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ABSTRACT
FACULTY OF ENGINEERING AND PHYSICAL SCIENCES
SCHOOL OF CHEMISTRY

Thesis for the degree of Doctor of Philosophy
Molecular Dynamics Simulations of Complex

Bacterial Membranes
by Eilish McBurnie

Bacterial envelopes are a frontier that must be faced by all products that come
into contact with them, including antibiotics, antiseptics and host defences.
Many antimicrobials exploit features of the bacterial envelope in order to
inhibit bacterial growth or cause cell death whilst the immune system
recognises bacterial cell envelope patterns in order to mount an appropriate
response. Given this, and the ever-growing concerns around antimicrobial
resistance, it is vital that the mechanisms involved are well understood. This
work used atomistic and coarse-grained molecular dynamics simulations to
better understand the relationship between bacterial membranes and
antimicrobials. The first chapter explored many of the aspects of the mode of
action of membrane penetrating antibiotic, daptomycin. This investigated the
relationship between daptomycin and calcium ions in addition to its
dependence on phosphatidylglycerol. The second chapter of this work aimed to
understand the mode of action of the membrane active antiseptic,
chlorhexidine, on the Staphylococcus aureus membrane. The third chapter
aimed to compare the differences of simulating chlorhexidine with the S. aureus
membrane using different force fields. The final chapter focused on coarse-
grain simulations of thrombin-derived C-terminal peptides (TCPs) with bacterial
envelope products. This work aimed to support experimental work that had
showed the co-aggregation of TCPs in the presence of bacterial envelope

products as a mechanism to avoid host immune overreaction.
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Chapter 1 - Introduction

This chapter provides an introduction to the background biology that
constitutes the foundations and motivations of the original research presented
later in the thesis.

1.1 Bacterial Cells
Prokaryotes are unicellular organisms that do not traditionally have any

membrane bound organelles. An organelle is any subunit within the cell that
performs a specialised function, such as the nucleus or ribosomes in eukaryotic
cells. Prokaryotes are divided into two groups, bacteria, the focus of this work,
and Archaea. Bacterial cells come in a range of shapes, or morphologies, as

shown schematically in Figure 1.1.

Coccus Diplococci Staphylococci
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Figure 1.1: Simplified examples of bacterial morphology”.

Bacteria are broadly divided into two categories, Gram-negative and Gram-
positive. This terminology comes from the differences in the way they respond
to a stain known as Gram’s stain. Gram-positive bacteria become stained violet
when treated with the stain, whereas Gram-negative bacteria do not’. These

differences arise due to the architecture of their respective cell envelopes.
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1.2 Bacterial Cell Envelopes

1.2.1 Gram-negative Bacterial Cell Envelopes
The Gram-negative envelope is comprised of an inner membrane (IM), an outer

membrane (OM) and an aqueous region known as the periplasm, which
contains a cell wall of composed peptidoglycan® (Figure 1.2). The precise
number of layers of the cell wall differs between species of Gram-negative
bacteria.

Beginning from the outside of the cell inwards, the first layer met is the OM.
The OM is a lipid bilayer but notably not a pure phospholipid bilayer; rather only
the inner leaflet of the OM contains phospholipids. The OM outer leaflet is
made of glycolipids, specifically lipopolysaccharides (LPS) that protrude far from
the core of the OM, from 40-100 nm with this length dependent on species®.
LPS provides much of the protective aspects of the OM as it is a formidable
barrier, which antibiotics and antiseptics must either disrupt or negotiate to
gain access to the interior of the cell®. A large number of transmembrane
proteins inhabit the OM. They can be broadly categorised into lipoproteins and

beta barrel proteins such as the porins”.
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Figure 1.2: Schematic showing some of the key features of the Gram-negative

cell envelope.
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The peptidoglycan cell wall of Gram-negative bacteria acts as an exoskeleton
providing protection and structure to the cell. Peptidoglycan is composed of
repeating disaccharide N-acetyl glucosamine-N-actyl muramic acid units, which
are cross-linked by pentapeptide side chains®. The OM is attached to the
underlying peptidoglycan by a lipoprotein known as Braun’s lipoprotein (Lpp or
BLP)’. Comparatively, the IM is relatively simple in composition. It contains
phospholipids in both membranes although it has recently been shown that the
two leaflets are not identical in composition®. The proteins embedded in the IM
are based on a helical architecture (either a single helix or multiple helices
connected by loops or short turns). The lipids within the IM vary between
species of Gram-negative bacteria’.

1.2.2 Gram-positive Bacterial Cell Envelopes

The Gram-positive cell envelope is distinct in several ways from the Gram-
negative envelope, Figure 1.3. Importantly, Gram-positive bacteria lack an OM.

Lipoteichoic Acid

Phospholipid

Efflux Membrane

Pump
Transmembrane Proteins

Figure 1.3: Schematic showing some of the key features of the Gram-positive

cell envelope.
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In order to account for the loss in protection and structure from not having an
OM, Gram-positive bacteria have a thicker peptidoglycan cell wall. Whilst the
compositions of cell walls between bacterial types are similar, Gram-negative
bacteria tend to only have a few layers of peptidoglycan whilst the Gram-
positive cell wall can be 30-100 nm thick with many layers®. Threading through
these layers of peptidoglycan are long anionic polymers called teichoic acids
that are largely made of glycerol phosphate, glucosyl phosphate or ribotol
phosphate units. Lipoteichoic acid (LTA) is an important teichoic acid,
particularly in regards to the immune system recognising Gram-positive
infections, and is attached to the phosphates heads of the lipid within the
bilayer™. The lipid composition of the Gram-positive membrane is similar to the
Gram-negative IM. It is a symmetrical membrane composed of phospholipids

that again vary between species of Gram-positive bacteria™'.

There are many examples of Gram-positive bacteria; one of the most studied

and the focus of a great deal of this work is Staphylococcus aureus.

1.3 Staphylococcus aureus
S. aureus is a very common and well understood Gram-positive bacterium and

so was used for this work. Whilst S. aureus is a commensal bacterium, with an
estimated 30% of the population hosting reservoirs, most of which will not
experience an infection, in certain circumstances it can cause serious illness™.
Whilst its presence is most common in the nares, it is also commonly found in
broken skin, pharynx, vagina as well as catheters'?. Due to this diversity of
possible locations in a host and the variety of pathogenic mechanisms, S. aureus
can cause illnesses ranging from relatively mild ailments such as impetigo and
cellulitis to extremely virulent conditions including toxic shock syndrome,
endocarditis and bacteraemia, particularly catheter related infections™*.
Whilst the more mild conditions are usually easily treated by less specialised
antibiotics, bacteraemia and endocarditis are increasingly being treated with

daptomycin due to the rise of MRSA and the growing knowledge of the
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limitations and tendency for staphylococcal resistance of late stage antibiotics

such as vancomycin™ ">,

Due to the range and concern of infections caused by S. aureus, its membrane
must be well understood and has been extensively studied. S. aureus is a Gram-
positive, non-motile cocci bacterium. As with all other Gram-positive bacteria,
the cell envelope structure consists of a single lipid membrane with an outer
thick peptidoglycan (cell wall) tethered to the membrane by diacylglycerol®.
Beyond the single membrane, a 20-80 nm thick peptidoglycan wall surrounds it.
For comparison, the Gram-negative wall is usually a monolayer ranging between
5-10 nm. The cell wall contains covalently bonded cell wall polymers such as
teichoic acid. Teichoic acid is understood to be important to cell shape, division

and needed for beta-lactam resistant MRSA?®Y.

In regards to the cell
membrane, other components include protein A, which is integral to S. aureus
cell signalling and again cell attachment, as well as alpha-hemolysin channels®®.
These channels are embedded within the cell membrane and form spontaneous
ion channels, within freestanding bilayer lipid membranes, which allow cells to

have a resting membrane potential®®.

This work in this thesis focused on how the antimicrobials interacted with the
cell membrane and did not include the cell wall. Focusing on S. aureus, the
membrane is made up of phosphatidylglycerol (PG),
diphosphatidlyglycerol/cardiolipin (DPG) and lysl-phosphatidylglycerol (Lysl-
PG)?°. Notably, LPG is unique to S. aureus and is positively charged unlike the
negatively charged PG and DPG or neutral lipids found in other Gram-positive
bacterial membranes such as phosphatidylcholine, (PC). This is thought to aid S.
aureus to be resistant to membrane disrupting properties of cationic

14,21

antimicrobials™“". The structures of PG, Lys-PG and DPG are shown in Figure

1.4.
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Figure 1.4: S. aureus lipids A) PG B) Lysl-PG and C) DPG.

1.4 Antibiotics
Due to the broad spectrum of infections caused not only by S. aureus but also

other Gram-positive and Gram-negative bacteria, antibiotics are a corner stone
of modern medicine. Antibiotics are generally classified based upon their
mechanism of action with antibiotics aimed at a plethora of bacterial cell
targets. The main classes of antibiotics and some examples of each will be
discussed below??.

1.4.1 Inhibitors of Protein Biosynthesis

Firstly, some antibiotics target protein biosynthesis. Protein biosynthesis in
bacteria are controlled by the 70s ribosome which is comprised of two
ribonucleoprotein subunits, 30S and 50S. Antimicrobials inhibit protein
biosynthesis by targeting the 30S subunit, such as tetracycline, or the 50S
subunit, such as macrolides, of the bacterial ribosome?®. This activity stops the
bacterial cell from being able to produce proteins essential to its function and

replication.
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1.4.2 Inhibitors of DNA/RNA Replication
Antibiotics can also directly inhibit DNA. Quinolones inhibit bacterial DNA

gyrase, which is an enzyme important for the formation of properly replicated
protein and therefore stops bacteria from replicating®. Similarly, drugs such as
rifampin, which inhibits RNA polymerase, can target RNA synthesis therefore
stopping the protein biosynthesis in a different manner?. An additional class of
antibiotics include folic acid metabolism inhibitors with drugs such as the
sulphonamides (e.g. trimethoprim). Sulphonamides inhibit an early part of folic
acid metabolism dihydropteroate synthase whilst trimethoprim inhibits
dihydrofolate reductase, a later component of folic acid metabolism?’. Folic
acid is necessary for bacteria to synthesize the nucleic acids needed for their
DNA%,

1.4.3 Antibiotics Targeting Cell Walls

A major class of antibiotics are those that target the bacterial envelope. As
discussed, peptidoglycan is a vital structural component of both Gram-negative
and Gram-positive bacterial cell walls. Beta-lactam and glycopeptides both
inhibit cell wall synthesis. The glycan strands of peptidoglycan are cross-linked
by transglycosidases, and the peptide chains extend from the sugars in the
polymers and form cross-links, one peptide to another. The D-alanyl-alanine
portion of peptide chain is cross linked by glycine residues in the presence of
penicillin binding proteins (PBPs)?. It has been suggested that the beta-lactam
ring mimics the D-alanyl D-alanine portion of peptide chain that is normally
bound by PBPs. The PBP interacting with the beta-lactam ring means it cannot
synthesise new peptidoglycan causing the lysis of the bacterial cell®. Similarly,
glycopeptides bind to the D-alanyl D-alanine section of the peptide side chain of
the precursor peptidoglycan subunit whilst vancomycin averts binding of this D-
alanyl subunit with PBPs and therefore also inhibits cell wall synthesis>'. The
chemical structures of the antibiotics from the classes discussed this far are

shown in Figure 1.5.
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Figure 1.5: Chemical structures of examples of antibiotics from the classes
discussed.

1.4.4 Antibiotics Targeting Phospholipid Membranes

The final class of antibiotics are those that target the cell membrane including
polymyxin. Polymyxin binds to LPS in Gram-negative bacteria and disrupts both
inner and outer membranes causing damage to the cell and eventual cell
death®. Whilst polymyxin is effective against Gram-negative bacteria,
daptomycin is a last resort antibiotic that targets the Gram-positive
membrane®. Much of the mode of action and behaviours of daptomycin are
debated and not well understood, and therefore the first chapter of this work
studies this antibiotic. The chemical structures of a polymyxin antibiotic

(colistin) and daptomycin are shown in Figure 1.6.
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Figure 1.6: Chemical structures of polymyxin class antibiotic (colistin) and
daptomycin.

Furthermore, host immune system components have been found to target
phospholipid membranes. Thrombin is an enzyme produced upon injury to the
skin which helps coagulation of red blood cells to help seal the wound**.
However beyond this role, thrombin is also proteolysed by human neutrophil
elastase into thrombin-derived C-terminal peptides (TCPs) of differing sizes>>.
TCPs are found in wound fluids and have been shown to have antiendotoxic and
antimicrobial functions, including smaller TCPs having the capacity to
permeablise liposomes®. Whilst some TCPs display antimicrobial behaviour,
their immunomodulatory functions are studied in the final chapter of this

thesis.

1.5 Antiseptics
Antibiotics are often the focus of research aimed at combatting bacterial

infections, with particular emphasis on developing and understanding new and
existing drug options. This is driven by the development of bacterial resistance
to existing antibiotics. However, the integral role of antiseptics as a
preventative, first line of defence against bacteria should not be overlooked®’.
While antibiotics work to end active bacterial infections, antiseptics are used to
prevent an infection occurring in the first place, and as the adage goes
‘prevention is better than cure’ (although of course not always possible).
Antiseptics stop or slow the growth of microorganisms. They are customarily
used in hospital settings to prevent an infection by being applied on skin prior

to surgery, wounds, surgical instruments and hands. Furthermore, antiseptics
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can be used topically on skin infections, disinfect mucous membranes and treat

throat and mouth infections>®.

There is a wide range of broad-spectrum antiseptics available, each with a
distinct mechanism of action and targets. They often work by disrupting the
cellular membrane, once again highlighting the importance of improving
molecular-level understanding of the bacterial cell envelope®. The following
antiseptics are amongst the most commonly used and will be discussed to give a
grounding of the background of antiseptics focusing on those that act upon the
cell membrane. Firstly, hydrogen peroxide is a common ‘at home’ prevention
against infection due to its broad spectrum, affordability and rapid onset.
Hydrogen peroxide forms extremely reactive free radicals that target and
oxidise cellular machineries including membrane Iipids40. However, it is not as
effective against Gram-negative bacteria as it is against Gram-positive bacteria -
requiring higher concentrations and longer exposure to kill the former as well as
bacterial spores, fungi and viruses*’. Furthermore, benzalkonium chloride is a
cationic surfactant that acts by irrevocably binding to membrane phospholipids
and proteins*’. Although bactericidal against both Gram-positive and Gram-
negative bacteria, it has limited affectivity against fungi, viruses and

mycobacteria.

In addition, povidone-iodine works by oxidizing membrane lipids. It is effective
against a broad spectrum of antimicrobials including bacterial spores, viruses,
protozoa and fungi*’.. Moreover, isopropyl alcohol is a hydrophilic alcohol that
denatures proteins and destroys the bacterial membrane®. Whilst having
minimal residual activity and least broad spectrum, it works extremely quickly
and is often used in conjunction with other antiseptics such as povidone-iodine
and chlorhexidine®*. The chemical structures of the antiseptics discussed are

shown in Figure 1.7.
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Figure 1.7: Chemical structures of the antiseptics discussed.

Chlorhexidine is one of the most popular antiseptics used and therefore the
focus of this work. Notably, chlorhexidine is extensively used in surgery and
dentistry, particularly in mouthwash to treat gingivitis and prevent mouth
infections™. It is particularly popular as it has a broad spectrum, targeting Gram-
negative and Gram-positive bacteria in addition to some fungi and amoeba®. It
is effective quickly, and, unlike the other antiseptics listed, has continued action
after being wiped away from skin by remaining bound to the outer layer of the
epidermis*’. This makes it preferable to the narrower target spectrum of
benzalkonium chloride and the short-lived activity of povidone-iodine®®. Based
on the benefits of chlorhexidine over other antiseptics this was the antiseptic

used for focus of this work.

In medical use since the 1950s, chlorhexidine is one of the safest and most

effectual medicines as determined by the World Health Organization’s List of
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Essential medicines™'. Chlorhexidine is used in several different manners. Firstly,
chlorhexidine is used in the same manner as previously described for
antiseptics, with evidence that it is more effective than similar antiseptics such
as povidone-iodine. Chlorhexidine has low incidences of adverse reactions and
is an inexpensive medicine, making it popular for several other uses®.
Chlorhexidine is frequently used to treat the umbilical cord of infants™.
Chlorhexidine has been found to reduce occurrences of umbilical cord
inflammation by 50% and neonatal mortality by 12%"*. Finally, chlorhexidine
eye drops can be used in the treatment of Acanthamoeba keratitis*. As well, as
with isopropyl alcohol, chlorhexidine is often used with surfactants and
particularly with gluconate to improve the efficacy of the medicine®. The
frequency of use and importance of chlorhexidine made it the focus of a great

deal of this work.

1.6 Mechanisms of Bacterial Resistance to Antibiotics
Antibiotics are an extremely important aspect of modern medicine and as a

society we are reliant upon them. However, bacteria are becoming increasingly
resistant to a wide range of antibiotics with the World Health Organisation
estimating 700,000 people die each year due to drug-resistant bacterial
infections with the potential for this number to raise to 10 million by 2050°".
Bacteria have developed different ways to become resistant to antibiotics with
some of the major mechanisms discussed below.

1.6.1 Efflux Pumps

Bacteria have proteins within the membrane capable of exporting antibiotics
from the cell. These proteins are called efflux pumps>%. These pumps within the
cytoplasmic membrane allow for bacteria to drive antibiotics out of the cell as
quickly as they enter’’. Efflux pumps tend to be able to transport various
antibiotics, including macrolides and tetracyclines, and therefore are a large
contributor of multidrug resistant organisms>>.

1.6.2 Modification of Target Molecules

Bacteria have natural variations in the target sites of antibiotics and as

antibiotics are usually very specific this has become a pathway for antibiotic
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resistance to develop. This can include alteration to the 30S or 50S subunit
meaning drugs targeting the ribosome are ineffective>*. Furthermore, alteration
to PBP occurs often in Gram-positive bacteria and is a technique used by S.
aureus.

1.6.3 Antibiotic Inactivation

Bacteria are able to inactivate antibiotics by producing enzymes that modify
them, with one major example being beta-lactamases®. These are able to
hydrolyse most beta-lactams that have ester and amide bonds such as
penicillin??. Beta-lactamases are a defence produced by Gram-negative bacteria

such as Escherichia coli and Klebsiella pneumoniae®”.

1.7 Aims
The above described biology and biochemistry demonstrates the importance of

the bacterial cell envelope components in protecting bacteria from harmful
substances such as antibiotics and antiseptics. Conversely from the human,
animal and healthcare perspective, it is important that we understand how to
make antibiotics and antiseptics that do more damage to pathogenic bacteria.
In order to do this, we must first understand how existing therapeutics work
against their target bacteria. It is also important to understand how hosts react
to bacterial infections and how this is managed in a robust manner without
causing a detrimental immune overreaction. Better understanding of the
immune response to a bacterial infection could improve the outcome for those
with severe bacterial infections. In respect to the duality of how antibiotics and
antiseptics interact with bacteria and how host immune mechanisms interact
with bacterial infections the aims of my work were as follows:
* Chapter 2 aimed to give an outline of the theory of molecular dynamics
and simulation techniques.
* Chapter 3 aimed to ascertain the mode of action of daptomycin on
membranes and its relationship with calcium ions.
* Chapter 4 intended to understand the behaviour of chlorhexidine in

solvent with different salts and with the S. aureus membrane.
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Chapter 5 aimed to compare the effect of using different force fields
when simulating chlorhexidine with the S. aureus membrane.
Chapter 6 was designed to try and understand how bacterial envelope

components are recognised by host defences.
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Chapter 2 - Computational Methods

2.1 Molecular Dynamics
Currently, studying the conformational dynamics of biological molecules, such

as biological membranes and their associated proteins, with atomistic or near-
atomistic detail using experimental techniques is not a viable method. Due to
the need for this level of accuracy to further understanding of biological
guestions, computational methods are becoming increasingly used. Molecular
dynamics (MD) simulations are a common way of studying biological molecules
over time on an atomistic level and with computational power growing MD is

being employed frequently.

Classical simulations use statistical mechanics to understand the macroscopic
behaviours and characteristics of a biological system or molecule by focusing on
the thousands of atoms in a simulation. A computational simulation must use
realistic conditions for the given system to be realistic and accurate in
accordance with experimental conditions, in regards to considerations such as
temperature and pressure. In addition to MD simulations, Monte Carlo is
another computational method, which is not time-dependent like MD. MD is

the only method used in this work.

MD utilises Newton’s second law of motion to calculate the motion and position
of all atoms in the system over time. MD simulations require a force field to be
applied that holds all the details of the atom-atom interactions that are then

used to calculate the negative gradient (-Vi ) of the potential energy of the

system (Esystem). Calculating this for all of the atoms within the system gives the

force exerted on the system (F;), Equation 2.1.

Fi=- VEsystem

Equation 2.1
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When the force is calculated and mass of each particle in the system (m;) is
known, Newton’s second law of motion can be used to calculate the
acceleration of the particles (a;), Equation 2.2, and this concept is used to

determine the dynamic behaviour of every atom in the system.
F,-=m,- a;

Equation 2.2

Combining these two equations gives the updated coordinate (r;) of the atoms.
This can then be used to calculate the potential energy of the system over the

simulation time (t), Equation 2.3.

system = 62’;
or Lot
Equation 2.3

The following flowchart, Figure 2.1, displays the basic MD simulation protocol to
calculate a finishing point from using the previous equations to determine

potential energy and the motion of the atoms.
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The initial velocities and structures
were provided.

The potential energy (PE)
was calculated by applying
a force field.

Calculate the force on the
atoms using PE.

Repeat the process as
many times as required.

The acceleration of each
atom was calculated using

The position and W
atom was updated based on the

time-step (t =t + At)

Figure 2.1: Diagram showing the basic method of MD simulations.
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2.2 The Integrator

Usually, the force acting on each particle is dependent upon its position relative to
other particles. This in conjunction with the nature of the motion of the particle gives
rise to a complex problem meaning the equations of motion cannot be solved
analytically. This means integrators are used to integrate the equations of motion
numerically. Integration algorithms employ Taylor series expansions to estimate new
atomic positions, velocities and accelerations as each time step passes. Integrators
work by using the acceleration from the previous time-step from the force of an atom,
the initial position and velocity at time t to determine these parameters at the next
time step, t + 6t. Whilst the position and velocity is updated with each time step, the
force remains the same. The main algorithms used in MD are the leap-frog and Verlet

58,59

algorithm>>", The leap-frog algorithm was used in this work.

2.2.1 Leap-frog Algorithm
The leap-frog algorithm works by initially calculating the velocities v at time step

(t+1/26t) from the first velocity at half time step (t-1/26t) and acceleration a at
time step t, shown in Equation 2.4. The positions, r, are determined at (t+6t)
using the velocity calculated in Equation 2.5. The positions are updated by
leaping over the velocity to give their new values at time step (t+6t). Finally the
velocity can be again determined at time step (t+3/26t) repeating until the

simulation has completed.

v(t+%:6t) = v(t-2:6t) + 6t[a(t)]

Equation 2.4

r(t+6t)=r(t)+6t[v(t+%6t)]

Equation 2.5
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2.2.3 The Time-step
The regularity of which the potential energy of the systems is recalculated to

acquire the new velocity and acceleration to update the atom positions is
determined by the time-step. The atomistic simulations in this work used a time
step of 2 fs meaning that the positions are updated this often as per the MD
protocol previously described. In order to do this, hydrogen-containing bonds
are constrained using the LINCS option within GROMACS®®. Choosing the
appropriate time-step is vital, if it is too small the simulation will be very
computationally expensive then the trajectory will only cover a very small
proportion of the run; if it is too large the atoms can move too far before the
next time-step meaning there is a high energy overlap between atoms. This
latter scenario could cause the system to explode due to the instability of these
high energies. Therefore, selecting a time-step must be computationally
efficient and allow for the phase space to be covered properly so any collisions
can happen well. A larger time-step of 20 fs was used for the coarse-grained

(CG) simulations.

2.3 Energy Minimisation
Energy minimisation is a standard and important protocol to ensure the system

is at the lowest local potential energy possible prior to the simulation beginning.
There are several methods however this work uses the steepest descent
method to find a local minimum by gradually altering the atom coordinates to
remove overlapping atoms from the system setup. This process removes large
forces and allows for the system to be a in a more stable energetic state. The
steepest descent method uses the force of the initial structure position of the
system to take a step down the negative gradient, down the energy pathway of
the system. This is repeated until a local minimum is found and stops. This
change from one step to the next and is continued until the maximum potential
energy of the system is less than the tolerance value or the iteration number is

reached.
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2.4 Thermodynamic Ensembles
MD simulations use several different types of ensembles, some of which are:

- Microcanonical-fixed (NVE)

- Canonical-fixed (NVT)

- Isothermal-isobaric-fixed (NPT)
Where N is fixed atom number, V is fixed volume, E is fixed energy, P is fixed
pressure and T is fixed temperature. Whilst NVT is commonly used, NPT is the
most commonly used in MD as it is most accurate to in vivo conditions. This
work was thus run in an NPT ensemble.
2.4.1 Temperature & Pressure Coupling
Within the NPT ensemble, the temperature and pressure must remain constant.
Depending on the stage and goals of the simulation, there are various
thermostats and barostats that can be used.
2.4.2 Thermostats
The Berendsen thermostat is efficient to ease the system to a goal temperature
by using a weak-coupling scheme. It is commonly used for equilibration as
temperature fluctuation during this stage is larger meaning the weak-coupling
scheme allows this greater fluctuation of the system®’. Often, for the MD run
the Nosé-Hoover thermostat is used as it gives a better range of dispersal of the
temperatures and provides the right ensemble®.
2.4.3 Barostats
The Berendsen barostat works similarly to the Berendsen thermostat in that it
works with a weak-coupling scheme®. However, this work uses the Parrinello-
Rahman barostat which works similarly to the Nosé-Hoover thermostat in that it
gives the correct ensemble for the simulation by using a strong pressure

coupling scheme®*®*.

2.5 Periodic Boundary Conditions
Unless the simulation has clusters of atoms or molecules with a well-defined

number of constituents, the numbers of particles used to stimulate bulk
properties of macroscopic system is essential. Therefore for very large systems,

like membranes, periodic boundary conditions (PBC) are used, unless one is
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interested in surface effects. This is due to molecules on the surface facing
different forces to molecules in the centre of the simulation. Using PBC implies
that particles are enclosed within a box that is replicated to infinity by rigid
translation in all three Cartesian directions thereby completely filling the space.
By surrounding the box with replicas, surface atoms are no longer an issue.
Therefore as a particle moves out of the simulation box, an image particle
moves into its place. The number of particles in the central box remains
constant. Figure 2.2 depicts the method of PBC. PBC only works if the box shape
can tile perfectly into a 3D crystal so whilst spheres, droplets and irregular
shapes cannot be used; cubes/cuboids are commonly used, as they are the
simplest to build and have been used in these simulations. However other
shapes such as truncated octahedrons or rhombic dodecahedrons can be used

to reduce the computational expense of excess water.

-

>

Figure 2.2: Schematic of a simulation system to which PBCs have been applied.
The yellow box is the initial simulation system whilst all the other boxes are the
periodic images of the system. Particles leaving the top and right-hand side of

the box will reappear on the bottom and left-hand side of the box respectively.

2.6 Force fields
Force fields define the parameters used to calculate the potential energy of a

system. These parameters include the calculations for bonded interactions,

non-bonded interactions and electrostatics. These parameters must come from
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experimental data or quantum mechanics calculations or a combination of
these.

2.6.1 Bonded Interactions
Potential energy of a system is the sum of bonded and non-bonded interactions,

Equation 2.6.

V=2 bonded + > non-bonded

Equation 2.6

Bonded interactions apply to the stretching of bonds, bond angle distortion,
improper dihedrals, Figure 2.3, and bond torsional rotation, Equation 2.7, and
are the sum of all the bonded pairs of atoms. These are modeled using
harmonic potentials and the shape of the harmonic well is defined by K, K3, and
Ko. ro, 0o and @, are three equilibrium values for bonds, angles and improper
dihedrals. These values come from the force field parameters. Whilst the proper
dihedrals are the rotation of a bond between two neighbouring bonds therefore
are described by the cosine potential, as rotations of the dihedral angles are
periodic. Within equation 5, K, signifies the heights of the energetic barrier,

whilst n is the multiplicity per 360° and o is the value of dihedral at zero.

Eponded = ZKr (ras —fo)z"'ZKf) (845 — F0) +ZK@ (O-0,) +ZKx[1 + cos)ny —0o)]

bonds angles improper proper

Equation 2.7
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Figure 2.3: Harmonic potential used to model bond stretching, bond angles and

improper dihedrals, K. and Kg, are the equilibrium values for different bonds and

angles.
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Non-bonded interactions are made up of Lennard Jones (LJ) repulsion and

dispersion (Van der Waals), Figure 2.4, and Coulomb’s electrostatics, Figure 2.5.

Repulsion

>

Interatomic Potential Energy (V;)

Attraction

12 6
minjj _ min,jj

N
v

Interatomic Distance (r;)

R

min’ ij

Q@ Rin: At the U potential minimum

Figure 2.4: The Lennard-Jones potential to model the Van der Waals

interactions. The g; term describes the shape of the curve, the depth of the

well. Ryin is the distance between two adjacent atoms at LJ potential minimum.
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Figure 2.5: The electrostatic potential to model the point charges.
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As for the non-bonded interactions, the two terms, van der Waals and
electrostatics are defined using LJ potentials and Coulomb’s Law, Equation 2.8,
with each part of the equation representing each respectively. The 6" order of
the L potential defines the attractive forces between two adjacent atoms and
come from the instantaneous-induced dipoles interaction. Whilst the 12" order
term is the repulsive forces between two atoms when they move too close and
the overlap of the electron density of these atoms become unfavourable
energetically. The shape and depth of the well are described by g; whilst Rpin is
the distance between two adjacent atoms at LJ potential minimum. In regards
to Coulomb’s law, rj; is the distance between two atoms j and j, gig; is the charge

of these atoms and finally €, is the relative permittivity of the medium.

Rmin,ij ]12 Rmin,ij 6 ] qiq; }
Enon-bonded = z { Ejj [( ) -\ T\
rij rij rijEr
Pairs(ij)
Equation 2.8

2.7 Cut-offs and Electrostatics

2.7.1 The Distance Cut-off
To minimise the computational expense of a simulation, a distance cut-off is

used for calculating the non-bonded interactions. This means that only
interactions between atoms/beads that fall within this range are calculated
rather than all of them. It has been observed that movement between adjacent
atoms/beads within the cut-off do not change much over approximately 10
time-steps meaning it is still accurate to use this cut-off system. In addition, the
distance cut-off avoid the atoms/beads interacting with itself across the
periodic boundary thus the cut-off cannot be more than half the length of the
cell. Cut-offs are used for electrostatics such as Van der Waals interactions and
long-range dispersion. Cut-offs vary between AA and CG models and between

force fields.
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2.7.2 Long-range Dispersion Correction and The Smooth Particle Mesh Ewald
(PME)
Firstly, the long-range dispersion correction is used to treat Van der Waals

interactions outside its cut-off. Electrostatic interactions beyond the
electrostatic cut-off use the PME method, which is based on the Ewald
summation. The Ewald summation was commonly used in MD however this
became a computationally expensive approach due to the increasing number of
atoms involved in simulations. The PME method is one of the most popular fast
Ewald methods due to its ease of application. PME combines the Ewald
summation with a fast computation method called fast Fourier transforms. The
standard Ewald method calculation of the reciprocal energy is the most
intensive aspect in the evaluation of the long-range electrostatic correction.
This calculation scales roughly to N, where N is the number of particles. The
calculation is significantly quicker using the PME method and approximately

scales to NlogN®>®°,

2.8 Simulation Resolution
There are various levels of resolution at which simulations can be conducted.

CHARMM is an all atom (AA) force field meaning every atom is explicitly
represented by a point. GROMOS is a united atom (UA) force field meaning
aliphatic hydrogens are not represented. This allows for a computational speed
up of the simulations. This work uses the several different force fields including
a comparative study between the GROMOS and CHARMM force fields®”®%. A
further speed up can be achieved by reducing the resolution of the models
further. These are called coarse-grained (CG) models. CG models group together
single atoms into one larger bead. The mapping of AA models to CG models and
grouping of atoms varies between CG force fields; with some, beads may only

represent a few atoms, and in others, a bead can represent e.g. a tertiary

domain of a protein.
Coarse-grained MD simulations can see a speed up of orders of magnitude due

to the fewer particles to calculate the positions of and a simpler energy

landscape allowing for a large step (20 fs) to be taken compared to 1-2 fs for AA
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and UA simulations. The CG portion of this work used the Martini force field
where four heavy atoms are typically mapped to one CG particle®®’°. Whilst
Martini simulations have increased computational efficiency, limitations of the
force field include; poor performance for solid or gas phase simulations and
Martini has no diregctional hydrogen bonding meaning preotein secondary

71,72
d

structure cannot be maintaine . A comparison of PC in UA versus CG is

shown in Figure 2.6.

Chemical Structure PC
(0]

NN NN N i
b

UA PC CG PC

Figure 2.6: Chemical structure of PC with schematic comparing UA PC and CG
PC below.
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Chapter 3 — Structure and Membrane
Interactions of the Antibiotic
Daptomycin

3.1 Introduction

Daptomycin is a calcium-dependent cyclic lipopeptide, which is only active
against Gram-positive bacteria. It was isolated in the 1980s from Streptomyces

roseosporus, a Gram-positive soil actinomycete’>”*,

Daptomycin was not
approved for use as an antibiotic until 2003 due to side effects of the drug, but
was eventually approved due to the need for novel antibiotics in the wake of
increases in antibiotic resistance to other drugs’>. Due to this daptomycin has
been designated as a last resort antibiotic, amongst others such as vancomycin,
for infections that cannot otherwise be treated successfully with standard
antibiotics’®. Specifically, daptomycin is used to treat Gram-positive infections
caused by S. aureus, particularly methicillin-resistant strains (MRSA)”’. Although
other cyclic lipopeptide antibiotics have been the discovered and developed,
daptomycin is still the only one approved for clinical use. Despite the clear
importance of daptomycin, the mode of action of the drug is not clearly
understood and is much debated clinically. Improving the understanding of
daptomycin would help pave the way for development of new novel antibiotics
of the same class as daptomycin.

Daptomycin is comprised of 13 amino acids, of which 10 are arranged in a cyclic
structure, and a decanoyl fatty acid tail, Figure 3.1’%. The cyclic area of
daptomycin has numerous noncanonical and D-amino acids, two of which have
been shown to be crucial to the mode of action of daptomycin — kynurenine and
3-methlyglutamic acid. Modifications of these amino acids cause a 5 times
increase to the minimum inhibitory concentration of daptomycin’®. Unusually
compared to other lipopeptides, daptomycin has a -3 e charge at pH 7%°. The
mode of action of daptomycin is therefore thought to largely dependent on Ca**
ions®'. Daptomycin-calcium complexes tend to form at a ratio of 2 daptomycin

molecules to three Ca** ions®. This complex formation is believed to allow
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daptomycin to better interact with negatively charged bacterial membrane
lipids, in particular PG, due to the functional change in charge of daptomycin.
Some studies have found that binding with PG causes a second conformational
change to daptomycin allowing membrane insertion and causing it to form its
final active conformation®’. However, other research has conflicted with these
findings and suggests that daptomycin may not undergo a conformational
change upon binding with Ca®* with only two conformational states being free
and membrane-bound®. Therefore further research is required to understand if

daptomycin is required to be bound to Ca** for its mode of action to work.
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Figure 3.1: Daptomycin structure, A) chemical structure and B) amino acid

sequence®.
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Daptomycin has been found to form micelles triggered by the presence of Ca®*
ions, which are suggested by some studies to be important to the mode of
action of daptomycin®. The exact number of daptomycin molecules that form a
micelle is heavily debated with some studies suggesting a micelle forms with 6-7
monomers but others suggesting around 12-15 monomers constitute a

daptomycin micelle®"#*#.

In addition to discrepancies with exact micelle size, there is also debate around
the exact conformation of a daptomycin molecule bound to Ca** ions and
indeed whether a conformational change occurs. Current NMR structures of
daptomycin do not show the precise location of any calcium ions. However, a
similar cyclic lipopetide antibiotic to daptomycin and derivative of amphomycin,
namely tsushimycin, has also been shown to have a dependence on calcium
ions as is the case with many lipopeptide antibiotics®. Whilst this antibiotic has
a similar acyl tail and ten amino acid ring structure, the amino acids within the
cyclic region are distinct from daptomycin as shown in Figure 3.2%. In a study
aiming to find the relationship between tsushimycin and calcium ions, the drug
was crystallised and its structure determined to 1 A resolution®. The structure
of the cyclic loop of tsushimycin was stabilised by a Ca®" ion and suggests the
reason for the Ca®* dependence of the antibiotic class. The calcium ion was
coordinated by negatively charged aspartic acid (Asp5 and Asp7) therefore

changing the conformation of the peptide core of tsushimycin.

Calcium ions were also found to ‘cross-link” tsushimycin monomers, forming
dimers, which could suggest that calcium ions could be important for
aggregation of antibiotics of this class. However, this could be an artefact of the
crystallographic environment. Whilst tsushimycin is distinct from daptomycin,
the similarities between it, daptomycin and other antibiotics of their class may
suggest daptomycin interacts with calcium ions in a similar way. The interaction
between tsushimycin and calcium ions acted as guide in this work for how

daptomycin may coordinate calcium ions.
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Figure 3.2: A) Tsushimycin amino acid sequence and B) Stereoview of the
superposition of all 12 tsushimycin cyclic regions with suggested Ca** position in

centre®®

As previously mentioned, daptomycin has been shown to be dependent on the
presence of PG in order to enter the membrane. PG-dependent
oligomerisations of daptomycin has been demonstrated in studies using model
membrane systems, isolated bacterial membranes and bacterial cells®
Furthermore, daptomycin was shown to form distinct daptomycin-PG domains

in vitro with PG the ‘docking molecule’ for daptomycin®. PG is particularly
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prevalent in bacterial membranes and thought to be important for the
specificity of daptomycin on bacteria rather than targeting mammalian cells.
Furthermore, PG is particularly abundant in Gram-positive bacteria, more so
than Gram-negative, suggesting why daptomycin is not as effective in Gram-

92,93

negative bacteria™”". PG is also the most abundant lipid in the S. aureus

membrane’’.

As described above, much of our understanding of daptomycin is heavily
debated and this is no exception with the mode of action. There have been
several theories and proposals as to the exact molecular mechanism of
daptomycin within the membrane, partially due to it behaving differently in
different model systems. There is inconsistency due to different behaviour
between lipids with different tail lengths, membrane composition and
membrane fluidity®>. The current, main theory is that daptomycin inserts via its
tail, interacting with PG, and then aggregates forming a aggregate or micelle.
This aggregate is then thought to alter the curvature of the membrane, creating
leaks that cause the cell to depolarize, inhibiting protein and DNA synthesis,
resulting in cell death®*®>. More recent work has given more clarity to how
these leaks are caused. It has been proposed that daptomycin causes the
membrane to become rigid. This in turn causes the membrane proteins to
delocalise, causing deformations to the cell envelope and blocking cell growth.

This process causes cellular depolarisation®*®.

From a literature review of daptomycin, there is a huge scope for improving our
understanding of this important, last resort, antibiotic. Furthermore, a better
knowledge of the modes of action of daptomycin could also translate to similar
antibiotics and perhaps other lipopeptides. This would help bring novel
antibiotics to market, which would relieve the reliance upon daptomycin and
other last-resort antibiotics and in turn reduce concern about the consequences

of antibiotic resistance.
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3.2 Aims
This work falls into three sections aiming to understand several aspects rose

above regarding our gaps in the knowledge of daptomycin activity. All aspects
of the work compared two possible structural models: (i) one based on an NMR
structure of daptomycin taken from the PDB (non-Ca** model); and (ii)
daptomycin with a Ca?* modelled (Ca** model) as bound to the centre of the
cyclic loop, in a similar conformation to a crystal structure of tsushimycin. This
second model saw the calcium ion bound with the aspartates orienting into the
ring to coordinate it. This aimed to understand the conformational changes that
daptomycin might undergo.

The first section involved understanding daptomycin micelle formation and how
such a micelle may interact with the S. aureus membrane. Based on
experimentally measured daptomycin micelle size, both daptomycin models
were simulated in solution and in the presence of the S. aureus membrane.

The second section involved better understanding exactly how the two
alternative daptomycin models would interact with a membrane with and
without PG present, based on the experimentally suggested dependence of PG
for daptomycin. This work compared how a daptomycin monomer would
interact with a pure PC membrane versus the S. aureus membrane.

The third and final section of this work focused on better understanding how
daptomycin may interact with the S. aureus membrane at higher

concentrations.

3.3 Daptomycin Micelle Formation
The aim of this section was to study whether daptomycin formed micelles, in

solvent and with the S. aureus membrane, and understand the interactions
driving such behaviours.

3.3.1 Methods and Simulation Setup

The simulations were performed used the GROMACS 2018 code, the
CHARMM36 force field and the TIP3P water model®®**®’. Each simulation was
run in triplicate for the times stated in Table 3.1. The temperature was
maintained at 313 K using the Nosé-Hoover thermostat at a time constant of 1

ps®?. The pressure was maintained semiisotropically for the systems with a
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membrane and isotropically for the ones without, at 1 atm using the Parrinello-
Rahman barostat with a time constant of 1 ps®. LINCS constraints were applied
to hydrogen containing covalent bonds®. A time step of 2 fs was used and long-
range electrostatic interactions were calculated using the PME method®. For
both the electrostatic and Van der Waals interactions a cut-off value of 1.2 nm
was used®®. Systems were neutralised in a 0.1 M CaCl, solution to ensure there

was sufficient availability of calcium ions.

The S. aureus membrane comprised of 54% PG, 36% LyslI-PG and 10% DPG in

%1% The models for the membrane were

line with experimental estimations
generated using CHARMM-GUI'®*'% The original daptomycin structure without
Ca’* bound came from the PDB and was based on an NMR defined
conformation in the presence of calcium ions but did not show the exact bound
position of any Ca** ions®. A calcium ion was then manually placed in the cyclic
region of the daptomycin and restrained. The restraints were slowly released to
allow the ring to adopt an equilibrium conformation, which stably coordinated
the calcium ion in the centre. These simulation trajectories required for this
took 300 ns. In line with the experimental results of tsushimycin and other
daptomycin work, the calcium ion was coordinated by the aspartates in the
daptomycin ring. Snapshots of the starting conformations of both daptomycin
models are shown in Figure 3.3. For this micelle study, 15 daptomycin
molecules were in each system in line with the maximum estimation of micelle
size. Note that the simulations with a membrane were run for longer in an
attempt to see the daptomycin micelle diffuse into the bilayer as suggested by

experimental data.
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Figure 3.3: Snapshots of starting conformations of both daptomycin models

shown in cyan, red, blue and white. The Ca** fixed in the centre of the Ca**

bound model is shown in green.

Most analysis used GROMACS tools however the area per lipid was measured

using FATSLIM and membrane thickness used Monticelli's GROMACS4

g_thickness script*®

. VMD was used for visualisation whilst analysis primarily

used GROMACS tools®®***%7  BijtClust was used for conformational cluster

analysis; with a cut-off of 0.1 nm used to define a cluster'®.

139 CI

Daptomycin Model Membrane | Solvent Simulation
Length

15 x Original NMR | None 35055 H,0, 91 Ca2+, 500 ns x 3

(non-Ca** bound) 137 Cl

15 x Ca** bound None 35761 H,0,91 Ca*’, |500nsx3
137 CI

15 x Original NMR | S. aureus 25740 H,0, 130 Ca*, | 2.5 ps x 3

(non-Ca** bound) 139 CI

15 x Ca** bound S. aureus 25790 H,0, 130 Ca**, | 2.5 ps x 3

Table 3.1: Simulations in the first section of the daptomycin work researching

daptomycin micelle formation.
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3.3.2 Results of Daptomycin Micelle Formation in Solvent
The snapshots of the end point, 500 ns, of the simulations aiming to show

daptomycin micelle formation are shown in Figure 3.4. In this time frame
neither the non-Ca®* daptomycin model nor the Ca®* conjugated daptomycin
model formed one distinctive micelle. However, there was clearly a greater
tendency for daptomycin with a conjugated Ca®" ion to aggregate into a micelle
structure. The larger aggregate of this model showed the tails of daptomycin
pointing inwards with the cyclic loop of the daptomycin outside. This is
presumed to be due to the hydrophobicity of the daptomycin tails as shown
from the snapshots. It should be noted the Ca®* ion fixed in the ring remained in
place throughout the simulation. Meanwhile, the non-Ca** model without any
conjugated Ca® ions were not so liable to aggregation. The calcium ions did not
enter the centre of the ring of this model spontaneously. This may suggest that
calcium ions are important for micelle formation and also that this calcium
conjugated model was more accurate at representing the hypothesised

interactions between daptomycin molecules.

Non-Ca%* Daptomycin CaZ* Daptomycin

Figure 3.4: Snapshot of 15 daptomycin models, original non-Ca** and Ca2+
conjugated structure at end of 500 ns simulations. Water has been omitted.
The polar and hydrophobic regions are in blue and red respectively. The Ca** are

in green.
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The mean distance between daptomycin molecules was measured over the last
20 ns of the simulation and plotted in a matrix shown in Figure 3.5. This data
supported the suggestions made from the snapshots of the end point of the
simulations. There were clearly more areas showing close contact with the Ca**
model than the non-Ca’?* model as shown by the larger number of

orange/yellow areas in the former.

Non-Ca?* Daptomycin Ca?* Daptomycin
Mean smallest distance Mean smallest distance
15 15
14 14
13 13
12 12
11 11
10 10
9 9
8 8
7 7
6 6
5 5
4 4
3 3
2 2
1 1
Distance (nm) Distance (nm)
TR |
0 3 0 3

Figure 3.5: Average distance (nm) between daptomycin molecules over last 20

ns of each simulation. The blacked out regions omit self-contact of molecules.
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Despite there clearly being closer contacts between Ca** bound daptomycin
than the non-Ca** bound daptomycin, the latter saw a slightly larger number of
hydrogen bonds between molecules than the former, Figure 3.6. hydrogen
bonds, drove the aggregation between the Ca2+ bound daptomycin.
Furthermore, the slightly larger number of hydrogen bonds between the non-
Ca®* bound daptomycin suggested they were coming into contact a similar
amount but these interactions were not long lived, meaning the mean distance
was larger as shown in Figure 3.4. This may be due to this model having a higher
negative charge therefore making long-lasting bonds between molecules less

favourable.
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Figure 3.6: Hydrogen bonds between 15 daptomycin molecules over time (ns).
The donor acceptance distance was set to 3.0 A and the angle cut off 20

degrees.
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The solvent accessible surface area (SASA) was measured collectively for all
molecules (nm?) over time (ns) of both daptomycin models, Figure 3.7. The
SASA was measured for the polar and hydrophobic regions of the molecules and
averaged to per atom to normalise the data. The SASA of the Ca®* conjugated
lower over the duration of the simulation supporting the larger micelle
formation seen in this model. Based on dividing the acyl tail and cyclic units of
the daptomycin, this aggregation appeared to be driven by both the acyl
hydrophobicity and polar interactions. The SASA of non-Ca** daptomycin acyl
tail was higher than the other components. This may suggest that the molecules
that did aggregate in this system were not driven by hydrophobic interactions
but rather by polar, charge-driven interactions. The Ca** ions in solution were
seen to aggregate around the polar, cyclic region of the daptomycin molecules
that appeared to bridge between the ring regions. The presence of Ca®" ions
may have made the charges favourable between the cyclic loops for
aggregation to occur, hence them having a smaller SASA. The bridging of
daptomycin molecules, via the cyclic loop, is in line with the tsushimycin study

that informed this work®. This may inform how daptomycin micelles formation.

T T T
Non-Calcium Bound Daptomocyin - Pola Region =——
Calcium Bound Daptomycin - Polar Region =——
Non-Calcium Bound Daptomocyin - Hydrophobic Region =——
25 r Calcium Bound Daptomycin - Hydrophobic Region 7

Area (nm?)
()]
T
1

0.5 | e

0 1 1 1 Il
0 100 200 300 400 500

Time (ns)

Figure 3.7: SASA for polar and hydrophobic regions (nm?) of over time (ns).
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The radius of gyration (R(g)) (nm) was measured for both models over time (ns),
Figure 3.8. The R(g) was measured for each daptomycin molecule and the
average taken. The R(g) was consistently slightly larger over the duration of the
simulation for the non-Ca®* bound model than the Ca®* bound model. A larger
r(g) suggests more aggregation which is counter to the previous analyses
however this may be due to the non-Ca** bound model forming more small

aggregates rather than the one large Ca** aggregate.
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Figure 3.8: Average R(g) (nm) of both daptomycin models measured over time

(ns).

The root mean squared deviation (RMSD) (nm) of the models was measured
over time (ns), Figure 3.9. This was measured for each daptomycin molecule
and averaged. The RMSD measures the average distance between the atoms,
after a least-squares fit to the original structure. This was another way to
measure the stability and changes in structure over time. As with the R(g), the
non-Ca”* bound daptomycin saw a larger RMSD over time than the Ca** bound
daptomycin, this could be again due to aggregation and restriction of the loop
region in Ca”* model reducing the RMSD. Interestingly in the Ca** model there is

an increase in the RMSD over time until the point previously shown to be where
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the aggregates of daptomycin molecules stabilise. This may suggest there is a
difference in the necessary conformation of daptomycin for it to aggregate in

comparison to the initial structure.
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Figure 3.9: RMSD (nm) of both daptomycin models over time (ns).

The interactions between daptomycin molecules and Ca®*ions in solution were
measured over time, Figure 3.10. These analyses omitted the Ca?* ion
conjugated to the centre of the daptomycin molecule in the Ca** bound model
to allow more accurate comparison between the two models. Figure 3.10 shows
A) the number of contacts less than 0.6 nm between daptomycin and Ca** ions
in solution and B) the minimum distance (nm) between daptomycin molecules
and Ca”* ions both measured over time (ns). Whilst there are a greater number
of Ca®* contacts between the non-Ca** bound molecule than the pre-Ca®* bound
model, the minimum distance is relatively similar between both models. This
suggests that preferential distance between both models and Ca®* models are
similar but there are a greater number of contacts between Ca** ions and the
non-Ca’* bound model due to there being more aggregates in this simulation
and therefore greater chances for these interactions to happen. It is expected
that Ca®" ions would similarly come into contact with both models as both

models have a net negative charge.
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Figure 3.10: Analysis of Ca** ions with both daptomycin models - A) number of

contacts <0.6 nm between daptomycin and Ca** ions over time (ns) and B)

average minimum distance between daptomycin and Ca®" ions over time (ns).

The Ca* ions conjugated to the centre of the loop in the Ca** model have been

omitted from this analysis.
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The 5 most common conformations of daptomycin in each system were
determined using conformational cluster analysis, Figure 3.11. The aspartates in
each molecule are shown in green. The aspartates of the non-Ca** model were
uncoordinated towards the centre of the ring, in comparison with that seen
with the Ca?* model. In the latter model the aspartates remained fixed by the
central calcium ion whilst with the former they were able to “flip out” to
interact with calcium ions outside the molecule. This supports the previous

analyses between daptomycin and the Ca®* within the systems.
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Figure 3.11: The 5 most common conformations of daptomycin models within
each system based on conformational cluster analysis. The percentage each
cluster represents is shown in the bottom right corner of each cluster. The
molecules are shown in cyan with the exception of the aspartates shown in
green.

3.3.3 Results of Daptomycin Models Micelle Formation with the S. aureus

Membrane
Moving on to the simulations of 15 daptomycin molecules with the S. aureus

membrane, snapshots of the end point, 2.5 us, of these simulations are shown
in Figure 3.12. The molecules starting position was ~5 nm above the membrane
and at least 2 nm from other daptomycin molecules in all directions. Firstly, the
non-Ca”* conformation did not form a single micelle or aggregate and only one
molecule entered the membrane with the others remaining in solvent. This

model formed aggregates of between 3 — 4 monomers. Whereas, 14 of the Ca**
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bound daptomycin molecules formed a larger aggregate but did not diffuse into
the membrane, which may be a constraint of the timescales achievable by this
work. The aggregate formed by this model was extremely stable throughout the
simulation and remained on top of the membrane. In both simulations, one
daptomycin molecule entered the membrane via the tail region of the model
with the cyclic region remaining outside the membrane. The aggregates formed

with the membrane were similar to those formed previously in the absence of a

membrane.
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Figure 3.12: Snapshot of 15 daptomycin models, non-Ca** and Ca** conjugated
structure (cyan, red, blue and white) at end of 2.5 us simulations with S. aureus

membrane (green). Solvent has been omitted for clarity.

The densities of the membrane lipids and tails, solvent and daptomycin tails and
cyclic region were measured for the last 100 ns of the simulations, Figure 3.13.
This showed the majority of the non-Ca** bound daptomycin remaining far from
the membrane with the exception of the one molecule known to have entered
the membrane. In contrast, the Ca’* bound aggregate clearly sits closer to the

membrane with some regions entering the head-group region of the bilayer.
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This analysis is in line with the conclusions drawn from the visualisations.
Furthermore, the molecules that entered the membrane singularly both saw
the tail of daptomycin enter further into the bilayer with the cyclic region
remaining largely outside. Finally, the Ca®* bound molecule that entered did so

further into the bilayer than the non-Ca** model molecule.
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Figure 3.13: Densities of daptomycin models S. aureus membrane lipid heads,

tails and solvents. Measured over last 100 ns of simulations.
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The membrane thicknesses were measured over the last 100 ns, Figure 3.14.

There was little difference between the thicknesses of the membranes between

simulations; however the membrane exposed to Ca**

bound daptomycin

perhaps was slightly thinner. This may be due to the large micelle sitting on the

membrane. The little difference in the thicknesses was probably due to

daptomycin not fully entering the membrane.
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Figure 3.14: Membrane thickness of S. aureus membrane with different

daptomycin models. Measured over last 100 ns of simulations.

The phosphate densities were measured in the Y-direction over the last 100 ns,

Figure 3.15. There was little difference in the curvature and thickness of the

phosphate regions between the bilayers.

69




Non-Ca?* Daptomycin CaZ* Daptomycin

200 200
16 16
175 175
14 14
150 150
12 12
125 125
10 d 10
100 100
5 75
50 50
25 25
0 0 0 0
0 5 0 5
X (nm) X (nm)
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with different daptomycin models. Measured over last 100 ns of simulations.

The area per lipid (APL) was measured for both systems over the duration of the
simulations, Figure 3.16. There was very little difference in the APL of the
bilayers in both systems, which supported the findings of the membrane
thickness analysis. This gradual decrease in APL may be due to membrane
thickening slightly as most daptomycin molecules are unable to enter in these
systems. This suggests that in this setup neither daptomycin model could fully

enter and disrupt the membrane.
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Figure 3.16: APL of the lipids in S. aureus membrane with different daptomycin

models measured over time.

The deuterium order parameters (Scd) were measured for the carbon tails of
the lipids in the bilayers of both systems, Figure 3.17. As with the previous
analysis there is not a significant difference for this measure of the membrane
disorder. This would suggest that there was not a significant difference in the

order of the membranes between bilayers.
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Figure 3.17: Deuterium order parameters (Scd per atom) of each lipid tail chain

calculated over each simulation.
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The lipids diffusion rates were measured for all lipids in both systems from 1.5-2
us, Table 3.2. The lipids in the system with Ca®* bound diffused slower than
those with the original non-Ca®* bound present. This difference is most likely
due to the large Ca** bound daptomycin aggregate sitting on the membrane
slowing down diffusion rates. Furthermore, the Ca®* bound monomer that did
insert into the membrane did so further than the non-Ca”* bound that did. This
and the large aggregate in the Ca’* bound system could be crowding this
membrane thereby slowing down lipid diffusion. There was little difference of

the diffusion rate between lipid types.

Non-Ca?* Daptomycin  0.0925 (+0.0428)  0.0925 0.0919
(+0.0428) (+ 0.0454)

Ca2* Daptomycin 0.0582 0.0586 0.0594
(+0.0353) (+0.0360) (+0.0372)

Table 3.2: The lipid diffusion rates of lipids in S. aureus with both daptomycin

models. Measured between 1.5-2 ps.

The total SASA of the polar and hydrophobic regions of daptomycin molecules
was measured as a total over time, Figure 3.18. This data was again normalised
to account for the cyclic loop being larger than the acyl tail. Broadly speaking
the SASA was similar for both models. The similarity between SASA was possibly
due to both models aggregating to an extent and both models having one
monomer enter the bilayer via the daptomycin tail. The smaller SASA of the
atoms within the polar region of daptomycin compared to the acyl chain

suggests aggregation was driven by polar interactions.

73



T T T
Non-Calcium Bound Daptomocyin - Polar Region =——
Calcium Bound Daptomycin - Polar Region =——
Non-Calcium Bound Daptomocyin - Hyrdophobic Region =——
3.5 Calcium Bound Daptomycin - Hydrophobic Region 7

Area (nm?)

all , ’L\)"’Mﬂ‘\fw‘""

1 1

1 1 1
0 500 1000 1500 2000 2500
Time (ns)

Figure 3.18: SASA for polar and hydrophobic regions of over time.

The number of contacts between daptomycin and the lipid head group was
measured over time, Figure 3.19. Overall, the Ca** bound daptomycin made
more contacts with the lipid heads than the non-Ca** bound, particularly when
comparing contacts with PG. This could suggest that this Ca** bound model
better shows the relationship between daptomycin and PG than the non-Ca**
bound model. Furthermore, the greater collective contacts between the Ca**
bound model and head groups was indicative of the aggregate of this model
sitting on the membrane. This model was also shown to interact with the
membrane more quickly than the original, non-Ca®>* model. Notably, both
models showed a preference for DPG, despite the daptomycin and this lipid
being negatively charged. This suggested that perhaps the calcium ions in
solution were interacting with and binding to them thereby changing the charge
of both daptomycin models. Both models not contacting the positively charged

Lysl-PG significantly over the simulations support this suggestion.
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Figure 3.19: Number of contacts <0.6 nm between S. aureus lipids and
daptomycin models measured over time (ns). Data has been normalised to

account for difference in lipid numbers.

In order to support the proposal that both daptomycin models bound to
calcium ions in solution, the contacts between them were measured, Figure
3.20. The number of contacts (A) and the average distance (B) were measured
with calcium ions. The Ca®* bound to the centre of the altered conformation
were omitted to make the analysis comparable between both models. There
were again more contacts between non-Ca** bound daptomycin and calcium
ions; however the number of contacts for both systems was stable throughout
both simulations. This could suggest that the interactions were long-lived.
Furthermore, the greater number of calcium contacts between the non-Ca*"
bound and calcium ions versus the Ca®* bound models could be due to the
former being more freely dynamic in solvent therefore being more available to
make such contacts. In addition, the distance between both daptomycin models
and calcium ions were similar suggesting the contacts were long-lived and
altered the charge of the daptomycin models allowing them to interact with the
negatively charged lipids. Based on this the conformational cluster analysis was
again determined and is shown in the Appendix, A.1. The 5 most common

conformations for both models were very similar to the conformations
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previously shown, Figure 3.11. This suggests that the daptomycin models
interacted similarly with calcium ions in the presence and absence of a

membrane.
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Figure 3.20: Analysis of Ca** ions with both daptomycin models - A) number of
contacts <0.6 nm between daptomycin and Ca** ions over time and B) average
minimum distance between daptomycin and Ca** ions over time. The Ca®* ions
conjugated to the centre of the loop in the Ca** model have been omitted from

this analysis.

3.3.4 Conclusions
Firstly, focusing on the results from the simulations without a membrane, there

were significant differences between the two models. The Ca** bound
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molecules came into closer contact than the non-Ca®* bound model, as shown
throughout several forms of analyses, particularly the structural analysis. This
could suggest this model better shows the micelle formation suggested by
experimental work. It also could suggest the conformation formed by the cyclic
ring of daptomycin when a calcium ion is important to the formation of
micelles. As the ion-bound state is stable with the Ca®* ion remaining in place,
this could be the dominant species in solution. Furthermore, both models were
shown to interact closely and fairly steadily with other calcium ions, further
indicating that this interaction is favourable. This work suggested this
interaction may be important to micelle formation by bridging cyclic regions.
Also, the Ca®* bound aggregate formed was on the larger side of suggested size
with around 14 monomers within the aggregate. This may indicate the actual
size of the micelle formed in vivo and support work that suggests micelles of

this size.

In regards to the work with daptomycin and the S. aureus membrane, most
molecules did not enter the membrane. However, the Ca’* bound model
behaved in line with experimental suggestions that it aggregates and sits on the
membrane. Whilst the large aggregate on the membrane did not cause
significant disruption to the bilayer, this could be due to constraints with the
time scale of simulation work. The non-Ca** bound model did not form into a
singular large aggregate and did not particularly interact with the membrane,
further supporting that the modified daptomycin model better represents the in
vivo conformation. Whilst daptomycin has been heavily dependent on PG, this
work suggested a relationship between it and DPG. However, from the contact
analysis it appeared the bound Ca** bound model first contact PG before
coming into contact with DPG. This suggests a mechanism of daptomycin first
docking with PG prior to interacting with other lipids as suggested in the
literature. Finally, the non-Ca** bound daptomycin model interacted very little
with PG, in contrast to the expectations. This further supports that the original,
NMR structure does not best show the conformation that is required to interact

with the bilayer and that the calcium ion being bound to the centre of the
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peptide core is important for its mode of action, and my represent the

dominant species in solution, prior to membrane targeting.

3.4 Daptomycin Behaviour PC Model Membrane versus Realistic S.

aureus Membrane
The aim of this section was to understand the differences of daptomycin

behaviour with a realistic (S. aureus) membrane and a model (PC) membrane,
and particularly measure the dependence of daptomycin upon PG.

3.4.1 Methods and Simulation Setup

The daptomycin models and the S. aureus membrane parameters and
structures were the same as previously described. Whilst the PC membrane was
pure phosphatidylcholine and was made using membrane builder within
CHARMM-GUI’**®. The protocols and force field were the same as previously
described for simulations containing a membrane and were run above gel
transition temperature for both membranes. All systems were again neutralised

with 0.1 M CaCl; and set up as shown in Table 3.3.

Daptomycin Model | Membrane | Solvent Simulation

Length

1 x Original NMR | PC model 11743 H,0, 42 Ca”*, 81 CI lusx3

(non-Ca** bound)

1 x Ca*" bound PC model 11753 H,0, 42 Ca**, 81 CI’ Tusx3

1 x Original NMR | S. aureus 15069 H,0, 85 Ca2+, 93 CI lpsx3

(non-Ca** bound)

1 x Ca** bound S. aureus 15057 H,0, 85 Ca**, 93 CI’ 1psx3

Table 3.3: Simulations in the second section of the daptomycin work
researching daptomycin PG dependence.

3.4.2 Results

Snapshots of the end point, 1 ps, of the simulations comparing the non-Ca**
bound daptomycin and the Ca** bound daptomycin with a pure PC and S. aureus
membranes, Figure 3.21. The molecules began ~5 nm above the membrane. In
all simulations both daptomycin modes inserted into the bilayers via the tail

region with the cyclic area largely remaining outside of the membrane. Visually
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it appeared that both daptomycin models were able to penetrate slightly

further enter into the PC membrane than the S. aureus membrane, yet the S.

aureus membrane looked less organised and thinner than the PC bilayer. It

appeared that daptomycin entering the PC membrane caused order and gel

phase within the membrane. Further analysis was required to investigate this

further.
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Figure 3.21: Snapshots of end point simulations (1 us) of non-Ca** daptomycin

molecule and Ca®* conjugated daptomycin (both in cyan, red, blue and white)

molecule in PC (lilac) and S. aureus (green) membranes. Solvent and counter

ions have been omitted for clarity.

The densities were measured for the lipid heads and tails, solvent, and

daptomycin loop and tail regions for all systems over the last 100 ns, Figure

3.22. From this it can be seen that in all systems, the daptomycin tail enters
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further into the membranes than the cyclic loop. In addition, the PC membrane
appears to be more organised than the S. aureus bilayer, given the taller
narrower peaks of the lipid heads and tails in the PC membrane plots. This
supports the evidence from the visualisation. However, the solvent appears to

be further into the head group region of the PC membrane.
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Figure 3.22: Densities of both daptomycin models with PC and S. aureus
membrane lipid heads, tails and solvents. Measured over last 100 ns of

simulations.
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The membrane thicknesses were measured for all systems for the last 100 ns of
the simulations, Figure 3.23. Clearly the S. aureus membrane is thinner in the
presence of either daptomycin model compared to the PC membrane, as shown
by the darker blue regions. In the PC membrane there are clearly thinner areas
where the daptomycin tail has inserted, whereas, the S. aureus membrane is
overall thinner across the whole bilayer. The thicker PC membrane may due to
daptomycin appearing to cause membrane order in this model. Furthermore,
the Ca®* bound daptomycin appears to have caused increased membrane
thinning of both bilayers suggesting that this model was better able to disrupt
membranes, particularly the S. aureus membrane. This may suggests that the
Ca®* bound model is a better representation of active daptomycin in vivo and
supports experimental evidence that daptomycin behaves in the presence of PC

membranes versus realistic membranes.
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Figure 3.23: Membrane thickness of PC and S. aureus membranes with different

daptomycin models. Measured over last 100 ns of simulations.
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The densities of the phosphates in both bilayers were also measured, Figure
3.24. This clearly showed greater disruption of the head groups in the PC
membrane where the daptomycin tail had inserted, particularly with the Ca®*
bound model, as shown by the deformations in the plot. This suggests that the
initial suggestion made from the snapshots that daptomycin further into the PC
membrane was accurate. This insertion may be causing the order and gel phase
seen in the PC membrane or these plots are curved due to this effect. However,
there was also slight curvature in the phosphate densities plotted for the S.
aureus membrane. Comparing between models rather than membranes,

deformation of the membrane appeared similar with both models.
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Figure 3.24: Phosphate densities in Y-direction of PC and S. aureus membranes

with different daptomycin models. Measured over last 100 ns of simulations.
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The APL was measured over time and these results were in line with the
previous results, Figure 3.25. The APL was higher for the S. aureus membrane
simulations, which is known to inversely correlate to membrane thickness
meaning the thinner S. aureus systems had a larger APL as anticipated. Between
daptomycin models however there was very little difference in the APL. The
gradual drop of the APL in the PC membrane, particularly in the first 200 ns, was
due to the membrane entering a gel phase. Based on visualizing the trajectories
in this time frame the daptomycin entered the membrane then appeared to
induce the formation of a gel phase. The APL analysis supports this and it would

appear thus appear that daptomycin caused membrane order in this model.
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Figure 3.25: APL of the lipids in PC and S. aureus membranes with different

daptomycin structures measured over time.

The Z co-ordinates were measured of the daptomycin cyclic loops and tails in
reference to the lipid head groups over time, Figure 3.26. This showed both
daptomycin models entering further into the PC membrane than the S. aureus
membrane, particularly the daptomycin tails. However for the S. aureus bilayer,
the Ca®* bound daptomycin appears to enter the membrane further than the

non-Ca’* bound model, particularly the daptomycin tail. This may support
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suggestions that the Ca** ion being in the centre of the cyclic loop is important
to the mode of action of the drug. It also highlights the difference between the

behaviour of daptomycin in a model membrane in comparison to a realistic one.
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S. aureus Membrane - Non-Ca2* Daptomycin
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Figure 3.26: Z coordinates of different daptomycin loops and tails relation to the

top and bottom leaflet of membranes over time.
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In addition, the deuterium order parameters (Scd) for the lipid tails were
measured, Figure 3.27. This showed that the lipid tails of the PC membrane
were more organised and therefore supporting that it was in a gel phase, which

is in agreement with the previous analyses.
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Figure 3.27: Deuterium order parameters of each lipid tail chain calculated over

each simulation.

Finally, the lipid diffusion rates were also measured for the middle section of
the simulations, 400-800 ns, Table 3.4. The S. aureus lipids that contained the
Ca’* bound daptomycin molecule had inserted diffused the most slowly,
suggesting the greatest effect resulted from the combination of this daptomycin
model and the realistic membrane model. Membrane lipids often diffuse more
slowly when the membrane is crowded. In both membranes with the Ca**

bound daptomycin the lipids moved more slowly.
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Non-Ca?* 0.0456 0.0829 0.0814 0.0805

Daptomycin (+0.0139) (+0.0286) (+0.0287) (+0.0264)
Ca2* Daptomycin  0.0591 0.0348 0.0348 0.0331
(+0.0383) (+0.0160) (+0.0153) (+0.0143)

Table 3.4: The lipid diffusion rates of lipids in S. aureus with both daptomycin
models. Measured between 400-800 ns.

3.4.3 Conclusions

Firstly, comparing the level of disruption between the two membranes, the S.
aureus membrane was clearly more disordered by the daptomycin model than
the PC membrane as evidenced by the S. aureus membrane being less ordered.
Usually, it would be expected that a membrane inserting peptide would better
disrupt a simpler membrane but this was not the case in this example. Indeed, it
appeared that daptomycin caused order and gel phase in the PC membrane
which was counter to what would be anticipated. This may be due to
daptomycin being dependent on PG for its mode of action. Whilst both
daptomycin models did insert into the PC membrane, both models caused
greater disordering to the S. aureus as displayed by membrane thinning.

In regards to the two different models, both inserted into both membranes via
the tail, in line with experimental work, driven by hydrophobic interactions. The
Ca®* bound model disrupted both membranes more than the original
daptomycin model. The densities showed this model further inserting into the
membrane whilst the lower lipid diffusion rates of membranes with this model

further inserted thereby crowding the bilayer.

3.5 Increased Daptomycin Concentration with S. aureus Membrane

Study
The aim of this section was to study a larger number of daptomycin molecules

with the S. aureus membrane to allow the investigation of membrane action of

daptomycin.
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3.5.1 Methods and Simulation Set up
The final section of this work is focused on investigating how a larger

concentration of daptomycin molecules would interact with the S. aureus
membrane without them forming large aggregates. The aim of this was to see
how a larger number of daptomycin inserting would affect the bilayer. The
parameters and structures for the daptomycin models and S. aureus membrane
were the same as previously described at the beginning of this chapter. The
simulations were run using the same force field and method as previously
described. The systems were again neutralised in 0.1 M CaCl, and the contents

of the simulations are described in Table 3.5.

Daptomycin Model | Membrane | Solvent Simulation
Length
5 x Original NMR | S. aureus 14380 H,0, 87 Ca2+, 93 CI lpsx3

(non-Ca** bound)

5 x Ca** bound S.aureus | 14482 H,0, 87 Ca**, 93 CI 1psx3

Table 3.5: Simulations in the third section of the daptomycin work researching
daptomycin interaction with the S. aureus membrane.

3.5.2 Results

The snapshots of the end point (1 us) of the simulations containing each
containing 5 daptomycin molecules, with the S. aureus membrane are shown in
Figure 3.28. The molecules began ~5 nm above the membrane and at least 2 nm
from other daptomycin molecules in all directions. From this it can be seen the
Ca®* model has further inserted into the membrane than the non-Ca®** model.
The non-Ca** bound molecule formed a large aggregate and did not fully insert,
whereas the Ca** bound models interacted less with one another and inserted

via the tail again as with the previous analysis.
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Non-Ca%* Daptomycin CaZ* Daptomycin

——
m_ 3 . d

Figure 3.28: Snapshots of end point (1 ps) of 5 daptomycin molecules (cyan, red,
blue and white) with S. aureus membrane (green). Solvent and ions have been

omitted for clarity.

The densities were again measured for the membrane heads and tails, solvent
and the daptomycin loops and tails, Figure 3.20. This clearly showed the Ca**
bound daptomycin further entering the membrane than the non-Ca®'
daptomycin, with the tail inserting more so into the bilayer. The Ca** bound
daptomycin has also entered into both sides of the membrane. However the
non-Ca’* bound daptomycin had not inserted into the membrane as far. This
suggests that the Ca®* bound model is better at replicating the in vivo
mechanism of daptomycin particularly at this higher concentration in reference
to the previous section of work. However, this could be stochastic and not

indicative that the non- Ca®* cannot enter the membrane at this concentration.
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Figure 3.29: Densities of both daptomycin models S. aureus membrane lipid
heads, tails and solvents. Measured over last 100 ns of simulations.

The membrane thickness, Figure 3.30, showed that the membrane containing

the Ca”** daptomycin molecules was slightly thinner than the one with the non-

Ca®* model. This suggests that this realistic membrane model was more

disrupted by the Ca®* bound daptomycin.
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Figure 3.30: Membrane thickness of S. aureus membrane with different

daptomycin models. Measured over last 100 ns of simulations.

The phosphate densities were measured for the head groups in both systems,

Figure 3.31. The system with the Ca** daptomycin models showed a slightly

larger overall curve in the head groups suggesting this daptomycin model had

disrupted the membrane to cause a curvature of the bilayer. In the non-Ca**

model system, there was a slight curvature of the densities most probably due

to the points where daptomycin had inserted.
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Figure 3.31: Phosphate densities in Y-direction of S. aureus membrane with

different daptomycin models. Measured over last 100 ns of simulations.
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The APL was similar across both systems, Figure 3.32, however it was slightly
larger in the system with Ca’* bound daptomycin throughout most of the
simulation. This is in line with the indications of the membrane being slightly

thinner in the presence its presence.
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Figure 3.32: APL of the lipids in S. aureus membrane with different daptomycin

models measured over time.

The order parameters (Scd) for the lipid tails of both systems are shown in
Figure 3.33. There was not a large difference between systems with this analysis
however the top of the lipid tails appear less organised when in contact with
the Ca** bound model suggesting the area of the bilayer in this system was
more disrupted. This was most probably due to the daptomycin tail inserting

and in line with the previous results.
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Figure 3.33: Deuterium order parameters (Scd per atom) of each lipid tail chain

calculated over each simulation.

The number of contacts, <0.6nm, between the head groups of each lipid in the

bilayer and the daptomycin models were measured over time (ns), Figure 3.34.

This data was normalised to account for the differing availability of each lipid

type within in the membrane. A significant difference between the models was

observed regarding the preference for the Ca** bound daptomycin to interact
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with DPG. This was most likely due to the change in charge involved with the
Ca®* bound to the centre of the loop making an interaction between this
daptomycin model and the more negatively charged lipid. Furthermore, overall
there were more contacts between the Ca’* bound daptomycin and lipid heads,
which supports the suggestion from previous data that this model interacted

more with the bilayer.
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Figure 3.34: Number of contacts <0.6 nm between S. aureus lipids and
daptomycin models measured over time (ns). Data has been normalised to

account for difference in lipid numbers

The lipid diffusion rates of all lipid types in both systems were measured over
the durations of the simulations, Table 3.6. The lipids in contact with the Ca**
bound daptomycin molecules moved significantly slower, two orders of
magnitude slower, than the lipids that came into contact with the non-Ca**
model. This suggested that this system was more crowded therefore slowing
down the diffusion of the lipids and supported the previous analyses that
showed the Ca** bound model further entered and disrupted the S. aureus

bilayer.
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PG Diffusion Rate Lysl-PG Diffusion Rate | DPG Diffusion Rate
(1e-5 cm?/s) (1e-5 cm?/s) (1e-5 cm?/s)

Non-Ca?* 0.0690 (+0.0466) 0.0688 (+0.0473) 0.0684 (+ 0.0469)
Daptomycin
Ca?* Daptomycin 0.0006 (+0.0002) 0.0006 (+ 0.0001) 0.0007 (+0.0001)

Table 3.6: The lipid diffusion rates of lipids in S. aureus with both daptomycin

models. Measured between 400-800 ns.

The Z-coordinates of a randomly chosen daptomycin cyclic loop and tail were
measured again in reference to the Z-coordinates of the phosphates of the lipid
head groups, Figure 3.35. Note that the jump seen in the non-Ca** plot is due to
PBC and not daptomycin crossing the membrane. This showed the daptomycin
tail of the Ca** bound model entered into the membrane whereas the tail of the
non-Ca’* model did not enter the bilayer. Notably again, the cyclic loop of both
models did not enter the membrane supporting the evidence that the cyclic

region of daptomycin does not enter the membrane.
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Figure 3.35: Z-coordinates of different daptomycin loops and tails relation to

top and bottom leaflet of membranes over time.
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Finally, the interactions between Ca®" ions and both daptomycin models were
measured, Figure 3.36 with A) showing the number of contacts between
daptomycin and Ca®* ions <0.6 nm and B) the minimum distance between
daptomycin and Ca**ions. The Ca®* ions bound to the centre of the cyclic loop of
the altered structure were omitted for parity. Interestingly, there were more
contacts between non-Ca®* bound daptomycin and Ca** ions than with the Ca**
ions whilst the inverse was true for the minimum distance between Ca®* ions
and daptomycin models. This may suggest that the interactions between Ca**
ions and the Ca** bound model were longer lived and perhaps assisted the
model in entering the membrane and further altering the charge to allow the
interaction with DPG to be more favourable. Meanwhile, the non-Ca®>" model
had more contacts with but had a further over all distance from Ca** ions
suggesting that these interactions are less long lived, due to this model being

more in solvent exposed.
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Figure 3.36: Analysis of Ca** ions with both daptomycin models - A) number of
contacts <0.6 nm between daptomycin and Ca** ions over time and B) average
minimum distance between daptomycin and Ca®* ions over time. The Ca®" ions
conjugated to the centre of the loop in the Ca** model have been omitted from

this analysis.
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3.5.3 Conclusions
This work achieved the aim of showing how a larger number of daptomycin

molecules would interact with the realistic S. aureus membrane model. Unlike
the initial work with 15 daptomycin molecules, this lower concentration better
showed insertion and membrane disruption, though it did not show aggregation
to the same extent. Whilst this concentration is not as reflective of the realistic
concentrations used clinically, therefore not showing micelles or aggregation,
this concentration gave better opportunity to observe spontaneous
daptomycin-membrane interaction. This number of daptomycin molecules
allowed for a different aspect of its mechanism to be studied given the sampling
constraints of simulation work and the more complicated interactions involved

in large aggregates.

This work further cemented the conclusions from previous analysis suggesting
that Ca®* bound daptomycin caused greater disruption to the S. aureus
membrane than the non-Ca®* model. This highlights the potential importance of
a calcium ion being bound to the peptide core of daptomycin and the
conformation this induces. This model also came into closer contact with other
calcium ions, not including the one bound, suggesting calcium ions are
extremely important to the mechanism of daptomycin. Interestingly, this model
came into close contact frequently with DPG. This could suggest the calcium
ions interacting with this daptomycin model neutralised the negative charge
therefore making it more favourable for the daptomycin-calcium ion complex
interact with the most negatively charged lipid, DPG.

Finally, this work overall supports that daptomycin inserts into the membrane
via the tail region. This is consistent across all of the work in this chapter and
was clearly driven by hydrophobic interactions.

In conclusion, this work suggests a conformation for daptomycin bound to a
calcium ion that could be the active conformation of the drug and should be
considered moving forward with daptomycin research. This work was also was
in agreement with much of the experimental work including micelle formation

and daptomycin-PG dependence.
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Chapter 4 - Chlorhexidine Mode of
Action on the S. aureus Membrane

4.1 Introduction
Given the broad efficacy, affordability and safety of chlorhexidine, it is vital that

this medicine is well understood to ensure it is being used in all appropriate
capacities®. The mode of action is based on its dicationic nature with cations
being released that act upon the bacterial membrane. Chlorhexidine is member
of chemically related group of antimicrobials called bisbiguanides, which are
group of chemically related compounds with bactericidal capabilities. The
structure of chlorhexidine contains two (4-chlorophenyl) guanide units

connected by a hexamethylene bridge, Figure 4.1%%1%.

Hexamethylene

Biguanide HN AL Biguanide
HN. »—=NH HN—<  NH ©9
NH HN

HN NH

Cl Cl

4-Chlorophenyl 4-Chlorophenyl

Figure 4.1: Structure of chlorhexidine highlighting biguanides, hexamethylene

bridge and 4-chlorophenyls.
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The biguanide units within chlorhexidine are responsible for the positive charge
and the cations released. Biguanides are a type of guanidine molecule, Figure
4.2 "'° Guanidine is a strong base, pK, 13.6, with most guanidine by-products
comprising the conjugate acid called the guanidinium cation, (C(NH,)"s), this
cation is highly stable. Due to the dications of the biguanides region of

chlorhexidine, it has a charge of +2 e ***'%,

®
NH,

X

H,N” “NH,

Figure 4.2: Structure of guanidine unit.

These cations of chlorhexidine are why it is so effective against bacterial

112

membranes . Chlorhexidine is extremely attractive for anions. Due to positive

charge on either side of the hexamethylene bridge, cations are released when

chlorhexidine dissociates at physiological pH*'*

. Bacterial envelopes are
negatively charged, including S. aureus despite positively charged Lysl-PG,
allowing these cations to attach to the cell membrane®. Dependent on the
concentration of chlorhexidine, this can either cause bacteriostatic, that is
halting bacterial replication and growth, at low concentrations or bactericidal at

115

higher concentrations . Furthermore, chlorhexidine has been shown to cause

dented areas on the cellular envelope of both Gram-positive and Gram-negative

116

bacteria by the use of an environmental scanning electron microscope . These

dents are believed to cause cell leaking thus stopping cellular proliferation at
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low concentrations and so many dented areas at high concentrations that the
cells rupture®™*’.

As previously discussed in Chapter 1, chlorhexidine is often used with alcohols
and surfactants, however it is frequently administered with gluconate added to
the solution, known as chlorhexidine digluconate, with two gluconate molecules

to every one chlorhexidine molecule, figure 4.3'%,

OH OH

HO

OH OH O

Figure 4.3: Structure of gluconate.

From previous experimental studies, chlorhexidine is known to rely upon

h19120  This work aimed to use

membrane disruption to enable cell deat
molecular dynamics techniques to zoom in on this membrane disrupting
mechanism of chlorhexidine. The aim of this is to enable a better understanding
of how these work on a molecular level within the Gram-positive membrane,
particularly the ubiquitous yet concerning S. aureus™'. It also aimed to
understand the effect of differing salts on the efficacy as well as to determine

the importance of gluconate to the mode of action of chlorhexidine.

4.2 Chlorhexidine in Solvent with Varying lons
This section aimed to understand how chlorhexidine interacts with other

chlorhexidine molecules in solvent, in addition to the influence of ions on the

behaviours and conformations of chlorhexidine.
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4.2.1 Methods and Simulation Set-up
Initially, simulations of chlorhexidine molecules without the S. aureus

membrane were run with differing solvents in order to understand the
behaviour of chlorhexidine alone and the effect of different salts on
aggregation, conformation and other effects that could have an influence on its
efficacy when introduced to the membrane. The table showing the initial

simulations are shown below in Table 4.1.

Contents of Simulation Salt & Simulation
Concentration Length

10 chlorhexidine, 3783 H,0, 20 CI’ Cl counter ions 3x200ns

10 chlorhexidine, 3742 H,0, 11 Ca**, 42 CI 0.15 M CaCl, 3x200ns

10 chlorhexidine, 3758 H,0, 11 K", 31 CI’ 0.15 M KCI 3x 200 ns

10 chlorhexidine, 3556 H,0, 75 Ca**, 170 CI" | 1 M CaCl, 3x200 ns

10 chlorhexidine, 3628 H,0, 75 K", 95 CI’ 1 M KCl 3x 200 ns

Table 4.1: Table of simulations of chlorhexidine with differing salts but without
S. aureus membrane.

The simulations were performed using the GROMACS 2018 code, the
CHARMM36 force field with the TIP3P water model®®®**’. Each simulation was
run in triplicate for 200 ns. The temperature of 313 K was maintained using the
Nosé-Hoover thermostat at a time constant of 1 ps®’. The pressure was
maintained isotropically at 1 atm using the Parrinello-Rahman barostat with a
time constant of 1 ps®. LINCS constraints were applied to hydrogen containing
covalent bonds®®. A time step of 2 fs was used and long-range electrostatic
interactions were calculated using the PME method®. For both the electrostatic
and van der Waals interactions a cut-off value of 1.2 nm was used®®. Systems
were neutralised as described in table 1. VMD was used for visualising the

%108 " BitClust was

simulations whilst analysis primarily used GROMACS tools
used for conformational cluster analysis; with a cut-off of 0.1 nm used to define

a cluster®®,
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4.2.2 Results
Visual inspection was the first analysis performed. The initial snapshots of the

simulations at time = 200 ns are shown in Figure 4.4 with solvent labelled.
Based on visual analysis alone, it appears that the greater the number of ions in
a solution, the bigger the resulting chlorhexidine aggregates. This is particularly
noticeable in the 1 M CaCl, simulation. Whilst the visualisation is important and
can give an initial insight into the outcomes of a simulation, more insightful

analysis is required.

Water 0.15 M CaCl, 0.15 M Kcl

4 e =

§ Jois

R o,
e o o
o o

Figure 4.4: Snapshots of chlorhexidine only simulations at time = 200 ns, shown
in cyan, blue and white with cations in red and anions in green. The solvents are

listed above each snapshot. Water has been omitted for clarity.

Structural clustering is a pervasive method of analysis for MD trajectories that
allows for interesting details to be obtained by creating clusters. It has been
successfully used to study the active conformation of membrane active

1227124 ‘This works by grouping frames that are similar into

antimicrobial peptides
sets that are known as clusters. Frames within the same cluster are more similar

to one another than to frames from different clusters. There are several
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different methods to measure this but the most common uses calculating the
RMSD. This method has been implemented in many different tool packages
however for this work BitClust was used to determine structural clusters.

In Figure 4.5, the RMSD of all chlorhexidines in all frames are shown with the
five most common (cluster 1 being the most frequent, 2 the next most frequent
and so on). In the water simulation, there appears to be fewer occurrences of
the most common clusters. This may suggest that in water only, without any
cations, chlorhexidine is forming more conformations meaning there is more
variety or that the conformations of chlorhexidine are more stable meaning less
clusters. Overall, there is a smaller range of clusters when chlorhexidine is in
water and 1 M KCl.

Whilst there is not a significant difference between the number of clusters
formed when additional salt is present in the solution, or the frequency of the
five most common clusters, there is one exception. With regards to the
chlorhexidine with 1 M CaCl, simulation, there appears to be more incidences of
the five most common clusters, in particular with the most frequent, cluster 1.
Interestingly, cluster 1 in this example does not occur until the second half of
the simulation, with the conformations being clustered into more distinct time
periods of the simulation in comparison to the others. This is in contrast to the
chlorhexidine and 1 M KCI simulation where the most common clusters do not

happen with much regularity at the end.
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Figure 4.5: Superposition of the first five clusters onto RMSD of all frames to

show the frequency of those conformations of chlorhexidine.

Also using the BitClust software, Figure 4.6 shows the cluster size of all the
conformations that were clustered, with outliers shown in red i.e.
conformations that have not been clustered. Focusing on the size of the most
frequent cluster, i.e. how often that conformation occurs, in the chlorhexidine
with water and 0.15 M CaCl, the largest cluster makes up for a little under 4% of
the clusters whilst chlorhexidine 0.15 & 1 M KCl it is higher at around 6% & 8%
respectively. However, the 1M CaCl, is much higher than the 0.15M CacCl, at
12.5%. This aligns to the most frequent cluster, in red in Figure 4.5. Notably, in

all simulations there are very few conformations that do not fall into a cluster.
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Figure 4.6: Cluster sizes showing all the conformations that fall into a cluster as

well as the outliers that did not in red, with solvent shown above.
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The 5 most common clusters of chlorhexidine within each simulation are shown

in Figure 4.7. Generally, the chlorhexidine was relatively straight in most

clusters. The most frequent conformation of each simulation varies, with

chlorhexidine in 1 M CaCl, being the most different to the other most common

clusters, not only occurring more than twice as frequently as the other most

frequent clusters, but also showing a very bent hexamethylene bridge, with

close contact of the chlorophenlys. It appeared that chlorhexidine molecules

were more curved/bent in the presence of salts. This may have contributed to

the aggregation seen in these systems.
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Figure 4.7: The conformations of chlorhexidine (cyan, blue and white) in the 5

most common clusters in each simulation. The percentage each cluster

represents is shown in the bottom right corner of each cluster.
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Further analysis was conducted to better understand the behaviour of
chlorhexidine in different salts. The average R(g) of each chlorhexidine molecule
in each simulation was measured, Figure 4.8. There is not a significant
difference however both systems with the higher 1 M salts, show an overall
smaller R(g) consistently unlike the systems which fluctuate more towards the
end of the simulation. The R(g) is overall larger in the chlorhexidine and water
simulation, this may support initial visualisation suggestions that could suggest
chlorhexidine did aggregate in this system at points, particularly in the early

stage of the simulation.
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Figure 4.8: Average R(g) of each chlorhexidine in each simulation with the

added solvent shown.

111



Next, the average distance between the ends of each chlorhexidine to the other
end of the same chlorhexidine was measured i.e. the distance between the
chlorines on each chlorophenyl, Figure 4.9. Throught the simulations, the
chlorhexidine and 1 M salt show the ends of chlorhexidine to be coming into
closer contact, this supports the conformationfor the most frequent
conformation in both simulations, which is more bent thant the other
simulations, with 1 M CaCl, being particularly curved. Notably, all simulations

end with CI-Cl distances similar with the exception of 0.15 M CaCl,.
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0.5 .
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Figure 4.9: Average distance between chlorine atoms (cyan) on either end of
each chlorhexidine (blue) in each simulation with the added solvent shown. This
aimed to show whether the hexamethylene bridge was bending and if this was

dependent on the available ions.
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Furthermore, the total SASA for all the chlorhexidine molecules in each

simulation was measured, Figure 4.10. Overall the simulations with 1M salts

had a smaller surface accessible area, this is most likely due to firstly

aggregation of the chlorhexidine molecules in these systems but also

interactions between chlorhexidine and the more abundant CI ions in these

setups; which would reduce the SASA of chlorhexidine in these systems.

Otherwise there is little difference between the chlorhexidine with water and

0.15 M salt simulations, suggesting these do not aggregate as much as the 1 M

salt simulations. This again may be due to the 1 M salt cations causing

chlorhexidine to aggregate, which is supported by the lowest SASA being shown

by 1 M CaCl,.
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Figure 4.10: Average SASA of all chlorhexidine with added solvent shown.
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To gain a better understanding of the interactions of chlorhexidine and the ions
in each simulation, the number of contacts between each chlorhexidine and A)
anions and B) cations were calculated, Figure 4,11. Note, that due to the
different number of ions in each simulation this was normalised to per ion.
Firstly looking at the number of contacts between chlorhexidine and CI ions,
chlorhexidine interacts more so with the anions in the chlorhexidine and 0.15 M
salt simulations particularly in comparison to the chlorhexidine and 1 M salt
simulations. This may support that in the higher concentration salt simulations
there is greater aggregation, thereby reducing the number of contacts with
other ions. Comparatively, looking at B, there are far less interactions between
chlorhexidine and cations than with anions. This is to be expected due to the
positive charge of chlorhexidine. However, there are still more contacts with
cations in the 0.15 M salt simulations than the 1 M salt simulations, further
supporting that there is greater aggregation when there is a higher salt

concentration present in the system.
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Figure 4.11: Average number of contacts between chlorhexidine and A) anions
and B) cations, with the solvent shown. This data was normalised to each

chlorhexidine with an average ion due to the different availability of ions in each
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To better understand if chlorhexidine is aggregating in certain conditions, a
radial distribution function (RDF) was used to calculate the probable distance
between chlorhexidine molecules in each setup, Figure 4.12. This was calculated
for each 50 ns block and the average determined. As was anticipated, in the
chlorhexidine 1 M CaCl, and KCl simulations, the chlorhexidine molecules were
more likely to come into contact, with the probable distance likely to be less
than 0.5 nm in each high concentration simulation. Whereas the other
simulations, which are all very similar have and approximate peak, although not
as clear as with the other simulations at over 1 nm. This supports all the

previous evidence that the higher salts are causing chlorhexidine to aggregate.
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Figure 4.12: The RDF was calculated to show the probable distances between

chlorhexidine molecules in each simulation, with the added solvents shown.

Finally, the root mean square fluctuation (RMSF) was calculated for each atom
to determine the deviation of each chlorhexidine atom in regard to a reference
position over time, Figure 4.13. This was measured for each chlorhexidine
molecule and averaged. Overall, there was very little difference for the RMSF
between setups meaning despite the difference in how the chlorhexidine
molecules are interacting with other chlorhexidine molecules, the behaviour of
each atom is relatively similar. The consistent RMSF of chlorhexidine in the

different systems may suggest the conformational forms taken by chlorhexidine
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is independent of the solvent present and this form may be important to its
ability to aggregate. However, over the whole molecule, the RMSF for each
atom is generally higher in the chlorhexidine and water simulation. This is in line
with the suggestion that chlorhexidine aggregates less in water from the initial

visuals and SASA.
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Figure 4.13: The RMSF of each atom was calculated to show the mean
fluctuations each atom in chorhexidine with respect to the starting structure
over time, with the added solvents shown. This too aimed to show the effect of
ion availability on the conformation of chlorhexidine.

Conclusions

Overall, this section of the study suggested that chlorhexidine was more prone
to aggregation in the presence of higher salt concentrations. It may be thought
that this is due to interactions with the greater availability of counter ions in the
system. From the cluster analysis and the average distances between the ends
of the chlorhexidine, it appeared that chlorhexidine molecules in higher salt
concentrations were more bent. This conformation is known to be the most
favourable conformation of chlorhexidine with membranes therefore
simulating chlorhexidine with a higher concentration of salts allows for it to
adopt a more favourable conformation to interact with the membrane which

could be of relevance to in vivo conditions*?>.
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4.3 Chlorhexidine Simulated with S. aureus Membrane and Varying

Counter lons & Components
This section aimed to understand the interaction between chlorhexidine with

the S. aureus membrane in the presence of varying salts and gluconate.

4.3.1 Methods and Simulation Set-up

Upon completion of simulations with chlorhexidine without any membrane,
simulations were then run with the S. aureus membrane. The membrane
comprised of 54% PG, 36% Lysl-PG and 10% DPG in line with experimental

estimations”>1%

. In addition to the membrane, in one simulation gluconate was
added with two gluconate to every one chlorhexidine molecule. This was to
mimic how chlorhexidine is often used in a chlorhexidine digluconate form. The
protocol for the simulations was largely the same with the notable exception of
the pressure being maintained semiisotropically. The simulations are listed in
Table 4.2. Most analysis used GROMACS tools. The area per lipid was measured
using FATSLIM whilst the membrane thickness used Monticelli’s GROMACS4

96,104-107

g_thickness script . BitClust was used for conformational cluster analysis;

a cut-off of 0.1 nm was used to define a cluster'®*.

Contents of Simulation Salt & Concentration | Simulation
Length

10 chlorhexidine, S. aureus, 18915 H,0, Ca** counter ions 3x200ns

28 Ca**

10 chlorhexidine, S. aureus, 18672 H,0, 0.15 M CaCl, 3x200ns

109 Ca**, 162 CI

10 chlorhexidine, S. aureus, 18725 H,0, | 0.15 M KClI 3x200ns
137 K", 81CI
10 chlorhexidine, S. aureus, 10 Cl counter ions 3x200ns

gluconate, 18855 H,0, 38 Ca**

Table 4.2: Table of simulations of chlorhexidine with differing salts with S.

aureus membrane.

4.3.2 Results
The snapshots from the end point, 200 ns, of the simulations with both

chlorhexidine and the S. aureus membrane shown below, Figure 4.14. Whilst
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acknowledging the limitations of visualisation, in that it is not quantitative
analysis, it is noteworthy that all chlorhexidine molecules inserted into at least
the head region of the membrane with the exception of the simulation with
0.15 M CaCl,. In this simulation, there are 3 chlorhexidine molecules that have
not come into contact with the membrane. Furthermore, in the simulation with
water and gluconate, the latter has not entered the membrane any more than
the chlorhexidine however some have penetrated to the same level as the
chlorhexidine molecules. From a visual perspective, it would appear that the
membrane is less organised in the water and gluconate simulation. Finally, it
appears that chlorhexidine molecules have more fully entered the membrane,

in a flatter conformation, in the presence of 0.15 M KClI.
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Figure 4.14: Snapshots of chlorhexidine (cyan, blue and white) with S. aureus
membrane (green) simulations time = 200 ns. The solvents are listed above each
snapshot and gluconate shown in orange. Water and ions have been omitted

for clarity.
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The density plots for these simulations are shown below in Figure 4.15. The
densities were measured over the last 20 ns of each simulation. From these it
would appear that in all simulations chlorhexidine has entered the head region
of the membrane. However, in line with the conclusions drawn from the initial
visualisations, chlorhexidine has entered further into the membrane in the 0.15
M KClI, sitting in towards the tail regions. In this example, water appears to be
further into the head group region than in any of the simulations. This may
mean the chlorhexidine entering is allowing some water into this area of the
membrane. Furthermore, it should be noted that gluconate does not sit so far in
the membrane as the chlorhexidine in that simulation. However, chlorhexidine
in all cases is not able to fully enter the membrane, which may have been
expected. Despite the chlorhexidine entering to a greater or lesser extent in all
simulations, water has not come in to the core of the membrane and the lipid
density is approximately the same. This would suggest that despite
chlorhexidine entering the membrane to a degree, it causes minimal disruption

to the membrane.
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Figure 4.15: Densities of chlorhexidine, lipid head-groups and tails, solvent and

gluconate where relevant. Calculated for the last 20 ns of the simulation.

As with the simulations without a membrane, cluster analysis was carried out
on the membrane simulations also, Figure 4.16. There is a notable difference
compared to the chlorhexidine only simulations in that the most common

conformations happen far less frequently, this is most probably due to the
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limitations of the ability for chlorhexidine to move so freely due to it being in
contact with the membrane. However, even within these simulations, the
chlorhexidine and 0.15 M CaCl, simulations had very few clusters compared to
the other simulations in this case. This is surprising as not all of the
chlorhexidine molecules in this system entered the membrane. Whilst the
simulations where chlorhexidine had more interaction with the membrane. 0.15

M KCI and with gluconate, the clusters were larger and more frequent.
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Figure 4.16: Superposition of the first five clusters onto RMSD of all frames to
show the frequency of those conformations of chlorhexidine with the

membrane, with the solvent shown above.

Again, looking at the cluster sizes, Figure 4.17, as suggested by the previous
data there are far less clustered conformations in these simulations. This may
mean that chlorhexidine is forming more conformations in this scenario
meaning they cannot be clustered into similar groups. The most unclustered
frames occur in the 0.15 M CaCl; simulation whilst the least is in the 0.15 M KCl

has the least.
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Figure 4.17: Cluster sizes showing all the conformations that fall into a cluster

as well as the outliers that did not in red, with solvent shown above.
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The five most common conformations of each cluster are shown in Figure 4.18.
In all of the systems, the most common cluster showed chlorhexidine bent at
the bridge region of the molecule. This suggests that this is either optimal for
chlorhexidine entering the membrane or the appropriate conformation for
chlorhexidine within the membrane. The latter is likely true due to other studies
suggesting this is the conformation of chlorhexidine within the membrane

driven by hydrophobic interactions'®.
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Figure 4.18: The conformations of chlorhexidine (cyan, blue and white) in the 5
most common clusters in each simulation. The percentage each cluster

represents is shown in the top left corner of each cluster.

In addition to the density profiles of the systems, measuring the membrane
thickness in each simulation is a useful tool. The membrane thicknesses of the
systems are shown in Figure 4.19. Whilst there is not much discernable
difference in membrane thickness between the chlorhexidine with water, 0.15
M CaCl,, and with gluconate the system with 0.15 M KCl is bluer, therefore
thinner, than the other simulations. This supports other analysis which suggests

in this setup chlorhexidine is more able to enter the membrane.
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Figure 4.19: Membrane thickness of each simulation.

The deuterium order parameters of the acyl chains of the lipid tails were
measured for each lipid in each simulation, Figure 4.20. Within each setup, each
acyl chain trends similarly. The system with chlorhexidine and 0.15 M KCI has
the overall lowest Scd, i.e. the lowest chain order. This is anticipated based on
this simulation having the thinnest membrane. In contrast, the chain order is
increased in the chlorhexidine and 0.15 M CaCl, system. This would suggest this
is the thickest membrane with the tightest lipid packing, suggesting that

chlorhexidine is not disrupting the membrane so much.

127




Water

0-3 T T T T
PG Chain1 = DPG Chain 1
0.28 PG Chain2 =— DPG Chain2 = |
’ Lysl-PG Chain 1 =— DPG Chain 3
Lysl-PG Chain2 = DPG Chain 4
0.26 -
0.24 < |
0.22 ~ .
8 o .
é 0.2
0.18 .
0.16 [ a
0.14 .
0.12 i}
01 1 1 1 1
0 2 4 6 8 10
Atom
0.15 M CaCl,
0-3 T T T T
PG Chain1 = DPG Chain 1
0.28 | PG Chain2 =— DPG Chain2 - |
’ Lysl-PG Chain1 = DPG Chain 3
-PG Chain2 — DPG Chain 4
0.26
/
0.24 / i
0.22 4
S o2} ~7 .
0.18 A
0.16 R
0.14 - 1
0.12 i
0.1 1 | 1 1
0 2 4 6 8 10

Atom

128



0.15 M KClI
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Figure 4.20: Deuterium order parameters of each lipid tail chain calculated over

the simulation.

The lipid diffusion rates were also measure for each simulation, Table 4.3. For
the simulations with chlorhexidine and water and 0.15 M CaCl, there is some
difference in the later diffusion rates, with lipids in the presence of 0.15 M CaCl,
moving more quickly. However, the diffusion rates are around 10x slower for

the chlorhexidine and 0.15 M KCI| simulations. Furthermore, the simulations
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with the gluconate in the setup saw the highest lipid diffusion rates. Overall,

there was little difference in the diffusion rate between lipid types in all

simulations.
Tl
1e-5cm?/s 1 e-5cm?/s 1e-5 cm?/s
Water 0.0110 (+ 0.0069) 0.0104 (+ 0.0068) 0.0108 (+ 0.0076)
0.15 M CaCl2 0.0182 (+0.0059) 0.0182 (+ 0.0056) 0.0165 (£ 0.0048)
0.15 M KCI 0.00307 (£ 0.0212) 0.00283 (+0.0210) 0.00269 (+ 0.0209)
Gluconate 0.0838 (£ 0.0370) 0.0822 (+0.0383) 0.0831 (£ 0.0314)

Table 4.3: The lipid diffusion rates of lipids throughout each simulation.

In addition to the analysis also described, the APL was measured for each
simulation, Figure 4.21. These are in line with the membrane thickness
simulations as the system with 0.15 M KCI has the highest APL. Membrane
thickness is inversely proportional to APL so the thinner the membrane the
larger the APL. The lowest APL is the system with 0.15 M CaCl,, suggesting this
membrane is the thickest and therefore has had less disruption from

chlorhexidine.
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Figure 4.21: APL over each simulation.
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Further analysis included the SASA of chlorhexidine when in the presence of the
membrane, Figure 4.22. As expected the chlorhexidine in the presence of 0.15
M CaCl; had the largest SASA over the simulation, which was expected as not all
chlorhexidine molecules entered the membrane in this circumstance. Despite
not being the example where chlorhexidine most fully entered the membrane,
the system with gluconate had the smallest SASA, which may be indicative of
interactions between chlorhexidine and gluconate thereby reducing the SASA.
Overall the simulations with water and gluconate both see a greater reduction
in SASA than the other two setups. However focusing on the 0.15 M KClI
simulation, there is a drop in the SASA around 150 ns which then increases. As
previously discussed, in this setup some water entered the head group region
from looking at the density plots. This drop and increase of chlorhexidine SASA
may suggest that the decrease is from the chlorhexidine entering then the
following increase is due to water entering the head groups and being thereby

being able to contact the chlorhexidine.
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Figure 4.22: Average SASA of each chlorhexidine throughout the simulation.
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As with the previous simulations, the distance between the chlorine atoms on
each chlorhexidine molecule was measured throughout the simulation in an
attempt to give an insight into the conformation of the chlorhexidine molecules
in the presence of a membrane, Figure 4.23. Overall, the simulations with a salt
present see a smaller distance between chlorine atoms on each chlorhexidine
than the simulations with only water as a solvent. The system with gluconate
present has the largest CI-Cl distance suggesting that gluconate is interacting

with chlorhexidine and effecting the conformations of the chlorhexidine

molecules.
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Figure 4.23: Average distances between chlorine atoms (cyan) on either end of
each chlorhexidine (blue) in each simulation with the added solvent shown. This
aimed to show whether the hexamethylene bridge was bending and if this was

dependent on the available ions.
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As well as measuring the CI-Cl distances, the number of contacts between
chlorhexidine and lipid heads and tails in each simulation were calculated,
Figure 4.24. The least number of contacts with either lipid component was with
the 0.15 M CaCly; the lack of contact with either heads or tails supports the
evidence that in this simulation chlorhexidine is interacting with the membrane
less. Contrastingly, the most contacts occurred between chlorhexidine and

lipids in the presence of 0.15 M KCI. This is in support with all the previous data.
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Figure 4.24: The average number of contacts less than 0.6 nm between

chlorhexidine and lipid heads and tails.
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In order to ascertain if chlorhexidine shows a preference to one particular lipid
type, the average number of contacts between each chlorhexidine and each
lipid type, Figure 4.25. Due to the difference in abundance of each lipid type,
this data has been normalised to account for this. In all systems, chlorhexidine
showed a preference for DPG, with the most contacts consistently occurring
between it and chlorhexidine compared to the other lipids. Generally, the least
contacts occurred between chlorhexidine and Lysl-PG. This would be

anticipated as both are positively charged.
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0.15 M KClI
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Figure 4.25: Average number contacts between chlorhexidine and different lipid
head-groups. This has been normalised to per lipid due to the differing numbers

of each lipid type in the membrane.

Finally, in order to confirm in which set up chlorhexidine furthest entered the
membrane, the Z-coordinates of 4 random chlorhexidine molecules were
tracked in comparison to the Z-coordinates of the phosphates in the lipid bilayer

of time, Figure 4.26. This figure clearly shows chlorhexidine entering the
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membrane most in the bottom two plots, particularly the 0.15 M KCl simulation.
The position of chlorhexidine is at a similar depth in the water and 0.15 M CaCl,
simulations. This supports the previous data that suggests 0.15 M KCI allows
chlorhexidine to further enter the membrane. Furthermore, this may suggest

gluconate has a role in allowing chlorhexidine to enter the membrane more

fully.
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0.15 M KCl
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Figure 4.26: Z-coordinates of 4 random chlorhexidine in each simulation in
relation to top and bottom leaflet of membrane over time. Note that jumps
across the membrane at the beginning of the simulation are a remnant of PBCs

and chlorhexidine does not cross the membrane.
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4.3.3 Conclusions
From these simulations, it can be seen that chlorhexidine is not able to fully

enter the membrane given the current setups used in this work. This may
highlight the importance of using chlorhexidine with a surfactant or with
alcohol. However, the favoured position of chlorhexidine has previously been
shown to be within the head region of the membrane. This may suggest that
the dents and deformations caused by chlorhexidine only require the molecule
to sit within the head groups. This may also explain why chlorhexidine works
extremely quickly and is therefore an effective topical antiseptic, as it is not
required to enter the membrane in order to have bacteriostatic and bactericidal

126

effects™". However, we are limited by the timescales of MD and the particular

force fields used.

One interesting consistency between the simulations is the preference of
chlorhexidine to come into contact with DPG over other lipids in the bilayer. It
would be expected this interaction occurs due to the stronger negative charge
of DPG due to the two phosphate groups within the head group. There are no
experimental studies of this specific interaction, which would be suggested in
the future. If having highly negatively charged lipids within the membrane is
important for the efficacy of chlorhexidine then this could be used to more
effectively administer the antiseptic for more appropriate infections. It has been
shown that bacteria resistant to certain antibiotics see reduced susceptibility to
chlorhexidine, with susceptibility reducing with repeat exposure, highlighting
the importance of appropriate use'”. It may also explain why it has been
previously experimentally evidenced that Gram-positive bacteria are more
susceptible than Gram-negative bacteria to chlorhexidine as the latter is

believed to typically contain slightly less DPG within the bilayer®®>’.

Despite chlorhexidine being ubiquitously administered with gluconate, in this
work the gluconate does have a slight influence on the apparent efficacy of
chlorhexidine. However, it appears that chlorhexidine is used with gluconate

most frequently due to its ability to dissolve in water. This may suggest that any
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benefit of gluconate in the efficacy of chlorhexidine is a useful consequence of
the manufacturing process. However it is interesting to note that the gluconate
is not itself interacting with the membrane particularly yet chlorhexidine does
seem to enter the membrane more fully in this case, yet did not disrupt the

bilayer as much as the 0.15 M KCl simulation.

The other takeaway from this work is that available counter ions seem to have
an important effect on the efficacy of chlorhexidine. The chlorhexidine had the
largest effect on the bilayer causing membrane thinning and increasing the APL.
There is no experimental support of this therefore experiments of this would be
helpful to confirm this. It could be that KCl interferes with the bacterial
membrane therefore allowing chlorhexidine to further enter the membrane.
However, Ca** ions are known to disrupt bacterial membranes therefore why

this is only seen in the KCl simulation remains unclear”.
As previously stated, whilst the simulation work shows interesting results and

suggestions for the behaviours of chlorhexidine, experimental data would be

useful to confirm these findings.
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Chapter 5 - Force Field Effect on
Structure and Membrane Interactions
of Chlorhexidine

5.1 Introduction
As previously described in the methods, force fields underpin all the calculations

computed during a MD simulation. In MD simulations, a molecule is described
as series of balls (atoms) linked by springs (atoms). In order to understand the
progress of bond lengths, bond angles, torsions, van der Waals and electrostatic
interactions, a force field is used. The force field is an assembly of equations and
related constants intended to replicate molecule geometry and chosen
properties of established structures.'”® Increasingly, MD simulations are an
important and powerful tool to help in our understanding of biological systems,
particularly membranes, lipids and their associated interactions. This work and
research as given rise to a number of different force fields to simulate such
systems, which are freely and readily available. Each force field has different
parameter sets for biological molecules and therefore has different strengths,
weaknesses and different force fields are appropriate depending on the system
setup and the desired outcomes. Therefore, this work looks at the difference
between two popular and commonly used force fields to test if one is better at
demonstrating the mode of action of chlorhexidine with the S. aureus
membrane. The work compared the CHARMM36 and GROMOS54a7 force
fields®”**°. The aim of this work was to firstly try to determine how
chlorhexidine disrupts bacterial membranes but also the differences these force

fields have on lipids and their interactions with chlorhexidine.

Since the 1970s, force fields have undergone constant study and

130,131

improvement . These early force fields primarily aimed to accurately

produce the parameters for small molecules and focused on protein structural

132,133

data . As the field developed, and computational power improved, bigger

and more complex molecules and systems could be simulated and therefore the
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force fields developed to represent these larger systems®**. Due to lipids and
membranes being present in all orders of biological life, parameterising and
simulating these molecules are of particular interest as well as understanding

the molecules, peptides and proteins that interact with these membranes.

Both CHARMM and GROMOS have been extensively used to simulate such
systems. Whilst both are atomistic force fields, CHARMM36 is an all atom force
field meaning that every atom in a given molecule is explicitly represented.
Whereas, GROMOS54a7 is a united atom force field meaning that hydrogen
atoms on non-polar groups are not considered. In order to still represent
hydrogen bonding however, polar hydrogen atoms are explicitly represented.
Whilst there are other slight differences between the force fields, this
distinction is key. In order to calibrate these force fields in relation to
experimental results, area per lipid, lipid diffusion rates, acyl-chain deuterium
and order parameters are methods of analysis used to compare the MD results

to experimental results'*>*%*

. These methods of analysis are also frequently
used to analyse how molecules such as membrane disrupting antimicrobials

affect bacterial lipids.

Several other studies have been done to ascertain how well different
membranes are calibrated in relation to parameters found experimentally. A
study within the Khalid group has previously compared force fields with respect
to PC membranes. These results demonstrated a significant difference in the
physical properties of membranes between different force fields. Whilst all of
the force fields, including CHARMM and GROMOS, were determined to have
advantages and disadvantages to reproduce experimental results, the key
differences were in the deuterium order parameters and lipid diffusion rates™’.
A similar study from this time found that the GROMOS54A7 force field was best
for matching to experimental results of PC membranes however this was only in

comparison to the GROMOS53A6 force field*2.
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In regards to studying lipid interactions with other molecules, a 2017 study
compared force fields in relation to protein-lipid interactions at the membrane
interface again focusing on a PC membrane. This work found significant
difference between force fields in regards to the tilt of trans-membrane

139 This could suggest that different

peptides and membrane insertion depths
force fields may be better for simulating membrane interactions with other
molecules, which could be of particular importance when studying antimicrobial
interactions with the bacterial membrane. Furthermore, a study comparing
force fields focusing on membrane active antimicrobial peptides found that the
secondary structure of such peptides within the bilayer is strongly force field

dependent™®.

From all of these studies showing that simulation results are highly force field
dependent, it is difficult to say which is the most appropriate force field to use
in every circumstance. These differences also highlight the importance of

validating simulations with experimental work.

Therefore, this work aimed to assess the difference between CHARMM and
GROMOS force fields when simulating chlorhexidine with the S. aureus
membrane. This is of particular interest as most data comparing force fields
currently focuses on simpler membranes, such as PC membranes. Whereas this
work not only aimed to show the difference in the effect of chlorhexidine
between force fields but also if differences between results are equally as force
field dependent when using a more complex membrane. Furthermore, the
effect of chlorhexidine on the S. aureus membrane under an electric field was

also compared across the two different force fields.
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5.2 Chlorhexidine Equilibrium Simulations
The initial simulations in this section aimed to compare how chlorhexidine

interacted with the S. aureus membrane at equilibrium in the different force
fields, in order to try to predict which force field best modelled this interaction.

5.2.1 Methods and Simulation Set-up
The simulations carried out for the initial stage of this work are listed in Table

5.1.

Contents of Simulation Force field Simulation
Length

10 chlorhexidine, S. aureus membrane, | CHARMM36 3 x 500 ns

22143 H,0, 28 Ca**

10 chlorhexidine, S. aureus membrane, | GROMOQOS54a7 3 x500 ns

22577 H20, 28 Ca**

Table 5.1: List of simulations with differing force fields and ion availability.

The membrane used the same lipid composition of PG, Lysl-PG and DPG as the
previous chapter described and the same chlorhexidine model. The CHARMM

101,102

models were adapted from GROMOS model using CGenFF . The membrane

for GROMOS came from previous in house work?’. The chlorhexidine model was

converted to a GROMOS model using the automated topology builder (ATB)***.

For the CHARMM simulations, the simulations were performed used the
GROMACS2018 code, the CHARMM36 force field with the TIP3P water
mode®®?”*?| The temperature of 313 K was maintained using the Nosé-Hoover
thermostat at a time constant of 1 ps®’. The pressure was maintained semi-
isotropically at 1 atm using the Parrinello-Rahman barostat with a time constant
of 1 ps®. LINCS constraints were applied to hydrogen containing covalent
bonds®. A time step of 2 fs was used and long-range electrostatic interactions

were calculated using the PME method®. For both the electrostatic and Van der
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65,66
d

Waals interactions a cut-off value of 1.2 nm was use . Both systems were

neutralised with Ca® counter ions.

For the GROMOS simulations, the GROMOS54A7 force field was used with the
SPC water model, again using the GROMACS2018 code®’*?’. The membrane
was again equilibrated before production. The temperature of 313 K was
maintained using the Nosé-Hoover thermostat at a time constant of 1 ps®. The
pressure was maintained semi-isotropically at latm using the Parrinello-
Rahman barostat with a time constant of 1 ps®*. LINCS constraints were applied
to all bonds®®. A time step of 2 fs was used and long-range electrostatic
interactions were calculated using the PME method®. For both the electrostatic
and van der Waals interactions a cut-off value of 1.4 nm was used®. Systems

were neutralised as described in table 1.

For both force fields, each simulation was run in triplicate for 500 ns. VMD was

used for visualising the simulations whilst analysis primarily used GROMACS

108

tools™ . The membrane thickness and phosphate density used Monticelli’s

106,107

GROMACS4 g_thickness and g_mydensity scripts respectively . The area

per lipid was measured using FATSLIM*®.
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5.2.2 Results
The snapshots of the systems at the end point of the simulations (500 ns) are

shown in Figure 5.1, in both force fields, all chlorhexidine molecules have

inserted into the membrane with none remaining within the solvent.
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Figure 5.1: Snapshots of chlorhexidine (cyan, blue and white) with S. aureus
membrane simulations at 500 ns, with the membranes shown in green and pink
for CHARMM and GROMOS force field simulations respectively. The solvents
and force field are listed above each snapshot. Water and ions have been

omitted for clarity.

The densities of lipids, solvent and chlorhexidine are shown in Figure 5.2. From
these it appears that chlorhexidine entered further into the membrane in the
GROMOS simulation compared to the CHARMM simulation. In the GROMOS
simulation, the density of chlorhexidine was within the tail region of the bilayer
whilst in the CHARMM simulation chlorhexidine sat within the head-groups.
Notably, chlorhexidine did not sit within the centre of the membrane in either
force field. However, in the CHARMM simulation, the solvent appeared to enter

slightly further into the head-group region.
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Figure 5.2: Densities of chlorhexidine, lipid head-groups and tails and solvent.
This was calculated for the last 20 ns of the simulation. The force fields are

shown above.
The membrane thicknesses from each simulation are shown in Figure 5.3. The
GROMOS membrane thickness shows darker, thinner areas where chlorhexidine

had entered the membrane. In contrast, the thickness of the CHARMM
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membrane is similar throughout the membrane and did not show such
concentrated thinner areas of the membrane. This supports the evidence from
the density plots previously that chlorhexidine entered the membrane more

fully in the GROMOS simulation.

CHARMM GROMOS

4.0 4.0
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Thickness (nm)
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Figure 5.3: Membrane thickness of each simulation. The force fields are shown

above.

The deuterium order parameters were measured for the acyl chains of the lipids
in both membranes and shown in the Appendix, Figure A.2. This showed little
difference between lipids within each force field. Overall, however, towards the
end of chains, the GROMOS lipid tails were less organised than the CHARMM
ones as they headed more steeply towards 0. This was inline with the previous
analysis.

In addition to the thickness, the membrane density of the phosphates within
the lipid head groups also showed greater disruption of the membrane in the
GROMOS simulation, Figure 5.4. In this analysis, the phosphates were shown to
be less tightly compacted and the density wider which suggested greater

disruption to the membrane.
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Figure 5.4: Phosphate density of lipid head-groups phosphates in Y-direction.

The force fields are shown above.

The average number of contacts, less than 0.6 nm, between chlorhexidine and
the lipids in the bilayer on average were measured, with the data being
normalised to represent the differing lipid within the membrane, Figure 5.5. The
aim of this was to see whether chlorhexidine showed a preference to contact a
particular lipid type and whether this was consistent across the two force fields.
Interestingly, there were more contacts between chlorhexidine and the lipids in
the CHARMM simulation overall despite the evidence that chlorhexidine better
enters the membrane in GROMOS force field simulations. However, these
contacts were measured between chlorhexidine and lipid head groups meaning
that chlorhexidine in GROMOS simulations are not contacting heads so

frequently as they have inserted into the membrane.
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Figure 5.5: Average number contacts between chlorhexidine and different lipid

head-groups, less than 0.6 nm, over time. This has been normalised to per lipid

due to the differing numbers of each lipid type in the membrane. The force

fields are shown above.
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The lateral diffusion rates of the lipids in each bilayer were measured, Table 5.2.
The lipids in the GROMOS simulation diffused across the membrane around 10
times slower than in CHARMM simulation. This may support suggestions that
chlorhexidine is entering and crowding the lipids more when using the GROMOS
force field than the CHARMM force field. This is based upon studies that have

suggested lipids diffuse laterally more slowly in crowded bilayers**.

Force field | PG Diffusion Rate Lysl-PG Diffusion Rate | DPG Diffusion
(1e-5 cm?/s) (1e-5 cm?/s) Rate (1e-5 cm?/s)

CHARMM  0.0400 (+0.0433)  0.0277 (+/- 0.0295)  0.0417 (+/- 0.0417)

GROMOS 0.0013 (+ 0.0003) 0.0014 (+ 0.0008) 0.0013 (+ 0.0008)

Table 5.2: The lipid diffusion rates of lipids throughout each simulation.

SASA was measured over time cumulatively of all chlorhexidine molecules in
each system, Figure 5.6. There was very little difference between force fields of
SASA throughout the simulations. This suggests that in both force fields that
chlorhexidine was equally unable to interact with water in both force fields,
which is indicative that chlorhexidine entered the membrane in both setup
rather than of how disrupted the membrane or how far the chlorhexidine

inserted in the bilayer.
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Figure 5.6: SASA of chlorhexidine over each simulation over time. The force

fields are shown above.

In these simulations, APL began at around 0.65 nm? in the CHARMM system and
0.7 nm” in the GROMOS simulation, Figure 5.7. Interestingly, both the APL in
both systems ended at a very similar point particularly in the last 200 ns of the
simulations. As the method used for measure APL focused upon the lipid head
groups, this may suggest that in both membranes chlorhexidine disrupted the
upper region of the membrane similarly. Previous simulation work supports that
this is the favoured location of chlorhexidine within the membrane, this
suggests that both force fields are valid for displaying this aspect of the mode of

action of chlorhexidine in an aqueous environment.
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Figure 5.7: APL over each simulation over time. The force fields are shown

above.

The number of hydrogen bonds between chlorhexidine and each lipid was
measured over time (ns) with the donor acceptance distance was set at 3.0 A
and the angle cut off was 20 degrees, Figure 5.8. The data was normalised to
represent the different number of each lipid with the bilayers. As would be
anticipated, both in CHARMM and GROMOS systems, chlorhexidine made the
least hydrogen bonds with Lysl-PG, due to both chlorhexidine and this lipid
being positively charged meaning this interaction would be unfavourable. In
regards to PG, there are slightly more chlorhexidine hydrogen bonds with this
lipid in the GROMOS simulation than the CHARMM. This is in line with the
suggestion from contact number analysis; Figure 5.6 that suggested in GROMOS
chlorhexidine favoured interacting PG over DPG. However, overall there was
not a great difference between the numbers of hydrogen bonds formed with
any lipid between force fields despite that generally there were more contacts
between lipid head groups and chlorhexidine in the CHARMM force field
simulation. As the data suggests that chlorhexidine enters further into the
membrane in the GROMOS simulations, this may suggest that chlorhexidine is

making hydrogen bonds with the lipid head groups from within the bilayer in
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the GROMOS as this would account for the disparity between hydrogen bond
numbers being similar between force fields yet the lipid head-chlorhexidine
contacts being different. The similarity between the numbers of hydrogen
bonds between force fields suggests that both force fields are appropriate for

measuring this aspect of the membrane-chlorhexidine interaction.
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Figure 5.8: Hydrogen bonds between chlorhexidine and each A) PG B) Lysl-PG
and B) DPG lipid on average over time. The donor acceptance distance was set

to 3.0 A and the angle cut off 20 degrees.

It is important to understand the depth of insertion of chlorhexidine within the
membrane, not only from the stand point of understanding the mode of action
of chlorhexidine, but also whether seeing this mechanism is force field
dependent. Therefore, the number of contacts between chlorhexidine and the
lipid heads and tails less than 0.6 nm was measured over time (ns), Figure 5.9.
The data was normalised due to there being more lipid tails than heads. Overall,
the most contacts occured between the chlorhexidine and lipid heads in the
CHARMM system whilst the least contacts happened between chlorhexidine
and the lipid tail in the same force field. This shows that in the CHARMM
simulation, chlorhexidine clearly sits comfortably within the head region of the
bilayer but is not favourable or capable to enter any further. Notably, by the
end of the simulation there were almost as many contacts between
chlorhexidine and lipid tails in the GROMOS simulation as with head groups in
the CHARMM simulation. Furthermore, there is a clear point in the GROMOS
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simulation where the number contacts between chlorhexidine and the lipid tails
over took the number of contacts with the lipid heads at around 300 ns. From
this point the number of chlorhexidine head contacts dropped whilst the tail
contacts continued to rise. This suggests that the GROMOS force field allows for
chlorhexidine to penetrate deeper than can be seen in the CHARMM force field.
However, it should be noted again that in neither force field did the

chlorhexidine cross the membrane nor did it enter the centre of the bilayer.
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Figure 5.9: The average number of contacts less than 0.6 nm between
chlorhexidine and lipid heads and tails over time. This was normalised due to

the greater number of tails than heads. The force fields are shown above.

In addition to contacts with between chlorhexidine and components of the
bilayer, the numbers of contacts less than 0.6 nm between chlorhexidine and
Ca2+ in each system was measured, Figure 5.10. It would be expected that
there would be few contacts between chlorhexidine and cations due to the
cationic nature of chlorhexidine. However, comparing these contacts between
the force fields shows that chlorhexidine comes into close contact more
regularly with cations in the CHARMM force field than the GROMOS force field.

The few contacts that occurred in the GROMOS were prior to the point of
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insertion suggested previously, Figure 5.9. This may account for the similar SASA
values being very similar between systems despite chlorhexidine clearly
entering the membrane more deeply in the GROMOS simulation. It may be that
the interactions seen in this analysis were reducing the SASA of chlorhexidine.
Furthermore, as it would not be favourable for chlorhexidine to come into close
contact with Ca®* ions, GROMOS may better represent the charges involved in
these systems; particularly as even when chlorhexidine is in solution at the
beginning of the simulation there are less of these contacts in the GROMOS

system than CHARMM.
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Figure 5.10: Average number of contacts between chlorhexidine and cations
over time. This data was normalised to each chlorhexidine with an average ion
due to the different availability of ions in each simulation. The force fields are

shown above.

In order to better understand the conformation of chlorhexidine in each system
throughout the simulation the distance between the chlorine atoms on the
ends of each molecule was measured for each and averaged, Figure 5.11.
Overall, past the 200 ns point of the simulations, at which chlorhexidine had at
least entered the head group regions of the bilayer in both force fields, the

chlorine atoms come into closer contact in the GROMOS simulation suggesting
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that the chlorhexidine molecule is bent at the hexamethylene bridge which may
be allowing the positively charged areas of the molecule to interact with the
negatively charged. This conformation is supported by other simulation work*®.
The previous evidence has shown that chlorhexidine enters the membrane
more thoroughly and causes greater disruption to the membrane in the
GROMOS simulation, which may be an effect of the chlorhexidine taking this

favourable conformation in this force field.
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Figure 5.11: Average distance between chlorine atoms (cyan) on either end of

each chlorhexidine (blue) in each simulation over time. The force fields are

shown above.
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The final analysis of this section involved tracking the Z-coordinates of four
random chlorhexidine molecules in each system in relation to the Z-coordinates
of the phosphates of the upper and lower leaflet over time, Figure 5.12. This
aimed to show whether the depth of penetration was in fact different between
force fields as suggested by the previous analysis. Note that the jumps across
the membrane are due to periodic boundary effects rather than the
chlorhexidine molecules crossing the membrane. From this it can be seen that
the insertion depth of chlorhexidine is more in the GROMOS system than the
CHARMM system. Furthermore, it appears in the GROMOS system that upon
insertion of the molecules they stay within the membrane. Compared to the
CHARMM molecule 4 which completely entered the head groups then comes
out again, suggesting chlorhexidine is not stably inside the lipid heads as

compared to GROMOS.
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Figure 5.12: Z coordinates of 4 random chlorhexidine molecules in each force
field system in relation to top and bottom leaflet or membrane over time. Note
that the jumps across the membrane at the beginning of the simulation are a

remnant of PBCs and chlorhexidine does not cross the membrane.
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5.2.3 Conclusions
The effect of chlorhexidine on the lipid bilayer clearly was influenced by the

force field used. Overall, it appeared that using the GROMOS force field showed
chlorhexidine further entering and therefore disrupting the membrane more so
than using the CHARMM force field. However, some of the expected behaviours
of chlorhexidine were better demonstrated by the CHARMM force field: with
particular reference to the preference of chlorhexidine to interact with DPG in
this simulation. Unfortunately, there is little experimental data on whether
chlorhexidine is known to have a preference for a particular lipid and the
assumption that DPG should be the preference is based on the known aspects
of the mode of action of chlorhexidine and the charges involved. In fact, overall
there is little experimental data on the intricacies of exactly how chlorhexidine
works on such a zoomed scale. Therefore it is difficult to say which force field
exactly is displaying the true mechanisms of chlorhexidine and highlights the
importance of molecular dynamics studies to be used in conjunction with
experimental data. This difference between the two force fields also highlights
that whilst GROMOS may be a better force field to show the exact mechanism
of chlorhexidine it does not mean it is always the most appropriate force field to

use.

Notably, at no point in any of the simulations using either force field did
chlorhexidine fully enter the centre of the membrane. Whilst this is in line with
other simulation data, it is unclear from experimental data as to whether this is
an accurate depiction of how chlorhexidine actually behaves. Chlorhexidine
entering only into the head region of the lipid bilayer may support how it has
been shown to cause dents in the bacterial membrane. These deformations
caused by chlorhexidine initially cause the cell to be unable to proliferate at low
numbers but the cell to lyse at higher numbers. Therefore the evidence seen
here may support that chlorhexidine does not fully enter the membrane and
does not need to for the mechanism of bacteriostatic and bactericidal effects to

work.
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Despite this, it is important to consider the constraints of these simulations
particularly in regards to the timescales that are achievable. It could be that
chlorhexidine can enter the membrane fully using both force fields and it could
be the favourable position of chlorhexidine. Therefore the next work involved
using electroporation techniques in an attempt to have chlorhexidine fully enter

the membrane and then from this position access the effect on the bilayer.
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5.3 Chlorhexidine Electroporation Simulations

5.3.1 Electroporation Background and Aims
Electroporation is a technique used in simulations of membranes. Within the

GROMACS code, a pulsed and oscillating electric field can be applied according

to the following equation:

E(t):EOexp[- (t_t"z) }cos[a)(t-t0 )]
20

Equation 5.1: Eois the field strength, the angular frequency w=21tc/A, tois

the time at of the peak in the field strength and O is the width of the pulse'®.

Within the scope of studying lipid bilayers, adding an electric field can allow for
a pore of solvent to be forced to form within the membrane. Pore formation

can allow for proteins, peptides and other relevant molecules, that usually are

144

important, to transport across the membrane™". Electroporation is one of the

oldest techniques for manipulating the cell membrane and has been used

145

extensively both experimentally and within simulation™. Applying a pulsating

electric field to the membrane has been shown to enhance the membrane

146

permeability of the cell membrane™. The technique is widely used within

biomedicine and biotechnology for application including sRNA cell delivery to
clinical electro-chemotherapy**’**%.

In addition to the use of electroporation in vivo and in vitro, extensive
simulation work of these pores being formed have been studied to better
understand the dynamics of the pores themselves and to try to allow molecules
to cross the membrane.?%!491°

This work used electroporation in order to increase the cell permeability in
order to allow chlorhexidine to transport further into the lipid bilayer.

5.3.2 Methods and Simulation Set-up

The simulations carried out for the electroporation work are listed in Table 5.3

and were all neutralised using Ca* ions.
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Contents of Simulation | Force field High V/nm Low V/nm
simulation simulation
length (ps) length (ns)

10 chlorhexidine, CHARMM36 3 x 800 3x500ns

S. aureus membrane,

22143 H,0, 28 Ca**

10 chlorhexidine, GROMOS54a7 | 3x800 3x500ns

S. aureus membrane,

22577 H20, 28 Ca**

Table 5.3: List of simulations with differing force fields, electric fields and ion

availability.

With the exception of the applying of the electric field, the simulation protocol
for both force fields was the same as the previous section of work. The same
analysis tools were also used. The electric field was applied in the Z-direction
initially at a voltage of 0.40 V/nm? for 800 ps until a pore formed. This was then
lowered to 0.04V/nm? still in the Z-direction, as the membrane would collapse if
such a high electric field were maintained. This protocol is line with other
simulation work®. The same chlorhexidine and S. aureus membrane model was
used as for the previous work.

5.3.3 Results

The snapshots below, Figure 5.13, show the two electroporation systems at 800
ps, when pore formation occurred at the high electric field value (0.40 V/nm).
At this point, there was clearly a larger pore in the GROMOS simulation than the
CHARMM. Chlorhexidine was not pulled into the membrane by the pore
formation in either simulation. The snapshots at the end point of the low
electric field simulation (0.04 V/nm), Figure 5.14, shows the pore collapsed in
both force fields and did not pull the chlorhexidine into the membrane at this
stage either. However, chlorhexidine appears to have further entered the

membrane again in the GROMOS simulation.

163



CHARMM

GROMOS

Figure 5.13: Snapshots of pore formation in electroporation simulations. The

phosphate heads are shown in lime green and pink for CHARMM and GROMOS

systems respectively, whilst chlorhexidine is in cyan, blue and white and water

in lilac. Lipid tails have been omitted for clarity. The force fields are shown

above.

CHARMM

GROMOS

Figure 5.14: Snapshots of end point of low electric field simulations, 500 ns.

Lipids are shown in lime green and pink for CHARMM and GROMOS systems

respectively, whilst chlorhexidine is in cyan, blue and white. Water and ions

have been omitted for clarity. The force fields are shown above.
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The densities of the lipid components, chlorhexidine and solvent were again
measured in the Z-dimension, Figure 5.15. In regards to the CHARMM
simulation, chlorhexidine appears to have entered slightly further into the
membrane in the electroporation than the equilibrium simulation. Whereas the
position of chlorhexidine in the bilayer in the GROMOS simulation seems largely

unchanged between the equilibrium and electroporation simulations.
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Figure 5.15: Densities of chlorhexidine, lipid head-groups and tails and solvent.
This was calculated for the last 20 ns of the simulation. The force fields are

shown above.
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The membrane thickness was also measured for the electroporation systems,
Figure 5.16. The GROMOS membrane had more darker, thin, patches within the
membrane when an electric field had been applied. The CHARMM
electroporated membrane seemed slightly darker and therefore thinner than
the equilibrium membrane suggesting the electroporation is having an effect on
the membrane. Further analysis was required to confirm how much this
membrane thinning from the equilibrium simulations, particularly for the
GROMOS simulation, was an effect of the electric field, the chlorhexidine
molecules or a combination of the both with the electric field aiding in showing

the mode of action of chlorhexidine.

GROMOS

CHARMM
8 58 e 4.0 4.0

N e B

Thickness (nm)
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Thickness (nm)

Figure 5.16: Membrane thickness of each electroporation simulation. The force

fields are shown above.

The deuterium order parameters were measured for the acyl chains of the lipids
in each membrane whilst being simulated with an electric field. This is shown in
the Appendix, Figure A.3. This showed little difference compared to the systems

at equilibrium, most probably due to the pores collapsing in both systems.

The density of the phosphates of the lipid head groups were again measured,
Figure 5.17. There is a significant difference in the membranes from these
figures with lipid head groups appearing to be pulled into the centre of the

membrane in the GROMOS simulation. This effect was not seen in the CHARMM
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simulation and may suggest that GROMOS further entered the membrane in
this setup or that the electric field had a larger effect on the GROMOS
simulation. However, this process of lipid heads flipping into the membrane

whilst an electric field is in use was previously shown to happen using the

. 1420
GROMOS force field”".
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Figure 5.17: Phosphate density of lipid head groups’ phosphates in y-direction in

electroporation simulations. The force fields are shown above.

The number of average contacts between each lipid type and chlorhexidine less
than 0.6 nm were measured over time, Figure 5.18. Collectively, chlorhexidine
contacted lipid heads around the same amount for both force fields. The
contacts between each lipid type and chlorhexidine remained largely similar in
the GROMOS simulations between the equilibrium and electroporation
simulations. However, the previously shown preference for chlorhexidine to
heavily prefer contacts with DPG in the CHARMM force field was not shown
here with there being little difference between the contacts with each lipid
type. Whilst chlorhexidine in the GROMOS force field showed a clear preference

to interact with PG and DPG as would be expected due to the charges.
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Figure 5.18: Average number contacts between chlorhexidine and different

lipid head-groups over time. This has been normalised to per lipid due to the

differing numbers of each lipid type in the membrane. The force fields are

shown above.
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The number of hydrogen bonds formed between chlorhexidine and each lipid
type was measured over time (ns) for both force fields, Figure 5.19. This data
was normalised to represent the different number of each lipid within the
bilayer. Firstly, chlorhexidine using GROMOS made more hydrogen bonds with
PG in comparison to when the CHARMM force field was was used. This would
be expected based on the previous contact analysis. The hydrogen bonds
between chlorhexidine and Lysl-PG was similar between force fields and over all
occurred less than between chlorhexidine and PG and DPG. This would be
anticipated due to the positive charge of chlorhexidine and Lysl-PG. The highest
number of hydrogen bonds for both force fields occurred between
chlorhexidine and DPG however it would be assumed these hydrogen bonds

were short lived as the data has more spikes than with PG and Lys|-PG.
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Figure 5.19: Number of hydrogen bonds between chlorhexidine and each A) PG
B) Lysl-PG and C) DPG lipid on average over time. The data has been normalised
to represent the different number of lipids available in each system. The donor

acceptance distance was set to 3.0 A and the angle cut off 20 degrees.

The APL was measured over time, Figure 5.20. Between force fields there was
little difference in the APL of the membranes, they both started higher and drop
due the decrease in the electric field from 0.40 V/nm to 0.04 V/nm, causing the
pore to collapse. After this point, the APL was broadly similar, at around 0.67

nmz.
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Figure 5.20: APL over each electroporation simulation over time. The force

fields are shown above.

Furthermore, Figure 5.21 shows the SASA of chlorhexidine measured over time.
The SASA was very stable and similar over the simulation for both systems.
However, the SASA was less in the electroporation simulations than the
equilibrium simulations suggesting that chlorhexidine is entering further into
the membrane in both force fields using the electric field and may have caused
the disruption previously discussed. Furthermore, as the SASA was very static
throughout the simulations for both force fields, this would suggest that
chlorhexidine entered the bilayer during the initial high electric field portion of
the simulations. This may suggest that electroporation may speed up the

entering of chlorhexidine.
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Figure 5.21: SASA of chlorhexidine over time in each electroporation simulation.

The force fields are shown above.

In order to estimate the depth of insertion of chlorhexidine in these electric
field simulation, the number of contacts <0.6 nm between chlorhexidine and
the lipid heads and tails over time using each force field, Figure 5.22. Overall,
this showed the most contacts between chlorhexidine and head groups in the
CHARMM force field and with tails in the GROMOS force field. This suggests
that GROMOS still allowed for chlorhexidine to enter the membrane more
deeply into the bilayer than in CHARMM in both the equilibrium and
electroporation setups. Overall, the contacts were similar for both the
electroporation and equilibrium setups for both force fields suggesting that the

electric field did not allow for chlorhexidine to further enter the membrane.
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Figure 5.22: The average number of contacts less than 0.6 nm between
chlorhexidine and lipid heads and tails over time. This was normalised due to

the greater number of tails than heads. The force fields are shown above.

Finally again the Z-coordinates of four random chlorhexidine molecules in each
system in relation to the Z-coordinates of the phosphates of the upper and
lower leaflet over time were tracked, Figure 5.23. In both simulations,
chlorhexidine only entered the head region of the bilayer as supported by

previous analysis.
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Figure 5.25: Z-coordinates (nm) of 4 random chlorhexidine molecules in each
force field system in relation to top and bottom leaflet or membrane over time
in electroporation simulations. Note that the jumps across the membrane at the
beginning of the simulation are a remnant of PBCs and chlorhexidine does not

cross the membrane.
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5.3.4 Conclusions
Whilst there are differences between the force fields, in both, chlorhexidine

never fully entered the bilayer, even when applying an electric field increased
membrane permeability. As this is consistent between force fields, this may
suggest that chlorhexidine does not need to fully enter the membrane in order
to stop bacterial growth or kill bacteria. This could be why chlorhexidine has
such broad efficacy against many microorganisms, not just bacteria, as

phospholipid bilayers are quite similar between microorganisms.**

It may also
explain how chlorhexidine works so quickly as exposure does not need to be
long if chlorhexidine need only sit in the lipid head area to cause an effect on
the bacteria.

Finally, the differences between the force fields are difficult to untangle without
further experimental work. There is little experimental work aimed at
understanding molecular properties of realistic membranes like the membrane
neither used here nor work with chlorhexidine studying similar parameters. Due
to this it is difficult to say which force field is most accurate and shows the

importance of force field development in conjunction with experimental data to

allow for the most accurate simulation work to be conducted.
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Chapter 6 - TCP Co-aggregation in
Presence of Bacterial Products

6.1 Introduction
Regardless of the cause, all wounds are at risk of being contaminated by

bacteria, which can result in an infection. It is therefore integral for the survival
of the host to be able to counteract a bacterial infection and as such, hosts have
developed defence systems. Upon initial bacterial infection, the host’s innate
immune response is engaged which causes the subsequent action of many
proteins and peptides™’. In humans, aspects of the innate immune system
include neutrophil-derived alpha-defensins in addition to plasma proteins such

as thrombin®®*'3

. Toll-like receptors (TLRs) are responsible for recognising
pathogen-associated molecule patterns (PAMPs) then recruiting adaptor
proteins that in turn are responsible for the subsequent activation of other
downstream cascades. This ultimately leads to the orchestration of

P4 Inthe

inflammatory responses and other events such as cytokine production
case of bacterial ligands being presented to TLRs, it can lead to the pathogen
being phagocytosed, as well as its antigens presented to CD4+ T cells, which is

important for the host developing an adaptive immune response™>.

There are many different types of PAMPs and these trigger different TLRs.
Gram-negative component LPS triggers TLR4 whilst Gram-positive LTA triggers
TLR2™°. The TLR4 relay response to bacterial LPS is shown in Figure 6.1. It
shows LPS binding to LPS binding protein (LBP). This is then transferred to CD14
then myeloid differentiation factor 2 (MD-2), a protein essential for this relay
response. This in turns presents to TLR4 in complex with MD-2. TLR4 and MD-2
binding to the bacterial agonist signals the downstream immune responses™’.
CD14 has multi-purpose activity and can transfer other ligands to other TLRs,

including lipopeptides like LTA to TLR2"2.
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Figure 6.1: Schematic showing TLR relay for bacterial LPS recognition.

Although the sensing of bacteria and their products by TLRs is clearly critical for
hosts mounting a sufficient innate and subsequent adaptive immune response,
an excessive TLR response can also cause problems. Excessive TLR activation
causes localised inflammation as seen in infected wounds but also severe
systemic responses, which can result in sepsis'°. Sepsis and septic shock are a
significant mortality risk in intensive care units and cause around 8 million

deaths per year™®®

. Therefore, in addition to responding to bacterial infections,
hosts must have a system to remove endotoxins to ensure a vigorous
antibacterial response. Thrombin is an enzyme produced upon injury to the skin
which helps coagulation of red blood cells to help seal the wound**. However
beyond this role, thrombin is also proteolysed by human neutrophil elastase

into thrombin-derived C-terminal peptides (TCPs) of differing sizes™.

TCPs are found in wound fluids and have been shown to have antiendotoxic and
antimicrobial functions. Previous work has shown 11 kDa TCPs scan aggregate
LPS and E. coli bacteria, leading to bacterial death and consequential
phagocytosis®. Furthermore, a recombinant 96-amino acid TCP (TCP96) has

been shown to aggregate both Gram-positive and Gram-negative bacterial
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envelope products including LPS and LTA™. This aggregation reduces
inflammatory signalling caused by such components therefore downgrading the
immune response. It is thought that this host mechanism is to prevent the side

effects of an immune over-response such as sepsis®%.

6.2 Initial TCP Co-aggregation Simulations
This work aimed to show the molecular mechanisms of TCP96 co-aggregation in

the presence of P. aeruginosa and E. coli LPS and S. aureus LTA and whether
TCP96 aggregates in the presence of peptidoglycan (PGN) that has not been
shown experimentally and therefore acted as a negative control.

6.2.1 Methods and Simulation Set-up

The CG models of TCP96 and E. coli LPS were taken from previously published
work, with the closely related P. aeruginosa LPS model derived from that
reported in previously®. This involved switching the GLO and GL5 beads in the
original E. coli LPS CG model and shortening the lengths of the carbon lipid

tails™®

. The initial CG model for S. aureus LTA was initially constructed based on
an atomic model kindly provided by Dr. T. J. Piggott. This model did not include
the extended glycerol-phosphate units but was restricted to the hydrophobic
diacylglycerol component and carbon lipid tails, which anchor LTA to the cell
membrane, and are likely to be key in the aggregation of the molecule, as well
as interacting with the hydrophobic TLR2 ligand-binding pocketlss. The PGN was
modelled from a PGN atomistic monomer from previous in-house work.

The contents of each simulation are shown in Table 6.1. In all systems, the
proteins and microbial products were randomly placed and solvated with
standard, non-polarizable Martini water particles, antifreeze (WF) and
neutralizing Na* and CI” particles. The simulations were run using the Martini
2.2 bforce field at 313 K and 1 bar, which was kept constant using the

Berendsen algorithms’®*3?

. All simulations and analyses were carried out using
GROMACS 2018, whereas rendering was performed using VMD?*1%, BitClust
was used for conformational cluster analysis; with a cut-off of 0.1 nm used to

define a cluster'®.
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Contents Solvent Length
8 x TCP molecules 10786 H,0, 1264 WF, 16 CI’ 5x1 s
8 x TCP molecules 10559 H,0, 1263 WF, 16 Na* 5x1us
8 x P. aeruginosa LPS

8 x TCP molecules 10693 H,0, 1261 WF, 16 Na* 5x1us
8 x E. coli LPS

8 x TCP molecules 10694 H,0, 1263 WF 5x1us
8 x S. aureus LTA

8 x TCP molecules 10662 H,0, 1251 WF 5x1us

8 x PGN

Table 6.1: Contents, solvent and length of simulations conducted.

6.2.2 Results

Visualisation of the progression of the simulations is shown in Figure 6.2. From

this it can be seen that TCP alone aggregates the least as evident from the

largely separated TCP molecules. Whereas, the TCP simulated with both P.

aeruginosa and E. coli LPS appeared to have aggregated together more closely

with the LPS than TCP-only control. The simulation with S. aureus LTA and TCP

did demonstrate aggregation, but not as tightly as seen with the LPS and TCP

systems, showing two different aggregates. The system with TCP and S. aureus

PGN did also show aggregation formation, but was more similar to the TCP only

system and looked less tightly packed compared to the TCP and LPS systems.

This would be in line with the experimental suggestion that PGN does not cause

TCP to aggregate.
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Figure 6.2: Snapshots showing progress of simulations showing point of

aggregation at 0.25 ps and the end point of 1 ys. LTA, PGN and LPS are shown in

purple with the TCP shown in various other colours.
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Based on the visualisations, further analysis was conducted to better
understand the interactions between the bacterial envelope components and
TCP. The mean pair-wise intermolecular distances between TCP fragments in
the presence and absence of the microbial components are shown in Figure 6.3.
The TCP only system matrix seems to have overall larger distances than the
others suggesting that the TCP fragments did not come into as close contact in
the absence of bacterial components. Overall, the rest of the systems seem
fairly comparable in patterns of colour therefore suggesting the TCP came into

similar proximity in these systems.
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Figure 6.3: Mean intermolecular distance between TCP96 fragments following
co-aggregation simulations in the presence/absence of the microbial products.

The black boxes in the centre of each matrix were to omit self-contact.

The RDF was measured for the probability of TCP molecules to come within a
certain distance of other TCP molecules, Figure 6.4. The control TCP-TCP
interaction for the system in the absence of any microbial products is shown in

each figure for comparison. For this the first peak is primarily considered
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therefore TCP was likely to come into closer contact when in the presence of P.
aeruginosa LPS and S. aureus PGN. Whilst the former would be expected the
latter was surprising based on experimental data and it was unclear at this point
the implications of this. TCP molecules were less likely to come into as close
contact in the presence of E. coli LPS and S. aureus LTA than TCP alone. This
analysis was measured over the total of the simulation therefore it could have
been that the behaviour of the simulations was disguising the endpoint

aggregation of TCP molecules as suggested by the previous analysis.
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Figure 6.4: The RDF measuring the probability of TCP96 distances with other
TCP96 molecules.

Based on the previous analysis, the probable distances between TCP molecules
in each system were measured over 200 ns sections of the simulation and the
average taken, Figure 6.5, with the standard deviation used for error bars and
the P-value made in comparison to the TCP only value. This suggested that TCP

came into closer contact with other TCP molecules when in the presence of P.
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aeruginosa and E. coli LPS than in the absence of these products. Interestingly,
this data suggested TCP aggregated in the presence of S. aureus PGN which was
not as hypothesised. Contrastingly, TCP with S. aureus LTA did not aggregate as

anticipated.

25
0-5 I I
0 T T T

TCP Only TCP + LPS TCP + LPS E. coli TCP + LTA TCP + PGN
P.aeruginosa

N

Probable Distance (nm)
- [$)]

Figure 6.5: The probable average distance between TCP96 molecules in each
system. This was measured for each 200 ns section of the simulation with the
average shown. The P-value in reference to the TCP only probable distance
shows they are all significantly different from the control. The error bars are the

standard deviation taken from the averages.

Cluster analysis of the TCP conformations within in each system are shown in
Figure 6.6. Notably, the most frequent clusters and RMSD distributions
throughout the simulations were most similar in the TCP only system and the
TCP and S. aureus LTA, which was previously shown to come into a similarly
close contact as the control setup, with the most frequent cluster occurring in
the middle of the simulation. The most frequent clusters of TCP in the systems
in the presence of both LPS species both occurred towards the end of the

simulation. This suggests both LPS species caused TCP to behave similarly.
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Interestingly, the mean RMSD amongst clusters for TCP was within a very tight
band in all setups and the common clusters generally all occurred within distinct

sections of each simulation.
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Figure 6.6: Superposition of the first five clusters onto RMSD of all frames to
show the frequency of those conformations of TCP96 in the presence and

absence of microbial products.

The cluster sizes of TCP in the presence and absence of the microbial products
are shown in Figure 6.7. The largest cluster sizes were in the simulations with
TCP and both LPS species, as supported by the previous data. However, TCP in
the presence of P. aeruginosa LPS had fewer conformations that did not fall into
a cluster than TCP in the presence of E. coli LPS. The largest clusters were largely
similar in size in the remaining systems whilst the unclustered conformations
were similar between the TCP in the presence of LTA and PGN. The similarity
between the cluster analysis of the systems with LTA and PGN may suggest that

TCP aggregated similarly in these systems, which would not be anticipated. It
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would be anticipated TCP in the presence of LTA behaved more closely to the
TCP in the presence of LPS. This showed little difference of the conformations of
TCP in the presence of microbial products but was different when TCP was
simulated alone. The 5 most common clusters of TCP from this work are shown
in the Appendix, Figure A.4. This showed little difference of the conformations

of TCP in the presence of microbial products but was different when TCP was

simulated alone.
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Figure 6.7: Cluster sizes of TCP96 conformations in the presence and absence of

microbial products that fall into a cluster as well as the outliers from any cluster

in red.

The number of contacts <0.6 nm were measured between TCP and the

microbial components. Figure 6.8. This showed TCP having the most contacts

with both LPS species throughout the simulations, especially E.coli LPS.

Interestingly, a similar number of contacts occurred between TCP and LTA and

P. aeruginosa LPS. Contacts between LTA and TCP occurred more than between

TCP and PGN, which suggested that LTA did come into contact with TCP despite

not causing TCP aggregation.
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Figure 6.8: Number of contacts <0.6 nm between TCP96 and antimicrobial

products over time.

The minimum distance between TCP and antimicrobial products was also
measured over time, Figure 6.9. The distance between TCP and the bacterial

components were broadly similar for all systems.
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Figure 6.9: Minimum distance between TCP96 and microbial products over

time.
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The R(g) of TCP molecules in the presence and absence of microbial products
was measured over time (ns), Figure 6.10. The R(g) was overall slightly less in
the simulations with only TCP and when simulated with PGN. On the other
hand, the R(g) was slightly higher in the simulations with both LPS species and
LTA, which could suggest that both LPS and LTA cause similar behaviour of TCP

aggregating despite LTA not causing aggregation of TCP molecules.
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Figure 6.10: R(g) of TCP96 molecules over time in the presence and absence of
microbial products.
6.2.3 Initial Conclusions
The evidence from this initial section of this study showed an increased
proclivity for TCP aggregation in the presence of both LPS species, however this
effect appeared to be slightly heightened by the P. aeruginosa LPS than the E.
coli LPS. Surprisingly, PGN showed a slight aggregation effect but less
aggregation effect than with TCP and LPS. LTA did not cause aggregation, as we

would have expected from the experimental data.
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6.3 Increasing LTA and PGN Ratio to TCP
It was hypothesised that the reason LTA did not cause TCP co-aggregation was

due to its size. The LTA and PGN CG models were composed of around half the
number of beads than the LPS model, and therefore, this means more LTA
molecules may be needed to observe the aggregation mechanism. This section
aimed to study whether a larger number of LTA molecules were required for
TCP aggregation.

6.3.1 Methods and Simulation Set-up

Further simulations were therefore run with a 1:2 ratio of TCP:LTA/PGN, using
the same simulation protocol as previously described. The results were then
compared to the TCP only and 1:1 ratio of TCP:LTA/PGN from the previous

section. The exact contents of these simulations are described in Table 6.2.

Contents Solvent Length
8 x TCP molecules 10786 H,0, 1264 WF, 16 CI’ 5x1ps
8 x TCP molecules 10694 H,0, 1263 WF 5x1pus

8 x S. aureus LTA

8 x TCP molecules 10547 H,0, 1243 WF, 16 Na* | 5x 1 ps
16 x S. aureus LTA

8 x TCP molecules 10662 H,0, 1251 WF 5x1pus
8 x PGN

8 x TCP molecules 10583 H,0, 1275 WF, 16 Na* | 5x 1 ps
16 x PGN

Table 6.2: Contents, solvent and length of simulations conducted, varying the

ratio of LTA/PGN to TCP.
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6.3.2 Results
The visualisations of TCP with LTA and PGN at 1:1 and 1:2 ratios throughout the

simulations are shown in Figure 6.11. The TCP was observed to aggregate more
when at a 1:2 ratio with LTA than with 1:1 suggesting that a higher ratio of LTA
is required to trigger LTA aggregation most probably due to the smaller LTA size.
In the TCP:LTA 1:2 system, there was 1 cluster compared to the TCP:LTA 1:1
system that had 2 clusters. In contrast, TCP does not appear to have aggregated
any more when there were more PGN molecules present in the system. This

data thus supports experimental evidence that PGN does not cause significant

TCP aggregation.
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Figure 6.11: Snapshots showing progress of simulations showing point of
aggregation at 0.25 ps and the end point of 1 ps. LTA and PGN are shown in

purple with the TCP shown in various other colours.
The mean intermolecular distance between TCP fragments with differing ratios

of LTA and PGN are shown in Figure 6.12. The TCP:LTA 1:2 matrix appeared to

show TCP molecules coming into slightly closer contact than did the TCP:LTA 1:1
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matrix, particularly focusing around the centre of the plot. This supports the
previous suggestion that a higher number of LTA molecules do cause TCP to
aggregate. Conversely, TCP molecules seem to not come into as close contact in
the TCP:PGN 1:2 matrix than the TCP:PGN 1:1 system. This suggests that higher

concentrations of PGN interfere with TCP aggregation.
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Figure 6.12: Mean intermolecular distance between TCP96 fragments following
co-aggregation simulations in the presence/absence of the microbial products.

The black boxes in the centre of each matrix were to omit self-contact.
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The RDF was again calculated to measure the probable distances between TCP
molecules in the presence and absence of LTA and PGN at differing ratios,
Figure 6.13. This revealed that TCP molecules would come into closer contact in
the TCP:LTA 1:2 system than the corresponding system at a 1:1 ratio. This
supports the previous analysis. Meanwhile, the first peak of the TCP:PGN 1:2
ratio indicated that TCP molecules cannot come into quite such close contact as

in the TCP:PGN 1:1 system.
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Figure 6.13: The RDF measuring the probability of TCP96 distances with other
TCP96 molecules with differing ratios of TCP:LTA/PGN.
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The probable average distances of TCP molecules in each system are shown in
Figure 6.14. This shows TCP molecules coming into a considerably closer
contact in the TCP:LTA 1:2 system, with an extremely low P-value suggesting
this difference is significant. In contrast, there did not seem to be a larger
difference between TCP molecules distances in the PGN systems, and

furthermore the P-value comparing the 1:1 and 1:2 data was less significantly

different.
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Figure 6.14: The probable average distance between TCP96 molecules in each
system. This was measured for each 200 ns section of the simulation with the
average shown. The P-value in reference to the probable distance in the 1:1
ratio simulation shows they are all significantly different from the control. The

error bars are the standard deviation taken from the averages.

Cluster analysis of TCP conformations were again measured, Figure 6.15. The
distribution of the cluster in reference to the RMSD was very similar between
the two PGN systems with the two most common clusters occurring at very
similar points of the simulations. This suggests that increasing the PGN ratio to
TCP did not particularly affect the conformations adopted by TCP. In contrast,
the TCP:LTA 1:2 system showed more similar clustering to that which is seen in
the TCP systems in the presence of both LPS. As LPS molecules were shown to

aggregate TCP, the increased LTA molecules likely caused TCP to aggregate also.
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Figure 6.15: Superposition of the first five clusters onto RMSD of all frames to
show the frequency of those conformations of TCP96 in the presence and

absence of microbial products.

199



The cluster sizes of TCP in these simulations are shown in Figure 6.16. This
supports the previous analysis in that TCP in the LTA:TCP 1:2 system had a
similar number of clusters to the TCP in the presence of LPS. Whereas, there
was not a large difference between the two PGN systems. The 5 most common
clusters of TCP are also shown in the Appendix, Figure A.5. There was little

difference between the most common conformations between simulations.
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TCP + PGN (1:1)

17.5

== Unclustered

15.04
12.54
10.0

7.5

5.0
N | ||||||II|||||||IIIIIII|||||
0 20

2 40 60 80
Cluster ID

Cluster size (%)

n

o

TCP + PGN (1:2)

|||||||“"l“lllmn|||n.....
0 10 20 30

Cluster ID

== Unclustered
14

Cluster size (%)
= [l
- 2} oo o N

[N]

o

40 50 60

Figure 6.16: Cluster sizes of TCP96 conformations in the presence and absence
of microbial products that fall into a cluster as well as the outliers from any

cluster in red.
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The SASA of TCP molecules in each system were measured over time, Figure
6.17. This showed that the SASA of TCP molecules was slightly larger in the
TCP:PGN 1:2 ratio than the 1:1 system. This further suggests a larger

concentration of PGN interferes with TCP aggregation.
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Figure 6.17: SASA of TCP96 molecules in the presence and absence of LTA and
PGN at differing ratios.

The minimum distance between TCP and LTA/PGN was measured over time,
Figure 6.18. As with the previous figure of this analysis, this did not show a
significant difference between the distance between TCP and the microbial
components. This could be due to the large size of the TCP molecules in
comparison to the microbial products making it difficult for the microbial

products.
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Figure 6.18: Minimum distance between TCP96 and different ratios of LTA and
PGN over time.
The R(g) values of TCP molecules in the presence and absence of LTA and PGN
at differing ratios were measured over time, Figure 6.19. There was little
difference between the R(g) of TCP molecules in each system. However the R(g)
of TCP in the presence of PGN was slightly larger over time, particularly in the

TCP:PGN 1:2 system.
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Figure 6.19: R(g) (nm) of TCP96 molecules over time (ns) in the presence LTA

and PGN at differing ratios.
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The R(g) was also measured for the last 20 ns section of LTA and PGN in the
presence of TCP at differing ratios, Figure 6.20. This showed a clear difference
between the R(g) of LTA at the different ratios, with LTA in the 1:2 ratio having a
smaller R(g) than the 1:1 ratio. This suggested that LTA at a higher ratio with
TCP had a smaller R(g) due to the molecules being aggregated amongst the TCP
molecules. Whereas, the R(g) of PGN in the TCP:PGN 1:2 simulation was very
stable in the last section of the simulation and more similar to the R(g) of PGN in
the 1:1 simulation. Indeed, by the end of the simulation the R(g) of PGN in the
TCP:PGN 1:1 was slightly larger than the 1:2 ratio. This could suggest that a
higher ratio of PGN to TCP does not increase TCP aggregation and could perhaps

slightly inhibit this behaviour.
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Figure 6.20: R(g) of LTA and PGN in the presence of TCP96 at differing ratios

over time.
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6.3.3 Conclusions
This data lent additional support to the observation that a higher concentration

of LTA is required compared with LPS for efficient TCP96 aggregation.
Meanwhile, increasing the PGN concentration caused no increase of TCP
aggregation and by some measures of the analysis increased PGN resulted in
decreased TCP aggregation. Thus, at the relevant concentration of microbial

components, the simulations support the experimental data.

Overall this study shows that bacterial envelope components cause the
aggregation of TCP96. The activities of TCP96 in the presence of LPS and LTA
present an endogenous method by which aggregation-prone TCPs facilitate and
control inflammation. From the hosts’ standpoint, this behaviour is beneficial
for localising and controlling inflammation. This observation is of interest as this
suggests that outcomes such as sepsis and septic shock can be avoided.
Furthermore, improving our understanding of these mechanisms and perhaps
manipulating them further to the benefit of the host, may reduce our
dependence on antibiotics and relieve some of the strain and concern in

regards to antimicrobial resistance.
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1st 2nd 3rd 4th Sth

=

S = g > .

E ! r X 5 = X

] \f 4 > e - X

+ g i P 4 SR ‘ /

o 4 Fa, ! ' TA Y N -

© ¥ Ay g | > Y r

(=] . e \ (a' & o~ » "“ . Pa™t 1 ¢

& Y & P ~ d 4 A .

8 — - 4 4 D 4

T A¥ - %

g ~ 5 Y

= 0.23% 0.16% 0.14% 0.05% 0.04%
- - <

c ¢ bt 4 . = ) . .- R 2

g p 4 \‘ P 3 73 \, A\ -\’.\! ( P . ¥ 3 < i '{‘

E < ‘-: > ¢ 9 . i ¢ 4 -« 8\

o P4 \ NP § ¢ &< 4 - \J 7 X

e = 4 £

© 2 i

[a]

&

S 0.62% 0.51% 0.41% 0.36% 0.21%

A.1: The 5 most common conformations of daptomycin models within each

system based on conformational cluster analysis in systems with 15 daptomycin

molecules and S. aureus membrane. The molecules are shown in cyan, red blue

& white, with the exception of the aspartates shown in green. The percentage

each cluster represents is shown in the bottom right corner of each cluster.
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Figure A.2: Deuterium order parameters (Scd per atom) of each lipid tail chain

calculated over the simulations at equilibrium. The force fields are shown

above.
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above.
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Figure A.4: The conformations of TCP96 in the 5 most common clusters in each

simulation in the presence of different bacterial products.
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