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Summary

Gram-negative bacteria such as E. coli are protected by a complex cell
envelope. The development of novel therapeutics against these bacteria
necessitates a molecular level understanding of the structure-dynamics-
function relationships of the various components of the cell envelope. We use
atomistic molecular dynamics simulations to reveal the details of covalent and
non-covalent protein interactions that link the outer membrane to the aqueous
periplasmic region. We show that the Braun’s lipoprotein tilts and bends, and
thereby lifts the cell wall closer to the outer membrane. Both monomers and
dimers of the outer membrane porin OmpA can interact with peptidoglycan in
the presence of Braun's lipoprotein, however in the absence of the latter, only
dimers of OmpA show a propensity to form contacts with peptidoglycan. Our
study provides a glimpse of how the molecular components of the bacterial
cell envelope interact with each other to mediate cell wall attachment in E.

coli.

Introduction

The cell envelope of E. coli is composed of two membranes separated by a
region known as the periplasm or the periplasmic space (Silhavy et al. 2010).
The outer membrane (OM) is composed of lipopolysaccharide (LPS)
molecules in the outer leaflet and a mixture of phospholipids, both zwitterionic
and anionic, in the inner leaflet (Lugtenberg & Peters 1976). Proteins that are
integral to this membrane are almost invariably beta barrels in architecture
(Tsirigos et al. 2011). The periplasm contains the sugar-peptide polymer,

peptidoglycan (PGN), as well as many different periplasmic proteins. The
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PGN network is attached to the OM and the IM via both covalent and non-
covalent interactions (Vollmer et al. 2004; Vollmer & Bertsche 2008; Vollmer

et al. 2008).

The only known protein that provides a covalent link to PGN is Braun’s
lipoprotein (BLP, also known as Lpp and murein lipoprotein), which is one of
the most abundant proteins in E. coli (Braun & Wolff 1970; Braun 1975). BLP
is anchored in the OM via a lipidated N-terminus, while the C—terminus is
covalently attached to the peptide chain of PGN. BLP exists in PGN-bound
and PGN-unbound states, with the former representing around one third of
the population (Braun & Sieglin 1970; Inouye et al. 1972; Bosch & Braun
1973; Lee & Inouye 1974). Crystallographic data revealed that the E. coli BLP
forms a stable homotrimer with a tight coiled coil motif held together by an
alanine zipper unit (Shu et al. 2000). Recently, electron microscopy and
electron cryomicroscopy studies showed that the length of BLP has a direct
influence on the distance between the peptidoglycan layer and the outer
membrane of E. coli (Cohen et al. 2017). However, how the BLP trimer is
positioned with respect to the OM and the PGN network, remains unknown at

the individual molecule level.

In addition to the covalent linkage provided by BLP, PGN is also attached
non-covalently to several OM and IM proteins such as OmpA-like domains
(Koebnik 1995), PGN-associated lipoproteins (PALs) (Parsons et al. 2006),
and flagella motor proteins (Roujeinikova 2008). The E. coli outer membrane

porin OmpA is a multi-domain protein whose N-terminal domain (NTD) is
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made of a beta barrel and C-terminal domain (CTD) is a globular periplasmic
unit that binds to PGN, connected by an unstructured 20-residue linker region
(Smith et al. 2007). The NTD has been subject to numerous functional and
structural studies (Pautsch & Schulz 1998; Bond et al. 2002; Arora et al. 2001,
Arora et al. 2000; Khalid et al. 2008), while the structure of the CTD has
recently emerged from a nuclear magnetic resonance (NMR) study (Ishida et
al. 2014). Several experimental evidence suggest that the full-length OmpA
can form a homodimer (Stenberg et al. 2005; Zheng et al. 2011), the model of
which has been proposed and validated by mass spectrometry and molecular
dynamics (MD) simulations (Marcoux et al. 2014; Ortiz-Suarez et al. 2016;
Samsudin et al. 2016). The mechanism of PGN attachment to OmpA CTD
has been elucidated by crystal structures of a homolog from Acinetobacter

baumannii bound to a short PGN peptide (Park et al. 2012).

While BLP and OmpA, and their interactions with PGN, have been extensively
studied individually and it is likely that both of these proteins form
simultaneous interactions with the PGN network in vivo, very little is known
about any interaction between the two proteins as the spatial arrangement of
both proteins within the cell envelope is still largely unexplored at a resolution
of individual molecules. Based on the X-ray structures, each helix of the BLP
trimer is around 80 A in length (Shu et al. 2000). If this represents the
separation of the OM and the PGN layer, the OmpA linker would have to be
fully extended to allow for CTD interaction with PGN. Such a conformation,
however, is likely to be entropically unfavourable. Further studies including

both proteins in the same environment are therefore crucial to understand the
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balance between covalent and non-covalent bonding between the OM and the

PGN cell wall.

To this end, here we built atomistic models representing a portion of the E.
coli cell envelope; namely the OM and the periplasm containing PGN, BLP,
and OmpA. Unlike our previous study, the PGN sheet was positioned
approximately 90 A from the lower leaflet of the OM, unbound to the OmpA
CTD, allowing us to examine how the latter can interact with PGN in the
presence of BLP. This distance was chosen, as it is the length of fully
extended, unkinked BLP. Our simulations show that BLP lifts the PGN layer
upwards by tilting and bending its helices. This in turn reduces the gap
between the OM and the cell wall, thereby facilitating the initial contact
between the OmpA CTD and PGN, especially in its monomeric form. OmpA
dimers on the other hand are able to interact with the cell wall even in the
absence of BLP by extending their linker domain. We also identify interactions
between BLP and OmpA as well as showing the interaction of the latter with

the cell wall.

Methods

The models. The full length OmpA monomer and dimer models were
obtained from Carol Robinson (Marcoux et al. 2014); their structural stability in
a model OM has been verified in our previous work (Ortiz-Suarez et al. 2016;
Samsudin et al. 2016). The OM model was asymmetric: the upper leaflet was
made entirely of full-rough Ra LPS lipids of the R1 core type (Vinogradov et

al. 1999; Appelmelk et al. 1994), whereas the lower leaflet comprised a
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mixture  of  phospholipids, ie. 90% 1-palmitoyl 2-cis-vaccenic
phosphatidylethanolamine  (PVPE), 5%  1l-palmitoyl  2-cis-vaccenic
phosphatidylglycerol (PVPG), and 5% 1-palmitoyl 2-cis-vaccenic 3-palmitoyl
4-cis-vaccenic diphosphatidylglycerol (DPG, otherwise known as cardiolipin)
(Lugtenberg & Peters 1976; Aibara et al. 1972; Kito et al. 1975; Yokota et al.
1980). This OM model has been validated in our previous simulations studies
(Ortiz-Suarez et al. 2016; Samsudin et al. 2016; Piggot et al. 2011). The
OmpA structure was inserted into the OM model using g_membed (Wolf et al.

2010) following the procedure previously described (Samsudin et al. 2016).

A PGN network consisting of three strands of ten repeating NAG-NAM-
peptide units was constructed and positioned approximately 90 A from the
surface of the lower leaflet of the OM. The BLP homotrimer was built based
on the structure from Shu et. al. (Shu et al. 2000) (PDB ID: 1EQ7) with the
last residues on both the N- and C-termini manually added back using PyMOL
(DeLano 2002). The N-terminus was in turn attached to the tripalmitoyl-S-
glyceryl-cysteine (TPGC) residues to incorporate the BLP to the inner leaflet
of the OM. The parameters for TPGC were constructed from the standard
GROMOS 54A7 force field (Schmid et al. 2011) with the GROMOS 53A60xy
(Horta et al. 2011) ether parameters used for the linkage region. PGN was
then covalently linked to the lysine on one of the C-termini of the BLP trimer
via its m-DAP residue. The linkage was constructed using the standard

GROMOS 54A7 parameters.

Atomistic MD simulations. All simulations were performed using the
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GROMACS 5 code (Abraham et al. 2015), the GROMOS 54A7 force field
(Schmid et al. 2011) with the SPC water model (Berendsen et al. 1981). Each
simulation was run for 100 ns, and at least one independent repeat of each
simulation was performed, giving at least 200 ns for each system simulated.
Temperatures of 310 K and 323 K were maintained using the velocity rescale
thermostat (Bussi et al. 2007) using a time constant of 1 ps. The pressure was
maintained semi-isotropically at 1 atm using the Parrinello-Rahman barostat
(Parrinello & Rahman 1981) with a time constant of 1 ps. All bonds were
constrained using the LINCS algorithm (Hess et al. 1997) to allow for an
integration time step of 2 fs. Long-range electrostatics were described using
the particle mesh Ewald (PME) method (Essmann et al. 1995). The short-
range electrostatic cutoff used was 1.2 nm and the short-range Van der Waals

cutoff was also 1.2 nm.

Short equilibration simulations were performed for each system in both the
NVT and the NPT ensembles. The NVT equilibration was first run for 500 ps,
followed by the NPT equilibration for another 1 ns, after which the pressure of
the systems reached a plateau. No positional restraints were imposed on the
proteins during these simulations. These equilibration simulations utilized the

same thermostat and barostat as mentioned above.

Results

Simulation systems
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Figure 1 | Simulation setup. A snapshot of a simulation system with the full-

length OmpA dimer (cyan and pink), BLP trimer (green), and PGN network

(red). OmpA and BLP are embedded within an asymmetric bilayer containing

Ra LPS in the upper leaflet (grey), and a mixture of phospholipids in the lower

leaflet (yellow).

Table 1 Summary of simulations performed.

System OmpA BLP Temperature Duration OmpA
(K) (ns) contact
with PGN
Control No Yes 310 2 x 100 -
Control No Yes 323 2 x 100 -
1 Monomer Yes 310 2x100 Yes
1 Monomer Yes 323 2x100 Yes
2 Monomer No 310 2x100 No
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2 Monomer No 323 2 x 100 No

3 Dimer Yes 310 2x100 Yes
3 Dimer Yes 323 2x100 Yes
4 Dimer No 310 2 x 100 Yes
4 Dimer No 323 2 x 100 Yes

Four atomistic simulation systems were constructed as described in Table 1
and Figure 1, containing either the full-length OmpA monomer or dimer
(Marcoux et al. 2014), in the presence or absence of BLP (Shu et al. 2000).
One system of only the BLP trimer in the absence of OmpA was also built as
a control. The OmpA NTD was inserted into a biologically relevant model of
the OM (Lugtenberg & Peters 1976; Aibara et al. 1972; Kito et al. 1975;
Yokota et al. 1980) described in the Methods section. The binding of PGN to
OmpA CTD occurs in a non-covalent fashion mediated by two residues, D241
and R256 in E. coli OmpA, as indicated by recent crystallographic data (Park
et al. 2012) and a simulation study (Samsudin et al. 2016). These residues,
however, are located deep within the OmpA CTD, suggesting that it is likely
that other residues on the surface of the protein might be involved in initial
binding. We therefore started all of our simulations with the CTD of OmpA
positioned around 30 A above a mesh of PGN network to observe the initial
binding event. In the presence of BLP, the C-terminus of one of the BLP
trimer was covalently linked to a PGN peptide chain. For systems with both
OmpA and BLP, they were separated by around 30 A at the beginning of the
simulations. Two independent simulations of each system, each for 100 ns,

were performed at 310 K and 323 K; the two temperatures were used as a
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means to enhance sampling with independent simulations. One simulation for
the systems containing OmpA dimer (System 3 and 4) at 310 K was extended
to 500 ns (Figure S1), although we did not observe any significant changes
after the first 100 ns. Therefore for simplicity, all analyses were performed

using the 100 ns simulations at the two temperatures mentioned in Table 1.

BLP tilts and kinks with respect to the membrane. At the beginning of the
simulations, BLP was positioned at a right angle with respect to the plane of
the membrane. Intriguingly, at the end of all simulations the BLP helices were
observed to tilt, the degree of which was dependent on the presence of OmpA
(Fig. 2A). We measured the distribution of BLP tilt angle, and found that in the
absence of OmpA BLP stabilized at around 80°, whereas in the presence of
OmpA monomer the BLP tilted slightly more at approximately 75°. Adding
OmpA dimer to the system resulted in BLP tilted even more at about 65°,
suggesting that the BLP helices can flexibly adjust their orientation with

respect to the plane of the membrane to adapt to other nearby proteins.

Inspecting the shape of the BLP trimer, we also found that each helix kinked
with respect to its helical axis (Fig. 2B). These helix kinks were most
prominent on the C-terminal end of the BLP helices, which bent to around
30°. While most helix kinks can be attributed to the presence of certain
residues like proline and glycine (Barlow & Thornton 1988; Langelaan et al.
2010; Deville et al. 2008), we could not however find these residues on BLP.
The position of the kink on each of the three helices also differed slightly, with

helix 1 and 3 showing most bending around residue Y55, which was not the



218

219

220

221

222
223

224

225

226

227

228

229

case with helix 2 (Fig. S2). Despite these different bending properties, BLP
remains stable as a trimer throughout the entire simulations. Taken together,
these BLP helix kinks and tilts resulted in a lift of the PGN network closer to

the OM, effectively closing the gap between PGN and OmpA CTD.

Phosphate

without OmpA .
with OmpA monomer -

with OmpA dimer
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membrane
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Figure 2 | BLP tilting and bending. (A) The distribution of BLP tilt angle

BLP

---PGN

throughout the 100 ns simulations for systems without OmpA (black), with
OmpA monomer (blue), and with OmpA dimer (red). This is measured as the
acute angle between the centers of geometry of the phosphorus atoms in the
inner leaflet of the OM, the N-terminal residues of the BLP, and its C-terminal
residues (illustrated at the top of the graph). Independent repeats were plotted

separately, and a bin size of 5 degree was used. (B) BLP helix kink angles
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calculated along each of the three helices using VMD Bendix plugin (Dahl et
al. 2012). The figure shows the final snapshot of BLP from one of the BLP

only simulations, coloured based on the degree of helix kink.

BLP facilitates interactions of OmpA monomer with PGN. Our previous
simulations showed that the OmpA CTD in its monomeric state has a high
propensity to interact with the OM (Samsudin et al. 2016). If such interaction
occurs in vivo with PGN bound to the CTD, it would cause a severe distortion
to the PGN network. Missing from our previous model, however, is BLP that
can potentially maintain the PGN within a certain distance from the OM and
therefore avoid such distortions. To understand how OmpA monomer
behaves in the presence of BLP, we started our simulations with the OmpA

CTD unbound from the PGN in the presence of one copy of the BLP trimer.

We found the distance between the OmpA CTD and the surface of the PGN
network was reduced during equilibration simulations, and in all four
subsequent independent production runs, the CTD contacted the PGN
surface (Figs. 3A and 3B). The BLP tilting and bending shifted the PGN layer
towards the OmpA CTD, and concomitantly resulted in their interactions. The
gap between the PGN layer and the OM was reduced to around 70 A at the
end of the simulations (Fig. 3C). This upward movement of the PGN network
therefore eased its interactions with the OmpA monomer. Initial examination
of the contact interface pointed towards a group of basic and polar residues,

specifically K294, Q295, and R296, on the OmpA CTD that interacted with the
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266  simulations and the error bars indicate standard deviations.

267



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

We then repeated these analyses with a similar system without the BLP
trimer. Interestingly, we found in all simulations the linker region connecting
the OmpA NTD and CTD contracted relative to the original starting
conformation, resulting in a binding to the lower leaflet of the OM instead of
PGN (Figs. 4A and 4B). In contrast to the simulations with BLP, the distance
along the z-axis between the PGN network and the OM remained at around
90 A (Fig. 4C). This observation is in agreement with Samsudin et. al., which
demonstrated a similar linker contraction and membrane binding event of the

OmpA monomer.

Samsudin et. al simulations also revealed that the binding of OmpA CTD to
the OM is mediated by residues 270-300, which intriguingly include the three
key residues for initial interactions with PGN in the presence of the BLP. As
this region is highly positively charged, we would expect it to form interactions
with a negatively charged surface. This could either be the PGN layer
underneath or the phosphate groups of the OM. Our simulations suggest that
the latter is a more likely option in the absence of the BLP, perhaps due the
large energetic cost for the linker to extend and usher the CTD towards the
underlying PGN network. The presence of BLP, however, lowers this
energetic cost by reducing the distance between the PGN network and the
CTD, making their interactions more likely to occur. Our data therefore
illustrate how BLP facilitates initial binding of the OmpA monomer to the cell

wall.
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Figure 4 | OmpA monomer interactions with the OM. (A) A snapshot at the
end of one of the simulations of OmpA monomer (blue) without BLP,
highlighting the interactions of the CTD and the membrane (grey spheres
represents the phosphorus atoms). (B) Minimum distance between OmpA
CTD and the PGN network for all four simulations of OmpA monomer without
BLP. (C) Distance between the PGN network and the OM measured as
described in Figure 3, averaged over all four independent simulations. Error

bars indicate standard deviations.

The OmpA dimer readily binds to PGN. While earlier experimental and
computational work often considered OmpA as a monomer (Arora et al. 2001,
Arora et al. 2000; Bond et al. 2002), evidence from several recent studies
suggests that full length OmpA can form a homodimer (Stenberg et al. 2005;
Zheng et al. 2011; Marcoux et al. 2014). We therefore built a similar

simulation system using a model of OmpA dimer proposed by Robinson and
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co-workers (Marcoux et al. 2014). In contrast to the monomer simulations, we
found that the OmpA dimer was able to bind the PGN network with or without
BLP. Again, the unstructured linker connecting the NTD and the CTD played
an essential role in initiating PGN binding. In simulations without BLP, the
linker first extended by around 15 A compared to its original length to reach
the underlying PGN sheet (Fig. 5A). Once binding occurred the linker then
contracted, concomitantly shifting the PGN layer upwards by about 30 A (Fig.
5B). While the entire PGN layer was lifted, the area around the CTD showed a
more pronounced upward shift, resulting in a small undulatory pattern on the

PGN surface (Fig. 5C).
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Figure 5 | OmpA dimer interactions with PGN. (A) The length of the
unstructured linker connecting OmpA NTD and CTD (blue), plotted against
the distance between the PGN network and the OM (red) for one of the
simulations of OmpA dimer without BLP. The former is measured as
previously described (Ortiz-Suarez et al. 2016), while the latter is measured
as in Figure 3. (B) Snapshots of this simulation at three different time points,

highlighting the interactions between OmpA CTD (blue) and PGN network
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(red). (C) The z-coordinates of the PGN network projected into a surface
representation at these three time points to illustrate undulations observed
during the simulations. “x” indicates a local buckling effect induced by

interactions with OmpA CTD.

We have previously shown that the linker regions of the OmpA dimer in the
absence of BLP are quite flexible; with the ability to extend and contract
without disrupting the secondary structure of either the N- or C-terminal
domains (Ortiz-Suarez et al. 2016; Samsudin et al. 2016). In the present
simulations, comparing the systems with and without BLP, we found an
intriguing difference. The presence of BLP reduced the amount of extension
required by the linker to initiate interactions between OmpA CTD and PGN. In
simulations with the BLP, the linker extended by only around 5 A, compared
to 15 A in OmpA only simulation (Fig. S3). This is concordant with the ability
of the BLP to lift the PGN networks upwards and reduce the distance between

the latter and the OmpA CTD.

Next we attempted to systematically elucidate the key residues involved in
initial binding of OmpA and PGN by performing a contact analysis, combining
data from simulations of both monomer and dimer (Fig. S4). Similar to the
monomer simulations, a stretch of basic and polar residues, namely N203,
K294, Q295 and R296, at the bottom of the CTD showed the highest degree
of contacts. The latter three residues are part of a large insert only found in
OmpA from certain bacteria, which comprises the least stable region of the

protein as shown by a NMR study (Ishida et al. 2014) and previous
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computational simulations (Samsudin et al. 2016). The lysine and arginine
residues are conserved in homologs from S. enterica and N. meningitides
and, based on their crystal structures, are positioned similarly compared to
the ones in E. coli (Fig. S5) (Grizot & Buchanan 2004), suggesting a

potentially conserved PGN binding mechanism in these three species.

Decomposing the non-bonded energies of the OmpA and PGN interaction into
their Coulombic and Lennard-Jones components revealed that the former
contributes ten times more than the latter (Figure S6), further corroborating
the role of electrostatic interactions for initial binding of OmpA to PGN.
Mutations of the key residues (N202, K294, Q295 and R296) to alanine
indeed altered the way OmpA interacted with PGN (Figure S7). The timescale
of interaction was longer with the mutant compared to wild type (50 ns instead
of 10 ns). Also, instead of forming a stable binding interface involving both
subunits of the CTD, only one of them contacted the underlying PGN network,
suggesting that these polar and basic residues play a key role in the initial
binding process. That the OmpA dimer is able to bind PGN without BLP
implies that the electrostatic force from these basic residues, which is stronger
than the monomer due to the dimerisation, is able to attract the oppositely

charged PGN network over the timescale of the current simulations.

OmpA CTD binds to the BLP. The periplasm is a crowded environment with
myriad proteins surrounding the PGN cell wall. In addition to OmpA interacting
with PGN, it is also likely that the ubiquitous BLP molecules make contact with

OmpA. We therefore examined our simulation trajectories for such
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interactions and found that in three out of four dimer simulations and in one
out of four monomer simulations, BLP interacted with OmpA. In all of these
simulations, the BLP helices played a key role in contacting the OmpA CTD
while the BLP lipid tails remained further away from the OmpA NTD (Figs. 6A
and 6B). This form of interactions involving only the helical part of the BLP
and not the lipidated region was possible due to the tilted configuration
adopted by the BLP. The higher frequency of interactions with the BLP of the
OmpA dimer compared to the monomer is likely caused by the larger size of
the former, which increased the possibility of OmpA to be within close

proximity of the BLP.

Delineating the key residues for OmpA-BLP interactions was more
challenging due to the different ways the OmpA CTD contacting the BLP
helices. In most simulations, however, BLP formed multiple salt bridges with
residues on OmpA. We therefore mapped the electrostatic profile of the BLP
helices and found that the surface was indeed highly charged, whereby a
group of basic residues clustered towards both the N- and C-termini of the
helices, while the center of the helices was populated by acidic residues (Fig.
6C). This suggests that most residues on the surface of the BLP helices are
able to form electrostatic interactions with OmpA CTD. To corroborate this, we
performed a contact analysis and found that there was no single prominent
residue responsible for this interaction, but instead most of the polar and
charged residues in the middle of the helices showed a high degree of contact
with OmpA (Fig. 6D). Our results therefore suggest that BLP and OmpA CTD

are able to form non-specific electrostatic interactions in the periplasm.
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Figure 6 | OmpA interactions with BLP. (A) A snapshot at the end of one of
the simulations of OmpA dimer (blue) with BLP (green), highlighting their
interactions. Enlarged image shows residues involved in these interactions
from both proteins. (B) Minimum distance between the BLP helices and the
OmpA CTD for all simulations of OmpA dimer shown in blue, while the
minimum distance between the BLP lipid tails and the OmpA NTD shown in
red dashed lines. (C) Electrostatic profile of the BLP calculated using APBS
(Baker et al. 2001) in PyMol (DeLano 2002). (D) Contact analysis performed
for each residue of the BLP averaged over all simulations where OmpA-BLP
interactions were observed. A score of 1 indicate contacts throughout the

entire 100 ns simulations. A distance cut-off of 4 A was used for this analysis.

Discussion

We have constructed an atomistic model of the E. coli OM bound to a network

of PGN molecule via both non-covalent interactions with the outer membrane
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porin OmpA, and covalent linkage with the BLP. Our simulations uncover
important insights into the initial binding of OmpA with the PGN cell wall and
the role of BLP in facilitating these interactions. OmpA has been shown to
bind PGN in a labile manner (Samsudin et al. 2016), and therefore it is likely
that the CTD is in equilibrium between PGN-bound and PGN-unbound states.
We demonstrated that from the unbound state, BLP helps the binding of
OmpA monomer to the PGN network by lifting the latter closer to the former.
Without BLP, the CTD of the OmpA monomer binds to the lower leaflet of the
OM instead on the timescale of the simulations present here. OmpA
homodimer, on the other hand, can readily contact the PGN network by
extending the linker between the NTD and the CTD, even in the absence of
BLP. For both the monomer and dimer, binding is mediated by electrostatic
interactions via several basic and polar residues, which are conserved in two
other OmpA homologs from S. enterica and N. meningitides (Grizot &
Buchanan 2004). Intriguingly these residues, and the mobile insert in which
they are found, are not conserved in species like A. baumannii (Park et al.
2012), and are also absent in other OmpA-like domains such as the E. coli
PAL (Abergel et al. 2001; Gourlay et al. 2013) and MotB (Roujeinikova 2008).
This suggests that while PGN interactions in the binding pocket of OmpA-like
domains is conserved across species (Park et al. 2012; Samsudin et al.
2016), the initial interactions are likely to differ owing to the different residues
found on the surface of these proteins. We acknowledge that in our
simulations, PGN did not make any significant contact with the two key
residues in the binding pocket (Park et al. 2012), D241 and R256, most likely

due to the relatively short time scale of the simulations. We note here that
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much longer simulations or enhanced sampling methods are needed to allow
the peptide chain on PGN to enter the binding pocket and form stable

interactions with these residues.

To date, OmpA is the only integral membrane eight-stranded beta barrel
protein that co-exists as both monomers and dimers (Zheng et al. 2011).
While a model of the full-length homodimer has been proposed by mass
spectrometry (Marcoux et al. 2014), and has been shown to interact with PGN
from simulation studies (Samsudin et al. 2016) the physiological role of
dimerisation is still to be confirmed. That the dimeric interface was localized
within the CTD (Zheng et al. 2011; Marcoux et al. 2014) suggests a functional
importance of dimerisation to the role of the CTD and its interactions with the
cell wall. A homolog of OmpA CTD from N. meningitides, RmpM, may also
exist as a dimer, as indicated by both the crystal structures and solution
experiments, which the authors suggest would promote more efficient binding
to PGN (Grizot & Buchanan 2004). Indeed, our OmpA dimer simulations
revealed that the CTD was able to form a stable interaction with the
underlying PGN layer even in the absence of the BLP. We conjecture that this
is caused by the dimerisation increasing the negatively charged surface area
at the bottom of the CTD, and thereby strengthening the electrostatic
attraction towards the PGN network. In its monomeric form, the OmpA CTD
has only half as many basic residues in this region. This weaker electrostatic
attraction is inadequate to surpass the energetic penalty of extending the
linker connecting the NTD and the CTD, which therefore leads to contraction

of the linker and subsequently interaction of the CTD and the OM. Taken



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

together, our simulations suggest that OmpA dimerisation increases the
possibility of initial contact with the PGN cell wall, and therefore directly

contributes towards maintaining the integrity of the cell envelope.

The BLP is one of the most abundant proteins in Gram-negative bacteria;
whereby around 7.2 x 10° molecules are found within each cell (Braun &
Sieglin 1970). Similarly, OmpA is one of the most ubiquitous outer membrane
porins in E. coli (Smith et al. 2007). As both proteins play a critical structural
role in preserving the robustness of the PGN cell wall, it is highly likely that
BLP and OmpA function cooperatively. We show in this study that indeed BLP
is required for OmpA to interact with the PGN cell wall in its monomeric state.

In regions without BLP, OmpA forms homodimers to maintain this interaction.

We rationalize the differences between the behavior of OmpA monomer and
dimers in the absence of BLP as follows: there is a fine balance between the
energy required to extend the OmpA linker regions and the favorable
electrostatic interactions formed between the C terminal domain and PGN.
When only the monomer is present, the linker will not extend, instead the C-
terminal domain forms electrostatic interactions with the lower leaflet of the
outer membrane. In the case of the dimer, the combined C-terminal domains
of the two monomers now provide a larger area for electrostatic interaction
with PGN, and this gain in electrostatic interactions is sufficient to overcome
the energy barrier required to extend the linkers. This is further augmented by
the steric hindrance imposed by the dimerisation interface towards interaction

with the lower leaflet of the outer membrane (Samsudin et al. 2015).
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Crucially our results uncover some of the important insights into the interplay
between the molecular components of the Gram-negative bacterial cell
envelope, towards a better structure-function understanding of the barrier

protecting the bacteria from antibiotics.
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