 5 but not at pH 7. They have been extensively
characterized in POPC bilayers in which they assemble
into very large membrane-spanning pores (10). Although
POPC is a widely used generic mimic of fluid phase, zwit-
terionic cell membranes, the engineering and optimization
of pHD peptide activity, or the action of any membrane-
active peptide requires a knowledge of how lipid head-
groups, including headgroup charge, and bilayer thickness
affect activity. For this work, we selected pHD15 and
measured membrane binding, secondary structure, and
macromolecular poration in bilayers with varied physical
properties. First, we tested bilayers of POPC plus 10% of
anionic lipids with the same chains: phosphatidylglycerol
(POPG) or phosphatidylserine (POPS). These headgroups
are highly relevant to potential applications as PS lipids
are abundant in mammalian membranes including the
plasma membrane (25), whereas PG lipids mimic abundant
endosome-specific lipids with glycerol headgroups. Second,
we also measured pHD15 activity in fluid-phase bilayers
made from symmetric diacyl PC lipids with monounsatu-
rated acyl chains ranging from 14 to 20 carbons to mimic bi-
layers of different biologically relevant thicknesses.
Macromolecular leakage across anionic
membranes in response to pHD15

To evaluate the activity of pHD15, a FRET-based macro-
molecule leakage assay (9,32,33) was used (Fig. 1 A). The
acceptor molecule, TAMRA- and biotin-labeled dextran
40 kDa (TBD), is encapsulated inside unilamellar lipid ves-
icles, and the donor molecule, AF488-labeled streptavidin,
is added outside the vesicles. If the peptide creates
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FIGURE 1 Macromolecular leakage across

anionic membranes in response to pHD15. (A)

Shown is a schematic of the FRET-based dextran

leakage assay to measure the formation of large

pores (B and C). Shown is leakage of 40 kDa

dextran from vesicles composed of POPC,

POPC þ 10% POPG, and POPC þ 10% POPS at

pH 4.5 (B) and pH 5.5 (C). Peptide was incubated

with 1 mM lipid for 1 h before FRET was

measured. Data shown are the average of three rep-

licates. Error bars represent standard deviations. To

see this figure in color, go online.

Control of pHD peptide activity
macromolecule-sized pores in the vesicles, TBD is released
and will form biotin-bridged complexes with streptavidin,
resulting in quenching of AF488 fluorescence by TAMRA.
The detergent Triton X-100 is a positive control for 100%
leakage.

In Fig. 1, B and C, we show the fractional leakage of
TBD, measured 1 h after the addition of the peptide as a
function of P:L. Leakage was assessed at pH 4.5 (Fig. 1
B) and pH 5.5 (Fig. 1 C), both below the pH at which
pore formation is triggered. At the lowest peptide concentra-
tions, little or no leakage is observed at either pH, whereas at
the higher peptide concentrations, 100% leakage is
observed. We define leakage potency using LIC50, the pep-
tide-to-lipid ratio (P:L) ratio that causes 50% leakage. In
POPC membranes, pHD15 has LIC50 of 1:520 at pH 4.5
and LIC50 of 1:185 at pH 5.5. In bilayers containing 10%
phosphatidylserine (POPS), leakage activity is lower, with
LIC50 of 1:120 and 1:65 at the two pH values. Leakage ac-
tivity is affected less by the same surface charge when it is
due to 10% phosphatidylglycerol (POPG).

To determine if the effects of headgroup on poration ac-
tivity result from a shift in binding equilibria, we used tryp-
tophan fluorescence titration (35) to measure the binding of
pHD15 to the three types of vesicles. Peptide was incubated
with increasing vesicle concentrations for 1 h, and trypto-
phan fluorescence spectra were measured. A shift in the
emission spectrum to lower wavelengths and an increase
in intensity results from membrane binding and insertion
of the Trp residue into the less polar membrane environment
(35). At low pH, pHD peptides are essentially completely
bound (9,10) in all lipids. The wavelength of emission
maximum was �325 in all vesicle types, suggesting a
similar environment of reduced polarity for the Trp residues
of the bound peptides. The net intensity changes for com-
plete binding were smaller in PG/PS vesicles compared to
PC, but in Fig. 2 B, we normalized the fluorescence changes
to enable comparison of the pH response in each vesicle
type. There were no significant differences in binding to
POPC or to POPC with 10% POPS or 10% POPG. There-
fore, the differences in activity (Fig. 1) are not due to differ-
ences in binding. The fact that 10% anionic lipids does not
affect binding of the pHD peptides suggests that their pH-
sensitive activity occurs when they are roughly neutral.

To determine if the effects of headgroup on the activity of
pHD15 are due to differences in folding into a-helical struc-
ture, which is essential for pHD activity (10), we collected
circular dichroism (CD) spectra as functions of pH and
P:L in POPC bilayers with and without 10% POPS.
Example spectra in Fig. 3 A show a sharp random coil to
a-helix transition as the pH is decreased, resulting in a
low pH spectrum consistent with high helical content (10).
Thus, a-helical structure formation mirrors binding. The
normalized helicity at 222 nm is shown as a function of
pH for three P:L ratios, P:L ¼ 1:50, 1:100, and 1:200, in
Fig. 3, B–D. The pH-dependent transitions of the pHD15 he-
lical structure are very similar for POPC and POPC with
10% POPS. The pH50 values, where helicity is 50% of the
maximum, are 5.5–5.7. Statistical analysis shows that these
are not substantially different between POPC and POPS-
containing bilayers. Thus, the decrease in pHD15 activity
in POPS-containing bilayers is not due to differences in sec-
ondary structure.

Taken together, the data in Figs. 2 and 3 show that binding
and secondary structure are very similar in vesicles made
Biophysical Journal 120, 618–630, February 16, 2021 621



FIGURE 2 Binding of pHD15 to vesicles

composed of POPC, 10% POPG, and 10% POPS

membranes as measured by tryptophan fluorescence.

(A) Tryptophan fluorescence spectra measured after

a 1-h incubation of peptide with 10% POPG mem-

branes at P:L ¼ 1:50. (B) The fluorescence from

330 to 335 nm, as indicated by the gray region in

(A), was averaged, normalized, and plotted as a func-

tion of pH. To see this figure in color, go online.

Kim et al.
from 100% POPC or POPC þ 10% POPS. To explain lower
activity in POPS-containing bilayers, we hypothesize that
the headgroups influence insertion of the peptide from an in-
terfacially bound state into the transmembrane pore state. To
explore other factors that may regulate insertion, we next as-
sessed the macromolecular poration activity of pHD15 in
PC bilayers of varying thickness.
Macromolecular leakage across membranes of
varying thickness

The unusual pore-forming activity of the pHD peptides is
due to their ability to insert into a membrane-spanning
orientation and stabilize the circumference of a very large
pore (10). This would occur by having the hydrophobic
surfaces of the amphipathic helices interact with the lipid
hydrocarbon to reduce the cost of its exposure to water. As
such, we hypothesize that a match between the length of
the peptide helix and the thickness of the bilayer hydrocar-
bon will be important for function and that the thickness of
a lipid bilayer will strongly influence the ability of pHD15
622 Biophysical Journal 120, 618–630, February 16, 2021
to form macromolecule-sized pores. To test this idea, we
measured macromolecular poration as a function of pH
and P:L in bilayers made from PC lipids with two identical
monounsaturated acyl chains ranging from C14 to C20
(see Materials and methods). A few experiments were
done in C22PC lipids that behaved the same as C20PC.
The results, in Fig. 4, show a remarkable sensitivity of
macromolecular poration activity to bilayer thickness. In
the thinnest bilayer, C14PC, the activity of pHD15 is
similar to, or even higher than, its activity in POPC bila-
yers (C16:0,C18:1(9)PC), shown in the dashed red line.
In bilayers made from C16PC and dC18PC, the activity
of pHD15 is significantly reduced, and pH50 values are
shifted to a lower pH. In bilayers made from C20PC lipids,
poration activity is not detectable at any P:L; thus, LIC50

>> 1:50. Similarly, no leakage was observed in C22PC
bilayers, even at high P:L and low pH (data not shown).
The entire pH and concentration series of experiments
were not performed in C22PC lipids because there
was no activity at the highest peptide concentration and
low pH.
FIGURE 3 Folding of pHD15 in 10% POPS

membranes. pHD15 was incubated with 10%

POPS membranes for 1 h before the CD spectra

were measured. (A) An example set of CD spectra

at P:L ¼ 1:100. (B–D) The helicity was calculated

from the average 217–227 nm ellipticity and

normalized between 0 and 1. Results for POPC

and POPC with 10% POPS are compared for three

different peptide concentrations: P:L 1:50 (B),

1:100 (C), and 1:200 (D). The difference between

helicity curves in the two lipid bilayers is not sta-

tistically significant. p-values are 0.299 (B),

0.101 (C), and 0.053 (D). To see this figure in co-

lor, go online.



FIGURE 4 Macromolecular leakage across

membranes of increasing thickness in response to

pHD15. pHD15 was incubated for 1 h at room tem-

perature with 1 mM lipids before leakage was

measured. This experiment was performed with

membranes composed of PC headgroup lipids

with singly unsaturated acyl chains with 14 (A),

16 (B), 18 (C), and 20 carbons (D). For compari-

son, the activity of pHD15 in POPC membranes

is shown as a dashed red line in (A). The errors

bars represent standard deviations. To see this

figure in color, go online.

Control of pHD peptide activity
As we did for anionic bilayers above, we measured the
binding of pHD15 to PC bilayers of different thicknesses
(Fig. 5). Binding was measured by fluorescence titration
(35) as a function of pH at several fixed P:L ratios. Under
all conditions, pHD15 binds to all bilayers in a pH-depen-
dent manner. Essentially, no peptide is bound to any mem-
brane at pH 7, but �100% of the peptide is bound at pH
% 5 to all membranes, including the long chain PC bilayers
where we observe no macromolecular poration activity.
Thus, the lack of activity in C20PC bilayers is not due to
a lack of membrane-bound peptide.

Throughout this work, we model binding as a partitioning
process (52), and thus, we quantify binding through the frac-
tion of peptide bound. Under ideal, infinite dilution condi-
tions, the fraction of peptide bound at a fixed lipid
concentration and pH will be independent of peptide concen-
tration. If peptide concentration influences partitioning at a
fixed lipid concentration, then the behavior of the system is
cooperative. The dependence of pH50 on peptide concentra-
tion, which we express as P:L because lipid concentration is
fixed, is a measure of cooperativity. Under ideal conditions,
peptide concentration will not influence binding, and thus,
pH50 will not depend on peptide concentration. Negative co-
operativity will lead to a decrease in pH50 with increasing
P:L, whereas positive cooperativity will lead to an increase
in pH50 with increasing P:L. To further illustrate cooperativity,
in Fig. 5 F, we plot pHD15 binding to C14PC, C18PC, and
C22PC lipids. All data are for pH 5 and 1 mM lipid and are
plotted versus peptide concentration. This plot shows positive
cooperativity in C14PC bilayers, noncooperativity in C18PC
bilayers, and negative cooperativity in C22PC bilayers.

The literature contains many examples of negative coop-
erativity, mostly because of electrostatic repulsion or loss of
electrostatic attraction, caused by accumulation of charged
peptide on the bilayer (53). Positive cooperativity, which
can indicate self-assembly of peptides in the membrane, is
much less common, but it has been reported (54). Interest-
ingly, both behaviors can be seen, for the same peptide, in
the binding data in Fig. 5, F–H. To the best of our knowl-
edge, this is the first example of such complex behavior.
Binding of pHD15 to the thinnest bilayer displays distinct
positive cooperativity; binding increases and pH50 increases
by �0.8 pH units between P:L 1:1000 and P:L 1:50. As
bilayer thickness increases, cooperativity changes to nega-
tive. There is little or no cooperativity in C16PC bilayers
and slight negative cooperativity in C18PC bilayers, where
pH50 decreases 0.3 units between P:L 1:1000 and P:L 1:50.
In the thickest C20PC bilayers, negative cooperativity is the
highest; pH50 decreases by 0.8 units between P:L 1:50 and
P:L 1:1000. The change in pH50 values as a function of
P:L is summarized in Fig. 5 G. The slopes of these curves
are plotted in Fig. 5 H.

In Fig. 6, we use the measured binding to plot macromo-
lecular poration activity as a function of peptide bound per
vesicle (Pbound:Vesicle). This plot shows the inherent activ-
ity of membrane-bound peptide. Previously, we showed that
all activity measurements in POPC, at different peptide con-
centrations and different pH values, fell on a single curve,
meaning that the primary determinant of activity was the
peptide bound per vesicle (calculated assuming a 100-nm
diameter vesicle and an area per lipid of 70 Å2, which yields
�100,000 lipids per vesicle) (10). Here in Fig. 6 A, this is
not the case; there are differences in the inherent activity
of bound peptide. In the presence of 10% PS, the curve shifts
rightward, demonstrating a decrease in the inherent activity
compared to 100% POPC. However, this change is small
Biophysical Journal 120, 618–630, February 16, 2021 623



FIGURE 5 Binding of pHD15 to increasingly

thicker membranes, as monitored by tryptophan

fluorescence. (A–E) Binding of pHD15 to vesicles

composed of singly unsaturated acyl chains of 14

(A), 16 (B), 18 (C), 20 (D), and 22 (E) carbons

was measured after 1-h incubation with 1 mM

lipids at a P:L of 1:50 to 1:5000. The fluorescence

at 330–335 nm was averaged and normalized. Data

shown are the average of three samples. Error bars

represent standard deviations. (F) Shown are bind-

ing data at pH 5 from (A, C, and E) plotted against

peptide concentration. Lipid concentration is

1 mM for all measurements. Data for C14PC

show positive cooperativity, whereas data for

C22PC show negative cooperativity. (G) Shown

is the change in pH50 of binding curves, acquired

for pHD15 binding to membranes of various thick-

nesses. The pH50 is plotted as a function of acyl

chain carbons. (H) Shown are the slopes of the

pH50 in (F), plotted as a function of P:L. The

pH50 values were calculated by a sigmoidal fit of

the tryptophan fluorescence versus pH curves

shown in (A)–(E). To see this figure in color, go on-

line.
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compared to the remarkable change in activity with bilayer
thickness (Fig. 6 B). The midpoint of the leakage curve
shifts from an extraordinary potency at �100 peptides per
vesicle (LIC50 �1:1000) in C14PC bilayers to essentially
no measurable activity >>2000 peptides:vesicle or P:L
>> 1:50 in C20PC or thicker bilayers.
Orientation of pHD15 in membranes of increasing
thickness

For the pHD peptides, we have hypothesized that the forma-
tion of large pores is enabled by peptides that are oriented
perpendicular to the plane of the bilayer (10). To determine
the propensity for transmembrane orientation of the peptide
in thin and thick membranes, we collected oriented circular
dichroism (OCD) spectra (55–58) of oriented multibilayer
samples of C14PC- and C22PC-containing pHD15 at
624 Biophysical Journal 120, 618–630, February 16, 2021
P:L ¼ 1:50. Spectra were collected in dry bilayers, which
strongly disfavor helix insertion (57), and bilayers hydrated
through the vapor phase either with pure water or with water
containing 2% (v/v) acetic acid. In both C14PC and C22PC
membranes, the dry spectra have two minima, at 212 and
222 nm (Fig. 7). The spectral shapes are similar to each
other and are consistent with an a-helical peptide that is ori-
ented predominantly parallel to the membrane surface (59).
After hydration with water through the vapor phase, the
shape of the C14PC spectrum shifts such that the intensity
of the 212-nm peak decreases (Fig. 7 A). These changes sug-
gest a transition toward a transmembrane state. Indeed, if
the hydrated spectrum is assumed to be a linear combination
of the dry spectrum and the spectrum of a helical peptide in
a transmembrane orientation (59–61), the water-hydrated
spectrum corresponds to �20% of the peptides in the trans-
membrane orientation (Fig. 7 B). In C22PC membranes, the



FIGURE 6 Activity versus bound peptide per vesicle for various lipid

compositions. We estimate 100,000 lipids per vesicle (see text). The

leakage is shown for POPC, 10% POPS, and 10% POPG vesicles (A) and

in membranes of various thicknesses (B). To see this figure in color, go on-

line.

Control of pHD peptide activity
OCD spectra do not change at all when hydrated with pure
water (shown in Fig. 7 C), indicating that no insertion takes
place. Although it is difficult to know the effective pH of
these multibilayer samples, we also hydrated the bilayers
with water containing 2% acetic acid. In C14PC bilayers,
hydration with 2% acetic acid causes the same change as hy-
dration with pure water, but to a much greater degree (Fig. 7
D), supporting our conclusion that the spectral change is due
to membrane insertion. On the other hand, hydration of
pHD15 in C22PC bilayers with 2% acetic acid did not cause
any change in the shape of the OCD spectra, indicating
again that the peptide remains oriented parallel to the sur-
face of the membrane. The observed insertion of pHD15
in C14PC bilayers and the lack of insertion in C22PC bila-
yers is consistent with the observed poration activities.
Molecular dynamics simulations of pHD15
transmembrane configurations

To explore the possible geometries of pHD15 inserted into
bilayers, we performed fully atomistic molecular dynamics
simulations in a periodic bilayer containing one fully pro-
tonated pHD15 peptide, starting in a transmembrane a-helix
state, and �280 hydrated lipid molecules. Simulations were
run in three lipids: 1) C14PC and 2) POPC, in which pHD15
is active, and 3) C20PC, in which pHD15 is not active. The
simulations were not meant to understand the architecture of
the macromolecule-sized pore induced by the peptide. This
would be a difficult undertaking, given the large size of the
pores and the lack of any detailed ultrastructural information
(10). Instead, the goal of these simulations was to develop
structural hypotheses by exploring the geometry of pHD15
inserted into PC bilayers of varying thicknesses. We were
especially interested in the match/mismatch between the hy-
drophobic thickness of the bilayers and the hydrophobic
face of the peptide.

For the length of the simulations (�350 ns each), the pro-
tonated peptide remained inserted in a membrane-spanning
configuration, and the bilayer remained stable. We note that
the translocation of the peptide termini is expected to be
much slower than the timescale of these simulations, and
therefore, the inserted state may be metastable. Transmem-
brane pHD15 was helical throughout the simulations except
for a few residues on each termini (Fig. 8 A) and around the
helix-breaking proline 14, consistent with experimental
measurements (10). The pHD15 peptide maintained its
distinct bend in the region of Pro14. This is a well-known
and critical structural feature of the parent peptide melittin
and is a feature that was also strongly selected for in the
screen that led to the peptide MelP5 (61) used as a template
to discover the pHD peptides. The bent helix is highly
amphipathic, with a continuous hydrophobic surface on
one side and a continuous polar/charged surface on the
other, comprised of the six acidic residues and two histi-
dines, shown in Fig. 8 B.

In Fig. 8 C, we show how the simulated peptide struc-
tures align with the interface and hydrocarbon core of the
three simulated lipid bilayers. Only the lipid phosphate
and carbonyl groups are shown (in red and orange, respec-
tively) to delineate the boundaries of the interfacial re-
gions. In particular, the carbonyls define the outer edge
of the hydrocarbon core and inner edge of the interfacial
zone. The empty space in between corresponds to mostly
hydrocarbon (62), which is not shown for clarity. Some in-
dividual amino acid side chains are shown in spacefilling
mode to provide reference points. In particular, the ends
of the nonpolar face of the helical N- and C-terminal heli-
cal segments are shown by green spacefilling display of
side chains Val5 and Leu6 on the N-terminus and Ala22
and Ala23 on the C-terminus. The polar face is marked
by His7 and His21 in blue. For reference, Pro14 and
Trp19 are also shown.

The transbilayer distributions of some of the lipid and pep-
tide groups highlighted in the snapshots are shown in Fig. 8,
D–F. These distributions, which are from the last 100 ns of
each simulation, are unimodal and roughly Gaussian, except
for the peptide in C20PC lipids (Fig. 8 F), which has a
Biophysical Journal 120, 618–630, February 16, 2021 625



FIGURE 7 OCD spectra of pHD15 in mem-

branes of different thickness. (A) Shown is a com-

parison of the OCD spectra of pHD15 in stacked,

oriented bilayers composed of C14PC lipids on a

quartz substrate in the dry state and after 70 min

of hydration with pure water through the vapor

phase. The average of eight spectra measured at

45� rotations of the sample around the beam axis

is shown. The lipid-only spectra have been sub-

tracted. (B) The OCD spectrum of pHD15 in hy-

drated C14PC membrane is shown in blue, and

theoretical OCD spectra for helices that are paral-

lel or perpendicular to the membrane plane are

shown in black. Linear combinations of these basis

spectra, in increments of 10% increase in perpen-

dicular orientation, are shown in gray. The best

fit spectrum, representing�20% perpendicular he-

lix, is in orange. (C) Shown is a comparison of the

OCD spectra of pHD15 in stacked, oriented bila-

yers composed of C22PC lipids on a quartz sub-

strate in the dry state and after 70 min of

hydration with pure water through the vapor phase.

(D) Shown are OCD spectra of pHD15 in C14PC

and C22PC lipids, hydrated with water containing

2% glacial acetic acid. To see this figure in color,

go online.
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distinctly bimodal distribution, indicating the existence of
two insertion locations along the bilayer normal. The hori-
zontal bars in these panels show how the distributions of
the outermost hydrophobes, Val5 and Ala23, align with the
inner edge of the bilayer interface. In all simulations, the dis-
tance between Val5 and Ala23 is very similar (mean ¼ 25.5
5 0.5 Å), and thus, the bends around Pro14 are also very
similar (data not shown). The vertical arrows show that the
distance spanned by the hydrophobic amino acid residues
along the bilayer normal increases from around 15 Å in
C14PC to 23 Å in C20PC, indicative of a decreasing
overall tilt of the peptide axis in the bilayer as the bilayers
get thicker.

The simulations suggest a hydrophobic thickness
mismatch between the peptide and the C20PC bilayer but
not in the case of C14PC and POPC bilayers. This can be
seen in the transbilayer profiles in Fig. 8. In C14PC and
POPC bilayers, Val5 and Ala23 are simultaneously in con-
tact with the two bilayer carbonyl distributions and the
peptide resides at a stable insertion depth in these bilayers
as shown by the unimodal number density distributions. On
the other hand, in C20PC bilayers, the peptide shows a
distinct bimodal number density distribution. The peptide
exists in two insertion depths, one shifted toward the C-ter-
minus and one shifted toward the N-terminus. We specu-
late that in neither of these states do the terminal
hydrophobic groups make sufficient contact with both in-
terfaces simultaneously. Therefore, the data and the simu-
lations reveal hydrophobic matching as a critically
important factor for pHD15 activity. Similarly, we show
that the overall tilt angle of pHD15 is highest in C14PC
and is nearly zero in C20PC bilayers, suggesting the possi-
626 Biophysical Journal 120, 618–630, February 16, 2021
bility that tilt angle may also be important for macromolec-
ular poration.
DISCUSSION

Membrane binding

To assemble into nm-sized pores in membranes at an acidic
pH, the synthetically evolved pore-forming peptide
pHD15, and other members of the same family (10), must
bind spontaneously to lipid bilayers in a pH-dependent
manner. As the pH decreases, the fraction of peptide bound
increases with a sharp sigmoidal dependence. Midpoints of
binding, which we call pH50, range from pH 5 to pH 6 for
pHD15, depending on peptide concentration and lipid
composition. pHD15 has nine protonatable groups: six acidic
D/E residues and three basic groups with two basic histidines
and the free N-terminus. Its predicted net charge at a neutral
pH is��4, but at pH% 6, where the peptide has activity, the
histidines and acidic side chains are at least partially proton-
ated, reducing the net charge perhaps to around neutral. The
fact that binding at a low pH does not change when the bila-
yers contain 10% anionic lipids supports the idea that the
peptides are close to neutral. Some other pHD peptides
have lysines in the two basic positions, which remain fully
protonated, instead of histidines that have pKa�6.5. Howev-
er, the pH dependencies of binding are similar for all peptides
(10). Thus, we do not believe that basic-acidic side-chain in-
teractions are critical for macromolecular poration. Instead,
electrostatic repulsions between multiple acidic side chains
with helical spacings at a neutral pH inhibit helix formation,
which inhibits membrane binding. The partial protonation of
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FIGURE 8 Molecular geometries of pHD15 and

PC bilayers of different thicknesses. (A) Shown is

the sequence of pHD15. Colored residues are

consistently helical in the molecular dynamics

simulations in all bilayers. Matching colors are

used in the other panels. Hydrophobes are green,

and acidic and basic residues are red and blue,

respectively. Proline 14 is light blue, and trypto-

phan 19 is purple. See key at bottom. (B) The

opposing polar and nonpolar faces of pHD15 are

shown. The same structure is shown four times.

On the left, we show backbone structure with

Pro14 and Trp19 in spacefill, as well as the

nonpolar (green) and polar (red) residues. In this

orientation, the green nonpolar face is evident.

On the right, the peptide is rotated 90� around

the y axis, showing the acidic and basic face in

red and blue, respectively. (C) Shown is a snapshot

of equilibrated simulations. The lipid hydrocarbon

has been removed, and the bilayer thickness is

delineated by the phosphate and carbonyl groups

in red and orange, respectively. See key. The

ends of the pHD15 helix are shown by Val5,

Leu6 (green), and His7 (blue) on the N-terminus

and by His21, Ala22, and Ala23 on the C-terminus.

For comparison, the structures have been aligned

so that all peptides have a similar orientation. In

C14PC and POPC bilayers, the helix ends, as

defined above, are in contact with the two bilayer

interfaces. In C20PC bilayers, the helix ends

cannot contact the two interfacial regions at the

same time. The yellow arrow shows the gap. (D–

F) Shown are transbilayer distributions of lipid

groups, water, and amino acids, derived from the

molecular dynamics simulations. Number den-

sities along the bilayer normal are shown for

C14PC (D), POPC (E), and C20PC (F). Horizontal

bars mark the maximum of the number density dis-

tributions of Val5 and Ala23, residues that are at

the ends of the hydrophobic face of the helix.

The colors used here match the highlighted molec-

ular groups shown above. To see this figure in co-

lor, go online.

Control of pHD peptide activity
these groups with decreasing pH drives folding and binding
by decreasing the cost of a-helix formation.
The effect of headgroup

In a recent publication, we showed that the effects of both
pH and P:L on pHD peptide activity in POPC bilayers can
be fully accounted for by their effects on the amount of pep-
tide bound to each vesicle (10). If we express peptide con-
centration as Pbound:vesicle, then data collected at various
pH and P:L values become coincident (10). Peptide bound
per vesicle is the primary determinant of macromolecular
poration activity in POPC. Thus, under all conditions,
�100 peptides bound to a POPC vesicle (P:L ¼ 1:1000)
are enough to cause macromolecular poration. In the exper-
iments described here, we tested the hypothesis that binding
is the only determinant of activity when POPC bilayers also
contain 10% POPG or 10% POPS by plotting macromolec-
ular poration as a function of Pbound:vesicle (Fig. 6 A). The
curves are not coincident. Compared to 100% POPC, the
inherent macromolecular poration activity of membrane-
bound pHD15 in vesicles containing 10% POPS is
decreased. The inclusion of 10% POPG has a smaller effect
on activity. We showed that binding and structure are not
strongly affected by POPG or POPS. Instead, the headgroup
moieties of POPS must contribute negatively to insertion of
Biophysical Journal 120, 618–630, February 16, 2021 627
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the peptide into the membrane-spanning configuration. The
fact that POPG and POPS have different effects further in-
dicates that the changes in activity cannot be explained by
surface charge alone. PS is known to form interheadgroup
hydrogen bonds (63), so it is possible that PS stabilizes
the peptide in a surface-bound orientation, relative to the in-
serted pore state (64).
The effect of bilayer thickness on activity

The effect of bilayer thickness on macromolecular poration
is dramatic. The activity of pHD15 in bilayers made from
C14PC is similar to its highly potent activity in POPC. How-
ever, increasing the chain length by four carbons to C18PC
causes a substantial decrease in activity and a downward
shift in pH50. When chain length is increased by six carbons
to C20PC, macromolecular poration does not occur at any
peptide concentration measured. The inherent pore-forming
potency of pHD15 decreases by more than 100-fold in
thicker bilayers compared to thin bilayers, despite the fact
that the peptide binds similarly to all of these bilayers.

Interestingly, a very similar sharp decrease of peptide-
induced permeabilization on increasing bilayer thickness
has been reported previously (65). In this case, the authors
studied the release of the small molecule carboxyfluorescein
by the peptide d-lysin using the same set of PC lipids that we
use here. The release rate of carboxyfluorescein is at least
100-fold lower in C20PC compared to C14PC. Because d-
lysin, unlike pHD15, is a transient pore former (66) and
does not insert across membranes to form equilibrium mem-
brane-spanning pores, these authors hypothesized that the
effect could be explained by changes in the bilayer bending
modulus, a macroscopic bilayer property. As the pHD pep-
tides self-assemble into pore structures comprised of mem-
brane-spanning helices, we focus on microscopic properties,
and we explain the effect of bilayer thickness on pHD15 ac-
tivity mainly in terms of hydrophobic mismatch. However,
we recognize that other bilayer properties likely also
contribute to the overall activity.
Mechanistic hypothesis

For the peptide pHD15, membrane binding and folding into
a-helical secondary structure are tightly coupled to each
other and are only slightly dependent on membrane surface
charge or bilayer thickness. Binding and folding are pro-
moted by bilayer interfacial zones (58,67,68), without
requiring insertion into a transmembrane state. We have pre-
viously speculated that the pHD peptides and the related
macrolittins (60) exhibit their unique macromolecular pora-
tion activity at a low concentration because they are thermo-
dynamically stable in a transmembrane state, thus
stabilizing the circumference of large pores (10). Here, we
show further evidence supporting the hypothesis that inser-
tion of the pHD peptide from a surface bound to a trans-
628 Biophysical Journal 120, 618–630, February 16, 2021
membrane state is the critical step in macromolecular
poration. Thus, the activity of the pHD peptides can be
described with the four-step model of membrane protein
folding (68,69). In the first and second steps, the unstruc-
tured peptide in solution partitions into the bilayer interface,
driving the formation of a-helical secondary structure due to
partitioning-folding coupling (68). In the third step, interfa-
cially bound peptides insert across the bilayer, and in the
fourth step, the inserted peptides self-assemble to form the
macromolecule-sized pore.

The step that endows the pHD peptides with membrane
selectivity is insertion of the peptide into the transmembrane
orientation and perhaps also subsequent self-assembly into
macromolecule-sized pores.

To better understand these phenomena, we used molecu-
lar dynamics simulations to explore the geometries of
pHD15 in bilayers composed of C14PC, POPC, and
C20PC. The goal of the simulations was to explore the po-
tential geometries of lipids and peptides and to measure the
match/mismatch between the hydrophobic surface of the
peptide and the hydrocarbon core of the bilayers. We in-
serted a single pHD15 peptide, with its acidic and basic
side chains protonated, in a membrane-spanning orientation
in bilayers made from each of the three lipids and allowed
the systems to equilibrate. Peptide transitions from mem-
brane spanning to surface orientations are very unlikely to
occur on these timescales, so the equilibrated structures
are metastable. Yet examination of the lipids and transmem-
brane peptide structures can provide insights into the match,
or mismatch, between the peptide hydrophobic face length
and the bilayer thickness.

The simulations show a bend of the peptide a-helix at
Pro14, a well-known and conserved feature of the parent
peptide melittin (70) and of all peptides we have evolved
from it (10,60,61). One surface of the kinked a-helix com-
prises a continuous hydrophobic face that will interact with
the lipids in the pore structure. The other surface comprises
the polar face, containing the six acidic residues and two
histidines, that will likely create the water-exposed surface
of the pore. Interestingly, the simulations show that the crit-
ical hydrophobic thickness of the peptide includes the
alanine at the 23rd position. This may explain why replace-
ment of Lys23 with Ala23 was one of the critical substitu-
tions observed in the first generation of synthetic
evolution of the very potent MelP5 from the parent melittin
(66).

Based on the geometries obtained from these simula-
tions, we speculate that the helical hydrophobic surfaces
can interact with the bilayer hydrocarbon core and extend
slightly into both lipid interfaces in C14PC and POPC bi-
layers. On the other hand, the hydrophobic face of pHD15
cannot simultaneously contact both interfaces in C20PC
bilayers, despite the fact that the tilt angle decreases and
the bend at Pro14 decreases. The insertion of pHD15
into C20PC bilayers is not optimal because it gives rise
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to a hydrophobic mismatch between the peptide and the
bilayer (17,71,72). It is also possible that the low tilt angle
in C20PC is not compatible with macromolecular
poration.
The evolution of membrane selectivity

We previously evolved the pHD peptides to have the unique
property of pH-triggered self-assembly into very unusual
nm-sized pores in PC bilayers (9). Here, we show that these
peptides have 1) moderate selectivity for bilayers made
from 100% PC over bilayers also containing PS and 2)
very strong selectivity for thin bilayers over thick bilayers.
We believe that engineering or optimizing membrane selec-
tivity will be critical for further development of pore-form-
ing peptides across the field. Our results suggest that pH-
sensitive peptides can be engineered to be highly specific
for specific membrane compositions. The optimization of
such membrane-selective peptides can be accomplished us-
ing additional generations of synthetic molecular evolution
just as we evolved MelP5 from melittin and evolved the
pHD peptides from MelP5.
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