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Background: MDR bacteria represent an urgent threat to human health globally. Polymyxins are a last-line ther-
apy against life-threatening Gram-negative ‘superbugs’, including Acinetobacter baumannii. Polymyxins exert
antimicrobial activity primarily via permeabilizing the bacterial outer membrane (OM); however, the mechanism
of interaction between polymyxins and the OM remains unclear at the atomic level.

Methods: We constructed a lipid A-based OM model of A. baumannii using quantitative membrane lipidomics
data and employed all-atom molecular dynamics simulations with umbrella sampling techniques to elucidate
the structure–interaction relationship and thermodynamics governing the penetration of polymyxins [B1 and E1

(i.e. colistin A) representing the two clinically used polymyxins] into the OM.

Results: Polymyxin B1 and colistin A bound to the A. baumannii OM by the initial electrostatic interactions be-
tween the Dab residues of polymyxins and the phosphates of lipid A, competitively displacing the cations from
the headgroup region of the OM. Both polymyxin B1 and colistin A formed a unique folded conformation upon
approaching the hydrophobic centre of the OM, consistent with previous experimental observations. Polymyxin
penetration induced reorientation of the headgroups of the OM lipids near the penetration site and caused local
membrane disorganization, thereby significantly increasing membrane permeability and promoting the subse-
quent penetration of polymyxin molecules into the OM and periplasmic space.

Conclusions: The thermodynamics governing the penetration of polymyxins through the outer leaflet of the A.
baumannii OM were examined and novel structure–interaction relationship information was obtained at the
atomic and membrane level. Our findings will facilitate the discovery of novel polymyxins against MDR Gram-
negative pathogens.

Introduction

The world is facing a serious health challenge due to antimicrobial
resistance. The WHO and government sectors have developed a
global action plan to mitigate antimicrobial resistance.1 MDR
Acinetobacter baumannii is a particularly problematic pathogen
due to its resistance to almost all available antibiotics and sits atop
the WHO priority pathogen list for research and development of
new antibiotics.2 Due to the lack of new antibiotics under develop-
ment, polymyxins (i.e. polymyxin B and colistin; Figure 1a) are

increasingly used as a last-line option against life-threatening
Gram-negative pathogens, including A. baumannii.3 Although the
interaction of polymyxins with bacterial membranes has been
investigated over the last few decades,4–7 the exact mechanism
by which polymyxins penetrate into the bacterial outer membrane
(OM) remains unclear at the atomic scale.

It is proposed that polymyxins cross the bacterial OM via ‘self-
promoted uptake’, during which the displacement of divalent cati-
ons and membrane permeabilization play important roles.8–10
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There are several models for the interaction of antimicrobial cat-
ionic peptides with the bacterial cytoplasmic membrane, including
the barrel-stave, toroidal pore, carpet and aggregate models;11,12

however, none explains how the polymyxins penetrate the bacter-
ial OM. Lipid A-based structure–activity relationship models were
developed for polymyxins based on NMR data.13,14 However, a
major limitation of these models is that each polymyxin molecule
only interacts with a single lipid A molecule, whereas biochemical
assays indicate that the interaction is substantially more compli-
cated.15 This prevents a comprehensive illustration of the mode of
action of polymyxins at the OM level.14,16 Although the interactions
of polymyxins with bacterial membranes have been investigated
by various approaches, including fluorescent titration, neutron re-
flectometry and X-ray scattering,17–19 they have failed to offer a
dynamic view of the permeabilization of the bacterial OM by poly-
myxins. Molecular dynamics (MD) simulations, coupled with um-
brella sampling techniques, provide a powerful approach to
examine the exact mode of action of antimicrobial peptides with
superior temporal and spatial resolution.12,20,21 Limited by the
conformational sampling ability of conventional MD simulations,
previous simulation studies on polymyxins mainly characterized
their interactions with the headgroups of membrane lipids without
tracking their penetration into the hydrophobic region of the mem-
brane.5,6 Importantly, these previous studies often simplified the
lipid composition of the membrane and neglected the importance
of membrane heterogeneity for the interaction with polymyxins.
Here, we developed an A. baumannii OM model using quantitative
membrane lipidomics data22 and employed all-atom MD simula-
tions and umbrella sampling to elucidate how polymyxins interact

with the OM of A. baumannii and the thermodynamics governing
the penetration into the OM.

Methods

System preparation

The heterogeneity of biological membranes plays an essential role in their
interactions with antimicrobial peptides.20,23 To build a realistic bacterial
OM, quantitative membrane lipidomics data of A. baumannii were
employed to set the lipid composition and chemotypes of its OM.22 The
methods of lipidomics analysis are available as Supplementary data at JAC
Online. The molar ratio of various lipids in the outer leaflet of the OM con-
tained 75% hepta-acyl lipid A (12:0, 12:0, 12:0, 14:0/12:0, 12:0, 14:0), 18%
phosphatidylethanolamine (PE; 16:0/18:1), 4% phosphatidylglycerol (PG;
16:0/18:1) and 3% cardiolipin (CL; 16:0, 18:1/16:0, 18:1); the inner leaflet
was composed of 72% PE, 16% PG and 12% CL. This lipidomics-informed
membrane composition mimicked the OM of A. baumannii. Lipid A repre-
sents the conserved component of LPS and the major interaction target of
polymyxins.13 As our study aimed to examine the mechanism of interaction
between polymyxins and the OM of susceptible isolates at the atomic level,
WT lipid A was employed in our MD simulations. The topology parameters
of these lipids are from CHARMM-GUI based on the all-atom CHARMM36
force field and the asymmetric membrane model was constructed
using CHARMM-GUI Membrane Builder in a tetragonal box.24 TIP3P water
molecules and counter-ions were added to hydrate and neutralize the
simulation system, respectively.

The structure of polymyxins was built using Chem3D and energy mini-
mization was performed to relieve potential intramolecular steric clashes.
We simulated polymyxin B1 molecules in solution and found that their con-
formations were consistent with the reported conformational ensembles

Figure 1. MD simulations system. (a) Chemical structures of polymyxin B1 and colistin A. Polymyxins consist of an N-terminal fatty acyl tail, a linear
tripeptide and a cyclic heptapeptide. The different residues at position 6 are depicted in red. (b) The simulation system includes a lipid bilayer, a single
polymyxin molecule, water molecules and ions. The reaction coordinate is the distance between the centre of mass of the polymyxin molecule
and the OM. The polymyxin molecule and OM lipids (including lipid A and phospholipids) are shown as blue spheres and teal lines, respectively. Water
molecules are depicted by the white surface and ions are not shown for clarity. This figure appears in colour in the online version of JAC and in black
and white in the print version of JAC.
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(Figure S1, available as Supplementary data at JAC Online).6 The topology
parameters of polymyxins were generated using the SwissParam server.25

The polymyxin molecule was placed above the bilayer using the internal
Gromacs tool gmx insert-molecules by replacing water molecules.26 The
dimensions of the simulation box were approximately 7.6%7.6%12.7 nm.
The details of the MD simulation systems are listed in Table S1.

Steered MD simulations
Steered MD simulations were employed in the present study to accelerate
the penetration of polymyxins into the bacterial OM. This method has been
widely used in examining antimicrobial peptide–membrane interac-
tions.12,20,27,28 In our simulations, a harmonic potential with a force
constant of 500 kJ/mol/nm2 was applied between the centre of mass of
the polymyxin molecule and the membrane along the Z-axis,29 which
allowed the polymyxin molecule to penetrate the bacterial OM smoothly
and achieve the unique conformational transition consistent with previous
experimental observations.14,16 For each OM–polymyxin interaction sys-
tem, three independent simulation replicates were performed to examine
the reproducibility of the simulation results. Figure 1(b) shows the initial
configuration of the steered MD simulation system.

Umbrella sampling
Umbrella sampling simulations were conducted to calculate the free
energy profile during penetration into the bacterial OM.30,31 Snapshots
from the steered MD simulations were generated and employed to initiate
a series of simulation windows in which the centre of mass of the polymyxin
molecule was harmonically restrained at a series of fixed Z values. The con-
figuration used for each window was selected every 0.2 nm in the range
Z = 3.21/2.85 nm (above the outer leaflet) to Z = 0.01/#0.15 nm (the hydro-
phobic centre), resulting in 17 and 16 simulation windows in the polymyxin
B1 and colistin A systems, respectively. Table S2 shows the details of simula-
tion windows and the free energy profiles were calculated according to the
WHAM integration algorithm.32

Simulation parameters
GROMACS 5.1.2 was used to perform all MD simulations with the
CHARMM36 all-atom force field with the default deprotonated lipid A in
CHARMM-GUI.26,33 A recent study revealed that the protonation state of
lipid A was a key factor in regulating the OM properties;34 our preliminary
simulation results showed that the protonation state of lipid A did not sig-
nificantly affect the free energy profiles of the penetration of colistin A
through the outer leaflet of lipid A-based OM (Figure S2). Energy minimiza-
tion was performed using the steepest descent algorithm. A six-step equili-
bration process was carried out by gradually turning off the position
restraints on lipid molecules. Periodic boundary conditions were considered
and all simulations were conducted at constant temperature (313 K) and
pressure (1 bar) using the Nosé–Hoover and semi-isotropic pressure cou-
pling approach with Parrinello–Rhaman barostat.35–37 The time constant of
coupling for temperature and pressure was 1 and 5 ps, respectively. The
Particle Mesh Ewald (‘PME’) method was employed to treat long-range
electrostatic interactions with a short-range cut-off of 1.2 nm,38 while the
shifted Lennard–Jones potential algorithm was used to calculate the Van
der Waals interactions with a general cut-off of 1.2 nm and a shifting cut-
off of 1.0 nm. The trajectory in production simulations was recorded every
10 ps.

Results

Penetration of polymyxins into the OM of A. baumannii

Through a steered MD simulation technique, the penetration
trajectories of polymyxin B1 (Figure 2a) and colistin A (Figure 2b)

molecules into the bacterial OM were tracked. Following the initial
placement of polymyxin molecules above the OM surface, they
subsequently attached to the headgroup region of the OM and ori-
entated their hydrophobic segments (i.e. fatty acyl tail, D-Phe6/
Leu6 and L-Leu7) to face toward the OM centre. Successively, poly-
myxin B1 and colistin A translocated to the hydrophobic centre of
the OM and formed a folded conformation. During this process, the
hydrophobic segments of each polymyxin molecule adopted an
inward orientation and were surrounded by the hydrocarbon tails
of the lipid A and phospholipids; meanwhile, the polar residues of
polymyxins retained the interactions with the headgroups of lipid
A and phospholipids in the outer leaflet of the OM. Notably, this
folded conformation of polymyxins was also found in previous
NMR studies of polymyxin–LPS interaction, although the observed
conformation of the polymyxin molecule in the presence of only
lipid A was slightly more compacted than observed in membranes
with simulations.14,16

The interaction energy results clearly show that the electrostat-
ic interaction between the positively charged Dab residues of the
polymyxin molecule and the negatively charged phosphate
groups on the OM was the key player for their initial interaction.
Although the relative energy contribution of each residue varied
slightly in different simulation replicates, L-Dab1, L-Dab5 and L-
Dab8 were the major contributors to the interactions observed
with polymyxin B1 (Figure 2c and Figure S3) and L-Dab1, L-Dab3
and L-Dab9 were the major contributors to the interactions
observed with colistin A (Figure 2d and Figure S3). Due to the re-
pulsive effect between the water and hydrophobic residues,
when polymyxins attached to the OM surface, the D-Phe6 in
polymyxin B1 was closer to the hydrophobic region of the lipid
A molecules compared with D-Leu6 in colistin A. This slight dif-
ference in orientation may increase the possibility of L-Dab5
(sits adjacent to D-Phe6) in polymyxin B1 interacting with the
headgroups of lipid A molecules in the OM. As a result, L-Dab5
formed the strongest interaction with the OM among the poly-
myxin B1 residues. Interestingly, the Ca2! density was lowered
in the binding area of polymyxin molecules on the x–y plane
of the OM, indicating that both polymyxin B1 and colistin A
competitively displaced the Ca2! from the OM when their Dab
side chains bound to the OM headgroup region (Figure 2e).
As divalent cations generally stabilize the bacterial OM as a
major cross-linking agent between the neighbouring LPS mole-
cules,39,40 the displacement of Ca2! by polymyxin B1 and
colistin A rendered the OM less stable and possibly enhanced
the OM permeabilization.

Free energy profiles during the OM penetration of
polymyxins

The overall trends of the free energy profiles were similar between
polymyxin B1 and colistin A (Figure 3a). During the initial move-
ment of the polymyxin molecule from the water environment into
the headgroup region of the OM, there was a slight decrease in
free energy (DGPMB =#4.08 kcal/mol; DGcolistin =#3.01 kcal/mol),
reflective of the favourable electrostatic interactions between
the cationic Dab residues on the polymyxin molecule and the
negatively charged phosphate groups on lipid A in the OM.
Subsequently, the free energy gradually increased as the poly-
myxin molecule passed through the headgroup region of the OM
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outer leaflet. After this, the free energy substantially increased as
the polymyxin molecule traversed the hydrophobic layer of the
OM. Notably, there was a major difference in free energy profiles
between polymyxin B1 and colistin A. In the range from 0.91 to
1.67 nm, equivalent to the headgroup region of the OM outer

leaflet, the free energy was approximately 55% higher with poly-
myxin B1 than colistin A (e.g. 23.2 versus 15.0 kcal/mol at
Z = 1 nm), indicating that colistin A traversed the polar headgroup
region more readily than polymyxin B1. This difference is very likely
due to the different hydrophobicity and steric hindrance at position

Figure 2. Polymyxin penetration into the bacterial OM. Representative snapshots showing the penetration of (a) polymyxin B1 and (b) colistin A into
the Gram-negative bacterial OM. Polymyxin molecules are shown as blue spheres with red oxygen atoms and white hydrogen atoms. The OM is
shown as teal lines. The phosphate atoms are shown as orange spheres to indicate the position of the polymyxin molecule relative to the OM surface.
Interaction energy between each residue of (c) polymyxin B1 and (d) colistin A and the OM. (e) Density map of polymyxin molecules and Ca2! on the
x–y plane of the OM. FA, fatty acyl. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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6 (L-Phe6 in polymyxin B1 versus L-Leu6 in colistin A; Figure 1a),
which is the only structural difference between the two
polymyxins.

As mentioned above, both polymyxin B1 and colistin A adopted
a folded conformation inside the OM. To characterize their con-
formational dynamics, the distance between the last carbon atom
of the fatty acyl tail and the Ca of L-Leu7 of the polymyxin molecule

was calculated (Figure 3b). When polymyxins entered the hydro-
phobic region of the OM, they experienced a significant conform-
ational transition from an extended to a folded conformation with
the latter being maintained during the subsequent penetration
process, most likely due to the highly hydrophobic environment of
the OM centre. This folded conformation was reproducible in differ-
ent simulation replicates for polymyxin B1 and colistin A (Figure S4)

Figure 3. Thermodynamics governing the penetration of polymyxins. (a) Free energy profiles of polymyxin penetration into the OM. The free energy
minimum is shifted to zero in the profiles. (b) Geometric distance between the atom pairs of polymyxins. The atoms used for the distance calculation
are shown as purple spheres in the polymyxin B1 structure. (c) Number of hydrogen bonds between the lipids that interact with the polymyxins and
the rest of the OM. (d) Area per lipid carbon tail is calculated to indicate the packing density in the hydrophobic region of the OM. This figure appears
in colour in the online version of JAC and in black and white in the print version of JAC.
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and allowed the amphipathic polymyxin molecule to specifically
interact with the negatively charged headgroups of lipid A and
hydrophobic core of the OM.41

We further examined the number of intermolecular hydrogen
bonds between the lipids interacting with the polymyxin molecule
and the other lipids in the OM. Not surprisingly, the number of
hydrogen bonds decreased from 3–5 to 0–2 upon the penetration
of polymyxin B1 and from 2–4 to 1–2 upon OM penetration of
colistin A (Figure 3c), indicating a reduction in the intermolecular
interactions between the lipid headgroups near the polymyxin
penetration site on the OM. Meanwhile, the area per lipid carbon
tail also decreased as the polymyxins penetrated into the OM
(Figure 3d), reflective of the conformational constraint of the lipid
A and phospholipid tails. These results indicate that the penetra-
tion of polymyxins primarily disorganized the headgroup region of
the OM, while they increased the packing of the OM hydrophobic
region, which is consistent with an earlier report.42

Atomic structure–interaction relationship of polymyxins
with the OM of A. baumannii

Unlike previous NMR studies on LPS–polymyxin interaction,14,16 in
our MD systems the polymyxin molecule interacted with several
different lipid A and phospholipid molecules in the OM (Figure 4).
For polymyxin B1, the five cationic Dab side chains formed polar
contacts with the phosphate groups of three lipid A molecules and
one cardiolipin molecule, whereas the hydrophobic triad (i.e. fatty
acyl tail, D-Phe6 and L-Leu7) formed hydrophobic contacts with
the hydrocarbon tails of the surrounding lipid A and phospholipid
molecules (Figure 4a). Similarly, the five cationic Dab side chains of
colistin A were close to the phosphate groups of four lipid A mole-
cules and one cardiolipin molecule, with the hydrophobic triad
embedded in the fatty acyl tails of lipid A and phospholipid mole-
cules. The structure–interaction models generated from independ-
ent simulation replicates revealed that one polymyxin molecule
primarily interacted with 3–4 lipid A molecules in the OM (Figure
S4). Notably, in our OM-based interaction model the side chains of
L-Dab3 and L-Dab5 of polymyxin B1 and colistin A orientated to-
wards the middle of the polymyxin molecule and were partly
shielded by the hydrophobic triad, while L-Dab1, L-Dab8 and
L-Dab9 were located at the edge of the polymyxin molecule and
interacted with the phosphate groups of adjacent lipid A mole-
cules, inducing reorientation of the headgroups of these lipid A
molecules. Thus, the folded conformation of polymyxins allows
effective interactions with both polar headgroups and hydrophobic
carbon tails of multiple lipid A molecules and is thus a major inter-
mediate step in the disorganization of the bacterial OM.

Polymyxins enhance the permeability of the OM of
A. baumannii

The integral OM structure constituted a permeability barrier, pre-
venting water molecules from entering into its hydrophobic region
(Figure 5a). Along with the penetration of the polymyxin molecule,
a local membrane deformation gradually formed, due to the
strong electrostatic interactions between the polymyxin Dab side
chains and the lipid A phosphate groups (Figure 5b and c and
Figure S5). Consequently, water molecules and calcium ions

entered the hydrophobic region of the OM readily via the formed
pore, significantly increasing the membrane permeability.

To test whether induced membrane pores promote the
penetration of antimicrobial peptides,43 we employed the
polymyxin-treated OM (with a pore) and performed unconstrained
MD simulations in which four additional colistin A molecules were
added above the OM surface. As expected, the pore on the OM was
persistent over the entire 100 ns simulation period. Importantly,
we found that a newly added colistin A molecule entered the pore
in the OM spontaneously (Figure S6a). By contrast, in the same
timescale with the untreated bacterial OM, the colistin A molecules
only bound to the OM surface and none of the colistin A molecules
inserted into the OM (Figure S6b). These results revealed that
polymyxin-induced pores in the OM not only increased the perme-
ability of water and ions, but also promoted the penetration of
other polymyxin molecules, supporting the ‘self-promoted uptake’
theory of polymyxin activity proposed in the literature.44–46

Discussion

To the best of our knowledge, the present study is the first to
employ steered MD simulations and umbrella sampling to reveal,
at the all-atomic scale, the unique thermodynamics governing
the penetration of polymyxins into the OM of Gram-negative
A. baumannii. Due to the limited ability of conformational sam-
pling, classical MD simulations cannot track the penetration pro-
cess of polymyxins into the bacterial OM.5,6 Enhanced sampling
techniques, including umbrella sampling MD simulations and
coarse-grained MD simulations, are essential to achieve the pene-
tration of polymyxins within the timescale of simulations.42

Notably, it is not feasible to investigate the atomic interaction of
polymyxins with bacterial membranes using the coarse-grained
method, because multiple atoms are considered as one bead in
coarse-grained MD.42 By contrast, all-atom MD simulations21,23,30

combined with umbrella sampling techniques allow characteriza-
tion of the interaction of polymyxins with the membrane with an
atomic resolution.

The penetration process of polymyxins into the bacterial OM
can be divided into three major stages according to the free energy
profiles (Figure 3a). First, polymyxin molecules bind to the head-
groups of the OM lipids via electrostatic interaction between the
cationic Dab residues of polymyxins and the phosphate groups of
lipid A (Figure 2c and d). Therefore, it is a common strategy for
Gram-negative bacteria to develop polymyxin resistance via modi-
fying the lipid A phosphate groups with moieties (e.g. 4-amino-4-
deoxy-L-arabinose and phosphoethanolamine), diminishing
the initial interactions with polymyxins.47,48 Secondly, polymyxin
molecules pass across the headgroup region of the OM, during
which the free energy increases slowly to approximately 18 kcal/
mol for colistin A and approximately 30 kcal/mol for polymyxin B1.
Thirdly, polymyxin molecules traverse the hydrocarbon region of
the outer leaflet of the OM, during which the free energy sharply
increases to approximately 68 kcal/mol for both polymyxin B1 and
colistin A. During penetration, the polymyxin molecules adopted
a folded conformation (Figure 3b), disrupted the cross-linking
interactions between adjacent lipid A molecules (Figure 3c) and
increased the order of the hydrophobic region of the OM
(Figure 3d). These thermodynamic changes represent the entropic
penalties of both the polymyxin molecules and the fatty acyl tails
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of lipid A and OM phospholipids and the enthalpic penalty of the
headgroups of lipid A and OM phospholipids, which together con-
stitute the free energy barrier of polymyxin penetration into the
bacterial OM.20,42

Jefferies et al.42 reported that the free energy for polymyxin
penetration into the OM centre was only approximately
10 kcal/mol, lower than the free energy barrier of approximately
68 kcal/mol calculated in the present study. The discrepancy in the
free energy barrier likely results from at least two major factors.
First, in the previous simulation the polymyxin B1 molecule did not
completely penetrate into the hydrophobic centre of the OM, but
primarily stayed in the headgroup region of the OM.42 However,
our results revealed that the free energy barrier for traversing the

polar headgroup region is less than a half of the total free energy
barrier (Figure 3a). Secondly, the hydrocarbon tails of lipid A were
simplified as two or three beads in the coarse-grained models
employed in the previous study,42 which substantially decreased
the thickness and complexity of the OM hydrophobic layer,
thus reducing the free energy barrier of polymyxin penetration
significantly. In reality, a large number of polymyxin molecules can
simultaneously bind to the bacterial OM and disorganize the OM
structure cooperatively,13 which promotes the penetration of
polymyxins into the bacterial OM.

With this unique folded conformation (Figure 4), the amphi-
pathic polymyxin molecule specifically interacts with the negative-
ly charged headgroups of lipid A and non-specifically interacts

Figure 4. Interactions of (a) polymyxin B1 and (b) colistin A with the OM. Polymyxin molecules are shown as blue stick models. The lipid A and
phospholipid molecules interacting with polymyxins are shown as coloured line models, while their phosphate groups are presented as sphere mod-
els. The OM is shown as transparent sphere models. This figure appears in colour in the online version of JAC and in black and white in the print version
of JAC.
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with the hydrophobic core of lipid A and the OM phospholipids.41

Previous NMR studies also discovered this folded conformation of
polymyxins in the presence of a single lipid A molecule,14,16 indi-
cating that the folded conformation of polymyxins is a key inter-
mediate state in the penetration into the bacterial OM. However,
we should note that the measured distance between the fatty
acyl group and Leu7 in the folded conformation of polymyxin B1

was approximately 1.9 nm in our MD simulations (Figure 3b) and
approximately 1.3 nm in a previous NMR study.49 In the NMR
experiments only one lipid A molecule was employed to character-
ize the interaction mode with polymyxins; therefore, all polar and
hydrophobic segments of polymyxin were restrained in the space
of a single lipid A molecule. In contrast, in our OM-based all-atom
simulations the Dab residues and hydrophobic segments of the
polymyxin molecule were able to interact with 3–4 lipid A and
phospholipid molecules (Figure 4 and Figure S4). These findings
highlight the importance of using lipidomics-informed OM systems
in examining the interaction with polymyxins to develop a novel
membrane-based structure–activity relationship model of
polymyxins.

A recent simulation study examined the permeabilizing effect
of polymyxin B;50 unfortunately, a coarse-grained, symmetric
Re-LPS [KDO2-lipid A, consisting of lipid A and 2–3 molecules of
3-deoxy-D-manno-2-octulosonic acid (KDO)] bilayer was used to
mimic the bacterial OM,50 which ignores the heterogeneity of the
asymmetric bacterial OM. In contrast, we constructed the A. bau-
mannii OM model based on the quantitative lipidomics data.22

Furthermore, the complete penetration of the polymyxin molecule
into the hydrophobic centre of the OM was not examined in previ-
ous simulation studies;5,6,50 therefore, the folded conformation
of polymyxins was not observed in those studies, which signifi-
cantly limits the understanding of the atomic interaction of poly-
myxins with the bacterial OM. Interestingly, our results revealed
that formed pores in the OM promoted the penetration of other
polymyxin molecules (Figure S6), supporting a recent experimental
study that showed membrane deformation caused by a poly-
myxin molecule cooperatively enhances the subsequent

interactions of other molecules with the bacterial OM.51

Collectively, our results provide strong support for the ‘self-pro-
moted uptake’ mechanism of polymyxins in Gram-negative
bacteria.4,8

To the best of our knowledge, this is the first all-atom study
to uncover the thermodynamics of the penetration of the
polymyxin molecule into the Gram-negative bacterial OM. Unlike
previous studies based on model membranes, the present study
employed quantitative membrane lipidomics results to develop an
A. baumannii OM model for MD simulations. Excitingly, our all-
atom simulation results have been utilized to develop a novel
membrane-based structure–activity relationship model for poly-
myxins, which may facilitate the discovery of new-generation pol-
ymyxins to combat life-threatening Gram-negative ‘superbugs’.
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Figure 5. Pore formation in the OM during the penetration of polymyxin B1. Water molecules are shown as sticks with red oxygen and white hydro-
gen atoms, polymyxin B1 is shown as blue sticks and Ca2! and Cl# are represented by blue and cyan spheres, respectively. The hydrocarbon tails of
the membrane lipids are not shown for clarity. Phosphate atoms are shown as orange spheres to represent the positions of the lipid headgroups. This
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