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pH-dependent peptide aggregation and
translocation across octanol and hexane
interfaces: insights from umbrella
sampling simulations
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The pH-dependent peptides are membrane-permeabilizing peptides that can form macromolecular-
sized pores at an acidic pH. Their mode of aggregation and mechanism of action with the cell
membrane are still elusive. Herein, we approach the study of the aggregation and translocation
pathways of pHD24 peptides through octanol-water and hexane—water interfaces at an acidic pH (pH
4) and a physiological pH (pH 7) to identify the differences in activities. The octanol-water interface and
the hexane—water interface are known to mimic the complex phospholipid bilayers and are suitable as
simple models for studying the multiple-peptide actions. At the acidic pH, the pHD24 peptides are
found to be aggregated and translocated across the interface more easily than at pH 7. At the octanol-
water interface, the peptides are translocated through a narrow water channel with an energy barrier of
309.6 kJ mol™L. The favourable peptide—peptide interaction, facilitated by hydrogen bonding and elec-
trostatic interactions, enhances peptide aggregation at pH 4 and contributes to the formation of a rela-
tively large pore. The results are in good agreement with the translocation of the pHD24 peptides
through the heterogeneous membrane at an acidic pH. This study provides insights into the aggregation
and translocation abilities of pHD peptides at a low pH through biomembrane mimic model systems,

rsc.li/pccp

1. Introduction

Membrane-active peptides that are sensitive to changes in pH can
be used to transport molecules into cells through endosomes."?
This makes them useful in drug delivery and other medical
applications, particularly for targeting cancer®™ cells. The mecha-
nism of action of pH-dependent delivery (pHD) peptides involves
inducing pH-sensitive properties in the peptide, which allow it to
interact with the membrane at a specific pH. These peptides are
able to trigger the leakage of large molecules through a synthetic
membrane under acidic (pH < 6) conditions.*” The peptide
undergoes membrane insertion and folding in response to changes
in pH, allowing it to deliver cargo to cells in acidic environments.

The evolution of pHD peptides comes from melittin, as the
parent peptide. Later, a derivative of melittin is produced, which is
MelP5, a potent peptide that can form a macromolecular-sized
pore at high concentrations and across all pH.® However, the pHD
peptides can only induce the release of macromolecules at an
acidic pH and even at a low peptide concentration. At pH 7 or
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shedding light on the design of strategies for synthetic peptides in drug delivery.

above, these peptides are essentially inactive and do not release
small or large molecules from lipid bilayer vesicles. All the
available pHD peptides have mostly five acidic residues, and the
largely studied peptides are pHD15, pHD24, and pHD108.%”° The
insertion and folding of proteins into a membrane is a complex
process, and an atomistic-level description of this process remains
poorly understood. In this regard, MD simulation can act as an
important tool to gain insight for a proper understanding of the
passive permeation and its energetics. Theoretically, it has been
reported that pHD108 can form a macromolecular-sized pore by
vesicle formation at an acidic pH."

The atomistic detail study of the folding and aggregation of
the peptides in the membrane environment is a costly process.
The process of aggregation involves the diffusion of the pep-
tides from randomly oriented conformations on the interface
surface, which is a slow process compared with the timescale of
the MD simulations due to the slow relaxation of the collective
motion of the lipid molecules in the bilayer. Generally, long-
term sampling is required to form the probable secondary
structure of peptides in the aggregated state on the membrane
surface. This can be easily achieved with the alkane/alkanol-
water interface systems. Furthermore, incorporating the pep-
tides into the lipids will involve the spatial rearrangements of
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the lipid molecules. In this respect, the water-hexane and water-
octanol interfaces can help in mimicking a system similar to the
cell membrane to study the insertion pathway of the peptide
aggregates at different pH values. It is well known that the
octanol-water interface can act as an alternative to phospholi-
pids, which consist of a lipid bilayer. Because of this reason, the
quantity of lipophilicity is generally expressed in terms of the
water/octanol partition coefficient. Similarly, there are some
studies with the hexane-water system, and it is also reported
to mimic the cell environment."* Both these interface systems
are close to the water-membrane system, where the difference
between the aqueous and non-aqueous phases with varied
dielectric constants can be mimicked. The interface between
the two phases provides a consistent and reliable surface for the
self-assembly of a diverse array of potential drug molecules. The
interfacial system can contribute to the understanding of the
interactions between the polar and nonpolar residues.'” The
carefully interpreted results of these interactions can be bene-
ficial for understanding cellular processes.

This is particularly advantageous for those solutes that
possess solubility in water and the ability to permeate through
cellular membranes.'® Hence, here, we consider both the
hexane-water and octanol-water interfaces to study the factors
affecting the permeation process of the pH-triggered peptide.
This will help to reduce the computational cost of modeling the
large lipid bilayer systems. Further, the results are compared
with those of a heterogeneous membrane. There are some basic
queries that remain to be answered to understand the proper
functioning of the membrane-active peptides, such as what are
the factors that affect the aggregation process in the membrane
environment? Do peptides aggregate in more than one way?
The aggregation of the peptides is considered to be one of the
crucial steps for the permeation mechanism.™ It has been
proposed that around four peptides are critically required to
form a pore. Since the permeation of one peptide is energeti-
cally more favourable than the permeation by four peptides at a
time, does the permeation process initiated by a single peptide
and the deformation experienced by the membrane environ-
ment further help in the permeation of the other peptides?
There are reports stating that the cationic antimicrobial pep-
tides prefer to be in a monomeric state in the solution and on
the membrane surface.’®> On the other hand, peptides like
melittin and AP(1-42) prefer to permeate in an aggregated
fashion."®"” Therefore, this process totally depends on the type
of peptide and the membrane environment. The process of the
multimerization of the peptide actually depends on the peptide
sequence and the lipid composition. The so-called ‘soft
membrane adapt and respond, also transiently’ (SMART)
model® is also proposed based on this notion.

In this article, we will concentrate on the pH-dependent
peptide, pHD24, to find out the ways by which they prefer to
stay on the membrane interface and translocate. The pHD24 is
amphiphilic and has five acidic residues, which can induce
substantial macromolecular leakage, more potent and optimal
for the pH-triggered activity than peptides with six acidic
residues, such as pHD15." In order to gain insight into the
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peptide translocation processes, the common practice is to
study the model peptides that permeate into membranes and
remain in helical conformation in the bilayer environment.”®
However, the secondary structure and the permeability ten-
dency of the peptide will largely vary from peptide-to-peptide
case, and it will also depend on the peptide-lipid interaction.
The aggregation of the peptides has been studied by coarse-
grain simulations, as these processes are very slow compared
with the time-scale of atomistic MD simulations.*® In coarse-
grain simulations, the systems are mainly studied at a neutral
pH; therefore, the effectiveness of these peptides according to
pH cannot be studied.

Recent studies regarding the coarse-grain simulation carried
out by incorporating pH-sensitive dummy beads are
appreciable.”! However, this cannot be utilized for studying
multiple peptide insertions through membrane-mimicking sys-
tems or model lipid bilayers. These coarse-grain models lack the
explicit representation of hydrogen bonding, side-chain interac-
tions, and dielectric effects under acidic conditions. Therefore,
atomistic simulations are essential for capturing how a change
in the protonation state affects peptide conformation and pep-
tide—peptide, peptide-lipid, and peptide-water interactions to
understand the permeation pathways.

One of the major factors that can significantly alter the
behavior of these peptides is the pH of the medium. This is
because the charge on the side chains which is dependent on
the pH of the surrounding environment.>> The protonation
state of amino acid side chains changes at different pH levels,
which results in differences in the charges.”> The pH-
dependent conformational changes in proteins are influenced
mainly by three primary factors: interactions between the
peptide charges with the solvent molecules and the lipid head
groups, inter-peptide interactions, and the effect of dehydra-
tion, also known as the Born effect,>*> when the peptide
permeates the membrane. As mentioned above, the activities
of the pHD peptides are very much dependent on the effect of
pH; therefore, a thorough study is required in this respect to
investigate the response of these peptides to the different
membrane-like systems. Experimentally and theoretically,
there are few studies regarding the investigation of the pH
effect on the aggregation of peptides.>®*” In view of this, here,
we aim to study the aggregation propensity and structural
details of the pH-dependent peptides at the octanol-water
and hexane-water interfaces, varying the pH values (acidic
pH: 4 and neutral pH: 7), by atomistic MD simulations. Even
though some experimental studies®”® have been done for these
peptides, theoretical studies are very rare.

We employ two different force fields, CHARMM and AMBER,
for the peptides for comparison. Further, we calculate the free
energy of translocation by the umbrella sampling techniques to
obtain an overview of the permeation mechanism. The present
work explicitly addresses the process of self-aggregation and
the different modes of the translocation process across the
interface by treating it in full atomistic detail. In the following
section, we describe the methodology, followed by the results
and discussion.
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2. Methodology

2.1. System preparation and simulation details

All-atom simulations were performed to study the structural
changes, aggregation, and translocation of the peptides through
the octanol-water and hexane-water interfaces at two different
pH levels, pH 4 and pH 7, in two force fields, amber99sb-ILDN>®
and CHARMM36m,*® using GROMACS®® software. The initial
structures were created using the Packmol package.’* The com-
positions of all the simulated systems are detailed in Table 1.

2.1.1. Preparation of the interface. We prepared the inter-
face systems by creating a normal bulk hexane/octanol system
with a box dimension of 8.5 nm x 8.5 nm X 6.5 nm (the x, y, and
z directions, respectively). The energy of the initial structure was
minimized using the steepest descent algorithm. The systems
were equilibrated in the canonical ensemble (NVT) and then in
the isothermal-isobaric ensemble (NPT) for 10 ns and 20 ns,
respectively. Subsequently, a 20-ns production run was per-
formed, resulting in the system becoming equally dense in all
directions. After that, we extended the length of the Z direction of
the box to 13 nm. The area excluding the hexane/octanol
molecules in the entire box was solvated with TIP4P** water
molecules. Then, peptides were introduced into the interface.

2.1.2. Preparation of the peptides. Peptide pHD24
(GIGDVLHELAADLPELQEWIHAAQQL) was initially constructed
as a random coil using Avogadro software.”® During the 1 ps
simulation, it transitioned through different secondary struc-
tures. At a neutral pH, the peptide carried a charge of —5, while
at pH 4, it carried a charge of —3. To neutralise the systems, we
added Na' ions. The pKa values for the side chains of the
histidine (H) residue, aspartic acid (D) residue, and glutamic
acid (E) residue were 6.04, 2.87, and 3.08, respectively. In general,
if the pH value is lower than the pKa value, the protonation of
the side chain must occur. Hence, at an acidic pH of 4, two
histidine groups (residues 7 and 21) must be protonated.

2.1.3. Introduction of the peptides on the interface. Four
peptide molecules were randomly distributed throughout the
simulation box (two in the hexane/octanol part for the interface
systems and two in the water part) to avoid any potential biased
effects on the self-assembly process. Energy minimization had to
be performed using the steepest descent algorithm. The systems
were equilibrated in NVT and then NPT for 10 ns and 50 ns,
respectively, with the solute-heavy atoms restrained. Subse-
quently, the restraints were removed, and the protein molecules
were allowed to move freely during the 1-ps production run, with
a frame saved every 10 ps to collect the simulation trajectory.

The semi-isotropic Berendsen algorithm®* was applied for
the interface systems to couple the pressure in the Z dimension

Table 1 Compositions and dimensions of the simulated interface systems

View Article Online

Paper

(reference pressure (Pz) of 1 bar, compressibility of 4.5 x 107>
bar™', and relaxation time of 3 ps) while keeping the XY plane
fixed with a compressibility of zero. Three-dimensional periodic
boundary conditions (PBC) were used. Short-range Coulomb
interactions were calculated up to 1.2 nm, with long-range inter-
actions calculated using the particle mesh Ewald (PME) method.>®
Short-range van der Waals (vdW) interactions using the Lennard-
Jones 12-6 potential were calculated up to 1.2 nm, along with long-
range dispersion correction for energy and pressure. All chemical
covalent bonds were constrained using the LINCS algorithm,*®
supporting a leapfrog integration time of 2 fs.

The trajectories were visualized using the VMD software.?”
Furthermore, US simulations were conducted, and the details
regarding RC, free energy calculation, and convergence are
provided in the following sections. We performed two indepen-
dent replicas of 1 ps unbiased MD simulations for four pHD24
peptides in the octanol-water and hexane-water interface sys-
tems. The last 100 ns trajectory was used for the analysis. The
pressure convergence plots corresponding to each equilibrated
system are shown in the SI, Fig. S1. The convergence analysis
confirmed that two trajectories should be statistically adequate
for excellent convergence. We have given the result of the
AMBER force field in the manuscript and shown the results
corresponding to the CHARMM force field in the SI. The results
of the CHARMM force field are discussed wherever applicable.

2.1.4. Preparation and simulation details of the lipid
bilayer-peptide systems. We built the heterogeneous symmetric
lipid bilayer composed of 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC), 1-palmitoyl-2-oleoyl-phosphatidylserine (POPS), and cho-
lesterol (CHOL) molecules in a ratio of 7:2:1 using CHARMM-
GUIP® software. We simulated a total of two systems, as the four
pHD24 peptides randomly adsorbed on the membrane upper
hydrophilic-hydrophobic interface at pH 4 and pH 7. We added
NaCl to neutralize the system. The details of the system setup are
tabulated in Table 2.

All MD simulations were performed using GROMACS 2022.2
software.?® The CHARMM36 force field*° with a correction map
(cmap) was used to parameterize the lipid molecules, and
CHARMM36m™*' was used to parameterize the peptides. The
membrane-peptide systems were solvated with the TIP3P water
model.*” Energy minimization was performed using the stee-
pest descent algorithm to remove steric clashes between the
lipid and lipid-water molecules. The PME algorithm®> was used
to compute the long-range electrostatic interactions, and van
der Waals interactions were computed with a cutoff of 1.2 nm.
The hydrogen bonds were restrained using the LINCS
algorithm.*® The system temperature was maintained at
300.15 K using the v-rescale temperature coupling algorithm

Systems Systems pH No. of hexanes/octanols No. of waters No. of peptides Lyxy (nm) Ly (nm)
System 1 Hexane-water 4 2406 16597 4 9 13
System 2 Hexane-water 7 2406 16616 4 9 13
System 3 Octanol-Water 4 1952 19532 4 9 13
System 4 Octanol-Water 7 1952 19548 4 9 13
852 | Phys. Chem. Chem. Phys., 2026, 28, 850-861 This journal is © the Owner Societies 2026
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Table 2 Detailed information regarding the heterogeneous, symmetric
membrane peptide (pep) systems at pH 4 and 7

Systems Pep POPC POPS CHOL Water Na' CI~
Memb-pep (pH 4) 4 140 40 20 12574 64 12
Memb-pep (pH7) 4 140 40 20 12615 73 13

with a time constant of 1 ps (tr = 1 ps) in the NVT ensemble.
Then, the systems were equilibrated in the NPT ensemble to
achieve the desired density. The Parrinello-Rahman®® semi-
isotropic pressure coupling was used to maintain the pressure
of 1 bar with a time constant (tp) of 5 ps and compressibility of
4.5 x 10 >/bar. Each system was well equilibrated for ~45 ns.
Then, the production run was carried out for up to 350 ns.

2.2. Umbrella sampling (US) simulations

The free energy barrier was computed to translocate the multi-
ple pHD24 peptides through the water-organic interface using
the umbrella sampling®* (US) method. Here, the reaction
coordinate (RC) employed for the US simulations was defined
as the Z-coordinate distance between the center of mass of all
peptides (as a single group) and the center of mass of the
reference system.

<t:: = Zpep - Zcom (1)

We have performed the US simulations for the four pHD24
peptides in the octanol-water and hexane-water systems simu-
lated in the amber99sb-ILDN force field. For each system, all
peptides were pulled at a rate of 0.005 nm ps ' and a force
constant of the bias potential of 500 k] mol ' nm™2,

For the membrane-peptide system, we pulled all the pep-
tides at a rate of 0.005 nm ps™~ ' with a force constant of the bias
potential of 100 k] mol * nm 2. In this case, the RC applied was
the Z-coordinate distance between the center of mass of all
peptides (as a single group) and the center of mass of the
membrane.

Later, the weighted histogram analysis method (WHAM
was used to construct potential of mean force (PMF) profiles
and estimate statistical errors. We pulled four peptides from
the water-organic (hexane and octanol) interface towards the
organic medium. This was performed for systems at pH 4
(acidic pH) and neutral pH 7 (physiological pH). Similarly, all
the peptides were pulled from the membrane hydrophilic-
hydrophobic interface through the hydrophobic core of the
membrane towards the aqueous region. A window spacing of
0.2 nm was used to collect the initial windows for the US

)45

simulation. In the case of the octanol-water and hexane-water
systems, ~28 windows were sampled. For the membrane-
peptide systems, around 42 windows were simulated for 5 ns
of equilibration, followed by 50 ns of production sampling. The
window simulations were replicated twice and found to con-
verge around 45 ns, which was then extended to 50 ns; the
convergence plots are shown in Fig. S2.
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3. Results and discussion

In the following sections, we discuss the aggregation tendency,
translocation pathways, and free energy barrier of four pHD24
peptides through the octanol-water and hexane-water inter-
faces at pH 4 and 7. All the results discussed here are those for
the AMBER force field. In the CHARMM force field, the results
followed a similar trend, and their corresponding data are
provided in the SI. Later, we compared our results to those of
the heterogeneous symmetric membrane-peptide systems at
both pH levels.

3.1. Aggregation of pHD24 in the interfaces

In both interface systems, peptides were found to reside at the
interface between the water and organic layers. The aggregation
tendencies of the pHD24 peptides in both the octanol-water
and hexane-water interfaces at the acidic pH and neutral pH in
the AMBER force field are shown in Fig. 1.

In the case of the octanol-water medium, the peptides had a
more elongated and extended structure as compared with
peptides in the hexane-water interface. The compactness of
the peptides can be found from the probability density curve of
the radius of gyration (R,) data given in Fig. 2a. Here, the
maximum probability density of R, for the hexane-water

a) v‘; b) ) % a) ; 5
q ) BTN f s y .
ST A W Ay b
AR e Y S Ged
= $ ' 2o
7 S ,Q/’cw"‘s; A
R vl i w?

Fig. 1 Snapshot of the aggregate of the pHD24 peptide formed at the (a)
octanol-water interface at pH 4, (b) octanol-water interface at pH 7, (c)
hexane-water interface at pH 4, and (d) hexane—water interface at pH 7 in
the AMBER force field.
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Fig. 2 (a) Probability density of the radius of gyration (nm) of the peptides;

peptide—peptide RDF plots at the interface for (b) octanol-water at pH 4
(red) and pH 7 (black) and (c) hexane—water at pH 4 (blue) and pH 7 (green)
in the AMBER force field.
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Table 3 The maximum number of hydrogen bonds for the inter-peptide,
intra-peptide, and peptide—water cases in the octanol-water and hexane—
water systems when the peptides are in the interface at pH 4 and pH 7 in
the AMBER force field

Octanol-water Hexane-water

Pairs pPH 4 pH 7 pH 4 pH 7
Peptide-peptide (inter) 10 2 4 2
Peptide-peptide (intra) 24 30 41 40
Peptide-water 302 311 311 318

system was shifted towards a relatively low R, value, while for the
octanol-water system, it was shifted to a relatively high R, value.
In the case of the octanol-water system, the maximum probability
density of R, value was ~4.6 nm at pH 4 and ~4.1 nm at pH 7
(Fig. 2a). This confirmed the extended structure of the peptides at
the octanol-water interface at pH 4 (Fig. 1a). In Fig. 2b and c, we
have plotted the radial distribution function of the center of mass
of one peptide with respect to the center of mass of the other
three peptides in the interface. It was evident that at pH 4, for the
octanol-water interface, the peptides had the maximum aggrega-
tion tendency as compared with other systems.

Hence, we found the maximum probability of the peptide-
peptide interaction at pH 4 than at pH 7 in this case (Fig. 2b). At
PpH 7, the peptides were found to be nearby without any direct
linkage. The probability density of R, data in the case of the
CHARMM force field is given in the SI, Fig. S3. For the hexane-
water system, the peptides were found to be compact and rigid
with a maximum probability of R, value of ~3.0 nm and
~3.7 nm at pH 4 and pH 7, respectively. The four peptides
were found to be near each other, yet no direct linkage was
observed at pH 4 (Fig. 1c). While at pH 7, two peptides were
found to come near each other as a dimer (Fig. 1d). The
hydrogen bonds formed between the peptides and peptide with
water in the AMBER force field and the CHARMM force field are
given in Table 3 and Table S1, respectively.

In general, the peptide-peptide aggregation is facilitated by
the inter-peptide-peptide hydrogen bond and electrostatic
interactions. In our study, at pH 4, the peptides tend to
aggregate more, with favourable inter-peptide hydrogen bond
interactions, than at pH 7.

In the octanol-water interface, the peptides were found to be
interconnected more at pH 4 due to the relatively high number of
inter-peptide-peptide interactions (around 10), with an electro-
static attractive interaction of —38627 kJ mol *. The Coulombic
interaction energy data between the peptides when they are in
the interface in the CHARMM force field are provided in Table
S2. Because of the high number of interpeptide interactions, the
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intra-peptide hydrogen bond interaction and interaction with the
water molecules were comparatively fewer at pH 4 than at pH 7.
Hence, the peptides were favourably aggregated in the octanol-
water interface at pH 4. While at pH 7, the peptides were found
to be near each other without any direct linkage, with the least
Coulombic interaction of —37571 kJ mol .

At the acidic pH, the peptides formed additional hydrogen
bonds due to the protonation state of the histidine residues
and had more hydrogen bonds between the peptides and fewer
hydrogen bonds with water than at pH 7. In our case, we found
the interaction of protonated histidine (HIP21) in one peptide
chain with the GLN24 residue of another peptide and HIP7
residue in one peptide with the ALA23 residue in another
peptide chain at pH 4 in the octanol-water interface, which
facilitated the aggregation (Fig. S4). The solvent environment,
pH, and the presence of interfaces influenced the variations in
the peptide-peptide interactions in the different systems.

The numbers of inter-peptide hydrogen bonds formed in the
hexane-water case at pH 4 and pH 7 were around 4 and 2,
respectively, which were lower than those for the octanol-water
system. However, this interface had a relatively large number of
intra-peptide hydrogen bonds. We computed the secondary
structures of the peptides using the DSSP algorithm, which
are tabulated in Table 4, and the plots are given in Fig. S5 for
the AMBER force field. Similarly, the secondary structure data
of the peptides in the CHARMM force field were obtained and
are presented in Table S3. At the interfaces, the peptides could
interact with both hydrophobic and hydrophilic environments.
This balance affected the secondary structures. A higher per-
centage of the secondary structures was observed for the
peptide in the hexane-water interface systems than for the
peptide in the octanol-water interface.

This was because the octanol was more amphiphilic in
nature, and it interacts with the peptides, which reduces the
percentage of the secondary structure of the peptides compared
to that of the hexane-water system. In other words, hexane’s
nonpolar nature restricted its interaction with peptides, result-
ing in minimal hydrophobic interactions. Consequently, the
peptides interacted more with themselves/each other, leading
to a more compact protein structure, as indicated by the
increased intramolecular hydrogen bonds.

The intra-peptide bond affected the secondary structure of the
peptides. At pH 4, a relatively high percentage of extended
random coil structures (61%) was observed for the octanol-water
interface, which could be related to the high probable R, value
(Fig. 2a). The peptides also showed the beta-sheet formation
tendency only at pH 4 (2% beta sheet and 2% beta bridge).

Table 4 Percentage of the secondary structures of the peptides for the octanol-water and hexane—water systems at pH 4 and 7 in the AMBER force

field
Interface systems pH Total % of structured/ordered A-helix 3-helix B sheet B bridge Coil Bend Turn
Octanol-water 4 18 2 6 2 2 61 13 13

7 24 6 9 0 0 52 12 17
Hexane-water 4 34 18 13 2 1 42 9 14

7 28 13 13 0 0 44 12 16

854 | Phys. Chem. Chem. Phys., 2026, 28, 850-861
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In the case of the hexane-water system, the strong intra-
peptide hydrogen bonds discussed above (Table 3) gave rise to a
higher percentage of secondary structure content (sum of the
percentages of alpha helix, beta-sheet, beta-bridge, and turn
content) than in the octanol-water system. Further, the total
percentage of the structured content of the peptide was found
to be high at pH 4, in contrast to the trend seen in the octanol-
water case. More alpha helix content was observed at pH 4
(18%) than at pH 7 (13%) in this case. At pH 4 and 7, the
peptide—peptide coulombic interaction energies were —38683
k] mol ™" and —38143 kJ mol ™", respectively.

Therefore, in our study, we found that the hexane-water
interface stabilizes the peptides with a favourable intra-peptide
interaction. While the octanol-water interface served as a
suitable amphiphilic hydrophobic environment, it facilitates
contact with other peptides, leading to aggregation and suitable
interpeptide interactions. The peptides at the octanol interface
had a more extended structure and less percentage of second-
ary structures. The aggregation tendency was found to occur
more at a low pH due to the protonation state of the histidine
residue. The aggregation tendency of the pHD24 peptides in the
interface and their interaction with the water and organic layers
affected their translocation across the organic layer, and hence,
in the next section, we explore the translocation pathway of the
four pHD24 peptides through the octanol-water and hexane-
water media at acidic and neutral pH.

3.2. Translocation of the pHD24 aggregate through the
octanol-water interface

In this section, we discussed the aggregation and translocation
of four pHD24 peptides through the octanol-water interface at
pH 4 and pH 7 in the AMBER force field. We used the AMBER
trajectory since the peptides were found to be significantly
aggregated in this force field. The translocation pathway for
the octanol-water system is given in Fig. 3.

Initially, the four pHD24 peptides were found to be arranged
randomly over the octanol-water interface in a planar manner.
As we have already seen in the previous section, due to the
enhanced inter-peptide interactions, the four pHD24 peptides
were found to be more aggregated and compact at pH 4; during
translocation, they maintained that trend. Here, all peptides
were found to be translocated together, which confirmed their
cooperative activity during the permeation. This was further
confirmed from the interaction energy data of the four pHD24
peptides during the permeation across the octanol and hexane
media from the interface (Table 5).

As shown in Table 5, the peptide-peptide interaction is more
prominent at a low pH than at pH 7 during the translocation. The
peptides were found to have more interaction with water than the
organic layer at both pH levels. For the hexane-water interface,
this interaction was found to be more. Hence, when the peptides
permeated, they carried water with them during the transloca-
tion. In the octanol-water interface at pH 4, the peptides were
translocated through the octanol phase from the interface by
creating a pore with a narrow water channel, which partitioned
the octanol layer into two phases (Fig. 3d-f). The low aggregation
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propensity and strong peptide-octanol interaction at pH 7, how-
ever, did not result in a well-defined water channel, as shown in
Fig. 3j. The water density across the octanol medium during the
peptide translocation was higher at pH 4 than at pH 7, as shown
in Fig. 4, which further confirmed the formation of a large pore,
allowing the permeation of water molecules at a low pH.

At pH 7, the peptides were found to diffuse through the
octanol phase; no well-defined pore was created (Fig. 3j-1). The
peptides took some water with them during the permeation,
and hence, we found the leakage of water. The free energy
barrier for the translocation of peptides is shown in Fig. 6. It
can be seen that the free energy barrier at pH 4 was lower
compared to that at pH 7. The translocation barrier for the four
pHD24 peptides to cross through the octanol medium was
309.6 k] mol ' at pH 4 and 686.7 k] mol ' at pH 7. The
formation of a big pore and a low free energy barrier can be
explained by the cooperative activity of the peptides at pH 4.
The aggregation of the peptides at this pH helped the smooth
permeation of all four peptides. Next, we discussed the permea-
tion pathway of the peptides across the hexane-water interface.

3.3. Translocation of the pHD24 aggregate through the
hexane-water interface

In Fig. 5, the translocation pathways of the four pHD24 pep-
tides through the hexane-water interface are given at pH 4 and
pH 7. In the case of the hexane-water interface, the peptides
were compact, but they were not interlinked. They had more
intra-peptide hydrogen bonds that helped them to maintain
their secondary structures.

At pH 4, the peptide conformations were found to be more
compact (Fig. 5b-d) than those at pH 7. Even though the
hexane medium was hydrophobic in nature, the peptides
suffered repulsive interactions with the medium, and the
interaction energy of peptide-hexane was 3.92 k] mol~". The
peptides had a tendency to interact with the water molecules,
and hence, during translocation, they proceeded with some
water molecules through the hexane medium. We found that
water leakage was created during the translocation of the four
pHD24 peptides (Fig. 4). However, the water density here was
lower compared to that in the octanol system. This was due to
the repulsion of the hexane molecules with the water, and
hence, the density was quite low. Octanol had a strong attrac-
tive interaction with the water molecules at both pH levels.

At pH 7, (Fig. 5e-h) the peptides had a slight attractive
interaction, around —0.92 k] mol~*, with the hexane medium
and a strong attractive interaction with the water molecules,
which helped to translocate easily through the water channel in
comparison to those at pH 4 (Fig. 5a-d). The water density in
the pore was found to be high at pH 7 for the hexane-water
system (Fig. 4). The differences in the permeation pathways, as
understood from the PMF profile computed from the US
simulations, are plotted in Fig. 6.

The four pHD24 peptides faced a higher energy barrier
during the permeation through the hexane medium compared
to the barrier for the octanol medium. At pH 7, as discussed
above, due to a favourable interaction with the organic layer
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Fig. 3 US simulation snapshots of the translocation pathways of the four pHD24 peptides through the octanol-water interface at (a)—(f) pH 4 and (g)-(1)
pH 7 in the AMBER force field. The periodic boundary condition is applied for water molecules in the —Z direction to clearly represent the image.

(Table 5) in comparison to that at pH 4, the translocation of the
peptides was easy. Hence, the free energy barrier of the trans-
location of the four pHD24 peptides through the hexane
medium was lower at pH 7 (such as 1016.4 k] mol™") than at
pH 4 (1321.3 k] mol™"), as shown in Fig. 6b. That is, the

856 | Phys. Chem. Chem. Phys., 2026, 28, 850-861

cooperative action of the four peptides helped to permeate
multiple peptides at pH 7 through the hexane medium, which
reduced the energy barrier.

In the CHARMM36m force field, the peptides were found to
be more elongated and extended at the octanol-water interface,
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Table 5 The Coulombic interaction energy (IE) between peptide—peptide, peptide—organic layer (octanol/hexane), peptide—water, and organic layer-
water during the four pHD24 translocations across the octanol-water and hexane—water interface systems at pH 4 and pH 7 in the AMBER force field

IE in the octanol-water system (kJ mol )

IE in the hexane-water system (k] mol ™)

Pairs pH 4 pH7 pH 4 pPH7
Peptide-peptide —37325 —35812.4 —37098.4 —36358.6
Peptide-organic —1310.53 —1774.33 3.92111 —0.921339
Peptide-water —12178.3 —12127.6 —14611.2 —14670.2
Organic-water —30784.9 —30595.8 109.786 113.181

400 —————T——1

L oct-wat:pH4 |
oct-wat:pH7
hex-wat:pH4 —f
— hex-wat:pH7

Water density (kg m 3)
g
1

L7

&
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|
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Distance from water interface (nm)

Fig. 4 The water density along the distance from the water interface (nm)
during the translocation of the peptides across the octanol and hexane
media at both pH levels.

similar to those in the AMBER force field. At pH 4, the peptides
were likely to be aggregated and translocated through the
octanol medium with some water leakage. However, for pH 7,
the peptide aggregate was found to be stuck inside the octanol
medium (Fig. S6). At the hexane-water interface, the peptides
were found to be well-aggregated and compact. However, they
faced a barrier to permeating completely through the hexane
medium, so that the peptides were found to be trapped inside
at both pH 4 and pH 7 (Fig. S7), similar to the results presented
in Fig. 5.

Our octanol-water system was found to accurately depict the
experimental findings of Kim et al,® which indicated that
synthetic pHD24 peptides could aggregate and permeate across
the hydrophobic medium, forming a macromolecular-sized
pore of a water channel at an acidic pH. The hexane-water
system clearly showed that when the number of peptide-
membrane interactions was low, the peptide faced a relatively
high energy barrier during permeation.

3.4. Confined water dynamics during peptide translocation

As we discussed in the earlier sections, the peptide transloca-
tion through the octanol and hexane medium was facilitated by
the formation of a water channel. The dynamics of the confined
water during the peptide translocation were understood by
computing the hydrogen bond lifetime*® (HBL) and diffusion
coefficient’” (D.) given in Table 6. Generally, two water mole-
cules were said to be hydrogen bonded when the H---O
distance is less than 2.5 A and the O-H- - -O angle is less than
130°. The expression used to calculate the hydrogen bond

This journal is © the Owner Societies 2026

lifetime from the hydrogen bond population operator is given
as follows:

SHB(t) _ <h(0) i H(Z)> (2)

<h(0)2>

Here, H(t) is the population parameter, which is equal to 1 if the
hydrogen bond exists or zero otherwise.*®

We considered the water molecules around all the peptides
within the range of 10 A as the confined water molecules, as
seen in the snapshot presented in Fig. 3d and j, 5d and h.
Hydrogen-bond lifetime was found to be longer for the hexane-
water systems at both pH levels than in the octanol-water case.
This was because of the presence of more dispersed water
around the peptides during their permeation. The high water
density (Fig. 4) of the pore created in the case of the octanol-
water system during peptide permeation increased the coop-
erative action of the hydrogen bond making and breaking,
leading to a shorter hydrogen bond lifetime than the hexane-
water interface system.

At pH 4, in the octanol-water interface system, water mole-
cules were confined, forming a nanopore, compared to that at
pH 7, resulting in a strong hydrogen bond and a long hydrogen
bond lifetime (Fig. 3f). On the contrary, water molecules were
more dispersed as monomers around the peptides at pH 7,
resulting in comparably weak hydrogen bonds and short hydro-
gen bond lifetimes (Fig. 3k).

We also calculated the diffusion coefficient of confined and
bulk water during the peptide translocation in the interface
systems. The self-diffusion coefficient value of water, computed
experimentally by J. H. Simpson and HY. Carr,*® is 2.13 x 107>
em” s~'. Theoretically, D.V. Zlenko computed the diffusion
coefficient of TIP4P water®® at 298 K as ~2.5 x 10> cm” s~ ..
In our case, we obtained a self-diffusion coefficient value of
2.49 x 10~ cm” s~ ! for the bulk TIP4P water in the interface
systems. It has been experimentally reported that the diffusion
coefficient of the water molecules in n-octanol is less than that
in the n-hexane medium.>" This is due to the hydrogen bonding
and electrostatic interactions of the water molecules with the
hydroxyl group of octanol, which slow down the diffusion of
water. In our case, water molecules were found to be more
diffusive in the hexane-water system at both pH levels than in
the octanol-water system. The nanoconfined water in the
octanol-water interface at pH 4 had the lowest diffusion
coefficient. The behavior of the confined water around the
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Fig. 5 US simulation snapshots of the translocation pathway of the four pHD24 peptides through the hexane—water interface at (a)—(d) pH 4 and (e)-(h)
pH 7 in the AMBER force field. The periodic boundary condition is applied for the water molecules in the —Z direction to clearly represent the image.
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Fig. 6 PMF profile corresponds to the translocation of the four pHD24
peptides through the (a) octanol-water interface and (b) hexane—water
interface at pH 4 (black) and pH 7 (red) in the AMBER force field.

protein indicated the importance of water permeation during
peptide transport.

In the next section, we discuss the aggregation and translo-
cation of the four pHD24 peptides through the heterogeneous
lipid bilayer.

3.5. pHD24 aggregation and translocation through the
heterogeneous membrane

In this section, we discuss the aggregation tendency and trans-
location of the four pHD24 peptides across the hydrophilic-
hydrophobic interface of a heterogeneous lipid bilayer, consist-
ing of POPC, POPS, and cholesterol lipids, at both pH 4 and 7.

858 | Phys. Chem. Chem. Phys., 2026, 28, 850-861

Table 6 The hydrogen-bond lifetime (HBL) and diffusion coefficient (D.)
were computed for confined water during the translocation of peptides at
pH 4 and 7 in the AMBER force field

Systems pH HBL (ps) D, (em?s™Y)
Octanol-water 4 2.98 2.58 x 107°
7 2.59 2.76 x 107°
Hexane-water 4 3.09 2.67 x 107°
7 2.82 3.26 x 107°

Similar to the octanol-water system, the pHD24 peptides
tend to aggregate on the bilayer surface at pH 4. They had a
more compact structure with an average R, value of 2.16 =+
0.13 nm. They also formed a similar secondary structure on the
membrane surface to the octanol-water interface. At pH 4, they
exhibited a high tendency to form beta-sheets (2%) and beta-
bridges (2%), which facilitated their aggregation. On the con-
trary, the peptides were randomly diffusing at pH 7 on the
membrane surface, as they were more stabilized by the aqueous
environment than by the membrane medium. Hence, the
average R, value was 3.44 + 0.92 nm. In this case, the peptides
tend to form an alpha-helix (1%) and a 3-helix (1%), which were
absent at pH 4. The secondary structure plots of the pHD24
peptides at pH 4 and 7, when they are in the membrane
interface, are provided in the SI (Fig. S8).
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Fig. 7 Number densities (hnm~>) of the phosphate head groups computed
during the translocation of the pHD24 peptides at (a) pH 4 and (b) pH 7. (c)
PMF profile corresponds to the translocation of the four pHD24 peptides
through the heterogeneous membrane at pH 4 (black) and pH 7 (red).

Next, we pulled all four pHD24 peptides through the hydro-
phobic core of the membrane at pH 4 and 7 to study the
translocation pathways and computed the permeation barrier
to cross the heterogeneous lipid bilayer. The snapshots corres-
ponding to the translocation pathway of the peptides at both
pH levels are given in Fig. S9.

The peptides were more compact at pH 4, and they translo-
cated through the water channel along the lipid molecules,
similar to those in the octanol-water interface system. Whereas
the peptides were more dispersed on the membrane surface
due to the high negative charge at pH 7. They faced more
barriers to cross the membrane. At pH 7, out of four peptides,
three peptides crossed the membrane, and the remaining
peptide was anchored on the upper layer of the membrane.
In this case, the peptides were translocated through a pore of a
water channel, which was smaller than the pore created at pH
4. The pore size computed from the number density of phos-
phate head groups is given in Fig. 7a and b. The computed pore
radii for pH 4 and 7 were 2.2 nm and 1.0 nm, respectively. The
PMF profile computed during the permeation of the peptides
through the membrane at pH 4 and 7 is shown in Fig. 7c.

From Fig. 7c, it is evident that the peptides face a low barrier
at pH 4, with an energy cost of 381.7 kJ] mol™". At pH 7, the
peptides translocated with a barrier of 498.9 k] mol *. The
results are in good agreement with the peptide aggregation and
translocation through the octanol-water interface systems.

4. Conclusions

To conclude, we found that the octanol-water interface was a
better system for depicting the membrane-peptide interaction
system for pHD peptides. At a low pH, the peptides were found
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to aggregate more due to the protonation state of histidine. The
aggregation propensity of the peptides helped them to perme-
ate smoothly at the lower pH through a water channel of bigger
size. We found a similar trend when studying the heteroge-
neous lipid bilayer system. In the hexane-water system, the
peptides were found to have less interactions with the solvent
medium, which helped them to maintain their secondary
structure. However, it increased their permeation barrier. The
presence of the dispersed water molecules with a low density
during peptide translocation through the hexane medium
resulted in a long hydrogen bond lifetime. Therefore, the
peptide-water and peptide-interface interactions were found
to be important parameters for the permeation of the peptides.
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