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Abstract 
Enterobacterial common antigen (ECA) is a surface glycolipid shared by all members of the 
Enterobacteriaceae family. In addition to lipopolysaccharides (LPS), ECA is an important 
component in the outer membrane (OM) of Gram-negative bacteria, making the OM an 
effective, selective barrier against the permeation of toxic molecules. Previous modeling and 
simulation studies represented OMs exclusively with LPS in the outer leaflet. In this work, 
various ECA molecules were first modeled and incorporated into symmetric bilayers with LPS 
in different ratios, and all-atom molecular dynamics simulations were conducted to investigate 
the properties of the mixed bilayers mimicking OM outer leaflets. Dynamic and flexible 
conformational ensembles are sampled for each ECA/LPS system. Incorporation of ECALPS 
(an LPS core-linked form) and ECAPG (a phosphatidylglycerol-linked form) affects lipid packing 
and ECA/LPS distributions on the bilayer surface. Hydrophobic thickness and chain order 
parameter analyses indicate that incorporation of ECAPG makes the acyl chains of LPS more 
flexible and disordered and thus increases the area per lipid of LPS. The calculated area per 
lipid of each ECA/LPS provides a good estimate for building more realistic OMs with different 
ratios of ECA/LPS, which will be useful in order to characterize their interactions with outer 
membrane proteins in more realistic OMs.  
  



3 
 

Introduction 
Different from Gram-positive bacteria, the cell envelope surrounding the cytoplasm of 

Gram-negative bacteria is composed of the inner membrane, the periplasm, and the outer 
membrane (OM). The OM is a unique and asymmetric lipid bilayer that has phospholipids in 
the inner leaflet and mostly lipopolysaccharides (LPS) in the outer leaflet.1-2 LPS is a complex 
amphiphilic molecule consisting of the lipid A, core oligosaccharide, and O-antigen 
polysaccharide regions. In addition to LPS, there are glycolipids such as enterobacterial 
common antigen (ECA)3 and capsular polysaccharide (CPS)4 that are also important 
components in the OM outer leaflet, but their occurrence is frequently overlooked. These 
unique cell surface glycoconjugates make the OM an effective, selective barrier against the 
permeation of toxic molecules, playing a critical role in the biological functions of Gram-
negative bacterial OMs. Modeling and simulation studies on the properties of various OMs or 
outer membrane proteins embedded in OMs have been reported recently by several research 
groups.5-16 As the outer leaflets of OMs are represented exclusively by LPS in these studies, 
incorporation of ECA and CPS is required for modeling and simulation of more realistic OMs. 

ECA is a cell surface glycolipid expressed by Gram-negative bacteria belonging to the 
Enterobacteriaceae family, including emerging drug-resistant pathogens such as Escherichia 
coli (E. coli), Klebsiella pneumoniae, and Proteus spp.17-18 As shown in Figure 1, the 
carbohydrate portion of ECA contains the amino sugars such as N-acetyl-D-glucosamine 
(GlcpNAc), N-acetyl-D-mannosaminuronic acid (ManpNAcA), and 4-acetamido-4,6-dideoxy-
D-galactose (Fucp4NAc). These three amino sugars form a linear trisaccharide repeating unit, 
®3)-a-D-Fucp4NAc-(1®4)-b-D-ManpNAcA-(1®4)-a-D-GlcpNAc-(1®.19-20 ECA occurs in 
three forms, (i) a cyclic form (ECACYC)21-22 localized to the periplasm, (ii) a phosphatidylglycerol 
(PG)-linked form (ECAPG) located on the cell surface,23-25 and (iii) an endotoxin/LPS-
associated form (ECALPS) that is the only immunogenic form of ECA and capable of eliciting 
cross-reactive anti-ECA antibodies.17, 21, 26 The biological significance of ECA is not fully 
understood. Thus, modeling and characterizing the OM with LPS and ECA at the molecular 
level is critical to better understand its biological functions and conformational properties. 

In this work, both ECAPG and ECALPS are first modeled and incorporated into various 
symmetric bilayers with LPS in different ratios, since the exact amount of ECAs in 
Enterobacteriaceae is unknown experimentally; ECACYC is not included as it exists in solution. 
Note that symmetric bilayer systems with the mixture of LPS and ECA were constructed and 
simulated to better characterize various bilayer properties such as hydrophobic thickness, 
chain order parameters, area per lipid, and the influence of ECA glycoconjugates on the LPS-
only bilayer structure. This work forms the basis for future studies aimed at characterization 
of interactions between LPS, ECA, CPS, and outer membrane proteins in more realistic OMs. 
 
Methods 
 The sequence of each LPS, ECALPS, and ECAPG used in this study is shown in Figure 
1. E. coli lipid A and R1 core were used to model E. coli LPS and ECALPS. For ECAPG, acyl 
chains with 16:0 in C1 and 16:0 (dipalmitoyl phosphatidylglycerol: DPPG), 18:0 
(palmitoylstearoyl phosphatidylglycerol: PSPG), or 18:1 cis-11 (palmitoylvacenoyl 
phosphatidylglycerol: PVPG) in C2 were used. Structures of E. coli lipid A, DPPG, PSPG, and 
PVPG are shown in Figure S1. A branched and negatively charged E. coli O159 O-antigen 
polysaccharide (O159 PS)27 was used in the modeling of LPS, which is complementary to our 
previous studies that used linear neutral O17628, branched neutral O65, or linear negatively 
charged O917 O-antigen types. Five O159 PS and ten ECA PS repeating units (RUs) were 
used for O159 LPS and ECALPS/ECAPG, respectively. To investigate the properties of ECA-
containing bilayers as well as the conformational properties of each ECA and LPS, symmetric 
O159 LPS bilayer systems mixed with 0%, 5%, 25%, and 50% of each ECA type were 
modeled and simulated. Table S1 summarizes detailed system information including the 
number of lipids in each leaflet. The pure O159 LPS system was generated using Membrane 
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Builder29-33 in CHARMM-GUI (http://www.charmm-gui.org),34 while mixed systems (containing 
ECALPS and ECAPG) were built following the protocols of Membrane Builder using the pre-
modeled structures of ECALPS and ECAPG. Ca2+ ions were added to the LPS lipid A and core 
sugar residues to neutralize each system and 150 mM KCl was also added to the bulk region 
to mimic the bulk ion solution.  
 

 
Figure 1. Schematic structures of E. coli O159 LPS having an R1 core, ECALPS, and ECAPG. 
Chemical structures of lipid A, PVPG, DPPG, and PSPG are depicted in Figure S1. 
 

The CHARMM36 force field for LPS,35-36 lipids,37 and carbohydrates38-41 was used to 
describe the system energetics. For each system, equilibrations were first conducted by 
following the Membrane Builder equilibration protocol. Briefly, NVT (constant particle number, 
volume, and temperature) dynamics was first used and subsequently followed by NPT 
(constant particle number, pressure, and temperature) simulations. During the equilibration, 
gradually decreasing restraints were applied in six steps to the lipids and water molecules to 
assure the gradual equilibration of the assembled system. After equilibration, 1-μs production 
NPT simulation with 2-fs time-step was conducted for each system. All bonds to hydrogen 
atoms were fixed using the SHAKE algorithm.42 The van der Waals interactions were smoothly 
switched off at 10-12 Å by a force-switching function43 and the long-range electrostatic 
interactions were calculated using the particle-mesh Ewald method.44 Langevin dynamics was 
used for the temperature coupling with a collision frequency of 1 ps-1. A semi-isotropic Monte 
Carlo barostat method with a pressure coupling frequency of 100 steps was used to maintain 
the pressure.45-46 The temperature was maintained at 303.15 K and the pressure was set to 
1.0 bar. Three independent replicas with different random seed numbers were generated for 
each system to improve sampling and to check the simulation convergence. All simulations 
were conducted utilizing OpenMM.47  
 
Results and Discussion 
Conformational Variations of LPS and ECA 

For each system, the variation of X or Y dimension length as a function of simulation 
time is shown in Figure S2; the membrane area is given by X x Y. For most systems, three 
replicas show convergence within 500-ns simulations. There are also some slight deviations 
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among three replicas as these LPS-containing systems are well known for slow relaxation. 
Despite these minor sampling issues, the current simulations overall show good convergence 
(see below) for sufficient statistical analyses. Unless explicitly specified, the analysis was done 
using the last 500-ns trajectory. 
 

 
Figure 2. Molecular graphics snapshots of system 50LPS25ECALPS25ECAPG and each 
component.  Lipid A, PVPG, DPPG, and PSPG in each LPS and ECA are colored by atom: 
cyan for carbon, red for oxygen, blue for nitrogen, and tan for phosphorus. The R1 core is 
colored yellow, five O159 polysaccharide (O159 PS) repeating units (RUs) are colored pink, 
and ten ECA PS RUs are colored green. Calcium, potassium, and chloride ions are shown as 
magenta, pink, and blue spheres. Water molecules are shown in transparent surface. 
 

Pairwise root mean square deviation (RMSD) analysis for lipid and sugar portions of 
each LPS and ECA in each system was conducted to explore the conformation variations. As 
shown in Figure S3, dynamic and flexible conformations were sampled for lipid tails with 
RMSD peak located around 8 Å (lipid A) and 5 Å (phosphatidylglycerol lipids) in each system. 
Lipid tails of LPS and ECAPG show more flexible conformations as there are more ECAPG in 
the system, i.e., system 50LPS50ECAPG (the superscripts for the population of each LPS and 
ECA) show the highest flexibility of lipid tails. This flexibility difference is related to other bilayer 
properties that are elaborated below. Due to their sizes, sugars in each LPS and ECA exhibit 
more flexible conformations compared to lipid tails, as shown by their broader RMSD 
distributions in Figure S4. Figure 2 shows one representative snapshot of system 
50LPS25ECALPS25ECAPG, in which LPS and ECA are flexible and dynamic but packed tightly 
forming the bilayer in simulations.  

Figure 3 shows the density distribution of each component along the membrane 
normal (i.e., the Z-axis) in a representative 50LPS25ECALPS25ECAPG system. The number of 
LPS in the system is twice more than that of ECALPS or ECAPG, so its density is higher than 
other two glycolipids as expected. In addition, the number of sugars (10 RUs x 3 sugars / RU) 
of ECALPS and ECAPG are both larger than that of the O159 PS (5 RUs x 5 sugars / RU), so 
the RUs of ECALPS and ECAPG have broader distributions along the Z axis. For the distribution 
of Ca2+ ions (Figure S5), it is dominantly occupied in the lipid headgroup and core regions, 
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maintaining the integrity of the membrane system, but some Ca2+ moved slightly toward the 
O-antigen region indicated by the small peak at Z = 50 Å.  
 

 
Figure 3. Density profiles along the Z-axis for different components of each LPS, ECA, and 
water molecules in system 50LPS25ECALPS25ECAPG. In the distributions, only the Z > 0 
membrane portion up to Z = 160 Å is shown after symmetrization. 
 

As shown in Figures 4A-B, glycosidic torsional angle (𝜙 and 𝜓) distributions were 
calculated for each sugar residue in the O159 PS (RU 2 to 4) and the ECA PS (RU 2 to 9) in 
two systems 95LPS5ECALPS and 50LPS50ECALPS to explore the conformational ensemble of 
LPS and ECALPS. The glycosidic torsion angles are defined as H1'-C'-Ox-Cx (𝜙) and C1'-Ox-
Cx-Hx (𝜓), where x refers to the linkage position. The glycosidic torsion angles of the main 
states of the O159 PS and ECA PS are compiled in Table 1 (see Figure S6 for clustering of 
states). Overall, the respective glycosidic linkages exhibit similar torsional distributions and 
thus similar conformations of each O159 PS (RU 2 to 4) and ECA PS (RU 2 to 9) in both 
systems, 95LPS5ECALPS and 50LPS50ECALPS.  

The E. coli O159 O-antigen has as a side-chain fucosyl group in an α-(1®4)-linkage 
to an N-acetylglucosamine (GlcNAc) residue, which is the branch-point of the RU (Figure 1). 
This D-GlcpNAc residue is furthermore substituted at O3 by a β-D-GlcpNAc residue of the 
subsequent RU, having a vicinally disubstituted trisaccharide structural element48 of the type 
α-L-Fucp-(1®4)[β-D-GlcpNAc-(1®3)]-D-GlcpNAc. This trisaccharide structure is reminiscent 
of a Lewis A trisaccharide structure,49 which has a galactose residue β-(1®3)-linked instead 
of a D-GlcpNAc residue. For Lewis X trisaccharide structures, the substitution pattern is 
reversed with the fucosyl group in an α-(1®3)-linkage and the D-GlcpNAc group in a β-(1®4)-
linkage. In a sialyl Lewis X oligosaccharide, a non-classical C-H···O hydrogen bond has been 
detected by NMR spectroscopy between H5 in the fucosyl group and O5 in the galactosyl 
residue, and MD simulations yielded an average distance of 2.6 Å for H5@Fuc-O5@Gal.50 In 
a similar way, the structural element α-L-Fucp-(1®3)[β-D-GlcpNAc-(1®4)]-D-GlcpNAc is 
present in α-(1®3)-fucosylated N-glycans where a H5@Fuc-O5@Gal distance of 2.6 Å or 
shorter was identified from NMR data, the Cambridge Structural Database and the Protein 
Data Bank as evidence of a C-H···O hydrogen bond.51 
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Figure 4. Two-dimensional distributions of glycosidic torsion angles (𝜙,	𝜓). (A) O159 PS (RU 
2 to 4) and (B) ECA PS (RU 2 to 9) in systems 95LPS5ECALPS and 50LPS50ECALPS. (C) The 
corresponding distributions of conformations of α-L-Fucp-(1®4)-D-GlcpNAc (left) and β-D-
GlcpNAc-(1®3)-D-GlcpNAc (right) in system 100LPS for which the interatomic distance 
H5@Fuc (side-chain) and O5@GlcNAc (non-branched residue) is less than 2.7 Å. The density 
was rescaled by the maximum value: white for 0, blue for 0.1, green for 0.3, yellow for 0.7, 
and red for 1.  
 
Table 1. Averaged glycosidic torsion angles (𝜙 ,𝜓 ) (with standard deviations) and the 
population of the main state of each linkage in O159 PS and ECA PS in systems 95LPS5ECALPS 
and 50LPS50ECALPS. 

O159 Fuca GlcNAcb GalA Fuc GlcNAc 
𝝓 (°) / 𝝍 (°) / population (%) 

95LPS5ECALPS 
49.8 ± 13.3 
23.4 ± 11.7 

69.6 

48.4 ± 11.2 / 
21.4 ± 13.5 / 

96.6 

-46.8 ± 12.1 / 
   8.0 ± 25.1 / 

99.7 

42.5 ± 11.6 / 
  5.3 ± 22.4 / 

93.5 

55.5 ± 12.2 / 
17.0 ± 14.4 / 

85.1 

50LPS50ECALPS 
49.3 ± 13.2 / 
22.2 ± 13.4 / 

54.3 

49.0 ± 11.2 / 
21.7 ± 14.1 / 

93.8 

-47.0 ± 12.1 / 
   7.2 ± 25.2 / 

99.7 

41.2 ± 11.2 / 
1.3 ± 21.4 / 

94.3 

57.5 ± 12.3 / 
15.9 ± 14.5 / 

81.6 

ECA Fuc4NAc ManNAcA GlcNAc 
𝝓 (°) / 𝝍 (°) / population(%) 
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95LPS5ECALPS 
-52.9 ± 17.8 / 
-37.1 ± 15.2 / 

85.3 

43.6 ± 16.2 / 
-18.1 ± 19.6 / 

93.1 

-54.7 ± 11.4 / 
-40.6 ± 15.1 / 

81.8 

50LPS50ECALPS 
-53.8 ± 17.4 / 
-37.5 ± 15.2 / 

86.4 

43.2 ± 16.4 / 
-17.8 ± 19.5 / 

92.7 

-54.1 ± 11.1 / 
-40.5 ± 15.0 / 

83.1 
aFuc: side-chain Fuc. bGlcNAc: branch-point GlcNAc 
 

To investigate which conformational state is present at the branch-points of the O159 
PS, the MD trajectories were analyzed to calculate the average H5@Fuc-O5@GlcNAc 
distance. In all ten systems, the average H5@Fuc-O5@GlcNAc distance was always more 
than 3.1 Å, suggesting that a C-H···O hydrogen bond does not contribute to the stabilization 
of the three-dimensional structure at the branch-point regions of the O159 PS. However, as 
summarized in Table S2, there are 30% – 52% conformations showing the H5@Fuc-
O5@GlcNAc distance less than 2.7 Å (i.e., the sum of their van der Waal’s radii),52 making 
significant non-classical C-H···O hydrogen bonds. These conformations at the α-L-Fucp-
(1®4)- and β-D-GlcpNAc-(1®3)-linkages both populate an exo-anomeric syn-conformation 
(Figure 4C and Figure S7). In addition, the 1H NMR chemical shift of H5 of the side-chain 
fucosyl residue is 4.71 ppm, which is shifted significantly from 4.02 ppm of α-L-Fucp-OMe,53 
influenced by the three-dimensional structural environment around the H5 hydrogen atom. 
Taken together, the MD simulations and the NMR chemical shift data indicate that the Lewis 
A type-like structural element α-L-Fucp-(1®4)[β-D-GlcpNAc-(1®3)]-D-GlcpNAc in the O159 
PS is stabilized by a non-classical C-H···O hydrogen bond. 

For ECA PS, the main conformational state at each glycosidic linkage corresponds to 
the exo-anomeric conformation54-55 with 𝜙 ≈ –55° and 𝜓 ≈ –40° for the α-D-sugars and 𝜙 ≈ 45° 
and 𝜓 ≈ –20° for the β-D-sugar (Table 1). A comparison of our (linear ECA PS) results with a 
previous MD simulation56 of a cyclic form of ECA having four RUs (ECAcyc-4) shows that the 
glycosidic torsion angles are closely similar between the linear and cyclic forms for the two α-
linked sugars (𝜙 ≈ –55° and 𝜓 ≈ –35° in ECAcyc-4), whereas the β-linked residue in ECAcyc-4 
has 𝜙/𝜓 ≈ 60°/0° or 𝜙/𝜓 ≈ 85°/60°, thus deviating substantially from the linear form of ECA 
PS. In a crystal structure of ECAcyc-4 having two forms, a rhomboid and a square form,57 it is 
the α-D-Fuc4NAc residues that show a larger spread of the glycosidic torsion angles where 𝜙 
and 𝜓 are linearly correlated, reminiscent of the syn-conformations in the central region of the 
𝜙/𝜓 distribution maps of the ECA PS (Figure 4B). The crystal structure shows 𝜙 ≈ 45° for the 
β-D-ManpNAcA residues, i.e, the exo-anomeric conformation, but 𝜓  ≈ 15° deviating 
significantly from the linear ECA PS. Thus, from the previous MD simulation of ECAcyc-4 in 
solution and from the crystal structures of the cyclic form, most glycosidic torsions populate a 
similar conformational space to those of the linear ECA PS, except for 𝜓 of the β-D-ManpNAcA 
residue, which is shifted to the region with a positive value of its torsion angle. 
 
Properties of LPS and ECA Bilayers 

The hydrophobic thickness is an important measure that affects the structures and 
activities of membrane proteins and peptides. The calculated average hydrophobic thickness 
of each system is shown in Figure 5. Carbons in the red circles in Figure S1 were used for 
the thickness calculation. It is evident that there is a dramatic decrease in the hydrophobic 
thickness when population of ECAPG is increased. For the pure O159 LPS system (100LPS), 
the average thickness is 20.1 ± 0.2 Å. The four 95% LPS systems show similar thicknesses: 
19.7 ± 0.2 Å (95LPS5ECALPS), 19.8 ± 0.2 Å (95LPS5ECAPVPG), 20.1 ± 0.4 Å (95LPS5ECADPPG), 
and 20.0 ± 0.1 Å (95LPS5ECAPSPG). The average hydrophobic thickness is also comparable for 
75LPS25ECALPS (19.8 ± 0.1 Å) and 50LPS50ECALPS (19.6 ± 0.1 Å). With 25% ECAPG, the average 
thickness decreases to 18.9 ± 0.2 Å (75LPS25ECAPG) and 18.6 ± 0.1 Å (50LPS25ECALPS25ECAPG). 
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When 50% ECAPG is included, the average thickness becomes only 16.5 ± 0.2 Å. The 
decreased trend of the hydrophobic thickness along with the increased population of ECAPG 
indicates that ECAPG affects the structural and dynamic properties of the lipid portion of each 
LPS and ECA in the membrane systems (Figure S3).  
 

 
Figure 5. Averaged hydrophobic thickness.  
 

The order parameters (SCD) of lipid acyl chains are used to provide information 
regarding the overall order of the membrane: SCD= |< 3 × cos!(θ"#) − 1 > 2⁄ |, where θ"# is 
the angle between a C-H bond vector and the Z axis, and the bracket represents the time and 
ensemble average. Figure 6 shows the calculated order parameters of acyl chain 6 for lipid A 
and acyl chain 2 for PVPG/DPPG/PSPG. For the lipid A of LPS, the order parameters of each 
carbon in 100LPS, 95LPS5ECALPS, 95LPS5ECAPVPG, 95LPS5ECADPPG, 95LPS5ECAPSPG, 
75LPS25ECALPS, and 50LPS50ECALPS overlap well, indicating the similar structural and dynamic 
mode for the LPS lipid A acyl chain sampled during simulations. Two 25% ECAPG systems, 
75LPS25ECAPG and 50LPS25ECALPS25ECAPG, exhibit a similar trend showing more disordered 
lipid A compared to other systems except 50LPS50ECAPG in which the lipid A is the most 
disordered, indicated by the lowest SCD. The decreased trend of the SCD along with the 
increasing population of ECAPG is also observed for lipid A acyl chain 6 of ECALPS, and acyl 
chain 2 of ECAPVPG/ECADPPG/ECAPSPG (Figure 6). The result is consistent with the analyses of 
pairwise RMSD of lipid tails (Figure S3) and the hydrophobic thickness (Figure 5), indicating 
that incorporation of ECAPG makes the acyl chains of each glycolipid more flexible and 
disordered. 
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Figure 6. Calculated chain order parameters of acyl chain 6 of lipid A and acyl chain 2 of 
PVPG/DPPG/PSPG (see Figure S1 for the chain number). 
 

The area per lipid (APL) provides important information about lipid packing in a bilayer 
resulting from attractions among head groups and repulsions among non-polar hydrocarbon 
tails. However, when the membrane composition is mixed, interactions between neighboring 
lipids lead to the change in the average APL. In this work, the APL was calculated using the 
Voronoi tessellation method and averaged over the lipids. Carbons in the red circles of lipid A 
and those in the blue circles of PVPG/DPPG/PSPG in Figure S1 were used in the Voronoi 
tessellation calculation30, 58 for LPS, ECALPS, and ECAPG. Table 2 summarizes the APL of each 
LPS and ECA. The APL is estimated to be 190 Å2 for E. coli LPS5 (5 RUs of O6-antigen) in 
the previous work.5 In the work of Kucerka et al., the APL of POPG at 30°C was determined 
to be 66.1 Å2 by using small angle neutron and X-ray scattering tools.59 In system 100LPS, the 
APL is 192 Å2, which is comparable to the previous work. When 5% ECAPG is mixed, the APL 
of LPS increases somewhat to 193~197 Å2. When 25% and 50% ECALPS are incorporated, 
the APL of LPS increases to 196 Å2 and 199 Å2, respectively. In 75LPS25ECAPG and 
50LPS25ECALPS25ECAPG systems, the APL of LPS increases by ~16 Å2 compared to that of 
100LPS. In 50LPS50ECAPG, the APL of LPS increases to 236 Å2, indicating that the acyl chains 
of lipid A are more disordered and flexible compared to those of 100LPS. Correspondingly, the 
APLs of ECALPS and ECAPG also increase along with the increasing population of ECAPG, and 
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in 50LPS50ECAPG, the APL of each glycolipid becomes largest among the current systems 
(Table 2).  
 
Table 2. Calculated area per lipid with standard errors for each LPS and ECA in the respective 
system.  

Simulated systems 
Area per lipid (Å2) 

LPS ECALPS ECAPVPG ECADPPG ECAPSPG 
100LPS 192.0 ± 0.8     

95LPS5ECALPS 196.3 ± 1.6 196.6 ± 7.9    
95LPS5ECAPVPG 196.9 ± 1.2  77.7 ± 6.2   
95LPS5ECADPPG 192.9 ± 3.5   65.4 ± 4.6  
95LPS5ECAPSPG 194.2 ± 1.3    72.4 ± 5.9 
75LPS25ECALPS 196.0 ± 1.4 194.4 ± 3.3    
50LPS50ECALPS 199.0 ± 2.3 196.6 ± 1.9    
75LPS25ECAPG 208.9 ± 1.9  78.0 ± 3.6 77.0 ± 2.4 77.1 ± 5.9 

50LPS25ECALPS25ECAPG 209.9 ± 3.1 216.0 ± 6.3 83.0 ± 4.9 78.5 ± 3.6 80.4 ± 5.8 
50LPS50ECAPG 235.9 ± 4.1  96.9 ± 5.1 89.3 ± 2.6 96.9 ± 4.4 

 
For 75LPS25ECALPS and 50LPS50ECALPS, the possible reason for the increased APL of 

LPS compared to that in 100LPS could be the stronger electrostatic repulsive interaction among 
ECALPS RUs. In LPS and ECALPS, the lipid A and core region have the same charge (-4e for 
lipid A and -5e for the core). However, the total charge of ECA PS repeating units is -10e (-1e 
for ManNAcA in each RU, 10 RUs in total), larger than that of O159 PS repeating units (-1e 
for GalA in each RU, 5 RUs in total). The larger repulsive interaction tends to make more 
space for LPS molecules, so the acyl chains have more flexible and dynamic conformation 
sampled. As mentioned above, in 100LPS, 95LPS5ECAPVPG/DPPG/PSPG, 75LPS25ECAPG, 
50LPS25ECALPS25ECAPG, and 50LPS50ECAPG, the APL of LPS increases gradually from 192, 
196, 209, to 236 Å!. In our previous work,60 with more DPPC mixed with LPS molecules, 
DPPC lipids interspersed in the gaps between LPS molecules, resulting in the decrease of the 
APL of LPS and thus tightly packed membranes. In the current work, instead of having 
individual DPPC lipids, ECA RUs are linked to PVPG/DPPG/PSPG, forming the ECAPG that is 
not possible to intersperse in the gaps between LPS molecules due to the steric interactions 
among O159 PS and ECA PS RUs. So, the possible reason for the increase of APL when 
more ECAPG mixed with LPS could be the same electrostatic repulsive interaction among ECA 
RUs and core and O159 PS regions, but with only two acyl chains in the ECAPG, more space 
becomes available for the acyl chains of LPS and ECAPG, resulting in loosely packed 
membranes. 
 
Conclusions 

ECA is a surface antigen shared by all members of the Enterobacteriaceae family. It 
is important for cell envelope integrity, flagellum expression, and resistance of enteric bacteria 
to acetic acid and bile salts. ECA occurs in three forms. The major form of ECA (ECAPG), 
which is found in all members of the Enterobacteriaceae, consists of polysaccharides that are 
covalently linked to diacylglycerol through phosphodiester linkage. In ECALPS, the ECA 
polysaccharide moiety is linked to the core region of the LPS. ECACYC is a cyclic, water soluble 
oligosaccharide that contains a different number of trisaccharide repeating units often 
acetylated at O-6 of the GlcNAc residue.19 The two minor forms of ECA (ECALPS and ECACYC) 
have been identified in certain Gram-negative bacteria. The biological significance of ECA 
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remains elusive, but it is reported that ECA is needed for the expression of the full pathogenic 
capacity of the bacteria.  

In the previous modeling and simulation of bacterial OMs, the outer leaflet was made 
of LPS, but devoid of ECA molecules. In this work, ECA as a glycolipid form, ECAPG, and in 
an LPS form, ECALPS, are modeled and incorporated into symmetric E. coli O159 LPS bilayers 
in different ratios, and simulations are performed to investigate the LPS and ECA 
conformations and the bilayer properties. Pairwise RMSD shows that dynamic and flexible 
conformations are sampled for each LPS and ECA with broad RMSD distributions in each 
system. The major conformational states of O159 LPS and ECA polysaccharides have the 
exo-anomeric syn-conformations at their glycosidic linkages. The side-chain fucosyl residue 
of O159 O-antigen is proposed to be stabilized by a non-classical C-H···O hydrogen bond 
between H5 of fucose and O5 of a main-chain GlcNAc residue, which can be revealed by 
specific NMR experiments to be carried out due course. The decreased hydrophobic thickness 
and order parameters of lipid A and PVPG/DPPG/PSPG along with the increased population 
of ECAPG indicate that ECAPG affects the structural and dynamic properties of each glycolipid 
in the membrane system, and incorporation of ECAPG makes the acyl chains of each glycolipid 
more flexible and disordered. These results are consistent with the calculated APL results for 
each glycolipid, indicating that the APLs of LPS and ECA increase along with the increase of 
the population of ECAPG. The calculated APLs for each glycolipid in each system with different 
ratios of ECA can provide a better estimate for building more realistic OMs containing ECA for 
future studies. 
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