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a b s t r a c t

The outer membrane (OM) of Gram-negative bacteria is a formidable barrier against antibiotics.
Understanding the structure and function of the OM is essential for the discovery of novel membrane-
acting agents against multidrug-resistant Gram-negative pathogens. However, it remains challenging
to obtain three-dimensional structure of bacterial membranes using crystallographic approaches, which
has significantly hindered the elucidation of its interaction with antibiotics. Here, we developed an asym-
metric OM model consisting of rough lipopolysaccharide (LPS) and three key types of phospholipids.
Using coarse-grained molecular dynamics simulations, we investigated the interaction dynamics of
LPS-containing OM with the polymyxins, a last-line class of antibiotics against Gram-negative ‘super-
bugs’. We discovered that polymyxin molecules spontaneously penetrated the OM core sugar region
where most were trapped before entering the lipid A region. Examination of the free energy profile of
polymyxin penetration revealed a major free energy barrier at the LPS inner core and lipid A interface.
Further analysis revealed calcium ions predominantly distributed in the inner core region and mediated
extensive cross-linking interactions between LPS molecules, thereby inhibiting the penetration of
polymyxins into the hydrophobic region of the OM. Collectively, our results provide novel mechanistic
insights into an intrinsic defense of Gram-negative bacteria to polymyxins and may help identify new
antimicrobial targets.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antibiotics are one of the greatest medical discoveries in the
20th century. However, over the last few decades bacterial isolates
have developed resistance to most, and in some cases all currently
available antibiotics. [1] Of particular concern are multidrug-
resistant (MDR) Gram-negative pathogens such as Acinetobacter
baumannii, Pseudomonas aeruginosa and Klebsiella pneumoniae,
which have caused significant morbidity and mortality. [2–3] This
situation has been made worse by the dry antibiotic development
pipeline since the 1990 s, dramatically reducing the antibiotic
armamentarium available to treat infections caused by these
difficult-to-treat organisms. Therefore, the polymyxins (i.e., poly-
myxin B and colistin), an ‘old’ class of antibiotics once abandoned
in the 1970 s due to toxicity, are increasingly used as a last-line
therapy against these life-threatening ‘superbugs’. [4–5]

Polymyxins are polycationic lipopeptides that act primarily
through binding to lipopolysaccharide (LPS) and disrupting the
outer membrane (OM) of Gram-negative bacteria. [6–7] LPS is
the major component in the outer leaflet of the bacterial OM and
consists of a conserved lipid A moiety, a core oligosaccharide and
an O-antigen. The direct interactions between adjacent LPS mole-
cules and indirect interactions mediated by divalent cations signif-
icantly strengthen the OM structure, protecting bacterial cells from
environmental toxins, including antibiotics. [8–9] OM porins are
responsible for the transport and uptake of many lower molecular
weight polar antibiotics; [10] however, it is very likely that the
small pore size (~1 nm) of such porins prohibits the translocation
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Fig. 1. CG models for polymyxin B1 and Ra LPS. (A) CG model for polymyxin B1.
The Martini beads are shown as transparent spheres, while the underlying united-
atom particles are shown as spheres. Carbon atoms are light blue, oxygen atoms are
red, nitrogen atoms are dark blue, and hydrogen atoms are white. (B) CG model for
Ra LPS. Hydrocarbon tails are orange, the lipid A head group is white, phosphate
groups are orange, and the remaining outer and inner core saccharides are yellow.
The inner core indicates 2-keto-3-deoxtoctonoic acid (KDO). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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of larger (~2 nm) lipopeptides such as the polymyxins. Our recent
all-atom molecular dynamics (MD) simulations have revealed that
the antimicrobial activity of polymyxins was highly dependent on
their specific interactions with lipid A and unique conformational
folding within the bacterial OM. [6] Unfortunately, such activity-
related prerequisites are mitigated when the lipid A phosphate
groups are modified with phosphoethanolamine and/or 4-amino-
4-deoxy-L-arabinose moieties. [11] These lipid A modifications
are the main mechanisms of polymyxin resistance in Gram-
negative bacteria. Even in the absence of such modifications, the
core oligosaccharide of LPS restricts the insertion of polymyxins
into the OM. [12–13] Removal of these core sugars from LPS is
known to improve the OM penetration of polymyxins. [14] These
findings indicate the role of LPS core sugars in contributing to poly-
myxin resistance. However, exploiting the interaction between
polymyxins and the bacterial OM at the molecular level remains
challenging with current experimental approaches. While a small
number of MD simulation studies examined the action of polymyx-
ins against the bacterial OM, [6,11,15] the core oligosaccharide sec-
tion of LPS is often not included when constructing the OMmodels.
This has hindered our understanding of the role of LPS core sugars
in antibiotic resistance.

In the present study, we developed a bacterial OM model incor-
porating rough LPS (Ra LPS, consisting of lipid A and a complete
oligosaccharide chain) and examined the interactions with poly-
myxin B1 at three different concentrations. To enhance the confor-
mational sampling during the process of polymyxin interaction
with the OM, we integrated coarse-grained (CG) simulations and
free energy analysis to examine the thermodynamic mechanism
governing the penetration of polymyxins into the OM. Together
with the energy-unfavorable calcium displacement by polymyxins,
the anionic LPS core sugars acted as an ‘energy trap’ to prevent the
penetration of polymyxins into the lipid A region of the OM, which
provided an intrinsic defense mechanism against polycationic
polymyxins.
2. Methods

2.1. System preparation

We have previously developed and validated the three-
dimensional atomic structure of polymyxin B1. [6,11,16] To build
the CG model of polymyxin B1, approximately four heavy atoms
were mapped to a single CG bead (Fig. 1A), consistent with the set-
ting of Martini CG particle building blocks. [17] Subsequently, all-
atom and CG MD simulations were performed for a single poly-
myxin B1 molecule in a 5 � 5 � 5 nm3 box (with neutralized
sodium chloride) to calculate the polymyxin B1 molecular param-
eters (e.g., bonds and angles). [18] The CG model and parameters
of Ra LPS (Fig. 1B) were from CHARMM-GUI and validated else-
where. [19]

An asymmetric bacterial OM model was constructed using the
CHARMM-GUI Martini Maker module. [19] The outer leaflet of
the OM consisted of 96 Ra LPS molecules whereas the inner leaflet
contained 80% 1-palmitoyl-2-oleoyl-phosphatidylethanolamine
(POPE), 10% 1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG),
and 10% cardiolipin (96 Ra LPS and 263 phospholipids in total).
This represents the composition of the heterogeneous OM of
Gram-negative bacteria. [6,20] The OM model was then solvated
using CG water particles and neutralized using calcium and chlo-
ride ions in a 13.1 � 13.1 � 16.3 nm3 simulation box. To investigate
the effect of polymyxin concentration on interactions with the OM,
24, 48 and 96 polymyxin B1 molecules were added above the OM
to achieve a 1:4, 1:2 and 1:1 polymyxin B1/LPS ratio (P/L ratio),
respectively. As a result, the number of calcium ions in these sys-
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tems was 420, 360 and 240, respectively. A control systemwas also
performed in the absence of polymyxin molecules. In total, there
were approximately 46,000 particles in the simulation systems.

2.2. MD simulations

All simulations were conducted with the GROMACS program
(version 5.1.2) and Martini force field. [17,21] The energy mini-
mization was performed using the steepest decent algorithm. Sub-
sequently, a six-step equilibration cycle was carried out by
gradually turning off the position restraints on the lipid molecules
(both LPS and phospholipid). Finally, 3,000-ns production simula-
tions were conducted for each system in the NPT ensemble. In par-
ticular, 2,000-ns extended simulations were performed for the
system with 96 polymyxin B1 molecules (1:1 P/L ratio). The tem-
perature and pressure were coupled to 313 K using the velocity
rescaling method (time constant of 1 ps) [22] and 1 bar using the
semi-isotropic barostat and Parrinello-Rahman algorithm (time
constant of 5 ps), [23] respectively. Other simulation details were
consistent with previous validated studies. [18]

2.3. Umbrella sampling and free energy calculation

Compared to the systems with 1:2 and 1:4 P/L ratios, the
polymyxin B1 molecules inserted most deeply into the OM in the
1:1 P/L ratio system (details introduced in the following sections).
Therefore, umbrella sampling simulations [18,24] were performed
using the trajectories of the 1:1 P/L ratio system to elucidate the
energetic mechanisms governing the dynamic behaviors of poly-
myxin molecules upon interacting with the OM. Snapshots from
the 1:1 P/L ratio system were generated and employed to initiate
10 simulation windows in which the polymyxin B1 molecule was
restrained at fixed positions with a 0.2-nm interval and
1,000 kJ mol�1 nm�2 force constant of harmonic potential. The
spring force was applied only on the polymyxin molecule that
showed the deepest insertion in the MD simulations and no
restraints were applied on the other polymyxin molecules. Each
window was simulated for 300 ns to enhance conformational sam-
pling. Finally, the free energy profile was determined using the
Weighted Histogram Analysis Method (WHAM) and displayed as
a function of the absolute Z-coordinates of the system. [25] Other



X. Jiang, Y. Sun, K. Yang et al. Computational and Structural Biotechnology Journal 19 (2021) 3885–3891
running parameters were set to match the unbiased MD
simulations.
3. Results

3.1. Interaction of polymyxin B1 at various concentrations with the Ra
LPS OM

In the 1:4 P/L ratio system, approximately 60% (14 of 24) of
polymyxin B1 molecules were trapped in the outer core of LPS,
while the remaining molecules traversed the periodic boundary
to interact with the OM inner leaflet or floated in water (Fig. 2A);
no obvious penetration into the OM was observed throughout
the entire 3,000-ns simulations. In the 1:2 P/L ratio system, only
two polymyxin B1 molecules approached the inner core of LPS
while the majority of molecules bound to the outer core region
(Fig. 2B). As the polymyxin concentration further increased to a
1:1 P/L ratio, seven polymyxin B1 molecules passed the outer and
inner core regions of LPS and interacted with the lipid A head-
groups (Fig. 2C). However, these polymyxin B1 molecules did not
enter the hydrophobic region of the OM. Interestingly, in simula-
tions involving a new lipid A OM where the core sugars were
removed from the Ra LPS, polymyxin B1 molecules easily inserted
into the hydrophobic region of the lipid A OM, even at a very low
concentration (1:18 P/L ratio) (Fig. 2D). These results show that
the core sugars of LPS ‘trapped’ polymyxin molecules and inhibited
their penetration into bacterial OM, most likely via electrostatic
interactions between the negatively charged carboxyl groups of
the inner core sugars and the positively charged 2,4-
diaminobutyric acid (Dab) residues of polymyxin B1.

To further investigate the dynamic behaviors of polymyxins
within the OM, we examined the insertion kinetics of a single poly-
myxin molecule showing the deepest penetration in the 1:1 P/L
Fig. 2. Final frame snapshots showing polymyxin B1 (blue) interacting with the Ra LPS
B1 interaction with lipid A outer membrane with 1:18 polymyxin/lipid A ratio. Ra LPS a
membrane are shown with green hydrocarbon tails and white head groups. The polym
molecules are omitted for clarity. (For interpretation of the references to colour in this
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ratio system (Fig. 3). This polymyxin B1 molecule moved rapidly
from the surface of the OM to the interior of the outer core region
(0–200 ns), before slowly approaching the inner core region
(200–1,000 ns). Subsequently, it spent approximately 1,400 ns
translocating through the inner core region (1,000–2,400 ns)
before contacting the lipid A headgroups. For the remainder of
the simulation (2,400–3,000 ns), it fluctuated within the inner core
region of the OM. This remained the case even when the simula-
tions were extended by 2,000 ns, with the molecule never inserting
into the lipid A region. These results show that the core sugars of
LPS likely constitute a permeability barrier to polycationic
polymyxins.
3.2. Calcium ions within the OM

Given that divalent cations help stabilize the bacterial OM, we
hypothesized that calcium ions may play a key role in maintaining
the permeability barrier created by the LPS core sugars. To test this
hypothesis, the calcium distribution within the OM was measured
in the absence of polymyxin B1 and with three different P/L ratios
(Fig. 4A). In each system, a major peak in the inner core region
(around Z = 7.7 nm) and a minor peak in the outer core region
(around Z = 8.7 nm) was observed. These calcium ions interacted
electrostatically with the anionic sugars of LPS in the outer and
inner cores (Fig. S1), thereby stabilizing the hydrophilic network
between LPS. However, compared to the control system, the mass
density of calcium ions in the inner core decreased by 20.2% and
29.1% with the 1:4 and 1:2 P/L systems, respectively, despite com-
parable levels in the outer core in both systems. In contrast, in the
1:1 P/L system the mass density dropped by 63.6% and 45.3% in the
inner and outer core regions, respectively. These results provide
new quantitative insights into the calcium displacement by
polymyxins, which is consistent with a previous study. [26]
outer membrane. (A) 1:4, (B) 1:2, (C) 1:1 polymyxin/LPS ratios, and (D) polymyxin
nd lipid A are colored as in Fig. 1B; phospholipids in the inner leaflet of the outer
yxin B1 molecules across the simulation box are not shown. Na+, Ca2+ and water

figure legend, the reader is referred to the web version of this article.)



Fig. 3. Interaction of polymyxin B1 with the Ra LPS outer membrane in a 1:1
peptide/LPS system. Regions of Ra LPS leaflet of the outer membrane are indicated
by different transparent colors. Positions of the center of mass of a representative
polymyxin B1 molecule are shown as black lines. The coordinates are shown with
respect to the bilayer normal.
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To examine the potential interaction between polymyxins and
calcium ions, we measured the number of calcium ions around
(within 1 nm) the inserted polymyxin molecule (Fig. 4B). During
the insertion process, there were 4–5 calcium ions around the
polymyxin molecule as it traversed the outer core region. However,
less than one calcium ion was found around the polymyxin mole-
cule when it subsequently entered the inner core region. Neverthe-
less, the inner core calcium ions showed the highest mass density
(Fig. 4A). Given both polymyxins and calcium ions are positively
charged, these results clearly suggest that penetration of polymyx-
ins causes the expulsion of calcium ions from the OM, most likely
due to electrostatic repulsion.
3.3. Free energy profile for the penetration of polymyxin B1

To elucidate the mechanism by which LPS core sugars pre-
vented penetration of the OM by polymyxin B1, we characterized
the free energy profile for the penetration of a single polymyxin
B1 molecule from the OM surface to the headgroup region of lipid
Fig. 4. Distributions of calcium ions (A) within the Ra LPS outer membrane and (B) a
show the different regions of the Ra LPS leaflet of the outer membrane.
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A through umbrella sampling simulations (Fig. 5). Following
translocation through the outer core region (8.0 nm < Z < 8.4 nm),
the free energy steadily decreased despite a minor plateau around
Z = 8.2 nm before reaching the global energy minimum (DG = -6.
84 kcal/mol) around the interface between the outer and inner core
regions. This explains why most polymyxin molecules remained in
the outer core region of the OM in the simulations (Fig. 2). The free
energy once again climbed (DG = 4.94 kcal/mol) when the poly-
myxin molecule began to insert into the inner core region (7.74 n
m < Z < 8.0 nm), before decreasing to a local energy minimum
(DG = -4.13 kcal/mol) with further penetration (7.6 nm < Z < 7.7
4 nm). This energy barrier and local energy minimum prevented
the majority of polymyxin molecules from inserting into the inner
core region of the OM (Fig. 2). Finally, the free energy sharply
increased (DG = 5.92 kcal/mol) following the gradual penetration
into the lipid A region (7.4 nm < Z < 7.6 nm), which explains the
simulation observations that no polymyxin molecule entered the
lipid A region of the OM (Figs. 2 and 3)
4. Discussion

MDR Gram-negative bacteria have become a major threat to
public health due to the limited treatment options available. [1–
3] The seriousness of this situation is exemplified by infections
caused by carbapenem-resistant K. pneumoniae which have a mor-
tality rate of approximately 30–40% in the United States and 40–
50% in Europe. [27] The dire situation of antibiotic resistance is
only predicted to worsen, with antibiotic-resistant infections fore-
cast to kill up to 10 million people each year by 2050 if no effective
solution is found. [28] In addition to the cell membrane, Gram-
negative bacteria contain an OM that is particularly effective in
preventing many compounds from entering the cell and reaching
their intracellular targets. [29] Polymyxins target the Gram-
negative OM directly and are often the only available therapeutic
option for treatment of infections caused by Gram-negative ‘super-
bugs’. [4]

Very few studies have previously utilized MD simulations to
investigate the activity of the polymyxins against Gram-negative
organisms. In these studies, the simulated bacterial OM involved
either simple phospholipid bilayers [15] or bilayers incorporating
the simplest form of lipid A to represent LPS. [6,11] In the present
study, we developed a bacterial OM model incorporating Ra LPS to
round the translocated polymyxin B1 molecule. The transparent colored shallows



Fig. 5. Free energy of polymyxin B1 penetration at a 1:1 peptide/LPS ratio. Free
energy profile for polymyxin B1 is shown as a function of Z-coordinates of the outer
membrane. The transparent colored shallows show the different regions of the Ra
LPS leaflet of the outer membrane. The global minimum of the free energy profile
was shifted to zero.

X. Jiang, Y. Sun, K. Yang et al. Computational and Structural Biotechnology Journal 19 (2021) 3885–3891
examine the interaction of polymyxins with the OM during the
penetration process. The structure of Ra LPS contained both lipid
A and an entire oligosaccharide chain, and thus more accurately
reflects the true situation in Gram-negative bacteria. The hydrocar-
bon tails and negatively charged phosphate groups of lipid A and
the oligosaccharide (e.g., carboxyl groups) constitute a permeabil-
ity barrier of the bacterial OM. As will be discussed further below,
we found that the anionic core sugars, especially those of the inner
core, severed as an intrinsic barrier to polymyxins. Furthermore,
the free energy and cation distribution analysis revealed that cal-
cium ions were essential for the formation of this intrinsic
antibiotic-defense mechanism.

Divalent cations are believed to stabilize the bacterial OM.
[13,26,30] In our study, calcium ions formed a high-density shell
within the inner core of LPS (Fig. 4A), mediating bridging interac-
tions between the negatively charged phosphate groups and anio-
nic sugars of adjacent LPS molecules and strengthening the
structural integrity of the OM (Fig. S1). These findings are well sup-
ported by previous experimental studies. [31–32] Notably, a major
free energy barrier appeared when the polymyxin molecule passed
through the LPS inner core region where the calcium ions showed
the highest distribution (Fig. 4A and 5). As polymyxins penetrated
the inner core, they competitively displaced the calcium ions from
the OM (Fig. 4B). These results indicated that cation displacement
by polymyxins is energy-unfavorable and the calcium ions in the
LPS core sugar regions play a key role in resisting the actions of
antimicrobial peptides, including the polymyxins. This agrees with
an earlier study that showed that increasing the concentration of
calcium ions in solution by 2 lM significantly increased the mini-
mum inhibitory concentrations (MICs, by 2–128 fold) of polymyx-
ins against Pseudomonas species. [33] Furthermore, X-ray and
neutron reflectivity experiments showed that calcium removal
perturbed the bilayer asymmetry and caused destabilization of
the LPS-containing OM. [34] Thus, divalent cations stabilize the
OM [8] and provide a level of defense against polymyxins
(Figs. 5 and 1S), with their displacement being a prerequisite for
initiating membrane disruption and subsequent membrane pene-
tration by polymyxins.

Our results indicate that the core sugar region of LPS functions
like an ‘energy trap’. The free energy profile showed two energy
minima (DG = -6.84 and �4.13 kcal/mol) during polymyxin pene-
tration (Fig. 5), located at the interface between the outer and inner
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core regions and within the inner core region, respectively. This
well explained why most polymyxin molecules only bound to
the OM surface rather than inserting into the inner core or lipid
A regions (Figs. 2 and 3). Most likely, electrostatic interactions
between the anionic sugars and polycationic polymyxin peptides
significantly restricted the diffusion of polymyxins, thereby
inhibiting the penetration. The most significant OM penetration
observed in the MD system containing 96 polymyxin molecules
supports their concentration-dependent killing. [35] This indicates
that the binding of multiple polymyxin molecules with LPS con-
certedly disrupts the lateral interaction of the OM, promoting the
insertion of other polymyxin molecules (i.e. ‘self-promoted
uptake’). [36] It has previously been reported that mutations
within the genes responsible for the incorporation of core sugars
into LPS attenuated the survival of Burkholderia cenocepacia
in vivo. [12] In that study, a mutant strain defective in the expres-
sion of both hldA and hldD and which produced LPS consisting of a
short lipid A-core oligosaccharide devoid of O-antigen (and thus
contained fewer calcium ions than usual in the OM) had increased
susceptibility to cationic polymyxin B (>16-fold), melittin (>64-
fold) and human neutrophil peptide-1 (>4-fold). [12] Furthermore,
our MD results demonstrated that the removal of the core sugars
from LPS significantly improved the penetration of polymyxins
into the hydrophobic region of the OM (Fig. 2D), which is in excel-
lent agreement with the recent neutron reflectometry studies. [37–
38] Thus, the anionic core sugars of LPS serve as the structural basis
of intrinsic resistance of Gram-negative bacteria to environmental
toxins, especially polycationic antimicrobials. [14] Indeed, several
enzymes for the synthesis and assembly of LPS core sugars are cur-
rently being investigated as new antimicrobial targets. [39]

Despite the importance of LPS core sugars in resisting antimi-
crobial peptides, the lipid A of LPS is very likely the key determi-
nant for bacterial defense. We have recently shown that the free
energy barrier for the translocation of polymyxins through the
lipid A region of the OM was approximately 68 kcal/mol, [6] much
higher than that through LPS core sugar region reported herein (~5
kcal/mol, Fig. 5). This supports the simulation observations that
showed the polymyxin molecules could not insert into the lipid
A region in all three Re LPS-containing simulation systems
(Fig. 2). In nature, bacteria develop polymyxin resistance primarily
by modifying the negatively-charged phosphate groups of lipid A,
which is controlled by two-component regulatory systems, includ-
ing PhoPQ and PmrAB. [40] These modifications decrease the speci-
fic binding of polymyxins to LPS and inhibit the unique folding of
polymyxins within the OM, both of which are required for poly-
myxin activity. [11] Experimentally, the polymyxin MICs against
A. baumannii, P. aeruginosa and K. pneumoniae with lipid A-
modified OMs are greatly increased (by 32–256 fold). [41] Collec-
tively, these results indicate that lipid A plays a primary defensive
role against antimicrobial peptides, while the core sugars of LPS
play a secondary role.
5. Conclusions

In conclusion, we employed coarse-grained MD simulations and
umbrella sampling to examine the dynamic behavior of polymyxins
interacting with an LPS-containing OM in Gram-negative bacteria.
Through extensive thermodynamic analysis, our results suggested
that the bridging of the LPS core sugars by calcium ions contributed
to the formation of a permeability barrier. Compared to the lipid
A-mediated permeability barrier, the core sugar-mediated barrier
provided lower-level but broad-spectrum protection against poly-
cationic antimicrobials. Inhibition of the biosynthesis of core sugars
or their incorporation into LPS would likely increase the suscepti-
bility of Gram-negative bacteria to cationic antibiotics, providing
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a new strategy for antibiotic combination therapy. Collectively,
these results further our understanding of the distinct roles of dif-
ferent parts of bacterial OM in protection from antimicrobial pep-
tides, including the polymyxins.
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