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ABSTRACT The outer membrane (OM) of Gram-negative bacteria is composed of lipopolysaccharide (LPS) in the outer leaflet
and phospholipids in the inner leaflet. The outer membrane protein H (OprH) of Pseudomonas aeruginosa provides an increased
stability to the OMs by directly interacting with LPS. Here we report the influence of various P. aeruginosa and, for comparison,
Escherichia coli LPS environments on the physical properties of the OMs and OprH using all-atom molecular dynamics simu-
lations. The simulations reveal that although the P. aeruginosaOMs are thinner hydrophobic bilayers than the E. coliOMs, which
is expected from the difference in the acyl chain length of their lipid A, this effect is almost imperceptible around OprH due to a
dynamically adjusted hydrophobic match between OprH and the OM. The structure and dynamics of the extracellular loops of
OprH show distinct behaviors in different LPS environments. Including the O-antigen greatly reduces the flexibility of the OprH
loops and increases the interactions between these loops and LPS. Furthermore, our study shows that the interactions between
OprH and LPS mainly depend on the secondary structure of OprH and the chemical structure of LPS, resulting in distinctive
patterns in different LPS environments.
INTRODUCTION
Cells of Gram-negative bacteria are surrounded by two lipid
bilayer membranes. The inner (cytoplasmic) membrane is
exclusively composed of phospholipids, mainly phosphati-
dylethanolamine (PE), phosphatidylglycerol (PG), and car-
diolipin (CL), distributed equally among the inner and
outer leaflets. In contrast, the outer membrane (OM) is
highly asymmetric, with the inner leaflet having the same
lipid composition as the cytoplasmic membrane, and the
outer leaflet consisting almost exclusively of lipopolysac-
charide (LPS) molecules (1,2). LPS contains a hydrophobic
lipid A region, a hydrophilic core oligosaccharide chain, and
an O-antigen polysaccharide chain. Among Gram-negative
bacteria, the basic chemical structures of lipid A and the
core are more conserved than those of O-antigen polysac-
charides. The latter consists of highly variable repeating
units (up to ~25) of about five sugars whose sequence is
the basis for serogroup determination of bacteria. The lipid
A structure contains an N- and O-acylated b-(1/6)-linked
diglucosamine backbone, with chemical variation in the
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number of primary acyl groups and the types of fatty acids
substituting the primary and secondary acyl chains, which
anchor lipid A to the OM (3,4).

The Gram-negative bacterium Pseudomonas aeruginosa
is a major opportunistic pathogen and one of the most com-
mon causes of pneumonia in cystic fibrosis patients (5–7).
The stability and impermeability of the OM contribute sub-
stantially to the high antibiotic resistance of this human
pathogen (8,9). LPS produced by P. aeruginosa is also the
main factor in virulence as well as the innate and acquired
host responses to infection, and lipid A is responsible for
the majority of the cytotoxic effects caused by the molecule
(10). Changes in the growth conditions of P. aeruginosa can
induce extensive remodeling of lipid A, including addition
or removal of phosphate groups and acyl chains (11). The
length and number of lipid A acyl chains influence the effi-
ciency of activation of inflammatory signaling through Toll-
like receptor 4 (TLR-4), with penta-acylated LPS producing
a weaker immune system response than hexa-acylated LPS
(12). Strains isolated from chronically infected cystic
fibrosis patients synthesize a hexa-acylated form of LPS
and are generally unable to synthesize O-antigen polysac-
charides (3,10).

Another factor that contributes to the high stability of the
P. aeruginosa OM is the presence of the outer membrane
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protein H (OprH). OprH is a 21-kDa, 200-residue, slightly
basic protein that is integral to the P. aeruginosa OM (13).
OprH is genetically linked to the PhoP-PhoQ two-component
regulatory system that is upregulated in response to Mg2þ-
limited growth conditions (14,15). When P. aeruginosa is
cultured in a low concentration of divalent cations, OprH
is upregulated and overexpressed, so that it becomes a major
component of the OM. OprH acts as a surrogate for Mg2þ

and Ca2þ by cross-linking LPS, thereby tightening the
OM under conditions of divalent cation deficiency (13).
Interestingly, it was reported that OprH is also highly upre-
gulated during the early stages of P. aeruginosa infection
(16), despite the presence of millimolar concentrations of
Mg2þ that would normally suppress transcription of the
oprH-phoP-phoQ operon (17). Although there is no OprH
homolog in Escherichia coli, a BLAST search returns a list
of hundreds of similar proteins present in otherPseudomonas
species (18).

The solution NMR structure of OprH in 1,2-dihexanoyl-
sn-glycero-3-phosphocholine (DHPC) micelles reveals an
eight-stranded b-barrel protein with four extracellular loops
of unequal size (PDB: 2LHF) (19). Fast-timescale dynamics
measurements show that the extracellular loops are disor-
dered and unstructured. NMR chemical-shift perturbations
observed upon addition of P. aeruginosa LPS to OprH in
lipid micelles indicate that the OprH-LPS interaction is pre-
dominantly electrostatic and localized to charged regions
near the upper rim of the barrel, especially residues
Lys70, Arg72, Lys103, Arg113, and Arg145 (18). In this
study, we built various simulation systems of OprH in
P. aeruginosa and, for comparison, E. coli OMs, and per-
formed all-atom molecular dynamics (MD) simulations to
investigate the impact of different LPS molecules on the
structure and dynamics of OprH. We identified multiple
OprH regions that interact with LPS and likely contribute
to the significant antibiotic resistance of P. aeruginosa.
MATERIALS AND METHODS

System setup

The solution NMR structure of OprH (PDB: 2LHF) (19) was inserted into

bacterial OMs with different LPS compositions from P. aeruginosa (20,21)

(Fig. 1; Table 1). We used model 13 of the 20 models in the NMR structural

ensemble to avoid severe bad contacts between the LPS structures and the

OprH extracellular loops (which are ill defined by NMR due to the paucity

of NMR restraints) during the initial system building. In addition, the

molecular interactions between OprH and LPS were studied in recent
TABLE 1 Different Outer Membrane Systems

System Composition of the Outer Leaflet

Pa.Kdo P. aeruginosa lipid A þ two Kdo sugars

Pa.G2 P. aeruginosa lipid A þ G2 core

Pa.G2.O10 Pa.G2 þ two repeating units of O10-antigen

Ec.Kdo E. coli lipid A þ two Kdo sugars

Ec.K12 E. coli lipid A þ K12 core
NMR experiments using deep-rough LPS from E. coli strain F583 due to

the high viscosity, variable chemical compositions, and high content of

impurities of commercially available LPS from P. aeruginosa (18). There-

fore, to determine how LPS from different species affects the structural sta-

bility of OprH and its interaction with LPS, we also built two additional

systems with E. coli LPS (Fig. S1 in the Supporting Material; Table 1).

The phospholipid composition of the inner leaflet of all OMs is a mixture

of 1-palmitoyl(16:0)-2-palmitoleoyl(16:1 cis-9)-PE (PPPE), 1-palmi-

toyl(16:0)-2-vacenoyl(18:1 cis-11)-PG (PVPG), and 1,10-palmitoyl-2,20-
vacenoyl CL, with a net charge of �2e (PVCL2) at a ratio of 15:4:1

(22,23). Assuming that the inner-leaflet composition of the P. aeruginosa

OM is similar to the E. coli OM, the difference in the OM properties of

the two bacteria arises solely from the difference in LPS. We used the

step-by-step protocol of Membrane Builder (24–26) in CHARMM-GUI

(27) to build and assemble OM-only and protein-OM complex structures.

This approach was previously applied successfully for E. coli LPS bilayer

simulations (28), various bacteria lipid A bilayer simulations (29), and

OmpLA (30), OmpF (31), and BamA (32) simulation studies in E. coli

OM environments. The detailed system information is summarized in Table

S1. We used 150 mM KCl to mimic the physiological bulk ion concentra-

tion, and initially placed neutralizing Ca2þ ions in the LPS regions. Three

replicas for each system were independently built and simulated to improve

sampling and to check for simulation convergence.
MD simulations

Based on the step-by-step equilibration protocol used in CHARMM-GUI

Membrane Builder, all OM systems were equilibrated for 1.45 ns using

CHARMM (33) with the C36 lipid (34), carbohydrate (35–38), and LPS

force fields (29,39) with the TIP3P water model (40). A gradual equilibra-

tion was performed with NVT (constant particle number, volume, and tem-

perature) dynamics and a 1-fs time step for 100 ps, followed by 1.35-ns

NPT (constant particle number, pressure, and temperature) dynamics with

a 2-fs time step. During these equilibration steps, previously validated

planar and dihedral harmonic restraints (24,25,39) were applied to the

LPS molecules, phospholipids, and water molecules; these restraints were

gradually reduced to zero for the production simulations. Additional dihe-

dral angle restraints were applied to restrain all sugar rings to the pertinent

chair conformation, because NMR studies as well as MD simulations show

that common pyranose sugar residues are mainly present in their chair

conformation on the submicrosecond timescale (41). These ring dihedral

restraints were maintained during the production simulations. During

NVT equilibration, constant temperature was maintained by Langevin dy-

namics. Temperature and pressure controls were achieved with a Hoover

thermostat (42) and Langevin piston for NPT dynamics (43,44). NPT pro-

duction runs of 300 ns were performed for all systems except for the OprH-

Pa.G2.O10 (550-ns production) and OM-only (100-ns production except

for 250 ns for Pa.G2.O10) systems using NAMD (45). Langevin dynamics

was used to maintain constant temperature with the Langevin coupling co-

efficient set to 1 ps�1. A Nosé-Hoover Langevin piston (46,47) was used to

maintain constant pressure with a piston period of 50 fs and a piston decay

time of 25 fs. van der Waals interactions were smoothly switched off be-

tween 10 and 12 Å by a force-switching function (48), and the particle-

mesh Ewald method (49) was used for long-range electrostatic interactions.

The temperature and pressure were held at 310.15 K and 1 bar, respectively.

A 2-fs time step with the SHAKE algorithm (50) was used.
RESULTS AND DISCUSSION

Structural properties of P. aeruginosa and E. coli
OMs

Environmental and growth conditions affect the LPS
structure (i.e., rough versus smooth LPS), which may
Biophysical Journal 112, 346–355, January 24, 2017 347



FIGURE 1 (A–C) Chemical structures of lipid A and sequences of the LPS core and O-antigen of (A) Pa.Kdo, (B) Pa.G2, and (C) Pa.G2.O10 (Kdo, 2-keto-

3-deoxyoctulosonate; Hep, L-glycero-D-manno heptose; Glc, D-glucose; Gal, D-galactose; GalN, D-galactosamine; Rha, L-rhamnose; QuiNAc, N-acetyl-6-

deoxy-D-glucosamine; GalNAcA, 2-acetamido-2-deoxy-L-galacturonic acid; GalNAc, N-acetyl-D-galactosamine; PPEtn, pyrophosphoryl ethanolamine;

Ala, L-alanine; cm, carbamoyl) (20,21). The lipid A molecule in this study consists of two D-glucosamine (GlcN) residues joined by a b-(1/6)-linkage,

two monophosphoester groups at O1 and O40, and six amide/ester-linked fatty acids. The P. aeruginosa G2 core has two Kdo residues and two Hep residues:

one has a PPEtn group at the O2 position and a monophosphoester group at the O4 position, and the other one has a monophosphoester group and cm group at

the O6 and O7 positions. The outer core consists of three Glc residues, one Rha residue, and one GalN residue with the Ala group at the O2 position. They are

a-linked except for the b-linkage between Glc and GalN. The O10-antigen unit consists of one QuiNAc residue, one GalNAcA residue, and one Rha residue

with an acetyl group at the O2 position. QuiNAc is attached to the O3 position of the terminal Rha residue in the outer core and its linkage has the b-config-

uration, in contrast to the corresponding a-(1/3)-linkage between the repeating units. In this study, two units of O10-antigen are considered. (D–F)

Representative snapshots of OprH embedded in (D) Pa.Kdo, (E) Pa.G2, and (F) Pa.G2.O10 OMs (pink spheres, lipid A; gray sticks, core sugars; orange

sticks, O10-antigen polysaccharides; blue spheres, PPPE; orange spheres, PVPG; magenta spheres, PVCL2; small cyan spheres, Ca2þ ions; small magenta

spheres, Kþ ions; small green spheres, Cl� ions). For clarity, some portion of each system is truncated and water molecules are not shown. To see this figure in

color, go online.
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subsequently influence the molecular packing of outer
membrane proteins (OMPs) and LPS via changes in the
local environments of embedded OMPs and in OMP-LPS/
OMP-OMP interactions. To explore the impact of various
LPS structures on the molecular packing of lipids, we calcu-
lated the area per lipid (APL) for both E. coli (Ec) and
348 Biophysical Journal 112, 346–355, January 24, 2017
P. aeruginosa (Pa) OM-only systems by utilizing a Voronoi
tessellation approach (51). The time-series of APL were
used to check for system equilibration and convergence of
simulations, and the average APL was calculated using
the last 50-ns trajectory. For example, as shown in
Fig. S2, the APLs for each lipid from all three replicas of



FIGURE 2 Average hydrophobic thickness of each OM system, with the

standard errors over three replicas. The hydrophobic thickness of each sys-

tem was calculated by measuring the average distance between acyl chain

C2 atoms (i.e., the carbon bonded to carbonyl group) for the phospholipids,

and C2 and C4 atoms (i.e., the carbon bonded to carbonyl group) for the

lipid A molecule. To see this figure in color, go online.
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Pa.G2.O10 OM-only systems were equilibrated and well
converged after 50-ns simulations. In general, the full core
systems (Pa.G2 and Pa.G2.O10) have a slightly larger
APL (~190 Å2) than the Kdo-only core systems (~180 Å2;
Fig. S3). An increase in APL correlates with the increase
in size of the LPS molecule. An identical trend is observed
for the lipids in the inner leaflet, indicating that LPS disturbs
the inner leaflet lipids, probably due to a subtle area
mismatch in the asymmetric bilayers. This is consistent
with previous findings for Ec.R1 rough LPS and Ec.R1.O6
smooth LPS bilayer systems, which showed that including
O6-antigen repeating units in Ec.R1.O6 resulted in a larger
APL compared to the Ec.R1 system (28).

We further examined the OM properties in terms of the
acyl chain deuterium order parameters (SCD) for each lipid:
SCD ¼ h3 cos2qCH � 1=2i, where qCH is the time-dependent
angle between the C-H bond vector and the bilayer normal
(i.e., the z axis), and the angular bracket denotes a time and
ensemble average (52). In general, an increase in SCD corre-
lates with an increase in the chain order and tighter packing
of acyl chains. In contrast to Ec systems, a change in the
LPS sugar compositions in Pa systems has almost no influ-
FIGURE 3 (A) Two-dimensional thickness distribution of the OM in OprH-Pa

residues of OprH with (B) the C2 and C4 atoms (i.e., the carbon bonded to carbo

group) of phospholipids that were used to calculate the hydrophobic thickness

z axis. To see this figure in color, go online.
ence on the average SCD of lipid A, probably due to its short
acyl chain lengths (Fig. S4). Overall, relatively low SCD
values (generally less than 0.3) indicate that all OMs are
in a liquid-disordered bilayer phase at 310 K.

As shown in Fig. 2, the Pa OMs are thinner hydrophobic
bilayers than the Ec OMs, which is expected from the differ-
ence in the acyl chain length of their lipid A (Figs. 1 and S1).
This is also consistent with a recent report based on an anal-
ysis of 21 distinct lipid A molecules from 12 bacterial spe-
cies, showing that different lengths and numbers of lipid A
acyl chains influence the molecular packing and membrane
properties of Gram-negative bacteria (29). We observe that
not only the length and number of acyl chains but also the
different chemical structures of LPS molecules influence
membrane packing, with the Kdo-only core systems having
a greater thickness and smaller APL than the full core sys-
tems. Notably, the OM-only systems are thicker than the
OprH-OM systems, indicating membrane thinning by
OprH (Fig. 3). A comparison of two-dimensional thickness
distributions clearly shows membrane thinning of ~2 Å for
lipids surrounding OprH in the Pa systems, and ~4 Å in
Ec systems (Fig. S5), compared to their respective OM-
only systems (Fig. S6). In general, such local thinning re-
sults from a mismatch between the hydrophobic regions of
a membrane and membrane proteins, which is energetically
costly and leads to structural adjustments to minimize the
exposure of nonpolar groups to the aqueous phase (53–
55). These observations are also consistent with previous
studies on OmpLA-OM (30) and BamA-OM (32) systems.
To determine whether the membrane thinning near OprH
is the result of maximizing a hydrophobic match between
OprH and asymmetric OMs, we calculated the two-dimen-
sional z-position distributions of the C2 and C4 atoms
(i.e., the carbon bonded to carbonyl group) of lipid A, the
acyl chain C2 carbon atoms (i.e., the carbon bonded to
carbonyl group) of phospholipids, and the center of mass
(COM) of the side chain of the hydrophobic residues on
the rim of each b-strand. As shown in Fig. S7, the hydropho-
bic residues in the OprH barrel are located in z positions
similar to the C2 and C4 atoms of lipid A and the C2 atoms
of phospholipids. Interestingly, as shown in Fig. 3, there is a
.Kdo. (B and C) Distributions of the z position of the COM of hydrophobic

nyl group) of lipid A and (C) C2 atoms (i.e., the carbon-bonded-to-carbonyl

distribution in (A). The OM is centered at z ¼ 0 and the OM normal is the
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good correlation between the distributions of the z position
of the COM of protein hydrophobic residues, the C2 and C4
atoms of lipid A, and the C2 atoms of phospholipids. This
analysis reveals that the components of the OM (OMPs,
lipid A, and phospholipids) dynamically adjust to each other
to maximally match their hydrophobic regions during simu-
lations to yield such a time-averaged hydrophobic match
(and membrane thinning).
Water molecules inside OprH in P. aeruginosa
and E. coli OMs

We also investigated the lipid and protein distributions along
the membrane normal (i.e., the z axis) by calculating the
heavy-atom number density profiles for all systems
(Fig. S8). A subtle height difference in the density profile
of carbon tails is observed between the upper leaflets of
Ec OMs and Pa OMs, which arises mainly from the differ-
ence in acyl chain lengths between Ec lipid A and Pa lipid
A. A similar trend is observed in the core distributions, in
that the Ec.K12 core (10 sugar residues in the core) has a
broader density distribution than the Pa.G2 core (9 sugar
residues in the core). For all OMs, water molecules pene-
trate deep inside the core sugar and lipid headgroup regions,
whereas there is slight penetration into the hydrophobic hy-
drocarbon tail region. Interestingly, a continuous density of
water along the membrane normal is not observed even in
the OprH-OM systems. Although there are some water mol-
ecules inside the OprH barrel, they do not translocate
through the pore from one leaflet to the other leaflet
(Fig. S9), because there are strong electrostatic interactions
between charged residues (especially Arg54, Asp81, and
Glu138) that block water permeation through the OprH bar-
rel. As shown in Fig. S9 A, water molecules in Pa.G2.O10
are clearly disconnected inside the OprH barrel. Although
water molecules in Pa.Kdo (Fig. S9 B) seem to be connected
inside the OprH barrel, they never passed through the pore
during the simulation times in this study. However, it is
possible that different protonation states (due to pH
changes) could alter the electrostatic interactions and allow
water permeation through the pore.
FIGURE 4 Pairwise RMSD distributions of the OprH loops for Pa sys-

tems, calculated by aligning each of the last 100-ns snapshot structures to

the b-barrel Ca atoms of the initial structure and then measuring the

RMSD of each pair using the loop Ca atoms. To see this figure in color,

go online.
Structure and dynamics of OprH in P. aeruginosa
and E. coli OMs

The solution NMR study of OprH in DHPC micelles re-
vealed that the extracellular loops are highly disordered
and undergo motions on the picosecond and nanosecond
timescales, but there is no prior information about the
loop dynamics in more biologically relevant membrane mi-
metics, including phospholipid and OM bilayers. This is
important because even though detergent micelles mimic
lipid bilayers well by providing both hydrophobic and hy-
drophilic environments for the transmembrane domain of
a membrane protein, they do not provide the geometric con-
350 Biophysical Journal 112, 346–355, January 24, 2017
straints imposed by lipid bilayers, so the orientations of the
long loops or intra- or extracellular domains of a membrane
protein could be ill defined in micelles (56). First, we eval-
uated the structural stability of OprH in various LPS envi-
ronments by measuring the root mean-square deviation
(RMSD) of the b-barrel backbone atoms from the initial
structure. Overall, the RMSD increased initially and
reached a plateau around 2 Å, indicating that there was no
significant difference in b-barrel structural stability among
the systems (Fig. S10), which agrees well with the stability
of other OMP b-barrel structures observed in previous
studies (30,31,57–63).

To check the conformational variability of the OprH loops,
we calculated pairwise RMSD distributions by aligning each
of the last 100-ns snapshot structures to the b-barrel atoms of
the initial structure and then measuring the RMSD of each
pair using the loop Ca atoms. As shown in Fig. 4, each
loop shows various extents of conformational variability
because of varied interactions with LPS molecules (see
next section) as well as the available physical space (see
Fig. S11 for Ec systems). For example, the loops in
Pa.G2.O10 exhibit narrower RMSD distributions than those
in other systems because the O10-antigen sugar residues
interact with the loops and restrict their mobility. However,
the Pa.Kdo system shows broader RMSD distributions, as
there are only two Kdo sugar residues that can interact with
the water-exposed loops. Therefore, the loop orientations
(relative to the b-barrel) in the Kdo-only core systems and
similarly in solution NMR structures vary widely and are
not restricted like those in the full core or O10-antigen sys-
tems. This is clearly shown by a comparison of the starting
NMR structure and MD-averaged structures in each system
(Fig. S12). Togetherwith these pairwise RMSDdistributions,
the per-residue rootmean-square fluctuation (RMSF) plots in
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Fig. S13 support our claim that the interactions between the
loops and LPS constrain the loop motions; for example, the
OprH-Pa.G2.O10 system has the least dynamic loops and
OprH-Pa.Kdo system shows the largest loop fluctuation.
FIGURE 6 Snapshot showing interactions of OprH L1 with LPS in

Pa.G2.O10 (magenta, L1; pink sticks, lipid A; dark gray sticks, inner-

core sugars; gray sticks, outer-core sugars; orange sticks, O10-antigen poly-

saccharide). Asn24, Arg25, and Lys34 in L1 mainly form hydrogen bonds

with sugar residues in both lipid A and O10-antigen regions. To see this

figure in color, go online.
Interactions between OprH and LPS in
P. aeruginosa and E. coli OMs

To understand how OprH interacts with OMs with different
LPS compositions, we performed a heavy-atom contact
analysis between each protein residue and surrounding mol-
ecules (see Fig. 5 for OprH-Pa.G2.O10 and Figs. S14–S17
for other systems; n.b., hereafter, for brevity, the system
name does not include OprH). A cutoff distance of 4 Å
was used to define a contact in these calculations, and the
average of three replicas was used in the figures. In addition,
the occupancy of hydrogen bonds between each loop (L1–
L4) and LPS was calculated (Fig. S18). In general, the pro-
tein-LPS interaction patterns of the OprH-OM systems are
similar to those of the OmpLA-OM (30) and BamA-OM
(32) systems. The b-strands mainly interact with LPS or
phospholipid acyl tails; the extracellular loops primarily
interact with lipid A headgroups, the core, O-antigen, and
water; and the turns on the periplasmic side mainly interact
with phospholipids and water.

In Pa.G2.O10, three different interaction patterns of loop
L1 residues are observed. Residues 21–29 preferentially
interact with outer-core and O10-antigen sugars, residues
30–32 mainly interact with inner-core sugars, and residues
33–38 mainly interact with lipid A headgroups. Similar
interaction patterns for L1 residues are observed in Pa.Kdo
(Fig. S14) and Pa.G2 (Fig. S15), i.e., residues 33–38 interact
with lipid A headgroups in Pa.Kdo and Pa.G2, and residues
FIGURE 5 Patterns of the interactions of protein residues with their environm

4 Å of each OprH residue are shown for water (blue), phospholipid headgroups (

headgroups (orange), the region between lipid A headgroups and lipid A tails (m

(cyan) and outer core (red), and O10-antigen (pink). The bar below each set o

(coral), turn (turquoise), and N-terminus (light blue). The red- and blue-colored

in color, go online.
30–32 interact with inner-core sugars in Pa.G2. Interactions
between L1 residues 21–29 and O10-antigen appear to
slightly restrict the overall dynamics of L1 (Fig. 6), leading
to a higher frequency of interactions between L1 residues
33–38 and lipid A headgroups in Pa.G2.O10 compared to
Pa.G2 and Pa.Kdo. OprH L1 residues show similar patterns
of interaction with lipid A headgroups in Pa.Kdo (Fig. S14)
and Ec.Kdo (Fig. S16). Increased frequencies of interactions
between L1 residues 21–29 and core sugars, and between L1
ent in Pa.G2.O10. The frequencies of various environmental entities within

yellow), phospholipid carbon tails (green), lipid A tails (dark green), lipid A

agenta), Kdo sugars in the inner core (purple), Hep sugars in the inner core

f patterns indicates the protein secondary structure: b-barrel (beige), loop

characters indicate basic and polar residues, respectively. To see this figure
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FIGURE 7 Fluctuations of loop L2 (magenta) and the nearest LPS mole-

cule in (A) Pa.G2.O10 and (B) Ec.K12 from a representative replica of

the systems (pink sticks, lipid A; dark gray sticks, inner-core sugars; gray

sticks, outer-core sugars; orange sticks, O-antigen polysaccharide). The

L2 structures were taken from the last 200-ns trajectories with a 1-ns inter-

val. Similar L2 fluctuations were observed in other replicas of each system

(data not shown). To see this figure in color, go online.
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residues 33–38 and lipid A headgroups are observed in
Ec.K12 (Fig. S17) compared to Pa.G2 (Fig. S15). These
different interaction patterns suggest different exposures
of the residues to surrounding LPS environments due to
the conformational preferences of constituent LPS sugars
in the outer core in these systems (Fig. S19).

The OprH loops are rich in positively charged residues
(20.5% of all loop residues), which enhance the binding to
negatively charged LPS. This is clearly reflected by the ma-
jority of interactions arising from electrostatic interactions
between basic or polar residues in OprH loops and nega-
tively charged PO2�

4 and COO� groups in LPS (Fig. 5). In
the case of loop L1, frequent contacts are made through res-
idues Asp33, Lys34, Asp37, and Asn38. This observation is
supported by experimental data showing that addition of
P. aeruginosa LPS protects this region of OprH from trypsin
digestion (19). Interestingly, hydrophobic residue Val35 is
also important for LPS binding, especially in Pa.G2.O10,
Ec.Kdo, and Ec.K12.
352 Biophysical Journal 112, 346–355, January 24, 2017
Interactions of loop L2 are observed to be dominated by
lipid A headgroups and Kdo and Hep in the inner core, with
the exception of Ec.K12 (Fig. S17), where residues 67–69
interact with outer-core sugars. Interestingly, this different
interaction pattern does not arise from variations in the
overall membrane hydrophobic thickness (as the membrane
thinning occurs near OprH (Fig. 3)), but rather from the
conformational difference of L2 in different environments.
For example, as shown in Fig. 7, the L2 residues manifest
a larger fluctuation in Ec.K12 than in Pa.G2.O10, which is
consistent with the results of the pairwise RMSD of L2
(Fig. 4).

In all systems, Lys70 and Arg72 in loop L2 show similar
interactions with LPS (Figs. 5 and S14–S17). Both residues
interact with lipid A headgroups and Kdo sugars, indicating
that these residues are important binding sites between
OprH and LPS. This observation is consistent with recent
experimental data showing that conserved Lys70 and
Arg72 contribute significantly to interactions between
OprH and LPS (18). A stretch of mostly charged residues
from 64 to 69 also substantially aids LPS binding, but in
the case of these residues, the interaction sites vary among
lipid A headgroups, Kdo sugars, and inner- and outer-core
sugars (Figs. 5 and S14–S17).

In the case of loop L3 and L4 residues, different interac-
tion patterns are observed in Pa.G2 and Pa.Kdo compared to
Pa.G2.O10. These interactions appear to affect the confor-
mational dynamics of loops L3 and L4. For example, to
establish interactions with Kdo sugars, the conformations
of L3 (Fig. 8 A) and L4 (Fig. 8 C) need to be more tilted
and extended in Pa.Kdo compared to relatively straight
and restricted conformations in Pa.G2.O10 (Fig. 8, B and
D, respectively). This is also consistent with the observed
fluctuations of L3 and L4 (Fig. S20) and the broad pairwise
RMSD distributions of L3 and L4 in Pa.Kdo compared to
Pa.G2.O10 (Fig. 4). We observed a similar behavior in Ec
systems (Fig. S21). The simulation results indicate that
the conformational dynamics of the loops, especially L3
and L4, vary with the LPS composition, which may be
necessary to maintain the functionality of the protein for
bacterial survival. It is worth noting that although most res-
idues in L3 and L4 significantly contribute to LPS confor-
mational dynamics, some of the residues localized in the
FIGURE 8 (A–D) Representative snapshots

showing interactions of loops L3 and L4 with

LPS: (A) L3 in Pa.Kdo, (B) L3 in Pa.G2.O10, (C)

L4 in Pa.Kdo, and (D) L4 in Pa.G2.O10. Each

loop that interacts with LPS is colored magenta

(pink sticks, lipid A; dark gray sticks, inner-core

sugars; gray sticks, outer-core sugars; orange

sticks, O-antigen polysaccharide). To see this

figure in color, go online. To see this figure in co-

lor, go online.



FIGURE 9 Snapshot showing interactions of Lys103 and Arg145 with

lipid A headgroups in Pa.G2.O10. L3 and L4 residues are colored magenta,

lipid A is represented as pink sticks, and inner-core sugars are shown as

dark gray sticks. To see this figure in color, go online.

OprH-LPS Interactions
upper rim of the b-barrel, especially Lys103 and Arg145
(Fig. 9), play a crucial role in LPS binding (via lipid A head-
groups and the region between the lipid A headgroups and
tails) to OprH. This observation is consistent with experi-
mental data (18) and the fact that these residues are evolu-
tionarily highly conserved (11).
CONCLUSIONS

Since the introduction of the fluid mosaic model of biolog-
ical membranes, there has been an interest in how mem-
brane proteins interact with lipid molecules. Recently,
several new protein-lipid complexes have been described
by x-ray crystallography and mass spectroscopy (64,65).
Despite this recent progress, the mechanisms used by lipids
to regulate protein structure and function are still largely un-
known, as only a limited number of methods are capable of
systematically characterizing protein-lipid interactions (66).

In this work, we used all-atom MD simulations to explore
the structural properties, dynamics, and interactions of
OprH in native-like asymmetric P. aeruginosa OMs and,
for comparison, in E. coliOMs. Analyses of OM-only mem-
brane simulations show that as more LPS components are
added, the area per lipid A slightly increases, indicating
slightly looser lipid A packing in the full core systems
(Pa.G2, Pa.G2.O10, and Ec.K12) compared to Kdo-only
core systems (Pa.Kdo and Ec.Kdo). As expected from their
different lipid A chain lengths, the Ec systems have a larger
hydrophobic thickness than the Pa systems. Nonetheless, it
should be noted that all OprH-OM systems show similar hy-
drophobic thicknesses near OprH due to membrane thinning
arising from specific OprH-OM interactions by which the
hydrophobic match between OprH and the OM is dynami-
cally adjusted.

The chemical structure of LPS can be extensively modi-
fied depending on the conditions in which the bacteria are
cultured (11). However, Pseudomonas species generally
have only one gene coding OprH-like protein. In that
case, it may be necessary to change the internal conforma-
tional dynamics of loops with different LPS compositions
to maintain the functional role of OprH as a membrane
stabilizer and thus the survival of the bacteria. Interest-
ingly, the dynamics of the OprH loops indeed depend on
the LPS composition in the OMs and are greatly reduced
in OMs with LPS O-antigen compared to those in Kdo-
only OMs and in solution NMR structures. As it is diffi-
cult to obtain well-defined orientations of OprH loops
by solution NMR experiments in detergent micelles, the
OprH-OM simulations with different LPS compositions
reported in this study may also provide an opportunity
to refine functionally important loop conformations of
OprH (and other outer membrane proteins).

Notably, in every simulation performed here, water mole-
cules were unable to pass through the OprH pore from one
leaflet to the other, due to the presence of charged residues
occluding the pore. This further suggests that the functional
role of this protein does not involve substrate transport.
However, different protonation states of the charged residues
at different pH values may change these interaction patterns,
which could lead to water permeation through the pore.

Consistent with previous experimental findings (18), the
calculated interaction patterns between OprH and LPS
show that Lys70, Arg72, Lys103, Arg113, and Arg145
are key residues for interactions between OprH and LPS,
although the interaction frequencies vary among the
different LPS environments. In all LPS simulation sys-
tems, Lys70, Arg72, Lys103, and Arg145 interact mainly
with the lipid A headgroups and the region between the
headgroups and acyl tails of lipid A. This region of LPS
is evolutionarily highly conserved (11) and plays an impor-
tant role in the interactions of LPS with other outer mem-
brane proteins (67) as well as with components of the
innate immune system (68).

In summary, the results of the MD simulations presented
here provide valuable insight into OprH-LPS interactions
that increase the integrity of the OM of P. aeruginosa under
stress conditions and during early stages of infection. Due to
the recent increase in the number of P. aeruginosa strains
that are capable of chemically modifying their lipid A struc-
ture to avoid detection by the immune system, OprH might
also be considered a potential target for novel antimicrobial
therapies (13,69,70).
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Table S1. System information. 

Systems 
Lipid composition # Lipids System 

Size # Atom # Water 
Top Bottom Top Bottom 

OM-
Only 

Ec.Kdo E. coli lipid A + 
two Kdo sugars PPPE/PVPG/PVCL2 36 75/20/5 80×80×95 ~61,000 ~12,000 

Ec.K12 E. coli Lipid A 
+ K12 core PPPE/PVPG/PVCL2 36 75/20/5 78×78×116 ~73,000 ~13,000 

Pa.Kdo 
P. aeruginosa 
Lipid A + two 

Kdo sugars 
PPPE/PVPG/PVCL2 36 75/20/5 79×79×93 ~60,000 ~12,000 

Pa.G2 
P. aeruginosa 
Lipid A + G2 

core 
PPPE/PVPG/PVCL2 36 75/20/5 77×77115 ~71,000 ~13,000 

Pa.G2.O10 

P. aeruginosa 
Lipid A + G2 

core + two O10 
O-antigen 

PPPE/PVPG/PVCL2 36 75/20/5 77×77×139 ~85,000 ~16,000 

OM-
OprH 

Ec.Kdo E. coli lipid A + 
two Kdo sugars PPPE/PVPG/PVCL2 35 75/20/5 83×83×115 ~82,000 ~18,000 

Ec.K12 E. coli Lipid A 
+ K12 core PPPE/PVPG/PVCL2 35 75/20/5 83×83×118 ~84,000 ~16,000 

Pa.Kdo 
P. aeruginosa 
Lipid A + two 

Kdo sugars 
PPPE/PVPG/PVCL2 35 75/20/5 83×83×113 ~80,000 ~18,000 

Pa.G2 
P. aeruginosa 
Lipid A + G2 

core 
PPPE/PVPG/PVCL2 35 75/20/5 83×83×116 ~81,000 ~16,000 

Pa.G2.O10 

P. aeruginosa 
Lipid A + G2 

core + two O10 
O-antigen 

PPPE/PVPG/PVCL2 35 75/20/5 83×83×138 ~98,000 ~19,000 

	
  



	
Figure S1. Chemical structures of lipid A and sequences of LPS core considered in this study: 
(A) Ec.Kdo and (B) Ec.K12 (1, 2) and representative snapshots of OprH embedded in (C) 
Ec.Kdo and (D) Ec.K12 OMs. The E. coli K12 core has two Kdo residues and three Hep 
residues, two of which have a monophosphoester group at O4 positions in the inner core. The 
outer core consists of three Glc residues, one Gal residue, and one Hep residue, which are α-
linked. Lipid A is represented as pink spheres, core sugars as gray sticks, O10-antigen 
polysaccharides as orange sticks, PPPE as blue spheres, PVPG as orange spheres, PVCL2 as 
magenta spheres, Ca2+ ions as small cyan spheres, K+ ions as small magenta spheres, and Cl− 
ions as small green spheres. For clarity, some portion of each system is truncated and water 
molecules are not shown. 
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Figure S2. Time-series of the area per lipid (APL) of (A) LPS, (B) PPPE, (C) PVPG, and (D) 
PVCL2 in OM-only Pa.G2.O10 with three independent systems (replica 1 with red line, replica 2 
with green line, and replica 3 with blue line). 
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Figure S3. Average area per lipid (APL) of each lipid in OM-only system with the standard 
errors over three replicas. The APL of each lipid type was calculated using a Voronoi tessellation 
approach with the following atom selections: carbonyl carbon atoms (i.e., C11, C21, C31, C41, 
C51, and C61) to define acyl chains of lipid A, two carbon atoms (C21 and C31) for PPPE and 
PVPG, and four carbon atoms (CA1, CB1, CC1, and CD1) for PVCL2 lipid chains. 
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Figure S4. Deuterium order parameters for (A) E. coli lipid A, (B) P. aeruginosa lipid A, (C) 
PPPE, (D) PVPG, and (E) PVCL2 of OM-only systems. 
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Figure S5. Two-dimensional thickness distributions of the OMs with OprH in (A) Ec.Kdo, (B) 
Ec.K12, (C) Pa.Kdo, (D) Pa.G2, and (E) Pa.G2.O10. 
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Figure S6. Two-dimensional thickness distributions of the OMs with (A) Ec.Kdo, (B) Ec.K12, 
(C) Pa.Kdo, (D) Pa.G2, and (E) Pa.G2.O10. 
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Figure S7. Two-dimensional z-position distributions of (A) the C2 and C4 atoms of lipid A and 
(B) the acyl chain C2 atoms of phospholipids in Pa.Kdo, as well as two-dimensional z-position 
distributions of the center of mass of the side chain of the hydrophobic residues on the rim of 
each β-strand for (C) upper leaflet and (D) lower leaflet in OprH-Pa.Kdo. 
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Figure S8. Density profiles of water (blue), phospholipid head groups (yellow), lipid carbon tail 
(green), LPS head groups (orange), LPS Kdo sugar (purple), LPS inner core (cyan), LPS outer 
core (red), LPS O-antigen (pink), and protein backbone atoms (black) along the membrane 
normal (i.e., the z axis) in (A) Ec.Kdo, (B) Ec.K12, (C) Pa.Kdo, (D) Pa.G2, and (E) Pa.G2.O10 
of OM-only systems, and (F) Ec.Kdo, (G) Ec.K12, (H) Pa.Kdo, (I) Pa.G2, and (J) Pa.G2.O10 of 
OprH-OM systems. 
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Figure S9. Overlaid views with 100 snapshots of the water molecules in OprH pore in (A) 
Pa.G2.O10 and (B) Pa.Kdo. Each snapshot was extracted every 2 ns from the last 200 ns. Arg54, 
Asp81, and Glu138 are shown with sticks. 
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Figure S10. Time-series of the root-mean-square deviation (RMSD) of OprH β-barrel backbone 
atoms from the starting NMR structure in three independent systems (replica 1 with red line, 
replica 2 with green line, and replica 3 with blue line) in (A) Ec.Kdo, (B) Ec.K12, (C) Pa.Kdo, 
(D) Pa.G2, and (E) Pa.G2.O10. 
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Figure S11. Pairwise RMSD distributions of the OprH loops for Ec systems, calculated by 
aligning each of last 100-ns snapshot structures to the β-barrel CA atoms of the initial structure 
and then measuring the RMSD of each pair using the loop Cα atoms. 
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Figure S12. Comparison of the starting NMR structure and MD-averaged structures (three 
replicas in each system): (A) top and (B) side view. 
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Figure S13. Root mean-square fluctuations (RMSF) of the OprH backbone atoms with the 
standard errors over three replicas for each system, which were calculated by aligning each 
structure to the β-barrel CA atoms of the initial structure using last 100-ns trajectories. Protein 
secondary structure is indicated by the background color: β-barrel (beige), loop (coral), and turn 
(turquoise). 
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Figure S14. Interaction patterns of protein residues with their surrounding environments in 
Pa.Kdo. The frequencies of various environmental entities coming within 4 Å proximity of each 
residue of OprH are shown for water (blue), phospholipid head groups (yellow), phospholipid 
carbon tails (green), lipid A tails (dark green), lipid A head groups (orange), the region between 
lipid A head groups and lipid A tails (magenta), Kdo sugars in inner core (purple), Hep sugars in 
inner core (cyan), outer core (red), and O-antigen (pink). The bar below each set of patterns 
indicates the protein secondary structure: β-barrel (beige), loop (coral), turn (turquoise), and N 
terminus (light blue). The red and blue colored characters indicate basic and polar residues, 
respectively. 
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Figure S15. Interaction patterns of protein residues with their surrounding environments in 
Pa.G2. The frequencies of various environmental entities coming within 4 Å proximity of each 
residue of OprH are shown for water (blue), phospholipid head groups (yellow), phospholipid 
carbon tails (green), lipid A tails (dark green), lipid A head groups (orange), the region between 
lipid A head groups and lipid A tails (magenta), Kdo sugars in inner core (purple), Hep sugars in 
inner core (cyan), outer core (red), and O-antigen (pink). The bar below each set of patterns 
indicates the protein secondary structure: β-barrel (beige), loop (coral), turn (turquoise), and N 
terminus (light blue). The red and blue colored characters indicate basic and polar residues, 
respectively. 
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Figure S16. Interaction patterns of protein residues with their surrounding environments in 
Ec.Kdo. The frequencies of various environmental entities coming within 4 Å proximity of each 
residue of OprH are shown for water (blue), phospholipid head groups (yellow), phospholipid 
carbon tails (green), lipid A tails (dark green), lipid A head groups (orange), the region between 
lipid A head groups and lipid A tails (magenta), Kdo sugars in inner core (purple), Hep sugars in 
inner core (cyan), outer core (red), and O-antigen (pink). The bar below each set of patterns 
indicates the protein secondary structure: β-barrel (beige), loop (coral), turn (turquoise), and N 
terminus (light blue). The red and blue colored characters indicate basic and polar residues, 
respectively. 
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Figure S17. Interaction patterns of protein residues with their surrounding environments in 
Ec.K12. The frequencies of various environmental entities coming within 4 Å proximity of each 
residue of OprH are shown for water (blue), phospholipid head groups (yellow), phospholipid 
carbon tails (green), lipid A tails (dark green), lipid A head groups (orange), the region between 
lipid A head groups and lipid A tails (magenta), Kdo sugars in inner core (purple), Hep sugars in 
inner core (cyan), outer core (red), and O-antigen (pink). The bar below each set of patterns 
indicates the protein secondary structure: β-barrel (beige), loop (coral), turn (turquoise), and N 
terminus (light blue). The red and blue colored characters indicate basic and polar residues, 
respectively. 
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Figure S18. The occupancy of hydrogen bonding between protein loops and each component in 
LPS molecules (lipid A with orange, Kdo sugars in inner core with purple, Hep sugars in inner 
core with cyan, outer core with red, and O-antigen with pink). A hydrogen bond is assigned 
when donor and acceptor atoms are closer than 2.4 Å, and the occupancy indicates an average 
lifetime of hydrogen bonds over three replicas during last 100-ns trajectories. 
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Figure S19. Representative snapshots showing interactions of L1 with LPS: (A) L1 of Pa.G2 and 
(B) L1 of Ec.K12. L1 is colored as magenta, whereas lipid A is represented as pink sticks, inner 
core sugars as dark gray sticks, outer core sugars as gray sticks. 
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Figure S20. Fluctuations of the L3 and L4 (magenta) and the nearest LPS molecule: (A) L3 in 
Pa.Kdo, (B) L3 in Pa.G2.O10, (C) L4 in Pa.Kdo, and (D) L4 in Pa.G2.O10 from representative 
replica of the systems. Lipid A is represented as pink sticks, inner core sugars as dark gray sticks, 
outer core sugars as gray sticks, and O-antigen polysaccharide as orange sticks. Fluctuations of 
L3 and L4 were recoded from last 200ns of trajectories and snapshots were saved at every 1ns of 
time interval. Similar fluctuations for L3 and L4 were observed for other replicas of the 
representative systems. 
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Figure S21. Representative snapshots showing interactions of L3 and L4 with LPS molecule: 
(A) L3 of Ec.Kdo, (B) L3 of Ec.K12, (C) L4 of Ec.Kdo, and (D) L4 of Ec.K12. Each loop that 
interacts with LPS molecule is colored as magenta, whereas lipid A is represented as pink sticks, 
inner core sugars as dark gray sticks, outer core sugars as gray sticks, and O-antigen 
polysaccharide as orange sticks. 
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