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Abstract 
 
Lipopolysaccharide (LPS) is an important component of the outer membrane of 

Gram-negative bacteria, contributing to the structural integrity of the bacterial 

cell wall and conferring resistance to chemical attack. The rough variant of LPS 

contains a conserved lipid A domain and complete core saccharide section, while 

the smooth variant additionally contains a terminal O-antigen chain. In the 

following, smooth LPS lipids are simulated in multicomponent membrane 

models using coarse-grained molecular dynamics. The simulations reveal that 

the lipid environment of smooth LPS lipids affects the orientation and clustering 

of their O-antigen chains. When the outer membrane leaflets contain smooth LPS 

lipids alone the O-antigen chains are packed tightly, leading to strong cohesive 

intermolecular interactions. When the outer leaflets incorporate interstitial 

phospholipids and rough LPS variants, the O-antigen chains are tilted and less 

tightly bound. The different packing of terminal O-antigen chains affects lipid 

mobility and the mechanical strength of the Gram-negative membrane models.  

Gram-negative membranes with outer leaflets of smooth LPS alone can 

withstand surface tensions (150 mNm-1) that cause the membrane models with 

rough LPS lipids and comparable phospholipid bilayers to rupture much more 

readily.   
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Introduction  
 
Gram-negative bacteria have complex cell envelope architecture: there is a thin 

layer of peptidoglycan that separates the inner cytoplasmic cell membrane from 

the asymmetric bacterial outer membrane.1 The asymmetric bacterial outer 

membrane has an inner phospholipid leaflet, and an outer leaflet predominantly 

comprised of complex lipopolysaccharide (LPS) macromolecules, which confer 

resistance to chemical attack and contribute to the structural integrity of the cell 

wall. 2-4 LPS consists of lipid A, the hydrophobic moiety that anchors LPS to the 

outer leaflet of the outer membrane and a saccharide section, which varies in 

length and composition. When the LPS macromolecules contain terminal O-

antigen chains they are rendered smooth, whereas the absence or reduction of 

O-chains makes LPS rough.5  
 

Despite the prevalence of LPS molecules and their importance in the basic 

functioning of Gram-negative microbes, we currently lack a comprehensive 

understanding of many aspects of these lipids, particularly at the molecular level. 

In the following work, coarse-grained molecular dynamics simulations are 

performed to better understand the molecular level dynamics of smooth LPS. 

Simulations are performed with different Gram-negative outer membrane 

models: the membranes contain an inner phospholipid leaflet and outer leaflets 

comprised of smooth LPS lipids alone, smooth LPS lipids with rough variants of 

LPS, and LPS with small domains of palmitoyl-oleoyl-phosphatidylethanolamine 
(POPE) lipids. The bilayers are initially simulated at atmospheric pressure to 

understand the dynamics of tensionless membranes. The lateral pressure is then 

incrementally adjusted in a series of simulations to assess the response of 

smooth LPS lipids to mechanical stress.    

 

The simulations reveal that the mobility and orientation of smooth LPS lipids 

depends sensitively on the lipids that surround them. When the outer leaflets 

incorporate combinations of smooth LPS, rough LPS, and interstitial 

phospholipids the terminal O-antigen chains adopt a tilted orientation (relative 

to the bilayer normal) that leads to interactions between distant polysaccharide 
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chains and subsequent clustering of separated smooth LPS lipids. The resulting 

leaflets of interstitial phospholipids, rough LPS, and clustered smooth LPS have 

moderate mechanical strength, withstanding surface tensions of no more than 

100 mNm-1. For leaflets comprised of smooth LPS lipids alone, the terminal O-

antigen chains adopt lamellar packing that slows the LPS lipids and imparts 

significant mechanical strength, enabling the membranes to withstand surface 

tensions (150 mNm-1) that cause comparable phospholipid bilayers to 

rupture.6,7 To better understand the breakdown of the Gram-negative outer 

membrane, bilayer properties were monitored during the incremental increases 

in the lateral pressure magnitude. The increases in lateral pressure were 

associated with changes in O-antigen chain orientation and uniformity, bilayer 

thickness, area per lipid, and hydrophobic core permeability that led to the 

formation of disruptive transmembrane pores.  

 

Comparable molecular dynamics simulations were recently performed to 

understand how mechanical stress is distributed in Gram-negative cell 

envelopes. However, the simulations made use of rough LPS, and so could not 

identify the important influence of O-antigen chains in increasing the outer 

membrane’s ability to withstand high surface tension. 8 Similarly, experiments 

have been performed to assess the area compressibility modulus of different LPS 

variants9,10 but the influence of O-antigen chains on membrane stability has not 

been systematically evaluated. When connections between LPS capping and 

mechanical stability have been made, the studies focused on the structural 

characteristics of bacterial biofilms11 and provided no insight into the 

distribution of LPS lipids, the effect of interstitial phospholipids on membrane 

strength or the characteristics that are associated with the progressive 

degradation of Gram-negative membrane structure.   

 
Methods 
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Simulations were performed with the GROMACS simulation package (version 

5.1.2)12 and the Martini force field (version 2.2).13 Bilayers were assembled 

with the CHARMM-GUI Martini Bilayer Maker.14,15   The web-based interface 

was used to select the relative abundances of lipids in the inner and outer 

leaflets that were hydrated with a solution containing sufficient Ca2+ ions to 

neutralize the LPS lipid A domain and core saccharide sugars, while the 

remaining system charge was neutralized through the use of monovalent Na+ 

ions.  The slab of water and counterions was made sufficiently long (~ 10 nm 

above the LPS O-antigen chains) to minimize interactions between periodic 

images along the z-axis (parallel to the membrane normal). The inner bilayer 

leaflet contained POPE and POPG lipids in a 9:1 ratio for all membrane 

simulation systems, while the outer leaflets had the following compositions: 

smooth LPS (OANT), smooth LPS with POPE lipids in a 4:1 ratio (OANT_POPE), 

smooth LPS with rough LPS in a 1:1 ratio (MIXED), and smooth LPS with rough 

LPS and POPE in a 2:2:1 ratio (MIXED_POPE). The parameters for the rough LPS 

lipids, with R3 core sugars and type 1 lipid A, were previously determined 

through comparison with reference united-atom simulations of Gram-negative E. 

coli outer membrane models. Data from subsequent united-atom simulations of 

the E. coli O42 glycan polymer chain were used to expand this parameter set and 

enable the simulation of a smooth E. coli LPS lipid model, which includes lipid A, 

complete core saccharide section, and four repeat units of the O42 O-antigen 

chain. The parameterization is comparable to previous works on LPS 

macromolecules, but modifications have been made to bring coarse-grained 

simulations in line with our reference united-atom simulation data. The LPS 

models are made freely available within the CHARMM-GUI Martini Maker 

module, and a more comprehensive account of their parameterization is 

provided in our previous publications.16,17  

 

The bilayers were equilibrated for 100 ns after initial energy minimization with 

the steepest decent algorithm.  The temperature and pressure were controlled 

using the velocity-rescaling thermostat (at 313 K, with 𝜏𝜏Τ = 1.0 𝑝𝑝𝑝𝑝) and the 

Parrinello-Rahman barostat (1 bar semi-isotropic pressure coupling, with 𝜏𝜏Ρ =
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5.0 𝑝𝑝𝑝𝑝).18,19 All simulations were performed with an integration time step of 10 

fs. Electrostatic interactions were modulated with the reaction field method 

using dielectric constants of 15 and infinity for charge screening in the short-

range and long-range regimes, following the recommended simulation settings 

for coarse-grained Martini (version 2). The short-range cut-off distance for the 

electrostatic interactions was 1.2 nm.  The Potential shift Verlet scheme was 

used to cut off the Lennard-Jones potential at long ranges.   

 

Lateral pressures of increasing magnitude were applied to the equilibrated 

bilayers to assess their response to mechanical stress. The pressure coupling 

was semi-isotropic; the lateral pressure (𝑃𝑃𝐿𝐿) was coupled separately from the 

pressure applied along the membrane normal (𝑃𝑃𝑁𝑁).  The lateral pressure 

magnitude was varied from -10 bar to -200 bar in independent simulations, 

while the pressure applied along the membrane normal was fixed at 1 bar. The 

strained bilayers were simulated for 20 μs each to allow sufficient time for the 

lipids to reach equilibrium configurations. 

 

The order parameters were determined with the GROMACS order program.  

Lipid lateral diffusion was determined from mean square displacement curves 

that were computed for molecules in the membrane plane using the GROMACS 

msd tool. Radial distribution functions were determined with the GROMACS rdf 

tool. Distances were resolved with the GROMACS mindist tool. Angle 

distributions were calculated with the GROMACS angle program and number 

densities were computed with the GROMACS densmap tool. Area per lipid was 

determined through two-dimensional Voronoi tessellations of lipid phosphate 

groups. Systems were visualized with the Visual Molecular Dynamics package 

throughout.20  

 
 
Results  
 
Coarse-grained simulations were performed to assess the behavior of smooth E. 

coli LPS, with R3 core sugars, type 1 lipid A, and terminal O42 O-antigen chain, in 

different lipid environments. The smooth LPS macromolecules with complete 
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core sugar sequence and four repeat O-antigen chain units were inserted into 

lipid bilayers with POPE, POPG and rough LPS lipids using the CHARMM-GUI 

Martini Bilayer Builder. For each membrane, the lower leaflet contained POPE 

and POPG lipids in a 9:1 ratio (in line with the outer membrane of Gram-negative 

bacteria). The upper leaflets contained smooth LPS lipids alone (system OANT), 

smooth LPS with POPE lipids in a 4:1 ratio (system OANT_POPE), smooth LPS 

with rough LPS in a 1:1 ratio (system MIXED), or smooth LPS with rough LPS and 

POPE in a 2:2:1 ratio (system MIXED_POPE). The bilayers were solvated with a 

solution containing sufficient divalent Ca2+ ions to neutralize the charge of the 

lipid A and core saccharide LPS groups, while the remaining system charge was 

neutralized with monovalent Na+ ions.  The systems were equilibrated for 100 ns 

and were then simulated for 2 μs at 313 K, enabling bilayer properties to 

converge (Figure S1). 

 

The packing and dynamic interactions of the smooth LPS molecules depend 

sensitively on the type of lipids that surround them and on the availability of 

counterions that cross-link neighboring, negatively charged lipids. The smooth 

LPS lipids in system OANT have their acyl chains and O-antigen sugars 

distributed with a lamellar arrangement (Figure 1A-B). In contrast, the O-antigen 

sugars are tilted more substantially relative to the bilayer normal when the 

smooth LPS lipids are simulated in leaflets with neighboring rough LPS 

molecules and POPE lipids (Figure 1C-D). The O-antigen chains are oriented to 

maximize their intermolecular interactions with neighboring O-antigen chain 

polymers. In system OANT, O-antigen chain polymers maximize surface contact 

through their lamellar organization whereas O-antigen chains tilt to maximize 

surface contact in systems MIXED, MIXED_POPE, and to a lesser extent 

OANT_POPE due to the presence of interstitial phospholipids and rough LPS 

molecules.   

 

In line with previous experimental and simulation studies, divalent cations help 

to reduce the unfavorable electrostatic interactions between neighboring LPS 

lipids by migrating to the LPS core saccharide sections and binding to exposed, 

negatively charged carboxylate and phosphate groups.21-23 The pairwise radial 
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distribution functions for divalent Ca2+ ions around negatively charged 

phosphate and carboxylate groups (Figure S2) have first coordination shell 

values of ~ 75 at a distance comparable to the effective size of a coarse-grained 

Martini particle (σ = 0.47 nm). Comparable radial distribution functions are 

produced for simulations of cations around the phosphate groups of lipid A from 

Pseudomonas aeruginosa.24 The divalent cations bridge neighboring phosphate 

and carboxylate groups, facilitating the aggregation of smooth and rough LPS 

lipids whereas monovalent Na+ ions tend to form fewer interactions with 

exposed carboxylate and phosphate groups. The pairwise radial distribution 

functions for monovalent Na+ ions around negatively charged phosphate and 

carboxylate groups have first coordination shell values of ~ 10 during the last 

100 ns of simulation time. The divalent cations have favorable electrostatic 

interactions with the exposed carboxylate and phosphate groups and tend to 

preferentially coordinate the negatively charged sections of the LPS lipids.  

 

The orientational mobility of lipid acyl chains is often quantified according to the 

equation 𝑆𝑆 = 1
2
〈3(cos𝜃𝜃)2 − 1〉, where 𝜃𝜃 is the time dependent angle between an 

acyl chain bond vector and the bilayer normal for a given snapshot in time.25 

Applying the equation to the LPS acyl chains in each membrane during the last 

500 ns of simulation time, the average order parameters (with associated 

standard error estimates) are 0.20 ± 0.002, 0.20 ± 0.002, 0.24 ± 0.003, and 0.28 ± 

0.003 for systems OANT, OANT_POPE, MIXED, and MIXED_POPE, respectively. 

Order parameters can also be calculated for the backbone chains of the O-antigen 

sugars to assess their order and orientation. The average order parameters for 

the O-antigen chain backbone beads in systems OANT and OANT_POPE are 

somewhat comparable to the acyl tail order parameters calculated for 

glycerophospholipid carbon tails in atomistic and coarse-grained simulations 

(Figure 1E).26 The calculations demonstrate that the O-antigen sugars adopt 

approximate lamellar packing when they are embedded in leaflets of smooth LPS 

lipids, or leaflets of smooth LPS lipids with a small concentration of POPE lipids. 

In comparison, the O-antigen chain polymers have a more disordered 

arrangement in systems MIXED and MIXED_POPE, which contain a significant 
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proportion of rough LPS molecules and POPE lipids. The average order 

parameters for the backbone beads of the O-antigen polymer chains are 0.06 and 

0.07 for systems MIXED and MIXED_POPE, respectively.      

 

The angle between bond O-anchor (see Figure 1B), and the terminal O-antigen 

chain sugar was computed to better understand the orientation of the LPS O-

antigen chains in each multicomponent membrane (Figure 1F). Calculated for 

the last 500 ns of simulation time, the angles and their associated standard 

deviations are: 101.2±1.1 (OANT), 75.2±1.0 (OANT_POPE), 86.5±1.9 (MIXED), 

and 68.7±2.8 (MIXED_POPE) degrees. Taken together, the data shows that the O-

antigen chains are tilted most substantially (relative to the anchoring Lipid A and 

core sugar domains) in systems OANT_POPE, MIXED, and MIXED_POPE. 

Atomistic simulations of E. coli membrane models corroborate this conclusion: 

O-antigen chains are tilted more significantly (relative to membrane normal) 

when fewer comparable smooth LPS lipids surround them.27 Likewise, when 

bilayers of smooth LPS from enterohemorrhagic E. coli (serogroup O91) were 

simulated with the CHARMM force field, the simulations revealed that the 

terminal O-antigen chains adopt approximately linear conformations, with the 

tilt angles between repeating glycan polymer units generally decreasing in 

magnitude further from the bilayer core, and generally being smaller than 25 

degrees throughout.28   

 

Overall, the relative order and orientation of LPS components depends on their 

environment: when smooth LPS lipids are bundled together, the neighboring O-

antigen chains align along the bilayer normal, while the anchoring lipid tails 

splay outwards to reduce solvent accessible surface area in the bilayer core. The 

configuration produces relatively high order parameters for much of the O-

antigen chains, and small angles between bond O-anchor and the terminal O-

antigen chain sugars i.e. they closely align with the bilayer normal. When smooth 

LPS lipids are surrounded by rough variants of LPS and phospholipids, the O-

antigen chains are unable to achieve comparable, lamellar alignment. Instead the 

O-antigen chains tilt and splay outwards to maximize their relative 
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intermolecular interactions across the bilayer surface. The terminal O-antigen 

chains display remarkable flexibility in the multicomponent membrane 

simulations, analogous to observations of smooth LPS lipids from atomistic 

molecular dynamics and statistical Monte Carlo simulations.29,30 Importantly, 

there is limited interaction between the core LPS sugars and the terminal O-

antigen chain polymers, which is supported by results from atomistic 

simulations of homogeneous, and mixed E. coli membrane models.27,29    

 

Figure 1. (A) Side view snapshot of system OANT, with (B) a single smooth LPS 

lipid extracted from the bilayer to show the orientation of the acyl chains and O-

antigen chain sugars. The bond that anchors the O-antigen chain to the Lipid A 

and core sugar domains is termed ‘O-anchor’ to make the discussion of LPS 

headgroup orientation more clear. (C) Side view snapshot of system 

MIXED_POPE, with (D) a single smooth LPS lipid extracted from the bilayer to 

show the orientation of the smooth LPS acyl chains and O-antigen chain sugars. 

The acyl tails are white, the phosphate groups are blue, the glycerol and 

glucosamine sugars are pink, core sugars are cyan, and terminal O-antigen chains 

are red, water molecules are omitted for clarity.  (E) Average order parameters 

A B

C D

E

FO-anchor 
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calculated for the backbone chain beads of the O-antigen sugars in systems 

OANT (black), OANT_POPE (red), MIXED (green), and MIXED_POPE (blue).  (F) 

Distribution for the angle formed by the O-anchor bond and the terminal O-

antigen chain sugar in systems OANT (black), OANT_POPE (red), MIXED (green), 

and MIXED_POPE (blue).  

 

The flexibility of the O-antigen chains in the MIXED and MIXED_POPE systems 

enables the O-antigen chains to interact across the lipid plane and thereby 

supports the clustering of smooth LPS headgroups. Figure 2A demonstrates this 

phenomenon for two smooth LPS lipids that were separated by  ~ 4 nm at the 

start of the MIXED_POPE system simulation. Once the simulation is started, the 

O-antigen chains tilt relative to the bilayer normal and the smooth LPS lipids 

bind to each other after approximately 30 ns of simulation time (Figure 2B).  The 

dimer then forms a larger aggregate as additional, neighboring smooth LPS lipids 

cluster together through the interactions of their terminal O-antigen chains 

(Figure 2C).  Additional representative snapshots of the terminal O-antigen 

chains facilitating lipid clustering are included in the supplementary material 

(Figure S3).  
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D E 
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Figure 2. (A) Representative side view snapshot of two smooth LPS lipids 

clustering through the interactions of their tilted O-antigen chain sugars. (B) 

Time series for the distance between the two O-antigen chain sugars during the 

first 500 ns of simulation time. (C) Side view snapshot of the smooth LPS dimer 

forming a larger cluster of smooth LPS lipids. (D, E) Two-dimensional projection 

of O-antigen number density for systems OANT (D) and MIXED_POPE (E), the 

inset images show corresponding top view snapshots of each membrane.   

 

The projection of O-antigen number density, which was computed by splitting 

the periodic box into a contiguous lattice with grid cells of size 0.2x0.2 nm, 

shows the overall effect of smooth LPS headgroup tilting and clustering. The O-

antigen sugars have a relatively uniform distribution in system OANT (Figure 

2D), but the O-antigen chains have a more asymmetric distribution for system 

MIXED_POPE (Figure 2E), system MIXED and system OANT_POPE.  Moreover, in 

system OANT there are no intervening rough LPS and interstitial phospholipids 

to disrupt the cohesive interactions between neighboring O-antigen chains 

across the length of the membrane surface (Figure S4).  
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Figure 3. (A) Top view snapshot of a larger analogue of system OANT after 15 μs 

of simulation time. Water, ions, rough LPS, POPE and POPG molecules are 

excluded for clarity. The thin blue line represents the boundaries of the 

simulation cell and the periodic images are colored different shades of red and 

cyan to show lipid clustering. (B) Number density for the O-antigen chains of the 

smooth LPS lipids sampled over the last 100 ns of simulation time. (C) O-antigen 

aggregation is analyzed (using a 0.6 nm cutoff) and the two identified aggregates 

are colored green and orange. (D) The corresponding number of glycan polymer 

units in the identified O-antigen chain aggregates.   

 

To better understand the clustering of smooth LPS, and in particular, the 

clustering of their terminal O-antigen chains, a larger analogue of system 

MIXED_POPE was simulated for 15 μs. The flexibility of the terminal O-antigen 

chains facilitates lipid demixing: the smooth LPS lipids segregate from 

neighboring rough LPS and POPE molecules to form clusters of smooth LPS lipids 

that span the length of the simulation cell (Figure 3A). This expansive network of 

smooth LPS is preserved during simulation time (Figure 3B), indicating that the 

clustering of smooth LPS, and the clustering of their O-antigens, is an 

energetically favorable process in Gram-negative outer membranes. Based on a 

0.6 nm cut-off distance (GROMACS default), the smooth LPS lipids form a single, 

unbroken aggregate that spans the length of the simulation cell, while their 

terminal glycan polymers are divided between two distinct domains (Figure 3C-

D). The interactions between neighboring O-antigen chains promote smooth LPS 

aggregation and lipid segregation, but the unusually strong cohesive interactions 

between neighboring LPS lipids, which supports strong correlated migration in 

molecular dynamics simulations31,32 could be hindering further lipid demixing. 

In other words, segregation of LPS molecules from phospholipids is facile, but 

the partitioning of smooth LPS lipids and rough LPS lipids is less amenable to 

coarse-grained simulation.  

 

The differences in lipid packing have important consequences for the structure 

and mobility of smooth LPS molecules.  The average lateral diffusion rates were 

computed by sampling the mean square displacement curves, giving lateral 
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diffusion constants of 2.1 (OANT), 8.7 (OANT_POPE), 8.0 (MIXED), and 7.0 

(MIXED_POPE) x10−8cm2/s. The lateral diffusion constants show that the 

mobility of smooth LPS lipids is significantly increased when rough LPS or 

glycerophospholipids surrounds them. Compared to previous publications, the 

computed lateral diffusion constants for smooth LPS lipids are intermediate to 

diffusion coefficients computed for rough units of LPS (5 x10−9cm2/s) and for 

their more dynamic B-band O-antigen chains (2 x10−7cm2/s).29 

 

It is known that LPS lipids impart mechanical strength to the outer membrane of 

Gram-negative bacteria, making them resilient to attack from the external milieu. 

Given the differences in lipid organization in the simulation systems it is 

interesting to explore how embedded rough LPS molecules and 

glycerophospholipids affect the durability of Gram-negative outer membranes. 

Here, the lateral pressure component was incrementally adjusted to monitor the 

breakdown of the Gram-negative outer membrane models. The lateral pressure 

was set to -10 bar, -30 bar, -50 bar, -70 bar etc. in independent simulations that 

were simulated for 20 μs to ensure that lipid properties converged.  

 

The surface tension-areal strain curve was computed for each multicomponent 

membrane to assess their relative mechanical strengths. The surface tension (γ) 

was calculated using the equation:  

 

                                          γ = 𝐿𝐿𝑧𝑧 (𝑃𝑃𝑁𝑁 − 𝑃𝑃𝐿𝐿)                                           (1) 
 

Where 𝐿𝐿𝑧𝑧  is the length of the simulation cell along the membrane normal, and 𝑃𝑃𝑁𝑁 

and 𝑃𝑃𝐿𝐿 are defined in terms of the diagonal components of the pressure tensor 

(𝑃𝑃𝑥𝑥𝑥𝑥, 𝑃𝑃𝑦𝑦𝑦𝑦 and 𝑃𝑃𝑧𝑧𝑧𝑧) according to 𝑃𝑃𝑁𝑁 = 𝑃𝑃𝑧𝑧𝑧𝑧 and 𝑃𝑃𝐿𝐿 = [𝑃𝑃𝑥𝑥𝑥𝑥 + 𝑃𝑃𝑦𝑦𝑦𝑦] 2⁄ . The areal strain 

(𝜀𝜀𝐴𝐴)) was defined as: 

                                                  𝜀𝜀𝐴𝐴 = 𝐴𝐴𝑖𝑖
𝐴𝐴0
− 1                                                (2) 

 

where 𝐴𝐴𝑖𝑖  and 𝐴𝐴0 are the surface areas for bilayers simulated with lateral 

pressure 𝑃𝑃𝐿𝐿 and in the tensionless states, respectively.  
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The surface tension-areal strain curves (Figure 4A) show unsurprisingly, that the 

membrane lipids increased their surface tension and minimized the exposure of 

their hydrophobic groups to water as the lateral pressure magnitude was 

incrementally increased. The data demonstrate that all membranes can 

withstand comparable lateral area expansion prior to formation of 

transmembrane pores that quickly cause membrane collapse. Utilizing displayed 

data, and data for bilayer rupture simulations, the area strain at the point of 

membrane rupture is 0.61-0.76, which is similar to critical areal strain values for 

phospholipid membranes in atomistic simulations.6,33  

 

From the surface tension-areal strain curve, it is apparent that system OANT is 

characterized by higher surface tension (relative to system OANT_POPE, MIXED, 

and MIXED_POPE) indicating stronger attractive intermolecular interactions at 

the bilayer interface.  Likewise, it is clear from the data that system OANT can 

withstand significantly increased surface tension prior to membrane collapse. 

The tight packing of smooth LPS O-antigen chains in system OANT, and their 

associated attractive intermolecular interactions, imparts appreciable 

mechanical strength that differs markedly from the comparable simulated 

membranes that contain interstitial phospholipids and rough LPS lipids in the 

LPS leaflet. The data demonstrates that system OANT can withstand a surface 

tension magnitude ~ 60 mNm-1 larger than single component DPPC bilayers.7 
Additional comparisons with earlier, pioneering publications on membrane 

mechanical strength are limited given that (i) the phospholipid bilayers were 

generally simulated for less than 100 ns in early works33,34 (ii) our coarse-

grained simulations were run for a number of microseconds and (iii) that the 

speed of pore formation and bilayer breakdown depends on the magnitude of 

the applied pressure. 7 In other words, the use of coarse-grained resolution 

levels enabled the simulation of Gram-negative membrane models on a 

microsecond timescale and provided sufficient time for the spontaneous 

production of transmembrane pores that would otherwise have been missed if 

the production time were kept below 100 ns. Transmembrane pores can take 
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significantly longer than 100 ns to form in our molecular dynamics simulations 

and bilayers can seem, when compared with early publications, more liable to 

rupture given the significant differences in production time.  

 

The structure of the bilayers changes significantly in response to increasing 

lateral pressure magnitude: there is a systematic increase in area per lipid 

(Figure 4B), a systematic decrease in membrane thickness (Figure 4C), and a 

general decrease in acyl tail order parameters (Figure 4D) with increasing lateral 

pressure magnitude. The outer membrane models successively thin and expand 

outwards with increasing lateral pressure magnitude, until pores appear in 

either the LPS or phospholipid leaflet that eventually leads to membrane 

breakdown.   

 

Figure 4. (A) Surface tension-areal strain curves. (B) Lateral pressure against 

areal strain (C) lateral pressure against membrane thickness and (D) lateral 

pressure against smooth LPS acyl tail order parameters.  Data are shown for 

systems OANT (black), OANT_POPE (red), MIXED (green), and MIXED_POPE 

(blue).  Data are excluded for lateral pressures that induced membrane rupture.  
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Given the unique stress-strain curve for system OANT, it seems appropriate to 

assess the changing orientation and interactions of constituent O-antigen chains 

during incremental increases in the lateral pressure magnitude and rationalize 

specific details that underpin the collapse and degradation of the Gram-negative 

outer membrane model. To this end, the order parameter has been computed for 

the O-antigen chain of smooth LPS lipids in system OANT for lateral pressure 

magnitudes that did not induce membrane rupture (Figure 5A). The data show 

an overall decrease in the order parameter of the backbone O-antigen chain 

beads, indicating a general reduction in the lamellar alignment of O-antigen 

chain polymers. This reduction in lamellar order of the O-antigen chains (relative 

to the bilayer normal) reduces the surface contact area between neighboring O-

antigen chains and thereby reduces the number of cohesive intermolecular 

interactions between LPS headgroups that would otherwise contribute to 

membrane stability. This observation is supported by calculations of the 

changing angle formed by the O-anchor bond and terminal O-antigen chain 

sugars: the average O-antigen tilt angle was 9.5±1.5 degrees smaller for the 

OANT simulation with lateral pressure of -130 bar compared with the 

atmospheric pressure simulation.  Moreover, two-dimensional particle number 

density maps reveal decreasing uniformity in O-antigen distribution as the 

lateral pressure magnitude was increased, contributing to weaker cohesive 

forces between neighboring smooth LPS lipids and their terminal O-antigen 

chains (Figure 5B-C).         
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Figure 5. (A) Average order parameters for the backbone beads of O-antigen 

chain sugars in systems OANT simulated at atmospheric pressure (black) and 

lateral pressures of: -10 bar (red),  -30 bar (green), -50 bar (blue), -70 bar 

(yellow), -90 bar (brown), -110 bar (cyan) and -130 bar (violet). (B, C) Two-

dimensional O-antigen number density for system OANT at atmospheric 

pressure (B) and lateral pressure of -130 bar (C) during 10 ns of simulation time. 

The inset images show corresponding top view snapshots of each membrane.  

(D) Partial mass density plots for system OANT simulated at atmospheric 

pressure (red and blue lines) and with a lateral pressure of -130 bar (cyan and 

green lines). Partial mass densities for water are blue and cyan, and partial mass 

densities for phosphate groups are red and green. (E) Side view snapshot 

showing the spontaneous formation of a transmembrane pore in system OANT 

when it was simulated with a lateral pressure of -150 bar. Water particles are 

blue and smooth LPS lipids are colored as before.  
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Aside from changes in the structural parameters of system OANT in response to 

changing lateral pressure magnitudes, there was also a change in bilayer 

permeability. The calculation of phosphate group particle density shows that the 

hydrophobic core thinned in response to increasing lateral pressure magnitude 

(Figure 5D). Associated with this membrane thinning and lateral area expansion, 

there was an increase in the accessibility of the hydrophobic core. Water 

molecules successfully bypassed the interfacial phosphate groups and as a 

consequence, water flooded the extremities of the hydrophobic core. Overall, 

there was a breakdown of the interface between hydrophobic lipid tails and the 

encompassing hydrophilic solution. The distance between water beads on both 

sides of the membrane models was reduced and there was a smaller barrier for 

the formation of transmembrane water chains. Indeed, close monitoring of 

membrane collapse for simulations performed with lateral pressure magnitudes 

larger than -130 bar reveal that the breakdown of the bilayer structure was 

caused by the initial formation of transmembrane water chains that lead to the 

formation of transmembrane water channels (Figure 5E). After one pore was 

established, additional pores would appear in the bilayer and induce complete 

loss of lamellar lipid structure within 1 μs of simulation time.  

 

Conclusion 
 
LPS is a complex macromolecule that covers much of the Gram-negative cell 

surface,35,4 and through strong cohesive interactions between individual LPS 

lipids, contributes to the structural integrity of the Gram-negative cell envelope. 

Smooth LPS is composed of three regions; (i) the conserved lipid A anchor, which 

embeds LPS molecules into the Gram-negative outer membrane; (ii) core 

oligosaccharides, and (iii) terminal O-antigen chain, which can be remarkably 

diverse among different bacteria.2-4 In comparison, rough LPS is characterized 

by the absence or reduction of the O-antigen chain. 5 

 

Here, simulations were performed to understand the dynamic interactions of 

smooth LPS lipids in Gram-negative membrane models and their response to 

mechanical stress.  The simulations revealed that the mobility and orientation of 
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smooth LPS lipids depends sensitively on the lipids that surround them. When 

rough LPS molecules and POPE lipids surround smooth LPS, the terminal O-

antigen chains adopt a tilted orientation (relative to the bilayer normal). The 

skewed O-antigen chains are able to establish attractive intermolecular 

interactions leading to the clustering of neighboring O-antigen chain polymers. 

The leaflets of smooth LPS lipids alone and leaflets of smooth LPS lipids with 

POPE and rough LPS molecules differ in terms of mobility and mechanical 

strength. Gram-negative membrane models with one leaflet of smooth LPS lipids 

and one leaflet of phospholipids are relatively immobile and can withstand a 

surface tension (150 mNm-1) that caused phospholipid membranes to rupture in 

previous simulation studies.6-7,36 Whereas the incorporation of rough LPS lipids 

and interstitial phospholipids into the upper LPS leaflet increases molecular 

mobility, but drastically decreases the systems’ tolerance for surface tension.  

 

Analysis was performed to assess bilayer and LPS properties that precede the 

collapse of the Gram-negative outer membrane in response to large lateral 

pressure magnitudes. Incremental increases in lateral pressure magnitude were 

associated with increasing bilayer surface area and decreasing membrane 

thickness. Water molecules were able to more easily access the bilayer interior 

as the lateral pressure magnitude was increased, leading to reductions in bilayer 

stability. Moreover, LPS O-antigen chains became increasingly tilted and their 

distribution increasingly uneven as the lateral pressure magnitude was 

increased. Beyond a critical surface tension and a critical areal strain of 0.61-0.76 

the membranes became perforated with transmembrane pores, leading to their 

complete degradation.          

 

Although the simulations afford important insights into the durability of Gram-

negative membranes and the stabilizing effects of interactions between their 

terminal O-antigen chains, it is important to appreciate the limitations of this 

coarse-grained simulation study. First, the low-resolution level of the LPS 

molecules limits the complexity of their conformational landscape and could 

preclude some of the diverse O-antigen chain conformations that are accessible 
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in atomistic simulations.37 Second, the lack of explicit representation of divalent 

cations in Martini coarse-grained simulations can affect the configuration of 

individual LPS lipids and the interactions between them.38-39,16. Third, the 

unusually slow dynamics of LPS macromolecules40-42 could preclude converged 

lipid configurations and prevent complete lipid segregation. LPS macromolecules 

display strong cohesive interactions between their anchoring lipid A 

domains,31,43 which hinders the otherwise facile and relatively rapid 

mixing/demixing of comparable phospholipid bilayers.44-46 Put another way, 

segregation of LPS molecules from phospholipids is facile, but the partitioning of 

smooth LPS lipids and rough LPS lipids is less amenable to conventional 

molecular dynamics. Fourth, the outer membrane of Gram-negative bacteria is 

more complex than our simplified bilayer models and can incorporate a wide 

range of different macromolecules e.g. outer membrane proteins47-49 that can 

affect, at least locally, the physical properties of membrane lipids.50,51 

 

Despite its limitations, this coarse-grained simulation study shows that the 

dynamics of smooth LPS lipids, and in particular the dynamics of their terminal 

O-antigen chains, are importantly influenced by the lipids that surround them. In 

turn, O-antigen chain polymers have distinct interactions with their neighbors 

that lead to differences in bilayer mechanical strength. Atomistic simulations of 

smooth LPS lipids, albeit with different LPS variants, corroborated conclusions 

that the membrane environment affects O-antigen chain interactions,27,51 but 

the associated impact on bilayer strength has not been demonstrated, at least not 

empirically and systematically.  The simulation study raises the question: are 

OANT system analogues assembled in vivo?  The simulations of our most 

complex membrane models i.e. MIXED_POPE revealed that the formation of 

smooth LPS clusters is certainly favored, and further lipid demixing is feasible 

considering that there are strong cohesive interactions between LPS lipids that 

limit the segregation of smooth and rough variants of LPS on a microsecond 

timescale. Here, the presence of interstitial phospholipids accelerates the 
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assembly of LPS aggregates, but the coupling and decoupling of LPS 

macromolecules is likely to involve large energy barriers and occur on 

timescales not entirely amenable to conventional molecular dynamics. 

Experimentally it is found that LPS molecules display a strong preference for 

segregating in multicomponent membranes,52 but their separation is a complex 

function of at least their size, shape and charge53 and therefore, simple 

comparisons between our simulations and experimental data are limited. 

Simulations that incorporate outer membrane proteins have indicated that O-

antigen chains preferentially tilt towards each other rather than the embedded 

bilayer proteins, suggesting their inclusion would not substantially affect data on 

bilayer strength and LPS clustering.17  

 

The presented data help to develop a more comprehensive understanding of 

Gram-negative bacterial outer membranes, the interactions between their 

constituent LPS lipids, and their response to mechanical stress. The ability of 

bilayers to bear surface tension can importantly influence their ability to 

maintain their basic lamellar structure. The mechanical strength of bacterial 

membranes can for example, dictate their tolerance for osmotic pressures 

arising from differences in solute concentrations between the insides of cells and 

the external environment. Aside from offering insights into the preservation of 

cellular morphology in response to in vivo stressors e.g. turgor pressure, the data 

also helps clarify how synthetic outer membrane vesicles, which can be made 

void of transmembrane proteins and are therefore better mimics of our 

simulation systems, can be engineered to make them less prone to rupture or 

fuse, and thereby increase their shelf stability. The strength of 

lipopolysaccharide bilayers can evidently be modulated through LPS capping/O-

antigen expression, providing a simple method to control the durability of outer 

membrane vesicles, which are increasingly being used as vaccine adjuvants and 

are garnering attention for their potential nanomedicinal applications.54-56 

Modulating the mechanical strength of comparable glycerophospholipid 

nanocarriers through the incorporation of amphiphilic block copolymers was 
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shown to not only enhance their shelf stability but also to reduce their toxicity, 

and increase the loading rates of drugs and drug cellular uptake.57-59 

 

Going forward, the use of alternative simulation methods that can access longer 

timescales could help address the uncertainties regarding the conformation of 

smooth LPS clusters in the membrane models i.e. do our endpoint conformations 

represent converged lipid configurations? Simulations of alternative LPS 

variants could also reveal whether the relationship between O-antigen chain 

interactions and membrane mechanical strength is a trait of this LPS variant (E. 

coli LPS with O42 glycan polymer chain) alone, or if all terminal O-antigen chains 

regardless of shape, size and charge, can affect bilayer tolerance for surface 

tension.  

 

Supporting Information 

Four figures are provided. The figures demonstrate (i) bilayer convergence, (ii) 

the distribution of ions in the Gram-negative outer membrane models, (iii) 

snapshots of lipid clustering, and (iv) top view snapshots of different simulation 

systems.  
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