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ABSTRACT Lipopolysaccharides (LPS) are a main constituent of the outer membrane of Gram-negative bacteria. Salmonella
enterica, like many other bacterial species, are able to chemically modify the structure of their LPS molecules through the
PhoPQ pathway as a defense mechanism against the host immune response. These modifications make the outer membrane
more resistant to antimicrobial peptides (AMPs), large lipophilic drugs, and cation depletion, and are crucial for survival within a
host organism. It is believed that these LPS modifications prevent the penetration of large molecules and AMPs through a
strengthening of lateral interactions between neighboring LPS molecules. Here, we performed a series of long-timescale molec-
ular dynamics simulations to study how each of three key S. enterica lipid A modifications affect bilayer properties, with a focus
on membrane structural characteristics, lateral interactions, and the divalent cation bridging network. Our results discern the
unique impact each modification has on strengthening the bacterial outer membrane through effects such as increased
hydrogen bonding and tighter lipid packing. Additionally, one of the modifications studied shifts Ca®* from the lipid A region, re-
placing it as a major cross-linking agent between adjacent lipids and potentially making bacteria less susceptible to AMPs that
competitively displace cations from the membrane surface. These results further improve our understanding of outer membrane
chemical properties and help elucidate how outer membrane modification systems, such as PhoPQ in S. enterica, are able to

alter bacterial virulence.

INTRODUCTION

Pathogenic bacteria are a significant cause of human disease,
with Gram-negative bacterial infections being both more
difficult to treat and more likely to become resistant to anti-
biotics than their Gram-positive counterparts (1-3). Gram-
negative bacteria contain a thin peptidoglycan cell wall sur-
rounding their plasma membrane and a second, outer mem-
brane. This outer membrane is distinct from typical plasma
membranes both in its structure and its lipid constituents.
Although most bilayers contain phospholipids in both leaf-
lets, the outer membrane is highly asymmetric, with an
external leaflet composed almost entirely of lipopolysaccha-
rides (LPS) and an inner leaflet rich in the more prototypical
phosphatidylethanolamine lipids (4—6). The structure of LPS
is different from that of phospholipids in that it contains mul-
tiple hydrophobic tails covalently linked to a large, highly
charged polysaccharide (6,7). Because of its unique struc-
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ture, LPS is central to the organization and function of the
bacterial outer membrane and is implicated in its low perme-
ability and antibiotic resistance (8—10).

LPS from different bacterial species have the same
general structure, consisting of three distinct regions: lipid
A, a hydrophobic anchor that contains a variety of gel-like
lipid chains depending on the species (6); the core region,
containing a collection of branched oligosaccharides and
several negatively charged moieties; and the O-antigen, a
polymer of repeating saccharide subunits. Because of their
large number of phosphoryl and carboxyl groups, LPS
membranes must be stabilized by a network of divalent
cations bridging these moieties (11-14). This unique struc-
ture leads to a gel state of very low fluidity at the membrane
center that acts as a barrier against polar solutes, whereas the
hydrated core region with its strong charge interactions
impedes the movement of hydrophobic molecules (15),
making the outer membrane a highly effective barrier to
translocation (6.,9,16).

Salmonella enterica have evolved a defense mechanism
in which they remodel the LPS in their outer membrane
through the PhoPQ two-component regulatory system
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(17). This pathway is triggered by sensed changes in the
environment that occur during host infection (6), such as
low divalent ion concentration (18), acidic conditions (19),
hyperosmotic stress (20), and the presence of antimicrobial
peptides (AMP) (21), and is critical both for attaining
full virulence as well as survival within the host macro-
phages (22). When activated, the PhoPQ pathway increases
transcription of genes responsible for LPS modifications, re-
sulting in three key additions to lipid A (Fig. 1): a palmitoyl
chain, a hydroxyl group, and a positively charged aminoar-
abinose sugar (23). These modifications lead to an increased
resistance to host cationic AMPs (24), a reduced perme-
ability to large lipophilic agents (10), and a decreased ability
to activate an immune response through TLR4 (25), making
them essential to the pathogen’s ability to survive in a host.

To date, much experimental work has been done to under-
stand the role of PhoPQ-mediated LPS modification on the
structure and function of the outer membrane. S. enterica
that constitutively express the PhoPQ system were observed
to have a twofold decrease in susceptibility to the antibiotic
drug novobiocin compared to the null mutant, showing that
LPS modification through the PhoPQ system results in a
stronger permeability barrier (10). Additionally, recent ex-
periments on Langmuir monolayers of pure LPS or pure
modified LPS have shown that LPS modifications help to
stabilize the monolayer and prevent the penetration of novo-
biocin into the hydrocarbon tail region, as well as to reduce
the influx of the hydrophobic fluorescent dye ethidium bro-
mide in vivo (23). One proposed mechanism for this barrier
strengthening is that these modifications increase the lateral
interactions between neighboring LPS molecules, thus pre-
venting the penetration of large molecules.

Though the role of the PhoPQ system is well studied, it is
still unclear whether these LPS modifications do in fact
affect permeability through increased lateral interactions
and what roles specific modifications play in the structure
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and dynamics of these bilayers. Here, we present results
from a series of molecular dynamics (MD) simulations de-
signed to examine in more detail the effects of each modifi-
cation. Long-timescale atomistic simulations of symmetric
bilayers of eight distinct variations of LPS were performed
(Table 1), with variations ranging from the unmodified form
to modified LPS containing all three additions (mLPS). Re-
sults show that both the aminoarabinose and 2-hydroxyl
groups function to strengthen interactions between neigh-
boring LPS molecules through increased hydrogen bonding.
Additionally, the incorporation of aminoarabinose onto the
lipid A headgroup displaces Ca®" ions and their associated
water molecules, with aminoarabinose bridging similar
functional groups to those that Ca®" cross-links. Palmitoy-
lation slightly weakens the hydrogen bonding network be-
tween LPS; however, this is offset by a thickening of the
bilayer and more tightly packed, ordered lipid tails. Finally,
for many of the properties studied here, the effects of LPS
modifications appear to be cooperative, as modification
effects are typically not strictly additive.

MATERIALS AND METHODS
Symmetric LPS and mLPS system preparation

Initial coordinates and structure for a single Escherichia coli LPS, consist-
ing of lipid A and the R1 core, were obtained from the force field parame-
ters of Wu et al. (26). To model the Rc chemotype derived from (27), all
outer core sugars past Glc I were removed. An mLPS molecule was con-
structed by adding a 2-hydroxyl, a palmitoyl, and aminoarabinose groups
to match the lipid A structure of S. enterica serovar typhimurium that
constitutively express the PhoPQ system (17). The structure of lipid A,
both before and after modification by the PhoPQ regulatory system, as
well as the GalE mutant core region, are shown in Fig. 2.

Initial standard and modified LPS monolayers were constructed by
placing nine LPS molecules in a 3 x 3 grid, then replicating this grid in
the +x, +y, and +xy directions to create a leaflet with 36 LPS molecules.
Symmetric bilayers of were built by rotating a second copy of the

FIGURE 1 Structure of LPS used in this study.
(A) Shown here is the structure of unmodified lipid
A. (B) Modification by the PhoP(Q regulatory sys-
tem results in three key additions to the lipid A
structure, shown in red. (C) Shown here is a picto-
rial representation of Rc LPS in S. enterica, with
lipid A shown in black and the sugars of the core
region denoted by colored hexagons. EtN, ethanol-
amine; Glc, glucose; Hep, heptose; KDO, 2-keto-3-
deoxyoctulosonic acid; P, phosphate. To see this
figure in color, go online.



TABLE 1 Descriptions of the 10 LPS Bilayer Systems
Simulated on Anton 2

System Description

LPS LPS
Asymmetric LPS LPS leaflet + POPE leaflet
Partially modified LPS LPS + OH

LPS + AAB

LPS + palmitoyl

LPS + OH + AAB

LPS + OH + palmitoyl

LPS + AAB + palmitoyl

LPS + OH + AAB + palmitoyl
mLPS leaflet + POPE leaflet

Modified LPS
Asymmetric mLPS

OH refers to the added hydroxyl group, AAB refers to the aminoarabinose
sugar, and palmitoyl refers to the extra palmitoyl group. All systems are
symmetric bilayers unless otherwise indicated.

monolayer 90° about the x axis, then aligning the two. Experimental data
exist for LPS with both Mg2+ or Ca2+, as well as more exotic polyvalent
cations (28,29); Ca®* was used as the divalent ion of choice in these simu-
lations, consistent with past LPS simulation work (26,30-33). These Ca’"
ions were added to the core region of each leaflet in the amount needed for
charge neutralization, then 20 A water with 0.15 M NaCl was added in
the =z dimensions. All systems utilized the LPS parameter set of Wu
et al. (26), modified Lennard-Jones parameters for sodium ion interactions
with certain lipid oxygens (34), and TIP3P water (35). Parameters for the

FIGURE 2 The equilibrated symmetric LPS simulation box. Lipid A and
the Rc core region are shown in blue and purple, respectively. LPS phos-
phate groups are shown in the tan sphere representation, calcium ions are
displayed as cyan spheres, and water molecules are depicted as a trans-
parent box. Hydrogen atoms, Na™, and C1~ have been removed for clarity.
To see this figure in color, go online.

Effect of LPS Remodeling on OM Structure

aminoarabinose sugar and the additional hydroxyl group of modified LPS
were assigned by analogy to existing CHARMM 36 (C36) lipid (36,37)
and carbohydrate (38—41) parameters; no additional parameters were
needed for the palmitoyl group.

Systems were converted to AMBER-compatible format using chamber
(42) in ParmEd. Both bilayers were minimized for 20,000 steps, using
both the steepest descent and conjugate gradient algorithms, with
10 kcal/(molu&z) restraints on all carbon and phosphorus atoms of the lipid
A GIcN residues. Systems were heated to 310 K over 60 ps in the
NVT ensemble, then simulated for 5 ns in the NPT ensemble with
10 keal/(mol+ A%) restraints to equilibrate the water density. Both bilayers
were then simulated for 5.5 us in the NPT ensemble to allow the bilayers
to fully equilibrate in both area and lipid orientation. The pressure was
maintained at 1.0 bar with semiisotropic coordinate scaling, utilizing the
Berendsen barostat (43) and a relaxation time of 1.0 ps, and the temperature
was controlled at 310 K using Langevin dynamics with a collision
frequency of 1.0 ps~'. All hydrogen bonds were constrained using the
SHAKE algorithm (44). A hard cutoff of 10.0 A, which has been shown
to suitably reproduce C36 lipid properties, was used (45). Long-range
electrostatics were treated with the particle mesh Ewald method (46)
with a grid spacing of 1.0 A. Long-timescale equilibrations for all systems
were performed locally with the GPU-accelerated version of pmemd in
AMBER 16 (Amber Software, San Francisco, CA) (47). Final frames
from these simulations (Fig. 2), referred to as the equilibrated LPS and
mLPS bilayers, were used to construct two asymmetric LPS/palmitoylo-
leoyl phosphatidylethanolamine (POPE) and mLPS/POPE bilayers
(Section S1.1 in the Supporting Material) and the six partially modified
LPS systems described below.

Partially modified LPS system preparation

The final frame of the mLPS bilayer equilibration simulation was used to
construct six partially modified LPS systems, representing each possible
permutation of the three modifications studied here (Table 1). Systems
were built by removing the appropriate moieties from the mLPS system.
As before, neutralizing Ca®" ions were added to the core region of each
leaflet, then 20 A water with 0.15 M NaCl was added in the =+ z dimensions.
These systems were minimized, heated, and density equilibrated as
described above, followed by 1000 ns of long-timescale equilibration per
system before being moved to Anton 2 (D.E. Shaw Research, Pittsburgh,
PA) (48) for production MD.

MD simulations on Anton 2

In all, 10 distinct LPS bilayer systems were simulated on Anton 2 (D. E.
Shaw Research) (Table 1): one symmetric LPS bilayer, one asymmetric
LPS bilayer, one symmetric mLPS bilayer, one asymmetric mLPS bilayer,
and six symmetric partially modified LPS bilayers. The asymmetric bilayer
simulations were performed to determine whether the opposing leaflet iden-
tity affected properties of the LPS leaflet. In all analyses performed, we
observed almost no discernible differences between symmetric and asym-
metric LPS or mLPS leaflets (Section S1.2 in the Supporting Material).
Therefore, only simulations of symmetric bilayers were performed for
the partially modified LPS systems, as this effectively doubled the sam-
pling. All simulations performed on Anton 2 (D. E. Shaw Research) were
in the NPT ensemble, utilizing the Multigrator framework (49), with the
Nosé-Hoover thermostat and semiisotropic MTK barostat. The temperature
and pressure were controlled at 310 K and 1 bar, and a 2.0 fs time step was
used. The cutoff varied by simulation for best performance, as is standard
protocol for simulations on Anton 2 (D. E. Shaw Research) (48,50), but
was always between 10.0 and 13.3 A; long-range electrostatics were eval-
uated with the u-series method (48). All systems were simulated for 7.0 us.
The first 2.0 us were removed as equilibration, as this was when the largest
changes to lipid area (Fig. 3) and volume (Fig. S4) were observed.
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FIGURE 3 Time series of lipid areas (left panel) and leaflet thicknesses (right panel) for all symmetric systems. The dashed horizontal line at 2.0 us in-
dicates the portion of the trajectory that was removed as equilibration. To see this figure in color, go online.

Simulation analysis

Trajectory analysis was performed for the final 5.0 us of each simulation.
Lipid area, hydrogen bonds, carbon-deuterium order parameters, and elec-
tron density profiles along the bilayer normal were calculated using
CPPTRAJ (51) from AmberTools 17 (Amber Software) (52). Hydrogen
bond calculations utilized a distance cutoff of 3.0 A and an angle cutoff
of 135°. All carbon-deuterium order parameters are reported as [Scp |.
Ca*" coordinating groups were determined using a distance-based cutoff
of 2.5 A between Ca>" and all LPS heavy atoms, calculated in Visual Mo-
lecular Dynamics (VMD) (Theoretical and Computational Biophysics
Group, Urbana-Champaign, IL) (53) and updated every 20 frames. VMD
was also utilized to calculate leaflet hydrophobic thicknesses by measuring
the distance along the z-dimension between the first carbon atoms of the
four acyl chains attached directly to the glucosamine sugars (C11, C21,
C31, and C51) and the terminal carbons of all acyl chains. The area per lipid
tail was calculated from the area per lipid divided by the number of acyl
chains in each lipid. Ca*>" radial distribution functions (RDFs) were calcu-
lated using LOOS (Grossfield Lab, Rochester, NY) (54), and coordination
numbers were determined by integration of the RDF through the first peak
2.5 A). The Diffusion Coefficient Tool (55) plugin for VMD was used to
determine two-dimensional mean-squared displacement (MSD) curves;
the MSD was averaged over all lipids and multiple time origins in 500 to
2500 ns blocks with time origins separated by 100 ns, and the center of
mass drift was subtracted for each leaflet. In all systems, however, the
MSD was not linear with time (Figs. S5 and S6), instead displaying subdif-
fusive properties, so reliable diffusion coefficients could not be calculated
from these data. Conformations of all lipid A and core oligosaccharide py-
ranose rings were monitored by calculating the C2-C3-C4-C5 dihedral; for
all cases, the chair conformation predominated (Fig. S7).

RESULTS
Gross bilayer properties

To distinguish the effects of LPS modification on the overall
bilayer structure, the area per lipid and leaflet hydrophobic
thicknesses were calculated and compared for all systems.
The average lipid area (Fig. 3), per-leaflet hydrophobic
thickness, and area per lipid tail for each system are given
in Table 2. All three chemical modifications led to an
increased lipid area (Fig. 4), with the most dramatic increase
occurring with the added aminoarabinose group. For all
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three modification types, the largest contribution to area in-
crease occurred upon adding that single modification to
LPS, whereas subsequent chemical modification of an
already partially modified system had a lesser effect
(Fig. 4). Finally, we note that although the addition of either
aminoarabinose or the palmitoyl tail led to an area increase
to ~183 Az, both modifications together increased the area
further to ~186 A2, indicating that these two modifications
do not occupy the same space in the xy-plane.

The bilayer thickness was directly affected by the addi-
tion of a palmitoyl tail: addition of the palmitoyl tail led
to an increased hydrophobic thickness of ~1.5 A (Fi g. 4,
purple boxes) to compensate for the longer lipid tail,
whereas inclusion of 2-hydroxyl (green boxes) or aminoar-
abinose (blue boxes) led to a slight thinning of the bilayer’s
hydrophobic thickness, likely because of increased
spreading of the lipid tails to accommodate the lipid area in-
crease that accompanies these modifications. In addition to
bilayer thickening, palmitoylation also resulted in a
decreased area per lipid tail and a related increase in lipid
tail ordering. This trend was observed in all six lipid tails
common to all eight LPS species (Fig. 5) and indicates
that palmitoylation may serve to decrease bilayer fluidity.

TABLE 2 Mesoscopic Bilayer Properties for All Eight
Symmetric LPS Bilayer Systems

Hydrophobic ~ Area per

Thickness, Lipid
System Lipid Area (A% per Leaflet (A)  Tail (A%
LPS 1740 = 03 122 £ 0.1  29.0 = 0.1
LPS + OH 180.2 = 0.5 119 = 0.1 30.0 £ 0.1
LPS + AAB 183.2 £ 0.2 11.8 £ 0.1  30.5 = 0.1
LPS + palmitoyl 1824 = 0.3 13.5 £ 0.1 26.1 = 0.1
LPS + OH + AAB 1842 = 03 11.6 = 0.1  30.7 = 0.1
LPS + OH + palmitoyl 183.1 = 0.7 13.5 £ 0.1 26.2 = 0.1
LPS + AAB + palmitoyl  186.2 = 0.2 133 £ 0.1 26.6 = 0.1
mLPS 186.8 + 0.4 133 £ 0.1 267 = 0.1
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FIGURE 4 Difference matrix for average lipid area (left panel) and leaflet hydrophobic thickness (right panel). Systems that differ only by the presence/
absence of one modification are highlighted in green for 2-hydroxyl, blue for aminoarabinose, and purple for the palmitoyl tail. To see this figure in color, go

online.

Modifications alter lateral interactions

To examine how modifications affect interactions between
neighboring LPS molecules, the average number of interli-
pid A hydrogen bonds was calculated for each of the eight
systems (Table 3). The addition of the palmitoyl tail
(Fig. 6, purple boxes) decreased the average number of
hydrogen bonds that a lipid can make, likely a result of
the increased lipid area and therefore interlipid distance.
As hypothesized, the addition of the hydroxyl group (green
boxes) led to a moderate increase in the number of hydrogen
bonds, whereas the incorporation of aminoarabinose (blue
boxes) had the much larger effect of increasing hydrogen
bonding by 1.5-1.7 bonds per lipid. Finally, we observe
that the effects of each addition are in some cases influenced
by the presence of other modifications, though not to the
extent observed in the lipid area or bilayer thickness dis-
cussed above.

Calcium and water interactions

LPS bilayers contain a network of divalent cations in the
core region, which recent simulations have demonstrated
are crucial for the bilayer to maintain a lamellar structure
(56). Previous simulations of unmodified LPS have shown
that these cations (typically Ca*") are hexacoordinated, in-
teracting primarily with water molecules and the phosphate
groups (26,32). To study how the addition of the positively
charged aminoarabinose group alters Ca*" localization, co-

ordination numbers were calculated for the calcium ions
and different charged groups of interest (Table 4). In all
systems, the calcium cations were found to be primarily
hexacoordinated, with the Ca”-heavy atom radial distribu-
tion functions nearly identical between systems (Fig. S8).
Additionally, in all eight systems the Ca®" remained well
hydrated, with each Ca®>" ion coordinated to three to
four water molecules. There was only slight binding of
the Ca’" ions to the carboxyl groups of the inner core
saccharides; the Ca”*" ions interacted primarily with the
phosphate groups of the lipid A and core regions (Figs.
S9-S11), with each ion coordinated to a total of ~2 phos-
phate groups.

Though the total number of Ca®"-phosphate interactions
were the same, the addition of the positively charged ami-
noarabinose group to one of the lipid A phosphate groups
caused a shift in Ca®" location: instead of a roughly equal
distribution between the lipid A and core phosphate groups,
Ca”" ions were more likely to be found in the core region
than the lipid A region in systems with the aminoarabinose
modification. Additionally, electron density plots of the
water distribution along the z axis (Fig. 7) show that the
presence of aminoarabinose also affected the localization
of water. Systems without aminoarabinose showed a greater
density of water around = ~18 A (where the lipid A phos-
phate groups are located) than systems with aminoarabi-
nose present. This effect is associated with the Ca*" ion
localization, as Ca”" ions in these systems are heavily
hydrated.
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FIGURE 5 Lipid tail order parameters (|S¢q|) for all six lipid tails. Data for systems containing the palmitoyl group are shown in purple, and those without

are shown in blue. To see this figure in color, go online.

Calcium and aminoarabinose coordinate similar
functional groups

RDFs, calcium coordination, and number density plots all
revealed decreased Ca®" interactions in the lipid A region
in systems containing aminoarabinose. Additionally, these
systems also displayed greater interlipid hydrogen bonding
as a direct result of aminoarabinose presence. To deter-
mine whether aminoarabinose is bridging similar func-
tional groups in this region as Ca®", a detailed analysis

TABLE 3 Interlipid A Hydrogen Bonding for All Eight
Symmetric LPS Bilayer Systems

System Interlipid A Hydrogen Bonds
LPS 0.75 = 0.02
LPS + OH 1.03 = 0.01
LPS + AAB 2.24 = 0.02
LPS + palmitoyl 0.39 = 0.01
LPS + OH + AAB 2.71 = 0.03
LPS + OH + palmitoyl 0.67 = 0.01
LPS + AAB + palmitoyl 2.08 = 0.02
mLPS 2.34 + 0.02

Values are reported as the number of hydrogen bonds per lipid, and errors

represent the standard error of the mean.
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was performed of all Ca*" bridging interactions as well
as a breakdown of all hydrogen bonds that aminoarabinose
formed.

The dominant hydrogen bonds formed by the aminoarabi-
nose amine and hydroxyl groups were with the lipid A Py
phosphate group and carbonyl oxygens in the neighboring
lipid tails (Fig. 8; Table S4). To a lesser extent, hydrogen
bonding was also observed with carbonyl groups within
the same molecule, as well as the KDO2 carboxyl group
of neighboring molecules. In this way, aminoarabinose in-
creases interactions both between and within the lipid A re-
gion of the bilayer.

Calcium ions are known to serve a similar cross-linking
purpose in LPS (11,13,14). In our simulations, most Ca*"
ions coordinated two or three functional groups at a time,
with some coordinating up to five functional groups; this
was unchanged by the presence or absence of aminoarabi-
nose in the system (Fig. S12). However, distinct differences
were observed in the types of bridging interactions present
as well as their likelihood (Fig. 8; Table S5). In systems
without aminoarabinose, the dominant Ca®*-mediated inter-
actions observed were between the P, and Py phosphate
groups of neighboring molecules, as has been observed in
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those marked by an asterisk, which are significant only to the p < 0.01 level.
To see this figure in color, go online.

previous simulations of lipid A bilayers (56), as well as both
inter- and intralipid bridging of the heptose 3 and heptose 5
phosphate groups. Additionally, bridging of the P, (intra-
molecular) and Pg (intermolecular) phosphates to the
KDO2 carbonyl group was present to a lesser degree.
Aminoarabinose presence greatly perturbed Ca*" interac-
tions in the lipid A region but left bridging interactions in
the core unaffected. P5-Pg bridges between neighbors
were greatly reduced, whereas the intermolecular Pg-KDO2

TABLE 4 Coordination Numbers for Ca®™ in the Eight LPS
Bilayer Systems, Corresponding to the Integration up through
the First Peak of the Respective Radial Distribution Functions

System Ca®"-Wat Ca>"-Pripa Ca> Peore Ca> -Ceore
LPS 3.5 1.0 1.0 0.2
LPS + OH 3.5 1.0 1.1 0.2
LPS + AAB 3.5 0.6 1.3 0.3
LPS + palmitoyl 3.5 1.0 1.0 03
LPS + OH + AAB 3.6 0.6 1.3 0.3
LPS + OH + palmitoyl 3.5 1.0 1.1 0.2
LPS + AAB + palmitoyl 3.6 0.7 1.3 0.3
mLPS 3.6 0.6 1.3 0.3

Ppipa and Pcoye correspond to the phosphorus atoms in the lipid A head
group and in the core oligosaccharide region, respectively; Ccore coOITE-
sponds to the carboxyl carbons in the inner core.
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FIGURE 7 Water electron density along the z axis, highlighting the effect
that aminoarabinose has on water distribution. Data for systems containing
aminoarabinose are shown in purple, and those without are shown in blue.
For reference, electron densities of the acyl chains (gray) and lipid A and
core phosphate groups (fan) from the LPS system are plotted below. Data
for the acyl chains have been scaled by a factor of 0.1. To see this figure
in color, go online.

bridges were entirely eliminated. Instead, the dominant
interlipid links in the lipid A region were mediated by ami-
noarabinose to the same P, and KDO2 carboxyl groups that
Ca”" bridged in nonaminoarabinose systems, as well as to a
new acceptor in the lipid tails.

DISCUSSION

Each modification studied here has a distinct effect on both
the larger scale structure of the bilayer as well as the inter-
action between neighboring lipids and ions. Of the three,
2-hydroxylation has the least prominent effect, resulting in
a slightly larger lipid area as well as a modest increase to in-
terlipid hydrogen bonding. It is interesting to note that the
number of additional hydrogen bonds hydroxyl forms
(0.3-0.5 per lipid) closely matches number of hydrogen
bonds lost upon palmitoyl incorporation (0.2-0.4 per lipid).
In this way, hydroxylation may not serve to function on
its own, per se, so much as to compensate for the slight
loss in lateral electrostatic interactions that palmitoylation
confers.

Palmitoylation leads to an increased hydrophobic thick-
ness and decreased fluidity of the lipid tails, which may
help to offset this detrimental weakening of interlipid
hydrogen bonding. Additionally, the added palmitoyl tail
is longer than the other six fatty acids in lipid A, which
may increase hydrophobic and van der Waals interactions
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FIGURE 8 Dominant bridging interactions in systems (a) without and (b) with aminoarabinose present. Moieties bridged by Ca>" are indicated in dotted
green lines, and hydrogen bonds with aminoarabinose are depicted by dashed blue lines. Phosphate groups and the KDO carboxyl groups are represented as
tan and red circles, respectively. Lines pointing to lipid tails indicate hydrogen bonds with tail carbonyl groups. Values listed are the probability that calcium
is bridging these groups or that the hydrogen bond exists and were calculated from the LPS and LPS + AAB systems. Values for all other systems are given in

Tables S4 and S5. To see this figure in color, go online.

between adjacent lipids, thus strengthening the leaflet (6).
Indeed, pentaacylated Salmonella display significant
growth defects, especially in environments with low ionic
strength (57), indicating a high dependence on the number
of acyl chains; it is thought that with one fewer lipid tail,
the hydrophobic interactions are no longer sufficient to
counterbalance electrostatic repulsions within the lipid A
headgroup (6). This increased stabilization of the hydropho-
bic region could explain why pagP-mediated acylation is,
by itself, sufficient to render Salmonella less susceptible
to cationic AMPs (24).

In vitro, LPS adopts a gel-like state with a nearly crystal-
line arrangement of lipid tails (6). Indeed, Langmuir
monolayers of LPS and mLPS produce coherent scattering
patterns in grazing-incidence x-ray diffraction experiments;
these experiments reveal ordered domains within the mono-
layer, with an average lateral coherence length of 216 A for
LPS and 164 A for mLPS (23). In these diffraction experi-
ments, Nobre et al. observed that introduction of novobiocin
increased the size of these crystalline domains, with a much
more dramatic effect for LPS than mLPS; they suggest that
this crystalline growth could be responsible for the ability of
novobiocin to penetrate through the LPS leaflet. Jefferies
et al. (58) recently proposed a similar mechanism for the
AMP polymyxin B (PMB). They performed a series of
coarse-grained simulations of six PMB molecules interact-
ing with symmetric LPS bilayers and found that PMB
induces the formation of crystalline patches within the
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bilayer (58). Atomistic simulations of PMB with symmetric
and asymmetric bilayers of E. coli lipid A revealed a
decrease in the lateral diffusion coefficients of the mem-
brane lipids (59), further supporting this notion of increased
membrane ordering upon peptide binding. Additionally, a
number of AMPs are known to induce phase separation in
more traditional phospholipid bilayers (60). The bilayer
thickening and concomitant increase in lipid tail ordering
we observed because of palmitoylation could make the
differences between lipids in the liquid-ordered and
liquid-disordered states less pronounced in mLPS than in
LPS, potentially making the bilayer to be less susceptible
to permeation at these boundaries.

Incorporation of aminoarabinose onto the phosphate
group radically alters the localization of Ca®" and water
near the lipid A head group, as well as decreasing the net
charge of the molecule and increasing interlipid hydrogen
bonding by 1.5-1.7 bonds per lipid. Not only are these
hydrogen bonds strengthening interactions between adja-
cent LPS, they also bridge many of the same key functional
groups as Ca®" within the lipid A headgroup, rendering
Ca”" less essential for bilayer stability. In addition, the
decreased net charge conferred by aminoarabinose may
help to protect bacteria from cationic AMPs that rely on
favorable long-range electrostatic interactions to induce
cellular association (61).

Additionally, some AMPs are known to competitively
displace divalent cations from the LPS core (62-64), which



is presumed to facilitate outer membrane diffusion through
surface defects. In fact, this divalent ion displacement is
the proposed mechanism by which the PhoQ sensor domain
detects AMP presence (65). Lam et al. (66) used a charge
binding site model of LPS to show that cationic AMPS and
EDTA are able to displace Mg>" from the LPS layer and
weaken the bilayer. Furthermore, recent MD simulations of
Pseudomonas lipid A also revealed Ca>" displacement by
the AMP polymyxin B, along with increased membrane cur-
vature, with the effect more pronounced in the native pentaa-
cylated systems than in hexaacylated forms (33). The authors
also performed simulations of the pentaacylated form
with aminoarabinose bound to both phosphate groups and
observed that, although polymyxin surface binding occurred,
it did not induce the membrane curvature seen in other sys-
tems (33); we note, however, that no Ca®* ions were included
in this system, so it is unclear from that work how aminoar-
abinose presence would affect this polymyxin-induced ion
displacement. Given the decreased Ca®" density around the
lipid A headgroup and the fact that aminoarabinose is instead
mediating these contacts, we hypothesize that the addition of
aminoarabinose makes bacteria less dependent on Ca*", thus
protecting them from AMPs that induce defects through diva-
lent ion displacement.

Although these modifications clearly serve to protect bac-
teria against host defenses, they also function to modulate
the host immune response. The recognition of LPS through
TLR4 is highly dependent on the number of acyl chains pre-
sent; lipid I'Va, a lipid A precursor, is able to bind to the
TLR4-MD-2 complex, but does not induce the oligomeriza-
tion necessary to activate the innate immune response (67).
Crystal structures of the TLR4-MD-2 dimer indicate that
the lipid A phosphate groups play a critical role in stabiliz-
ing the dimerization interface (68); these phosphate groups
are exposed when lipid A is bound to MD-2, but lipid IVa
binds in a different orientation, leaving its phosphate groups
buried (68,69). Recent simulations of MD-2 demonstrate a
remarkable plasticity in the size of the hydrophobic cavity,
which contracts when antagonists such as lipid IVa are
bound, increasing flexibility of the gating loop that
stabilizes the TLR4-MD-2 complex (70,71); these results
indicate that MD-2 binding is primarily hydrophobically
driven, whereas changes to the headgroup structure
are more likely to manifest through changes to the
TLR4-MD-2 complex affinity (71). Both pentaacylated
and heptaacylated forms of LPS are significantly less potent
inducers of TLR4-mediated signaling (25,57,72), with six
acyl chains of 12-14 carbons in length being the optimum
for TLR4 activation in humans (73,74). Aside from palmi-
toylation, the addition of aminoarabinose may also factor
into the decreased immune response to PhoPQ-modified
LPS (17), given the important role of the lipid A phosphates
in the dimerization interface.

Although this work focused on PhoPQ-mediated modifi-
cation in S. enterica, many other Gram-negative bacteria

Effect of LPS Remodeling on OM Structure

exhibit similar modification systems. PagP homologs have
been discovered in Bordetella (75), Legionella (76), and
Yersinia (77), among others (74,78,79), for which they
play similar roles of increasing virulence, reducing AMP
sensitivity, and decreasing TLR4 activation. Hydroxylation
of lipid A acyl chains is also prevalent in Bordetella,
Pseudomonas, and Legionella (78,79). Finally, adornment
of the lipid A phosphate groups with aminoarabinose or
phosphoethanolamine are some of the most common
LPS modifications, occurring in E. coli, P. aeruginosa,
Y. pestis, V. cholerae, and others (74,78,79). Although less
common than lipid A remodeling, modification of moieties
within the core and O-antigen are known to occur; addi-
tional work must be done to characterize how changes
within the core or O-antigen influence the properties studied
here. Alterations to lipid A, like those studied here, directly
impact the virulence of Gram-negative bacteria through
direct bilayer strengthening and increased resistance to
AMPs and lipophilic drugs; future studies of outer mem-
brane modification systems will further elucidate the link
between the multitude of LPS structural variations and their
roles in pathogenesis.
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S1 Comparison of Symmetric and Asymmetric Bilayers

S1.1 System preparation

To determine whether the opposing leaflet affected properties of the LPS monolayer, two asymmetric
bilayers consisting of either pure LPS or mLPS in one leaflet and pure POPE in the opposing
leaflet were constructed. Final coordinates from the LPS bilayer simulation were used as starting
coordinates for the LPS leaflet, while a POPE leaflet containing 109 lipids and the appropriate x-y
dimensions was constructed using the CHARMM-GUI membrane builder [1, 2]. The two leaflets
were aligned by hand, then neutralizing Ca?* ions were added to the core region of the LPS
leaflet and 20 A water with 0.15 M NaCl was added in the 4 z dimensions. The asymmetric
mLPS/POPE was constructed in a similar manner, with the POPE leaflet containing 119 lipids to
accommodate the increased lipid area of mLPS. The C36 lipid [3, 4] parameter set was used for
POPE. Minimization, heating, and water equilibration were performed as described above, followed
by 1000 ns of long time-scale equilibration prior to simulation on Anton 2 [5]. Both systems were
simulated on Anton 2 for 7.0 ps each, with the first 2.0 ps removed as equilibration.

S1.2 Comparison of bilayer properties

No differences were observed in the hydrophobic thickness of the leaflets, though slight differences
in the area per lipid were observed (Figure S1 and Table S1); these modest changes in area could
be due to a slight area mismatch between the two leaflets. A related small increase in tail ordering
was also observed in the LPS/POPE system (Figure S2), while a slight decrease was observed in
the mLPS/POPE system; we note that the differences here are much smaller than those present
between LPS types with or without palmitoylation (Figure 5). Density profiles of all four systems
along the bilayer normal (Figure S3) reveal that the location of key moieties, such as the acyl
tails, phosphate groups, calcium ions, and water, were largely unchanged between systems with
and without POPE. The similarities displayed in Ca?* coordination (Table S2) substantiate this
result. Finally, no significant differences between inter-lipid A or inter-LLPS binding were observed
(Table S3).
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Figure S1: Area per lipid (left) and hydrophobic thickness (right) for symmetric LPS (purple), the LPS
leaflet of the LPS/POPE bilayer (pink), symmetric mLPS (blue), and the mLPS leaflet of the mLPS/POPE
bilayer (light blue). The dashed horizontal line at 2.0 ps indicates the portion of the trajectory that was
removed as equilibration.

Table

Svstem Lipid Area  Hydrophobic Thickness, Area per
Y (A?) per leaflet (A) lipid tail (A2?)
symmetric LPS 174.0 + 0.3 12.2 £ 0.1 29.0 + 0.1
asymmetric LPS- LPS leaflet 171.8 £ 04 12.3 £ 0.1 28.6 +£ 0.1
symmetric mLPS 186.8 + 0.2 13.3 £ 0.1 26.7 + 0.1
asymmetric mLPS- mLPS leaflet  191.8 4+ 0.1 13.1 £ 0.1 274 £ 0.1
asymmetric LPS- POPE leaflet 56.7 + 0.1 189 £ 0.1 28.4 £ 0.1
asymmetric mLPS- POPE leaflet 58.0 £ 0.1 18.6 £ 0.1 29.0 £ 0.1

S1:

mLPS/POPE bilayer systems.

Mesoscopic bilayer properties for the symmetric LPS, LPS/POPE, symmetric mLPS, and

System Ca’t-Wat Ca®"— Pripa Ca®T™— Poore  Ca?™— Ceore
symmetric LPS 3.5 1.0 1.0 0.2
asymmetric LPS 3.4 1.0 1.0 0.2
symmetric mLPS 3.6 0.6 1.3 0.3
asymmetric mLPS 3.5 0.6 1.3 0.3

Table S2: Coordination numbers for Ca?* in the symmetric and asymmetric LPS and mLPS bilayer systems,
corresponding to the integration up through the first peak of the respective radial distribution functions.
Pripa and Pcore correspond to the phosphorus atoms in the lipid A head group and in the core oligosaccharide
region, respectively; Ceope corresponds to the carboxyl carbons in the inner core.
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Figure S2: Lipid tail order parameters (|Sqq|) for all six lipid tails. Data for the symmetric and asymmetric
LPS bilayer leaflets are shown in purple and pink, respectively, while data for the symmetric and asymmetric
mLPS bilayer leaflets are shown in shades of blue.

System

Inter-LPS

Hydrogen Bonds

Inter-lipid A
Hydrogen Bonds

symmetric LPS
asymmetric LPS
symmetric mLPS
asymmetric mLPS

2.83 +£ 0.06
2.81 £0.01
4.29 £ 0.04
4.35 £ 0.03

0.75 £ 0.02
0.71 £ 0.01
2.34 £ 0.02
2.40 £ 0.02

Table S3: Inter-LPS and inter-lipid A hydrogen bonding for the symmetric and asymmetric LPS and mLPS
bilayer systems.
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Figure S3: Density profiles along the bilayer normal for the symmetric LPS, asymmetric LPS/POPE,
symmetric mLPS; and asymmetric mLPS/POPE bilayers.
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Figure S4: Average lipid volume for all eight systems over the full 7.0 ps. The dashed horizontal line at 2.0
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Figure S5: Plots of MSD in the xy-plane versus time for all eight bilayer systems.
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Figure S6: Data from Figure S5 on a log-log plot, highlighting the subdiffusive nature. Diffusion processes
follow the power law MSD ~ Dt®. In typical diffusion, o = 1, while cases with o < 1 are subdiffusive. Here,
the slope of the best fit line is given for each system, corresponding to o.
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Figure S7: C2-C3-C4-C5 dihedral angles for all eight pyranoses. Values near 55 represent the two possible
chair conformations, while values closer to 0 represent boat and twist-boat conformations.
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Figure S9: Calcium number density along the bilayer normal for all eight systems. The presence of aminoara-
binose leads to a decreased density of calcium around the lipid A phosphate groups.
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Figure S10: Symmetric calcium number density along the bilayer normal for all eight systems. The presence
of aminoarabinose leads to a decreased density of calcium around the lipid A phosphate groups.
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Figure S12: Probability distribution of calcium—LPS heavy atom coordination number for all eight systems.

System pipaps  HPAC=0 LIPAC=0 109 000
(inter) (intra)

PS + AAB 0.7 0.3 0.1 0.1

LPS + OH + AAB 0.7 0.3 0.2 0.1

LPS + AAB + palmitoyl 0.7 0.4 0.2 0.1

mLPS 0.7 0.3 0.2 0.1

Table S4: Aminoarabinose probability of hydrogen bonding with different moieties for all four systems that
contain aminoarabinose. Only the dominant hydrogen bond acceptors (P > 0.1) are listed.

Svat LIPAP, -  HEP3:P - HEP3:P LIPAP,-  LIPA:Pg -
ystem LIPA:P;  HEP5:P (inter) HEP5:P (intra) KDO2:COO KDO1:COO
LPS 0.4 03 0.3 0.1 0.1
LPS + OH 0.4 0.2 0.2 0.1 0.1
LPS + AAB 0.1 0.3 0.3 0.2 0.0
LPS + palmitoyl 0.3 0.2 0.2 0.1 0.1
LPS + OH + AAB 0.1 0.4 0.4 0.2 0.0
LPS + OH + palmitoyl 0.4 0.3 0.3 0.1 0.1
LPS + AAB + palmitoyl 0.1 0.3 0.3 0.3 0.0
mLPS 0.1 0.4 0.4 0.3 0.0

Table S5: Calcium-mediated interactions for all eight systems. Values listed are the probability that a
calcium is bridging these groups; only the dominant bridging interactions (P > 0.1) are listed.
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