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Abstract: The composition of the outer membrane in Gram-negative bacteria is asymmetric, with
the lipopolysaccharides found in the outer leaflet and phospholipids in the inner leaflet. The MlaC
protein transfers phospholipids from the outer to inner membrane to maintain such lipid asymme-
try in the Mla pathway. In this work, we have performed molecular dynamics simulations on apo
and phospholipid-bound systems to study the dynamical properties of MlaC. Our simulations show
that the phospholipid forms hydrophobic interactions with the protein. Residues surrounding the
entrance of the binding site exhibit correlated motions to control the site opening and closing.
Lipid binding leads to increase of the binding pocket volume and precludes entry of the water mol-
ecules. However, in the absence of the phospholipid, water molecules can freely move in and out
of the binding site when the pocket is open. Dehydration occurs when the pocket closes. This
study provides dynamic information of the MlaC protein and may facilitate the design of antibiotics
against the Mla pathway of Gram-negative bacteria.

Keywords: Mla pathway; ABC transporter; phospholipid; molecular dynamics simulation

Introduction

The cell envelope of Gram-negative bacteria consists
of two different membranes, the outer membrane
(OM) and the inner membrane (IM), which are sepa-
rated by the periplasm® (Fig. 1). The OM in Gram-
negative bacteria has an asymmetric lipid distribu-
tion, with lipopolysaccharides at the outer leaflet
and phospholipids at the inner leaflet. To maintain
this lipid asymmetry, an ATP-binding cassette (ABC)
transport system prevents phospholipid accumula-
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tion in the outer leaflet by the action of proteins in
the Mla pathway that remove the misplaced phos-
pholipids from the OM.?? Inactivating any of the
key components from the Mla pathway increases
permeability of OM, impairs bacterial functions, and
increases sensitivity to antibiotic treatment.

The MlaC protein is one of the key elements in
the Mla pathway in Gram-negative bacteria. It func-
tions as a lipid-transfer protein, delivering the phos-
pholipid from OMs to IMs to maintain membrane
integrity.> The crystal structure of MlaC—phospho-
lipid complex from Ralstonia solanacearum shows
that MlaC protein is folded into nine alpha helices
and five beta stands (Fig. 2). The hydrophobic fatty
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Figure 1. Model of Mla pathway in Gram-negative bacteria.

acids of the phospholipid are located inside the pro-
tein and make direct contacts with the al, a6, a7,
B3, and B4 regions.

As a novel antibiotic sensitizing concept, one
can design small molecules that bind to the Mla pro-
teins to interrupt the phospholipid transport on the
membranes and limit the viability of bacteria during
infection and therapy. As a first potential adjunctive
antibiotic design, understanding the dynamical prop-
erties of the Mla proteins can provide an instructive
platform to identify latent drug-binding pockets and
further implement the design. To this end, in silico
molecular dynamic modeling has served as a power-
ful tool to generate a series of conformations that
show the physical movements of a protein. A num-
ber of existing studies through molecular dynamics
(MD) investigation have successfully provided useful
information for drug discovery.*®

In this work, we sought to obtain dynamic
insights of the MlaC protein through computational
modeling. To better understand dynamic motions of
the MlaC protein from different organisms, we per-
formed MD simulations of MlaC from both Ralstonia
solanacearum and Acinetobacter baumannii. The
mechanisms of phospholipid binding, correlated pro-
tein motions and dynamics of water molecules were
investigated in detail.

Results and Discussion

Phospholipid binding

The BLAST calculations show that the sequence
identity of MlaC protein between Ralstonia solana-
cearum and Acinetobacter baumannii is 29%. Albeit
with a low sequence identity, most residues sur-
rounding the lipid-binding site, such as a3, a7, B3,
and B4, are either the same or share similar amino
acid properties (Fig. 2).

The lipid-binding site of MlaC protein is com-
posed of a large number of hydrophobic residues
(Fig. 3). Furthermore, the nonpolar side chains of
these residues, Leu, Ile, Val, Lys, and Phe, can move
in unison with hydrophobic fatty acids of the phos-
pholipid. Thus, the phospholipid tails are mobile
within the binding site. In contrast to the hydropho-
bic tails that form close interactions with the pro-
tein, the hydrophilic phosphate head group of the
lipid is exposed to solvent; and it is highly flexible
shown from the RMSD calculations (Fig. 4).

Flexibility and rigidity of MlaC protein
The RMSD is a measure of average distance
between atoms of two structures, which indicates
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Figure 2. Sequence alignment and structure of MlaC protein. The MlaC sequences from Ralstonia solanacearum and Acineto-
bacter baumannii are aligned using BLAST program. Red and blue highlights indicate identical and chemically similar amino
acids, respectively. The structure of MlaC protein is composed of nine alpha helices and five beta stands. The bound-

phospholipid is colored in pink.
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Figure 3. MlaC protein—phospholipid interactions. Residues interacting with the phospholipid tails on top and bottom side are

shown in yellow and magenta, respectively.

the structural changes of a protein during MD simu-
lations. Figure 5(A) shows that all systems are rea-
sonably equilibrated after 10-ns simulations. The
RMSD of the entire protein in Apo and Holo MlaC
(R. S.) system are generally within 1.5-2.0 A. How-
ever, Apo and Holo MlaC (A. B.) system exhibit
larger RMSD values. This can be attributed to the
fact that the initial coordinates of the protein in Apo
and Holo MlaC (A. B.) system are from homology
modeling, thus somewhat larger conformational
adjustments occur during the simulations.

To better understand structural variations sur-
rounding the lipid-binding site, we examined RMSD
of MlaC protein within 5 A of the phospholipid. As

shown in Figure 5(B), generally, the free MlaC pro-
teins display larger RMSD than the complexes. This
indicates that the binding of the phospholipid
restricts motions of MlaC protein and reduces the
plasticity of the binding site.

In addition to the study of global and local con-
formational flexibility, we measured RMSF of Ca on
the protein backbone to illustrate the fluctuations of
each residue over the simulation time. Figure 6
shows that the loop between B2 and B3 and the
loop between B4 and B5 are highly flexible. Notably,
these two loops are located near the entrance of the
lipid-binding site, implying that the plasticity of
the loops could allow the protein to alter the shape

® hydrophobic tail 1
® hydrophobic tail 2

* hydrophilic head

20 40 60 80 100
simulaiton time (ns)

Figure 4. RMSD calculations of phospholipid. The RMSD of hydrophobic tail 1, hydrophobic tail 2, and hydrophilic head of the

phospholipid are shown in blue, red, and green, respectively.
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Figure 5. RMSDs of MlaC protein relative to the simulation starting structure. We calculated RMSD of the entire protein (a) and
residues within 5 A around the lipid-binding site (b). The free protein and complex structures are shown in blue and red,

respectively.

and size of the binding site to fit the lipid
conformations.

Opening and closing of the phospholipid-
binding site

We next explored the fluctuations in volume of the
lipid-binding site during the MD simulations. Figure
7 shows that the volume of the binding site changes
over the simulation time. In the lipid-bound states
[Holo MlaC (R. S. and A. B.)], an opening of the
lipid-binding site was observed, by which the volume
of the pocket could open up to ~600 A%, However,
the size of the binding site shrinks to 50-200 A® in
the absence of the lipid [Apo MlaC (R. S. and A.
B.)]. The release of the phospholipid induces the
closing of the binding pocket.

We further examined the distance changes of
several residues surrounding the lipid-binding site.
Figure 8 shows that the Alall2 (Alal19)-Ser169
(Ser176) and Valll6 (Tyrl123)-Ser169 (Serl76) dis-
tances are increased when the phospholipid is bound
to the MlaC protein. Notably, all these six residues
are located at the entrance of the binding site,
Alal12 (Alal19) and Vall16 (Tyr123) are in «7, and
the Ser169 (Serl176) are in B5. This indicates that
the movement of a7 and B5 can alter the size of the
lipid-binding site and change the binding pocket
from the open to closed form.

Correlations

Because the binding pocket size changes between
the lipid-free and -bound states, we inspected if
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any correlated motions of the protein that could
help to adjust the protein conformations and adapt
for lipid binding. Calculations of generalized corre-
lation show that two highly correlated motions
occur near the lipid-binding site (see Fig. 9). First,
a7 correlates with B2 and B3. Second, a7 correlates

7
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Figure 6. RMSFs of MIaC protein. We calculated RMSF on
Systems 1-4. The green circles highlight the flexible regions.
The free protein and complex structures are shown in blue
and red, respectively.
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Figure 7. Volume of the lipid-binding site of MlaC protein. The binding site volume fluctuations of the MlaC protein from Ralsto-
nia solanacearum and Acinetobacter baumannii are shown on the left and right, respectively.
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Figure 8. Distance changes of the residues around the binding site. We presented the distance fluctuations between few resi-
dues around the entrance of the lipid-binding site.
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Figure 9. Correlation map of MlaC protein. The correlation map of the MlaC protein from Ralstonia solanacearum are on the
left. The MlaC protein (gray) and phospholipid (colored bonds) are shown on the right. The red box shows that a7 appears cor-
related motions with 32 and 33; and the yellow box indicates the correlations between a7 and a2.

with «2. Accordingly, with motion of a7, loops near
a2, B2 and B3 can co-evolve to change the shape
and size of the binding site. These correlated
motions are also shown in Apo and Holo MlaC
(A. B.).

Water molecules in the phospholipid-binding
site

Water molecules could play an important role in
ligand binding, and understanding of the water
dynamics may facilitate further drug design.” Hence,
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we calculated the number of water molecules in the
binding site in both the absence and presence of the
phospholipid (Fig. 10). From our calculations, both
Holo MlaC (R. S. and A. B.) show less than 20
waters in the binding pocket upon lipid binding. In
the lipid-free state, Apo MlaC (R. S.) displays that
water molecules can freely move in and out from the
binding pocket, thus, the number of waters fluctu-
ates significantly. However, in Apo MlaC (A. B.),
dehydration occurs because the hydrophobic resi-
dues around the binding site form contacts when the
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Figure 10. Fluctuations of number of water molecules in the lipid-binding site. We calculated number of water molecules in the
binding site of Apo and Holo MlaC (R. S. and A. B.) over the simulation time.
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Table I. List of MlaC Systems Studied in the Present MD Simulations

No. Abbreviation System

Details Source bacteria

System 1 ~ Holo MlaC (R. S.)  MlaC + phospholipid

System 2 Apo MlaC (R. S.) MlaC protein
System 3 Apo MlaC (A. B.) MlaC protein
System 4  Holo MlaC (A. B.)  MlaC + phospholipid

Coordinate from PDB code 2QGU
Remove phospholipid from System 1
Build by homology modeling
Re-dock phospholipid to System 3

Ralstonia solanacearum
Ralstonia solanacearum
Acinetobacter baumannii
Acinetobacter baumannii

protein is in apo form. Moreover, the binding pocket
tends to close at the end of simulation. These results
are consistent with those obtained from calculations
of the pocket volume. Although both Apo MlaC (R.
S. and A. B.) are lipid-free system, the pocket vol-
ume of Apo MlaC (A. B.) is smaller than Apo MlaC
(R. S.). A dewetting process occurs at the binding
interface in Apo MlaC (A. B.). The difference
between Apo MlaC (R. S.) and Apo MlaC (A. B.) can
be attributed to the composition of residues in the
binding pocket. In the Apo MlaC (A. B.) system, the
side chains of two Phe residues, Phel20 and
Phel58, point into the pocket, which exclude waters.
However, in the Apo MlaC (R. S.) system, Leull3
and Tyrl52 replace the position of Phel20 and
Phel58, respectively. The hydroxyl group of Tyr152
allows some water molecules to move around and
the side chain of Leull3 is smaller than Phel20,
which explains why more waters are in the Apo
MlaC (R. S.) binding site.

Conclusions

In this study, we investigated dynamic properties
of an important bacterial lipid-transfer protein—
MlaC. MD simulations were carried out on both
lipid-free and lipid-bound states of MlaC protein
from Ralstonia solanacearum and Acinetobacter
baumannii. Our simulations showed that the
hydrophobic tails of the phospholipid form nonpo-
lar contacts with the protein and that the hydro-
philic head of the phospholipid can freely move in
the solvent. The binding of the phospholipid
restricts the motions of the protein, especially the
residues around the binding site. In addition,
loops near B2, B3, B4, and B5 are flexible; and a7
can co-move with o2, B2, and B3. These protein
motions surrounding the entrance of the lipid-
binding site tune the shape and size of the binding
pocket to accommodate the substrate binding. The
open and closed forms of the binding site were
thus observed. The calculations of pocket volume
showed that the size of the binding site decreases
markedly once the phospholipid is released from
the protein. Finally, analysis of water motions
suggested that, in the lipid-free state, the opening
of the pocket allows water molecules to stay in the
lipid-binding site; however, the
released from the pocket during closing of the
binding site.

waters are

Huang et al.

Methods

Molecular systems
In this study, we considered the MlaC proteins from
Ralstonia solanacearum and Acinetobacter bauman-
nii. For comparison, sequence alignment was per-
formed on the MlaC proteins from the two source
bacteria using Basic Local Alignment Search Tool
(BLAST).®

Four systems of MlaC protein were studied in
this work (Table I): (1) System 1: The MlaC protein
in complex of a phospholipid [named, 1,2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine (DPPE)]
from Ralstonia solanacearum was taken from Pro-
tein Data Bank (PDB) with the code 2QGU, (2) Sys-
tem 2: Creation of an apo MlaC protein from
Ralstonia solanacearum by removing the phospho-
lipid in System 1, (3) System 3: Construction of a
MlaC protein structure in Acinetobacter baumannii
by performing homology modeling on the i-Tasser
server,? using 2QGU coordinates as a template, and
(4) System 4: Building of a MlaC protein—phospho-
lipid complex through re-docking the phospholipid
back to System 3.

MD simulations

Before starting MD simulations, we applied the soft-
ware Propka version 3.1 to assign static protonation
states of the MlaC protein at physiological pH 7.0.1°
The standard Amber 14 package with graphics proc-
essing unit (GPU) acceleration was applied for MD
simulations.''™® The protein and phospholipid were
modeled using the Amber 14SB and Amber lipid14
force field, respectively.'*'® First, we minimized the
MlaC systems regarding the hydrogen atoms, side
chains, and the entire protein complex for 500, 5000,
and 50,000 steps, respectively. The protein struc-
tures were solvated in a rectangular box of the
TIP3P water molecules with a 12 A buffer region.'®
The counterion, Cl™, based on the Coulombic poten-
tial, was added to neutralize the systems. Then, the
water molecules and entire system were minimized
for 1000 and 5000 steps with periodic boundary con-
dition in a constant volume, respectively. After water
equilibration for 100 ps, all molecules, including pro-
tein, substrate, ions and solvent, were gradually
relaxed by heating the system at 50, 100, 150, 200,
250, and 300 K for 10 ps, respectively. We turned on
the particle mesh Ewald to consider long-range elec-
;17.18 Langevin

trostatic interactions; and the
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thermostat with a damping constant of 2 ps™
also applied to maintain a temperature of 300 K.
The SHAKE algorithm was used to constrain hydro-
gen atoms during the MD simulations.'® The result-
ing trajectories were collected every 1 ps with a time
step of 2 fs at the isotropic pressure in the isother-
mic—isobaric (NPT) ensemble, and the total simula-
tion time of each system was 100 ns. No restriction

of the protein in all simulations here.

Analysis of simulation data

The root-mean-square deviation (RMSD), root-mean-
square fluctuation (RMSF), distance of atoms and
number of water molecules located in the lipid-
binding site were calculated using VMD.2® The vol-
umes of the lipid-binding site were predicted using
the POVME program, version 2.0, with snapshots
extracted every 50 ps from the MD simulations.?!
We measured generalized correlations that include
mutual information of nonlinear contributions of the
protein by applying the g_correlation program in
Gromacs 4.5.5 package developed by Lange and
Grubmiiller.22 The MD trajectories and snapshots
were examined using both VMD and PyMol
packages.2023
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