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Highlights 

 Polymyxin B destabilizes the outer membrane of Gram negative bacteria by disrupting 

the salt-bridges between calcium ions and phosphate groups.  

 Naturally occurring linear polyamines can protect the outer membrane against the action 

of polymyxin B.  

 Molecular dynamics simulations revealed the protective mechanism of polyamine 

through electrostatic networks on bacterial outer membranes. 

 Larger polyamines display more significant protective effect on the outer membrane of 

Gram negative bacteria.  
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ABSTRACT: Naturally occurring linear polyamines are known to enable bacteria to be 

resistant to cationic membrane active peptides. To understand this protective mechanism, 

molecular dynamics simulations are employed to probe their effect on a model bacterial outer 

membrane. Being protonated at physiological pH, the amine groups of the polyamine engage 

in favorable electrostatic interactions with the negatively charged phosphate groups of the 

membrane. Additionally, the amine groups form large number of hydrogen bonds with the 

phosphate groups. At high concentrations, these hydrogen bonds and the electrostatic 

network can non-covalently crosslink the lipid A molecules, resulting in stabilization of the 

outer membrane against membrane active antibiotics such as colistin and polymyxin B. 

Moreover, large polyamine molecules (e.g., spermidine) have a stronger stabilization effect 

than small polyamine molecules (e.g., ethylene diamine). The atomistic insights provide 

useful guidance for the design of next generation membrane active amine-rich antibiotics, 

especially to tackle the growing threat of multi-drug resistance of Gram negative bacteria. 

Graphical Abstract 

 

 

 

KEYWORDS molecular dynamics simulations; low molecular weight linear polyamine; 

bacterial outer membrane; colistin; polymyxin B; lipid A  
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1. Introduction 

Bacterial resistance, particularly multi-drug resistance of Gram negative bacteria, has 

become a critical global health problem [1, 2]. In contrast to Gram positive bacteria, Gram 

negative bacteria have an additional outer membrane, which poses a high permeation barrier 

for most hydrophobic antibiotics [3]. Antimicrobial peptides (AMPs) targeting bacterial 

membranes are promising new generation antibiotics as the membrane is a conservative 

component of the bacterial cell, thus reducing the chances of resistance arising [4-6]. Colistin 

is one of the most effective AMPs and functions by disrupting the outer membranes of Gram 

negative bacteria [7]. However, severe renal toxicity limits the use of colistin to situations 

when all other antibiotics fail, making it the last resort antibiotic [8]. In recent years, with the 

rapid increase of multi-drug resistant Gram negative bacterial infections, clinicians have had 

no choice but to use colistin [7], despite the  associated nephrotoxicity.    

Colistin belongs to a family of peptides known as polymyxin. Polymyxin peptides consist 

of a cationic cyclic peptide and an alkyl tail (Figure 1), which enable them to perturb both the 

head groups and lipid tails of the outer membrane. Colistin differs in only one residue from 

polymyxin B (PMB), and exerts similar mechanisms of action including displaying a similar 

antimicrobial spectrum, clinical uses and toxicity [9]. Both colistin and PMB carry 5 positive 

charges which arise from the amine groups of 5 DAB residues. The antimicrobial activities of 

colistin and PMB are significantly inhibited by external factors such as divalent cations and 

some polyamine antagonists [10, 11]. These polyamine antagonists are usually low molecular 

weight linear polyamines (LMwLPs) consisting of various alkyl and multiple amine groups 

such as spermidine and spermine (Figure 1). They are found in various eukaryotic and 

bacterial cells and are known to exhibit multiple biological functions such as porin inhibition, 

DNA binding, membrane stabilization and response to external stress [12-15]. It has been 

shown that the presence of LMwLPs (e.g., spermidine) can result in an increase in the MIC of 
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PMB by up to 16-fold [11, 14]. However, the actual protection of the membranes by 

LMwLPs remains enigmatic. One mechanism speculated, based on the inhibition of beta-

lactam antibiotics, is that LMwLPs can block the porins in the outer membrane, resulting in 

reduced membrane permeability of the hydrophobic antibiotics[16]. While the inhibition of 

the porin pathway may partially account for the reduced membrane permeability, it was 

unable to account for all the experimental observations [11, 13]. Firstly, spermidine and 

spermine have been shown to reduce the membrane permeability of molecules such as 

ethidium bromide and acridine orange, whose membrane translocation is porin independent 

[11]. Secondly, spermidine and spermine have been shown to affect the mechanical 

properties of membranes, such as increase in the shear modulus of human erythrocyte 

membranes [17]. Apparently, this enhanced membrane mechanical stability does not result 

from receptor binding (e.g., porin inhibition), but more likely is mediated by direct 

interactions of the LMwLPs with lipid molecules [18]. These observations suggest that other 

mechanisms are at play in the modulation of membrane stability by these LMwLPs.   

We carry out computational modelling studies to decipher the molecular mechanism 

underlying the protective effect of LMwLPs on the stability of the bacterial outer membrane. 

We choose two model LMwLPs: ethylene diamine (EDA) and spermidine (SPD) (Figure 1). 

Molecular dynamics (MD) simulations were employed to examine the effects of LMwLPs on 

the structural properties of a model lipid A (LpA) bilayer that mimics the bacterial outer 

membrane [19, 20]. Subsequently, PMB was introduced into each system to study how the 

model LMwLPs attenuates the effects of PMB. Finally, an alternative mechanism of action of 

these LMwLPs in mediating resistance and associated implications are discussed. 

2. Methods:  

The main component of the bacterial outer membrane is lipopolysaccharide (LPS), which 

consists of a lipid A (LpA) portion, an inner core, an outer core and an O-antigen. Each lipid 
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A molecule is made up of 5-7 lipid tails and an anionic head group, and varies across 

bacteria. Studies have shown that lipid A is critical for the maintenance of the outer 

membrane structure [21], making it a good model for studying the molecular mechanisms of 

outer membrane permeability [22, 23]. In fact, the lipid A portion of the LPS molecule is also 

the primary target of polymyxins [24]. Using a model of lipid A membrane from 

Pseudomonas aeruginosa bacteria consisting of 64 lipid A molecules that has been used 

previously (Figure 1) [19, 20], we first simulate the effects of a simple polyamine EDA on 

the properties of a pure lipid A membrane. In the model lipid A membrane, the head group 

region of each leaflet of the model lipid A membrane contains 32 calcium ions, so that there 

is no net electric dipole moment across the membrane. We did not use mono-valent ions such 

as NaCl or KCl because (i) experimental studies have reported that divalent cations such as 

calcium or magnesium are required to stabilizes the outer membrane and replacement of 

divalent cations with monovalent cations results in a permeabilization of the outer membrane 

[20, 25-27]; (ii) a simulation study has shown that replacement of calcium ions with sodium 

ions results in a transition from the lamellar to a nonlamellar phase [20]. The effects of EDA 

were explored by systematically varying its concentrations using EDA/LpA ratios of 0/64, 

8/64, 16/64 and 32/64. In each simulation, an equal number of EDA molecules were placed 

near the two surfaces of a membrane and solvated with water molecules. Additional counter 

ions were subsequently added to neutralize the system. The system was first relaxed by 

subjecting it to 500 steps of energy minimization. Next 100 ps of molecular dynamics (MD) 

simulations were carried out to relax the water molecules. Finally, each system was subject to 

1000 ns of production MD simulations. During each simulation, the EDA molecules were 

observed to be rapidly absorbed onto the two surfaces of the membrane. Following this, the 

PMB was introduced to the membrane and was placed close to the membrane containing 

EDA molecules. The system was then solvated and neutralized by additional counter ions. An 
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energy minimization of 500 steps of gradient descent was carried out, followed by 100 ps of 

MD simulations to relax the water molecules. For each system, 1000 nanoseconds of 

production MD simulations were then carried out for each system containing different 

numbers of EDA molecules. To understand the effects of the molecular size of the 

polyamine, we also simulated spermidine (SPD) with the model lipid A membrane; the 

protocol adopted was the same as that employed for the EDA-membrane simulations except 

that the simulations of SPD with lipid A membrane in the presence of PMB were extended to 

2000 nanoseconds; all simulation details are summarized in Table S1. In all simulations, the 

Gromos53a6 force field was used for EDA, PMB and SPD molecules [28, 29]. For EDA and 

SPD, the partial atomic charges and dihedral terms were obtained from the ATB server [30], 

while the bond and angle parameters were taken from the standard GROMOS53a6 force 

field. For PMB, the partial charges of the unnatural amino acid were obtained by analogy 

with standard residue charges in the GROMOS force field (e.g., DAB residues vs. LYS), and 

the bonded parameters were obtained taken from the standard GROMOS force field 

parameters.  The lipid A parameters were taken according to the study of Pontes et al., which 

were parameterized to be compatible with the GROMOS force field [20]. The SPC model 

was used to describe water molecules [31]. The LINCS algorithm was used to constrain the 

bonds between hydrogen atoms and any heavy atoms, which enables a time step of 2 fs to be 

used in all simulations [32]. A cutoff of 1.4 nm was used to calculate the Lennard-Jones and 

short range electrostatic interactions. For the long range electrostatic interactions, a reaction 

field (RF) method with a permittivity dielectric constant of 66 was used, which is compatible 

with the GROMOS force field used in this study [20, 28, 29]. As the electrostatic interactions 

play important role in modulating the structure of the lipid A membrane, we also carried out 

additional control simulations using PME for electrostatic calculations (Table S1). All 

simulations were carried out in the NPT ensemble with semi-isotropic pressure coupling. The 
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temperature and pressure were maintained at 300K and 1 bar, respectively. The GROMACS 

4.5 package was employed to carry out all the simulations and to perform the analyses [33].   

 

Figure 1. The chemical structures of (a) colistin; (b) polymyxin B; (c) lipid A from 

Pseudomonas Aeruginosa; (d) ethylene diamine and (e) spermidine; the sidechains of the 

DAB residues are highlighted by blue circles.  

 

3. Results and Discussions 

3.1. Mode of interaction of LMwLP with lipid A membranes  

To understand the effect of LMwLPs on the structural properties of the normal Gram 

negative outer membrane, we performed MD simulations of a model lipid A membrane 

without LMwLP and with different ratios of LMwLP/LpA, corresponding to different 

LMwLP concentrations. We calculated the distributions of phosphate atoms, the oxygen 

atoms connecting the head groups with the lipid tails, the water molecules, the calcium ions 

and the LMwLP molecules for each bilayer (Figure 2). For pure lipid A membrane and the 

lipid A membrane with either EDA or SPD, the distributions of phosphate groups, the oxygen 
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atoms and the water molecules display symmetric peaks, which correspond to the two leaflets 

of the membrane, suggesting that the membrane structure is stable. The overlap between the 

peak of calcium ions and that of phosphate groups suggests favorable interactions. Indeed, 

calcium ions and phosphate groups form large numbers of salt-bridges that stabilize the lipid 

A membrane. It has been reported that removal of divalent cations results in destabilization of 

the outer membrane [25, 27]. The distributions of EDA/SPD molecules also overlaps with the 

peaks of the distributions of the phosphate groups, suggesting favorable interactions with the 

phosphate groups of the membrane. At physiological pH, both EDA and SPD are positively 

charged; therefore the adsorption of EDA/SPD on to the membrane surface is largely driven 

by electrostatic interactions. As the EDA/SPD concentration increases (e.g., in the case when 

EDA/LpA=1/2 or SPD/LpA=1/4), the peak of the distribution of calcium decreases and 

becomes broad, suggesting that the adsorbed calcium ions are replaced by the EDA/SPD 

molecules and are released from the membrane surface into the bulk water, as can be seen 

from the snapshots of the systems for higher EDA/SPD concentrations (Figure S1); figures 

2h and 2i also reveal similar observations. For both EDA and SPD, as the concentration 

increases, the distribution of calcium ions becomes wider and the height of the calcium peak 

decreases, suggesting more calcium ions are released at higher EDA/SPD concentrations; our 

findings are consistent with potentiometric experiments which demonstrate that LMwLPs 

induce calcium release in a concentration dependent manner [34]. This suggests that LMwLP 

molecules compete with calcium in the interactions with the phosphate groups. Figure 2j 

shows that at the same concentration (e.g., LMwLP/LpA=1/4), the peaks of SPD for the bulk 

calcium ions (e.g., at -4 and 4 nm) is higher, suggesting that SPD induces more calcium 

release than EDA, and this  is also consistent with  potentiometric measurements 

demonstrating that more calcium is released in the presence of larger LMwLPs compared to 

smaller LMwLPs [34]. In addition to the changes in the interactions between head groups, the 
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adsorption of EDA/SPD on to the membrane surface also affects the overall packing of the 

lipid molecules. Figure S2 shows the area per lipid of the membrane at different EDA/SPD 

concentrations. In the presence of EDA/SPD, the area per lipid of the membrane slightly 

decreases, indicating a closer packing of the lipid molecules. This may enhance the stability 

of the membrane against external mechanical stress [35, 36].;  At low EDA/SPD 

concentrations (e.g., EDA/LpA=1/8 or SPD/LpA=1/16), the area per lipid decreases 

significantly because the membrane is distorted and the simulation box in the xy plane 

shrinks, and this results in underestimation of the actual area per lipid. 

Although both LMwLP molecules and calcium ions are positively charged and can mediate 

favorable electrostatic interactions with phosphate groups, the amine groups of EDA/SPD 

molecules can engage in additional hydrogen bonds with the phosphate groups, thus resulting 

in stronger binding affinity of EDA/SPD for the phosphate groups. Figure 3 shows the radial 

distribution function (RDF) between the amine groups of EDA/SPD molecules and the 

phosphate groups of the membrane. All the systems display high peaks at 0.39 nm, and the 

cumulative number increases with the LMwLP/LpA ratio, suggesting increased electrostatic 

interactions between the amine and phosphate groups. This results in an electrostatic network 

that counteracts the repulsion between negatively charged lipid A molecules. Figure 3 also 

revealed that at identical LMwLP/LpA ratios (e.g., 1/8 or 1/4), the cumulative number is 

higher for SPD than for EDA, suggesting that SPD can crosslink more phosphate groups than 

EDA can. As noted above, adsorption of EDA/SPD induces calcium release. To investigate 

this, the RDF of calcium ions with respect to the phosphate groups was calculated (Figure 

S3). The first peak of the RDF at 0.33 nm corresponds to tightly bound calcium ions and 

increases at low LMwPL concentrations (e.g., EDA/LpA=1/4 and SPD/LpA=1/16). 

However, the peak at 0.53 nm corresponding to loosely bound calcium ions decreases with 

the EDA/SPA concentration. On the other hand, the cumulative number of calcium ions 
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around the phosphate groups for low EDA/SPD concentration (e.g., EDA/LpA=1/8 and 

SPD/LpA=1/16) is similar to that seen for the pure membrane, but significantly decreases at 

high EDA/SPD concentration (e.g., EDA/LpA>=1/4 or SPD/LpA>=1/8). These results 

suggest that EDA/SPD largely replace the calcium ions that are loosely bound to the 

membrane. To further understand how EDA/SPD replace the membrane bound calcium ions, 

we calculated the diffusion coefficient of the calcium ions close to the phosphate groups of 

the membrane (Table S2). We found that only few calcium ions remain in the membrane-

bound state throughout the entire simulation, and the rest of the calcium ions undergo an 

adsorption-desorption-adsorption process. To minimize the statistical error, we divided the 

last 500 ns of each simulation into 5 blocks so that in each 100 ns block there are more 

number of calcium ions bound to the phosphate groups. Table S2 shows that the diffusion 

coefficient of bound calcium ions with respect to the lipid molecules is high for pure 

membrane, and decreases as the EDA/SPD concentration increases, suggesting that the 

loosely bound calcium are more easily replaced by EDA/SPD. In addition, the hydration of 

the phosphate group was examined using the RDF of water molecules with respect to the 

phosphate groups (Figure S4). In all the RDFs, the first peak of water decreases as the 

EDA/SPD concentration increases, suggesting reduced hydration of the phosphates upon 

adsorption of the EDA/SPD.   

The total number of hydrogen bonds between EDA/SPD and the phosphate groups were 

also calculated (Figures 4a and 4b). As the EDA/SPD concentration increases, the total 

number of hydrogen bonds increases, despite the average number of hydrogen bonds per 

LMwLP molecules remaining the same (Figures 4c and 4d). When sufficient numbers of 

hydrogen bonds are formed, the phosphate groups are non-covalently crosslinked by a 

hydrogen bond network, which further stabilizes the lipid A bilayer. At the same 

LMwLP/LpA ratio (e.g., 1/4), SPD forms more number of hydrogen bonds with the 
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phosphate groups than does EDA (Figures 4a and 4b). This is also seen from the average 

number of hydrogen bonds per LMwLP molecule (Figures 4c and 4d), suggesting that SPD 

can crosslink more lipid A molecules. Together, the simulations indicate that SPD has a 

stronger stabilization effect on the lipid A membrane than does EDA. This occurs because 

SPD contains three amine groups, while EDA contains only two amine groups, resulting in 

greater calcium release, more hydrogen bonds with phosphate groups and stronger 

crosslinking of the lipid A molecules in the presence of SPD.     

 

 

 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

12 

 

 

 

Figure 2. Density distributions of representative groups of the lipid A membrane in the 

presence of different concentrations of ethylenediamine (EDA) and spermidine (SPD). (a) is 

for pure lipid A membrane; (b-d) correspond to different EDA/LpA ratios; (e-g) correspond 

to different SPD/LpA ratios; (h-i) show the calcium distributions for different EDA and SPD 

concentrations; and (j) compares the calcium distribution of EDA and SPD at LMwLP/LpA 

ratio of 1/4.  The analysis is based on the last 500 ns of each simulation. 
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Figure 3. Radial distribution functions (RDF) and the corresponding cumulative numbers of 

amine groups of LMwLP with respect to the phosphate groups of lipid molecules. (a-b) for 

EDA; (c-d) for SPD. The analysis is based on the last 500 ns of each simulation. 
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Figure 4. (a-b) Total number of hydrogen bonds between LMwLP and the phosphate groups 

of the membrane; (c-d) Number of hydrogen bonds per EDA/SPD molecule.  

 

3.2. LMwLP protects the lipid A membrane against the action of PMB 

To examine how EDA and SPD modulate the interactions of PMB with the lipid A 

membrane, we simulated PMB peptide with the model lipid A membranes in the presence of 

different numbers of EDA/SPD molecules. Three EDA concentrations were simulated, e.g., 

EDA/LpA=1/8, 1/4 and 1/2; while for SPD, the concentrations examined were 

SPD/LpA=1/16, 1/8 and 1/4.  In the absence of LMwLP molecules, the amine groups of the 

PMB preferentially interact with the phosphate groups via electrostatic interactions and 

hydrogen bonding interactions, resulting in the disruption of the salt-bridges and release of 

calcium ions from the membrane surface (Figure 5). As PMB is an amphiphilic molecule, the 

hydrophobic moieties further perturb the membrane via hydrophobic interactions, resulting in 

lipid defects, which allow water to penetrate into the membrane. Altogether, the membrane 

undergoes significant deformations, which is consistent with the previous observations of the 

effect of cationic peptides on outer membrane stability [19, 37].  

In the presence of both PMB and low concentrations of EDA or SPD molecules, (e.g., 

EDA/LpA=1/8 or SPD/LpA=1/16), we observed membrane deformations similar to that seen 

in the absence of EDA (Figure 5 and simulation movies 1 and 2 in the Supplementary 
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Materials). However, when the EDA/LpA ratio reaches 1/4 and above or the SPD 

concentration is 1/8 and above, the membrane is stable during the entire simulations, 

demonstrating resistance to the action of PMB (Figure 5 and simulation movies 3 and 4 in the 

Supplementary Materials). This suggests that the PMB induced membrane deformation 

depends on the EDA/SPD concentration and a critical ratio between 1/8 to 1/4 for EDA and 

1/16 to 1/8 for SPD is needed to stabilize the lipid A membrane against the action of PMB. 

The concentration dependence of EDA/SPD induced membrane stabilization suggests 

favorable interactions of EDA/SPD with lipid A, such as the electrostatic interactions and the 

hydrogen bonding interactions between the amines and the phosphate groups. When the EDA 

or the SPD concentration is low, the degree of electrostatic neutralization is low and there are 

not enough hydrogen bonds that are able to crosslink the lipid A together to resist the action 

of PMB. In contrast, higher EDA or SPD concentrations favor strong electrostatic 

neutralization and sufficient numbers of hydrogen bonds can crosslink the lipid A, resulting 

in stabilization of the lipid A membrane through the extensive electrostatic network against 

the action of PMB. In the case of  high EDA/SPD concentrations (e.g., EDA/LpA=1/2 or 

SPD/LpA=1/4), the PMB molecule can still interact with the phosphate groups and replace 

the calcium ions, but the membrane is stabilized by the extensive EDA/SPD induced lipid 

crosslinking. For example, at SPD/LpA=1/4, the lipid tail of PMB inserts into the 

hydrophobic region of the membrane. However, this is not sufficient to induce significant 

membrane deformations as the head groups are stabilized by an electrostatic carpeting 

emerging from the presence of SPD. 

Comparing the destabilization effects of EDA and SPD, the minimum LMwLP/LpA ratio 

that is required to stabilize the lipid A membrane against the action of PMB is lower for SPD 

than for EDA, suggesting that SPD is more efficient than EDA in stabilizing the lipid A 

membrane. For example, at LMwLP/LpA ratio of 1/8, EDA is unable to protect the lipid A 
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membrane against the action of PMB, while SPD can. This clearly results from the 3 amine 

groups in SPD compared to the 2 in EDA; the additional amine group results in stronger 

electrostatic interactions with the head groups of lipid A molecules and the formation of a 

wider network of hydrogen bonds between the amine groups and the phosphate groups of 

lipid A, i.e., a more robust electrostatic network.  

The above results suggest that the protective mechanism of EDA or SPD originates from 

electrostatic interactions and hydrogen bonds (e.g., the short range electrostatic interactions), 

thus highlighting the importance of choosing an appropriate model for simulating the 

electrostatic interactions. We have used the RF method in the above simulations, but we 

additionally carried out MD simulations using the PME method for pure lipid A membrane 

and lipid A membranes in the presence of high and low EDA/SPD concentrations. (e.g., pure 

membrane with 64 lipid A molecules, membrane of 64 lipid A molecules with 4 SPD, 16 

SPD, 8 EDA and 32 EDA molecules, respectively, as shown in Table S1). The density 

distribution, the RDF, the area per lipid and the hydrogen bonds are shown in Supplementary 

Materials Figures S5-S14. The results obtained from the simulations using PME are 

consistent with the results obtained using the RF, with minor differences. The area per lipid 

of pure lipid A membrane from PME is slightly smaller than that from RF. However, in the 

presence of SPD or EDA, the area per lipid is essentially the same between the two 

representations of electrostatics. In addition, the number of hydrogen bonds between SPD and 

membrane is smaller using PME than using RF. The average number of hydrogen bonds per 

SPD molecule is about 2 using RF, while it is about 1.5 using PME (Figures 4d and S9d).  

We carried out additional simulations of lipid A membrane in the presence of both LMwLP 

and PMB. We observed that under both electrostatic models, the lipid A membrane is 

unstable at low LMwLP concentrations (e.g., EDA/LpA=1/8 and SPD/LpA=1/16), but is 

stable when the LMwLP concentration is high (e.g., EDA/LpA=1/2 and SPD/LpA=1/4). Thus 
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together these simulations suggest that both RF and PME yield similar results and suggest  

the same underlying mechanism  namely, electrostatic interactions between LMwLP and 

head groups of lipid A (e.g., in the form of H-bonds) can crosslink the head groups of lipid A, 

which stabilizes the membrane against the action of PMB.  

 

 

Figure 5. Snapshots of the membrane in the presence of one PMB molecule and different 

LMwLP/LpA ratios. The blue spheres represents the calcium ions; the sticks represents the 

PMB molecule and the EDA/SPD molecules are in red color. 

 

4. Implications 

In some Gram negative bacteria, the outer membranes contain high concentrations of 

LMwLPs, constituting a high percentage of the total polyamines in the bacterial cells. It is 
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possible that these bacteria have evolved to utilize these LMwLPs to protect their outer 

membranes from external chemical stresses [13, 15, 38]. Moreover, some bacteria can even 

covalently incorporate amine groups in the head groups of the outer membranes to counteract 

the action of PMB. For example, in the outer membrane of some PMB resistant bacteria, the 

lipid A molecule is modified by the covalent attachment of a phosphoethanolamine (PE) 

group [39]. Similar to the protective LMwLPs studied here, the amine group of PE can 

electrostatically interact with and form hydrogen bonds with adjacent phosphate groups of 

another lipid A, resulting in an extensive inter-lipid hydrogen bond network (electrostatic 

network) that crosslinks the lipid A molecules together. For these bacteria, even if PMB 

replaces the divalent cations, the membrane is still stabilized by the inter-lipid hydrogen bond 

network. This mechanism of PMB resistance has become a great challenge for the treatment 

of Gram negative multi-drug resistant infections. Recently, there has emerged a PMB 

resistant mutation that is mediated by a mobile plasmid, which has further exacerbated the 

situation [40, 41].  

The MD simulations of PMB and LMwLPs with the model bacterial outer membrane 

presented in this study provide useful starting points for the design of new amine-rich 

antimicrobials targeting bacterial membranes. It is interesting that amine-rich molecules can 

be either membrane protective (e.g., LMwLPs) or membrane disruptive (e.g., PMB and 

several cationic antimicrobial peptides). This poses a question: what is the role of the amine 

group in these two classes of molecules with contrasting membrane effects. There are two 

main structural differences between PMB and LMwLPs. Firstly, PMB is much larger than the 

LMwLPs. The molecular size is important as large molecules can engage a larger interacting 

surface of the membrane. For example, the low molecular weight polyamines such as EDA 

are membrane protective, but high molecular weight polymer forms of EDA (e.g., 

polyethyleneimine) are excellent outer membrane permeabilizers [42]. Additionally, the PMB 
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molecule contains many hydrophobic residues and has an amphiphilic structure. Upon 

adsorption onto the outer membrane, the amine groups of PMB can favorably interact with 

the phosphate groups of the membrane, but at the same time, the hydrophobic moieties of 

PMB can insert into the lipid tail region of the membrane, resulting in perturbation of the 

hydrophobic-water interface of the membrane. Therefore, the presence of large hydrophobic 

moieties is required for membrane disruption. The lack of large hydrophobic moieties enables 

LMwLPs such as spermidine to only crosslink the lipid head groups without hydrophobic 

interference, resulting in stabilization of the membrane. This is consistent with the 

experimental observation that only molecules with large hydrophobic moieties incorporated 

with multiple amine groups display outer membrane permeabilization properties, and 

combination of smaller hydrophobic groups with multiple amine groups has no effect on the 

permeability of the bacterial outer membrane [34, 43]. In summary, whether the amine rich 

molecule protects or destabilizes the bacterial outer membrane depends on factors such as the 

molecular size, the presence of large hydrophobic moieties in the molecule, the charge 

distribution and the amphiphilicity of the molecule. 

5. Conclusions 

In summary, our simulations have revealed a new mechanism underlying the protective 

effect of LMwLPs on the bacterial outer membrane. In the bacterial outer membrane without 

LMwLPs, the negatively charged lipid A forms salt-bridges with divalent cations such as 

calcium ions. Upon adsorption on to the bacterial outer membrane, LMwLPs can engage in 

electrostatic and hydrogen bonding interactions with the negatively charged phosphate 

groups, resulting in the release of calcium ions into the aqueous phase. The replacement of 

calcium ions by amine groups also suggests that the amine group has higher affinity 

compared to the calcium ions for the phosphate groups. Indeed, calcium release in the 

presence of LMwLPs has been observed in experiments using ion sensitive electrodes [34]. 
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At sufficient concentrations, LMwLPs create an extensive hydrogen bond network that 

crosslinks the head group of the lipid A together, resulting in resistance to the action of PMB. 

Moreover, the protective effect is more significant for larger LMwLPs. For example, SPD, 

with three amine groups, appears to protect the bacterial outer membrane at concentrations 

that are lower than the concentrations of EDA required to elicit similar effects. Because of a 

more robust electrostatic network, larger LMwLPs may also affect macroscopic properties 

such as the mechanical stability of the membrane. Indeed, spermidine has been shown to 

increase the shear modulus of human erythrocyte membranes [17]. 

Supplementary Materials 

Simulation details, snapshots of lipid A membrane in the presence of different number of 

LMwLPs, simulation results using PME, simulation movies for systems containing lipid A 

membrane, PMB and EDA/SPD, and other supplementary figures. 
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