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Abstract

The cell envelope is a pathogen’s first defence against potentially hazardous materials in the

immediate environment. Because of this, pathogens evolved to control which chemicals are

allowed in and out of the cell selectively. New cell envelope adaptations mean our current

sanitisation methods are becoming less effective daily. Lipid compositions, protein mutations,

and lipopolysaccharide (LPS) in the outer membrane of Gram-negative bacteria are but a few

features that pathogens have developed to help them resist current antimicrobials. Due to the

importance of the cell envelope in the survivability of a pathogen, it has become a widespread

target of sanitisers, specifically the lipid bilayer or essential proteins. A detailed understanding

of these areas is critical if antimicrobial resistance one day renders all of our current methods

ineffective. If this were to happen, we must understand why they worked initially, as this

will inform our search for the adaptations responsible for resistance. By identifying the areas

where these adaptations are found, scientists can engineer new, tailored antimicrobials. These

tailored antimicrobials could exploit the properties of the adapted bilayer or new mutations in

membrane proteins to induce deformation and disable or destroy them.

In this thesis, Chapters 4 and 5 explored the effect of short-chained alcohols and chlorhexi-

dine (CHX) on phospholipid (PL) membranes with and without LPS using a multidisciplinary

approach. I found that the application of sanitising alcohols at concentrations as low as 20%

had a significant deforming effect on the cell membrane (SaCM) of Staphylococcus aureus

(S. aureus), as well as the inner (EcIM) and outer (EcOM) membrane of Escherichia coli (E.

coli). Furthermore, the application of short-chain alcohols created disruptions in the head-

group region, which allowed CHX to bind more effectively with PL leaflets. In contrast, this

same disruption led to budding in the PL leaflet of the EcOM. I validated the simulation data

by performing equivalent nuclear magnetic resonance (NMR) experiments. In this way, simula-

tions added visual context to changes in the spectra obtained from NMR experiments. These

experiments assessed whether the prevalent effects in the simulations were replicated in vitro

beyond computationally accessible time scales. Said NMR experiments found that the CHX’s

binding position and conformation in molecular dynamics (MD) were consistent with those in

vitro. In conjunction, these works showed that although short-chained alcohols only underwent

transient interactions with the headgroup-tail interface of membranes, this overall aggregation

was essential in the initial phases of membrane sanitisation. Furthermore, this allowed CHX

to adopt a "c-shape" binding conformation with its termini embedded in the same interface

region.
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In chapters 6 and 7, the effect of sanitising agents on proteins and the intricacies of protein-

protein interaction during SARS-CoV-2 host infection were explored in all-atom (AA) and

coarse grain (CG) resolution, respectively. By applying a CG resolution to large cross-linking

systems, I was able to simulate these systems for very long timescales. On the other hand,

the AA system was simulated for far less time because this provided a significantly greater

resolution, enabling me to explore specific interactions in further detail. The dynamics of the

SARS-CoV-2 spike (S) protein were explored in a two-step approach: firstly, by detailing the

impact of sanitising alcohols on the ectodomain (ECD) of the S protein in AA detail and

secondly, by simulating cross-linking of different-sized S protein and angiotensin-converting

enzyme 2 (ACE2) receptor clusters. Simulating this area in these separate approaches allowed

for assessing structural and conformational stability. In chapter 6, it was found that, similarly to

alcohol-membrane systems, despite the transience of interactions, the deformation process was

less stochastic than it initially appeared. This hypothesis was first formed when assessing the

trends in amino acids, which tended to see more interactions with alcohol in the surrounding

solution. These amino acids tended to be large and hydrophobic with charged or polar regions,

not dissimilar to the headgroup-tail interface of a membrane. The properties of amino acids that

interacted more with short-chain alcohol suggested that similar to the membrane, short-chained

alcohols were partitioned into hydrophilic-hydrophobic interface regions. These interactions

resulted in an overall rigidifying of the trimer. Simulation of S-ACE2 cross-linking in Chapter

7 found that higher coordinations were generally less stable but possible. The S trimer’s

conformational restrictions were seen to restrict its ability to bind to multiple receptors. Tilting

in the neck region and an observed rigid-body rotation in the receptor binding domain (RBD)

meant that the protein was significantly less flexible and placed particular conformational

requirements on how these proteins bind. Ultimately, this resulted in high-order binding being

substantially less favourable and suggested that this would not occur in vitro due to the

energetic penalties incurred by deviation from the low-order cross-linking conformation.
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Chapter 1

Introduction

1.1 Biological cells

Cells are the fundamental components of all living organisms and can be specialised to perform

specific functions as part of a collective or individually. Two of the fundamental cellular

organisations are prokaryotes and eukaryotes[1]. The distinction between these two different

types of cells is that a eukaryote contains a nucleus and membrane-bound organelles, while

prokaryotes contain neither of these features. To depict the simplicity of a prokaryotic cell, a

simplified representation of a prokaryotic and eukaryotic cell are shown in Figure 1.1. Bacterial

cells, one of the main research subjects in this thesis, belong to the category of prokaryotic

cells. These pathogens present a significant challenge in developing antimicrobial treatments

due to the vast diversity in their membrane’s lipid and protein components[2]. As such, it is

crucial to stay informed about the latest advancements in antimicrobial treatments and take

preventive measures to prevent the spread of pathogens and safeguard overall health.

Figure 1.1: A simplified depiction of a (a) prokaryote and (b) eukaryote (not to scale).

1.1.1 Biological cell membranes

Biological membranes serve as the first line of defence for cells, protecting them from harmful

environmental chemicals. The plasma membrane is primarily formed by a double layer of

phospholipids (PLs), which provide a physical barrier between the interior and exterior of the
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cell. The membrane also contains crucial proteins that maintain cell structure, regulate cell

contents, and enable pathogens to infect hosts[3, 4, 5, 6]. The composition of lipids and

proteins in these membranes varies widely among different membranes and different species,

allowing cells to become well-specialised in the environment in which they exist. Prokaryotic

membrane regions, such as those of bacteria, differ from eukaryotic ones in multiple ways,

as the plasma membranes of prokaryotes are substantially simpler than those of eukaryotes.

Eukaryotes often contain a wider range of lipids and include cholesterol (CHL), which is absent

in prokaryotic membranes[7, 8]. Prokaryotic plasma membranes, on the other hand, generally

consist of a smaller variety of types of PL and membrane-bound proteins. This simplicity

of prokaryotic membranes is visible in their proteins and transport mechanisms, which are

simpler and less comprehensive than those of eukaryotes due to their lack of membrane-

bound organelles. One of the most prominent examples of a prokaryote is bacteria, one of

the research focuses in this thesis. Bacteria alone present a wide variety of variations in

lipids and proteins present in the cell membrane, even among different strains of the same

bacteria. This wide variation in lipid and protein composition presents a significant challenge

when developing effective broad-spectrum antimicrobial treatments as mutations often arise

specifically to coutneract them[9, 10, 11].

1.2 Bacteria

Bacteria are single-celled microorganisms and, as mentioned previously, prokaryotes due to

their lack of a membrane-bound nucleus and other organelles. Due to their relatively simple

yet efficient structure, they are abundant in nature and thrive in many environments. Said

abundance is primarily due to their ability to rapidly replicate, evolving to exist in some of the

most inhospitable environments on Earth. These environments consist of, but are not limited

to, extreme temperature, high pressure, extreme pH, high salinity, high radiation, low nutrients

and general harsh chemical environments[12]. Bacteria have also evolved to exist parasitically,

and some species can pose significant risks to humans if left untreated[13]. Generally, bacteria

can be categorised into several structures which they can take: Coccus (spherical, Figure

1.2(a)), bacillus (rod-shaped, Figure 1.2(b)) or spiral/twisted shaped (Figure 1.2(c)). The

Figure 1.2: Examples of the three most common bacterial shapes, showing (a) coccus, (b)
bacillus, and (c) spiral/twisted shaped
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role of bacteria in various ecosystems and fields such as medicine and biotechnology means

we must understand their characteristics, behaviours and potential impacts. The structures

shown in Figure 1.2 are by no means exhaustive of bacterial structures. The structures in

this figure are fundamental to bacterial taxonomy and classification; however, further variation

exists within these and other bacterial shapes[14].

1.2.1 Bacterial cell envelopes

Although significantly simpler than eukaryotic membranes, the cell envelope of bacteria is still

complex[15]. PL membranes significantly contribute to the bacterial cell envelope, forming the

primary partition between the cell and its environment[9]. The importance of these structures

is two-fold: firstly, they provide structural stability and keep harmful chemicals from entering

the cell, and secondly, they can supply fluidity while maintaining the stability necessary to exist

in the cell’s natural environment[16]. Although the need for these structures as a partition is

obvious, the need for species-specific fluidity is less intuitive. Membrane fluidity can specialise

bacterial species to survive environmental factors such as temperature, pH and toxicity.

Membrane-bound proteins are crucial to the function of bacterial cell envelopes. These proteins

perform many functions, including the transportation of molecules, removal of harmful chem-

icals, production of energy, and even infectivitye[17]. One of the most notable antibacterial

resistance proteins is the efflux pump[18]. The efflux pump is a large transport protein found

in the envelope region of many strains of bacteria. This transport protein actively removes

antimicrobials from the cell by transporting them out. Although this mechanism is generally

insufficient to resist bacteriocidal concentrations of antimicrobials, it has proven to be an effec-

tive mutation in resisting therapeutic concentrations of antimicrobials[19]. Similarly, the PACE

transporter protein is found in bacterial membranes. The expression of this protein (PA2880)

was found to be responsible for the efflux of CHX via proton motive force[20]. The presence

of this protein is directly responsible for CHX resistance and is another example of emerging

antimicrobial resistance in bacterial proteins.

1.2.1.1 Peptidoglycan and Gram staining

Bacteria are further subdivided by whether they are Gram-positive or -negative. A critical

difference between these is the quantity of peptidoglycan present within their cell envelope,

as Gram-positive bacteria contain a substantially thicker cell wall[6]. Peptidoglycan is a large,

rigid, covalently bonded structure essential for cell structure and stability[21]. Due to the

abundance of this structural feature in Gram-positive bacteria, it is possible to perform a

simple test to distinguish between these types of bacteria with and without the exceptionally

thick cell wall present in Gram-positive bacteria.

The Gram stain technique was developed in 1884 by H. C. Gram and is still used today[22].

A crystal violet dye is added to a sample during the Gram staining test. Gram-positive and

-negative bacteria will take up this dye. The sample is then washed with a decolourising

solution, which dissolves the PL component of the bacterial cell envelopes. A counterstain

(e.g., safranin or fuchsine) is added, and only Gram-positive bacteria will retain the stain
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colour[23].

The stain colour is retained in Gram-positive bacteria as the cell wall is over ten times thicker

(20–80 nm) than in Gram-negative (1–2 nm)[24]. The cell wall contains pores as wide as

60 nm, which span the majority of, if not the entire, cell wall[25]. When the peptidoglycan

cell wall becomes dehydrated, large pores in this region will close, retaining the dye[26]. The

presence of peptidoglycan is far more significant in Gram-positive bacteria because it makes up

the entirety of the envelope’s structural component as they do not possess a LPS containing

outer membrane, whereas Gram-negative bacteria do[6].

1.2.1.2 Gram-negative and -positive envelopes

In this thesis, Gram-negative and -positive bacteria are studied; however, cell envelope differs

substantially between Gram-negative and -positive bacteria (Figure 1.3). The envelope region

of Gram-negative bacteria (e.g. E. coli) possesses an inner and outer membrane, separated by a

periplasmic space containing the peptidoglycan cell wall[9]. The periplasm is an aqueous region

densely packed with osmolytes, soluble proteins and other essential components[27]. The

outer membrane has an asymmetrical lipid distribution between leaflets and generally contains

beta-barrel protein structures[17]. The inner leaflet of the outer membrane is composed of a

mixture of PLs, and the outer is primarily LPS. The inner membrane of Gram-negative bacteria

generally contains helical structure proteins[28]. Until recently, the EcIM was thought to have

a symmetrical distribution of lipids. However, this has recently been shown to be untrue[29].

Bogdanov et al. found that the distribution between leaflets in the EcIM is asymmetric.

Furthermore, this distribution correlates with whether the bacteria are coccus or bacillus.

The envelope structure of Gram-positive bacteria (e.g. S. aureus) differs from that of Gram-

Figure 1.3: Cross-sections representations of the (a) Gram-negative and (b) Gram-positive
cell envelopes.
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negative. A key difference is that Gram-positive bacteria do not possess any outer membrane[6].

To compensate for this lack of structure, the envelope of Gram-positive bacteria possesses a

thick peptidoglycan cell wall, responsible for a positive Gram-staining result. This cell wall is a

rigid, covalently bonded structure spanning 20-60 nm, depending on the strain of bacteria[25].

The relative difference in size between the two types of bacteria can be seen in Figure 1.3.

1.3 Viral particles

Whereas prokaryotes are simpler than eukaryotes, viruses are extremely simple particles com-

pared to bacteria and are smaller. For perspective, the smallest bacteria have a diameter of

approximately 0.4 µm in diameter, while viruses are generally 0.02-0.25 µm[30, 31]. Viruses

exploit the capabilities of the host cell for processes such as replication, whereas bacteria are

equipped to do this by themselves. Because of this, viruses do not need to contain relatively

large structures, which are essential in bacteria[32]. Exploiting a host cell for complex processes

removes the requirement for large, complex structures, making them strictly parasitic. This

tradeoff for structural simplicity also makes them reliant on hosts to exist. Because viruses

lack cellular structures and cannot perform metabolic processes by themselves, they are neither

prokaryotic nor eukaryotic. Viruses are not classified as living organisms because they cannot

perform their metabolic processes[33]. Viruses can pose a significant risk as they are highly

efficient in entering host cells and rapidly replicating[34]. Due to the size and efficiency of

virions, this makes them very difficult to stop or treat[32].

1.3.1 Viral capsids and envelopes

Unlike bacteria, viruses can be enveloped or non-enveloped; these viruses are referred to as

naked viruses[3]. Instead, a virus possesses a protein coat called a capsid surrounding its

genetic material; this generic material can be ribonucleic acid (RNA) or deoxyribonucleic acid

(DNA)[3]. The capsid is a protein shell that encloses the viral genome and is responsible for

protecting and transporting it so that it can be delivered to the appropriate region in the host

cell’s cytoplasm[35]. The capsid comprises protein subunits called capsomers and can be helical

(Figure 1.4(a)) or icosahedral (Figure 1.4(b)) in shape, however they do not necesarily always

adopt an ordered shape[32]. The shape allows for optimal packing of the type and amount of

genetic material contained in the virus. A specific shape can also allow the capsid to mimic

structures on the host cell surface, making host recognition and attachment easier[36].

Some viruses also possess an outer envelope that surrounds the capsid; these are called en-

veloped viruses (Figure 1.4(c)). The outer envelope is generally derived from host cell or

organelle membranes and contains viral proteins and glycoproteins[37]. Deriving the PL com-

position of this envelope from the host cell helps the virus avoid immunodetection as the PL

composition is recognised by the immune system[38]. Glycoproteins are essential for host cell

infection by viral particles and, further, the particles’ ability to avoid detection by the immune

system.
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1.3.1.1 Glycoproteins

A distinguishing feature of viral envelopes is the abundance of glycoproteins; these are sur-

face proteins with covalently attached carbohydrates[39]. Although these structures exist in

prokaryotic organisms, they are rare[40]. Glycoproteins are crucial for viral particles to function

effectively, aiding them in viral entry, attachment, fusion and immune evasion. Glycans aid

viral proteins in immune evasion through glycan shielding. Glycan shielding makes it harder for

the host immune system to create antibodies that effectively bind to the viral protein by hiding

it under glycans[41]. An example of why glycan shielding is necessary is shown in Figure 1.5,

where the RBD of the S protein is in the up state and is visible. This area is not glycosylated

as it needs to bind to the host cell receptor. To avoid this being targetted by the immune

system, however, it remains buried in the ECD until needed to bind[42]. The broad range of

viral glycoproteins reflects the diverse mechanisms viral particles use to infect host cells suc-

cessfully. The most common amongst these are envelope proteins (E), membrane proteins (M)

and S protein[43]. Glycoproteins like S are imperative in the virion-host cell binding mechanism

of viruses[44]. Glycosylation is a post-translational modification that can significantly affect

aspects of the proteins, such as folding, stability, receptor binding and immune recognition,

as mentioned previously. Glycan chains are also sometimes necessary for creating an effective

binding site for host receptors, allowing for the initiation of cell infection[45]. Despite the im-

portance of glycoproteins to viral particles, they are also essential in developing vaccinations.

Generally, vaccines are specifically developed for glycoproteins in the target virus. Because of

this, we must understand them well to create effective vaccines[46].

1.3.2 SARS-CoV-2

SARS-CoV-2 is a coronavirus which emerged around late 2019, belonging to the coronaviridae

family of enveloped viruses[47, 48]. This virus’ rapid global spread and impact highlighted

the risk of pathogenic outbreaks and our inability to deal with them effectively. Due to the

virulence and infectivity of SARS-CoV-2, it has proven extremely difficult to apply effective,

rapid-response preventative measures short of widescale vaccination. Because of this, we must

have an excellent understanding of all aspects of the virus. If we hope to stop similar outbreaks

Figure 1.4: Types of virus, showing a (a) helical virus, (b) icosahedral virus and (c) an
example enveloped virus.
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Figure 1.5: A visual representation of the wildtype Wuhan strain of the S protein ECD
coloured by element with glycans coloured in green.

in the future, we must first understand why the SARS-CoV-2 outbreak was so damaging.

SARS-CoV-2 is a highly efficient virus with a diameter as small as 50-140nm. The particle is

equipped to fuse with mammalian cells before inserting its RNA and using the host’s organelles

to reproduce. The particle contains several vital proteins (Figure 1.6), such as M, which is

responsible for assembly and morphogenesis[49]. As well as this, there is also E, which is

a small protein responsible for many aspects such as assembly, budding, envelope formation

and pathogenesis[50]. The most well-known of these proteins is the S protein, responsible for

attaching SARS-CoV-2 to a host cell before membrane fusion. The S protein is located in

the viral envelope of SARS-CoV-2 and is necessary for the virus to latch onto human cells by

binding to receptors such as ACE2 and others[51].

Once S has latched onto the host cell, the viral particle will then fuse with the host cell[52].

The capsid will release the RNA, which hijacks the host cell; this causes the host cell to produce

viral proteins rapidly[53]. Some of these are responsible for the structure of new SARS-CoV-2

particles, and others are responsible for the replication of viral RNA. Viral RNA is transcribed

and replicated to generate new viral particles and create proteins. New SARS-CoV-2 particles

then bud from the host cell and are released into the host to spread the infection further[54].

Generally, the damage caused by this process will then signal the immune system and trigger

an immune response[52].

A significant challenge faced in the SARS-CoV-2 pandemic was the emergence of new vari-

ants[54]. Random genetic mutation in SARS-CoV-2 occasionally results in variations which

make the particles more effective, enabling them to out-compete previous, less effective vari-

ants[55]. These significant variants are termed variants of concern (VOCs) and may possess

similar risks to previous variants with the added concern of vaccine resistance and increased

transmissibility. Significant mutations often make changes to the S protein[56]. These modi-
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Figure 1.6: A simplistic representation of the SARS-CoV-2 viron.

fications improve the ability of the protein to bind effectively to host cell receptors and better

evade the immune system[57].

1.4 Lipids

Lipids are self-assembling amphiphilic molecules that form a crucial component of biological

membranes[58]. Lipids relevant to the work discussed in this thesis are shown in Figure 1.7.

As these molecules make up the majority of a membrane’s composition, their ratio, struc-

ture and properties significantly affect the overall properties of the membrane[59]. Broadly,

lipids are subdivided into three classes: PLs, sphingolipids (SL) and CHL[10]. PLs are lipids

composed of fatty acid chains attached to a glycerol backbone bonded to a phosphate group

with an attached R group. This R group can significantly affect many properties, such as the

membrane’s charge, polarity or stability[60, 61]. For instance, in the S. aureus cell membrane

(SaCM), the headgroups of Phosphatidyl-Glycerol (PG) and Lyso-Phosphatidyl-Glycerol (LPG)

can form hydrogen bonds which make the membrane less susceptible to sanitisers[62]. The

fatty acid tails of lipids can also significantly affect the bilayer, determining the membrane’s

rigidity or fluidity[63]. SLs are similar to PLs but contain a sphingosine backbone instead of

a glycerol one, effectively increasing membrane stability[64]. These lipids are necessary for

cell recognition, so they also appear in viral membranes, as features like this allow them to

remain undetected by the immune system[35]. CHL is a bulky, cyclic molecule that effectively

increases membrane rigidity at high temperatures while allowing it to remain relatively fluid at

low temperatures; this is important for a cell’s survivability[65].

In this work, the endoplasmic reticulum Golgi intermediate compartment (ERGIC) representing

a viral membrane and epithelial membranes were studied. These are used to model systems con-

taining the SARS-CoV-2 S and ACE2-B0AT1 heterodimer of dimers, respectively[3, 35]. The
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Figure 1.7: structure of the lipids used to model the E. coli, S. aureus, ERGIC and
epithelial membranes. PE, PG, LPG, PC and PS are shown as their differences in the R
group.

ERGIC membrane was used to model a viral envelope, as when viruses use host cells to repro-

duce, they derive the envelope composition from the host. The ERGIC is located between the

endoplasmic reticulum and Golgi apparatus and is responsible for processing newly synthesised

proteins[50]. The membranes of this organelle are composed of phosphatidyl-choline (PC), PE,

phosphatidyl-inositol-bisphosphate (P2), phosphatidyl-serine (PS) and sphingomyelin (SM). As

this region is also associated with processing newly formed lipids, it is difficult to determine

a definitive lipid ratio. The epithelial membrane comprises the same components as the ER-

GIC membrane with the addition of CHL. However, the ratio depends on the cell’s location
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and function. As SARS-CoV-2 is known to hijack human cells and use the ERGIC region to

multiply, this is also generally considered a good model for the viral membrane.

1.4.1 Lipopolysaccharide

LPS is a complex lipid with six hydrocarbon tails and a large polysaccharide chain extending

from the headgroup (Figure 1.7)[66]. These molecules are only found in the outer membrane

of Gram-negative bacteria and play a key role in structural stability, avoiding immunodetection

and protecting the bacteria from harmful chemicals in the surrounding environment[67]. LPS

comprises four main regions: lipid A, the inner core, the outer core and O-antigen. The

polysaccharide region (inner core, outer core and O-antigen) extends into the extracellular

environment from the cell[68]. It forms a relatively large sugar region, which is extremely

difficult for potentially harmful molecules to cross due to the abundance of hydrophilic sugars.

These sugars form strong interactions and create a densely packed region that is not readily

translocated; this supplies the envelope with a permeability barrier that protects the cell.

The lipid A component of LPS anchors the molecule to the membrane through interactions

with other lipid A moieties[69]. It has also been shown that lipid A is bound together laterally

by interactions between LPS and calcium ions in the LPS leaflet[70]. Lipid A comprises 6-7

fatty acid chains connected by a diglucosamine backbone; however, these can vary in length

and saturation between different strains and species. The structure of lipid A is generally

conserved between species[71]. This region of LPS provides a hydrophobic barrier that will

exclude hydrophilic chemicals that make it past the polysaccharide region.

The polysaccharide regions of LPS extend from lipid A, comprising the inner core, outer core

and O-antigen. As mentioned, this is a large sugar region that extends into the extracellular

environment, making it difficult for hazardous molecules to enter the cell. Contrary to the

lipid A region, this provides a large hydrophilic barrier that will exclude unwanted hydrophobic

chemicals from the cell. ReLPS comprises lipid A and the inner core, whereas RaLPS also

contains the outer core[68].

The inner core is the portion of LPS located closest to lipid A, embedded in the outer mem-

brane. The inner core of LPS is relatively well conserved between different strains of Gram-

negative bacteria, consisting of a series of sugar residues; typically, these are Kdo (3-deoxy-D-

manno-octulosonic acid), heptose (Hep), and glucose (Glc)[72]. This region is necessary for

stability but also provides a connection point for the outer core and, by extension, O-antigen[73,

74].

The outer core is significantly less conserved between species and can vary widely between

bacterial strains. This section can contain various sugars, such as mannose (Man), galactose

(Gal), and rhamnose (Rhm), but is not limited to these. In conjunction with the strong lateral

interactions between lipid A and calcium, this creates a highly immobile wall which chemicals

will struggle to get past[70].

The outermost LPS region is O-antigen, a highly immobile wall of polysaccharides extending

into the extracellular environment. O-antigen is generally not conserved between bacterial
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strains as this allows for different strains to evade the immune system. As O-antigen generally

differs between strains, it is harder for the immune system to generate antibodies that effectively

target all possible O-antigen structures[75]. The O-antigen region is by far the largest part of

LPS. However, it is not present in all Gram-negative bacteria and LPS that do not possess

O-antigen can be referred to instead as lipooligosaccharide (LOS)[73].

1.4.2 Self-assembly

Self-assembly is a property of lipids crucial to their effectiveness. These molecules self-assemble

principally for two reasons: to minimise the potential energy from interactions with their en-

vironment and, secondly, to maximise the system’s entropy. The structures formed by this

process focus on minimising contact between polar and hydrophobic regions. The simplest ar-

rangement that allows for this is the formation of a micelle (Figure 1.8(a)). Here, self-assembly

occurs by packing hydrophobic regions together, shielding them from the polar environment

with the polar headgroups[76]. Similarly, lipids can also form a lipid bilayer (Figure 1.8(b)),

which allows the lipids to shield the polar and hydrophobic environments from one another by

placing them in the bilayer centre. To avoid leaving the ends of the bilayer exposed, the bilayer

can wrap around to create a lipid vesicle (Figure 1.8(c)); this creates a stable and adaptable

barrier for cells and viral particles. This arrangement creates a physical barrier and, through

molecules such as channel proteins, transporters and receptors, allows the cell to control what

comes in and out (nutrition and antimicrobials)[77]. Figure 1.8(d) represents a self-assembling

structure similar to that of Figure 1.8(a); however, the environments are invested. This may

occur if lipids were placed in a hydrophobic environment rather than a hydrophilic one.

As mentioned, self-assembly occurs to minimise the enthalpic contribution to the system whilst

maximising entropy. The system enthalpy is decreased by self-assembly due to the absence

of interactions between hydrophobic and polar regions. To avoid unfavourable interactions

between the polar water and hydrophobic lipid tails, water would form elaborate hydrogen

bonding networks around it, known as water cages. This allows water to minimise contact

to the hydrophobic region and decrease enthalpy by forming hydrogen bonds between them.

Although this is enthalpically beneficial, the order this induces is detrimental to the system’s

entropy. Self-assembly avoids interactions of hydrophobic and polar regions entirely, thus

avoiding the formation of water cages and providing an entropic benefit. Further, self-assembly

Figure 1.8: Examples of the four most common, relevant self-assembly structures of PLs,
showing hydrophobic environments in grey and hydrophilic environments in blue. (a)
Micelle. (b) Bilayer. (c) Vesicle. (d) Inverted micelle.
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also increases hydrogen bonding and VDW interactions between lipids, furthering the decrease

in enthalpy.

1.4.3 Bacterial lipid compositions

Due to differences in their PL composition, bacterial membranes may behave very differently[5,

6, 9, 78]. Further, in recent years, multiple bacterial species have seen increased antimicrobial

resistance through changes in their membrane composition and LPS[79, 80].

1.4.3.1 E. coli membranes

E. coli is a Gram-negative species of bacteria with an envelope containing both the EcIM and

EcOM. The lipid compositions of membranes can vary largely but generally fall close to certain

ratios, and for the EcIM, this is approximated 75:20:5 Phosphatidyl-Ethanolamine (PE), PG

and Cardiolipin (CL), respectively[81]. The PL composing the EcIM is decidedly saturated,

meaning there are no kinks in the aliphatic tails, and the bilayer is tightly packed and rigid.

This rigidity allows for E. coli to thrive in diverse environments where a more fluid membrane

may be susceptible to factors such as osmotic pressure[82].

1.4.3.2 S. aureus membranes

As opposed to E. coli, S. aureus is Gram-positive, containing only the SaCM and the pep-

tidoglycan cell wall in its envelope. Wild type S. aureus has a PL ratio of approximated

50:30:20 PG, LPG and CL, respectively[83, 84]. As opposed to E. coli, the PL composition of

the SaCM contains many unsaturated aliphatic chains, resulting in a loose, fluid bilayer. This

fluidity allows the bacterium to move proteins about the cell membrane while responding to en-

vironmental changes. This fluidity has been attributed to a susceptibility to antipathogens[85].

1.4.4 Chlorhexidine

CHX is a commonly utilised sanitising agent which is a member of a chemically related group of

antimicrobials called bisbiguanides and forms a di-cation at physiological pH[86] (Figure 1.9).

The structure of CHX consists of two chlorophenyl (CPL) functional groups, each bonded to

separate biguanides (BGU), which are linked via the hexane (HEX) functional group. From

end to end, this hydrophilic-hydrophobic-hydrophilic structure is thought to be critical to its

bacteriostatic or bactericidal properties, depending on concentration[87, 88]. CHX is widely

used as an antiseptic and disinfectant due to its broad efficacy, affordability and safety and

is commonly found in mouthwashes and surgical scrubs[89, 90]. It is effective against both

Gram-positive (e.g. S. aureus) and Gram-negative (e.g. E. coli) bacteria. CHX is thought to

achieve bacterial cell death by disrupting bacterial membranes, leading to leakage of cellular

contents, hence why it is often combined with alcohol, which is theorised to work in a similar

way[91]. Under physiological pH, the two bisguanide groups carry a cationic charge of 1e,

each. It is thought that the cationic nature of the molecules plays a significant role in their

interaction with the negatively charged bacterial membranes[92].
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Figure 1.9: Separation of CHX into key functional groups, which are necessary for the
interaction of CHX with a lipid membrane.

CHX is theorised to bind at the headgroup region of membranes via the CPL and BGU func-

tional groups as a ‘wedge’, parting the headgroups and creating gaps that make the membrane

‘leaky’[93]. This charge interaction between CHX and the bilayer was shown by Van Oosten et

al [94]. This results in binding further from the membrane centre but more strongly to the head

group region in negatively charged membranes. This interaction is particularly strong; studies

have shown that, unlike other antiseptics, CHX can remain active after being washed away,

remaining bound to the epidermis[95, 96]. CHX is active against E. coli (Gram-negative) and

S. aureus (Gram-positive).

It was previously thought that the adverse effect of CHX on pathogens was due to its inhibition

of ATPase, a group of enzymes necessary for the hydrolysis of adenosine triphosphate (ATP)

to adenosine diphosphate (ADP) and the release of energy. This would deny a pathogen the

energy it needs to perform essential processes that the cell relies on; however, this has recently

been shown not to be the prevailing reason CHX is effective. The research conducted by

Kuyyakanond et al. measured the pH over 4 minutes and showed that although upon the

addition of CHX, there is an initial decrease in pH, it recovers shortly afterwards. In contrast,

upon adding polymyxin, the pH decreases and does not recover, suggesting that this operates

via a different mechanism[97].

1.5 Molecular dynamics simulation of biological systems: A brief

review

In modern-day research of microbiological systems, MD is an invaluable tool that allows us

to probe the intricacies of systems that are too small or have interactions that are too brief

to be explored in a laboratory. This is essential as laboratory techniques are often technically

cumbersome or lack the resolution required to study these systems. For example, NMR is

beneficial for assessing solution or solid-state dynamics but generally lacks a simple way of

visualising systems without intricate techniques. Visual depiction is essential when determining

phenomena such as binding or partitioning as data otherwise leaves us to form conclusions

which may be subject to confirmation bias. This is not to say that either MD or NMR are

better; however, both have caveats. By taking a multidisciplinary approach, we can address

the shortcomings of each technique and play to the strengths of multiple techniques.

Over the last few decades, MD has expanded from a niche, theoretical approach in its infancy to
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a disruptive technique at the forefront of science[98]. As such, this field has seen the sampling

techniques, force fields and structures it relies upon expand rapidly in detail, functionality and

complexity. Initially, it was thought "good enough" to model biological membranes as one lipid

type, generally PC. However, since then, our simulation systems have become significantly more

robust; the lipid composition of the EcIM, for instance, is modelled as 90:5:5 (PE:PG:CL)[99],

while the cell membrane of S. aureus is modelled as 50:30:20 (PG:LPG:CL)[83, 84]. The

importance of these distinctions is furthered when considering membranes like the EcOM

which possesses a leaflet composed predominantly of LPS[100], or the SaCM, which relies

on PG-LPG interactions for headgroup stability[101]. This is but one example of how our

understanding of how to best model systems we are interested in has improved over the years.

In its infancy, the number of molecules that there were models for was minimal, let alone the

number of larger structures such as membranes that could be simulated[102]. Over the years,

this lack of detail was addressed by developing comprehensive parameterisations[103], tools

to predict these parameterisations[30], and more robust force fields better equipped to model

molecules accurately[104]. In recent years, the model of the cell envelope has been taken to

its extreme in computational simulations, which models the Gram-negative cell envelope, from

membranes and cell walls[105], to LPS lateral diffusion[70] to the often overlooked crowding

of the cell envelope[106]. This development of comprehensive models has not been limited to

bacteria, as our ability to simulate substantial aspects of the viral envelope has also come along

significantly[107]. In 2021, this was taken as far as using artificial intelligence (AI) to drive

simulations of an entire viral vesicle with embedded S proteins to assess how it binds to ACE2

receptors[108]. This only foreshadows the advances that will surely be made in the following

decade, when the simulation of entire viruses may become standard practice. Extensive research

in these areas over recent years has provided essential insight into the complexity of bacteria

and viruses, understanding which we can exploit to further our defences against them[109].

1.6 Solid-state NMR of biological systems: A brief review

Solid-state NMR is a well-established technique often used to assess the structure and dynamics

of biological species such as proteins or lipids. The structural insight this technique can give us

is beneficial when determining molecular-level interactions in vitro, as this level of detail can be

extremely difficult or impossible to access with most laboratory techniques. By examining how

systems return to equilibrium, we can extrapolate properties such as molecular conformation,

localisation and effect on larger structures such as lipid vesicles. By applying many NMR

techniques, we can gain valuable insight into molecular-level interactions such as protein and

bilayer dynamics, ligand interactions, molecular structure and many other aspects.

A significant challenge in the development of solid-state NMR was the anisotropy of solid-

state systems, as they are generally highly ordered. This is not an issue in 1D 31P NMR as

the resulting lineshape is a sum of all anisotropic environments present in the vesicle, which

are essential when determining the stability of said vesicles. However, when trying to obtain

1D or 2D 1H NMR, anisotropy will result in spectra that are extremely difficult or impossible

to resolve as peaks appear for each proton in many different anisotropic environments. This
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was eventually overcome by the development of the magic angle spinning (MAS) technique,

which resolved this problem by essentially mimicking the tumbling a molecule would experience

in solution[110]. By spinning the sample along the diagonal of a cube relative to the NMR

machine’s magnetic field, the x, y and z environments are averaged out. This development

allowed for the analysis of solid-state systems using methods previously only accessible to

liquid-state samples.

Although this technique is significantly older than MD, it is only in the last 40 years that it has

become commonplace in microbiology[111]. This development began with the first spectra

obtained for biomolecules in the 1980s, followed by MAS’s development in the 1990s. It was

in the 21st century that the first solid-state NMR spectra of membrane-bound proteins were

resolved[112, 113]. This rapid development has led us to a point where the previous 20 years

have been focused on improving the pulse sequences used in these experiments or developing

new ones that allow us to probe microbiological systems further.

Chapter 1 C. Waller 15



Multiscale modelling of bacterial and viral sanitisation

1.7 Aims

Bacterial and viral pathogens constantly threaten our health, as they can quickly adapt to

adverse conditions and become resistant to treatment. This is why it is essential to understand

the intricacies of these pathogens and develop effective ways to combat them. While our

knowledge of these systems has grown considerably over the years, many aspects remain

poorly understood and in need of further research.

My thesis aims to shed more light on the effect of sanitisers on pathogenic envelopes, which are

essential structures that protect pathogens and enable them to cause disease. By employing

a multidisciplinary approach, I hope to gain a more comprehensive understanding of how

sanitisers interact with these structures and how we can better exploit their features to destroy

or disable pathogens.

Specifically, I will investigate how sanitisers bind or partition into membranes and how pathogenic

envelopes respond to these treatments. By applying techniques from multiple disciplines, I aim

to ratify my results while developing a multifaceted understanding of a range of aspects that

are currently targets of sanitisation or potentially could be in the future.

I aim to expand our understanding of how sanitisers work and how mutations could potentially

render them obsolete. By identifying the mechanisms responsible for the effects we see when

we apply sanitisers, we can better predict and prepare for future outbreaks and epidemics.

Moreover, my research will explore the dynamics of SARS-CoV-2 binding, the virus responsible

for the COVID-19 pandemic. Additionally, my research explores the dynamics of SARS-CoV-2

binding as this provided a relevant area where imperfections in a pathogen’s binding mechanism

may provide regions that sanitisation methods could exploit.
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The following chapters can be summarised as follows:

• Chapter 2: Introduction to the theory, concepts and approaches used in MD simulations,

NMR experiments and machine learning.

• Chapter 3: Methods used for MD simulation setup, NMR experiment setup and heat

mapping module development.

• Chapter 4: Deciphering the mechanical effect of chaotropic sanitisers on PL membranes

via all-atom molecular dynamics simulation.

• Chapter 5: Determining binding conformations and locality of chaotropic sanitisers to

the inner membrane of E. coli.

• Chapter 6: Protein deformation resulting from the application of alcohol to the Wuhan

variant of the S protein via all-atom molecular dynamics, with analysis assisted by decision

tree regression machine learning.

• Chapter 7: Assessing the stability of S protein-ACE2 receptor heterodimer cross-linking

via coarse grain simulations.

• Chapter 8: Concluding remarks and future perspective
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Chapter 2

Theory

2.1 Introduction to MD

MD employs mathematical models to model small-scale representations of real systems using

experimentally derived parameters. The significant benefit of this technique is that it allows

us to simulate systems at atomistic levels of detail. Since these simulations are models, we

can also explore purely theoretical systems by removing or adding features to a system and

assessing the effect of this on the system. This allows us to explore the nuances of systems

by only simulating specific properties or regions. These techniques have become essential for

efficient work in drug design, pathology, and exploratory research in recent years.

2.1.1 Classical MD

MD is one of the most prominent areas of computational chemistry and relies solely on classical

mechanics, principally upon Newton’s second law of motion (Equation 2.1).

By equating Newton’s second law of motion with the potential energy of a particle in motion,

the acceleration of a particle can be calculated as a function of the particle’s mass, potential

energy and position. Equation 2.2 shows the potential energy of a particle in motion. Rear-

ranging this equation to give the force (Equation 2.3) means that F⃗ can be substituted into

F⃗ = ma⃗ (2.1)

dEP = −F⃗ dr⃗ (2.2)

F⃗ = −

dEP

dr⃗
(2.3)

a⃗ =
1
m

dEP

dr
(2.4)

Equating Newton’s second law (Equation 2.1) with force derived from the potential energy
gradient of a particle (Equations 2.2) to find the force incident on a particle (Equation
2.3), where F⃗ is force, m is mass, a⃗ is acceleration, EP is the potential energy, r is position
and d denotes a differential.
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Figure 2.1: A visual depiction of the approximation made when calculating the change in
potential energy of a particle from the forces acting upon it, where the particle is shown
in blue, forces in red and changes in trajectory in green.

Newton’s second law, yielding Equation 2.4; this enables us to calculate a particles accelera-

tion. As this relied upon us knowing the potential energy gradient of a particle, we must first

know the forces acting upon it, as shown in Equation 2.2. This relates the position of the

atoms to their potential energy and allows us to determine how the particles should move in a

simulation. This differential equation for acceleration works exceptionally well for MD as the

changes in position and force are stepwise. A visual depiction is supplied in Figure 2.1 to aid

the reader. To know the force acting upon a particle and by extension, the potential energy

gradient, a force field is used (Section 2.1.3).

By integrating over all timesteps for any required period, we can come up with a reasonable

estimate of what we expect the molecules in our system to do by knowing in which direction

they are expected to accelerate at what speed and for how long. It should be noted that as it is

upon the user to provide the force field, a simulation is only as good as the information provided.

To elaborate on this, a visual representation of the stepwise process an MD simulation uses is

provided in Figure 2.2.

Figure 2.2: A flow chart representing the process of calculating the positions and velocities
of particles in the next timestep in the simulation.
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2.1.1.1 Coarse graining

Coarse graining (CG) focuses on computationally modelling systems by simplifying their repre-

sentations to increase sampling with an accepted trade off in accuracy (Figure 2.3(a)). This is

commonly implemented by representing pseudo-atoms instead of atoms to decrease the num-

ber of particles which need to be explicitly sampled. There are also varying resolutions to which

a user can coarse grain their system by simply combining hydrogen atoms into hetroatom’s,

grouping amino acid atoms or as many as 4 hetroatoms into large pseudo-beads.

The Martini forcefield was initially developed for the simulation of lipids but has since been

expanded and can now simulate more most molecules with sufficient parameterisation, such

as proteins, ribonucleic acids or various other molecules. In work performed here, Martini 2

coarse graining is used which simulates 4 hetroatoms as a separate pseudo-atom. The aim of

this mapping is to reproduce the thermodynamic properties of the system in as much detail as

possible, while significantly decreasing the computational expense that the system will incur.

Whereas the average AA simulation is on the scale of a few hundred nanoseconds, Martini

models can explore mechanisms that occur over multiple microseconds. This grouping of

atoms into beads results in an overall smoothing of the potential energy landscape as the

structure of molecules is far less specific. Because of this the potential energy landscape is

sampled faster and events in simulation happen faster than they would in AA resolution (Figure

2.3(b)). This results in kinetic barriers being overcome faster as they are ’smoothed’ by the

decreased specificity. Because of this, the simulation will also progress faster with respect

to the timesteps covered. This, as well as the more accessible longer timeframes, means

that thermodynamically unlikely processes are far more accessible in CG simulation. It should,

however, be noted that this smoothing of the potential energy surface can result in small states

being inaccessible. Concerning the forcefield, this entails defining beads and their associated

properties rather than atoms.

2.1.2 Integrators

MD simulations are created in the same way as a flip book. Stepwise snapshots of the simulated

species are created by calculating the forces in a frame and using this to find the acceleration.

This is used to calculate the positions of the particles after a small change in time, resulting in

a series of coordinates that, when played at speed, represent what is expected to happen. We

do this instead of calculating the motion analytically because of the vast number of particles

in the system. As motion is so dependent on its surroundings, calculating the motion of

these particles leads to a many-bodies problem. As such, the prediction of this needs to be

approached with a finite difference method. A finite difference method assumes that positions,

velocity and acceleration can all be approximated via a Taylor expansion. MD will generally do

this via the Verlet of velocity Verlet method; however, work performed here uses the leap-frog

integrator[114].
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2.1.2.1 Timestep

When considering the timestep for an integrator in a simulation, we have to consider the fastest

motions in the system to ensure that we are capturing this detail. This can have different

meanings depending on whether we are explicitly representing each atom in the system or

coarse-graining, as this will determine the fastest motions we aim to capture. For simulation

systems, this can mean that beads would overshoot positions within their vibration range. This

can lead to beads landing on one another, causing exponentially large potentials, causing the

system to explode.

2.1.2.1.1 All-atom In AA simulation, the goal is primarily to capture even the fastest

atomistic motions, such as bond vibrations, fast atomic motions and high-frequency dynamics.

Due to Nyquist’s theorem, the sampling rate (timestep) should be at least half the fastest

motion we need to capture accurately to avoid aliasing. For example, the period of a C-H

bond vibration is approximately 11 fs, so we should sample the system at least every 5.5 fs.

Although this would technically be acceptable, using a significantly smaller sample rate as low

as 10-20% of the fastest motion is generally recommended. As a result, the timestep in AA

simulations is generally on the order of 2-3 fs. This is a large hit to computation time as

it means positions need to be calculated extremely frequently, even if we choose not to save

them this often.

2.1.2.1.2 Coarse-grain In CG systems, the fastest motion is significantly slower. This

is because we do not consider atoms explicitly but instead consider beads, representing 3-

4 heteroatoms. This results in significantly heavier beads, and due to the conservation of

momentum, the same energy will result in slower vibration frequencies. As a result, the

timestep can be significantly larger, which further saves computation time as Martini 2 is

parameterised for timesteps of 20-40 fs. This represents another significant benefit of CG

simulations for long timescales. When applied correctly, CG MD is an invaluable technique

enabling us to sample long simulations quickly; however, this comes with associated caveats.

Due to the simplification of structures and the effect this has on the potential energy landscape,

interactions can be unrealistically short or missed entirely. The asterisk in Figure 2.3 marks

a point where a potential energy well can be missed due to smoothing the potential energy

landscape.

2.1.2.2 Leap-frog integrator

The leap-frog integrator is the default used by Gromacs[115]. It makes calculations of the

displacement and velocity alternately, first performing the displacement calculation at t and

then the velocity calculation at t+ 1

2
t, essentially jumping over itself, hence why it is named the

leap-frog integrator; this is done by using two equations. The integration will initially make

a calculation using Equation 2.5, using the information we provide the system with (initial

velocity, initial position, timestep) and arrive at the new position at time t + ∆t. Following

this we can then calculate v(t + 1

2
∆t) again using our input data (timestep, mass, force,

Equation 2.6), however it is immediately obvious that we do not know v(t + 1

2
∆t) as we are
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Figure 2.3: (a) A representation of the mapping from an AA structure of PE to a CG
structure, with aliphatic beads in green, ester beads in red, phosphate beads in pink and
ammonium beads in blue. (b) A 2D representation of the potential energy surface of
a system, where an example of an AA system is shown in yellow and a CG system in
red. The position marked by an asterisk indicates a potential well which missed due to
smoothing of the potential energy landscape in CG.

currently at t = 1

2
∆t we don’t know the velocity half a timestep before the simulation started.

We can approximate v(t + 1

2
∆t) by using a single step of the Euler approximation (Equation

2.7). This provides us with a velocity for the half timestep and thus will allow us to calculate

the first leap in velocity, passing the position calculation and giving us the velocity at 3

2
∆t.

2.1.3 Force fields

As stated earlier, to calculate the acceleration of a particle in an MD simulation, the potential

energy gradient of said particle must be known. This is calculated by equating the forces acting

upon said particle; an MD simulation calculates these forces by using the force field. A force

field provides the simulation with experimentally derived data so particles can incur energy

penalties from interactions. Force field interactions are broadly separated into bonded and

non-bonded, split further into four bonded and two non-bonded terms. The data in the force

field and how it is written determines how accurate, efficient and system-specific the simulation

will be. The main drawback with this method is that we cannot simulate dissociation as we do

not consider electrons; this is due to the extreme level of computational power nanometre-sized

systems would require for this. This is not to say that one force field is necessarily the best, as

some are parameterised better for different molecular species such as proteins, lipids, or any

other molecular species in theory. The research performed here utilises the Gromacs simulations

software, and as such, the details of how computational methods work are consistent with this

package [116, 117, 118].

In work performed here, the CHARMM36 forcefield was used. CHARMM36 is a forcefield which

is commonly used in molecular dynamics, originally parameterised to generally simulate proteins
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v⃗

(

t +
1
2

∆t

)

= v⃗

(

t −

1
2

∆t

)

+
∆t

m
F⃗ (t) (2.5)

r(t + ∆t) = r(t) + ∆tv⃗

(

r +
1
2

∆t

)

(2.6)

v⃗

(

t +
1
2

∆t

)

= v⃗(t) +
∆t

2m
F⃗ (t) (2.7)

The velocity equation used by the leap-frog integrator (Equation 2.5), the position equation
used by the leap-frog integrator (Equation 2.6) and the Euler approximation (Equation
2.7). Where v⃗ is the velocity of a particle, t is the current time, ∆t is the timestep, m
mass of the particle and F⃗ is the force acting upon the particle due to interactions with
other particles in the system.

and nucleic acid, however it is now parameterized to simulate a wide range of biomolecular

molecules. This forcefield was parameterised on experimental data for molecular properties such

as bond vibrations, crystal structures and thermodynamics. As new scientific techniques are

developed, the CHARMM forcefield has increased significantly in accuracy and adaptability. It

is now easy to parameterise new molecules using the CHARMM General Force Field (CGenFF).

CGenFF is a forcefield developed to cover a wide range of chemical functional groups present

in biomolecules and drug-like molecules. This forcefield is extremely useful for generating

molecular structures, enabling users to rapidly generate and simulate their own structures

through generalised, additive potential energy functions, which can describe the potential

energy of a structure through itsstructural coordinates.

2.1.4 Bonded terms

2.1.4.1 Bond length

Force fields deal with bonds by treating them as if they were springs with an associated spring

constant (k), oscillating about some optimal distance (r0). The best way of doing this is using

a Morse potential. However, to decrease computational cost, a form of Hooke’s law is used

(Equation 2.8). Although this is a slight difference in the complexity of the equation when

integrating over the entire system, these subtle differences add up and lead to substantial

increases in computational time.

Hooke’s law: EH =
1
2

kH(r − r0)2 (2.8)

Bond length potential energy: Ebond = kb(r − r0)2 (2.9)

Hooke’s law (Equation 2.8) and the equation determining the potential energy of a bond
(Equation 2.9), where EH and Ebond are the potential energy, kH and kb are the spring
constants and r is the spring length and r0 is the optimal spring length.

Although Hooke’s law is technically less accurate and does not model the exponential increase

in potential energy with increasing distance, this method’s precision can be improved by in-

cluding higher-order terms in a way similar to a Taylor expansion. Most bonded terms with an
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optimal value are modelled from a harmonic oscillator (Equation 2.9). Although this approxi-

mates how the bond length energy should behave around the optimal bond length, deviations

from this result in exponentially large energies. This can cause significant issues in keeping

the system energy constant. To avoid this problem, systems are carefully equilibrated and as-

suming simulations are well parameterised, bond lengths will not deviate far from the optimal

value. This means we do not generate significant errors due to large bond lengths, as if the

system is properly equilibrated, these won’t occur. The nuances of this difference are shown

in Figure 2.4.

Figure 2.4: The (yellow) Morse and (red) Hooke potentials over distance. Showing optimal
bond length (r0).

2.1.4.2 Bond angle

Bond angles behave the same as bond lengths, oscillating about some optimal value. Because

of this, the potential energy equation for this is the same as that of bond lengths. This

equation’s similarity to bond lengths can be seen in Equation 2.10.

Bond angle potential energy: Eangle = kθ(¹ − ¹0)2 (2.10)

The equation used to determine the energy of a bond angle, where Eangle is the potential
energy of an angle in the simulation, kθ is the spring constant of the angle, ¹ is the bond
angle and ¹0 is the optimal bond angle.

2.1.4.3 Torsion angle

The torsion angle (also referred to as the dihedral angle) term defines energies of rotations

along a bond in terms of peaks and troughs. The troughs correspond to optimal values, and

the term is continuous as it can theoretically rotate a full 360◦. The term for this must

be relatively flexible as the potential peaks and troughs are directly related to the functional

groups surrounding the carbons on either side of the bond. Due to the cyclic nature of torsion

angles, the equation we use to deduce the potential energy term must consider a modified

cosine function to describe the peaks and troughs over 360° accurately and allow this to be
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changed easily to describe multiple torsions. It should be noted that although a torsion angle

can theoretically rotate 360◦, this is generally not common, and conformations remain bound

by a local minimum. Equation 2.11 shows the equation used for this term.

Torsion potential energy: Etorsion = A[1 + cos(nϕ − ϕ0)] (2.11)

The equation used to determine the energy of a torsion angle, where Etorsion is the potential
energy of a torsion angle in the simulation, A describes the barrier heights, n describes
the number of barriers, ϕ is the torsion angle and ϕ0 is phase shift.

The equation for the potential energy is described in this way so that variables describing the

bond can be used to detail many different torsions. Here, the bond constant (A) determines

the steepness/height of the potential barriers involved; a greater constant results in more

well-defined states. For example, if the R groups were single protons, then the barriers could

be expected to be significantly smaller than if they were bulky hydrocarbons. As the torsion

angle can rotate a full 360◦, n is also required to describe the number of potential energy

barriers created by groups of atoms at either end of the bond interacting as the molecules

rotate about the bond. A simple way of considering this is as a Newman projection where the

potential barriers are represented by staggered groups overlapping. Figure 2.5 shows a visual

representation of this.

Figure 2.5: The potential of the dihedral term over dihedral angle, relative to example
Newman projections of clashes which are higher and lower in energy relative to one another.

2.1.4.4 Improper torsion

The physical states defined by this term initially appear somewhat different from those pre-

viously described. However, this is another harmonic oscillator term. The improper torsion

term is used to maintain specific conformations of ring structures or other crowded molecule

areas. By monitoring the angle between two separate planes of three atoms, important stere-

ochemical information is maintained. For example, this will maintain benzene rings or sugar

conformations. It is also essential to ensure that functional groups do not flip into another
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orientation; when working with molecules such as proteins, amino acids may flip between their

L and D stereochemistry without this term. The potential energy term is calculated using

another equation derived from Hooke’s law to maintain this. The similarity of this to the

bonded and angular terms can be seen in Equation 2.12.

Improper torsion potential energy: Eimproper = A(ϕ − ϕ0)2 (2.12)

The equation used to determine the energy of an improper torsion angle, where Eimproper

is the potential energy of an improper torsion angle in the simulation, A describes the
barrier heights, ϕ is the improper torsion angle and ϕ0 is the ideal improper torsion angle.

2.1.5 Non-bonded terms

2.1.5.1 Complications in calculation

Barriers to consider when dealing with Non-bonded interactions are generally related to their

long-range nature. As they are unbounded, unlike bonded terms bound by a covalent bond,

they should technically be calculated for all particles at all distances in the system. This is

not how we treat them in MD, as this would result in unrealistic computation times, self-

interaction and infinite interaction problems due to the PBC. Instead, cutoff models with

algorithms designed to estimate the penalties beyond them are applied.

2.1.5.2 Van der Waals

This term models short-range Van der Waals (VDW) interactions, ideally with a Lennard-

Jones potential, an equation also used to model the same interaction in physical chemistry.

Equation 2.13 shows that at very small distances, the (r0
ij)−12 term dominates, describing the

increase in potential energy caused by the repulsive force from the overlap of electron orbitals.

However, while at relatively large distances, the negative (r0
ij)−6 term will dominate, describing

the attractive forces between two atoms.

VDW potential energy: EV DW = 4ϵ





(

Ã

rij

)12

−

(

Ã

rij

)6


 (2.13)

The equation used to determine the energy of VDW interactions, where EV DW is the
potential energy, ϵ describes the well depth, Ã is the contact distance and rij the separation
distance between particles I and j.

A visual representation of this (Figure 2.6) shows the position of the optimal bond length and

the penalty for deviating from this.

When dealing with VDW interactions, a dispersion correction must be applied, as the Lennard-

Jones potential does not sufficiently account for long-range interactions. While a cutoff is

excellent for computation efficiency, it neglects some long-range interactions. Dispersion arises

from temporary fluctuations in the electron density surrounding an atom and can induce sim-

ilar dipoles in nearby atoms, which causes further dipoles. Although the Lennard-Jones model
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Figure 2.6: The potential of the (yellow) Lennard-Jones potential over distance. Showing
contact distance (Ã), optimal separation (r0) and bond strength (ϵ).

treats short-range interactions well, this is not the case for long-range ones. The dispersion

correction corrects the potential energy for dispersion forces beyond the cutoff, better approx-

imating real-world interactions.

2.1.5.3 Permanent electrostatics interactions

The energy penalty due to electrostatics is based on Coulomb’s law, and the difficulty in

representing this accurately lies in the parametrisation of formal charges in species such as

halides, alkali metals and alkaline earth metals.

Electrostatics potential energy: Eel =
qiqj

4Ãϵ0rij
(2.14)

The energy equation for permanent electrostatics where Eel is the potential energy, q is the
charge on a particle, ϵ0 is the permittivity of a vacuum and rij is the separation distance
between particles i and j.

In Equation 2.14, the interaction energy is shown to be the charges of the atoms (qi and qj)

divided by the multiplication of the dielectric constant and their separation. The dielectric

constant represents the polarizability of the species in question. In Figure 2.7, the potential

energy and separation can be seen to have a second-order exponentially decaying relationship.

The significant barrier we must consider when dealing with electrostatics is their slow conver-

gence. Convergence refers to the attainment of consistent electrostatic forces and energies

with respect to increasing simulation length. This is important as until the point of conver-

gence, the electrostatics interactions in the system will not have reached equilibrium as they

have not had sufficient time to influence the arrangement and behaviour of charged particles in

the system. For this reason, electrostatic convergence is generally achieved in the equilibration

phase of the simulation, as this means the production run is not subject to inaccuracies such

as unrealistic distributions, artefacts, incorrect thermodynamic properties or deviation from ex-

perimental observations. As implied, the effect of this extends to the long-range dependencies

of electrostatics interactions as they are not bound.

With employing such a rigid approach, we need to consider how this may create artefacts in

our experimental data, which could have extensive implications for the results. The first thing
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Figure 2.7: The potential energy of the coulomb potential equation over distance. Dis-
tances and potential energies are shown explicitly for comparison with the Lennard-Jones
potential.

to consider is what the distance should be. Generally, a cutoff distance of 1.2 nm is applied

as it can be seen from Figure 2.7 that toward 1 nm, the long-range approaches a constant

value. However, It should be noted that it does not become negligible, and defining it as 0 J

immediately beyond 1.2 nm will create large inaccuracies in our results. A particle-mesh Ewald

(PME) approach is applied to AA systems, and a reaction field is usually applied to CG to

remedy this. These methods split the calculation into two calculations, which converge more

rapidly than the default electrostatics equation.

2.1.5.3.1 All-atom Unlike VDW interactions, we cannot simply cut off the effect of elec-

trostatics over long distances. To address this, a PME is applied after a cutoff distance to

account for these long-range interactions while still accounting for their effect. This is why

electrostatics are handled very carefully in calculations. A compromise needs to be made be-

tween accuracy and computational expense, as the calculations obviously need to be sufficiently

accurate. The PME will essentially group and average charges beyond the cutoff distance by

assigning them to cells in a mesh. Charges are smeared over the cell by an interpolation

function, so they are no longer formal but rather a charge density. This is then converted

into reciprocal space by a fast Fourier transform (FFT) algorithm; electrostatics are calculated

and converted back into real space. Using these calculations, the force and energy calcula-

tions are then performed. This significantly reduces the computational cost of this term while

maintaining accuracy.

2.1.5.3.2 Coarse-grained PME works very well for a fully atomistic system where charges

are well-localised. However, in CG systems, charges are less well-defined. The solution is to

apply a reaction field rather than a PME approach. This has a minimal effect on computational

expense and has been shown to create reliable results. The reaction field broadly separates the

system into two environments for the sake of reducing the computational load for calculating

long-range interactions. The reaction field introduces a dielectric boundary, beyond which

interactions are approximated as a uniform, smooth, decaying dielectric continuum. The inner

region contains real particles for which the forces and energetics are calculated.
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Generally, PME is not used in CG simulations. PME is computationally expensive, and for CG

scale systems, this can become costly due to the size. CG simulations are, by definition, less

detailed; the computational overhead introduced by PME would result in slower computation

and decrease the appeal of CG. It should be noted, however, that PME is occasionally applied

in CG simulations. The application of PME, while increasing computational load, can provide

more detailed electrostatics of a more reliable approach in inhomogeneous systems.

2.1.6 Energy minimisation

Before performing an MD simulation, it is first important to ensure that the molecules in our

simulation have realistic bond lengths and angles that will not create exponentially large energy

penalties. Ideally, performing a minimisation will result in the system being at an energetic

minimum. This is achieved by iteratively making very small changes to the position of beads

in the simulation system, which results in a net decrease in the system energy. Generally, this

is done with a steepest descent method, which will assess the energetic gradient at a given

point and move the system toward an energetic minimum by following the negative gradient.

2.1.7 Periodic boundaries

Computational simulations are inherently limited by the number of atoms we can calculate

forces for, which raises the question of how we then consider systems much larger than the

relatively small number of atoms we can simulate. In this way, we can apply boundaries to

the small simulation boxes, which will consider the system as if it were joined to itself and

then repeated infinitely in all dimensions. In these ensembles, atoms on the boundary of the

simulation box will experience both bonded and non-bonded interactions with those on the

opposite face. For instance, the atoms on the left face will interact with those on the right

and large molecules will appear half off one side and re-enter the other. It should be noted

here that although species technically leave the box constantly, they re-enter immediately, and

as such, the number of atoms in the box remains constant. Figure 2.8 shows an extremely

simplistic depiction of how periodic boundaries act, showing that as one molecule moves out

of the box, it re-enters on the opposing face.
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Figure 2.8: A visual representation of a periodic boundary-based system where coloured
objects represent molecules that are passed off of one side and return on the opposing side.

2.1.8 Thermostat and barostat

To create accurate models of real-life systems, we must have well-maintained temperature and

pressure. However, what this means in a closed, periodic system is not immediately obvious.

2.1.8.1 Thermostat

Two of the most common thermostats in MD are v-rescale and Nosé-Hoover. The reason

we have more than one which are readily available is due to the limitations and successes of

these thermostats. The goal of a good thermostat is not to fix the temperature of the entire

system as it is, as this would mean fixing the kinetic energies of particles in the system, which

is inherently unrealistic and would render simulations pointless. Instead, the thermostat aims

to maintain the overall average temperature of the box by sampling different regions, which

should average out to the instantaneous temperature, as maintained by the thermostat.

Firstly, the v-rescale thermostat; this thermostat scales the velocities of species in the system

so that they average out to the desired temperature. This is necessary as during the equilibra-

tion phase of a MD system; the temperature must be adjusted so it is at the value specified in

the input files. By scaling all velocities in the system proportionally, the average temperature

is raised directly, providing a simple means of reaching the temperature. Although very con-

venient, this technique does not allow for fluctuations during the scaling process, and as such,

areas of higher temperature cannot be avoided, so this is generally only in the setup phase.

The second commonly used thermostat is the Nosé-Hoover method, which utilises Lagrangian

mechanics to maintain a system’s temperature. This is a particularly accurate means of
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performing these calculations as Lagrangian mechanics are a more formal means of performing

Newtonian mechanics but more concerned with conservative forces. This is important as it

means the system will not lose energy over time to non-conservative processes. Although this

method is rigorous and strictly deterministic, it is largely only used in production runs as the

v-rescale method provides a far more trivial means of altering the temperature. Whilst still

easily implemented, the Nosé-Hoover technique is limited mainly by the fact it is not strictly

’ergodic’, meaning that given a sufficiently large amount of time, in large systems, species may

not mix well as there is no assurance this will sample all space in the box over time.

2.1.8.2 Barostat

Similar to how multiple thermostats can be applied to MD in different ways, different barostats

are particularly good at performing different functions. Namely, two of the most used barostats

are the Berendsen and Parrinello-Rahman methods, both of which have inherent strengths and

weaknesses.

The Berendsen technique is particularly good in terms of maintaining a desired temperature

over the course of setup, as feedback from the calculations made can also maintain the tem-

perature of the system. Pressure and temperature are closely related, so that sudden increases

in pressure can result in increased kinetic energy of the system; this would increase the average

temperature. If this is detected in the Berendsen method, velocities will then be rescaled,

similarly to the v-rescale method, so that the system remains at a desired temperature. Al-

though this method is well-founded and very effective, it is limited in the same way as v-rescale

temperature coupling, as the rescaling over the system can create pockets of higher and lower

kinetic energy. This is also generally restricted to setup.

Parrinello-Rahman barostats expand the constant-pressure method devised by Anderson et

al [119]. This method focused on simulating systems with constant pressure that still allowed

for fluctuations in the kinetic energy of species in the box, which was achieved by implementing

stochastic collisions. This was expanded upon by allowing the box dimensions to change while

still maintaining pressure[120, 121, 122]. Generally, the Berendsen pressure coupling is applied

during setup as a weak means of reaching the desired pressure before fixing it with Parrinello-

Rahman.

2.2 Introduction to nuclear magnetic resonance

NMR reports on the interactions of nuclei in a sample by applying a magnetic field, perturbing

the sample and monitoring how it returns to thermal equilibrium. The data reported by

this technique can be used to infer properties of the system or molecules, such as dynamics,

structure, exchange rates and much more. The benefit of this technique is that it supplies us

with atomic-level details of large systems in vitro. This is done by monitoring how the spins of

the nuclei in a sample exposed to a strong magnetic field return to equilibrium when perturbed

by applying a radio frequency (RF). The NMR machine will report this information as a complex

signal composed of many monochromatic signals. These monochromatic signals correspond to
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É0 = µB0 (2.15)

The Larmor equation, relating the Larmor frequency (É0) to the gyromagnetic ratio (µ)
and the magnetic field strength (B0).

the relaxation of nuclei in different environments in a sample. Once perturbed by a radiation

pulse, nuclei spins decay back to equilibrium. In an NMR experiment, the precession of spins

back to equilibrium is measured and used to infer information about the nuclei and their local

environments. In modern-day molecular biology, this technique is essential to understanding

the transient, nuanced interactions which large, intricate systems depend upon.

2.2.1 Nuclear spin

Spin is a fundamental, quantum mechanical property of a nucleus. Nuclear spin arises from

the intrinsic angular momentum of protons and neutrons within the nucleus, which gives rise

to a magnetic dipole moment of the nucleus. This quantised property can only take specific

values, being numeric half intervals. If the magnetic moment is non-zero, then the nucleus

is NMR active. If the magnetic moment is 0, the nucleus will not interact with an applied

magnetic field.

2.2.1.1 The Larmor frequency

When spin-active nuclei are exposed to a magnetic field, they begin to precess about it. The

Larmor frequency describes the rate at which a magnetic moment (spin-active nucleus, in this

case) will precess a magnetic field. This value can be related to the magnetic field strength

(B0) and the gyromagnetic ratio (µ) via the Larmor equation, as shown in Equation 2.15.

The gyromagnetic ratio describes the ratio between a nucleus’s magnetic moment and angular

momentum. Because nuclei with a magnetic moment of 0 do not interact with the magnetic

field, they do not possess a Larmor frequency. The Larmor frequency is essential in NMR

as this is used to excite nuclei in the experimental sample selectively. When an RF pulse is

applied at the Larmor frequency, it tilts the nuclear spin of the Larmor frequency away from

alignment with B0. This places the spin in an excited state, which will precess back to thermal

equilibrium. As the Larmor frequency is a product of the gyromagnetic ratio and the magnetic

field experienced by the nucleus, the frequency of precession during relaxation can also be

changed slightly by the local electron density of the nucleus. As electrons possess their own

magnetic moment, a larger electron density will generate its own local magnetic field, shielding

the nucleus and changing the magnetic field experienced by the nucleus.

2.2.2 Free induction decay

As mentioned, NMR reports on systems by monitoring the signal produced when the nucleus

spins relax from an excited state back to thermal equilibrium. The signal recorded while nuclear

spins decay back to an equilibrium state is called a free induction decay (FID). The equilibrium

state refers to the orientation of nuclei spins in a system when at rest in an applied magnetic
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Figure 2.9: A simple, generalised depiction of a 1D NMR experiment. Showing (a) the
generation of the equilibrium state, (b) the initial excitation of spins in the sample, (c)
the decay of spins and (d) the origin of the FID signal, shown as a vector representation.
(e) A representation of spin precession in an applied magnetic field.

field (Figure 2.9(a)). The applied magnetic field is referred to as B0 and is a measurement of

the applied field strength in Tesla. When the magnetic field is applied, nuclei spins will align

either parallel (spin-up) or anti-parallel (spin-down) to the magnetic field. The excited state

is created when an RF pulse perturbs the nuclear spins from their alignment to B0 (Figure

2.9(b)). The excitation pulse applied is at the Larmor frequency of the nucleus of interest.

Following this, the spins precess about the magnetic field until they return to their thermal

equilibrium state, either spin-up or spin-down (Figure 2.9(c-d)). While precessing, the decay

of nuclear spins creates a time-dependent magnetic field as the spin returns to the equilibrium

state. In NMR, this changing magnetic field produces a voltage in the receiver coil. This

changing voltage is monitored and generates an FID signal. As this changing magnetic field

depends on the frequency of precession of the nuclei, the output signal will be a complex

signal composed of many different monochromatic signals created by precession from many

different nuclei. Because of this, the signal can then be Fourier transformed to split it into

the intensities of monochromatic signals which contributed to it and, by extension, the atomic

environments that contributed.

2.2.3 Chemical shielding

The FID is Fourier transformed into a spectrum that reports the intensity of all monochromatic

frequencies that compose the FID; these were the precession frequencies for different nuclei in

the sample. In an NMR experiment focusing on one element, if in equivalent environments, all

of the nuclei in the sample would process at the same frequency, creating a single frequency

in the FID and one large peak in the resulting spectra. This is not the case, as the local

electron density of each nucleus will be slightly different depending on their local environment.
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Figure 2.10: Splitting of degenerate energy levels during an NMR experiment due to
different factors contributing to the Hamiltonian.

For example, due to the induction effect, a proton bonded to an oxygen will be significantly

more deshielded than one bound to a methyl group. This difference in electron density will

affect the local magnetic field experienced by the nucleus, thus changing the Larmor frequency

(Equation 2.15) and changing the frequency recorded by the receiver coil. This results in the

different chemical shifts observed for nuclei of the same element in different environments.

The Hamiltonian operator represents a system’s total energy due to its dynamics and quantum

mechanical properties. In an NMR experiment, we can use this to describe the change in

energy of degenerate spin-up and spin-down states when the magnetic field is applied, as

shown in Equation 2.16. Figure 2.10 shows that nuclei are split when the magnetic field is

applied to those in the spin-up and spin-down states due to the Zeeman effect. HZ (Zeeman

Hamiltonian) describes applying a magnetic field of strength B0 to a state where spin-up and

spin-down states are degenerate. This is preceded by HCS (chemical shielding Hamiltonian),

which describes the change in these states due to the local magnetic field experienced by a

nucleus due to its chemical environment. The final term in Equation 2.16 is HJ (J-coupling

Hamiltonian). This describes the change in energy levels from the coupling of nearby nuclear

spins. This arises from the spin interactions of magnetic dipole-dipole interactions, which

couple nuclei together.

2.2.4 Relaxation time constants

Relaxation time constants describe the time an excited state requires to return to thermal

equilibrium from an excited state in terms of longitudinal and transverse relaxation.

2.2.4.1 T1 relaxation time

T1 is referred to as the spin-lattice or longitudinal relaxation time. This describes how fast the

system’s z-axis components of nuclear spin relax back to the thermal equilibrium state (Figure

2.11). A long T1 time constant would suggest that a system slowly relaxed from the excited

H = HZ + HCS + HJ (2.16)

The Hamiltonian corresponding to the change in state energy levels when a magnetic field
is applied during an NMR experiment. Where
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Figure 2.11: A vector-based depiction of longitudinal relaxation from a saturated state to
thermal equilibrium.

state to thermal equilibrium. This is usually the case in rigid, immobile systems where there

are little interactions between molecules. On the other hand, a short T1 value would suggest a

system had high mobility. This is due to molecules in the system being able to transfer energy

between themselves rapidly.

2.2.4.2 T2 relaxation time

T2 is referred to as the spin-spin or transverse relaxation time. T2 describes the decay of an

NMR signal in the transverse dimension rather than the longitudinal dimension, as T1 does.

This means in physical terms that T2 measures the time spins take to fall out of phase following

a 90◦ RF pulse. As spins disperse, the net transverse component of the nuclear spin gradually

decreases, as shown in Figure 2.12. A long T2 time constant means spins remain coherent for

longer, which could suggest less interaction, interference or an inhomogeneous applied field.

This could indicate that a system is well-ordered or rigid. Short T 2 time constant suggests

a system is heterogeneous or highly dynamic, creating many interactions between molecules

that result in the loss of spin coherence.

Figure 2.12: A vector-based depiction of transverse relaxation from an excited state to
thermal equilibrium.

2.2.5 One-dimensional NMR

Figure 2.13 shows the pulse sequence of a simple 1D NMR experiment. It should be noted

that the vector diagram representing the process can only fully explain the quantum mechanics

involved in a single spin system. This illustrates the FID’s origin and most information necessary

to interoperate 1 and 2D data reported in this thesis. Applying an RF pulse rotates the bulk

magnetisation by 90◦, translating it onto the y-axis. This perturbation creates an excited state
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from which the system will gradually return to thermal equilibrium. As described in Section

2.2.2, the time-dependent magnetic field this creates will be recorded as an alternating voltage

in the NMR machine receiver coil. By performing a Fourier transformation on the FID, these

shifted frequencies can then be separated and plotted as the intensity of their chemical shift.

This produces the characteristic 1D NMR spectra commonly seen with the chemical shift

reported in parts per million (ppm).

Figure 2.13: The vector model of the changes made to bulk magnetisation in a 1D NMR
experiment. Showing the sample’s bulk magnetisation in red and individual nucleus con-
tributions as black arrows. Spin evolution during the acquisition is marked by a red line.
The diagram marked "precession" is not a different pathway but a snapshot of the system
shortly after it begins to decay back to equilibrium during "acquisition".
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2.2.5.1 Saturation recovery

The saturation recovery experiment relies on a short RF pulse, equally populating the up- and

down-spin states (Figure 2.14). This removes any net magnetisation from the nuclei. The

nucleus magnetisation is then allowed to recover partially during the recovery time, in which

the magnetisation in the z-axis will grow while returning to thermal equilibrium. More of the

magnetisation will recover depending on how long this recovery time is. When a 90◦ pulse is

performed to acquire the FID, the spectra will be more intense when left for longer. This is

achieved for a series of recovery times, and the intensity is then plotted against time. By then

fitting an exponential plateau to the data, the T1 time constant can be determined, as is shown

in Figure 2.14(b). Longitudinal relaxation happens due to the thermal radiation of energy from

the bulk magnetisation because of collisions between atoms, as mentioned in Section 2.2.4.1.

This can be used to measure how chaotic the environment around a species is, as more chaotic

movement will result in far more frequent collisions and thus, the system will return to thermal

Figure 2.14: (a) The vector model of a saturation recovery NMR experiment. Showing
the (purple) bulk magnetisation and its recovery after a (light blue) short, (tan) medium
and (green) long relaxation time. Spin evolution during the acquisition is marked by a
spiral. (b) The T1 recovery curve displaying the dependence of bulk magnetisation (MZ)
on the equilibrium magnetisation (M0) and the T1 time constant at the current time (t).
The T1 time constants value is marked at the point where the bulk intensity has recovered
by about 63%.
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equilibrium faster.

2.2.6 A brief introduction to solid-state NMR

Traditionally, NMR dealt with molecules in the liquid state. This was because liquid-state

systems have high mobility of molecules in solution, which results in sharp, well-defined peaks.

Because of the rapid tumbling of molecules in a liquid state, anisotropic interactions with

the magnetic field are averaged, resulting in well-defined peaks that represent an average of

these orientations. If molecules being analysed did not tumble, then different orientations of

anisotropic environments relative to B0 would result in different peaks in the spectra reported.

This was a significant caveat of solid-state NMR, as contributions to the FID from many

environments oriented differently to B0 would create broad peaks which were hard to resolve.

Although this can be extremely useful for techniques such as static 31P NMR spectra of

lipid vesicles, this makes experiments performed on many systems difficult or impossible to

resolve. Despite the lack of tumbling, the magic angle spinning (MAS) technique has since

been established to create well-resolved spectra from solid-state samples. This caveat can also

be a significant advantage of solid-state NMR as it provides the ability to report on structural

features without molecules of interest tumbling in the solution or being interfered with by the

solvent. The lack of solvent means molecules are constrained in a solid-state and remain in less

dynamic positions; this can give better structural insight due to the lack of chaos introduced

by tumbling. The absence of solvent also removes interference in the spectra from the solvent.

2.2.6.1 Magic angle spinning

MAS spins a sample along the diagonal of a cube (54.7356◦) to remove anisotropic effects

from a solid-state sample (Figure 2.17(a)). Similar to how molecules tumbling in solution will

average all orientations relative to the magnetic field, MAS will similarly average conformations

by changing their orientation relative to the applied magnetic field. By doing this, the chemical

shielding anisotropy (CSA) is averaged along all three axes. This effect on the perturbation of

peaks in NMR spectra can be seen in Equation 2.17.

When spun along the diagonal of a cube, the three principal components of the CSA tensor

Figure 2.15: A simple, visual depiction of the sample setup of the magic angle spinning
technique.
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HCSA =
1
2

ÃCSA(3I2
z − I(I + 1)) (2.17)

The equation for the CSA Hamiltonian, where HCSA is the CSA Hamiltonian, ÃCSA is the
CSA tensor, Iz is the z-component of the spin operator and I is the nuclear spin quantum
number.

(Ãxx, Ãyy, Ãzz) which describe the anisotropy of the nuclei are averaged across all three

dimensions. This causes the HCSA to become progressively smaller as the rate of rotation is

increased, thus decreasing the contribution to HCS in the NMR Hamiltonian (Equation 2.16,

Figure 2.17(a)). This technique can also simplify spectra to a single peak for techniques such

as T1 recovery experiments, where it is easier to monitor the recovery of a single peak rather

than an entire lineshape.

2.2.7 Static 31P NMR

As mentioned, static 31P NMR takes advantage of the lack of tumbling in solid-state systems to

report on the dynamics of lipid vesicles as a combination of all anisotropic environments. Figure

2.17 depicts the lineshape reported in a static 31P NMR experiment. As this technique is static,

the spectra produced are lineshape comprised of many peaks (shown in blue), all corresponding

to similar 31P environments oriented differently relative to B0. Simply represented in Figure

2.16, lipids can be oriented parallel to B0 (z-axis), perpendicular, or somewhere in between,

logically meaning that there will be significantly more lipids representing environments which

are closer to an equatorial orientation. As stated in Section 2.2.6.1, the CSA tensor describes

anisotropy in the chemical shielding of nuclei. Because there is so little mobility in solid-state

systems, 31P nuclei oriented differently to B0 will proceed differently as the nucleus CSA is

oriented differently, relative to B0. This means nuclei oriented differently to B0 will have

a different contribution from HCSA as the local magnetic field experienced by the nuclei is

different due to the orientation of the nuclei and the nucleus CSA. This creates a different

Figure 2.16: A simplified representation of lipids in an (yellow) axial and (red) equatorial
orientation relative to a lipid vesicle.
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Figure 2.17: A visual representation of basic lineshapes reported by a 31P NMR experiment
for lipid vesicles. Highlighting the downfield edge in green and the upfield edge in blue.

separation of their spin-up and spin-down states. The difference in these states across all

orientations means the 31P nuclei in the lipid vesicle will process at a range of frequencies

corresponding to all orientations in the lipid vesicle.

Highlighted in Figure 2.17 are points in green and cyan. The point highlighted in cyan cor-

responds to an environment in the vesicle where many 31P nuclei exist in very similar envi-

ronments. This is generally because there are significantly more equatorial lipids (relative to

B0) in the vesicle, all existing in similar environments. A well-ordered, rigid bilayer will con-

tain lipids in well-defined conformations. This creates a broad lineshape as many well-defined

conformations contribute to the spectra. On the contrary, a more fluid bilayer will allow lipids

to change conformation more readily, averaging the CSA more and contributing to greater

averaging of conformations. This increased mobility, therefore, narrows the lineshape, as CSA

is partially averaged.

2.2.8 Nuclear Overhauser effect spectroscopy

2.2.8.1 Nuclear Overhauser effect

The nuclear Overhauser effect (NOE) is an energy transfer from one nucleus to another nearby

via cross-relaxation. When the sample is excited, nuclei will couple via dipole-dipole interac-

tions, transferring energy between them. Cross-relaxation is energy transfer, enabling spin-

states to redistribute from the excited state to thermal equilibrium. This cross-relaxation

affects the relaxation rate of the nuclei involved and can increase (positive NOE) or decrease

(negative NOE) the signal from the respective environment. A positive NOE affects the rate

at which nuclei return to thermal equilibrium by enhancing T1 relaxation. A negative NOE

will do the opposite, suggesting a decrease in T1 relaxation. Positive NOE relies upon dipole-

dipole interactions, which fall off rapidly over longer distances. Because of this, the NOE is

very effective over short distances and can be used to report spatial relations in systems. As

discussed in Sections 2.2.4.1 and 2.2.4.2, nuclei in a system will transfer energy between them-

selves and affect the rate at which they return to thermal equilibrium. These same interactions
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that determine the spin-lattice time constant allow us to determine the spatial relationship of

nuclei.
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2.2.8.2 Technique

Nuclear Overhauser effect spectroscopy (NOESY) is an NMR technique which relies principally

upon the NOE. The NOESY technique supplies sufficient mixing time during the experiment

for nuclei to relax through cross-relaxation. During this relaxation time, nuclei will collide and

transfer energy via spin-lattice relaxation. The characteristic NOESY spectra are created by

acquiring an FID at two points during the experiment. Initially, a 90◦ RF pulse is applied

along the x-axis (90◦x pulse). While the excited state decays in this period (t1), an FID is

acquired as the spins evolve under the influence of interactions within the system. A second

90◦x pulse is then applied, after which the spins were left to develop in the NOE mixing time

(tm). Following tm, a final 90◦y pulse is applied to avoid loss of transverse coherence. This

transverse magnetisation is the same as that referred to in Section 2.2.4.2 regarding spin-spin

relaxation. Following the coherence-generating pulse, a second FID is acquired for period 2

(t2). The FIDs for the t1 and t2 periods are then Fourier transformed to create the spectra F1

and F2, respectively. These spectra are then processed and plotted along the x and y axis to

create a contour plot. These spectra show a series of peaks along the diagonal, corresponding

Figure 2.18: The vector model of the changes made to bulk magnetisation in a 2D NOESY
NMR experiment. Showing the (red) bulk magnetisation and its separate components,
including (green) NOESY. Spin evolution during the acquisition is marked by a spiral.
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Figure 2.19: (a) A visual representation of a 2-dimensional FID and the corresponding
spectra. (b) A resulting 2D NOESY contour plot indicating the position of diagonal and
cross-peaks. (c) A midpoint in the 2-dimensional Fourier transformation where t1 has
been Fourier transformed, but t2 has not been.

to each environment in the sample. Peaks on the off-diagonal indicated points where signals

for peaks in F1 and F2 were enhanced due to the NOE generated during tm.

2.2.8.3 Magnetisation exchange rate

Following the generation of 2D NOESY spectra, the magnetisation exchange rate between

environments can be calculated. This is possible as this rate is directly proportional to the

volume of the cross-peak generated between the two environments. The exchange rates are

calculated using the same method used by Feller et al.[123], stemming from the work of Holte

et al [124]. The Solomon equations are used in NMR to calculate the relaxation rate in two-spin

systems[125].

dI1Z

dt
= R1

Z(I1Z − I0
1Z) − Ã12(I2Z − I0

2Z) (2.18)

dI2Z

dt
= R2

Z(I2Z − I0
2Z) − Ã12(I1Z − I0

1Z) (2.19)

dI1ZI2Z

dt
= R12

Z 2I1ZI2Z (2.20)

The Solomon equations for a two spin system describing the change in the spin states
populations over time with respect to their self-relaxation rates. IZ is the population
of the respective spin state along the z-axis, R is the longitudinal relaxation rate of the
respective spin state, I0

Z is the population of the respective spin state along the z-axis at
thermal equilibrium and Ã12 is the coupling constant of the two spins.

The Solomon equations, as shown in Equations 2.18 to 2.20, described the change in the

population of the spin states in a two-spin system over time. If written for all spins in a

system, this can be formalised as a series of differential equations describing the relaxation

rate of all spins represented in the spectra. At any given mixing time, a measure of the

relaxation rates for all diagonal and cross-peaks are provided by the more succinct expressions
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shown in Equation 2.21 and its rearrangement in Equation 2.22, following from the Solomon

equations.

A(tm) = exp(−Rtm)A(0) (2.21)

A(tm)A(0)−1 = exp(−Rtm) (2.22)

The matrix-based approach to the Solomon equations for a system containing multiple
proton environments, where A is the peak volumes, R is the rate of magnetisation ex-
change between sites and tm is the mixing time. Variables denoting a matrix are shown
in bold.

The rearranged left-hand side of Equation 2.22 is diagonalisable, and by diagonalising this in

Equation 2.23, it becomes possible to solve for the relaxation matrix.

A(tm)A(0)−1 = XDX
−1 (2.23)

R = −

1
tm

Xlog(D)X−1 (2.24)

The relaxation matrix is derived from the matrix-based version of the Solomon equation.
Where A is the matrix of peak intensities at a given time, X is the matrix of eigenvectors,
D is the diagonal matrix of eigenvalues, R is the matrix of magnetisation exchange rates
and tm is the mixing time.

As seen in Equation 2.24, this results in a simple means of calculating the relaxation rate of

all diagonal and cross-peaks.
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Chapter 3

Methods development

3.1 Development and use of the Heatmapper python module

3.1.1 Abstract

This section outlines the development of a Python module that explores the interactions of a

probe molecule with other molecules in a system. The focus of this module is on recording

the contacts between the probe molecules and larger structures such as proteins or bilayers. In

complex systems containing alcohol or numerous small molecules undergoing transient interac-

tions, the average of these interactions can be difficult to monitor. To ensure consistency and

ease in assessing these contacts, I developed a module that performs calculations and presents

results interactively in HTML format.

3.1.2 Introduction

Understanding the contacts involved in processes such as the destruction of larger structures by

sanitisers is key to understanding the mechanism of this process. These processes heavily rely

on specific contacts between large structures and sanitising molecules. This section introduces

a Python module developed to streamline the analysis of these contacts, providing a consistent

and efficient way to explore this complex interaction network through visual depiction as a heat

map.

3.1.3 Challenges in analysing pathogen-sanitiser contacts

Analysing systems involving sanitising agents, especially those containing alcohol, presents

several challenges. Due to the size of these molecules, they undergo transient interactions,

which are hard to monitor due to how rapid they are. Because of this, determining the

significance of interactions can also be difficult, as these interactions may persist for only a

few frames.
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3.1.4 The interactive heat map module

I present an interactive heat map module to address the challenges in analysing pathogen-

sanitiser interactions. This module initially calculates the number of contacts per residue or

atom. This contact data can be exported and applied to analysis data separately or pushed

to a heat map of the structure in the molecule. Pushing the contact data to a heat map will

produce an interactive structure that can be rotated in the web browser, as shown in Figure

3.1.

Figure 3.1: A visual depiction of the interactive HTML element of the heat mapper module.
Showing a monomer of the S protein ECD reported in Chapter 6 rotated through 360◦

.

3.1.5 Benefits of the interactive heat map

The interactive heat map offers several advantages. Firstly, this allows for exploration of the

data in 3D. This can be extremely useful for structures such as proteins where features such

as pockets are hard to distinguish in a 2D image. The Python library used for visualisation

(NGLview) also provides the ability to highlight atoms and draw distance, similar to VMD.

Secondly, this enables rapid identification of points of interest. In work such as that presented

in Chapter 6 this made it easy to quickly identify areas of the protein which were experiencing

more interaction with the solution than others. Finally, this method removes the risk of

applying a confirmation bias to observations in the simulation. In expecting to see interactions

which were hypothesised before running the simulation, it is possible that other unexpected

interactions could be overlooked. Applying a heat map in this way makes it obvious which

interactions are significant.

3.1.6 Conclusion

In conclusion, the development of this Python module for interactive heat maps provides a

valuable tool for researchers and analysts studying pathogen-sanitiser interactions. It addresses

the challenges of transient interactions in complex systems and offers a data-driven approach

to identifying key aggregation points and interaction dynamics. This tool enhances the accu-

racy and objectivity of the analysis, ultimately contributing to a deeper understanding of the

mechanisms involved in pathogenic species destruction.
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https://github.com/callumj321/Heatmapper

Figure 3.2: The Github repository containing the code for the heat mapper module.

3.2 Investigating structural properties of a protein via impor-

tance values of decision tree regression

3.2.1 Data collection

The first step of analysis involved the collection of relevant data. This involves collecting a

dataset of features and labels relevant to the study. This dataset consisted of time-series data

of the contacts to each residue in the protein during production, as produced by the heat map

module described in Section 3.1.

3.2.2 Data preprocessing

Before conducting any analysis, the data must be preprocessed to ensure the quality and

consistency of the dataset. This preprocessing included:

• Data normalisation or scaling: I standardised the numerical features to be integers to

improve the model’s stability.

• Qulaitative data noramlisation: Qualitative data such as AA type or other qualities

were standardised to integers to improve stability.

3.2.3 Feature importance calculation

The preprocessed data was used to train a random forest (RFT) machine learning algorithm

to predict the number of contacts per residue. This model was trained with the contacts

per residue as a label and properties of the residue as features. Using this I calculated the

feature importance scores using the trained model to determine the areas of interest. The

importance scores were obtained through tree-based feature importance which allowed me to

extract feature importance scores directly from the model’s internal structure for tree-based

models, like RF.

3.2.4 Visualization and interpretation

The feature importance scores were visualised using appropriate graphs, such as bar plots. We

interpreted these scores to identify the areas of interest with the most important features. An

important feature means that the model relied upon it heavily when making decisions as to

the number of contacts for a residue.
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Chapter 4

All-atom MD simulations of the

action of alcohol and chlorhexidine

on the membranes of E. coli and S.

aureus

The work presented in this chapter is published in the Journal of Molecular Biology[126].

4.1 Abstract

Membranes form the first line of defence of bacteria against potentially harmful molecules

in the surrounding environment. During the initial phases of infection, it is imperative to the

pathogen’s effectiveness that the envelope is maintained until the point where it has successfully

infected the host. Because of this, the most common means of defence against pathogens has

become a preventative method based on destroying the envelope. By applying sanitisers to

ourselves and contact points in environments prone to outbreaks, we can limit the size of

outbreaks or, ideally, avoid them altogether. Understanding the protective properties of these

membranes represents an important step toward developing targeted antibacterial agents such

as sanitisers. Propanol (PROH), isopropanol (ISOP) and CHX can heavily decrease the threat

imposed by bacteria and viruses in the face of growing antimicrobial resistance via membrane

disruption mechanisms.

Here, I have employed MD simulations to specific lipid membrane models of the inner and outer

membranes of E. coli as well as the cell membrane of S. aureus. This research was performed

to determine how sanitisers affect bacterial membranes. By exploring the impact of CHX and

alcohol on these membranes, I identify key aggregation points. In doing this, I determine

whether there are specific interactions or conformations upon which this process relies. This

shows that the initial stages of sanitisation are more nuanced than previously thought, drawing

attention to areas that could potentially develop antibacterial-resistant adaptations in the
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future. Knowing how sanitisers work is essential, as one day, scientists may have to determine

why new adaptations in bacteria render them less effective.

4.2 Introduction

Pathogenic bacteria pose an enormous threat to human, animal, and plant health, especially

given the rate at which resistance to current antibiotics is developing[127, 128]. Effective

methods of sanitisation, such as antimicrobial hand and body scrubs, are essential in the

control of widespread diseases as they offer a route to decreasing the rates of infection through

human contact[129, 130, 131, 132]. Understanding the mechanisms of action against different

bacterial membranes is essential in developing new and more effective sanitising agents.

4.2.1 Sanitisation and alcohol

Short-chain alcohol molecules are the most commonly used sanitising agent and are theorised

to kill bacteria primarily by denaturing the membrane[92]. The effectiveness of alcohol as an

antibacterial agent is well known and has been proven as an effective means of eradicating a

plethora of pathogens in vivo, including E. coli and S. aureus[129, 130]. This deformation is

largely attributed to macroscale perturbations imposed upon the membrane, a model elucidated

by Feller et al [133].

Further, it has been shown that introducing short-chained alcohols to a PL membrane can

significantly affect the surface area per lipid (APL) and membrane thickness[134]. More re-

cently, this phenomenon was explored by Ghorbani et al.[135], who found significant evidence

in MD simulations to support these theories. Their work also showed that following diffusion

from the bulk sanitiser solution, there is minimal diffusion of alcohol once distributed into the

membrane. This lack of diffusion implies alcohol is partitioning into a bilayer region, which is

thermodynamically preferable.

Alcohols contain an OH functional group bound to an aliphatic carbon. Depending on the na-

ture of the bonding to this carbon, the alcohol will be primary, secondary, tertiary, or methanol.

In the case of primary alcohols, the aliphatic chain length can have a significant effect on how

the molecule behaves, with shorter chains creating effective sanitisers and anaesthetics, whilst

longer chains are used as detergents and surfactants[136, 137]. Surfactants actively trap

hydrophobic species and dissolve them in aqueous solutions. This happens because of the

hydrophilic-hydrophobic nature of these species; these are fatty alcohols with a long hydro-

carbon tail. This process is spontaneous and occurs purely due to hydrophobic-hydrophilic

interaction, both enthalpically and entropically favourable[138].

Short-chain, sanitising alcohols are also effective due to their chaotropic nature; instead of

forming micelles, they form dispersive interactions in a cell membrane when used as sanitisers.

As PLs are also amphiphilic in nature, small alcohols form mutually energetically beneficial

interactions with them beneath the head groups. However, this packing results in membrane

thinning, adversely affecting the pathogen[135]. These small chaotropic molecules are also

theorised to destabilise the secondary and tertiary structure of membrane-bound proteins es-
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sential to the survival of a pathogen. By providing alternative interactions, protein structures

can form alternate interactions, which disrupt the secondary structure and result in the dena-

turing of the protein[132]. Short-chain alcohol molecules kill pathogens primarily by disrupting

the membrane, similarly to CHX[92]. The value of topically applied alcohol as an antibacte-

rial agent is well known and has been proven as an effective form of defence against many

pathogens in vivo, including E. coli and S. aureus[129, 130, 131].

4.2.1.1 Chaotropic agents

Chaotropic molecules such as alcohol can disrupt the structure of water and alter how the

hydrophobic effect stabilises larger, complex structures such as proteins, membranes or macro-

molecules[139, 140]. The chaotropic nature of these molecules means they can change how

these larger structures solvate, a phenomenon with many example publications cited in the lit-

erature[141, 142, 143, 144, 145, 146, 147]. Chaotropes do this by creating a shell surrounding

the ordered molecule, providing favourable interactions between said shell and the environ-

ment[148]. Bilayers and proteins rely upon specific interactions to maintain their structure.

Depending on the concentration, this means that when chaotropes are applied, the ordered

structure becomes distorted or falls apart entirely. This effect has been observed to affect both

protein and lipid structures. As a result, adaptations to diminish this effect have been seen in

bacterial membranes and proteins[149].

4.2.2 Alcohol-lipid interactions

Alcohol is well known to act as an effective sanitiser[150]. As mentioned, alcohol’s effectiveness

is principally a result of its disruptive effect on lipid bilayers (Section 4.2.1). In this section, I

explore the initial interactions responsible for the overall destruction of membranes by short-

chain alcohols.

Lipids are simplistically composed of polar regions (headgroups) and hydrophobic regions

(tails). The boundary of these two regions is where alcohol interactions occur, as both

molecules are amphiphilic. Interactions between short-chain alcohols and lipid headgroups

Figure 4.1: The proposed distribution of PROH into a simple lipid bilayer without showing
disruption for the sake of simplicity. The final expected distribution is shown as a blue
gradient.
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are a vital feature in the mechanism of membrane deformation. Patra et al. detail interactions

between methanol and ethanol with the headgroups of DPPC. They found that the alcohol

molecules form interactions with the lipids around the ester groups at the top of their lipid

tails, as shown in Figure 4.1[134]. This hydrogen bonding is essential in the initial stages

of alcohol-bilayer interaction, suggesting that bilayer deformation depends upon alcohol parti-

tioning into a specific bilayer region. This finding aligns with the effects mentioned in Section

4.2.1.

Unfortunately, research on the interactions between short-chain alcohols and lipid tails is sparse.

Research in this area often describes the effect of increasing alcohol chain length on mem-

branes[151, 152]. This research finds that as alcohol aliphatic chains increase in length, the

APL of the membrane increases much more when they partition into the bilayer. Although

these alcohols are much longer than the ones researched in this thesis, they detail an effect that

we later find to be similar, that aliphatic chains in alcohols stack with lipid tails to minimise

their interaction with the surrounding hydrophilic environment.

4.2.3 Chlorhexidine-lipid interactions

CHX is a bisbiguanide sanitiser. Although the effect of CHX has been the subject of previous

research, detailed work in this area still needs to be more extensive. What is known is mainly

summarised very well by Christopher G. Jones[153]. The structure of CHX, as shown in Section

1.4.4, is shown again in Figure 4.2 for the reader’s convenience.

A key mechanism utilised by CHX to form initial interactions with membranes is charge-charge

interactions between the cation and the membrane surface. Previous research has shown that

changes in the lipid composition of membranes can lower the minimum inhibitory concentration

(MIC) of CHX required[154]. This effect is further elaborated upon by Khokhar et al., who

explains that CHX is theorised to destabilise the membrane, causing the cell to leak[155]. The

importance of the charge-charge interaction between the cationic CHX and anionic membrane

components was further detailed in work by Van Oosten et al.[94]. In this work, they simulate

CHX being pulled through membranes in AA and CG resolution and find that with a higher

positive charge on CHX, there is less resistance to its binding at greater penetration depths.

Further to the importance of charge interactions, it is known that the phenomenon responsible

for actual cell death is generally a product of these charge interactions[156]. Work performed

before this by Kilelee et al. states that a decrease in outer leaflet charge of the SaCM creates a

Figure 4.2: Separation of CHX into key functional groups, which are necessary for the
interaction of CHX with a lipid membrane.
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decreased likelihood of binding of antimicrobial peptides; research which is not unique in finding

these resistances[11, 62]. Antimicrobial peptides utilise VDW and hydrophilic interactions to

form interaction; these findings are vital if we hope to understand the mechanisms of other

antimicrobials, such as those utilised by CHX when binding in the bacterial envelope[157].

Further to these interactions, CHX has been shown to work as an effective cooperative sani-

tiser with other chemicals such as Vancomycin; CHX decreases the MIC of Vancomycin re-

quired[158]. Here, they suggest that the presence of CHX can enhance the effectiveness of

structural modifications caused by Vancomycin, while Vancomycin also improves the effective-

ness of CHX. Further, they suggest that the effectiveness of CHX is mainly due to interactions

that it has with lipid A, performing MD simulations of CHX with a membrane where it was

docked to two lipid A molecules. Although this presents a very simplistic approach and does

not assess how these molecules would pass the polysaccharide regions of LPS, their findings

suggest a binding mode. They postulate that the BGU groups bind to the phosphate region

while the CPL groups bury themselves in the hydrophobic region. This finding appears to

agree with the previously suggested method of binding of CHX, detailed in Section 1.4.4.

4.2.4 Lipid-lipid Interactions

Interactions between different lipids in the membrane are responsible for the structural stability

and fluidity, as mentioned in Section 1.4.3. These macroscale properties result from small,

nuanced interactions between the molecules comprising the membrane. In this section, I

explain the effect of lipids’ interactions with one another on sanitiser effectiveness.

Murzyn et al. discusses the interactions between PE and PG in lipid bilayers and assesses how

they affect the stability of said bilayer[159]. They discuss primarily hydrogen bonding between

PE and PG in their simulated bilayers and note that PE will act as a hydrogen bond donor.

Generally, these hydrogen bonds are PE · · · PE and PE · · · PG, while they note that PG · · · PG

is exceptionally uncommon as PG very rarely acts as a H-bond donor; this is due to the alcohol

functional groups in the headgroup rather than the amine in PE. Between these lipids, they

also find that a common phenomenon is the formation of water bridges. The phenomenon of

inter-lipid hydrogen bonding is elaborated upon by Doherty et al., who finds water bridging

between NH3 and PO4 to be common[160]. This is important as PE and PG comprise the

majority of E. coli membranes. Understanding these interactions will allow us to assess how

the addition of sanitisers affects them. The structure of PG and PE are shown in Figure 4.3.

With regards to interactions resulting from antipathogen-resistant adaptations, changes in the

Figure 4.3: Comparison of the structure of PG and PE to show the headgroups regions
proposed to form water bridges and hydrogen bonds between them.
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Figure 4.4: The structure of PG and LPG, with the additional Lysine in LPG, is high-
lighted to detail the modification.

lipid composition of the cell membrane have been instrumental. Bacterial species such as S.

aureus are well-known to modify PG to LPG and then translocate it to the cell membrane[101].

PG is modified to LPG in a process called lysinylation, performed by the MprF protein. This

protein mutates in resistant strains of S. aureus (Figure 4.4)[161]. The purpose of this process

is to decrease the overall negative charge of the cell membrane; PG, which composes most of the

outer leaflet, is negatively charged. The effect of this decrease is that cationic antibacterials,

such as CHX, are less likely to bind to the outer leaflet. As such, the bacterial cell is less

susceptible to our antibacterials. This inclusion of LPG in the SaCM and its effect on the

bilayer stability is elaborated upon by Piggot et al. who finds it, although less resistant than

the EcOM, to be very effective at maintaining membrane stability[99]. The structure of PG

and LPG are shown in Figure 4.4.
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4.3 Methods

4.3.1 Simulation system setup and model parameters

PL membrane compositions were based on those used by Piggot et al [99]. This is also true for

the outer membrane’s inner leaflet, while the outer leaflet is 100% Ra-LPS. These membranes

were generated using CHARMM-GUI’s membrane builder tool[162, 163, 164]. Membranes were

then solvated in 0.15 M KCl and subjected to NVT and NPT equilibration steps before a 200 ns

production run without sanitisers. All systems in this chapter were constructed by extracting an

equilibrated membrane structure from a 200 ns production run of that membrane alone in 0.15

M KCl. Alcohol solutions were also simulated for 200 before addition to simulation systems

to ensure they were well mixed. The systems were combined by extracting the coordinates

of the membrane system at t = 200 ns and removing all water from the simulation system.

The water was then replaced with the aqueous alcohol solution. Systems containing CHX in

water had CHX added to the system by randomly inserting it into the solution. The experiment

where CHX was placed in a membrane pore to assess whether it remained there was created by

applying an electric field that caused poration of the membrane before stopping the simulation,

positioning CHX and then resuming the experiment. CHX was parameterised via charm-GUI

with standard parameters for CGenFF, and charge distribution was determined by the charge,

which has previously been found to be most effective[165, 166].

4.3.2 Simulation protocol

Simulations were set up and performed using the GROMACS[167, 115] MD software package

(version 2020.2) with the CHARMM36 force field[168, 169]. Systems were maintained at 310

K, using the Nosé-Hoover[170, 171] thermostat with a time constant of 1 ps. The system’s

pressure was maintained at 1 atm, with a time constant of 2 ps, using semi-isotropic pressure

coupling with the Parrinello-Rahman[172, 121] barostat. All van der Waals interactions were

cut off at 1.2 nm, and a smooth PME[173] algorithm was used to treat electrostatic interactions

with a real space cut off of 1.4 nm. Simulation parameters were chosen based on similar

published studies of Piggot et al [99]. Each system was subjected to 500 ps of NVT simulation

for equilibration, followed by 2 ns of NPT. Positional restraints (1000 kJ mol−1 nm2) were

placed on the membrane head group atoms during NVT and NPT equilibration. Production

simulations were then performed without any positional restraints. The results were analysed

using GROMACS tools and in-house Python scripts. Visualisation was performed using the

visual molecular dynamics (VMD)[174] software package. Electroporation of the membrane

was performed with a 0.125 V nm−1 electric field applied along the membrane normal.

4.3.3 Calculating proportion of sugar interactions with the chlorophenyl re-

gion of chlorhexidine

The entire 200 ns of production was parsed through a Python script written in Jupyter Note-

books[175], which checked each timeframe for contacts within 2.5 Å of the CPL region via MD-

Analysis[176] and then used this information to create a bar chart with Matplotlib[Hunter2007].
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4.4 Results and discussion

In Table 4.1, a brief overview of the simulations discussed in this section is shown. These

membranes were all approximately 10nm wide in both the x and y plane and approximately

15nm in the z axis (membrane normal).

System Solute Length (ns) Repeats
Electric field

along membrane normal (Vnm−1)

SaCM None 200 3 None
SaCM CHX 200 3 None
SaCM CHX+PROH 200 3 None
EcIM None 200 3 None
EcIM CHX 200 3 None
EcIM CHX+PROH 200 3 None
EcIM CHX 200 3 0.125
EcIM GLUC 200 3 None
EcOM None 200 3 None
EcOM CHX 200 3 None
EcOM CHX+PROH 200 3 None

Table 4.1: A brief overview of the simulations performed and analysed in this section.
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4.4.1 Chlorhexidine in aqueous solution: Action on bacterial membranes

Simulations of 200 ns were performed in triplicate where 0.5% w/v CHX in 0.15 M KCl was

applied on either side of the three membranes (SaCM, EcIM and EcOM). Visual inspection of

the system after 200 ns revealed minor perturbation of the membranes in any of the simula-

tions. The insertion depth was evaluated by calculating the CHX density in the z-dimension

(perpendicular to the membrane’s normal). Figure 4.5 shows greater penetration into the

sub-head group region of the SaCM compared to either of the E. coli membranes. There was

a shift in the CHX density towards the centre of the membrane as the simulation proceeded,

while no such shift was observed for the E. coli membranes. The deeper penetration of CHX

was due to the higher negative charge in the headgroup region of the SaCM (-0.3 e per lipid),

compared to the E. coli PL leaflets (-0.15 e per lipid) enabling stronger stabilising electro-

static interactions. This agreed with previously reported findings by Van Oosten et al.[94]

that CHX bound more strongly with increasing charge disparity. There was no penetration

into the sub-headgroup region of the LPS leaflet of the EcOM despite the high charge of

LPS. The slow-moving, almost impenetrable nature of LPS has been well-documented in both

experimental and simulation studies[70].

For the PL membranes, throughout 200 ns, the CHX molecules transitioned from partial

interaction with the membrane on one terminal BGU-CPL region to mostly being intercalated

and bound by both termini, as illustrated in Figure 4.6. In this configuration, the BGU

and CPL functional groups were buried in/beneath the phosphate region toward the ester

functional groups, while the HEX group lay along the bilayer surface. The interaction observed

here was termed a ’c-shape’ mode of binding and was reminiscent of the wedge proposed by

Komljenović et al [93]. It should be noted, however, that the wedge they proposed was an

inverted conformation, with the CPL-BGU region located in the lipid headgroups and the HEX

functional group buried in the lipid tail region.

The mean squared diffusion (MSDif) of lipids in the SaCM and EcIM when exposed to CHX was

Figure 4.5: 20 ns block average density of CHX at 40 ns intervals along the z-axis of the
simulation box for the entire 200 ns production run with average head group phosphate
position as a pink, dotted line. Please note that these densities are calculated from a
single repeat to avoid convoluting the figure; however, these findings are representative of
repeats.
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Figure 4.6: Snapshots of CHX C-shape binding in the SaCM, EcIM and EcOM systems are
shown as spheres with phosphate oxygen in red, phosphate phosphorous in gold, carbon
in cyan, nitrogen in blue, chlorine in pink, hydrogen in white and lipids as translucent.

tracked to assess the effect of c-shape binding on lipid mobility (Figure 4.7). Due to headgroup

interactions between PG and LPG in the SaCM, the MSDif was much lower. However, both

membranes had a lower MSDif after 200 ns of production with CHX than they did without,

especially the EcIM. This confirmed an effect suggested in previous research that CHX would

bind lipids together and decrease mobility[154]. To assess the stability of said conformation,

the CPL-CPL distance of CHX in the SaCM and EcIM systems was measured. This showed a

considerable degree of fluctuation, but the average distance was approximately 13 angstroms

after 200ns of production in both the SaCM and EcIM system (Figure 4.8).

The solvent-accessible surface area (SASA) of the CHX was calculated for the simulated

trajectories to assess any potential clustering of CHX molecules, but this revealed no net

change upon membrane interaction. This indicated that their interaction with lipids did not

induce CHX aggregation. Some CHX-CHX interactions between the BGU and CPL regions

were observed, but these did not persist for longer than a few nanoseconds (Figure 4.9 (a-b)).

The average APL of each membrane was calculated. The SaCM and EcIM membranes only

exhibited a marginal difference when CHX was added, which is further elaborated upon in

sections about these membranes in alcohol (Figure 4.9(c)). This showed an increase of 0.09

and 0.01 Å2 when CHX was added to the SaCM and EcIM systems, respectively; this minimal

Figure 4.7: The running average of the mean squared diffusion coefficient of lipids in the
EcIM and SaCM both with and without CHX, showing the error as a shaded region.
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Figure 4.8: Conformational analysis of CHX in the SaCM and EcIM membranes exposed
to CHX in water. (a) Separation of CPL regions in the SaCM system, showing (yellow)
average, (red) error, (blue) trend in the maximum, (green) trend in the minimum and
(cyan) trend in average. (b) Separation of the CPL regions in the EcIM system, coloured
as in (a). (c) Visual representation of CHX at integer separations between 11 and 15 Å,
showing (cyan) carbon, (white) hydrogen, (blue) nitrogen and (pink) chlorine.

difference was due to CHX intercalating with the lipid headgroups, increasing the APL. As

CHX was not restrained in the equilibration steps to allow for mixing, the binding had already

occurred at t = 0ns. The density of the membrane components as a function of distance

from the membrane centre was compared at the start and end of the simulations, revealing no

apparent change in any repeat (Figure 4.10). Thus, the binding of CHX to the membranes

studied here did not cause any notable displacement of the membrane components. The EcOM

Figure 4.9: Clustering and APL in systems exposed to CHX without alcohol. (a) Visual
snapshots depict transient CHX interactions at 37 ns (SaCM), 112 ns (EcIM) and 87 ns
(EcOM). Snapshots show PL headgroup phosphate (gold) phosphorous, (red) oxygen and
(coloured by residue number) CHX. (b) SASA of all CHX molecules combined in (purple)
SaCM, (green) EcIM and (tan) EcOM systems. (c) APL of EcIM and SaCM with and
without 0.5% w/v CHX throughout 200 ns of production in triplicate.
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Figure 4.10: The density of membrane components along the z-axis of the SaCM (top),
EcIM (middle) and EcOM (bottom) systems exposed to CHX in 0.15 M KCl solution, at
(left) 0 and (right) 200 ns. Densities were averaged over 20 ns.

showed very little difference between systems with or without CHX.

Chapter 4 C. Waller 59



Multiscale modelling of bacterial and viral sanitisation

4.4.2 Chlorhexidine in aqueous alcohol: Action on phospholipid membranes

To determine the effect of chaotropic sanitisers on PL membranes, alcohol and CHX were

applied to the SaCM and EcIM. Given the intrinsic antibacterial activity of alcohol[177, 136,

150], determining the additional impact of CHX on bacterial membranes was a point of interest.

We therefore performed 200 ns comparative simulations of two PL bacterial membranes (SaCM,

EcIM) in the presence of 20% w/v PROH and ISOP solutions with and without CHX, in

triplicate. This concentration of alcohol was used because higher concentrations risk membrane

deformation to the point that a semi-isotropic system can no longer be maintained. These

works are focused on understanding the process involved in membrane dissolution rather than

destroying the membrane.

Simulated PL membranes were surrounded by 0.5% w/v CHX in 0.15 M KCl with either 20%

PROH or ISOP in bulk water on either side of the membrane. Visual inspection revealed lipid

dispersal in the SaCM occurring rapidly (t = 45 and 50 ns for PROH and ISOP, respectively),

becoming even more deformed throughout the 200 ns of production. This deformation was

much faster in the EcIM system (t = 10 and t = 30 ns for PROH and ISOP, respectively). The

timeframe of lipid dispersal was extrapolated from the rate of change of the simulation box

width (Figure 4.11). Throughout simulations, the lipids in these systems reoriented in a manner

that disrupted the canonical bilayer structure of the membrane. Figure 4.12(a) shows that there

is a much faster initial increase in APL for the EcIM when alcohol is applied, especially for

PROH. This is due to hydrogen bonding between PG and LPG in the SaCM; these hydrogen

bonds hold the headgroups together and provide an initial resistance to the dispersion caused

by alcohol. However, this value plateaus at a lower value in the EcIM systems than in the

SaCM ones, owing to a higher membrane charge in the SaCM (-0.3 e per lipid) compared to

the EcIM (-0.15 e per lipid). Thus, the EcIM was impacted less by the alcohol/alcohol+CHX

compared to the SaCM. This was evident from a gradual increase in APL, which plateaued

Figure 4.11: Extrapolation of the lipid dispersal time in (yellow) EcIM and (red) SaCM
when exposed to (green) PROH and (cyan) ISOP, showing the best fit for the rate of
dispersal and plateau in blue and the time extrapolated in grey.
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Figure 4.12: Analysis of the SaCM and EcIM when exposed to PROH solutions with and
without CHX. (a) APL measurements of the SaCM and EcIM over the first 100 ns of
production show the average value after the experiment in triplicate as a full line and
error between the repeats as a shaded region. APL measurements of the membrane in
0.15 M KCl are shown in grey. (b) The structure of CHX heat is mapped by the frequency
of contacts from each atom to the headgroups of PE over the final 10 ns of production.

at a value approximately 80% greater than the equilibrated membrane for the SaCM systems

and approximately 60 and 70% more for the EcIM systems both with and without CHX,

respectively. The lower final APL in the EcIM system, which also contains CHX, is due to

CHX interactions with NH+
3 functional groups in the headgroup of PE, which composes 90%

of the bilayer. These interactions bind together lipid headgroups like a molecular staple. This

results in a high proportion of contacts to chlorine in the CPL region of CHX while the rest of

CHX experiences almost no interaction with the headgroups (Figure 4.12(b)). An analysis of

the frequency of contacts of CHX with different lipids in the membrane was performed (Figure

4.13). This analysis showed far more likely interaction with DPG in both PL membranes due

to the size of the lipid and the fact that it contains far more interface regions.

Alcohol molecules became distributed in the lipid core regions of the now distorted bilayers,

allowing the CPL regions of CHX to bind beneath the membrane surface at the headgroup-

tail interfaces, as seen in Figure 4.14(b and d). This binding occurred regardless but was

more rapid and partitioned deeper when alcohol was present. The membrane deformation

was characterised quantitatively by plotting the membrane density along the simulation cell

Figure 4.13: The total number of contacts from CHX to each lipid type in the SaCM and
EcIM systems between 100 and 200 ns across all repeats normalised by their percentage
contribution to their respective membrane.
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Figure 4.14: Measurements of the densities of membrane and sanitiser components along
the z-axis of the simulation box in systems exposed to both PROH and CHX together.
(a) Densities of the SaCM system membrane components exposed to PROH and CHX
averaged over the first and last 20 ns of production. (b) Densities of PROH and CHX
in the SaCM system over time. (c) Densities of the EcIM system membrane components
exposed to PROH and CHX averaged over the first and last 20 ns of production. (d)
Densities of PROH and CHX in the EcIM system over time.

z-axis (parallel to the membrane normal, Figure 4.14). System density plots also showed

that alcohol distributed within the membrane by adopting energetically favourable positions

at the headgroup/tail interface where it could minimise unfavourable interactions with water

(Figure 4.14(b and d)); this positioning was seen in both PL systems. This positioning of

PROH allowed the alcohol functional group to remain in the phosphate/ester region, where

it maintained polar interactions. At the same time, its hydrocarbon tail could form lipophilic

interactions with the lipid tail regions, minimising interactions with water.

Figure 4.15: Contact mapping of PE and DPG within the EcIM system and PG and
DPG in the SaCM system at 180 and 200 ns with PROH and water mapped linearly from
(black) least to (yellow) most contacts per atom in the lipid, showing ester groups circled
in blue and phosphate groups circled in green.
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Figure 4.16: Comparison of the area per lipid over the first 100 ns of production for the
SaCM and EcIM systems exposed to 20% w/v PROH or ISOP.

To illustrate this, I mapped the lipids in the SaCM and EcIM models through their contact

with PROH and water using the heat map module described in Section 3.1. This clearly shows

that alcohol accumulated much more around the headgroup/tail interface, where I propose

to take energetically stable conformations (Figure 4.15). The absence of water interactions

with the tails aligns with the observation that although severely deformed, neither membrane

allowed pore formation. This observation is crucial as it shows that water did not enter the

membrane during the early stages of deformation. A similar effect was observed for systems

containing ISOP. However, the change was less dramatic since the branching in the secondary

alcohol did not align as effectively with the lipid tails (Figure 4.16).

In Figure 4.17(b), the location of PROH partitioning in the membranes was determined by

plotting the time that 100 PROH molecules in the SaCM and EcIM system spend in contact

Figure 4.17: Analysis of the SaCM and EcIM when exposed to 20% w/v PROH and 0.5%
w/v CHX in 0.15 M KCl. (a) A box plot of the residency times of 100 PROH molecules in
each repeat of the SaCM and EcIM systems over 200 ns of production to defined regions
in the SaCM. (b) Using PE as an example, a definition of the tails region (below the esters
and phosphate groups) and the headgroup (above the phosphate).
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with defined regions of the bilayer. The increased average residency time of PROH with the

headgroups in the SaCM system is due to interactions with the large charge headgroup of

LPG. The relatively well-defined residency time suggests that this is a strong interaction where

PROH molecules occasionally get stuck. These results agree with similar computational work

by Ghorbani et al., which found ethanol accumulating at the headgroup/tail interface[135].

Analysis of system densities showed that CHX aggregated around the bilayer headgroups (Fig-

ure 4.14) where it interacted via the same c-shape interactions observed in the absence of

alcohol. This binding mode is especially favourable as its polar termini can form interactions

with the phosphate/ester region of the lipids at the headgroup-tail interface. Although the

’wedge’ conformation proposed by Komljenović et al.[93] was observed occasionally, it was far

less common than the c-shape conformation.

The results presented here for PL membranes are strongly supported by the findings of Rzycki et

al.[178], who also observed that CHX molecules might bind individually rather than in clusters,

and those that did bind as an aggregate would rapidly disperse. Evidence of this dispersal is

shown in Figure 4.18. Similarly, they also found CHX to bind preferentially in the c-shape

conformation and that the effect of CHX was minimal. Notably, density measurements of the

Figure 4.18: The SASA over time of SaCM model lipid membrane systems containing
(yellow) PROH and (red) ISOP with CHX in aqueous 0.15 M KCl over 200 ns of production
simulation. Visual snapshots of a CHX surface cluster forming in the ISOP system at
(green) 20 ns, (cyan) 23 ns, and (pink) 35 ns show carbon CHX residues coloured by
residue number, with lipid phosphate oxygen in red and phosphate phosphorous in gold.
The top row of snapshots looks down on the membrane surface along the membrane
normal, while the lower row looks perpendicular to the bilayer normal.
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system showed less aggregation of CHX on the membrane surface of the EcIM relative to the

SaCM, presumably due to the lower membrane charge and the fact that CHX is oppositely

charged. Throughout the 200 ns production run, CHX molecules became bound by both of

their BGU/CPL moieties, which then became embedded within the headgroup-tail interface of

the membrane (Figure 4.18).

CHX ’bridging’ was observed in the SaCM system; i.e. PROH caused deformation and thinning

of the membrane such that CHX molecules bound to separate leaflets could contact each other

across the bilayer, interacting via their BGU/CPL regions. However, there appeared to be no

additional deformation compared to the alcohol systems, which did not contain CHX. This

phenomenon was not observed in the EcIM systems. This is reminiscent of the ’handshake’

binding mode proposed by Komljenović et al [93]. Their findings suggest CHX could operate

via a similar mechanism to alcohol by penetrating the membrane and aggregating in the

membrane centre. However, this was not seen in simulations of CHX without alcohol. The

SASA of CHX in these systems was tracked to determine whether CHX molecules had any

tendency to cluster. However, no suggestion was seen other than a dip for the SaCM system

corresponding to a binding cluster of 4 CHX molecules, which dissipated within 30 ns of

forming on the bilayer surface (Figure 4.18). To ensure that clustering was rare, I measured

the average CHX separation for systems with and without alcohol. However, it did not indicate

any significance. This was not seen in repeats but suggested the absence of clusters was due to

CHX forming interactions with the membrane in preference to those it would form with itself.

Contacts to CHX from the headgroups, interface and tails were mapped. The CPL regions

and, to an extent, the BGU show most contact with the lipid tails as they are embedded

in the membrane, while the interface sees most of CHX. The only atom in CHX to contact

the headgroups regularly was chlorine due to a phenomenon where multiple NH+
3 groups

would coordinate with the halide due to its large size and electronegativity. This is likely

instrumental in the initial phases of CHX-membrane interaction and why CHX remains tightly

bound throughout production. This interaction is likely responsible for seriously reducing lipid

dispersal when CHX was added to the EcIM system without water.

4.4.3 Electroporation driven insertion of chlorhexidine and effect of gluconate:

MD study of the action on the E. coli inner membrane

To eliminate the possibility that membrane permeation of CHX into the EcIM was not observed

due to insufficient simulation sampling, we initiated simulations with CHX already placed in the

core of the membrane. An external, constant electric field (0.125 V nm−1) was applied across

the EcIM to create a sizeable water-filled pore. This method was adapted from the technique

applied by Piggot et al. to induce pore formation[99]. This was performed so that a CHX

molecule could be manually placed within this pore, and the electric field was then turned off to

determine whether CHX would remain in the membrane core as the pore closed. Throughout a

200 ns production run, CHX shifted from the membrane core to the exact location as observed

in the equilibrium simulations of CHX presented above (Figure 4.19). This behaviour was

observed across all three of the independent simulations of this system, providing conclusive

support that the headgroup-lipid interface is the preferred location for CHX.
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Figure 4.19: Snapshots of the CHX molecule placed in the membrane centre of a pore
induced by a 0.15 V nm-1 field, which was turned off at t = 0 ns at (top left) 0 ns, (top
centre) 10 ns, (top right) 20 ns, (bottom left) 30 ns, (bottom centre) 40 ns and (bottom
right) 50 ns. Images show phosphorous in gold, oxygen in red, carbon in cyan, hydrogen
in white, nitrogen in blue and lipids in translucent grey.

CHX is usually combined with gluconate (GLUC) in sanitising agents for increased solubility.

To eliminate the possibility that GLUC is required to observe deep membrane penetration of

CHX, we performed simulations including both molecules. 20 GLUC molecules were thus added

to the bulk water (0.5% w/v) phase surrounding the EcIM. Following 100 ns of production

simulations across three repeats, GLUC was not observed to penetrate the membrane and

only briefly interacted with the surface (< 1 ns events). Additional simulations with 10 CHX

molecules were added to the same system and showed the same CHX membrane binding mode

observed in simulations without GLUC. GLUC molecules were observed to bind to the CPL

regions of CHX regularly, but this did not change the binding mode (Figure 4.20(a)). A

Figure 4.20: Analysis of the interaction of GLUC with the EcIM. (a) The minimum dis-
tance between 9 separate GLUC and all CHX molecules in a simulation system containing
20 GLUC and 10 CHX in 0.15 M KCl with an EcIM model. (b) Snapshots of GLUC inter-
acting with the PE headgroups in the EcIM, where phosphorous is shown in gold, oxygen
in red, carbon in cyan, hydrogen in white, nitrogen in blue and GLUC is highlighted by
yellow circles

snapshot of a characteristic interaction between GLUC and PLs in the EcIM is shown in Figure
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4.20(b).

4.4.4 Chlorhexidine in alcohol solutions: action on the E. coli outer membrane

(Ra-LPS)

The action of the CHX/alcohol solutions on the EcOM was next studied in the same way as

for the PL membranes. The EcOM was highly resistant to the deformation caused by alcohol

in simulations of the PL membranes, despite the alcohol distributing within the membrane

in the same way as for PL bilayers[178]. This is due to the strong interactions between

LPS molecules and its stabilising calcium counter ions. Throughout the first 60 ns (200

ns simulations in triplicate), there was no discernible change in the membrane structure in

any EcOM simulations. By this time, both PL membranes (SaCM and EcIM) had shown

substantial deformation due to alcohol partitioning in the headgroup/tail interface. Due to

the retained integrity of the EcOM, there was little change when analysing the bilayer density,

other than a small shoulder of budding lipids (Figure 4.21). By 80 ns, the PL leaflet of the

EcOM began to form a small bundle of approximately 50 lipids, which started to separate

from the membrane (Figure 4.22). The budding phenomenon was observed in two of the

three repeats with PROH, but none of the repeats performed in ISOP. PROH distributes into

both leaflets’ lipid headgroup/tail interface, whereas ISOP did not distribute into the interface

as effectively because of its branched structure. Partitioning of alcohol into the membrane

disperses the bilayer components due to crowding. This was alleviated in the PL membranes

by lateral dispersal; however, due to the calcium binding LPS molecules, lateral movement was

prevented here. This resulted in the PL leaflet budding into the periplasmic space to relieve

the crowding, forming a shell of polar lipid headgroups sheltering their hydrophobic tails. As

a small amount of both alcohols passed through the LPS leaflet regularly, this showed that

deformation is possible with alcohol entering from only the extra-cellular leaflet, as expected

physiologically. Given enough time to penetrate the membrane solely from the LPS leaflet

Figure 4.21: Density analysis along the z-axis of the EcOM system exposed to PROH
and ISOP solutions. Analysed at 0-20 ns and 180-200 ns during a 200 ns production run,
showing the density shoulder caused by the ’budding’ effect.
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Figure 4.22: Snapshots of the EcOM exposed to 0.5% w/v CHX in 20% w/v PROH at
200 ns with further snapshots of the PL leaflet at 50, 80, 110, 140 and 200 ns showing
phosphate oxygen as spheres in red, phosphate phosphorous in gold, CHX in green, PROH
within 10 Å of the membrane in yellow and lipids as translucent.

side, the build-up of lateral pressure may result in budding to such a degree that it entirely

deforms the EcOM. As commercial sanitisers contain more alcohol (70% w/v), this could be

expected to occur faster than observed here.

Visual analysis of the production runs showed that only one CHX molecule ever became bound

to the LPS leaflet in any of our simulations, and in 3 of our 6 simulations with alcohol and CHX

present, none became bound to the LPS leaflet (2/3 PROH repeats and 1/3 ISOP repeat).

The lack of binding to the LPS leaflet was due to the fewer favourable interactions between

the HEX region of CHX and LPS sugars. Generally, CHX became bound to the Hep moiety in

the LPS sugar region and did not translocate further (Figure 4.23).

Figure 4.23: The proportions of contacts between the CPL region of CHX and sugars
in LPS tracked over the full 200 ns of production by checking at each frame how many
contacts there were within 2.5 Å of the CPL region and adding them to the total count
per sugar, showing lipid A in yellow, Kdo in red, Hep in blue, Glc A in green, Gal in cyan
and Glc B in pink. Glcs are labelled A and B at two different positions in the structure.
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4.5 Conclusions and further work

The simulation studies here provide insights into the mode of action of the common sanitising

agent CHX on S. aureus and E. coli membranes. We find that in the aqueous solution

(no alcohol), CHX binds and inserts into the EcIM and SaCM, maintaining a position at the

headgroup/tail interface of the former while moving slightly deeper into the latter. Intriguingly,

the insertion of CHX does not induce disruption of the membranes during the timescales of the

MD simulations. Nevertheless, CHX was found to reduce the MSDif of lipids as it binds and

holds headgroups together, thereby acting as a ’molecular staple’. This result also supports a

previously suggested mechanism.

No insertion of CHX into the LPS leaflet of the EcOM was observed in the MD simulations.

This is likely due to limitations in timescale exacerbated by the slow-moving nature of LPS.

It should be noted that a similar lack of penetration of other cationic antimicrobial agents,

such as polymyxins, has previously been reported from atomistic MD simulations[179]. The

comparative simulations show a more substantial kinetic barrier to CHX entry into the outer

membrane than the PL membranes.

The inclusion of alcohol (PROH or ISOP) has a dramatic impact on the PL membranes. Both

alcohols were seen in multiple simulation replicas to cause notable deformation of the EcIM

and SaCM. Although alcohol deformation of PL membranes is not a novel finding, contact

tracking has shown that deformation is the product of many transient residencies of alcohol

in energetically beneficial positions within the bilayer. Large quantities of alcohol partitioning

into this region resulted in lateral dispersion of lipids, which caused substantial deformation;

at larger alcohol concentrations, this leads to the dissolution of the membrane. The same

effect for PL membranes was not seen for the EcOM due to the lateral interactions between

components of the LPS leaflet and calcium, which are more substantial than the PL membrane.

Restrictions imposed by the LPS leaflet meant the bilayer could not disperse to alleviate steric

crowding. This caused the PL leaflet to ’bud’ into the solution, as this was the only way to

reduce the crowding created by alcohol partitioning.

Although the work presented in this chapter is well-founded, it possesses limitations which must

be addressed. These works’ first and most obvious limitation is that the membrane models

employ lipid bilayers with no proteins included. Although these simulations were explicitly

designed to monitor the lipid bilayer component of bacterial membranes, not including proteins

could limit their insight into bacterial membranes in vivo. Because proteins are a crucial

component of bacterial membranes, lipid bilayers do not necessarily reflect the actual behaviour

of bacterial membranes. These works aimed to characterise specifically the effect of lipids on

membrane stability. With these caveats in mind, I have drawn conclusions that can be applied

to more complex membranes. Considering that added complexity in vivo will also affect this,

these findings contribute to understanding how sanitisers affect membrane stability.

The lipid bilayers in these simulations comprise a relatively simple mixture of lipids; as with the

decision to not include proteins in these systems, this results in a lack of complexity. The lipids

contained in a bacterial membrane are diverse, and not accounting for this diversity may limit
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our insight into the dynamics of bacterial membranes. Although the membrane compositions I

have applied here contain relatively simple lipid ratios, this is beneficial for two reasons. Firstly,

this allowed me to focus on comparing my results to similar studies with these lipid ratios.

Secondly, it makes it relatively simple to reproduce these membranes in vitro in the following

section (Section 5) for direct comparison. The benefit of this is that it made the systems more

straightforward to produce in vitro, and for experiments such as 2D NOESY NMR, this made

the assignment and, by extension, resolving cross-peak relaxations far more reliable.

Further work in this area should focus on improving the model of these membranes so that

we can make direct comparisons to bacterial membranes with more complexity. By furthering

the complexity of the bacterial model membranes here, it could be assessed how including as-

pects such as proteins or more variation in lipid composition changes the process of membrane

deformation. Making these membranes more elaborate could provide insight into how these

features alter the mechanisms by which sanitisers deform bacterial membranes. Other sugges-

tions for future work are primarily centred around techniques that could be used to enhance

sampling or the production timeframe. CHX was seen not to affect the EcOM, and PROH

may further deform the bilayer given more time. The EcOM was only seen to deform in half

of the alcohol-based systems, implying that these deformations had not reached an endpoint.

By exploring enhanced sampling or techniques that could dramatically extend the production

timeframe, events beyond the timeframe of these simulations could be reported.
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Chapter 5

NMR analysis of the sanitiser

application to a model bilayer of the

E. coli inner membrane

The work presented in this chapter is published in the Journal of Molecular Biology[126].

A note on the effect of the SARS-CoV-2 pandemic

This work was performed between October 2019 and October 2021. Unfortunately, this coin-

cided with the SARS-CoV-2 pandemic and the restrictions on in-person interactions. As this

work was experimental and relied upon lab preparation and experimentation, the scope of this

work was limited by what we could do outside of restrictions.

5.1 Abstract

It is well known at this point that the sanitising agents we currently rely upon are effective.

However, we must consider how we would engineer new ones if the ones we currently rely upon

were to become ineffective. For these antimicrobials to work effectively as preventative agents,

we must thoroughly understand how they bind to the envelopes of pathogens and trigger their

bactericidal mechanisms. These antimicrobials’ specificity makes them critically important in

fighting off harmful bacteria. A key feature in their effectiveness is generally membrane charge,

a property of some bacterial membranes that is exploited in drug design. To understand the

effect of this binding mechanism, we need first to know the antimicrobial’s exact locality and

binding conformation.

I utilise various NMR techniques in 1D and 2D in this thesis. Here 1H NMR is used to report

on lipid structure and interactions of sanitiser molecules while 31P NMR provides insight into

the bilayer’s dynamics and integrity. This allows me to determine the effect of these sanitisers

on scales outside of the scope and timescale of MD simulations. The works performed here

provide validation for those discussed in Chapter 4, while the work in the previous chapter
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also provides visual context for the interactions described here. In knowing how sanitisers or

therapeutics bind, scientists know where to look for the responsible mutations if a bacterial

mutation renders them ineffective. These works provide an exploratory approach to sanitiser

binding in the hope that it may better the engineering of small-molecule sanitisers in the future.

5.2 Introduction

5.2.1 NMR as a means of assessing liposome dynamics

NMR is a powerful and versatile biophysical technique that reports on the local structure and

environment of molecules at an atomistic resolution. As mentioned in the introduction to this

thesis, this technique is often used to study intricate properties of biological systems, both

in vivo and vitro[180, 181]; SS NMR is often used to study bacterial and lipid vesicles. We

must understand these systems well, as they are crucial to important research areas such as

ecology, medicine and industrial applications. Various NMR techniques are used regularly in

researching bacterial and lipid vesicles[113, 182].

A prominent technique used to study lipid vesicles in vitro is static 31P NMR. This technique

exploits the magnetic properties of 31P to assess the dynamics of lipid vesicles (Section 2.2.7);
31P is abundant in the headgroups of lipids. Static 31P NMR provides researchers with a facile

means of assessing the integrity and morphology of lipid vesicles in real time[183, 134]. Lipid

vesicles are the basis of bacterial cells and viral particles, so this research is also invaluable in

furthering our knowledge of these areas. Static 31P NMR is commonly used to assess antimi-

crobial agents’ effect on lipid vesicles. By creating liposomes that mimic those of bacterial

cells or viral particles and applying sanitisers, the changes in the lineshape can be used to infer

the dynamics of the liposome[184]. The change in dynamics of the liposome can be monitored

and used to infer the effect of the sanitiser.

An important property of 31P NMR is the chemical shielding anisotropy (CSA). The CSA is

the variation in the magnetic shielding effect experienced by a nucleus within a molecule due

to its local electronic environment. This effect is not uniform in all directions, depending on

the molecule’s orientation relative to the applied magnetic field. When the electron cloud

surrounding the nucleus is distributed anisotropically, it leads to variations in the shielding

effect, resulting in different NMR resonant frequencies, depending on the orientation in the

applied magnetic field. CSA is a crucial factor in understanding the structural and dynamic

properties of lipid vesicles; this is especially well suited to solid-state systems as it is performed

statically. Whereas MAS is often applied in 1H NMR, 31P NMR relies upon the additive signal

of many anisotropic environments. As 31P is an anisotropic nucleus, the orientation of these in

lipid bilayers contributes to the overall 31P lineshape; thus, changes in the vesicle are evident

from the lineshape.

1D proton NMR is a commonly applied technique. In the context of liposomes and their

interactions with small molecules, 1D NMR provides a method of assigning environments to

peaks in the spectra. This is often used to determine the structure of products in synthetic

chemistry; however, here, it is applied to ease the assignment of 2D NOESY NMR peaks.
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2D NMR has revolutionised the study of complex molecular systems by providing detailed

insight into their structural organisation, dynamics, and interactions at an atomistic level of

detail. This method has been used commonly to investigate the interactions between liposomes

and small molecules of antimicrobials. 2D NMR provides further insight into 1D NMR as cross-

peaks in 2D spectra can be used to infer spatial or bonded relationships between environments

in the 1D spectra. In NOESY NMR, cross-peak intensity provides insight into spatially common

interactions between different environments, unlike other methods that report the bonded

relation between peaks. As the intensity of cross-peaks is NOESY NMR, which is directly

proportional to the rate of magnetisation exchange between environments, it can be used

to determine the locality of chemicals in the system[185]. The volume of cross-peaks in

NOESY NMR can be integrated and, as described in Section 2.2.8, used to calculate the

magnetisation exchange rate. Due to the level of detail the NOE effect gives us, 2D NOESY

NMR is a technique well suited to studying liposome-based systems. This technique provides

well-resolved peaks for lipid-lipid, lipid-sanitiser and sanitiser-sanitiser interactions in complex

systems.

5.2.2 Studying small molecule binding and partitioning via NMR

NMR is a widely used technique in pharmaceutical studies due to its ability to report on

molecular interactions with intricate detail. It is instrumental in binding and partitioning

studies, which are crucial in developing effective antimicrobials. Recent research by Doyen et

al. explored the application of NMR to peptide-liposome formulations, using 31P, 1D, and

2D proton NMR[186]. In this publication they comment on the dynamics of peptide-liposome

interactions using the 2D NOESY NMR spectra produced through relaxation measurements.

Similarly, Scheidt et al. used NMR to study the positions within lipid bilayers where aromatic

drugs partition[187]. By monitoring cross-peak decay in 2D NOESY NMR, they were able to

draw detailed insight into the subtle nuances of binding and partitioning mechanisms.

CHX is a widely used antiseptic and disinfectant. As mentioned previously, this antimicrobial

is theorised to bind at the headgroup region of membranes via the CPL and BGU functional

groups as a "wedge", parting the headgroups and creating gaps that make the membrane

"leaky"[93]. It has been demonstrated via cell culture experiments and verified by Franz

diffusion cell studies that, unlike other antiseptics, CHX can remain active due to epidermis

binding even after the bulk of the sanitiser solution has been washed away[95]. In similarly

themed work, performed by Karpanen et al., they find that as long as 30 minutes after skin

exposure to CHX, it can remain present in concentrations high enough to stay bactericidal[96].

This is a crucial finding as it presents a further benefit to using CHX. It not only acts as

a potent bactericidal agent with high efficacy but remains present and continues to prevent

potential infection long after use. This is likely due to the same binding as mentioned by Van

Oosten in epithelial membranes. As such, it is noted by Karpanen that the presence of fatty

acids may reduce said efficacy.

It has been shown by Feller et al. that short-chain alcohols such as ethanol will distribute

themselves into specific regions of a lipid bilayer. In their work, they use cross-relaxation rates
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(similar to techniques utilised by Doyen and Scheidt) to determine the location of ethanol

inside a lipid membrane. This showed that ethanol molecules exchange magnetisation more

rapidly with the headgroup-tail interface; this suggests that ethanol partitions into this region.

The findings of Feller et al. shed light on the complex interactions between lipids and small

molecules and exemplify the importance of NMR in future studies in this area. Further, the work

of Huster et al. details similar spin diffusion interactions between lipid headgroups and their

tails, demonstrating further use of NOESY NMR to study bilayers and their dynamics. The

area of research has been further explored by Gawrisch et al. and Feller et al., who provide an

extensive background on methods to study these systems[188, 123]. In these works, a plethora

of techniques are demonstrated as a means of extracting information about biomembranes as

well as detailed descriptions of the interpretation of these techniques. These works provide

detailed methods upon which the work reported here was based.

5.2.3 Lipid model of the E. coli inner membrane

The lipid composition of the EcIM is essential to the structure and fluidity of the bilayer, as

mentioned in Section 1.4. In the introduction, it is stated that the generally accepted lipid

ratio of the EcIM is approximately 75:20:5 PE:PG:DPG[81]; however, here, a lipid ratio of

90:5:5 PE:PG:DPG is used. This lipid ratio was used instead as it maintains PE and PG as

the main contributors to the lipid bilayer while directly allowing us to compare the previous

simulation section. This ratio was used in the simulation counterpart section to this work as

it provides a reliable lipid ratio, which has been studied previously. This provided me with a

lipid ratio that had already been validated and was reproducible[99].

5.3 Materials and methods

5.3.1 Construction

Lipid samples were prepared from a PE, PG and DPG stock solution in a ratio of 90:5:5,

respectively. Stocks were placed in ethanol at a lipid concentration of 10 mg mL−1. Samples

of 5mg lipid mixtures were left under a high vacuum to remove residual solvent. The lipids

were rehydrated in 20 µL of D2O (25% w/v) containing alcohol or CHX at the appropriate

concentration. Samples containing 5 mg, 25% w/v lipid samples were freeze-thawed five times.

Each cycle involved placing the sample in liquid nitrogen, thawing and mixing with a vortex

mixer. These samples were then transferred to 3.2 mm rotors for analysis. CHG was applied

to the membrane at a concentration of 4 % w/v. Although the percentage volume of PROH

applied was significantly larger than that of CHG, due to the size of CHG, the molar ratios of

PROH and CHG to lipids are similar (1:4.67 and 4.12, respectively).

5.3.2 NMR parameters

Solid-state NMR spectra were recorded on a 600 MHz Agilent DD2 NMR spectrometer (Yarn-

ton, UK) equipped with a 3.2 mm triple resonance MAS NMR probe. All spectra were ac-

quired at 25◦C unless specified. Static 31P spectra were recorded with a Hahn echo pulse
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sequence[189] with a 3.5 µs excitation pulse, 70kHz proton decoupling during acquisition, and

a 50 µs echo time. A 2.5 s recycle delay was employed to minimise sample heating. All 31P

spectra were externally referenced to H3PO4 (85%). Before a fast Fourier transformation,

data was left shifted to the top of the echo, zero-filled to 2048 points and 100Hz line broad-

ening was applied. All proton spectra were recorded with 12.5 kHz MAS, a 2.75 µs pulse for

excitation, and a 2.5s recycle delay. All proton spectra were acquired with the probe with the

low gamma channel tuned to deuterium and connected to the spectrometer’s lock, stabilising

the field and significantly reducing t1 noise in 2D spectra. Proton spectra were referenced to

the residual water peak at 4.65 ppm. 2D 1H 1H MAS-NOESY spectra were recorded using a

standard exchange sequence[190] with States-TPPI in the indirect dimension and 256 t1 incre-

ments[191]. 2D NMR spectra at mixing times of 31.25, 62.5, 125 and 250 ms were acquired

for cross-relaxation calculations. Data was processed with NMRpipe[192] or Matlab[193] using

matNMR[194].

5.3.3 Cross-relaxation analysis

Cross-relaxation analysis was performed by integrating the cross-peak volume, representing

these integrations in matrix format and then converting these values to magnetisation exchange

rate. Integration of these peaks was performed using NMRpipe[192]. Conversion from cross-

peak volume to the magnetisation exchange rate was performed using a matrix-based version

of the Solomon equations[125]. This process was performed as described in Section 2.2.8.

The mathematics of this process were performed in Matlab[193]. Peaks were assigned using

spectra processed using matNMR[194].

5.4 Results and discussion

5.4.1 Static 31P studies of the effect of increasing chlorhexidine and propanol

concentrations on E. coli inner membrane model vesicle dynamics

The action of sanitiser components on the structure of the EcIM model was assessed exper-

imentally using 31P solid-state NMR. This method produces a lineshape characteristic of the

dynamics and phase of a lipid vesicle. Spectra were acquired of multilamellar vesicles (MLV)

composed of PE:PG:CL (90:5:5 mol %) exposed to PROH, GLUC and CHG to assess their

influence on the bilayer structure. CHG is CHX with two GLUC counter ions; this is used in

experiments as it dramatically increases the solubility of CHX with no effect on its ability to

act as a sanitising agent. CHX is also generally added to sanitiser solutions as CHG for the

same reason[195].

As expected in the absence of any reagents, the 31P spectrum of the model EcIM exhibited

an axially symmetrical lineshape with a CSA of 43 ppm, consistent with the lipids existing in

the liquid crystalline phase. The method used for all experiments was consistent; thus, any

change in lineshape must directly result from adding sanitisers. Increasing the concentration

of PROH in the sample resulted in significant perturbations of the bilayer structure (Figure

5.1(b-f)). Up to 40 %, the lipids retained their bilayer character, with a slight reduction in the
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Figure 5.1: Static 31P NMR spectra of the EcIM model alone, with PROH at (b-f) 20%
w/v intervals

CSA indicative of increased headgroup mobility. This was consistent with the partitioning of

the PROH at the top of the lipid chains, resulting in a lower lateral pressure in the headgroup

region. This allowed the vesicle shape to fluctuate more quickly, resulting in changes to the

observed change in lineshape as faster dynamics lead to more averaging of the CSA. Between

40% and 60% w/v PROH, most of the bilayer structures were solubilised with the spectra

dominated by an isotropic signal at -0.1 ppm, with only a minor bilayer-like component still

present at 60% PROH. This isotropic signal indicates that the lipids present in the vesicle

bilayer are fully dissolved in the solution. This results in an isotropic environment as, once

dissolved, all lipids exist in equivalent environments; hence, they all contribute to one sharp

peak around 0 ppm.

Static 31P NMR experiments were performed to obtain characteristic line shapes of systems

containing between 0 and 4 % w/v CHG at 1 % intervals (Figure 5.2(a-e)). Concentrations

up to 4 % w/v were used as this is the highest concentration commonly used in commercial

sanitisers[196]. Increasing concentrations of CHG had limited influence on the 31P lineshape,

with all spectra showing a characteristic axially symmetric lineshape indicative of a bilayer-

like phase. Notably, there was a slight increase in the CSA as the concentration increased,

suggesting that the CHG may limit headgroup mobility. This is directly opposed to PROP’s

effect on the vesicle dynamics. These findings suggested that the decreased lipid mobility

observed upon adding CHX in Chapter 4 represents the same binding as reported in experiments

performed in vitro. Increases in the intensity on the downfield edge and overall broadening

of the spectral features were similar to those observed in the gel phase. These are typically

attributed to a reduction in T2 of the phosphates in the headgroup. This suggests that the

bilayer became more rigid and less elastic due to CHX holding lipid headgroups together like

a molecular staple[197, 183, 198, 199, 200].

Similar observations were seen upon the addition of GLUC with the spectra (Figure 5.2(g))
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exhibiting similar broadening due to a reduction in T2. However, no changes in the relative

intensity across the lineshape were observed, suggesting that GLUC had minimal influence

on bilayer elasticity. These effects appeared to be controlled by CHX, as the corresponding

spectrum of 4 % GLUC exhibits a classical axially symmetric lineshape expected from MLVs.

5.4.2 1D 1H NMR assignment

To investigate the location of the CHG within the model EcIM bilayer, 1D 1H-MAS and 2D
1H/1H MAS-NOESY experiments were recorded. Due to the high mobility within the lipid

bilayer, the 1H spectra were well resolved, as previously reported[123, 133]. High mobility

within the lipid bilayer results in an averaging of anisotropic interactions. This decreases the

line broadening, increases spectral intensities and generally results in better-resolved spectra.

1D 1H-MAS experiments were performed on these systems first. Before assigning peaks that

arose due to the addition of sanitiser, those belonging to lipids making up the bilayer were

first assigned. The 1H spectrum of the model EcIM was dominated by resonances from PE,

the major lipid species in this system. Although this made studying PG and DPG significantly

harder, it allowed us to assign and analyse PE quickly. The resonances from the lipids were

assigned based on published assignments of PC and PE (Figure 5.3)[133]. Similarly to Section

4, PROH was added as 20% to avoid destroying the bilayer. This also allowed me to make

assignments with PROH partitioned into the bilayer, making processing 2D data significantly

easier later on.

The addition of 20% PROH gave rise to three significant resonances at 3.61, 1.61 and 0.96

ppm, which were assigned based upon published values (Figure 5.4(a))[177]. Expectedly, these

peaks dwarfed the lipid as even at low concentrations of PROH, the PROH environments were

significantly more numerous than those of the lipid. Adding 4% w/v GLUC gave rise to a

large group of resonances superimposed on the lipid signals assigned to G1, G3, ³ and ´

Figure 5.2: Static 31P NMR spectra of the EcIM model alone, with CHG at (b-e) 1% w/v
intervals and (f) 4 % w/v GLUC
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Figure 5.3: Assignment of proton environments in PE to peaks in the 1H NMR spectra of
the model EcIM vesicle system in water. (a) Assignment of peaks in the 1H NMR spectra.
(b) The skeletal structure of PE with proton environments labelled in red.

(Figure 5.4(b)). This was problematic because GLUC resonances may make resolving others

challenging.

The addition of CHG resulted in the appearance of a further six resonances assigned to CHX.

The two protons in the aromatic ring structures of CHX were significantly better resolved than

those in the rest of the structure (Figure 5.5(a) - proton assignments 1 and 2). Protons in

the CPL functional groups are significantly more deshielded due to strongly electronegative

functional groups within the CPL group; chlorine and aromatics are strongly deshielding. This

Figure 5.4: Assignment of proton environments in PROH to peaks in the 1H NMR spectra
of the model EcIM vesicle system in aqueous PROH.
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is furthered by generating a ring current in the CPL group’s aromatic ring, which generates its

magnetic field and further deshields nearby protons. CHX protons in the BGU/HEX region are

significantly better shielded by electron density due to the relative absence of electronegative

functional groups (Figure 5.5(a) - proton assignments 3, 4 and 5). The shift of these protons

moves further upfield from the BGU functional group to the HEX group. Close inspection of

the CPL region of the spectrum (Figure 5.5(b)) revealed that CHX exhibited three resonances

in the aromatic region. This was unexpected, given the presence of only two resonances for

the aromatic protons in the CPL groups in CHX when CHX was examined without GLUC. The

aromatic protons are expected to be magnetically equivalent. I suggest that the additional

resonance arose due to a stable complex of CHX and GLUC, formed by the interaction of the

CPL region of CHX with the carboxylic acid group of GLUC (Figure 5.5(c)); this would break

the magnetic equivalence. This was supported by the complexes seen in MD simulations of

CHX with GLUC (Figure 5.5(d)). Closer inspection showed that resonances from the C2, C3

and G2 sites within the lipid shifted upon adding CHG. It is plausible that the presence of the

CPL groups at the headgroup-tail boundary may have generated ring-current effects resulting

in the observed perturbations like that reported for ibuprofen by Kremkow et al.[125] When an

aromatic ring is exposed to a magnetic field, such as that in an NMR experiment, the applied

field will induce the movement of electrons in the ring. This cyclic movement will then, in

turn, generate its magnetic field, which can increase or decrease the effective magnetic field

experienced by nearby protons. To make peaks that are shifted due to ring currents in the CPL

group obvious, an underlay of the EcIM 1D 1H spectrum is shown in yellow in Figure 5.5(a).

5.4.3 1D 1H NMR T1 relaxation

To assess the effect that sanitisers had on the mixing of proton environments in the EcIM

model bilayer, T1 relaxation analysis was performed on the peaks presented for PE in the

EcIM, shown in Figure 5.3. Figure 5.6 shows that for the ³, ´, G1/G3 and ´ environments,

the T1 relaxation time was substantially lower when either CHX or PROH were added to the

lipid vesicles. This same effect can also be seen in the C2, CH2=C and (CH2)n environments;

however, it is less substantial. This suggests these environments were more mobile, especially

the ³, G1 and ´ environments. This creates the largest decrease of T1 in experiments that

contained PROH due to the same membrane thinning effects present in Chapter 4. In some

proton environments (³, G1, ´), T1 decreases less when CHX is added. The environments

that show this are also generally in the headgroup. This lesser decrease in T1 is due to the

same headgroup binding of CHX presented in Chapter 4. The T1 measurement of the CH3

environment remains the same in the presence of PROH. This suggests that the tail ends are

packing together in the membrane centre as PROH does not penetrate the bilayer to this depth.

Interestingly, the relaxation rate of CH3 does change in the presence of CHX, indicating there

was potentially some significant penetration or even CHX bridging, as described in Chapter 4.

These findings suggest that PROH partitions in the bilayer and increases lipid mobility in the

region it partitions toward the lipid headgroup-tail interface. CHX is theorised to bind at the

lipid headgroups, and in systems where both sanitisers are applied, it counteracts the effect of

PROH on lipid mobility. The data presented here is shown in Supplementary Table 9.1.
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Figure 5.5: CHX dynamics and conformation analysis when added to a model EcIM vesicle
system. (a) Assigning proton environments in CHX to peaks in the 1H NMR spectra of
the model EcIM vesicle system in aqueous CHG. (b) Resonances arising from CHX and
CHG. (c) A visual representation of a common interaction between CHX and GLUC in
an MD simulation of 10 CHX and 20 neutralising GLUC. Atoms are shown as spheres:
hydrogen in white, carbon in cyan, nitrogen in blue, chlorine in pink, oxygen in red and
hydrogen bonding in brown. (d) A mechanistic depiction of the interaction between CHX
and GLUC is theorised to account for the additional resonance.

5.4.4 1H-1H NOESY NMR studies of the locality and binding conformations

of chlorhexidine in model E. coli inner membrane vesicles

To establish the location of the CHX within the membrane, 2D 1H/1H NOESY MAS-NMR ex-

periments were performed. The dynamics present in the membrane give rise to the well-resolved
1H spectra at moderate MAS frequencies, allowing the analysis of NOE-based magnetisation

exchange. The cross-peak intensity in the 2D 1H/1H NOESY MAS-NMR reflects the residency

time and proximity of protons relative to one another[124]. As shown in previous research[201,

202], an analysis of the inter-molecular cross-relaxation rates between resonances arising from

the small molecule and the lipids can provide a valuable insight into the partitioning and

location of small molecules within the lipid bilayer.

This experiment was first performed with the EcIM model vesicles and no added sanitiser.

This yielded 2D spectra with cross-peak intensities reflecting how lipids in the bilayer interact.

Figure 5.7 shows significant interactions between HC=CH, G2 and (CH2)n resulting from

the lipid tails interacting in close proximity. Similar interactions can be seen with other lipid

regions in the bilayer centre. It should be noted, as seen in Figure 5.7, that the volume of

cross-peaks also relies on the number of protons in that environment. For instance, although

there is a relatively large cross-peak between (CH2)n and ´ it is comparatively smaller than

other cross-peaks between regions in the lipid tails. Interaction between these two regions is

not necessarily unexpected; however, it appears far more prevalent as the (CH2)n protons are
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Figure 5.6: The T1 measurement of different proton environments in the structure of PE
in the EcIM systems in water and exposed to sanitisers.

much more numerous. Peaks along the diagonal will possess a larger volume if there are more

protons in that environment, as there are more contributing to the same signal and as such, the

intensity is much higher. If this is not considered, it can significantly skew our interpretation

Figure 5.7: The 2D NOESY NMR spectrum of the EcIM model in water with a 250 ms
mixing time. Positive contours are shown in green, and peaks are indicated by a mark in
red.
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of the results.

There were significant intra-molecular cross-peaks between the resonances arising from the

CHG, most clearly defined with sites in the CPL rings and less clearly between the HEX

resonances poorly resolved from lipid resonances. Other inter-molecular cross-peaks were also

apparent; these were most clearly observed between the CPL protons and the intense signal

from the CH2 moieties in the lipid chains. Lower intensity peaks were also evident between

the CPL protons and those from the protons at C2 and the glycerol backbone. This data

again indicates that CHG has a preferred localisation at the level of the glycerol backbone in

the lipid bilayer. Weak correlations were also seen between the C3 and the lipid resonances,

indicating that the backbone of the CHG was lying in the plane of the membrane; this finding

is in agreement with the MD simulations discussed in Chapter 4.

To ascertain the relative orientation of CHG within the EcIM, a quantitative analysis of the

Figure 5.8: The 2D NOESY NMR spectrum of the EcIM model exposed to CHG at a
concentration of 4 % w/v with a 250 ms mixing time. Positive contours are shown in
green, and peaks are indicated by a mark in red. Areas that are distorted due to t1 noise
are highlighted in pink.
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cross-relaxation decay rates, shown in Figure 5.9, was performed. Interestingly, the cross-

relaxation rates suggest that resonances 1 and 2 of CHX interacted favourably with sites

spanning the region from the unsaturated site within the lipid chains (HC=CH) up to the part

of the lipid backbone. It should be noted that the calculation of the magnetisation exchange is

standardised per proton. Because of this, high intensity peaks (such as that of (CH2)n) will not

skew the results. In contrast, cross-relaxation of resonance three was dominated by exchange

to the ³ proton of the PE headgroup, suggesting that the BGU/HEX groups of CHG prefer

to localise within the region of the lipid headgroups, in keeping with the membrane-bound

position observed during simulation.

Figure 5.9: A bar chart of the magnetisation exchange rate of protons 1, 2 and 3 with
protons in lipids in the EcIM lipid bilayer model, ordered from left to right to represent
groups ascending from the bilayer centre toward the top of the lipid headgroups.
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5.5 Conclusions and further work

Static 31P NMR studies of the EcIM model vesicles revealed significant changes in the bilayer

structure in response to the addition of sanitisers. Increasing the concentration of PROH led

to a solubilisation of the bilayer, resulting in a large isotropic environment appearing. The

solubilisation of the bilayer took place at approximately 60%. CHX had limited influence on

the 31P lineshape, suggesting it did not substantially deform the vesicle structure, and by

all accounts, the vesicles remained intact. However, CHX did induce changes in the bilayer

dynamics, making it more rigid and less elastic. A decrease in T2 visible from minor changes

in the lineshape in 31P experiments suggests that CHX binds to the lipid bilayer and reduces

lipid mobility. The findings presented in this section corroborate the findings of the simulations

performed in Chapter 4.

1D 1H NMR assignments provided a facile means of assigning peaks to proton environments

before 2D experiments, where this information would be invaluable. This also allows me to

assign the PROH, GLUC and CHX peaks. CHG resulted in six additional resonances attributed

to CHX, with evidence of potential CHX-GLUC complexes signified by an extra resonance,

which was only present when CHX and GLUC were present. Ring currents generated in the

rings of CPL in CHX perturbed lipid environments, particularly at the headgroup-tail boundary,

indicating its binding effects. This suggests binding of the CPL functional groups just below

the lipid headgroups.

T1 relaxation analysis revealed that PROH and CHX influenced lipid mobility. PROH increased

lipid mobility, especially near the headgroup-tail interface, while CHX bound to lipid headgroups

and counteracted PROH’s effects, leading to decreased lipid mobility in the headgroup region.

Finally, 2D 1H/1H NOESY MAS-NMR experiments shed light on the localisation and binding

conformations of CHX in the model EcIM vesicles. The data suggested that CHX predomi-

nantly localised in the glycerol backbone region of the lipid bilayer, with specific interactions

between CHX and protein in the interface region between the lipid headgroups and tails.

Cross-relaxation rates suggest a binding mode of CHX, which is very similar to that described

in Chapter 4.

A noticeable limitation of the works performed here is that these vesicles are idealised systems

containing only simple lipid bilayers, which only partially represent a bacterial vesicle. The

experiments potentially miss nuanced information about how these structures may affect the

binding process by not including protein or other biological structures associated with the

bacterial membrane. This work was performed in the context of comparing work directly to

equivalent MD simulations, which has been done successfully. Although this simplification

results in a loss of some detail, it has elucidated how sanitiser molecules bind in bacterial lipid

vesicles. A logical extension of the work performed here would be to include membrane proteins

in the lipid vesicle. This was an area of interest during the experimental phase; however,

unfortunately, this was not explored due to the effect of the SARS-CoV-2 pandemic on in-

person work. 2D NOESY NMR studies, similar to those performed here, are also standard

practice with protein structures. Thus, further analysis of the binding conformations and
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location of CHX could have been performed.

Further, fluorescence experiments were intended to be performed with EcIM model vesicle

systems and gradually increasing CHX concentrations. This would have allowed me to track

the concentration at which CHX definitively, if at all, began to cause the vesicle to break. This

could have been explored with a range of salt concentrations to explore the proposed effect

of CHX on bacterial membranes, that it ruptures bacterial membranes by creating a charge

gradient across the bilayer. This would have allowed me to round out this work and relate the

findings regarding sanitiser binding and partitioning to the effect of CHX directly on bacterial

vesicles.

These NMR studies provided valuable insights into the interactions between sanitisers and lipid

bilayers, highlighting the effects of PROH, GLUC, and CHX on the EcIM model vesicles. These

findings contribute to understanding sanitiser-membrane interactions and their potential impli-

cations for sanitisation processes in various contexts, including healthcare and sanitation. The

comprehensive approach involving static 31P NMR, 1D 1H NMR assignments, T1 relaxation

analysis, and 2D 1H/1H NOESY MAS-NMR experiments has enriched our understanding of

how sanitisers interact with lipid bilayers and how these interactions affect membrane structure

and dynamics.
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Chapter 6

Alcohol-induced denaturing of the

SARS-CoV-2 Spike protein: A

molecular dynamics and machine

learning approach to protein

sanitisation

6.1 Abstract

The S protein of SARS-CoV-2 is directly responsible for the initiation and propagation of

virion-host cell binding and, thus, fusion. Due to the bespoke binding site in the RBM of the S

protein RBD, it is exceptionally effective at binding to ACE2 and initiating host infection. As

a result, the protein is generally the target of antimicrobials, antibodies and designed vaccines,

as inhibition of this region will make successful infection significantly less likely while also

providing a suitable binding site. For these regions, it is of significant interest to understand

how sanitiser binding may affect the protein’s functionality. It is also desirable to know at what

concentrations it is effective and the mechanism of initiation.

Alcohol-based hand sanitisers have, in recent years, provided a broad means of slowing or

stopping the transmission of SARS-CoV-2 between individuals. This is due to the ease with

which they can be distributed and applied by the public whilst performing with high efficacy.

Although these are generally thought to kill pathogens by destroying viral membranes by solu-

bilising the lipid bilayer, it is thought that there may also be a significant denaturing effect on

membrane-bound proteins. This may have significant implications for an alternate mechanism

of slowing transmission by disabling crucial proteins, even at lower sanitiser concentrations.

The mechanism by which they do this and the rationale behind where they successfully partition

may have implications for how scientists can engineer protein-targeting sanitisers in future.

To explore these aspects, I propose a method by which I perform simulations in the presence
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of sanitising molecules that deform said protein and then probe the mechanism by applying

a novel machine-learning approach. By doing this, I avoid applying a confirmation bias and

simplify complex simulation systems by supplying properties to an RFT algorithm so that I can

examine the importance of these properties in the algorithm’s decision-making process.

6.2 Introduction

Although alcohol-based hand sanitisers are still known to have high efficacy when applied to

SARS-CoV-2, more recent mutations such as D614G have been associated with a decrease

in the effectiveness of some sanitisers alongside an increase in transmissibility[203]. Although

the SARS-CoV-2 pandemic is now mainly under control, it is essential to consider the origin

of these resistant mutations so that we are better equipped when new, more effective muta-

tions emerge. The implications of research into this could prove invaluable in treating future

outbreaks or protecting those with immunodeficiencies in high-risk areas such as care homes

from antipathogen-resistant strains.

6.2.1 Antipathogen activity of alcohol

Short-chain alcohols are theorised to kill pathogens by dissolving lipid membranes and causing

cell lysis, a phenomenon explored in Chapter 4 regarding E. coli and S. aureus[126]. This

is the reason alcohol is such an effective antipathogen, as this mechanism applies to both

bacterial and virus lipid membranes. However, the disabling and destructive effects of these

sanitisers may also be attributed to alcohol’s ability to denature proteins. Deformation of

essential proteins would render a pathogenic cell unable to function or remove its ability to

bind to host receptor proteins. However, the exact mechanism of how proteins are denatured

via this method must be more coherent and detailed mechanistically. Further analysis of this

could reveal whether there are predictable starting points, and if this is the case, scientists

may be able to engineer more targeted sanitisers in future; this is imperative as antipathogen

resistance is only expected to worsen.

6.2.1.1 Destruction of protein structure via short-chain alcohols

Short-chain alcohols are well established as an efficient means of disrupting lipid bilayers and

proteins. These sanitisers are responsible for interfering with hydrophilic interactions present

in the protein, which maintain the higher-order structure. Further, it is theorised that this

denaturing effect may have severe implications for the ability of proteins in cell envelopes to

function as intended[91]. This effect of short-chain alcohols on protein structures has been

studied in depth to show that when added, there are significant expansions of the protein chain

structure[204]. Sashi et al. later elaborates on this to detail the exact effects of water exclusion

caused by the addition of alcohol and how this may further affect the protein structure[205].

The effect of alcohol on proteins has been previously explored in terms of the immediate effect

on the secondary structure by Kinoshita et al., who found that upon application of alcohol

to a protein, there is a significant increase in hydrogen bonding, contrary to what may be
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expected[206]. This was due to changes in the protein environment, which caused solvophilic

amino acids to become solvophobic and reorient to face inwards toward the protein core. This

happened as the solution was no longer hydrophilic due to the addition of alcohol, which is

amphiphilic. In doing this, these residues formed hydrogen bonds that were previously less

beneficial, forming coils that rigidify the protein. Following this, the protein structure became

further disrupted as more residues reoriented to form previously improbable interactions.

6.2.2 Supervised machine learning

Supervised machine learning is a method by which a computer will generate a model based

on a known, labelled dataset. This is referred to as supervised because it is up to the user to

define the label for the algorithm. These algorithms build predictive models of an area without

specific domain knowledge by mathematically defining trends in the dataset. The theory is

that a computer can be trained to make pattern-based predictions by mimicking how a human

brain learns trends mathematically. The aim of using machine learning here was to extrapolate

subtle trends that were too convoluted for a human to find and determine what features of

these trends were instrumental in making good predictions.

6.2.2.1 Decision tree and random forest regression

Decision tree regression (DTR) is a technique which breaks a large dataset down into progres-

sively smaller subsets. In this approach, the algorithm will make an initial prediction based on

the mean of input features. Following this, the features will be reweighted, another prediction

will be made, and the loss will be assessed. This process occurs iteratively, and the properties

are probed by asking binary questions about the data (Figure 6.1(a)). By probing the data

this way, the model can gradually reassess its weightings or add more nodes to minimise the

loss between the prediction and the label. The benefit of this method is that it is relatively

easy to train and employ, so we can make quick predictions to evaluate if there is a trend that

we wish to explore further. However, this simplicity comes at the cost of being computation-

ally cumbersome, unstable with continuous datasets and prone to overfitting if not managed

correctly.

An RFT model is an average approach to a DTR that removes noise from the predictions,

assuming that our initial DTR model was well-founded. It is well understood that a single

DTR is prone to overfitting and bias, so averaging an array of these trees is a good way of

improving the reliability of the prediction. In this method, an array of DTRs are trained with

different weightings on different subsets of the input data. Training is primarily the same as a

DTR, except a majority vote makes decisions from all trees, which means outliers and bias are

less influential. At the same time, noise is cancelled by averaging many predictions. Regression

is a beneficial approach as it enables us to rapidly generate results while also allowing us to

extract the importance of features in our input dataset. This means we can make informed

decisions on applying our dataset to more complicated models.
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Figure 6.1: Computational graph representations of different machine learning techniques.
(a) A DTR. (b) A simple neural network.

6.2.2.2 Neural networks

Figure 6.1(b) depicts a neural network. In this depiction, a node makes a transformation on

data that is input from other connected nodes, weighted by the importance of the connection.

In this sense, a node is similar to a neuron in a human brain. At the same time, lines between

them are similar to synapses, similarly being enforced when positive reinforcement is given

by increasing their weighting. Similarly to a DTR, the initial weighting is random and will

give poor, uninformed results. The model will then back-propagate the loss and readjust the

weighting of nodes to minimise loss. This is very similar to the process described for energetic

minimisation of simulation systems, where we iteratively make small changes to the positions

of atoms to minimise a multidimensional landscape, or in this case, we make minor changes

to node weightings.

6.2.3 Validation and overtraining

The way validation is handled defines a supervised algorithm, as we check the predictions

ourselves to ensure that the model is not doing anything unexpected. A model’s training is

assessed by measuring loss; this is how far off our model predictions are from what we expect

them to be. This can be challenging as, ideally, we want to minimise the amount of loss;

however, these models can sometimes be too good at predicting patterns to the point where

they will learn the dataset rather than how to predict the underlying trend. This phenomenon

Figure 6.2: A graph showing an example of training and validation loss as the complexity
of a model is increased to show the effect of under or overtraining on loss.
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becomes clear when measuring the training error and the validation error. Training error is the

difference between the model’s prediction in training and the training labels, and validation

error is the difference between the trained model’s validation data predictions and the validation

data labels, which the model did not see during training. The training error will continue to

fall at a certain number of epochs, but the validation error will rise (Figure 6.2). This indicates

the model learning the training data too well, to the point where it can predict the training

labels almost perfectly and starts to learn stochastic relationships in the training data. These

stochastic relationships exist in the training data purely by chance but are not representative

of data outside the training data.

6.3 Methods

6.3.1 Simulation system setup and model parameters

The AA S protein ECD structure variant used to perform these simulations was the ances-

tral Wuhan strain supplied by the Pete Bond research group. The completed structure with

attached glycans is described in their previous publication[207]. The glycan model used in

this publication was based on liquid-chromatography-mass spectrometry (LC-MS) glycomics

data[208]. Systems were solvated in 0.15 M NaCl using TIP3P water and were subjected to

NVT and NPT equilibration steps before a 500 ns production run with 0%, 20%, 40% and

60% w/v PROH. PROH was parameterised via CHARMM-GUI with standard parameters for

CGenFF. During equilibration, position restraints were imposed upon the protein backbone.

Alcohol solutions in which the proteins were solvated were created in the same way as those

in Chapter 4.

6.3.2 Simulation protocol

Simulations were set up and performed using the GROMACS[167, 115] MD software package

(version 2020.2) with the CHARMM36 force field[168, 169]. Systems were maintained at 310

K, using the Nosé-Hoover[170, 171] thermostat with a time constant of 1 ps. The system’s

pressure was maintained at 1 atm, with a time constant of 2 ps, using isotropic pressure

coupling with the Parrinello-Rahman[172, 121] barostat. All van der Waals interactions were

cut off at 1.2 nm, and a smooth PME[173] algorithm was used to treat electrostatic interactions

with a real space cut-off of 1.4 nm. Each system was subjected to 500 ps of NVT simulation for

equilibration, followed by 2 ns of NPT. Positional restraints (1000 kJ mol−1 nm2) were placed

on the protein backbone during NVT and NPT equilibration. Production simulations were then

performed without any positional restraints. The results were analysed using GROMACS tools

and in-house scripts[115]. Visualisation was performed using the VMD[174] software package.

6.3.3 Contact analysis

Contact analysis of PROH to the S protein ECD was performed by running the contact analysis

function from the heat mapper module with each chain as the analyte and PROH as the probe

molecules.
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6.3.4 Data preprocessing

Residue features were assigned to each residue using computational biology packages such as

BioPython, MDTraj and MDAnalysis[209, 210, 176].

6.4 Results and discussion

To gain further insight into the process of alcohol based protein deformation, I have applied

fully atomistic MD to systems containing the ECD of the wild type S protein in concentrations

of 0%, 20%, 40% and 60% w/v PROH in neutralising 0.15 M KCl. In Table 6.1, a brief

overview of the simulations discussed in this section is shown. Following this, I applied a DTR

algorithm to discern properties or trends in amino acids which influence the interaction of

proteins with them. In Table 6.1 the simulations run for this section are shown.

Alcohol concentration
(% w/v)

Length (ns) Repeats

0 500 2
20 500 2
40 500 2
60 500 2

Table 6.1: A brief overview of the simulations performed and analysed in this Chapter.

6.4.1 Structural degradation and rigidifying effect of propanol on secondary

structure of the ancestral Wuhan variant ectodomain

500ns simulations of the wild type S protein ECD in PROH at concentrations of 0%, 20%,

40% and 60% w/v were performed in duplicate. To aid the reader, a visual representation of

the trimer is shown in Figure 6.3. Viewing the protein in this way provides visual context for

discussing these regions later in this chapter.

Visual inspection of these systems shows that when exposed to a higher concentration of

PROH, glycans attached to the S protein would expand outward into the solution. To demon-

strate this effect, the up-state monomer of the trimer is shown in a similar perspective to how it

is displayed in Figure 6.3(d), in Figure 6.4. This shows that as alcohol concentration increased,

the glycans attached to the monomer would spread out into the solution. For comparison, the

glycans in the 0% PROH system are relatively compact even after 500ns of simulation and

remain close to the protein structure. By 40-60% PROH concentration, the glycans appear to

have fully extended. This is because PROH creates a shell around them. Figure 6.5 shows the

shell of PROH created around the glycan, which stops regions in the glycans from interacting

with one another or forming water bridges between them. This results in few glycan-glycan

interactions as glycans are polar and will not interact well with the aliphatic tails of PROH.

This may have substantial implications for the ability of PROH to reduce the stabilising effect

of glycans. Zuzic et al. reported in their publication that when simulating the S protein with

and without glycans, they were shown to stabilise the structure. Analysis of pocket structure

and dynamics shows that, in some cases, there were major differences between the structure
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Figure 6.3: A visual representation of the S protein. The whole trimer from a (a) top-down
(viewed from above the RBD) and (b) side-on perspective. (c) The up-state monomer
viewed from a side-on perspective. (d) The up-state monomer viewed from a side-on
perspective coloured by region.

with and without glycans. This branching effect of glycans may have further implications for

protein stability. Further, this will affect glycans’ ability to assist in protein binding, suggesting

that sanitising alcohol could have a further effect on pathogens by disabling or reducing the

function of glycans.

This same effect was not seen for protein residues, which reoriented differently when PROH was

applied to the system. Polar side chains reoriented, changing conformation to face the protein

core, as reported by Kinoshita et al [206]. Figure 6.6 shows a representation of the S protein

RBD in the 0% and 60% PROH systems over time with sidechains highlighted. This shows

that in the 60% system, the sidechains are substantially more compacted toward the protein

backbone. This suggests that some residues are opposed to interacting with the solution and

Figure 6.4: The up-state monomer of the S proteins ECD when exposed to PROH at
increasing concentrations. Showing glycans in green and the S protein coloured by element.
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Figure 6.5: PROH shells formed around glycans in the 60% PROH system at 500ns,
shown on the up-state monomer, showing the monomer in grey, glycans in green and
PROH coloured by element.

are compressed to minimise their interactions. Inspecting the compressed residues suggested

that these were often polar or aromatic. This is likely due to the large hydrocarbon portion

of PROH, which will cap hydrophilic regions while the alcohol functional group interacts with

them, similar to what was seen with the glycan chains. To investigate this further, intra-

protein hydrogen bonding in the trimer was examined. Figure 6.7 shows that increasing the

concentration of PROH in the solution had the counterintuitive effect of increasing hydrogen

bonding rather than decreasing it. This value would be assumed to decrease, most likely

due to the expectation of structural deformation; however, deformation was due to changing

hydrogen bonding rather than simply reducing it. Due to significant changes in the solvent

environment, when alcohol was added, interactions between polar residues and the solution

became less beneficial. PROH capping of polar regions meant they were compressed into the

protein core and less able to form interactions with the solution. This was because hydrogen

bonding between these residues and PROH is significantly less beneficial than those previously

formed with water due to the amphipathic structure of PROH. This resulted in an increase in

Figure 6.6: The RBD of the S protein in the up-state monomer after 500ns of simulation
in 0% and 60% PROH. Showing the protein backbone in red and residues sidechains in
blue.
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Figure 6.7: Intra-protein hydrogen bonding with a running average (lines) over 500 ns of
production with a (box-plot) overlayed distribution.

hydrogen bonding in the protein as residues were forced toward the protein core.

Following this, I became interested in how this increased hydrogen bonding affected the sec-

ondary structure of the S protein. Figure 6.8 shows an analysis of the number of coils con-

tributing to the ECD structure during production. Coils are irregular interactions in the protein

structure and not considered as secondary structural terms. A coil refers to a disordered motif

that lacks any form of repeating pattern. Although coils are disordered structures, they can

have a rigidifying effect on the protein. After applying PROH at any percentage, there was an

immediate increase in the contribution of coils to the secondary structure. This suggested that

while polar residues in the protein reoriented themselves to face inwards, the protein backbone

began to form intra-protein hydrogen bonds to minimise the system’s energy. This contribu-

tion increased significantly from 0% to 20% PROH and remained similar in the 40% and 60%

PROH systems. There was a marginal decrease in the 40% and 60% systems after 250ns;

however, this could be stochastic. The resulting formation of a coil is depicted in Figure 6.9.

In this figure, residues 330-350 (located in the RBD) of a monomer in the up-state were aligned

for the 0% and 60% PROH systems to show an example of this coil formation. This shows

the reorientation, which resulted in hydrogen bonding in the backbone and the formation of a

coil. This effect was relatively common in positions where clusters of hydrophilic residues were

reorienting as an abundance of residues could form interactions.

Figure 6.8: Number of coils in the secondary structure with a running average (lines) over
500 ns of production with a (box-plot) overlayed distribution.
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Figure 6.9: Analysis of structural changes in the protein when exposed to alcohol. (a-b)
Representation of coil forming at residues 330-350 due to the addition of alcohol. (a)
Cartoon representation of the (blue) control system and (red) protein exposed to 60%
PROH, both at 100 ns into production. (b) A representation of the hydrogen bonding
responsible for the coil formation.

Despite the contribution of coils to the proteins secondary structure increasing, the number of

structural motifs (³-helicies, ´-sheets and turns) decreased significantly (Figure 6.10). This

was because although hydrogen bonding was increasing, it was doing so in an unstructured

manner for which the protein structure was not equipped. Ordered structural motifs in proteins

result from specific hydrogen bonding between different amino acids in the protein’s primary

structure. In this system, where high concentrations of alcohol increased hydrogen bonding,

there was no increase in ordered secondary structure motifs as the hydrogen bonds formed

were disordered.

To assess how the protein structure fluctuated when exposed to alcohol, the RMSF of both

the protein’s backbone (Figure 6.11) and sidechains (Figure 6.12) was analysed for an up-state

monomer in the S protein. The backbone showed substantially greater fluctuation in the RBD

region when alcohol was applied; however, this appeared to lessen as the concentration of

alcohol was increased. It makes sense that residues in the RBD would show more fluctuation

as the RBD is far more exposed to the solution and is not shielded by glycans in the same

way as other regions, as it remains exposed to enable binding to ACE2. These fluctuations

likely correspond to the formation of coils in this region due to its exposure to the PROH

Figure 6.10: The sum of the number of ³-helicies, ´-sheets and turns contributing to
the secondary structure with a running average (lines) over 500 ns of production with a
(box-plot) overlayed distribution.
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Figure 6.11: The RMSF of each residue in the backbone of the S protein when PROH is
applied at concentrations of 0%, 20%, 40% and 60%.

solution. As mentioned, this results in the reorientation of the protein residues and forms coils

in the secondary structure. The fluctuation most likely decreases when PROH concentration

increases as this creates a more homogenous solution. While low concentrations of PROH

mean residues may fluctuate between interacting with water or alcohol, higher concentrations

of PROH mean fluctuations due to interactions with water become rare.

Similarly to measurements of the RMSF in the S protein backbone, there was also significant

fluctuation corresponding to residues in the RBD (Figure 6.12). These fluctuations decrease

again when the concentration of PROH exceeds 20% as the solution becomes more homoge-

nous. Regions that show fluctuation are generally similar. The higher relative intensity of

fluctuation in the RBD is likely due to a greater representation of polar or aromatic residues,

as it contains the binding site. In agreement with this is the fact that the highest degree of

fluctuation is, in both the backbone and sidechains, the receptor binding motif (RBM). This

is the region of the RBD which binds to the ACE2 binding site directly and, as such, has a

large amount of polar or aromatic residues.

RMSF measurements of the monomers in the down-state showed similar fluctuations when

the backbone and sidechains (Figure 6.13 and 6.14, respectively) other than that of the RBD.

Figure 6.12: The RMSF of each residue of the S proteins sidechains in the up-state
monomers in the up-state monomers when PROH is applied at concentrations of 0%,
20%, 40% and 60%.
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Figure 6.13: The RMSF of each residue of the S proteins backbone in the down-state
monomers when PROH is applied at concentrations of 0%, 20%, 40% and 60%.

Because the RBD is buried in the ECD to avoid detection by the immune system, it does not

interact with PROH as much as in the up-state monomers.

Finally, to thoroughly assess the structural stability of the ECD when exposed to PROH, the

RMSD for the N-terminal domain (NTD, residue 13-305), RBD (residues 319-541), fusion

peptide (FP, residues 788-806) and heptapeptide repeat sequence 1 (HR1, residues 912-984)

domains were recorded over both 500ns production runs. This gave results that agreed with

what was seen in the previous analysis. The NTD, FP and HR1 domains (Figure 6.15) all

showed very large fluctuations in their RMSD when alcohol was added. When simulated in

water without PROH, the fluctuation in these domains was negligible compared to that of

the alcohol-soaked systems. In all three of these analyses, the average RMSD of all three

concentrations that contained PROH was approximately the same. Error for the RMSD was

exceptionally large in measurements for the NTD and FP measurements, which reflects previous

findings that there was more fluctuation in systems that possessed a more inhomogeneous

solution. In measurements for the HR1 domain, the error is exceptionally large at 60% PROH,

likely due to how sheltered this region is. As the HR1 domain is buried in the protein structure,

exceptionally large RMSD values were only recorded in systems with high concentrations;

however, it was still rare.

Figure 6.14: The RMSF of each residue of the S proteins sidechains in the down-state
monomers when PROH is applied at concentrations of 0%, 20%, 40% and 60%.
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Figure 6.15: The average RMSD of the NTD, FP and HR1 domains across all monomers
in both repeats, with the least squares fitting to the domain’s respective protein backbone.

The RMSD of the RBD domain is, expectedly, higher in systems containing alcohol (Figure

6.16). The RMSD was also higher when in the up-state for the system containing no alcohol as

the RBD is not buried in the ECD. Error was again large in the 20% system, suggesting that a

less homogenous solution creates more fluctuation in the protein structure. This error reduces

after 300ns of production, suggesting that the RBD reaches a stable state. The large error

seen for RMSD measurements in the up-state RBD and NTD makes sense, as these regions

are exposed to the solution. If any region were to experience a deformation of its structure

due to the solution being inhomogeneous, it would make sense that it was in regions that are

heavily exposed.

Figure 6.16: The average RMSD of the RBD domains in the up- and down-states across all
monomers in both repeats, with the least squares fitting to the domain’s protein backbone.
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6.4.2 Contact analysis of propanol to the ectodomain

Having determined that the deformation of the trimer via alcohol was not uniform, my attention

was turned to which points in the protein were most susceptible to these changes. Prominent

regions such as the RBD, which showed a significant fluctuation in RMSF, were obvious targets;

however, assessing where PROH interacts with the protein most may suggest less obvious points

or trends. The heat mapper Python module described in Section 3.1 was developed to assess

contacts between a probe molecule and each residue of the protein structure.

Figure 6.17: The monomer of the S protein in the up conformation when simulated in
(left) 0% and (right) %60 PROH for 500 ns. Regions where noticeable changes are seen
due to hydrophilic residues turning inwards are highlighted in yellow, red, blue and green.

As shown in Figure 6.17, regions highlighted show residues that moved toward the protein core

to avoid the solution as it became soaked in alcohol. To further assess this, I monitored regions

that experienced more contact with PROH and, using the heat mapper module scaled these

onto a colour map. Figure 6.18(a) shows that the heat map of the S protein by contacts to

PROH has a relatively even distribution of high contact residues. With this being said, when the

Figure 6.18: Contact analysis per residue. (a) Average contacts per residue of the up-state
monomer in 60% PROH, with contacts scaled from (black) the least contacts to (yellow)
the most contacts seen by any residues. A Leu residue with an uncharacteristically high
number of contacts was highlighted in blue. (b) The average contacts are standardised by
residue type and abundance on a scale of (least contacts) 0 to (most contacts) 1.
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residues were analysed by their average number of contacts to PROH (Figure 6.18(b)), some of

the residues with a large number of contacts had an over-representation relative to the amino

acid types average number of contacts. Though this was far from definitive, it suggested that

there may be structure characteristics other than residue type, which determined how much

the protein was affected by the solution, such as structure, charge or hydrophobicity.

Considering hydrophobicity, it should be noted that there was an overarching similarity between

the residue types, which tended to see more interactions with PROH. Figure 6.19 shows a trend

between the contacts per residue and the residue size and hydrophobicity. These trends are

weak; however, they potentially represent features that contribute toward determining how

likely a residue is to interact with the solution. This suggests that the many properties of

residues in a protein may contribute to their likelihood of interacting with PROH. When

extracting the amino acids of the ECD that contacted PROH more it became clear that these

were generally large, polar or aromatic amino acids (Figure 6.19(b)).

Figure 6.19: Analysis of the trend between amino acids contacts to PROH and hydropho-
bicity/size. (a) Contacts per residue type are coloured on a scale from (purple) low hy-
drophobicity/atom count to (yellow) high hydrophobicity/atom count. (b) The structure
of the amino acids that saw the most and least contacts from PROH.

6.4.3 Predicting propanol interaction via feature engineering

In the previous sections, I have shown that the structural deformation caused to the ECD by

PROH in different concentrations was less stochastic than it first appeared. Although a lot

happens quickly, characteristic interaction points appear to be responsible for deformation. Of

notable interest was whether there were also specific points in the structure where alcohol

would partition into the protein and incite deformities. Further to this, regions that experience

a considerable RMSF value may experience this due to local partitioning into known or cryptic

pockets. Knowing where and how small chaotropes bind may have significant implications for

designing sanitisers that target protein-binding sites rather than the pathogenic membrane.

Contact data detailing how many contacts each amino acid experiences with PROH in the

surrounding solution was calculated using my in-house heat mapping library for Python. This

library assesses contact distances to each amino acid from PROH in the solution per frame

and returns this as contacts per amino acid per frame. Further details of this can be seen in

Section 3.1. By providing this contact data and the characteristics of the local structure to

an RFT machine learning algorithm, I obtained relatively good predictions of my validation

data. It should be noted that I was not interested in predicting interaction points without
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Figure 6.20: Analysis of feature importance after removing the lowest SASA amino acids
using the Wimley-White hydrophobicity scale. Decrease in SASA importance relative to
all feature importance as unavailable residues are removed.

running simulations but in determining which features were heavily weighted in making these

predictions. The features supplied to the RFT are shown in Figure 6.20. In this figure, I

show that when considering all amino acid contacts at each frame while dropping none, the

SASA was extremely important in predicting contacts per amino acid. This made sense, as the

number of contacts and the available surface area of a residue should be directly proportional,

meaning regions of the protein sheltered by local folding or steric bulk were less susceptible to

deformation. Logically, it follows that hiding the RBD may also increase the resistance of the

protein to alcohol-based hand sanitisers. Although this result was meaningful, the importance

of SASA dwarfed other features and made it difficult to determine the importance of more

nuanced features. In Figure 6.20(a), I show that removing the lowest 20% of SASA amino

acids from my dataset significantly decreases the importance of SASA in the decision-making

process.

This shows that the RFT used SASA as a proxy to immediately attribute unavailable amino

acids with a prediction of 0 or very few contacts, showing that there were regions of the

protein that alcohol remained unable to access even after significant simulation time. When

Figure 6.21: Relative change in feature importance as the lowest 20% SASA residues are
removed.
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unavailable amino acids were removed from the dataset, I immediately saw that the secondary

structure, phi, psi, omega and the number of hydrogens in the amino acid became essential

features in making predictions. In contrast, the sum of carbon and hydrogen atoms became

less important (Figure 6.21). This suggested that in regions available to the sanitiser solution,

the local structure of the protein was an essential factor in determining whether alcohol was

likely to partition there. It is worth noting that the algorithm has no context for these decisions

and reports the significance of a feature’s values in correlation to an associated label. This

means that although secondary structure was important, it was not clear whether this was

simply a structural feature or some proxy related to the structure in that region. For instance,

some structural motifs could be considered significant; however, this may be because certain

amino acids that appear in them were predisposed to interacting with the alcohol more. From

this, I show that the number of atoms in an amino acid became more important as SASA

became less significant; however, as unavailable amino acids were removed, the critical feature

switched from the number of carbon atoms to the number of hydrogen atoms. To ensure

that the number of hydrogen atoms was not simply a proxy for larger amino acids, any feature

related to the number of atoms in amino acids was removed from the dataset, and the RFT was

trained on the remaining features. Those removed were added back in, one at a time, separately

(Figure 6.22). This showed that when these features were added back in, and the RFT was

trained over 1000 random seeds to remove bias, the number of hydrogens was consistently

the most important feature relative to all features, followed closely by carbon+hydrogen,

carbon+hydrogen ratio to all atoms and the atom count.

The significance of this was that the property this represents was amino acids with large,

hydrophobic regions such as aliphatic chains. These would contain a relatively large amount

of hydrogen and carbon. This would explain why hydrophobicity was not seen to increase or

decrease in importance, as it was not necessarily the overall hydrophobicity that was important

but the distribution of hydrophilic and hydrophobic regions within an amino acid. The mean

number of contacts to amino acids with different numbers of total atoms, hydrogens and

carbons are shown in Figure 6.23(a). This showed a general trend of increasing mean contacts

as the number of atoms in a residue increased; however, the trend was very noisy. There

Figure 6.22: The importance of atom counts and ratios as a feature as they were included
separately over 1000 random seeds.
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Figure 6.23: Analysis of the average contacts per residue. (a) The mean contacts per
residue type per residue. (b) The mean contacts per secondary structure motif per residue.

was less noise when plotting to mean contacts against the hydrogen and carbon count, which

decreased further when plotting only hydrogen or carbon. This trend was attributed to the

carbon/hydrogen count acting as a proxy for amino acids with large, hydrophobic regions where

the aliphatic chain of PROH can align itself and minimise its interaction with water. These

amino acids would have a disproportionately large number of hydrogens and carbons relative

to their overall size, as the aliphatic region was exclusively composed of hydrogen and carbon.

Another feature that saw increased importance when unavailable amino acids were removed

was the secondary structural feature (Figure 6.23(b)). Similarly, the mean contacts to amino

acids in each secondary structural motif were plotted and showed little difference other than in

5-helical amino acids. However, these refer to amino acids buried in the core of the trimer, so

this finding was analogous to that of SASA being used as a proxy for unavailable amino acids.
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6.5 Conclusions and further work

In this section, I explored the nuances of how alcohol-induced deformation impacts protein

structures, focusing specifically on the ECD of SARS-CoV-2. The first notable effect was that

PROH would cap glycans attached to the ECD, potentially affecting their ability to contribute

to protein and in agreement with findings of Zuzic et al. that glycans are important in stabilising

the proteins structure[207].

Further, the deformation of the protein by short-chain alcohols presents a substantial change

in the structural features contributing to the secondary structure. This change was primarily

due to the dehydrating effect that the application of short-chain alcohols incites, causing

reorientation of amino acid residues. I observed irregular reorientation of protein residue,

resulting in the formation of new coils in previously unfavourable positions while side chains

were compressed into the protein structure. The change in structural motifs heralds significant

changes to the overall structure, which affect the protein, potentially impacting its ability to

function adversely.

In-depth analysis uncovers a more nuanced relationship between PROH application and the

deformation of proteins. Changes in the contribution of coils to the secondary structure and

the effect that this has on RMSF suggest that this relationship is not simply linear. This

analysis showed the contribution of coils to the secondary structure of the S protein at 20%

PROH. Intra-protein hydrogen bonding was seen to increase linearly. This shows the transition

of the protein from a stable state in water, past a fluxional structure in an inhomogeneous

solution, into a relatively stable conformation as the solution becomes homogeneous again.

This transition is supported by RMSF measurements, which show a spike at 20% PROH.

Although the structure stabilises as the solution becomes more homogenous, there is a clear

degradation in the secondary structure, and the protein is not necessarily functional.

Considering the predictability of the partitioning shown in Chapter 4, it seemed likely that

similar interactions could determine the locality of alcohol-protein interactions. Characteristics

such as the protein region’s availability to the surrounding solution were significant in defor-

mation; however, feature engineering allowed me to probe this further. Excluding the least

available residues in the protein reduced the importance of SASA as a feature and increased

the importance of structural features. This implied that for residues accessible to the solu-

tion, the local structure and amino acid properties were important. The relative importance

of the hydrogen count over other metrics that measure the amino acid size suggested that

this was, however, not the size that was necessarily important but the size and presence of a

hydrophilic-hydrophobic boundary. These amino acids generally contained the largest number

of hydrogens as they possessed aliphatic regions where hydrogen is abundant. This showed

that the number of hydrophobic atoms in an amino acid can be a proxy for how large the

hydrophobic portion of said amino acid is. This allowed me to conclude that alcohols similarly

partition into proteins as they do in membranes, into a hydrophobic-hydrophilic interface.

Future work in this area would address limitations in this method, such as the timeframe of

simulation, RFT or experimental corroboration. The timeframe of these simulations, although
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extensive for AA simulations of this size, appears to have only captured the initial phases of

deformation. With this as a consideration, repeating these works using techniques that allow

sampling of longer timeframes could provide insight into how these interactions evolve. RF,

although effective and relatively simple to apply, is not necessarily an exhaustive predictive ML

method. Although better predictions could likely be achieved with a neural network, RFT was

chosen as feature importance values are easily extracted. However, if this work were to be

repeated, a more comprehensive approach using explainable AI could provide valuable insight.

Experimental corroboration would be an invaluable means of improving these works as it could

provide insight into how this process progresses without time constraints. Applying techniques

such as hydrogen-deuterium exchange (HDX) could provide insight into how contacts to the

solution are distributed in vitro. However, this would likely correspond to a protein in a

significantly more denatured state.
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Chapter 7

Assessing SARS-CoV-2

spike-receptor cross-linking in coarse

grain simulations

7.1 Abstract

The successful infection of a host cell by SARS-CoV-2 depends on the initial interaction

between the virion and a host cell receptor. The S protein of SARS-CoV-2 needs to form

strong interactions with the binding site of the receptor to ensure efficient cell recognition and

fusion. Although this process has been studied extensively, there is still a lot that we do not

know about it. Understanding how S proteins bind will make future research of viruses much

easier, as these proteins are not unique to SARS-CoV-2[211, 212]. One area of particular

interest is the stoichiometry of S protein to ACE2 binding and how this affects the stability of

the protein complex. As the S protein is a trimer, it possesses three RBD regions, each with

the potential to bind to ACE2. Although the S protein trimer has the potential for 1:3 binding

of S protein to the ACE2 complex, this does not mean it is necessary or sufficient.

Research in this area is vital because it provides valuable information that could be used to

develop faster life-saving solutions for outbreaks similar to SARS-CoV-2. Understanding the

binding mechanism of these viral proteins means we are better equipped to inhibit them. CG

MD simulations were used to study systems containing 1, 2, or 3 S proteins cross-linked to

between 0 and 3 ACE2 complexes. The simulations showed that higher-order cross-linking

creates intrinsically unstable conformationally restrained complexes that are less likely to exist

in nature.
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7.2 Introduction

7.2.1 Cross-linking

Please note that in this section the use of the term "cross-linking" means the binding of proteins

between two membranes, such as that seen in SARS-CoV-2 binding.

Cross-linking is necessary for many viruses to successfully merge the virion with the host

cell that it will infect[213]. Cell surface associative fusion is necessary for SARS-CoV-2 to

infect a host cell, and we must understand the binding mechanism well to develop sanitisers

or therapeutics that can effectively inhibit it (Figure 7.1). Binding occurs as the RBM in the

RBD of the S protein extends from the ECD and binds to receptor proteins such as ACE2[213].

Benton et al. found that by mixing the ECD of the 2P mutant of the S trimer with ACE2, they

could analyse how the trimers bound[214]. This showed that 16% of all S trimers remained

unbound with a single monomer in the up position. At the same time, 49% had a single up

monomer bound to ACE2. From this, they only saw 14% and 3% bound to two or three

ACE2 moieties, respectively. The conclusion is that binding from the S trimer has preferred

coordination. This is why most bound complexes were in a 1:1 coordination (Figure 7.1).

Research by Benton et al. shows that the RBD undergoes a rigid-body rotation during the

receptor binding process. This is important as it suggests that the conformation and dynamics

of the S trimer are well-defined and rely upon small, nuanced conformational changes. 1:1

binding may be energetically favourable and allow for small conformational changes such as

the rigid body rotation of the RBD.

7.2.1.1 Structural biology and mechanisms of the SARS-CoV-2 S protein

The S protein is a trimeric fusion protein found utilised by SARS-CoV-2 for cell entry. The

S protein is compose of two subunits referred to as S1 and S2; S1 contains the RBD and S2

contains the fusion peptide which is responsible for S protein-lipid membrane fusion before

entry.

One of the more nuanced features of the RBD is that it can switch between two defined states

Figure 7.1: Visual representation of cross-linking.
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referred to as the up and down states. In the up-state the RBD is exposed and able to bind

to the receptor domain of ACE2 which is essential for entry of the virus into the host cell. In

contrast, the down-state hides the RBD in the ectodomain of the S protein and means that

the S protein is not able to initiate receptor binding. The down-state is necessary as it avoids

detection of the RBD by the host immune system and allows the protein to avoid detection

until binding. Where as the rest of the S protein is shielded by glycans to avoid detection,

this is not the case in the RBD as this would make protein-protein interaction between the S

protein and ACE2 difficult.

7.2.1.2 Monitoring conformational changes

Work performed by Turon̆ová et al. reports the presence of three hinges in the neck region

of the S protein, which they term the "hip", "knee", and "ankle"[215]. In their study, they

combine cryoelectron tomography (CET) and MD to report on the flexibility of the neck

region in the S protein. They note that the hip region is the least flexible while the ankle and

knee regions are more flexible. Similar work by Choi et al. showed that the neck region of

the S protein is confined to energetically stable conformations by measuring the probability

density of bending motions in the neck region of the S protein throughout production in AA

MD simulations[216]. They detail the conformational dependence of the S proteins in terms

of a series of angles and distances describing the protein’s conformation during simulation.

estimating the S protein’s tilt angle as high as 90◦ but generally about 48◦. They also theorise

that this tilt is necessary for multiple S trimers to bind to a singular ACE2 receptor complex.

The conformational changes in the S protein, as represented by angles defining changes in

the neck region, are also detailed in work by Zuzic et al. Zuzic et al. report the distribution

of the ankle and knee regions reported by Turonˇová et al. Therein, they reference similar

works that also report the S protein’s conformation by referring to angles measured for the

S protein. They report that the tilt angle observed for the S protein in the model validation

was as high as 90◦ and a product of the ankle and knee angles, in agreement with Turon̆ová

et al. and Choi et al. Following this Zuzic et al. state that the flexibility exhibited by the S

protein neck region is likely beneficial as it allows for greater sampling of the RBD at the host

cell receptor region. This would potentially increase the probability of recognition and fusion.

This observation is supported by the work of Raghuvamsi et al., who further propose that the

conformational freedom of the S protein is changed upon binding to ACE2[217].

7.2.2 The ACE2 receptor

ACE2 is a crucial receptor protein located in the membrane of cells in multiple areas of the

human body and mammals[218]. The primary function of this receptor is to regulate the

renin-angiotensin system. The chemical angiotensin is created when blood flow to the kidneys

is reduced. This goes through further processing but eventually is recognised by the ACE2

receptor, which results in the narrowing of blood vessels to increase blood pressure[219].

The S protein exploits ACE2 to bind to and merge with mammalian cells to allow viral RNA

insertion[110, 220]. This protein is a good target for the S protein as it is found on the

108 Chapter 7 C. Waller



Multiscale modelling of bacterial and viral sanitisation

surface of various cell types throughout the human body, including those in the respiratory

tract, lungs, heart, kidneys, and gastrointestinal tract. The benefit is that there are many

potential infection points, and the virus does not have to rely on finding a specific cell type for

successful infection. ACE2 has even been found to be expressed in areas as exposed as pores

in the human skin[218].

Generally, ACE2 is found as [ACE2:B0AT1]2; this dimer-of-dimers is shown in Figure 7.2 for

reference. B0AT1 is a neutral amino acid transporter. However, for this work, it simply acts

as a chaperone protein. The details of receptors that bind to the S protein are essential to

help us understand this interaction better.

7.2.3 Cell infection

A series of crucial steps follow the successful binding of the S protein’s RBD with ACE2 in

a host cell membrane. The conclusion is a successful host cell infection by the SARS-CoV-2

virus. Once the RBD of the S protein binds to ACE2 (Figure 7.3(a)), the S1 domain of the

bound S trimer will dissociate from the S2 domain, triggering a conformational change that

stabilises the S2 domain (Figure 7.3(b))[221]. This exposes the primed S2 domain, which was

previously masked by the S1 domain, the removal of which reveals the fusion peptide (FP). The

FP domain is a short sequence of amino acids that facilitate the merge of the viral envelope

with the host cell membrane. The FP will then embed itself in the host cell membrane (Figure

7.3(c)). This destabilises the host cell membrane, allowing the viral particle and host cell

membranes to merge. The S2 domain contains two heptad repeat (HR) regions, HR1 and

HR2. These regions interact with one another and form a pre-fusion hairpin conformation

(Figure 7.3(d)). This brings the bacterial membranes together and allows the viral particle and

host cell membranes to fuse (Figure 7.3(e))[222]. Following this, viral RNA translocates from

the virion to the host cell[51]. To assist the reader, a visual representation of the S protein

domains mentioned in the previous description is shown in Figure 7.4.

Understanding the mechanism involved in the virus binding to the host cell and successfully

achieving infection is crucial to research. By understanding the process from start to finish,

we can identify points at which targeted therapeutics could intervene. Research into points in

Figure 7.2: A visual representation of the ACE2-B0AT1 heterodimer of dimers, showing
the S protein binding site. This ACE2 structure is taken from PDB 6m17.
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this process where the protein is strained or unstable may provide us with new, creative ways

of destroying or disabling harmful pathogens.

7.3 Methods

7.3.1 Simulation system setup and model parameters

The epithelial membrane composition was based on the known lipidome[224]. The ERGIC

membrane is less well-defined in terms of composition and is known to be dynamic. However,

it was based on what is known of the lipid composition[225]. These membranes were then

generated using CHARMM-GUI’s membrane builder tool[162, 163, 164]. S proteins were

aligned to ACE2 receptor binding sites in VMD using known PDB models of the binding

in all coordinations (7a96, 7a97, 7a98)[174]. Membranes were added to the aligned protein

complexes by aligning in VMD and remove clashing membrane lipids. The systems were then

solvated in 0.15 M NaCl (Figure 7.5). The RBD and ACE2 binding domains were released

from position restraints for a short period at the end of equilibration to ensure binding was

well modelled.

7.3.2 Martinization and glycosylation

The ancestral Wuhan strain was the S protein variant used to perform these simulations. The

Pete Bond research group provided the protein structure, which was converted to the CG

resolution using the Martini martinize script[226, 227]. The S protein trimer with the required

number of up-state RBDs was aligned with each system’s receptor sites of the appropriate

number of ACE2 complexes before membranes were aligned. Alignment was performed in

VMD by overlaying the CG S protein and CG ACE2 receptor complex over a fully atomistic

structure of the RBD bound to ACE2. Both the S protein and ACE2 structures were generated

Figure 7.3: S protein binding and the resulting membrane fusion between the viral particle
and the host cell. (a) The binding of the S protein to the receptor in the host cell
membrane. (b) Cleavage of the S1 domain from the S2 domain of the S protein. (c)
Embedding of the fusion peptide, previously masked by the S1 domain, into the host cell
membrane. (d) Interaction of the HR1 and HR2 regions to form the pre-fusion hairpin
conformation. (e) Fusion of the viral particle membrane and the host cell membrane. This
diagram was inspired by work published by Heald-Sargent et al[223].
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Figure 7.4: A visual representation of the S protein with all of the structure other than
specified domains in grey.

Figure 7.5: A representation of the systems simulated to explore the effects of cross-linking,
showing the S protein in blue, red and green and ACE2 in orange, yellow and tan.

with an elastic network using the Martini 22 forcefield, an elastic bond force constant of 500,

a lower cutoff of 0.5, an upper cutoff of 0.9, a decay factor of 0, a decay power of 0 and a

disulphide bonding factor of 0.3. Second, structures of the single S systems were generated

to examine the effect of the underrepresentation of the secondary structure in high-order

complexes. Glycosylation of the CG structures was performed using the Martini glycosylator

script. Glycans and the respective position at which they were added to the S protein and

ACE2 are shown in Supplementary Table 9.2.

7.3.3 Simulation protocol

Simulations were set up and performed using the GROMACS[117, 115, 116] MD software

package (version 2020.2) with the Martini version 2[227] force field. At the time of concep-

tualising this project, Martini 3 did not sufficiently support the components of these systems.

Systems were maintained at a temperature of 310 K, using the V-rescale[228] thermostat with

a time constant of 1 ps. The system’s pressure was maintained at 1 atm, with a time constant

of 5 ps, using semi-isotropic pressure coupling. The Parrinello-Rahman[172, 121] barostat was
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used. All van der Waals interactions were cut off at 1.1 nm, and a reaction-field[229, 230,

231] algorithm was used to treat electrostatic interactions with a real space cut off of 1.1

nm. Systems were minimised with two consecutive steps using a steep algorithm, the first

of which was a softcore minimisation. Each system was subjected to consecutive 1 ns NPT

ensemble simulations for equilibration with gradually decreasing position restraints (Table 7.1).

Restraints in the RBD and ACE2 binding domain were released in the final ns of equilibra-

tion to allow relative equilibration. Production simulations were then performed without any

positional restraints. The results were analysed using GROMACS tools and in-house scripts.

Visualisation was performed using the VMD[174] software package.

7.3.4 Conformational measurements of the S protein

To assess the evolution of the S protein conformation during production, similar measurements

to those reported in various publications were measured et al [216, 207, 214, 215]. To assess

general changes in the S protein conformation, the tilt angle of the S protein, RBD-NTD

distance, RBD-NTD angle, ankle and knee angles were monitored. These measurements were

reported by reading residue coordinates via MDAnalysis. To measure the tilt, the angle between

the vector from the TM domain (residue 1213–1239) to the hinge region (residue 1208–1212)

was

HR2 domain (residue 1157–1207), the hinge region (residue 1208–1212), and the TM domain

(residue 1213–1239). The knee is measured as the angle between HR2 domain, the hinge

region (residue 1142–1156) and the ECD (residue 27–1141)

Step Time step (ps) Total time (ns) Restraints (kJ mol−1 nm−2)

1 200 1 200
2 500 1 100
3 500 1 50
4 500 1 20
5 500 1 0

Table 7.1: Equilibration steps used to set up cross-linked S protein-ACE2 systems
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Figure 7.6: A visual representation of the S protein tilt angle (¹1), the NTD-RBD angle
(¹2), the NTD-RBD distance (r1), the ankle angle (¹A and the ankle angle (¹K .)

7.4 Results and discussion

In Table 7.2, a brief overview of the simulations discussed in this section is shown. Systems

in this section are often referred to as n1Sn2A, where n1 is the number of S proteins in the

system, and n2 is the number of ACE2 dimers present. Due to the size of the proteins involved

and the increase in simulation box dimensions upon creating large cross-linked complexes, the

work performed here was done in CG resolution. This meant the production runs could be

significantly longer, allowing me to assess conformational changes over long timeframes.

Name S proteins [ACE2:B0AT1]2 Length (µs)

1S0A 1 0 3
1S1A 1 1 3
1S2A 1 2 3
1S3A 1 3 3

1S0A (NE) 1 0 3
1S3A (NE) 1 3 3

2S1A 2 2 3
2S2A 2 2 3
2S3A 2 3 3
3S2A 3 2 3

Table 7.2: A brief overview of the simulations performed and analysed in this section. NE
denotes that a simulation had no elastic network applied.

7.4.1 Conformational requirements of the S protein

To assess the changes in conformation and stability when the S protein is cross-linked in high-

order systems, I first simulated the S protein in an ERGIC membrane without ACE2; this allows

the trimer to adopt the most energetically stable conformation. The most obvious result was

that the protein’s tilt gradually changed during production. As mentioned in Section 7.2.1,

previous work by Choi et al. and Zuzic et al. estimate the tilt angle of the S protein as being as

high as 90◦ but very flexible[216, 207]. It is theorised that this tilt was necessary for multiple
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Figure 7.7: Analysis of the S trimers conformation alone. (a) Distribution of tilt angles of
the S protein relative to the membrane normal and the angle of the RBD relative to the
NTD about the core of the ECD per monomer between 2.5 and 5 µs in simulation. (b)
The distance between the tips of the RBM and NTD in all three monomers.

S trimers to bind to a singular ACE2 receptor complex and to enable efficient binding. This

could, however, impose particular conformational requirements on the system, which strain

highly ordered systems.

In my simulations, the S protein tilt was seen to adopt an angle of approximately 70◦, which

is reasonable as it is exceptionally flexible in the neck region (Figure 7.7(a)). Following this,

the angle between the RBM and NTD about the core was measured for both the up and down

monomers to assess how well-defined the binding was. The simulated S protein model had one

up-state RBD, and there was a distinct difference in the angle between the RBD and NTD

in the up-state versus the down-state. The up-state RBD was not seen to deviate from this

state. Similarly, when the distance between the RBD and NTD was measured, the two states

also showed a distinct difference. Measuring this distance showed, as expected, that there

was a distinguishably greater distance between the two when a monomer adopted the up-state

(Figure 7.7(b)). In the unbound state, S monomers which were not coordinated were modelled

in the down-state and remained that way throughout production, which buries the RBD in the

ECD to avoid immunodetection. This resulted in the RBD and NTD being approximately 10

Å closer together in down-state monomers.

These measurements act as a control for further work, which will focus on the ACE2-bound

protein. Binding various size S protein clusters with various size ACE2 clusters will restrict the

dynamics, which can then be compared to the control. This allowed me to monitor whether

the stress imposed by the S protein attempting to adopt the tilt angle had a visible effect on

the system. Stress imposed in one region may affect aspects such as the RBD state or the

rigid body rotation in the RBD. In theory, binding multiple ACE2 receptors could improve the

chance of successful infection; thus, multivalency may be hypothesised for the S protein to

bind at as many points as possible.
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Figure 7.8: The (a) 1S1A, (b) 1S2A and (c) 1S3A systems at 3µs into production with
the S protein shown in blue, [ACE2:B0AT1]2 in cyan, membranes in grey, glycans in green
and tilt angle shown in red.

7.4.2 Effect of binding stoichiometry on tilt in various cross-linking states

Once I had determined which conformations of the S protein were stable and which measurable

properties best defined this, I began to "confine" the protein by binding ACE2 at various RBDs.

Upon increasing the number of ACE2 complexes bound to the S protein, the trimer adopted a

noticeable change in the tilt angle during simulation. This is obvious from system inspection,

as shown in Figure 7.8. This presented as a significant decrease in the adopted tilt angle, which

became more evident as the number of ACE2 complexes bound to the trimer was increased

(Figure 7.9). This happened because the increased binding of the S protein to ACE2 created

multiple points at which the trimer was restrained. This made it significantly more challenging

for the protein to tilt as it was restricted from tilting in specific directions due to these binding

points. This implied that the S protein may experience stress when tilting as binding points

restrict the neck region’s mobility in more cross-linked systems. Once bound by two ACE2

receptors, the S protein’s ability to tilt was severely impacted.

In the system containing a single S protein, this presented as a noticeable decrease in the

average tilt per ACE2 complex added. Substantial decreases in the tilt angle for the single

S protein occurred when the first and second ACE2 complexes were bound. The decrease

resulting from adding a third ACE2 complex created only a marginal further decrease. The

1S3A system showed less fluctuation than the 1S1A or 1S2A systems, as it was heavily confined.

With increased restriction, the S protein could not adopt the preferred conformation due to

its inability to tilt easily in any direction. However, the S protein’s tendency to adopt an

energetically favourable conformation may affect the stability of the interaction between the S

protein and ACE2.

The increasing number of ACE2 complexes did not have the same effect on systems containing

two S proteins. Whereas increasing the number of ACE2 moieties in the single S system

consistently decreased the tilt, in the double S systems, all three ACE2 cluster sizes resulted
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in similar tilting. Figure 7.9 shows slight fluctuation in the tilt of the 2S2A system; however,

this system saw both the highest and lowest tilt in any S protein for the double S systems.

This suggests that the proteins depended on each other’s tilt, and a stochastic high tilt in one

resulted in a low tilt in the other to compensate. The ACE2 complex appeared also to tilt

to accommodate this binding (Figure 7.10). This could, however, be an artefact created by

exceptionally strong binding in the CG model, as no systems were seen to dissociate despite

obviously extensive stress.

The triple S system was highly fluxional but experienced the highest tilt angle. Although this

system was extremely crowded, it should also be noted that it contained two singly-bound S

proteins and one double-bound S protein. From what was shown for these binding modes in

the 1S and 2S systems, it should only be expected that one of these proteins experiences a

substantially lower tilt. With this being said, however, the steric crowding involved in such

an extensive system has considerable implications for conformation due to the available space.

Early on in the simulation, one of the three S proteins is seen to take a substantially greater

tilt angle, approximately 10-20◦ higher than the other two. Similarly to what was seen in the

double S systems, this is likely some form of compensation. The 3S2A system is an extremely

large protein complex with multiple facets that contribute to its overall energetics, and as such,

there are predictable trade-offs. In this system, a large increase in the tilt of one S protein

allows the complex to maintain better binding in the remaining two. A comparison of the

triple S cluster is shown in Figure 7.11(a) with the S protein that shows a significantly larger

tilt angle coloured in red. For comparison, the 1S1A system is also shown in Figure 7.11(b).

7.4.2.1 Changes in the ankle and knee hinges

As stated previously, work performed by Turoønová et al. describes the presence of hinge

regions in the neck of the S protein. These same angles were measured by Zuzic et al. while

simulating the S protein in benzene. To assess the effect of cross-linking on the conformation

adopted by the neck region, these angles were measured here for single S systems bound to

between 0 and 3 ACE2 receptors. Figure 7.12 shows that as the S protein became cross-linked

Figure 7.9: Analysis of an individual S protein’s tilt angles when bound to 1, 2 and 3
ACE2 complexes in the single S, double S and triple S systems, compared to the average
tilt in our unbound system and the average tilt reported by Choi et al.
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Figure 7.10: The 2S2A system at 3µs into production, showing the S proteins in blue and
red, the ACE2 complex in cyan, both membranes in grey and the ACE2 tilt showing in
white.

to more ACE2 dimers, the ankle region (Figure 7.12(a)) showed a substantial decrease in

angle, dropping as low as 20◦ when the S protein was bound to 3 ACE2 dimers. This change

in the ankle shows a far greater difference between the triply-bound S protein system and the

other single S systems. This suggests that the major decrease in tilt of the S protein is largely

attributed to conformational changes in the ankle region. Comparatively, the S protein knee

remains relatively consistent, averaging out to a similar value in both the 1S0A and 1S3A

systems (Figure 7.12(b)).

Figure 7.11: Representation of drastically different tilt angles seen. (a) The 3S2A system
after the tilt angle in S2 spiked, showing S1 and S3 in blue, S2 in red and ACE2 in cyan.
(b) The 1S1A system shows S1 in blue and ACE2 in cyan. Membranes in these systems
are coloured by bead type.
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7.4.3 Effect of binding stoichiometry on the angle and distance between the

receptor binding domain and N-terminal domain in various cross-linking

states

Here, I theorise that the stress imposed on the binding region by the tilt in the neck region

can detrimentally affect binding. This could have significant implications for the S protein’s

ability to maintain binding between the RBD and receptor domain of ACE2.

When measuring the RBD-NTD angle, it was observed to deviate significantly from the angle

measured for unbound or singly bound structure as coordination increased. These changes can

be seen in Figure 7.13. The 1S1A system showed angles for the up- and down-state RBD,

which reflect those of the unbound 1S0A system. This is important as the 1S0A system was

simulated with no strain, and as such, the angles in that system theoretically reflected the most

energetically stable states. This effect changed upon binding a second ACE2 moiety to the S

protein, where the RBD angle of both up-state monomers decreased to a value substantially less

than that of the unbound system. This was due to the stress induced by tilt in the neck region

and obstruction created by ACE2, as was mentioned in Section 7.4.2. Increased coordination

meant the degrees of freedom in the S protein were further reduced so that it could tilt in

fewer directions. This decreased average tilt because monomers were further restrained. This

effect was only furthered in the 1S3A system as the S protein had no direction in which it

could tilt and would not clash with ACE2 binding, adversely effecting the RBD-NTD angle. It

should be noted that the 1S3A system showed the highest and lowest RBD angles in any single

S system, similar to what was seen for the tilt angle. This was a compensation effect, where

tilt in one direction adversely affected the RBDs angle but allowed another to extend further.

Figure 7.14 shows that while some RBDs were at a relatively acute angle, others took a much

larger angle. Figure 7.14(a) shows a rotated view of reduced contact between the RBD and

Figure 7.12: The (a) ankle and (b) knee angles of the S protein neck for single S systems
bound to between 0 and 3 ACE2 dimers. The ankle is measured as the angle between
the HR2 domain (residue 1157–1207), the hinge region (residue 1208–1212), and the TM
domain (residue 1213–1239). The knee is measured as the angle between the HR2 domain,
the hinge region (residue 1142–1156) and the ECD (residue 27–1141).
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Figure 7.13: Analysis of individual monomers RBD-core-NTD angle vs RBD-NTD sepa-
ration when S was bound to 1, 2 and 3 ACE2 complexes in the single S systems. A com-
parison of each monomer RBD-NTD angle throughout production is underplayed against
the average angle for a (purple) up and (black) down monomer in the (dotted lines) 1S0A
system.

Figure 7.14: A visual representation of the binding in the 3S2A system, showing S proteins
in blue, red and tan, ACE2 in cyan, membranes in grey and glycans in green. Zoomed-in
representations of each RBD binding at 3µs are shown in a-d.

Figure 7.15: Analysis of individual monomers RBD-core-NTD angle vs RBD-NTD sepa-
ration when S was bound to 1, 2 and 3 ACE2 complexes in the double S systems. A com-
parison of each monomer RBD-NTD angle throughout production is underlayed against
the average angle for a (purple) up and (black) down monomer in the (dotted lines) 1S0A
system.

Chapter 7 C. Waller 119



Multiscale modelling of bacterial and viral sanitisation

Figure 7.16: A visual representation of the (a) 2S1A system and the (b) 1S1A system,
showing the S protein in blue and red, ACE2 in cyan, membranes in grey and glycans in
green.

ACE2. This shows that the RBD and ACE2 may begin disrupting contacts to relieve stress in

the S protein once significantly crowded.

In the double S systems (Figure 7.15), the RBD angles became less definitively up or down.

Even in the 2S1A system, the up RBD angles on either trimer deviated from those of the

unbound 1S0A system. This was unexpected, as neither S protein was coordinated to more

than one ACE2. Because of this, it would be logical to assume that each S protein would

have reflected the binding of the 1S1A system. This was not the case due to the dynamics

of the receptor complex. The ACE2 complex was seen to tilt in the single S systems toward

the point of contact (Figure 7.16). In double S systems, it could not tilt toward one trimer

without adversely affecting its binding to the other. This reorientation of ACE2 was also

observed in the 1S1A system (Figure 7.16(b)). The 2S1A system showed that one trimer had

an increased angle as the ACE2 complex tilted beneficially, while the other decreased for the

same reason. The effect of increasing the size of the ACE2 cluster then began to push RBDs

out of the up-state and into a down-state. In the 2S2A and 2S3A systems, one RBD was

seen to move to an angle that reflected the down-state. This was due to the increased strain

resulting from many S proteins trying to tilt while also restrained at multiple points. Adding a

second S protein further affected this as it created further steric hindrance, and the receptors

to which the S proteins were bound could not reorient themselves. This effect in the 2S2A

system showed an initial compensation that increased the angle in one bound RBD before the

two bound RBDs evened out to a mutually beneficial state. This was also seen in the 2S3A

system, but it happened much faster due to the increased restrictions.

The 3S2A system (Figure 7.17) again showed similar effects to the 2S2A and 2S3A systems.

The degree of restriction in the system resulted in two RBDs in a beneficial position while the

other two entered a pseudo-down-state across all S proteins in the system.
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Figure 7.17: Analysis of individual monomers RBD-core-NTD angle vs RBD-NTD sepa-
ration when S was bound to 2 ACE2 complexes in the triple S system. A comparison of
each monomer RBD-NTD angle throughout production is underlayed against the average
angle for a (purple) up and (black) down monomer in the (dotted lines) 1S0A system.

Figure 7.18: Count of frames for which the RBD was seen to take twist angles between
-80◦ and 80◦ for the single S systems.

7.4.4 Effect of binding stoichiometry on the rigid body rotation of the recep-

tor binding domain

Previously, in Section 7.4.1, it was mentioned that the RBD of the S protein is known to

undergo a rigid body rotation upon binding to ACE2, as described by Choi et al. In my

simulations, the single S systems showed a dramatic change in the twist of the RBD as the

coordination of ACE2 increased from one to three.

Strain-induced in the protein complex can be seen to create large deviations in the twist angle

of the RBD for a single S system, as shown in Figure 7.18. The 1S1A showed that down-state

RBDs had a twist of approximately -30◦, while the up-state monomer had an average twist of

0◦. This difference is accentuated in the 1S2A system, where the increased restriction causes a

larger discrepancy in the twist between these monomers; however, the twist in the down-state

monomer does not show significant deviation from the 1S1A system. Binding 3 ACE2s caused

all monomers to take a positive twist angle and one to take a significantly larger twist angle.

This was likely due to the twist acting as a stabilising factor, allowing the S protein to move

while bound without becoming unbound from ACE2. As ACE2 binding increased, this twisting

became more significant as it was necessary to maintain binding.
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7.4.5 Structural analysis of the S protein

To assess the effect of stress in the cross-linked protein complex, the 1S0A and 1S3A system

was rerun without an elastic network. This creates an underrepresentation of the secondary

structure and can lead to deformations in regions under stress. In simulations where an elastic

network and disulphide bonds were removed, the RBD of the S protein was seen to buckle

and deform entirely in high-order simulations (Figure 7.19). The stress mentioned above is

imparted upon the protein complex by conformational changes clashing with restrictions caused

by multidentate binding. This emphasises the stress imposed upon the RBD regions as the

underrepresentation of the secondary structure resulted in the entire deformation of the RBD.

For comparison, the 1S0A system was also simulated without an elastic network and showed

minimal change in the ECD (Figure 7.19(a)).

RMSD analysis was performed for the NTD, RBD, FP, HR1, HR2 and TM domains in systems

with an elastic netowrk to determine the effect of high-order binding on the structure of

the S protein. Figure 7.20 shows that all domains showed significant deviation throughout

production, especially the HR2 and TM domains. The NTD and HR1 domains showed the

slightest deviation as the NTD is generally not involved in binding, and the HR1 domain is

relatively removed from the structure, being capped by the ECD. The RBD shows apparent

deviation in the doubly and triply bound state because of the strain mentioned above, which is

transferred to the RBD by tilting in the neck region. Although the FP domain is not responsible

for S protein-ACE2 binding, it is located nearby and may be partially deformed when the S

proteins strain to accommodate high-order binding. The most significant deviation is the HR2

and TM domains, as the HR2 domain is located in the neck, while the TM domain is adjacent

and liable to move while the protein tilts. Many domains show an apparent step in deviation

from the initial structure when binding increases to two ACE2s, with the RMSD of the FP

domain appearing to step between the two states at 2-3µs.

Figure 7.19: The ECD of an up-state monomer in the (a) 1S0A system and (b) 1S3A
system after 3µ s of production without an elastic network. Showing the protein backbone
in red and amino acid side chains in yellow.
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Figure 7.20: The RMSD of domains in the S protein when bound to 0 to 3 membrane-
bound ACE2 receptor proteins. RMSD was calculated with the least squares fitted to the
respective protein backbone of said domain.

7.5 Conclusions and future perspective

In this study, I examined the conformational requirements of the S protein when cross-linked

in high-order systems. Our simulations showed that increased coordination of ACE2 resulted

in a decrease in the adopted tilt angle of the S protein due to increased binding points that

restricted the protein from tilting in specific directions. This effect was most significant in

the highly crowded triple S system, where one S protein would take a significantly greater tilt

angle.

Furthermore, I observed that the stress imposed on the binding region by the neck region

may detrimentally affect the binding and stability of the RBD region. As binding increased

in the single S systems, the RBD angle deviated significantly from the unbound system. In

contrast, RBD angles became less definitively up or down in the double and triple S systems.

This showed that deviations in the optimal conformation were not limited to the trimer’s neck

region. Generally, there was little change to RBDs in the down position. This may have severe

implications for the S protein’s ability to maintain binding to the ACE2 receptor when bound

at multiple points.

Overall, this study provides insights into the conformational requirements of the S protein and

its response to high-order receptor binding, which could aid in developing effective treatments

for SARS-CoV-2 or similar S protein-dependent viral pathogens. In particular, our findings

provide a foundation for further research to explore and develop innovative approaches for

exploiting weak points in the SARS-CoV-2 binding mechanism.

The future perspective of this work would be to explore more intricate aspects of this cross-

linking. For instance, AA simulations of the 1S1A and 1S2A systems may provide valuable
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insight into the exact conformational requirements of high-order binding. This would also

explain why higher coordination is generally less favourable. Further exploring the difference

between the ancestral wild type and omicron variants may provide insight into why some

variants are significantly more virulent. In future work, replication of all wild type systems

with the omicron variant would provide insight into the differences between the two variants;

however, this was not performed due to time constraints. Further, adding sanitisers would

provide insight into whether stress created by high-order cross-linking makes binding liable to

disruption.
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Concluding remarks and future

perspective

This thesis has undertaken a multifaceted exploration of bacterial and viral sanitization, com-

bining computational simulations and experimental NMR studies to gain insights into the

complex mechanisms governing the interactions between sanitizing agents and microbial struc-

tures. The investigation covers multiple scales, shedding light on the intricate details of the

sanitization process and its implications for infection control and public health. These studies

broadly aim to further our understanding of antimicrobial interactions with pathogens and

provide insight into potential ways in which we can engineer new antimicrobials.

The first two results chapters focus on bacterial membranes and their interactions with the

sanitizing agent CHX. The simulations reveal CHX’s interactions with bacterial lipid bilayers,

where it binds in a c-shape conformation. Although this is integral to its ability to act as

an effective antimicrobial, it is also seen to reinforce the stability of S. aureus and E. coli

membranes. This work underscores the importance of specific, initial interactions of sanitisers

and aims to quantify their effects on the lipid bilayer. Analysis of CHX’s binding to bacterial

membranes through solid-state NMR techniques echoes the computational results, validating

my findings and furthering our understanding of the binding conformation of CHX. This and

the associated simulation section provide a detailed study of CHX as an antimicrobial. By

applying MD and NMR together, I provide visual context to the NMR studies and validate

MD results.

The third section studies the impact of short-chain alcohols on the S protein. Simulations reveal

how alcohol-induced deformation transforms protein structures and identifies critical structural

features exploited by short-chained alcohols in partitioning and deforming said protein. This

research elucidates the dynamic interplay between protein conformations and alcohol concen-

trations by applying machine learning to predict areas that contact the sanitiser environment

more. By analysing the feature importance of this prediction, I reveal complex trends involving

multiple properties that determine the partitioning points of alcohol into the protein structure.

The final section focuses on high-order receptor binding between the S protein and ACE2.
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Simulations unveil the nuanced adjustments in S protein tilt angles with increased ACE2

receptor coordination, bearing significant consequences for binding and stability. These studies

aim to detail the S protein-ACE2 binding mechanism. Exploration of stress imparted upon the

larger protein complex by restrictions in binding provides insight into potential flaws in the

cross-linking interaction which the infection mechanism of SARS-CoV-2 is reliant upon.

Overall, this thesis provides work detailing the multifaceted nature of sanitisation, spanning

bacterial membranes and viral structures. While each section offers valuable insights into

specific facets of sanitization, overarching themes emerge. Specific hydrophilic-hydrophobic

interfaces are pivotal in the binding of sanitisers, be it in membrane composition or viral protein

structure. However, further exploration into these studies may provide further insight critical

to the design of effective sanitising agents. Incorporating more complex membrane models,

extended simulation timeframes, and experimental validation of findings stand as logical next

steps. These studies would refine our understanding of sanitization processes, enhancing our

ability to combat evolving pathogens and antimicrobial resistance.

In conclusion, this thesis embodies a comprehensive study of the intricacies of bacterial and viral

sanitization. By combining insights from diverse scales and disciplines, I provide exploratory

works that may provide a basis for creating effective sanitisers in the future of infection control

and public health.
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Chapter 9

Supplementary tables

Peak EcIM EcIM+CHX EcIM+PROH EcIM+CHX+PROH

G2 0.7559 0.8989 0.8309 0.5944
H2O 3.7600 4.3460 3.249 3.858

³ 1.2340 0.6998 0.3459 0.7089
G1 0.9685 0.6627 0.4703 0.6026

G1/G3 0.8009 0.7041 0.5782 0.6094
´ 1.0250 0.6671 0.6031 0.5622

C2 0.7007 0.6431 0.5836 0.5772
CH2=C 0.7386 0.6591 0.6116 0.5947

C3 0.6616 0.6457 0.6014 0.6500
(CH2)n 0.7820 0.6903 0.7 0.6467

CH3 1.0690 0.8704 1.085 0.8796
CHX(1) - 0.8575 - 0.4243
CHX(2) - 0.8353 - 0.4167
CHX(3) - 0.8108 - -

PROH(6) - - 0.8304 0.8108
* - 1.7820 - 1.137

Table 9.1: T1 relaxation times for peaks in 1D proton NMR of the EcIM without and
with sanitisers.
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Protein Residue (ps) Glycan (ns)

S 17 fa3g2
S 61 m5
S 74 fa3g2
S 122 m5
S 149 fa2g1
S 165 fa2g1
S 234 m8
S 282 fa3g2
S 330 fa2g1
S 343 fa2g1
S 603 m5
S 616 fa2g1
S 657 m5a1g1
S 709 m5
S 717 m5
S 801 m5
S 1074 m5
S 1098 a2g1
S 1134 fa2g1
S 1158 a2g1
S 1173 fa4
S 1194 fa4g2s1

ACE2 53 fa2g1
ACE2 90 fa2g2s2
ACE2 103 fa2g1
ACE2 322 fa2g1
ACE2 432 fa2g1
ACE2 546 fa2g1

Table 9.2: Position and glycan added the proteins in the system by the Martini glycosylator
script.
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