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Abstract 

 

In the following molecular simulations are used to reveal unexpected behavior within 

bacterial membranes. We show that lipopolysaccharide molecules found in these 

membranes form viscous amorphous solids when they are interlinked with 

monovalent and divalent cations. The bilayers exhibit both liquid and glassy 

characteristics, due to the co-existence of both liquid and crystalline domains in the 

bilayer. Polymyxin B1 (PMB1), a potent antimicrobial peptide, is shown to increase 

order within the LPS bilayers by inducing the formation of crystalline patches. 

Crucially we are able to decompose the energetics of insertion into their enthalpic and 

entropic components. The present coarse-grain (CG) molecular dynamics (MD) study 

provides unprecedented insights into the antibacterial action of antimicrobial peptides, 

thus paving the way for development of novel therapeutic agents to treat multiple 

drug resistant Gram-negative bacteria.    
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 2 

 

Introduction  

 

Resistance to antibiotics has increased in recent years, especially among Gram-

negative bacteria including Klebsiella pneumonia, Acinetobacter baumannii, and 

Escherichia coli (E. coli). [1-4] A particular problem is presented by these resilient 

bacteria proliferating in hospital settings and infecting those with already 

compromised immune systems. Hampering the search for a solution to this problem is 

the lack of any new antibiotic agents entering the drug development pipeline. [5-7] 

The non-availability of new therapies could lead to a post-antibiotic era as the 

microbes increasingly acquire resistance to our last-line of defence therapies.  In part, 

this dwindling supply of novel antibiotics is ascribed to many large pharmaceutical 

companies abandoning conventional drug development for more profitable 

endeavours. [8,9]. While computer simulation, particularly at the molecular level is 

potentially a powerful tool for the development of targeted and cost-effective novel 

therapies it is somewhat hampered by our lack of understanding of the molecular 

pathways utilized by antibiotics to both enter and destroy bacterial cells [10-15]. To 

further this understanding, simulation of currently used antibiotics with biologically 

relevant models of bacterial membranes is imperative. 

 

Polymyxin B1 (PMB1) (Fig. 1A), is one of the most potent antimicrobial peptides, 

that targets Gram-negative bacteria [16-19]. It has been shown to interact with 

lipopolysaccharide (LPS) molecules, which are the major component of the Gram-

negative outer membrane. LPS is a complex macromolecule with a tripartite structure: 

the highly conserved Lipid A group anchors LPS lipids into the Gram-negative outer 

membrane, while the anionic core sugars and multifarious glycan polymer portion 

forms a barrier that protects the bacteria from chemical attack. [20-25]  
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 3 

 

 

Figure 1. CG models for PMB1 and Re LPS. (A) CG model for PMB1. The Martini 

beads are shown as translucent spheres, while the underlying united-atom particles are 

shown as opaque spheres. Carbon atoms are ice blue, oxygen atoms are red, nitrogen 

atoms are blue, and hydrogen atoms are white. (B) CG model for Re LPS. Carbon 

tails are white, glucosamine and glycerol groups are pink, phosphate groups are blue, 

and the remaining core saccharides are cyan. The Re LPS lipid is sectioned into its 

component Lipid A anchor and 2-keto-3-deoxtoctonoic acid (KDO) dimer for clarity.   

 

In the following, we employ coarse-grain (CG) molecular dynamics (MD) to probe 

the effect of PMB1 on the local outer membrane environment. We demonstrate that 

deep-rough (Re) mutants of LPS (Fig. 1B), which contain Lipid A with minimal core 

oligosaccharide section for bacterial survival (two 2-keto-3-deoxtoctonoic acid units), 

[26] form bilayers with glass-like properties including high shear viscosities and 

heterogeneous relaxation dynamics, primarily owing to strong electrostatic 

interactions between ambient cations and the two anionic phosphate groups of the Re 

LPS molecules. [27,28] The bilayers are perturbed by PMB1, which affects the 

dynamics of LPS lipids and thereby induces the formation of small crystalline 

domains. The crystallization effects are minimized when the Re LPS are linked with 

divalent cations, as the ions induce close and relatively rigid packing of the lipid head 

groups, effectively shielding the vulnerable anionic phosphate groups from the 

polycationic peptides.  

 

Materials 
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Molecular dynamics parameters and protocol 

 

Simulations were performed with the GROMACS simulation package (version 4.5.5) 

[65] and the Martini force field (version 2.2). [66] The Re LPS bilayers were formed 

in previous work with the GROMACS genconf utility; each bilayer contained 100 Re 

LPS molecules per leaflet. [31] The Re LPS membranes (being void of any PMB1 

peptides) were equilibrated for 10 µs at different temperatures (300 K, 310 K, and 320 

K) after initial energy minimization with the steepest decent algorithm. Simulations 

were run in the NPT ensemble, as the pressure was coupled to 1 bar using a semi-

isotropic barostat and the Parrinello-Rahman algorithm (time constant 1 ps). [67, 68] 

Temperature was coupled to a Nosé-Hoover heat bath (time constant of 1 ps). [69] 

The Lennard-Jones and Coulomb potentials were smoothly reduced to zero between 0 

and 1.2 nm and between 0.9 and 1.2 nm, respectively, using the standard GROMACS 

shift function. The neighbor list was updated every 10 steps. All simulations were 

performed with the leapfrog integrator and an integration time step of 10 fs. The LPS 

simulation parameters are validated elsewhere. The PMB1 parameters were optimized 

with in-house computer code (see supporting information). The concentration of 

PMB1 peptides was subsequently increased from one, to six molecules per periodic 

box at the biologically relevant temperature of 310 K. The bilayers that were 

equilibrated at 300 and 320 K were used in umbrella sampling simulations alone, to 

ascertain free energies of interaction between a single PMB1 peptide and a bilayer of 

Re LPS molecules.  

 

Free energy calculations  

 

Potential of mean force (PMF) for PMB1 as a function of distance from the bilayer 

center was determined with umbrella sampling and the weighted histogram analysis 

method (WHAM) method. [37] The peptide was restrained at a given distance from 

the bilayer center bilayer using a harmonic potential with force constant of 1000 kJ 

mol
-1

 nm
-2

 applied along the bilayer normal; no restraints were applied in the plane of 

the membrane. The distance between the PMB1 peptide and the bilayer center was 

varied from 0-4.3 nm, using 0.1 nm increments. The umbrella sampling simulations 

were 1 µs long; simulation parameters were otherwise set to match the unbiased MD 

simulations.  
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 5 

 

Simulation analysis      

 

Contact analysis was performed with the g_mindist utility, while pairwise radial 

distribution functions (RDF) were evaluated with the g_rdf utility. Van Hove 

correlation functions were determined with the g_vanhove program, while lateral 

diffusion coefficients were calculated using the g_msd utility. Vector field 

visualization was performed with a recently developed MDAnalysis module. [70] The 

position of particles along the bilayer normal was tracked with the g_traj utility; the 

configurational entropy was evaluated with the g_covar and g_anaeig programs. The 

lateral area compressibility moduli were calculated according to equation 4: 

 

�� =
�����

	�〈���
�〉
								 

          (4) 

where kB is the Boltzmann constant, T is the system temperature, AL is the average 

surface area per lipid, NL is the number of lipids per membrane leaflet, and <	���
�> is 

the average of the squared fluctuation of AL.  

 

Results 

 

Effect of ion charge on LPS bilayer properties 

 

Given that antibiotic permeation processes are affected by the concentration and type 

of ambient ions, [29,30] we characterized the properties of Re LPS bilayers in the 

presence of either Na
+
 or Ca

2+
 ion solutions. Through the use of different static and 

dynamic bilayer properties we determined that Re LPS bilayers express both fluid and 

glass-like properties; the carbon tails express fluid characteristics, while their 

phosphate groups behave like a viscous glass (Fig. S1, S2).      

 

MD simulations of PMB1 peptides with LPS bilayers. 

 

To evaluate the effect of PMB1 on the properties of Re LPS bilayers, we simulated 

the peptides with Re LPS bilayers in two different solutions, one containing 
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 6 

monovalent cations; Na
+
 and one containing divalent cations; Ca

2+
. The 

concentrations of the PMB1 peptides are within 50-310 µM, corresponding to no 

more than 6 peptides per periodic box (~ 13x13x20 nm).    

 

The PMB1 peptides were initially placed ~ 5 nm above the Re LPS bilayer center 

(using their center of mass coordinates for reference). The positively charged Dab 

residues of PMB1 peptides form stable interactions (defined as a separation distance 

of r = 0.47 nm i.e. the effective diameter of a standard CG Martini bead) with the 

peripheral carboxylate groups of Re LPS after an average time of 60.9 ± 66.2 (s.d.) ns, 

and 80.7 ± 81.6 (s.d.) ns for the simulations with Ca
2+

 and Na
+
 ions, respectively. 

Thereafter, the PMB1 peptides sporadically traverse the LPS head groups, enabling 

their Dab residues to interact with the negatively charged Re LPS phosphate groups 

after an average time of 251.4 ± 405.8 (s.d.), and 45.6 ± 149.9 (s.d.) ns for the Ca
2+

 

and Na
+
 systems, respectively. The interactions between the PMB1 Dab residues and 

Re LPS phosphate groups systematically increase during the full 5 µs of simulation 

time, but the electrostatic interactions were established far less frequently and rapidly 

when the Re LPS lipids were linked with divalent (Ca
2+

) ions  (Fig 2A, B). Taking the 

average for all PMB1 molecules throughout the full set of unbiased simulations, the 

peptides were located at distances of 2.8 ± 0.6 and 2.2 ± 0.6 nm above the bilayer 

center during the last 100 ns of simulation time when the lipids were linked with Na
+
 

and Ca
2+

 ions, respectively (Fig. 2C, D, S3, S4). The pairwise radial distribution 

functions (RDFs) have first peak (corresponding to the first coordination shell) values 

of ~ 30 for the interaction between PMB1 Dab residues and peripheral Re LPS 

carboxylate groups (during this final 100 ns of simulation time) regardless of ambient 

ion type, while the first peak RDF values were ~ 15 and ~ 60 for the interaction 

between Dab residue side chain and Re LPS phosphate groups in the presence of Ca
2+

 

and Na
+
 ions, respectively (Fig. 2E-H).  Thus, the Ca

2+
 ions induce close and rigid 

packing of the Re LPS head groups relative to Na
+
 ions, more effectively shielding 

the vulnerable anionic phosphate groups from the polycationic PMB1 peptides.  
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 7 

 

Figure 2. Progressive membrane association of PMB1 depends on ambient ion 

types.  (A, B) Contact number for PMB1 Dab residue side chains and Re LPS 

phosphate groups as a function of simulation time. The cut-off distance was 0.47 nm 

(the effective size of a CG Martini bead); data were collated for all unbiased 

simulations. (A) Data for the bilayers loaded with Na
+
 ions; (B) data for the bilayers 

loaded with Ca
2+ 

ions. (C, D) Final-frame snapshots show PMB1 peptides (green) 

interacting with Re LPS bilayers in the presence of (C) Na
+
 or (D) Ca

2+
 ions. Re LPS 

lipids are colored according to Fig. 1B; Na
+
, Ca

2+
, and water particles are omitted for 

clarity. (E-H) RDFs for the phosphate (black lines) and carboxylate (blue lines) 

groups of Re LPS with respect to the PMB1 Dab residue side chains in the presence 

of (E, F) Na
+
, or (G, H) Ca

2+
 ions (data were sampled for the last 100 ns of simulation 

time, where the simulations were completely converged, or close to equilibrium 

values). Simulations were performed at 310 K (to mimic conditions in vivo).  

 

 

In either instance, there is minimal insertion of the PMB1 peptides into the Re LPS 

lipid core. Overall, we observed only two isolated incidents of the hydrophobic side 

chains and lipid tail completely bypassing the Re LPS core sugars and phosphate 

group to reach the bilayer interior. In the first case, the benzyl (Fig. 3A, S5) and 
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 8 

isobutyl groups penetrated the phosphate interface of an Re LPS bilayer that was 

loaded with Ca
2+

 ions, while in the second case, a single PMB1 carbon tail 

circumvented the phosphate interface of an Re LPS bilayer that was loaded with Na
+
 

ions. The infrequency of these complete insertion events can be rationalized via two-

dimensional Voronoi tessellations of the LPS phosphate groups, (Fig. 3B) coupled 

with calculations of lateral area compressibility moduli. Polygon-based tessellation of 

the LPS phosphate groups revealed that the PMB1 peptides follow the same 

translocation mechanism predicted for C60 nanoparticles into lipid bilayers. [31-33] 

The hydrophobic groups enter the bilayer core as the phosphate groups transiently 

form small micropores in the membrane surface. As the hydrophobic moieties enter 

these transient micropores they expand the local defects, enabling their gradual 

penetration into the bilayer core. (Fig. 3C) The lateral area compressibility moduli 

(KA) for the Re LPS membranes were 1.700 ± 0.003 and 0.673 ± 0.002 N m
-1

 for the 

bilayers with Ca
2+

 and Na
+
 ions respectively (calculated at 310 k), which are larger 

than the compressibility moduli calculated for conventional DOPC lipid membranes 

from CG simulations at 300 K (0.371 ± 8 N m
-1

) using the Martini force-field, [34] or 

for DMPC and DPPC lipid bilayers in X-ray scattering studies (0.234 and 0.231 N m
-

1
, respectively). [35,36] The combination of slow Re LPS dynamics, thick hydrophilic 

core saccharide sections, and high lateral area compressibility moduli contribute to 

making the process of bilayer penetration rather slow. Indeed, despite our 

microsecond timescale simulations, it is worth bearing in mind that the final lipid-

peptide conformations likely do not represent global energy minima.  
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 9 

Figure 3. PMB1 benzyl group penetrates the lipid core. (A) Positions of Re LPS 

phosphate groups and a representative PMB1 benzyl group are shown as black and 

blue lines, respectively. The coordinates are with respect to the bilayer normal; 

distances are relative to the bilayer center. The temperature was 310 K; pressure was 

1 bar; ambient ions were Ca
2+

 ions. The center of mass coordinates for all PMB1 

peptides in this simulation are shown in Fig. S5. (B) Side-view snapshot for the 

insertion event; perspective is reversed relative to (A) for clarity. The inset shows the 

two-dimensional Voronoi tessellation for Re LPS head groups as PMB1 enters the 

lipid core; projected polygons are colored cyan if they represent lipids adjacent to the 

embedded PMB1 benzyl group. (C) Area per lipid for the Re LPS lipids adjacent to 

the benzyl group during part of this insertion event (3390-3480 ns); for comparison, 

the bilayer average was 1.60 ± 0.004 nm
2
. 

 

Free energy, enthalpy and entropy of PMB1 insertion into LPS bilayers. 

 

Given the timescale caveat mentioned above due to the slow process of membrane 

insertion, we have constructed potential of mean force profiles (PMFs) using 

umbrella-sampling simulations combined with the weighted histogram analysis 

method (WHAM) to characterize the energetics of PMB1 penetration into the Re LPS 

lipid core. [37] A similar study has recently been reported for small molecule 

permeation through an asymmetric model of the outer membrane. [38] The PMF 

profiles for PMB1 permeation across Re LPS bilayers at temperatures of 300, 310, 

and 320 K are presented in Fig. 4A, B. Notably, the PMF energy minima are located 

approximately 1.6 and 1.9 nm from the bilayer center for the systems with Ca
2+

 and 

Na
+
 ions, which is 1.2 and 0.2 nm smaller than the separation distance between PMB1 
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 10

peptides and the Re LPS bilayer center calculated using the last 100 ns of the 

unbiased MD simulations. At the heights corresponding to the PMF energy minima, 

PMB1 can interact with the negatively charged carboxylate and phosphate groups of 

the Re LPS lipids, while the peptide hydrophobic side chains and acyl tail slot into the 

interstitial gaps in the membrane core.  

Figure 4. Free energy of PMB1 translocation. Free energies for systems with (A, C) 

Na
+ 

or (B, D) Ca
2+

 ions. (A, B) PMF profiles for PMB1 as a function of distance from 

the bilayer center for system temperatures: 320 K (solid cyan lines), 310 K (solid blue 

lines), and 300 K (solid black lines). (C, D) Free energies computed at 310 K ∆G 

were decomposed into entropic -T∆S (solid red lines) and enthalpic ∆H (solid green 

lines) components. The dashed black lines show the average position of Re LPS 

phosphate groups from the bilayer center. (E) The configurational entropy for PMB1 

was evaluated with the Schlitter formula (S) and quasi-harmonic approximations (Q) 

as a function of distance from the bilayer center. Cyan and black lines show data for 

the simulations with Na
+
 ions; red and blue lines show the data for simulations with 

Ca
2+

 ions. 

 

Additional details, including the enthalpic and entropic contributions to the calculated 

free energy values, can be extracted from the PMF profile temperature dependence:  

 

��Δ� = �
��

��
�

�

2∆�
���� � ∆�� � ��� � ∆��� 

          (1) 
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∆� = ∆� � �∆� 

          (2) 

 

where G is the Gibbs free energy, H is the enthalpy, T is the system temperature and S 

is entropy. [39] The decomposition of the free energies reveals that PMB1 penetration 

is driven by a favourable change in enthalpy, but is hindered by an unfavourable 

change in system entropy (Fig. 4C, D). To evaluate the origins of this entropic wall 

we have evaluated the configurational entropy of PMB1 as a function of peptide 

distance from the bilayer center, using the Schlitter formula, [40] and the quasi-

harmonic approximation (Fig. 4E). [41] The analysis reveals that the configurational 

entropy of PMB1 decreases by ~ 0.3 kJ mol
-1

 K
-1

 as the peptide moves from bulk 

solvent to lipid core, demonstrating that the drastic changes in system entropy cannot 

be ascribed to changes in PMB1 conformation alone; the calculations suggest that the 

entropy of the membrane must also be changing.  

 

To determine if the PMB1 peptide was affecting the dynamical characteristics of the 

Re LPS molecules, and thereby the membrane entropy, we evaluated the self-part of 

the van Hove correlation function for the leaflet of Re LPS phosphate groups in 

contact with PMB1. The self-part of the van Hove correlation function provides the 

probability that a given particle moves a distance r from its neighboring particles 

within a time interval t. The metric has been used previously to quantify both 

rotational and translational lipid motions in CG simulations, where the quantity 

helped to clarify the differences between the gel phase and fluid phase of DPPC 

bilayers. [42] In addition, we monitored the movement of individual Re LPS 

phosphate groups and analysed the phase characteristics of the phosphate plane via 

two-dimensional Voronoi analysis. There are marked differences in the van Hove 

correlation functions (relative to the peptide free simulations) as the Re LPS lipids 

interact with PMB1 (Fig. 5, S6). There is a shift from clustered continuous-time 

random walk processes, which are typical of glassy systems, to localized oscillatory 

and rattling motions, comparable to the trajectories of ions in rigid crystals. [43, 44] 

This is also evident from Re LPS phosphate group lateral diffusion coefficients, 

which decrease by several orders of magnitude as PMB1 moves from bulk solvent 

into the bilayer core (Fig. S7). The origins of the differing relaxation dynamics can be 

explored through two-dimensional Voronoi decompositions of the Re LPS phosphate 
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 12

groups. The triangulations suggest that PMB1 is inducing the formation of small, 

ordered domains (Fig. 6A, B) similar to the crystalline patches observed in 

experimental studies of LPS from rough strains of E. coli. [45, 46] The Voronoi 

polygons have projected surface areas of ~ 0.5 – 0.7 nm
2
 (Fig. 6D) per phosphate, of 

which there are two per Re LPS molecule, matching area per phosphate group values 

(0.55 nm
2
) obtained for nanocrystalline domains in experiment. Additionally, the 

phosphate groups have an average of three Re LPS neighbors (corresponding to six 

anionic phosphate groups) when they form these crystalline patches (Fig. 6F), 

matching the hexagonal coordination of the Re LPS crystalline domains identified in 

the grazing incidence X-ray diffraction experiments. [45, 46] The crystalline domains 

appear to be stable for several hundreds of nanoseconds (Fig. S8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 

5. Diffusion of Re LPS is affected by PMB1 peptides. (A, E) The trajectories of 
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single representative Re LPS phosphate groups were visualized over the course of 1 

µs umbrella sampling simulations, the sampled windows correspond to the minimum 

of the PMF profiles that were calculated at 310 K (see Fig. 4A, B for reference). The 

trajectories of the representative phosphate groups is depicted as a red line; final 

frame Re LPS lipids are shown in the background using different colors to provide a 

sense of scale and clarity. (A) For the bilayer loaded with Na
+ 

ions, there is a shift 

away from the clustered-continuous-time-random walk processes (see Fig. S6A for 

comparison), which are typical of glassy systems and a transition towards the 

localized oscillatory and rattling motions, more similar to the trajectories of ions in 

rigid crystals [43,44]. (E) When the PMB1 peptide is included in the Re LPS bilayer 

loaded with Ca
2+

 ions, there is a more significant shift away from clustered-

continuous-time-random walk processes (see Fig. S6E for comparison) towards 

localized oscillatory motions, with phosphates confined to domains of ~ 2 nm
2 

during 

1 µs of simulation time. (B-C, F-G) Streamline visualization of representative 

simulation frames to clarify the collective Re LPS head group relaxation dynamics in 

the presence of a single PMB1 peptide. The collective motion significantly departs 

from the relaxation dynamics of Re LPS phosphate groups in the absence of any 

antimicrobial peptides (see Fig. S6B-C, F-G for comparison). There is an approximate 

order of magnitude reduction in the head group displacements per simulation step (see 

adjoining color bars for clarity). (D, H) Self-part of the van Hove correlation function, 

which is the probability that a particle traverses a particular distance within a given 

timeframe, for Re LPS phosphate groups. Comparisons between Fig. S6D, S6H and 

Fig. 5D, 5H, respectively reveal significant differences in the relative mobility of Re 

LPS molecules when they interact with a PMB1 peptide regardless of ion type 

loading.       

   

Further proof for the inferred crystallization effects comes from calculated heat 

capacity change profiles, which were determined according to equation 3, following 

the protocol in [39] 

 

∆�� = 	��
���

���
	� 	

�	

∆��
�∆��� � ∆�� � 2∆���� � ∆��� � ∆��� 

         (3) 
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the heat capacity change becomes more negative as PMB1 traverses the LPS head 

groups and much of the lipid core (Fig. 6G, H), inline with transitions from disordered 

to ordered states in amorphous solid materials. [47, 48] In this respect, our CG 

simulations agree with previous united-atom simulation studies in showing that 

PMB1 has little affect on the average structural properties of LPS containing 

membranes, [10] but rather exerts important changes for the diffusive properties of 

LPS lipids that fundamentally alters their trajectories and phase behaviour. The 

consistent lack of any noticeable mechanical bilayer damage (e.g. bilayer rupture, 

micellization, formation of pores) or modification of average membrane properties 

including total projected surface area and membrane thickness in unbiased MD 

simulations (Table S1), suggests that significant structural changes to lipid bilayers 

are not responsible for the antimicrobial action of PMB1, but rather that modifications 

to the diffusive properties of these lipids disrupts Gram-negative membranes.   

 

 

 

Figure 6. Peptide induced glass-to-crystal transformation. (A, B) Top-view 

snapshots for Re LPS bilayers in the (A) absence and (B) presence of a PMB1 

peptide. Re LPS phosphate groups are shown as opaque blue spheres, while the 

remaining components of the Re LPS molecules are depicted as translucent spheres. 

Red quadrilaterals highlight emerging crystalline domains. The bilayers were loaded 

with Na
+
 ions, the simulation temperature was 310 K, and the (C-F) Voronoi 

tessellations for Re LPS phosphate groups in the (C, E) absence and (D, F) presence 

of the PMB1 peptide; (D, F) figures were formed by sampling data from the umbrella 
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window that corresponds to the minimum of the PMF profile calculated at 310 K (see 

Fig. 4A for reference). (C, D) Plots show the area per phosphate, of which there are 

two per individual Re LPS molecule (see adjoining color scale bars for clarity). (E, F) 

Plots show the number of whole Re LPS lipids neighboring the tessellated Voronoi 

cells (see adjoining color scale bars for clarity). (F) The number of 3 Re LPS neigbors 

(corresponding to 6 phosphate groups), is indicative of hexagonal packing, which has 

previously been observed in experimental studies, when the bilayers are strained or 

placed under high surface pressures. [45] (G, H) Heat capacity change as a function of 

distance between PMB1 and the bilayer center, data are for the systems with (G) Na
+
 

and (H) Ca
2+

 ions.         

 

Discussion 

   

Molecular Dynamics simulations at a coarse-grain resolution were used to study the 

perturbation of LPS bilayers by PMB1 peptides. The simulations revealed that Re 

LPS lipids move according to complex heterogeneous relaxation dynamics that are a 

hallmark of glassy systems. [27, 28] Similarly, their phosphate groups have properties 

of amorphous solids including high shear viscosities, radial distribution functions 

characteristic of the vitreous state, and normalized velocity autocorrelation functions 

that that are marked by long term oscillations. [49-52] As PMB1 was moved from 

bulk Na
+
 or Ca

2+
 ionic solvent to Re LPS bilayer core, it decreased the entropy of the 

Re LPS lipids, most noticeably in the phosphate plane, and thus perturbed their 

dynamics. The phosphates were increasingly localized as they were affected by 

PMB1, making the plane of particles less like an amorphous solid, and more similar to 

a solid crystal. Indeed, the phosphate groups took on an altogether different 

arrangement in the presence of PMB1, with small crystalline domains emerging that 

match microscopic crystallites observed in rough mutant LPS monolayers affected by 

high surface pressure in experimental studies. [45, 46] Notably, these crystallization 

effects depend on the ability of PMB1 peptides to circumvent the protective Re LPS 

core sugars, and thereby attack the negatively charged Re LPS phosphate groups.  

 

The full biological implications of such phase effects in the outer membrane are not 

immediately apparent, but the pertinence of lipid fluidity to important membrane 

processes and properties is well known. Small changes in lipid order and fluidity can 
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drastically alter the physical properties of bilayers including elastic moduli, shape, 

mechanical stress and tension, [53-56] and can also influence important membrane 

processes that affect cell viability including protein sorting, signal transduction, 

molecular transport, enzymatic activities and immune responses. [57-61] Thus, we 

tentatively propose that the antibacterial action of PMB1 rather than being simply due 

to direct mechanical bilayer damage and cytoplasmic membrane permeabilization, 

which has been proposed for many antibiotics that are effective against Gram-positive 

bacteria, [62, 63] or disruptive membrane processes that have been proposed for 

PMB1, such as the displacement of stabilizing ions, [64] but is also a product of its 

ability to induce phase changes in the local membrane environment. 

 

Supporting Information  

 

The static and dynamic properties of Re LPS bilayers were quantified when they were 

loaded with either monovalent sodium (Na
+
) ions, or divalent calcium (Ca

2+
) ions. 

The analyses shows that the carbon tails express fluid characteristics, while the 

anionic phosphate groups (of Re LPS) behave like a viscous glass. Additionally 

information is provided for the CG parameterization of PMB1.    
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