Molecular Dynamics Simulations of Membrane Selectivity of Star
Peptides Across Different Bacterial and Mammalian Bilipids

Amal Jayawardena', Andrew Hung?, Greg Qiao’, Neil O’Brien-Simpson*, Elnaz Hajizadeh!

! Soft Matter Informatics Research Group, Department of Mechanical Engineering, Faculty of Engineering and Information
Technology, University of Melbourne, Parkville, VIC, 3010, Australia
2 School of Science, STEM College, RMIT University, VIC, 3001, Australia
3 Department of Chemical Engineering, Faculty of Engineering and Information Technology, University of Melbourne,
Parkville, VIC, 3010, Australia
4ACTV Research Group, Division of Basic and Clinical Oral Sciences, The Melbourne Dental School, Royal Dental
Hospital, The University of Melbourne, Melbourne, Victoria 3010, Australia
*Corresponding Author: ellie.hajizadeh@unimelb.edu.au

Abstract

Star-shaped peptides a.k.a. structurally nanoengineered antimicrobial peptide polymers
(SNAPPs) are emerging as promising selective agents against bacterial membranes. In this
study, we used all atom molecular dynamics simulation techniques to investigate the interaction
of a promising cationic SNAPP architecture (Alt-SNAPP with 8 arms made of alternating
lysine and valine residues) with modelled Gram-negative, Gram-positive, mammalian, and red
blood cell membranes. Alt-SNAPP exhibited rapid and stable binding to bacterial membranes,
driven by electrostatic interactions with anionic lipids such as phosphatidylglycerol (PG) and
cardiolipin (CL), and supported by membrane fluidity. In contrast, mammalian and red blood
cell membranes, enriched in zwitterionic lipids and cholesterol, resisted peptide association
entirely. Analyses of center of mass distance, partial density, hydrogen bonding, and interaction
energy confirmed that SNAPP remains fully excluded from host like membranes while forming
stable, multivalent interactions with bacterial bilayers. These findings provide mechanistic
insight into SNAPP’s membrane selectivity and offer a molecular framework for designing
next generation antimicrobial polymers with minimal off target toxicity.

1. Introduction

The growing crisis of antimicrobial resistance (AMR) continues to pose a major challenge to
modern medicine, with traditional antibiotics becoming increasingly ineffective against a broad
range of pathogenic bacteria!®. This urgency has accelerated the search for alternative
antimicrobial strategies, particularly those that can bypass common resistance mechanisms.
Among these, antimicrobial peptides (AMPs) have gained widespread interest due to their
ability to physically disrupt bacterial membranes rather than relying on intracellular targets,
thereby reducing the potential for resistance development’: 8,

Structurally nanoengineered antimicrobial peptide polymers (SNAPPs) represent a next-
generation class of synthetic antimicrobials that build upon the membrane targeting mechanism
of classical AMPs® '3, These star shaped polymers are designed to engage in multivalent
interactions with bacterial membranes, amplifying membrane disruption through a
combination of electrostatic attraction and hydrophobic anchoring!*. This unique structural
arrangement not only enhances bactericidal efficacy but also improves stability and resistance
to enzymatic degradation.

A crucial requirement for therapeutic application of SNAPPs and similar membrane-active
peptides is achieving selective targeting of bacterial membranes without adversely affecting
mammalian cells. Bacterial membranes typically contain a high proportion of negatively



charged phospholipids such as phosphatidylglycerol (PG) and cardiolipin, whereas mammalian
membranes are rich in zwitterionic phosphatidylcholine (PC) and often contain cholesterol!>-
9 These compositional differences form the molecular basis for selective interaction!”- 2022,
However, the physical similarity between the lipid bilayers of bacterial and mammalian cells
makes complete discrimination challenging. Membrane selectivity is therefore a key design
criterion in AMP development to avoid cytotoxicity and hemolysis®’.

Experimental work has demonstrated that SNAPPs exhibit minimal toxicity toward
mammalian cells. Studies involving hemolysis assays and cell viability measurements have
shown that SNAPPs remain non-disruptive to mammalian membranes at antimicrobial
concentrations, suggesting intrinsic selectivity toward bacterial bilayers®!!. However, the
molecular determinants of this selectivity, and the extent to which chemical modifications can
enhance or compromise it, remain poorly understood.

To investigate the molecular basis of this observed selectivity, we employed all-atom molecular
dynamics simulations to study the interactions of a model SNAPP featuring a star-shaped
architecture. As shown in Figure le, this polypeptide consists of eight arms extending from a
central hydrophobic core. Each arm follows a repeating lysine and valine sequence
(KKVKKVKKVKKVKKYV). Due to this alternating residue pattern, we refer to the construct
as Alt-SNAPP. SNAPPs can adopt a range of configurations by varying the number of arms,
the amino acid composition within each arm, and the arm length. Experimental studies®!! have
shown that the eight-arm variant exhibits good performance. Consistent with these findings,
our previous computational studies have also employed the eight-arm SNAPP model'* 4. This
model captures the key features of experimentally synthesized SNAPPs® and enables a
systematic evaluation of peptide membrane interactions at atomic resolution.

The Alt-SNAPP model was placed above a series of biologically relevant lipid bilayers
representing Gram-negative, Gram-positive, mammalian and red blood cell membranes as
shown in Figures la, 1b, Ic, and 1d. These membrane systems were selected to reflect the
compositional diversity encountered in bacterial versus mammalian cells and to allow direct
comparison of interaction behaviors!'>-1%.

This manuscript is organized as follows. Section 2 describes the methodology used to construct
the Alt-SNAPP and membrane systems and outlines the simulation parameters and analysis
techniques employed. These include all-atom molecular dynamics simulations, center-of-mass
(COM) distance calculations of the center-of-mass (COM) distance of Alt-SNAPP from the
upper leaflet of the bilayer along the membrane normal (z-axis), partial density profiling,
hydrogen bond analysis, and decomposition of interaction energies. Section 3 presents the
results and discussion and is structured into four main parts. The Subsection 3.1 examines the
time taken by Alt-SNAPP to approach the membrane surface by tracking the center-of-mass
(COM) distance relative to the upper leaflet of the bilayer. The Subsection 3.2 presents partial
density profiles to assess the spatial distribution of Alt-SNAPP relative to the membrane. In
the Subsection 3.3, the number of hydrogen bonds formed between the peptide and lipid
headgroups are quantified to evaluate specific polar interactions. The Subsection 3.4 analyzes
the nonbonded interaction energies between Alt-SNAPP and the membrane, further resolved
by amino acid residues and lipid types, to identify the driving forces of membrane association.
Finally, Section 4 provides the conclusion, summarizing the key findings and highlighting their
relevance to the design of selective, membrane-active antimicrobial polymers.

2. Methodology



All atom molecular dynamics simulations were performed using the GROMACS 2023.5
software package?*. The CHARMM36 force field was employed based on its demonstrated
accuracy in reproducing lipid bilayer properties and peptide-membrane interactions®*. The Alt-
SNAPP structure consisted of eight arms, each featuring an alternating sequence of lysine and
valine residues in a 2:1 ratio'4, as illustrated in Figure le.

The Alt-SNAPP structure was built using a modular approach. Initially, individual arms were
modelled using Avogadro molecular modelling software?’, which allowed for precise sequence
control and the specification of initial geometries. Each arm was constructed in an a-helical
conformation to reflect their experimentally observed behaviour in aqueous or membrane
environments®!!, A central hydrophobic core was then generated using Packmol®S,
approximated as a spherical cluster of 400 carbon atoms to mimic the steric bulk and
hydrophobic nature of the polymer core. The eight arms were covalently bonded to core atoms
via their C-terminal carbonyl groups, with fixed bond lengths of 2.5 A, yielding a symmetrical,
star-shaped SNAPP.

Experimentally, SNAPPs are synthesized through ring-opening polymerization of lysine and
valine N-carboxyanhydrides (NCAs), initiated by PAMAM dendrimers bearing terminal amine
groups. This synthetic method ensures covalent linkage of the C-terminus of lysine residues to
the core, creating the multivalent, star-like architecture’.

Table 1 - Lipid composition of the bacterial and mammalian membrane models used in this study. Abbreviations: POPE,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol;
PVCL2, 1,1-palmitoyl-2,2-vacenoyl cardiolipin; POPC, 1-palmitoyl-2-oleoyl-phosphatidylcholine; PSM, palmitoyl-
sphingomyelin; Chol, cholesterol; POPS, 1-palmitoyl-2-oleoyl-phosphatidylserine. The visual representations of the
bilayer systems, along with their corresponding lipid colour codes, are shown in Figures 1a-1d.

Type of Membrane Lipid composition

Modelled Gram-negative POPE (Blue) — 70%
POPG (Pink) — 30%

Modelled Gram-positive POPG (Pink) - 60%
PVCL2 (Grey) — 40%

Modelled Mammalian POPC (Orange) - 100%

Red Blood Cells (RBC) Exo Endo
PSM (Green) — 43% PSM (Green) — 4%
POPC (Orange) - 40% POPC (Orange) - 22%
CHOL (Black) — 11% CHOL (Black) — 11%
POPE (Blue) — 3% POPE (Blue) —38%
POPS (Purple) — 3% POPS (Purple) —25%

Atomistic bilayer membranes were constructed using the CHARMM-GUI Membrane
Builder?”- 28, As detailed in Table 1, each bilayer was constructed using lipid compositions
representative of Gram-negative, Gram-positive, mammalian, and red blood cell membranes!'>
19 These compositions were applied symmetrically across both leaflets, except in the case of
red blood cells, where distinct lipid compositions were used for the inner and outer leaflets to
reflect physiological asymmetry (Table 1). The SNAPP molecules were manually positioned
using VMD? such that the center of mass of Alt-SNAPP was placed 8 nm above the upper
leaflet of the bilayer, minimizing orientation bias at the start of the simulation in accordance
with previously established protocols as shown in Figures 1a, 1b, 1¢ and 1d3°-32, Potassium and
Chloride ions were added to neutralize the system and approximate a physiological salt



concentration of 150 mM. The full details of the simulation box dimension, lipid composition,
water content, ion counts, and total simulation times for all systems are summarized in Table

2.

a)

Gram-Negative Membrane
POPE (Blue) — 70%
POPG (Pink) —30%

b)

Gram-Positive Membrane
POPG (Pink) — 60%
PVCL2 (Grey) — 40%
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Mammalian Membrane
POPC (Orange) — 100%

d)

Exo

PSM (Green) —43%
POPC (Orange) - 40%
CHOL (Black) — 11%
POPE (Blue) — 3%
POPS (Purple) — 3%

Red Blood Cell Membrane

Endo

PSM (Green) — 4%
POPC (Orange) - 22%
CHOL (Black) — 11%
POPE (Blue) — 38%
POPS (Purple) — 25%

One arm
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Figure 1 - Initial configuration of Alt-SNAPP positioned approximately 8 nm above the surface of each modelled
membrane system: a) modelled Gram-negative membrane composed of POPE (blue) and POPG (pink), b) modelled
Gram-positive membrane composed of POPG (pink) and PVCL2 (grey), c) modelled mammalian membrane composed
entirely of POPC (orange), and d) modelled red blood cell (RBC) membrane with an asymmetric distribution of POPC
(orange), PSM (green), CHOL (black), POPE (blue), and POPS (purple); lipid types are coloured according to their
identity, and phosphate headgroups are shown in black in all membrane system. e) Structural representation of the
star shaped Alt-SNAPP molecule, consisting of eight arms with a 2:1 repeating lysine (K) and valine (V) sequence in
alternating order.



Energy minimization was carried out using the steepest descent algorithm until the maximum
force in the system was less than 1000 kJ-mol™-nm™. The systems were then equilibrated for
50 ns under constant pressure and temperature (NPT ensemble). The LINCS algorithm was
used to constrain all bonds involving hydrogen atoms®3, and electrostatics were treated using
the Particle Mesh Ewald (PME) method*#. During equilibration, the V-rescale thermostat®® and
C-rescale barostat®® were used to control temperature and pressure, respectively. The
temperature was maintained at 303.15 K with a coupling constant of 1 ps, while pressure was
controlled at 1 bar using semi-isotropic pressure coupling with a time constant of 5 ps and
compressibility 4.5 x 107 kJ~'-mol-nm?. Production simulations were also conducted using the
V-rescale thermostat and the C-rescale barostat to maintain the same conditions.

Table 2 - System composition for each SNAPP membrane system studied. The table summarizes the box dimensions,
number of lipid molecules (by type), total water molecules (TIP3), ion counts (K *as POT and Cl"as CLA), and total
simulation time for each membrane system interacting with the Alt-SNAPP.

Simula
) . Box size | Number of lipid | Number of water | Number of tion
Simulation . .
(nm) molecules molecules ions time
(ns)
Gram-
negative | 1000 | pOPETOSS | TIP3-466072 | POT-1769 | (o
membrane vs 39'72085 CLA - 1447
Alt-SNAPP )
Gram-
Positive | 000207 | POPG-540 | TIP3-467460 | POT-2630 | (oo
membrane vs 38'44720 PVCL2 - 360 CLA - 1450
Alt-SNAPP )
Mammalian 19.33693
membrane vs | 19.33693 | POPC- 1172 | TIP3-465651 | (0, 1430 | 500
Alt-SNAPP 41.18354
POPC - 434
Redbood | 1385045 | PsM 329 OT - 1611
18.85945 POPS - 196 TIP3 - 478965 500
membrane vs CLA - 1495
AI-SNAPP 40.35068 CHL - 154
POPE - 287

Time to Contact Analysis via Center of Mass Distance

The time required for Alt-SNAPP to reach the membrane surface was assessed by calculating
the center of mass (COM) distance of the Alt-SNAPP from the top leaflet of the bilayer along
the membrane normal (z-axis) as a function of time. The top leaflet was defined based on the
phosphate atoms of the upper bilayer, which served as a structural reference for the membrane
surface. This analysis was conducted using the gmx distance module in GROMACS, with
custom index groups used to define Alt-SNAPP and membrane components.

Partial Density Profiles Analysis



The spatial distribution of Alt-SNAPP along the membrane normal was analysed by computing
partial mass density profiles using the gmx density tool in GROMACS. The simulation box
was divided into narrow slabs along the z-axis, and the average mass density was calculated
for AIt-SNAPP. This method enabled visualization of the relative position and localization of
Alt-SNAPP across different membrane environments, providing insight into membrane
association and selectivity.

Hydrogen Bonding Analysis

To investigate residue-specific and lipid-specific polar interactions, hydrogen bonds formed
between Alt-SNAPP and membrane lipids were analysed using the hydrogen bond analysis
plugin in VMD?. The analysis was performed separately for each lipid species, allowing
quantification of hydrogen bonds formed by lysine and valine residues of Alt-SNAPP with
individual lipid types. Hydrogen bonds were resolved by both lipid identity and residue type to
assess how different components contributed to the membrane association. This approach
provided a detailed understanding of the specific roles of lysine, valine, and distinct lipid
headgroups in mediating polar contacts at the membrane interface.

Interaction Potential Energy Analysis

Interaction potential energies between the Alt-SNAPP and membrane components were
calculated using the gmx energy module in GROMACS. These short-range nonbonded
interactions were computed within the defined cutoff distance and separated into Coulombic
(electrostatic) and van der Waals (Lennard Jones) components, as defined by the force field.
To better understand the molecular forces that drive Alt-SNAPP interactions with membranes,
the analysis was extended beyond the total interaction energy.

Energies were further resolved by amino acid type, specifically lysine and valine, and by
individual lipid species within each membrane system. This residue-level and lipid-level
resolution allowed us to quantify the contributions of positively charged and hydrophobic
residues to the interaction energy with each lipid type. For each interaction pair, Coulombic,
van der Waals, and total interaction energies were calculated and plotted separately. This
approach enabled a detailed comparison of the molecular interactions that influence Alt-
SNAPP’s selectivity toward bacterial and mammalian membranes.

3. Results and Discussion

3.1.Time to Membrane Contact for Alt-SNAPP with Gram-negative, Gram-positive,
Mammalian, and Red Blood Cell Membranes

The molecular dynamics simulations revealed distinct patterns of Alt-SNAPP interaction
across the different membrane systems, primarily governed by lipid composition and bilayer
properties. These trends are consistent with experimental observations, indicating that SNAPPs
preferentially target bacterial membranes, while sparing mammalian and erythrocyte
membranes, a feature critical for their therapeutic application®!!.
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Figure 2 - Time evolution of  Alt-SNAPP  approach toward  the membrane surface.
a) Center of mass (COM) distance of the Alt-SNAPP from the bilayer surface over time, starting from an initial separation
of approximately 8 nm; the COM distance reflects the vertical displacement between the peptide and the phosphate
plane of the upper leaflet. b) Representative snapshots at 0 ns showing the initial placement of Alt-SNAPP above each
modelled membrane system. c) Snapshots at 250 ns illustrating the intermediate approach toward the bilayer surface.




d) Snapshots at 500 ns showing the final position of Alt-SNAPP relative to each membrane. All structures were
visualized using VMD.

In the modelled Gram-negative membrane composed of 70 percent phosphatidylethanolamine
(POPE) and 30 percent phosphatidylglycerol (POPG), Alt-SNAPP rapidly approached the
bilayer, with the center of mass (COM) distance decreasing from 8 nm to 2 nm within the first
200 ns, as shown by the blue curve in Figure 2a. From 200 ns to 500 ns, the peptide continued
to move toward the membrane surface, eventually reaching the upper leaflet, as illustrated in
Figures 2a through 2d. This behaviour is likely driven by strong electrostatic attraction between
the cationic branches of SNAPP and the anionic surface provided by POPG, further facilitated
by the loosely packed, fluid structure of POPE as shown in Figure 3%7. The observed rapid
binding aligns with experimental data showing fast membrane disruption in Gram-negative
bacteria upon SNAPP exposure’, and with findings that polycationic antimicrobial agents
favour interaction with disordered, negatively charged bilayers?®.

In contrast, the Gram-positive membrane model, composed of 60 percent phosphatidylglycerol
(POPG) and 40 percent PVCL2, a doubly anionic cardiolipin species, exhibited a slower initial
interaction with Alt-SNAPP as shown in Figures 2a magenta line. The center of mass (COM)
distance of the Alt-SNAPP from the Gram-positive membrane remained above 7 nm for the
first 150 ns, followed by a gradual approach that reached approximately 4 nm by 200 ns. In
comparison, Alt-SNAPP reached the 2 nm mark by 200 ns in the Gram-negative membrane.
As shown quantitatively in Figure 2a and qualitatively in Figure 2c, Alt-SNAPP positioned
itself farther from the bilayer headgroups in the Gram-positive system during the early phase
of the simulation. Although the initial association was delayed relative to the Gram-negative
membrane, the final insertion depth was slightly greater in the Gram-positive system,
suggesting a more stable and deeper engagement once binding occurred, as illustrated in
Figures 2a and 2d. This observation suggests that the timing and depth of interaction are
influenced by different membrane molecular features.

While both membranes share a high surface charge due to the presence of anionic lipids, the
delayed interaction in the Gram-positive system may result from the structural effects of
cardiolipin®®. As a tetra acyl phospholipid with a conical geometry and a net charge of -2,
cardiolipin is known to promote tighter lipid packing, increase membrane order, and reduce
lateral lipid mobility. These characteristics create a more rigid and organized environment that
may initially resist peptide penetration***>. However, once Alt-SNAPP engages with the
bilayer, its interaction appears more persistent and penetrative than in the Gram-negative
system.

Although the peptidoglycan matrix of Gram-positive bacteria was not included in the model,
these results show that lipid composition alone, particularly the presence of cardiolipin, can
significantly affect both the rate and extent of peptide membrane association. This behaviour
aligns with experimental findings that cardiolipin enriched membranes are less susceptible to
immediate disruption but can be targeted over longer timescales by cationic antimicrobial
agents 424,

In stark contrast, the modelled mammalian membrane, made entirely of phosphatidylcholine
(POPC), demonstrated minimal SNAPP interaction as shown in Figure 2a orange line. POPC
is a zwitterionic lipid with no net charge, and the membrane lacks anionic components or
structural defects that would enable electrostatic attraction or insertion. The COM distance
remained stable throughout the 500 ns, indicating that SNAPP failed to associate with the



bilayer. This result is consistent with biophysical studies showing that POPC only membranes
resist peptide insertion due to their high lipid order and neutral headgroup chemistry**.
Importantly, this aligns with in vitro data showing that SNAPPs exhibit minimal cytotoxicity
to mammalian cells®!!, a feature directly supported by the lack of observed membrane
interaction in our simulations.

The red blood cell (RBC) membrane model was composed of two asymmetric leaflets: the
exoplasmic leaflet contained 43 percent PSM (palmitoyl sphingomyelin), 40 percent POPC, 11
percent cholesterol (CHOL), 3 percent POPE, and 3 percent phosphatidylserine (POPS), while
the endoplasmic leaflet consisted of 4 percent PSM, 22 percent POPC, 11 percent CHOL, 38
percent POPE, and 25 percent POPS. This composition reflects the well-documented
asymmetry and cholesterol enrichment of erythrocyte membranes*. Throughout the
simulation, SNAPP showed no attempt to approach, with the COM distance remaining above
9 nm as shown in Figure 2a green line. High amount of sphingomyelin and cholesterol in the
outer leaflet result in a tightly packed, ordered domains that strongly resist peptide adsorption
and insertion. To quantitatively assess this effect, Figure 3 presents the evolution of the area
per lipid over a 500 ns simulation period. The results reveal a progressive reduction in the
headgroup area within the red blood cell membrane compared with the Gram-negative
membrane, highlighting the enhanced lipid packing density in the former. It is also important
to note that although periodic boundary conditions theoretically allow the peptide to drift
toward the lower (intracellular) leaflet, this did not occur, as SNAPP consistently remained
closer to the upper leaflet throughout the trajectory as shown in Figure 2. These results mirror
experimental findings that SNAPPs exhibit minimal haemolytic activity, even at bactericidal
concentrations’ and emphasize the biophysical barrier that cholesterol and sphingomyelin rich
membranes pose to antimicrobial polymers* 47,
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Figure 3 - Comparison of area per lipid between red blood cell and Gram-negative membranes over 500 ns of
simulation.



Collectively, the molecular dynamics simulation results establish a clear mechanistic
explanation for the membrane selectivity exhibited by Alt-SNAPP. The degree of SNAPP
interaction is strongly influenced by the composition of the lipid bilayer, particularly the
presence of anionic lipids such as phosphatidylglycerol and phosphatidylethanolamine, and the
absence of lipid species that promote ordered membrane domains, including sphingomyelin
and cholesterol. In bacterial membranes enriched with negatively charged and fluid lipid
components, SNAPP readily associates and remains stably embedded near the membrane
interface. In contrast, mammalian and red blood cell membranes, which are composed
primarily of zwitterionic lipids such as phosphatidylcholine and sphingomyelin and contain
high levels of cholesterol, exhibit minimal to no interaction with SNAPP.

To further characterize the structural basis of the observed selectivity, we conducted partial
density analyses of AIt-SNAPP and the membrane along the bilayer normal. This analysis
allowed us to visualize the spatial distribution of the peptide relative to the membrane and to
quantify the degree of insertion and overlap in each system.

3.2.Spatial Distribution and Depth of SNAPP Association Across Membrane Types

To quantitatively assess the spatial arrangement of SNAPP in each membrane environment,
we computed normalized partial density profiles along the bilayer normal for both SNAPP and
the surrounding membrane lipids. These profiles provide insight into the extent of vertical
penetration and alignment relative to the bilayer interface and complement the center-of-mass
(COM) distance analysis presented earlier.

In the Gram-negative membrane system, the SNAPP density peak partially overlaps with the
headgroup region of the lipid bilayer as shown in Figure 4a. This spatial coincidence indicates
that SNAPP is positioned at or just above the phosphate-rich zone, consistent with surface
binding and shallow insertion. The interaction is likely driven by electrostatic attraction
between the multivalent cationic SNAPP and the anionic POPG, while POPE contributes to
bilayer fluidity and negative intrinsic curvature that may further promote binding®”- 48-3,

In the case of Gram-positive membrane, Alt-SNAPP exhibits a similar overall profile, with its
peak marginally more inserted than in the Gram-negative system as shown in Figure 4b. While
the difference is modest, it reflects a slightly deeper engagement with the bilayer, despite the
presence of more ordered lipid domains imposed by PVCL2. This finding suggests that higher
anionic lipid content may enhance electrostatic anchoring, enabling Alt-SNAPP to access
regions closer to the upper acyl chain zone of the bilayer. Previous studies®! > have reported
similar trends, demonstrating that deeper peptide insertion can occur in membranes with
increased negative surface charge density, even in the presence of elevated bilayer stiffness.
This highlights the dominant role of electrostatics in guiding the initial stages of peptide—
membrane interaction, particularly for cationic amphiphilic systems!: 2. These findings
indicate that membrane charge and fluidity work together to regulate peptide insertion.
Electrostatic attraction promotes the initial binding of the peptide, while membrane fluidity
allows for structural adjustment and deeper insertion.

The mammalian and red blood cell (RBC) membrane models both showed complete exclusion
of AIt-SNAPP from the bilayer interface, as reflected in the absence of overlap between the
peptide and lipid density profiles as shown in Figures 4c and 4d. In the mammalian model,
composed entirely of phosphatidylcholine (POPC), SNAPP remained fully separated from the
membrane, with its density peaking well above the bilayer surface. This exclusion is potentially
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attributed to the zwitterionic nature of POPC and the lack of anionic headgroups, which are
essential for electrostatic attraction of cationic peptides**. Furthermore, the zwitterionic nature
of POPC and its higher lipid order further suppress nonspecific adsorption. Similarly, in the
RBC membrane model characterized by its asymmetric leaflet composition, SNAPP was also
fully excluded as shown in Figure 4d. The outer leaflet, rich in sphingomyelin (43 percent) and
cholesterol (11 percent), presents a highly ordered and electrically neutral interface that resists
peptide binding. Although the inner leaflet contains more phosphatidylethanolamine and
phosphatidylserine, these anionic components are inaccessible from the solvent-facing side.
Together, these findings are consistent with experimental reports showing that SNAPPs exhibit
minimal cytotoxicity toward mammalian cells and extremely low haemolytic activity, likely
due to their inability to interact with cholesterol and sphingomyelin enriched membrane
regions” 4733,

—— Gram-Negative Membrane Gram-Positive Membrane
Q)  __. AlSNAPP b)  __. Atsnapp
1.0 - \ i
~ 1
0.8 1 1 L
] h
1 h
0.6 - 1 T o
7. h
iy I
0.4 - il g h
I ] I 1
11 " 1 N
0.2 - ,' -1 : L R
>3 ] ! \\VJ ‘\ I ‘\ /’ ‘\
R 0.0 - ! — { ————i- ! Vo
m T T T T T T T T T T
g Mammalian Membrane —— Red Blood Cell Membrane
o €)  __. AlLSNAPP d) __. acsnare
e 1.0 - ¢ .
O A ,1
o 0.8 - i | H
— 1! ||
« 1! i
= 0.6 - 1 1 i
5 ¥
] 1! | 1
Z 0.4 " |l 'l \
1 P!
0.2 1 - ] oy
! ‘\ J L ,' \
0.0] =——————— < e i —_——L A
20 -10 0 10 20 20 -10 0 10 20

Relative position from center of the box (nm)

Figure 4 - Partial density analysis of Alt-SNAPP and membrane along the bilayer normal for each simulated system: a)
Gram-negative membrane, b) Gram-positive membrane, c) mammalian membrane, and d) red blood cell membrane.

Together, the partial density profiles reinforce the membrane selectivity of SNAPP observed
in COM distance analysis. SNAPP is preferentially enriched near anionic bacterial membranes
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and is excluded from zwitterionic and cholesterol dense mammalian and RBC membranes. The
modestly greater insertion into the Gram-positive membrane compared to the Gram-negative
system may reflect increased electrostatic stabilization due to higher anionic content, despite
reduced fluidity. These results support the design rationale behind SNAPPs, emphasizing the
role of lipid headgroup charge, membrane stiffness, and compositional asymmetry in mediating
selective targeting of microbial membranes.

3.3.Hydrogen Bonding Interactions Between SNAPP Residues and Lipid Headgroups
To further investigate the molecular determinants of SNAPP’s membrane selectivity, we
analysed hydrogen bonding (H-bond) interactions between SNAPP residues and lipid
headgroups across the four membrane models. This analysis provides atomic level insight into

the specific interactions that stabilize SNAPP binding and contribute to its membrane affinity.
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Figure 5 - Hydrogen bond analysis between Alt-SNAPP residues (lysine and valine) and individual lipid types for each
membrane system: a) Gram-negative, b) Gram-positive, c) mammalian, and d) red blood cell membranes.

In the Gram-negative membrane as shown in Figure 5a, significant number of H-bonds were
observed, particularly between lysine residues of SNAPP and both lipid types. Lysine formed
approximately 12 to 13 H-bonds with POPE and POPG, respectively, while valine contributed
a lower number of 3 to 4 H-bonds per lipid. These results are consistent with the known ability
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of primary amine groups in lysine side chains to donate hydrogen bonds to phosphate and
carbonyl oxygen atoms in lipid headgroups**>!. The modest contribution from valine reflects
its nonpolar character and limited capacity for hydrogen bonding, suggesting that its role is
likely confined to hydrophobic membrane interactions rather than polar anchoring.

In the Gram-positive membrane, as shown in Figure 5b, a similar hydrogen bonding pattern
was observed as in the Gram-negative system, but with significantly greater magnitude. Lysine
residues formed approximately 25 hydrogen bonds with PVCL2 and around 13 with POPG,
indicating a dense and extensive interaction network. The increased number of hydrogen bonds
in this system may result from greater electrostatic stabilization due to the higher overall
density of anionic headgroups, as well as the increased conformational availability of lysine
residues for polar contacts.

PVCL2, a cardiolipin species with a net charge of -2, enhances the membrane’s negative
surface potential and provides multiple phosphate and hydroxyl groups that act as effective
hydrogen bond acceptors>*. The deeper partial density profile of SNAPP observed in this
system is consistent with these intensified polar interactions, supporting the view that
electrostatic forces and hydrogen bonding cooperatively stabilize peptide insertion:>°,

Taken together, the hydrogen bond analysis highlights the central role of lysine residues in
mediating membrane engagement through polar interactions, particularly in the context of
anionic bilayers. The absence of hydrogen bonding in mammalian and RBC systems as shown
in Figures 5c and 5d provides further molecular level validation of SNAPP’s high specificity
toward bacterial membranes and supports its potential as a selective and non-toxic
antimicrobial agent.

3.4.Energetic Profile of Alt-SNAPP Binding to Different Membranes
3.4.1 Energetic Profile of AIt-SNAPP Binding to the Gram-negative Membrane

To gain quantitative insight into the molecular forces driving Alt-SNAPP interaction with
Gram-negative bacterial membranes, we calculated the nonbonded interaction potential
energies between Alt-SNAPP residues and the membrane components over the 500 ns
simulation. The interaction energies were decomposed into Coulombic (electrostatic), van der
Waals (Lennard-Jones), and total contributions, focusing on lysine and valine amino acids
separately, followed by whole-complex SNAPP membrane interactions.

Figure 6a to 6d show the residue specific interaction energies for Gram-negative membrane
system. Lysine exhibited consistently stronger interactions with both POPE (Figure 6a) and
POPG (Figure 6¢) compared to valine (Figures 6b and 6d). In both lipid environments, lysine
reached total interaction energies more favourable than —3000 kJ/mol, dominated by
Coulombic terms, indicating strong electrostatic attraction between lysine’s protonated amine
groups and the negatively charged phosphate and glycerol moieties of the lipid headgroups?”
4 POPG, having a higher net negative charge than POPE, facilitated even stronger lysine
binding, reflected by lower interaction energy minima (reaching nearly —4000 kJ/mol) and a
more stable binding profile. These results are consistent with prior studies showing that cationic
antimicrobial polymers preferentially bind to PG-containing bilayers due to enhanced charge
complementarity>’ 38,
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Figure 6 -Nonbonded interaction potential energies between Alt-SNAPP residues and individual lipid types in the Gram-
negative membrane system, showing Coulombic, van der Waals, and total energy components: a) lysine-POPE, b)
valine—-POPE, c) lysine-POPG, d) valine-POPG, and e) total interaction energy between Alt-SNAPP and the Gram-
negative membrane.

By contrast, valine formed weaker and more transient interactions with both lipid types, with
total energies not exceeding —800 kJ/mol. The interaction energy curves for valine lipid pairs
remained relatively flat, dominated by minor van der Waals contributions. These findings
confirm valine’s limited role in specific binding and suggest its primary function within Alt-
SNAPP is to modulate amphiphilic balance and assist in membrane insertion via hydrophobic
interactions”®

Figure 6e illustrates the total interaction energy between Alt-SNAPP and the entire Gram-
negative bilayer. A sharp and sustained decrease in interaction energy begins around 150 ns,
eventually reaching nearly —8000 kJ/mol by the end of the simulation. This energetic
stabilization is primarily driven by Coulombic contributions, confirming that electrostatic
interactions govern Alt-SNAPP's affinity toward the Gram-negative membrane. The time
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window of energetic stabilization closely mirrors the reduction in center-of-mass distance and
the partial density overlap observed in earlier analyses, indicating synchronized spatial and
energetic convergence. This energetics are characteristic of multivalent polymer membrane
interactions observed in experimental studies of cationic antimicrobial polymers®:>°.

Together, these results highlight the importance of residue specific electrostatics in dictating
the binding strength of AIt-SNAPP to anionic bacterial membranes. The energetic dominance
of lysine, particularly in interaction with PG lipids, underscores its central role in membrane
targeting. This energetic basis reinforces the broader mechanistic model in which electrostatic
attraction, and not just hydrophobicity or passive partitioning, is the dominant driver of
bacterial membrane selectivity in Alt-SNAPP systems.

3.4.2 Energetic Profile of SNAPP Binding to Cardiolipin-Enriched Gram-Positive
Membranes

Building upon the interaction energy analysis of AIt-SNAPP with the Gram-negative bilayer,
we next examined the energetic landscape of SNAPP association with a Gram-positive
membrane.

As shown in Figures 7a and 7c¢, lysine residues displayed strong and progressively stabilizing
interactions with both POPG and cardiolipin over the course of the 500 ns simulation. The
lysine and POPG interaction energy reached approximately —4000 kJ/mol by the end of the
trajectory, while interaction between lysine and cardiolipin was particularly strong, with
nonbonded interaction potential energies descending below —6000 kJ/mol. These values were
predominantly driven by Coulombic forces, reflecting the high charge density of both the
doubly deprotonated cardiolipin headgroup and the fully protonated lysine side chains.
Cardiolipin’s enhanced interaction with lysine can be attributed to its bulky, branched polar
headgroup, which presents multiple phosphate and hydroxyl groups acting as hydrogen bond
acceptors. This structural arrangement enables multivalent binding and strengthens
electrostatic stabilization, making cardiolipin a key contributor to the observed interaction
landscape’”- 3°. This observation supports earlier findings from the hydrogen bond analysis,
which indicated a high number of lysine mediated hydrogen bonds with cardiolipin.

In contrast, valine interactions with both lipids were minimal (Figures 7b and 7d), with total
interaction energies stabilizing around —800 to —1000 kJ/mol. These energies were dominated
by van der Waals contributions and reflect nonpolar side chain contacts with lipid acyl chains.
The functional role of valine in this context remains amphiphilic, contributing to the
hydrophobicity of the polymer without engaging in specific interactions>® 3% 60,

The total interaction energy between SNAPP and the Gram-positive membrane (Figure 7¢)
further confirmed the strong affinity of SNAPP for cardiolipin rich bilayers. After an initial lag
phase, the interaction energy declined sharply after ~180 ns, stabilizing near —11,000 kJ/mol,
significantly more favourable than the —8000 kJ/mol observed for the Gram-negative
membrane. This deeper energetic well suggests that once SNAPP overcomes the initial kinetic
barrier to association, its interaction with cardiolipin enriched membranes is highly stable and
energetically advantageous. This correlates with the deeper SNAPP insertion observed in the
partial density profiles and the higher frequency of hydrogen bonding in this system.

Taken together, these results highlight the central role of lysine and lipid electrostatic
interactions, particularly with cardiolipin, in mediating strong and selective SNAPP binding to

15



Gram-positive membranes. While Gram-negative membranes promote faster initial association
due to higher fluidity, the cardiolipin rich Gram-positive bilayer provides a more
electrostatically robust and thermodynamically stable platform for SNAPP anchoring. These
findings are consistent with previous reports that antimicrobial peptides and polymers
preferentially accumulate in cardiolipin rich microdomains of bacterial membranes** >/, and
they reinforce the potential of cardiolipin as a key molecular target for selective antibacterial
therapies.
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Figure 7- Nonbonded interaction potential energies between Alt-SNAPP residues and individual lipid types in the Gram-
positive membrane system, showing Coulombic, van der Waals, and total energy components: a) lysine-POPG, b)
valine—-POPG, c) lysine-PVCL2, d) valine-PVCL2, and e) total interaction energy between Alt-SNAPP and the
membrane.
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4.4.3. Absence of Interaction Energy Confirms SNAPP Exclusion from Mammalian and
Red Blood Cell Membranes

For the mammalian system (Figure S1), energy decomposition at the residue level for lysine
with POPC (Figure Sla) and valine with POPC (Figure S1b), as well as for the entire Alt-
SNAPP membrane complex (Figures 8 and Slc), revealed that all components of the
interaction energy remained at absolute zero throughout the 500 ns trajectory. There were no
observable fluctuations or transient values in either electrostatic or dispersion forces. This
strongly supports the conclusion that SNAPP remains completely excluded from the POPC
bilayer and does not engage in surface binding or insertion.

In the RBC membrane system (Figure S2), energy was decomposed for interactions between
SNAPP and ten distinct lipid residue pairs (Figures S2a—S2j), as well as the total Alt-SNAPP
membrane interaction energy (Figures 9 and S2k). As with the mammalian case, all energies
Coulombic, van der Waals, and total remained zero across the entire trajectory, regardless of
the lipid species or residue type. Even interactions with phosphatidylserine (POPS), which
carries a net negative charge and resides in the inner leaflet, produced no detectable energetic
signature. This likely reflects the spatial inaccessibility of POPS from SNAPP's solvent-facing
position and the protective role of the outer leaflet, which is dominated by zwitterionic
sphingomyelin (PSM), POPC, and membrane-stiffening cholesterol*’. These components
produce a tightly packed, electrostatically neutral interface that resists peptide adsorption, a
well-documented characteristic of erythrocyte membranes®.
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Figure 8 -Nonbonded total interaction energy between Alt-SNAPP and the mammalian membrane.
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The complete absence of interaction energy in both host-derived systems contrasts starkly with
the substantial energy drops observed in the Gram-negative and Gram-positive simulations,
where Coulombic energy alone reached magnitudes of —8000 to —11,000 kJ/mol due to
extensive interactions with POPG and cardiolipin. In the mammalian and RBC systems, the
lack of even transient energetic contact reinforces prior observations from the center-of-mass
and partial density analyses, where SNAPP was shown to remain distant from the bilayer
surface and completely solvated in bulk water.

These results provide conclusive energetic validation of SNAPP’s membrane-selective
mechanism, in which bacterial membranes serve as attractive, energetically favourable targets
due to their high anionic lipid content, while host membranes present electrostatically neutral,
physically rigid barriers to interaction. The absence of measurable nonbonded interaction
energy across all components, supported by the flat line energy profiles, confirms that SNAPP
does not engage with mammalian or RBC membranes under physiologically relevant
conditions. This energetic neutrality underpins SNAPP’s low haemolytic potential and its
capacity to discriminate between bacterial and host cells, a key design criterion for clinical
viability®.
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Figure 9 - Nonbonded total interaction energy between Alt-SNAPP and the red blood cell membrane.

4. Conclusion
This study provides an atomistic perspective on the selective membrane interaction behaviour

of Alt-SNAPP, a novel star shaped anti-microbial peptide polymer, across four representative
lipid bilayer models, representing Gram-negative, Gram-positive, mammalian, and red blood
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cell membranes. Through a comprehensive suite of molecular dynamics simulations, including
center of mass distance tracking, partial density profiling, hydrogen bond analysis, and
nonbonded interaction potential energy decomposition, we identified the molecular
determinants that govern SNAPP's preferential association with bacterial membranes and its
exclusion from host derived bilayers.

Our findings demonstrate that AIt-SNAPP rapidly and stably associates with Gram-negative
membranes due to the strong electrostatic attraction to phosphatidylglycerol (PG) and enhanced
accessibility from the fluid and loosely packed nature of phosphatidylethanolamine (PE). In
Gram-positive membranes containing both phosphatidylglycerol (PG) and cardiolipin (CL),
SNAPP displayed deeper insertion and more favourable interaction energies, primarily through
multivalent electrostatic and hydrogen bonding interactions. Cardiolipin (CL), with its high
negative charge and branched polar headgroup, played a particularly important role in
stabilizing SNAPP engagement.

In contrast, mammalian and red blood cell membranes composed predominantly of zwitterionic
lipids such as phosphatidylcholine (PC) and sphingomyelin (SM), along with elevated
cholesterol content, exhibited complete exclusion of SNAPP. These bilayers presented highly
ordered, electrostatically neutral surfaces that resisted peptide binding, as confirmed by the
absence of hydrogen bonds, partial density overlap, and nonbonded interaction energy across
the simulation timeframe.

Together, these results provide detailed molecular evidence that SNAPP’s membrane
selectivity is governed by the electrostatic complementarity between cationic residues and
anionic lipids, particularly phosphatidylglycerol (PG) and cardiolipin (CL). This selectivity
mechanism is consistent with the experimental data showing minimal cytotoxicity and
haemolytic activity’. These findings support the broader design principle that optimizing
cationic and amphiphilic balance enables targeting of bacterial membranes while avoiding host
membrane disruption. This insight provides a foundation for the future development of
selective antimicrobial polymers with therapeutic potential and reduced off target effects using
active®93 and explainable®*%® machine learning and advanced optimization techniques®’-%.

Acknowledgment

A.J is supported by research training programme (RTP) scholarship provided by the Australian
government. This research was supported by The University of Melbourne’s Research
Computing Services and the Petascale Campus Initiative.

This research was partially funded by the Australian Government through the Australian
Research Council and E.H and G.Q acknowledge the financial support through the ARC
Discovery Project grant DP250101065.

Contflict of interest

Authors declare no conflict of interest.

References

(1) O’Neill, J. Tackling drug-resistant infections globally: final report and
recommendations; Wellcome Trust & HM Government, London, 2016.

19



(2) de Kraker, M. E. A.; Stewardson, A. J.; Harbarth, S. Will 10 Million People Die a Year
due to Antimicrobial Resistance by 20507 PLOS Medicine 2016, 13 (11), €1002184. DOI:
10.1371/journal.pmed.1002184.

(3) World Health, O. Antimicrobial resistance: global report on surveillance; World
Health Organization, 2014.

(4) Dadgostar, P. Antimicrobial Resistance: Implications and Costs. Infect Drug Resist
2019, 72, 3903-3910. DOI: 10.2147/idr.S234610 From NLM.

(5) Smith, W. P.; Wucher, B. R.; Nadell, C. D.; Foster, K. R. Bacterial defences:
mechanisms, evolution and antimicrobial resistance. Nature Reviews Microbiology
2023, 21 (8), 519-534.

(6) Murray, C. J. L.; Ikuta, K. S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.;
Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al. Global burden of bacterial antimicrobial
resistance in 2019: a systematic analysis. The Lancet 2022, 399 (10325), 629-655. DOI:
10.1016/S0140-6736(21)02724-0 (accessed 2024/03/20).

(7) Zhang, Q.-Y.; Yan, Z.-B.; Meng, Y.-M.; Hong, X.-Y.; Shao, G.; Ma, J.-J.; Cheng, X.-R.; Liu,
J.; Kang, J.; Fu, C.-Y. Antimicrobial peptides: mechanism of action, activity and clinical
potential. Military Medical Research 2021, 8 (1), 48. DOI: 10.1186/s40779-021-00343-2.
(8) Arouri, A.; Dathe, M.; Blume, A. Peptide induced demixing in PG/PE lipid mixtures: A
mechanism for the specificity of antimicrobial peptides towards bacterial membranes?
Biochimica et Biophysica Acta (BBA) - Biomembranes 2009, 1788 (3), 650-659. DOI:
https://doi.org/10.1016/j.bbamem.2008.11.022.

(9) Lam, S. J.; O'Brien-Simpson, N. M.; Pantarat, N.; Sulistio, A.; Wong, E. H. H.; Chen, Y.-
Y.; Lenzo, J. C.; Holden, J. A.; Blencowe, A.; Reynolds, E. C.; et al. Combating multidrug-
resistant Gram-negative bacteria with structurally nanoengineered antimicrobial
peptide polymers. Nature Microbiology 2016, 71 (11), 16162. DOI:
10.1038/nmicrobiol.2016.162.

(10) Shirbin, S. J.; Insua, |.; Holden, J. A.; Lenzo, J. C.; Reynolds, E. C.; O'Brien-Simpson,
N. M.; Qiao, G. G. Architectural Effects of Star-Shaped “Structurally Nanoengineered
Antimicrobial Peptide Polymers” (SNAPPs) on Their Biological Activity. Advanced
Healthcare Materials 2018, 7 (21), 1800627. DOI:
https://doi.org/10.1002/adhm.201800627.

(11) Li, W.; Hadjigol, S.; Mazo, A. R.; Holden, J.; Lenzo, J.; Shirbin, S. J.; Barlow, A.;
Shabani, S.; Huang, T.; Reynolds, E. C.; et al. Star-Peptide Polymers are Multi-Drug-
Resistant Gram-Positive Bacteria Killers. ACS Applied Materials & Interfaces 2022, 14
(22), 25025-25041. DOI: 10.1021/acsami.1c23734.

(12) Shabani, S.; Hadjigol, S.; Li, W.; Si, Z.; Pranantyo, D.; Chan-Park, M. B.; O’Brien-
Simpson, N. M.; Qiao, G. G. Synthetic peptide branched polymers for antibacterial and
biomedical applications. Nature Reviews Bioengineering 2024, 2 (4), 343-361. DOI:
10.1038/544222-023-00143-4.

(13) Jayawardena, A.; Hung, A.; Qiao, G.; Hajizadeh, E. Molecular Dynamics Simulation
of the Interaction of Lipidated Structurally Nano Engineered Antimicrobial Peptide
Polymers with Bacterial Cell Membrane. The Journal of Physical Chemistry B 2025. DOI:
10.1021/acs.jpcb.5¢c02067.

(14) Jayawardena, A.; Hung, A.; Qiao, G.; Hajizadeh, E. Molecular Dynamics Simulations
of Structurally Nanoengineered Antimicrobial Peptide Polymers Interacting with
Bacterial Cell Membranes. The Journal of Physical Chemistry B 2025, 129 (1), 250-259.
DOI: 10.1021/acs.jpcb.4c06691.

20


https://doi.org/10.1016/j.bbamem.2008.11.022
https://doi.org/10.1002/adhm.201800627

(15) O'Brien-Simpson, N. M.; Li, W.; Pantarat, N.; Hossain, M. A.; Separovic, F.; Wade, J.
D.; Reynolds, E. C. Fluorescent lon Efflux Screening Assay for Determining Membrane-
Active Peptides. Australian Journal of Chemistry 2017, 70 (2), 220-228. DOI:
https://doi.org/10.1071/CH16659.

(16) Epand, R. F.; Savage, P. B.; Epand, R. M. Bacterial lipid composition and the
antimicrobial efficacy of cationic steroid compounds (Ceragenins). Biochimica et
Biophysica Acta (BBA) - Biomembranes 2007, 1768 (10), 2500-2509. DOI:
https://doi.org/10.1016/j.bbamem.2007.05.023.

(17) Malanovic, N.; Lohner, K. Antimicrobial Peptides Targeting Gram-Positive Bacteria.
Pharmaceuticals 2016, 9 (3), 59.

(18) Warschawski, D. E.; Arnold, A. A.; Beaugrand, M.; Gravel, A.; Chartrand, E.;
Marcotte, I. Choosing membrane mimetics for NMR structural studies of
transmembrane proteins. Biochimica et Biophysica Acta (BBA) - Biomembranes 2011,
1808 (8), 1957-1974. DOI: https://doi.org/10.1016/j.bbamem.2011.03.016.

(19) Sohlenkamp, C.; Geiger, O. Bacterial membrane lipids: diversity in structures and
pathways. FEMS Microbiology Reviews 2015, 40 (1), 133-159. DOI:
10.1093/femsre/fuv008 (accessed 7/29/2025).

(20) Bobone, S.; Stella, L. Selectivity of Antimicrobial Peptides: A Complex Interplay of
Multiple Equilibria. In Antimicrobial Peptides: Basics for Clinical Application, Matsuzaki,
K. Ed.; Springer Singapore, 2019; pp 175-214.

(21) Glukhov, E.; Stark, M.; Burrows, L. L.; Deber, C. M. Basis for Selectivity of Cationic
Antimicrobial Peptides for Bacterial Versus Mammalian Membranes®*. Journal of
Biological Chemistry 2005, 280 (40), 33960-33967. DOI:
https://doi.org/10.1074/jbc.M507042200.

(22) Zhang, X.; Luo, D.; Hu, J.; Wu, K.; Jia, S.; Li, X.; Huang, S.; Zhang, H.; Kim, D.; Hong,
Y.; et al. Selective recognition of bacterial phospholipids by antimicrobial peptides:
Employing a host-guest-mediated competitive inhibition strategy. Biomaterials 2025,
322, 123392. DOI: https://doi.org/10.1016/j.biomaterials.2025.123392.

(23) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.; Berendsen, H. J.
C. GROMACS: Fast, flexible, and free. Journal of Computational Chemistry 2005, 26
(16), 1701-1718. DOI: https://doi.org/10.1002/jcc.20291.

(24) Huang, J.; MacKerell, A. D., Jr. CHARMMS36 all-atom additive protein force field:
validation based on comparison to NMR data. J Comput Chem 2013, 34 (25), 2135-
2145. DOI: 10.1002/jcc.23354 From NLM.

(25) Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T.; Zurek, E.; Hutchison,
G. R. Avogadro: an advanced semantic chemical editor, visualization, and analysis
platform. Journal of Cheminformatics 2012, 4 (1), 17. DOI: 10.1186/1758-2946-4-17.
(26) Martinez, L.; Andrade, R.; Birgin, E. G.; Martinez, J. M. PACKMOL: a package for
building initial configurations for molecular dynamics simulations. J Comput Chem
2009, 30 (13), 2157-2164. DOI: 10.1002/jcc.21224 From NLM.

(27) Jo, S.; Kim, T.; lyer, V. G.; Im, W. CHARMM-GUI: a web-based graphical user
interface for CHARMM. J Comput Chem 2008, 29 (11), 1859-1865. DOI:
10.1002/jcc.20945 From NLM.

(28) Wu, E. L.; Cheng, X.; Jo, S.; Rui, H.; Song, K. C.; Davila-Contreras, E. M.; Qi, Y.; Lee,
J.; Monje-Galvan, V.; Venable, R. M.; et al. CHARMM-GUI Membrane Builder toward
realistic biological membrane simulations. Journal of Computational Chemistry 2014,
35 (27), 1997-2004. DOI: https://doi.org/10.1002/jcc.23702.

21


https://doi.org/10.1071/CH16659
https://doi.org/10.1016/j.bbamem.2007.05.023
https://doi.org/10.1016/j.bbamem.2011.03.016
https://doi.org/10.1074/jbc.M507042200
https://doi.org/10.1016/j.biomaterials.2025.123392
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1002/jcc.23702

(29) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. Journal of
Molecular Graphics 1996, 14 (1), 33-38. DOI: https://doi.org/10.1016/0263-
7855(96)00018-5.

(30) Poger, D.; Caron, B.; Mark, A. E. Validating lipid force fields against experimental
data: Progress, challenges and perspectives. Biochimica et Biophysica Acta (BBA) -
Biomembranes 2016, 1858 (7, Part B), 1556-1565. DOI:
https://doi.org/10.1016/j.bbamem.2016.01.029.

(31) Mihailescu, M.; Vaswani, R. G.; Jarddén-Valadez, E.; Castro-Roman, F.; Freites, J. A.;
Worcester, D. L.; Chamberlin, A. R.; Tobias, D. J.; White, S. H. Acyl-chain methyl
distributions of liquid-ordered and -disordered membranes. Biophys /2011, 100 (6),
1455-1462. DOI: 10.1016/j.bpj.2011.01.035 From NLM.

(82) Chakraborty, A.; Kobzey, E.; Chan, J.; de Zoysa, G. H.; Sarojini, V.; Piggot, T. J.;
Allison, J. R. Molecular Dynamics Simulation of the Interaction of Two Linear Battacin
Analogs with Model Gram-Positive and Gram-Negative Bacterial Cell Membranes. ACS
Omega 2021, 6 (1), 388-400. DOI: 10.1021/acsomega.0c04752.

(83) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M. LINCS: A linear
constraint solver for molecular simulations. Journal of Computational Chemistry 1997,
18 (12), 1463-1472. DOI: https://doi.org/10.1002/(SICI)1096-
987X(199709)18:12<1463::AlD-JCC4>3.0.CO;2-H.

(384) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N log (N) method for
Ewald sums in large systems. Journal of chemical physics 1993, 98, 10089-10089.

(85) Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity
rescaling. The Journal of Chemical Physics 2007, 126 (1). DOI: 10.1063/1.2408420
(accessed 7/29/2025).

(36) Bernetti, M.; Bussi, G. Pressure control using stochastic cell rescaling. The Journal
of Chemical Physics 2020, 753 (11). DOI: 10.1063/5.0020514 (accessed 7/29/2025).
(87) Epand, R. M.; Epand, R. F. Lipid domains in bacterial membranes and the action of
antimicrobial agents. Biochim Biophys Acta 2009, 1788 (1), 289-294. DOI:
10.1016/j.bbamem.2008.08.023 From NLM.

(88) Epand, R. F.; Mor, A.; Epand, R. M. Lipid complexes with cationic peptides and
OAKs; their role in antimicrobial action and in the delivery of antimicrobial agents.
Cellular and Molecular Life Sciences 2011, 68 (13), 2177-2188. DOI: 10.1007/s00018-
011-0711-9.

(89) Liao, M.; Gong, H.; Ge, T.; Shen, K.; Campana, M.; McBain, A. J.; Wu, C.; Hu, X.; Lu,
J. R. Probing antimicrobial synergy by novel lipopeptides paired with antibiotics. Journal
of Colloid and Interface Science 2025, 681, 82-94. DOI:
https://doi.org/10.1016/j.jcis.2024.11.169.

(40) Poger, D.; Poyry, S.; Mark, A. E. Could Cardiolipin Protect Membranes against the
Action of Certain Antimicrobial Peptides? Aurein 1.2, a Case Study. ACS Omega 2018, 3
(12), 16453-16464. DOI: 10.1021/acsomega.8b02710 From NLM.

(41) Epand, R. M.; Walker, C.; Epand, R. F.; Magarvey, N. A. Molecular mechanisms of
membrane targeting antibiotics. Biochimica et Biophysica Acta (BBA) - Biomembranes
2016, 7858 (5), 980-987. DOI: https://doi.org/10.1016/j.bbamem.2015.10.018.

(42) Renner, L. D.; Weibel, D. B. Cardiolipin microdomains localize to negatively curved
regions of <i>Escherichia coli</i> membranes. Proceedings of the National Academy of
Sciences 2011, 108 (15), 6264-6269. DOI: doi:10.1073/pnas.1015757108.

22


https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/j.bbamem.2016.01.029
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12
https://doi.org/10.1016/j.jcis.2024.11.169
https://doi.org/10.1016/j.bbamem.2015.10.018

(43) Romantsoy, T.; Helbig, S.; Culham, D. E.; Gill, C.; Stalker, L.; Wood, J. M. Cardiolipin
promotes polar localization of osmosensory transporter ProP in Escherichia coli. Mol
Microbiol 2007, 64 (6), 1455-1465. DOI: 10.1111/j.1365-2958.2007.05727.x From NLM.
(44) Wimley, W. C.; Hristova, K. Antimicrobial peptides: successes, challenges and
unanswered questions. J Membr Biol 2011, 239 (1-2), 27-34. DOI: 10.1007/s00232-011-
9343-0 From NLM.

(45) Virtanen, J. A.; Cheng, K. H.; Somerharju, P. Phospholipid composition of the
mammalian red cell membrane can be rationalized by a superlattice model.
Proceedings of the National Academy of Sciences 1998, 95 (9), 4964-4969. DOI:
doi:10.1073/pnas.95.9.4964.

(46) Yeagle, P. L. Cholesterol and the cell membrane. Biochimica et Biophysica Acta
(BBA) - Reviews on Biomembranes 1985, 822 (3), 267-287. DOI:
https://doi.org/10.1016/0304-4157(85)90011-5.

(47) Simons, K.; Ikonen, E. Functional rafts in cell membranes. Nature 1997, 387 (6633),
569-572. DOI: 10.1038/42408.

(48) Khandelia, H.; Duelund, L.; Pakkanen, K. I.; Ipsen, J. H. Triglyceride Blisters in Lipid
Bilayers: Implications for Lipid Droplet Biogenesis and the Mobile Lipid Signal in Cancer
Cell Membranes. PLOS ONE 2010, 5 (9), e12811. DOI: 10.1371/journal.pone.0012811.
(49) Engberg, O.; Dobel, V.; Engel, K. M.; Huster, D. Characterization of lipid chain order
and dynamics in asymmetric membranes by solid-state NMR spectroscopy. Faraday
Discussions 2025, 10.1039/D4FD00192C. DOI: 10.1039/D4FD00192C.

(50) Kollmitzer, B.; Heftberger, P.; Rappolt, M.; Pabst, G. Monolayer spontaneous
curvature of raft-forming membrane lipids. Soft Matter 2013, 9 (45), 10877-10884. DOI:
10.1039/c3sm51829a From NLM.

(51) Bechinger, B.; Gorr, S. U. Antimicrobial Peptides: Mechanisms of Action and
Resistance. J Dent Res 2017, 96 (3), 254-260. DOI: 10.1177/0022034516679973 From
NLM.

(52) Gkeka, P.; Sarkisov, L.; Angelikopoulos, P. Homogeneous Hydrophobic-Hydrophilic
Surface Patterns Enhance Permeation of Nanoparticles through Lipid Membranes. The
Journal of Physical Chemistry Letters 2013, 4 (11), 1907-1912. DOI: 10.1021/jz400679z.
(53) Shai, Y. Mode of action of membrane active antimicrobial peptides. Peptide
Science 2002, 66 (4), 236-248. DOI: https://doi.org/10.1002/bip.10260 (accessed
2025/01/09).

(54) Planas-lglesias, J.; Dwarakanath, H.; Mohammadyani, D.; Yanamala, N.; Kagan,
Valerian E.; Klein-Seetharaman, J. Cardiolipin Interactions with Proteins. Biophysical
Journal 2015, 109 (6), 1282-1294. DOI: 10.1016/j.bpj.2015.07.034 (accessed
2025/07/29).

(55) Malanovic, N.; Lohner, K. Gram-positive bacterial cell envelopes: The impact on the
activity of antimicrobial peptides. Biochim Biophys Acta 2016, 1858 (5), 936-946. DOI:
10.1016/j.bbamem.2015.11.004 From NLM.

(56) Yang, Y.; Cai, Z.; Huang, Z.; Tang, X.; Zhang, X. Antimicrobial cationic polymers: from
structural design to functional control. Polymer Journal 2018, 50 (1), 33-44. DOI:
10.1038/pj.2017.72.

(57) Strandberg, E.; Killian, J. A. Snorkeling of lysine side chains in transmembrane
helices: how easy can it get? FEBS Lett 2003, 544 (1-3), 69-73. DOI: 10.1016/s0014-
5793(03)00475-7 From NLM.

23


https://doi.org/10.1016/0304-4157(85)90011-5
https://doi.org/10.1002/bip.10260

(58) Balhara, V.; Schmidt, R.; Gorr, S. U.; Dewolf, C. Membrane selectivity and
biophysical studies of the antimicrobial peptide GL13K. Biochim Biophys Acta 2013,
1828 (9), 2193-2203. DOI: 10.1016/j.bbamem.2013.05.027 From NLM.

(59) Chen, C. H.; Lu, T. K. Development and Challenges of Antimicrobial Peptides for
Therapeutic Applications. Antibiotics (Basel) 2020, 9 (1). DOI:
10.3390/antibiotics9010024 From NLM.

(60) Cheng, Z.; Raffa, P. From design to application: amphiphilic copolymers as
antimicrobial materials. Materials Advances 2025, 6 (15), 4939-4968,
10.1039/D5MA00335K. DOI: 10.1039/D5MA00335K.

(61) Shireen, Z. et al. A machine learning enabled hybrid optimization framework for
efficient coarse-graining of a model polymer. npj Computational Materials 8, 224 (2022).
https://doi.org/10.1038/s41524-022-00914-4

(62) Weeratunge, H. et al. Bayesian coarsening: rapid tuning of polymer model
parameters. Rheologica Acta 62, 477-490 (2023). https://doi.org/10.1007/s00397-023-
01397-w

(63) Weeratunge, H. et al. A machine learning accelerated inverse design of underwater
acoustic polyurethane coatings. Structural and Multidisciplinary Optimization 65, 213
(2022). https://doi.org/10.1007/s00158-022-03322-w

(64) Abdolahi, J. et al. Interpretable active learning meta-modeling for the association
dynamics of telechelic polymers on colloidal particles. Journal of Rheology, 69, 183
(2025). https://doi.org/10.1122/8.0000930

(65) Weeratunge, H. et al. Interpretable SHAP-bounded Bayesian optimization for
underwater acoustic metamaterial coating design. Structural and Multidisciplinary
Optimization 68 (9), 175 (2005)

(66) Ding, P. et al. Constrained Bayesian accelerated design of acoustic polyurethane
coatings with metamaterial features under hydrostatic pressure. Structural and
Multidisciplinary Optimization 68 (8), 1-15 (2025)

(67) Xiang. J. et al. Predictions of polymer migration in a dilute solution between rotating
eccentric cylinders. Journal of Rheology 65 (6), 1311-1325 (2021)

(68) Hajizadeh, E. et al. Response surface based optimization of toughness of hybrid
polyamide 6 nanocomposites. International Journal of Materials and Metallurgical
Engineering 1 (10), 40-44 (2007).

24


https://scholar.google.com/citations?view_op=view_citation&hl=en&user=mfvJmx0AAAAJ&cstart=20&pagesize=80&citation_for_view=mfvJmx0AAAAJ:RGFaLdJalmkC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=mfvJmx0AAAAJ&cstart=20&pagesize=80&citation_for_view=mfvJmx0AAAAJ:RGFaLdJalmkC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=mfvJmx0AAAAJ&cstart=20&pagesize=80&citation_for_view=mfvJmx0AAAAJ:BqipwSGYUEgC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=mfvJmx0AAAAJ&cstart=20&pagesize=80&citation_for_view=mfvJmx0AAAAJ:BqipwSGYUEgC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=mfvJmx0AAAAJ&citation_for_view=mfvJmx0AAAAJ:4TOpqqG69KYC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=mfvJmx0AAAAJ&citation_for_view=mfvJmx0AAAAJ:4TOpqqG69KYC

