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Abstract

Given the current rise in antibiotic resistant bacteria, F. coli takes center stage
as a bacteria that is used commonly as a model organism. Bacteria possess
a complex, crowded cellular environment that appears to be chaotic and dis-
ordered at a first glance. Their cellular structure allows them to survive and
adapt to harsh conditions and varied environments.

Molecular dynamics is a widely used approach to study biomolecules in bi-
ological conditions. Using this the fine, atomic level details of the forces that
hold these molecules together and as a sum drive biological function forward
can be revealed. This enables the specific interactions of biological building
blocks, such as proteins, lipids and other polymers, in the FE. coli environment,
to be studied. Chaperone proteins can transport small molecules in the cellular
environment, where this is not limited to bacteria, such as in the case of human
apolipoprotein D.

Using a marriage of experimentally sourced data as an anchor to reality and
approximations based on theory, the compartment of the bacteria known as
the periplasm was studied. In Chapter 3 it was observed that Braun’s lipopro-
tein (BLP) acts as a staple that bends and tilts and can interact with outer
membrane protein A (OmpA) and the cell wall. This was extended to a full
periplasm, in Chapter 4, where BLP interacts with the cell wall in the presence
of OmpA and TolR. In this it was shown that TolR and OmpA can bind with
the cell wall simultaneously. Chapter 5 focuses on the lipid transport Mla pro-
teins. These proteins, MlaC, MlaD and MlaA were shown to be a favourable
environment for lipid binding, where the docking of the protein components is
explored in tandem with modelling. The focus of Chapter 6 is chaperone be-
haviour. LolA was shown to bind the BLP lipid moiety and that the MAC13243
molecule inhibited interaction, but not binding. Apolipoprotein-D showed pref-
erence for arachidonic acid and cholesterol, displaying a similar theme of small
hydrophobic ligand binding as LolA.

These studies have provided insight into molecular interactions that occur
on a microscopic level within biological simulation.
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Chapter 1

Introduction

1.1 Computational Chemistry

Computational chemistry covers a wide field of study, from simulations involv-
ing basic liquids such as water treated as single particles (or single groups of
particles) to advanced quantum mechanical calculations to study reactions.? It
is a theoretical field rooted in the physical sciences area of chemistry, where
many mathematical developments have been made over the years in order to
approximate chemical behaviour on computational hardware. This chemical
behaviour generally revolves around the study of molecules and structures in
minute detail, that is not easily observed experimentally.

Computational chemistry can be used to augment experimental studies.? It
can also be used to model and predict outcomes that are later validated by
experiments, such as modelling protein mutations to suggest which are useful
for experimental biologists to implement. A large modelling interest has long
existed regarding drug and material discovery, where trends between chemical
structure and properties are drawn.

Generally the number of components in the simulation causes the computa-
tional requirement to increase, as does the level of accuracy that is used. High
levels of accuracy include Ab initio methods involved with quantum mechanics
applications, whereas lower levels of accuracy introduce approximations in or-
der to speed up calculations. In the field of molecular simulation it is generally
accepted that the following is true for simulations of the same size:

Equation 1

QM'resource > QM/MMT'CSOUTCC > MMT'CSOUT‘C@
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where QM is quantum mechanics, QM /MM is the hybrid approach to simu-
lation and MM is molecular (classical) mechanics. In this instance a commonly
used method is molecular dynamics (MD), described under section 2.1.1.%

Computational chemistry gives the ability to model molecular or atomic
systems and produce valuable theoretical data. This in turn leads to thought
experiments, where it is possible to focus very specifically on certain aspects of
the systems that are being studied. This being said, computational chemistry
has certain weaknesses, mainly that the results achieved from the work are only
as valid as the models that are used. Due to the approximations involved with
some levels of computational chemistry, this introduces potential error due to
the estimations that enable longer timescales of simulation. However, this is
where theoretical and experimental work is complementary, as the real data
that is available improves the models used and allows for simulations to be an-
chored to reality.

This being said, the parameters, potentials and algorithms in the field are
constantly under development and iteratively improved. This is also true of the
hardware that is involved, as improving hardware will allow for more detailed
systems and faster calculations.

1.1.1 Applications to Biology

The work discussed in this thesis is focused on biological systems®.® Key aspects
of biological systems are the building blocks that form cellular components. The
modelling of lipids has allowed for the simulation of cellular membranes. Us-
ing structural databases that are available today, proteins structures are readily
available for simulation, where computational changes, such as mutations or
adding lipid moieties, to the structure of the protein and the environment that
it will experience can easily be implemented.”

It is not uncommon now to see reports of simulations containing millions
of atoms to describe entire vesicles that are full of proteins, water and other
molecules.® Computational calculations are being used to study a range of ki-
netic and thermodynamics properties present in biology, ranging from protein-
protein interactions to improving the water model as a solvent in these simula-

tions?.10

The levels of theory applied to biological studies range from quantum to
classic mechanics. Obviously due to the demanding nature of QM calculations
the systems that are studied with this method tend to be much smaller and
limited to much shorter timescales compared to MM calculations.
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1.1.2 Motivation for biological simulations

Research into biological systems has never been more important, specifically in
relation to bacteria. As the number of antibiotic strains of bacteria is on the
rise, understanding the detailed physical forces involved in their mechanisms of
action is crucial. The motivation behind this is that in order to take something
apart, it first makes logical sense to see how it works, and from this it is hoped
existing anti-bacterial drugs can be improved. This is a solely mechanical point
of view, which is much more complicated in biology, particularly inside of hu-
mans.

The research is focused on gathering enough basic information about the
intermolecular interactions inside of cells in order to provide insight for alter-
native therapeutic development. With respect to this motivation most of the
work contained here is related to the E. coli bacterium, whilst a small amount
is focused on some human biology aspects. As computational resources improve
and the field expands, the amount of information that will be gathered will be
enormous, which in time will ideally lead to a full description of biological sys-
tems that cannot be visualised in real time using complementary experimental
techniques.!!

1.1.3 Bacterial infections

Bacteria are amongst the oldest forms of life on our planet. The number of
bacterial cells present in humans outweighs the number of human cells. A vast
number of these foreign cells are vital for human health via symbiosis. This
being said, a relatively small proportion of bacterial species are also pathogenic.
Commonly reported cases of bacterial infection involve organisms such as Es-
cherichia coli, Staphylococcus aureus, Salmonella typhi, Neisseria meningitidis
and many others.!?

Disease caused by bacteria killed countless people before the introduction
of antibiotic medicine, initiated by the discovery of penicillin. In the last one
hundred years antibiotics have greatly reduced the number of deaths related
to bacterial infection. However this is no longer the case. Bacterial cells are
capable of reproducing every twenty minutes. This allows them to adapt to new
environments through evolution at a much faster rate than the mammals that
they can infect. This is the main reason why bacteria are ubiquitous in nature,
being found in all environments, even in radioactive waste, thermal vents and
salt lakes.!3

Through the constant use and misuse of antibiotics, bacteria have started
to adapt.!* Resistant strains of bacterial species have begun to appear fre-
quently, due to developing resistance and the ability to easily share this resis-
tance through conjugation. This has rendered common antibiotics ineffective.
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Infections caused by resistant bacteria can currently still be treated with some
antibiotics, however it is not clear how long this will last until resistance starts
to develop to these drugs also.

Never before has there been a greater need for alternative therapeutics, to
which bacteria cannot develop a resistance towards. Any developed treatments
should be non-toxic to humans and also eliminate the infection entirely.

Drugs can potentially enter the bacterium in a variety of ways. Passive dif-
fusion through porins, active transport through specific proteins that recognise
the drug or via self-promoted uptake, such as cationic peptides that perme-
abilise the bacterial membrane which results in further uptake of more peptide.
If there are so many routes to enter a bacterium, where does the resistance come
from? Bacteria can inactivate or reduce the effectiveness of drugs by modifying
the structure of the incoming molecule.'® Generally a protective enzyme will
functionalise the molecule in a new way, reducing or eliminating ability to func-
tion as intended.'® Bacteria will also alter the structure of the target site, where
protective proteins will bind to the target, changing the shape of the binding
site, preventing drug function!”.'®

Further resistance mechanisms include changing the metabolic pathway. If
a certain pathway is inhibited by a drug, bacteria can change their metabolic
pathway to use a new substrate in order to continue to function.'® Lipid A modi-
fication can also occur, where the barrier to the cell changes chemical properties,
resulting in resistance. Finally bacteria are capable of reducing the amount of
drugs that are present inside the cell.2’ This is done by either reducing the
ability of a drug to permeate the cell initially, or by actively pumping the drugs
out using an efflux pump. These pumps have evolved to respond to antibiotics
in order to begin to efflux.

Bacteria can be classified into two subcategories: Gram negative or Gram
positive. This is as a result of Gram staining, a test where a dye is used to stain
bacteria and if the bacteria retains the violet colour of the stain it is referred to
as a Gram positive species, otherwise as a Gram negative species?!.?2 These two
types of bacteria have varying cellular structure which makes devising specific
treatments for bacterial infection an even more complicated task.

Gram-Negative envelope structure

Gram-negative bacteria have a cellular structure that is comprised of an outer
membrane, a periplasmic space containing a cell wall and an inner membrane
that contains the cytoplasm.??> The outer membrane is an asymmetric lipid
bilayer, where the outer leaflet (surface exposed) is comprised of lipopolysac-
charide (LPS) molecules.
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Figure 1.1: A cartoon representation of the Gram-Negative double membrane
envelope periplasmic environment. The outer membrane is depicted as an asym-
metric environment, with LPS in the outer leaflet and phospholipids in the inner
leaflet. An Outer Membrane Porin (OMP) can be seen resting in the outer mem-
brane. The cell wall rests in the periplasm, where the two alternating sugar units
of NAM and NAG are coloured in green and turquoise. Braun’s lipoportein in-
teracts with both the cell wall and the outer membrane (orange). The inner
membrane is comprised of a symmetric phospholipid bilayer, where there are
proteins that interact with the cell wall in this membrane (dark green). Periplas-
mic chaperones and components are packed together in this environment, such
as the rough drawing a three protein complex below the cell wall, seen in orange,
blue and pink. Figure not to scale.
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LPS is a large biomolecule, made up of lipid tails, the Lipid A hydrophobic
membrane component, inner core sugars, outer core sugars and O-antigen.?*
O-antigen is a long polysaccharide that has a variable length between bacterial
species, see Figure 1.2. It is recognized by antibodies as it is exposed on the
cell surface. This polymer is bonded to the inner and outer core sugars which
are bonded to lipid A. Whilst the immune system recognises the O-antigen, the
lipid A can be responsible for the toxicity of gram-negative bacteria, where when
LPS is shed from the surface of the cell into a human extra cellular environment
symptoms such as fever and toxic shock can be experienced via TLR4 receptor
stimulation.
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Figure 1.2: The chemical structure of LPS, where the Lipid A is shown, con-
nected to the inner and outer core sugars, with a repeating O-Antigen presenting
into the extra cellular environment, ranging between 4 and 40 units as a poly-
mer. This is a general structure, which is observed in E. coli.!
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LPS has been proposed as a main physical barrier for bacterial defense.?®

Due to the interlocking large O-antigen molecules that are less mobile than a
normal phospholipid bilayer, it is harder for substances to penetrate the mem-
brane. In addition to this the divalent calcium ions present on the surface of
LPS are proposed to lock down the motion of the membrane molecules via phos-
phate interactions. The interaction between LPS molecules in membrane is an
area that has received much interest as a result.

LPS is a heavily studied molecule?¢27.28 This naturally makes sense as it
is the first barrier to periplasmic entry. LPS is highly negatively charged and
the layer is stabilised via the presence of divalent cations. Positively charged
antimicrobials have been shown to associate with the LPS via simulation and
experiments. LPS has been shown to be recognised by TLR4, which initiates
the host response that causes the aforementioned toxic shock reaction.??

The inner leaflet of the outer membrane (OM) is composed of a phospho-
lipid mixture. This mixture varies between species, including the lipids that are
present and the amounts of each. These lipids generally belong to the following
families: phosphatidylethanolamine, phosphatidylglycerol and cardiolipin. The
two leaflets combined together form the outer membrane.3°

Other components of the OM are membrane bound proteins, such as OmpA,
OmpC or OmpF, known as the Outer Membrane Porins (OMPs). A large num-
ber of various OMPs and other proteins exist in the OM, for example OmpA
estimated to number 100,000 copies per cell. Proteins localised in the OM gen-
erally have a beta barrel structure that rests in the hydrophobic region3!32.33
All of these proteins serve various purposes, such as porins, where all typical
OMPs are beta barrel proteins that can allow diffusion of molecules in bacteria.
The large number of proteins present in the OM make it a variable environment
at the microscopic level, with many potential interactions to study.

The OM is wrapped around the periplasm.>* The periplasm of a gram
negative bacterium is the space between the outer and the inner membranes.
This space is generally packed with chaperones, substrates and many other
molecules. This packed environment also contains a biopolymer known as pep-
tidoglycan®4.35 Peptidoglycan makes up the bacterial cell wall. The purpose of
the cell wall is to provide the bacteria with structure and support. This prevents
lysis due to the high internal pressure of the dense periplasm. This is caused as
the cytoplasm is a hypotonic region, where water freely flows into the volume,
causing it to swell. A large component of the periplasm is Braun’s lipoprotein,
which is the most abundant source of protein in gram-negative bacteria.?®¢ This
helical protein trimer is covalently bound to the cell wall at the C-terminus
via a peptide bond of a terminal lysine and the N-terminus is lipidated, with
a cysteine based palmitoyl moiety, where this lipid group rests in the OM, see
Figures 1.4 and 1.5. This molecule, and others, essentially connect the cell wall
to the OM.37
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The chemical structure of the cell wall is comprised of N-Acetylmuramic acid
(NAM) and N-Acetylglucosamine (NAG) monomers, see Figure 1.3.3% These
repeating units are glycosidically bonded into strands and the strands are cross
linked via three-four peptide linkages between the tetrapeptide side chains on
the NAM molecules. This tetrapeptide widely varies between bacterial species,
where the chemical structure is flexible, however here the focus is for E. coli.
This cross linkage is estimated to be between fifty percent of NAM monomers.?°
This bonding allows the cell wall to form a sheet that encloses the inner mem-
brane. The cell wall is an ideal target for therapeutics as it has no human
analogue. This provides the potential for a non-cytotoxic drug to be created.*°

Drugs that interact with the cell wall already exist, e.g. penicillin specifically
disrupts the production of the cell wall. This occurs via the inhibition of the
penicillin binding proteins (PBPs)*!.4#2 These proteins are responsible for the
transglycosylation and transpeptidation of the cell wall. Penicillin and many
other beta-lactam antibiotics bind to the region responsible for transpeptidation,
causing cross linking to fail. This results in a bactericidal effect. However, re-
sistance has developed to beta-lactams, where bacteria produce beta-lactamase,
inactivating the drug. As such, now when these drugs are given, beta-lactamse
inhibitors may also be administered to allow the desired effect. These enzymes
are ancient components of bacteria, where it is assumed their ancestors shared
sequence homology with PBPs.

The synthetic route for the cell wall consists first of monomer synthesis in
the cytoplasm of the bacteria. It is then proposed that inner membrane pro-
teins such as BacA and MurlJ use bactoprenol as a membrane carrier to move
the monomer to the periplasm, where the PBPs take action to form the cell
wall mesh*?.44 The cytoplasmic synthesis begins when a glutamine donates an
amino group to fructose 6-phosphate, yielding glucosamine-6-phosphate. This
molecule is then functionalised with acetyl Coenzyme A (CoA) to give N-acetyl-
glucosamine-6-phosphate. N-acetyl-glucosamine-6-phosphate is then converted
to N-acetyl-glucosamine-1-phosphate which interacts with UTP, to give UDP-
n-actyl-glucosamine (UDP-GIcNAc), the precursor to NAG. A portion of this
UDP-GIlcNAc is converted to UDP-MurNAc via addition of a lactyl group added
to the glucosamine. This is the precursor to the NAM molecule.*® The precur-
sors are then transported through the membrane for transglycoslyation to form
a peptidoglycan monomer.46

The cell wall has been characterised using biophysical techniques, where the
thickness and elasticity of the cell wall have been assessed using atomic force
microscopy. The cell wall is difficult to study, as techniques that can be used
to study the periplasm often destroy the periplasmic environment.%” Decades
of study have resulted in two theoretical models of the cell wall, a "layered”
model and a ”scaffold” model.?®> The layered model is the textbook standard,
where a sheet of cell wall that is typically a monolayer surrounds the bacterial
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Figure 1.3: The chemical structure of the peptidoglycan monomeric unit, which
is comprised of alternating NAG and NAM sugars, where a tetra-peptide is
connected to the NAM sugar. This tetra-peptide is comprised of L-alanine, D-
glutamic acid, meso-diaminopimelic acid and D-alanine. Polymerisation of the
NAM and NAG units is shown via square brackets.

inner membrane.*® The scaffold model contradicts this, where the cell wall runs
perpendicular to the membranes of the periplasm. There is evidence that both
models exist, however many studies show the layered model to exist and for
the purposes of studies in this thesis this model has been selected, as it is the
generally accepted theory. It is worth noting that the cell wall is not a static
structure, and is subject to damage and requires repair. There is a specific
damage response that is involved in this repair, where PBP1b is shown to be
active in a repair role, indicating that PBPs are not essentially only for initial
synthesis, but also for maintenance and reproduction®®.%°

The E. coli periplasm is a complicated environment. Considering the packed
nature and the sheer number of molecules that are present within the space, how
does it function? A number of individual processes are occurring simultaneously
in this space, all designed to maintain the homeostasis of the bacterial cell.

E. coli contains ~ 4200 unique proteins according to sequencing, where ~
1000 of these are membrane proteins.®’ This leaves well over 3000 proteins
that are located in either the periplasm, cytoplasm or the extracellular environ-
ment. Important proteins in the periplasm are chaperones. These proteins are
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Figure 1.4: The covalent linkage between the C-terminal lysine of Braun’s
lipoprotein, where the carboxyl group is peptide bonded to the meso-
diaminopimelic acid of the peptidogylcan, labelled and indicated via a blue
box. The rest of BLP is indicated by the R symbol in a red square for the sake
of brevity.
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Figure 1.5: Then N terminus of the BLP is lipidated with a cysteine derived
pamitoyl lipid. The lipidated cysteine rests in the OM of E. coli, non covalently
interacting with the membrane. The BLP is indicated by the R symbol.
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responsible for shuttling important small molecules between the two membrane
compartments. Examples of this function are the Lol proteins, where the chap-
erone LolA carries lipoprotein between the IM and OM®223.53 In the opposite
direction it is believed that the MlaC protein removes mislocalised phospholipid
from the outer leaflet of the OM to the IM, in order to maintain a high LPS
concentration.’® The cumulative effect of these behaviours through many pro-
teins allows E. coli to function normally.

The inner membrane is a symmetric phospholipid bilayer; each leaflet is pro-
posed to have a similar composition to the inner leaflet of the OM?2%.! The inner
membrane surrounds the cytoplasm of the bacteria.?® The cytoplasm is the area
where key life processes such as growth, metabolism and replication take place.
This area is a main target for drug delivery.’® Disruption to key life processes
would prevent the bacteria from surviving.

Inner membrane proteins also play a vital role in bacterial architecture.
Examples of these proteins are MlaFEDB, TolR and LptF/LptG. These proteins
are responsible for many roles, such as substrate transport, structural support
and membrane integrity®”°8.59

1.1.4 Simulations of E.coli membranes

Simulations of E. coli are varied and numerous®°6!.62 TInitially model mem-
branes that were used contained only one type of lipid. It has been shown that
multi-component membranes more accurately model the behaviour of proteins
with the membranes, such as cardiolipin binding specificity.5® Electroporation
of membranes has additionally been simulated, where it has been shown that the
OM of E. coli is more resistant to pore formation than the membrane of gram-
positive S. aureus.* This is attributed to the lower transmembrane potential of
LPS molecules when compared to symmetric phospholipid bilayers, it is stated
that this effect starts at approximately 0.4 V/nm for LPS membranes and 0.3
V/nm for symmetric bilayers. Simulations have advanced to include not just
membranes, but also the space between them, where the use of coarse graining
has allowed for larger volumes to be explored, such as full length periplasmic
transporters26 .65

Membrane lipid composition in simulations varies greatly between studies,
as do other conditions that are chosen for these simulations. The composition
of lipids chosen in the simulation is key, as is changing the ratios present, in
order to reproduce biologically relevant systems. Multicomponent FE. coli inner
membranes generally consist of three types of lipid; phosphitadylethanolamines
(PE), phosphitadylglycerols (PG) and cardiolipins (CL). It is generally accepted
that PE is the dominant lipid (approximately 75 percent) whilst PG and CL
make up the rest of the membrane. In simulations a commonly used ratio is
90:5:5 by number of molecules, which has been implemented in many OM sim-
ulations for the inner leaflet.6 Due to the asymmetry of the membrane, the
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outer leaflet is generally composed entirely of LPS molecules?5.5”

Membrane proteins are an integral component of bacterial membranes.5® In
both types of bacteria there are a vast number of membrane proteins that carry
out various tasks for vital function. Approximately 25 percent of all proteins
in E. coli are membrane proteins, leading to heavy study® 70772 It is ap-
proximated that around 70 percent of all drugs targets are based on membrane
proteins.

The action of anti-microbial peptides (AMPs) are a widely studied phe-
nomenon in simulation.”™ This is due to the fact that it is known that some
short peptides can harm bacteria, whilst leaving the host unharmed. These
short peptides are thought to insert into cellular membranes and cause disrup-
tion that leads to the death of the cell. This is also a common mode of action
for other medicines, such as daptomycin, a naturally occurring AMP, and other
drugs™.34

Peptidoglycan has been simulated to a small extent but this is a relatively
new field of study, in contrast to the vast amount of experimental data that has
been gathered relating to this biopolymer.”™ Generally, studies of the peptido-
glycan before the work in this thesis involved the mechanical effects of stress on
the cell wall.”®

An overview of the published simulations of E. coli can be found under Ap-
pendix B titled Progress in Molecular Dynamics Simulations of Gram-
Negative Bacterial Cell Envelopes.

1.1.5 Aims

The aims of this thesis are as follows:

e To explain the methods involved in general simulation, where each chapter
contains specific details for the methods used.

o To explore the behaviour of Braun’s lipoprotein (BLP) in the periplasmic
environment - Chapter 3.

e To build a simple model of the E. coli periplasm, including TolR, OmpA
and BLP - Chapter 4.

o To explore the lipid interaction with Mla proteins, specifically MlaD, MlaC
and MlaA - Chapter 5.

¢ Quantification of the binding between the Mla proteins that are proposed
to transfer lipid - Chapter 5.

e To assess the chaperone behaviour of the LolA protein as it transports
BLP, including possible inhibition - Chapter 6.
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e To assess ligand binding to the ApoD monomer - Chapter 6.

14



Chapter 2

Methods

2.1 Simulation Methods

Improving hardware has allowed the simulation field to expand rapidly, with
respect to detail and timescales. In an ideal world, the most accurate method
of simulation would be used in every instance, however this is not the case. In
molecular simulation, varying levels of detail can be used to describe a system.
Generally, the more detailed a system is, the more computationally expensive
it is to study.””

Simulations are used in many fields. There are a range of applications and
software suites that are available in order to study systems on a microscopic
scale to the planetary scale. The primary goal of simulation methods is the
ability to model and predict behaviour.”® This predictive ability allows the
exploration of many possibilities, providing information to augment experimen-
tal studies. In comparison to traditional experiments, simulations can examine
properties that impossible to view experimentally e.g. “alchemical” free energy
calculations. This is applied in the field of chemistry, once again in a wide range,
from studies involving individual atoms to complex intermolecular systems.

In computational chemistry the level of description of techniques varies. Due
to the inclusion of electrons, quantum mechanics is highly detailed and allows
study of the process of bond formation and dissociation between particles, how-
ever this causes the computational requirements to scale heavily with the num-
ber of particles. This is due to the complexity of calculating electronic structure
during a simulation”™.8° It also produces results on an extremely short time
scale. Molecular mechanics, or classical mechanics, treats particles as spheres,
that can carry a charge, that are connected together by bonded potentials that
cause spring like behaviour.8! Using this method is a simplification but allows
for longer timescales to be reached.

15
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For biological studies, where solvent is to be included, systems can easily
contain hundreds of thousands, if not millions of particles.®? This eliminates
hardcore QM as an option for the study of full protein-protein interactions,
drugs, DNA or large membrane systems. It is important however that any sim-
ulations capture the behaviour on a biologically relatable time scale.

2.1.1 Molecular Dynamics

Molecular dynamics is a method in computational chemistry that is heavily
used in the field of biological simulation. It was introduced to the computa-
tional field in the 1950s, with biological applications beginning in 1977.83 The
basis of MD is the use of Newtonian physics, where the system that is studied
is an N-body system, where the atoms in the system are treated as spheres that
interact with each other through the basis of either potentials that are included
in the system, known as the force field.®* This force field will generally include
all of the parameters and potentials to simulate realistic bonding which also
includes parameters for bonds, angles and dihedrals present in the system.3°In
addition to this there are non-bonded interactions between the spheres that are
also included in the force field to approximate Lennard-Jones and electrostatic
interactions.

Historically MD was first conceptualized to study the interactions of spheres
by Alder and Wainwright. These initial studies concerned the behaviour of
simple liquids, yielding important results.®® The technique was then further
expanded, with the first simulation of liquid argon that used realistic potentials
to describe the system, in order to evaluate diffusion coefficients and viscosity.®”
This then allowed for the very first MD simulation of a system to mimic the
behaviour of real water in 1974.8% Following this, simulations of real proteins
in solution began to appear only three years later.53

In modern times, largely due to the advances in computational hardware, it
is commonly seen in academic study for systems to contain a multitude of pro-
teins, or a collection of various molecules such as lipids to form a membrane®?.%°
Additionally, improved algorithms and parallel computing have contributed to
this. As systems have iteratively increased in size it has become possible to
study increasingly realistic biological systems, such as spaces enclosed by mem-
branes, lipid protein interactions along with a potentially limitless other number
of macromolecular complexes.?!

Advances in MD have moved the field beyond the study of simple hard
spheres, and the number of techniques available for use has expanded to in-
clude hybrid methods with quantum mechanics, enhanced sampling methods
and many other specific use case methodologies for the study of molecular sys-
tems?2.80
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MD relies heavily on experimental techniques to acquire structures for sim-
ulation. The experimental data is key due as a realistic anchor is needed to
validate analysis of these calculations. X-ray crystallography, solution nuclear
magnetic resonance (NMR), cryogenic electron microscopy and other techniques
work hand in hand with MD to provide this data.®® Using computational tech-
niques it is possible to improve on this data via modelling using further non-
structural experimental data as a guide.3?

MD can be performed using many packages such as GROMACS, AMBER
and others?49% 96 Common biomolecular forcefields that are used include itera-
tions of CHARMM, GROMOS and AMBER.
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2.1.2 Concepts behind MD

Newton’s Equations

As MD is used for the work contained in this thesis the following overview of the
mathematical principles shows how MD functions in order to simulate biological
systems.

Equation 2:

S
Il
3
Qy

Where F is force, m is mass and a is acceleration. The force can also be
represented as:

Equation 3: =
F=-VU

Where the force, F, is related to the negative of the gradient of potential
energy, U. The core principle of MD lies behind Newton’s second law of motion
(Equation 1). The force acting on a particle can be related to energy via the
change in position.

Equation 4:
~ dv
= m—
dt
Equation 5:
- 27
F=m—:
"

Acceleration can be represented as the change in velocity over time (Equation
3), where v is the velocity and ¢ is time. This can be further broken down via the
second derivative of position over with respect to time, where r is the position.
Combining all of this together results in the following:

Equation 6:

This essentially shows how Newton’s second law allows the change in po-
tential energy to be related to the changes in particle positions during MD
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simulation.?”

As it has been shown that the energy is related to the change in position
with respect to time, it is important to clarify how this progression of posi-
tion, over time during a simulation functions. This is performed gradually as a
“timestep”, the duration of time in a simulation between a change in position
of the particles in the system.

Integrators

Propagation of the simulation over the timestep is applied through the use of
integration algorithms to calculate positions, velocities and accelerations, under
the assumption that a Taylor series expansion of the following form may be
used:?8

Equation 7:

F(t + dt) = 7(t) + 5(t)dt + %a(t)dz? + ...

Equation 8:

T(t + dt) = T(t) + a(t)dt + %5(t)dt2 + ..

Equation 9: .
a(t +dt) = at) + b(t)dt + ...

where r is the position, v is velocity, a is acceleration and b is the jerk, the
third derivative of position.

This then gives rise to the Verlet algorithm, which can be written as follows,
where only up to the second term of the Taylor series is considered, as the third
term cancels out, as does the first shown in Equation 11:

Equation 10:
1
Pt + dt) = 7(t) + v(t)dt + 5d(t)dt2

Equation 11:
7(t — dt)

7(t) — v(t)dt + %a(t)dt2
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The sum of the two (Equations 9 and 10) gives the following form:

Equation 12:

F(t + dt) = 27(t) — 7(t — dt) + a@(t)dt*

From this it can be seen that the Verlet algorithm makes use of positions and
accelerations at time (¢) and the positions from a previous time (t-dt) to calcu-
late the new positions at the time (t+dt), where dt represents one time step.?”
The benefits of using this form of the Verlet algorithm is that the storage re-
quirements are low, and it is a straightforward equation. The disadvantage is
the modest accuracy it provides, considering that velocities are not explicitly
calculated. Additionally, the fact that it uses a previous position in time causes
issues with the first iteration, since where at ¢ = 0, there is no available value for
t = -1; however as the acceleration is known during the first step, it is possible
to approximate the position, as it has already been shown that position and
acceleration relative to time are related.

This gives rise to the Velocity Verlet algorithm, where the positions, accel-
erations and velocities are all calculated at time (%), solving the issue of the first

steps, as follows:

Equation 13:
1
(F+dt) = 7(t) + o(t)dt + §J(t)dt2

Equation 14:

(T + dt) = 6(t) + %[&'(t) Fa(t + db))dt

Another algorithm commonly used is the leapfrog algorithm; this is another
related form of integrator where the velocities are explicitly calculated, but they
are not calculated at the same time as the positions.”® The leapfrog procedure
is shown in the following;:

Equation 15:
1
Pt +dt) =7(t) + (t + idt)dt
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Equation 16:
1 1
Gt + dt) = T(t — dt) + a(t)dt

In this form, the velocities leap over the positions, then the positions leap
over the velocities. This form of integrator however means that to get the value
of the velocity at a specific timestep, the following approximation must be used:

Equation 17:

. . 1 . 1
5(t) = 318(t - 3dt) + 0t + )]

N | =

where to approximate the value of velocity the average between the two
points is taken.

Now that the concept of integrators has been established, the timestep (dt)
must be evaluated. In MD if the timestep is too low, it will not be possible to
achieve meaningful data with current computational resource, but if it is too
high then the important motions of bonds in molecules can be missed or in-
stabilities will arise leading to system “crashing”. In biological systems this is
complicated by the highest frequency motions in the system, such as a chemical
bond, which is shown below in the following form as two particles connected by
a spring:

Equation 18:
1 K

b= =

~ 2rc "

where p is the reduced mass of the particles in the bond, 7 is the wavenumber
that equates to the vibrational frequency of the bond, K is the force constant
of the bond and ¢ is the speed of light. A higher wavenumber indicates a faster
bond vibration, if it is assumed that K is constant, lighter atoms connected
together will vibrate faster. Given that hydrogen is the lightest atom, this
indicates that bonds involving hydrogen will have the highest wavenumbers, vi-
brating the fastest, which in turn will limit the timestep most.

To select the timestep, it must be less time per step than the fastest vibra-
tion in the system which have been established as the vibrations involved with
hydrogen atoms. We generally enforce a timestep of 1 fs, unless constraints are
imposed upon a system, in which case the timestep can be set to 2 fs.

There are several constraints algorithms that can be used for simulation;
LINCS, SETTLE, SHAKE being amongst them!%?.190 A constraint algorithm
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is a method that satisfies Newtonian motion of a rigid body, involving mass
points. SHAKE is widely used for large molecules, whilst SETTLE is gener-
ally used for smaller molecules such as water, to generate rigid water molecules.
LINCS is commonly applied to simulations when using the GROMACS soft-
ware package. LINCS functions by resetting bonds to correct lengths after an
unconstrained update of the positions. This is particularly useful for covalent
bonds involving hydrogens, removing the previously mentioned high frequency
issue. LINCS is more stable and faster than the other algorithms, but does not
work with angle constraints, however SHAKE does.

Generally the first sign that a simulation is going to fail, known as “blow-
ing up”, is when the constraints fail due to the forces that are applied to a
molecule.!0?

2.1.3 Forcefields

Having discussed how an MD simulation progresses through time, the details of
what holds particles and molecules together are equally as important®®.19% The
forcefield is made up of parameters and potentials derived from experiments,
QM or a combination of both.

This is generally described as a forcefield, where the potential energy of the
system is as follows:
Equation 19:
U =% non-bonded + 2 bonded

These two terms provide the interactions for non bonded particles in the
system and for particles that are connected together to form molecules. This
can further be broken down into:

Equation 20:

D) Ubonded =X Ubonds +X Uangles +X Udihedrals

MD forcefields map out the bonding of the particles together before the sim-
ulation is started. This means that the particles will always be bonded for the
duration of the simulation. Unlike in QM methods, in MD bonds are not broken
and are not formed.

Non-bonded interactions such as electrostatics and Lennard-Jones interac-
tions contribute to the overall energy as follows:
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Equation 21:

b Unon-bonded =3 UCoulombic + b UVan der Waals

Coulombic Potentials

Coulombic potentials, also known as electrostatic forces, in MD are dealt with
via the application of Coulombs Law:

Equation 22:
9162
r2

‘F| = ke

This law states that the magnitude of the electrostatic force F, either attrac-
tive or repulsive, between two point charges, q; and gg, is directly proportional
to the product of the magnitudes of the charges and is inversely proportional to
the square of the distance, r?, between the point charges, where k, is Coloumb’s
constant.'® This law allows for a description of the interaction of charges in
MD simulation.

Equation 23:
192

U=k, —
T
This can also be expressed in terms of potential energy, where U is the po-
tential energy, and the two point charges, ¢; and gz, Coloumb’s constant, k.,
and the distance, r, between the particles are defined similarly to Equation 22.

Cut-offs

Cut-offs are used to treat the non-bonded interactions, there are multiple meth-
ods available for cutoff schemes. The simplest of these is to simply cut off the
interaction at a certain distance, referred to as “straight cut-off”. Interactions
that are beyond this distance are ignored altogether.

Reaction field is also used, for charged interactions only, where each molecule
is encompassed by a sphere, where interactions inside the sphere are treated us-
ing Coulomb’s law, outside of the sphere it is assumed there is a medium that
has a standard dielectric constant, where the molecule can induce polarisation
in this medium. If an interaction is in the boundary region the charge can be
tapered to be equal to zero.

These cut-off schemes are relatively simple and are not very accurate for elec-
trostatics, however they are relatively quick to use to compute the electrostatic
potentials. A more complex method is Ewald, not necessarily a true cut-off,
where the interaction can be split into two parts, short range and long range,
allowing them to converge more quickly.!%®
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PME

PME is the Particle Mesh Ewald method.!%® This method is used to treat the
charges, long range interactions, in a simulation. This is done by separating the
interaction potential into a short range and a long range term:

Equation 24:
¢(T) = ¢Sr(r) + ¢lr(r)

Where r is distance, ¢ is the total potential, ¢, is the short range potential
and ¢y, is the long range potential. The the direct sum of energy between two
particles can be shown as:

Equation 25:
Eror =»_ ¢(rj = i) = B + By
j

This is replaced with two sums, one for the sort range and one for the long
range:

Equation 26:
Esr = Z ¢sr(rj - ri)
ij

This is a direct sum of the short ranged potential Eg, in real space, repre-
senting the particle section of PME.

Equation 27:

Eip = @1,(k)|p(k)[?
k

where ®;,. and p(k) represent the Fourier transforms of the potential and
charge density, representing the Ewald component. This is done as the short
range in real space and long range in Fourier space both converge quickly, as
in Equation 22. This allows them to be truncated without much accuracy loss
and brings down computational requirements. However to evaluate the Fourier
transform of p(k) of a charge density field efficiently, a Fast Fourier transform is
used, where the density field is computed on a discrete lattice in space, bringing
about the mesh component of PME. An important note is that PME should be
done using a neutral system and therefore requires a neutralised simulation box.
This is rooted in the fact that the Ewald method will only formally converge if
the net charge is zero, otherwise due to the use of periodicity in tandem with
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PME the sum of the electrostatics will tend towards infinity.

Lennard-Jones Potential

Non-charged interactions are treated using the Lennard-Jones Potential. %7 This
model allows for the attractive association of all particles in a system based on
Van der Waals interactions. It is the basis of how particles are treated as non-
overlapping particles in MD, it has the following mathematical form:

Equation 28:

where V is the potential energy, € is the depth of the potential well, o is
the distance at which the inter-particle potential is equal to zero, r is the dis-
tance between the particles. In this model the epsilon term can be referred
to as the ’stickiness potential’ where the depth of the well indicates the sta-
bilisation between two particles. However as this model treats the particles as
non-overlapping spheres, if the distance is reduced to a value less than o the
potential energy in the model quickly tends towards infinity, as hard spheres
cannot overlap. Collectively, this is a result of the two main terms in the equa-
tion, the 7?2 term is the short range repulsive term as an approximation of
Pauli repulsion, whilst the 779 is the attractive term describing Van der Waals
forces. There exists a value of r, 7., which is the equilibrium distance between
the two particles, which is shown by the lowest point in the potential energy.
If the distances increases past the equilibrium the stabilisation energy rapidly
falls off altogether, as the distance increases beyond the cut-off value.

This can also be shown graphically as in Figure 2.1:



CHAPTER 2. METHODS

+ “'\ -~ -
4—0—)-‘ B J—
€ —
\ 7
/
T, \—’//

Figure 2.1: A visualisation of the Lennard Jones potential occurring between
two interacting particles.

Bonds and Angles

The next idea is to discuss how these particles are connected together in or-
der to form molecules, from simple molecules such as water, to the complex
secondary structure of proteins. This is done via the approximation to spring
like behaviour that bonds and angles can be treated using harmonic potentials,

such that all particles are held together with bonding and angle terms which
are described via equations of the following general form:

Equation 29:

V= %k(x — Teq)?

Where V is the potential energy, k is the force constant, z is the angle/bond
and ., is the equilibrium angle/bond value.

This can also be visualised in the following plot, Figure 2.2:

26
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Xeq /

Figure 2.2: A harmonic potential that displays the equilibrium value, used for
bonds and angles in simulation.

Where the potential energy is lowest when the angle or bond is at the equi-
librium value, and when the value is deviated from there is an energy penalty
applied that forces the value to remain at z.;,. How heavily this penalty is ap-
plied depends on the value of £ where higher force constants give the harmonic
potential a steeper gradient.

Dihedrals

Dihedrals are treated differently to bonds and angles, as there is more than one
value that a dihedral can take, due to the capacity for angles between two planes
formed of three atoms to rotate. This takes the form of a cosine potential,as
follows:

Equation 30:
V =k(1 + cos(n®© — O,y))

where V is the potential energy, k is the force constant, n is the number
of minima, © is the angle of the dihedral and ©., is the phase angle of the
dihedral. This adequately describes the potential energy of the plane of three
atoms rotating with respect to another, where the dihedral is composed of four
atoms. It can also be visualised in the following figure:1%%
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Figure 2.3: A periodic potential used to approximate dihedral potentials in

simulation.

Figure 2.3 shows an example of a methyl group rotating in space, where
there are three equal minima, which the dihedral can proceed through. This

28

shows the different treatment for dihedral potentials in forcefields in comparison

to a single minimum value defined by a harmonic potential.
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2.1.4 Energy Minimization

Considering how a forcefield holds together particles using bonded and non-
bonded forces, it can be seen that at times the energy associated with a system
will be larger than the minimum. The minimum can be a local minimum repre-
sented by a stable structure, or the global minimum, which is the lowest energy
structure possible. Based on this most systems essentially are never at a global
minimum. This can be attributed to overlapping atoms, bonds that are too
long or short and other attributes in the system. A good example of this is a
protein that has been solvated computationally in order to mimic an aqueous
environment. It is highly unlikely that this protein is in a minimum energy
conformation after being placed in randomly generated solvent, due to unreal-
istically large forces or “clashes” being present. This brings about the need for
equilibration in systems to achieve natural behaviour, however equilibration of
highly unstable systems can still fail if large unfavourable forces are present.
Therefore when a system is first created, energy minimisation is needed to re-
move bad clashes and bring the particles to a lower energy configuration to allow
for the equilibration steps to take place.

Ead
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Figure 2.4: An example of a potential energy surface, where red indicates peaks
in the landscape and blue indicates troughs.

The potential energy as a function of the particle positions in the system
can be visualised as a hypersurface (potential energy surface), such as the one
above, where peaks represent maximum energy and valleys represent minimum
energy, as in Figure 2.4. There can be many maxima and minima on a hyper-
surface, but fewer global maxima and global minima. The purpose of energy
minimization is to drive the hypersurface towards the minima. However protein
hypersurfaces are very rugged, with thousands or millions of potential minima,
where minimisation is generally used to reach a configuration that is stable
enough to begin simulation.
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Steepest Descents (SD)

The first of two commonly used energy minimization algorithms is SD minimi-
sation'0? 110 Tt is a first order iterative optimization algorithm that searches
for the minimum value of the energy. This works by searching in the direction
where the gradient is negative or “downhill” on the potential energy surface.
The mathematics behind this are as follows:

Equation 31:
Tpt1 = Tn — YV EF(2,)

where z is the current point on the potential energy surface, v is the step
size, VF(x,) is the change in the function which describes the potential en-
ergy surface. This equation shows that the energy is always moving towards a
smaller value by following the negative change of the local hypersurface, also
described as the negative gradient. This ensures that each iterative step pro-
duces a smaller energy value, indicating the minimisation of the system.

Advantages of the steepest descents method are that it quickly can minimise
a system and is a computationally cheap method. Disadvantages are that it
can easily get trapped in local minima and also it struggles to converge around
a minimum, where the search for the minimum “zig zags” in direction, leading
to many iterative steps that are unnecessary. This can be avoided by setting a
reasonable minimum force tolerance that when achieved, ends the minimisation.

Conjugate Gradients

This then gives rise to the conjugate gradients (CG) minimization method.!!!
Conjugate gradients is an improvement upon the steepest descent method due
to how the searching for the minimum functions. An intuitive explanation for
the difference between the two methods, is that whilst regardless of the previous
search directions SD will always move in the direction of negative gradient, in
the CG method each search direction is based upon the current error and all
of the previous search directions, thus allowing for faster minimization when
close to a minimum. Therefore instead of zig zagging towards a minimum, the
CG method will generally converge in less steps. This is the advantage of the
method, however CG is less effective on systems that are far from a minimum,
therefore practically steepest descents is best used to approach a minimum, fol-
lowed by CG to converge the energy when near the minimum.
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2.1.5 Simulation Ensembles

An ensemble is defined as a group of systems which have various microscopic
states but have a similar macroscopic or thermodynamic state!213 114 This is
of relevance as MD simulations are performed at the microscopic scale, in order
to attempt to replicate the macroscopic behaviour that exists in reality.

As MD generates information at a microscopic level, this information some-
how needs to be related to macroscopic properties. Using statistical mechanics
makes this possible, where a key component of this is the Ergodic hypothesis:

Equation 32:
<A>ensemble = <A>time

This can be equated to much how the X-ray crystallographic structure of
a protein is gathered from a crystal that contains many instances of that pro-
tein in various conformations, where the resulting structure that is achieved is
an average of all of the states present in the crystal. To achieve this in MD
simulations, trajectories need to be long enough to give complete sampling of
the states present, and often repeat trajectories are also needed to enhance the
sampling, or other enhanced sampling methods can be used.

Another way to describe the ensemble is that for a system containing N
particles, the system has a space containing 6 N dimensions. A single point in
phase space has the coordinates described by the positions and momentum of
the particles in the system. The 6 N dimensions of the particles in the system
represent a single point in phase space, where an ensemble is a collection of
points in phase space that meet a certain thermodynamic state. MD generates
a series of points in phase space over time which belong to the same ensemble
and correspond to various conformations of the system.

NVE

NVE is a thermodynamic state that is composed of a fixed number of particles
(N), a fixed volume (V) and a fixed energy (F). This is the equivalent of an
isolated system. NVE is also referred to as the microcanonical ensemble.*'

NVT

NVT is a thermodynamic collection of states that is characterized by a fixed
number of atoms (N), a fixed volume (V) and a fixed temperature (7). This
ensemble is generally used for the initial equilibration of systems after energy
minimization, in order to establish a stable temperature. This ensemble is also
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useful for crystal simulations. Generally short simulations under the NVT en-
semble are suitable for this, the ensemble is also referred to as the canonical
ensemble.!1?

NPT

NPT is an ensemble where the number of particles is fixed (N), the volume is
fixed (V), a fixed pressure (P) and fixed temperature (7). Simulations under
the NPT ensemble are generally used to equilibrate the pressure of the system,
before a production run to generate a full trajectory for analysis is run. This
ensemble is also called the isothermic-isobaric ensemble and is closest to biolog-
ical conditions.!!6

2.1.6 Temperature and Pressure

To simulate a realistic system, temperature and pressure must be taken into
account. This requires the use of a thermostat to maintain the temperature
throughout a simulation and a barostat to maintain the pressure (under NPT
simulations only).11?

Thermostats

In a simulation system the temperature is generally calculated from the total
kinetic energy of the system. Generally the goal of the thermostat is not to
maintain a constant temperature, as this would require a fixed kinetic energy,
but to ensure that average temperature of the system is maintained. As MD is a
microscopic method, the fluctuations in temperature are much higher, however
the thermostat ensures that the fluctuations are of the correct size and maintain
the average value of temperature. This is generally done by coupling the system
to a heat bath of constant temperature.

Berendsen thermostat controls temperature via rescaling of the velocities of
the particles in a system.''” The system is weakly coupled to a heat bath with a
temperature, Ty. The temperature is then corrected to maintain temperature,
T, such that deviations in temperature decay in an exponential fashion, using
a time constant 7 . This can be shown via the following equation:

Equation 33:
ar T, -T

dr T
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The issue with this is that kinetic energy fluctuations are prevented in the
system, meaning the results of using this thermostat are not in line with canon-
ical ensemble (NVT), particularly in small systems as the error scales as 1/N
where N is the number of particles in the system. The Berendsen thermostat
is mainly used due to the efficiency at which it can set a system to a selected
temperature, despite the poor ensemble representation. Generally this causes
it to be used for equilibration simulations, however it should not be used in a
production trajectory.

Velocity rescale (V-rescale) is a thermostat that is similar to the Berendsen
thermostat, however an additional term is added such that the kinetic energy
is treated appropriately.!'® This thermostat has the advantage of Berendsen
thermostat efficiency and is accurate according to the canonical ensemble. The
scaling is similar to Berendsen, tau-t, where an additional stochastic term al-
lows for the correct ensemble behaviour as in Equation 34. In this equation K
is kinetic energy, K is the kinetic energy of an external bath, Ny is the number
of degrees of freedom, 71 is the temperature coupling time constant and dW
a Weiner process. These alterations make the thermostat produce a correct
canonical ensemble and maintain first order decay of temperature deviations.

Equation 34:
dt KKy d
dK = (Ko — K)— +2 0 AW
Tr Nf \TT

Nosé-Hoover is another thermostat that accurately samples the canonical
ensemble.''? Tt varies from the others as the weak coupling to a heat bath is
not ideal for equilibrium simulation. This is done via the introduction of a ther-
mal reservoir and a friction term to the equations of motion. The main practical
difference between the two types of algorithm is that with Berendsen/V-rescale
there is an exponential relaxation of temperature, with a damped kinetic energy
fluctuation, whilst Nosé-Hoover produces oscillatory relaxation of temperature.
This generates a fluctuating temperature that gives more realistic dynamics.

Barostats

Pressure is maintained in a similar way to temperature, where the microscopic
environment has an average pressure that is maintained for the simulation.'?°
In a manner similar to temperature, the system is coupled to a pressure bath.

The Berendsen barostat functions similarly to the thermostat, where the
pressure is treated instead of the temperature:'2!
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Equation 35:
dP _ Ry P

dr T

This once again provides first order relaxation towards a defined pressure
Py from the current pressure P using a time constant 7. This carries the same
issue as the thermostat, that the NPT ensemble is not well represented by the
barostat, but it is useful for equilibration due to the first order method.

Parrinello-Rahman is a barostat that is used for production dynamics.'?? It
simulates the actual NPT ensemble. It functions in a way similar to the Nosé-
Hoover thermostat, via providing additional terms to the equations of motion,
which allow the box size and the pressure to oscillate. This provides a better
description of natural pressure in a system.

Pressure coupling can be applied in a variety of ways. For the systems with-
out interfaces, isotropic coupling can be used, such as a protein in solvent. This
causes the scaling of the box size in x,y,z to occur equally and simultaneously.
Semiisotropic pressure coupling allows the x,y dimensions to be scaled indepen-
dently of the z dimension. This is useful for systems such as membranes, where
across the periodic boundary there is an interface in the x,y plane.

An important takeaway from this is that equilibration simulations and pro-
duction dynamics generally do not use the same thermostats and barostats.

2.1.7 Periodicity

In order to simulate a biological system properly the edges and faces of the sim-
ulation box must be treated properly, otherwise the system will be suspended
in a vacuum giving unrealistic effects, Figure 2.5. This is achieved via the use of
periodic boundaries at the edges and faces of the box.!° During a simulation
the simulation box behaves as if it is surrounded by equivalent boxes containing
the same molecules. This allows particles to leave one side of the box and move
to the other without causing artefacts and also for the realistic simulation of
pressure, temperature and diffusion.
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Figure 2.5: An example of periodicity, where the box is replicated around every
face of the central box.

This can also be of particular use for some simulations, such as a membrane
systems, where by using a small patch of membrane that fills the box in the x
and y axes it is possible to simulate a bulk membrane which is uninterrupted.
Another notable use for this is periodic molecules, where polymers can be self
bounded through the boundaries, such as DNA to produce one continuous chain
of monomers that is unbroken during the simulation.”

2.1.8 Restraints

Restraints can be imposed upon particles in a system during a simulation. Po-
sition restraints cause the particles to be harmonically fixed to their reference
positions. This can be necessary in some cases as during equilibration, before a
production run, molecules such as proteins can drastically rearrange as a result
of unequilibrated solvent. Other uses include using position restraints to create
barriers in a system or to pin a molecule in place such as to bias the sampling
to a certain conformational space, e.g. in umbrella sampling.

The mathematical expression of a typical position restraint is similar to that
of an angle or bond in a forcefield:

Equation 36:
1 .
V = —k|F — R|?
Sk — R
Where V is the potential energy, k is the force constant of the restraint, r

is the position and R is the reference position of the restraint. This essentially
forms a harmonic, where an energy penalty is applied in order to prevent the
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particles that are restrained from moving during a simulation. This can be ex-
panded upon due to the nature of x,y and z coordinates, see Equation 36, for
the expanded form of Equation 35.

Equation 37:

1 > > =
Vo= ST = Re)%E + k(5 = Ry)*) + k(2 = R2)*2]

This allows for different force constants to be imposed upon the three coor-
dinates for restraints, so for example, particles can be isolated to a certain plane.

Restraints can also be applied in other ways, such as distance restraints or
orientational restraints in order to enforce certain behaviours in systems during
simulations. Flat bottomed potentials can be used in order to restrict particles
to a certain section of a simulation box, where they experience no restriction
until they move to a certain boundary where an energy penalty is then applied.
The important point of restraints is that they can be a necessary part of build-
ing a simulation system in order to produce relevant results.

2.1.9 Simulation Resolution

There are many levels of detail that can be simulated. This generally revolves
around the scale of the system that is in question and the aim of the simulation.

All Atom

For extremely specific interactions and possibly the most realistic simulations
used in MD, all atom forcefields are used, where polarisable forcefield are avail-
able but are much slower. This type of forcefield uses molecular structures that
are identical to the skeletal structure of the molecules, where all atoms are in-
cluded.

CHARMM or AMBER are examples of this. These forcefields are widely
used in order to simulate biological molecules, and these forcefields are well val-
idated and trusted for simulation®®.'22 They agree well with experimental data
and generally give good results. The downside of all atom simulation is that the
number of particles in the system is higher than other resolutions, this means
that the computational demand is higher to achieve simulations of a similar
length.
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United Atom

United atom forcefields are of lower resolution than all atom. This is achieved
by the incorporation of non-polar hydrogen atoms into the carbon that they are
respectively bonded to. The mass is incorporated into a particle that is the sum
of the carbon and hydrogen atoms. This simplifies systems such as membranes
and other non-polar environments. This approximation leads to a less accurate
forcefield however, but there is a significant speed up as the number of total
particles is less.!2*

GROMOS is a forcefield that was developed as a united atom model. This
forcefield has also been widely used and validated in a large number of publica-
tions.!2%

Coarse Grain

Coarse graining refers to a lower resolution than that of united atom. Similarly
to how the hydrogen and carbon atoms are grouped in united atom, heavier
atoms can be grouped together into particles known as beads. This grouping is
dependent on the forcefield used, for example MARTINI uses an approximate
4:1 heavy atom to bead mapping. An example of this would allow a sixteen
carbon lipid tail to be described by four beads!26.127

MARTINTI is a coarse grain forcefield that is popular and widely used in
biomolecular simulations.%>

Coarse graining comes with two advantages, as the number of particles is
significantly reduced the simulations will be much less computationally demand-
ing. The other benefit is that with this method all of the hydrogen atoms in the
system have been removed. As mentioned earlier light atoms force timesteps in
MD to be short. Considering that all of the atoms are now located inside of
beads, which contain their cumulative mass, all of the beads are much heavier.
This allows for much longer timesteps, so not only do simulations proceed faster
per step, but the timestep used can be much higher, e.g. twenty femtoseconds.
Generally in the CG approach potential are also “softer”, reducing large forces
and contributing to the longer timestep. Coarse grain simulations therefore are
extremely popular for large systems of millions of atoms.

With these benefits, come some disadvantages. Considering the level of de-
tail that has been removed from molecules in the system, do they still behave
realistically? MARTINI water is also coarse grained, but the increased mass of
the beads makes the water less fluid, necessitating the use of anti-freeze par-
ticles to stop the water from freezing at room temperature. Elastic networks
are sometimes used in order to maintain protein secondary structure in this
forcefield, so more approximations are necessary in order to achieve realistic
behaviour.'?8
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This being said, coarse grain simulation can applied to many situations where
it is simply impossible to capture dynamics at atomistic detail due to current
limitations in hardware. A prime example of this can be seen in the work of
simulating entire viruses, as well as other simulations that are too vast and
complex for a higher resolution.

2.1.10 Enhanced Sampling

As mentioned previously, it is possible to enhance the sampling of MD. This
is done in order to observe events that require better sampling of phase space
than would typically be accessible to a standard MD simulation!2?.130

Standard MD issues

Standard MD is the simulation of particles with no bias or influence. This allows
the sampling of the system as it would naturally evolve according the forcefield
and parameters for the simulation, in an unbiased fashion. The issue with this
is that only one path through phase space can be revealed. It is known that
events occur on a Boltzmann distribution, where there are many conformations
available, but if a system gets trapped in a stable state or an energy well then
it is not possible to sample all of the potential states in that system. This can
be seen with respect to a potential energy surface, where some states are simply
inaccessible from a current state due to the large increase in energy that would
require the state change.

Umbrella Sampling

This is a method that is widely used to calculate the free energy difference in an
evolving system.'3! This is done by generating configurations along the path-
way of interest, such as pulling a lipid from a membrane bilayer. By providing
these configurations and linking them together with umbrella potentials, which
flattens the energy landscape, many states can be sampled in individual sim-
ulations. Ideally umbrella sampling then allows for the sampling of all of the
states in the system, however it is rare that every possible state is sampled.

The large number of degrees of freedom in even simple molecular systems
makes it difficult to sample all of the possible states, as such generally coordi-
nates along a certain axis are used. This practically would involve a simulation
to generate the reaction coordinate configurations, followed by many individual
simulations of each configuration to explore the phase space. The output of
each configuration is then analysed to compute a potential of mean force and
the free energy change involved in the selected pathway. One method of analysis
used to unbias the data is known as the Weighted Histogram Analysis Method
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(WHAM).%2

WHAM

WHAM is used to analyse the individual windows of the simulation. A key
point is data for the variable being studied must have good overlap between the
configurations, often represented as a histogram each. It is also important that
each configuration has been sampled for long enough, such that a smooth PMF
(Potential of Mean Force) profile is produced.

Reaction Coordinate

Figure 2.6: A visualisation of how the windows are positioned in umbrella sam-
pling, in blue a binding site and red a substrate being pulled from this binding

site.

WHAM allows information from all of the intermediate states to be used.
Real data that is analogous to Figure 2.6 is displayed in Figures 2.7 - 2.10, in
relation to the enhanced sampling of a protein chaperone, LolA when bound to
varying degrees of an inhibitor, present in E. coli. This work is discussed in a
later chapter in this thesis.
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Figure 2.7: Histogram plots to show overlapping regions of sampling along win-
dows for the lipid removal from the apo-LolA umbrella sampling simulations
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Figure 2.8: Histogram plots to show overlapping regions of sampling along win-
dows for the lipid removal from the IMAC-LolA umbrella sampling simulations
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Figure 2.9: Histogram plots to show overlapping regions of sampling along win-
dows for the lipid removal from the 2MAC-LolA umbrella sampling simulations
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Figure 2.10: Histogram plots to show overlapping regions of sampling along win-
dows for the lipid removal from the 3MAC-LolA umbrella sampling simulations

Visualisation

Visualisation of systems is generally done using various software available such
as VMD and Pymol, where these allow brief analysis and visual inspection of
static simulation structures, alongside trajectories of structures generated by
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simulation'32.133 Visualisations in this thesis were made using VMD, Pymol or
Chimera.

Analysis

Analysis of the data presented in this thesis is done using a variety of programs,
chiefly among them self generated python scripts, the MDAnalysis python pack-
age and the GROMACS analysis tools!34135136 95
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2.1.11 General Simulation Conditions in this Thesis
Simulation details

For equilibration Berendsen temperature and pressure coupling was used over
short timescales (100 ps) before production dynamics were run using the V-
rescale thermostat and Parinello-Rahman barostat for GROMOS simulations.

For CHARMM simulations the Nosé-Hoover thermostat was used, with the
Parinello-Rahman barostat. Similar values are used for the equilibration and
simulation.

Biological Conditions

All simulations presented here are intended to mimic in vivo biological condi-
tions. This requires that the conditions for the simulation are equivalent to
conditions that would exist in reality. Important aspects of this include tem-
perature, pressure, ionic concentrations and other variables.

For simulations of E. coli simulation temperature is that of the human host,
310 K. If any data generated is to be related to E. coli cells during a human
infection then this makes logical sense.

Pressure was set to 1 bar, which is ~ 0.98 atm. The turgor pressure of bac-
terial cells, in particular E .coli has been estimated to be 0.3 - 3 atm. Therefore
this makes this a reasonable value to use for E. coli membrane simulations and
generic simulations of bacterial environments.”®

All of the simulations were performed in explicit solvent. The ubiquitous sol-
vent in biology is water, where in the simulations present the water surrounds
the heteromolecules in a bulk. Generally visualizations of systems containing
water would make it hard to show anything else, so for clarity the water is re-
moved from any images of resulting simulations in this thesis.

The ionic concentration must be within a reasonable range to mimic the
biological levels. Ions are included in the bulk solvent to mimic this, addition-
ally in order to produce a system that is of neutral charge to allow for PME.
Ionic concentration in bacteria can vary, but a concentration of ~ 0.2 M sodium
chloride was typically added to each system. Where LPS is present magnesium
cations were inserted on the membrane to follow in vivo conditions. This con-
centration can vary depending on the number of additional counter ions needed
to neutralise any charges. However as this is the microscopic scale it follows
that in these local environments the ions could be distributed in a ratio that is
not one to one.



CHAPTER 2. METHODS 44

Procedure for Simulation

Generate structure

Minimization

Add water to system

Minimization

Add ions to system

NVT, NPT simulation

Production simulation

Simulation outputs Analysis of results

Figure 2.11: A flowchart for the basic set up and simulation of a solvated bio-
logical system.
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2.1.12 Peptidoyoucan

Modelling polymerization of a monomer is a task that requires scripting. Con-
sidering that a small patch of cross linked peptidoglycan can easily contain at
least a hundred monomers the following script had to be created. This was
necessary due to the need to handle the topologies and structure files that are
required to equilibrate the cell wall at each step. This essentially involves the
following steps:

e Start with a monomer of peptidogylcan.

¢ Add an additional monomer, bonding the two together glycosidically and
minimize the system.

e Repeat the previous step until the chain of monomers reaches the desired
length.

o Take the completed chain and translate copies parallel to the original to
form several chains

e Randomly cross link the chains, according to a specified cross linking
degree.

e Minimize, solvate and equilibrate the cell wall for a short time.

This has allowed for the quick production of bacterial cell walls of various
sizes and degrees of cross linkages. Currently the two models supported are
for CHARMM36 and GROMOS54a7. The glycosidic bonds and peptide bonds
that are automatically created use existing parameters within the forcefield. By
using the standard parameters that are available within the molecule for this
type of bond it is possible to replicate the bonding for many monomers and
chains. The bonding is additionally periodic, such that the peptidoglycan can
behave as one continuous mesh, shown in Figure 2.12.
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Figure 2.12: The Peptidoyoucan process, where a monomer (A) is grown into
a strand (B). Once a periodic strand has been grown, it is copied into a sheet
(C). This sheet is then randomly cross linked to give a periodic cell wall in both
the X and Y planes (D).

The functionality to allow the system to be flexible with respect to size
and the degree of crosslinking allows for the potential study of various proper-
ties when these variables are changed. Simulations exploring this are included
alongside work studying protein interaction with the cell wall. The working
version of this code is available under Appendix A, titled Peptidoyoucan.py.
As a long term prospect this code will continue to be developed for use within
the group.
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3.1 Context in the Literature

BLP is the most abundant source of protein that is present in FE. coli. This
lipoprotein consists of a 58 amino acid sequence followed by a lipid moiety at
the N-terminus®6.13” It was the first discovered lipoprotein.'3® The monomer
trimerises into the helical structure that is shown in most textbook represen-
tations of BLP, Figure 3.1. One monomer of each trimer is covalently peptide
bonded via a C-terminal lysine to the tetrapeptide cross-linking site on the NAM
monomer of the cell wall mesh.'3” This linkage to the peptidoglycan is via the
diaminopimelic acid molecule present on the NAM monomer of the cell wall.
The lipid trimer of this bound form rests in the OM, which makes up a third
of BLP present, the rest is free in the periplasm. This interaction spanning the
periplasm provides structural integrity to E. coli.?®

Braun’s lipoprotein was first discovered by Braun in 1969, where it was
named as murein-lipoprotein. This study showed that trypsin can be used to
cleave the lysine peptide bond between BLP and the cell wall.'3® In addition
to this it was estimated that the ratio of BLP to cell wall is approximately one
trimer to ten PGN monomers. In this study it is also proposed that BLP has a
stabilising effect on the structure of the cell wall. The lipid component was stud-
ied, where after aqueous acid or alkaline hydrolysis the insoluble product could
be dissolved in chloroform or methanol. The main component of this lipid com-
ponent (65 percent) was found to be palmitic acid from the lowest R (retention
factor) spot on a TLC plate.3¢ Further studies showed that the lipid is complex
in structure and is most likely bound to either an aspartic acid or serine. This
spawned the theory that the entire structure was lipid-protein-murein, where
the three moieties are covalently bound. The BLP in this study is proposed
to be abundant, on the order of 10° molecules present in the periplasm. The
inference in this first study is that the lipid component is associated with the
OM140 139

Having characterised the lipoprotein, Braun followed with several studies on
BLP. It was confirmed that the lysine that remains, post-trypsin, on the pepti-
dogylcan originates on the BLP protein.® It was also found that the residues
that are split via trypsin digestion were between a lysine and arginine. This pa-
per also suggests that the terminal alanine, residue five, on the NAM molecule
is degraded and is not present in the linkage between chains and between the
murein and the BLP™!.13% Along with this structural insight, the model of the
“rigid layer” was proposed, suggesting peptidoglycan chains of 10 to 65 disac-
charide monomers, with evenly spaced BLP bonded to the wall. Following this,
the sequence of BLP was also published by Braun. After establishing the se-
quence of the structure, it was then found that the lipid component is formed of
a triacylated N-terminal cysteine which is anchored in the OM. This completed
the structural eludication and the behaviour of the murein-lipoprotein, which
gained the name Braun’s lipoprotein from Braun after his extensive work. It is
thought that E. coli expresses approximately 100 lipoproteins that are present
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throughout the cell; however, currently BLP is the only known example cova-
lently linked to the cell wall.

Further study of the linkage showed that the bond is added by three transpep-
tidase proteins; LdtA, LdtB, and LdtC'42.143 The enzymes are all homologs and
contain a conserved cysteine in the active site.'4* Of these enzymes LdtB, is
predominant, where it comprises 90 percent of the enzymes of the Ldt group.
It has been suggested that the enzymes are required for various conditions,
however the BLP linkage to PGN is mostly absent when the gene for LdtB is
deleted.'*>

When BLP is not linked to the cell wall, this is known as the free form of
BLP. Approximately two thirds of BLP is free.!3® It is still unknown how this
free lipoprotein interacts with the cell wall. It is also proposed that this free
form of BLP can be surface-exposed on the OM of the cell. This was based on
labelling and results have shown that expressing mutants lacking the C-terminal
lysine increases the amount of surfaced exposed BLP, as opposed to a mutant
that is only PGN bound and is not detected on the surface. It is unclear as to
how the BLP is inserted into the OM in such a way that is is surface present-
ing, 146

BLP is not unique to E. coli, and homologous proteins are present in other
species such as Pseudomonas and Salmonella strains.!®® Generally it is a well
established protein across many strains, where the terminal lysine is also well
conserved. It has also been shown that mutations in this amino acid results
in the loss of BLP-PGN linkages. The reasons behind the large number of
BLP molecules present in the periplasm have also been studied. A 2014 study
suggests that there are approximately one million copies per cell.'*” The high
levels of expression are represented by approximately 8 percent of translation
occurrences in the cell involving BLP mRNA. This has been attributed to a
high adenine-thymine content, which is thought to aid strand unwinding for
transcription. Another factor is that the BLP mRNA is highly stable with a
half life of 12 minutes, versus the average 1.3 minutes for other mRNA present
in E. coli.'*"

E.coli has an included stress response involving BLP.14® A post transcrip-
tional inhibition of the stable mRNA can occur, resulting in a reduction in BLLP
production when the cell is experiencing issues such as improper protein folding
or mislocalised LPS molecules.

The function of BLP has been studied. It has been reiterated many times
that it serves a mainly structural role. This role is referenced in two capacities.
The first is that of maintaining the integrity of the OM of the cell. Cells that
have the gene for BLP deleted are still viable and can survive, however they
do not behave the same as the wild type-containing BLP.14? These cells ex-
perienced increased sensitivity to antibacterial compounds!®?.15! BLP deletion
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also causes periplasmic proteins to be released into the surrounding environ-
ment, along with OM blebbing.'®? This is evidence for the suggestion that the
BLP effectively ties the OM to the PGN layer. Without this linkage, the OM
can effectively float away and is easier to disrupt. It has been noted that this
phenotype where BLP is entirely deleted is similar to that of the terminal ly-
sine deletion mutant, indicating that it is specifically the linkage that prevents
them.'® The second structural role of the BLP is as a distance maintainer.
Studies have shown that BLP insertions in order to lengthen the protein sec-
tion result in an increased OM to PGN distance'®®.154 The length of BLP is
generally conserved with little change in the number of amino acids present in
the protein. It has therefore been assumed that BLP determines the size of the
periplasm in Gram-negative bacteria.

OmpA is a 325 residue outer membrane protein, consisting a membrane
localised barrel region (residues 1 - 171) and a globular periplasmic domain
(residues 180 - 325), see Figure 3.1 , where a flexible unstructured region
(residues 172 - 179) links the two main domains.”> The barrel domain is com-
posed of eight antiparralel 8 strands, with short turns at the periplasmic side
and long loop regions at the extra-cellular interface. The globular periplasmic
domain is a folded domain that is similar in structure to known peptidoglycan
binding domains. OmpA is present in both a monomeric and proposed dimeric
form.'®® Much like BLP it interacts with the cell wall, but non-covalently. This
is once again proposed to be a stabilising interaction.'® OmpA can interact with
the cell wall as the periplasmic domain contains a binding site for the PGN net-
work.

OmpA has also been extensively studied, due to the surface exposed region,
seen as a potential target for therapeutics, as there are hundreds of thousands
of copies per cell. It was first purified in 1977, followed by sequencing in 1980,
since it has been characterised via many techniques, including crystallography,
mass spectrometry and solution NMR!%6157158 90 The function of the protein is
often stated to maintain the integrity of the OM and to relieve osmotic stress.
Mutation of the structure, or removal of the protein gene causes increases sen-
sitivity of the OM to stress. The structure of OmpA was first resolved for the
transmembrane domain, followed by inclusion of the periplasmic domain. The
periplasmic domain has been studied for PGN binding ability, including tem-
perature dependent structural transitions of the periplasmic domain. It is still
a matter of discussion as to whether the protein is present predominantly in
a monomeric or dimeric state, where several studies have presented either as
possible options. Diffusion through OmpA has been compared to the behaviour
of OmpC and OmpF, other outer membrane proteins in the same family, where
small solutes were found to diffuse much slower through OmpA.'%? Mutations in
the OmpA protein have also been shown to increase pathenogicity of bacteria.”

Simulation studies of both of BLP and OmpA currently exist in the litera-
ture. Currently there are two simulation studies of BLP, one published based
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on the work contained in this thesis and another published by Hwang et al.'%

Whilst our study focuses on the interactions between OmpA, BLP and the
cell wall, the other focuses on the stress and mechanical properties that the
periplasm undergoes. Here the model used was of BLP connected to the cell
wall and non-covalently connected to the OM. This system contains many other
proteins. The findings from the simulations were for the values of K 4, the area
compressibility of various barriers present in the simulated periplasm. The cell
wall was shown to be able to expand when under tension, where the peptide
cross-links are the more flexible direction compared to the glycan strands. Com-
parisons to experimental values for the membranes indicated that the K4 was
underpredicted for the IM and overpredicted for the OM.

A key point of the simulations showed that when under higher turgor pres-
sure in the cell, the cell wall will bear much more of the tension, approximately
80 percent, whilst in lower pressure systems the cell wall shares the tension with
both membranes equally.'%® This supports the theory that the cell wall exists
to protect against the high internal pressure of the cell, via stretching in the
glycan and peptide directions. This study is interesting in understanding the
mechanics of the periplasmic components, but does not explore the interaction
between included membrane proteins.

OmpA simulations are more extensive than those of BLP. The first simu-
lation of this protein, before the periplasmic domain was resolved shows the
presence of a pore in the beta barrel membrane domain, along with simulations
in a bilayer, where a gating mechanism between the open and closed state is
proposed. This exploration of the porin type behaviour showed that perturb-
ing this gate at ARG138-GLU52 allowed for complete permeation of the pore,
allowing for agreements with experimental conductance data.”® This led to
the proposal of a mechanism where the ARG138 swaps between pairing with
GLU52 and GLU128. The drawback of the simulation study was the timescale,
which as the study occurred in 2002, only a total of 19 ns was achieved from the
study. An experimental paper by Lucas Tamm and co-workers then confirmed
that ARG138 and GLU52 do act as a gate to control the pore.'8'This shows
potential meaningful results have been drawn from these short simulations of
OmpA and leaves the protein open for further simulation at longer timescales.

A comprehensive overview of OmpA and other OMP simulations followed
this, where simulations of homology models were the first to show the proposed
periplasmic domain, as it had yet to be characterized for OmpA. The periplas-
mic domain was first modelled by Khalid et al., where it was first suggested
that this domain could interact with PGN.!® This first model was constructed
via fusing a RmpM C-terminal domain (40 percent similarity to E. coli CTD
OmpA) to the barrel of P. multocida. The basis for the interaction with PGN
is the determination of a crystal structure of A. baumannii in complex with a
synthetic PGN molecule. The first proposition of a full length OmpA protein
model came from Robinson and co-workers. Using mass spectrometry of sev-
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eral OmpA fragments, a low resolution model of full length OmpA was devised,
where the proposed model is actually dimeric in form. In this study it was
proposed that residues 188-276 are responsible for the dimerization, where cross
linking in tandem with analysis of the periplasmic domain truncated in the fol-
lowing patterns: residues 188-325, residues 188-276 and residues 227-325 showed
that only the protein at residues 227-325 was monomeric. It was seen during
studies of OmpA that it often presented as either a monomer or a dimer.”
There is evidence in both camps to suggest that it can exist in either form in
vivo.

Approximately 15 years after the first simulation, Samsudin et al. showed
via MD that OmpA can act as a flexible clamp to contact the cell wall such as
to promote OM binding to the cell wall. This was done with single strands of
PGN. The PGN binding domain was assessed, where ASP241 and ARG251 in-
teracted with the cell wall closely, forming salt bridges with the m-DAP residue
on the side chain of the PGN. It was also proposed that the PGN can adopt
many conformations inside the binding site. This work included simulations
of both monomeric and dimeric OmpA. The monomeric simulations showed
linker contraction, which pulled the PGN close to the OM. It was proposed that
dimerisation of OmpA would prevent this. However in this simulation, as only
single strands were used, it required much less force to pull a strand of PGN
to the OM, versus a networked mesh.'® This work led to the development of a
PGN mesh for the study included here.

The motivation for this study comes from the question that if OmpA and
BLP both interact at some level with the peptidoglycan, is there some cumula-
tive interaction that allows for this? Considering that the cell wall is present in
the periplasm as a sheet this presents the opportunity to build a model for sim-
ulation. In particular, the main question is if BLP can regulate the OM to PGN
distance, how does OmpA bind to the cell wall easily, as the full length BLP
in a perpendicular orientation to the cell wall would prevent contact between
the OmpA and PGN? Based on this we have constructed our model of the cell
wall and using experimentally derived data for OmpA and BLP, intending to
explore the interactions of these proteins and peptidoglycan in a model FE. coli
periplasm.
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3.2 Premise

E. coli contains a complex cell environment, which is a target for modern ther-
apeutics.'%2 Further exploration of the periplasmic space is required in order to
begin to understand the construction of the cell envelope. Using atomistic MD
simulations allows for molecular detail interactions to be categorised between
OMPs and the peptidoglycan layer that exists in the periplasm.

OmpA has previously been shown to be a flexible clamp for the cell wall that
originates in the OM of E. coli.'® BLP also occupies this space, where unlike
OmpA there is a covalent attachment to the cell wall.1%3 All textbook repre-
sentations of BLP indicate that the trimeric lipoprotein is perpendicular to the
membrane and the cell wall.'%* Based on the previous clamping to the strand of
cell wall observed in simulation the following questions are asked in this study:'®

o How does a mesh of cell wall interact with the OmpA periplasmic domain?
¢ Does dimerisation of the OmpA protein affect the binding?

e How does BLP behave in the periplasmic environment and does it affect
OmpA-PGN binding?

e How does BLP affect the behaviour of the cell wall in the periplasm?

Previously, modelling of the cell wall in a periplasmic environment has been
sparse to non existent; therefore this study is one of the first of a kind where
both a membrane and a cell wall mesh are used in tandem in a simulation. It
is important to ask these questions, as the first step in assessing periplasmic
behaviour is to generate as much basic information as possible, by starting to
create models of this compartment.
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3.3 Methods and Simulation content

All simulations were run for 100 ns with an independent repeat, where resources
limited our timescales. The contents of the OM were entirely LPS in the outer
leaflet and a ratio of 90:5:5 of PE, PG and cardiolipin lipids in the inner leaflet.
These lipids are known as 1-palmitoyl 2-cis-vaccenic phosphatidylethanolamine,
1-palmitoyl 2-cis-vaccenic phosphatidylglycerol, and 1-palmitoyl 2-cis-vaccenic
3-palmitoyl 4-cis-vaccenic diphosphatidylglycerol respectively. The LPS used
is referred to as rough Ra-LPS, meaning that the LPS model lacks the long
O-antigen; instead only the core sugars are modelled. The negative charge
of the LPS was balanced with magnesium counter ions that are known to be
present on the membrane surface. The BLP model used consists of 58 amino
acids, where the 20 amino acid signal peptide was cleaved; this protein struc-
ture was constructed based upon work by Shu et al. (PDB:1EQ7).1%5 The
N-terminus was functionalised with tripalmytoyl-S-glyceryl-cysteine, using pa-
rameters from the GROMOSb54A7 forcefield. The linkage between the BLP
and the m-DAP residue of the PGN was constructed using standard parameters
for a peptide bond from GROMOS54A7. The OmpA model used was the full
length model provided by Carol Robinson, which has previously been used in
simulation work!%®.166 OmpA was inserted into the membrane via the membed
function of GROMACS.

System OmpA  BLP Temperature (K) OmpA contacting PGN?

Control None Yes 310 N/A

Control None Yes 323 N/A
Sysl Monomer  Yes 310 Yes
Sys2 Monomer  Yes 323 Yes
Sys3 Monomer  No 310 No
Sys4 Monomer  No 323 No
Sysb Dimer Yes 310 Yes
Sys6 Dimer Yes 323 Yes
Sys7 Dimer No 310 Yes
Sys8 Dimer No 323 Yes

Table 3.1: Simulation systems set up for the OmpA, BLP, PGN periplasmic
environment.

The peptidoglycan sheet model used was constructed from three strands of
10 repeating monomeric units of NAM-NAG.'® A single layer of PGN was used,
as according to studies approximately 75 percent of the cell wall is monolayered.
The strands were then cross linked by peptide bond between residues 3 and 4
on the side chains of opposing NAM monomers. The initial setup of the system
comprised of the membrane with the cell wall located approximately 90 A from
the inner leaflet of the membrane. The presence of the BLP and monomeric
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and dimeric OmpA was varied in order to compare the ability to bind to the
cell wall and how the cell wall location is affected by any binding.

Simulations were run at 310 and 323 K using the V-rescale thermostat at
1 ps time constant. The 323 K simulations were done to study the system at
a higher energy. The Parrinello-Rahman barostat maintained pressure semi-
isotropically at 1 atm, using a 1 ps time constant. LINCS was applied to allow
2 fs timestep.The short range cutoff for both VAW interactions and charged
interactions was set to 1.4 nm.'%0 The SPC water model was used to solvate
the system and a concentration of 0.2 M NaCl ions was used to neutralise the
charge in the system.'%” The simulation used the GROMOS54A7 forcefield.'?®
The system sized used was of a membrane approximately 10 nm x 10 nm,
with enough space in the box to prevent periodic interactions in the x and y
dimensions.
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3.4 Results
3.4.1 OmpA dimer 310 & 323 K

Simulation on one side of the FE.coli periplasm has shown that the proteins
OmpA and BLP are key staples that maintain the distance between the OM
and the cell wall. OmpA achieves this via the periplasmic domain of the protein,
using a flexible binding region that appears to be specifically evolved to contact
the cell wall. This interaction can vary over time, as it is non-permanent and
governed by intermolecular forces. BLP however is covalently bonded to the
cell wall, where the N-terminal region of the protein rests in the OM, whilst the
C-terminal region of the BLP timer is located at the cell wall.

Density plot of 1BLP system
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Figure 3.1: A visualisation of the OmpA dimer (blue cartoon), BLP (red car-
toon), PGN (cyan spheres)and the membrane (light blue for outer leaflet and
dark blue for inner leaflet, both in the surface representation) periplasmic sys-
tem (left). The corresponding density of the components in the z-axis over 100
ns (right). In this image, the OmpA periplasmic domain, also known as the
clamp is bound to the cell wall.

OmpA is proposed to exist in both monomeric and dimeric form, where the
interaction between OmpA and BLP must occur at some level in E.coli, due to
the abundance of BLP. Due to the microscopic scale of these simulation, a small
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number (1-2) BLP trimers were included in the system. Figure 3.1 shows that
the BLP will spontaneously interact with the OmpA dimer, and that the dis-
tance between the cell wall and the OM was defined and limited by the length
of the BLP, Figure 3.2. See Appendix Figure 7.1 for further visualisation of
OmpA and BLP.

It can be seen in Figure 3.1 that densities of the BLP, OmpA and PGN
overlap, indicating that during simulation the association of the proteins oc-
curred and therefore can be further examined, where the physical effects on this
rudimentary model of the periplasm can be measured.
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Figure 3.2: The minimum distance between the OmpA dimer and the PGN
mesh over 100 ns, at 310 and 323 K.

Firstly, across all simulations at 310 and 323 K, the minimum distance be-
tween the dimer and the cell wall was seen to reduce, Figure 3.2, until the
OmpA dimer was in physical contact with the cell wall. This can be seen in the
reduction of distance of ~2 nm, to ~0.2 nm during all four runs. This occurred
over varying timescales during 100 ns, however generally the OmpA dimer was
bound, below 0.5 nm distance, to the cell wall after 50 ns of simulation.

It is noteworthy that once the binding occurred, there was no dissociation of
the cell wall and OmpA. Compared to previous simulations of OmpA dimers and
strands of cell wall, where the OmpA dimer associated with both PGN strands,
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but the linker region between the barrel and periplasmic clamp contracted.'®
Figure 3.1 shows that the linker regions remained extended whilst the clamp
contacted the cell wall.

This PGN-binding occurred either as a result of the movement of the OmpA
dimer periplasmic domain, or because of the cell wall moving through the
periplasm. The binding is proposed, via crystallographic studies, to involve
two key residues, ASP241 and ARG256 that exist in the periplasmic clamp.
Considering the negatively charged nature of the PGN, it follows that charged
interactions would then govern the binding of the dimer. These two residues are
located deep in the periplasmic domain, indicating that initial contact between
the protein and PGN is not mediated by this binding region.
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Figure 3.3: Centre of mass measurement in the z-axis of each OmpA protomer

and the cell wall.

Measurement of the centres of mass of the OmpA monomers and PGN in
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the axis perpendicular to the cell wall (Z), shows the initial positions of the
OmpA proteins did not change much in this axis.This is in contrast to the cell
wall. Initially OmpA and PGN were separated by a ~ 3 nm gap, Figure 3.3. It
can be seen that the cell wall during the simulation moved between 3 nm to 4
nm closer to the monomers in the Z direction.

This movement can be ascribed to either attraction between the cell wall and
OmpA, or by another physical effect. BLP can bend and tilt, Figure 3.1 shows
this visually whilst Figure 3.10 confirms this, in contrast to most representa-
tions showing the BLP at a 90 degree perpendicular angle to the cell wall. It is
this natural bending of the protein, which pulls the cell wall upwards, reducing
the distance between the OM and the PGN. This is evidence to support that
BLP mainly functions as a structural staple in E. coli, however this lends evi-
dence to the flexibility and mobility of the protein, rather than a rigid structure.

This reduction in distance caused the initial interaction between OmpA and
PGN in these systems.
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Figure 3.4: The short range electrostatic and Van der Waals interactions be-
tween the OmpA dimer and PGN over 100 ns.

The initial interaction as OmpA approached the cell wall can be seen in
Figure 3.4, where across all simulations it can be seen that the stabilising in-
teraction between the two structures was due to charged interactions. Van der
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Waals interactions played a role in stabilising this binding, however at approxi-
mately one order of magnitude less than the coulombic energies.

As both structures exist in the aqueous periplasm, it is to be expected that
charged interactions would would be key to cell wall binding. Given the negative
charge of the cell wall, it is proposed that there are complementary positively
charged residues on OmpA that allowed for strong binding. This is backed up
by the proposed binding residues, which can interact with the side chain of
PGN. The NAM monomer side chain, containing alanine, glutamic acid and
meso-diaminopimelic acid, is similar in composition to amino acids, indicating
that it would require a zwitterionic type binding site.

The Van der Waals interaction can generally be assumed to be ~ -200kJ /mol,
once the protein was bound, as the values were similar during each run. As the
flexible clamp and cell wall are both dynamic regions it is not surprising that
the charged interactions fluctuated significantly. This can be seen where in two
runs this energy was ~ -600kJ/mol after 100 ns, whilst in the others was ~
-1000kJ/mol, this can be attributed varying area of the OmpA surface bound
to PGN. It is possible that the clamp was either tilted, or interacting with other
components of the system such as BLP.
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Figure 3.5: The short range electrostatic and Van der Waals interactions be-
tween the OmpA dimer and BLP trimer over 100 ns, 310 K (left), 323 K (right).

The dimer interacted with BLP, another charged structure in the simulation,
to varying degrees. This was a weaker interaction compared to PGN, however
it was still generally attractive, as seen in Figure 3.5.
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Contact profile OmpA to PGN
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Figure 3.6: Number of OmpA residues contacting PGN over 100 ns (left), num-
ber of OmpA residues contacting the BLP trimer over 100 ns (right).

Given the starting position of OmpA in the systems, it is possible that OmpA
used BLP as a ladder; where as the cell wall moved, OmpA remained close to
BLP until the cell wall was within range for binding. Unlike with the cell wall
where physically and energetically association is strongest after 50 ns, Figure
3.6 shows that OmpA and BLP interacted almost immediately. This allows for
the hypothesis that BLP is not only a structural staple, but also a point of
interaction for OmpA and also many other proteins that exist in the crowded
periplasm.

Figure 3.5 indicates for systems at 310 K this interaction was stronger and
more consistent, where lower energies (-500 kJ/mol) were reached and main-
tained by the end of the simulation. In this scenario OmpA was bound to both
the BLP and the cell wall, causing lower binding energies to the PGN, as some
of the OmpA binding sites were bound to the amino acids in BLP. In systems
at 323 K the interaction was weaker, where the energy was approximately 0
for one simulation indicating no interaction, whilst one system showed a lesser
interaction (-150kJ/mol) with respect to coulombic energies as seen in Figure
3.5.

This dimer-BLP interaction shows that the separate periplasmic components
interacted synergystically in order to maintain local protein binding.

Assessing this amount of protein to PGN contact reveals that the OmpA
dimer in three runs had a similar level of contact to the PGN after 100 ns, of
approximately 20 unique residues. One simulation shows a higher number at

310 K —
310 K repeat
323K
323 K repeat
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30 residues, and whilst there was fluctuation there was no significant change in
the contact with the cell wall after 80 ns of simulation in all systems.

Analysis of protein to BLP contacts echoes the energetics data, showing that
the total number of contacts was generally lower than for PGN, Figure 3.6. This
is due to there being a lower surface area for contact, and also the BLP is a less
favourable site for OmpA dimer binding sterically. In once instance there was
essentially no contact at all over 100 ns, whilst two systems fluctuated between
5 and 10 contacts during a simulation, once again seen in Figure 3.6.

Comparing these two contacts, it can be seen that large increases in the
contact to the cell wall were mirrored by decreases in contact to the BLP. With
respect to the simulation at 323 K however, it can be seen that contact and
interaction between the OmpA dimer and the BLP was not necessary for bind-
ing to the cell wall, where in fact this system established the highest amount
of contact with the PGN earliest, and then maintained a consistent contact of
close to 20 residues. Once this PGN contact was established by 40 ns there was
no large change however, which can be attributed to the lack of interference
from the BLP trimer, seen in Figure 3.6.
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OmpA PGN contacts
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Figure 3.7: A visualisation of the periplasmic clamp of the OmpA dimer to PGN
binding in the unstructured region at the edge of the clamp where maximum
contact was observed. The orientation the PGN is parallel to the outer mem-
brane, where the periplasmic domains of OmpA contact the flat PGN surface.
Separate OmpA protomers are shown in red and blue, with similarly labelled
residues. The cell wall is shown transparent, in the CPK representation, whilst
the headgroups of the membrane are shown as orange spheres (left). Per residue
contact of the PGN binding site of the OmpA over 100 ns, where a LY'S residue
has the highest contact (right).

After establishing the amount of OmpA-PGN contact, the specificity of the
contact comes into question. Fig 3.7 shows that the contact between the residues
was highest for a LYS residue. This residue was in contact for 64 percent of the
simulation, where it is located at the edge of the periplasmic domain as part
of an unstructured regions between two exposed surface helices, as are other
residues highlighted in red that had the highest contact. With respect to these
there are two separate sites, where one is composed of a VAL-LYS-GLN pocket
and the other a PHE-ASN-LEU-PRO site. These highlighted residues form
grooves with which the side chain of the PGN monomer can interact, specifi-
cally the fourth m-DAP residue in the chain, which carries a charge. This initial
interaction between these edge grooves on the clamp and flexible side chains al-
lowed for the further formation of more contacts throughout the simulations.

This charged interaction, along with surrounding hydrophobic residues that
prefer to bind the cell wall allowed for the initial stabilisation of binding, and
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continued once OmpA is bound to PGN. When dimerised these sites are located
at the edge of the periplasmic domains of each monomer, whilst the central re-
gion of the OmpA monomers is self associated, indicating that theoretically the
dimerisation allowed the formation of this first contact.

1 BLP periplasm size
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323 K-
323K-

Time (ns)

Figure 3.8: The OM to PGN distance, inner leaflet headgroups to PGN, over
100 ns at 310 and 323 K (left). A visualisation of the OmpA dimer and PGN at
0 ns (red) and 100 ns (blue) where the orange spheres represent the membrane
headgroups, OmpA and PGN coloured with respect to time. One protein dimer
is present in the visualisation, where periodic imaging effects show multiple
proteins.

Systems using various amounts of BLP were constructed. Using the main
case where one BLP was included it is possible to see the effects on the size of
the periplasm. This is achieved by measuring the distance between the inner
leaflet of the OM and the PGN mesh. Over four systems it can be seen that
this periplasmic distance reduced. Generally there was a 50 % reduction in the
size of the periplasm. This can be seen displayed visually in Fig 3.8, where at
0 ns the cell wall was not contacting OmpA and is further from the membrane
in the perpendicular axis, whilst at 100 ns it was contacting . It is once again
proposed bending of the BLP caused a smaller periplasmic size than the length
of straight BLP (~ 90 A).

Whilst BLP can pull the cell wall higher, and allow OmpA to interact, it
also provides a minimum distance that the cell wall is from the OM. Compared
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to previous simulations using free strands in place of PGN meshes with BLP it
was been observed that the cell wall can contact the membrane. Including one
BLP trimer gives a periplasm that after 100 ns was 3.8 - 4.8 nm thick, however
smaller distances were not possible due to the BLP forcing a certain periplasmic
volume to exist.

BLP bending can be seen with one BLP trimer, Figure 3.10, but in E. coli
exists as a macroscopic effect, where it is unlikely that the cell wall to be at
the same height throughout the cell, it is probable that there are sites around
the bacterium that have higher and lower concentrations in order to facilitate
difference in cell wall positions in the periplasm.
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Figure 3.9: The OM to PGN distance over 100 ns when BLP is absent from the
system at 310 and 323 K (left), The OM to PGN distance over 100 ns, when 2
BLPs are covalently attached to PGN, at 310 and 323 K (right).

Comparatively systems that contain no BLP reduced in periplasmic size
slower than the two BLP system, Figure 3.9, where one system at 310 K dis-
played a final size of ~3 nm. Generally the periplasmic size when BLP was
absent converges to a lower value, where the largest value was ~4 nm. This
is an indication that the cell wall was still attracted to the OmpA dimer, but
there was a significant difference in this distance, as OmpA was now the decid-
ing factor in establishing this distance.

Similar values were seen when comparing the BLP systems, where similar
periplasmic sizes were seen. In the 2 BLP systems a range of final sizes, 3.3 -
4.5 nm is seen in Figure 3.9, which was lower than that of 1 BLP but higher
than none. Interestingly this could indicate a trend that increasing the num-
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ber of BLP proteins bound to the cell wall will in turn reduces the periplasmic
size, considering that when BLP is absent the cell wall can be located anywhere
in the periplasm. Owverall this is an indicator that the cell wall position in
the periplasm is very malleable, and that varying the amount of BLP will have
an effect on where the cell wall lies and in turn what it was able to interact with.
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Figure 3.10: A snapshot of the BLP to PGN peptide connection. BLP is shown
as a red cartoon, PGN as blue licorice, the terminal lysine bonded to PGN is
shown in yellow licorice . The box is displayed to show the bounds of the system,
which for simplicity shows only one BLP monomer and a single strand of PGN
(left). A snapshot of BLP with the lipid functionalisation, BLP is shown as a red
cartoon and lipid as yellow licorice (right). The respective chemical structures
can be found in Figures 1.4 and 1.5.

A primary physical attribute of the BLP that controls the size of the periplasm
was the tilt angle with respect to the OM bilayer. Tilting and bending seems
to be the key aspect of BLP behaviour in the cell, Figure 3.11. It would appear
that changing the number of BLPs affects that rate at which the cell wall is
pulled closer to the membrane, however that periplasmic size is roughly similar
after 100 ns in all three systems.
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Figure 3.11: The tilt angle of the vector of BLP against the surface of the inner
leaflet of the OM over 100 ns at 310 and 323 K.

BLP tilting was characterised across systems with 1 BLP. This tilting is
measured via establishing the direction of a vector from the end to end in BLP;
the angle of this vector is then measured with respect to the headgroups in the
OM inner leaflet.

This data showed that the BLP angle can vary vastly in each simulation. In
one instance the angle of the BLP (310 K repeat) was such that it reaches 30 de-
grees, indicating that the lipoprotein was lying at an angle that allowed the cell
wall to be pulled very close to the OM. All systems start at a close to perpen-
dicular angle, where in two systems this angle fluctuated, however reductions
were seen in the other two, that last throughout the simulation. Referencing
earlier contact data, Figure 3.6, the repeat run at 310 K was the simulation
that revealed the highest degree of contact with OmpA. This supports the the-
ory that the bending of BLP facilitated this contact, as the other three systems
showed a less severe angle change in the BLP with respect to the OM. It is
also interesting to note that the BLP trimer that bent the least had the highest
OmpA-BLP contact and the largest periplasmic size. This gives credence to the
idea that OmpA interacting with BLP affected the bending and tilting motion,
which in turn affected the cell wall positioning.
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Figure 3.12: The contact between the protomers of the OmpA dimer over each
independent repeat, at 310 K (A and B) and 323 K (C and D).

Before considering the monomeric data it is wise to consider the behaviour
of the OmpA dimer with respect to the individual monomers. Shown here is
the lifetime of monomer to monomer contacts.

It can be seen in the barrel residues (residue number less than 20) that
the contact was consistent and that the association membrane allowed these
residues to stay firmly in contact over the simulation, in Figure 3.12. In the
periplasm however this contact varied, where one would expect to see two sym-
metrical peaks for the periplasmic domains if the clamp existed as one solid unit.

This was not the case, as these peaks that showed periplasmic domain con-
tacts are not consistent across separate simulations. This indicates that the
dimeric clamp is extremely flexible, to the point that, whilst not entirely dis-
sociating, binding to the cell wall weakened the association between the OmpA
monomers. This can be seen in the fall in certain peaks in the lifetime con-
tact, such as at residue number 100, and also the reduction in width in others,
indicating that during the simulation certain contacts were not maintained for
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similar timescales, in Figure 3.12.

3.4.2 OmpA monomer 310 & 323 K

Density plot of 1BLP system
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Figure 3.13: A visualisation of the OmpA monomer (blue cartoon), BLP (red
cartoon), PGN (cyan spheres, Membrane (inner leaflet dark blue surface, outer
leaflet light blue surface) periplasmic system (left). The corresponding density
of the components in the z-axis over 100 ns (right).

Analysis of the OmpA monomeric system has been carried out in a similar man-
ner to the dimeric system, in order to compare certain properties, but also to
explore individual properties of the monomer. The monomer displayed different
characteristics compared to the OmpA dimer. Previous work has shown that
there is a difference in contact with PGN strands.'®

This can be attributed to a number of factors, that include a greater degree
of flexibility, greater exposure to solvent and a lower surface area for binding to
the cell wall. It was seen in monomeric simulations that it is also possible for
OmpA to contact the cell wall. Visualisation of this shows the BLP once again
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at a tilted angle, in Figure 3.13. Previous simulations showed the OmpA CTD
contracting to contact the inner leaflet of the OM.'® In the presence of the PGN
mesh this did not occur, as the contraction of the linker region in OmpA cannot
significantly affect the position of the PGN in the periplasm in the simulation
systems, see Figure 3.14.

A density plot of a typical system, for OmpA monomer and one BLP, shows
a similar result to the OmpA dimer system, where the densities for OmpA,
BLP and PGN overlapped, indicating they occupied the same space in the Z
dimension, in Figure 3.13. It can also be seen that the BLP overlapped with the
OM, where the lipidated N-terminus rested in the inner leaflet. The membrane
forms a barrier where there was little solvent present, where any water was due
to that permeating the OmpA barrel.
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Figure 3.14: The minimum distance between the start and end of the flexible
linker region in OmpA over 100 ns, at 310 and 323 K (left). The minimum
distance between the OmpA monomer and PGN over 100 ns, at 310 and 323 K

(right).

Monitoring the linker region distance, end to end, shows that the OmpA
monomer linker did not behave consistently during simulation. After 100 ns
distances of ~5 nm are seen for two simulations, whilst one distance of ~2.5 nm
is seen and a much lower distance of ~0.5 nm for another. Distances of less than
1 nm would indicate that the linker region has contracted, and that the OmpA
monomer was associated to the membrane. This would indicate that in three
simulations there were various extended OmpA monomers and one contracted
monomer. This contraction can be see in Appendix Figure 7.4
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If during simulation these linker regions contract, is PGN contact still es-
tablished? It can be seen that the minimum distance from OmpA to PGN
indicates that there was PGN contact. Comparatively in all but one system
OmpA was contacting (distance less than 0.4 nm) PGN after roughly 20 ns,
where the outlying system eventually shows PGN contact after 60 ns, Figure
3.14. Considering that the system in which OmpA established PGN contact
last was also the contracted linker system, this shows that the monomer did not
extend towards the PGN in the same fashion as the dimer.

The variation in the linker distance indicates how quickly the PGN contact
was established, where run 2 at 310 K shows that when the linker was extended
for the whole simulation, the PGN contact was quickly established and main-
tained. In all systems when PGN contact was established, the monomer did not
unbind from the PGN.
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Figure 3.15: The centre of mass measurement of the OmpA monomer in the
z-axis over 100 ns, at 310 and 323 K (left). The centre of mass measurement of
PGN in the z-axis over 100 ns at 310 and 323 K (right).

The centre of mass in the Z dimension for the OmpA monomer shows that
the centre of mass is similar for three of four simulations. The run with the high-
est centre of mass is consistent with the shortest linker region. The height of the
monomer COM for this run was roughly 1 nm higher than the other monomers.
The other systems all achieved a similar value within a 0.5 nm range for the
centre of mass after 100 ns, see Figure 3.15.

If OmpA contracts then how does it contact PGN? Once again the cell wall
moved in the Z dimension during the simulation, as a result of BLP, Figure 3.15.
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It can be seen that the PGN COM correlates with the OmpA COM, where the
monomeric clamps that rest higher in the periplasm caused a resulting higher
PGN layer. As a result of this movement the PGN moved at least 1.5 nm higher
in the periplasm, with a maximum increase of close to 3 nm in one instance.

Interestingly this showed that the PGN is free to move large distances over
short periods of time in the periplasm, and that it will continue to move even
after the monomer binds to the cell wall.

The deviation in centre of mass height was similar for the cell wall when

compared to the dimer. However, relative to the individual monomers in the
dimer, a higher deviation was seen with respect to the monomers.

323 K 1BLP OmpA to PGN energetics
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Figure 3.16: The short range electrostatic and Lennard-Jones interactions be-
tween OmpA and PGN over 100 ns, at 310 K (left) and 323 K (right).

The energetics of the monomer to PGN contacts showed variation when
compared to the dimer. All systems once again showed a stabilising interaction
between the two structures. As expected, charged interactions dominated with
the monomer, however the largest stabilising coulombic interaction (~ -1000
kJ/mol) was less than the largest stabilising force in the dimeric systems. The
Van der Waals force that occurred between the protein and the PGN generally
reached -300 kJ/mol as binding was established. This was similar to the dimeric
systems, indicating that the VAW force aided the binding of the protein to PGN
but once again only makes up a small proportion of the attractive energy.

At 310 K, once binding began to occur at 80 ns in one system it could be
seen to reach a similar coulombic value of -300 kJ/mol compared to the system
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that immediately binds, indicating the delayed binding is not weaker but was
not fully established after 100 ns. At 323 K, both monomers were bound after
20 ns, where it was seen that the energy is of a similar value as binding at 310
K, Figure 3.16. The energies at both temperatures can be seen to fluctuate
largely during simulation, due to the natural movement of the protein during
simulation.
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Figure 3.17: The OmpA monomer to PGN unique residue contact, with protein
coloured to represent contact using the BWR scheme, where blue is highest
contact and red is lowest over 100 ns. Simulations at 310 K (A and B) and 323
K (C and D).
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As contact was established in all four simulations, the specificity of this
contact was examined for the monomeric systems. It was seen that in all four
systems this contact fluctuated but generally trended upwards as the simulation
progressed.

With respect to the simulation that did not bind until much later, it was
seen that the edge loop of the monomer formed most of the contact, similar to
the dimer, in comparison to the other systems where there were two points of
contact in a second adjacent loop region that is located deeper in the clamp,
Figure 3.17.

0
Lvszsz;%\

= Y’

ARG296

LYS206




A 310 K OmpA Monomer distance to BLP helices - Run 1

Distance (nm)

Distance (nm)

CHAPTER 3. OMPA, BLP & THE CELL WALL 75

It was seen that the specific residues LYS294 and ARG298 were consistently
responsible for the contact between the monomer and the PGN. These residues
are located in the flexible external loop on the edge of the CTD that can contact
the PGN first. This contact was orientation dependent, where if both points
of contact are able to touch the cell wall then binding was established more
quickly, and according to coulombic energies, more strongly, Figure 3.16.

It was hypothesised that these positively charged residues that are present
on the unstructured loop at the edge of OmpA CTD were crucial for establish-
ing initial contact and maintaining this contact between the monomer and the
cell wall.

B 310 K OmpA Monomer distance to BLP helices - Run 2

25 Helix 1 3 Helix 1
i Helix 2 ‘* Helix 2
AN Helix 3 | | Helix 3

2 WV A I 1 25 F i I
ot {171 . i
\ [
Hu' L - ﬂ \ IF;
1.5 o ] § £ 114
' @ Il il
| L I/ g ‘ ”"\'ﬂ I A'P "
s | 1w £ VI A i
V ] | 0t
| \ 8 4 ‘,w “‘.ﬁ
|
os L 'H”\ "N’\W N«“ WUUA nl |
0 I I I I 0.5 I I I I
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)
323 K OmpA Monomer distance to BLP helices - Run 1 D 323 K OmpA Monomer distance to BLP helices - Run 2
3 Helix 1 3 Helix 1
Helix 2 Helix 2
25 Helix 3 Helix 3
I ‘ A \ 25+ “W/ q
(o I
2 “‘ ’ | \ \ (ﬁ‘ 0 MJ M \“I . _ ‘HI ‘uﬂ‘ nJ \‘
I i ﬂ"“‘ ‘ " i\‘hj '\l ,\L‘HM E 2 I r H‘ e
'ij\\llﬂ ‘I"‘HL'HM‘ ( “y‘ -z- |/ \I | ‘ ‘\"J |/ k“‘ll |'\‘|‘
15 | “L}\ | “‘IH | e . '\A IU va Mu v | | ! ﬁ
‘ ) \lu i E 15| ‘ HII. | | ‘.,
a W[ : ° A N
i \‘ 1 \
W. L‘ ) lU ‘.J H I “‘\‘\‘”I‘ “f
5| | i [ |/ | ‘\
0.5 !\./ ‘“ \ il
I
0 I I I I 0.5 I I
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)

Figure 3.18: The minimum distance between OmpA monomer and BLP indi-
vidual helices in the each system over 100 ns, 310 K (A and B), 323 K (C and
D).

Across all four simulations a varying distance was seen between each OmpA
monomer and the helices of the BLP trimer. Generally the monomer was not in
contact with the BLP, however in one instance after 40 ns the OmpA monomer
(run 1 310 K) was seen to be bound to BLP, specifically to one helix of BLP,
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helix 3, Figure 3.18.

In this instance PGN binding to OmpA did not occur until after 80 ns, but
the binding to the BLP was established after 40 ns. OmpA CTD in this instance
was free to fluctuate in solution, where it did not contact the cell wall, but once
it was bound to BLP, it contacted the cell wall using the BLP as a framework
to bind until the cell wall had approached close enough for PGN binding.

Considering that in this system OmpA was bound to both BLP and PGN,
this explained the slower rate of binding and less favourable energetics. Com-
paring the data in Figure 3.15 to this indicated that the centre of mass in z of
the OmpA monomer stopped increasing after 40 ns, indicating that the BLP
served as an anchor for the OmpA. Brief contact occurred in run 1 at 323 K,
however it was not consistently maintained.

323 K 1BLP OmpA to BLP energetics
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Figure 3.19: The short range electrostatic and Lennard-Jones interactions be-
tween the OmpA monomer and BLP over 100 ns, 310 K (left) and 323 K (right).

Energetics of this binding showed that as a majority BLP and OmpA did not
interact for significant lengths of time. This however was not the case in the run
where OmpA-BLP binding was observed. In this case, once again run 1 310 K,
there was a consistent attractive force observed between the OmpA and BLP.
This interaction was of a much lower magnitude than OmpA-PGN. Considering
that after 100 ns the coulombic energy was close to -100 kJ/mol and the VAW
energy was close to -50 kJ/mol it can be assessed that the OmpA-BLP binding
was not as strong as OmpA-PGN binding.

However, it is clear that this binding event was strong enough to halt the
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free movement of the OmpA monomer in the periplasm, such that eventually
the cell wall did bind to it. BLP was serving not only as a structure that allows
the OM and cell wall to remain associated, but also as a pillar that surrounding
proteins cling to. When the periplasm is crowded, it would effectively allow
charged interfaces of proteins to bind to it favourably, facilitating the packing
of these proteins around the periplasm.

It is estimated that there are 100,000 OmpA proteins present in the OM of
E. coli, whilst BLP is the most abundant source of protein in the cell. It is
therefore logical to assume that there is interaction between either dimeric or
monomeric OmpA consistently occurs in the bacterial cell in vivo. It is also key
to note that despite the binding of other structures and bending and tilting of
BLP during these processes, the trimer remained stable.

3.4.3 Effect of changing BLP content

[
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Figure 3.20: The OM to PGN distance over 100 ns at 310 and 323 K (left). A
visualisation of the OmpA monomer and PGN at 0 ns (red) and 100 ns (blue)
with membrane headgroups as orange spheres and OmpA and PGN coloured
according to time.
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Relative to the dimer, a lesser amount of protein was present in the periplasm in
the monomeric simulations. The periplasm in these systems also shrinks. There
was a reduction from 7 nm to ~ 6 nm in three systems, and in the other a
reduction to 4 nm. This follows that the BLP tilt and bend has once again pro-
duced a smaller periplasm. Generally these periplasmic sizes were larger than
the dimeric counterparts. It follows that the extension of the monomer allowed
it to contact the cell wall, meaning that the periplasm was larger, however the
dimeric systems could extend or contract also.

The dimer compared to the monomer is a larger periplasmic clamp. This
clamp bound more strongly to the cell wall and for longer lifetimes. This was
a result of a greater surface interface with the PGN. However due to increased
size, the dimers were shown to interact more often and more strongly to the
BLP, as seen previously.

Comparing the periplasmic size trend with the dimeric 1 BLP system it can
clearly be seen that the combination of the OmpA and the BLP controlled the
size of the periplasm in both the dimeric and monomeric systems. This can be
seen visually where the OmpA was close to the cell wall at both 0 and 100 ns in
Figure 3.20, but regardless of this the periplasm still shrank, due to the physical
effects of BLP.

No BLP periplasm size 2 BLP periplasm size
' N ' 310K-runl ——
| M 1 |"|f| i 310K-run2 ——
.‘,,‘ 2 (L '“ W s 323K-runl
L Ay Y |\ a9 14 323K-run2
I '.‘ \ \ \I;IH
L FI\/\ |\|‘|7\\ |l||‘
w' |I| _
L ufj \Jl H" I| A P (_A i £
l| Y n ‘ | =
(7]
N o
c
il
r b il
o
5.5 b
Il 1 1 1 5 1 Il Il Il
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)

Figure 3.21: The OM to PGN distance over 100 ns when BLP is absent from
the system at 310 and 323 K (left), The OM to PGN distance over 100 ns, when
2 BLPs are covalently attached to PGN, at 310 and 323 K (right).

Periplasmic size in the presence of 2 or 0 BLP also varied largely, compared
to the dimer, see Appendix Figure 7.2 for an image of the 2 BLP system. In
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the monomeric system with no BLP, there were a large range of final periplas-
mic sizes from 8.5 - 6 nm, so generally these are larger than 1 BLP systems.
Also of note was that the periplasm did not consistently decrease in size during
the simulation. This furthers the theory that BLP controls the periplasmic size
and causes it to shrink, see Appendix Figure 7.3 for further confirmation of this.

The reason that this occurred in the monomeric and not the dimeric systems
is that without BLP the monomer will not bind to the PGN as seen in Figure
3.23. This confirms that when the cell wall was free to move in the periplasm
that the motion of the cell wall was random, therefore the BLP provides struc-
ture and maintains OM to PGN distance, as is proposed experimentally.

Systems with 2 BLP once again displayed the trend that the periplasmic
size reduces over the course of the simulation. A range of sizes from 7 - 5.5 nm
were observed, indicating that the BLP maintained this distance. This corre-
lates with the 2 BLP dimer system, as the BLP content increased the size of
the periplasm increased.

Via comparisons of the OmpA monomeric and dimeric systems it can be
seen that dimer more stably bound the cell wall and therefore was capable of
maintaining cell wall position but the more flexible and less stable monomer
required the BLP as a structural aid to achieve this.
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Figure 3.22: The tilt angle of the vector of BLP against the surface of the inner
leaflet of the OM over 100 ns, at 310 and 323 K.

Tilting of BLP in the monomeric system has been measured. The largest
degree of tilting in these systems was less than the dimer. The minimum angle
achieved by the BLP in any system was close to 55 degrees, compared to almost
30 degrees in the dimeric systems. The majority of angles adopted by the BLP
in the monomeric simulations rested in the 70-90 degree range. This tilting
was still significant as it could allow the cell wall to move upwards and contact
OmpA monomers in even the most contracted OmpA proteins, Figure 3.22.

Simulations of BLP show that the tilting fluctuated quickly, however con-
sidering the crowded nature of the periplasm it is less likely that this tilting
can change so rapidly and more so that the BLP adopted a continuously tilted
angle that allows it to accommodate all of the proteins in the periplasm whilst
providing the structural strength necessary.

Tilting of BLP has been shown to have a great effect on the cell wall, as
the polymer can be easily influenced by the trimeric protein, particularly due to
the covalent linkage between the C-terminus and the peptidoglycan side chain.
This tilt allowed the cell wall to be pulled upwards, see Figures 3.21 and 3.22.
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3.4.4 Removal of BLP in monomeric and dimeric systems
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Figure 3.23: A visualisation of the OmpA monomer (blue), PGN (cyan) periplas-
mic system (left). The corresponding density of the components in the z-axis
over 100 ns (right).

Earlier data has been shown for the periplasmic size when BLP is absent. Fig-
ure 3.23 shows the effects of BLP removal, where we see that in density there
was no bridging protein density, in this case for the OmpA monomer, indicating
that there was no contact or structural link between the OM and the PGN.

These lack of interactions form the basis for a simplified version of BLP-
deleted E. coli, where the OM will bleb and become more permeable to external
molecules. In this representation it can be seen that without BLP or cell wall to
bind to the monomer will contract and contact the surface of the inner leaflet.
As indicated in table 1.2, there was no contact between the OmpA monomer
and the cell wall when the BLP is removed from the system.

Conversely the dimer contacted the cell wall even when BLP is removed.
This has been shown in earlier periplasmic size plotting, Fig 3.21, This is at-
tributed to the size of the dimer and the stabilisation that occurred from dimeri-
sation. The dimer cannot tilt and bend at the linker region as freely as the
monomer can, hence the lack of movement towards the membrane, where the
cell wall eventually bound the dimer.
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Figure 3.24: The minimum distance between the OmpA dimer to PGN, with
BLP absent, over 100 ns. Simulations at 310 K (A and B) and 323 K (B and
C).

The minimum distance between OmpA dimer CTDs and the cell wall can be
seen in Figure 3.24, at both 310 K and 323 K, where assuming that the cell wall
was placed close to the cell wall, there was binding and continuous association in
four systems after 40 ns, and that if the protein was placed close to the cell wall
the binding occurred very quickly, as was seen the in BLP included simulations,
Figure 3.24.

Distance between monomer and PGN shows that the protein did not bind
the cell wall. At 310 K it can be seen that even when the monomer was placed
1 nm away from the PGN, the OmpA CTD still moved away and did not bind
the cell wall. This eventually led to the distance reaching 4 - 5 nm after 100 ns.
At 323 K the distance was similar, as it increased and fluctuated for the whole
simulation, indicating no contact.
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Figure 3.25: The OmpA dimer to PGN contact when BLP is absent, with
protein coloured to represent contact using the BWR, scheme, where blue is
highest contact and red is lowest over 100 ns. Simulations at 310 K (A and B)
and 323 K (C and D).

As the dimer contacted PGN in these systems the same initial regions of
OmpA contacted the cell wall where the same positively charged residues once
again facilitated the binding as seen in previous OmpA to PGN contact and in
Figure 3.25.

The highest amount of contact occurred when both monomers of the OmpA
interacted with the PGN, at the same unstructured loop region at the edge of
the CTD of the protein, involving LYS294 and ARG 296. This is shown where
both sides of the protein are highlighted in Figure 3.25, indicating that the pos-
itive residues on both sides contacted the PGN.

With respect to the minimum distance data and this, it can be seen that the
contact was not immediately established and when comparing No BLP systems
to BLP systems in most simulations the same level of contact was established.
Once again in run 2 at 323 K only one side of the OmpA dimer made initial con-
tact and therefore did not bind as quickly and with a maximum of 12 residues
at 95 ns as opposed to the other systems where the contact was approximately

LYs210

LYs522
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double this.

3.4.5 Removal of OmpA
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Figure 3.26: A visualisation of the BLP (red), PGN (cyan) periplasmic system
(left) where OmpA is removed. The corresponding density of the components
in the z-axis over 100 ns (right).

Simulations without OmpA showed that the BLP rested in the membrane and
formed a periplasmic bridge between the cell wall and the OM. Naturally there
was no binding to assess here without the OmpA present in the system. It is
observed that the densities of the BLP and the OM model overlapped, indicat-
ing the association between the two over 100 ns of simulation, Figure 3.26.

Without OmpA, only the membrane and PGN can influenced the behaviour
of the BLP. It can be seen that the BLP after 100 ns of simulation looked very
similar to the “textbook representation” of a straight trimer that maintains a
OM-PGN distance similar to the length of the helices of BLP, Figure 3.26.

The density of the PGN here and the no BLP system showed a single sharp
peak, indicating a flat layer where the density was highest at 6 nm and ~ 5 nm
respectively. There appeared to be a different shape for the PGN density in the
OmpA dimer and monomer systems, where sharp peaks were not observed for
the dimer and two smaller peaks were observed for monomer, Figures 3.26, 3.13



Angle (degrees)

CHAPTER 3. OMPA, BLP & THE CELL WALL 85

and 3.1.
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Figure 3.27: The BLP tilt angle over 100 ns at 310 and 323 K (left), A visuali-
sation of the BLP and PGN at 0 ns (red) and 100 ns (blue).

Analysis of tilt angles of BLP without OmpA present once again showed a
large range of possible tilting during simulation. The largest tilt angle observed
was ~ 90 degrees, whilst the lowest was ~ 30 degrees. Generally the tilting of
the BLP was within the 90 - 50 degree range. This free BLP was not influenced
by OmpA binding, but the tilting behaviour that is characteristic of this protein
was still evident.

The tilt angle for all four systems was observed to vary dramatically, how-
ever there was no established trend for the tilting of BLP. In all of the systems
studied the bending of the BLP was present, therefore indicating that this is
characteristic behaviour of this protein. Generally at the start of the simulation,
large deviations were observed in the system without OmpA, but after 40 ns
the tilt angle fluctuated around the same value, where this fluctuation was in
the range of 20 degrees.

Visualisation of this at 0 and 100 ns showed how the orientation of the BLP
can change, where the protein region of the lipoprotein was seen to bend sig-
nificantly from the original straight orientation. It can be seen that the PGN
moved upwards towards the membrane as a result of this, Figure 3.27.
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Figure 3.28: The RMSF of the cell wall with BLP bound, no OmpA bound over
100 ns, where the red box highlights the least fluctuating region (left). A top
down visualisation of BLP (cyan) bound to PGN (blue) where the red strand
of PGN is the bound covalently to the BLP.

The cell wall is a flexible polymer, that can experience expansion and con-
traction. Regions that are unbound either covalently or non-covalently will
fluctuate more. This was seen here, Figure 3.28, where in all four simulations
without OmpA, where only BLP was contacting the cell wall, the strand that is
connected to the BLP fluctuates the least. This fluctuation across four systems
deviated between 0.3 - 1.4 nm for the least mobile strand. This is in contrast to
the other strands in the system, where fluctuation was 0.8 - 2 nm and 0.5 - 2.1
nm. As can be seen for the separate temperatures, the fluctuation of the cell
wall is higher was the 323 K systems.

This shows that BLP is not only a “structural staple” for the cell wall to OM
interaction. BLP also reduced motion of the cell wall, where the fluctuation of
the strands was reduced. It follows that other binding events will have the same
effect. It is possible this slowing of motion of the PGN aids binding of other
molecules, as the structure of the polymer becomes more rigid. BLP and other
binding events to PGN cause the layer to become less flexible.
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Figure 3.29: The OM to PGN distance over 100 ns, when OmpA is absent from
the system, at 310 and 323 K.

The periplasm in these systems varied in size after 100 ns. After simula-
tion, three systems showed a reduction in the size of the periplasm, indicating
cell wall movement due to BLP. Two systems showed a reduction from 7 - 5
nm over the simulation. Other simulations showed either a smaller reduction
to ~ 6 nm or essentially no change in the final size of the periplasm, Figure 3.29.

These periplasmic sizes correlated well with the tiling angle of the BLP.
Large changes in the tilting angle also facilitated large changes in the size of
the periplasm. Overall size was proportionate to maximum tilting angle. This
can be seen where the largest periplasmic space was run 1 310K, which with
respect to tilting displayed a close to perpendicular angle during simulation,
indicating the BLP was straight and the cell wall was at the maximum distance
caused by BLP. The opposite holds true, where two runs showed a smaller final
periplasm, these runs indicated a similar pattern of tilting during simulation
and the reduction to 5 nm was caused by a tilt angle of ~ 50 degrees.

This is yet another indication that the BLP does serve as a structural staple,
but a dynamic one. Instead of behaving like scaffolding to hold the periplasm
together the BLP acted as a hinge, controlling the size of the periplasmic space
and fluctuations of the cell wall.
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3.5 Discussion

The OM to PGN periplasmic dynamics have been examined via MD simula-
tion, where the OmpA, BLP and PGN are interacting during these simulations.
The construction of a cell wall mesh allows for the exploration of covalent and
non-covalent linkages between the two barriers present in the periplasm. These
simulations reveal molecular insights regarding OmpA to PGN binding, with
BLP facilitating the interaction.

BLP can bend and tilt, at the PGN interface, which in turn facilitates a
movement of the cell wall toward the OM in the direction perpendicular to the
bilayer. This movement allows for the contact between OmpA and PGN, par-
ticularly in the case of the OmpA monomer.

Upon contact with the cell wall the OmpA monomer and dimeric contact
is stable. This initial contact is due to the positively charged residues present
in a flexible loop present at the edge of the OmpA periplasmic domain. These
residues are numbered as LYS294 and ARG296. This is not the only binding
groove as there appears to be a secondary groove, located at LYS206, which con-
tacts PGN after the initial contact of the first groove with the m-DAP residue of
the PGN side chain. Comparing to known literature, binding was not observed
for the key residues in the binding pocket located at GLU241 and ARG256;
however this is attributed to the simulation timescale, as only initial interaction
is explored here.

Considering the timescale of these simulations longer timescales would re-
veal further data of the OmpA to PGN binding and further repeats would allow
for better sampling of the interaction events. Initial interaction shows strong
binding OmpA-PGN binding, where dissociation of OmpA from the cell wall is
entirely possible in longer simulations.

Comparing the OmpA monomer and dimer shows that dimer binds PGN in
every simulation, with or without BLP. The dimer binding without BLP is at-
tributed to the larger surface area of the periplasmic clamp, hence increasing the
number of positively charged residues that can interact favourably with the neg-
atively charged PGN sheet. The monomer does not bind the cell wall when BLP
is absent, but binds in the presence of the lipoprotein. This is attributed to the
BLP reducing the size of the periplasm such that the OmpA monomer can con-
tact the cell wall. Otherwise, OmpA has been shown to contact the membrane
instead, via the linker region contraction, which the less mobile dimer cannot do.

With respect to OmpA, it has been proposed that OmpA exists as both
monomers and a homodimer in vivo. Mass spectrometry has revealed a poten-
tial structure for the dimer and as previously stated, simulation studies for the
dimer exist, there is no physiological confirmation of the role of the dimer in
the cell33.166
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OmpA dimers and monomers interact favourably with the BLP, where anal-
ysis shows that the monomer contacts the BLP less often. This favourable inter-
action between OmpA and BLP is an anchoring point for the OmpA, which in
turn facilitates cell contact, where the periplasmic clamp can essentially 'walk’
down the BLP similarly to a ladder to contact the PGN. This walking effect
is controlled by the end to end length of the linker region, where if the region
reduces in distance, OmpA contacts the membrane, and the linker region does
not expand afterwards.

Binding between OmpA and other components of the periplasm is dominated
via coulombic interactions. Given that these interactions are non-covalent and
therefore distance dependent, it is likely that the periplasmic clamp detaches
and attaches to surfaces such as BLP and PGN in a dynamic equilibrium.

Tilting of BLP is the physical effect that dominates periplasmic size. Gener-
ally it was observed that greater degrees of tilting (lower angles) in the lipopro-
tein with respect to the OM result in a smaller periplasmic volume. This is
confirmed as the removal of BLP in the monomeric systems led to a large range
of periplasmic sizes, in some instances where the distance between the OM and
PGN increased during simulation. This was not observed during dimeric simula-
tion as the binding of the dimer caused the cell wall to retain its position during
simulation, indicating that the dimeric binding of OmpA is more favourable and
stronger than the monomer.

The structural role of BLP was confirmed in simulation, where the connec-
tion between the OM and PGN was maintained by the covalent PGN linkage
and the N-terminal lipid association to the membrane. Exploration of this role
has shown that the BLP is a highly mobile, flexible protein, that functions as
a periplasmic hinge. BLP also stabilises the mesh of the cell wall, reducing
fluctuations of the atoms in strands that it is bound to.

In the field this represents the first simulation using a membrane and cell
wall to model the periplasm. This study advances our knowledge about OmpA
interactions, and BLP is a relatively new candidate for simulation. It can be
seen that the presence of these two proteins in the periplasmic environment
drastically changes the behaviour of the cell wall: rather than only being a bar-
rier to prevent lysis of the cell, it is a dynamic mesh that adjusts to the various
interactions surrounding it.

Other discussion and analysis surrounding this topic can be found under
Appendix C, published as Braun’s Lipoprotein Facilitates OmpA Inter-
action with the FEscherichia coli Cell Wall, where this work was done in
collaboration with Firdaus Samsudin and Syma Khalid.%8
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4.1 Context in the Literature

TolR is an inner membrane protein.'®® The monomer is comprised of 142

residues and in the membrane the protein is a dimer.’® The protein has three
regions, a helical membrane domain, an extendable linker and a periplasmic
domain. It is proposed that there are two states of the TolR protein, open and
closed.?® The open state presents the C-termini of the protein to the periplasm,
where the protein is extended via the linker domains similar to OmpA. The
closed state of the protein involves the coiling of the linker domain, where the
flexible termini of the C-terminal domain are buried in the protein. TolR is a
protein included in the Tol family, which participates in the Tol/Pal system.!”®
Other Tol proteins are TolQ, TolA, and TolB, which form a periplasmic com-
plex that form interactions with Pal (Peptidoglycan Associated Lipoprotein),
specifically where TolB interacts with Pal'”!.150 TolR interacts with TolA and
TolQ in vivo to form an activated TolRAQ complex®.172

The function of the Tol/Pal system is to maintain the integrity of the OM,
particularly during OM invagination as part of cell division.!?® TolRAQ are
required to complex in order to cause the proton motive force activation of
TolA and to allow TolA to form a complex with Pal.>® It has also been shown
that TolR is necessary for the movement of colicins and bacteriophage into the
cell.'™® Hundreds of TolR molecules are present in a normal wild type cell.}"2
Structural data for the entire Tol/Pal system is not available. The structure

of TolR and TolB have been resolved, even in the case with TolB associated to
Pa1174175.176

Studies show that the Tol/Pal system when disturbed via mutation will re-
sult in the release of vesicles that contain periplasmic proteins.'”” This system
is shown to be localised at constriction sites in E. coli. It has been shown that
the invagination of the membrane is due to accumulation at the septum during
the division of the cell.!™ In addition the energy state of the Tol complex has
been shown to regulate the activity of PBP1B, an important PGN synthase.!””
This would seem to suggest that Tol can regulate PGN production during cell
division. It has been shown that during cell division TolR requires TolA or TolQ
to be localized correctly, however a key point is that for Pal localization at a
division site every single Tol protein is required. This raises the question that
if the TolA or TolQ proteins are not present, then where does the TolR reside?
Localization only occurs during cell division, where the Tol proteins are actually
seen to be dispersed throughout the cell, and then migrate to future division
sites, followed by dispersal. An interesting point to note is also that the num-
ber of Pal molecules present is at least a magnitude higher then Tol proteins,
suggesting that the Tol/Pal system can have multiple Pal binding partners.

Kleanthous et al. have presented a structure of TolR from E. coli (residues
36 - 142) relative to the only other structure that originates from H. influenzae
(residues 62 - 133). In the H. influenzae structure there is a deep groove that
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is suggested to support PGN binding.?® Here they show that the architecture
of the TolR dimer is very different in E. coli where the C and N termini are
intertwined with each other compared to the H. influenzae structure. The re-
sulting strand swapping from this intertwining causes the monomers of TolR
to be rotated 180 degrees to each other. This effectively removes the binding
groove that is seen in the 62-133 structure of H. influenzae TolR. By removal
of this strand swapping, resulting in residues 60-133, a potential PGN binding
domain is revealed that is not present in the full length E. coli structure. This in
turn suggests that TolR can function as a stator protein in the Tol/Pal complex,
similar to Mot proteins in the flagellum. To do this it must undergo structural
remodelling via termini unfolding that allows the protein to reach and bind the
cell wall at a distance approximately 90 A from the IM. This binding to PGN
has not been confirmed with modelling, however it is possible that at some stage
during the Tol/Pal mechanism that it influences the cell wall function.

Stator proteins are starting to become better understood in bacterial biol-
ogy. Generally these proteins complex to others to form a molecular motor.
These molecular motor complexes share some sequence and structural proper-
ties. Essentially they function via converting energy from proton-motive force
(transmembrane potential) to mechanical energy in order to allow molecules to
move. There are well characterized motor like complexes such as MotB/MotA
which drive flagellar motion.!™ Unlike other similar complexes, the function of
the Tol motor is not well understood. However despite this, it is obvious that
considerable mechanical energy would be required to assist membrane constric-
tion, so the key to this behaviour could rely on Tol protein interactions with
the surrounding environment. TolR has been compared with MotB due to the
need for many hydrogen bonds (approximately 30) to be broken in order for the
extension and binding to PGN to occur. MotB is known to continuously cycle
between an IM and PGN bound state, which is similar to what is proposed for
TolR behaviour.'® TolR is thought to act as a plug for the total complex, where
the IM bound state represents the closed pore. The 27 C-terminal residues are
suggested to stabilise the intertwined dimer state of TolR. It has been shown
that ,using cysteine mutagenesis scanning, TYR117C can only form a disfulide
bond when strand swapping occurs. This is supported by a study that indicates
that this disulfide bond prevents activation of the complex.'®!

In the context of simulation TolR has been studied before. Wojdyla et al.
used MD simulations to describe a model of transmembrane-TolR (36-142) and
a model with modelled transmembrane regions (15-142). A dimeric model was
constructed using the x-ray structure for TolR. Their TM-TolR model was simu-
lated in a 1:4 PG/PE membrane, first equilibrated in coarse grain resolution for
200 ns and then backmapped to a united atom model in GROMOS96 53ab for
100 ns atomistic simulations. These simulations highlighted the stability of the
dimer in a model membrane. Additionally it was noted that ASP23 remained
bound to a sodium ion throughout, despite being part of the TM helix. This
lends support to the theory that it is the critical site for protonation to allow
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transmembrane potential coupling for the Tol/Pal system. They observed that
the TM helices remained apart during the run, despite experimental research
that a disulfide bond between cysteine mutated L22C exists in the helix. TolQ
and TolA, lacking experimental data for structures, were absent from the sim-
ulations, therefore it was proposed the TM helices of these proteins keep the
TolR dimer helices in contact. This is currently the only other simulation of the
TolR protein.

The other component added ,in this work, to the existing OM-PGN system
is the inner membrane. IMs have been extensively simulated using MD to study
models of E.coli previously.'®? It is generally accepted that the OM inner leaflet
and IM leaflets are of a similar composition and this is applied in these simula-
tions.

It has been shown that there are two states of TolR in E. coli; one which
can bind PGN and the other which cannot, and the states are dependent on
the structural state of the periplasmic domain and the presence of the potential
binding groove. We observed that the previously mentioned open TolR state
allows for PGN binding, whilst the closed state of TolR does not. Given that
a simulated model for the OM exists including OmpA and PGN, adding TolR
in both states allows for this binding to be validated and to examine cell wall
behaviour when under the influence of two proteins and BLP simultaneously.
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4.2 Premise

Having simulated one side of the periplasm, following this with a study of the
whole periplasm is the next logical step. Now that OmpA has been studied
in this environment, including an inner membrane and components from the
other side of the periplasm allows for construction of an initial model of this
compartment in E. coli.

TolR is an inner membrane protein, see Figure 4.1. It is proposed to contain a
PGN binding domain, to interact with the cell wall. It is part of a complex of
proteins that is currently not well understood.

Based on this the following aims are proposed for this study:

¢ To add TolR to the periplasmic model that was studied in Chapter 3.

e To assess the PGN binding ability of the TolR dimer compared to the
OmpA dimer.

o Investigation of the TolR dimer in both the “open” and “closed” states.

e To vary the periplasmic system in order to observe how to the cell wall
position changes based on which proteins are present.

This is explored in this study, whereby the two conformations of TolR, both
closed and open are monitored when interacting with the cell wall. Open TolR
is proposed to reveal the binding site that is favourable for the PGN mesh,
whilst closed TolR is proposed to be IM bound and cannot bind PGN. This is
done in tandem with monitoring how the presence of OmpA and TolR on each
side change the position and shape of the cell wall model giving information
regarding cumulative interactions can affect the biopolymer.
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4.3 Methods and Simulation content

All simulations were run for 200 ns, using the GROMACS 2018 code, where there
were at least 3 independent repeats. The forcefield used was GROMOS54A7.125
The full length OmpA model used was the same as in previous OmpA dimer sim-
ulations in the periplasm.'® The TolR dimer models were obtained from Phillip
Stansfeld. These models represented the open and closed states of TolR, where
they are based on the structure from Wojdyla et al. (PDB:5BY4). Modelling to
produce the TM helices was done using MODELLER, where ILE38-PRO141 is
based on structural data, whilst PRO20-PRO37 were modelled as helical, with
all other residues modelled as loops. This was done based on secondary struc-
tural prediction, via Jpred and PSIPRED. It is proposed that the TolR can cycle
between the open and closed states, which are different due to domain swapping,
but require significant rearrangement to do so. The peptidoglycan model used is
the same three strands of 10 repeating monomeric PGN units as in the previous
chapter. The cell wall was periodic, behaving as a self bonded infinite sheet
in the x and y dimensions, as in the previous chapter. Once again this sheet
was positioned ~ 9 nm from the OM inside the periplasm. The BLP model
is once again built on the same structure from Shu et al (PDB:1EQ7).165 The
N-lipidation was a tripalymitoyl-S-glyceryl-cysteine, constructed from standard
GROMOS54A7 parameters, as was the covalent linkage between BLP and PGN.

System  OmpA dimer structure TolR structure BLP  TolR contacting PGN?

Sysl Wild type open Yes Yes
Sys2 Wild type open No Yes
Sys3 CTD Truncated open Yes Yes
Sysd CTD Truncated closed Yes No

Table 4.1: Simulation systems set up for the full periplasm model environment,
containing OmpA, TolR, BLP and PGN.

The OM model consisted of the same rough LPS outer leaflet and a 90:5:5,
PE, PG, CL ratio in the inner leaflet of the membrane. These lipids are 1-
palmitoyl 2-cis-vaccenic phosphatidylethanolamine, 1-palmitoyl 2-cis-vaccenic
phosphatidylglycerol, and 1-palmitoyl 2-cis-vaccenic 3-palmitoyl 4-cis-vaccenic
diphosphatidylglycerol respectively. The IM model model uses this 90:5:5 mem-
brane composition with the same lipids, for both leaflets, modelling a symmet-
ric bilayer. Simulations were run at 310 K using the V-rescale thermostat at 1
ps time constant. The Parrinello-Rahman barostat maintained pressure semi-
isotropically at 1 atm, using a 1 ps time constant. LINCS was applied to allow
a 2 fs timestep.The short range cutoff for both VAW interactions and charged
interactions was set to 1.4 nm.!%° The SPC water model was used and all of
the systems contained a neutralising concentration of 0.2 M NaCl ions and neu-
tralising Mg2™* ions were used to balance the LPS charge.!6”
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Simulations were started with the full length OmpA dimer and the extended
TolR dimer, both inserted into their respective membranes. These proteins were
positioned close the the PGN (less than 0.5 nm) on the respective sides of the
cell wall. OmpA truncations consisted of removal of residues 173-316 of the
periplasmic domain in each protomer in the dimer. BLP was included in trun-
cated systems to maintain OM to PGN association.

4.4 Results

4.4.1 Including TolR in the periplasm

Y /?;\\ Periplasmic Clamp

W B
5\ j’(\&’r;fc-terminus
IV

NN

Linker region

2 | N-terminus

»~ - Membrane Helices

Figure 4.1: A visualisation of the TolR protein in the open state extended
state conformation (left). Aligned structures of one TolR protomer C-terminal
periplasmic clamp from three separate bacterial species,E. coli ExbD (blue), E.
coli TolR (red) and H. influenzae TolR (yellow) where the second protomer is
shown in a translucent representation (right). The licorice stick representations
in each colour show the charged residues that are conserved between species
types, where these residues can contact PGN.

The extended TolR dimer has been simulated in the periplasm. It is proposed
that the dimer will extend based on a proton-motive force that allows it to
contact the cell wall.'®3 For this interaction only cartoon representations exist,
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with the cell wall as a flat geometric shape, which we know not to be true.

Shown in Figure 4.1 is the TolR dimer, extended after 200 ns of simula-
tion, note the terminal regions which were extended. The unstructured termini
are well conserved between structures that are known for various species. The
structural overlap between these species is highly similar.

It is proposed that this exposed terminal region will be presented to the cell
wall first. The composition of the 5 terminal amino acids in this region is LEU-
MET-THR-GLN-PRO. In contrast to OmpA, these residues are non-charged,
but some are polar, indicating that the initial TolR-PGN association is not en-
tirely dominated via charged interactions. The TolR dimeric clamp is a smaller
and more flexible unit than the OmpA clamp. In addition, the membrane bound
component is helical, as opposed to the porin like barrel structure associated
with OMPs.

Insertion of this TolR structure within the membrane yielded simulations
that can be used to test protein binding on either side of the cell wall, and the
first full periplasmic model.
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Figure 4.2: A visualisation of the OmpA (blue), BLP (red), PGN (cyan) and
TolR, (yellow) periplasmic system after 100 ns (left). A density plot of the model
periplasmic system over 100 ns (right).
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After 200 ns the OmpA and TolR dimers became associated to the PGN.
This binding for both proteins is seen in density plotting of Figure 4.2, where
the overlap of density of both with PGN is observed.

It can also be seen that the periplasm essentially functions as a closed unit,
aside from a small amount of water movement that was allowed via the OmpA
barrels. The periplasm was stable and no significant distortion of the cell wall
occurred as a result of the enclosed space. The OM to PGN distance was seen
to still be a function of BLP and OmpA interaction, as shown previously. TolR
remained in the extended conformation over the simulation, indicating that the
PGN binding is strong enough such that the flexible regions and linker region
between the clamp and membrane helices did not contract.

From the density plot, Figure 4.2, the asymmetry of the membrane present
in the system is observed, where in the OM density, the highest peak was greater
than 1000 kg/m?®, compared to the lower peak at 800 kg/m?, where the rough
LPS lipids have a greater mass than the PL inner leaflet. IM peaks for the
density showed a similar value for both leaflets, where the slight difference in
the two can be attributed to the presence of the helices of TolR.
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Figure 4.3: The minimum distance between TolR-PGN and OmpA-PGN over
200 ns, two independent repeats shown (left and right).

Visually the proteins were in contact with the PGN. Distance analysis shows
that across separate 200 ns trajectories OmpA and TolR were in contact with

the cell wall.

This can be seen where both proteins were generally within at
least 0.2 nm of the PGN mesh, as in Figure 4.3.

200
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This distance fluctuated where the minimum values for TolR are 0.14 and
0.155 nm respectively, whilst the maximum values were 0.21 and 0.2 nm for
TolR to PGN distance. OmpA binding adopted similar values, that fluctuated
in the same fashion, indicating that both were positioned on the cell wall for
the entire 200 ns.

As the TolR was presented to the cell wall in the extended open conforma-
tion in these systems, this indicated that the TolR will bind favourably to the
cell wall and that the closest extended domain was contacting PGN, as seen in
Figure 4.2. As the TolR was fully extended, no change in distance between the
PGN and TolR was observed.

TolR, similarly to OmpA, did not unbind from the cell wall during 200 ns
of simulation, there was no large change in separation between protein and PGN.
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Figure 4.4: The TolR dimer to PGN contact, with protein coloured to repre-
sent contact using the BWR scheme, where blue is highest contact and red is
lowest over 200 ns, where the direction of the PGN and IM are indicated. Two
independent repeats shown (left and right).

The specificity of TolR-PGN binding is shown in Figure 4.4. This binding
occurred, as proposed, in the terminal regions of the TolR periplasmic domain.
The highest contact was present on the flexible termini of the TolR, indicating

that these residues enmeshed with the cell wall and “snorkeled” towards the
PGN.

The initial placement of TolR allowed for a contact of ~ 25 amino acid
residues that were contacting PGN. Over 200 ns it can be seen that this contact
fluctuated, reaching close to half of the initial contact, whilst also increasing
to 30 residues. Generally the initial contacts and the contacts that were estab-
lished after 200 ns are similar.
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The residues that were present in the helix adjacent to the unstructured
termini contacted the PGN, to a lesser degree. For comparison against OmpA
the charged residues in these regions are shown , in Figure 4.4, where it is pos-
sible to see that both positively and negatively charged residues interacted with
the cell wall. It can be seen that the positively charged lysine side chains were
oriented in the same direction as the termini, toward PGN.

Presented on the end of the helix are negatively charged GLU and ASP
residues, which will interact unfavourably with the negatively charged cell wall.
It is noted that the adjacent beta sheets were also interacting with PGN, but
to a lesser degree than the region surrounding the unstructured termini.
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Figure 4.5: The short range electrostatic and Lennard-Jones interactions be-
tween OmpA and PGN over 200 ns (A). The short range electrostatic and
Lennard-Jones interactions between TolR and PGN over 200 ns (B, C and D).

Given that these negatively charged residues were interacting with the cell
wall, across all 200 ns simulations the energetics for wild type open TolR show
that there was a generally repulsive charged interaction with the cell wall, Fig-
ure 4.5.
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This is in contrast to the VAW energy, which is naturally attractive. TolR
experienced an overall stabilising interaction as a combination of the two ener-
gies. The binding was not as stable as OmpA, but was stable enough to provide
lasting interaction with PGN. In one simulation the charged repulsion was seen
to trend towards attraction in the last 100 ns, in others there were periods
where this repulsive energy dropped to lower values. It is possible that the open
structure must reorganise in order to achieve stable PGN binding.

4.4.2 Pulling the OmpA and TolR from the cell wall

OmpA periplasmic domain pulled from PGN

TolR periplasmic domain pulled from PGN

Distance (Angstrom) Distance (Angstrom)

Figure 4.6: Force required to pull the bound OmpA dimer from PGN over a
15 angstrom distance (left). Force required to pull the bound TolR dimer from

PGN over a 15 angstrom distance (right).

Pulling simulations of both the OmpA and TolR proteins show that the PGN
binding was favourable, where Figure 4.6 shows the force associated with pulling
the clamp regions from the cell wall when bound. Pulling of the bound OmpA
periplasmic clamp away from PGN shows that within the first angstrom there
was a required maximum 1,500 kJ/mol/nm force in order to cause dissocia-
tion of the protein from the cell wall. TolR showed a maximum force of 400
kJ/mol/nm to instigate unbinding from PGN. This force also did not peak as
quickly as OmpA. The maximum force was reached at approximately 2.5 A.
From this it is confirmed that PGN binding for OmpA was stronger than that

of TolR.
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After the TolR was pulled 10 A it was seen that the force required drops
off and was stable, indicating that the TolR can easily be pulled through the
solution of the periplasm, at a value of ~ 50 kJ/mol/nm. OmpA however
continued to experience a force that is magnitudes larger than this at ~ 1000
kJ/mol/nm. This indicated that the smaller TolR periplasmic domain was eas-
ier to pull through the periplasm than that of OmpA, indicating that little force
was required to cause the linker region of TolR to contract, compared to the
OmpA dimer. Visualisations of the system before and after pulling can be seen
in Appendix Figures 7.5 and 7.6

4.4.3 Movement of TolR, OmpA, BLP and PGN in the
periplasm

Comparing the number of PGN contacting residues, see Figure 4.4, between
OmpA and TolR shows that there were a similar number of residues involved
in the binding. This infers that a similar area of protein was contacting the
cell wall in both cases, however visualisation, pulling force and energies show
vastly different binding properties. From these results in vivo one would expect
a lower proportion of TolR-PGN complexes than OmpA-PGN ones.
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Figure 4.7: BLP tilt angle with respect to the OM over 200 ns, over three
independent repeats (A). The linker length of each individual protomer in the

TolR dimer over 200 ns, in the wild type system. Independent repeats shown
(B, C and D).

The flexible linker in TolR can behave in a similar fashion to OmpA. This
linker distance will depend on PGN position, and therefore on BLP tilt angle.
The BLP tilt angle in these systems was seen to behave similarly to previously
presented simulations, where generally the fluctuations were in the 60 - 75 de-
gree range. BLP tilting to this degree caused the PGN to move close to the OM
in the periplasm.

As TolR was bound for the whole simulation, any PGN movement towards
the OM should cause extension of the linker in each protomer present. This was
the case in each system, where generally an increase was observed. This increase
was ~ 30 % starting from 2.4 nm and ending at close to 3 nm, as seen in Figure
4.7. All simulations showed that both linkers adopted the same distance and
converged by 150 ns, where one system did not show as much increase.
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Figure 4.8: Minimum distance between the membranes and PGN in the

periplasm over 200 ns, two independent repeats shown (left and right).

With a full periplasm, periplasmic size gained a new definition. As this is
a double envelope system, the cell wall divided the periplasm into two separate
regions, inner membrane to PGN and outer membrane to PGN. In addition to
this the total periplasmic volume was measured in Figure 4.8.

Across 200 ns it was seen that the total periplasmic size does not vary sig-
nificantly, indicating that the membranes do not drift significantly from each
other, shown here where the length perpendicular to both membranes (Z direc-
tion) fluctuated close to 13 nm for the duration, seen in Figure 4.8. This total
periplasmic size was maintained by the binding of all three protein structures
present. This showed that the TolR-PGN periplasmic interaction was strong
enough to ensure a stable periplasmic space formed.

Monitoring each segment of the periplasm showed drifting behaviour. This
was seen where the IM-PGN distance increased over the first 50 ns and the
OM-PGN distance decreased at the same time. Generally this showed that the
cell wall during the simulation is moving closer to the OM.

BLP tilting moved the cell wall upwards, and as a result it was seen that the
periplasm is not ’cut into halves’, based on the simple model here. It indicated
that the IM-PGN distance was larger than that of the OM-PGN distance, but
that there was no drastic change in either of these distances after 50 ns. Based
on this the OmpA, BLP and TolR held the cell wall at an equilibrium position
in the E. coli periplasmic model.
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Figure 4.9: Mean square displacement from the initial positions of TolR, OmpA
and PGN over 200 ns, across independent repeats shown (left and right).

Displacement perpendicular to the z direction of the OmpA and TolR showed
that all three did not generally diffuse across the surface of the PGN. As a re-
sult of the binding of OmpA and TolR, the PGN also displayed a low degree of
lateral displacement.

In both instances, it was seen that TolR was more mobile than OmpA. This
is to be expected due to the smaller size of the unit and a lesser binding affinity
for PGN. Comparatively TolR drifted by close to 1 nm? in both simulations,
whilst the OmpA drifted close to 0.6 nm? during simulation. The displacement
also showed that back and forth motion of both proteins, where reductions show
movement back to the original coordinates.

PGN displacement shows a generally increasing trend, which is to be ex-
pected due to the movement of the sheet during simulation, however it was seen
that the sheet is much less mobile than either protein present. This indicated
that even in the simple model the PGN was relatively static compared to the
molecules that are associated with it. In a fully crowded periplasm, it would be
expected that the position of the cell wall would deviate even less, but that this
microscopic diffusion would still be observed.

Thus, part of the function of PGN binding is to maintain the local geometry
of the cell wall, as it is likely that the position of the cell wall in the periplasm
is crucial for the function of certain proteins, such as periplasmic transporters.



CHAPTER 4. SIMULATIONS SPANNING THE ENTIRE ENVELOPE 106

4.4.4 The closed state of the TolR periplasmic domain

Having studied the open state of the TolR periplasmic domain interacting with
the cell wall, a comparison to the closed state was done. These simulations were
set up to assess the behaviour of the closed state, alongisde the PGN binding
ability of this different form of the TolR protein. In the closed state the flexible
uncharged terminal region was buried in the centre of the periplasmic domain.
In this closed state, the linkers for the TolR protein were contracted as seen in
Figure 4.10, causing the protein to associate with the IM. Simulation of this
structure in conjunction with truncated OmpA structures (periplasmic domain
removed) were done in order to assess the binding capability of the closed state
against the open state.

It can be seen that when placed in the membrane this closed state is associ-
ated closely to the membrane, and does not extend as far into the periplasm as
the open state. This in turn will affect the binding capability as the closed TolR,
will not be able to reach across the periplasm to contact PGN. In setup this
required that the cell wall was placed closer to the TolR closed model, which
requires a smaller IM to PGN distance, hence limiting the size of the periplasm.
It logically follows that as many proteins are packed into this space that one
would not expect TolR-PGN interactions to occur in such a small volume. Trun-
cation of the OmpA, to weaken OM-PGN association, whilst maintaining a BLP
connection shows that the cell wall will move upwards, away from the TolR as
the BLP pulls the cell wall higher and out of interaction range.
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Figure 4.10: Closed TolR (lime green) does not contact the PGN mesh (pink)
after 200 ns, in the truncated OmpA (grey) systems, where BLP is seen to bend
(magenta).
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Figure 4.11: Closed TolR (yellow) is shown straight on and at a 90 degree
rotation, where the electrostatic profile of the protein is also indicated, where
blue is positively charged, red is negatively charged and white is neutral.
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Figure 4.12: Minimum distances between OmpA to PGN and TolR to PGN
over 200ns for closed TolR, independent repeats shown (left and right).

It was observed here that when the PGN sheet was placed 1 nm from closed
TolR, PGN binding did not occur; this can be seen via the threefold increase
in distance between TolR and PGN in Figure 4.12. Distance to the truncated
OmpA was measured to track cell wall movement, where this distance was re-
duced by a similar amount. Without the exposure of the terminal binding region
the TolR did not associate with PGN, as the BLP pulls the cell wall out of bind-
ing range, where the TolR closed conformation cannot extend to contact PGN.
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Figure 4.13: TolR to PGN contacts shown for the highest contact system over
200 ns (A). Short range electrostatic and Lennard-Jones interactions for TolR-
PGN over 200 ns are shown (B, C and D) indicating little contact.

This lack of contact is shown in Figure 4.13, where the highest amount of
contact that was achieved over simulation came from the serine residue exposed
to the PGN mesh at the start of simulation, where this residue only contacted
PGN in 7% of the trajectory. Energetics confirmed this lack of interaction, where
there was generally little interaction, as seen in Figure 4.13. The interaction
between closed TolR and PGN was not strong enough to prevent BLP induced
cell wall height increase in the periplasm. In the one case where there was
significant interaction, it was seen that the coulombic energies were attractive,
as opposed to the open TolR where generally the initial charged interaction was
repulsive, however these interactions were temporary as the cell wall eventually
moved out of significant interaction distance.



CHAPTER 4. SIMULATIONS SPANNING THE ENTIRE ENVELOPE 110
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Figure 4.14: BLP tilt angle using the vector of the BLP against the surface of
the OM over 200ns, across independent repeats.

Measuring BLP tilt in the TolR closed state system confirmed this; there
were large deviations in the tilting angle throughout the simulations, indicating
that the BLP was pulling the cell wall towards the OM, see Figure 4.14. After
200 ns all results showed that there has been a decrease in BLP tilt angle. The
cell wall during simulation was only interacting with BLP. In two instances it
was seen that during the first 50 ns of simulation there was a large decrease in
the tilt, from 70 - 50 degrees, over this period was also the largest change in
protein-PGN distance, see Figure 4.12, indicating the tilt and cell wall move-
ment are related.

The cell wall was positioned close to the surface of closed TolR at the start
of simulation. In two simulations this decrease indicated that the BLP pulled
PGN out of range almost immediately, indicated by the two systems that ex-
perienced close to 0 kJ/mol charged or VAW interaction. In the other system,
BLP did not tilt to a low angle in the first 50 ns. Tilt increased here to 85
degrees indicating a straightening of BLP. This system showed a higher amount
of contact and attractive energies in the hundreds of kJ/mol. In the second half
of this simulation, tilt eventually decreased below the initial value, such that
little to no interaction was seen in the last 50 ns.

From this it is proposed that two factors prevented TolR-PGN association
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in the closed state. Firstly TolR can stably associate with the outer leaflet of
the IM, preventing any extension of the linker regions, therefore TolR did not
have the same capability to contact the cell wall at larger distances from the IM.
Secondly the buried flexible termini do not allow the VAW stabilising energy to
form, which was seen to be almost non existent in all three systems.

Periplasmic compartment distances

i "
- 1 qul‘lrv\}m\m
i t\'HI ‘

i | ol

M M
AU W

Vi

|
w4

' ' OM-PGN —— 12 ' '

IM-PGN ———
IM - OM

2]
T

Distance (nm)

M
, [w,a.\,nlnl.n;‘,\h‘.‘ v'w\.w.,v, M I 1
W | NL‘l\fﬁV‘l TN
o
“."M‘I I‘*ﬁ"‘ H

£ w [=2] ~
<

A M ML i |||.- A
WY L W
I

iy v

w
=

0 50

1 1 2 1 1 I

L AT

|
YL -.L/”';“V.-\.,u.‘.{_\ , '~'W.“'.,"\'

100 150 200 0 50 100 150
Time (ns) Time (ns)

Figure 4.15: Minimum distance measurements between the membranes and
PGN in the periplasm over 200 ns with closed TolR, independent repeats shown
(left and right).

Similarly to open state TolR, the periplasmic compartment distances were
characterised. In the absence of TolR binding it was seen that the cell wall
essentially found an equilibrium between the two membranes, where after 200
ns it was equidistant from both, as in Figure 4.15.

It should be noted here that the full periplasmic distance was smaller than
in the open TolR simulations, due to the need to locate TolR close to PGN ini-
tially, hence the IM-PGN distance was initially smaller than OM-PGN distance,
11.5 nm compared to 13 nm. The BLP forced a minimum starting distance for
OM-PGN, generally close to 7 nm, as the BLP was inserted in a close to per-
pendicular orientation to the membranes and PGN.

Unlike with open state TolR, the periplasmic distances were not maintained,
which is an indication that TolR and OmpA binding stabilised the cell wall po-
sition, considering that these systems lacked either interaction. Generally the
distances for either membrane to PGN eventually were equal, at 5 nm. The
periplasm fluctuated around the initial value of 11.5 nm, however there was no
significant change in the full periplasm size after 200 ns. This showed that over

200

OM - PGN ——
IM-PGN —
IM - OM



CHAPTER 4. SIMULATIONS SPANNING THE ENTIRE ENVELOPE 112

these timescales the periplasm held together, regardless of the lack of IM-PGN
interaction. However at physiological timescales, it is likely that diffusion of the
membrane perpendicular to the surface of the membrane would occur.

4.4.5 Truncation of the OmpA periplasmic domain

Following the comparison of the wild type and truncated OmpA closed TolR,
the open state of TolR was studied with OmpA CTD truncation. It can be seen
here that open TolR did bind PGN, in the absence of the OmpA periplasmic do-
main. This is the point of the truncation, where the OmpA periplasmic domain
is not present to pull the cell wall towards the OM. In this system the OM-PGN
association was maintained via BLP. Once again the open state was positioned
close to the cell wall, and contact ensued. It was seen from the density plot of
the system that the TolR once again was enmeshed in the cell wall during the
simulation, as in Figure 4.16.
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Figure 4.16: A visualisation of the OmpA truncated (grey cartoon), wild type
TolR system (lime green cartoon), containing BLP (magenta cartoon) and PGN
(pink spheres) with membrane headgroups (grey spheres), shown (left). A den-
sity plot of the system in the z-axis over 200 ns (right).

It can be seen that the TolR linker region was in fact not full extended, as
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it was in the wild type simulation, when looking at Figures 4.2 and 4.16. Com-
paring the density of both open TolR states across systems, with the OmpA
clamp present it was seen that the TolR density spanned a distance of 12.5
nm, relative to 10 nm in this case. As open state TolR can bind the cell wall,
whilst the clamp was bound, this reduction in linker length reduced the distance
TolR covers. This is attributed to the lack of OmpA binding, where OmpA and
TolR contraction were opposing forces, the two proteins reached an equilibrium
distance where TolR was fully extended. Here the OmpA force was absent, al-
lowing TolR, contraction, Figure 4.16.
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Figure 4.17: Minimum distance between OmpA and TolR proteins to PGN over
200ns, independent repeats shown (left and right).

Analysis of protein-PGN distances shows that the TolR was contacting the
PGN, where a distance of less than 0.5 nm was maintained throughout the
simulation, indicating that once TolR is placed close to the PGN, it does not
unbind over the simulation, as in the wild type simulations, Figure 4.17.

The OmpA barrel to PGN distance increased over 200 ns in one run, whilst
in the other there was a decrease in distance between OmpA and PGN, Figure
4.17. This indicated that in certain cases the TolR pulled the cell wall down-
wards, towards the IM, or it remained in the extended conformation. In the
case of contraction it can be seen that the there was roughly 50 % increase in
the OmpA-PGN distance.

This contraction was most likely due to the strength of the interaction TolR
experiences with PGN. It has been shown that the OmpA dimer strongly bound
the cell wall, and that this binding generally resulted in linker contraction of
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the protein, as seen in Chapter 3. TolR-PGN binding should produce a similar
result, however in the wild type systems it was seen that short range interactions
were significantly weaker than OmpA-PGN, essentially rendering the periplas-
mic domain as a “weaker” clamp to the cell wall.

It is hypothesised that simultaneous binding of both proteins produced a
less favourable binding environment for TolR, hence the truncation of OmpA,
to study TolR binding alone.
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Figure 4.18: TolR to PGN contacts per residue for the first independent tra-
jectory of the system, where TolR is in high contact with the PGN over 200 ns
(left). Short range electrostatic and Lennard-Jones potentials for the binding
of TolR over 200 ns (right).

The contact can be split into two separate regions, where 1462SER - 1533GLN
represents binding in the first protomer and 1636PRO - 1660GLN represents
binding in the second protomer, where these regions were present on the TolR
termini, Figure 4.18. The highest contact was established in the termini residues
GLY-LEU-MET in both protomers (1529-1531 and 1656-1658 respectively) where
contact occurred for over 90% of simulation time, indicating that these residues
were essentially always in contact with PGN. Residues upstream and down-
stream from this region also made a high amount of contact. Interestingly out
of all contacting amino acids, only two were charged, 1511ASP and 1653LYS,
confirming that relative to OmpA, there are less charged residues in the clamp
that interacted favourably with PGN.

Comparing the protomers that bind, the second protomer of the dimer in-
teracted more with the PGN. There were a greater number of amino acids that
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had over 140 contacts during the simulation, where the residues with the highest
contact were all located on this protomer. This was the first observed instance
showing that this binding was highly favourable, where after 100 ns a fluctu-
ating stabilising charged energy of ~-1000 kJ/mol was established, whilst the
usual stabilising VAW energy, -300 kJ/mol was present, seen in Figure 4.18.
This system displayed the linker contraction, pulling the cell wall closer to the
M.

TolR PGN contacts TolR to PGN energetics
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Figure 4.19: TolR to PGN contacts per residue for the second independent
trajectory of the system, where TolR is in contact with the PGN over 200 ns
(left). Short range electrostatic and Lennard-Jones potentials for the fluctuating
binding of TolR over 200 ns (right).

This second independent repeat simulation showed less binding, where both
protomers showed only 6/7 residues with over 100 contacts to PGN, Figure 4.19.
Once again the previously mentioned sequence in the TolR termini showed the
greatest contact to PGN, where the regions of highest contact in each protomer
differed. This indicated that the TolR dimer experienced a degree of asymmetry
in binding to the PGN mesh model.

Analysis of energetics of this showed that the overall interaction was attrac-
tive, however in this case the coulombic energy was attractive for the first 100
ns, after this there was an increase, where this energy trended towards repul-
sion. Charged interaction were measured, with a minimum of ~ -700 kJ/mol
and maximum of ~ 100 kJ/mol, the initial and final charged energies were dif-
ferent, where after 200 ns the energy has increased by 300 kJ/mol.

Considering this contrast to the first simulation, but that interaction with
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the cell wall was maintained, it is indicated that PGN binding was initially
caused by the snorkelling termini in this case, but to achieve strong binding
similar to that of the OmpA dimer, closer association to the rest of the dimeric
unit was required, where in this instance the rearrangement of the TolR dimer
over time weakened the binding.

In this instance there was a contraction in the TolR linker, such that the
cell wall moves toward the IM, indicating that even though this binding is less
favourable than the first instance, the TolR can still pull the cell wall through
the periplasm.
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Figure 4.20: TolR to PGN contacts per residue for the third independent tra-
jectory of the system, where the TolR is in contact with the PGN over 200 ns
(left). Short range electrostatic and Lennard-Jones potentials for the binding
of wild TolR over 200 ns (right).

Thirdly, the binding of TolR here indicated that there were a greater number
of residues that cross the contact threshold, six amino acids on protomer one
and nine on protomer two, Figure 4.20. The same regions as stated previously
showed a large degree of contact, where these terminal residues were interacting
frequently, as in the first simulation.

Contact analysis for all three simulations shows that greater association did
not necessarily infer stronger binding. In the first case, there were charged
residues on TolR interacting with the PGN, which lends greater stability to
binding, which is not seen otherwise. It is clear that the terminal region con-
tacting the PGN via hydrophobic residues helped to establish the initial contact,
but if the correct association with the rest of the dimer was not achieved then
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this interaction will become unfavourable. Based on this it is likely that TolR
was in equilibrium between bound and unbound states.

The energy displayed here was the least attractive of all three, where the
highest value comparatively for coulombic energy was seen after 100 ns, and
that the total interaction became net repulsive at certain times. Here it was
seen that the coulombic energy is attractive for the first 100 ns, reaching a min-
imum of ~ -800 kJ/mol and a maximum of ~ 350 kJ/mol.

As shown in Figure 4.20, regardless of TolR-PGN distance that it was pos-
sible for repulsive coulombic energy to interfere with the overall binding of the
TolR periplasmic domain to PGN. Contact analysis indicates there is selective
binding between TolR, where certain charged residues and a minimum interface
must be reached to achieve consistently stable binding.
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Figure 4.21: BLP tilt angle using the vector of the BLP and the surface of the
OM over 200 ns for truncated OmpA and wild type TolR, independent repeats
are shown.

BLP tilt is an indication of cell wall movement, where in the case we see
that two simulations result in changes in PGN location. Based on three varying
binding strengths of TolR, three varying tilt patterns were also seen for BLP in
separate simulations, Figure 4.21.
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Firstly, when binding was the strongest there were large variations in tilt
angle, starting at 50 degrees and generally trending towards higher values at 85
degrees. This is attributed to the contraction of the TolR, indicating that the
BLP was experiencing the most disruption, where the fluctuations to an almost
90 degree angle show that the BLP was being pulled into a straight orientation.

Secondly, where there was binding that was attractive, but significantly
weaker, it can be seen that there was a consistent increase, where the initial
angle of 50 degrees ends at ~ 70 degrees, indicating that the cell wall was being
pulled, but less so than the first simulation.

Thirdly, where binding at times was repulsive, there was fluctuation in BLP
tilt however with respect to the initial and final values there was a decrease in

tilt angle. This is indicative that the BLP was controlling the cell wall move-
ment entirely at points, considering the weak TolR clamp interactions.

4.4.6 Removal of BLP from the envelope

-

;u_::%""x";\:s"f“c \\0""

,’\ few ,P\ ﬂﬁ"\ f?\ ﬂQ‘

Figure 4.22: Visualisations of the TolR (yellow), OmpA (blue) and PGN (cyan)
periplasm without BLP at 0 ns (left) and 200 ns (right).

Finally the removal of BLP from the periplasm once again changed the be-
haviour of the entire system. There was no longer a structural staple that
maintained the cell wall position. Cell wall location was entirely decided by the
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short range interactions of TolR and OmpA.

Based on data thus far it would then be expected that OmpA binding would
dominate, such that the cell wall would generally be located close to the OM. It
is seen that this was possible, where without BLP present in the system there
was no size maintenance for the OM-PGN distance, meaning that OmpA binds
the cell wall, the linker region contracted and pulled the cell wall to the OM. In
this scenario the TolR could not extend far enough to bind PGN, causing linker

contraction in the inner membrane protein, where the protein associated with
the IM.

Comparing this to previous visualisations of the full and half periplasm mod-
els in Chapter 3 and Figures 4.22 and 4.16, it can clearly be seen the large effect

BLP had on PGN and where the periplasm was divided into separate compo-
nents.
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Figure 4.23: Minimum distance measurements between the membranes and
PGN in the periplasm over 200 ns with closed TolR, independent repeats shown
(A, B and C).

Analysis of periplasmic distances show that without BLP the cell wall moved
drastically, as in Figure 4.23. Overall in the periplasm, slight decreases in the
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size of the system were seen, but generally periplasmic size was well maintained.

In two cases OmpA could bind PGN and this caused a large change in the
periplasm, where the cell wall moved close to the OM, away from the IM. In
the other, it can be seen that the distances between the membranes and PGN
fluctuated, but generally were the same after 200 ns. This effect was caused by
a lack of binding of either protein, where the cell wall was not pulled in either
direction, Figure 4.24
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Figure 4.24: Short range electrostatic and Lennard-Jones interactions for
OmpA-PGN (left) and TolR-PGN (right) over 200 ns without BLP - simulation
1.

As energetics are now well characterised in multiple instances for both TolR
and OmpA, these serve as an indicator for the interaction that occurred each
system.

Firstly, where the PGN-OM distance dramatically reduced, the standard
binding for the OmpA dimer to the cell wall was observed, where both forces
were attractive, indicating that the OmpA was bound to the cell wall and the
linker size reduction has moved PGN to the OM. This binding was established
quickly and maintained throughout 200 ns, Figure 4.24.

In contrast to this the TolR-PGN interaction was essentially zero, where
there was minuscule interaction, which generally was net 0 kJ/mol, and after
10 ns, there was no TolR-PGN association for the remainder. In the related
distance plot, a sharp decrease in OM-PGN distance was observed as at this
point the cell wall was pulled out of interacting range from the open state TolR
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and did not return, Figure 4.23.

Once again, this displays the role of BLP; the cell wall structure is main-
tained as a result of lipoprotein covalent bonding, slowing down movement and
preventing drastic movement perpendicular to the membranes, allowing simul-
taneous TolR and OmpA association to the cell wall.
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Figure 4.25: Short range electrostatic and Lennard-Jones interactions for
OmpA-PGN (left) and TolR-PGN (right) over 200 ns without BLP - simulation
2.

Secondly, in the system where the cell wall fluctuated but did not consistently
move in one direction, there was little to no association from either protein. Both
proteins have been shown to be able to bind PGN, even when energetics show
that the binding was weak or became unfavourable, however in this case the
cause is that the cell wall was outside of interaction range.

In this system it is shown that even after 150 ns OmpA could potentially in-
teract with PGN] as a very small attractive trough was seen, at -10 kJ/mol, but
this was not enough to allow the protein to bind. In this case both proteins ap-
peared to adopt an orientation that prevents binding, where the OmpA did not
have BLP to attract the cell wall or use as a scaffold to bridge the OM-PGN gap.
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OmpA to PGN energetics

TolR to PGN energetics
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Figure 4.26: Short range electrostatic and Lennard-Jones interactions for

OmpA-PGN (left) and TolR-PGN (right) over 200 ns without BLP - simulation
3.

Thirdly, it can be seen that the OmpA bound strongly to PGN. Figure 4.26
indicates that the bound OmpA reached what appears to be the equilibrium
binding more quickly. Once this energy was reached there was an increase, to
above -800 kJ/mol. For TolR it was seen that there was an initial interaction
but that this fell off, for the rest of the simulation after 20 ns there was no inter-
action with PGN. This was an indication that PGN was outside of interaction
range, preventing any association with TolR.

Overall, it has been shown that without the presence of BLP, there was lit-
tle to no contact between open state TolR and PGN. The larger slower moving
OmpA dimer showed a similar degree of interaction when compared to previous
simulations in Chapter 3, where dimeric binding was possible and generally was
favourable. In the instance where there was no binding and significant PGN
displacement, BLP removal caused the cell wall to fluctuate in the periplasm,
but without structural support the cell wall was not a good binding target for
the periplasmic domain of TolR.
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OmpA linker length TolR linker length
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Figure 4.27: Minimum distance between the start and end of the linker for each
protomer in OmpA (left) and in TolR (right) over 200 ns - simulation 1.

Linker region behaviour has been broken down in a similar manner. In the
first system it can be seen that the OmpA linkers changed length differently,
there was a swap between the length of both linkers, where linker 1 extended
and linker 2 contracted. This expansion and contraction was generally expressed
in a 1 nm range, in Figure 4.27.

TolR experienced a contraction of both linkers, indicating that the periplas-
mic domain relocated to the surface of the inner membrane. This contraction
was a reduction of 1.5 nm in end to end distance of the linkers. This mea-
surement shows that without a driving force, such as binding, to keep TolR
extended, the open conformation contracted.

As OmpA is shown to bind, considering the linker distances this would in-
dicate that the dimer did not bind with the entire face of the clamp flat to the
cell wall. This has been observed previously and in this case this behaviour can
be seen, where as linker 2 was the shortest after 200 ns, the second protomer
will be in more contact with the cell wall than the first.

It is observed that the closest protomer will bind first, and that after the
binding is established the linker on the opposite protomer will behave in an
opposite fashion. Using this instance as an example, linker 2 was furthest from
the OM, so closest to PGN, where after binding occurred a contraction in this
linker occurred, pulling PGN up, whilst the other, linker 1, expanded to facili-
tate more PGN contact in the first protomer.

Linker 1 ——
Linker 2 ——
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Figure 4.28: Minimum distance between the start and end of the linker for each
protomer in OmpA (left) and in TolR (right) over 200 ns - simulation 2.

With respect to the system where there was almost zero binding of either
protein, OmpA showed a pattern similar for linker 2, where the same contrac-
tion was seen, however linker 1 did not display consistent expansion. After 100
ns there continued to be significant change in linker length, indicating the dimer
was not bound and that the linker regions were not influenced by PGN interac-
tion.

TolR in this system displayed different behaviour. Linker 1 remained ex-
tended for the simulation, unlike in the first, where both linkers contracted.
The second linker contacted, shrinking by 1 nm, however this was not a consis-
tent reduction as there was an increase back to 1.8 nm from 1.2 nm within a 50
ns window. This fluctuation indicated free movement, where the TolR remained
extended, compared to the previous simulation, where both linkers behaved in
an almost identical fashion. This indicates that PGN binding was not obligatory
for open TolR to remain extended.

The different TolR linker lengths indicate that the TolR was not in the ex-
tended straight form, but was bent, as one linker pulled the periplasmic clamp to
the side as a result of contraction. Orientation of the clamp as result can affect
favourable binding to PGN, Figure 4.28. This effect was also observed in OmpA.
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Figure 4.29: Minimum distance between the start and end of the linker for each
protomer in OmpA (left) and in TolR (right) over 200 ns - simulation 3.

Where the quickest OmpA-PGN association was observed both linkers in
OmpA converged to the a similar distance. In this instance this indicated a
similar amount of binding per protomer present. This correlated well with the
energetics, indicating that OmpA binding was either achieved by approach of
one protomer, then binding of another, or that simultaneous binding did occur.

TolR displayed linker contraction in linker 1 and expansion in linker 2. This
profile once again suggests a tilted conformation, where one protomer was much
further from the membrane helices compared to the other.

Comparing the two proteins in general it can be confirmed that the TolR
linker was shorter than OmpA in the periplasmic solution. Generally the longest
linker region in TolR was close to 2.5 nm, whereas in OmpA the linker was fre-
quently extended to a distance of 4 nm. TolR contracted to much smaller
distances than OmpA, where the linker regions were shown to be able to con-
tract to less than 1 nm, whilst the OmpA never contracted to a distance of less
than 2.5 nm, Figure 4.29.

Based upon this it is proposed that OmpA extended further into the periplasm
and that the longer linker region was key in PGN binding, where without BLP
the binding will easily occur, compared to TolR which never bound in these
simulations.

200
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4.5 Discussion

A simple E. coli periplasmic model has been constructed and was stable for
200 ns of simulation. This is the first atomistic representation in a recent wave
of periplasmic simulations where due to technological improvements this whole
compartment can now be studied. The simple periplasmic model allows protein
to cell wall modelling and exploration of these interactions.

The open TolR dimer structure and OmpA dimer can bind PGN at the
same time, when BLP is present. In many cases it was seen that the open
TolR can approach the cell wall and enmesh with PGN interacting attractively
according to analysis of energetics and minimum distances from protein to PGN.

TolR C-termini are key to facilitating the initial binding interaction. The
five terminal residues in the TolR open conformation are capable of threading
into the cell wall and causing the initial binding event between PGN and TolR.
These flexible regions are not charged and can easily change shape in order to
attach to PGN. With respect to TolR the structure of the termini is similar
between bacterial species, indicating that this region is a necessary component,
where it is proposed to be involved in PGN binding.%”

TolR exists in two conformations, open and closed. Open TolR is generally
a weaker binder to PGN than OmpA. Analysis of energetics of the TolR-PGN
association indicate that in the majority of simulations the overall interaction
that is observed is always attractive, but that the coulombic energy involved
is highly variable, generally fluctuating between attractive and repulsive. It is
proposed that the exposed surface of the TolR clamp must achieve a specific
orientation to achieve favourable coulombic interaction.

Extensive TolR interaction requires interplay of charged residues and other
residues surrounding the termini interface. This is seen when during simulation,
other segments of the periplasmic clamp, particularly charged residues come into
contact with PGN. When only the termini interact throughout the simulation, a
weaker association is observed. The VAW energy involved in this binding inter-
action is consistent, however the only case where charged energies are similar to
the attractive OmpA dimeric profile are when aforementioned charged residues
that are downstream from the termini are involved.

Closed TolR did not bind to PGN in truncated OmpA systems. The closed
conformation is organised such that the flexible termini are buried. This then
removes the initial interaction that causes TolR-PGN binding. Without this
there is not an attractive enough force between protein and cell wall. In the
case of truncated OmpA this is shown where the closed conformation remains
bound to the membrane, whilst BLP pulls PGN away from the IM.

BLP continues to act as a structural staple that can facilitate OmpA and
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TolR PGN binding. Without BLP present in the periplasm the cell wall is
subject to random motion, where it has shown a propensity to bind OmpA,
but without BLP there is no TolR-PGN association during simulation. This
structural role indicates that the BLP forces the cell wall to exist at a certain
height, where proteins can bind to it in both directions, so long as this local
PGN position is maintained.

BLP tilt angle in the full periplasm is affected by TolR binding. When OmpA
cannot interact, TolR open state will bind PGN. This TolR open state binding
has a variety of strengths, dependent on specific residues. Stronger interactions
result in a cell wall movement that causes the BLP tilt angle to trend towards
90 degrees, compared to other simulations, where a more acute BLP-OM angle
is observed.

When bound, the periplasmic clamps of the proteins do not move much in
the x/y plane, where TolR is shown to be more mobile. The cell wall provides
a platform for various proteins to clamp onto, where when both are bound it
can be seen that the cell wall is less mobile in the parallel perpendicular to the
membrane. This effect is expected to amplified in vivo, to the extent that the
cell wall is almost fixed in position relatively to the molecules interacting around
it.

Linker length of the OmpA/TolR complex can suggest binding orientation
and also controls the extent of the clamp-PGN interaction. Symmetric linker
length profiles correlate to stronger binding, where if one linker contracts, the
clamp will obtain a tilted geometry, which affects PGN association. Further to
this, linkers in TolR can full contract to pull the periplasmic clamp to the IM,
prevent PGN binding.

The full E. coli periplasm in vivo is a much more complex and crowded
environment than this simple model. Based on this simple model a new model
has been derived containing more proteins and structures. Much research has
begun to focus on the periplasm and it is expected there will be many iterations
of this system in years to come.

Other discussion and analysis surrounding this topic can be found under Ap-
pendix D, published as Binding from Both Sides: TolR and Full-Length
OmpA Bind and Maintain the Local Structure of the FE. coli Cell
‘Wall. For a draft of the publication of a more complex periplasm see Appendix
E, titled Hitchhiker’s guide to the periplasm.
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5.1 Context in the Literature

Controlling the location of lipids in the cell is of critical importance.'®* All
cells, including bacteria are known to be experts at this, preventing toxic ligand
entry and even going so far as to export small molecules that are harmful'®°.186
This is not only true for antibiotics and other bactericidal but also for naturally
occurring small molecules in the cell. Lipid transport is one of these pathways,
where lipid transport between the IM and OM of gram-negative bacteria is of
interest 187,188

Proteins that control these pathways are from the MCE (mammalian cell
entry) superfamily.!®® These proteins can be identified as containing at least
one conserved domain in sequence but without similarity to other proteins that
are known. They are common in all bacteria containing a periplasm, whilst they
do not occur in single membrane cells. This generally indicates that MCE pro-
teins are exclusive to gram-negative bacteria, such as E. coli.'®® These proteins
are key to virulence in bacteria, where mutations have been shown to reduce
bacterial virulence.'®' Multiple studies have indicated that these proteins are
also responsible for the movement of small hydrophobic molecules, such as lipids
and steroids.'¥? Initially the plant based proteins followed by bacterial proteins
have been confirmed to bind PLs.'89

The Mla (Maintenance of Lipid Asymmetry) proteins in E. coli are present
throughout the periplasm. This family of proteins consist of MlaA, MlaC,
MlaDEFB. Periplasmic proteins from this group are MlaA, MlaC and MlaD.
MlaA is an outer membrane protein, MlaC is a periplasmic chaperone and MlaD
is an inner membrane protein that is complexed to the rest of the Mla inner
membrane proteins. The purpose of the MlaC, MlaA and MlaD proteins is to
transport mislocalised phospholipid molecules from the outer membrane to the
inner membrane. However it has been proposed that this pathway can also
function in reverse, even to export molecules out of the cell.>* Functionally this
protects the organism as having a high LPS content in the OM increases the
survivability of the bacterial cell.

The structure of MlaD has been resolved for E. coli for both X-ray and
EM structures, where it has been shown that the MlaD forms a hexameric
ring.'®® This hexameric ring is present at the IM outer leaflet and is com-
plexed with other Mla proteins that occur in the transmembrane region.!®® This
complex is thought to interact with MlaC, a chaperone, in order to transport
hydrophobic molecules through the periplasm, (see Chapter 5 title figure).!%4
MlaD is not the only MCE protein in E. coli, where other proteins (YebT and
PqiB) form PL-binding hexameric rings that stack, creating tubes that span
the periplasm!'?.192 MlaD is a 183 residue protein, which organises into a
hexameric ring. The monomer consists of a seven stranded beta barrel, with
a periplasm-facing helical structure and an N-terminal helix that rests in the
IM.199 The protein may be split into three domains; a short cytoplasmic region
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(7 residues), a transmembrane region (residues 8 -28) and a periplasmic region
(residues 29-183.1%° The X-ray structure consists of residues 38-152, with some
missing residues in the loops at the edge of the hexamer. In the X-ray structure
the C-terminal residues are missing. These are predicted to be unstructured
and therefore are harder to characterize.

MlaC is a 221 residue protein, with a signal peptide at residues 1-21. It
consists of 198 residues in the periplasm.!* The secondary structure consists
of nine helices and five beta strands, where the beta strands form a cavity that
can potentially contain small ligands.?* It is proposed to non covalently interact
with the MlaD hexamer in order to transfer lipid between the two proteins.'®3
The PL binding cavity is controlled via a 8 sheet 1id.'*® MlaC has been shown
to bind PL. Short MD simulations of potential sites for the hydrophobes to
occupy inside the protein have already been reported.'™ A recent study has
further shown that the MlaFEDB complex exports PL to MlaC, via an ATP
independent pathway.”® This study suggested that the direction of transport
is from IM to OM. Additionally it has been shown that MlaC can exist in two
states, closed and open!'?4193 196 The open state occurs when a PL is bound to
the hydrophobic site, whilst the flexible cavity will close when no PL is bound,
in order to stabilise this hydrophobic region in the aqueous environment. This
is controlled via a [ sheet lid, that behaves almost like a hinge. The PL that is
bound to the protein has previously been assessed to be either PE/PG without
the presence of cardiolipin, but this newest study indicated that the protein had
been purified with cardiolipin present®*.197

MlaA is lipoprotein that contains 234 residues, where the lipidation site
occurs at residue 18, via an N-palmitoyl cysteine and an S-diacylglycerol cys-
teine.!®® The protein is membrane bound and associated with the trimeric
OmpC unit.'”® The protein is largely helical with two 3 strands. This lipopro-
tein rests in the outer membrane and has been shown to exist in complex with
OmpC/F199.32 The lipoprotein is found in close proximity to OMPs.32 A joint
computational and biochemical study showed the presence of a potential water
pore and pathway that a lipid could be transferred through.?? A complex with
OmpC has been proposed to be 1:1 stoichiometry where a trimeric OmpC bar-
rel complex interacts with an MlaA at each dimeric interface.!®® It has been
proposed that this complex somehow facilitates the removal of PL from the
OM; however the mechanistic details have yet to be revealed. The interaction
with OmpC was confirmed however via UV irradiation and proteolytic degra-
dation.90

Structural data exists for these Mla proteins, however the full structure for
the MlaFEDB complex has yet to be resolved, at the time of writing several
publications are in preprint with further structural data available!97200 201 The
available Cryo-EM data shows a strong correlation with the MlaD ring structure
and suggests the rough dimensions of the total complex. This data does not
have a high enough resolution to elucidate the fine details of the total complex
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structure.
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5.2 Premise

Lipid asymmetry is one of the hallmarks of the OM of E. coli and other Gram-
negative species. The LPS molecules in the outer leaflet are presented as a vital
barrier to entry to the cell. This layer must be maintained in order to protect
the cell, where Mla proteins remove mislocalised PL to keep the concentration
of LPS high. The proposed mechanism is that the MlaA molecule interacts
with OmpC/OmpF proteins located in the OM and receives PL for transport
to the periplasm. The PL is then picked up by MlaC, which contains a proven
hydrophobic binding pocket, transported to the IM, where after docking with
the MlaD the PL is transferred and eventually localised to the IM. This study
explores the PL movement inside the MlaD and MlaC proteins, including how
the two proteins can potentially dock, and seeks to model a terminal region for
which there is no structural data, providing potential insight into the modes of
interaction between the two periplasmic components. This attempts to glean
more insight into the PL trafficking pathway.

Given this the following aims are proposed;

e To study the lipid interaction with the MlaD hexamer associated with a
membrane.

e To study the same lipid interaction with the MlaC chaperone.
e Docking of MlaC to the MlaD hexamer
e Modelling of the MlaD terminal regions missing from available structures.

« To observe atomistic resolution lipid abstraction propagated by the MlaA /OmpC
membrane complex.
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5.3 Methods and Simulation content

All simulations were carried out for the shown lengths in tables 5.1 - 5.4 with
the CHARMMS36 forcefield, using the GROMACS2018 code®?.202  Tempera-
ture was maintained at 310 K using the Nosé-Hoover thermostat (1 ps time
constant). Pressure was maintained using the Parinello-Rahman barostat, at
1 atm (5 ps time constant), using semiisotropic pressure coupling for mem-
brane systems and isotropic pressure coupling for aqueous systems. The TIP3P
water model was used to solvate the systems, alongside a neutralising concen-
tration of 0.2 M NaCL'® The short range electrostatic and Van der Waals
cut-off distance was set to 1.2 nm. Simulations were run with a 2 fs timestep,
using the LINCS constraint algorithm.!%® Three independent repeats for the
MlaD, MlaC-lipid,OmpC-MlaA and MlaD-MlaC docking for unfolded termini
were carried out. Multiple starting positions were tested in simulation (greater
than 5 configurations) for the remainder of the docking simulations. Single
shorter OmpC-MlaA runs for the mutagenesis were performed to investigate
any change in lipid behaviour.

MlaD
Structure Environment MIlaC docked? Simulation length
X-ray repaired Membrane No 100 ns
Unfolded termini Membrane No 100 ns
Folded termini Membrane No 100 ns
Unfolded termini Aqueous Yes 100 ns
Folded termini Aqueous Yes 100 ns

Table 5.1: Varying MlaD termini model systems, including docking of the MlaC
chaperone.

MlaC

Structure Environment Lipid bound Simulation length
X-ray Aqueous POPE 100 ns
X-ray Aqueous POPG 100 ns
X-ray Aqueous PVCL2 100 ns

Table 5.2: MlaC systems, where different bound lipids are studied.
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OmpC/MlaA
System MlaA mutation No. Lipid/MlaA complexes Simulation length
Sysl No 1 500 ns
Sys2 No 2 500 ns
Sys3 No 0 500 ns
Sys4 137TALA 1 100 ns
Sysb 137-138ALA 1 100 ns
Sys6 137-139ALA 1 100 ns
Sys7 137-140ALA 1 100 ns

Table 5.3: The wild-type and OmpC/MIlaA systems that were set up to observe
membrane protein interactions, using a symmetric bilayer of PL.

MlaA /MlaC
Structure Environment Cross-linking  Simulation length
X-ray Aqueous 20% 50 ns
X-ray Aqueous 40% 50 ns
X-ray Aqueous 1 per group 50 ns

Table 5.4: Docking simulations of the MlaA to MlaC chaperone.

The same membrane composition was used for all membrane systems, 90:5:5
POPE:POPG:PVCL2, where POPE is short for 1-Palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine, POPG is an abbreviation of 1-palmitoyl-2-oleoyl-sn-
glycero-3-(phospho-rac-(1-glycerol)), PVCL2 is 1,1-palmitoyl-2,2-vacenoyl car-
diolipin. The CHARMMGUI membrane builder was used to create a 10 x 10
nm membrane. Parameters for the lipids, were taken from the CHARMMGUI
server for CHARMM36.203

MlaD was simulated using PDB: 5UW2. This crystal structure is lacking
residues at the both the C and N terminus which were built using MODELLER
along with missing loops. In membrane simulations, MlaD was mounted onto
the surface of the membrane by positioning the N-terminus close (less than
0.5nm) to the surface of the membrane. An additional extended run of the
X-ray repaired and unfolded termini systems of 500 ns was also done. Lipid
pulling simulations were done using the GROMACS pull code. This was done
by pulling the lipid centre of mass in a single direction (Z) away from the pro-
tein, using a rate of 0.001 nm/ps, with a force constant of 3000 kJ/mol/nm?.

MlaC was simulated using PDB: 5UWA.'?0 This structure is missing the
first 23 residues, which were built using the MODELLER software.?°* Lipid
binding systems were set up via close positioning (less than 0.5 nm) of the lipid
to the cavity of MlaC, allowing the lipid to bind the cavity stochastically during
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simulation. Enhanced sampling for MlaC-lipid systems was done using umbrella
sampling, where the GROMACS pull code was used to generate the configura-
tions for each window and the analysis was done with WHAM to generate the
PMF data. Windows every 0.1 nm were used and the simulations were all run
for 100 ns.

The OmpC-MlaA trimeric complex was simulated using PDB: 5NUP.!98
Mutations of this complex were done using the PYMOL mutagenesis tool.!33
Protein-protein docking was done via the ClusPro server.?%® Restraints were
applied during the docking via a minimum distance of 0.6 nm between pro-
posed docking residues on either protein. Cross-linking data and other helpful
insights were provided by the Shu Sin lab, NUS. This data is as follows: The
following residues on MlaD are proposed to interact with MlaC: F119, M141,
Q149, Y152 and V179. The following residues on MlaC are proposed interact
with MlaD: P124, E169, V171 and S172. Cryo-EM density was taken from the
work of Ekiert et al.1%°
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5.4 Results

5.4.1 Modelling MlaD membrane association

The starting model for MlaD was the loop repaired crystal structure (see Sec-
tion 5.3). In the MlaFEDB complex, MlaD is proposed to rest on the surface of
the membrane. Thus, initial simulations of each of the MlaD models were done
via placement of MlaD onto a membrane surface. In this section the aim is to
predict stable membrane bound states of MlaD and to attempt to assess binding
modes to the termini regions and loops, as they could be important regarding
membrane association. Modelling of the termini is essential due to the presence
of residues that are proposed to interact during MlaD-MlaC association that
are not present in the crystal structure.

Flexible modelled termini

/ bt |

Missing loop
repaired

INNER MEMBRANE

Figure 5.1: Aligned structures of the MlaD loop-repaired protein (blue) and the
flexible-termini modelled MlaD hexamer (red) (left). The Cryo-EM density of
the MIaFEDB protein complex (pink), with a post 100 ns simulation flexible
termini MlaD hexamer fitted to the density (orange), where the bracketed region
indicates the MIaFEB proteins,(right). In both, the position of the membrane
is shown with dotted lines, where the flexible termini point into the periplasm.

Shown in Figure 5.1 are the separate structures of the MlaD repaired crystal
structure and the modelled termini region. It can be seen that after 100 ns of
simulation and alignment, the core crystal structure regions of the proteins had
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a similar structure, where some variation was seen at the repaired loop. The
modelled termini region was free to move and it can be seen that the termini
extended into the periplasm, where each flexible region can adopt a variety of
positions and self associate.

Alignment of this data with Cryo-EM density showed that the core regions
agree with the density, but that the termini fitted less well due to the flexibility
of these regions and/or the resolution of the Cryo-EM data.

The MlaD loop repaired model can be seen associated with the membrane,
(Figure 5.2) where it remained associated for the full length of the simulation,
as is expected. The RMSD of this protein indicates that the protein is stable
over 100 ns, fluctuating at a value of ~ 0.3 nm over 100 ns (Figure 5.3). The
repeating pattern of the RMSF indicates similar behaviour by each monomer,
where the flexible regions are at the repaired loops and termini (Figure 5.3).

Figure 5.2: The loop repaired x-ray MlaD structure (red) associated to the mem-
brane (grey licorice) with phospholipid headgroups shown as spheres (brown)
(top left). The unstructured termini modelled MlaD structure (red) associated
to the membrane (grey licorice) with phospholipid headgroups shown as spheres
(orange) (top right). The folded termini modelled MlaD structure (red) asso-
ciated to the membrane (grey licorice) with phospholipid headgroups shown as
spheres (orange) (bottom).
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Figure 5.3: The RMSD and RMSF the entire MlaD loop repaired hexameric
structure across independent repeats (top). The RMSD and RMSF of the en-
tire MlaD modelled termini hexameric structure across independent repeats
(middle). The RMSD and RMSF of the MlaD folded termini structure, across
independent repeats (bottom).
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Adding the modelled termini to MlaD introduced a significant amount of
conformational space that can be explored. Figure 5.2 shows that this structure
associated with the membrane but the termini were flexible and could associate
with lipid or extend into solvent. RMSD was significantly increased for the pro-
tein as a whole upon addition of the termini, plateauing around 1.4 nm for the
protein. Comparatively the core barrel regions behaved similarly between the
modelled termini and loop repaired structures, where similar values of less than
0.5 nm RMSF were seen. These unstructured terminal regions could possibly
act like a “fishhook” that could potentially attract the MlaC protein chaperone
for docking. This poses the question, if MlaD has a specific interaction to MlaC
for PL transport then how does this interact occur considering the highly flexi-
ble termini?

During simulation it was observed an unstructured terminus is interacting
with an adjacent monomer in each monomer in the ring. This structure bears
a high degree of similarity to the Cryo-EM density that is available. Therefore
a homohexameric model of this state was next built. Simulation of this showed
that the RMSD of the protein was largely reduced when the flexible termini
started in this folded conformation. Comparison between the “free” and “folded”
termini showed RMSD values in the range of 0.6 - 0.8 nm for the folded termini,
approximately half of the value for the free structure (Figure 5.3). RMSF once
again indicated that the termini were the most flexible regions present in the
protein, however six distinct peaks were no longer observed, where fluctuation
in one terminus was relatively similar to the rest of the protein and in a similar
range to the RMSF of the original repaired x-ray structure. This shows that self
association and interaction with other monomers in MlaD has a stabilising ef-
fect on these unstructured modelled termini, indicating a theoretical membrane
associated structure that is stable and could also potentially interact with MlaC.

5.4.2 Lipid binding to membrane bound MlaD

The loop repaired structure of MlaD, without any modelled termini, was next
simulated on a membrane surface of the same inner membrane model as previ-

ously described (90:5:5 PE:PG:Cardiolipin).
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Figure 5.4: A visualisation of the MlaD hexamer (red) mounted on the mem-
brane, only headgroups are shown for clarity (brown). The POPE lipid (cyan)
can be seen to unbiasedly insert one tail into the MlaD hexameric pore (A).
A top down view of the MlaD hexamer, where contact probability is displayed
using the Blue-White-Red scheme, where blue is highest contact probability and
red is no contact (B). The POPE lipid movement in the z-axis, perpendicular to
the membrane shows the movement of the lipid into the MlaD hexamer (C). The
short range electrostatic and Lennard-Jones interactions between the inserted
lipid and the MlaD (D).

The MlaD hexameric pore is comrpised of six helices at the N terminus,
pointing into the periplasm. During simulation of the membrane bound X-ray
repaired structure, a POPE lipid bound the hexameric pore at the center of the
MlaD was observed in multiple simulations at the 100-500 ns timescale. The
lipid entered into the MlaD hexameric pore in a “one up one down” configu-
ration (Figure 5.4). Thus, one lipid tail remained associated to the membrane
whilst another extended down into the periplasmic helical region formed by the
hexamer. Over the simulation the lipid remained bound to this region, where
the highest contact was observed at the loop regions between the monomeric
interfaces and on the helices in the pore (Figure 5.4).
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Figure 5.5: The movement of the lipid centre of mass at three different starting
heights, where increases in Z show movement towards the membrane, whilst
decreases show movement towards in the periplasm, in the MlaD pore over 100
ns, in the z-axis, perpendicular to the membrane (top left). The short range
electrostatic and Lennard-Jones interactions between each lipid and the MlaD
over 100 ns (top right, bottom left and bottom right).

Lipid configurations were generated by pulling the lipid through a short
region of the pore. Simulation of the lipid in three starting poses after pulling
in this pore showed an upwards movement in the lipid, indicating that the lipid
relaxed back into the pore, towards the membrane, indicated by an increase
the Z-coordinate of the lipid. This was done to access more of the potential
lipid pathway, where various binding sites in the MlaD pore could be explored.
Analysis of energetics showed that the first relaxation was less favourable, where
both charged and non charged interactions were less stabilising, however in two
cases both lipids relaxed to the same position, which was maintained by a larger
coulombic and Van der Waals (LJ) energy (Figure 5.5). This serves as further
confirmation that lipids could stably associate with the pore.
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Figure 5.6: A close up visualisation of the MlaD hexamer (red), where the
highlighted region (blue) forms the periplasmic helical bundle, creating a pore
(left). The sequence alignment of three separate MlaD structures, where the
highlighted region (red rectangle) represents the helical region in MlaD, where
it is 100% conserved (right).

Sequence alignment of the MlaD protein across three species of gram neg-
ative bacteria; E. coli (strain K12), E. coli (O157:H7), H. influenzae (strain
ATCC 51907 / DSM 11121 / KW20/ Rd) indicated that certain regions of the
MlaD hexamer are well conserved. One key region, close to the N-terminus,
that indicated 100% conservation was the highlighted ~ 17 helical pore region.
It is possible the tyrosine and phenylalanine residues present in this region cre-
ate a Pi stacking interaction, to maintain the pore stability and/or interact
favourably with the lipids that are transported between the MlaFEDB complex
and MlaC. Regardless the data from various species shows that the helical pore
is a conserved region.
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5.4.3 MlaC ligand binding

As previously stated, the first 23 residues of MlaC were missing.!?® The ter-
minal region in MlaC exists at the edge of the protein (Figure 5.7). None of
the cross linking residues measured experimentally by the Shu Sin lab for the
MlaD-MIaC interaction exist in this region.

Modelled
terminus

180 degrees

Opening to
hydrophobic cavity

Figure 5.7: The MlaC chaperone, where the crystal structure (red) and the
structure containing the modelled termini region (blue) are aligned.

The terminal modelled region is on the wrong side of the protein to interact
with the MlaC cavity. It is proposed that it may not significantly contribute to
MlaC-lipid binding or MlaC-MlaD binding. With this information available af-
ter modelling both structures in aqueous simulation, the original x-ray structure
was selected for simulation i.e. without modelled termini, reducing the level of
uncertainty in simulations involving the MlaC protein.
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Figure 5.8: A snapshot of aligned MlaC chaperone bound to different lipids
MlaC-POPE(blue), MlaC-POPG (red) and MlaC-PVCL2 (yellow) with protein
shown as a carton and lipid as spheres (A). The short range electrostatic and
Lennard-Jones interactions between POPE and MlaC, across independent re-
peats (B). The short range electrostatic and Lennard-Jones interactions between
POPG and MlaC, across independent repeats (C). The short range electrostatic
and Lennard-Jones interactions between PVCL2 and MlaC, across independent
repeats (D).

The start condition for this was to place the lipid tails within 1.0 nm of
the cavity. In Figure 5.8 it can be seen that MlaC will non-specifically bind
differently lipid types. In these simulations (see Table 5.2) we saw spontaneous
association between protein and POPG, POPE and PVCL2. Within 10 ns, in
each system the lipid inserted into the MlaC cavity, where the tail groups were
bound to the beta barrel cavity core region, whilst the head groups were ori-
ented to the surface of the protein. The start condition for this was to place the
lipid tails within 1.0 nm of the cavity.
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Considering that the MlaC crystal structure was bound to POPE, these
simulations once again confirm stable binding (Figure 5.8). Interestingly, cardi-
olipin bound to the pocket, where all four tails fit inside the cavity, indicating
that the cavity could flex and change size in order to admit different lipid types,
occupying approximately twice the volume of PE or PG.

As would be expected the Van der Waals interaction (LJ) was the dominant
force involved in the lipid binding. Driven by the hydrophobic effect, POPE
and POPG displayed similar profiles, where after 100 ns the LJ interaction was
~ -300 kJ/mol for both lipids. PE displayed larger but fluctuating charged
interactions with MlaC. PG showed a charged interaction that generally varied
between 0 - -150 kJ/mol. Cardiolipin showed different behaviour, where the
LJ forces were the most stabilising by far and generally the charged interaction
was less than -100 kJ/mol during simulation, which makes sense in light of its
greater number of acyl tails.

5.4.4 MlaC-lipid umbrella sampling

Umbrella sampling of the lipid binding to MlaC was done to assess specificity.
Is there a specific lipid that MlaC has a preference for, or is it non-selective and
promiscuous? To assess the binding, three separate protein conditions were used
in order to study the removal of the POPE, POPG and PVCL2 lipids. The “free
state” of the protein simply involved pulling the lipid out of the protein, with no
restrictions on the movement of the protein. The “elastic state” of the protein
differed via the introduction of an elastic network between the carbon backbone
atoms of the protein, essentially preventing secondary structure change. The
“restrained state” of the protein took this one step further, where the position
of the backbone of the protein is restrained in x, y and z. This was done to
assess if structural changes of MlaC influence lipid binding.

There was an energy penalty associated with removing any of the lipid types
from the MlaC cavity. Using umbrella sampling, three different states of the
protein were examined (Figure 5.9). In the “free” state, the order of binding
affinity was as follows: PVCL2>POPE>POPG. Considering the charged at-
traction shown by the POPE shown in the previous section, it is expected to be
harder to remove, however the additional tails in cardiolipin caused a hydropho-
bic interaction that is stronger than for POPE. The “restrained” state showed
poorer sampling, as can be seen in the profiles. Testing the effect of position re-
straints leads to poor convergence and unreliable data, but was done to explore
if malleability of the MlaC affected the binding affinity. The “elastic” state of
MlaC generally showed a similar value to the “free” state, indicating that mal-
leability did not significantly influence the binding energetics, seen in Figure 5.9.
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Figure 5.9: The enhanced sampling energy profile for the removal of POPE
from MlaC, where the free protein, elastic network and positions restraints are
compared (top left). The enhanced sampling energy profile for the removal
of POPG from MlaC, where the free protein, elastic network and positions
restraints are compared (top right).The enhanced sampling energy profile for
the removal of PVCL2 from MlaC, where the free protein, elastic network and
positions restraints are compared (bottom).

Histograms for this umbrella sampling can be found in Figure 7.9 in the
Appendix.

5.4.5 MlaD to MlaC docking

Considering that MlaC bound lipid favourably and the hexameric MlaD pore
also did, protein-protein docking may allow investigation of possible lipid trans-
fer pathways between the two. Using the provided crosslinking data from the
Shu Sin lab, this was integrated with docking to model potential binding poses
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between MlaC and MlaD with C-termini present.
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Figure 5.10: A visualisation of the highest contact structure can be seen (top
left) where MlaC (red) is docked to MlaD (blue), with the hydrophobic pocket
pointing towards the helical pore, MlaC crosslinking sites are shown as purple
spheres, MlaD cross linking sites are shown for the closest monomer as yellow
spheres. The docking poses of the MlaC with highest contact between MlaC-
MlaD (flexible termini) crosslinking residues are shown (top right and bottom
left), across independent repeats. The docking poses of the MlaC with highest
contact between MlaC-MlaD (folded termini) crosslinking residues are shown
(bottom right), across independent repeats.

An example of one such docking structure, where high contact was estab-
lished can be seen (Figure 5.10). This indicates that the docking was successful
when the open cavity of MlaC was directed towards the helical pore of MlaD.
Interestingly in this scenario it can also be seen that the unstructured termini
were pushed to one side, indicating that despite the need for termini-MlaC inter-
action, high binding contact occurred when the other termini were not blocking
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the binding site.

It can be seen that this docking was subject to a large deviations, where
separate repeats showed very different data in many cases. This was attributed
to the variability that was introduced in the flexible termini and the need for
one residue on this region to contact the MlaC in precisely the correct position.
This data shows that there are multiple potential binding poses that produced
significant contact between cross linking residues between the modelled MlaD
and MlaC proteins, shown in Figure 5.10.

A similar docking protocol was performed for the “folded termini” MlaD
structure with MlaC. In comparison to the “free termini” docking data, it can
be seen in Figure 5.10 the docking was arguably worse in the folded system,
compared to the docking in Figure 5.10 of the free termini structure. Across
6 simulation systems in many cases contact fell off entirely, whilst the highest
degree of contact that occurred was ~ 20 atoms, suggesting that in the “folded”
conformation the binding site was not as accessible as the “unfolded” one. The
highest contact seen in the unfolded docking was ~ 75 atoms, more than three
times that amount seen in the highest folded MlaD hexamer.

The folded termini did not move as much as the unfolded, shown previously.
This indicates that there must be some form of termini movement in order to
facilitate the MlaC binding. From this docking it is proposed that in vivo there
is an equilibrium that is established between the unfolded and folded states.
In this equilibrium the folded termini can move to a more flexible position to
admit MlaC, and return to the folded state once lipid transfer is complete.

5.4.6 The OmpC/MlaA trimer in a symmetric PL bilayer

The OM component of the Mla family, the OmpC/MlaA trimeric complex was
next simulated. This is the starting point for the maintenance of lipid asym-
metry. The role of MlaA in the OmpC/MlaA complex is to abstract PL from
the outer leaflet. In a more realistic model containing LPS and patches of PE it
would require vast amounts of sampling in order to possibly observe PL move-
ment into MlaA. Thus, a simplified symmetric PL bilayer was used.
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Phosphate
headgroup dip

OmpC trimer

Figure 5.11: The MlaA-OmpC trimeric complex (blue) embedded in a sym-
metric bilayer (90:5:5 PE:PG:CL), only headgroups shown for clarity (brown),
where the head groups are seen to dip toward the MlaA (left). The MlaA-
OmpC trimer shown, MlaA (red) at the edges of the OmpC dimeric interfaces,
the OmpC trimer (blue) is associated with three MlaA proteins (right).

After 500 ns it can be clearly observed that the PL headgroups moved from
the outer leaflet and into the MlaA protein (Figure 5.11), where a disruption
in the normally flat bilayer was seen. Across three independent repeats it was
observed that the MlaA components in the first repeat did not abstract PL,
in the second that one MlaA protein abstracted PL and in the third that two
MlaA proteins instigated lipid movement. In the case where one lipid was seen
to enter the MlaA cavity, it can be seen that within 200 ns the lipid centre of
mass decreased by 2 nm and reached a steady state (Figure 5.12). In the sec-
ond case, the movement of both lipids into separate MlaA proteins was tracked.
The profiles for both lipids are similar and mimic that of the first case of lipid
transfer into MlaA (Figure 5.12). A reduction from ~ 6.5 nm to 3.5 - 4 nm was
once again seen in 200 ns. Notably this was an irreversible movement; there was
no sign of the lipid returning to the outer leaflet once this process occurs and
one lipid was bound to the water pore cavity of MlaA at each time. The PL
headgroups surrounding the abstracted PL were also lower in the Z dimension
than the bulk bilayer, indicating that this effect was not local to single lipids.



Position (nm)

Energy (kl/mol)

-450

CHAPTER 5. THE MLA PROTEIN FAMILY

Lipid movement in Z into MlaA

0 100

200

300

400

500

Time (ns)

150

Lipid movement in Z into MlaA

6 T 6.5 T

55 [ 1 er 1
|
L 5 I ]
5 1 B £ ‘
W N '

-l ﬂ WM' fun M‘”\WV\ WW MW‘W g

: Ly Wl
>3 0 1;)0 2‘00 3‘00 4‘00 500 0 1;)0 200 300 40(; 500

Time (ns) Time (ns)
MIaA lipid energetics MIaA lipid energetics

20 ! i i Coulombic Coulombic

o ] U U
. 4 ; ,
= A
200 | J 1 §
-250 - ' §
-300 - ¢
-350 - Wﬁh
-400 - ' B

100

200

300

400

500

Time (ns)

Figure 5.12: The movement of one lipid into the MlaA protein, over 500 ns in
one replica, measured via position in the z-axis perpendicular to the membrane
(top left). The movement of two lipids into separate MlaA proteins, over 500
ns in another replica, measured via position in the z-axis perpendicular to the
membrane (top right). The short range electrostatic and Lennard-Jones inter-
actions between the lipids and MlaA during movement into the MlaA cavity,
shown over 500 ns in independent replicas (bottom left and bottom right).

The lipid interaction with the MlaA cavity was favourable. Highlighting
two instances of this, it was seen that there was a consistent LJ interaction
between the lipid and MlaA, from the outset of the simulation. In the case of
the charged energy there appeared to be several stages involved with the MlaA
lipid abstraction. Both lipids appeared to be associated with an initial stabilis-
ing charged interaction that initiated PL movement ~ 50 ns; during this window
the lipid was abstracted 1 nm from the outer leaflet. Following this, after a brief
instance where the charged energy destabilised, the coulombic energy sharply
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stabilised to roughly -300 kJ/mol, followed by a further stabilisation to roughly
-400 kJ/mol that generally occurred close to 200 ns, shown in Figure 5.12.

MlaA lipid contacts

Contacts during simulation
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Figure 5.13: The contact probability between lipid and MlaA during the ab-
straction process, using the BWR colour scheme, where blue is highest contact
and red is lowest (left). The specificity of the lipid-MlaA contact over 500 ns
(right).

Contact analysis shows that the lipid “slides down” the helical pore region
where water flows, and comes to rest where the lipid tails were contacting the
beta sheet of MlaA (Figure 5.13). In this orientation, the head group was point-
ing into the water pore and the tails were perpendicular to the bilayer. Based
on the high level of contact with the beta sheet it is proposed that this may act
as a “gating region” for abstraction of PL, see Appendix Figure 7.7. The beta
sheet gating loop presented a barrier through the MlaA cavity for PL. Muta-
tions of this loop showed that successive mutations of the group generally led
to decreased stability of the lipid when interacting with the loop see Appendix
Figure 7.8 and the associated text.

The highest contact occurred between residues 1315TYR, 1318PHE and
1340TRP, over 90% of the simulation. The lipid also had relatively high con-
tact with the residues surrounding these. 1315TYR and 1318PHE are located
on the proposed beta sheet gate, whilst the 1340TRP is located on the helical
region upstream from the beta sheet. These three residues played a key role
in the stabilisation, due to their aromatic nature, aiding the movement of the
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lipid through MlaA. Polar and charged residues such as 1343SER and 1326ASP
interacted significantly with the lipid. These, in conjunction with the solvent
present are proposed to stabilise the charged headgroup of the lipid as it is
transferred.
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5.5 Discussion

Separate components of the Mla protein family have been studied in order to elu-
cidate phospholipid interactions with each protein, including MlaD, MlaC and
OmpC/MlaA. At the outset of the project accurate data for the full MlaFEDB
complex was not reported, but new structures are now being released9754,190

Modelling of the MlaD hexamer has allowed for the atomistic characterisa-
tion of potential conformations of the unstructured termini. In the unfolded
conformation these termini fluctuate more and diffuse freely in the periplasm;
it is proposed that this behaviour could help to capture MlaC for docking, but
based on to experimental data it seems unlikely that this random motion would
successfully drive lipid transfer. The folded state of the termini are more stable,
fluctuate less and add a degree of symmetry to MlaD, where the full complex is
observed to be highly symmetric via Cryo-EM. It is possible the termini exist
between these states, in a folded, but more dynamic conformation, or that they
can alternate between the two.

Docking of MlaC to MlaD indicated that the unfolded termini allow the
proposed interaction sites, based on experimental crosslinking data, the highest
amount of contact. Docking of the folded state conversely was less successful:
where unfolded termini can move to admit MlaC, the folded version cannot,
indicating that the specific folded conformation used inhibits binding by block-
ing the active site. Docking of the MlaA to MlaC was not descriptive enough
without the addition of the full membrane bound complex. Short simulations of
this complex indicated that contacts between experimental crosslinking residues
were short lived and the further addition of data from the Shu Sin lab could be
used in future to further explore this docking in a membrane environment.

The x-ray structure of MlaD contains a hydrophobic helical pore, and this
pore is well conserved over multiple bacteria. This short region extends into
the periplasm , where experimentally confirmed interaction sites are present,
indicating that lipid transfer can occur at this region. In fact, the MlaD pore
can abstract lipid tails from the IM model bilayer, where hydrophobic interac-
tions dominate. It was seen that lipids will freely associate with the MlaD pore.
Without the interactions between MlaD and MlaFE the specifics of how the lipid
enters this pore in the full complex remain unresolved, but initial models of this
were proposed.

Simulations of the lipid in the helical pore indicate that lipid relaxes toward
the bilayer, with the lipid binding in the interface between the MlaD monomeric
units. This indicates once lipid enters MlaD, there are key binding regions for
the headgroup, whilst the tails enter the inside of the pore.

MlaC has been shown to favourably bind three different lipids. With varia-
tions in head group and the number of tails present. The chaperone can thus be
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seen to contain a promiscuous cavity, capable of transporting a variety of lipid
across the periplasm.

Enhanced sampling has shown that the flexible movement of the MlaC chap-
erone did not significantly change the energy required to remove a lipid from the
binding site. Without any restraints, cardiolipin was shown to be most difficult
to remove from the MlaC cavity. POPE and POPG displayed a similar affinity
for the cavity of the protein. When an elastic network was applied it can be seen
that these energies differ slightly, but the values were similar to the “free” state
of MlaC. Application of position restraints caused sampling issues and varied
energy values that can’t be relied upon.

Atomistic detail of lipid abstraction from a symmetric bilayer into the MlaA
protein of the MlaA/OmpC complex has been observed. MlaA lipid abstraction
is controlled by charged interactions, where the movement of the lipid is eventu-
ally blocked by a gating loop. This gating loop is a short region that can serve
as a landing pad for the abstracted lipid, however once this loop binds lipid it
is unclear how the remainder of the lipid abstraction to allow MlaA-MlaC lipid
transfer occurs.

Mutation of the MlaA gating loop weakened the interaction between ab-
stracted lipid and this region of the protein. Removing the specificity of this
loop, both by reducing bulk and removing charges indicated that the loop is
specifically tailored to bind the lipid. With this loop in mind, it is hypothe-
sised that an unknown mechanism such as MlaC binding triggers the “opening”
of the gating region necessary for the lipid to completely transfer through MlaA.

It has been observed that all three periplasmic components of the Mla pro-
tein family will readily bind lipid. The molecular level movement of these lipids
provides key insights to the components of the Mla system that are necessary
for lipid transport. As more experimental data becomes available, as is the
case at the time of writing where several new structures are on the verge of
release, knowledge of this system will become more detailed. In silico a full
lipid transport pathway is not apparent, but this data will provide insight to
our experimental collaborators at the Shu Sin lab.
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6.1 Context in the Literature

The Lol (localisation of lipoproteins) system was discovered to transport lipopro-
tein by the Tokuda research group in the 1990s.2°6 It was first proposed that a
novel protein that allowed the release of BLP from the IM existed. The results
indicated that this protein, termed p20, formed a soluble complex with OM
lipoproteins. Further analysis showed that BLP released from the IM in the
presence of p20 was localised into the OM. This was the first study of the pro-
tein known as LolA. A following study showed that the LolCDE complex exists
in the IM and that the release of lipoprotein from the IM is an ATP dependent
process.2?” It was stated that lipoproteins destined for the OM are selectively
sorted by this complex, where the amino acid at position 2 on the lipoprotein
defines this specificity. It is generally found that ASP at this site causes the
lipoprotein to be ignored by the complex, suggesting that these lipoproteins
are retained at the IM. The crystal structure for the LolCDE complex has not
been resolved, however the same research group characterised LolA and LolB
in 2003.206

LolA has the structure of an 11 stranded unclosed antiparralel beta-barrel
where one side of the barrel is covered by three alpha helices, Figure 6.1. The
inner component of the barrel and helices are hydrophobic, allowing for lipid
transport. LolA is proposed, like most chaperones, to exist in an open and closed
state. This has been shown to be facilitated by these helices, where essentially
they can “pop” up to allow for hydrophobes to enter?°®.2%9 This mechanism
of motion is referred to as a helical lid, which can open and close to change
the protein state. This has been quantified where the closed state is stabilised
via hydrogen bonding between ARG43 and alpha helix one and two. As this
hydrogen bonding must be broken to open the lid it is suspected that the Lol-
CDE complex catalyzes the lid movement. Research into the lipoprotein trans-
fer shows that LolA favourably transfers these ligands to LolB in the OM.?10
Analysis of this transfer in real time indicates that the transfer is irreversible.?!!

LolB has a similar structure to LolA, despite a surprising level of sequence
similarity of 8% between the two proteins?!2.2%6 Once again the structure is
composed of an 11 stranded antiparallel beta sheet that is capped by 3 alpha
helices. Similarly a hydrophobic cavity is present in LolB.?'? A key difference is
that LolB is a lipoprotein, where the N-terminus is lipidated with N-palmitoyl
cysteine and S-diacylglycerol cysteine, common lipoprotein moieties.?'* The
similarity in structure between the two proteins leads to a theory that they can
dock and somehow transfer the lipid from one hydrophobic cavity to another,
yet precise details of this mechanism are still not known?!!.210

A known inhibitor of LolA is MAC13243. When LolA is bound to this
molecule, the E. coli OM becomes more permeable. This is attributed to the lack
of essential molecules such as BLP and Pal to provide OM structural integrity.
Permeation has been proven via the application of 1-N-phenylnapthylamine
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(NPN), which can only enter OM compromised cells and is also a fluorophore.
Cells treated with MAC13243 present fluorescence 15 times higher than DMSO
controls, and the fluorescence changes based on concentration used.?'® This
is further confirmed when MAC13243 allows the entry of antibiotic compounds
such as vancomycin that normally cannot pass the OM. MAC13243 is not unique
in this example, as it is known to degrade easily in solution, where these degrada-
tion products (S-(4-chlorobenzyl)isothiourea and S-(4-dichlorobenzyl)isothiourea)
also can bind to the LolA to cause inhibition.2!¢

The complete structure of the LolCDE complex that releases lipoproteins
has yet to be solved. Given the data available the following questions can be
asked: How does LolA bind to LolB? How does BLP bind to LolA for transport?
What are the molecular details of this MAC13243 inhibition that reduces LolA
function? Using MD and enhanced sampling, these interactions can be analysed.

ApoD is another example of a small protein (169 residues) that is a key
transporter for cell processes, but is eukaryotic in nature instead of prokary-
otic. It is a human glycoprotein that is present in the plasma.?!” Structurally
the protein contains an eight stranded beta barrel, a mainly hydrophobic re-
gion that is close to an alpha helix. It is involved in lipid metabolism, where
its binding activity for progesterone and arachidonic acid affects cancerous and
neurological disease development?!®.21° Not only has the protein been shown
to transport these molecules but also can directly affect their oxidation state.?2%

This protein has been shown to exist as a monomer or a dimer, but recently
a tetrameric structure has been proposed®?!.222 The structure of the protein is
highly conserved between various eukaryotes. The close association of ApoD to
HDL particles has been confirmed, in particular via a disulfide bond with the
apolipoprotein A-11.223 This protein has been expressed in E. coli organisms,
therefore it can exist in a similar environment to other periplasmic chaper-
ones, such as LolA or MlaC.??* One study shows that ApoD can be selective
in its binding to similar compounds, where progesterone and arachidonic acid
will bind but pregnenolone and bilirubin will not??4.22> Previous ApoD MD
studies give evidence to show lipid binding to the hydrophobic pocket, where
lipids closely associate with MET93, proposed to allow for the conversion of the
MET93 to MET93 sulfoxide, where glycosylation of the protein shields a second
site at MET49.220
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6.2 Premise

Lol (localisation of lipoproteins) proteins are present in the E. coli periplasm.
The Lol system comprises of an IM (LolCDE), OM (LolB) and periplasmic
component (LolA). LolA is proposed to accept lipoprotein ligands from the IM
complex and transport them to LolB in the OM for membrane localisation. BLP
could be transported in this system, and given the relationship between BLP
and OM integrity, some studies have been done on the Lol system in order to
shed light on lipoprotein trafficking. The mechanism of this binding and trans-
port has yet to be explored, however there are known compounds that inhibit
this transport behaviour.

ApoD is a well known human glycosylated protein that has a known interac-
tion with high-density lipoprotein (HDL). It is generally found in the brain and
testes and is found in elevated levels for patients suffering neurological disorders
such as Alzheimers. ApoD can also carry small molecules in a hydrophobic
pocket.

The following aims for simulations of LolA have been devised:

e To assess BLP binding to the LolA chaperone.
e Similarly to assess the MAC13243 inhibitor binding to the LolA chaperone.
e Assess if the MAC inhibitor prevents BLP binding to LolA.

o Implementing umbrella sampling to sample the free energy of the lipid
removal from the LolA pocket.

Similarly the aims for parallel ApoD simulation were to study the association
of cholesterol, arachidonic acid, pregnenolone and progesterone with the ApoD
cavity.

Therefore this simulation work explores chaperone binding for LolA with
BLP and various inhibitor compounds, to answer the question of how this inhi-
bition occurs at a molecular level. Alongside this is an exploration of how ApoD
can stably bind various small molecules for transport in aqueous systems. This
is a continuation of a similar type of work involved with MlaC and highlights
how atomic level understanding of ligand binding could reveal new details for
future use.
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6.3 Methods and Simulation content

6.3.1 LolA

All simulations of the LolA protein were done using the GROMOS54A7 force-
field, using the GROMACS 2018 code. At least three independent repeats of
each simulation were performed. Temperature was maintained at 310 K, using
the velocity rescale thermostat, 1 ps time constant. Pressure was maintained us-
ing the Parrinello-Rahman barostat, at 1 atm, time constant 1 ps. The systems
were solvated using the SPC water model, alongside a 0.2 M neutralising con-
centration of NaCl. LINCS constraints allowed for a 2 fs integration timestep.'%?
The charged and Van der Waals cut-offs were set to 1.4 nm.

BLP bound Number of inhibitors Simulation length

Yes 0 100 ns
Yes 1 100 ns
Yes 2 100 ns
Yes 3 100 ns

Table 6.1: Simulation systems set up for the inhibition of BLP-LolA binding,
using the MAC inhibitor.

The LolA model used was obtained from the PDB (PDB: 1IWL), and the
parameters used were the standard GROMOS54a7 potentials.?’6 The inhibitor
used was MAC13243 (MAC), the parameters for this small molecule were ob-
tained from the Automated Topology Builder (ATB), using the GROMOS54a7
forcefield??6125 215 The MAC is in an uncharged state, where the behaviour of
the drug protein binding pockets could potentially carry a different charge com-
pared to the solvated drug, considering the imine group on the ring, which would
generally be charged at neutral pH. Further to this the parameters provided by
the ATB can be questioned, where the accuracy using automated services is al-
ways in doubt, leading to the need for further paramterisation. The BLP model
was the structure deposited by Shu et al. (PDB: 1EQ7), where the N-terminus
is palmitoylated as previously described.!6%

PMF calculations were performed as previously, where using a pulling simu-
lations the windows for simulation were generated, followed by 100 ns simulation
of each window and analysis using WHAM in order to compute the free energy
of lipid removal from LolA, with respect to increasing amount of MAC inhibitor
present in the protein cavity. The pulling simulations were done via pulling the
lipid centre of mass from the protein centre of mass. A force constant of 100
kJ/mol/nm was used and a rate of 0.0001 nm/ps was used. To assist in the
convergence of this sampling, the BLP protein segment was removed, leaving
only the lipid to be pulled from the cavity.
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Starting coordinates for these simulations were generated via manual place-
ment of MAC in the LolA cavity, followed by stochastic association of the BLP
lipid.
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6.3.2 ApoD

All simulations were run for the lengths shown in Table 6.2. The CHARMM36
forcefield was used to simulate the systems.?? Temperature was maintained at
310 K using the Nose-Hoover thermostat, 1 ps time constant. Pressure was
maintained at 1 atm, using the Parinello-Rahman barostat, 5 ps time constant.
The charged and Van der Waals interaction cut-offs were set to 1.4 nm. The
system is solvated using the TIP3P water model, in conjunction with a neutral-
ising concentration of 0.2 M NaCl ions.'® LINCS constraints were applied to
covalent hydrogen bonds to allow for a 2 fs integration time step during simula-
tion.'° Three independent repeats of each of these simulations were performed.

Glycosylated Number of Units Substrate Simulation length
No monomer - 100 ns
Yes monomer - 100 ns
Yes monomer Cholesterol 100 ns
Yes monomer Arachidonic acid 100 ns
Yes monomer Progesterone 100 ns
Yes monomer Pregnenolone 100 ns

Table 6.2: Simulation systems set up for the glycosylated vs non-glycosylated
ApoD structures and systems for the ligand binding to the ApoD monomer.

The ApoD models were derived from the tetrameric unit present on the
SASBDB database, (SASDD83)?27.228 Glycosylation was added to two sites:
N45 and N78, according to the literature. N45 is attached to a trisialo tri-
anternnary glycan, whilst N78 carries a fucose disialo biantennary glycan.??9
This glycosylation was done using the CHARMMGUI glycosylation feature, in
order to modify the protein.2° Ligands bound to ApoD were generated using
CGENFF server, and the standard CHARMMS36 parameters, where no large
penalties involving the parameters were observed.?3? Ligands were placed close
to the ApoD cavity and allowed to bind freely during simulation.

6.4 Results

6.4.1 Apo LolA binds the BLP lipid component

Initial LolA simulations showed that the lipid moiety of BLP can bind to the
hydrophobic cavity inside of the chaperone, Figure 6.1. When this occurred the
protein component was bound to the outside of the LolA, where the majority
rested in the solvent bulk.
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90 degrees

Figure 6.1: A visualisation of the LolA chaperone (blue) where the protein is
oriented showing the binding cavity (left). A visualisation of the LolA apo-
chaperone (blue) bound to the monomer of BLP (red), where the lipid moiety
(cyan) associates with the hydrophobic cavity (right).

It was observed that the LolA cavity was open in this configuration, where
there was significant volume available for the the lipid tails to bind. With re-
spect to the stoichiometry of the BLP binding, it was assumed that a single
monomer of the BLP trimer can bind the LolA cavity. This was due to the
folding and change in structure of the protein, in contrast to straight helical
structures seen previously, in Chapters 3 and 4, when bound to LolA. It was
noted that this helical structure of the BLP was not eliminated entirely but was
compressed in order to facilitate LolA binding, Figure 6.1.
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Figure 6.2: The lipid to LolA minimum distance to the PHE47 surface residue
(left) and the PHE90 buried cavity residue (right).

This binding was numerically confirmed via the minimum distance of two
residues, PHEA47 and PHE90, where both both residues are located at the base
of the LolA cavity, where full lipid binding in the pocket would allow for associa-
tion to the lipid. In two instances close association to these buried phenylalanine
residues was seen, where in one case a minimum distance to PHEA47 reached a
value of 0.2 - 0.4 nm by 40 ns and was maintained. In another, a reduction
to 0.6 nm was seen after 20 ns, however there was an increase increase to a 1
nm distance. Comparison of this contact showed a similar distance to PHE90,
where all independent runs are shown. In this instance it was seen there there
are BLP lipids closely associated to LolA, however the tails of the lipids were
not fully extended into the hydrophobic pocket. With respect to PHE90 in
LolA, two lipids only contacted the mouth of the cavity, whilst one lipid was
not bound at all, while the two remaining lipids were fully bound.

100
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Lipid to LoLA contacts

Contacts during simulation
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Figure 6.3: The binding contact probability of the lipid to the LolA cavity in the
first repeat, shown in the BGR (Blue-Green-Red) colour scheme, where blue is
lowest contact (none) and red is highest (left). Lipid contact to specific residues
on the protein in the first repeat (right).

In the first repeat where the most contact between the lipid and hydropho-
bic core was seen there was a high amount of contact between LolA and the
residues buried deep in the pocket. It was seen that the lipid contacts a large
number of residues in this region, where significant contact was seen around
the mouth of the cavity. Residues that were in contact with the lipid for over
90% of simulation time were: ASN43, TRP62, PRO84, GLN134 and SER146
where the protein has been renumbered to start at residue 1, Figure 6.3. These
residues are highlighted where it can be seen that there is a pattern of high
contact along adjacent beta sheets in LolA, indicating that the lipid adhered
to the hydrophobic wall of the half barrel structure and the tail extended deep
into the pocket.
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Lipid to LolA interaction energies
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Figure 6.4: The short range electrostatic and Lennard-Jones interactions be-
tween the lipid and LolA over 100 ns, for two independent repeats.

Energetically comparing the two best binding events shows that in the case
of both the charged energy did not play a significant role, a small contribu-
tion of only ~ -50 kJ/mol was attributed to coulombic effects, in Figure 6.4.
Non-charged interactions formed the bulk of the attractive energy between the
lipid moiety and the LolA cavity. Within 20 ns there was an increase in at-
tractive energy to ~ -350 kJ/mol, indicating that the lipid was stably bound to
the pocket. It was seen that a similar degree of stabilisation was reached and
that fluctuation occurred in the same range, however in the case of deeper lipid
binding an increased stabilisation of ~ -50 kJ/mol was seen. This is attributed
to the more frequent contact with hydrophobic residues in the pocket of LolA,
confirming that this was the most stable region for the lipid to bind.
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Energy of lipid removal from LolA
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Figure 6.5: The PMF profile for the removal of BLP lipid alone from the apo
LolA cavity, where each line represents an independent repeat.

Based on the best bound state from the simulations above, calculations for
the lipid binding affinity estimation were performed. Given the favourable envi-
ronment for lipid binding, there was an energy penalty involved in the removal
of the lipid group in the cavity. Umbrella sampling calculations showed an en-
ergy of 47 - 49 kcal/mol in order to fully remove the lipid from the protein
across three independent repeats (Figure 6.5). As the lipid was extracted there
was an increase to ~ 5 kcal/mol over the first 1.5 nm of the sampling region.
From 1.5 - 2.5 nm there was a large increase in energy to ~ 30 kcal/mol. In
this region the lipid was removed entirely from the LolA cavity, into bulk solvent.
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6.4.2 LolA binds MAC inhibitor and BLP lipid simulta-
neously

1 MAC Molecule

Figure 6.6: An illustration of LolA (blue) to BLP (red) lipid (cyan) binding in
the presence of the MAC inhibitor (orange), (left). A visualisation of the MAC
inhibitor bound (coloured according to atom type) to the LolA protein cavity
(blue), (right).

The MAC inhibitor has been shown to effectively inhibit lipoprotein binding to
LolA. Manual placement of this inhibitor in the hydrophobic pocket, followed by
simulation, showed that this inhibitor can be stably associated with the chap-
erone (Figure 6.6). When an inhibitor molecule was placed into the cavity of
LolA, it can be seen that BLP lipid will additionally bind to the cavity, spon-
taneously during simulation.

The inhibitor can span the cavity, where the aromatic rings of this ligand
were in contact with the lipid binding regions shown previously (Figure 6.6).
Whilst it may be expected that BLP binding be inhibited via introduction of
MAC, the opposite was seen, where the lipid tails were interacting with the
MAC, and lipid actually intertwined with the ligand structure. This behaviour
contradicts the competitive binding model for inhibition.
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Figure 6.7: The skeletal chemical structure of the MAC inhibitor.
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Figure 6.8: The lipid minimum distance to the buried PHE90 residue in LolA
when one MAC inhibitor is bound (left). The contact between the LolA protein
and lipid in a case where lipid binds when MAC is present (right).

The structure of MAC shows both hydrophobic and hydrophilic groups (Fig-
ure 6.7). This is similar to the lipid ligand that bound LolA, where hydrophobic
tails and polar groups are present. Considering this, it is reasonable that both

lipid and inhibitor can interact with the pocket simultaneously as was seen in
Figure 6.6.

From four independent repeats it was seen that three simulations led to
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lipid binding deep into the LolA cavity, where these lipids occupy approximate
distances of 0.7, 0.6 and 0.3 nm from PHE 90 respectively after 100 ns (Figure
6.8). With respect to contact in the case of lipid and MAC binding it was seen
that lipid once again bound to a separate region of the pocket, where highest
contact was with residues buried deeper in the pocket, generally interacting with
PHE or THR residues.

Inhibitor to LolA interaction energies
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Figure 6.9: The short range electrostatic and Lennard-Jones interactions be-
tween the Lipid and the LolA, when one MAC is bound (left). The short range
electrostatic and Lennard-Jones interactions between one MAC molecule and
LolA (right).

In theory, inhibitors should result in a weakened interactive energy between
lipid and the LolA pocket. The interaction between inhibitor and LolA indicates
that the inhibitor molecules behaved in a similar manner to lipids when bound
to the cavity (Figure 6.9). LJ interaction formed the bulk of the stabilising
energy in these systems, where there was a fluctuation between -100 to -200
kJ/mol over 100 ns, as in Figure 6.9. From this it can be seen that the inhibitor
bound LolA favourably, but less so than the lipid group on BLP. Lipid to LolA
interactions are seen to behave similarly to the previous data indicated in the
apo state (Figure 6.4) with LJ energy quickly stabilised within the first 20 ns, ~
-250 kJ/mol. Based on the placement of the inhibitor inside of the LolA cavity
the minimum distance shows that the MAC molecule was always contacting
the LolA, where the minimum distance in any simulation was between 0.18 and
0.32 nm. The RMSD of the inhibitor molecules shows that there was limited
variation, of between 0.1 - 0.3 nm across independent repeats.
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Energy of lipid removal from LolA
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Figure 6.10: The umbrella sampling energy profiles for the removal of BLP lipid
from the one MAC bound LolA cavity in two independent repeats.

Umbrella sampling across two independent repeats for lipid pulling from the
LolA cavity in the presence of MAC shows two profiles of a similar shape, that
converged to slightly different values. These values are ~ 35 kcal/mol and 40
kecal/mol, but do not have the same starting value due to scrambled structures
between repeats (Figure 6.10).

This once again shows that the LolA was a favourable environment for the
lipid to be bound to, where a large energy penalty resulted in the lipid removal
from the pocket. Compared to the apo sampling, it was seen that the energy
involved to remove the lipid in the presence of the MAC inhibitor was lower
(Figure 6.5). Based on two repeats of this sampling there was a reduction in
the range of 10 - 15 kcal/mol.

It is worth noting that when one MAC inhibitor was present this was the
equivalent of a concentration of around 375 ug/ml, considering the system size.
The MIC of MAC is 16 pg/ml, indicating that at much lower concentrations
than this system the macroscopic effect of this is a reduction in LolA function.?'®
Despite this, binding was still possible at the microscopic level.
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2 MAC Molecules

Despite having already simulated the effect of MAC binding to LolA at a concen-
tration higher than the MIC, it was still possible for more than one inhibitor to
bind to LolA (Figure 6.11). Simulations of two inhibitor molecules, via manual
cavity placement, showed a similar effect, where there was binding, despite the
concentration effectively equalling greater than 40 times the minimum amount
required. BLP continued to bind to LolA, with the inhibitors rested at the
mouth of the LolA cavity in this example where BLP could entangle with them,
further adding weight to the “hydrophobic entanglement” effect that the in-
hibitors may cause.

90 degrees

T

Figure 6.11: A visualisation that demonstrates LolA (blue) to BLP (red) lipid
(cyan) binding in the presence of two MAC inhibitors (orange), where the lipid
tails are obstructed by MAC, at a 90 degree rotation angle between the images
(left and right).

From increasing amounts of MAC it was observed that the MAC will self
associate, here seen bundled into one cluster (Figure 6.11). This clustering effect
then clearly can block the lipid tails from entering the pocket. One lipid tail was
shown to be parallel to the mouth of the pocket, where the cluster of inhibitors
prevented the extension of this tail into the pocket. Despite this, other tails
extended into the pocket and maintained BLP binding.

It has been shown that the energy required to remove lipid was lower in
MAC presence; it can be proposed that increasing MAC concentration caused
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increased BLP-MAC binding, which whilst favourable, was weaker than the
BLP-LolA binding. Based on this the molecular mechanism of inhibition was
not binding site obstruction, but rather of a scaffold of MAC molecules which
was a poorer binding site than the LolA pocket.

Inhibitor to LolA interaction energies

T T 0 T T T

Coulombic
y——->
-50

-100 -

-150

-200

Energy (kJ/mol)

-250

-300

-350 I I I I

40 60 80 100 0 20 40 60 80
Time (ns) Time (ns)

Figure 6.12: The short range electrostatic and Lennard-Jones interactions be-
tween the Lipid and the LolA, when two MAC are bound (left). The short range
electrostatic and Lennard-Jones interactions between the two MAC molecules
and LolA (right).

Energetically similar magnitudes were once again observed with respect to
the lipid and MAC interaction. Charged energies in both systems were gener-
ally fluctuating around the same value of up to -50 kJ/mol, regardless of MAC
presence. The hydrophobic interactions between MAC and LolA vary compared
to the 1 MAC simulations. The initial LJ energy was more stable than in the
one inhibitor systems. The simulation with higher LolA contact converged to
~ -250 kJ /mol, where more contact with hydrophobic residues caused a greater
LJ attraction. Where MAC binding was less this energy converges to ~ -175
kJ/mol.

The lipid behaved in a similar fashion as before; there was a quick asso-
ciation from lipid to LolA, followed by a continuous increase in the attractive
energy between the two. The two profiles reached separate values of around -250
kJ/mol and -300 kJ/mol respectively. Generally the largest increase in the at-
tractive energy occurred in the first 40 ns, which correlates with the decrease of
the MAC-LolA interactions. This shows that as MAC concentration increased
the lipid and MAC were competing for binding sites in the cavity, where the
lipid became more stabilised and the inhibitor less so.

100
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A similar minimum distance between MAC and LolA was observed of ~ 0.2
nm, this in conjunction with the energetics indicates constant association of the
MAC molecules and the protein. There is once again no ejection of the MAC
observed; expectations are that as MAC concentration increases the total bulk
of the cavity complex, lipid and MAC, increases, therefore essentially meaning
that there is increased volume in the cavity. The MAC distance to the core
PHE90 was also a near constant of ~ 0.3 nm across all replicas. When lipid
maintained this distance it was deeply bound to LolA; this indicates that the
2 MAC complex was deep in the LolA cavity. Increasing the concentration of
MAC led to an intercompeting effect between lipid and inhibitor, indicating that
the stability of lipid binding was dependent upon the orientation and position
of the MAC.
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Figure 6.13: The umbrella sampling energy profiles for the removal of BLP lipid
alone from the two MAC inhibitors bound LolA cavity.

Pulling the lipid from the protein in the presence of 2 MAC inhibitors once
again showed that the removal of the lipid was disfavoured. The total energy for
separate repeats gave approximate values of 42 and 35 kcal/mol starting from
separate values due to scrambled starting coordinates (Figure 6.13). These en-
ergies were less than the apo state enhanced sampling, confirming that 2 MAC
complexation with lipid in the LolA cavity causes less favourable binding than
the presence of no inhibitor. According to this lipid binding in the presence of



CHAPTER 6. LOL AND APOD CHAPERONES 174

the 2 MAC molecules is roughly as favourable as 1 MAC, this could be because
the protein is already saturated at the point of 1 MAC being bound, alongside
sampling issues.

3 MAC Molecules

Finally, insertion of 3 MAC molecules into the LolA protein prior to ligand
binding was performed, using manual placement (Figure 6.14). The number of
atoms of MAC in the pocket now outnumbered the lipid. In this example one
tail of the lipid was wrapped around the complex, whilst the other two were
blocked from entry by the MAC molecules. It is proposed that when the site
is occupied by 3 MAC there is not enough space for full lipid binding to LolA,
where the lipid mainly associates with the MAC molecules.

Figure 6.14: A visualisation of LolA (blue) to BLP (red) lipid (cyan) binding in
the presence of three MAC inhibitors (orange), where closer inspection (right)
shows that the three MAC inhibitors bind deeply to the pocket of LolA.

Even though the lipid-LolA binding was inhibited, there was still close as-
sociation of the BLP to the LolA chaperone. It is clear that increasing MAC
content affects lipid binding; however in our simulations, there was no driving
force for BLP to unbind from LolA. As the lipid has been shown to compete for
binding sites with the inhibitor, it is proposed that the in high concentrations of
MAC the inhibitors are pushed further into the cavity on lipid binding, blocking
the deepest binding residues within the pocket.
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Figure 6.15: The short range electrostatic and Lennard-Jones interactions be-
tween the Lipid and the LolA, when three MAC are bound (left). The short
range electrostatic and Lennard-Jones interactions between the three MAC
molecules and LolA (right).

Charged interactions were not important for lipid to LolA association. Oth-
erwise a similar rapid association between lipid and LolA was observed, and
the hydrophobic energy stabilised in a range of -200 to -250 kJ/mol after 100
ns. Considering all systems from 0, 1 and 2 MAC bound, this was the least
stable binding of the lipid to the pocket. Directly compared to the apo state
where deepest binding occurs, lipid association was approximately 100 kJ/mol
weaker. Obstruction of hydrophobic sites in the pocket led to this energy change.

Inhibitor attraction to the pocket was observed, however, to be the strongest
out of any of the MAC concentrations. This indicates that increasing the amount
of MAC in the cavity increased the stability of MAC binding. An increase in
attractive energy is expected as there were an increasing number of atoms of
inhibitor. The 3 MAC complex experienced a stabilising LJ energy at around
-350 kJ/mol and -450 kJ/mol in two separate simulations, after 100 ns (Figure
6.24). This may be compared to 1 MAC, where a value of approximately -150
kJ/mol was reached in the same timeframe (Figure 6.9). Here there is more
evidence of competition between the lipid and inhibitor, as the further stabil-
isation to -450 kJ/mol occurred simultaneously with lipid destabilisation from
-300 to -200 kJ/mol.

100

Coulombic
y—-
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Energy of lipid removal from LolA
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Figure 6.16: The enhanced sampling energy profiles for the removal of BLP lipid
alone from the three MAC inhibitors bound LolA cavity in three independent
repeats.

Based on data shown so far, the presence of 3 MAC should mean that the
lipid was more easily removed from the binding site than in the apo state. The
energy associated with this removal was in the range of 38 to 40 kcal/mol, Fig-
ure 6.25. Monitoring the PMFs across each concentration of MAC indicates
that in the presence of inhibitor the lipid removal was always more favourable
than the apo state. A range of values are seen for the 1, 2 and 3 MAC sampling,
where there was not significant evidence to suggest which one of these was most
favourable for lipid removal. From this it can be seen that MAC binding at all
levels allows the lipid to be removed more easily. However there is not evidence
to confidently say that there is a marked difference when comparing the MAC
concentrations between the simulation systems. For verification that overlap-
ping histogram data was achieved to indicate good sampling please see Figures
2.7 - 2.10 regarding umbrella sampling.
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6.4.3 Apolipoprotein D

Having assessed LolA ligand binding, the ApoD chaperone discussed in the
premise of Chapter 6 has been studied. The structure of ApoD is similar to
LolA, where there is a hydrophobic pocket that is open to the solution in one
face, where an unstructured loop blocks the end of the cavity. As previously
mentioned this is a human lipocalin, that has been expressed in F. coli.

Non-glycosylated ApoD

Figure 6.17: Visualisation of the non-glycosylated ApoD monomer (blue), where
the chaperone has been rotated around 90 degrees, (left and right)
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Figure 6.18: The root mean square deviation of the ApoD monomer, across
independent repeats (left). The root mean square fluctuation of the ApoD
monomer across independent repeats (right).

Simulation of the ApoD monomer, without glycosylation was performed. This
showed that the protein was a stable unit in an aqueous environment. RMSD
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of the protein plateaued to 0.2 - 0.4 nm. The RMSF was generally less than
0.6 nm, aside from the N terminus, which was more flexible than the rest of the

protein in Figure 6.18.

Glycosylated ApoD

Figure 6.19: Visualisation of the ApoD monomer (blue) after glycosylation
(red), (A). Aligned structures of the ApoD glycosylated monomer after 100
ns simulation (red), 0 ns (blue) from three angles, (B, C and D).
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Construction of the ApoD glycosylation used experimental information propos-
ing two separate sites that are functionalised with different glycans. These
glycans extended into the space either side of the hydrophobic pocket of the
lipocalin (Figure 6.19). Given their location it is extremely likely that the gly-
cans on the lipocalin are actively involved in ApoD in vivo oligomerisation.

The glycosylation added a highly flexible, hydrophilic region to ApoD. Align-
ment of this structure before and after 100 ns of simulation shows that the glycan
occupied a volume around the barrel of the protein, however that these glycan
units were facing the direction opposite to the helical region flanking the hy-
drophobic barrel. These glycan regions did not associate with the cavity, where
the pocket was still open and presented to the solution, indicating that they will
not have a significant effect on the role of the monomer as a lipocalin.
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Figure 6.20: The root mean square deviation of the ApoD glyco-monomer,
across independent repeats (left). The root mean square fluctuation of the
ApoD glyco-monomer across independent repeats (right).

It can be seen that the presence of the glycans increased the RMSD of the
ApoD monomer (Figure 6.20). RMSD values of the monomer are in the range of
0.8 - 1.2 nm over 100 ns. This increase is attributed to the glycan units, as the
protein remained structurally similar to the non-glycosylated monomer. RMSF
of the protein was similar in the protein region, where large fluctuations were
observed in the glycan regions that are added to the protein. In comparison
to core protein regions, the glycans were five times more flexible. From this it
is observed that the fluctuation and structure of the protein region was highly
similar after simulation with glycan regions. Thus, the biologically relevant gly-
cosylated form of ApiD was used in subsequent ligand binding studies.

3500



CHAPTER 6. LOL AND APOD CHAPERONES 180

6.4.4 ApoD ligand binding

Arachidonic Acid Cholesterol Pregnenolone Progesterone

CaH30; CaH@ G, H;,0, CaiHy00;

Figure 6.21: Illustrations of the ApoD binding substrates and their skeletal
structures.

Multiple binding studies exist to indicate that the following ligands are possible
binding partners for ApoD: arachidonic acid, progesterone, pregnenolone and
cholesterol (Figure 6.21). It has been proposed that ApoD can carry such a
wide variety of ligands that the protein could be multi-functional, unlike LolA
which is proposed to be dedicated to lipoprotein transport.
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Arachidonic Acid

Figure 6.22: Arachidonic acid binds to the cavity of the glycosylated ApoD
monomer (blue), glycans (red) and ligand (cyan, white, red).
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Figure 6.23: The minimum distance between arachidonic acid and the buried
101THR residue and the surface 123PHE residue.

Unbiased substrate binding to ApoD is possible, where experimentally the speci-
ficity of this binding with small organic ligands has been proposed. The glycans
self interact with the external regions of the protein and do not block the binding
of the substrate to the monomer. The interaction of arachidonic acid, choles-
terol, progesterone and pregnenolone with the glycosylated monomer has been
assessed. All four of these small molecules are ubiquitous in human biology, but



Energy (kJ/mol)

50

-50

-100

-150

-200

-250

CHAPTER 6. LOL AND APOD CHAPERONES 182

exist to serve difference purposes. It can be seen that the hydrophobic pocket of
ApoD admitted these lipids, where when bound to the pocket there is limited
contact between ligand and glycans (Figure 6.22).

Arachidonic acid interaction energy
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Figure 6.24: The short range electrostatic and Lennard-Jones interactions be-
tween arachidonic acid and the ApoD cavity (left). A visualisation of the arachi-
donic acid contact with ApoD, using the BGR colour scheme where red is high
contact and blue is low contact. The arachidonic acid is coloured according to
name (right).

Arachidonic acid is proposed to bind the ApoD cavity strongly in Figures
6.23 and 6.24. Placing the ligand near (within 1.0 nm distance) the hydropho-
bic pocket and allowing free entry of the acid led to spontaenous binding and
the ligand then remained constantly associated with the protein. Further mea-
surement of this, using a phenylalanine residue near the mouth of the pocket,
and a threonine residue buried in the core of the pocket showed this association
further. From this it can be seen that there was a close association to the PHE
residue, whilst there was a varying distance to the core THR residue. Distance
to 123 PHE was normally less than 0.5 nm throughout two repeats whilst in
the third there was a movement from this residue. The substrate whilst bound
varied in distance from the buried THR between 0.7 - 2.3 nm.

The unsaturated carbon chain was closely associated with the deepest re-
gions. This interaction was generally maintained by a mainly hydrophobic as-
sociation. LJ energy was attractive, in the range of -100 - 200 kJ/mol. The
charged energy involved was minimal, generally fluctuating between 0 and -50
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kJ/mol. This energy was a result of the head group interacting with the mouth
of the cavity, where the acidic carboxylate group can be seen pointing toward
the surface of the protein. It is surprising that the arachidonic acid is experi-
mentally proposed to have a higher affinity than the other ligands, where there
is no ring like structure present in the hydrophobic region. Given this, there is
only one charged region which may stabilise binding.

Cholesterol

Cholesterol interaction energy
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Figure 6.25: The short range electrostatic and Lennard-Jones interactions be-
tween cholesterol and the ApoD cavity (left). A visualisation of the cholesterol
contact with ApoD, using the BGR colour scheme where red is high contact
and blue is low contact. The cholesterol is coloured according to name (right).

Cholesterol binds to the pocket of the protein, where the ligand was also deeply
associated with the cavity. Experimentally cholesterol is proposed to have a
weak binding affinity to ApoD. Energetically the association was favourable.
Whilst there were varying degrees of LJ energy fluctuation in the arachidonic
acid simulations, here cholesterol was shown to stabilise quickly, where after 100
ns, the LJ energy reached the value of ~ -175 kJ/mol (Figure 6.25). Relatively
the coulombic activity contributed less to the binding, generally less than -25
kJ/mol. In the cavity it was seen that the cholesterol was coiled up, where the
majority of the ligand was bunched deep in the pocket. In contrast, the arachi-
donic acid was extended, laying along the hydrophobic cavity to the extent that
it was surface exposed to the solvent. The ring like versus straight chain ligand
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structure could hold the key to the binding stability.

Examining the LJ energy alone, it appears that the cholesterol was more
stable in the pocket than arachidonic acid, indicating a disagreement with ex-
perimental data. However it is worth noting that the arachidonic acid ligand
used was the neutral form of the acid, where the charged form could experi-
ence a different interaction. However, based on the hydrophobic pocket, the
charged headgroup would be less stable in this environment. Another relevant
factor not taken into account is potential ligand aggregation. In addition, the
experimentally known propensity for ApoD oligomers to form could be impor-
tant. Regardless of the arachidonic acid comparison, this data indicates that
the cholesterol has a similar affinity to the ApoD pocket.
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Figure 6.26: The minimum distance between cholesterol and the buried 101THR
residue and the surface 123PHE residue.

Based on the residues in the cavity, it can be seen that the PHE residue was
consistently in contact with cholesterol throughout the simulation once the ini-
tial binding occurs. With respect to the buried THR residue, generally contact
did not occur, where the ligand was at least 1 nm away from this buried region.
This was similar to the binding of arachidonic acid, where there was closer as-
sociation to PHE123 here, which makes sense as the hydrophobic interactions
between the cholesterol will be stronger with ring like residues.
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Pregnenolone
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Figure 6.27: The short range electrostatic and Lennard-Jones interactions be-
tween pregnenolone and the ApoD cavity (left). A visualisation of the preg-
nenolone contact with ApoD, using the BGR colour scheme where red is high
contact and blue is low contact. The pregnenolone is coloured according to
name (right).

ApoD has been proposed to bind hormone type ligands. Pregnenolone is a small
ring like molecule, where in contrast to arachidonic acid and cholesterol, it lacks
a straight chain carbon moiety. Relative to the previous ligands, pregnenolone
bound to the hydrophobic pocket of ApoD less favourably, Figure 6.44. When
bound, the smaller molecule was associated deep into the cavity of the lipocalin.
However despite the fact that little contact was made with the mouth of the
pocket, the attractive energy was less between the protein and ligand.

Firstly in one repeat, there was no association for most of the first 20 ns,
indicating that the ligand moved away from the mouth of the pocket. When
binding did not immediately occur, followed by association to the pocket, an at-
tractive coulombic energy that was generally less than - 40 kJ/mol was formed.
This energy fluctuated between this value and 0, indicating once again that
charged interactions were not key for association. The LJ energy was less after
100 ns for the binding of pregnenolone. It can be seen that at this point the
stabilising energy was less than -100 kJ/mol. However this interaction was not
consistent, and varies in stability. In comparison to the previous ligands, not
only was the overall association weaker, it was not maintained for the entire 100
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ns in all independent repeats.

ApoD pregnenolone minimum distance - buried and surface
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Figure 6.28: The minimum distance between pregnenolone and the buried
101THR residue and the surface 123PHE residue.

Using the distance to the surface and buried areas, it can be seen that there
was a close association to the PHE123 residue in the ApoD, where generally
a distance less than 1 nm to this residue was maintained over 80 ns (Figure
6.28). In this time period this distance was mostly smaller than this. In one
simulation, even as binding occurred, close association to the PHE123 residue
was not established until 18 ns. With respect to the buried THR101, once as-
sociation occurred, a distance of approximately 2 - 2.5 nm from this residue
was established for 80 ns. Pregnenolone therefore upon binding did not reach
as far into the pocket as the other ligands, explaining the poorer binding affinity.

Pregnenolone has been shown experimentally to have a poorer binding affin-
ity than arachidonic acid, as supported by these simulations.
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Progesterone

Progesterone interaction energy
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Figure 6.29: The short range electrostatic and Lennard-Jones interactions be-
tween progesterone and the ApoD cavity (left). A visualisation of the pro-
gesterone contact with ApoD, using the BGR colour scheme where red is high
contact and blue is low contact. The progesterone is coloured according to name
(right).

The last ligand assessed was the hormone progesterone (Figure 6.29). Proges-
terone and pregnenolone are highly similar in structure, where the variation
between the two is the placement of one double bond in a ring and a ketone
versus an alcohol functional group at one end of the molecule. Based on this
the binding properties of progesterone would be expected to be highly similar
to pregnenolone, as they occupy a similar shape in space and chemical struc-
ture. With respect to the binding it can be seen that this was true. The small
hormone rested deep in the cavity of the ApoD, with little to no relative contact
with the surface residues. Similar to pregnenolone, this ligand is proposed to
have a poorer affinity to the ApoD than arachidonic acid.

Once again, poorer binding affinity than either cholesterol and arachidonic
acid binding was seen. During simulation the charged energy varied, where
the interaction was generally less than -40 kJ/mol. Dissociation of the proges-
terone was observed; the interaction energies were 0 at several points during one
simulation. Prior to this the hormone was bound and interacting favourably,
indicating that the ApoD monomer ejected this molecule after binding.
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ApaD progesterone minimum distance - buried and surface
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Figure 6.30: The minimum distance between progesterone and the buried
101THR residue and the surface 123PHE residue.

The attractive LJ energy for progesterone binding generally ranged from -60
to -120 kJ/mol in two simulations, whilst in the other at 20 ns there was a
destabilisation until dissociation occurs (Figure 6.29). This follows as the dis-
tance dependent interactions were 0 kJ/mol for most of the latter half of the
simulation.

Distance to the surface and buried regions shows that the ligand maintained
close contact, 0.2 - 1 nm with the surface PHE123 residue when bound. A
distance of less than 2 nm from the buried THR101 was maintained, where in
this binding the hormone was deeper in the pocket than pregnenolone. In the
unbinding simulation, the movement away from these residues began at 25 ns,
where by 40 ns contact was removed. Importantly, when the re-association of
the ligand does occur, it does not interact with either region.

6.5 Discussion

Atomistic simulations of both the bacterial LolA chaperone and the human
ApoD chaperone have been done. From these simulations, the binding of hy-
drophobic ligands to small protein chaperones, a vital biological interaction was
shown to have common themes in mechanisms. With respect to the LolA chap-
erone, the binding of BLP has been observed in the hydrophobic pocket. This
binding is observed over 100 ns, stabilising the BLP monomer for lipoprotein
transport. The inhibitor MAC13243, known as MAC, binds stably to the pocket
of the LolA during simulations. This inhibitor occupies a smaller space than
the BLP lipid, indicating that multiple inhibitors could access this site.
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When MAC is bound, the binding of the lipid moiety could still be observed
in the LolA chaperone. The lipids can interact favourably with, and wrap around
the inhibitor molecules. From this an inhibitor-lipid complex is formed that is
stable inside of the LolA cavity. This cavity is hydrophobic in nature, where the
MAC occupies the binding sites inside the chaperone. These sites generally con-
tain amino acids with ring-like R groups, where the proposed interaction occurs
due to the pi-stacking of the inhibitor molecules and hydrophobic attraction of
the lipid molecules.

Inhibitor concentration was observed to result in a reduction of the lipid
contact to the protein cavity. The number of unique amino acids inside of the
cavity contacting the lipid was inversely proportional to the number of inhibitors
bound. As a result of this the two different structures are competing to access
hydrophobic sites in the protein structure.

Energetically, competition between the lipid and inhibitor was observed,
where as inhibitor concentration increases the hydrophobic interaction between
lipid and protein is reduced. This intercompetition results in significantly re-
duced Lennard-Jones interactions between the lipid and LolA cavity in the high-
est concentration of inhibitor, relative to the lowest concentration of inhibitor
present. At higher concentrations the inhibitor is pushed into the cavity, essen-
tially blocking the lipid from binding to deeper regions of the LolA. However
PMFs do not indicate a significant difference between MAC concentrations.

Free energy calculations indicated that lipid binding is less favourable when
inhibitor molecules are present in the cavity, when compared to uninhibited
states of the protein. The presence of the lower concentrations of MAC indi-
cated that introduction of any number of inhibitors allow for easier removal of
the lipid from the cavity. In wvivo this indicates that the transport ability of
the LolA will be reduced by this inhibitor, where the propensity for the bound
lipoprotein to become dislodged during transport across the periplasm is in-
creased.

At this point a discussion surrounding the validity of the umbrella sampling
is required. Considering that the state of the MAC molecule could be charged or
uncharged inside the protein cavity, alongside the use of the GROMOS forcefield
could potentially affect these results. Umbrella sampling is notoriously hard to
achieve flawless convergence, where local convergence is generally the accepted
level. Looking at this system, a lipid is pulled from a complex protein envi-
ronment, which has had inhibitor, sometimes multiple inhibitors added. The
complexity of this and the degrees of freedom that are sampled in the umbrella
sampling windows, i.e. one direction only, mean that there are a large number
of variables that are not being considered. Having stated all of this the following
conclusion can be drawn: in simulation the MAC inhibitor will lower the energy
required to extract the lipid from the cavity, however the varying concentration
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of MAC is a complex problem, where it is not possible to draw conclusions be-
tween different MAC molecules. In addition, unrealistic states could be forced
by packing in a large number of MAC inhibitors, which once again brings the
PMF results into doubt. However, with respect to the sampling we can see that
we have at least sampled part of the pathway well.

From this it has been seen that the inhibition of the LolA chaperone is not a
simple case of binding site obstruction. Experimentally, MAC has been shown
to increase the permeability of the E. coli cell. As BLP is the structural staple
holding the cell together, a reduction in BLP localisation will inherently desta-
bilise the double membrane envelope architecture. Based on previous work
including BLP, it is obvious the landscape of the periplasm is very different
without the OM to PGN association caused by the lipoprotein. In this context,
LolA is an important chaperone that is inhibited by the MAC molecule, without
the binding of the lipoprotein being excluded, according to simulation.

In contrast to all other simulations present in this thesis, Apolipoprotein-D
(ApoD) is a human glycoprotein. It is known to be a transporter and chaperone,
with many proposed ligands and interesting associations with human biology.

ApoD, similarly to LolA, will consistently bind to hydrophobic ligands. The
specificity of this has been studied, where due to the number of potential ligands
it is proposed to have many functions as a transporter. Generally it appears
that ApoD will associate with a vast range of small hydrophobic molecules. In
these simulations highest affinity observed was for the cholesterol molecule, fol-
lowed by arachidonic acid, where progesterone and pregnenolone are relatively
unfavourable in their binding to the ApoD pocket. This agrees and disagrees
with experimental conclusions, where the binding for arachidonic acid is de-
scribed as favourable whilst cholesterol is not.

ApoD is known to function as a link between HDL and LDL particles. Con-
sidering this it could be that the transport of cholesterol between these two
particles functions in this way, which would allow for the strong cholesterol asso-
ciation and provide a reasoning for high binding affinity. It is agreed with exper-
iments that the progesterone and pregnenolone can bind, but poorly to ApoD.
From this it is generally proposed that small hormone molecules bind poorly
to the lipocalin, but that the longer, hydrocarbon chain containing, molecules
such as arachidonic acid and cholesterol are better ligands for association.??*

It is possible that the ApoD-ligand binding occurs in the dimeric, or even the
tetrameric states which are known to occur biologically, where the quaternary
structure may affect ligand binding. It has been proposed that the ApoD is
a multi-ligand multi functional protein, with many biological purposes. It can
be proposed that the quaternary structures could present different binding to
ligands, where multiple ligands are bound at one time, however this remains to
be studied in simulation.
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For additional information on the topic LolA, BLP and inhibitor simulations,
see Appendix F, for a publication titled Details of hydrophobic entangle-
ment between small molecules and Braun’s lipoprotein within the
cavity of the bacterial chaperone LolA.



Chapter 7

Conclusions

Using molecular dynamics allows for the visualisation and analysis of biological
systems. As has been seen these can range from a single protein in solution,
to a complex compartment bounded by multiple membranes and other struc-
tures. Whilst simulations are an approximation to reality, potentially limited
by timescales sampled, molecular level insights have been revealed in this thesis
about many interactions occurring in E. coli, particularly in the periplasm, in
conjunction with a brief view of a human chaperone, apolipoprotein-D.

Constructing the OM to PGN region of the periplasm in E. coli highlighted
the importance of Braun’s lipoprotein, where the proposed role as a structural
staple was confirmed. Alongside this the dynamics of the cell wall and membrane
as a result of the OM-PGN association provided by BLP have been revealed.
Generally BLP is not a static staple, but a flexible hinge, where the movement
of the lipoprotein can change the physical size of the periplasmic space. This
change in the size of the periplasm allows contact with a proposed cell wall
clamp, OmpA. From this it is confirmed that interaction via both covalent and
non-covalent linkages to the cell wall maintain periplasmic integrity.

Expanding upon this with a novel simulation protocol for the full periplasm
showed interactions on both side of the periplasm maintain the position of the
cell wall. TolR interacts non-covalently with the peptidoglycan, where an open
state conformation allows binding, but a closed state conformation will not bind.
Once again BLP is shown to be a major player in these systems, where the
consistent interaction between OmpA, TolR and PGN breaks down without the
presence of the lipoprotein. Removing the non-covalent protein interaction from
either side of the periplasm causes a shift in PGN height in the periplasm. From
this it is inferred that the macroscopic interactions of many proteins throughout
the entire periplasm will determine cell wall landscape.

The Mla protein system is key for maintaining the LPS barrier that E. coli
is well known for. Simulations showed that the MlaD hexamer, MlaC chaperone

192
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and MlaA membrane protein can all bind lipid. In the case of the membrane
associated MlaD and MlaA, lipid removal from the associated bilayer was seen.
Favourable interactions between MlaC and various lipids were shown, where the
transporter can behave non-selectively and bind different lipid types. Modelling
of the MlaD termini indicated that they have an important biological function,
where various conformations of this region are possible. With modelled residues
present, the MlaD can bind to the MlaC favourably, agreeing with experimental
data. From this it can be seen that the various stages of the lipid transport
pathway are possible. The overall mechanism of this lipid transport remains
elusive, however further study and new data of the MlaFEDB complex, recently
reported, could shed further light on this lipid transport pathway.

Chaperones are key for life processes in any organism, where the shuttling
of substrates to varying cell locations is crucial. BLP can be transported by the
LolA protein, where the binding of the lipid moiety of BLP to LolA has been
shown. Inhibition of this binding is possible, shown both experimentally and
in our simulations. Inhibition takes on an interesting definition in this context,
where experimentally E. coli becomes more permeable, whilst simulation reveals
a reduced tendency for BLP binding to LolA, but still a favourable environment
for lipid association due to hydrophobic entanglement of the acyl tails to the
MAC inhibitor molecules. This in turn brings into question how inhibition is
understood in chaperones, as this inhibition could be a red herring, where in-
creasing the inhibitor concentration in the LolA binding site has no significant
effect on inhibition.

Parallels in the binding of small hydrophobic ligands to ApoD glycoprotein
were also found. ApoD will bind small ligands, where disagreement occurs on
cholesterol binding affinity to the chaperone, but that binding of arachidonic
acid and hormones are within expectations.

Based on the data shown, it can be seen that simulation is a powerful tool,
where as technology continues to improve, in the future it will be possible to
examine biomolecular systems of increasing complexity at atomistic resolution.
Contributing towards such efforts, there is no doubt that generating the basic
information of protein contacts, polymer interactions and membrane behaviour
will continue to be of use for many years to come.
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Figure 7.1: A visualisation of the OmpA dimer, OmpA shown in blue (left). A
visualisation of the BLP trimer, BLP shown in red, where the lipid component

is shown as yellow spheres (right).
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Figure 7.2: A visualisation of the 2 BLP OmpA dimer system. OM (purple and
dark blue), BLP (red), OmpA dimer (blue) and PGN (cyan) where the system
box is indicated by vertical blue lines.
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Figure 7.3: A visualisation of the change in periplasmic size in the OmpA dimer
and BLP system. OM (blue) and PGN (green) shown alone for clarity, where
the system box as been indicated.
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Figure 7.4: The OmpA monomer linker region contracts after 100 ns, OmpA
(red), PGN (cyan) and OM (blue).
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Figure 7.5: TolR being pulled from the cell wall, where initial and final positions
are shown (left and right) respectively. TolR (lime green), PGN (pink), OmpA
(cyan) and membrane headgroups (grey) are shown.
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Figure 7.6: OmpA being pulled from the cell wall, where initial and final po-
sitions are shown (left and right) respectively. TolR (lime green), PGN (pink),
OmpA (cyan) and membrane headgroups (grey) are shown.
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Figure 7.7: A POPE lipid contacts the MlaA beta gate and ”slides” down the
water channel in the centre of the protein. MlaA (red) and POPE (cyan and
white) are shown.

Mutation of the MlaA residues was done, where the mutation occured in the beta
sheet gating region with high contact during lipid abstraction, shown preivously
in Figure 5.24. This was done to assess if the interaction becomes less favourable
as a result of mutating a small number of residues to alanine in the region.
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Figure 7.8: The short range electrostatic and Lennard-Jones interactions be-
tween the gating loop in MlaA and the abstracted lipid, where the loop is
mutated starting at residue 137 to 137-140 all to alanine, proceeding mutations
(A-D) through this range are shown.

The loop region 137-140 consists of the following residues: 137PHE, 138TYR,
139GLY and 140SER. Considering the stable interaction with these residues, as
previously indicated in Figure 5.25, mutation to alanine disturbed this stabilis-
ing energy. Progressive mutation caused the charged energy to essentially drop
to 0 or become repulsive, where it was generally attractive in the first mutant.
This was also observed in the Lennard-Jones interactions where comparing first
to last mutation, a tenfold reduction was seen in Figure 5.26.
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7.1 Appendix A
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from __ future__ import print_function
from collections import OrderedDict
import fileinput

import sys

import gromacs

import random

import os

import subprocess
sys.dont_write_bytecode = True

os.environ["GMX_MAXBACKUP"]="-1"

#GLUE CODE BEGINS
section = None
atom_count = 0
def Glue (inpt) :
def moltype (fin, fout, sec_name):

i=0
j=20
k =0

for line in fin:
if line.startswith("["):
if line.startswith (sec_name) :
i=1i+1
if line.startswith (sec_name) and i == 1:
fout.write(line)
section = line
elif line.startswith("; N") and section.startswith (sec_name)

j=3+1
if jJ < 2:
fout.write(line)
elif line.startswith ("PGN") :
k =k + 1
if k ==
fout.write(line)
elif section.startswith(sec_name) and not line.startswith("P
GN") :
fout.write(line)
fin.close()
def atoms (fin, fout, sec_name):
i=0

3 =20
for line in fin:
if line.startswith("["):
if line.startswith (sec_name) :
i=1i+1
if line.startswith(sec_name) and i == 1:
fout.write(line)
section = line
elif line.startswith(";") and section.startswith (sec_name) :
if not line.startswith("; nr") :
fout.write(line)
elif line == "":
fout.write(line)
elif section.startswith (sec_name) :
fout.write(line)
fin.close()
def dihedrals(fin, fout, sec_name, h_init):
"""New function necessary for Propers and Impropers sections to rema
in distinct"""
h = h_init

t =0
for line in fin:
if line.startswith("["):
if line.startswith (sec_name) :
h=h+1
if line.startswith(sec_name) and h % 2 and h
< 3 + h_init:
fout.write(line)
section = line
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I3

nd h % 2:

with ope

#GLUE CODE ENDS

Page 2

elif line.startswith(";") and section.startswith (sec_name) a

t=t +1
if line.startswith(";")
fout.write(line)

ww .,

and t <= 1 or t >= 3:

elif line ==
fout
elif section.
fout.

.write (line)
startswith (sec_name)
write (line)

o
©

and h 2:

fin.close()
n('topologies/glued.itp', 'wa') as fout:
fin fileinput.input (inpt)
moltype (fin, fout, "[ moleculetype
fin = fileinput.input (inpt)

atoms (fin, fout, "[ atoms 1")

fin fileinput.input (inpt)

atoms (fin, fout, "[ bonds 1")

fin fileinput.input (inpt)

atoms (fin, fout, "[ pairs 1")

fin fileinput.input (inpt)
atoms (fin, fout, "[ angles
fin fileinput.input (inpt)
dihedrals (fin, fout, "[ dihedrals
fin fileinput.input (inpt)
dihedrals (fin, fout, "[ dihedrals 1",

I

")

1y

0)

1)

#Renumber code begins

# The following

ve been joined together appropriately,
.itp file,
each strand

large
between

#Warning this program only works if your

S o e o e e

script will renumber a concatonated .itp file, where the sections ha
this is intended for use in building a single
primarily for a sheet of peptidoglycan due to the bonded existing

.itp file is in the following order

[ moleculetype 1"

[ atoms ]

[ bonds 1]

[ pairs ] (optional)

[ angles ]

[ dihedrals (proper)]

[ dihedrals (improper) ]

def renumber (filename) :

1lst [1

def start (filename,

def atoms (filename,

1st) :
print ("Sorting the start of your file.")
section = None

with open(filename, "r") as file:
for line in file:
line line.strip()
if line.startswith("["):
section line
if section == "[ moleculetype ]":
lst.append(line)
if section None:

1lst.append(line)

return lst

1st):
section = None
line_counter = 0
repeats = 0
mapping = OrderedDict ()

with open(filename, "r") as file:
for line in file:
line line.strip()
if line.startswith("["):
if line "[ atoms ]":
1lst.append(line)
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print ("Found your atoms, renumbering
them for you now.")
section = line
elif line.startswith(";") and section == "[ atoms ]"

lst.append(line)
elif line == "":

pass

#1st.append(line)
elif line.startswith ("PGN") :

pass

#1lst.append(line)

else:
if section == "[ atoms ]":
line_counter = line_counter + 1
columns = line.split ()
if int (columns[0]) ==
repeats = repeats + 1
mapping[columns[0] + "-" +str(repeat
s)] = line_counter
columns[0] = line_counter
new_line = "{0:6d} {1:10s} {2:6s} {3

:6s} {4:6s} {5:6s} {6:10s} {7:10s}".format (columns[0], columns[l], columns[2], colum
ns[3], columns([4], columns[5], columns[6], columns[7])
lst.append (new_line)
return mapping, lst

def bonds (filename, mapped, 1lst):
section = None
repeats = 0
previous_section = None
saved_line = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ bonds ]":
lst.append(line)
print ("Found your bonds, renumbering
them for you now.")
section = line
elif line.startswith(";") and section == "[ bonds ]"

lst.append(line)
elif line == "":
pass
#1st.append(line)
elif line.startswith ("PGN") :
#1lst.append(line)
previous_section = section
else:
if section == "[ bonds ]":
if previous_section != section:
saved_line = line
if saved_line == line:
repeats = repeats + 1
columns = line.split ()
columns[0] = mapped[columns[0] + "-"
+ str(repeats)]
columns[l] = mapped[columns[l] + "-"
+ str(repeats)]
new_line = "{0:5d} {1:5d} {2:5s}".fo
rmat (columns[0], columns([1l], columns[2])
lst.append (new_line)
previous_section = section
return lst

def pairs(filename, mapped, 1lst):
section = None
repeats = 0
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previous_section
saved_line =

Page 4

= None

None

with open(filename, "r") as file:
for line in file:

them for you now.")

+ str(repeats)]
+ str(repeats)]

rmat (columns[0], columns[1l],

return 1lst
def angles (filename,

repeats = 0

previous_section
saved_line =

line = line.strip()
if line.startswith ("[") :
if line == "[ pairs ]":
1lst.append(line)
print ("Found your pairs, renumbering

section = line
elif line.startswith(";") and section == "[ pairs ]"

lst.append(line)
elif line == "";
pass
#1lst.append(line)
elif line.startswith ("PGN") :
#1st.append(line)
previous_section = section
else:
if section == "[ pairs ]":
if previous_section != section:
saved_line = line
if saved_line == line:
repeats = repeats + 1
columns = line.split ()
columns[0] = mapped[columns([0] + "-"

columns[1] = mapped[columns[1] + "-"

new_line = "{0:5d} {1:5d} {2:5s}".fo

columns[2])

lst.append (new_line)
previous_section = section

mapped, lst):
section = None

= None

None

with open(filename, "r") as file:
for line in file:

g them for you now.")

+ str (repeats)]
+ str(repeats)]

+ str(repeats)]

line = line.strip()
if line.startswith("["):
if line == "[ angles ]":
1lst.append(line)
print ("Found your angles, renumberin

section = line
elif line.startswith(";") and section == "[ angles ]

lst.append(line)
elif line == "":

pass

#1lst.append(line)
elif line.startswith ("PGN") :

#1st.append(line)

previous_section = section
else:
if section == "[ angles ]":
if previous_section != section:
saved_line = line
if saved_line == line:
repeats = repeats + 1
columns = line.split ()
columns[0] = mapped[columns([0] + "-"

columns[1] mapped[columns[1] + "-"

columns [2] mapped[columns [2] + "-"
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new_line = "{0:5d} {1:5d} {2:5d} {3:
5s}".format (columns[0], columns[1l], columns[2], columns[3])
1lst.append (new_line)

previous_section section
return 1lst
def dihedrals(filename, mapped, 1lst):
gi =0
i=0
section = None
repeats = 0
previous_section = None
saved_line = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ dihedrals ]":

lst.append(line)
print ("Found your dihedrals, renumbe
ring them for you now.")
section = line
elif line.startswith(";") and section == "[ dihedral
s 1":
lst.append(line)
elif line == "":
pass
#1lst.append(line)
elif line.startswith ("PGN") :
#1st.append(line)

previous_section = section
else:
if section == "[ dihedrals ]":
columns = line.split ()
if previous_section != section:
saved_line = line
if columns[4] == "2" and gi == 0:
repeats = 0
saved_line = line
gi =gi + 1
if saved_line == line:
repeats = repeats + 1
columns[0] = mapped[columns([0] + "-"
+ str (repeats)]
columns[l] = mapped[columns([l] + "-"
+ str(repeats)]
columns[2] = mapped[columns[2] + "-"
+ str (repeats)]
columns[3] = mapped[columns([3] + "-"
+ str (repeats)]
new_line = "{0:5d} {1:5d} {2:5d} {3:

5d} {4:5s}".format (columns[0], columns[l], columns([2], columns[3], columns[4])
1st.append (new_line)
previous_section = section
with open ("topologies/bonded_clean.itp", "w") as new_file:
for line in 1lst:
print (line, file=new_file)
print ("Renumbering Finished.")

def main (filename) :
listl = start (filename, [])
x, y = atoms(filename, listl)
c = bonds (filename, x, V)
f = pairs(filename, x, C)
i = angles(filename, x, f)
dihedrals (filename, x, 1)
main (filename)

#Renumber code ends
#BONDER CODE BEGINS

# The following script contains the parameters for establising peptide bonds and pep
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tidoglycan sugar linkages, prior to using this script ensure that you have deleted t
he correct atoms from the molecules that you are bonding together, if you're reading
this there's a good chance you're here because your bond parameters are not include
d, a later comment shows how to add your own bonding parameters for a specific syste

m

def Bonder(x,y):

1lst = []
def start (filename, 1lst):
section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
section = line
if line == "[ moleculetype ]":
lst.append(line)
elif line.startswith(";") and section == "[ molecule

type 1":
lst.append(line)
elif line.startswith ("PGN") :
lst.append(line)
return lst
listl=start ("topologies/bonded_clean.itp", [1])
def atoms (filename, 1lst):

section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
section = line
if line == "[ atoms ]":
1lst.append(line)
elif line.startswith(";") and section == "[ atoms ]"

lst.append(line)
elif line == "":

pass
elif line.startswith ("PGN") :

pass
elif section== "[ atoms ]":

columns = line.split ()

new_line = "{0:6s} {1:10s} {2:6s} {3:6s} {4:

6s} {5:6s} {6:10s} {7:10s}".format (columns[0], columns[l], columns[2], columns[3], c
olumns[4], columns[5], columns[6], columns[7])
lst.append (new_line)
return lst

a = atoms ("topologies/bonded_clean.itp", listl)

def bonds_sec(filename, 1lst):

section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ bonds ]":
1lst.append(line)
section = line
elif line.startswith(";") and section == "[ bonds ]"

lst.append(line)
elif line == "":

pass

#1st.append(line)
elif line.startswith ("PGN") :

#1lst.append(line)

previous_section = section
else:
if section == "[ bonds ]":
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s}".fo

rmat (columns[0], columns([1l], columns[2])
1st.append (new_line)
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return 1lst
c = bonds_sec ("topologies/bonded_clean.itp", a)

def bonding(lst, x, y):

# y = carbon atom, x = oxygen atom
bond = (str(x), str(y), "1")
new_bond = "{0:5s} {1:5s} {2:5s}".format (bond[0], bond[1l], bond[2],)

1lst.append (new_bond)
return 1lst

d = bonding(c, x, V)

def pairs(filename, 1lst):
section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ pairs ]":
1lst.append(line)
section = line
elif line.startswith(";") and section == "[ pairs ]"

lst.append(line)
elif line == "":

pass

#1st.append(line)
elif line.startswith ("PGN") :

pass

#1lst.append(line)

else:
if section == "[ pairs ]":
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s}".fo

rmat (columns[0], columns[1l], columns[2])
1lst.append (new_line)
return lst

e = pairs("topologies/bonded_clean.itp", d)

def pairing(lst, x, y):
# vy = carbon atom, x = oxygen atom
pairl = (str(x), str(y - 18), "1")
new_pairl = "{0:5s} {1:5s} {2:5s}".format (pairl[0], pairl([l], pairl]

lst.append (new_pairl)
pair2 = (str(x), str(y + 21), "1")

new_pair2 = "{0:5s} {1l:5s} {2:5s}".format (pair2[0], pair2[l], pair2|
21)

lst.append (new_pair2)

pair3 = (str(x), str(y + 36), "1")

new_pair3 = "{0:5s} {1l:5s} {2:5s}".format (pair3[0], pair3[l], pair3|
21)

lst.append (new_pair3)

paird4 = (str(x), str(y - 46), "1")

new_pair4 = "{0:5s} {1:5s} {2:5s}".format (paird4[0], pair4[l], pair4|
21)

lst.append (new_pair4)

pair5 = (str(x), str(y + 25), "1")

new_pair5 = "{0:5s} {1:5s} {2:5s}".format (pair5[0], pair5[1l], pair5][
21)

lst.append (new_pairh)

pair6 = (str(x), str(y + 1), "1")

new_pair6 = "{0:5s} {1:5s} {2:5s}".format (pair6[0], pair6([l], pair6|[
2])

lst.append (new_pairé6)

pair7 = (str(x - 4), str(y + 2), "1")

new_pair7 = "{0:5s} {1l:5s} {2:5s}".format (pair7[0], pair7[1l], pair7]|
21)

lst.append (new_pair7)
pair8 = (str(x - 4), str(y - 51), "1")
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new_pair8 = "{0:5s} {1:5s} {2:5s}".format (pair8[0], pair8([l], pair8][
21)

1lst.append (new_pair8)

pair9 = (str(x - 4), str(y + 22), "1")

new_pair9 = "{0:5s} {1:5s} {2:5s}".format (pair9[0], pair9[l], pair9[
21)

lst.append (new_pair9)

pairl0 = (str(x - 61), str(y), "1")

new_pairl0 = "{0:5s} {1:5s} {2:5s}".format (pairl0[0], pairlO[l], pai
rl0[2])

lst.append (new_pairl0)

pairll = (str(x - 1), str(y), "1")

new_pairll = "{0:5s} {1:5s} {2:5s}".format (pairll[0], pairll[l], pai
rll[2])

lst.append(new_pairll)

pairl2 = (str(x - 8), str(y), "1")

new_pairl2 = "{0:5s} {1:5s} {2:5s}".format (pairl2[0], pairl2[l], pai
rl2[2])

lst.append (new_pairl2)
return 1lst

t = pairing(e, x, V)

def angles(filename, 1lst):
section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ angles ]":
lst.append(line)
section = line
elif line.startswith(";") and section == "[ angles ]

lst.append(line)
elif line == "":

pass

#1lst.append(line)
elif line.startswith ("PGN") :

pass
else:
if section == "[ angles ]":
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s} {3:

5s}".format (columns[0], columns[l], columns[2], columns[3])
lst.append (new_line)
return 1lst
f = angles ("topologies/bonded_clean.itp", t)

def angling(lst, x, y):

pass
# y = carbon atom, x = oxygen atom

angle = (str(x - 4), str(x), str(vy), "5")

new_angle = "{0:5s} {1:5s} {2:5s} {3:5s}".format (angle[0], angle[l],

angle[2], angle[3])

lst.append (new_angle)

angle2 = (str(x), str(y), str(y - 51), "5")

new_angle2 = "{0:5s} {1:5s} {2:5s} {3:5s}".format (angle2[0], angle2][
1], angle2[2], angle2[3])

lst.append (new_angle?2)

angle3 = (str(x), str(y), str(y+2), "5")

new_angle3 = "{0:5s} {1:5s} {2:5s} {3:5s}".format (angle3[0], angle3[
1], angle3[2], angle3[3])

lst.append (new_angle3)

angled4 = (str(x), str(y), str(y+22), "5")

new_angled4 = "{0:5s} {1l:5s} {2:5s} {3:5s}".format (angle4[0], angled|
1], angle4d[2], angle4[3])

lst.append (new_angled)

return lst

g = angling(f, x, V)
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def dihedrals_proper (filename, 1lst):
gi =0
dihedral_counter = 0
section = None
repeats = 0
previous_section = None
saved_line = None
with open(filename, "r") as file:
for line in file:

line = line.strip()
if line.startswith ("[") :
if line == "[ dihedrals ]1":
dihedral_counter = dihedral_counter
+ 1
if line == "[ dihedrals ]" and dihed
ral_counter == 1:
lst.append(line)
section = line
elif line.startswith(";") and section == "[ dihedral

s ]" and dihedral_counter < 2:
lst.append(line)
elif line == "":
pass
#1st.append(line)
elif line.startswith ("PGN") :
#1lst.append(line)

previous_section = section
else:
if section == "[ dihedrals ]" and dihedral_c
ounter < 2:
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s} {3:

5s} {4:5s}".format (columns[0], columns[l], columns[2], columns[3], columns[4])
lst.append (new_line)
return lst
h = dihedrals_proper ("topologies/bonded_clean.itp", qg)

def dihedraling proper (lst, x, y):

pass

# y = carbon atom, x = oxygen atom

dihedral = (str(x-4), str(x), str(y), str(y-51), "9")

new_dihedral = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedrall

0], dihedral[l], dihedral[2], dihedral[3], dihedral[4])

lst.append (new_dihedral)

dihedral2 = (str(x-4), str(x), str(y), str(y+2), "9")

new_dihedral2 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
2[0], dihedral2[1l], dihedral2[2], dihedral2[3], dihedral2[4])

lst.append (new_dihedral2)

dihedral3 = (str(x—-4), str(x), str(y), str(y+22), "9")

new_dihedral3 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
3[0], dihedral3[1l], dihedral3[2], dihedral3[3], dihedral3[4])

1st.append (new_dihedral3)

dihedrald4 = (str(x), str(y), str(y+2), str(y+l), "9")

new_dihedral4 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
4[0], dihedral4[l], dihedral4[2], dihedral4[3], dihedral4d([4])

lst.append (new_dihedrald)

dihedral5 = (str(x), str(y), str(y+2), str(y+25), "9")

new_dihedral5 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
5[0], dihedral5[1l], dihedral5[2], dihedral5[3], dihedral5([4])

lst.append (new_dihedralb)

dihedral6é = (str(x), str(y), str(y+2), str(y—-46), "9m)

new_dihedral6 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
6[0], dihedral6[l], dihedral6[2], dihedralé6[3], dihedral6[4])

lst.append (new_dihedralb)

dihedral?7 = (str(x), str(y), str(y+22), str(y-18), "9")

new_dihedral7 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
7[0], dihedral7[1l], dihedral7[2], dihedral7[3], dihedral7([4])

lst.append (new_dihedral?)

dihedral8 = (str(x), str(y), str(y+22), str(y+36), "9")

new_dihedral8 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
8[0], dihedral8[1l], dihedral8[2], dihedral8[3], dihedral8([4])

1st.append (new_dihedral8)
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dihedral9 = (str(x), str(y), str(y+22), str(y+21), "9")
new_dihedral9 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
9[0], dihedral9[l], dihedral9[2], dihedral9[3], dihedral9[4])
lst.append (new_dihedral?9)
return 1lst
i = dihedraling_proper(h, x, vy)

def dihedrals_improper (filename, 1lst):
dihedral_counter = 0

section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ dihedrals ]1":
dihedral_counter = dihedral_counter
+ 1
if line == "[ dihedrals ]" and dihed
ral_counter == 2:
lst.append(line)
section = line
elif line.startswith(";") and section == "[ dihedral
s ]" and dihedral_counter ==
lst.append(line)
elif line == "":
pass
#1lst.append(line)
else:
if section == "[ dihedrals ]" and dihedral_c
ounter == 2:
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s} {3:

5s} {4:5s}".format (columns[0], columns[l], columns[2], columns[3], columns[4])
lst.append (new_line)
return lst
j = dihedrals_improper ("topologies/bonded_clean.itp", 1)

def dihedraling_improper (lst, x, y):

#pass
#dihedral = (str(y), str(y+7), str(x), str(y+56), "2", "gi_2")
#new_dihedral = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s} {5:8s}".format (d

ihedral[0], dihedral[l], dihedral[2], dihedral[3], dihedral[4], dihedral[5])
#1st.append (new_dihedral)
with open ("topologies/bonded_clean.itp", "w") as new_file:
for line in 1lst:
print (line, file=new_file)

dihedraling_improper (j, x, V)

#BONDER CODE ENDS

#Structure CODE begins

def Structure (it) :
1st = []
with open ("structure_files/PGN_init.gro", "r") as infile:
for line in infile:
line = line.strip/()
if line.startswith ("Peptidowhocan") :
lst.append(line)
try:
int (line) % 121 ==
numline = str (121 * (it + 2))
1st.append (numline)
except ValueError:

pass
if line.startswith ("1PGN") :
columns = line.split ()

columns[0] = columns[0]
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columns[1l] = columns[1]

columns([2] = int (columns[2]) % 9999

columns[3] = columns|[3]

columns[4] = columns[4]

columns[5] = columns|[5]

new_line = "{0:>9s} {1:>5s} {2:>4d} {3:>7s} {4:>7s}

{5:>7s}".format (columns[0], columns[l], columns[2],
51)

lst.append (new_line)

columns[3], columns[4], columns]|

with open ("structure_files/PGN_mon.gro", "r") as infile:

for line in infile:

line = line.strip()

if line.startswith ("Peptidowhocan") :
pass

if line.startswith ("121"):
pass

if line.startswith ("1PGN") :
columns = line.split ()
columns[0] = columns[O0]
columns([1l] = columns([1]

columns[2]
) % 9999) + 1

columns|[3]
.14 *x (it + 1))

columns[4]

((int (columns[2])

columns[4]

columns[5] = columns[5]
{1:>5s} {2:>4d} {3:>7s} {4:>7s}
columns[3], columns[4], columns]|

new_line = "{0:>9s}

{5:>7s}".format (columns[0], columns([1l], columns[2],
51)

lst.append (new_line)

if line.startswith("1.14"):

+ int (121 *

(it + 1))

"{0:.3f}".format (float (columns[3]) + (1

columns = line.split ()

columns[0] = 1.14 + (1.14 * (it + 1))

columns[1l] = columns[1]

columns[2] = columns|[2]

new_line = "{0:5f} {1:5s} {2:5s}".format (columns[0],

columns([1l], columns[2])
1st.append (new_line)

if it == number_of_monomers - 1:
x_dim = columns[0]
with open ("structure_files/PGN_grown.gro", "w") as out:

for line in 1lst:
print (line, file=out)

#Structure code ends

1st = [1]

rep_counter = 0

it = 0

x_dim = 0

x_val = int (raw_input ("How wide would you like your box? (in nanometres) :
y_val = int (raw_input ("How long would you like your box? (in nanometres) :

x_box = 1.14
y_box = 1.60

)
ll))

# This is to sort out the fact that you need a multiple of four monomers and a
n even number of chains because of the bonding program

implemented_x = int ((float (x_val) / x_box ))
implemented_y = int ((float (y_val) / y_box))

req_area = x_val * y_val

real_x = float (implemented_x) * 1.14
real_y = float (implemented_y) * 1.60
real_area = real_x * real_y
number_of_monomers = implemented_x
reset = 0

top_name = "topologies/PGN_mon.itp"
top_lst = ["topologies/PGN_mon.itp"]
while it < (number_of_monomers - 1):

Structure (it)

it = it + 1

top_lst.append (top_name)

Glue (top_1st)

renumber ("topologies/glued.itp")

#PGN CREATOR WAS HERE BUT IS NOW FUNCTIONS BEFORE THIS LOOP
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X

y
Z

X

_di

1.0
2.0
4.00

im = int (it)

print ("PEPTIDOYOUCAN STEP {}".format (x_dim))

n

0

X_vir = 2

gro_count =1
number_of_bonds = int (x_dim)
iterate = 0

C
(¢]

67
121

while iterate < number_of bonds:

gromacs.grompp (f="mdps/minim.mdp" ,

print (iterate)

y = (c+ (n* o))

X = (x_vir * o)
n=n+1

xX_vir = x_vir + 1
Bonder (x,vy)

iterate = iterate + 1

sults/mini.tpr", p="topologies/system.top", maxwarn="1")

= 67
121
= (o)
=c +

XK 0 Q

gromacs.grompp (f="mdps/minim.mdp"

i.tpr",

gromacs.mdrun (deffnm="PGN_init",

os.
os.
.system("rm PGN_init.trr")

.system("mv PGN_init.gro structure_files/.")

os
os

system("rm PGN_init.log")
system("rm PGN_init.edr")

( (number_of_bonds ) * o)
Bonder (y, x)

p="topologies/system.top", maxwarn="1")
gromacs.mdrun (deffnm="PGN_grown", s="results/mini.tpr")
os.system("mv PGN_grown.gro structure_files/.")

#PGN CREATOR HAS RUN USING OUR FUNCTIONS HERE

1st = [1]

y_num = implemented_y
counter = 0

y_iter = 0

sht_1st = []
init_numline = None

while counter < y_num:
with open ("structure_files/PGN_grown.gro", "r")

er)))

for line in sheet_file:
line = line.strip()
columns = line.split ()

if line.startswith ("Peptidowhocan")

sht_lst.append(line)
try:

int (line) % 121 == 0

init_numline = int (line)

s="results/mini.tpr",

Page 12

c="structure_files/PGN_grown.gro", o="re

v=True)

c="structure_files/PGN_init.gro", o="results/min

as sheet_file:

and counter ==

init_numline = init_numline * y_num

if y_iter == 0:

sht_1lst.append(str (init_numline))

y_iter = y_iter + 1

#numline = str(int (line) *

except ValueError:
pass

if line.startswith ("1PGN") :
columns[0] = columns[0]

(int (1line * count
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columns[1l] = columns[1]

columns([2] = int (columns[2]) % 9999

columns[3] = columns|[3]

columns([4] = "{0:.3f}".format (float (float (columns[4]

) + (float(l.6 * counter))))

columns[5] columns [5]
new_line = "{0:>9s} {1:>5s} {2:>4d} {3:>7s} {4:>7s}
{5:>7s}".format (columns[0], columns([l], columns[2], columns[3], columns[4], columns]|

51)
sht_1lst.append(new_line)

if line.endswith ("4.00000") and counter == y_num - 1:
columns[0] = columns[0]
columns([l] = (float (float (columns[l]) * y_num))
columns[2] = columns([2]

new_line "{0:5s} {1:5f} {2:5s}".format (columns[O0],
columns[1l], columns[2])
sht_1lst.append (new_line)
counter = counter + 1
with open ("structure_files/Sheet_t.gro", "w") as newfile:
for line in sht_1lst:

print (line, file=newfile)

tran_list = []
line_counter = 0

with open ("structure_files/Sheet_t.gro", "r") as infile:
for line in infile:
line = line.strip()
columns = line.split ()
if line.startswith ("Peptidowhocan"):
tran_list.append(line)

try:
line = int (line)
tran_list.append(line)
continue

except ValueError:
pass

if columns[0] .endswith ("PGN") :
line_counter = line_counter + 1
columns[2] = str(line_counter)
new_line = "{0:>9s} {1:>5s} {2:>6} {3:>7s} {4:>7s} {5:>7s}".
format (columns[0], columns[l], columns[2], columns[3], columns[4], columns[5])
tran_list.append(new_line)
if line.endswith ("4.00000"):
tran_list.append(line)

with open ("structure_files/transform _out.gro", "w") as outfile:
for line in tran_list:
print (line, file=outfile)

top_name = "topologies/bonded_clean.itp"
top_count = 0
top_1lst = []

while top_count < y_num:
top_lst.append (top_name)
top_count = top_count + 1
Glue (top_1lst)
renumber ("topologies/glued.itp")
os.system("mv topologies/bonded_clean.itp topologies/bonded.itp")

it = it +
counter =
y_iter = 0
new_1lst = []

del_percentage = float (raw_input ("What percentage of cross linking would you like? "
))

del_float = float (del_percentage/100)

1
0

add_1st = []
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total_del_lst = []

1st = []

del_1st = []

counter = 0

chain_counter = 0

atoms_per_monomer = 121

number_of_monomers = implemented_x
atoms_per_chain = number_of_monomers * 121
number_of_chains = implemented_y

percentage_delete = del_float
hydrogen = 110
oxygen = 98

current_bonds = 0

total_atoms = atoms_per_chain * number_of_chains

max_bonds = (number_of_monomers * number_of_chains) / 2
number_of_bonds = int (float (max_bonds * percentage_delete))
num_deletions = number_of_ bonds

while current_bonds < int (max_bonds) :

o

if chain_counter % 2 ==

o_del = (oxygen + (counter * 242) + (chain_counter * atoms_per_chain
)) % total_atoms

h_del = (hydrogen + (counter * 242) + ((chain_counter + 1) * atoms_p
er_chain)) % total_atoms

h_del2 = (hydrogen + 1 + (counter * 242) + ((chain_counter + 1) * at
oms_per_chain)) % total_atoms

del_lst.append([o_del, h_del, h_del2])

counter = counter + 1

if chain_counter % 2 != 0:

o_del = (oxygen + 121 + (counter * 242) + (chain_counter * atoms_per
_chain)) % total_atoms

h_del = (hydrogen + 121 + (counter * 242) + ((chain_counter + 1) * a
toms_per_chain)) % total_atoms

h_del2 = (hydrogen + 122 + (counter * 242) + ((chain_counter + 1) *

)

atoms_per_chain)) % total_atoms
del_lst.append([o_del, h_del, h_del2])
counter = counter + 1

)

if counter % (number_of_monomers / 2) ==

chain_counter = chain_counter + 1

counter = 0

current_bonds = current_bonds + (number_of monomers/2)
guarantee_counter = 0

while guarantee_counter < number_of_ bonds and guarantee_counter < number_of_chains:
if guarantee_counter % 2 == 0:
total_del_lst.append(del_lst|[ (guarantee_counter * (number_of_monomer

s/2))1)
elif guarantee_counter $ 2 != 0:
total_del_lst.append(del_1lst [ ((guarantee_counter * (number_of_monome
rs/2)) + 1)1)
guarantee_counter = guarantee_counter + 1
number_of_bonds = number_of_bonds - guarantee_counter

bonding_counter 0

for i in del_1lst:
if 1 not in total_del_1lst:

add_lst.append (i)

while bonding_ counter < number_of_bonds:
random.shuffle (add_1lst)
bond = add_lst.pop()
total_del_1lst.append(bond)
bonding_counter = bonding_counter + 1

flat_b_list = [item for sublist in total_del_lst for item in sublist]

bonds_created = 0
max_bonding = num_deletions

#Pep_Bonder code
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""" The following script contains the parameters for establising peptide bonds and p
eptidoglycan sugar linkages, prior to using this script ensure that you have deleted
the correct atoms from the molecules that you are bonding together, if you're readi
ng this there's a good chance you're here because your bond parameters are not inclu
ded, a later comment shows how to add your own bonding parameters for a specific sys
tem" nwnw

def Pep_Bonder (filename, x,y) :
def start (filename, 1lst):

section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
section = line
if line == "[ moleculetype ]":
1lst.append(line)
elif line.startswith(";") and section == "[ molecule

type 1":
lst.append(line)
elif line.startswith ("PGN") :
lst.append(line)
return lst
listl = start(filename, [])

def atoms (filename, 1lst):

section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
section = line
if line == "[ atoms ]":
lst.append(line)
elif line.startswith(";") and section == "[ atoms ]"

1st.append (line)
elif line == "":

pass
elif line.startswith ("PGN") :
pass
elif section== "[ atoms ]":
columns = line.split ()
new_line = "{0:6s} {1:10s} {2:6s} {3:6s} {4:

6s} {5:6s} {6:10s} {7:10s}".format (columns[0], columns[l], columns[2], columns[3], c
olumns[4], columns[5], columns[6], columns[7])
1st.append (new_line)
return lst

a = atoms (filename, listl)

def bonds_sec(filename, 1lst):

section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ bonds ]":
lst.append(line)
section = line
elif line.startswith(";") and section == "[ bonds ]"

lst.append(line)
elif line == "";:
pass
#1lst.append(line)
elif line.startswith ("PGN") :
#1st.append(line)
previous_section = section
else:
if section == "[ bonds ]":
columns = line.split ()
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new_line = "{0:5s} {1:5s} {2:5s}".fo
rmat (columns[0], columns[1l], columns[2])
1lst.append (new_line)
return lst

c = bonds_sec(filename, a)

def bonding(lst, x, y):

# y = carbon atom, x = nitrogen atom
bond = (str(x), str(y), "1")
new_bond = "{0:5s} {1:5s} {2:5s}".format (bond[0], bond[1l], bond[2])

lst.append (new_bond)
return lst

d = bonding(c, x, y)

def pairs(filename, 1lst):
section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ pairs ]":
lst.append(line)
section = line
elif line.startswith(";") and section == "[ pairs 1"

1lst.append(line)
elif line == "":

pass

#1lst.append(line)
elif line.startswith ("PGN") :

pass

#1st.append(line)

else:
if section == "[ pairs ]":
columns = line.split ()
new_line = "{0:5s} {1l:5s} {2:5s}".fo

rmat (columns[0], columns([1l], columns[2])
lst.append (new_line)
return 1lst
e = pairs(filename, d)

def angles (filename, 1lst):

section = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ angles ]":
1lst.append(line)
section = line
elif line.startswith(";") and section == "[ angles ]

lst.append(line)
elif line == "":

pass

#1st.append(line)
elif line.startswith ("PGN") :

pass
else:
if section == "[ angles ]":
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s} {3:

5s}".format (columns[0], columns[l], columns[2], columns[3])
1lst.append (new_line)
return lst

f = angles(filename, e)

def angling(lst, x, y):
# y = carbon atom, x = nitrogen atom
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angle = (str(y), str(x), str(x+43), "5")

new_angle = "{0:5s} {1:5s} {2:5s} {3:5s}".format (angle[0], angle[l],
angle[2], angle[3])

lst.append (new_angle)

angle2 = (str(y+14), str(y), str(x), "5")

new_angle2 = "{0:5s} {1:5s} {2:5s} {3:5s}".format (angle2[0], angle2]
11, angle2[2], angle2[3])

lst.append (new_angle?2)

angle3 = (str(y-2), str(y), str(x), "5")

new_angle3 = "{0:5s} {1:5s} {2:5s} {3:5s}".format (angle3[0], angle3[
1], angle3[2], angle3[3])

lst.append (new_angle3)

angled4 = (str(y), str(x), str(x+20), "5")

new_angled4 = "{0:5s} {1:5s} {2:5s} {3:5s}".format (angle4[0], angled]
11, angle4[2], angle4[3])

lst.append (new_angle4)

return 1lst

g = angling(f, x, y)

def dihedrals_proper (filename, 1lst):

gi =0
dihedral_counter = 0
section = None
repeats = 0
previous_section = None
saved_line = None
with open(filename, "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
if line == "[ dihedrals ]1":
dihedral_counter = dihedral_counter
+ 1
if line == "[ dihedrals ]" and dihed
ral_counter ==
lst.append(line)
section = line
elif line.startswith(";") and section == "[ dihedral
s ]" and dihedral_counter < 2:

lst.append(line)
elif line == "":

pass

#1st.append(line)
elif line.startswith ("PGN") :

#1lst.append(line)

previous_section = section
else:
if section == "[ dihedrals ]" and dihedral_c
ounter < 2:
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s} {3:

5s} {4:5s}".format (columns[0], columns[l], columns[2], columns[3], columns[4])
lst.append (new_line)
return lst

h = dihedrals_proper (filename, qg)

def dihedraling_ proper (lst, x, y):

# y = carbon atom, x = nitrogen atom

#dihedral = (str(y-4), str(y-2), str(y), str(x), "9")

#new_dihedral = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
[0], dihedral[l], dihedral[2], dihedral[3], dihedrall[4])

#1st.append (new_dihedral)

#dihedral2 = (str(y-4), str(y-2), str(y), str(x), "9")

#new_dihedral2 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedra
12[0], dihedral2[1l], dihedral2[2], dihedral2[3], dihedral2[4])

#1st.append (new_dihedral?2)

#dihedral3 = (str(y-2), str(y), str(x), str(x-1), "9")

#new_dihedral3 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedra
13[0], dihedral3[1l], dihedral3[2], dihedral3[3], dihedral3[4])

#lst.append (new_dihedral3)

#dihedrald4 = (str(y), str(x), str(x-1), str(x+2), "9")
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#new_dihedrald4d = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedra
14[0], dihedral4[1l], dihedral4[2], dihedral4[3], dihedral4d([4])

#1st.append (new_dihedrald)

#dihedral5 = (str(y), str(x), str(x-1), str(x+2), "9")

#new_dihedral5 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedra
15[0], dihedral5[1], dihedral5[2], dihedral5[3], dihedral5[4])

#1lst.append (new_dihedralb)

return lst

i = dihedraling_proper(h, x, V)

def dihedrals_improper (filename, lst):
dihedral_ counter = 0
section = None
with open(filename, "r") as file:
for line in file:

line = line.strip()
if line.startswith("["):
if line == "[ dihedrals ]":
dihedral_counter = dihedral_counter
+ 1
if line == "[ dihedrals ]" and dihed
ral_counter == 2:
lst.append(line)
section = line
elif line.startswith(";") and section == "[ dihedral
s 1" and dihedral_counter ==

1lst.append(line)
elif line == "":

pass

#1lst.append(line)

else:
if section == "[ dihedrals ]" and dihedral_c
ounter ==
columns = line.split ()
new_line = "{0:5s} {1:5s} {2:5s} {3:

5s} {4:5s}".format (columns[0], columns[l], columns[2], columns([3], columns[4])
1st.append (new_line)
return lst

j = dihedrals_improper (filename, 1i)

def dihedraling_ improper(lst, x, y):
# y = carbon atom, x = nitrogen atom
#dihedral = (str(y), str(y-2), str(x), str(y+l), "2", "gi_1")
#new_dihedral = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedral
[0], dihedral[l], dihedral[2], dihedral[3], dihedrall[4])
#1lst.append (new_dihedral)
#dihedral2 = (str(x), str(y), str(x-1), str(x+l), "2", "gi_1")
#new_dihedral2 = "{0:5s} {1:5s} {2:5s} {3:5s} {4:5s}".format (dihedra
12[0], dihedral2[1l], dihedral2[2], dihedral2[3], dihedral2([4])
#lst.append (new_dihedral?2)

with open("topologies/bonded.itp", "w") as new_file:
for line in 1lst:
print (line, file=new_file)

dihedraling_improper (j, x, V)
# y = carbon , x = nitrogen

#Pep_Bonder code ends

print (flat_b_1list)

while bonds_created < max_bonding:
carbon = int (flat_b_1list[0 + (3 * bonds_created)]) - 13
nitrogen = int (flat_b_list[l + (3 * bonds_created)]) - 44
Pep_Bonder ("topologies/bonded.itp", nitrogen, carbon)
bonds_created = bonds_created + 1

with open ("structure_files/transform_out.gro", "r") as infile:
for line in infile:
line = line.strip()
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columns = line.split ()
if line.startswith ("Peptidowhocan") :
lst.append(line)
try:
int (line) % 121 ==
line = int (line) - int (number_of_chains) * 3 - int ((len(tota
1l _del_1st) - number_of_chains) * 3)
lst.append(line)
continue
except ValueError:
pass
if columns[0].endswith ("PGN") :
if int (columns[2]) not in flat_b_list:
new_line = "{0:>9s} {1:>5s} {2:>4s} {3:>7s} {4:>7s}
{5:>7s}".format (columns[0], columns([1l], columns[2], columns[3], columns[4], columns]|
51)
1st.append (new_line)
if line.endswith ("4.00000") :

columns[0] = columns[O0]
columns[1l] = columns[1]
columns([2] = columns[2]
new_line = "{0:5s} {1:5s} {2:5s}".format (columns[0], columns

[1], columns[2])
lst.append (new_line)

with open ("structure_files/PGN_del.gro", "w") as outfile:
for line in 1lst:
print (line, file=outfile)
joined_flat = ",".join(str(thing) for thing in flat_b_1list)

#WALL DELETER BEGINS

1st = []
section = None
atom_lst = joined_flat
print (atom_1st)
atom_lst = [int(v) for v in atom_lst.split(",")]
i = int (len(atom_1st) / 3)
atom_nums = []
carbon = 85
nitrogen = 65
def Deleting walls (atom_list):
k=0
while (k < 1i):
deletel = atom_1lst[(0 + 3 * k)]
atom_nums.append(deletel)
delete2 = atom_lst[(1 + 3 * k)]
atom_nums.append (delete2)
delete3 = atom_lst[(2 + 3 * k)]
atom_nums.append (delete3)
k =k + 1
atom_nums.sort ()
print (atom_nums)
with open ("topologies/bonded.itp", "r") as file:
for line in file:
line = line.strip()
if line.startswith("["):
lst.append(line)
section = line
elif line.startswith(";"):
lst.append(line)
elif line.startswith("#"):
lst.append(line)
elif line == "":
lst.append(line)
elif line.startswith ("PGN") :
lst.append(line)

else:
if section == "[ atoms ]":
columns = line.split ()
columns[0] = int (columns[0])

if columns[0] not in atom_nums:
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counter = 0
for x in atom_nums:
if columns[0] > x:
counter += 1
columns[0] = columns[0] - counter

new_line = "{0:6d} {1:10s} {2:6s} {3
:6s} {4:6s} {5:6s} {6:10s} {7:10s}".format (columns[0], columns[l], columns[2], colum
ns[3], columns([4], columns[5], columns[6], columns[7])
lst.append (new_line)
if section == "[ bonds ]":
columns = line.split ()
columns[0] = int (columns[0])
columns[1l] = int (columns[1])
if columns([0] not in atom_nums:
counter = 0
for x in atom_nums:
if columns[0] > x:
counter += 1
columns[0] = columns[0] - counter

if columns[1l] not in atom_nums:
counter = 0
for x in atom_nums:
if columns[l] > x:
counter += 1
columns[1l] = columns[l] - co
unter
new_line = "{0:5d} {1:5d} {2
:5s}".format (columns[0], columns[l], columns[2])
lst.append (new_line)
if section == "[ pairs ]":
columns = line.split ()
columns[0] = int (columns[0])
columns[1l] = int (columns[1])
if columns[0] not in atom_nums:
counter = 0
for x in atom_nums:
if columns[0] > x:
counter += 1
columns[0] = columns[0] - counter

if columns[l] not in atom_nums:
counter = 0
for x in atom_nums:
if columns[1l] > x:
counter += 1
columns[1l] = columns[l] - co
unter
new_line = "{0:5d} {1:5d} {2
:5s}".format (columns[0], columns[l], columns[2])
lst.append (new_line)
if section == "[ angles ]":
columns = line.split ()
columns[0] = int (columns[0])
columns([1l] = int (columns[1l])
columns[2] = int (columns[2])
if columns[0] not in atom_nums:
counter = 0
for x in atom_nums:
if columns[0] > x:
counter += 1
columns[0] = columns[0] - counter

if columns[l] not in atom_nums:
counter = 0
for x in atom_nums:
if columns[1l] > x:
counter += 1

columns[1l] = columns[l] - co
unter

if columns[2] not in atom_nu
ms:
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counter = 0
for x 1in atom_nums:
if columns[2

1 > x:
coun
ter += 1
columns[2] = columns
[2] - counter
new_line = "{0:5d} {

1:5d} {2:5d} {3:5s}".format (columns[0], columns[l], columns[2], columns[3])
lst.append (new_line)

if section == "[ dihedrals ]":
columns = line.split ()
columns[0] = int (columns[0])
columns[1l] = int (columns[1])
columns([2] = int (columns[2])
columns[3] = int (columns[3])
if columns[0] not in atom_nums:

counter = 0

for x in atom_nums:
if columns[0] > x:
counter += 1
columns[0] = columns[0] - counter

if columns[l] not in atom_nums:
counter = 0
for x in atom_nums:
if columns[1l] > x:
counter += 1

columns[1l] = columns[l] - co
unter
if columns[2] not in atom_nu
ms:
counter = 0
for x in atom_nums:
if columns|[2
1] > x:
coun
ter += 1
columns[2] = columns
[2] - counter

if columns[3] not in
atom_nums:
counter = 0
for x in ato
m_nums :
if c
olumns[3] > x:

counter += 1

columns[3] =
columns[3] - counter

new_line = "
{0:5d} {1:5d} {2:5d} {3:5d} {4:5s}".format (columns[0], columns[l], columns[2], colum
ns[3], columns[4])

lst.append(n
ew_line)

with open ("topologies/Atom_deleted.itp", "w") as new_file:
for line in 1lst:
print (line, file=new_file)

Deleting_walls (atom_1lst)

#WALL DELETER ENDS
#os.system("python " + "Atom_deleter_wall.py " + joined_flat)
#Renumber function

renumber ("topologies/Atom_deleted.itp")
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#Renumber function
#os.system("python " + "renumber.py " + "bonded.itp")

#.GRO_deleter code ends

print ("You have generated an unlinked sheet of cell wall that is made of {} strands
of {} monomers of peptidoglycan".format (y_num, it+1))

print ("Let me get that Sheet linked up for you now")

tran_list = []
line_counter = 0

with open ("structure_files/PGN_del.gro","r") as infile:
for line in infile:

line = line.strip()

columns = line.split ()

if line.startswith ("Peptidowhocan") :
tran_list.append(line)

try:
line = int (line)
tran_list.append(line)

except ValueError:
pass

if columns[0] .endswith ("PGN") :
line_counter = line_counter + 1
columns[2] = str(line_counter)
if line_counter <= 9999:
new_line = "{0:>9s} {1:>5s} {2:>4s} {3:>7s} {4:>7s}
{5:>7s}".format (columns[0], columns([1l], columns[2], columns[3], columns[4], columns]|
51)
tran_list.append(new_line)
if line_counter > 9999:
columns[2] = columns[l] + str(line_counter)
new_line = "{0:>9s} {1:>10s} {2:>7s} {3:>7s} {4:>7s}
".format (columns[0], columns[2], columns[3], columns[4], columns[5])
tran_list.append(new_line)
try:
if columns[2] == "4.00000":
tran_list.append(line)
except IndexError:
pass

with open ("results/mini_me.gro", "w") as outfile:
for line in tran_list:
print (line, file=outfile)

os.chdir ("results")

gromacs.grompp (f="../mdps/full_min.mdp", c="mini_me.gro", p="../topologies/system.to
p", o="mini_defect.tpr", maxwarn="1")

gromacs.mdrun (deffnm="mini_defect", v=True)

gromacs.grompp (f="../mdps/cg_full_min.mdp", c="mini_defect.gro", p="../topologies/sy
stem.top", o="cg_min.tpr", maxwarn="1")
gromacs.mdrun (deffnm="cg_min", v=True)

os.system("cp ../topologies/system.top ../topologies/sol_sys.top")

os.system("gmx solvate —-cp mini_defect.gro -cs -p ../topologies/sol_sys.top -o sol.g
ro")
gromacs.grompp (f="../mdps/full_min.mdp", c="sol.gro", p="../topologies/sol_sys.top",

o="sol_min.tpr", maxwarn="1")

gromacs.mdrun (deffnm="sol_min", v=True)

gromacs.grompp (f="../mdps/charmm_nvt.mdp", c="sol_min.gro", p="../topologies/sol_sys
.top", o="nvt_stable.tpr", maxwarn="1")
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gromacs.mdrun (deffnm="nvt_stable", v=True)

gromacs.grompp (f="../mdps/charmm_md.mdp", c="nvt_stable.gro", p="../topologies/sol_s
ys.top",o0="cell_wall.tpr", maxwarn="1")

gromacs.mdrun (deffnm="cell_wall", v=True)
os.chdir("..")

print ("You have requested a crosslinked cell wall that is %d wide and %d long" % (x_
val, y_val))
print ("Peptidoyoucan can give you a crosslinked cell wall that is %f wide and %f lon
g" % (real_x, real_y))
print ("For comparison purposes you have requested an area of %d nm square of cell wa
11, given your input you will recieve an area of %f nm square of cell wall" % (reqg_a
rea, real_area))
print ("If you are not satisfied with the size of cell wall you received, try changin
g your input parameters")
if del_percentage < 50:

print (ll nn

WARNING! m===========

YOU HAVE REQUESTED A CELL WALL WITH LESS THAN 50% CROSS LINKAGE, PEPTIDOYOUC
AN WILL DO THIS FOR YOU,
HOWEVER BE AWARE THAT PERCENTAGE CROSS-LINKAGE IN E.COLI IS APPROXIMATELY 50

o\

PLEASE BE AWARE THIS MAY RESULT IN SOME UNREALISTIC BEHAVIOUR SUCH AS UNLINK
ED CHAINS IN THE CASES OF

SMALL SHEETS OF CELL WALL. IF YOU WOULD LIKE UNLINKED STRANDS OF PEPTIDOGLYC
AN THERE ARE OTHER TOOLS

IN PEPTIDOYOUCAN THAT WILL DO THIS FOR YOU.

nn ll)

os.system("cp structure_files/PGN_mon.gro structure_files/PGN_init.gro")
os.system("rm mdout.mdp")

os.system("rm PGN_grown.log")

os.system("rm PGN_grown.trr")

os.system("rm PGN_grown.edr")
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ABSTRACT: Bacteria are protected by complex molecular architectures known as the cell
envelope. The cell envelope is composed of regions with distinct chemical compositions and
physical properties, namely, membranes and a cell wall. To develop novel antibiotics to
combat pathogenic bacteria, molecular level knowledge of the structure, dynamics, and
interplay between the chemical components of the cell envelope that surrounds bacterial
cells is imperative. In addition, conserved molecular patterns associated with the bacterial
envelope are recognized by receptors as part of the mammalian defensive response to
infection, and an improved understanding of bacteria—host interactions would facilitate the
search for novel immunotherapeutics. This Perspective introduces an emerging area of
computational biology: multiscale molecular dynamics simulations of chemically complex
models of bacterial lipids and membranes. We discuss progress to date, and identify areas for
future development that will enable the study of aspects of the membrane components that

are as yet unexplored by computational methods.

acteria are divided into two categories, Gram-negative and

Gram positive, both of which include pathogens that are
harmful to humans. Gram-negative bacteria have cell envelopes
composed of two membranes, separated by a region known as
the periplasm. The outer membrane (OM) is asymmetric in
nature: the two leaflets differ in their compositions. The inner
membrane contains a symmetric arrangement of phospholipids.
By contrast, Gram-positive bacteria contain only one mem-
brane, which is similar in composition to the inner membrane
of Gram-negative bacteria. Both types of bacteria have a cell
wall, which is composed of the biopolymer peptidoglycan.
The combination of membrane plus cell wall gives rise to the
characteristic semipermeable properties of the cell envelope.
To be effective, antibiotics must either cause bacterial cell death
or inhibit cell growth. In both cases, they must interact with the
cell envelope, as they must either (i) disrupt the cell envelope,
such that the cell contents leak out, or (i) cross the cell
envelope to gain access to the interior of the cell, where they
may interfere with essential cellular process such as DNA
replication and metabolism. The emergence of antimicrobial
resistance is recognized as a major threat to human health." It is
thus imperative to have a detailed knowledge of the structure—
dynamics—function relationships of the cell wall and mem-
branes, in order to develop new antibiotics with reduced like-
lihood of resistance. Furthermore, molecules derived from the
cell membrane and wall are utilized by the mammalian innate
immune system to mount a defensive response.” Overamplification
of such pathways can lead to sepsis, which remains the primary
cause of death due to infection, highlighting the need for an
improved understanding of the molecular mechanisms of

i i © 2017 American Chemical Society
~g7 ACS Publications

immunostimulation. Due to the numerous molecular compo-
nents involved, studying biological membranes in in vivo con-
ditions remains an immensely challenging task. It is noteworthy
that simulation of more complex biological membrane models
is perhaps more prevalent for eukaryotic membranes, than
bacterial ones, largely due to the simpler lipids in the former.
In particular, both Marrink and Sansom and their research
teams have independently reported eukaryotic membranes
composed of multiple protein and lipid types.”* In recent years,
computational modeling has provided useful insights into the
behavior of bacterial lipids and proteins in their native-like
environment. Wonpil et al. recently reviewed current efforts in
modeling and simulation of the bacterial OM, highlighting the
dynamics of interactions between the components.” Here we
discuss recent progress in the molecular simulation, in both
atomic-resolution and simplified coarse-grained (CG) repre-
sentations, of the envelopes of Gram-negative and their com-
ponent molecules.

Gram-Negative Bacteria: The Inner Membrane. The two
leaflets of the inner membrane are primarily composed of a
mixture of zwitterionic (phosphatidyl-ethanolamine — PE) and
anionic (cardiolipin — CL, phosphatidylglycerol — PG)
phospholipids; for Escherichia coli they are in the ratio, 90:5:5.°

Simulation studies have traditionally employed one type
of phospholipid to mimic the entire bilayer, with a greater
emphasis placed on accurately modeling the membrane
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It is imperative to have a detailed
knowledge of the structure—dy-
namics—function relationships of
cell walls and membranes, in
order to develop new antibiotics
with reduced likelihood of resist-
ance.

protein/peptide/drug molecules that may interact with the
membrane. In the past few years, the importance of the hetero-
geneity of the phospholipid composition has become increasingly
apparent, and now often a mixture of phospholipids is used in
simulation studies.”® For example, Sansom and co-workers
simulated the UraA H'-uracil symporter from E. coli in a model
of the inner membrane composed of a mixture of 1-palmitoyl
2-oleoyl-phosphatidylethanolamine (POPE), 1-palmitoyl
2-oleoyl-phosphatidylglycerol (POPG); and CL (Figure 1).

Figure 1. UraA symporter inserted in a POPE/POPG/CL bilayer.’
UraA is shown in blue. The POPE, POPG, and CL lipids are shown in
green, red, and orange, respectively. The three CL molecules that
occupy the predicted CL binding sites are shown in orange van der
Waals representation. The water and ions are omitted for clarity.

Despite the model membrane containing only 5% CL, preferential
interaction of the protein with this lipid was observed.
Simulations identified three specific cardiolipin binding sites
on UraA, which led the authors to hypothesize that cardiolipin
may form a “proton-trap” that channels protons to and from
the protein.

The action of antimicrobial peptides at the inner membrane
has been studied using atomistic molecular dynamics simu-
lations. For example Amos et al. compared two helical
antimicrobial peptides: pleurocidin and magainin 2 in inner
membrane mimetic bilayers composed of a mixture of
zwitterionic and ionic lipids.” They showed that pleurocidin
has greater conformational flexibility and predicted that this was
the basis of its greater potency against Gram-negative bacteria
compared to magainin 2, which has less conformational lability.

It is important to note here that simulation studies of
complex symmetrical membranes also focus on the mem-
branes of Gram-positive bacteria, mitochondria, plants, and
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eukaryotes.”''* These studies are important in the progress
in simulations of biological membranes, but are outside the
scope of the current review, in which our focus is on Gram-
negative bacteria.

Gram-Negative Bacteria: The Outer Membrane. The two
leaflets of the outer membrane (OM) are rather different:
the outer leaflet is composed of lipopolysaccharide (LPS)
molecules, whereas the inner leaflet contains a mixture of
zwitterionic and anionic phospholipids. In E. coli the inner
leaflet of the outer membrane is composed of PE (90%), PG
(5%), and CL (5%).° Thus, simplification of membrane models
to one type of phospholipid is even more far removed from
reality for the outer membrane than it is for the inner mem-
brane. LPS molecules are large and heterogeneous, composed
of the multiply acylated lipid A “membrane anchor”, which
contains a phosphorylated (1 — 6) diglucosamine unit,
attached to an extended polysaccharide that includes core
regions and O-antigen. They also display two distinct
phenotypes, ie., smooth and rough; the former is characterized
by the presence of a full-length O-antigen, while the latter
represents a truncated or completely absent O-antigen. LPS,
also known as endotoxin, provides structural integrity and
chemical protection to the bacterial cell, and elicits strong
immunological responses when invading mammalian hosts. In
recent times, atomistic models of LPS of varying complexity
have been reported in the literature,'”'* with new CG models
also emerging within the past few years."””"” These models
have increased the scope of simulation studies, such that
bacterial membrane models now incorporate important
chemical details representing the in vivo membrane environ-
ment. The first simulation of a membrane containing LPS in
the literature was that of rough PAOl LPS chemotype from
Pseudomonas aeruginosa reported by Lins et al.'’ This was
followed up by a study of the protein OprF embedded within
an asymmetric outer membrane model containing rough LPS in
the outer leaflet and PE in the inner leaflet.'® Recently, more
detailed models of the E. coli outer membrane with additional
anionic phospholipids like PG and CL in the inner leaflet have
been reported.'”~** Simulations of outer membrane proteins
(OMPs) in these detailed membranes have revealed protein—
lipid interactions that are predicted to be key for the correct
functioning of the protein. For example, the large extracellular
loops of the TonB dependent transporter FecA were shown to
specifically interact with LPS (Figure 2)."* These interactions
altered both the short-term fluctuations in the position of
the loops, and also the longer-term loop conformations. Two
different mechanisms were reported for these effects; short-
lived but frequently formed nonspecific hydrogen-bonding
interactions alter the local fluctuations in loop movement,
and second the bulky LPS molecules provide a steric resistance
to larger conformational motions of the loops. Previous simu-
lation studies of TonB-dependent transporters were all
performed with simple phospholipid membranes and thus
unable to predict these functionally important membrane-
protein interactions. In addition to native OMPs, insights into
the interaction of antimicrobial peptides (AMPs) and a range of
small chemicals with the outer membrane have also been
studied at the atomistic level > *° For example, extensive
simulations were used to study the possible antimicrobial
mechanisms of polymyxin B1 in both the IM and OM of E. coli,
highlighting that AMPs are likely to interact with the two
membranes in distinct ways.”
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Figure 2. A snapshot of the FecA protein embedded in a model outer
membrane, from Piggot et al.'* FecA is shown in cyan, phospholipids
are mauve and lipopolysaccharide molecules are lime green. Water and
ions are omitted for clarity.

Atomistic models of LPS have
increased the scope of simulation
studies, such that bacterial mem-

brane models now incorporate
important chemical details repre-

senting the in vivo membrane
environment.

The structure of lipid A molecules varies from bacterial
species to species, both in terms of the number and length of
acyl chains, phosphorylation and presence of other functional
modifications on the sugar units. Chemical modification can
occur under certain environmental conditions, and many of
these play a role in bacterial pathogenesis and immunoevasion.
To date, atomic-resolution simulations of lipid A from 12
different species of Gram-negative bacteria have been reported,
as well as synthetic lipid A mimics developed for their potential
therapeutic properties.”””* Im and co-workers provided a com-
parison of the properties of bilayers composed of several
different lipid A types.”

At the CG level, we are only aware of models of LPS
molecules developed within the framework of the popular
MARTINI force-field."> In one recent study, the ability of
pristine fullerenes to penetrate the outer membrane was found
to be dependent upon the presence of phospholipids in the
outer leaflet as well as the inner leaflet. This raises an important
question; how much phospholipid is really present in the outer
leaflet of Gram-negative bacteria? At the present time, there
is no definitive answer to this question, yet the answer will
be crucial for a full understanding of the permeability of these
membranes and thus we are reliant upon experimental colleagues
for data to enable us to construct more accurate models.
A related and equally important question is how crowded is the
outer membrane? This leads to uncertainties regarding how
much “free” lipid there is in the outer membrane; in other
words, how much lipid is dissociated from protein at any given
time? From this we may also ask, how fluid really is the outer
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membrane? Addressing these questions requires complex
simulations, to probe patterns of diffusion of proteins and
lipids for which simplified, CG methods are ideal. Goose et al.
reported one of the first large-scale simulations of membranes
that simultaneously incorporated many OMPs.** Multiple copy
numbers of the proteins OmpA, OmF, FhuA, LamB and NanC
were simulated in mixtures of POPG and POPE phospholipids
to mimic the outer membrane (CG models of LPS were not
available at this time). The phospholipid diffusion around each
protein was found to vary based on distance from protein, i.e.,
slower nearer to the protein. Furthermore, as the membrane
models incorporated increasing numbers of proteins, thereby
making them more crowded, lateral diffusion of both proteins
and lipids slowed down. Vattulainen and co-workers had
previously reported similar trends for eukaryotic proteins,’’
while Holdbrook et al. extended the observations to a diverse
range of vesicles with varying composition to show that lipid
dynamics can be coupled to proteins as far as 6 nm apart,
providing evidence for long-range membrane communication.””
Similarly, Rassam et al. employed large-scale coarse-grained
simulations of BtuB and OmpF, along with fluorescence mea-
surements, to assess protein—protein interactions in a crowded
environment and their role in OM protein turnover in E. coli.*®

The Bacterial Cell Wall. The cell wall of Gram-negative and
Gram-positive bacteria is made up of a mesh of peptidoglycan,
which is a sugar-peptide polymer. The glycan strand is
conserved across all bacteria. In E. coli the sequence of the
peptide stem of peptidoglycan is L-Ala (1) p-isoGlu (2) m-A2
pm (3) p-Ala (4) p-Ala (S), where m-A2 pm is meso-
diaminopimelic acid, a derivative of lysine.”* The width of this
peptidoglycan layer in Gram-positive bacteria is generally
much thicker (20—35 nm) than in Gram-negative bacteria
(2—7 nm).***® In the latter it is found in the periplasm,
sandwiched between the two membranes, whereas in the
former it is found outside the cell membrane. The precise
three-dimensional structure of peptidoglycan varies between
species. There have been far fewer simulation studies of
peptidoglycan compared to bacterial membranes owing to the
lack of structural data for these molecules and their higher-
order architecture, as well as difficulties inherent to modeling
extended, branched carbohydrates. However, significant recent
progress has been made in this area. Gumbart et al. reported
atomistic simulations of peptidoglycan from E. coli.”” A single
layer of peptidoglycan was constructed such that cross-linking
between the peptidoglycan strands did not result in a highly
ordered system, unlike those observed in previous models.”*
The peptidoglycan layer was in good agreement with experi-
mentally measured physical properties such as thickness,
elasticity and pore dimensions, and thus provided confidence
in the use of atomistic simulations for modeling the periplasm.
We have recently simulated an integrative model of the full-
length E. coli OMP OmpA in its dimeric form'”*® in the
presence of a patch of OM and cell wall.”® A peptidoglycan
fragment was docked into the conserved binding site of the
globular, OmpA-like C-terminal domain, using as a template
the homologous protein domain from Acinetobacter baumanii,
for which an X-ray structure cocrystallized with a peptidoglycan
diaminopimelate has been solved.”

Simulations revealed the interaction between peptidoglycan
and the protein to be rather labile, but persistent, and indicated
how the domains of OmpA may serve as flexible anchors to
provide adaptive mechanical support to the bacterial cell
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(Figure 3). These insights may offer alternative routes to the
design of novel antibiotics.

2 o
Outer(
Membrane
A3
C 7 'R£56
OmpA D241 'Frf
¢ 4 ﬁ‘x]{_—
/ DAP
. 3
25 A8 =, P!
AR N
Peptidoglycan ‘f\_‘*—'"""}r& (‘\,.\)"""‘lﬂ’f!.

Figure 3. Model of peptidoglycan strands bound to a full-length
OmpA homodimer embedded within a realistic outer membrane
model containing LPS, as simulated by Samsudin et al.** Enlarged
image shows the salt bridge interactions between diaminopimelate
(DAP) on the peptidoglycan with D241 and R256 residues on the
OmpA C-terminal domain.

Immunostimulation by Components of the Bacterial Cell
Envelope. The evolutionarily conserved nature of the molecules
associated with the bacterial cell wall and membrane—and their
absence in mammalian cells—mark them out as primary
indicators of a new infection. The 10 human members of the
Toll-like receptor (TLR) family within the innate immune
system are specialized for recognition of diverse pathogen-
associated molecular patterns (PAMPs); bacterial PAMPs
include, e.g., cell wall peptidoglycan, and the flagellin protein
of the bacterial ﬂagellum.40 Another major PAMP is LPS, and
its bioactive component lipid A, recognized by TLR4. This
receptor has received particular interest over the years, not least
because of its central role in propagation of endotoxic shock
and sepsis during overwhelming Gram-negative bacterial
infections.” A specialized relay of proteins exist to extract and
transfer LPS molecules from bacterial membranes (or aggre-
gates thereof) to the terminal cell surface receptor, TLR4, in
complex with its lipid-binding coreceptor, MD-2. The great
stability of the bacterial OM represents an interesting challenge
for successful host recognition. Recently, atomic-resolution
simulations were used to rigorously calculate the affinity of
individual lipid A molecules for the lipid bilayer environment; a
large barrier to lipid A extraction exists as a consequence of its
extreme hydrophobicity combined with the divalent cation
cross-links between phosphorylated headgroups.”® Neverthe-
less, the MD-2 coreceptor was shown to have a comparable
affinity for lipid A, revealing that the TLR4 system has evolved
to create a membrane-like environment for endotoxin
recognition. Furthermore, simulations revealed that the binding
cavity of MD-2 exhibits clamshell-like dynamics,”” which allow
it to locally adapt to the size and shape of bound ligand. These
dynamics, also observed in related proteins,*"** are allosteri-
cally cou}z)led to the higher-order assembly of the TLR4/MD-2
complex,”” thus ensuring that activation of TLR4 via dimeri-
zation occurs only in the presence of agonistic molecules such
as hexa-acylated lipid A, but not antagonists such as lipid IVa,
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its biosynthetic precursor, or synthetic antagonists like
Eritoran.”® These simulations provide a platform for prediction
of the activities of novel immunotherapeutic compounds,
toward treatment of sepsis and other inflammatory conditions
associated with bacterial infection.

Atomic-resolution simulations
provide a platform for prediction
of the activities of novel immu-

notherapeutic compounds, to-

ward treatment of sepsis and

other inflammatory conditions

associated with bacterial infec-
tion.

What Next for Simulations of the Bacterial Cell Envelope?
The past few years have seen tremendous progress in the
complexity, time-scales, length-scales and therefore biological
relevance of classical molecular simulation studies of com-
ponents of the bacterial cell envelope. At the atomistic level, all
of the components can now be simulated individually and in
complex assemblies (Figure 4).

Figure 4. Snapshot from an atomistic simulation of the OM (green
and orange) containing the full length OmpA dimer (cyan, right).
Braun’s lipoprotein (cyan, left) is held in position via a lipid anchor in
the OM and covalent attachment to a sheet of peptodoglycan (pink).
This is an extension of the peptidoglycan model reported in the work
of Samsudin et al."’

However, the biology of these systems is inherently multi-
scale; there are time- and length-scales that are still beyond
currently available models, if not methods. For example, it has
long been speculated that some proteins and lipids are
preferentially located at the poles of rod-shaped bacteria. To
understand how and why requires simulation of larger bio-
logical membrane systems (the dimension of E. coli is approxi-
mately 0.5 X 2.0 um) on relevant time scales, necessitating even
coarser-grained models than those based on the ~4:1 mapping
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that have recently become so popular. In addition, genome
scale models of bacteria are also emerging, which further
expand the system sizes that are addressable.”>** Diffusion of
LPS is an order of magnitude slower than phospholipids,
therefore extended time-lengths are required in order to probe
the equilibrium behavior of these large systems. At the other
end of the scale, to truly understand the chemical processes that
can lead to the development of bacterial antibiotics resistance,
such as the covalent modification of lipids by membrane
enzymes, requires calculations at the quantum-level. For example,
it is known that the outer membrane enzymes PagP and PagL
modify the number of lipid tails of the lipid A portion of LPS."
Quantum mechanical (QM) calculations of membrane/protein
systems are exceedingly rare, and have so far required a mixed
QM/molecular mechanics (QM/MM) treatment.*® Tradition-
ally this has for the most part been due to the larger system
sizes and compositional complexity of membrane protein
systems compared to their soluble protein counterparts.
However, recent progress in QM codes, such as the develop-
ment of linear scaling density functional codes that can handle
biological molecules, provide tremendous promise.*” Attention
to the development and validation of appropriate protocols to
add quantum-level detail to the current arsenal of classical
simulation tools will undoubtedly herald a step-change in terms
of computational studies of bacterial membranes, and con-
currently, rational design of antibiotics and immunotherapeutics.
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ABSTRACT Gram-negative bacteria such as Escherichia 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 re-
lationships of the various components of the cell envelope. We use atomistic MD simulations to reveal the details of covalent
and noncovalent 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, but 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 Escherichia coli is composed of two
membranes separated by a region known as the periplasm
or the periplasmic space (1). The outer membrane (OM) is
composed of lipopolysaccharide (LPS) molecules in the
outer leaflet and a mixture of phospholipids, both zwitter-
ionic and anionic, in the inner leaflet (2). Proteins that are
integral to this membrane are almost invariably (-barrels
in architecture (3). The periplasm contains the sugar-peptide
polymer, peptidoglycan (PGN), as well as many different
periplasmic proteins. The PGN network is attached to the
OM and the integral membrane via both covalent and non-
covalent interactions (4-6).

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 abun-
dant proteins in E. coli (7,8). BLP is anchored in the OM
via a lipidated N-terminus, whereas the C-terminus is cova-
lently attached to the peptide chain of PGN. BLP exists in
PGN-bound and PGN-unbound states, with the former rep-
resenting approximately one-third of the population (9-12).
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 (13). Recently, electron
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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 (14). However, how the BLP trimer is positioned
with respect to the OM and the PGN network, remains un-
known at the individual molecule level.

In addition to the covalent linkage provided by BLP, PGN
is also attached noncovalently to several OM and integral
membrane proteins such as OmpA-like domains (15),
PGN-associated lipoproteins (16), and flagella motor pro-
teins (17). The E. coli outer membrane porin OmpA is a
multidomain protein whose N-terminal domain (NTD) is
made of a -barrel and C-terminal domain (CTD) is a glob-
ular periplasmic unit that binds to PGN, connected by an
unstructured 20-residue linker region (18). The NTD has
been subject to numerous functional and structural studies
(19-23), whereas the structure of the CTD has recently
emerged from a NMR study (24). Experimental evidence
suggests that the full-length OmpA can form a homodimer
(25,26), the model of which has been proposed and vali-
dated by mass spectrometry and MD simulations (27-29).
The mechanism of PGN attachment to OmpA CTD has
been elucidated by crystal structures of a homolog from Aci-
netobacter baumannii bound to a short PGN peptide (30).

Although BLP and OmpA, and their interactions with
PGN, have been extensively studied individually and it is
likely that both proteins form simultaneous interactions
with the PGN network in vivo, very little is known about
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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 ~90 A in length (13). 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
unfavorable. Further studies including both proteins in the
same environment are therefore crucial to understand the
balance between covalent and noncovalent 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 ~90 A from
the lower leaflet of the OM, unbound to the OmpA CTD, al-
lowing us to examine how the latter can interact with PGN
in the presence of BLP. This distance was specifically cho-
sen, 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, espe-
cially 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 (27); their structural stability in a model OM has been veri-
fied in our previous work (28,29). The OM model was asymmetric: the
upper leaflet was made entirely of full-rough Ra LPS lipids of the R1
core type (31,32), whereas the lower leaflet comprised a mixture of phos-
pholipids (i.e., 90% 1-palmitoyl 2-cis-vaccenic phosphatidylethanolamine,
5% 1-palmitoyl 2-cis-vaccenic phosphatidylglycerol, and 5% 1-palmitoyl
2-cis-vaccenic 3-palmitoyl 4-cis-vaccenic diphosphatidylglycerol, other-
wise known as cardiolipin) (2,33-35). This OM model has been validated
in our previous simulations studies (28,29,36). The OmpA structure was in-
serted into the OM model using g_membed (37), following the procedure
previously described (29).

A PGN network consisting of three strands of 10 repeating NAG-NAM-
peptide units was constructed and positioned ~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. (13) (PDB: 1EQ7) with the last residues on both
the N- and C termini manually added back using PyMOL (38). The N-ter-
minus was in turn attached to the tripalmitoyl-S-glyceryl-cysteine residues
to incorporate the BLP to the inner leaflet of the OM. The parameters
for tripalmitoyl-S-glyceryl-cysteine were constructed from the standard
GROMOS 54A7 force field (39) with the GROMOS 53A60xy (40) 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 res-
idue. The linkage was constructed using the standard GROMOS 54A7
parameters.

Simulations of the E. coli Cell Envelope

Atomistic MD simulations

All simulations were performed using the GROMACS 5 code (41), the
GROMOS 54A7 force field (39) with the SPC water model (42). 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 simu-
lated. Temperatures of 310 and 323 K were maintained using the velocity
rescale thermostat (43) using a time constant of 1 ps. The pressure was
maintained semiisotropically at 1 atm using the Parrinello-Rahman barostat
(44) with a time constant of 1 ps. All bonds were constrained using the
LINCS algorithm (45) to allow for an integration time step of 2 fs. Long-
range electrostatics were described using the particle mesh Ewald method
(46). 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

Four atomistic simulation systems were constructed as
described in Fig. 1 and Table 1, containing either the full-
length OmpA monomer or dimer (27), in the presence or
absence of BLP (13). 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 (2,33-35) described in the Methods. The binding
of PGN to OmpA CTD occurs in a noncovalent fashion
mediated by two residues, D241 and R256, in E. coli
OmpA, as indicated by recent crystallographic data (30)
and a simulation study (29). 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 our
simulations with the CTD of OmpA positioned around

FIGURE 1

Simulation setup. Given here is 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 (gray), and
a mixture of phospholipids in the lower leaflet (yellow). To see this figure
in color, go online.
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TABLE 1 Summary of Simulations Performed
OmpA
Contact
System  OmpA  BLP Temperature (K) Duration (ns) with PGN
Control no yes 310 2 x 100 —
Control no yes 323 2 x 100 —
1 monomer yes 310 2 x 100 yes
1 monomer  yes 323 2 x 100 yes
2 monomer  no 310 2 x 100 no
2 monomer  no 323 2 x 100 no
3 dimer yes 310 2 x 100 yes
3 dimer yes 323 2 x 100 yes
4 dimer no 310 2 x 100 yes
4 dimer no 323 2 x 100 yes

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 pep-
tide chain. For systems with both OmpA and BLP, they were
separated by ~30 A at the beginning of the simulations. Two
independent simulations of each system, each for 100 ns,
were performed at 310 and 323 K; the two temperatures
were used as a means to enhance sampling with independent
simulations. One simulation for the systems containing
OmpA dimer (Systems 3 and 4) at 310 K was extended to
500 ns (Fig. 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. 2 A). We measured the dis-
tribution of BLP tilt angle, and found that in the absence of
OmpA, BLP stabilized at ~80°, whereas in the presence of
OmpA monomer, the BLP tilted slightly more at ~75°.
Adding OmpA dimer to the system resulted in BLP tilted
even more at ~65°, suggesting that the BLP helices can flex-
ibly 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. 2 B).
These helix kinks were most prominent on the C-terminal
end of the BLP helices, which bent to ~30°. Although
most helix kinks can be attributed to the presence of certain
residues like proline and glycine (47-49), we could not 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 case with helix 2 (Fig. S2). Despite these different
bending properties, BLP remains stable as a trimer
throughout the entire simulations. Taken together, these
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(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 res-
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graph). Independent repeats were plotted separately, and a bin size of 5°
was used. (B) BLP helix kink angles were calculated along each of the three
helices using VMD Bendix plugin (54). The figure shows the final snapshot
of BLP from one of the BLP-only simulations, colored based on the degree
of helix kink. To see this figure in color, go online.

BLP helix kinks and tilts resulted in a lift of the PGN
network closer to the OM, effectively closing the gap be-
tween PGN and OmpA CTD.

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 (29). 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, which can potentially maintain the PGN within a
certain distance from the OM and therefore avoid such dis-
tortions. 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 equilibra-
tion simulations, and in all four subsequent independent
production runs, the CTD contacted the PGN surface
(Fig. 3, A and B). The BLP tilting and bending shifted the
PGN layer toward the OmpA CTD, and concomitantly re-
sulted in their interactions. The gap between the PGN layer
and the OM was reduced to ~70 A at the end of the simu-
lations (Fig. 3 (). This upward movement of the PGN
network therefore eased its interactions with the OmpA
monomer. Initial examination of the contact interface
pointed toward a group of basic and polar residues, specif-
ically K294, Q295, and R296, on the OmpA CTD that inter-
acted with the negatively charged glycan moieties. This
implies that the initial binding of OmpA to PGN is mediated
by a long-range electrostatic force.

OmpA—PGN Distance (&)

100 ~

OM—PGN Distance (A)

Simulations of the E. coli Cell Envelope

We then repeated these analyses with a similar system
without the BLP trimer. Interestingly, we found in all simu-
lations the linker region connecting the OmpA NTD and
CTD contracted relative to the original starting conforma-
tion, resulting in a binding to the lower leaflet of the OM
instead of PGN (Fig. 4, A and B). In contrast to the simula-
tions with BLP, the distance along the z axis between the
PGN network and the OM remained at ~90 A (Fig. 4 O).
This observation agrees with Samsudin et al. (29,50), who
demonstrated a similar linker contraction and membrane
binding event of the OmpA monomer.

The simulations of Samsudin et al. (29,50) 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 pres-
ence 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 to the large energetic
cost for the linker to extend and usher the CTD toward the
underlying PGN network. The presence of BLP, however,
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FIGURE 3 OmpA monomer interactions with PGN. (A) A snapshot depicts the end of one of the simulations of the OmpA monomer (blue) in the presence
of BLP (green), highlighting the interactions of the CTD with the PGN network (red). Given here are residues involved in PGN contacts illustrated in van der
‘Waals representation. (B) Shown here is the minimum distance between OmpA CTD and the PGN network for all four simulations of OmpA monomer with
BLP. (C) Given here is the distance between the PGN network and the OM measured along the z axis between the centers of geometry of the PGN sugar
strands and the phosphorus atoms on the lower leaflet of the OM. This is averaged over all four independent simulations and the error bars indicate SDs. To

see this figure in color, go online.
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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.

The OmpA dimer readily binds to PGN

Whereas earlier experimental and computational work
often considered OmpA as a monomer (19-21), evidence
from several recent studies suggests that full-length
OmpA can form a homodimer (25-27). We therefore built
a similar simulation system using a model of OmpA dimer
proposed by Marcoux et al. (27). In contrast to the mono-
mer 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 sim-
ulations without BLP, the linker first extended by ~15 A
compared to its original length to reach the underlying
PGN sheet (Fig. 5 A). Once binding occurred the linker
then contracted, concomitantly shifting the PGN layer up-
wards by ~30 A (Fig. 5 B). Although the entire PGN layer
was lifted, the area around the CTD showed a more pro-
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nounced upward shift, resulting in a small undulatory
pattern on the PGN surface (Fig. 5 C).

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 (28,29). In these simulations, comparing the sys-
tems 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 ~5 A, compared to 15 A
in the OmpA-only simulation (Fig. S3). This is concor-
dant 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
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OmpA CTD. To see this figure in color, go online.

in OmpA from certain bacteria, which comprises the least
stable region of the protein as shown by a NMR study
(24) and previous computational simulations (29). The
lysine and arginine residues are conserved in homologs
from Salmonella enterica and Neisseria meningitides and,
based on their crystal structures, are positioned similarly
compared to the ones in E. coli (Fig. S5) (51), suggesting
a potentially conserved PGN binding mechanism in these
three species.

Decomposing the nonbonded energies of the OmpA and
PGN interaction into their Coulombic and Lennard-Jones
components revealed that the former contributes 10 times
more than the latter (Fig. S6), further corroborating the
role of electrostatic interactions for initial binding of
OmpA to PGN. Mutations of the key residues (N203,
K294, Q295, and R296) to alanine indeed altered the way
OmpA interacted with PGN (Fig. 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 sta-
ble 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 electro-
static force from these basic residues, which is stronger
than the monomer due to the dimerization, is able to attract

the oppositely charged PGN network over the timescale of
these simulations.

OmpA CTD binds to the BLP

The periplasm is a crowded environment with myriad pro-
teins surrounding the PGN cell wall. In addition to OmpA in-
teracting with PGN, it is also likely that the ubiquitous BLP
molecules make contact with OmpA. We therefore examined
our simulation trajectories for such 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 whereas the BLP lipid tails re-
mained further away from the OmpA NTD (Fig. 6, A and B).
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 fre-
quency 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 contacts the BLP helices. In most simulations, how-
ever, BLP formed multiple salt bridges with residues on
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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 toward
both the N- and C termini of the helices and the center of the
helices was populated by acidic residues (Fig. 6 C). 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 respon-
sible 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. 6 D). Our results
therefore suggest that BLP and OmpA CTD are able to
form nonspecific electrostatic interactions in the periplasm.

DISCUSSION

We have constructed an atomistic model of the E. coli OM
bound to a network of PGN molecules via both noncovalent
interactions with the outer membrane porin OmpA, and co-
valent 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 (29), and therefore it is likely that the CTD is in
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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 lift-
ing 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 presented 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 electro-
static interactions via several basic and polar residues,
which are conserved in two other OmpA homologs from
S. enterica and N. meningitides (51). Intriguingly these res-
idues, and the mobile insert in which they are found, are not
conserved in species like A. baumannii (30), and are also
absent in other OmpA-like domains such as the E. coli
PGN-associated lipoproteins (52,53) and MotB (17). This
suggests that whereas PGN interactions in the binding
pocket of OmpA-like domains are conserved across species
(29,30), 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 bind-
ing pocket (30), D241 and R256, most likely due to the rela-
tively short timescale of the simulations. We note here that



much longer simulations or enhanced sampling methods are
needed to allow the peptide chain on PGN to enter the bind-
ing pocket and form stable interactions with these residues.

To date, OmpA is the only integral membrane eight-
stranded (-barrel protein that coexists as both monomers
and dimers (26). Although a model of the full-length homo-
dimer has been proposed by mass spectrometry (27), and
has been shown to interact with PGN from simulation
studies (29) the physiological role of dimerization is still
to be confirmed. That the dimeric interface was localized
within the CTD (26,27) suggests a functional importance
of dimerization 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 indi-
cated by both the crystal structures and solution experi-
ments, which the authors suggest would promote more
efficient binding to PGN (51). 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 dimerization increasing the negatively charged surface
area at the bottom of the CTD, and thereby strengthening
the electrostatic attraction toward 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 subse-
quently interaction of the CTD and the OM. Taken together,
our simulations suggest that OmpA dimerization increases
the possibility of initial contact with the PGN cell wall,
and therefore directly contributes toward maintaining the
integrity of the cell envelope.

The BLP is one of the most abundant proteins in Gram-
negative bacteria, whereby ~7.2 x 10> molecules are found
within each cell (10). Similarly, OmpA is one of the most
ubiquitous outer membrane porins in E. coli (18). 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 inter-
actions 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 interac-
tions 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 interac-
tions is sufficient to overcome the energy barrier required to
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extend the linkers. This is further augmented by the steric
hindrance imposed by the dimerization interface toward inter-
action with the lower leaflet of the outer membrane (50).

Crucially, our results uncover some important insights
into the interplay between the molecular components of
the Gram-negative bacterial cell envelope, toward a better
structure-function understanding of the barrier protecting
the bacteria from antibiotics.

SUPPORTING MATERIAL

Seven figures are available at
supplemental/S0006-3495(17)30869-X.
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SUMMARY

We present a molecular modeling and simulation
study of the E. coli cell envelope, with a particular
focus on the role of TolR, a native protein of the
E. coli inner membrane, in interactions with the cell
wall. TolR has been proposed to bind to peptido-
glycan, but the only structure of this protein thus far
is in a conformation in which the putative peptido-
glycan binding domain is not accessible. We show
that a model of the extended conformation of the
protein in which this domain is exposed binds pepti-
doglycan largely through electrostatic interactions.
Non-covalent interactions of TolR and OmpA with
the cell wall, from the inner membrane and outer
membrane sides, respectively, maintain the position
of the cell wall even in the absence of Braun’s
lipoprotein. The charged residues that mediate the
cell-wall interactions of TolR in our simulations are
conserved across a number of species of gram-
negative bacteria.

INTRODUCTION

Gram-negative bacteria such as E. coli have a complex cell enve-
lope, which protects the cell and controls influx/efflux of molecular
species to ensure the normal functioning of the cell (Nikaido,
2003). The cell envelope contains an aqueous region known as
the periplasm, which is sandwiched between an asymmetrical
outer membrane and a symmetrical inner membrane. Contained
within the periplasm is the cell wall, which is composed of a
sugar-peptide polymer known as peptidoglycan (PGN) (Vollmer
and Bertsche, 2008). The periplasm is host to many different pro-
teins that are essential for the healthy growth and proliferation of
gram-negative bacteria. These proteins are known to be freely
moving, associated with the inner or outer membrane, or bound
to the cell wall. The interactions of these proteins with one another
both (1) laterally, in other words within one membrane or the
periplasm, and (2) across regions, e.g., extending from one mem-
brane to the periplasm, are important in maintaining the structural
integrity and correct functioning of the cell envelope.

A number of different proteins have been shown to play a role
in cross-region interactions, and others have been hypothesized
to do so. Braun’s lipoprotein (BLP; also known as “Lpp” and
“murein lipoprotein”) is an abundant protein that is lipidated at
its N-terminal domain, which anchors it to the outer membrane
(Braun, 1975). It is the only known protein in E. coli to be cova-
lently attached to the PGN of the cell wall. It exists in two states:
~33% of the lipoprotein is covalently bound to the cell wall via a
peptide bond, and ~66% is free in the periplasm. BLP is pro-
posed to have a primarily structural function, essentially acting
as a staple between the outer membrane and the PGN, which
serves to maintain the required distance between the cell wall
and the outer membrane (Miller and Salama, 2018). Cells that
lack BLP or that have reduced amounts of BLP are viable, but
they have been shown to release outer-membrane vesicles at
a higher rate than normal and also suffer from cellular leakage
(Schwechheimer et al., 2014; Asmar and Collet, 2018). Non-
covalent interactions between the cell wall and the outer mem-
brane are mediated through proteins such as PAL and OmpA
(Parsons et al., 2006; Park et al., 2012). The latter is composed
of two domains, the N-terminal domain, which is an eight-
stranded B barrel that is connected via a flexible linker to the
soluble C-terminal domain, which contains the PGN-binding
region (Carpenter et al., 2007; Marcoux et al., 2014). We have
previously shown that OmpA in its dimeric form can extend its
linker region such that the C-terminal domain is able to form
long-lasting interactions with PGN even in the absence of BLP,
while BLP facilitates PGN binding of the monomer (Samsudin
et al., 2017). We showed that BLP can tilt within the periplasm
to provide some variation in the PGN-outer membrane distance.

Interactions of inner membrane proteins with the cell wall are
less well understood at the molecular level than their outer-mem-
brane counterparts. Three proteins from the Tol family, TolQ,
TolR, and TolA, interact with one another via their transmem-
brane domains within the inner membrane (Gerding et al.,
2007). TolR is proposed to interact with the cell wall in a manner
similar to that of OmpA. While binding of TolR to PGN has been
demonstrated, the X-ray structure of TolR from E. coli is of the
protein in its compact form, in which the putative PGN-binding
domain is not surface exposed (Wojdyla et al., 2015). Based on
the X-ray structure of the closed state and biophysical and
computational studies of TolR, Kleanthous and co-workers pro-
posed a large-scale proton-motive force (PMF)-dependent
conformational rearrangement in which extension of the TolR

Structure 27, 1-12, April 2, 2019 © 2019 Elsevier Ltd. 1
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Table 1. Summary of Simulations

OmpA Structure TolR Structure BLP Membrane Number of Atoms Binds to PGN Simulation Length (ns)
None open none inner only 135,718 yes 3 x 200
Wild-type open none inner and outer 207,787 yes 3 x 200
Wild-type open yes inner and outer 275,948 yes 3 x 200
1-Truncated open yes inner and outer 238,293 yes 3 x 200
Truncated open yes inner and outer 236,933 yes 4 x 200
Truncated closed yes inner and outer 236,789 no 3 x 200

linker enables the protein to contact the cell wall and exposure of
the PGN-binding domain enables it to bind PGN in a manner
similar to the structural alterations proposed for the bacterial
flagellar protein MotB (Wojdyla et al., 2015). The model of the
protein in this conformation was termed the “open state.” The
hypothesis of large-scale rearrangement is difficult to test exper-
imentally in the absence of structures of the different states of
the proteins. However, simulations offer a route to predict the
behavior of the model under different scenarios.

In the last decade or so, molecular dynamics studies of the cell
envelopes of gram-negative bacteria have moved beyond sim-
ple phospholipid representations of both envelopes, to incorpo-
rate the natural biochemical diversity of the lipidic components
of these membranes, at both atomistic (Kirschner et al., 2012;
Piggot et al., 2011a; Wu et al., 2013) and coarse-grain resolution
(Hsu et al., 2016; Ma et al., 2015). Much of the setup of such
systems is facilitated by tools such MARTINI-MAKER (Hsu
et al., 2017). Furthermore, detailed atomistic models of the cell
wall have recently emerged, too, enabling study of the biophys-

ical properties of PGN (Gumbart et al., 2014; Hwang et al., 2018)
and interactions with proteins (Samsudin et al., 2016). To test the
model of the open state of TolR and compare the PGN-binding
mode with that of OmpA, in the following we present an atomistic
molecular dynamics and modeling study of TolR, OmpA, and
BLP in a model of the cell envelope that includes both mem-
branes and the cell wall. We note here that the structures of
TolQ and TolA are not known, neither are the precise details of
the way they are arranged with respect to each other and TolR;
thus TolA and TolQ are omitted from the present studies. We
show that the model of the open state of TolR binds PGN primar-
ily through electrostatic interactions, whereas the closed state
does not bind PGN. In the presence of full-length OmpA dimers
in the outer membrane and open-state TolR in the inner mem-
brane, the location of the cell wall is maintained between these
proteins. The binding of both proteins to the cell wall also allevi-
ates local surface distortions that are observed when only one
of OmpA or TolR is bound. In contrast, if OmpA is truncated to
its N-terminal domain and BLP is added to the system, then

membrane

Figure 1. Initial Binding of TolR to the Cell Wall

(A) Simulation system (OmpA dimer is cyan, PGN is pink, TolR is green, phospholipids are gray, and lipopolysaccharide is yellow, water and ions are omitted for

clarity).

(B-D) Mechanism of TolR binding to the cell wall. (B) ToIR in an open state whereby the periplasmic domain is free to bind PGN. (C) The flexible C terminus of ToIR
snorkels toward PGN and the carboxyl groups interact with positively charged moieties on PGN. Inset shows example of these interactions (described in detail
in Figure 3). (D) The rest of the TolR periplasmic domain binds to PGN. The linker between the periplasmic domain and the N-terminal helices is able to contract

to pull the cell wall to the inner membrane.
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Figure 2. Simulation of TolR with the PGN Cell Wall and OmpA
(A) A snapshot from the end of a 200 ns simulation.

Residue

(B) The center of mass motion along the z axis of the OmpA C-terminal domain (residues 189-316), PGN cell wall, and TolR periplasmic domain (residues 62-141).
Data from three independent simulations are shown. Error bars for the PGN plot indicate standard deviations from three adjacent strands.

(C) Root-mean-square fluctuation (RMSF) of the TolR periplasmic domain and the degree of contact each residue made with the cell wall. Two lines in the RMSF
plot for each simulation indicate values from two TolR protomers. Contact analysis performed using a distance cutoff of 4 A and a contact value of 1 indicates one
interaction throughout all the simulations. Residues that made significant contacts are labeled.

the TolR linker is able to contract and, in doing so, “pulls” the cell
wall down toward the inner membrane until BLP is fully stretched
and further movement is not possible.

RESULTS

For ease of interpretation of the results the simulations described
below are summarized in Table 1. The simulations of TolR and
OmpA were performed with a monolayered cell wall. The reason
for this is that, from test simulations of one to three layers of cell
wall, we observed the thickness of three layers to be 90-100 A,
two layers to be 60-70 A anda single layerto be ~30A (Figure S1),
and given that the proposed thickness of PGN in E. coliis 20-70 A
(Matias et al., 2003; Turner et al., 2013), a single layer was chosen.

Initial Binding of Open-State Model of TolR and Full-
Length OmpA to Peptidoglycan

In simulations of TolR and full-length OmpA, both proteins were
initially positioned either directly in contact with or close to the

cell wall. Specifically, the OmpA-PGN complex was taken from
our previous work and the TolR was positioned with the trans-
membrane helices embedded in the inner membrane, and the
periplasmic domain was not in contact with the cell wall (Samsu-
din et al., 2017). The shortest distance between the TolR peri-
plasmic domain and the cell wall was around 5 A at the start of
the simulation. This system configuration gives a periplasmic
space width of around 170 A (experimental estimates of the
width vary between 100 and 250 A; Graham et al., 1991; Vollmer
and Seligman, 2010). The periplasmic domain of ToIR in the open
conformation was structurally stable in all simulations and
showed similar root-mean-square deviation (RMSD) progres-
sions compared with the C-terminal domain of OmpA (Figure S2).
The secondary structure of this domain was also largely pre-
served during the simulations. In this state TolR has a long
unstructured loop in the C terminus, which remained mobile
throughout the simulations.

In all simulations of the wild-type TolR in the open state, bind-
ing to PGN was observed. The mechanism of cell-wall binding
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Figure 3. TolR Binding to the Cell Wall Is Driven by Electrostatic Interactions
(A) Chemical structure of the peptidoglycan cell-wall repeating units with the positions of positive and negative charges highlighted.
(B) Four snapshots showing examples of interactions between residues depicted in Figure 2C to diaminopimelate (mDAP), N-acetylmuramic acid (NAM), and

N-acetylglucosamine (NAG).

(C) Average lifetime of hydrogen bonds formed between residues on both TolR protomers and the different moieties of the cell wall as a percentage of the

simulation time.

(D) Average lifetime of salt bridges between TolIR residues and charged moieties of the cell wall.
(E) Binding energy of TolR to the cell wall decomposed into its coulombic and Lennard-Jones components. Data were obtained from three independent simulations.

proceeded as follows: the proline (Pro141) residues at the
C terminus of TolR consistently formed the first contact with
PGN via its carboxyl group that interacted with either the posi-
tively charged amine group of diaminopimelate (mDAP) or
the polar amide and hydroxyl moieties in adjacent sugars (Fig-
ures 1 and S3). This was immediately followed by interactions
with downstream polar residues (Thr139 and GiIn140). The
greater flexibility of the unstructured C-terminal loop enabled
this initial binding process as these residues were able to “snor-
kel” toward the PGN. Glu89 and Lys122, found in the more rigid
globular domain of TolR, strengthened this binding; the former

4 Structure 27, 1-12, April 2, 2019

interacted with hydroxyl groups in N-acetylmuramic acid, while
the latter formed a salt bridge with the C terminus of mDAP.
Within about 10 ns, in each simulation, the TolR linker was
extended such that the periplasmic domain was in contact
with PGN; in other words, PGN binding had occurred. Across
all independent repeat simulations, after 200 ns, the cell wall
was located about 20 A (along the z direction, perpendicular to
the plane of the membrane) from each protein, reaching a stable
position after ~100 ns of simulation (Figures 2A and 2B). We
extended two of these simulations to 500 ns; the binding of
OmpA and TolR to the cell wall was maintained (Figure S4).
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Figure 4. Simulation of TolR with BLP and Half-Truncated OmpA
(A) A snapshot from the end of a 200 ns simulation.
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(B) The center of mass motion along the z axis of the remaining OmpA C-terminal domain, PGN cell wall, and TolR periplasmic domain as described in Figure 2.
(C) BLP tilt angle from three simulations measured as the angle between the centers of mass of the outer membrane, the N-terminus, and the C-terminus of BLP.

See also Figure S8.

The linker regions of both proteins were only partially extended
to enable the cell wall to be maintained at this position. In other
words, the proteins had the potential to adopt other arrange-
ments in terms of their location with respect to the cell wall
but maintained a position in which the cell was sandwiched equi-
distant between the two proteins for the duration of these
simulations.

Given we have previously reported details of the interactions
between OmpA and PGN (Samsudin et al., 2016; Samsudin
et al., 2017), here we focus on the details of the TolR-PGN inter-
actions. Analysis of the TolR residues in contact with PGN (where
contact is defined as an interatomic distance of <4 A) reveals
the five residues that made frequent contacts. These are
Glu89, Lys122, Thr139, GIn140, and Pro141 (Figure 2C), and
they are the same residues identified above as being key to
the initial binding and stabilization process. More specifically,
the arrangement of PGN in the cell wall of E. coli is such that
numerous hydroxyl and amide groups on the sugar backbone
and the peptide chains are available for hydrogen bonds (Fig-
ure 3A). In addition, there are three negatively charged carboxyl
groups and one positively charged amine group on the non-
cross-linked peptide chains (on residue D-glutamate, residue
D-alanine, and mDAP) that can form salt bridges with TolR peri-
plasmic domain. Examples of these interactions involving the

key residues identified in Figure 2C are shown in Figure 3B.
We found 13 TolIR residues that formed hydrogen bonds with
the different parts of the cell wall (Figure 3C). These hydrogen
bonds were short-lived, with each lasting no longer than 30%
of the simulation timescale. Fewer salt bridge interactions were
found, as there are only five charged residues that are accessible
to the cell wall. These salt bridges, however, were longer lasting,
with lifetimes up to 80% of the simulation timescale (Figure 3D).
Decomposition of binding free energy shows a larger coulombic
contribution compared with that of van der Waals interactions,
which is concordant with the numerous hydrogen bonds and
salt bridges (Figure 3E). Interestingly, the coulombic contribution
of the free energy is correlated to the number of hydrogen bonds
formed between TolR and the cell wall, suggesting that hydrogen
bond formation is key for TolR binding (Figure S5). Mapping the
electrostatic surface of TolR revealed a predominantly negatively
charged surface facing the cell wall contributed by the carboxyl
groups on the C terminus and downstream polar residues
(Figure S6). Smaller positively charged patches are found
interspersed around this negatively charged surface due to
basic residues like Lys122. It makes sense, therefore, that the
negatively charged C-terminal region of TolR formed initial
binding to the cell wall via electrostatic interactions with positive
moieties of the PGN. To quantify the forces required to maintain
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Figure 5. The Flexibility of TolR Binding to the Cell Wall
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(A) A snapshot from the end of a 200 ns simulation whereby the C-terminal domains and the linker region of OmpA were truncated. In this simulation, the linker
between the N-terminal transmembrane domains and the periplasmic domains of TolR was fully extended. The graph on the right shows the center of mass
motion along the z axis of the PGN cell wall (red). Error bars indicate standard deviations from three adjacent stands. BLP tilt angle as measured in Figure 4 is

shown in magenta.

(B) A snapshot from a simulation whereby the TolR linker was fully contracted and the TolR bound to the inner membrane, with PGN center of mass motion and

BLP tilt angle shown on the right.

TolR-cell wall binding, we performed steered molecular dy-
namics simulations whereby the periplasmic domain of TolR
was pulled away from the cell wall. An average force of around
400 kJ mol™" nm™" was required to detach the protein from
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the cell wall (Figure S7A). In comparison, a similar set of simula-
tions performed on the OmpA periplasmic domain revealed a
much higher force (~1,500 kJ mol~" nm~") (Figure S7B), poten-
tially due to the larger size of the OmpA periplasmic domain
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Figure 6. The z Coordinates of the PGN Cell Wall Projected onto a Surface Representation
Data were taken from (A) the beginning of wild-type simulation whereby only OmpA bound to the cell wall, (B) the end of simulation with only TolR bound to the cell
wall, (C) the end of wild-type simulation whereby both OmpA and TolR bound to the cell wall, and (D) the end of truncated OmpA simulation whereby BLP and TolR

bound to the cell wall.

compared with that of TolR (2,490 and 1,512 atoms, respectively).
OmpA therefore has a bigger surface area for interaction with the
cell wall resulting in a stronger binding.

TolR-Peptidoglycan Interactions when OmpA Is
Truncated

To determine whether the aforementioned location of the cell
wall, approximately equidistant from TolR in the inner mem-
brane and OmpA in the outer membrane, is a consequence
of the PGN binding strength of the protein domains being
approximately equal, or simply a function of the starting posi-
tion of the simulations, the C-terminal domain and the linker
region of OmpA were truncated, leaving the N-terminal § bar-
rel (residues 1-172). One BLP trimer was incorporated into
these simulation systems to provide an anchor between the
cell wall and the outer membrane. BLP is covalently attached
to the cell wall via a peptide bond between the C-terminal
lysine residue on one of its protomers and the mDAP moiety
of the PGN. The remaining two BLP protomers are not cova-
lently linked to the cell wall and their C-terminal lysine residues
are able to form salt bridge interactions with negatively
charged moieties of the PGN, hence providing additional sup-
port to the cell wall. In the full-length OmpA simulations and
when only one of the OmpA protomers was truncated, the
cell wall remained bound to both OmpA and TolIR in a fashion

similar to the wild-type simulations, while BLP tilted to around
60° with respect to the plane of the outer membrane (Figures 4
and S8).

When both protomers were truncated, however, two distinct
behaviors were observed. In three of the simulations TolR re-
mained extended and bound to the cell wall, with the BLP trimer
tilted at 60° to enable the location of the cell wall to remain
approximately equidistant between the two membranes (Fig-
ure 5A). In contrast, in one of the four simulations, the linker of
TolR contracted such that the bulk of the protein moved to rest
on the inner membrane, with BLP almost at right angles to the
plane of the outer membrane (Figure 5B). Interestingly, TolR re-
mained bound to PGN throughout this process. This provides
compelling evidence that the PGN-binding domain of ToIR pro-
posed by Kleanthous and co-workers does indeed stably bind
PGN, and that this binding can withstand contraction of the
TolR linker (Wojdyla et al., 2015). Furthermore, these observa-
tions show that the balance of non-covalent interactions be-
tween proteins in both membranes and the cell wall acts like a
clamp from both sides in maintaining the position of the cell
wall. BLP by itself on the outer membrane side is not sufficient,
given that its ability to bend and tilt enables significant deviation
in the cell-wall position. This agrees with experimental studies
that showed that mutations in either the to/R or the ompA gene
destabilized the cell envelope, resulting in the formation of outer
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Figure 7. TolR in the Closed Conformation Does Not Interact with the Cell Wall

(A) Snapshot at the beginning (left) and at the end (right) of a 200 ns simulation whereby TolR in its open state was replaced with a closed state (PDB: 5BY4). The
TolR periplasmic domain did not bind to the PGN cell wall, and BLP returned to its tilted configuration, shifting the cell wall toward the outer membrane.

(B) Center of mass motion along the z axis for the cell wall and the BLP tilt angle during the simulation as described for Figure 5.

membrane vesicles in E. coli (Deatherage et al., 2009; Perez-
Cruz et al., 2016).

The Effects of TolR and OmpA on the Structure of the
Cell Wall

Our previous study showed that binding of OmpA to the cell
wall caused a local buckling effect on the latter, whereby the
surface of the cell wall noticeably curved toward the outer
membrane at the point of contact (Samsudin et al., 2017). Simi-
larly here, when only TolR and the cell wall (no OmpA or BLP)
were included in the simulation system, the contraction of the
linker pulled the cell wall toward the inner membrane, resulting
in local curvature of the cell wall. In contrast, when both OmpA
and TolR were bound to the cell wall, the degree of undulation
observed during the simulations was significantly reduced
(Figure 6). Interestingly the distortions were also significantly
reduced when TolR was bound to the cell wall in the presence
of BLP (but without OmpA in the outer membrane). This is in
agreement with our previous studies of the outer membrane
and the cell wall in which BLP was able to prevent undulations
that were otherwise present when OmpA alone was bound
to the cell wall. These observations suggest that TolR and
OmpA binding to the cell wall from either side of the cell enve-
lope prevents any local distortions caused by either one of
them binding alone. From the outer membrane side, BLP also
plays a role to this effect; presumably, the greater the number
of membrane protein interactions with the cell wall, the less
distorted the cell wall is, but this hypothesis should be tested
with a wider range of PGN-binding proteins.

The Closed State of TolR Does Not Bind Peptidoglycan
As a further test of whether the PGN binding of TolR is specific to
the identified binding domain, or whether other regions of the
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protein can bind PGN too, TolR-PGN interactions when TolR is
in its closed conformation were also explored. The coordinates
for the protein were taken from the X-ray structure (PDB:
5BY4), with the transmembrane helices modeled in as reported
by Wojdyla et al. (2015). The final snapshot was extracted from
our simulation with truncated OmpA dimer in which the TolR
linker had contracted to enable interaction of the protein with
the inner membrane while still being bound to PGN. The TolR
was replaced by the X-ray structure of the closed state. Thus,
at the start of the simulation, BLP was extended and essentially
at right angles to the plane of the outer membrane, and the TolR
in the closed state was in contact with the inner membrane and
within 5 A of the cell wall (similar to our previous setup with open
state TolR). After 200 ns of simulation BLP tilted to pull the cell
wall approximately 20 A toward the outer membrane and away
from TolIR (Figure 7). The electrostatic surface potential of the
periplasmic domain facing the cell wall in the TolR closed state
is similar to that in the open state, i.e., predominantly negatively
charged surface surrounding small positively charged patches
(Figure S6). In the closed state, however, the mobile C-terminal
domain of TolR responsible for the initial interaction with the
cell wall and the flexible linker connecting the periplasmic
domain and the N-terminal helices are folded together into a
B sheet buried within the dimeric structure. The lack of PGN
binding of the protein in this state provides further evidence
that binding of TolR requires specific domains that are not
accessible in the closed state of the protein.

Conservation of Peptidoglycan-Binding Residues of

TolR across Bacterial Species

Having identified Glu89 and Lys122 as key residues in the
interaction of TolR and the cell wall, it is worth investigating if
this binding mechanism is universally conserved. Sequence
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Figure 8. Key Residues in Cell-Wall Binding Are Conserved across Species

(A) Multiple sequence alignment involving TolR from E. coli (UniProt: POABV6), Haemophilus influenzae (P43769), Shigella flexneri (POABV9), and Pseudomonas
aeruginosa (P50599), as well as ExbD from E. coli (POABV2), P. aeruginosa (Q9RMT1), Vibrio cholerae (Q9ZHV9), and Neisseria meningitidis (POAORS8). The
positions of residues equivalent to Glu89 and Lys122 in E. coli TolR are marked with red and blue circles, respectively. The flexible C-terminal region is highlighted
in the green box. Conserved and similar residues are shaded in light blue and magenta, respectively.

(B) Structural alignment of E. coli ToIR open state with E. coli ExbD (PDB: 2PFU) (Garcia-Herrero et al., 2007) and H. influenza TolR (2JWK) (Parsons et al., 2008).
The all-atom RMSDs for these alignments are 3.0 and 2.4 A, respectively. Residues equivalent to Glu89 and Lys122 are highlighted in stick representation. Only

one of the two protomers is shown for clarity.

alignment of TolR from different gram-negative bacteria, as well
as its structural homolog, ExbD from the TonB system, revealed
that both residues are well preserved (Figure 8) (Garcia-Herrero
et al., 2007). Structural alignment of the open-state E. coli TolR
with Haemophilus influenzae TolR and E. coli ExbD lends further
support by showing that all of these glutamates and lysines are
found in regions that are solvent accessible, and therefore are
able to interact with the cell wall.

Our simulations also predicted the role of the highly mobile
C-terminal region in providing the first contact with the cell wall
via the carboxyl group on Pro141 and two downstream polar
residues (Thr139 and GIn140). A similar secondary structure is
expected in this region for other homologs. Indeed, the
C terminus of E. coli ExbD contains a large unstructured loop,

while in H. influenzae TolR the corresponding residues could
not be assigned by NMR spectroscopy, which indicates an
inherent flexibility. It is worth noting that in the structure of the
TolR dimer closed state, the C terminus of protomer A via resi-
dues 134-138 is a part of a five-stranded f sheet that includes
the N terminus of protomer B. PMF-dependent unfolding of the
N terminus to form the open state unleashes residues 134-138
to form the flexible region. That these residues are conserved
in other bacteria further hints at the presence of an unstructured
loop in the open state of TolR in other species. As the first contact
made with the cell wall is facilitated by the carboxyl group on the
C terminus instead of its side chain, we conjecture that the spe-
cific residue at this position may not be as important as the ability
of the entire flexible C-terminal region to snorkel toward the PGN.
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DISCUSSION

In summary, we report the first atomistic molecular dynamics
simulation study to our knowledge to include both membranes
and the cell wall of E. coli. Our simulations enable us to explore
the cell-wall interactions of the putative open-state model of
TolR and the impact of these interactions on components inside
the periplasm and the outer membrane, namely, BLP and OmpA,
respectively. We show that the non-covalent binding of the cell
wall of TolR and full-length OmpA dimers maintains the location
of the cell wall; in other words, the interactions balance each
other. TolR binds PGN via a mechanism in which first the terminal
residues of each monomer act like arms, snorkeling toward the
cell wall and then binding when an appropriate moiety of the
PGN is encountered. Following this, the bulk of the protein is
pulled toward the PGN and then interacts via primarily electro-
static interactions. These interactions are stable over a 500 ns
timescale and, together with the C termini of the OmpA dimers
from the outer membrane side, are able to hold the cell wall at
a position that is about equidistant from the two membranes.
When the OmpA is truncated to remove its periplasmic, PGN-
binding C-terminal domain, TolR is able to “pull” the cell wall
toward the inner membrane, even when BLP is present. Thus
both proteins binding PGN from both sides are required to
hold the cell wall in place. Furthermore when both proteins
bind simultaneously, they are able to maintain the cell wall in a
flat conformation; when only one protein binds, the cell wall
experiences local undulations; here BLP also plays a role in pre-
venting undulations. We provide evidence to show that ToIR is
not able to bind the cell wall when in its closed state as the
PGN-binding domain is inaccessible. In future work it would be
informative to study mutations in the putative PGN-binding
domain of TolR and explore any plausible additional orienta-
tions of the protein with respect to the membrane and cell
wall. It is interesting to note that, in our simulations, while
PGN can distort such that it undulates in response to the
absence or presence of proteins, it does not alter its structure
to accommodate TolR in the closed state. Specific interactions
are clearly needed for the PGN-TolR interaction. While the
emphasis has been on the TolR-PGN interactions, it is impor-
tant to note that here we provide further compelling evidence
that BLP is able to adjust its tilt angle to accommodate a range
of outer membrane-to-cell wall distances. We show that for
fine control over cell-wall position, BLP alone is not sufficient;
the non-covalent interactions from proteins in both membranes
play a crucial role. This is in line with experimental observations
that E. coli mutants missing OmpA or TolR produce more
vesicles than normal cells, presumably at least in part due to
the easier detachment from the cell wall. Overall a picture is
beginning to build up that suggests the local conformation of
the cell wall is dependent upon the non-covalent interactions
from proteins in both membranes. It is important to note here
that other proteins that bind to the cell wall from both sides,
such as PAL and MotB, are not considered in the present study;
these too will undoubtedly have an impact on properties such
undulations/distortions and overall position of the cell wall
with respect to the two membranes (Parsons et al., 2006; Rou-
jeinikova, 2008). It is possible and likely, based on our current
findings, that the cell-wall location varies as a function of the
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local protein composition of both membranes, and therefore
one would expect an undulating structure at the molecular level
of detail. Further studies with additional inner and outer mem-
brane proteins and varying copy numbers of BLP are needed
to explore these aspects. Our current study provides an impor-
tant step toward the study of the mechanical interplay between
the two membranes and the cell wall of gram-negative bacteria
at the atomistic level.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

TolR open state This work https://doi.org/10.5281/zenodo.1636577
TolR closed state (Wojdyla et al., 2015) PDB: 5BY4

OmpA dimer (Marcoux et al., 2014) https://doi.org/10.5281/zenodo.1636577
Peptidoglycan cell wall (Samsudin et al., 2017) https://doi.org/10.5281/zenodo.1636577
Braun’s lipoprotein (Shu et al., 2000) PDB: 1EQ7

Software and Algorithms

GROMACS 2018 (Abraham et al., 2015) WWww.gromacs.org

VMD 1.9 (Humphrey and Dalke, 1996) www.ks.uiuc.edu/Research/vmd
PyMOL 1.8 (DeLano, 2002) Pymol.org

JalView 2.9 (Waterhouse et al., 2009) Jalview.org

APBS 2.1 (Baker et al., 2001) pymolwiki.org/index.php/APBS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Syma
Khalid (S.Khalid@soton.ac.uk).

METHOD DETAILS

Protein and Cell Wall Parameters

The full-length OmpA dimer model was 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). The model of the TolR dimer in the open state was obtained
from Phillip Stansfeld (Wojdyla et al., 2015). A PGN network consisting of three strands of 10 repeating NAG-NAM-peptide units
was constructed and positioned ~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. (PDB: 1EQ7) (Shu et al., 2000) 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 residues to incorpo-
rate the BLP into the inner leaflet of the OM. The parameters for tripalmitoyl-S-glyceryl-cysteine were constructed from the standard
GROMOS 54A7 force field with the GROMOS 53A60XY ether parameters used for the linkage region (Horta et al., 2011). PGN was
then covalently linked to the lysine on one of the C termini of the BLP trimer via its mDAP residue. The linkage was constructed using
the standard GROMOS 54A7 parameters.

Outer and Inner Membrane Construction
The OM model was asymmetric: the upper leaflet was made entirely of full-rough Ra LPS lipids of the R1 core type, whereas the
lower leaflet comprised a mixture of phospholipids in the following ratio: 90% 1-palmitoyl 2-cis-vaccenic phosphatidylethanolamine,
5% 1-palmitoyl 2-cis-vaccenic phosphatidylglycerol, and 5% 1-palmitoyl 2-cis-vaccenic 3-palmitoyl 4-cis-vaccenic diphosphatidyl-
glycerol, also known as cardiolipin. This OM model has been validated in our previously reported studies (Samsudin et al., 2017).
The IM model was symmetric, i.e. both leaflets were made entirely of phospholipid in the following ratio: 90% 1-palmitoyl
2-cis-vaccenic phosphatidylethanolamine, 5% 1-palmitoyl 2-cis-vaccenic phosphatidylglycerol, and 5% 1-palmitoyl 2-cis-vaccenic
3-palmitoyl 4-cis-vaccenic diphosphatidylglycerol, this bilayer has the same composition per leaflet as the inner leaflet of the
OM model.

Simulation Systems

Simulation systems were constructed with full length dimeric OmpA in the OM and the extended conformation of TolR in the IM.
OmpA was inserted into the OM using the membed protocol from the GROMACS package (Wolf et al., 2010). TolR was inserted
into the IM manually and any overlapping lipids were removed. OmpA was positioned bound the cell wall whilst ToIR was placed
5 A away so it can either interact or move away from the PGN structure. Truncation of OmpA C-terminal domain was performed,
whereby residue 173-316 was removed from either one of the protomers or from both. In the truncated systems BLP is included
as previously described. The cell wall was included in all simulation systems, where the cross linking was parameterized from the
peptide bond parameters from the GROMOS 54A7 force field (Schmid et al., 2011). This cross linking is periodic, where the sheet
is self-bonded at the end of the strands, using the existing glycan parameters from GROMOS 54A7, allowing the sheet to behave
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as an infinite layer. We have described and used this approach in our previous studies (Samsudin et al., 2017). All simulation systems
are run at a neutral charge with a concentration of 0.2 M sodium chloride ions in solution. All repeats of the systems are run from the
same starting point, where the independent repeats are achieved by regenerating the velocities of the atoms randomly at the start
point for each repeat.

Simulation Protocols

All simulations were performed using the GROMACS 2018 simulation package, the GROMOS 54A7 force field with the SPC water
model (Berendsen et al., 1981; Schmid et al., 2011; Abraham et al., 2015). Each simulation was run for 200 ns, and at least three
independent repeats of each simulation was performed, giving at least 600 ns for each system simulated. Temperatures of 310 K
were maintained using the velocity rescale thermostat using a time constant of 1 ps (Bussi et al., 2007). The pressure was maintained
semi-isotropically at 1 atm using the Parrinello-Rahman barostat with a time constant of 1 ps (Parrinello and Rahman, 1981). Allbonds
were constrained using the LINCS algorithm to allow for an integration time step of 2 fs (Hess et al., 1997). Long-range electrostatics
were described using the particle mesh Ewald method (Essmann et al., 1995). The short-range electrostatic cutoff used was 1.4 nm
and the short-range van der Waals cutoff was also 1.4 nm. The last frame from a 200 ns equilibrium simulation involving OmpA, the
cellwall, TolR, the inner and outer membranes was subsequently used for steered MD simulations. A harmonic spring (force constant
of 1000 kd mol~" nm?) was attached to the center of mass of either the OmpA or TolR periplasmic domain, and these domains were
pulled away from the cell wall along the z axis (perpendicular to the plane of the membrane) at a constant velocity of 0.1 nmns~'. Each
steered MD simulation was repeated three times starting with different initial velocities and the average force required to pull these
periplasmic domains from the cell wall was calculated.

Analysis

All sequences were fetched from the Uniprot webserver and aligned in JalView (Waterhouse et al., 2009) using the ProbCons algorithm
(Do et al., 2005). The structure of TolR open state model was aligned to E. coli ExbD (PDB: 2PFU) (Garcia-Herrero et al., 2007) and
H. influenza TolR (2JWK) (Parsons et al., 2008) using PyMOL (Schrodinger, 2017). Electrostatic profile of TolR was calculated using
APBS (Baker et al., 2001).

QUANTIFICATION AND STATISTICAL ANALYSIS

See Method Details above.
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Abstract

The periplasm of Gram-negative bacteria is a highly crowded environment comprised of
many different molecular species. Antibacterial agents that causes lysis of Gram-negative
bacteria by their action against the inner membrane must cross the periplasm to arrive at
their target membrane. Very little is currently known about their route through the
periplasm, and the interactions they experience. To this end, here atomistic molecular
dynamics simulations are used to study the path taken by the antibiotic polymyxin B1
through a number of models of the periplasm which are crowded with proteins and
osmolytes to different extents. The simulations reveal that PMB1 forms transient and
long-lived interactions with proteins and osmolytes that are free in solution as well as
lipoproteins anchored to the outer membrane and bound to the cell wall. We show that
PMB1 may be able to ‘hitchhike’ within the periplasm by binding to lipoprotein carriers.
Overall our results show that PMB1 is rarely uncomplexed within the periplasm; an
important consideration for interpretations of its therapeutic mechanism of action. It is
likely that this observation can be extended to other antibiotics that rely on diffusion to

cross the periplasm.
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Introduction

The periplasm of Gram-negative bacteria is a crowded aqueous compartment bounded
by the inner and outer membranes. The cell wall is contained within the periplasm as well
as hundreds of proteins including chaperones, transporters proteases and nucleases'?.
The solution also contains a range of osmolytes, including urea, sugars, spermidine and
putrescine. This makes for a complex and crowded environment for any molecular
species to negotiate when moving across the periplasm towards either membrane.

Very little is known about the spatial arrangement of these myriad molecules within the
periplasm. In other words, it is not known if the proteins and osmolytes are evenly
distributed, or if is there some degree of organization and if so, to what extent. This makes
it very difficult to predict the interactions experienced by molecules within the periplasm.
This extends to molecules that are not native to the bacteria, such as antibacterial agents.
Thus, we have little information regarding which moieties of antibiotics are available to
carry out the desired functions, and which are unavailable as they are involved in
interactions with native proteins/osmolytes/cell wall. To this end we have conducted a
study of polymyxin B1 (PMB1) within models of the E. coli periplasm. PMB1 is a
lipopeptide antibiotic used as a “last resort” drug for the treatment of infections caused by
Gram-negative bacteria®. PMB is composed of a cyclic, cationic polypeptide ring
connected to a branched fatty acid tail. The cationic ring contains five residues of the
irregular amino acid o, y-Diamino Butyric acid (DAB), each of which contributes a charge
of +1 e giving PMB1 an overall charge of +5 e. The cationic ring enables solubility in
aqueous solvents, whereas the lipid tail facilitates insertion into bacterial membranes*”’.
While PMB1 along with colistin (polymyxin E) were for many years, last resort antibiotics,
in recent years bacterial strains that are resistant to both antibiotics have emerged in a
number of countries®®. Thus, in order to either modify these drugs or to develop
completely novel antibiotics, it is timely to establish a thorough, molecular-level
understanding of each stage of the process via which they bring about bacterial cell death.

To date, mechanistic studies of PMB1 have focused almost entirely on the two



bioRxiv preprint doi: https://doi.org/10.1101/2020.06.03.132118. this version posted June 3, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

90 membranes of Gram-negative bacteria’'°, leaving unaddressed the question, how does
91  PMB1 cross the periplasm to get from the outer membrane to the inner membrane?

92  Here, a series of atomistic molecular dynamics simulations (Table 1) were performed of
93  models of portions of the E. coli cell envelope. The simulation systems contain an
94  asymmetric model of the outer membrane composed of LPS and phospholipids, a single-
95 layered cell wall, various proteins/lipoproteins, osmolytes and PMB1, with systems sizes
96 ranging from 200,000 to 750,000 atoms. The proteins are a combination of Braun’s
97 lipoprotein (BLP), LolA, LolB, OmpA, and Pal (Fig1). BLP is the most abundant protein in
98  E. coli (there are an estimated 10° copies of BLP in each E. coli'"). It exists as a coiled-
99  coil trimer that is essential for compartment stability’. It is anchored in the outer
100 membrane via a lipidated moiety at its N-terminus, whereas it is covalently bound to
101  peptidoglycan via its C-terminus. LolA and LolB are small soluble proteins that carry
102  lipoproteins''4, they are largely similar in structure, although LolB is anchored to the OM
103  via a lipidated moiety whereas LoIA is free to diffuse across the cell envelope. OmpA is
104 composed of an eight-stranded barrel which is located in the OM, and is connected via a
105 linker to the soluble domain that can bind peptidoglycan in the periplasm:1%17_ Pal also
106  has a lipidated anchor in the OM like LolB, while its C-terminal domain resembles the
107  OmpA soluble domain. Like OmpA, Pal also has a linker that can extend into the
108  periplasm enabling the protein to bind non-covalently to peptidoglycan, thereby assisting
109  with maintaining compartment integrity'®'°. Where present, in each system there are 4 x
110 BLPs and 1 x each of OmpA, Pal, LolA and LolB. The most compositionally complex
111  system studied here also contained a range of osmolytes, in order to better represent the
112 crowded environment that these molecules encounter in the periplasm.

113 The osmolytes incorporated into our periplasmic model were selected on the basis of a
114  combination of their abundance and chemical diversity. Importantly, all of these osmolytes
115 have their concentrations in the periplasm either documented or estimated in the
116 literature?>-2® and these concentrations are reproduced here: osmoregulated periplasmic
117  glucans (OPG) (20 mM), trehalose (10 mM), putrescine (30 mM), spermidine (3 mM),
118  glycerol (36 mM) and urea (20 mM). Both OPG and trehalose are widely distributed in
119 Bacteria, with OPG having a prominent role on regulating osmotic pressure and

120  virulence®®, whereas trehalose is mainly involved in response to stress conditions?’. The
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121  polyamines, putrescine and spermidine, are the two most common in all bacteria, with
122 functions that includes supporting bacterial growth, incorporation into the cell wall, and
123 biosynthesis of siderophores?®. Glycerol is metabolized in E. coli cells for different
124  applications, both aerobically and anaerobically?®3°. Urea is a source of nitrogen, after its
125  breakdown?3'.
126  Simulations were initiated by placing PMB1 molecules randomly in the aqueous region
127  between the outer membrane and the cell wall. The osmolyte concentrations are derived
128 from literature values and the number of proteins is selected to reproduce crowding
129  volume fraction of ¢ ~0.21 as estimated from experimental studies?. A set of simulations
130 of PMB1 in just water and ions was also performed for comparison.
131
132 Results
133 Table 1 provided a summary of the simulations performed in this study. Initial
134  observations focused on general mobility and aggregation of PMB1 followed by in depth
135 analyses probing the causes of these observations.
136
137  Table 1. Summary of all simulated systems.
Simulations
System Proteins Mcl?lg/lci]es Osmolytes and lons? Length Force field
PMBoniy None 30 Na*, CI 1us GROMOS 54a7
PMBui BLP (x4) 30 Na*, CI 2x500ns GROMOS 54a7
PMBpot  BLP (x4), LolA, LolB, Pal, OmpA 30 Na*, CI 2x500ns  GROMOS 54a7

PMBcrowda  BLP (x4), LolA, LolB, Pal, OmpA 30

Na*, CI-, Glycerol,
Urea, Trehalose,
Spermidine,
Putrescine, OPG

138
139

140
141
142
143

@ Molar concentration: Na+, CI- (200 mM), Glycerol (35mM), Urea (30mM), Trehalose (10 mM), Spermidine (0.2 mM),
Putrescine (30 mM), Osmoregulated Periplasmic Glucans (OPG - 20 mM).

The crowded nature of the systems had a clear impact upon the solvent accessible
surface area (SASA) of PMB1 (Fig. 1). The SASA is lower when PMB1 molecules are just

in water and counter ions (PMB10niy), compared to when in the protein-containing systems

2x500ns GROMOS 54a7
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144 (PMB14i, PMB1pr0t and PMB1crowd). Tracking the PMB1 motion within the XY plane (Fig.
145  S1) of the protein-containing systems shows the movement of polymyxins in the crowded
146  systems (PMB1crowd and PMB1prot) is more confined compared to PMB14i in which BLP
147 is the only protein. Additionally, in the latter system, more PMB1 molecules moved
148  towards the outer membrane and the cell wall rather than remaining in the solution area
149  between these two large structures, compared to PMB1¢rowd and PMB1,r0t. Another effect
150 observed with increasing system complexity is the slower diffusion of PMB1 (Fig. 2A and
151 Fig. S2), by calculation of the translational diffusion coefficients (D:) from two different
152 time regimes (1-10ns; and 50-100ns). For the PMBony system, the D; from the longer time
153  regime was estimated to be 4.0 + 0.3 x 10 cm?/s, while for PMBgi, PMBprot, and PMBcrowd
154  systems, the values were 3.8 + 0.4 x 108 cm?/s,2.9+0.3x 108 cm?/sand 2.0 £ 0.4 x 10
155 8 cm?/s, respectively, demonstrating a major reduction when compared to PMBonyy (100-
156  fold). The slowest diffusion is recorded for the most crowded system.
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157
158 Figure 1. Summary of proteins studied and SASA data. Panel (A) shows the

159  structures of the five proteins simulated in this study. Panel (B) shows the structure
160 of PMB1 and panel (C) provides a summary of SASA versus time for each system.
161
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162  The dynamics of water was also impacted by crowding (Fig. 2B), with a D rate of 4.93 +
163 0.4 x 10°° cm?/s in PMBony compared to 2.49 + 0.1 x 10° cm?/s in PMBcrowd for the 50-100
164  nstime period. The values found for systems in the presence of the outer membrane are
165  similar to a previous report3? of simulations of the outer membrane in water using the SPC
166  water model®® and with crowded simulations34 using a different water model. Protein
167 diffusion rates were also calculated for the PMBdi, PMBprot, and PMBcrowd Systems,
168 showing D: values that also decrease with increasing crowding volume fraction ¢.
169  Although LolA is neither bound to the cell wall nor anchored/embedded in the membrane,
170  its calculated Dt falls in the same range as the other proteins indicating that overall protein
171  motion is quite restricted in the crowded systems for all proteins. While the environment
172 we have simulated is more complex due to the presence of membrane and cell wall, the
173  diffusion rates for proteins calculated here are comparable to previous reports involving
174  simulations of crowded environments3® and cytoplasm models®*-3’, as well as with
175  experimental data from GFP proteins at the periplasm and cytoplasm38.
176
B) 55 ©)sp0
LR o |
S oo | & s <
30 %20
2.5 15
0.05 0.10 0.15 ’FO.% 2'00 0.05 0.10 0.15 0.20 0.25 10 BLP LolA LolB Pal OmpA
o Crowding Volume Fraction ¢ Crowding Volume Fraction ¢
178  Figure 2: Translational diffusion coefficients (D:) obtained for PMB1 (left panel),
179  water (middle panel), and proteins (right panel). (A): Dt values calculated for two
180 different time regimes, 1-10 ns (blue) and 10-100 ns (grey), as a function of the
181 crowding volume fraction ¢ of each system (PMBony = 0.03; PMBgii = 0.18; PMBoprot
182 = 0.22; PMBcrowa = 0.23). (B): D: values obtained for water molecules in the same
183 time regimes as above, 1-10 ns (red) and 10-100 ns (pink), as a function of the
184 crowding volume fraction ¢. Exponential fits were applied for the long-time scale
185 regimes. (C): Histogram showing D: values for each protein in each system (PMBugi
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186 = black; PMBprot = green; PMBcrowd = blue). Error bars indicate standard error for all
187 molecules across all repeat simulations.

188

189 In this study we seek to characterize the molecular interactions that underpin the
190 aforementioned SASA, lateral motion and translational diffusion profiles calculated from
191  our simulations. The complexity of the system composition is such that a vast amount of
192  data regarding molecular interactions is generated from these simulations. To facilitate
193 interpretation of the observations we have presented the results from the perspective of
194  PMB1 interactions, namely PMB1 interactions with itself, osmolytes, proteins, and the cell
195  wall.

196

197

198 PMB1 self-interactions
199
200 In systems containing only PMB1 in solution (PMBony), differently sized aggregates

201  (dimers to pentamers) formed during the simulations. The lifetimes of interactions
202  between PMB1 molecules ranged from short periods (a few nanoseconds) to longer term
203 interactions (200-400 ns) leading to formation of aggregates, as shown in the example in
204  Fig. 3A-B. A range of different configurations were observed during the simulations. The
205  majority of the interactions occurred via the hydrophobic portions of PMB1, namely Lip1,
206 DPhe7, and Leu8, while the charged sites remained largely exposed to water and ions
207  (Fig. 3A-B). In the example of a tetrameric association as shown in Fig. 3A, four of the
208 PMB1 molecules had their Lip1 tails buried in the middle of the aggregate along with two
209 DPhe7 and three Leu8 moieties, thus forming a structure that resembled a micelle. Due
210  to the exposure to the aqueous environment of the positive charges and polar residues
211  in this tetramer, the surface of the micelle-like structure was decorated by CI- ions, which
212 interacted mostly with the NH3™ groups from Dab residues. The center of the micelle was
213  mostly protected from exposure to water (Fig. 3D), with only one constant water molecule
214  presentat 0.5 nm (Fig. S3). This self-assembly behavior has previously been reported for
215  other similar amphiphilic antibiotics, such as colistin and colistin methanesulfonate
216 (CMS), but shown not to occur for the non-amphiphilic polymyxin B nonapeptide, an

217 analogue that lacks the hydrophobic tail*®. In the cases previously reported, aggregate
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218 diameters were calculated to have a z-average of around 2 nm £ 0.3, which correlates
219  well with the tetrameric aggregate observed in our simulations (2.2 nm £ 0.5). Thus, as
220 predicted for colistin and its analogue®®, PMB1 micelle formation followed a “closed
221 association” model, where the number of monomers per micelle does not exceed five in
222 our simulations. In the PMBgi, PMBprt, and PMBcrowd Systems, interactions between
223  PMB1s resulted in smaller aggregates, generally involving dimerization (but with the

224  additional participation of other molecular species, as discussed in the next section).
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226  Figure 3: Micelle-like associations observed during the simulations. Sticks (A) and
227 surface (B) representations of a tetrameric micelle, with the hydrophobic portions
228 pointing inwards the aggregate colored in yellow. (C) Distances calculated between
229  the center of mass (COM) of each monomer composing the micelle structure. Each
230 curve describes the distance between two different monomers, with values below
231 the 2 nm threshold indicating an association. (D) Radial Distribution Function
232 (RDF) for water molecules calculated using the COM of the whole aggregate as a

233 reference point.
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234

235 PMB1 interaction with osmolytes

236  The interaction of PMB1 with osmolytes and ions was firstly characterized by measuring
237  the proximity of each type of osmolyte to PMB1 molecules. The radial distribution function
238 (RDF) of each osmolyte with PMB1s as a reference (Fig. 4) showed a clear preference
239  for glycerol and OPG. This is reasonable considering the number of polar groups
240 available for interactions on both osmolytes and the negative charge (-1 e) on the
241  phosphate group of OPGs. Putrescine, spermidine and Na* ions were found furthest from
242 PMB1, which correlates with both being positively charged (putrescine = +2 e, spermidine
243 =+4e).
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245  Figure 4: Osmolyte distribution and cluster formation in PMBcrowda. (A) Cluster
246 formed by three PMB1 molecules (cyan, white, red, blue), five OPG molecules
247  (violet), four glycerol molecules (orange), two urea molecules (grey) and one
248 putrescine molecule (magenta). (B) Radial distribution function (RDF) using PMB1
249 as a reference point with Glycerol (orange), OPG (violet) and CI- (maroon), Na*
250 (yellow), Putrescine (magenta) and Spermidine (light green), urea (grey) and
251 trehalose (red). (C) Cluster formed at the surface of the outer membrane involving
252 one PMB1 molecule, three OPG molecule, two glycerol molecules, one urea
253 molecule and one trehalose molecule (colors as in (A)). Phosphate groups (brown
254 and red sticks) form salt bridge interactions with Dab6 and Dab10 residues of
255 PMB1. (D) Distances between representative molecules forming clusters are shown
256 in panel (A), with a zoomed-in area marked with a red rectangle. Colored curves
257 correspond to PMB1-PMB1, PMB1dimer-PMB1, PMB1dimer-OPG, PMB1dimer-
258 glycerol and PMB1dimer-urea.

259

260 It has been discussed previously3%4%-44 that in crowded cellular environments, non-
261  specific binding occurs constantly, generating transient clusters that affect the structure
262  and dynamics of the molecules in this environment. In the simulations performed here,
263  we observed formation of small osmolyte-PMB1 clusters which had an average size ~2.5
264 - 3.0 nm (slightly larger than the PMB1 micelles described in the previous section). These
265 clusters generally contained PMB1 monomers interacting directly with OPG (via -OH
266  groups and cyclohexane rings) and glycerol (via -OH groups), although patrticipation of
267  other osmolytes such as putrescine and urea was also observed, but usually without
268 these molecules directly interacting with PMB1. In particular, the association between
269  PMB1 molecules and OPG was prevalent (as shown in the RDF in Fig 4). For example,
270  in one case, four OPG molecules bound around the surface of a PMB1 dimer (Fig. 4A),
271  while a fifth OPG molecule mediated the interaction between the PMB1 dimer and a third
272 PMB1 molecule. Four additional molecules of glycerol, one putrescine and two urea
273  molecules also participated in this cluster, effectively bridging the PMB1 dimer to the third
274  PMB1 (Fig. 4D), stabilizing the complex. This cluster took ~ 100 ns to stabilize in terms

275  of number of components, apart from one urea molecule which only joined the cluster
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276  after 400 ns (Fig. 4D and 4E). The final cluster shape was achieved at around 420 ns and
277  remained stable until the end of the simulation. The largest cluster in all simulations was
278 ~ 4.2 nm in diameter and was composed of four PMB1 molecules and ~20 osmolytes
279  (one trehalose, five putrescine, seven glycerol and seven OPG). In this cluster, only two
280 ofthe PMB1 molecules are directly associated with each other, interacting via their DPhe7
281 residues. The formation of the cluster was initiated by many of the molecules binding to
282  the cell wall (within 30 ns of the start of the simulation), while the full cluster had formed
283  after ~100 ns and lasted for around 240 ns. Despite showing a higher preference for
284  cluster formation in the cell wall area, a few aggregates were also observed on the surface
285  of the inner leaflet of the outer membrane (Figure 4C). For example, in one cluster, one
286  PMB1 molecule is surrounded by three OPG molecules, two glycerol molecules, one
287 trehalose molecule and one urea molecule. Glycerol not only intermediates interactions
288 between PMB1 and OPG, but also with 1-palmitoyl,2-cis-vaccenyl-phosphatidyl
289  ethanolamine (PVPE) lipids, in this aggregate. PMB1 also interacts with PVPE via Dab6
290 and Dab10 - phosphate salt bridges. Additionally, the cluster was visited by two
291  putrescine molecules — one remaining in the aggregate for 160 ns and the other for only

292 50 ns.
293

294 PMB1 interaction with proteins

295  The number of interactions between PMB1 molecules and proteins were calculated based
296 on intermolecular contacts (distances < 0.4 nm) during the course of the simulations,
297 values concatenated over all trajectories for each protein are provided in Table S1.
298 Interactions of PMB1 were observed with all of the different proteins in the systems. We
299  consider the lipoprotein carriers, LolA and LolB first. In PMBprt and PMBcrows PMB1
300 molecules were found interacting both near to and at the entrance to the hydrophobic
301 cavities of both proteins (Fig. 5 and 6). Itis a useful reminder here that the normal function
302 of LolA and LolB requires the lipid tails of cargo lipoproteins to bind in their hydrophobic
303 cavities. A number of different PMB1 to LolA/B binding events were observed in our
304 simulations. For example, in the PMByrot system three molecules of PMB1 were observed
305 tointeract with the entrance to the cavity of LolA simultaneously (Fig. 5A), throughout one

306 of the 500 ns simulations, with one partially inserted into the cavity. The LolA residues
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307 involved in theses interactions range from hydrophobic to charged: Trp49 (51%), Met51
308  (95%), Thr52 (69%), GIn53 (72%), Pro54 (46%), Asp55 (45%), Phe72 (32%) and Glu74
309 (25%), where parentheses indicate percentage of simulation time for which the
310 interactions existed, reflecting the chemical diversity of PMB1. Interestingly, in PMBprot,
311  one molecule of PMB1 bound to the entrance of the LolB cavity with its Lip1 residue
312 inserted into the cavity (Fig. 6). Due to the extended conformation adopted by this PMB1,
313 several LolB residues participated in long-lasting interactions (more than 60% of total
314  simulation time) (Fig. 6B-C) with PMB1, including residues previously predicted as
315 important for the binding of acyl chains*, namely Phe37, Val46, Met107 and lle109. This
316 indicates that PMB1 can bind in the LolB cavity in a manner that resembles normal the

317  binding of acyl chains of lipoproteins to LolB.

318
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319

320 Figure 5: PMB1 binding modes to LolA. In PMBy.t, three PMB1 bind to LolA at the
321 same time (A) LolA = green, PMB1 = as previously, cell wall = pink sticks). One
322 PMBH1 is partially inside the hydrophobic cavity. (B) Zoomed in region where PMB1
323 is bound to the hydrophobic cavity of LolA, interacting mainly with residues Trp49,
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324  Met51, GIn53, Asp55, Phe72, and Glu74. (C) Sausage representation of LolA with
325 respect to PMB1 interactions. Regions of the protein with higher percentage of time
326 spent interacting with PMB1 are shown as enlarged tube, while regions with fewer
327 interactions are shown as narrower tubes.

328

329 Next we consider PMB1 - Pal interactions. In both the PMB1cowd and PMB1prot
330 simulations, PMB1 was observed sandwiched in between the C-terminal domain (CTD)
331 of Pal, the linker domain and the outer membrane. The interactions lasted for the entirety
332  of the simulations. Pal residues involved in the interactions are provided in Table S1.
333  Furthermore, upon PMB1 binding, the motion of the linker region of Pal become more
334 restricted (Fig. S4), but the initial non-covalent interaction of Pal with peptidoglycan
335 seems to be unaffected (Fig. S5). Despite that, this binding to the linker appears to limit
336  the increase in number of contacts between Pal and the cell wall, when compared to
337  systems that do not have a PMB1 attached to the linker (Fig. S5). More transient PMB1-
338 Pal binding events also occurred in simulations of each system. In PMBprt, a PMB1
339  molecule entered the area in between the cell wall and the CTD of Pal (residues Ala109,
340 Asp110, Arg112, Thr114, Tyr117 and Gly149), after initially being bound to a BLP for 370
341 ns (Fig. S6A). Other examples of PMB1 exchanging binding partners were also observed
342 from Pal to LolA (Fig. S6B), from BLP to LoIB (Fig. S6C), and from BLP to BLP (Fig. S6D).
343  Thus, showing that within 500 ns PMB1 can move from interacting with one protein to
344  another. In PMBcrowd, after intermittently interacting with Leu176 and Lys185 in the Pal
345 CTD for 160 ns, one PMB1 moved slightly away from Pal and associated with another
346 PMB1 forming a dimer (Fig. S7). While the same region of Pal that was previously bound
347  to the original PMB1 formed an interaction with a small cluster containing one molecule
348  of OPG, one molecule of Glycerol and one molecule of putrescine. This small cluster also
349  simultaneously interacted with the newly formed PMB1 dimer, which at this stage was not

350 directly interacting with Pal.
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352 Figure 6: PMB1 binding mode to LolB. (A) PMB1 inserts Lip1 inside the

353 hydrophobic cavity of LolB, reaching hydrophobic residues that usually interacts
354  with acyl chains from lipoprotein ligands. (B) Sausage plot representation of the
355 structure of LolB. Regions of the protein with higher percentage of time (from 0 to
356 1, coloured from white to green) spent interacting with PMB1 are shown as
357 enlarged tube, while regions with less interactions are shown in thinner tubes. (C)
358 Zoomed-in region showing binding at the hydrophobic cavity of LolB. In this area,
359 Lip1 interacted with Phe37, lle109, Trp117, and Trp148. (D) Zoomed-in region
360 showing binding at the exterior part of LolB. In this region DPhe7, Leu8 and Dab9
361 interacted with residues Val46, Glu98, Gly102 and Met107.

362
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363 PMB1 interactions with OmpA were mainly with the CTD. Each system had two or three
364 PMB1 molecules binding to OmpA simultaneously. At least one molecule in each system
365 was bound at the interface between the OmpA CTD and the cell wall, mediating the
366 interaction between both structures. This binding region was located between the two
367 main helices (composed of residues Glu212 to Asn226 and Ser253 to Lys267) from the
368 CTD, with a prominent role of residues GIn214 (92%) and Tyr263 (87%). Interactions
369  were hydrogen-bonding (Dab9 - GIn214) and hydrophobic (DPhe7 and Leu8 — Tyr263) in
370  nature. Pal and OmpA have some structural similarities in their C-terminal domains
371  (similarity of 35%), and both are known to bind to the cell wall*6-48, Analysis of the contact
372  data between PMB1-Pal and PMB1-OmpA revealed two long-lived interactions involving
373 a specific helix from the CTD of each protein. This helix is composed of residues
374  H112ANFLRSNPS122 in Pal and Y244SQLSNLDP252 in OmpA. Interestingly this region
375 forms part of the dimerization interface of OmpA, thus would only be available for
376 interaction when the protein is in its monomeric state'®48, Additionally, PMB1 was
377 observed to bind to these regions while simultaneously interacting with adjacent motifs
378 (Fig. S8) in both proteins: QssMQQLQss in Pal (a short helix) and K290GIPADKIS29s (a
379 loop connecting an a-helix to a B-strand). Interestingly only one PMB1 across all
380 simulations was observed binding directly to the linker region of OmpA (in PMBprot), in
381 PMBcrowd, the linker area is largely occupied by osmolytes.

382  Comparison of data from PMB1 binding to BLP and Pal, revealed a short motif comprising
383 the sequence S-S-E/D/N-X-Q/N (Fig. S9). Serine and acidic residues have particular
384  propensity to interact with PMB1 (Fig. S10) due to the possibility of interacting via
385  hydrogen bonding or salt bridges. Interactions between these residues are PMB1 lasted
386  from 20 ns up to 400 ns. In simulations containing proteins, the four BLPs were the main
387 target of binding events, with an average of 6 molecules of PMB1 binding to the four BLPs
388 per system simulated. Regions of longest interactions (over 70% of simulation time)
389 include residues S11SDVQTLNA19 (at the vicinity of the cell wall) and Asp34, Asp41,
390 Ala42, Ala43, Arg48 (adjacent to the outer membrane). A number of the molecules
391 interacting with BLP were also inserted in the interface with either the cell wall or the outer
392 membrane in all of the simulations. Interestingly, in the PMBcrowd System most of the

393 PMB1s that interacted with BLP were located in the solution region. The interfacial
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394 regions favoured by PMB1 in other systems (PMBgi and PMByrt) were occupied by
395 osmolytes in PMBcrowd. Thus, the presence of osmolytes seems to force PMB1 into the
396  solution to some extent, by occupying interfacial binding regions.

397

398 PMB1 interactions with the cell wall

399 A number of PMB1 molecules (at least 14) reached the peptidoglycan layer area very
400 rapidly (within the first 10 ns) in all simulations (Fig. S1 and S11). The negative charges
401 presented by D-Glu and meso-diaminopimelate (m-DAP) residues from the peptide
402  portion of the cell wall interact with PMB1. Other interactions are also present, such as
403 PMB1 forming hydrogen bonds to the hydroxyl groups attached to the pyranosidic rings
404  of the peptidoglycan glycan strands (Fig. S12). None of the PMB1 molecules were
405 observed to go through the pores of the cell wall and dissociate from it during the total
406  time of 3 us of all simulated systems. Most osmolytes also did not cross through the pores
407  easily: only putrescine, trehalose and urea were able to cross multiple times (Fig. S13).
408 Generally, two modes of association between PMB1 and the cell wall were observed. In
409 one mode, PMB1 inserts itself between glycan strands, as seen in one example from
410 PMBugi system (Fig. 7A). In some cases, it acted similarly to a peptide linkage, as it was
411 able to form salt bridge interactions with both glycan strands simultaneously for more than
412 200 ns (Fig. 7C), decreasing the local distance between the strands from ~2.7 nm to ~1.9
413  nm. The other observed mode of association is PMB1 attaching to the surface of the cell
414  wall, not inserted between the strands, but rather located around peptide linkages (Fig.
415 7B). A common aspect from both binding modes is that the Dab residues from PMB1
416  attract the loose peptide portions (not connected to > 1 glycan strand), forming salt
417  Dbridges. The insertion mode of interaction involved the formation of multiple long-lived (~
418 200 ns) salt bridges with the Dab - m-DAP and Dab - D-Glu, in contrast, in the surface
419  binding mode the salt bridges had a lifetime of ~ 100 ns. (Fig. 7D).
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421 Figure 7: PMB1 binding modes to the cell wall extracted from PMBg4i and PMBprot.
422  The inserted binding mode is depicted on (A), showing PMB1 (blue carbon
423  spheres) attached inside of the pores of the cell wall (pink sticks) and interacting
424  with many negatively charged residues. The surface binding mode is depicted in
425 (B), showing a PMB1 dimer (two shades of blue) bound to the surface of three
426 glycan strands. (C) and (D) shows examples of distances of salt bridges
427 interactions between different Dab residues (PMB1) and m-DAP and D-Glu (cell
428 wall). In the inserted binding mode, interactions seem to last longer overall than in
429  the surface binding mode.

430

431
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432  In the PMBprot system, a few of the PMB1 molecules mediated protein binding to the cell
433  wall (Fig. 8). For example, PMB1 bound to the surface of LolA, interacting with residues
434  Lys23, Asp26 and Glu34, while at the same time interacting with m-DAP and D-Glu from
435 the cell wall. An observation from both simulations of the PMBpwot system, was an
436 extension of the OmpA linker region that appeared to be induced by PMB1 which is bound
437  tothe CTD region. By around 420 ns, there is an increase in the number of residues from
438  OmpA contacting the cell wall, increasing from 5 to 10 (Fig. S14). This appeared to occur
439  spontaneously, but subsequently the PMB1 Dab residues form salt bridges with three
440 charged groups (two D-Glu and one m-DAP) of the loose peptide ends of the cell wall
441  (Fig. 8 and S14). These interactions of PMB1 which is bound to both OmpA and the cell
442  wall, seemed to have acted as a driving force to push the OmpA CTD further towards the
443  cell wall, stabilizing and increasing the OmpA-peptidoglycan binding interface from 10
444  residues to almost 20. Similarly, in the PMBcrowd System, some associations between the
445  PMB1, proteins (OmpA, LolA and Pal) and the cell wall were also observed. For example,
446 initially, a PMB1 is associated with the OmpA CTD mediated by two trehalose molecules
447  and one glycerol molecule (Fig. 8). At the same time, the same PMB1, one of the
448  trehalose, glycerol and residue Asn249 of OmpA were in the vicinity of the cell wall (within
449 0.6 nm), displaying a few hydrogen bonding interactions. By the end of the simulation,
450 this cluster had dissociated. Another example is the PMB1-Pal association mentioned in
451  the previous section with the presence of a small cluster of osmolytes (Fig. 8). Residue
452  Asp179 of Pal interacted with OPG, glycerol, and putrescine molecules while they were
453  bound to PMB1 and/or the cell wall, the interaction partners in this cluster changed

454  frequently over time, indicating the non-specificity of these intermolecular associations.
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456  Figure 8: PMB1 mediating interactions between LolA, Pal, OmpA (green) and the
457  cell wall (pink sticks). Panel (A) shows highlighted residues Asp26, Lys23 and
458 Glu34 (green) from LolA interacting with Dab (Asp26) and DPhe7 (Lys23 and
459  Glu34,) from PMB1 (colored in blue spheres), while another Dab from PMB1
460 interacts with a negative charged residue from the cell wall (pink licorice sticks). In
461 Panel (B), PMB1 and osmolytes (glycerol — orange; trehalose — red) are shown
462 mediating interactions for OmpA-cell wall. In (C), a bigger cluster containing OPG,
463 putrescine, glycerol and urea is shown mediating interactions with Pal and the cell
464 wall. Panels (D) and (E) depict two different states of OmpA and PMB1, before (D)
465 and after (E) enhancing the interaction with the cell wall. In (B) and (C), only cell
466 wall residues that are in contact with PMB1 and osmolytes are shown to improve
467  clarity.

468

469 Discussion

470  Currently there is a great need to find novel therapeutic agents to address the problem of
471  antimicrobial resistance to antibiotics*®°. In order to do so in a rational manner requires
472  athorough understanding of the environment faced by antibiotics such as PMB1 as they
473  negotiate the bacterial cell envelope. In this work, we have simulated an atomistic model
474  of the periplasmic space to study the fate of PMB1 in this region once it has already
475  crossed the OM. Our results predict that PMB1, and likely other drugs relying on diffusion
476  alone to cross the periplasm, face a complex path, full of molecular obstacles which hinder
477  their movement through the periplasm. The presence of structures from subcellular
478 compartments in our model systems had a major effect on the diffusion coefficients of
479  PMB1 molecules. This was observed by the 100-fold reduction in values in the periplasm
480 models compared to PMB1 just in solution. Similarly, diffusion of native proteins was also
481  affected by increased crowding. Previous studies of diffusion rates in the cytoplasm and
482  the periplasm showed that the GFP proteins have a slightly slower diffusion rate in the
483  periplasm3 when compared to the cytoplasm and there have been some discussions in
484  the literature regarding the nature of the periplasm being a gel-like environment®! or a
485  fluid environment38. At the level of crowding we have in our simulations the system is

486  clearly still fluid. Crowding up to 30% of volume has been reported previously to have
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487  modest effects on water properties®*, showing alterations in the self-diffusion coefficient
488  of water that are in-line with our simulations (~20% Volume with ~2.0 x 10-° cm?/s).

489 PMB1 is an amphipathic molecule with considerable conformational flexibility. In just
490 water and ions, we observed PMB1 tetramers forming micelles with sizes comparable to
491  experimental data® for micelle formation in solution of colistin (polymyxin E). In addition,
492  as predicted for colistin and its analogue®, our micelle formation followed a “closed
493  association” model, in which the number of monomers is discrete, limiting micelles to a
494  certain size (pentamers with 2.6 nm). Thus, our model of PMB1 in water provided a
495  ‘baseline’ reference system which gave aggregate sizes and dynamical behavior that
496 reproduced experimental observables for similar molecules.

497  We observed a wide range of associations of PMB1 with other molecules. One particularly
498 interesting phenomenon observed here is PMB1 insertion into the hydrophobic cavities
499  of the lipoprotein carriers LolA and LolB. These cavities have previously been shown to
500  be non-specific binders of hydrophobic molecules®?-54. Our results suggest it is possible
501 that some PMB1s may be carried through the cell wall by hijacking the lipoprotein carrying
502 functionalities of LolA/LolB. Given we observe PMB1 adhering to the cell wall this
503  ‘hitchhiking’ mechanism would be advantageous in providing an easier route through the
504  cell wall. To our knowledge this spontaneous phenomenon is described here for the first
505 time. It is important to consider here other potential consequences of PMB1 binding to
506 the lipoprotein carriers. LolA and LolB play important roles in avoiding toxicity due to
507 accumulation of BLP in the inner membrane®>°¢. Binding of PMB1 into their hydrophobic
508 cavities may serve to inhibit their natural functions and lead to mislocalization of
509 lipoproteins in the inner membrane, in a similar manner to small hydrophobic inhibitors
510 such as MAC13243%2-%* |nterestingly, LolA transcription is triggered with increasing
511  concentrations of PMB, a mechanism connected to the activation of the stress regulator
512  Rcs phosphorelay system®” which provides indirect evidence to support our hypothesis.

513  Osmolyte - PMB1 interactions varied depending upon the chemistry of the osmolyte. We
514  observed fast formation of small clusters of molecules, with PMB1 usually binding to, and
515 often becoming partially coated with the polar OPG and glycerol molecules. The OPG
516  concentration becomes slowly diluted when bacteria are moved to concentrated media®®.

517  Given the high propensity for these molecules to bind to PMB1 in our simulations, we
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518 suggest that the changes in the OPG concentration may also impact on dynamics of
519 PMB1 in the periplasm. As discussed in previous simulation studies®*3%37 molecular
520  crowders can promote a range of effects, including excluded volume effects and replacing
521 interactions. In our simulations, osmolytes mediate interactions between other molecules
522 and also replace some interactions. For example in the absence of osmolytes, there is a
523  greater propensity for PMB1-BLP interactions to occur at the BLP/cell wall and BLP/OM
524 interfaces, however these regions are occupied by osmolytes in the most crowded
525 system, and consequently PMB1 interactions with BLP are largely with the region of the
526  protein in ‘bulk’ solution in the periplasm. This suggests that the non-specific binding of
527 osmolytes to cell envelope components may have local consequences for available
528  binding modes for antibiotics.

529 Two main peptidoglycan binding modes were observed; one in which PMB1 inserts
530 in between glycan strands acting as a pseudo cross-link and one in which it is surface-
531 bound close to the peptide linkages. Atomic Force Microscopy (AFM)%® studies have
532 suggested that the cell wall interactions formed by colistin may be responsible for
533  rigidifying the cell envelope.

534 A limitation of our results involves the correction of the diffusion coefficients for
535 finite-size effects. Given the complexity of our models, with the presence of the outer
536 membrane and the cell wall, that our simulation boxes are non-cubic, and that the
537  correction becomes smaller with increasing box size, we opted for not applying it in these
538 Dt values. Our results for proteins and water diffusion correlate well with previous
539  atomistic crowding models3437. Experimental studies®%° reported D rates for GFP that
540 are in a similar range to ours. We note here that experimental value for the OmpA N-
541  terminal domain (transmembrane) alone, Dexp = 4.9 + 0.09 x 10”7 cm?/s is faster than the
542  value obtained for the complete protein from our simulations (D:= 3.1 +* 0.6 x 1038
543  cm?/s in PMBprot and Dy = 1.8 £ 0.5 x 10 cm?/s in PMBcrowa). The C-terminal domain of
544  OmpA is bound to the peptidoglycan which is highly likely to be the cause of the slower
545  diffusion in the simulations.

546 It is also worth mentioning that the SPC water model (which works well with the
547 GROMOS54a7 force field®') overestimates experimental values of self-diffusion for water

548 molecules®?, so D: values for solutes possibly are affected by this. Finally, crowding
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549  systems simulations are very complex and could lead to intense aggregation when using
550 standard additive force fields®3%4, with several methods being proposed to solve this®°:.
551  From our perspective, GROMOS54a7 was a reasonable choice, since it is one of the
552  force fields that shows a lesser preference for the aggregated state’®, while also having
553 validated parameters for the complex mixture of lipids that compose the bacterial outer
554 membrane and the bacterial cell wall. Our results where comparable with other
555 experimental and simulation studies are in-line with those, providing further confidence in
556  the predictions from the complex simulations which go beyond previous studies in terms
557  of the resolution and complexity of the simulations studied.

558

559 Conclusions

560 In conclusion, atomistic molecular dynamics simulations of the antibiotic PMB1 in a
561 number of models of the periplasm of Gram-negative bacteria with differing levels of
562  crowding have revealed slower diffusion of the antibiotic as the periplasm becomes more
563 crowded. PMB1 forms complexes with osmolytes, the cell wall and native cell envelope
564  proteins which can be short-lived or long-lived. PMB1 is rarely uncomplexed within the
565  periplasm, therefore its functional groups are occupied in interaction with other species
566  more often than not. We feel this is an important factor to consider in future development
567 of antibiotics (and may be extended to drugs that target other organisms too). The in vivo
568 environment is not a chemistry experiment in which ones controls the type and number
569  of molecules involved, and the complexity of the former may impact upon foreign
570  molecules such as drugs in many unexpected ways. The simulations described here
571  show that incorporation of the chemical details of the local environment can predict likely
572  interactions with other species and highlight potential mechanistic pathways that may
573  have been originally unintended (such as the ability of PMB1 to bind to LolA and LolB).
574

575 Methods

576

577 System Preparation
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578 We constructed the template model based on previously published works from our
579  group'’4887 This was composed by an asymmetric outer membrane (OM) of an identical
580 composition as seen in previous works'”:67-69 g one-layer peptidoglycan cell wall (PGN)
581 formed by 12 glycan strands of 17 repeating NAG-NAM-peptide units, four Braun
582 Lipoproteins (BLP) covalently attached to PGN and inserted in the membrane by
583 tripalmitoyl-S-glyceryl-cisteine residues®’-%°. Models for BLP(PDB: 1EQ7)"°, LolA (PDB:
584  1IWL) and LolB (PDB: 1WLM)*, OmpA'¢, Pal (PDB: 2W8B)"! were taken from previous
585  works from the group’?48:5487 Pal and OmpA proteins were also included in PMBprot and
586  PMBcrowd systems. Crystallographic structures of LolA and LolB GROMOS 54A7 force
587 field with the GROMOS 53A60XY ether parameters’® were used for the construction of
588 the tripalmitoyl-S-glyceryl-cysteines. After setting up this initial template system, we
589 added the other components: Pal bound and unbound to the cell wall, PMB1 molecules,
590 and ions concentrations. PMB1 GROMOS 54a7 parameters were obtained by using the
591  Automated Topology Builder (ATB) server’. For OmpA insertions into the OM, we
592  employed the gmx membed tool’®, similarly to a previous report®’.

593  For the construction of the PMBcrowd System, parameters for the molecular crowders were
594  obtained using the ATB server, with the exception of OPG and trehalose, in which the
595 GROMOS 56a6 (CARBO)™® parameters were employed, which are compatible with
596 GROMOS 54a7. We adapted the “droplet methodology” from Bortot et alf” to deal with
597 the insertion of osmolytes, by adding each osmolyte with a water shell obtained from 100
598 ns molecular dynamics simulations.

599

600 Atomistic Molecular Dynamics Simulations

601  We performed molecular dynamics simulations employing the GROMACS simulation
602  suite (version 2018.3)"7 along with GROMOS54a7 force field®' and SPC water model®.
603 We divided the simulations in two parts: equilibration simulations in NVT and NPT
604 ensembles with position restraints in proteins, cell wall, and PMB1, which lasted for 1 and
605 100 ns, respectively; and production simulations in NPT ensemble, which ran for 500 ns.
606  Simulations were performed at 310 K, which was maintained by employing the velocity
607 rescale thermostat’® with a coupling constant of t = 0.1. Pressure was maintained semi-

608 isotropically at 1 atm by employing the Parrinello-Rahman barostat’® with a time constant
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609 of 2 ps. The particle mesh Ewald method treated long-range electrostatics®. LINCS
610  algorithm?®'-82 constrained the covalent bonds, which allowed an integration step of 2 fs.
611 Bothlong-range electrostatics and van der Waals cutoffs were set to 1.4 nm. To neutralize
612 charges, we added the correct number of counterions together with an extra salt
613  concentration of 0.2 M of sodium chloride ions for all simulations. For the replicates,
614  starting positions of the proteins and PMB1 molecules were changed, along with re-
615  solvation of the system, equilibration and production phases. In addition, we modified the
616 starting velocities to ensure the difference between runs and improve conformational
617  sampling. For molecular manipulation, visualization, and analysis, we employed the VMD
618  software®.

619

620  Analysis

621  Translational diffusion coefficients, D, were obtained by using the gmx msd analysis tool
622  from the GROMACS tool set to calculate the mean square displacements (MSD). MSD
623  plots (Figure S2) were calculated for time delays The linear fit (where the slope was
624  obtained) was performed in different time regimes (1-10 ns; 50-100 ns) for PMB1 and
625 water (1-10 ns; 10-100 ns) aiming to capture the slowdown in Dt due to crowding effects,
626  while for proteins, the linear fit was performed in the range of 5-15 ns. Error estimates
627  were obtained by averaging over all and by averaging over replicate simulations of each
628  system. For the XYZ motion analysis, the gmx trajectory tool was employed to obtain the
629 coordinates of the center of mass of each PMB1 in the X, Y and Z axis. Radial distribution
630 function values (RDF) were obtained using the gmx rdf tool, while gmx sasa was used for
631 SASA calculations. In-house scripts were employed for the intermolecular contact
632  analysis.

633

634 ASSOCIATED CONTENT

635 Supporting Information

636

637  The Supporting Information is available free of charge on the ACS Publications website.
638

639 Further analysis of the data including Figures S1-S14 and Table S1 (PDF file).
640
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Details of hydrophobic
entanglement between small
“molecules and Braun'’s lipoprotein
e within the cavity of the bacterial
e chaperone LolA

. Alister Boags, Firdaus Samsudin & Syma Khalid

. The cell envelope of Gram-negative bacteria is synthesized and maintained via mechanisms that

. are targets for development of novel antibiotics. Here we focus on the process of moving Braun’s

. lipoprotein (BLP) from the periplasmic space to the outer membrane of E. coli, via the LolA protein.
In contrast to current thinking, we show that binding of multiple inhibitor molecules inside the
hydrophobic cavity of LolA does not prevent subsequent binding of BLP inside the same cavity. Rather,
based on our atomistic simulations we propose the theory that once inhibitors and BLP are bound
inside the cavity of LolA, driven by hydrophobic interactions, they become entangled with each other.
Our umbrella sampling calculations show that on the basis of energetics, it is more difficult to dislodge
BLP from the cavity of LolA when it is uncomplexed compared to complexed with inhibitor. Thus the
inhibitor reduces the affinity of BLP for the LolA cavity.

. The cell envelope of Gram-negative bacteria is a complex chemical architecture composed of three distinct
. regions; the outer membrane, the inner membrane and the periplasmic space'?. The latter is aqueous in nature,
. whereas the membranes are amphipathic: low dielectric hydrophobic cores surrounded by polar moieties on
- either side. All three regions contain proteins, which perform a variety of functions including maintaining the
. functional integrity of the cell envelope, and importantly, also synthesize the different molecules that constitute
© the cell envelope and localize them at the appropriate position within the whole architecture of the cell envelope®.
. This requires exquisite molecular choreography given the crowded environment of the cell envelope, and conse-
. quently a number of different pathways exist for synthesis and sorting of molecules.

: Lipoproteins are abundant within the cell envelope, indeed Braun’s lipoprotein (BLP) is the most abundant
© protein in E. coli*’. It is anchored in the outer membrane via a lipid moiety, which has three hydrocarbon tails at
© its N-terminus and is covalently bound to the cell wall peptidoglycan at its C-terminus®’. Thus far it is the only
. known protein to be covalently bound to the cell wall. It provides stability to the cell envelope by linking the outer
© membrane and the cell well. Braun’s lipoprotein is synthesized at the inner membrane and then delivered to the
© outer membrane via a pathway involving the five Lol proteins, LolA, LolB, LolC, LolD, and LolE?®. These proteins
. play key roles in the outer membrane-directed lipoprotein localization. The chaperone protein LolA has been
. shown to deliver BLP and other lipoproteins to the outer membrane-anchored protein LolB which then localizes
. them by a yet undetermined pathway®-'2. The absence of LolA and LolB could result in toxic accumulation of
. mislocalized lipoproteins'. It has previously been shown that small hydrophobic molecules including MAC13243
© (MAC) and its degradation products, S-(4-chlorobenzyl) isothiourea and 3,4-dichlorobenzyl carbamimidothio-
: ate, are able to bind to LolA and partially inhibit the protein in vivo'*15.

A previous study suggests that inhibitor molecules like MAC bind within the hydrophobic cavity of LolA
. and physically block access to BLP in a classic competitive inhibition manner'e. Unable to bind, BLP therefore
. cannot be delivered to LolB and be correctly localized. Support for this theory comes from the observation that

* University of Southampton, Southampton, SO17 1BJ, United Kingdom. Alister Boags and Firdaus Samsudin
. contributed equally. Correspondence and requests for materials should be addressed to S.K. (email: S.Khalid@
. soton.ac.uk)
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Figure 1. BLP binding modes within the hydrophobic cavity of LolA. (A) Left: the starting configuration,
whereby BLP (yellow) is located just outside the LolA (cyan) cavity. Top right: binding mode in which three
lipid tails of BLP bind near the mouth of the cavity. Bottom right: one lipid tail is deep within the cavity whereas
the other two are bound at the mouth of the cavity. (B) Minimum distance between BLP lipid tails and residue
F90 (shown in van der Waals representation in inset) from three independent simulations.

lipoproteins are partially retained at the inner membrane when E. coli strains are treated with MAC. However
as yet there is no structure of either LolA nor LolB bound to BLP or to inhibitor molecules. The mode of BLP
binding is therefore unknown, and important questions remain unanswered, for example how deep into the
cavity of LolA does it bind, and how many acyl chains are accommodated in the cavity? Furthermore, there is no
direct structural or molecular basis for the proposed mechanism of inhibition of LolA by blocking access to the
hydrophobic cavity by small molecules. To address these questions, we have investigated the binding of BLP to
LolA in the presence and absence of the inhibitor molecules, MAC and its degradation products, using atomistic
molecular dynamics simulations. The first objective being to identify BLP binding modes and the second to iden-
tify the molecular processes that effect inhibition. Here, we propose a new molecular mechanism of inhibition of
LolA by these small molecules. We find that both MAC and BLP bind LolA at the same time, whereby the lipid
tails of the latter wrap around the former. Free energy calculations reveal that the MAC-BLP complex is easier to
remove from LolA than BLP alone.

Results

Multiple binding modes of BLP to LolA.  Firstly LolA and BLP were simulated in water and counterions
by initiating the simulations with the BLP positioned just outside the hydrophobic cavity that is the proposed
binding site of LolA". The structure of LolA remained stable during the simulation as demonstrated by the sim-
ilar RMSD progression compared to a simulation without BLP (Fig. S1). The main secondary structural motifs
were also well preserved during these simulations (Fig. S2). We observed BLP moving into the cavity within
100 ns, after which the 3 sheet surrounding the cavity tilted to wrap around BLP, providing better interactions.
The BLP lipid tails interacted with hydrophobic residues inside the binding cavity such as F90. There were 4 or 5
water molecules inside the cavity throughout the simulation; they were able to move in and out of the cavity even
with BLP bound. We did not observe a single binding mode, but rather multiple LolA-BLP configurations such
that at least one of the lipid tails of the lipoprotein was deep inside the cavity, stabilized by hydrophobic contacts
(Fig. 1). In some simulations 2 or 3 lipid tails were inside the cavity. It is perfectly logical that binding within the
cavity is general, as a single specific binding mode would likely restrict the LolA to chaperoning only BLP and not
the other myriad lipoproteins within E. coli'?. Furthermore, specific binding within LolA would likely stabilize
the complex to an extent that would prohibit delivery of BLP to LolB. Indeed, it was previously shown that in the
presence of LolB, a LolA-lipoprotein complex readily dissociated to form a LolB-lipoprotein complex, indicating
a weaker, non-specific binding'!.

BLP binds to LolA in the presence of inhibitor molecules. Having established that 100 ns of sim-
ulation is sufficient to observe the movement of BLP to deep within the hydrophobic cavities of LolA, we next
sought to characterize the effect of the inhibitors and to identify the mechanism of inhibition. Simulations were
conducted in which 2 or 3 molecules of MAC were placed around the hydrophobic cavity of LolA with BLP
placed just a bit further outside the cavity. Three independent 100 ns simulations were performed for each sce-
nario. The rationale was to investigate (a) if the inhibitor would bind in the cavity and (b) if BLP could bind even
if the inhibitor is present. From our previous simulations without the inhibitor, we identified residue F90 located
in the Lol A binding site to be one of the residues that interacted with BLP lipid tails; we therefore used a distance
measurement between this residue and BLP as a metric to determine whether BLP binds to LolA.

Intriguingly even with 2 or 3 molecules of MAC within the cavity of LolA, the BLP lipid moiety can still bind
inside the cavity, with the MAC molecules arranged around it (Fig. 2). Hydrophobic interactions stabilize the
different molecules inside the cavity. The acyl chains of BLP are able to slide beyond the inhibitor molecules to
reach deeper into the cavity. The acyl chains become entangled with the inhibitor molecules and the hydrophobic
bulk of the inhibitor-BLP complex becomes wedged inside the cavity. We then replace the MAC molecules with
its degradation products, S-(4-chlorobenzyl) isothiourea and 3,4-dichlorobenzyl carbamimidothioate, which are
also expected to bind to LolA and inhibit BLP binding'®. Similarly we observed binding of BLP to LolA in the
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Figure 2. BLP binds to LolA even when two or three inhibitor molecules are present. (A) The chemical
structure of MAC13243 inhibitor. (B) Snapshots at different time points during a simulation of LolA and BLP
with three MAC molecules (red, pink, magenta) bound in the hydrophobic cavity. Residue F90 is labelled. (C)
Minimum distance between the BLP lipids and F90 from simulations with two (left) and three (right) MAC
inhibitors. Results are from three independent simulations. The insert illustrates hydrophobic entanglement of
BLP lipids and three MAC molecules from one of the simulations.

presence of 2 or 3 molecules of the MAC degradation products within 100 ns (Fig. S3), further corroborating our
hypothesis that the binding of these hydrophobic inhibitors does not occlude lipoprotein binding to LolA.

Our results are in contrast to the suggestions in the literature that binding of these molecules inside the hydro-
phobic cavity prevents binding of BLP;'® in other words our simulations show that these molecules are not con-
ventional competitive inhibitors, but instead uncompetitive inhibitor. It is worth noting that a system with two
MAC molecules translates to a concentration of MAC of around 750 ug/ml, which is much higher than its mini-
mum inhibitory concentration (16 ug/ml)', and even at this higher concentration binding of BLP was observed.

Inhibitor molecules reduce BLP interactions with LolA.  To elucidate the mechanism of inhibition of
MAC:s and its degradation products we looked for any structural differences between the LolA-BLP complexes
in the absence and presence of MACs. BLP binding to LolA was found to elicit a larger conformational change
of the latter in the absence of MAC, compared to when MACs were also bound. There was a pronounced tilt of
the {3 sheets, particularly involving strands 33-(36, which allowed the binding site to ‘wrap around’ the BLP lipid
tails (Fig. 3A). We performed principal component analysis and found the motion along the first eigenvector to
involve the (3 sheets tilting towards the position of the BLP lipid tails (Fig. S4). In contrast this conformational
change was absent in the simulations in which MACs were bound in the LolA cavity (Fig. 3C). LolA retained its
original structure throughout in these simulations. This explains the lower RMSD progression from the X-ray
structure in these simulations compared to those in which MAC was absent (Fig. S1).

The conformational change that occurred when BLP alone is bound to LolA resulted in an increased number
of interactions between the BLP lipids and residues in the LolA binding site. Contact analysis using a distance
cutoff of 4 A revealed that in the absence of MACs the BLP lipid tails interacted with more hydrophobic residues
located deep within the binding cavity such as L9, 123, W95 and 1131 (Fig. 3B). On the other hand, when MACs
were present the BLP lipid moieties contacted residues that were mostly found around the opening of the binding
site (Fig. 3D). The results of the conformational and contact analyses together suggest that the MAC-BLP acyl
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Contact

Figure 3. LolA binding site conforms to the shape of BLP lipid. (A) Structural comparison of LolA at the end
of a simulation with zero MAC (cyan) to the crystal structure (grey). The tilt of the 3-sheet is highlighted by the
red arrow and the binding cavity is marked “X”. (B) Contact analysis with a distance cut-oft of 4 A performed
for each residue of LolA with BLP lipid averaged over three simulations. A score of 1 indicates contact made
throughout the entire simulations. Residues that show more contact in simulations with zero MAC compared to
that with three MACs are labelled. (C,D) Same analyses as (A,B), respectively, performed for simulations with 3
MAGCs.

chain entanglement in the LolA binding site restricts conformational changes of LolA that are necessary for BLP
interactions with key hydrophobic residues, and therefore results in shallower and potentially weaker binding.

While the BLP lipid tails occupy the LolA binding site, the BLP helix was found to bind to the outer
solvent-exposed surface of LolA. To understand the conformational dynamics experienced by this helix during
the simulations with and without MACs, we performed cluster analysis using the algorithm of Daura et al.'®. Each
conformation is assigned to a cluster based on an RMSD cutoff of 2 A. The cluster size as well as the representative
structures of the most frequently sampled conformation are shown in Fig. S5. Comparing two independent repeat
simulations for each system we found the BLP helix to show very different dynamics: for example, in one simula-
tion with 3 MACs the helix mostly sampled an elongated conformation, whilst in another simulation it preferred
an L-shape conformation. We note that this suggests that our 100 ns duration simulations may not have converged
vis-a-vis the conformational dynamics of the BLP helix and longer simulations are therefore needed to study the
dynamics of the full BLP protein with LolA, however this is not the focus of the present study.

Inhibitor molecules weaken LolA-BLP binding. To quantify the strength of BLP binding to LolA in the
absence and presence of 2 or 3 MACs, we performed a potential of mean force (PMF) calculation along the dis-
sociation pathway of BLP. Our cluster analysis shows that long-timescale simulations are required to adequately
sample the conformational dynamics of the BLP helix when it binds to the LolA outer surface; we therefore
removed the helix for our PMF calculation to help achieve convergence. We first performed a steered MD simu-
lation to pull the bound BLP lipid into solution (Fig. 4A), and subsequently used snapshots from this simulation
as windows for a series of 100 ns umbrella sampling MD simulations. We achieved adequate sampling along the
reaction coordinate as indicated by the histogram overlap (Fig. S6). PMF profiles constructed from increasing
amount of simulation time suggest that convergence was reached after around 30 ns (Fig. S7).

Our PMF profiles shows that the BLP lipid bound most strongly to LolA when there was no MAC present,
with the free energy of dissociation estimated to be around 45 kT (Fig. 4B). In the presence of two and three
MAC:s these free energy values are reduced to around 40 kT and 37 kT respectively. For the systems with zero
and three MACs, two additional PMF profiles were constructed using independent sets of steered and umbrella
sampling MD from different starting coordinates. Encouragingly we found all three repeats to agree with each
other within statistical errors and point towards the higher binding affinity of BLP lipid in the absence of MAC
inhibitors (Fig. S8). This is concordant with our contact analysis, which shows that in the absence of MACs more
interactions were formed between the BLP lipid moieties and hydrophobic residues in the LolA binding site.
These additional interactions with residues found deep within the binding cavity therefore are crucial for a strong
BLP binding. It is worth noting that even in the presence of MAC inhibitors binding is still likely, albeit weaker,
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Figure 4. Free energy profiles of BLP lipid unbinding from LolA. (A) Snapshots taken from a steered MD
simulation whereby BLP lipid is pulled out from LolA binding site. The reaction coordinate is the distance
between centers of mass of the Sulphur atom on BLP lipid and the protein. (B) PMF profiles for LolA unbinding
from umbrella sampling calculations. Error bars indicate standard deviations estimated from bootstrapping.

given the positive value of the free energy of dissociation. Again, this suggests that MAC and potentially its degra-
dation products are not competitive inhibitors of LolA, but rather reduce the binding affinities of BLP.

Inhibitor molecules diffuse freely across the cell wall. To put our study in the larger context of the
bacterial cell envelope, we then built a system incorporating the outer membrane!® with LolB embedded, a sin-
gle layer of peptidoglycan cell wall**?!, and LolA positioned on the cell wall on the outer membrane side of the
periplasm. Twenty MAC molecules were placed randomly in the solvent at the beginning of the simulation. We
performed three independent 100 ns simulations to study how the MACs behave in the cell envelope environment
and whether they readily bind to either LolA and LolB. Unsurprisingly we found most MACs spontaneously
inserted into the hydrophobic core of the outer membrane (Fig. 5A). We did not observe MAC binding to either
LolA or LolB within the 100 ns timescale of the simulation, which is largely a consequence of the greater distance
between the MACs and the proteins here than in the simulations described above. More crucially several MAC
molecules were observed to diffuse freely across the cell wall (Fig. 5B). This suggests that the inhibitor molecules
can bind LolA even when this protein is located on the inner membrane side of the periplasm.

Discussion

In summary, we have shown that the lipid moieties of BLP binds deep into the hydrophobic cavity of LolA via
non-specific binding modes. The small molecule, MAC13243 and its degradation products readily bind into the
same cavity of LolA. We have shown that BLP lipid tails are able to bind into the cavity even when the cavity is
already occupied by 3 MAC molecules, albeit not as deeply into the cavity as when the small molecules are absent.
Inside the cavity, the BLP tails and MAC molecules become entangled with each other. Interestingly Lol A under-
goes a conformational change when BLP alone binds into the cavity, this provides additional stabilizing interac-
tions between BLP and LolA. Free energy calculations reveal that dissociation of the BLP-inhibitor complex from
LolA is energetically more favorable than dissociation of BLP alone from LolA. Based on these observations we
propose that MAC and its degradation products inhibit LolA by reducing the binding affinity of BLP for LolA. It
has been shown that in the presence of LolB (the protein to which BLP is delivered by LolA), the LolA-BLP com-
plex dissociates, indicating that the affinity of BLP for LolB is higher than its affinity for LolA'!. It is possible that
MAC reduces the LolA-BLP affinity such that the MAC-BLP complex can become dislodged from LolA before
reaching BLP. We would like to state here that while the free energy differences come directly from our simula-
tions, the hypothesis regarding inhibition mechanism is not a conclusion based on our own results, but some
thoughts on the implications of the results, which need further work (experimental and simulation) to confirm.
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Figure 5. Simulation of MAC inhibitors with LolA and LolB. (A) Snapshots taken at the beginning (left) and at
the end (right) of a simulation with LolA (cyan), LolB (green) embedded in an outer membrane model (grey),
cell wall (orange), and 20 MAC molecules (pink). (B) The Z-coordinates of the centers of mass of six different
MACs with respect to that of the cell wall throughout a 100 ns simulation, to highlight the ability of the inhibitor
to diffuse through the cell wall layer.

Methods

The models. The BLP monomer was constructed from the X-ray the structure reported by Shu et al. (PDB:
1EQ. 7)”. The N-terminus was attached to the tripalmitoyl-S-glyceryl-cysteine residue as previously used in our
simulations of BLP and OmpA?!. The structures of LolA and LolB were obtained from the protein database (PDB:
1IWL and 1IWM respectively)!”. The first nine amino acids of LolB were added in using Modeller 9.19?? and
the modelled protein was functionalised with a tripalmitoyl-S-glyceryl-cysteine residue (same lipid moiety as
for BLP). MAC13243 and its degradation products, S-(4-chlorobenzyl) isothiourea and 3,4-dichlorobenzyl car-
bamimidothioate, were parameterised using the Automated Topology Builder (ATB)* with parameters for the
GROMOS 54A7 forcefield. The outer membrane model comprises Ra LPS lipids of the R1 core type**?, in the
upper leaflet, whilst the lower leaflet is composed of the following phospholipids: 90% 1-palmitoyl 2-cis-vaccenic
phosphatidylethanolamine, 5% 1-palmitoyl 2-cis-vaccenic phosphatidylglycerol and 5% 1-palmitoyl 2-cis-vacce-
nic 3-palmitoyl 4-cis-vaccenic diphosphatidylglycerol)**-?. This model of the OM has previously been used and
validated in our simulation studies?**"3%31,

Atomistic MD simulations. All simulations were performed using the GROMACS 2018 code™®, the
GROMOS 54A7 force field with the SPC water model*. Each simulation was run for 100 ns and three inde-
pendent repeats were performed. The temperature was maintained at 310 K using the velocity rescale thermostat
with a time constant of 1 ps**. The pressure was maintained isotropically in simulations that did not contain a
membrane, and semi-isotropically in membrane-containing simulations, at 1 atm using the Parrinello-Rahman
barostat with a time constant of 1 ps*. All bonds were constrained using the LINCS algorithm to allow for an
integration time step of 2 fs*. Long-range electrostatics were described using the particle mesh Ewald method?.
The long-range electrostatic cut-off was 1.4 nm and the short-range van der Waals cut-off was also 1.4nm. All
systems were charge neutral. The LPS molecules were neutralised by Ca?* ions, and the simulation systems con-
tained additional 0.2 M NaCl ions. The trajectories were visualised in VMD?® and analyses were performed using
in-house scripts and GROMACS tools.

PMF calculation. Steered and umbrella sampling MD simulations were performed to generate inputs for the
calculation of PMFs along a reaction coordinate parallel to the BLP dissociation pathway from LolA binding site.
Snapshots at the end of the 100 ns simulations described above were used as starting configurations. For systems
with zero and three MACs three independent sets of steered and umbrella sampling MD simulations were per-
formed starting from three different snapshots from the equilibrium simulations. To aid convergence the BLP
helix was removed in all systems leaving only the lipid moieties in the LolA binding site. A short 1 ns simulation
was performed to re-equilibrate each system. Constant-velocity (0.1 nmns™*) steered MD simulation was per-
formed to pull the BLP lipid away from the binding site along the y-axis using an elastic spring (force constant of
100kJ mol~! nm?) applied to the Sulphur atom on its headgroup. The backbone atoms of LolA was positionally
restrained with a force constant of 1000 kJ mol~! nm? during this simulation. From this trajectory 50 umbrella
sampling windows were then selected based on the distance between the centers of mass of the Sulphur atom and
LolA along the reaction coordinate with a separation of 1 A between windows. For each window a 100 ns simula-
tion was performed with the center of mass of the Sulphur atom restrained in the vector of the reaction coordinate
using a harmonic force constant of 1000kJ mol ™! nm?. No restraint was imposed on LolA. The weighted histogram
analysis method (WHAM)* incorporated in the GROMACS gmx wham tool*® was used to compute the PMF
from the umbrella sampling data. Histogram overlaps were plotted (Fig. S6A), and extra sampling windows were
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performed at missing coordinates to ensure adequate sampling. Integrated autocorrelation time (IACT) was com-
puted for each umbrella sampling window (Fig. S6B); as IACTs computation is potentially inaccurate due to limited
sampling, the IACTs along the reaction coordinate were subsequently smoothed with a Gaussian filter as described
in Hub et al.**. The PMF profiles were then generated by WHAM taking these IACTs into account. Statistical errors
were estimated using bootstrap analysis whereby new random trajectories were generated with data points dis-
tributed according to the given histograms and properly autocorrelated based on the previously computed IACT
values. For each PMF profile, 100 bootstrap trials were performed. To confirm that the PMF has converged within
the 100 ns umbrella sampling simulations, PMF profiles were constructed from increasing amount of simulation
time (Fig. S7). We found in all systems and repeats PMF profiles converged after around 30 ns; the first 30 ns of the
simulations was therefore regarded as equilibration time and excluded from the final PMF calculations.
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