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Bacterial lipopolysaccharides (LPS) are major components of the Gram-negative bacteria outer membrane and are 
known to trigger a variety of inflammatory reactions in macrophages and other cells presenting a CD14 receptor. LPS 
consist of a hydrophobic domain known as lipid A (or endotoxin), a nonrepeating "core" oligosaccharide and a distal 
polysaccharide (or O-antigen). The purpose of this study was to obtain the parameters of the LPS molecule consistent 
with force fields that use an atomic detailed description of structure and dynamics like CHARMM and NAMD. The 
parameters for the lipid A region were determined de novo. All the quantum chemical calculations for this molecule 
were completed using the Gaussian03 software at the Restricted Hartree Fock (RHF) level of theory using the Pople  
6-31G* basis set. The nonbonded terms, namely the van der Waals term and the electrostatic term, were available in 
the CHARMM force field and therefore were assigned by analogy. The “core” oligosaccharide contains unusual sugars 
with seven or eight carbon atoms. This structure was built using a patching method for which a flexible topology file 
was determined using VMD extension Molefacture. In our study we determined a set of parameters for the LPS 
molecule to be further used in molecular modeling simulations with CHARMM force field. These results can be easily 
adapted by the user to model different LPS molecules. 

INTRODUCTION∗ 

Gram-negative bacteria, like Escherichia coli, 
Pseudomonas aeruginosa or Salmonella typhi,  are 
surrounded with a double membrane, the cytoplasmic 
membrane and the outer membrane. The cytoplasmic 
membrane is composed of phospholipids, whereas 
the outer membrane is an asymmetric structure 
containing primarily phospholipids in its inner 
monolayer and LPS in its outer monolayer. Gram-
negative bacteria are less susceptible to specific 
antibiotics and their surfaces are less permeable than 
those of Gram-positive bacteria, that lack LPS in the 
membrane. LPS is thought to act as a permeability 
barrier, making the outer membrane relatively 
impermeable to hydrophobic antibiotics, detergeants, 
and host proteins.1 Therefore it is important to 
understand the structural details of the bacterial 
membrane and its components. 

Also, LPS molecule represents the endotoxin 
held responsible for the toxicity of Gram-negative 
bacteria. LPS are known to trigger a variety of 
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inflammatory reactions in macrophages and other 
cells presenting a CD14 receptor. Medically relevant 
Gram-negative bacteria include organisms which 
cause sexually transmitted disease (Neisseria 
gonorrhoeae), meningitis (Neisseria meningitidis), 
respiratory symptoms (Moraxella catarrhalis, 
Hemophilus influenzae, Klebsiella pneumoniae, 
Legionella pneumophila, Pseudomonas aeruginosa), 
primarily urinary problems (Escherichia coli, Proteus 
mirabilis, Enterobacter cloacae, Serratia 
marcescens), and primarily gastrointestinal problems 
(Helicobacter pylori, Salmonella enteritidis, 
Salmonella typhi). There is considerable interest in 
understanding LPS properties because their release 
induces septic shock to the infected patients. A 
detailed insight of the tridimensional structure is very 
important in the development of strategies for 
preventing septic shock.   

The structure of LPS differs from other 
phospholipids in that its backbone is formed of 
sugar residues, can have up to seven fatty acids per 
molecule, and has a sizable saccharide chain 
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extending from the lipid backbone. In a number of 
species, the O-antigenic polysaccharide chains are 
completely missing. In Figure 1 is a representation 

of the structure of LPS from E.coli, which lacks 
the region of the O-antigenic polysaccharide.  
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Fig. 1 – The structure of LPS from E. coli K-12: the lipid A part, the core oligosaccharide. LPSs are anchored in 
  the outer membrane by their lipid A component, and their polysaccharide chain is presented at the cell surface. 

 
The structural variability of the core oligosaccha-

ride is higher than the structural variability of the 
lipid A.2 This region contains unusual sugars with 
seven or eight carbon atoms like keto-deoxyoc-
tulosonate (KDO) and heptose.  

The minimal structure capable of expressing the 
endotoxic activities is considered to be a molecule 
that contains two D-glucosamine residues, two 
phosphoryl groups and six fatty acids in a defined 
arrangement.2  The lipid A from Escherichia coli is 
the typical molecule with six fatty acid and endotoxic 
activity. Whereas the minimal LPS structure required 

to form a viable outer membrane  consists of lipid A 
glycosylated with two KDO residues, often referred 
to as Re LPS for E. coli.3 There is a large number of 
studies of Re LPS from E.coli, not only because it is 
the endotoxic molecule with the smallest molecular 
size and full endotoxic activities, but also because the 
genom of E.coli is easier to manipulate, and thus to 
determine the efects of mutations on the structure of 
LPS and the consequence on biological activity.4  

Previous investigations into the supramolecular 
states of lipopolisaccharide and free lipid A have 
employed various techniques hydrolysis, mass 
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spectrometry, infrared spectroscopy, calorimetry, 
nuclear magnetic resonance spectroscopy and X-
ray diffraction.5,6,7 The reasons for the discrepancies 
in the proposed physical structures may be found in 
the difficulty in assigning the experimental results to 
definite three-dimensional structures. 

The only 3D structure of an intact LPS 
molecule that is available was obtained by X-ray 
crystallography in an incidental complex with 
E.coli K-12 ferrichrome-iron receptor FhuA. There 
are two PDB codes for this structure 2FCP8 and 
1FI1.9 The differences between the two crystals are 
due to the extraction methods, the one from 2FCP 
lost a phosphat group. 

Lipid A and LPS from various bacteria have 
been previously modelled. The model of 
Salmonella minnesota S-form LPS by Labischinski 
et al10 was based on a heptaacyl lipid A. Heptaacyl 
structure was originally assumed to be the typical 
component of Salmonella lipid A, but was later 
shown to have only weak biological activities.11 In 
contrast, the hexaacyl lipid A determines the 
endotoxic activities of the LPS preparations from 
not only E. coli but also Salmonella spp.12 
Kastowsky et al13 constructed the molecular 
models of E. coli Re LPS by the application of 
molecular modelling techniques. Although this 
seems to be the first conformational study of the 
complete structure of E. coli Re LPS, the models 
were not based on real analytical data, but 
exclusively on computer calculation. Therefore, 
these molecular models of E. coli Re LPS do not 
seem to be valid. Kastowski et al14 also proposed 
the molecular model of Salmonella serogroup B S-
form LPS that was constructed on the basis of their 
lowest energy E.coli lipid A model. Kato et al2 
provided the first molecular model of E. coli Re 
LPS based on analytical data from crystals of Re 
LPS. However the charges on atoms were ignored, 
so the not relevant enough considering the 
consequences of the highly charged inner core on 
biological activity of the LPS molecule in 
interaction with antibodies. 

A molecular model for the rough LPS of 
Pseudomonas aeruginosa has been designed for a 
different force field than the one used in this study, 
based on experimentally determined structural 
information.15 An electrostatic model was 
developed based on quantum chemical calculations 
of the complete LPS molecule to obtain partial 
atomic charges. However the molecular dynamics 
of a LPS membrane was run in a time scale that is 
too short to determine membrane properties like 
lateral diffusion of LPS or water permeation into 
the LPS membrane.16 

The purpose of this study was to obtain 
parameters for LPS consistent with force fields that 
use an atomic detailed description of structure and 
dynamics like CHARMM,17 NAMD18 or 
LAMMPS.19 The results can be introduced in these 
packages for larger sampling of conformational 
space and with less computational effort. They are 
compatible with parameters for proteins and lipids, 
so that more complicated systems are possible to 
simulate and for a longer period of time.  

In the context of molecular mechanics, a force 
field refers to the functional form and parameter sets 
used to describe the potential energy of a system of 
particles. Force field functions and parameter sets are 
derived from both experimental work and high-level 
quantum mechanical calculations. In the atomistic 
approach, force fields provide parameters for every 
atom in a system, including hydrogen, while "united-
atom" force fields treat groups of atoms as a single 
interaction center.  

The basic functional form of a force field 
accounts for both bonded terms relating to atoms that 
are linked by covalent bonds, and nonbonded terms 
describing the electrostatic and van der Waals forces. 
A general form for the total energy in an additive 
force field can be written as V=Vbonded+Vnonbonded  
where the components of the covalent and 
noncovalent contributions are given by the following 
summations: Vbonded = Vbond + Vangle + Vdihedral  and  
Vnonbonded = Velectrostatic + VvanderWaals 

In addition to the functional form of the 
potentials, a force field defines a set of parameters 
for each type of atom. The typical parameter set 
includes values for atomic mass, van der Waals 
radius, and partial charge for individual atoms, and 
equilibrium values of bond lengths, bond angles, 
and dihedral angles for pairs, triplets, and 
quandruplets of bonded atoms. 

In our study we determined a set of parameters 
for the LPS molecule to be further used in 
molecular modeling simulations with CHARMM 
force field that uses the atomistic approach. These 
results can be easily adapted by the user to model 
different LPS molecules. 

Topology and parameter files can be requested 
by email from the corresponding author. 

MATERIALS AND METHODS 

The structure we used was the 3D structure of 
LPS obtained by X-ray crystallography in an 
incidental complex with E.coli K-12 ferrichrome-
iron receptor FhuA(PDB code 1FI1).  
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Hydrogen atoms were added to this structure 
using the program software The Extensible 
Computational Chemistry Environment (ECCE).20  

For the purpose of constructing models for 
fairly large molecules with various structures the 
whole molecule was divided into several 
fragments. This is allowed in additive force fields 
and it is preferred when there is a high variability 
in the structure of the molecule.  

Parameterization of lipid A region 

In Figure 1, represented in a box, is the region 
from lipid A with missing parameters in CHARMM 
force field. The bonded terms of this set of 
parameters were determined by quantum chemistry 
calculations. The extensive computations were 
performed using quantum chemistry software 
program Gaussian 03.21 The input for this software 
was obtained using the VMD22 extension Paratool. 

These calculations were set at the Restricted 
Hartree Fock (RHF) level of theory using the Pople 
6-31G* basis set and they were completed on a 
quad dual-core Xeon computer equipped with 4GB 
RAM. The calculation of the bonded parameters 
required 30 days of CPU. 

The connections between the atoms and the sets 
of internal coordinates from the topology file of 
lipid A were determined using the VMD extension 
Molefacture. 

Topology file for the “core” oligosaccharide 

For the heptoses in the core oligosaccharide, 
that have the corresponding residues with six 
atoms in the saccharide topology file, 23 we have 
determined the topology for the atoms related to 
the seventh carbon atom using Molefacture. The 
same program was used to determine the complete 
topology for the KDO molecule, which is much 
more complex than the heptoses, having a carboxyl 
group bound in position C1. The parameters that 
correspond to these topologies were available in 
saccharide parameter file.23 

Construction of the LPS/DPPE bilayer 

These parameters were tested by simulating a 
hydrated bilayer, with 16 molecules of LPS in one 
layer and 40 molecules of DPPE (1,2-
dipalmitoylphosphoethanolamine) in the inner 
layer.  In order to balance the charged functional 
groups on LPS counter-ions are required. 80 ions 
of Ca2+ were added and the whole system was 

hydrated with 10986 TIP3 water molecules, the 
system reaching a total of 45878 atoms. NPT 
dynamics with periodic boundary conditions was 
run with a time step of 2 fs for a total of 5 ns. The 
target temperature of the Langevin thermostat was 
310 K, with a damping coefficient of 1 ps-1. The 
target pressure of 1 atmosphere was controlled by 
the Nosé-Hoover Langevin barostat.24 Long-range 
electrostatic interactions contributions were 
evaluated using Ewald method.25,26 

RESULTS AND DISCUSSION 

The nonbonded terms, namely the van der 
Waals term and the electrostatic term, were 
available in the CHARMM force field and 
therefore were assigned by analogy. The electric 
charge values for each atom in the two NAG 
residue and phosphate residue were assigned from 
the corresponding data in the saccharide topology 
file,23 pirophosphate from the topology for NAD+, 
NADH and pirophosphat,27 acyl chains from the 
topology for lipids.28 These values were adjusted 
with less than 1% than the ones from similar atom 
types in CHARMM force field topology files,23,27,28 
so that the lipid chains were divided into neutral 
charge groups and the polar head into integral 
charge groups. 

In order to make it easily to construct different 
versions of LPS molecules, the oligosaccharide 
region was built using the patching method. It is 
preferable to use parameters and topology of small 
fragments of the molecule and then covalently bind 
these fragments using the patch command. In this 
study we have separately obtained the parameters 
and topology files for the lipid A fragment and the 
topology for KDO and for new patches to build 
heptoses.  

In Figure 2 is the charge distribution of the lipid 
A molecule. The numbers next to each charged 
atoms are the partial charges, in units of an 
electronic charge. The total charge of the lipid A 
molecule is -5, whereas the total charge of the LPS 
is -10. These charges correspond to the phosphate 
groups (-2) and to the pirophosphate groups (-3) 
and they are located in the inner core 
oligosaccharide as well as in the polar head of the 
lipid A, as shown in Figure 1. From the inspection 
of the model it can be observed that these 
phosphate groups are exposed to the surface of the 
molecule. This distribution of negative charge can 
explain the high affinity of the LPS for monoclonal 
antibodies unlike the low affinity of usual 
carbohydrates.  
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Fig. 2 – Charge distribution and torsion angles selected to be compared with experimental data, in thick line. 

 
At the same time, due to the distribution of 

negative charge, the LPS molecule has a 
polyanionic structure can therefore bind divalent 
cations.  The strong ionic interactions between the 
negatively charged polar head and the divalent 
counter ions is essential for the integrity of the 
membrane.16  

The results of this study were used in a 
LPS/DPPE bilayer simulation with CHARMM and 
NAMD. The parameters were tested against 
experimental results. Here we present the 
comparison of 6 torsion angles (in bold lines in 
Figure 2) from the region near the polar groups, 
region recognized as the most dificult to 
parameterize, with the values determined 
experimentally through X-ray diffraction. For this 
purpose were extracted  the values of the six 
torsion angles from the 20.000 conformations 
adopted by the 16 LPS molecules during 5 ns 
simulation. The histogram distributions of those 

dihedrals (in Figure 3) were obtained by splitting 
the -180 to 180 interval into 10o bins. On the 
vertical is presented the frequency of the values for 
each bin.  For the clarity of the graphs the results 
on vertical are arbitrarily scaled. Figure 3 shows 
different conformations of the chosen dihedral. 

The crystal structure is a static structure and 
also restrained by the interaction with the protein 
and the rest of the crystal. Simulated dihedral 
distributions are consistent with the result from 
experiment. In more detail, Figure 3a shows the 
value from 2FCD, 121o, which is very similar with 
the value 127o that corresponds to a local 
maximum and also the value from the crystal 1FI1, 
109 o, is similar with the local maximum 94 ofrom 
the distribution. The same for the value 98o from 
2FCD in Figure 3b with the local maximum 107o, 
16o in Figure 3c with 11o , 168o from 1FI1 in 
Figure 3e with 175o and -14o from 2FCD with -10o, 
165o from 2FCD in Figure 3f with -172o.   
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Fig. 3 – The distribution of the values for the selected torsion angles. First row of each table defines the torsion angle and the second 
row the equilibrium values determined in the parameter file (first column), the value from the crystal structure with PDB code 1FI1 
                                                                  (second column) and from 2FCD (third column). 

 
There are some values in the distribution that 

do not correlate so well with the ones determined 
experimentally. A possible reason for that could be 
the short period of time used in the simulation. As 
support for this statement, it can be observed that 
dihedral in Figure 3c is defined by the same atom 
types as the dihedral from Figure 3e and thus 
should adopt similar conformations. Therefore the 
value -175 o from the crystal 1FI1 could be adopted 
by this dihedral, as shown by the local maximum 
175 o in Figure 3e. There is a possibility this could 
happen in a simulation for a longer period of time. 

The same situation can be observed in Figure 
3d where the dihedral is defined by the same atom 
types as the one from Figure 3f and should adopt 
similar conformations. Therefore the value -169 o 
from the crystal 2FCD could be adopted by this 
torsion angle, as shown by the local maximum -
172 o in Figure 3f.  

In this study we have obtained a valid set of 
CHARMM parameters for the LPS that can be 

easily integrated into NAMD, CHARMM, 
LAMMPS packages to simulate complex systems 
with proteins and lipids. The topology is flexible 
for different molecules by using the newly 
determined patches. 

Topology and parameter files can be obtained 
by email from the authors. 
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