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Abstract

Protein-lipopolysaccharide (LPS) interactions play an important role in providing

a stable outer membrane to Gram-negative bacteria. However, the LPS molecules

are highly viscous, and sampling LPS motions is thus challenging on a microsecond

timescale in simulations. To this end, we introduce a new protocol to randomly allow

the LPS molecules to self-assemble around the protein and thereby reduce the starting

bias in the simulations. Here we present all-atom molecular dynamics simulations of

the OmpE36 porin in an outer membrane model which sum up to a simulation time

of more than 20 µs, and identify the geometrical properties of the first LPS shell and

the role of calcium ions in LPS binding to the protein. The simulations reproduce LPS

binding to the porin observed in a recently determined crystal structure, but not as

compact as in the crystal structure. In addition, the influence of the outer membrane

environment on the protein dynamics was analyzed. Our findings highlight the role of

divalent cations in stabilizing the binding between proteins and LPS molecules in the

outer membrane of Gram-negative bacteria.

1 Introduction

Gram-negative bacteria have an asymmetric outer membrane (OM) with phospholipids in

the inner leaflet and lipopolysaccharides (LPS) in the outer leaflet.1,2 LPS, the signature

lipoglycan of the Gram-negative bacterial OM, have crucial implications on the antibiotic

resistance,3 virulence, host cell adhesion4 and most particularly on the integrity of the OM.5,6

LPS molecules are negatively charged lipoglycans composed of a highly conserved hydropho-

bic lipid A, a hydrophilic core oligosaccharide, and an repeating O-antigen polysaccharide

specific to the bacterial serotype. Thus, the outer leaflet is rather complex and poses a

tighter permeation barrier than the inner leaflet composed of unsaturated phoshoplipids 7

that, in contrast to the inner leaflet, also holds for hydrophobic molecules. The OM proteins

(OMPs) inserted into the OM regulate influx and efflux of nutrients and antibiotics in and

out of the bacterial cell. The integration of these proteins and lipids into the OM is essen-
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Figure 1: Binding features of the OmpE36-LPS complex. a) Side (left panel) and top views
(right panel) of the OmpE36 crystal structure including two LPS molecules attached to its
surface. The components of LPS are shown in different colors, i.e., lipid A in yellow, Kdo (3-
deoxy-D-manno-oct-2-ulosonic acid) in red, and Hep (l-glycero-d-manno-heptose) in blue.
The Ca2+ ion at the LPS site B is shown as a green sphere. b) Snapshots of site A (left
panel) and site B (right panel) porin residues interacting with Kdo and lipid A units in the
crystal structure. Structural models of lipid A in c) hexa-acylated and d) hepta-acylated
LPS molecules are shown in stick representation. e) Top view of the starting system in one of
the hexa-acylated systems, where lipids are placed 2 nm away from the protein. f) OmpE36
system embedded in a hexa-acylated LPS bilayer built in a traditional way by placing lipids
next to protein. The components of LPS are represented with different colors; lipid A in
yellow, Kdo in red, Hep in green, Gal (galactose) in pink and Glc (glucose) in blue. For
clarity, water and ions are not shown.

tial to maintain the OM impermeability, which is largely attributed to non-covalent lateral

interactions between proteins and lipids. Additionally, the assembly and function of these

OMPs relies strongly on the presence of LPS.6,8–10

As the OM provides a permeability barrier to antibiotics, biochemical and biophysical

studies of the OM, especially of its essential component LPS, are of significant interest. Much

progress has been made in the characterization of the enzymatic steps of LPS synthesis and
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mechanistic details of LPS transport from the inner to the outer membrane.11,12 Furthermore,

LPS binding to various OM channels have been reported by several biochemical13–16 and

structural studies,17,18 leading to hypotheses on their possible involvement in folding and

assembly of these channels in the OM. However, specific interactions and the stoichiometry

of the annular lipid shell around the OMPs is currently somewhat obscure. Moreover, the

influence of the asymmetric OM on the structure-dynamics-function of the OM channels is

yet to be understood in detail. A better understanding of structural models of OMP-LPS

complexes thus might provide clues to target the structural integrity of the OM.

To this end, molecular dynamics (MD) simulations have proven to be very insightful in

simulating membrane protein-lipid complexes and previously have been employed to examine

the specific interactions between OMPs and LPS19 and the influence of LPS on the dynamics

of the OMPs.20–26 However, because the diffusion rate of LPS molecules in a bilayer is slow

compared to phospholipids, the LPS molecules are highly localised on a time scale of 100

ns to 10 µs. Hence, the results are potentially highly biased by system preparation and

placement of LPS molecules around the OMPs in the starting system. Here, we introduce

a new protocol for the LPS simulations to avoid the bias in the starting conformation and

investigated the OmpE36 trimeric OMP, which is a major porin in the OM of Enterobacter

cloacae. The structure forms a 16 β-stranded porin and shares structural features with its

ortholog OmpC from Escherichia coli (Figure 1a). Based on the recent X-ray structure, two

specific LPS binding sites per monomer have been defined: site A is positioned on loop L4

and present at the interface of two monomers and site B is positioned at loop L5 adjacent

to the former (Figure 1b). The latter requires a divalent cation to stabilize its interaction

with OmpE36.18 Here we examined the stoichiometry and the role of calcium ions in LPS

binding to OmpE36 porin. Furthermore, we compared the behavior of OmpE36 in different

OM bilayers and a phospholipid bilayer.
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2 Methods

2.1 Outer membrane system setup

Molecular simulation systems of OmpE36 (PDB: 5FVN) embedded in two different OM

bilayers, i.e., hexa-acylated and hepa-acylated LPS, mimicking the E. coli OM have been

prepared. The hexa-acylated K-12 LPS is the most common type found in E. coli OM and the

hepta-acylated K-12 LPS is a rare chemotype but found in the crystal structure of OmpE36.

The K-12 core region is composed of oligosaacharide sugars such as Kdo (3-deoxy-D-manno-

oct-2-ulosonic acid), Hep (l-glycero-d-manno-heptose), Gal (galactose) and Glc (glucose).

The chemical differences in the lipid A of hexa- and hepta-acylated chains are shown in

Figures 1c-d. The inner leaflet is composed of 1-palmitoyl(16:0)-2-palmitoleoyl(16:1 cis-9)-

phosphatidylethanolamine (PPPE), 1-palmitoyl(16:0)-2-vacenoyl(18:1 cis-11)-phosphatidylglycerol

(PVPG), and 1,1’-palmitoyl-2,2’-vacenoyl-cardiolipin with a net charge of -2e (PVCL2) at a

ratio of 15:4:1. A similar composition of the OM has been used in the previous simulations

of OmpF20 and OmpLA.25 Calcium ions were placed near LPS regions to neutralize LPS,

and 1 M KCl salt was added to the bulk region in the system. Ten replica systems were

built independently for hexa-acylated and hepa-acylated LPS systems for better sampling

of the protein-lipid interactions. These systems were built by placing the lipids 2 nm away

from the protein (Figure 1e) by following the protocols in the CHARMM-GUI Membrane

Builder .27–30 After the minimization of 1,000 steps, the systems were equilibrated in two

steps to allow the packing of lipids around the protein. A 10-ns equilibration in an NPT

ensemble (Berendsen barostat and thermostat31) with a time-step of 1 fs was first performed.

Subsequently, a 500-ns equilibration with restraints on the backbone of protein was carried

out in an NPT ensemble using a time-step of 2 fs and semi-isotropic coupling to a Parrinello-

Rahman barostat32 at 1 bar with a coupling constant of 5 ps. The temperature was set to

300.15 K using a Nosé-Hoover thermostat 33,34 with a coupling constant of 1 ps. During the

equilibration, z axis restraints were applied on the phosphorus atoms to maintain the plane

of the membrane relative to the protein. The final production simulations were performed
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for 500 ns in similar conditions, but without restraints on the protein. During the equilibra-

tion and production runs,20,25 dihedral angle restraints were applied on all the LPS sugar

residues to maintain the specific chair conformation of sugar rings.

As a reference to compare the new protocol, we further built three systems of the OmpE36

porin embedded in a hexa-acylated bilayer with lipids placing next to the protein (Figure 1f)

and added LPS-neutralizing calcium and 1 M KCl solution using CHARMM-GUI Membrane

Builder. The equilibration was performed for a total of 450 ps in NVT and NPT ensemble by

gradually reducing the restraints to zero on LPS, phospholipids and water molecules. The

final production simulations were performed for 500 ns in an NPT ensemble, achieved by

semi-isotropic coupling to a Parrinello-Rahman barostat32 at 1 bar with a coupling constant

of 5 ps. The temperature was set to 300.15 K using a Nosé-Hoover thermostat 33,34 with a

coupling constant of 1 ps. Again dihedral angle restraints were applied on all the LPS sugar

residues.

2.2 Modified parameters for the calcium ions

To test the influence of the calcium charge on LPS binding, the equilibrated structure of all

replicas of the hexa- and hepta-acylated LPS systems from the new protocol were simulated

for 1 ns with the calcium charge artificially set to zero in a NVT ensemble. Positional

restraints were applied on the heavy atoms of the protein to maintain a stable secondary

structure and z axis restraints on the 30 heavy atoms within each LPS molecule.

Furthermore, we tested the impact of altering the calcium non-bonded Lennard-Jones

parameters (NBFIX) with acetate groups of aspartate and glutamate residues to values re-

cently proposed.35 Instead of starting new system set-ups from scratch, here, we selected five

replicas of the equilibrated hexa-acylated systems based on the new protocol and resampled

the calcium ions after closely packing the LPS around the protein in four steps. In the first

step, the charge of calcium is artificially set to zero to remove the neutralizing effects of

calcium ions in a NVT ensemble for 500 ps by freezing the positions of all atoms of the

protein and membrane. Subsequently, the lipids molecules are released in the membrane
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plane to allow for close packing around the restrained protein due to negatively charged

LPS-LPS repulsion in the absence of neutralizing calcium ions for 1 ns in a NVT ensemble

followed by resetting the calcium charge to +2e and simulating for 500 ps (NVT) and 1 ns

(NPT) to allow the calcium ions to move into LPS regions by restraining the protein and

membrane in all directions. Close to 30 heavy atoms within each LPS molecule and all-heavy

atoms of the protein were selected to keep restraints during this procedure. Finally, the five

replicas were simulated for 100 ns without the restraints on the protein and membrane in

the NPT ensemble with the other parameters similar to those of the final conventional LPS

simulations.

2.3 DMPC bilayer systems

For the comparison of the porin dynamics in different membrane systems, we additionally

built three DMPC bilayer systems with OmpE36 protein and equilibrated in a step wise

manner with the CHARMM-GUI default protocol for membrane systems and simulated

each for 500 ns in the NPT ensemble with parameters similar to final LPS simulations.

2.4 Molecular dynamics simulations

All MD simulations of the LPS systems were carried out with GROMACS 5.2 and of the

DMPC systems with GROMACS 4.6.536 using the all-atom CHARMM36 force field for

proteins,37 lipids,38 carbohydrates,39–42 LPS43,44 and the CHARMM TIP3P water model.45

The long-range Coulombic interactions were treated using the particle mesh Ewald (PME)

method46 with a short-range cutoff of 1.2 nm, whereas Lennard-Jones interactions were

considered up to a distance of 1.0 nm, and a switch function was used to smoothly turn off the

interactions to reach zero at 1.2 nm. A time step of 2 fs was employed in the simulations by

applying constraints on the bonds containing hydrogen atoms using the LINCS algorithm. 47
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3 Results and Discussion

3.1 New protocol for LPS simulations

Our main aim in this study is to investigate the OmpE36-LPS interactions. However,

LPS lipids are highly viscous, and sampling the LPS motions is very challenging on sub-

microsecond time scales even if one would use a coarse-grained representation. Thus, the

final results could be highly dependent on the initial structure. For instance, in three inde-

pendent hexa-acylated LPS simulations, when LPS molecules were initially placed next to

OmpE36 (Figure 1f), the LPS molecules in the outer layer show no lipid diffusion (Figure

S1) and lack motional sampling on the 500-ns time scale. To avoid such a bias in the LPS

systems, we used a randomizing approach to construct the initial structure by allowing the

OM to (semi-)self-assemble around the porin. For better statistics, ten replicas for each of

the hexa-acylated and hepta-acylated LPS systems were prepared independently by placing

the lipids 2 nm away from the porin (Figure 1e) in the inner and outer leaflet and equili-

brated for 500 ns in an NPT ensemble to form a bilayer and an annular shell around the

porin as shown in density plots in Figures S2 and S3. After the self-assembly of the OM, we

further extended the simulations for 500 ns without any restraints on protein and analyzed

the OmpE36-LPS interactions. The root mean square deviations (RMSDs) of the Cα atoms

measured for protein structural changes converge after about 100 ns to values of 0.1-0.2 nm

in each of the simulations (Figure S4).
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Figure 2: Number of LPS molecules forming at least one (log-lived or short-lived )hydrogen
bond with the trimeric OmpE36 protein in the ten replica systems.

3.2 Lipid arrangement around the OmpE36 porin

As a first step, we investigated the stoichiometry of LPS molecules in the annular shell

of OmpE36 by monitoring the hydrogen bond interactions of each LPS molecule with the

protein. In the ten hexa-acylated replicas, out of 69 LPS molecules in the cubic box, 16 to

20 LPS molecules are found to form hydrogen bond interactions with the trimeric protein

(Figure 2), ranging from short-lived to long-lived interactions, and form an annular shell

around the protein. Similarly in the hepta-acylated systems, 14 to 19 LPS molecules form

hydrogen bonds with the protein and this slight reduction in the annular shell is probably

due to the extra acylated chain in hepta-acylated LPS molecules. The observed differences

between the independent simulations of the same system are not surprising considering the

fact that LPS binding to the protein is rather a dynamic process. Since LPS conformations

are highly flexible, they can have many orientations to interact with the protein and thus

the stoichiometry can vary even on finite simulation time scales. Our results show at least

15 LPS molecules are forming hydrogen bonds consistently in all trajectories and, moreover,

most of these interactions persist throughout the simulations indicating the existence of

several preferential binding sites of LPS molecules on the surface of the protein, i.e., more

than the two sites observed in the crystal structure.
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Figure 3: a) Distribution of positive (blue) and negative (red) residues on the protein
surface oriented towards the membrane interface (upper panel) and towards the protein
trimer interface (lower panel). The calcium interactions with each residue in b) hexa-acylated
replicas and c) hepta-acylated replicas are shown on the surface of protein. The color scale
corresponds to the normalized probability of the calcium interactions in all replicas.

3.3 Influence of calcium on the LPS binding

A LPS-containing OM bilayer requires divalent cations, like calcium, to neutralize the elec-

trostatic repulsion between the negatively charged LPS molecules and to provide stability to

the OM. The Figures S2 and S3 show that the calcium ions are highly localized in the vicin-

ity of the phosphate groups to cross-link the LPS molecules. In addition, the calcium ions

are strongly attracted towards electronegative positions around the protein. This finding is

consistent with the charge distribution on the outer surface of the protein as it contains more

negatively than positively charged residues towards the extracellular side (Figure 3a). We

monitored the occupancy of calcium ions within 0.5 nm of each residue in all trajectories and
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Figure 4: Interaction analysis of the site A and site B residues with LPS molecules. a, b)
Normalized contact frequency between the corresponding residues and LPS components (red:
Kdo, gray: lipid A head group, yellow: lipid A acylated chains) in the last frames of the ten
replicas of the hexa- and hepta-acylated systems with a standard calcium charge as of +2e.
c, d) Comparison of averaged Kdo occupancy (represented as grid of the electron density
with isovalue 0.14) for the last MD frames of the ten replicas of the hexa- and hepta-acylated
systems compared to the crystal structure Kdo positions (red sticks). The porin monomer
from the crystal structure is shown in reddish color while one of the MD end structures is
overlayed in gray. For the contact and occupancy analysis, we considered residues within a
distance of 0.35 nm to the respective LPS groups.

found that negatively charged residues, particularly towards the extracellular side, strongly

and consistently interact with calcium ions (Figures S5 and S6). The probability of a calcium

occupancy on the surface of the protein in the hexa- and hepta-acylated systems is shown

in Figures 3b,c and the interactions are consistent in both OM bilayers. With such a high

occupancy towards the extracellular region, the calcium ions play an important bridging role

in mediating the interactions between the negatively charged LPS groups (like Kdo and lipid

A head group) and the respective protein residues.

Furthermore, we assessed how our simulations could reproduce the crystallographic con-

tacts of lipid A and Kdo groups at sites A and B with the porin. We investigated the
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probability of a contact within 0.35 nm of site A and site B residues with lipid A and Kdo

components in all replicas. The site A and B residues which are found to interact with the

lipid A and the Kdo residues in hexa-acylated systems are shown in Figure 4a. The direct

interactions between lipid A tail with site A and site B residues are persistent in most of

the replicas followed by lipid A head and to a much lesser extent Kdo residues interact with

site A and site B residues. A similar trend of interactions is observed in the hepta-acylated

systems (Figure 4b). These results indicate that LPS molecules are able to reach the site A

and B residues on the surface of the protein, but the calcium ions compete with Kdo and

lipid A head groups to interact with the negatively charged residue on the extracellular side

of the porin.

Figure 5: Sequence analysis of OmpC homologues from Enterobacter species cloacae and
aerogenes, Escherichia coli and Salmonella enterica. The OmpE36 negatively charged
residues interacting with calcium ions for more than 50 % of probability are highlighted by
green boxes showing their conservation among other species.

Moreover, we analyzed the conservation of these calcium interacting residues in OmpE36

homologue sequences in Enterobacter species cloacae and aerogenes, Escherichia coli and

Salmonella enterica. The sequence alignment was performed using Jalview.48 The calcium

interacting residues observed for OmpE36 are mostly conserved in these organisms as shown

in Figure 5. The evolutionary conservation of calcium binding residues suggest a functional

role for calcium in stabilizing the OMP-LPS complexes. These findings highlight the role of

divalent ions in stabilizing the LPS-OMPs complex in the OM of Gram-negative bacteria.
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3.4 Modified calcium parameters

The observation that the contacts between LPS molecules and protein residues in the hy-

drophobic region are more prominent than in the hydrophilic region led us to investigate the

effect of calcium in the OmpE36-LPS interactions. To test the influence of calcium on LPS

binding, we performed several extended simulations by neutralizing the calcium charge, i.e.,

artificially setting the ionic charge to zero. Interestingly, when the calcium is neutralized in

a 1-ns trajectory, the LPS molecules, particularly charged groups of LPS molecules, seem to

come much closer to the protein as in the crystal structure. As shown in Figures 6a-b, the

frequencies of the site A and B interactions are higher with Kdo and lipid A head groups

compared to simulations with default calcium charge. The Kdo groups show tight packing

with the porin and match the occupancies of Kdo at site A and site B as in the crystal

structure (Figures 6c-d). Further, we investigated the LPS binding with improved calcium

force fields in five replicas of hexa-acylated systems. However, the interaction frequencies of

Kdo and lipid A head groups with site A and site B do not seems to change significantly

(Figure S7). Despite the improvement of the non-bonded parameters (NBFIX) for calcium

ions interacting with acetate groups of aspartate and glutamate residues, the calcium ions

are still strongly attracted to regions on the surface of the porin similar to those obtained

with the unmodified CHARMM36 force field parameters (Figure S8).

3.5 Protein dynamics: LPS vs DMPC bilayer

In addition to the simulations with LPS-containing OMs, we simulated OmpE36 in a DMPC

bilayer (3 x 500 ns) to compare the influence of the lipid environment on the protein dy-

namics. Figure 7 shows the average root-mean-square-fluctuation (RMSF) of the protein in

different membrane environments. Here we focused our analysis on the three major loops,

i.e., the constriction loop L3 and the two extracellular loops L4 and L5 which interact with

sites A and B. The two extracellular loops L4 and L5 make a number of polar interactions

with the co-crystallized LPS molecules in the crystal structure. Loop L3 which has no direct

contact to the lipid environment shows a slightly higher flexibility in the LPS bilayers which
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Figure 6: Same as Figure 4 but with neutralized calcium ions.
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Figure 7: Comparison of protein dynamics in different lipid bilayers. Average Cα RMSF
plot of the OmpE36 protein in two different LPS and in a DMPC bilayer calculated from
the last 350 ns of the MD trajectories. Each line represents the average of 30 monomers in
the respective bilayer.

might be propagated by the membrane-interacting β-strands between loops L3 and L4. This

region, which partially consists of an α-helix and a turn coil, is located inside the lumen

of the pore. In previous MD simulations,20,49 it has been shown that loop L3 of OmpF is

highly flexible in a phospholipid and a LPS bilayer and the flexibility varies with the pro-

tonation of residues belonging to the constriction region. In general, the flexibility of this
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loop determines the functional properties of the porins. Loop L4 shows the largest variation

in the dynamics between the LPS and DMPC membrane environments. Loop L4 present at

the interface between the two monomers is highly mobile in the DMPC membrane. In the

presence of LPS, OmpE36 is fully constrained by the LPS matrix, and in particular loop

L4 is surrounded by inner core Kdo and Hep sugar molecules as well as by calcium ions.

This observation is consistent with the crystal structure where loop L4 is surrounded by

LPS A.18 Loop L5, which is adjacent to loop L4, also shows slightly higher flexibility in the

DMPC bilayer. Moreover, a similar behavior can be seen for the extracellular loop L7. This

comparison highlights the importance of LPS to restrict the flexibility of the protein at the

extracellular side in a similar manner as shown for OmpF earlier.20

4 Conclusions

Lipids interact specifically with membrane proteins and modulate their functional activity.

However, studying the interaction between LPS and OMPs of Gram-negative bacteria is

challenging due to slow diffusion of LPS in MD simulations. To this end, we introduced

a new protocol to allow the LPS molecules to self-assemble around the OMP and thereby

reduced the starting bias in the system to study the structural and functional properties of

OmpE36. Lipid/protein stoichiometries have been determined experimentally for several β-

barrel proteins of Gram-negative bacteria. Ramakrishnan et al.50 determined stoichiometries

of 11 and 32 dimyristoylphospatidylglycerol (DMPG) lipids for OmpA and FhuA, respec-

tively, using electron spin resonance spectroscopy. Marsh and coworkers51,52 developed a

simple geometric model to determine the stoichiometries of the first lipid shell of phospho-

lipids around β-barrel OMPs. However, the approach does not seem to be a satisfactory

quantitative method to determine the stoichiometry of protein-lipid interactions.

Protein purification studies of an OmpF-LPS complex reported a stoichiometry of 9 LPS

per OmpF trimer.16 Recently, the extended ladder on SDS/PAGE in the presence of excess

amounts of LPS demonstrated the existence of several LPS binding sites on OmpF.18 In

addition, a FhuA-LPS complex structure showed a single LPS bound to the barrel,17 whereas
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the recent OmpE36-LPS structure showed four LPS molecules bound to a trimer.18 So far,

the available biochemical and structural data on the OMP-LPS studies showed no definite

stoichiometry. In our modeling strategy, we filled a finite volume around the trimer with

the 69 LPS molecules in the outer leaflet and simulated using periodic boundary conditions.

In both simulations with hexa- and hepta-acylated LPS, we observed that at least five LPS

molecules per monomer are forming hydrogen bond interactions.

Interestingly, the LPS molecules roughly reached the positions close to sites A and B as

in the crystal structure and showed more frequent interactions with the lipid A tails than

with the charged lipid A head groups and Kdo components. Since the porin OmpE36 has

many negatively charged residues on the extracellular side, many calcium ions diffuse into

these electronegative regions during the simulations and were sitting close to the carboxylate

or polar groups, impeding the direct interaction between porin and LPS molecules, partic-

ularly towards the extracellular side. Calcium-mediated OMP-LPS interactions have been

studied for a long time, but the details are usually limited to ethylenediaminete-traacetic

acid (EDTA) chelation studies. Excess amounts of CaCl2 or MgCl2 increase the bands

of the OmpF-LPS complex in SDS/PAGE experiments,18 implying a metal concentration-

dependent LPS binding to the OMP. From the structural perspective of OmpE36, it is rea-

sonable for calcium ions to bridge interactions between the negatively charged LPS groups

and the protein residues, otherwise the repulsion between negatively charged groups on the

protein and in LPS molecules would render the OM unstable. In short simulation tests with

neutralized calcium ions, we observed an increase in the direct contacts of LPS molecules

with site A and B residues. These tests indicate that the close contacts found in the crystal

structure could be due to crystal artifacts or lower calcium concentration in the experiments

and this might explain the disparity between the interactions in the crystal structure and

the MD simulations.

Supporting Material

Eight figures are available as supporting material.
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