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ABSTRACT Lipid A is the lipid anchor of a lipopolysaccharide in the outer leaflet of the outer membrane of Gram-negative bac-
teria. In general, lipid A consists of two phosphorylated N-acetyl glucosamine and several acyl chains that are directly linked to
the two sugars. Depending on the bacterial species and environments, the acyl chain number and length vary, and lipid A can be
chemically modified with phosphoethanolamine, aminoarabinose, or glycine residues, which are key to bacterial pathogenesis.
In this work, homogeneous lipid bilayers of 21 distinct lipid A types from 12 bacterial species are modeled and simulated to inves-
tigate the differences and similarities of their membrane properties. In addition, different neutralizing ion types (Ca2þ, Kþ, and
Naþ) are considered to examine the ion’s influence on the membrane properties. The trajectory analysis shows that (1) the area
per lipid is mostly correlated to the acyl chain number, and the area per lipid increases as a function of the acyl chain number;
(2) the hydrophobic thickness is mainly determined by the average acyl chain length with slight dependence on the acyl chain
number, and the hydrophobic thickness generally increases with the average acyl chain length; (3) a good correlation is
observed among the area per lipid, hydrophobic thickness, and acyl chain order; and (4) although the influence of neutralizing
ion types on the area per lipid and hydrophobic thickness is minimal, Ca2þ stays longer on the membrane surface than Kþ or
Naþ, consequently leading to lower lateral diffusion and a higher compressibility modulus, which agrees well with available
experiments.
INTRODUCTION
Lipopolysaccharides (LPS) are an integral component of the
outer leaflet of the outer membrane of Gram-negative bacte-
ria where they function/act as a shield and barrier to envi-
ronmental threats to the bacterium. The study of LPS and
the overall outer membrane shape and structure is important
because LPS structure can inform outer membrane protein
biogenesis and antibiotic design. The shape and stability
of the outer membrane is believed to play a large part in
the insertion and folding of outer membrane proteins
(1,2). Moreover, it is the LPS that make the outer membrane
more impermeable to antibiotics (3), so understanding and
then manipulating LPS membrane stability would be a
rational way to develop new Gram-negative antibiotics.

In contrast to the difficulties in studying the membrane
structure of LPS, the chemical structure of LPS has been
studied in detail, largely owing to mass spectrometry tech-
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niques. The LPS is built of three regions: the O-antigen
polysaccharide, the core, and lipidA. TheO-antigen polysac-
charide is highly variable and is the basis for serogroup deter-
mination of bacteria. This outermost region extends out from
the membrane and is composed of repeating units of oligo-
saccharides, typically consisting of five sugar residues and
repeated up to 25 times (although longerO-chains are present
in some cases). The second region is the intermediate struc-
tural region referred to as the core. This region consists of
an oligosaccharide of up to a dozen sugar residues and is rela-
tively conservedwithin a species. The final, anchoring region
is known as lipid A and consists of a b-(1/6)-linked disac-
charide that is acylatedwith up to eight fatty acids of different
lengths and complexities as well as charged substituents such
as phosphate groups, phosphoethanolamine residues, or posi-
tively charged sugar residues (4).

It is the lipid A that is responsible for the toxic effects of
Toxic Shock Syndrome and sepsis. There aremany variations
within lipid A of different bacteria species. The disaccharide
of lipid A most often contains D-glucosamine residues, but
in some species 3-amino-3-deoxy-D-glucosamine is present
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instead. The acylation at positions 2 and 20 of the disaccharide
(reducing and terminal sugar residue, respectively) leads to
amide-linked lipids, which is also the case for the 3- and
30-positions when the 3-amino-3-deoxy-D-glucosamine is
acylated. The hydroxyl groups at positions 3 and 30 as well
as the 3-hydroxyl group of the fatty acyl chains are also acyl-
ated, resulting in ester-linked substituents. The extent of
acylation with 4–8 acyl groups attached to the b-(1/6)-
linked disaccharide varies between species and more than a
single form is often present in the lipid A from a certain bac-
terial species.

In the canonical form of lipid A, there is substitution by
phosphoryl groups at the 1- and 40-positions of the disaccha-
ride, a modification that gives the molecule an overall nega-
tive charge. However, this makes it prone to binding of
positively charged cationic antimicrobial peptides and, to
evade attack by the immune system, some bacteria have
developed structural modifications with less negative charge
(4). To facilitate this, phosphoryl groups are either removed
or decorated as phosphoethanolamine or pyrophosphoetha-
nolamine entities or with a phosphodiester-linked sugar,
e.g., 4-amino-4-deoxy-b-L-arabinopyranose. Based on the
same theme, ester-linked amino acids (glycine) substitute
position 3 of fatty acid chains in lipid A in some cases,
which results in a free amino group, thereby decreasing
the overall charge of the lipid A.
TABLE 1 Lipid A Types and Systems in this Study

Bacteria System NCHAIN
a Lmin

CHAIN
a L

A. baumannii AB-A 7 12

A. baumannii AB-B 6 12

B. cepacia BC-A 5 14

B. pseudomallei BC-B 5 14

C. jejuni CJ-A 6 14

E. coli EC-A 6 12

H. pylori HP-A 4 16

H. pylori HP-B 6 14

K. pneumoniae KP-A 7 14

K. pneumoniae KP-B 6 14

N. gonorrheae NG-A 6 12

P. aeruginosa PA-A 6 10

P. aeruginosa PA-B 5 10

S. typhimurium ST-A 7 12

S. typhimurium ST-B 7 12

S. typhimurium ST-C 7 12

V. cholera VC-A 6 12

V. cholera VC-B 6 12

V. cholera VC-C 6 12

Y. pestis YP-A 6 12

Y. pestis YP-B 4 14

aNCHAIN, L
min
CHAIN, and L

max
CHAIN are the number of chains, the minimum chain leng

b
L-Ara4N is 4-amino-4-deoxy-L-arabinose and is attached to the 1-phosphate gr

cGlcN3N is 2,3-diamino-2,3-dideoxy-D-glucose and it replaces D-glucosamine (
d1-PEtN and 40-OH are the phosphoethanolamine and hydroxyl groups, and the
e
L-Ara4N is 4-amino-4-deoxy-L-arabinose, and is attached to the 1- and 40-phos
fPPEtN is pyrophosphoethanolamine and it replaces the 1- and 40-phosphate gr
gGly is glycine, and is attached to the C30 position secondary acyl chain.
hdiGly is diglycine, and is attached to the C30 position secondary acyl chain.
In this study, homogeneous lipid bilayers of 21 distinct
lipid A types from 12 bacterial species are modeled and
simulated to investigate the differences and similarities of
their membrane properties such as the area per lipid, the
hydrophobic thickness, and acyl chain order. In addition,
different neutralizing ion types (Ca2þ, Kþ, and Naþ) are
considered to examine the ion’s influence on the membrane
properties including lipid diffusion coefficients, ion resi-
dence times, and compressibility modulus.
MATERIALS AND METHODS

Lipid A models, force field parameters, and initial
structures

As shown in Table 1, 21 types of lipid A structures from 12 bacterial species

were chosen and modeled based on the literature (Figs. 1 and S1 in the Sup-

portingMaterial), butminor structural formswerenot considered in this study.

Acinetobacter baumannii has recently been documented as a particularly

threatening pathogenic bacterium because of its diverse infections in hu-

mans (5). A. baumannii lipid A has two major forms. Both types have the

standard headgroup of the b-(1/6)-linked D-glucosamine (GlcN) disac-

charide that is phosphorylated at 1- and 40-positions, but differ with hepta-

or hexa-acyl chains attached to the headgroup (6–8). In hepta-acylated lipid

A, four primary acyl chains are linked to the disaccharide backbone in 2-,

3-, 20-, and 30-positions, and three secondary acyl chains are esterified to the
hydroxyl groups of the 2-, 20-, and 30-primary acyl chains (Fig. 1; see

Fig. S1 for the position numbers and acyl chain terminal carbon numbers),
max
CHAIN

a Chemical Modification Neutralizing ion Type

14 Ca2þ, Kþ, Naþ

14 Ca2þ, Kþ, Naþ

16 Ca2þ

16 1-P-b-L-Ara4Nb Ca2þ

16 GlcN3Nc as second sugar Ca2þ

14 Ca2þ, Kþ, Naþ

18 1-PEtN and 40-OHd Ca2þ

18 Ca2þ

16 Ca2þ

14 Ca2þ

14 Ca2þ

12 Ca2þ, Kþ, Naþ

12 Ca2þ, Kþ, Naþ

16 Ca2þ

16 1-, and 40-P-b-L-Ara4Ne Ca2þ

16 1-, and 40-PPEtNf Ca2þ

14 Ca2þ

14 3-Glyg on sixth chain Ca2þ

14 3-diGlyh on sixth chain Ca2þ

16 Ca2þ

14 Ca2þ

th, and the maximum chain length in a given lipid A molecule, respectively.

oup.

GlcN).

y replace the 1- and 40-phosphate groups, respectively.
phate groups.

oups.
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FIGURE 1 Selected lipid A chemical structures: (A) A. baumannii, (B) C. jejuni, (C) H. pylori, and (D) P. aeruginosa; see Fig. S1 for all lipid A structures

in Table 1 with the position numbers and acyl chain terminal carbon numbers.
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i.e., the C2 position contains a primary amide-linked C14(3-OH, meaning a

hydroxyl group attached to the C3 position) and a secondary ester-linked

C12; the C3 position contains a primary ester-linked C12(3-OH); the C-20

position contains a primary amide-linked C14(3-OH) and a secondary

ester-linked C12(2-OH); and the C30 position contains a primary ester-

linked C12(3-OH) and a secondary ester-linked C12. In hexa-acylated lipid

A, a secondary acyl chain at the 2-primary acyl chain is missing. In this

study, hepta- and hexa-acylated lipid A from A. baumannii are denoted as

AB-A and AB-B, respectively.

Burkholderia cepacia has a lower virulence to humans than do other

causative agents, and mostly infects plants (9). B. cepacia lipid A consists

of the standard headgroup and five acyl chains. Four primary acyl chains are

linked to the disaccharide backbone in the 2-, 3-, 20-, and 30-positions, and
only the 20-primary acyl chain has a secondary acyl chain (Fig. S1), i.e., C2

C16(3-OH), C3 C14(3-OH), C2
0 C16(3-OH) and a secondary ester-linked C14

and C30 C14(3-OH) (10,11).

Burkholderia pseudomallei is related to the outbreak of melioidosis,

a contagious disease mainly found in tropical regions; recently, however,

melioidosis has been spreading globally. The structure of B. pseudomallei

lipid A has the same number of chains and length as B. cepacia, but

4-amino-4-deoxy-L-arabinose (Ara4N) is linked to the 1-phosphate group

(12). In this study, lipid A from B. cepacia and B. pseudomallei are denoted

as BC-A and BC-B, respectively.

Campylobacter jejuni is one of the most common causes for intestinal

infection and diarrhea (13). C. jejuni lipid A consists of 1-, 40-phosphory-
lated disaccharide with the b-(1/6)-linkage and six acyl chains. Unlike

the other lipid A, as shown in Fig. 1, the terminal GlcN residue in

C. jejuni lipid A is replaced with 30-amino-30-deoxy-D-glucosamine

(GlcN3N). Four primary acyl chains are linked to the disaccharide in 2-,

3-, 20-, and 30-positions, and two secondary acyl chains are esterified to

the hydroxyl groups of the 20-, and 30-primary acyl chains, i.e., C2 C14(3-

OH), C3 C14(3-OH), C2
0 C14(3-OH) and a secondary ester-linked C16,

and C30 C14(3-OH) and a secondary ester-linked C16 (14,15). In this study,

C. jejuni lipid A is denoted as CJ-A.

Escherichia coli’s main concern to public health is gastrointestinal dis-

eases (16). E. coli lipid A is made up of the standard headgroup and six

acyl chains (Fig. S1). Four primary acyl chains are linked to sugar backbone

in 2-, 3-, 20-, and 30-positions, and two secondary acyl chains are esterified

to the hydroxyl groups of the 20-, and 30-primary acyl chains, i.e., C2 C14(3-

OH), C3 C14(3-OH), C2
0 C14(3-OH) and a secondary ester-linked C12, and

the C30 C14(3-OH) and a secondary ester-linked C14 (17). In this study,

E. coli lipid A is denoted as EC-A.
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Helicobacter pylori is well adapted to the human gastrointestinal tract,

and is responsible for illnesses such as chronic gastritis or gastric carci-

noma (16,18). To evade the detection by the innate immune system,

H. pylori generates two distinctive types of lipid A with tetra- and

hexa-acyl chains. Tetra-acylated lipid A consists of the GlcN-containing

disaccharide with b-(1/6)-linkage. As shown in Fig. 1, the only phos-

phate group on the 1-position in this lipid A is substituted by phospho-

ethanolamine (PEtN), giving net charge of zero for this lipid A. Due to

the lack of the primary acyl chain on the 30-position, three primary

acyl chains are linked to the backbone in 2-, 3-, and 20-positions, and
only the 20-primary acyl chain has a secondary acyl chain, i.e., C2

C18(3-OH), C3 C16(3-OH), C2
0 C18(3-OH), and a secondary ester-linked

C18. Hexa-acylated lipid A has the standard headgroup and the six acyl

chains in the 2-, 3-, 20-, and 30-positions (Fig. S1), i.e., C2 C18(3-OH),

C3 C16(3-OH), C2
0 C18(3-OH) and a secondary ester-linked C18, and

C30 C16(3-OH) and a secondary ester-linked C14 (19–21). In this study,

the tetra- and the hexa-acylated forms are denoted as HP-A and HP-B,

respectively.

Klebsiella pneumoniae is one of the opportunistic pathogens that

causes nosocomial septicemia, bacteremia, and pneumonia (22,23).

K. pneumoniae has two main lipid A types with the standard headgroup

and hepta- or hexa-acyl chains (Fig. S1). In hepta-acylated lipid A, four

primary acyl chains are directly linked to sugars in the 2-, 3-, 20-, and
30-positions. Three secondary acyl chains are ester-linked to the 2-, 3-,

and 30-primary acyl chains, i.e., C2 C14(3-OH) and a secondary ester-linked

C16, C3 C14(3-OH), C2
0 C14(3-OH) and a secondary ester-linked C14, and

C30 C14(3-OH) and a secondary ester-linked C14. The hexa-acylated lipid

A form is the same as the hepta-acylated form, but there is no secondary

C16 in the 2-position (24,25). In this study, the hepta- and the hexa-acylated

lipid A systems are denoted as KP-A and KP-B, respectively.

Neisseria gonorrheae is the causative agent responsible for gonor-

rhea, which is mostly transmitted through sexual contact (26,27).

N. gonorrheae lipid A consists of the standard headgroup and six acyl

chains. Four primary acyl chains are linked to the 2-, 3-, 20-, and 30-posi-
tions, and two secondary acyl chains are linked to the 2- and 20-primary

acyl chains (Fig. S1), i.e., C2 C14(3-OH) and a secondary ester-linked

C12, C3 C12(3-OH), C2
0 C14(3-OH), and a secondary ester-linked C12,

and C30 C12(3-OH) (28,29). In this study, N. gonorrheae lipid A is denoted

as NG-A.

Pseudomonas aeruginosa is a common cause of Gram-negative infec-

tions, especially in immunocompromised patients, and can also aggravate

congenital cystic fibrosis after birth (30). P. aeruginosa synthesizes two
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major forms of hexa- and penta-acylated lipid A, which are grown in low-

magnesium (8 mM) and high-magnesium (1 mM) conditions, respectively.

As shown in Fig. 1, hexa-acylated lipid A is made up of the standard head-

group and six acyl chains, i.e., C2 C12(3-OH) and a secondary ester-linked

C12(2-OH), C3 C10(3-OH), C2
0 C12(OH) and a secondary ester-linked C12,

and C30 C10(3-OH); presence of 2-OH at C20 is discussed by Nikaido (31),

but it is not considered in this study. In penta-acylated lipid A, there is

no C3 C10(3-OH) primary chain (Fig. S1) (30,32,33). In this study, the

hexa- and the penta-acylated lipid A are denoted as PA-A and PA-B,

respectively.

Salmonella typhimurium is mainly found in the intestinal lumen and is a

common cause of gastroenteritis in humans (21). Usually, S. typhimurium

lipid A is chemically modified in the final synthesis step with phospho-

Ara4N or pyrophosphoethanolamine (PPEtN) in both phosphate groups,

which gives rise to lipid A heterogeneity (34). The general form of unsub-

stituted S. typhimurium lipid A consists of the standard headgroup and

seven acyl chains. Four primary acyl chains are linked to 2-, 3-, 20-,
and 30-positions, and three secondary acyl chains are linked to 2-, 20-,
and 30-primary acyl chains, i.e., C2 C14(3-OH) and a secondary ester-

linked C16, C3 C14(3-OH), C20 C14(3-OH), and a secondary ester-

linked C12, and C30 C14(3-OH) and a secondary ester-linked C14

(Fig. S1). Ara4N and PPEtN can be substituted on 1- and 40-phosphate
groups, respectively. In this study, the unsubstituted, Ara4N-substituted,

and PEtN-substituted lipid A are denoted as ST-A, ST-B, and ST-C,

respectively.

Vibrio cholerae is the causative agent of cholera, which is usually trans-

mitted by unclean water and often causes severe diarrhea in humans and an-

imals (35). V. cholerae lipid A consists of the standard headgroup and six

acyl chains. Four primary acyl chains are linked to the 2-, 3-, 20-, and 30-po-
sitions, and two secondary acyl chains are linked to the 20- and 30-primary

acyl chains, i.e., C2 C14(3-OH); C3 C12(3-OH); C2
0 C14(3-OH) and a sec-

ondary ester-linked C14; and C30 C12(3-OH) and a secondary ester-linked

C12 (Fig. S1), which is denoted as VC-A. Hankins et al. (35) reported the

chemical modifications of a glycine or diglycine residue to the C30 position
secondary acyl chain, which are denoted as VC-B (glycine) and VC-C

(diglycine), respectively.

Yersinia pestis holds historical significance as the pathogen responsible

for the Medieval Black Death (36). The transmission of the epidemic

occurred through infected, parasitic fleas on a mammalian host. The

composition of Y. pestis lipid A is switched after transfer from flea to hu-

man because of the growth temperature (37). At a temperature of 21 �C,
Y. pestis generates hexa-acylated lipid A. However, at a temperature of

37 �C, Y. pestis forms a tetra-acylated lipid A that allows undetected pro-

liferation in the human body (38). Hexa-acylated lipid A has the standard

headgroup, and four primary C14 acyl chains are linked to the 2-, 3-, 20-,
and 30-positions, and two secondary acyl chains, as C12 and C16:1, are

linked to the 20- and 30-primary acyl chains (Fig. S1). In tetra-acylated lipid

A, two secondary acyl chains are removed. In this study, hexa-acylated and

tetra-acylated Y. pestis lipid A systems are denoted as YP-A and YP-B,

respectively.
Simulation systems and protocols

We modeled homogeneous lipid A bilayers for 21 different lipid A types

(Table 1) following the CHARMM-GUI Membrane Builder step-by-step

protocol (39–41). The force-field parameters for each lipid Awere assigned

from the CHARMM36 force field for LPS (42), lipids (43), carbohydrates

(44–46), and proteins (47). Each system contains 72 lipid A molecules (36

in each leaflet) with neutralizing Ca2þ ions in 150 mM KCl. To investigate

the influence of ion types used to neutralize negatively charged lipid A mol-

ecules, five systems (AB-A, AB-B, EC-A, PA-A, and PA-B) were chosen

and Ca2þ ions were replaced by Kþ or Naþ ions (48,49) that were placed

near lipid A (Table 1). The number of atoms in each system are ~57,000.

Three replicas for each bilayer system were built to improve sampling

and to check simulation convergence.
The equilibration and production of all systems also followed the

CHARMM-GUI Membrane Builder procedure (50). All systems were

equilibrated for 450 ps by gradually reducing various restraint force con-

stants using CHARMM (51). At the beginning of equilibration, a 1-fs

time step Langevin dynamics was used and changed to a 2-fs time step

for constant particle number, pressure, and temperature (NPT) dynamics.

The SHAKE algorithm (52) was used to constrain the bond lengths

involving hydrogen atoms. After an additional 10-ns equilibration run using

CHARMM, an NPT production run was followed for 250 ns (Kþ and Naþ

systems) or 350 ns (Ca2þ systems) using NAMD (53) at 310.15 K and 1 bar,

respectively. The van der Waals interactions were smoothly switched to

zero over 10–12 Å by the force-based switching function (54), and the par-

ticle mesh Ewald method was used to calculate the long-range electrostatic

interactions (55). Nosé-Hoover Langevin piston control (56,57) was used

for constant pressure with 50 fs piston period and 25 fs piston decay

time, and Langevin dynamics was used for constant temperature with a

1 ps�1 Langevin coupling coefficient. The dihedral angle restraints for

sugar rings were applied to keep appropriate chair conformations and

were maintained during the production simulations.
Nonbonded interaction FIX parameters and their
effects on membrane properties

The nonbonded interaction FIX (NBFIX) term in the CHARMM force field

parameter set can be employed to use different van derWaals interactions be-

tween specific atom pairs instead of atom type-based generic Lennard-Jones

parameters (48,49).When the originalCa2þ parameterswere used, a few sys-

tems including the AB-Bmodel showed acute angles between the O6-C2 (in

GlcN) vector and the O6-C40 (in GlcN0) vector because of too tight binding
between Ca2þ and phosphate oxygen atoms in Lipid A (Fig. S2 A). For

example, ~25%of AB-Amolecules had such acute angles. Note that our pre-

viousE. coli simulations (58–60) (including EC-A in this study) did not show

this behavior. When the NBFIX parameters in Fig. S2 B (recently optimized

by B. Roux and S. Rong, personal communication) were used, the number of

such abnormal structure forms (i.e., acute angles) disappeared. For example,

in AB-B systems, when the NBFIX parameters were applied at 150 ns, such

tight binding between Ca2þ ions and lipid A disappeared after 400 ns

(Fig. S2C). The area per lipid (APL) and the hydrophobic thickness (TMEMB),

in which TMEMB is defined by the average z values between the carbon atoms

after carbonyl groups in the upper and lower leaflets, were converged along

the simulation. Because these simulations with NBFIX applied at 150 ns

required long reequilibration, we ran all the simulations with the NBFIX

parameters from the beginning for 350 ns (as stated above) and all the results

(except the pressure profiles) are based on these simulations.
RESULTS AND DISCUSSION

The bilayer properties of lipid A from various Gram-nega-
tive bacteria (Table 1) are characterized by APL, TMEMB,
and the acyl chain order parameters (jSCDj) calculated
over the last 200 ns trajectory of each lipid A system
(average and standard errors over three replicates). We first
describe these properties for the systems with neutralizing
Ca2þ ions in the context of variations in NCHAIN, LCHAIN,
and chemical modifications to the standard 1-, 40-phosphor-
ylated lipid A form. Then, the influence of Kþ or Naþ

ions (as different neutralizing ions) on these properties as
well as lipid diffusion coefficients, ion residence times,
and compressibility modulus is described. Finally, a distinc-
tive characteristic of the pressure profile of lipid A bilayers
is presented and discussed.
Biophysical Journal 111, 1750–1760, October 18, 2016 1753
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Bilayer properties of various lipid A with
neutralizing Ca2D ions

Fig. 2 A shows the APL of each lipid A containing the stan-
dard 1-, 40-phosphorylated disaccharide. Clearly, a linear
relation is observed between the APL and NCHAIN; as
NCHAIN increases, the APL increases with small variations
within the same NCHAIN (Fig. 2 B). To find better correla-
tions including LCHAIN, two different average values of
LCHAIN are considered because the length of each acyl chain
in different lipid A is variable. The first one (hLCHAINi1 in
Fig. 2 D) is a simple average (i.e., the total number of
acyl chain carbon atoms divided by NCHAIN) and the second
one (hLCHAINi2 in Fig. 2 D) considers the position of (sec-
ondary) 3-O acyl chain(s), so that the average is taken after
adding þ3 to such secondary acyl chain length. In the same
NCHAIN systems, the APL decreases as LCHAIN increases,
which is consistent with the previous studies on phospho-
lipids (61). In linear least squares regression scheme, as
shown in Fig. 3 A, the APL is best described by

APL ¼ 13:78 � NCHAIN � 1:03 � hLCHAINi2 � 94:34:

(1)

In addition, we have tried to fit APL using a polymer brush
model (PBM), but the result could not capture the decrease
1754 Biophysical Journal 111, 1750–1760, October 18, 2016
in APL with increasing LCHAIN for the lipid A molecules
with the sameNCHAIN (the PBMused in thiswork is described
in detail in the Supporting Material). We attribute this to the
absence of the van der Waals interactions in the PBM (62).
WhileEq. 1 is empirical anddoes not haveany physicalmean-
ing, it is expected that theAPLof an unknown lipidA type can
be estimated by this equation to set up an initial membrane
system (63). Snyder et al. (64) estimated the APL/NCHAIN

to be ~26 Å2 for liquid-crystalline bilayer structures of LPS
from Salmonella minnesota and S. typhimurium. The experi-
mental values appear to fitwith our simulation data for lipidA
systems containing six or seven chains with a range of 25.2–
27.3 Å2 (Fig. 2B). Interestingly, theAPL/NCHAIN increases as
NCHAIN decreases, indicating that lipid A acyl chains are
packed tighter with larger NCHAIN.

Fig. 2 C shows TMEMB of each lipid A containing the stan-
dard 1-, 40-phosphorylated disaccharide. TMEMB is generally
correlated with hLCHAINi2, but there are also some contribu-
tions from NCHAIN. In linear regression, as shown in
Fig. 3 B, TMEMB is best described by

TMEMB ¼ 2:26� hLCHAINi2 þ 1:20� NCHAIN � 16:56: (2)

Similar to Eq. 1, the TMEMB (i.e., z position) of an unknown
lipid A type can be estimated by Eq. 2 and used to set up an
initial membrane system.
FIGURE 2 (A) APL and (C) TMEMB of 1-, 40-
phosphorylated lipid A with the standard errors

over three replicas. (B) APL/LCHAIN of each lipid

A system in the order of (A). (D) Lmin
CHAIN, L

max
CHAIN,

hLCHAINi1, and hLCHAINi2 of each lipid A system

in the order of (C). hLCHAINi1 and hLCHAINi2 are

the average LCHAIN with different weight schemes

(see the main text). To see this figure in color,

go online.



FIGURE 3 Correlation (A) between APL and ½NCHAIN � 0:075�
hLCHAINi2� and (B) between TMEMB and ½hLCHAINi2 þ 0:53� NCHAIN�. To
see this figure in color, go online.

FIGURE 4 (A) APL and (B) TMEMB of the eight chemically modified

lipid A bilayers. To see this figure in color, go online.

Bilayer Properties of Various Lipid A
To investigate the effects of various chemical modifica-
tions on APL and TMEMB, eight lipid A systems are
compared (L-Ara4N in BC-B and ST-B, PEtN in ST-C,
Gly in VC-B, and diGly in VC-C; see Table 1). In our simu-
lation, the effect of L-Ara4N and PEtN on APL and TMEMB

is not observed (Figs. 4, A and B) because L-Ara4N and
PEtN are located above the disaccharide (Figs. S3, A and
B). In the case of Gly and diGly substitution to the O-3 sec-
ondary acyl chain, the membrane properties are highly
affected. During the simulations, both Gly and diGly resi-
dues moved toward the lipid A headgroup (Figs. S3, C
and D) and interacted with inter- or intraphosphate groups
(Figs. S3, E and F), so the linked acyl chains were dis-
ordered. In addition, Gly and diGly occupy a certain
physical volume, which makes lipid A less packed and
thus, the APL values larger.

To check the correlation between jSCD j and the APL (and
TMEMB), two systems, i.e., PA-A and HP-B, are considered
as both have six acyl chains. As shown in Fig. 5 A, the mem-
brane properties are very distinguishable as they have
different LCHAIN. The short chains in PA-A become more
disordered (i.e., lower jSCD j in Fig. 5 B), which results in
decreased TMEMB and increased APL. In contrast, the long
chains in HP-B show the opposite trend (Figs. 5, A
and C). H. pylori has two types of lipid A that have different
NCHAIN (4 for HP-A and 6 for HP-B). In particular, tetra-
acylated HP-A has 1-PEtN and 40-OH substitutions to evade
detection by the cationic antimicrobial peptide and Toll-like
receptor 4 (21). As shown in Fig. 5 A, the main difference in
their APL arises from different NCHAIN, and APL/NCHAIN

are 25.03 Å2 (HP-A) and 25.85 Å2 (HP-B), which are on
the smaller side compared to other lipid A systems due to
large hLCHAINi2 (Table S1). Clearly, as indicated by APL
and TMEMB, HP-A molecules are slightly better packed
and have higher jSCD j than HP-B. While the jSCD j value
is high in both HP-A and HP-B, the lipid A bilayers are still
in a liquid-disordered phase.

The lipid A disaccharide’s glycosidic torsion angle dis-
tributions from the last 200 ns simulation of AB-A are
shown in Fig. S4 A. To compare the results with those
from x-ray structures, 27 lipid A structures from 18 Pro-
tein Data Bank IDs were collected and the glycosidic
torsion angles were measured. Our simulation model and
x-ray structures show good agreement; 80% of lipid A
x-ray structures are overlapped with simulation torsion
angle distribution. Also, all other systems show very
similar glycosidic torsion angle distributions (Figs. S4, A
and B; other data not shown), indicating that the disaccha-
ride conformations of lipid A molecules studied in this
work are not affected by NCHAIN, LCHAIN, and chemical
modifications.
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FIGURE 5 (A) APL and TMEMB of PA-A, HP-B,

and HP-Awith the representative lipid A structure.

jSCD j of each acyl chain for (B) PA-A, (C) HP-B,

and (D) HP-A. To see this figure in color,

go online.

FIGURE 6 (A) Results of APL and (B) TMEMB on different neutralizing

ion types with color as yellow, Ca2þ; purple, Kþ; and green, Naþ. To see

this figure in color, go online.
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Influence of neutralizing ion types on bilayer
properties

It is known that divalent cations play an important role in
stabilization of the outer membrane; Mg2þ and Ca2þ ions
chelate and neutralize the repulsion between adjacent LPS
(58,65–67). In this simulation, the Ca2þ ions were used
as divalent cation to neutralize negatively charged lipid A
simply due to the fact that the Ca2þ force field is better
parameterized than Mg2þ. To investigate the influence of
neutralizing ion types on bilayer properties, five bilayer
systems (AB-A, AB-B, EC-A, PA-A, and PA-B; see
Table 1) were chosen and Ca2þ ions were replaced by Kþ

or Naþ ions. The analysis indicates that neutralizing ion
types show minimal effects on bilayer properties such
as APL and TMEMB. As the ion type changes from Ca2þ to
Kþ or Naþ, the APL values are slightly decreased and
TMEMB values are mostly similar or slightly increased
(Fig. 6). Clearly, all the cations can stabilize the lipid A
bilayer.

The thermal movement of lipid bilayers can be char-
acterized with lateral diffusion coefficients of lipids in
the membrane plane. The diffusion coefficients of lipid
A (DL) were estimated from the slope of the two-dimen-
sional lateral mean square displacement (MSD): DL ¼
limt/Ndhjrðt þ t0Þ � rðt0Þ j 2it0=4dt, where r is the
displacement vector of the center of mass of lipid A, t0
is the time origin for MSD calculations ranging from tmax� t
to tmax, and tmax is the total simulation time. The MSD was
calculated for all lipid A molecules after removal of the
leaflet drift (Fig. S5 A), and its linear region (40–100 ns)
was used to estimate DL. The Ca2þ neutralized systems
showed the DL of 0.70–1.01 mm2/s (Table 2), which
is ~10 times slower than phospholipids in their bilayers
(68). The DL in Kþ and Naþ neutralized systems were
1756 Biophysical Journal 111, 1750–1760, October 18, 2016
1.20–2.35 mm2/s and 0.98–1.48 mm2/s, respectively. Clearly,
the lipid A mobility decreases in the presence of Ca2þ, and
agrees with the experimental estimates with LPS diffusion
coefficients (~1 mm2/s) (69).



TABLE 2 Diffusion Coefficients, Residence Times, and Compressibility Modulus of the Five Lipid A Systems with Three Different

Neutralizing Ion Types and the Standard Errors over Three Replicates

Neutralizing ion System Diffusion Coefficient (mm2/s) Residence Time of Ion (ns) Compressibility Modulus (dyn/cm)

Ca2þ AB-A 0.75 5 0.07 73 5 14 46 5 8

AB-B 1.01 5 0.07 64 5 1 40 5 3

EC-A 0.96 5 0.12 68 5 11 33 5 9

PA-A 0.99 5 0.11 67 5 10 47 5 13

PA-B 0.70 5 0.16 92 5 8 47 5 5

Kþ AB-A 2.35 5 0.26 4 5 1 15 5 3

AB-B 1.75 5 0.25 7 5 1 27 5 1

EC-A 1.20 5 0.13 8 5 0 24 5 6

PA-A 2.28 5 0.52 8 5 1 26 5 5

PA-B 2.12 5 0.20 10 5 1 29 5 6

Naþ AB-A 1.48 5 0.31 19 5 2 17 5 3

AB-B 0.98 5 0.16 24 5 2 32 5 8

EC-A 1.08 5 0.20 28 5 1 26 5 4

PA-A 1.47 5 0.12 24 5 1 19 5 4

PA-B 1.06 5 0.15 33 5 2 38 5 1

Bilayer Properties of Various Lipid A
To understand the contact between neutralizing ions and
lipid A molecules, the residence time was measured based
on the method by Impey et al. (70), which has been
adopted to calculate the intermolecular contact as a func-
tion of time. The function Pij(t0,t0 þ t; t*) is set to 1 if
the neutralizing ion and the lipid A phosphate group are
within the cutoff distance (4.5 Å) between t0 and t0 þ t
without separation longer than a tolerance time (t* ¼
20 ps), or 0 otherwise. The average number of the contact
at time t is defined as nðtÞ ¼ Ptmax�t

t0¼1

PNI

i¼1

PNL

j¼1Pijðt0; t0þ
t; t�Þ=ðtmax � tÞ, where NI and NL are the numbers of
neutralizing ions and lipid A, and tmax is a total simulation
time (Fig. S5 B). The mean residence time of ions (tion)
can be estimated by fitting n(t) to exp(�t / tion) at
large t. It is known that the residence times decrease as
the ion size increases (tNa > tK) (70), and the divalent
ion showed larger tion than the monovalent ion (71).
Similar to these results, in our simulation results, Ca2þ

ions (46–87 ns) dwelt on the membrane surface longer
than Naþ (16–28 ns), and Kþ ions (3–10 ns) exchanged
quicker than Naþ ions (Table 2). Clearly, Ca2þ ions stay
on the lipid A membrane and stabilize the lipid A better
than monovalent ions.

The compressibility modulus contains information on
membrane packing, and can be calculated by KA ¼
kBT APL=ðNhdAPL2iÞ, where kBT is the thermal energy
and N is the number of lipid A systems in a leaflet. Cañadas
et al. (72) showed that the KA of typical phospholipid
monolayers decrease with increasing LPS ratio and
approaches to ~29 dyn/cm at the LPS molar fraction of 1
in buffer (5 mM Tris-HCl, 150 mM NaCl, 150 mM
CaCl2). In our simulation results, the KA in the Ca2þ

neutralized systems are 33–47 dyn/cm. In Kþ and Naþ

neutralized systems, the KA are 15–29 dyn/cm and 17–38
dyn/cm, respectively; this suggests that the lipid A with
monovalent cations (Kþ or Naþ) are more compressible
than Ca2þ neutralized lipid A.
Correlation between chemical modification and
membrane integrity

The effects of various chemical modifications on membrane
integrity were investigated by comparing the diffusion
coefficient, the Ca2þ ion residence time, and the compress-
ibility for six lipid A systems (ST-A/B/C, and VC-A/B/C).
As shown in Table S2, the effects of chemical modifications
were not significant, and thus it can be considered that these
chemical modifications do not perturb the membrane integ-
rity significantly at the level of lipid A.
Distinctive characteristics of the lateral pressure
profile

The lateral pressure of a bilayer is related to the surface
tension, the curvature, and the behavior of membrane pro-
teins (73–75). Generally, a membrane pressure profile along
the z axis is not uniform because of the large interfacial free
energy over membrane headgroups and water molecules;
positive lateral pressure arises from repulsive interactions
and negative pressure indicates attractive interactions. The
lateral pressure profile is defined as pðzÞ ¼ pLðzÞ � pNðzÞ,
where pLðzÞ ¼ ½pxxðzÞ þ pyyðzÞ�=2 and pNðzÞ ¼ pzzðzÞ are
the lateral and normal components of the pressure tensor,
respectively. To calculate the lateral pressure profile, the
long 1050 ns NAMD production run for the AB-B systems
(see Materials and Methods) was used. The pressure profile
was calculated using the Harasima contour (76) whose pN(z)
cannot be simply obtained (77). Therefore, it was estimated
as pNðzÞ ¼ L�1

z

R Lz=2
�Lz=2

dz pLðzÞ, where Lz is the box size
along the z direction, under the assumption of a vanishing
bilayer surface tension and the mechanical equilibrium
(uniform pN). The trajectories were saved at every 10 ps
with the lateral pressure profile calculation along the
z axis (0.5 Å for slab size), and the last 350 ns of data
were used for the analysis. As the bilayer moved along
Biophysical Journal 111, 1750–1760, October 18, 2016 1757



FIGURE 7 Lateral pressure profile of AB-B (red line) and POPC (black

line) bilayers with the lateral density profiles (solid layers) of AB-B system

with sky-blue for water, green for acyl tail, orange for disaccharide, and red

for phosphate. Note that, as the magnitude of the lateral pressure depends

on the system size, its variation along the z axis is the important feature.

To see this figure in color, go online.
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the z axis in the NAMD production run, every frame was re-
centered to place the bilayer center at z ¼ 0 by estimating
the bilayer center (78). As the lipid A bilayer is homoge-
neous, the pressure profile results were symmetrized. In a
pure POPC bilayer system (78), the headgroup region
(z ¼ 13–20 Å) yields negative pressure (Fig. 7), and this
attraction dip begins with water-headgroup interfaces. In
AB-B system, a double dip is observed in the interfacial
region. A small peak inside the dip corresponds to the
maximum peak of the disaccharide density along the
z axis (Fig. 7). A large positive pressure is observed toward
the bilayer center starting from the beginning of acyl chain,
which appears to arise from the steric repulsion between
acyl chains attached to the disaccharide. The bilayer leaflet
curvature can be inferred from the first moment of the pres-
sure profile: F

0 ¼ � RN
0

dz zpðzÞ ¼ �kcR
�1
0 (75,76), where

kc (> 0) is the bending modulus and R�1
0 is the spontaneous

curvature of the leaflet. The calculated F
0
for AB-B is

0.164 kcal/(mol,Å), implying that AB-B lipid A would
induce negative curvature to the leaflet where it resides
(if the constraints of the periodic boundary conditions are
relaxed). This result is consistent with the work of Min-
geot-Leclercq and Decout (79) in that LPS entices negative
curvature strain and tends to adopt structures as inverted
micelles or hexagonal phases. Note that the effects of
different lipid A systems on the curvature of membrane
may vary depending on the number of acyl chains and
chemical modifications.
CONCLUSIONS

We have investigated the bilayer properties of 21 distinct
lipid A types from 12 bacterial species and the influences
of neutralizing ion types on the properties in terms of
APL, membrane hydrophobic thickness (TMEMB), and order
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parameters (jSCD j ), lipid diffusion coefficients, ion resi-
dence times, and compressibility modulus using all-atom
molecular dynamics simulations. The acyl chain number
(NCHAIN) and acyl chain length (LCHAIN) play major roles
in defining the bilayer properties. The NCHAIN is correlated
to the APL; the APL increases as a function of NCHAIN. The
APL/NCHAIN increases as NCHAIN decreases; lipid A acyl
chains are better packed with higher NCHAIN. The TMEMB

is mainly determined by hLCHAINi2, which is taken after
adding þ3 to secondary acyl chain length. Both APL and
TMEMB are not affected by the chemical modification of
the 1-P and 40-P positions to P-L-Ara4N and PPEtN. In the
case of Gly and diGly substitution to O-3 secondary acyl
chain, however, the membrane properties are highly
affected. A good correlation among APL, TMEMB, and
jSCD j are observed; as APL increases, jSCD j decreases,
and highly ordered lipid A has a larger TMEMB. The influ-
ences of neutralizing ion types such as Ca2þ, Kþ, and
Naþ on bilayer properties such as APL and TMEMB are min-
imal, but the Ca2þ neutralized systems show the same trend
in experiments in terms of lipid diffusion and lipid
compressibility; Ca2þ ions reside longer on the lipid A
headgroups than Kþ and Naþ ion types, reducing lipid A
lateral diffusion and inducing high lipid A compressibility.
Thus, the resulting characteristics of different Lipid A ob-
tained in this study form a basis toward the modeling and
simulation of the outer membranes (with and without outer
membrane proteins) of various Gram-negative bacteria. In
particular, all lipid A models in this study are available
through LPS Modeler in CHARMM-GUI, so that these
models can be used to further our understanding of the
structure, dynamics, and function of various bacterial outer
membranes.
SUPPORTING MATERIAL

Supporting Materials and Methods, five figures, and two tables are avail-
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