
BBA - General Subjects 1865 (2021) 129570

Available online 24 February 2020
0304-4165/© 2020 Elsevier B.V. All rights reserved.

Aggregation of Lipid A Variants: A Hybrid Particle-Field Model 

Antonio De Nicola a,*, Thereza A. Soares b, Denys E.S. Santos b, Sigbjørn Løland Bore c, G. 
J. Agur Sevink d, Michele Cascella c, Giuseppe Milano a 

a Department of Organic Material Science, Yamagata University, Yonezawa 992-8510, Japan 
b Department of Fundamental Chemistry, Universidade Federal de Pernambuco, Cidade Universitária, Recife, PE 50740-560, Brazil 
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A B S T R A C T   

Lipid A is one of the three components of bacterial lipopolysaccharides constituting the outer membrane of Gram-negative bacteria, and is recognized to have an 
important biological role in the inflammatory response of mammalians. Its biological activity is modulated by the number of acyl-chains that are present in the lipid 
and by the dielectric medium, i.e., the type of counter-ions, through electrostatic interactions. In this paper, we report on a coarse-grained model of chemical variants 
of Lipid A based on the hybrid particle-field/molecular dynamics approach (hPF-MD). In particular, we investigate the stability of Lipid A bilayers for two different 
hexa- and tetra-acylated structures. Comparing particle density profiles along bilayer cross-sections, we find good agreement between the hPF-MD model and 
reference all-atom simulation for both chemical variants of Lipid A. hPF-MD models of constituted bilayers composed by hexa-acylated Lipid A in water are stable 
within the simulation time. We further validate our model by verifying that the phase behavior of Lipid A/counterion/water mixtures is correctly reproduced. In 
particular, hPF-MD simulations predict the correct self-assembly of different lamellar and micellar phases from an initially random distribution of Lipid A molecules 
with counterions in water. Finally, it is possible to observe the spontaneous formation and stability of Lipid A vesicles by fusion of micellar aggregates.   

1. Background 

Lipopolysaccharides (LPS) are the major lipid constituents of the 
external leaflet of an asymmetric outer membrane (OM) in Gram- 
negative bacteria [1,2]. The OM acts as a structural and functional 
barrier against penetration of xenobiotic agents like hydrophobic anti-
biotics, digestive enzymes, heavy metals, detergents, or bile salts [3]. 
The LPS molecule can contain three different regions: (i) the polymeric 
O-antigen (repetitive monosaccharide subunits) responsible for the 
bacterium immunospecificity [4], (ii) a branched oligosaccharide brush 
(composed of 8–12 monosaccharide units) and (iii) a Lipid A unit 
(composed of typically 4–6 acyl chains attached to a phosphorylated 
glucosamine disaccharide) responsible for the anchoring of the LPS 
leaflet onto the phospholipid leaflet of the OM [5,6]. Lipid A has a 
fundamental biological role as a stimulator of the inflammatory 
response by the immune system [7–9]. The immune response due to the 
presence of Lipid A is modulated by variations of its particular chemical 
structure, such as the number, length and position of acyl chains, as well 
as the overall molecular charge [9–11]. 

The phase diagram of Lipid A in water includes five three- 
dimensional aggregation states: micellar (M) lamellar (L), hexagonal 
(HI,) inverted hexagonal (HII) and non-lamellar cubic (Q) [9,12,13]. 

Recently, it has been experimentally shown that (Kdo2)-Lipid A, which 
is representative of the chemical structure of Re-LPS from E. coli, exists in 
monomeric form below its critical micellar concentration (CMC), in pre- 
aggregates (also called sub-micellar assemblies) below its apparent 
critical micellar concentration (CMCa) and in large aggregates at con-
centration higher than CMCa [13]. Several studies have focused on the 
role of monomeric/multimeric forms of LPS in the immune activation 
process [14–17]. Takayama et al. have shown that monomeric LPS in-
duces a more efficient production of Egr-1 mRNA than aggregated LPS 
[15], while Müller et al. reported that both Re-LPS and Lipid A of E. coli 
activate the proinflammatory production of TNF-a when in a multimeric 
form [16]. The relative stability of these various aggregation states de-
pends on environmental conditions (pH, temperature, ionic strength, 
cation types) as well as on the chemical structure of Lipid A. It is un-
derstood that these external and internal parameters particularly affect 
the Lipid A cross-sectional area of the hydrophobic part (the hydrocar-
bon chains), which gives rise to a specific aggregation state [9,12,13]. 

In the past decades, several MD studies have considered LPS and 
Lipid A. In particular, several all-atom [7,18–24] and coarse-grained 
(CG) models [5,25–28] have been applied and are continuously 
improved [19,20,23]. Despite this progress, simulating large systems 
and/or phenomena occurring on time scales larger than the μs remains a 
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huge challenge, even for CG models [32]. Overcoming the limitations 
may be achieved by developing models for lipopolysaccharides within a 
density-functional concept [29], and in particular by adopting the 
hybrid particle-field/molecular dynamics (hPF-MD) approach 
[31,32,34–41]. The main advantage of hPF-MD is that non-bonded pair 
interactions between particles are replaced by the evaluation of an 
external potential based on the local particle density, which, in combi-
nation with an efficient parallelization scheme [33], makes it possible to 
overcome the current time and scale limits of standard MD force fields 
(FFs). At the same time, the model retains a sufficiently high molecular 
resolution to discriminate among chemically different moieties. Past 
studies have demonstrated the ability of this approach to simulate 
structure formation in diverse soft matter systems, including lamellar 
and non-lamellar phospholipid aggregates [34–36], biocompatible 
block-copolymers [37,38], non-charged surfactants [39,40], and pep-
tides [41]. 

Recently, Zhu et al. introduced an efficient scheme based on the 
Ewald summation to treat electrostatic interactions within the hPF-MD 
framework [42]. In particular, charged particles interact with an 
external electrostatic potential that is derived from the charge density, 
in equivalence to the mean-field potential that is used to evaluate non- 
bonded interactions. Some of us reported a systematic study of the 
relative dielectric constant, which was matched to reproduce structural 
properties of SDS surfactant aggregates in water and to check the sta-
bility of POPG bilayer in water [43]. This study showed that, by an 
appropriate choice of the relative dielectric constant, it is possible to 
reproduce the self-assembly characteristics and stability of the micelllar 
or lamellar aggregates. An extension of the electrostatic treatment in the 
hPF-MD approach was introduced by Bore et al. by introducing a 
spatially resolved dielectric which depends on the local density fields of 

the different species [44]. 
In this paper, we report on the development of specific hybrid CG 

model for the biologically relevant Lipid A (hexa- and tetra-acyl chains). 
We show that the hPF-MD model does not only reproduce the structural 
properties of atomistic simulations of hexa- and tetra-acylated Lipid A 
bilayers, but also reproduces the Lipid A phase diagram and vesicle 
aggregate structure highly consistent with experimental measurements 
in vitro. 

2. Methods 

2.1. The hPF-MD approach 

In hPF-MD the total energy of the system is written as: 

H =
∑Nmol

m=1
H0
(
{r}m

)
+W[{ϕ(r) } ] +Wel[ρ(r) ], (1)  

where H0({r}m) is the Hamiltonian of a single, non-interacting molecule 
m, W[{ϕ(r)}] is an interaction energy functional that depends on the 
particle density {ϕ(r)}, and Wel[ρ] is the total electrostatic energy, 
dependent on the charge density ρ. We employ the functional form for W 
[ϕ(r)]: 

W[{ϕ(r) } ] =
1

2ϕ0

∫

drkBT
∑

KK’

χKK’ ϕK(r)ϕK’ (r) +
1
κ

(
∑

K
ϕK(r) − ϕ0

)2

,

(2)  

as originally introduced [30]. Here kB is the Boltzmann constant, T is the 
temperature of the system, ϕK(r) represents the coarse-grained number 
density of species K at position r, and ϕ0 is the total number density of 

Fig. 1. Chemical structures of (A) hexa- and (B) tetra-acylated forms of Lipid A, and a schematic overlay of the corresponding coarse-grained representation used in 
this work. Different bead types are indicated by the letters P, G, L, C and the color scheme. The counter-ion bead (N) and the water bead (W), representing four H2O 
molecules, are not shown in the figure. 
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the system. χKK′ is the mixing energy term between species K, K′, and κ is 
a compressibility (κ = 0.05 for all hPF simulations) term regulating the 
local density fluctuations. Under this assumption, particles of type K are 
subject to an external potential of the form [30]: 

VK

(

r

)

=
δW

δϕK(r)
=

1
ϕ0

(

kBT
∑

K’
χKK’ϕK’

(

r

)

−
1
κ

(
∑

K’
ϕK’

(

r

)

− ϕ0

))

(3) 

The electrostatic energy of the system Wel[ρ] is defined as: 

Wel[ρ] =
1
2

∫

drρ(r)ψ(r), (4)  

where the electrostatic potential ψ is governed by the Poisson equation: 

− ∇2ψ(r) = ρ(r)
ϵrϵ0

, (5) 

ϵr is the relative dielectric constant of the medium, and ϵ0 is the 
vacuum permittivity. The computation of ψ(r) is performed using the 
recently developed adapted PME-approach as in references [42,43]. By 
using this approach, the grid size for the electrostatic calculation has 
been set to 0.57 nm equal to that one used for the interaction energy 
functional (eq. 2). The parameter tuning the Gaussian charge distribu-
tion was set α = 2.35 nm− 1 [42,43]. 

The calculation of the molecular forces is done by a particle-mesh 
approach where ϕK(r) ′ s are computed on a grid, and their spatial de-
rivatives estimated by finite difference. In the present work, the density 
gradients are calculated by a rotational invariant finite-difference stencil 
developed by Alfaraj et al. [45], as implemented for hPF-MD by Sevink 

Table 2 
Composition of the system simulated in this work.  

System Method Lipid A molecules (Hexa-acyl) Lipid A molecules (Tetra-acyl) Counter ions W beads Box size (x,y,z) [nm3] Time [ns] 

HPF1 hPF-MD 256 – 256 N2+ 9556 14.45 × 13.34 × 9.19 300 
HPF2 hPF-MD 256 – 512 N+ 9483 14.08 × 12.99 × 9.35 300 
HPF3 hPF-MD – 128 256 N2+ 4125 13.62 × 5.33 × 7.86 300 
HPF4 hPF-MD 1200 – 1200 N2+ 70,000 22.0 × 22.0 × 22.0 4200 
HPF5 hPF-MD 1400 – 1400 N2+ 15,000 17.0 × 17.0 × 17.0 3550 
HPF6 hPF-MD 20 – 20 N2+ 88,880 22.0 × 22.0 × 22.0 4100 
HPF7 hPF-MD 60 – 60 N2+ 87,620 22.0 × 22.0 × 22.0 3500 
HPF8 hPF-MD 150 – 150 N2+ 84,550 22.0 × 22.0 × 22.0 3750 
HPF9 hPF-MD 644 – 644 N2+ 221,235 30.0 × 30.0 × 30.0 1200 
AA1 All-atom 128 – 128 Ca2+ 4518 13.47 × 7.30 × 9.02 400 
AA2 All-atom 128 – 256 Na+ 4474 13.71 × 5.36 × 8.00 400 

In the hPF CG model the counterion N can have two values of net positive charge: +1, +2 respectively. 

Table 1 
Interaction matrix χKK′ × RT(kJ mol− 1) for the Lipid A/counter-ion/water 
system.  

χKK′ × RT L P G C N (Counter- 
ion) 

W (Water) 

L 0 0 4.5 13.25 0 0 
P 0 0 4.5 20 − 7.2 − 3.6 
G 4.5 4.5 0 8.3 0 4.5 
C 13.25 20 8.3 0 13.25 33.75 
N (Counter- 

ion) 
0 − 7.2 0 13.25 0 0 

W (Water) 0 − 3.6 4.5 33.75 0 0  

Fig. 2. Equilibrated structures of Lipid A bilayers. Top panels: Representative snapshots of equilibrium configurations for (A) all-atom and (B-E) hPF-MD simulations 
of hexa-acylated Lipid A for different values of the relative dielectric constant (ϵr). The color scheme for CG bead types is: P (red), G and L (yellow), C (gray), N2+

(blue), and W (cyan). The same configuration is also shown without water beads for the sake of clarity. Bottom panels: Average mass density profiles corresponding to 
the systems shown above. 
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et al [46]. A complete description of the hPF-MD method and its 
extension to electrostatics interactions can be found in refs 
[30,42–44,47]. 

2.2. hPF-MD CG model of Lipid A 

In this study, the single-molecule Hamiltonian H0({r}m) is based on a 
CG representation of both Lipid A, the ions, and the solvent (Fig. 1). All 
intramolecular interactions have the same functional form as in stan-
dard force fields, [30] using the parameters developed in our previous 
studies [34,42], apart from the length lB between two L bead types. 
Specifically, we employ lengths lB = 0.47 nm for hexa- and lB = 0.34 nm 
for the tetra-acylated Lipid A in order to improve their agreement with 
the all atom structures. A complete list of bonded FF parameters for 
Lipid A is reported in the Supporting Information (SI) (Fig. S1, Tables S1- 
S3). 

The mean-field Flory-Huggins χKK′ parameters were first estimated 
from the MARTINI force field Lennard-Jones binding energies [48], and 
then further optimized to provide the best correspondence to the all- 
atom reference data. The final χKK′ parameters used in all simulations 
are reported in Table 1. 

2.3. hPF-MD simulations of Lipid A membranes 

The hPF-MD simulations for both the hexa- and tetra-acylated Lipid 
A bilayers were started from membranes at the all-atom level and pre-
viously published in [24] (See Scheme S1 in SI). In particular, the area 
per lipid AL for hexa- (1.53 nm2) and tetra-acylated (1.2 nm2) membrane 
systems is in agreement with experimental values [49,50]. These sys-
tems were neutralized by the addition of cation beads (labeled N) 
randomly placed within a distance of 0.5 nm from the P beads in the 
Lipid A bilayer, and solvated by adding water beads using the Packmol 
package [51]. For the self-assembly simulations, the lipids were 
randomly distributed in the simulation box, whereas for the vesicle 
simulation, Packmol was used to build the initial state of the system 
[51]. The composition of all simulated systems can be found in Table 2. 

The hPF-MD simulations were performed with the OCCAM MD 
software [47]. A time step of 0.03 ps and a mesh size of l = 0.57 nm were 
used for all simulations. All simulations considered a NVT ensemble, 
with a temperature T = 300 K kept constant by the means of the 
Andersen thermostat [52] with a collision frequency of 5 ps− 1.The 
density field was updated every 100 time steps. Both the density update 
time and the mesh size were chosen to give good reproduction of the 
reference atomistic simulations as reported in our previous works 
[34,36–39]. 

Fig. 3. Comparison of density profiles for the hexa-acylated Lipid-A HPF-MD 
simulation for ϵr = 15 and the reference atomistic simulation: (A) Ca2+/N2+, 
(B)HPO4

− /P, and (C) CH2/C moieties. 

Fig. 4. Structure of hexa-acylated Lipid A bilayer in the presence N+ coun-
terions. Color code: N+ (blue), G/L (yellow), P (red) and C (gray). Water CG 
beads are not explicitly reported for clarity. 
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2.4. Simulations of all-atom Lipid A membranes 

Benchmark all-atom MD simulations were performed for both the 
hexa- and tetra-acylated forms of Lipid A as previously described [25], 
using an extension of the GROMOS 53A6 force field [25,53] in 
conjunction with the SPC water model [54]. MD simulations were per-
formed in the NPT ensemble with a time step of 2.0 fs at 300 K and 1 bar. 
Bond lengths within the solute and the geometry of water molecules 
were constrained using the LINCS algorithm [55]. The temperatures of 
solute and solvent were controlled by separately coupling them to a 
velocity rescaling thermostat with a relaxation time of 0.4 ps [49]. The 
pressure was maintained via the Berendsen pressure coupling algorithm 
with a semi-isotropic coordinate scaling coupling, using a coupling 
constant of 1 ps and an isothermal compressibility of 4.5 × 10− 5 bar− 1 

[50]. Long-range electrostatic correction was applied using the particle- 
mesh Ewald (PME) approximation beyond a cut-off of 1.2 nm, with a 
fourth order interpolation of charges and a 0.16 nm Fourier spacing. 
Nonbonded pair lists were updated every 5 steps using a single cut-off 
scheme for atom pairs beyond a cut-off of 1.2 nm. The systems were 
first equilibrated for 100 ns to converge the area per lipid molecule, 
followed by an additional 400 ns simulation for data production. All- 
atom simulations were performed using the GROMACS 4.5.4 software 
suite [56]. 

3. Results 

3.1. Effect of the dielectric constant εr on the stability of Lipid A bilayer 

Appropriate calibration of the effective dielectric constant ϵr is 
fundamental for the correct description of charged lipid bilayers, as 
reported for CG models having similar mapping scheme [57], and as 
demonstrated by past work on a POPG membrane [43]. For this reason, 
we first investigated the stability of Lipid A bilayers for a range of values 
of the relative dielectric constant. 

Starting from an initial CG configuration of hexa-acylated Lipid A 
that is mapped from the reference atomistic configuration (HPF1, 
Table 2), we ran four hPF-MD simulations, each 300 ns long, for four 
values of the relative dielectric permittivity ϵr = 1.5, 15, 80. The cor-
responding average structures and density profiles for the different 
chemical moieties along the direction normal to the plane of the bilayer 
are shown in Fig. 2. 

As expected, the organization of Lipid A within the bilayers depends 
on the value of the dielectric constant (Fig. 2). For the lowest value (ϵr =

1), we obtain an unstable bilayer with a structure that is completely 
disrupted within the first 30 ns of simulation, while the global lamellar 
structure of the membrane is maintained for larger values of ϵr. The hPF- 
MD simulations for ϵr = 15 (Fig. 2D) yield a stable bilayer structure 
within the time scale of simulation, and the density profiles of the 
atomistic reference system are most accurately reproduced. For ϵr = 5 
and 80, the density profiles indicate that the organization of Lipid A 
inside the membrane does not match the atomistic data: in both cases, 
we observe strong surface undulation and a migration of the hydrophilic 
sites to the midplane of the bilayer (see snapshots with ϵr = 80), with 
negatively charged P beads being distributed along the whole cross- 
section of the membrane (Figs. 2C,E), indicating that lipids are tilted 
by an angle that is greater than 45 degrees (Fig. 2E). 

A closer comparison of the calculated density profiles for the all- 
atom reference (AA1, Table 2) and the hPF-MD simulations at ϵr = 15, 
further substantiates the semi-qualitative agreement between the two 
models (Fig. 3). In particular, data for the two types of simulation agrees 
well in terms of the symmetric distribution of the peaks, the bilayer 
thickness DHH as measured from the distance between P–P sites (3.82 
nm for the reference system and 3.74 nm in hPF-MD), and in terms of the 
location of the phosphate groups in the bilayer and the distribution of 
the acyl tails. The hPF-MD density profiles have a slightly broader 
signature than in the all-atom reference simulation, consistent with 
what has been previously reported for other lipid bilayers. This finding 
can be attributed to the softness of the potential employed in the hPF 
model. The largest discrepancy between hPF-MD and the all-atom 
models is the broader distribution of N2+ counterions in the hPF-MD 
model, when compared to the all-atom Ca2+ profile, and their penetra-
tion into the lipophilic region of the bilayer (Fig. 4). Similar findings for 
the ions were previously reported for the DOPG membrane [43]. This 
can be attributed to both the soft nature of the hPF-MD potentials and 
the lack of an explicit change in the dielectric environment between the 
solvent and lipid phases. 

3.2. Effect of the counterion valence on the bilayer structure 

It was previously shown that divalent cations induce considerable 
changes in the physico-chemical parameters of LPS membranes, such as 
hydration, acyl chain mobility, and aggregation state, when compared 
to monovalent cations [7,58,59]. Divalent cations increase the liquid- 
crystal transition temperature (Tc) values and acyl chain order, 
whereas Na+ increases the hydration of the LPS leaflet [3,7,60–62]. 
Therefore, we investigated how well the hPF-MD model reproduces the 
different effects that divalent and mono-valent counterions have on the 
stability and hydration of the hexa-acylated Lipid A membrane (HPF2, 
Table 2). 

In the present hPF-MD approach, the only difference between mono 

Fig. 5. Mass density profile calculated along the normal direction of the tetra- 
acylated Lipid-A membrane plane for: A) reference tetra-acylated Lipid-A 
bilayer, B) hPF-MD simulation with ϵr = 15. The profiles from hPF-MD simu-
lation were calculated by averaging over the last 50 ns of the trajectory. The 
HPO4

− curve corresponds to P beads (purple), CH2 corresponds to C beads 
(yellow) and Ca2+ corresponds to N beads (blue). The water (W) curve is shown 
in red. 
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(N+) and divalent (N2+) counterions in terms of CG parameters is the 
bead charge. Yet, the replacement of one N2+ by two N+ particles led to a 
striking structural rearrangement of the bilayer, with the system of N+

showing a persistent undulated configuration (Fig. 4). This behavior is 
consistent with atomistic simulations of Lipid-A bilayers, which have 
shown that Na+ cations induce a significantly higher degree of disorder 
compared to Ca2+ (AA2, Table 2) [7]. In particular, Pontes et al. spec-
ulated that, given the limited time and length scales reachable by 
atomistic models, the non-lamellar arrangement of Lipid-A induced by 
the replacement of Ca2+ by Na+ is reminiscent of an inverted hexagonal 
HII phase [7]. Indeed, LPS exhibits a rather complex structural poly-
morphism, with a strong dependence of the supramolecular aggregate 
structure on ambient conditions, and Lipid A has been shown to pref-
erentially form non-lamellar structures under physiological conditions 
[11,60,63]. In addition, several experimental studies demonstrated a 

correlation between the area/lipid, and the valence and the nature of the 
counterion [64–66]. The area/lipid, hence the packing of lipids, de-
creases in the presence of multivalent counterions. For example, calcium 
salts are commonly added to phospholipid/water mixtures to trigger the 
formation of vesicles by fusion of micelles. This is because Ca2+ causes a 
reduction of the area/lipid favoring a more efficient packing, thus pro-
ducing aggregates with minimal surface area like spherical vesicles 
[66,67]. 

3.3. Transferability of χ parameters: hPF-MD simulations of tetra- 
acylated Lipid A 

The length and the number of hydrophobic chains of Lipid A varies 
along different species (e.g. Escherichia coli, Pseudomonas aeruginosa, 
Salmonella minnesota). In order to assess whether CG intermolecular 

Fig. 6. Time evolution of the W[{ϕ(r)}] potential for 
hexa-acylated Lipid A/water mixture (where 
W[{ϕ(r) } ] = 1

2ϕ0

∫
drkBT

∑
KK’χKK’ ϕK(r)ϕK’ (r) is the 

first term of the eq. 2): (A) 70% w/w of water, (B) 
30% w/w of water. Representative snapshots are 
shown as insets. The color code used in the reported 
snapshots is the same as used in Fig. 4. Water beads 
are not shown for clarity. Both simulations have been 
performed at 313 K. C) Lateral and top view of the 
equilibrium assembly for the 70% w/w system. To 
enhance the contrast, Lipid A head beads are shown 
in blue, while hydrophobic tails are shown in red. 
Ions and water beads are not shown for clarity.   
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Fig. 7. Time evolution of the W[{ϕ(r)}] potential for hexa-acylated Lipid A/water mixture (A) 20 Lipid A/N2+ in water. (B) 60 Lipid A/N2+ in water. (C) 150 Lipid 
A/N2+ in water. Representative snapshots are shown as insets. The color code used in the reported snapshots is the same as used in Fig. 4. Water beads are not shown 
for clarity. All simulations have been performed at 313 K. 
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interaction parameters obtained for hexa-acylated Lipid A (Table 1) are 
transferable to tetra-acylated lipids, we performed hPF-MD simulations 
for the latter system using N2+ counterions and a dielectric constant of ϵr 
= 15 (HPF3, Table 2). 

Comparison of density profiles calculated from all-atom (AA3, 
Table 2) and hPF-MD simulation results show that the corresponding 
peak positions of the hPF-MD curves are consistent with those in the 
reference atomistic simulation (Fig. 5), apart from being less pro-
nounced than those of the reference all-atom model, which is typical for 
such a CG modeling approach. This supports the transferability of the χ 
parameters between different Lipid A structures (e.g. number, length and 
position of acyl chains). 

3.4. lSelf-Assembly of the amellar Phase 

The present results indicate that the proposed model accurately re-
produces the all-atom structural properties of equilibrated Lipid A 

bilayers. To further validate our model, we verified its ability to describe 
self-assembly of hexa-acylated Lipid A/N2+ mixtures in water. We 
studied two different concentrations (70 and 30%w/w of water content, 
HPF4 and HPF5, Table 2) that, according to the experimental phase 
diagram, would produce significantly different stable assemblies. In 
particular, at lower concentration (70% water), Lipid A should aggre-
gate into a lamellar/cubic phase (L+Q), while at higher concentration 
(30% water) it would produce a lamellar/hexagonal (L+H) state. 

The stages along the self-assembly pathways, starting from random 
mixtures of Lipid A/water, are reported in Fig. 6. For the system with 
70% w/w of water, there is an initial stage of chaotic aggregation, which 
is followed by the formation of a bilayer structure around 1 μs, and 
finally a stable configuration is reached after 2.8 μs (Fig. 6A). The 
equilibrium assembly structure is a coexistence of two phases, i.e. a 
planar bilayer (lamellar phase) which is fused with a cylindrical micelle 
(cubic phase), in agreement with the experimental phase diagram 
[11,58]. The system with lower water content (30% w/w) reaches 
equilibrium after 1 μs. In this case, the self-assembled structure shows 
interconnected lamellae which are organized into an irregular 
honeycomb-like pattern (Fig. 6B). This finding is also consistent with the 
experimentally observed (L+Q) aggregation. Moreover, according to the 
Lipid A molecular structure is commonly accepted that only non- 
lamellar (cubic and hexagonal) assemblies are biologically active 
[68–70]. 

The ability of hPF-MD to describe very different aggregation states 
for a single parameter set indicates that also in this case the model 
possesses adequate transferability. In particular, the proposed model is 
able to describe surfaces with different coexisting curvatures, as high-
lighted in Fig. 6C, where two sections (lateral and perpendicular) of the 
equilibrium conformation of the system with 70% of water are reported. 

Table 3 
Lengths of the main axes of the Lipid A micelles. The axis lengths are ordered as 
a > b > c.  

System Initial 
configuration 

Lipid A molecules 
(Hexa-acyl) 

a (nm) b (nm) c (nm) 

HPF6 random 20 1.7 
(0.2) 

1.6 
(0.2) 

1.6 
(0.2) 

pre-assembled 1.7 
(0.1) 

1.6 
(0.2) 

1.5 
(0.2) 

HPF7 random 60 2.6 
(0.3) 

2.5 
(0.2) 

2.4 
(0.2) 

Pre-assembled 2.6 
(0.2) 

2.4 
(0.2) 

2.3 
(0.1)  

Fig. 8. Temporal sequence of snapshots showing the formation of Lipid A vesicle by fusion of pairs of micelles. The simulation time is reported for each snapshot.  
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3.5. Self-assembly of the micellar phase 

Since low molecular-weight oligomers of Lipid A (pre-aggregate 
state) are recognized to have a biological role in the immune response 
activation, [14–17] we explored the nature of spontaneously formed 
micellar aggregates at low Lipid A concentration, simulating three sys-
tems with only 20, 60 and 150 Lipid A/N2+ molecules in water randomly 
placed in the simulation box (systems HPF6, HPF7 and HPF8, Table 2). 
For comparison, we repeated two simulations of the 20 and 60 Lipid A/ 
N2+ systems assembling the lipids in a spherical shape as their initial 
configuration. 

Fig. 7 show the self-assembly pathway starting from a random 
dispersion of chemical components. For the system composed of 20 
Lipid A molecules, an initial aggregation state with the formation of 
small micellar aggregates is found after ~ 0.1 μs. After 2.0 μs, progres-
sive fusion of the small micelles yields a single micelle composed by all 
20 Lipid A molecules (Fig. 7A). This aggregate is stable until the end of 
the simulation (see SI). A similar self-assembly pathway is found in case 
of system composed of 60 Lipid A (Fig. 7B).AI 

In both cases, comparison with simulations starting from the preas-
sembled configuration confirms that the self-assembled micelle reached 
a stable state. In fact, after ~2.0 μs the simulations converge to a very 
similar value of the interaction energy W[{ϕ(r)}] regardless of the initial 
conditions (Fig. 7A,B). Moreover, the size of the pre-assembled and self- 
assembled micelles were evaluated by calculating the aggregate’s main 
axes lengths (Table 3), finding again very similar values regardless of the 
starting geometries. In all cases, a ratio between the main the axes a/b ~ 
1 indicates a quasi-spherical shape of the micelles. 

Although the system containing 150 Lipid A molecules (HPF8 
Table 2) shares similarities with the first two systems in the aggregation 
dynamics (Fig. 7C), substantial differences are found in its final aggre-
gation state. In fact, the equilibrium structure is that of a vesicle and not 
of a micelle. A detailed analysis of hPF-MD trajectory reveals that the 
formation of such vesicle goes through the fusion of smaller micelles, as 
highlighted in Fig. 8. Early fusion between two micelles to form a larger 
micellar structure occurs already in the very preliminary stage of the 
aggregation process (between ~ 86 and ~ 99 ns). A second fusion event 
rapidly following the first one (between ~ 113 and ~ 125 ns) yields a 
quasi-spherical vesicle composed of ~ 120 Lipid A molecules (Fig. 8). 
This result is in agreement with recent Dynamic Light Scattering (DLS) 
measurements that reported the coexistence of micelles and vesicles of 
LPS at CMC concentration [71]. 

3.6. Lipid A vesicle 

As a final test for the aggregation-propensity of Lipid A in our model, 
we investigated the structure of non-periodic vesicles in water. The 
vesicle consisted of 204 hexa-acylated Lipid A molecules in the inner 
layer and 440 in the outer layer, with a total diameter of 15 nm (HPF8, 
Table 2) and an equal number of N2+ counterions placed close to the P 
beads in both layers. The time evolution of the vesicle radius, interaction 
potentials and representative snapshots of the vesicle structure indicate 
that the it was stable within the simulated time (Fig. 9). After the initial 
relaxation period (ca. 10 ns), the vesicle retained a spherical shape with 
a radius of ~7.7 nm (Fig. 9B). Deviations from ideal sphericity are 
attributed to the non-stoichiometric binding of counterions in the outer 
layer, which reflects the instantaneous, strong repulsion between the 
phosphorylated heads. As a consequence, the effective head area for the 
different molecules that constitute the vesicle instantaneously changes, 
which produces structural deformations within the assembly. These 
findings indicate that liposome-like aggregates of hexa-acetylated Lipid 
A are stable, opening up a way to investigate how Lipid A activates 
proteins involved in the immune response of hosts. 

4. Conclusion 

We presented a hPF-MD model for Lipid A that not only reproduces 
structural properties of atomistic simulations but also provides an 
experimentally-consistent description of the phase diagram of this 
complex glycolipid. The underlying molecular model employs a CG 
mapping including, on average, 4 heavy atoms per bead and most 
importantly, explicit electrostatic interactions to accurately represent 
mono and divalent counterions. The optimized set of parameters re-
produces the lamellar phase of the reference all-atom models for 
constituted Lipid A bilayers, with good qualitative and quantitative 
agreement of structural properties such as bilayer thickness, area per 
lipid, and density profiles. 

The CG interaction parameters are transferable to chemical variants 
of Lipid A. Specifically, the model reproduces the assembly character-
istics for both hexa- and tetra-acylated Lipid A, as well as global struc-
tural modifications induced by the presence of monovalent versus 
divalent counterions. Our model is also able to predict the self-assembly 
of Lipid A, and in particular the spontaneous formation of the L+Q or 
L+H phases, as well as the M phase as a function of the water/lipid 
concentration ratio. In addition, we observed the formation of complex 

Fig. 9. (A) Snapshots of Lipid A vesicle at different simulation times. For the 
last snapshot (at 1.2 μs) two sections of the vesicle with water inside its internal 
cavity are reported. For clarity, the water beads outside the vesicle are not 
shown. Bead types are reported using the same color code as in Fig. 2. (B) 
Radius of the vesicle as a function of time. (C) Time evolution of the W 
[{ϕ(r)}] potential. 
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structures that indicate the coexistence of such phases, in agreement 
with the experimental phase diagram. The proposed model is able to 
describe interfaces of different curvature, ranging from infinite (planar 
bilayer) to finite curvature (inverted hexagonal and cubic assemblies). 
Moreover, we observed the spontaneous formation of Lipid A vesicles 
through a mechanism involving the fusion of pairs of Lipid A micelles. 
Finally, the stability of a Lipid A vesicle, starting from a pre-assembled 
configuration, has been investigated. The vesicle remains stable and 
spherical for over 1 μs of simulation time. 

The optimized relative dielectric constant provides a proper 
description of the electrostatic interactions, which are of fundamental 
importance to correctly describe complex system such as Lipid A ag-
gregates. These promising results encourage the investigation of more 
complex lipopolysaccharide systems of key relevance for biomedical 
research. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbagen.2020.129570. 
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