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Abstract

Lipases are enzymes that play fundamental roles in fat digestion and metabolism, and

function at the interface formed between hydrophobic molecules and the surrounding

aqueous environment. These interfacial interactions are thought to induce conforma-

tional changes in a "lid" region of the lipase, leading to a dramatic increase in activity.

This thesis aims to provide insight into the interactions that govern lipase association

with interfaces of different structural characteristics, and the possible conformational

changes that arise as a function of these interactions. A multi-scale molecular simula-

tion approach (combining atomistic and coarse-grained methods) was applied to study

two different lipases with a range of interfaces, including "soft" biological surfaces and

"hard" non-biological surfaces.

Three major insights were gained from these studies. First, interactions of a small

bacterial lipase (M37) with lipid interfaces resulted in substantial structural changes

in a lid region, uncovering of the underlying active site. A mechanism of interfacial ac-

tivation is proposed for this lipase. Second, the interaction of M37 with non-biological

interfaces differ from lipid interfaces, leading to altered interfacial orientations with

possible functional consequences. Third, the amino acid composition of the lid region

of a yeast lipase (TLL) is shown to play crucial roles in lipase activation and structural

stability.
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Chapter 1

Introduction

Lipases are enzymes of biotechnological importance that function at the interface

formed between hydrophobic and aqueous environments. Their physiological role is

to break down triglycerides during fat digestion, performing key roles in metabolism

and homeostasis [1]. In addition to triglyceride hydrolysis, lipases can catalyse a

wide range of other reactions on a variety of natural and unnatural substrates, which

has resulted in the application of lipases in a range of biotechnological industries

[2–4]. The interaction of lipases with hydrophobic interfaces can induce structural

transitions that result in a dramatic increase in enzyme activity, a topic of relevance

concerning their industrial potential. Although it is known that both the nature of

the interface and the inherent structural dynamics of the enzyme are important in the

interfacial activation of lipases, a detailed mechanism of this process is currently not

well understood for many lipases. This thesis aims to further the general understanding

of factors affecting lipase activation, including the structural nature of the interface and

the conformational properties of the lipase itself. A comprehensive study is presented

in which the interfacial interactions of different lipases are investigated with a range

of surfaces of varying structural characteristics, aiming to provide molecular insight

into mechanisms of interfacial activation.
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1.1 Proteins at Interfaces

About half the proteins in the cell are thought to be membrane-associated and there-

fore function at the interface formed between the hydrophobic molecules and the sur-

rounding aqueous environment [5]. Proteins at the interface play numerous key bio-

logical roles within the cell, including structural, catalytic, signalling, immunological,

transportation, and developmental roles [1, 6–8]. A very important class of proteins

includes membrane proteins, which either insert directly into the hydrophobic core of

the cellular membrane (integral proteins), or anchor to the membrane surface (periph-

eral proteins) [9–11]. Other classes include interfacial proteins, such as phospholipase

enzymes, superficially interact with membrane surfaces but are not physically an-

chored to them [12, 13]. While membrane proteins function at the interface between

the interior and exterior of the cell, for the purposes of this thesis, the definition of

interfacial proteins will be limited to proteins that transiently associate with the inter-

face, such as phospholipases and lipases. The mechanisms of action of these interfacial

proteins, such as the hydrolysis of phospholipids by phospholipases, can differ greatly,

and depend heavily on the nature of the interface. Consequently, the extent to which

interfacial proteins associate with the interface, their level of penetration within the

interface, and their functional mechansims once bound to the interface remain active

areas of study. The key processes performed by interfacial proteins highlight their

importance in regulating normal cell function. Unravelling how these proteins in-

teract with biological interfaces such as lipid membranes is therefore of fundamental

biological interest.

1.1.1 Studies of Proteins at Interfaces

The reconstitution of biological interfaces in model systems is a common method

to the study properties such as protein association and unravel specific interactions
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with the interface. For example, supported lipid membranes were used to show how

different peripheral protein constructs interact with a planar bilayer surface, revealing

how specific protein-lipid interactions affect bilayer penetration and protein diffusion

on the surface [14, 15].

From an applied perspective, the study of protein interactions with non-biological

interfaces is important in the fields of nanotechnology, biotechnology, and biomaterials.

In nanotechnology, understanding protein-surface interactions are key in generating

functionalised devices, such as biosensors and activators [16]. For example, protein

assemblies of bacteriorhodopsin molecules interfaced with a silicon dioxide surface were

shown to maintain their optical properties, enabling the fabrication of a switchable

optical device that could be tuned by using light [17]. In biomaterials, the first step in

generating a human implantable devices is to investigate how proteins such as blood

proteins (e.g fibrinogen) interact with the surface in question [18]. One study utilised

surface-functionalised polystyrene nanoparticles to investigate how charge affected the

adsorption of human blood serum proteins [19].

The range of surfaces used to investigate interfacial protein function can therefore

differ greatly in physicochemical characteristics [20, 21], representing the considerable

interest in understanding protein-surface interactions from a biological and applied

perspective. This thesis will focus on how interfacial enzymes interact with biological

and non-biological surfaces.

1.2 Interfacial Enzymes

Enzymes are unique molecules that catalyse chemical reactions by lowering the energy

required to initiate the reaction [22]. A hugely diverse range of enzymes have been

identified to date, which are currently classed according to the framework presented

by the Enzyme Commission (E.C)[23]. The first level of this classification includes
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six broad classes of enzymes, each corresponding to the particular type of chemistry

involved in the reaction (Table 1.1).

Enzyme classes (E.C) Class Description

A. Oxidoreductases Substrate is oxidised (regarded as electron donor)

B. Transferases Transfer of a group from one substrate to another

C. Hydrolases Hydrolytic cleavage of a bond

D. Lyases Cleavage of a bond by elimination

E. Isomerases Isomerisation reaction

F. Ligases Enzyme catalysing the joining of molecules

in parallel with ATP hydrolysis

Table 1.1: Description of the six major enzyme classes according to the Enzyme Commis-
sion (E.C). Each class is described according to the chemical reaction catalysed.

Enzymes can either function as soluble entities in the cytoplasm, or associate

with an interface. Interfacial enzymes interact with biological surfaces including the

cellular membrane environment, into which non-polar enzymatic substrates can parti-

tion, or aggregates of non-polar substrates that form micelle-like structures, liposomal

dispersions, or emulsions [5, 6]. Interfacial enzymes are crucial in cellular processes

as diverse as cell signalling, membrane remodelling, fat digestion, endocytosis, and

inflammation [1, 12]. For example, phospholipases catalyse the hydrolysis of phospho-

lipid molecules, maintaining cellular metabolism and homeostasis [6]. Phosphatases

such as Phosphatase and Tensin Homologue (PTEN) modify specific membrane lipids,

regulating the cell cycle and cell differentiation [24].

The catalytic behaviour of interfacial enzymes is influenced by the overall dynamic

and ever-fluctuating state of biological membranes [25]. Unravelling the dynamic in-

terplay between the enzyme and the interface is important in understanding the non-
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equilibrium processes that govern overall membrane topology and cellular function.

Additionally, interfacial enzymes have considerable potential for industrial applica-

tions, such as lipases in food, detergent, and related industries [2]. Characterising

the dynamic mechanisms of interfacial enzymes is therefore key in furthering their

industrial potential, as well as our fundamental understanding of cellular processes.

1.2.1 Interfacial enzyme kinetics

The fluctuating, heterogeneous nature of biological interfaces previously mentioned

imposes physical constraints on interfacial enzymes and catalysis, including effects on

substrate accessibility, enzyme orientation, substrate and product partitioning within

the interface, and the association/dissociation equilibrium of enzyme with the interface

[5]. The kinetics that govern interfacial enzyme catalysis therefore deviate from classic

Michaelis-Menten kinetics, typically used to describe soluble enzymes and substrates

that are present within the same phase (Fig. 1.1) [26].
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Fig. 1.1: Left: Typical substrate catalysis by non-interfacial soluble enzymes. Right: Typ-
ical substrate catalysis by interfacial enzymes. Substrate partitioning with the
interface affects the catalytic cycle and kinetics of interfacial enzyme catalysis,
differing from substrate recognition by soluble enzymes in the aqueous phase.
The figure represent the general case of substrate partitioning within an inter-
face. The position of the substrate within the interface, and thus its proximity
to the associated enzyme, is difficult to determine experimentally and will differ
depending on the nature of the interface.

The first kinetic model of interfacial enzyme catalysis was presented by Verger &

de Haas, who adapted the Michaelis-Menten model to reflect interfacial lipolysis by

studying soluble phospholipases (sPLA) [27]. This model included additional equi-

librium terms that describe enzyme association/dissociation with the interface, and

formation of the enzyme-substrate complex [27]. Further extension of the interfacial

kinetics model also accounted for substrate partitioning at the lipid interface, disso-

ciation of the enzyme-product complex, and equilibrium dissociation of the enzyme

from the interface [26]. Other kinetic models are more system-specific and include

the potential mode of action of the enzyme on a particular interface e.g mixed mi-
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celles, monolayers, and vesicular systems, as well as product accumulation within the

interface (Fig. 1.2) [28]. The association process of interfacial enzymes, depth of pene-

tration at the interface, and location of the substrate within the interface, are difficult

parameters to determine experimentally. Consequently, Fig. 1.1 and 1.2 present the

general case of processes involved in interfacial enzyme kinetics. It is thought that

the substrate orientation within the interface must be such that it is accessible by

the interfacial enzyme, and thus most likely occupies locations near the interfacial

region where the hydrophobic molecules meet the surrounding aqueous environment

[1]. However, substrate localisation at the interface will also depend on other pa-

rameters, such as substrate concentration and the nature of the interactions between

the substrate and other interfacial molecules. Therefore, the location of the substrate

within the interface is not specifically commented in this thesis, but is assumed to be

accessible to the associated enzyme.
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Fig. 1.2: (A) Verger-de Haas kinetic model describing the kinetics of interfacial lipolysis
catalysed by soluble phospholipases at micelles interfaces [27]. (B) Extension of
the Verger-de Haas kinetic model to describe interfacial lipid hydrolysis specifically
by Phospholipase D at a phospholipid monolayer interface [28]. E = enzyme, S* =
interfacial substrate, P = product, E* = interfacially bound enzyme, P* = product
that remains at/within the interface. The model depicts the possible mechanisms
(dotted arrows) by which product accumulation at the interface could modify
individual kinetic steps within the reaction mechanism. The solid arrows indicate
the direction of the reaction.

The system-specific kinetic models also highlight the importance of the nature of

the interface itself during interfacial enzyme catalysis. For example, when the lipid

substrate consists of micelles, liposomal dispersions, or emulsions, the possible ex-

change of substrate, enzyme, and product molecules between lipid particles must be

taken into account [29, 30]. Early studies using liposomal dispersions addressed this

by considering enzyme "processivity" at the interface. Processivity describes whether
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or not the enzyme dissociates from the interface after one or a few catalytic cycles,

and then re-associates for successive reactions, or if the enzyme remains bound to

the interface, hydrolysing multiple substrate molecules successively for the duration

of the catalytic phase. For phospholipases, two mechanisms were considered: the

enzymes either adopts a "scooting" mode of action, where the interacting molecules

(substrate, enzyme, and product) do not exchange between interfaces/particles and re-

main associated for multiple turnover cycles; or, the enzyme adopts a "quasi-scooting"

mode, whereby replenishment of substrate from other aggregates occurs on the same

time scale as an individual catalytic turnover event. In 1986, studies using pig pan-

creatic sPLA2 provided concrete evidence for interfacial catalysis via scooting mode,

where the enzyme remained associated with DMPMe (ester) vesicles, hydrolysing all

available substrate without measurable dissociation from the interfacial surface [31].

Subsequent studies supported this mechanism, laying the groundwork for quantita-

tive analysis of turnover events via the defined kinetic path taken by these interfacial

enzymes [5, 30, 32, 33].

Other factors such as interfacial tension are also known to affect interfacial kinetics

[32]. Pancreatic lipase, for example, is known to deactivate at hexane/water interfaces

during triglyceride hydrolysis, attributed to denaturation of the enzyme as the inter-

facial tension increases with continuing hydrolysis [34]. Importantly, this behaviour

can be reversed by adding more amphiphiles to increase the surface pressure of the in-

terface. Other environmental contributions such as substrate orientation, electrostatic

interactions, and hydration forces are also known to affect interfacial properties, and

therefore the associated interfacial enzyme [35, 36].

The pioneering work on interfacial enzyme catalysis of lipid substrates laid the

groundwork for studying more complex systems: lipase-interface systems.
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1.3 Lipases

Lipases are amongst the best-studied examples of interfacial enzymes. This is due to

their biologically relevant roles in fat metabolism and human disorders, such as Wol-

man’s disease, as well as their industrial potential [2, 37]. The physiological function

of lipases is to hydrolyse the ester bonds in triglycerides (Fig. 1.3). They are found

in most organisms ranging from microbial, plant, and animal kingdoms [38, 39]. They

belong to the serine hydrolase family of enzymes, possessing the α/β protein fold and

a Ser/His/Asp catalytic triad [40, 41].

Fig. 1.3: Reaction scheme of lipase-catalysed triglyceride hydrolysis. The arrows indicate
the progression of the reaction, in which complete hydrolysis of one triglyceride
molecule will generate one glycerol and three fatty acid molecules.

Similar to phospholipases, lipases exhibit a dramatic increase in activity in the

presence of an interface, a phenomenon called "interfacial activation" [36, 42]. Several

theories have been proposed to explain this increase in activity, including a localised

increase in substrate concentration at the interface, better orientation of the ester

bond due to the geometrical packing of triglyceride molecules at the interface, better
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access to the active site through reduction of the water shell around the substrate (the

substrate theory) [43, 44], as well as a conformational transition in the lipase upon

interaction with the interface (the enzyme theory) [42].

The enzyme theory was first proposed in the early 1990s, after several X-ray crys-

tallography studies reported evident conformational changes in the crystal structures

of several different lipase molecules solved in different crystallisation conditions [45–

50]. Among these, the crystal structures of the Rhizomucor miehei lipase (RML) and

human pancreatic lipase (HPL), solved in the presence of substrate molecules at 3

Å resolution, indicated a shift in the position of a structural region directly overly-

ing the active site, termed the lid region [45, 49]. This mobile region was identified

through comparison with the previously published structures of the same or related

lipase molecules, solved in aqueous solution [51, 52]. This comparison revealed that

the conformational transition in the lid region resulted in exposure of the active site to

the substrate molecules (Fig. 1.4). For example, analysis of the "open" RML crystal

structure, solved in the presence of a covalent inhibitor (N-hexyl chlorophosphonate

ethyl ester), revealed substantial electron density corresponding to the inhibitor within

the active site, suggesting that the lid repositioned itself to allow substrate access to

the active site [45]. The conformational change resulted in exposure of hydrophobic

residues, both within the lid region and the underlying active site, to the surrounding

aqueous environment. Simultaneously, polar residues within the lid region became

buried within a hydrophilic pocket next the active site, previously occupied by well-

ordered water molecules, as identified from the closed crystal structure of RML [53].

Similarly, incubation of HPL with mixed micelles of phosphotidyl choline and bile salt

resulted in co-crystallisation of the HPL with the micelles, revealing a transition within

the lid region overlying the active site as compared with the closed crystal structure

of a related lipase, previously solved in aqueous solution [49, 51]. Electron density was
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identified within the active site of HPL, attributed to a phosphotidyl choline molecule,

indicating that displacement of the lid region allowed access of the substrate to the

active site. Structural analysis revealed that specific hydrophobic residues within the

main helix of the lid region became exposed, as well as residues within the active

site region [49]. This change in hydrophobic solvent accessible surface area is thought

to be the driving force behind interfacial activation of the lipase, and initiated upon

interaction with a hydrophobic interface.

Fig. 1.4: Crystal structures of Rhizomucor miehei lipase (RML) [52, 53] and Candida ru-
gosa lipase (CRL) solved in both the open and closed enzyme form [54]. The struc-
tures were aligned (grey cartoons); the open position of the lid region is shown
in blue, whilst the closed position is shown in orange. The catalytic residues are
shown as orange van der Waals spheres. The arrows indicate the direction of lid
motion upon interfacial activation. Open RML = PDB: 4TGL [53], closed RML
= PDB: 3TGL [52]; open CRL = PDB: 1CRL, closed CRL = PDB: 1TRH [54].

These early studies therefore supported the enzyme theory, suggesting that lipases

occupy an closed conformation in solution, where hydrophobic residues are shielded

from the aqueous environment, and transition to an open conformation upon interac-

tion with an interface, exposing underlying hydrophobic residues in the active site, as

well as in the lid region itself. On the other hand, crystal structures of Thermomyces

lanuginosus lipase (TLL) and Rhizopus delemar lipase (RDL) revealed conformational
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lability of the lid region in aqueous solution, suggesting the region may occupy mul-

tiple conformational states in aqueous solution [55]. In particular, the lid region of

TLL was found to have poorly resolved electron density, suggesting high flexibility

of this region in solution, whilst the lid region of RDL occupied a "semi-open" con-

formation in the crystal. The semi-open conformation of the RDL lid region was

thought to be stabilised by crystal contacts between two symmetrical, neighbouring

RDL molecules within the crystal, influencing the observed position of the lid region

[55]. Furthermore, the study highlighted that the previously solved closed structure of

RML, crystallised in aqueous solution, involved substantial crystal contacts between

neighbouring molecules, perhaps artificially stabilising the closed position of the lid

region identified in this molecule in aqueous conditions [52].

Interestingly, a systematic crystallographic study of TLL in media containing deter-

gent or substrate analogues identified discrete lipase structures that exhibited different

positions of the lid region [56]. These conformations were distinguished according to

the degree of active site accessibility as a function of the lid position, allowing iden-

tification of a low activity, activated, and fully active lipase forms. Furthermore,

biophysical studies of TLL used tryptophan fluorescence quenching to demonstrate lid

motion in solvents with varying dielectric constants [57]. At low solvent polarity, the

lid region is more open based on the quenching of a fluorescent probe attached near

the lid region, whereas the lid adopts a semi-closed position in aqueous solution [57].

Considering this body of research, it is likely that the interfacial activation of

lipases involves both substrate and enzyme components, where conformational changes

within the enzyme are necessary to expose the underlying active site, but perhaps not

sufficient to account for the dramatic increase in lipase activity in the presence of an

interface. As such, lipases may exhibit a range of conformations in solution, of which

the open and closed structures are the conformational extremes.
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Once the lipase is activated however, the mechanism of action for hydrolysis is

similar to that exhibited by all serine hydrolases [40, 58]. The serine residue within the

catalytic triad initiates the reaction via nucleophilic attack on the carbon of the ester

bond within the triglyceride substrate. A tetrahedral intermediate is formed, stabilised

by the the oxyanion hole present in most lipases, usually comprising two or three amino

acids neighbouring the active site that transiently interact with the negatively charged

intermediate [1, 3, 59]. Loss of an alcohol group from the triglyceride intermediate

then results in formation of the acyl-enzyme complex, which is followed by nucleophilic

attack by a water molecule to give a second tetrahedral intermediate that finally loses

the acid product molecule to restore the native enzyme form. The proposed reaction

mechanism of CalA is shown in Fig. 1.5, in which residues Asp95 and Gly185 form

the oxyanion hole [60].

Fig. 1.5: Proposed reaction mechanism for Candida antartica lipase A during triglyceride
hydrolysis. Figure reproduced from [60].

In addition to triglyceride hydrolysis, lipases are also able to catalyse additional re-

actions including trans-estrification, aminolysis, alcoholysis, aldol-additions, and epox-
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idation reactions [3]. Furthermore, these enzymes are quite stable in non-aqueous

organic solvents, resulting in the ability to fine-tune reaction conditions to promote

hydrolysis reactions or ester synthesis, depending on the desired product [3]. This ver-

satility has resulted in the exploitation of lipases in food, detergent, pharmaceutical,

and other industries [4, 61]. For example, TLL is widely exploited in the detergent

industry due to its ability to hydrolyse many different triglyceride substrates, as well

as high stability at a range of temperature and pH values, resulting in commercially

available forms of the enzyme such as Lipozyme TL IM and Lipolase [2]. Lipolase

is added to several major detergent formulations to remove fat-containing stains in-

cluding salad oils, fried fat, butter, and lipsticks, exemplifying the versatility of lipase

promiscuity [2].

Conversely, applications of lipases in the pharmaceutical industry rely heavily on

the ability of the enzyme to specifically discriminate between different substrates, par-

ticularly in the resolution of racemic mixtures. For example, the PS-30 lipase from

Pseudomonas cepacia is used in the production of the anticancer drug Taxol (pacli-

taxel), where it selectively hydrolyses racemic acetate to form the desired (3R)-acetate

[62]. Lipases are also used in the resolution of (R,S)-ibuprofen racemic mixtures, in

order to produce the much more potent S-enantiomer of ibuprofen (160x) [62]. The

lipase selectively synthesises the (S)-ester from the racemic mixture, allowing isolation

of (R)-ibuprofen, which is then chemically transformed to (S)-ibuprofen. In the food

industry, lipases are used to selectively synthesise "structured" lipids by modifying fats

or oils in order enhance desirable properties, such as a lower resistance to stress, mak-

ing fats easier to spread and rapidly melt [63]. These modifications involve changes in

the position of the fatty acid on the glycerol backbone, degree of saturation, or changes

to the length of the fatty acid tail. For example, lipases are used to produce Econa

(diacylglycerol) oil from natural oils, resulting in 80% more diacylglycerol content,
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which possesses the same energetic value as triglyceride oils, but are not transformed

into body neutral fat [63].

Three major groups distinguish the ability of lipases to hydrolyse triglycerides (or

other substrates), related to which of the three carbon tails in triglycerides is prefer-

entially hydrolysed: 1) Non-specific lipases catalyse reactions on all carboxyl groups

of the triglyceride, resulting in fatty acid release from any position on the glyceride

[64]; 2) 1,3-specific lipases only attack primary hydroxyl groups thus preferentially

releasing fatty acids from position 1 and 3 [65]; 3) Fatty-acid specific lipases prefer

hydrolysis of esters formed from long-chain fatty acids with double bonds between C9

and C10 e.g lipases from Geotrichum [66].

Clearly, substrate, regio- and stereospecificity is central to the application of lipases

as industrial biocatalysts. For example, lipases that exhibit 1,3-regiospecificity are

used to catalyse interestrification of natural triglycerides to produce different lipid

structures, such as cocoa butter equivalents [67]; lipases that discriminate against

omega-3 polyunsaturated fatty acids can be used in fatty acid production, such as

Candida rugosa lipase-catalysed hydrolysis of salmon oil [68]. The industrial relevance

of lipases has generated great interest in characterising lipase-catalysed reactions and

particularly their interfacial interactions with different interfaces.

1.4 Lipase interactions with surfaces

As mentioned previously, the nature of the interface is important in the mode of ac-

tion of interfacial enzymes, including lipases. For example, factors such as differences

in surface curvature of liposomes of identical lipid composition can greatly affect the

catalytic activity of lipases, as has been shown for TLL and pancreatic lipases [69–71].

Several experimental and computational studies have therefore focussed on investi-

gating lipase interactions with different interfaces, indicating that lipases are able to
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functionally interact with surfaces varying in hydrophobicity and topology [72–74]. For

example, Rhizomucor miehei lipase (RML) interactions with silica supports resulted

in a two-fold increase in specific activity relative to the free enzyme [75]. The addition

of silanes to the silica surface (increases hydrophobicity) also resulted in improved

activity of CalB and Bulkholderia cepacia lipase (BCL) [76]. Lipase interactions and

activities have also been studied with inorganic surfaces such as carbon-based sup-

ports, including graphene, graphene oxide, and carbon nanotubes, as well as organic

polymers, sol-gel materials, lipid aggregates, and organic solvent-aqueous solution in-

terfaces [3, 72–74].

In contrast to the hydrophobic nature of the supports often used for lipase ad-

sorption, hydrophilic materials such as alginate have also shown beneficial results

regarding lipase activity, as indicated by studies of Psuedomonas cepacia lipase [77].

Furthermore, RML prepared with an anion-exchange resin in the presence of a surfac-

tant resulted in high enzyme activity, thought to be due to activation of the enzyme

prompted by the surfactant, which was subsequently stabilised by "conformational fix-

ing" through ionic interactions with the support [78]. These studies indicate that the

nature of interactions between the enzyme and the interface very important, as enzyme

inhibition can occur via electrostatic interactions that cause conformational changes

and/or substrate aggregation [79]. The considerable body of research characterising

lipase-surface interactions reveals the versatility of lipases, although it is not always

clear how the structural dynamics of the enzyme are affected, including enzyme ori-

entation at the interface and substrate accessibility. Computational investigation has

been useful in elucidating these details, providing insights into the structural effects

of interfacial interactions and the molecular motions that result in lipase interfacial

activation.
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1.4.1 Computational Studies of Lipases

Computational methods such as molecular dynamics (MD) simulations are used to

study numerous biological systems, including complex lipid membranes, protein-lipid

interactions, protein-protein interactions, and virus particles [80–83], as well as sys-

tems involving non-biological components such as carbon nanomaterials [84–88]. Other

computational methods such as quantum mechanical calculations are also useful in

studying enzyme properties [89, 90]. These investigations have provided mechanis-

tic insight into reaction mechanisms, substrate specificity, association of lipases with

interfaces, and conformational transitions.

Importantly, MD simulation data can aid in the interpretation of experimental

information. For example, simulations of both the open and the closed conformations

of TLL at an air-water interface provided insight into experimental X-ray reflectiv-

ity data of the same system [91]. The orientation and conformation of TLL at the

interface was deduced as a function of this data, showing that the lipase adopted a

semi-open lid conformation pointing towards the interface. Furthermore, an atom-

istic MD study of TLL at a tributyrin interface revealed that the presence of a polar

channel within the enzyme structure could play a role in the access of water to the

active site, affecting the type of reaction catalysed (hydrolysis vs transestrification).

Interestingly, the study reported the loss of α-helicity within the lid region in certain

repeat simulations, indicating conformational lability of this small α-helical region,

corresponding to crystallographic data [55]. Investigation of lipase interactions with

non-biological surfaces have also revealed interesting conformational affects. For ex-

ample, simulations of a small yeast lipase called Lip2 from Yarrowia lipolytica with

carbon nanotubes provided insight into the experimentally observed enhanced activity

exhibited by immobilised Lip2 [92, 93]. Interestingly, the simulation data showed that

the interaction site of the lipase with the carbon nanotube was distal to the lid region,

18



Introduction

and yet still resulted in an opening motion of the lid region. It was suggested that

these interfacial interactions were propagated to the lid region of Lip2, initiating a

chain of interactions leading to structural rearrangement of the lid region to an open

conformation. The suggestion that lipases may be able to bind interfaces in a number

of different orientations has implications for lid movement and activation, as seen in

other experimental studies [71, 94–96].

Lipases are also active at the interface between organic media and the aqueous

environment, and advantageously exhibit higher activity and stability relative to most

other enzymes [3]. MD simulations of lipases in organic solvent have revealed pathways

of conformational transitions during interfacial activation for three different lipases

(RML, TLL, and Candida rugosa lipase (CRL)), indicating important differences in

the activation mechanisms of homologous lipases (Fig. 1.6.1) [97, 98]. Similarly,

simulations of lipase interactions with alkane mixtures showed a dependence on the

type of alkane interface in conformational transitions to an open state of the lipase

molecule (Fig. 1.6.2) [99]. Furthermore, MD simulations have aided in elucidating the

structural elements that are relevant in lipase activation, even identifying an additional

second lid region for a particular lipase not identified from the original crystal structure

(Fig. 1.6.3) [100].
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Fig. 1.6: MD simulation studies of lipases. 1) Conformational transition pathways from
closed to open structures observed during simulations of RML (A), TLL (B), and
CRL (C) [97]. Coloured regions correspond to the lid region of each lipase struc-
ture, showing its position at 0 ns, 25 ns simulation time, and in the open position
for each lipase (orange, yellow and blue for RML; orange, yellow, and cyan for
TLL; orange, pink and cyan for CRL). 2) Position of the lid region of CRL in
the closed (green) and open (blue) position; red represents the position of the lid
region after 20 ns of atomistic simulation of the lipase positioned at hexane- (A),
octane- (B), and decane-aqueous (C) interfaces [99] . The catalytic triad is shown
as sticks. 3) (A)Van der Waals representations of the open crystal structure of
PAL (left) and the structure after 20 ns of atomistic simulation in water (right)
[100] . Two lid regions were identified after simulation, coloured in red and blue.
Binding pocket residues = yellow and green. (B) Images representing the simu-
lated structures at 3 ns, 7 ns, and 10 ns. Blue coloured regions = the open crystal
structure, while red = the position of the lid regions during simulation. Figures
were reproduced from [97] (1), [99] (2), [100] (3).

In this thesis, MD is used to study how different lipases, namely M37 and TLL,

interact with different surfaces, including lipid membranes, triglyceride interfaces, and

graphene/graphene oxide surfaces. A combination of atomistic (AT) and coarse-

grained (CG) methodologies are applied, resulting in a comprehensive multi-scale

study investigating how varying surface properties affect lipase dynamics.
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1.5 Lipid interactions with support surfaces

Interfacial protein interactions with surfaces can be studied using supported lipid

membranes (SLMs) [101]. SLMs tend to form fluid, two-dimensional structures allow-

ing free rotational and translational diffusion of lipid molecules, making them ideal

test systems to study protein adsorption, protein function, and lipid phase effects on

protein localisation. For example, it was recently shown that alkaline phosphatase

enzymes, tethered to the membrane via a glycosylphosphatidylinositol (GPI) anchor,

tend to localise at the boundary of gel-phase domains in mixtures of DOPC and

sphingolipid membranes [102]. Furthermore, SLMs generated using nanolithography

techniques were used to show that proteins can specifically interact with function-

alised lipid molecules within the SLM [103]. Specifically, fluorescence studies indicated

that the proteins (streptavidin) interacted with biotinylated lipids, resulting in altered

spreading behaviour and dynamics of the lipid membranes [103]. These studies indi-

cate that protein-lipid interactions result in considerable effects on membrane fluidity

and lipid diffusion on the surface, in addition to revealing the preferential localisa-

tion of specific proteins [102]. Given the established experimental methods to probe

protein-lipid interactions using SLM systems, these could constitute interesting test

systems to study lipase adsorption, focussing on how fat digestion could alter the dy-

namic properties of the membrane, such as surface tension, which is thought to affect

lipase association at the interface [7, 104].

Interestingly, computational studies of supported lipid membranes have revealed

effects of the support surface on lipid diffusion, ordering, and lateral pressure profiles,

indicating that the nature of the support is important regarding the molecular proper-

ties of the membrane [105–108]. In order to investigate the potential of SLM systems

in studying lipase interactions, initial molecular dynamics studies investigating lipid

behaviour at different support surfaces were performed in this thesis. Specifically,
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lipid behaviour at graphene and graphene oxide surfaces was investigated in differ-

ent environments, and compared to similar experimental systems. The systems were

investigated with a view towards establishing a model for the study of protein inter-

actions, e.g lipases, with supported lipid membranes. The simulations are thought to

constitute a first step in this direction.

1.6 Thesis Overview

This thesis presents four results chapters focussing on computational studies of lipase

interactions with different surfaces, as well as lipid interactions with graphene/graphene

oxide surfaces.

Chapter 3 presents a detailed investigation of how a bacterial lipase (M37) inter-

acts with model membranes and triglyceride surfaces, focussing on the structural and

functional consequences. The study provides insight into a possible activation mech-

anism of this lipase as a function of interfacial interactions, using enhanced sampling

methods and docking studies to verify this mechanism. The results are discussed with

comparison to related lipases, ending with a perspective on future studies.

Chapter 4 utilises CG and AT simulations to investigate the functional conse-

quences of mutations in the lid region of the well-characterised Thermomyces lanugi-

nosus lipase (TLL). The interfacial interactions of TLL with a triglyceride surface are

studied and related back to affect of mutation, commenting on binding orientations

at the interface and conformational dynamics. Finally, this chapter presents systems

that mimic lipase hydrolysis of triglycerides at the interface, focussing on potential

mechanisms of lipase inhibition. This data is presented in the context of experimental

studies performed by collaborators at Novoyzmes, Copenhagen.

Chapter 5 builds upon the findings presented in Chapter 3, using the structural

models of the M37 lipase to investigate how the enzyme interacts with graphene and
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graphene oxide surfaces. M37-graphene interactions are compared to the interac-

tion mechanisms of M37 with the phospholipid bilayers and triglyceride interfaces,

focussing on the nature of the interactions and mobility on the surface.

Chapter 6 presents CG simulation data of lipid interactions with graphene and

graphene oxide surfaces. Both small and large CG systems are modelled, investi-

gating the effects of interactions with the supports on overall membrane structure.

Emphasis on the molecular properties of the supported lipid membranes is given, with

insight into lipid ordering and diffusion. The simulations match experimental data

provided by collaborators at the University of Manchester and the Karlsruhe Institute

of Technology.

Finally, Chapter 7 highlights the main findings of each of these projects, and dis-

cusses future directions.
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Methods

Molecular dynamics simulations were used to generate all the data presented in this

thesis. Both atomistic and coarse-grained simulation methods were used, as well as

enhanced sampling algorithms, to investigate the molecular interactions of lipases and

lipids with different surfaces. The following presents an overview of these methods,

whilst more detailed descriptions can be found in [109] and [110].

2.1 Classical Molecular Dynamics Simulations

Molecular dynamics (MD) simulations involve the propagation of a classical many-

particle system based on Newton’s equations of motion. The term classical refers to

the treatment of atoms within the system, which are considered to obey the laws of

classical mechanics. In this interpretation, it is assumed that the motions of electrons

adapt instantaneously to the position of the nuclei they are associated with, given

that the masses of atomic nuclei are much greater than the masses of electrons (Born-

Oppenheimer approximation). This approximation allows atoms to be considered as

single points in space, ignoring the positions of electrons, thereby also dramatically

reducing the number of particles to be evaluated within a simulation. Quantum me-
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chanical simulations on the other hand, do consider electrons, and are therefore limited

to system sizes that rarely expand to more than multiple amino acid residues, directly

constrained by the computational power necessary to propagate these systems at this

level [109].

The classical treatment of atoms as single points in space allows description of

atomic position by a set of Cartesian coordinates. In this description, an MD sim-

ulation can be performed by applying Newtonian equations of motion to evolve the

atomic positions within a system over time, relating the position of each particle to

the force acting on it:

Fi(t) = mir̈i(t) (2.1)

Where Fi represents the force acting on particle i, of mass mi, with acceleration ri

at time t. This equation can be rewritten as:

Fxi

mi

= d2ri

dt2 (2.2)

to find the motion of a particle of mass mi along coordinate xi in function of force

Fxi acting in the x direction. The MD simulation therefore predicts the positions of the

particles relative to the change in their velocities, in response to the calculated forces

acting on the particles. Solving the equation of motion for each particle at various

time points during the simulation thus allows the generation of a series of coordinates

that describe the evolution of the system over time.

2.1.1 Forcefields

In order to calculate the forces acting on each particle within a system, a description

of the interactions between all the particles is necessary [109]. MD forcefields provide
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such a description [109]. Each forcefield possesses a variation of the potential energy

function (V ), which evaluates the interaction energies between particles as a function of

their atomic coordinates, r, and a set of parameters s used to describe the interactions

within a system. These parameters are then used to estimate the force on atom i (Fi),

calculated as the negative derivative of the potential energy function with respect to

the atom coordinates, r i:

Fi = − ∂

∂ri

V (r2, r2, ...., rn; s) (2.3)

The potential energy of a system made up of N particles is calculated as the sum

of all bonded and non-bonded interactions (s), between the atoms as a function of

their coordinate positions, r :

V (rN ; s) =
∑

Vbonded(r; s) +
∑

Vnon−bonded(r; s) (2.4)

2.1.2 Bonded Interactions

Bonded interactions refer to all the interactions that occur between atoms that are

linked, or bonded, to each other within a particular molecule (e.g an ethane molecule).

In classical MD, the bonds between these atoms are approximated by a harmonic

potential (Hooke’s law), and are thus treated as particles (atoms) connected by springs

(bonds) [109]. Different terms are considered when describing the bonding interactions

within a molecule, including pairwise interactions between two neighbouring atoms,

as well as 3-body and 4-body interactions. These terms correspond to:

• Bond stretching (Vbonds);

• Bond angle bending (Vangles);

• Bond torsions, or proper dihedral angles (Vtorsions);
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• Improper dihedral angles (Vimpropers).

The rotation of dihedral angles are therefore described by the torsion terms between

bonded atoms, whilst improper dihedral angles are used to describe, and preserve, the

stereochemistry the molecule. The total bonded contribution to the potential energy

of the system can therefore be represented as:

∑
Vbonded =

∑
Vbonds +

∑
Vangles +

∑
Vtorsions +

∑
Vimpropers (2.5)

Bond Stretching

As mentioned previously, the bond stretching between two atoms can be approxi-

mated by a harmonic potential. The energy of this bond varies proportionally relative

to the square displacement from a reference value that describes the distance between

the atoms connected by the bond [109]. This reference value is defined by the param-

eters in the particular forcefield used for simulation. Bonds can oscillate around their

reference value, as defined by:

Vbonded(rij) = 1
2kij(rij − beq

ij )2 (2.6)

where rij represents the bond length between atoms i and j at a particular time

point, beq
ij represents the reference bond length, and kij is the spring force constant

used to restrain the bond at the reference bond length (Fig. 2.1).
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Fig. 2.1: Bond stretching between two atoms (i and j). Atoms are represented as red
spheres and bonds shown as black rods.

Bond Angle Bending

The angle between three bonded atoms, i, j, and k (θijk), is defined by a harmonic

oscillator, where deviation from the reference angle value, θeq
ijk, results in an increase

in the potential energy describing the angle:

Vangles(θijk) = 1
2kijk(θijk − θeq

ijk)2 (2.7)

where kijk is the force constant used to maintain the angle at the reference value

(Fig. 2.2).
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Fig. 2.2: Angle bending between three atoms (i, j, and k). Atoms are represented as red
spheres and bonds shown as black rods.

Proper Dihedrals

A proper dihedral angle, or torsion, is defined between four atoms, i, j, k, and l

(Fig. 2.3) and is calculated as the angle between the plane going through atoms i, j,

and k, and the plane going through atoms j, k, and l (ϕijkl). The torsion potential is

derived from a cosine function where multiple reference values can be assigned:

Vtorsions(ϕijkl) = kϕ(1 + cos(nϕijkl − ϕeq
ijkl)) (2.8)

where ϕeq
ijkl is the reference value for the angle between the atoms, kϕ is the force

constant, and n defines the multiplicity of the function.
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Fig. 2.3: Proper dihedral angle (torsion) between four atoms (i, j, k and l). Atoms are
represented as red spheres and bonds shown as black rods.

Improper Dihedrals

The improper dihedral function is used to maintain chirality on a tetrahedral ex-

tended heavy atom, or to maintain planarity of certain bonded atoms (Fig. 2.4). This

function is defined by three sequential atoms, i, j, and k, which are centred on a fourth

atom, l. The function also employs a harmonic potential used to restrain the angles

along the four atoms, as defined by the planes of ijk and jkl. The improper dihedral

potential takes on the form:

Vimpropers(ξijkl) = 1
2kξ(ξijkl − ξeq

ijkl)2 (2.9)

where ξeq
ijkl is the reference value of the angle, ξijkl, and kξ is the force constant.
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Fig. 2.4: Improper dihedral angle (torsion) between four atoms (i, j, k and l). Atoms are
represented as red spheres and bonds shown as black rods.

2.1.3 Non-Bonded Interactions

Non-bonded interactions occur between all atoms within a system, independent of the

specific bonding relationships between atoms [109]. Non-bonded terms are usually

defined by two components: van der Waals interactions and electrostatic interactions.

These terms are added together to calculate their contribution to the potential energy

of the system:

∑
Vnon−bonded =

∑
VV DW +

∑
Velectro (2.10)

Van der Waals Interactions (Lennard-Jones Potential)

The Lennard-Jones (LJ) potential (12-6 function) is the best known approximation

used to calculate van der Waals interactions in MD simulations [109]. This potential

can be rapidly evaluated, which is important given that calculation of the non-bonding

interactions is the most computationally demanding task within an MD simulation.

Two components are considered within this potential: an attractive component (r6)

which acts over long-range distances, and originates from instantaneous dipole in-
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teractions (London dispersive forces), and a repulsive component (r12), which acts

over short distances, and is related to overlapping electron orbitals (Pauli exclusion

principle) [109]. These terms are described by the following function:

VV DW (rij) = 4ϵij

[σij

rij

]12

−
[
σij

rij

]6
 (2.11)

The interaction energy between two atoms, i and j, is most favourable at a par-

ticular inter-atom distance (σij

rij

6). However, the interaction energy rapidly increases

when these atoms come closer together, resulting in the repulsive part of the function

(σij

rij

12) . The depth of the well describing the interaction energy between two particular

atoms is defined by ϵij, representing the attractive forces between atoms i and j. The

distance between the atoms is defined by rij (Fig 2.5) and σij defines the distance at

which the energy between the two atoms equals zero (collision distance).

Fig. 2.5: Van der Waals interactions between a pair of atoms (i and j). Atoms are repre-
sented as red spheres and bonds shown as black rods.

One disadvantage of the LJ potential, in terms of computational cost, is that it

has an infinite range, where the forces become infinitely weak at long distances. This

is highly demanding to compute as the forces must be evaluated for every pair of

particles within a simulation. A cut-off is therefore introduced to reduce the number

of calculations performed for atom pairs at large distances. In this thesis, a cut-off

is placed at 1.2 nm and a smoothing of the potential from 0.9 nm to avoid artefacts
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arising from an abrupt cut-off.

Coulombic Interactions

Electrostatic interactions within a system arise through differences in electronega-

tivity of atoms, resulting in an unequal charge distribution across the molecule (polar-

isation). Charge distribution is often represented as fractional point charges through-

out a molecule, which are designed to reproduce the electrostatic properties of the

molecule. In classical MD simulations, the point charges are often confined to the nu-

cleus of the atoms, referred to as partial charges (Fig. 2.6) [109]. The potential energy

arising from the electrostatic contributions between two atoms, i and j, at distance rij

within a system is usually evaluated using Coloumb’s law:

Velectro(rij) = qiqj

4πϵ0ϵ1rij

(2.12)

Where the partial charges on each atom are represented by qi and qj, whilst ϵ0

is a term related to the permittivity of free space, and ϵ1 is related to the relative

permittivity of the medium.

Fig. 2.6: Electrostatic interactions between a pair of atoms (i and j), where ϵ represents
the dielectric constant of the surrounding medium. Atoms are represented as red
spheres and bonds shown as black rods.

Electrostatic interactions generally extend over a much larger distances than van

der Waals interactions, resulting in a huge computational cost if they were to be
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calculated for every atom pair within a system. The treatment of electrostatics can be

addressed by employing different methods, which generally involve the use of a cut-off.

These are discussed later on.

Potential energy function

Considering all bonding and non-bonding interaction terms, the general form of

the potential energy function applied in most forcefields corresponds to [109]:

V (rN) =
∑

bonds

kij

2 (rij − beq
ij )2 +

∑
angles

kijk

2 (θijk − θeq
ijk)2 +

∑
torsions

kϕ(1 + cos(nϕijkl − ϕeq
ijkl))

+
∑

impropers

kξ

2 (ξijkl − ξeq
ijkl)2 +

N∑
i=1

N∑
j=i+1

4ϵij

(σij

rij

)12

−
(
σij

rij

)6
+ qiqj

4πϵ0ϵ1rij


(2.13)

2.1.4 Integration Methods

The potential energy function provides a description of the forces between the atoms in

a particular system. Once this description is obtained, MD simulations employ finite

difference methods to integrate the equations of motion to compute the positions of

atoms accordingly. Integration is broken down into many discrete, small stages, each

separated by a fixed time δt [109]. The total force on each particle is then calculated

as the vector sum of its interactions with other particles. The accelerations of each

of the particles is then calculated as a function of these forces, which are combined

with the positions and velocities of the atoms at time t to calculate the positions and

velocities at time t + δt.

A variation of the Verlet algorithm is used to integrate the equations of motion

in this thesis, called the leap-frog algorithm [111]. The leap-frog algorithm calculates

the atomic positions (r) at time t + δt by evaluating atomic velocities (v) at half time
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step intervals (1
2δt), taking on the following forms:

r(t + δt) = r(t) + v(t + 1
2δt)δt (2.14)

v(t + δt) = v(t − 1
2tδt) + δta(t) (2.15)

where atomic accelerations (a) are calculated by applying equation 2.2. The algo-

rithm is implemented by first calculating the velocities at t - 1
2δt, and the accelerations

at time t to predict the velocities at time t + δt (2.15). These velocities are then used

to derive the positions of the atoms at r(t + δt) using the positions at r(t) (2.14).

Therefore, the velocities are calculated between t - δt and t + δt, thus "leap-frogging"

over the atomic positions.

When initiating a MD simulation from an initially static state, random velocities

are assigned to each particle to provide "starting" velocities, obtained from a Maxwell-

Boltzmann distribution at a user-defined temperature.

2.1.5 Forcefields

The ability of an MD simulation to provide useful results relies heavily on the accuracy

of the interaction parameters employed by the forcefield used to perform the simula-

tion. These differ depending on the forcefield used for simulation. The development

and parameterisation of forcefields, as well as their appropriate use, is therefore of

great importance. Generally, forcefields are parameterised on as much experimental

data as possible. The references for bonds and angle values are generally obtained

from X-ray crystallography data of small and large molecules, and their corresponding

force constants from spectroscopy data, such as infrared spectroscopy [109, 112]. Fur-

thermore, thermodynamic data are used in the parameterisation of small molecules
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in the OPLS and GROMOS forcefields, whilst NMR data are used in the AMBER

forcefields [112–114]. Quantum mechanical (QM) calculations are often used to sup-

plement the available experimental data, for example in generating torsion parameters

and atomic partial charges [109].

Given that individual forcefields can employ different parameterisation methodolo-

gies, often optimised to be used under specific conditions, the mixing or transfer of

parameters between forcefields should be avoided [115]. Furthermore, forcefields can

inherently differ in their description of particular molecules, specifically in their treat-

ment of hydrogen atoms. For example, all-atom forcefields such as CHARMM and

AMBER treat hydrogen atoms explicitly [116, 117], whereas "united-atom" forcefields

such as GROMOS treat hydrogen atoms implicitly by combining their parameters

with their associated parent carbon atom parameters [112]. This approach reduces

the computational cost of performing the simulation, whilst maintaining accuracy in

simulating systems for which the forcefield was intended. It is therefore important to

consider the general applicability of a particular forcefield to a specific system before

conducting the simulation.

2.2 Simulation Methods

Many techniques employed in MD simulations focus on optimising accuracy and/or

reducing the computational cost of running the simulation. The methods employed in

this thesis are listed below.

2.2.1 Time Step

The time step determines how frequently the equations of motion are integrated during

the simulation, and can differ depending on the simulation method, forcefield, and
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system. There is a balance in choosing a time step that is both accurate and efficient;

too large a time step will result in simulation errors, whilst very small time steps will

considerably limit the amount of phase space sampled within a particular time frame.

A generally applied rule recommends using a time step that is ~10 times smaller than

the fastest motion occurring in the system. In flexible molecules, the highest-frequency

vibrations are generally due to bond stretches, particularly those of bonds to hydrogen

atoms. For example, a C-H bond vibrates with a repeat period of ~10 fs [109].

As will be discussed in a future section, constraint algorithms can be applied to

increase the time step used to integrate Newton’s equations of motion, reducing the

computational load of simulating the system by reducing the number of times the

equations must be integrated. In this thesis, a time step of 2 fs is applied for all

atomistic simulations, whilst a time step of 10-20 fs is applied for all coarse-grained

simulations. The use of a larger time step for coarse-grained simulations will be

discussed in a future section.

2.2.2 Periodic Boundary Conditions

A simulation system can often be restricted in size regarding computational feasibility.

Periodic boundary conditions (PBC) are a method commonly employed to reduce the

number of particles simulated in a system, whilst still mimicking bulk behaviour. To

achieve this, PBC replicates a central simulation box in all dimensions around the

central box and allows particles to diffuse in and out of the box, reappearing on the

opposite side (Fig. 2.7). By applying this method, there are no edge restrictions

on the central simulation box that would otherwise produce artefacts in the system.

For example, simulation of a box of water particles of finite size without PBC would

result in the water coming into contact with the surrounding vacuum at the box edge,

producing unnatural forces on the atoms and spurious results [109].
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Fig. 2.7: Image demonstrating the concept of periodic boundary conditions. The central
simulation box (shaded grey) is replicated in the x, y, and z dimensions. The
particles (black and red dots) are able to diffuse from one simulation box into
the next, through the periodic boundary conditions. Their periodic image is then
reproduced in the neighbouring box, as demonstrated by the red dot.

Given that particles are able to diffuse through the periodic boundaries, the inter-

actions occurring between atoms within the system also function across these bound-

aries. Care must be taken to ensure that the initial size of the simulation box is large

enough such that one particular atom does not see its own image through the peri-

odic boundary, resulting in unphysiological interactions. Here, the minimum image

convention can be applied in combination with cut-off schemes that limit the number

of particle interactions considered within a particular time step, avoiding artefacts.

2.2.3 Temperature and Pressure Coupling

In order to replicate general experimental conditions, MD simulations are usually

performed in the NPT ensemble, in which the number of particles (N), pressure (P),
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and temperature (T) of a simulation are kept constant [109]. Other commonly sampled

ensembles include the NVT ensemble, in which the volume (V) of the simulated system

is kept constant, and pressure is allowed to fluctuate. All simulations performed in

this thesis were performed using either the NPT or NVT ensemble.

Temperature and pressure algorithms are used to maintain an overall constant

energy of the system, and can be set to reproduce various conditions to match experi-

ments. In this thesis, atomistic simulations were performed using the Velocity-rescale

thermostat and the Parrinello-Rahman barostat [118, 119]. Coarse-grained simula-

tions were performed using the Berendsen thermostat and Berendsen barostat [120].

2.2.3.1 Thermostat Algorithms

The effects of temperature on the evolution of a system in MD simulations are imple-

mented by relating temperature to the time average of system’s kinetic energy [109].

The kinetic energy (K ) of a system is a function of the momenta (p) of the individual

particles and their masses (m), as shown by:

K(p; m) =
N∑

i=1

p2
i

2mi

=
N∑

i=1

1
2miv2

i (2.16)

where v represents the velocity of particle i. Temperature can therefore be approx-

imated in the MD simulation by scaling the velocities of the particles in function of

their kinetic energy at a defined temperature. Thermostat algorithms achieve this by

coupling the system to an external heat bath that is fixed at the desired temperature

(Tbath), acting as a source of thermal energy, supplying or removing heat from the

system as appropriate. The velocities are scaled at each time step, employing a cou-

pling constant (τ) that determines how tightly the bath and the system are coupled
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in maintaining the system at a particular temperature (T ) at time t:

dT (t)
dt

= 1
τ

(Tbath − T (t)) (2.17)

The change in temperature (∆T ) between successive time steps (δt) is therefore

given by:

∆T = δt

τ
(Tbath − T (t)) (2.18)

and the scaling factor for the velocities is defined as:

λ = 1 + δt

2τ

(
Tbath

T (t) − 1
)

(2.19)

If τ is large, the coupling between the external bath and the system is weak, al-

lowing temperature to fluctuate, whereas if τ is small, the coupling is stronger and

fluctuations are minimised. This relatively simple scheme is employed by the Berend-

sen thermostat [120], which is stable and easy to implement. However, this thermostat

does not possess a conserved quantity and is not associated to a well-defined ensem-

ble. Despite these limitations, it has been shown that the Berendsen thermostat yields

approximately correct results for many calculated properties for large systems (on the

order of 100s-1000s of particles) [121]. Furthermore, this thermostat was used in the

parameterisation of the coarse-grained forcefield employed in this thesis, as will be dis-

cussed below. Consequently, for reasons of consistency and efficiency, the Berendsen

thermostat was employed for all coarse-grained simulations performed in this thesis,

which consisted of larger systems composed of several thousands of particles. Impor-

tantly, separate coupling baths are used for different parts of the system (e.g water

molecules are coupled separately from protein molecules) in order to avoid the problem

of "hot solvent, cold solute", in which the "temperature" of the solvent is higher than

that of the solute, even though the overall temperature of the system is at the target
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value.

Variations of the Berendsen thermostat have been developed to address the afore-

mentioned limitations, particularly for smaller systems. One such thermostat is the

Velocity-rescale thermostat, which introduces an additional stochastic term that en-

forces sampling of the correct kinetic energy distribution [118]. Specifically, a defined

quantity is implemented in the algorithm that can be used to verify that the simula-

tion generates configurations belonging to the desired ensemble [118]. This is achieved

by applying the following procedure:

1. Evolve the system for a single time step using the equations of motion;

2. Calculate the kinetic energy;

3. Evolve the kinetic energy using continuous stochastic dynamics;

4. Rescale the velocities in order to enforce this new value of the kinetic energy.

Rescaling of the velocities is implemented by calculating a rescaling factor (λ) that

enforces a canonical distribution of the kinetic energy (K ). The target value of the

kinetic energy (Kt) is selected using the stochastic procedure, and the rescaling factor

is defined as:

λ =
√

Kt

K
(2.20)

This method then rescales the velocities according to λ, simulating the effect of temper-

ature within the system. The Velocity-rescale thermostat is employed in all atomistic

simulations performed in this thesis.

2.2.3.2 Barostat Algorithms

Just as a macroscopic experimental system changes volume in response to pressure, the

volume of a simulation box can be scaled to maintain a constant pressure in the NPT

ensemble. Similar to the thermostat algorithms mentioned above, constant pressure
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can be implemented by coupling the system to an external pressure bath:

dP (t)
dt

= 1
τp

(Pbath − P (t)) (2.21)

in which P(t) is the pressure component at time t, Pbath is the pressure of the

pressure bath, and τ p the coupling constant. The volume of the simulation box is

then scaled by a factor λ and is related to the isothermal compressibility of the system

(κ):

λ = 1 − κ
δt

τp

(P (t) − Pbath) (2.22)

This method is employed in the Berendsen barostat [120], which is applied in

coarse-grained molecular dynamics simulations reported in thesis. This was chosen,

similar to the Berendsen thermostat, for reasons of consistency and efficiency, match-

ing the algorithms used in parameterisation of the coarse-grained forcefield used for

simulation. Furthermore, in order to maintain the correct structural properties of

phospholipid bilayers (e.g surface tension, area/lipid), semi-isotropic pressure coupling

is used for all phospholipid bilayer simulations (x-y plane of the bilayer is coupled to a

separate pressure bath than the z plane), in accordance with the simulation parameters

for similar systems using the coarse-grained forcefield [122].

Conversely, the Parrinello-Rahman barostat was employed in all atomistic simu-

lations in this thesis. This barostat extended the Berendsen method by making each

unit vector of the simulation box independent, allowing dynamic shape change of the

box in an anisotropic manner [123]. The algorithm was initially formulated to study

systems under conditions of stress, such as external pressure [123]. In order to allow

dynamic shape change of the simulation box in response to that stress, the shape and

volume of the box was described by three vectors (a, b, c), represented by a 3x3

matrix (h) with columns representing the components of a, b and c. The box volume
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(V ) was therefore given by:

V = det h = a · (b × c) (2.23)

where det = the determinant of the h matrix. Consequently, the position of particle

i (ri) could be written in terms of h and a column vector si, with components ξi, ηi,

and ζi, as:

ri = hsi = ξia + ηib + ζic (2.24)

where 0 ≤ ξi, ηi, ζi ≤ 1. The square of the distance between particles i and j is

given by:

r2
ij = sT

ijGsij (2.25)

where G represents the metric tensor at temperature (T ):

G = hT h (2.26)

Using these representations of box volume and shape, the equations of motions to

implement the Parinello-Rahman barostat were derived from the Lagrangian (L):

L = 1
2

N∑
i=1

miṡT
i Gṡi −

N∑
i=1

N∑
j>i

U(rij) + 1
2WTrḣT ḣ − pV (2.27)

where p is the pressure imposed on the system, W is a constant with the dimensions

of mass, mi is the mass of particle i, U represents the potential energy of the system,

and Tr is the trace operation on matrix h.

Use of the Parinello-Rahman barostat matches the algorithms employed in pa-

rameterisation of the GROMOS forcefields used for atomistic simulations within this

thesis. All simulations were performed at a reference pressure of 1 bar.
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2.2.3.3 Particle Mesh Ewald

One of the most computationally demanding tasks in an MD simulation is calculation

of the electrostatic interactions between the atoms within the system. These interac-

tions are long-range and scale exponentially with the number of particles within the

system. The small rate of decay of the electrostatic potential additionally prevents the

use of hard cut-offs when considering methods to reduce the number of calculations re-

quired to accurately model the system. The Particle Mesh Ewald (PME) method is an

electrostatic summation method that addresses this issue [124]. Here, the interaction

is split into two parts, a short range potential, and a long range potential. The short

range potential is calculated in real space, which converges quickly, whereas the long

range potential is calculated in Fourier space, allowing this component to also converge

quickly. Given that both these components converge relatively rapidly, the number

of electrostatic interactions considered for a particular atom can still be limited by

imposing a cut-off, thus only losing slightly in accuracy, but gaining considerably in

efficiency.

All atomistic simulations were performed using the PME method for calculation

of electrostatic interactions.

2.2.3.4 Constraints

Atomistic systems generally contain flexible molecules, which involve translation, ro-

tation, torsion, and vibrational motions. However, these high-frequency motions (e.g

bond stretches) within the system are usually of less interest than lower frequency

modes (e.g conformational changes). Constraint algorithms may be applied to con-

strain, or "fix", certain degrees of freedom within a system, allowing the use of a larger

time step and reducing the frequency at which Newton’s equations of motion are inte-

grated during the simulation. For example, the distance between two hydrogen atoms
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within a water molecule can be constrained to maintain a certain value, which is sim-

ply reset at each time step such that this value remains constant. Constraints are

particularly useful in simulations of biological systems that involve large numbers of

water molecules, in which evaluation of each particular H-O bond at each time step

would impose a large computational demand.

However, it is important that the constrained degrees of freedom are only weakly

coupled to the remaining degrees of freedom, such that the constraint algorithm does

not compromise the overall flexibility and motion of the molecule. In this thesis,

constraints are only applied on bonds involving hydrogen atoms (high-frequency) using

the LINCS algorithm [125], enabling the time step to be increased from 1 fs to 2 fs for

atomistic simulations.

2.2.3.5 Position Restraints

Similar to constraints, position restraints can be applied to restrain particular atoms

in their x, y, or z coordinates within a system. Position restraints work by applying

harmonic potentials to minimise the deviation of a particular angle or bond from a

specific value by imposing a large energetic penalty that scales with a user-defined

force constant. Position restraints are typically applied during the equilibration phase

of preparing a system for simulation, and are usually applied to the backbone atoms

of, for example, a protein molecule, allowing the rest of the system to relax around

this molecule. Restraints can also be used during the production simulation.

2.3 Energy Minimisation

Energy minimisation is an essential method used to generate an acceptable system

configuration prior to simulation using MD [109]. Energy minimisation allows the

particles within a system to adjust their positions and spatial relationships, such that
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the forcefield parameters defining these interactions are more accurately matched,

without performing a full MD simulation. For example, the side chains within a

protein molecule are able to adapt their locations to find the closes energy minimum

during energy minimisation, reducing steric clashes with other system particles such

as water molecules. This occurs in an iterative manner, prompting the system to find

respective energy minima until a user-defined number of iterations is reached, or until

the algorithm converges to a value that is smaller than a user-defined maximum force

(e.g 10 kJ mol-1).

The steepest descent algorithm is applied in this thesis. The method uses a line-

search approach to find energy minima, which is independent from the previous step,

and most effective for energy minimisation of systems far from their minima.

2.4 Coarse-grained Forcefields

Much of this chapter has described approaches used to reduce the computational time

required to perform an MD simulation. Despite these efforts, atomistic simulations, in

which each atom within a system is explicitly represented, are typically restricted to

several hundred nanoseconds on readily available computational resources. Whilst this

allows certain molecular properties to be investigated in detail, larger-scale systems

often require longer simulations times to achieve equilibrium and/or to reveal interest-

ing properties. Many biological behaviours, such as protein dimerisation or association

with interfaces, occur on longer timescales, often up to tens of microseconds, and thus

remain inaccessible using atomistic simulations on standard computational resources.

Furthermore, depending on the property of interest, many systems require simulation

over multiple repeats in order to obtain convergence and provide adequate statisti-

cal sampling, thus necessitating the generation of large simulation ensembles [126].

Atomistic simulations are therefore not only limited by the total number of particles
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within a system, but also by the number of repeat simulations necessary to obtain

convergence for certain properties, such as the packing mode of two transmembrane

helices [126].

Coarse-grained (CG) forcefields have been developed in order to address some of the

limitations imposed by the computational demands of atomistic simulations. These

methods tend to employ more approximate representations of the particles within a

system to significantly reduce the number of particles to be simulated, and commonly

implement short-range potentials for evaluation of non-bonding interactions, thereby

dramatically reducing the computational time required to perform an MD simulation.

Consequently, large-scale systems and events, such as bacterial signalling [127], lipid

packing within whole virus particles [128, 129], and larger sampling of protein-surface

binding interactions [130, 131], become accessible on relatively standard computational

setups. These simulations allow evaluation of system properties, such as clustering of

lipids and diffusion within complex membranes [128, 130], that would otherwise be

very difficult to access using atomistic simulations. Naturally, the results from CG

simulations need to be validated by comparison to experimental measurements, or

indeed atomistic simulations of (smaller) systems. Encouragingly, it has been shown

that certain coarse-grained systems perform well, reproducing experimental properties

such as protein-lipid clustering and membrane dynamics [130, 132, ], demonstrating

the utility of CG simulations. In this thesis, the Martini coarse-grained forcefield

(version 2.2) is used to simulate all CG systems.

2.4.1 Martini Forcefield

The Martini forcefield is an off-lattice model that, on average, maps 4 heavy atoms

into a single interaction site or "bead" [133]. Importantly, hydrogen atoms are not

considered within the Martini forcefield, given their small size and mass. For example,
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a butane molecule would be represented as one CG particle, such that the hydrogen

atoms associated with the carbon atoms are not taken into account within the 4:1

mapping scheme.

The first version of the Martini model was parameterised based on structural,

dynamical, and thermodynamic data for simulations of lipid systems. Four different

bead types were introduced in order to represent the underlying atomistic structure,

based on chemical nature:

• polar (P) beads representing neutral atom groups easily dissolved in water;

• nonpolar (N) beads representing hydrophobic moieties;

• apolar (C) representing mixed groups of both polar and apolar nature;

• charged (Q) representing ionised groups.

In addition to these four bead types, a further four subtypes can be defined for the

polar and charged particles (0, d, a, da) representing hydrogen bonding capabilities,

where d = donor, a = acceptor, 0 = neither, da = both. For example, a non-polar

group able to accept and donate hydrogen bonds, such as 1-butanol, is represented by

an Nda bead. The masses of the individual beads are also set to 72 atomic mass units

(amu) to enhance computational efficiency [133].

Given the 4:1 mapping scheme, most lipid molecules are represented by 12-16 bead

particles, depending on the length of hydrocarbon tails (Fig 2.8).
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Fig. 2.8: Representations of the bead types within the Martini forcefield, showing wa-
ter, ions, DPC (dodecylphosphocholine), and DPPC (dipalmitoylphosphatidyl-
choline). Figure based on [133].

Bonded interactions between particles within the same molecule are treated using

the same principles as atomistic forcefields, and are modelled by harmonic potentials

and restraints. Non-bonded interactions are described using the LJ potential, where

the interaction strength between individual bead types is defined by altering the σ

(effective minimum distance) and ϵ energy well depth parameters of this potential.

An interaction matrix is used to define how each bead interacts with all the other

bead types. Electrostatic interactions are treated using the Coulomb potential where

only groups bearing a full, or close to full, charge are evaluated by the Coulomb po-

tential; other small partial charges are implicitly represented within the LJ potential

interactions. LJ and electrostatic interactions are shifted to a value of zero between

0.9 nm to 1.2 nm for LJ interactions, and between 0 and 1.2 nm for Coulomb interac-

tions. Therefore, long range electrostatic interactions are not taken into account and

a dielectric constant is imposed to mimic the surrounding environment outside of this

cut-off [133].

Parameterisation of the non-bonding interactions terms was mainly based on ther-

modynamic data such as free energy of hydration, vaporisation, and partitioning free
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energy between polar and apolar phases for each of the bead types. These data were

compared to experimental values of similar molecules, and optimised to reproduce

the experimental values as closely as possible [133]. For example, the partitioning

free energy of water in hexadecane of 24 ± 2 kJ mol-1 calculated from CG simulation

compared well to the experimental value of 25 kJ mol-1. Simulations of self-assembled

lipid systems allowed the calculation of other properties, such as area/lipid and lipid

order parameters, which were compared to atomistic simulations and experimental

values of the same systems. Both thermodynamic and structural properties were

semi-quantitatively reproduced within the model, allowing accurate reproduction of,

for example, the phase transitions of lipid systems [133].

However, although the variables of the CG system (e.g densities, energies, temper-

ature, length scales) keep their physical meaning compared to atomistic and exper-

imental systems, this is not necessarily true for the time scale. Due to the reduced

number of interactions sites within CG representations, the dynamics of the CG sys-

tem are faster compared to atomistic systems. Specifically, the reduced number of

degrees of freedom and larger particle sizes result in smoothening of the free energy

landscape underlying system, such that the friction arising from the atomic degrees of

freedom are simply missing [134]. Importantly, this factor affects all of the dynamics

in the system. For example, the diffusion of CG water particles (representing four

individual atomistic water molecules) is effectively sped up by a factor of 4 compared

to real water. This means that the diffusion of CG water only compares well to that of

real water after scaling by a factor of 4. Calculation of other diffusion constants in CG

systems reveal that the effective time sampled by the Martini CG model can be up to

2- to 10-fold larger than atomistic systems [134]. Interestingly, global events such as

the aggregation of lipids into vesicles, also occur on a comparable time scale to atom-

istic simulations after a 4-fold scaling [135], however sampling of the configurational
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space of liquid hydrocarbons is observed to be 5- to 10-fold faster in CG simulations vs

atomistic simulations [136]. Consequently, the interpretation of time scale within CG

simulations is not straightforward. As a first approximation, a standard conversion

factor of 4 is generally applied to compare the time scales of sampling in CG simula-

tions with atomistic simulations, however it is important to be aware that time scale

has a different meaning in CG simulations compared to experimental/atomistic data

[133, 134]. Thus, all of the simulation times reported in this thesis correspond to the

unscaled simulation times, and were not subject to any conversion factors.

Furthermore, the simulations described in this initial version of the Martini force-

field were performed using a time step of 50 fs, which is much larger compared to

2-5 fs time step generally applied in atomistic simulations. The reduced number of

particles, use of short-range potentials, and increased dynamics due to the nature of

the CG model allows a speed up of 3-4 orders of magnitude compared to atomistic

simulations. However, as will be detailed below, 10-20 fs time steps are more com-

monly applied in order to maintain numerical stability of the simulations, particularly

as system complexity is increased.

Martini Forcefield: Extension to Proteins

Further parameterisation of the Martini forcefield over the years has resulted in

elaboration of the systems that can be simulated using this forcefield. With the pub-

lication of the Martini 2.1 forcefield, additional bead types were introduced that were

able to model ring particles, such as the side chain of histidine residues, allowing the

simulation of proteins [122]. The mapping scheme was adjusted for these structures,

employing either a 3:1 or 2:1 scheme. Consequently, the van der Waals radii (σ) of

beads representing ring structures were reduced from 0.47 nm to 0.43 nm, and the

well-depth (ϵ) of the LJ potential was scaled to 75% of the original value. These beads
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were termed "special" beads, designated with an "S" prefix in their classification (e.g

SC1).

Furthermore, an additional description of 5 subtypes was implemented denoting

the degree of bead polarity, ranging from 1 (low) to 5 (high) for each of the standard

Martini bead types (P, N, C, and Q). A mapping scheme was devised for all 20 amino

acids, mainly based on water/oil partitioning data of amino acid analogues compared

to experimental measurements of similar molecules, providing a basis for parameteri-

sation of the non-bonding interactions [122]. Potential of mean force calculations were

employed in cases where different particles produced similar results, allowing refine-

ment of the parameters of different amino acids. Consequently, the total range of

potential energies describing the interactions were increased from 5 levels (I = attrac-

tive - V = repulsive) to 10 separate levels (O - IX) to more accurately differentiate

between different interaction energies. The resultant bead representations for all the

amino acids modelled within the forcefield, classified according to chemical nature, are

shown in Fig. 2.9.

Fig. 2.9: Representations of the amino acid bead types within the Martini 2.1 forcefield,
highlighting the difference in chemical nature between each representation. Figure
reproduced from [122].
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Parameterisation of the bonding interactions between amino acids was based on

a set of 2000 protein structures extracted from the PDB. The secondary structure of

every residue was determined using the DSSP program [137], providing distributions

for bond lengths, bond angles, and dihedral angles for all combinations of amino acids

and secondary structures [122]. The bonded parameters for the CG models were

then assigned to match the bond length, angle, and dihedral distributions for each

secondary structure type calculated from the reference PDB protein structure basis

set, and further analysed by extracting another set of protein structures from the PDB

and comparing the CG model distributions to this new parameter set. The results

were found to be nearly indistinguishable from the original basis set. Subsequently,

multiple simulations were performed on short test peptides, in which the CG bead was

placed at the centre of mass for the mapped group (on average, 4 atoms), in order to

provide parameter values for the force constants employed in the bonded potentials.

Some approximations were made in modelling a particular secondary structure

type in order to minimise the number of parameters, such that all beta structures

are approximated as extended, while 310-helix and π-helix are modelled as α-helices.

Furthermore, the backbone-backbone bond lengths were all set to 0.35 nm regardless

of secondary structure, matching the average calculated from PDB crystal structures

[122]. Other bonded parameters, such as angles, were set to be dependent on secondary

structure for backbone-backbone bonds, however dihedral angles were only imposed

when four interacting beads corresponded to the same secondary structures, as as-

signed by the DSSP program [137]. Conversely, backbone-side chain and side chain-

side chain bond lengths and force constants were independent of secondary structure,

and amino acid dependent. The dihedral angle interaction potentials thus attempt to

restrain protein secondary structure in order to match the starting, input structure

of the protein. Currently, a freely available program (martinize.py) can be used to
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"coarse-grain" an input protein structure, and was used to generate all CG protein

structures in this thesis.

Due to the substantial extension of the parameter set within the Martini 2.1 force-

field, the recommended simulation time step is reduced to 10-20 fs depending on

system complexity and stability. The CG simulations performed in this thesis, which

involved proteins, were performed with this in mind.

Further extension of the Martini 2.1 forcefield to the Martini 2.2 forcefield ad-

dressed errors and inaccuracies in the earlier version [138]. Most importantly, the

forcefield reparameterised numerous protein side chain beads to more accurately match

atomistic simulations, particularly for side chains with rings such as phenylalanine

residues. Additionally, the optimised parameter set addressed binding behaviour of

proteins and peptides, including interfacial orientation, at membrane surfaces [138].

All CG simulations in this thesis were performed with the Martini 2.2 forcefield.

Elastic Networks

Elastic network models were originally introduced to describe the motions and

flexibility within biomolecules, including protein conformational changes and dynam-

ics, as an alternative to normal mode analysis. Traditional elastic network models

describe the protein structure as a network of point masses connected by springs, rep-

resenting the bonded interactions. These models were strongly influenced by previous

work describing the dynamics of polymers [139], and were shown to reproduce the

frequency spectrum of proteins remarkably well [140]. The Gaussian Network Model

was introduced as a variant of the elastic network model at the residue level, aiming

to predict amino acid fluctuations based on experimental β-factors (thermal fluctua-

tions), thus assuming that amino acid fluctuations are isotropic and gaussian [141].

These interactions are applied to residues located within a particular range, or cut-off

distance. Consequently, the dynamics of the protein is entirely defined by the network
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topology [141].

Simulations employing the Martini forcefields (v2.1 and v2.2) have revealed that

the dihedral angle potential is inadequate to model, and maintain, protein secondary

structure, functioning poorly when applied to large proteins, or soluble proteins that

are not stabilised by a membrane environment. This problem was addressed by the

application of elastic network models. Currently, two main elastic network models can

be applied for CG systems [142, 143]:

• Traditional Elastic Network Models: these apply additional harmonic bonds to

any two backbone particles that are within a certain distance cut-off. It is possible

to tune the elastic bonds by altering the force constant used for the harmonic

bond potential, as well as the upper and lower distance cut-off that defines where

the harmonic bonds are placed. For most systems, the spring force constant and

the distance cut-off remains the same for all particles over the network of points.

• ElNeDyn Elastic Network Model: this newer model incorporates a change in the

location of the backbone beads within the mapping scheme, placing them where

the Cα carbons usually reside [143]. Previously, the beads were positioned at

the centre of mass of the protein backbone, within the context of the 4 atoms to

which the bead is mapped [122]. This model emphasises the use of a global elastic

network, and aims to remain close to the overall input protein structure than

traditional elastic networks. Harmonic bonds are only applied to backbone beads,

and two backbone beads are only linked by the spring if the distance between

them in the crystal structure is less than the user-defined cut-off, and if they are

separated by at least two positions in the protein structure. Additionally, the

force constant applied within the harmonic bond potentials can be user-defined

(e.g 50 kJ mol-1 Å-2). Both the distance cut-off and the spring force constant

are therefore tuneable within the ElNeDyn model, and are often parameterised
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based on atomistic simulations or comparisons with experimental data, such as

NMR data.

In this thesis, the ElNeDyn network model is used to model protein secondary

structure [143]. The parameters for cut-off and force constants are individually spec-

ified depending on the system, and optimised based on atomistic simulations of the

same system.

Nanoparticle Simulations

Over the last 10 years, the Martini forcefields have been applied to simulate

nanoparticle systems, including fullerenes, carbon nanotubes, and graphite [144–147].

In 2013, Gobbo et al published a CG model of graphite that could be used to study

the adsorption and dynamics of long-chain organic molecules from solution onto the

hydrophobic surface [84]. The model aimed to provide insight into self-assembly of

biological molecules on support surfaces for nanopatterning and design of compos-

ite materials. The model was parameterised based on adsorption enthalpies of small

molecules from the gas phase and on wetting enthalpies of pure compounds, includ-

ing butane, octane, hexadecane, benzene, butanol, etc. Following this, the model was

able to reproduce the order-disordered transition of hexadecane and hexadecanol (Fig.

2.10), as well as preferential adsorption of long-chain organic compounds from organic

solvents, forming lamellar arrangements on the surface [84].
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Fig. 2.10: (A) Van der Waals representation (grey) of the Martini graphite model (5 lay-
ers). (B) Order-disorder phase transition of pure hexadeconal at 358 K (A, B)
and 368 K (C,D) and hexadecane at 328 K (E, F) and 338 K (G, H). Both or-
ganic compounds are shown as licorice representations, with alkyl C-type beads
coloured green, and alcohol P-type beads coloured red. Order-disorder transi-
tions in pure hexadecanol and hexadecane on a graphite surface. Snapshots of
hexadecanol at 358 K (A, B) and 368 K (C, D). Snapshots of hexadecane at 328
K (E, F) and 338 K (G, H). Image reproduced from [84].

Three new bead types were added to the Martini 2.2 forcefield during this param-

eterisation effort [84]:

• C1S beads, modelling alkyl groups in the middle of long-chain organic molecules

e.g docosane. The beads possess stronger lateral interactions with each other

to favour the adsorption of long-chain molecules over short-chain molecules (e.g

heptane) on the surface. Bond lengths were also increased from 0.47 nm to 0.51

nm, and a higher force constant for the angle bending potential (30 kJ mol-1 vs

57



Methods

25 kJ mol-1) was implemented to reproduce the straightened chain behaviour on

the surface.

• C1E beads, representing the end group of long-chain organic molecules, which

also interact with each other more strongly than other bead types.

• SG4 beads, modelling the graphite surface. The bead falls within the S-type

class due to the 2:1 mapping scheme, resulting in a reduced size and LJ potential

energy well depth (scaled to 75% of the original value). The scheme allows the

surface to be stabilised by non-bonded interactions only, enabling the simulation

of very large graphite surface areas [84].

The graphite surface was composed of hexagonally packed SG4 beads with a bead-

bead distance of 0.27 nm. A very strong LJ ϵ well-depth parameter of 102 kJ mol-1 was

used to maintain this distance, and a modified σ parameter of 0.27 nm. The graphite

was also treated as a static surface, modelled as "frozen" using a temperature of 0 K

for part of the system during simulation.

A variation of the graphite model was employed in this thesis, studying adsorption

of lipids and protein molecules to the support.
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Polarisable Water

In order to capture screening of charged interactions by surrounding solvent in a

local environment, a CG polarisable water model was developed for simulations with

the Martini forcefield [148]. In contrast to the standard Martini water model, three

beads were used to represent four water molecules in the polarisable model, rather

than one (Fig. 2.11). The central bead was modelled as neutral and interacted with

other system particles through LJ interactions, identical to the standard Martini water

model. Additional beads, WP and WM, are bound to this central particle and carry

a positive (+q) and negative (-q) respectively (Fig. 2.11). These beads interact with

other beads only via a Coulomb function, lacking any LJ interactions. The W-WP

and W-WM bonds were restrained at distance l, whilst self-interactions within the

same water bead are excluded, such that the WM and WP particles are "invisible" to

each other. Consequently, the charged beads were able to rotate around the central W

bead, modelled by a harmonic angle potential with an equilibrium angle (θ) and force

constant (Kθ) to control this rotation and adjust the distribution of dipole momentum

[148].

Fig. 2.11: A): The standard Martini water model. B): The polarisable water model. The
orange spheres represented the van der Waals radii of the center W particles.
Figure inspired by [148].

The polarisable water model more accurately represents the dielectric screening

properties of bulk water, and also models phase-transition temperatures more precisely.
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This water model was used for simulations with the aforementioned graphite model

in this thesis.

2.4.2 Multi-scale Simulations

Given that secondary structures of proteins were restrained by the elastic network

model employed in CG simulations, CG simulations were unable to capture large scale

structural motions or transitions in proteins. Methods have been developed that allow

the conversion of CG systems to atomistic resolution (AT), which are able to capture

these transitions [149, 150]. The conversion methods commonly involve mapping the

CG system configuration back onto atomistic descriptions of the same molecules. This

is the approach taken by the "CG2AT" method, which utilises a fragment-based fit-

ting approach in order to convert CG protein-membrane systems to atomistic detail,

supporting simulations with either GROMOS, OPLS, and CHARMM36 forcefields

[149].

The CG2AT method was employed to convert enzyme-lipid membrane systems

from CG to AT resolution in this thesis.

2.5 Non-equilibrium Simulation Methods

Non-equilibrium methods are often employed to sample states of a system that are

inaccessible using classical MD methods. This can include the characterisation of an

ensemble of conformational states of a peptide in solution, or sampling a α-helix struc-

tural transition [151, 152]. These system properties can be very difficult to sample on

the time scales of atomistic MD simulations, particularly if the system is trapped in an

energetic minimum (e.g an equilibrium state) [151, 152]. Non-equilibrium simulation

methods have been developed to address such limitations, providing insight into "rare"
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events that usually occur on time scales of milliseconds to seconds.

2.5.1 Steered Molecular Dynamics

Steered molecular dynamics simulations are useful to accelerate biological events and

explore slow and low frequency motions, such as the rotation of the γ-subunit of

ATPase, or the unfolding of fibronectin [153–156]. This acceleration is achieved by

applying an external force to a defined part of the system described by a collective

variable, which is used to drive a particular event (e.g a conformational transition)

within reasonable simulation times [157]. The collective variable (CV) describing the

event of interest can be defined as, for example, a dihedral angle, a set of distances, or

a root mean square deviation of a protein structure. Once the CV has been defined,

the external force is applied by setting a predefined moving harmonic restraint along

the CV vector. This harmonic restraint potential fixes the CV to a particular point in

space, and is then shifted along the direction of the CV over time, pulling the system

away from its initial configuration [157]. This force is implemented by modifying the

Hamiltonian (H ) describing the system into Hλ, adding the harmonic potential term

(centered on the CV) which moves linearly with time:

Hλ(R, t) = H(R) + Uλ(R, t)

= H(R) + k(t)
2 (s(R) − λ(t))2

= H(R) + k(t)
2 (s(R) − s0 − vt)2

(2.28)

where k is the spring constant of the harmonic potential, s(R) defines the coordi-

nates of the pulling group (S) which is the CV, v is the velocity at which the harmonic

potential moves along the CV vector, s0 is the initial position of the CV, and t is the

simulated time.

The force constant of the harmonic spring can be tuned such that the CV closely
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follows the centre of the moving potential during the SMD simulation, allowing the

system to sample a specific motion. The total work performed to pull the CV dur-

ing the SMD simulation can then be calculated as the integral of the modified Hλ

Hamiltonian:

W =
∫ ts

0
dt

∂Hλ(t)
∂t

(2.29)

This quantity can be useful in estimating the structural forces underlying the

simulated event, providing information about the system. Although the technique

introduces a biasing force in the system, equilibrium thermodynamic properties such

as a free energy profile, or a potential of mean force, should in principle be possible

to calculate from the simulation [158].

In this thesis, constant velocity SMD simulations were performed using the Plumed

2.1 plugin for GROMACS [159–161].

2.6 Software and Analysis

All the simulations within this thesis were performed with the GROMACS biomolecu-

lar simulation package, using GROMACS 4.6.x versions (www.gromacs.org) [161]. All

CG simulations were performed using the Martini 2.2 forcefield [122], and all atomistic

simulations were performed using the GROMOS 53A6 and 54A7 forcefields [112, 162].

The Visual Molecular Dynamics (VMD) program was used for visualisation of

trajectories and image rendering [163]. All analysis was performed using either GRO-

MACS tools or locally written Python code, occasionally employing the MDAnalysis

module for analysis of trajectory data [164].
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Chapter 3

M37 Lipase Interactions with Lipid

Interfaces

This chapter is based on the following publication: Willems, N., Lelimousin, M.,

Koldsø, H., Sansom, M.S.P. "On the interfacial activation of the M37 lipase: a multi-

scale simulation study" (accepted, BBA Biomembranes). It will discuss the use of

multi-scale molecular dynamics simulations to study the interfacial interactions be-

tween M37 lipase and different lipid surfaces. The simulations reveal a possible acti-

vation mechanism for M37, which is supported by enhanced sampling simulations and

docking studies.

3.1 Introduction

Among the fifty or so bacterial lipase proteins that have recently been identified, the

M37 lipase from Photobacterium lipolyticum represents an interesting example to ex-

plore interfacial activation. M37 exhibits a low activation energy towards triglyceride

substrates, stability in non-aqueous solvents, and catalytic activity at low tempera-

tures, due to its apparent ability to function at low temperatures (psychrophilicity)
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[165]. Some unique structural features of M37 are thought to underlie these proper-

ties, including the existence of the active site cavity and a wide oxyanion hole [166].

These structural factors are regarded as destabilising factors, possibly contributing

to a lower activation barrier for structural rearrangement, allowing catalysis at lower

temperatures. As is commonly the case in lipase structures, the protein contains an

amphipathic lid region that covers the catalytic residues of the active site, as well as

a so-called α-helical flap region (Fig. 3.1).
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Fig. 3.1: (A) Crystal structure of M37 lipase (PDB: 2ORY, 2.2 Å resolution) highlighting
the lid (cyan; residues 235-283) and active site flap (magenta; residues 94-110)
regions. (B) Close up of the lid and active site flap regions of M37 with the
catalytic triad (Ser174, Asp236 and His312) residues. (C) Electrostatic surface of
M37 (calculated using APBS [167]) shown in the same orientation as in A (blue:
positive (+1), red: negative (-1)).

The active site flap and lid regions of M37 were identified on the basis of struc-

tural comparisons with related lipase enzymes. A DALI search for structurally sim-

ilar proteins revealed that the Rhizomucor miehei lipase (RML) and Thermomyces

lanuginosus lipase (TLL) produced the highest Z-scores (measurement of structural

similarity; RML = 20.7, TLL = 20.3) [166]. Alignment of these structures revealed

the positions of the catalytic triad in M37, consisting of Ser172, Asp236, and His312.

The structural regions overlying this cavity were thus identified as the lid and active
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site flap region. In particular, the active site flap region aligned well to the previ-

ously identified lid regions of both the RML and TLL structures. Consequently, it

is thought that the lid and flap regions determine the interfacial activation of M37

[166]. In general, interactions of lipases with hydrophobic interfaces are thought to

result in a conformational transition in the lid region, exposing the active site and

allowing substrate molecules to bind [42, 168]. However, the exact nature and order

of these steps is thought to differ for different lipases and thus a general mechanism of

interfacial activation remains elusive. In this context, molecular dynamics simulations

provide a valuable approach to probe the underlying dynamic processes that deter-

mine the activity of enzymes and their behaviour in different environments [169, 170].

Simulations have been used to identify solvent-induced effects on interfacial activation

for lipases closely related to M37 (e.g TLL) [97]. Computational approaches have also

provided important insight on lipase interfacial interactions, which contributed to un-

veiling functionally important motions in these enzymes [97, 100, 171–173]. Therefore,

the analysis of M37 dynamics over different simulation time scales might be expected

to reveal key aspects of its activation mechanism.

In this chapter, a multi-scale simulation framework was used to investigate the

dynamics of M37 in different environments, including lipid interfaces and aqueous so-

lution. First, the interfacial behaviour of the lipase was analysed with two different

phospholipid bilayers of varying surface charge. These simulations suggested that M37

preferentially interacts with negatively charged membranes, correlating with experi-

mental studies of a related fungal lipase [70, 94, 174]. Second, interfacial interactions

with a natural substrate (tributyrin) revealed functionally relevant motions of the en-

zyme. A large-scale motion of the lid region was identified to open the initially closed

conformation of M37, uncovering the entry pathway of the catalytic site to the natural

substrate. This mechanism of activation provides new insights to rationally engineer
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the psychrophilic M37 lipase.

3.2 Methods

3.2.1 Coarse-grained MD Simulations

The crystal structure of M37 (PDB: 2ORY) was downloaded from the Protein Data

Bank and converted to coarse-grained (CG) representation using the Martinize script

(available at http://md.chem.rug.nl/index.php/tools2/proteins-and-bilayers). The Mar-

tini 2.2 forcefield was used for the CG simulations employing the ElNeDyn (EDM)

elastic network model to maintain the secondary and tertiary structure of the protein

[134, 138, 143]. A molecular dynamics (MD) simulation of M37 in aqueous solution

was initially performed at atomistic (AT) level. Different EDM parameters were tested

in CG simulations, using the AT simulation as a reference for protein dynamics. The

root mean square fluctuations (RMSF) and root mean square deviations (RMSD) of

Cα atoms of M37 were calculated at both AT and CG levels and then compared. This

comparison suggested that a cut-off radius of 0.95 nm and a force constant of 550 kJ

mol-1 resulted in the optimal reproduction of protein dynamics observed from the AT

simulations (Fig. 3.2).
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Fig. 3.2: RMSF and RMSD values calculated for Cα particles of M37 after AT simulation
in water, and for backbone particles after a CG simulation in water simulation.
The following ENM parameters for the M37 CG structure model were tested: (A)
550 kJ mol-1 force constant and a 0.95 nm cut-off radius, or (B) a 500 kJ mol-1
force constant and a 0.95 nm cut-off radius.

Self-assembly simulations were first performed to construct two solvated bilayers

containing 512 lipids each. A purely zwitterionic bilayer (100% DPPC) and an anionic

bilayer (20% DPPG: 80% DPPC) were built to investigate the effect of surface charge

on M37 binding. Both bilayers were symmetric in terms of lipid composition of the

upper and lower leaflets, with an distribution of 257 lipids (191 PC + 66 PG) in the

upper leaflet and 255 lipids (193 PC + 62 PG) in the lower leaflet (measured after

1 µs simulation time). The enzyme was initially placed 3 nm above the pre-formed

bilayers and then solvated. Counter ions were added to neutralise the charge of the

systems. Two different starting orientations of M37 were simulated to minimise any
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bias occurring from the initial position (Fig 3.3). Energy minimisation using the

steepest descent algorithm was performed for 200 steps followed by equilibration for

10,000 steps. Ten replicas of each starting orientation were simulated in the NPT

ensemble at 310 K and 1 bar, resulting in a set of 20 CG-MD simulations of 5 µs

each. A leapfrog algorithm was used to integrate Newton’s equations of motion, with

a time step of 20 fs. Van der Waals interactions were evaluated using a buffered Verlet

scheme, applying a cutoff of 1.1 nm, and the electrostatic interactions evaluated using

the reaction-field method, also applying a cutoff of 1.1 nm [175, 176]. The Berendsen

thermostat was used for temperature coupling (310 K) with a weak coupling constant

of 1.0 ps [120]. Semi-isotropic pressure coupling was applied using the Berendsen

barostat with a 1.0 ps coupling constant and a compressibility of 3x10-4 bar [120].
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Fig. 3.3: (A) Crystal structure of M37 (cartoon representation), highlighting the lid region
(cyan) and active site flap region (magenta). The rest of the protein is coloured in
(α-helices), yellow (β sheets) and green (loops). (B) CG representations of M37
and lipid bilayers. Two different starting orientations of M37 positioned above the
bilayers were tested (orientation 1 and 2), at varying distances (3 nm or 5 nm)
as measured from the bottom of the protein to the lipid headgroups (choline).
Individual simulations were performed with either a pure PC bilayer (left) or 80%
PC:20% PG bilayer (right). All CG particles are shown as van der Waals spheres.
Lipid choline groups are coloured dark blue, phosphate groups coloured cyan, and
glycerol groups coloured purple. Lipid carbon tails are coloured white. Protein
particles are coloured red (backbone) and orange (side chains), whilst the lid is
shown as green (backbone) and cyan (side chains) groups, and the active site flap
as light purple (backbone) and dark purple (side chains).

3.2.2 Atomistic MD Simulations

Lipid Bilayer Simulations

The final frames of selected CG M37-anionic bilayer simulations were converted to

atomistic (AT) representations using a fragment-based approach [149]. The GROMOS

53A6 forcefield and SPC water model were used for all AT simulations, conducted in
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the NPT ensemble (Table 1) [112, 177, 178]. Non-bonding interactions were consid-

ered through a buffered Verlet scheme [175]. Long-range electrostatic interactions

were treated using the particle mesh Ewald method with a real-space cutoff of 1 nm, a

Fourier spacing of 0.12 nm and a fourth-order spline interpolation [124]. Short-range

van der Waals interactions were treated within a cut-off range of 1 nm. The V-rescale

thermostat was used for temperature coupling and the Parrinello-Rahman barostat

for semi-isotropic (lipid simulations) or isotropic (tributyrin simulations) pressure cou-

pling [118, 123]. The LINCS algorithm was used to constrain bond lengths [125]. A

leapfrog algorithm was used to integrate Newton’s equations of motion, with a time

step of 2 fs. All simulations were equilibrated for 1 ns during which all the atoms in

the protein were position restrained using a force constant of 1000 kJ mol-1, prior to

performing 200 ns of unrestrained simulations.

Triglyceride (tributyrin) Simulations

The tributyrin GROMOS 54A7 AT forcefield topology and coordinate files were

downloaded from the Automated Topology Builder website

(http://compbio.biosci.uq.edu.au/atb/) [162, 179–181]. A tributryin layer was formed

by randomly inserting 731 tributyrin molecules into a 10x10x5 nm cubic box. After

steepest descent energy minimisation, 1 ns of NVT equilibration was performed at

298 K, after which the z-dimension of the box was extended to 10 nm and the system

solvated with SPC water. An additional 1 ns of NPT simulation ensured that the

density of tributyrin equilibrated to 1,026 g/L (experimental value at 298 K = 1,027

g/L) [182]. M37 was then positioned 1 nm above the tributyrin layer in the centre of

the box (distance measured from the bottom of the protein to the top of the layer),

before performing 200 ns of MD simulation.
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Steered MD Simulations

Steered MD (SMD) simulations were performed using the Plumed 2.1 plugin for

GROMACS [159, 183]. The equilibrated structure of the M37 simulations in water

was used as the starting point, applying identical simulation parameters as described

for the AT-MD simulations mentioned above. All SMD simulations were performed

using the GROMOS 54A7 forcefield. Different collective variables (CVs) were tested

to probe the lid and active site flap motions occurring though opening of the closed

form of M37 (crystal structure). The chosen CV was a distance CV defined between

the COM of the lid helix closest to the active site flap (residues 264-279) and the helix

of the active site flap itself (residues 94-110; Fig. 3.1). Different distances were tested,

ranging from 1 nm to 3 nm over individual 10 ns simulations. A harmonic bias poten-

tial was applied to the CVs, moving at a constant velocity of 1 nm ns-1 with a spring

stiffness ranging from 500-1000 kJ mol-1 (Table 1). Additionally, a pseudo-dihedral

CV was tested, defined by specified Cα atom positions of residues within the hinge

regions of the active site flap. The limit values of both the distance and the pseudo-

dihedral CVs were estimated by producing an opened M37 model based on structural

alignment of the active site flap region with an open form of TLL using the sculpting

tool in PyMOL (www.pymol.org) [56].

Docking Calculations

All docking studies were performed using the GOLD 5.0 suite [184, 185]. Protein

models consisted of either the last frame of the M37-tributyrin simulation or an equi-

librated structure of the closed form. The protein models were prepared by adding
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hydrogens with the default settings of the GOLD program. Docking of one tributyrin

molecule in the active site cavity, defined by a 1 nm radius from the position of residue

Ile235, was performed using the CHEMPLP scoring function [186].

3.3 Results

3.3.1 Interfacial Interactions of M37 with Lipid Bilayers Ex-

plored via CG Simulations

Initial coarse-grained (CG) simulations of M37 positioned above self-assembled bilay-

ers were performed to investigate interfacial interactions with lipid surfaces. Both

zwitterionic (100% PC) and anionic (20% PG:80% PC) were tested to explore the

effect of surface change on the enzyme binding and interfacial interactions (see Table

3.1)
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Simulation Forcefield Replicates

CG-MD, M37+PC bilayer Martini 2.2 6 x 1 µs

CG-MD, M37+PC/PG bilayer Martini 2.2 20 x 5 µs

AT-MD, M37+PC/PG bilayer GROMOS 53A6 9 x 200 ns

AT-MD, M37 in water GROMOS 53A6 3 x 200 ns

Steered AT-MD, M37 in water:

CV=Distance1
GROMOS 547 5 x 10 ns

Steered AT-MD, M37+tributyrin:

CV=Distance2
GROMOS 54A7 3 x 15 ns

Table 3.1: Summary of the main simulations performed in this chapter. PG/PC bilayer =
20% PG:80% PC. Different CVs were tested by steered MD simulations. The
distance CV was defined as the distance between the lid helix and the active site
flap of M37 in water. Distance1 = A spring force constant of 500 kJ mol-1 was
used and no position restraints were applied to the protein atoms. Additional
CVs were tested (detailed below). Distance2 = The distance between the C4
atom of a tributyrin molecule and the Oγ atom of the catalytic Ser174 was used
to study substrate binding in M37, performing SMD simulations with a spring
force constant of 2000 kJ mol-1.

Only transient interactions occurred with the zwitterionic bilayer and thus no bind-

ing events were observed (Fig. 3.4). A further three simulations of M37 positioned in

a different orientation above the zwitterionic bilayer were performed, which also did

not generate any bound configurations of the M37 enzyme. In contrast, preferential

and long-lasting interactions of the protein with the anionic bilayer (PC/PG) were

observed. Therefore, the following analysis refers to simulations with anionic bilayers

only. Binding events occurred over the course of all the 20 replicate CG-MD simula-

tions, within a time ranging from 100 ns to 4 µs (Fig. 3.5). Once bound, the protein

did not dissociate from the anionic lipid bilayer.
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Fig. 3.4: Interaction analysis of CG-MD simulations of M37 with pure DPPC membranes
for 3 individual replicate simulations. (A) Time evolution of the centre of mass
(COM) distance between the M37 and the lipid bilayer (d). (B) Time evolution
of the Rzz value from a rotation matrix calculation. The rotation matrix was
calculated relative a reference binding orientation of M37 with anionic bilayers
(please see Fig. 3.6 for more information). (C) The distance metric (d) plotted
against Rzz, showing the evolution of the Rzz value as a function of the distance
between M37 and the lipid bilayer for each of the simulations. The left, middle,
and right panels correspond to repeat simulation 1, 2, and 3 respectively. These
plots show the random diffusion of M37 throughout the aqueous solvent, as is
reflected in the Rzz value. The lipid headgroups of the upper leaflet of the bilayer
corresponds to d ∼ 2 nm, however binding is expected to occur when d ∼ 4 nm,
accounting for the COM of the protein. The protein therefore never interacted
with the zwitterionic bilayer.
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Fig. 3.5: Left: Time evolution of the z-component of the COM distance between M37 and
the bilayer, calculated for the first 10 replicate simulations of M37 interactions
with an anionic bilayer. Right: Time evolution of the z-component of the COM
distance between M37 and the bilayer for the last 10 replicate simulations. The
lipid headgroups of the upper leaflet of the bilayer correspond to d ∼ 2 nm,
however binding occurs when d ∼ 4 nm, accounting for the COM of the protein.

In order to analyse the binding mechanisms and the interfacial orientations of M37

on the anionic membrane surface in more detail, two collective variables (CV) were

defined: a translational CV (d), defined as the z-component of the distance between

the centre of mass (COM) of the protein and of the bilayer, and a rotational CV (Rzz),

obtained from the rotation matrix calculated with respect to a reference orientation

of the protein (Fig. 3.6). Before binding to the lipid bilayer, the protein underwent

translational and rotational motions in solution as anticipated, assessed by variations

in d and Rzz. In contrast, upon binding to the anionic membrane, the lipase showed

a small number of canonical binding orientations, although conversions between these

configurations were observed (Fig. 3.6).
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Fig. 3.6: (A) Initial system configuration for the CG-MD simulations of M37 binding to
lipid bilayers. The colour scheme is the same as in Fig. 3.3. The figure schemati-
cally represents the CVs (d and Rzz) used to describe the motion and orientation
of M37. The metric d was calculated as the z-component of the distance between
the COM of the protein relative to the COM of the bilayer. A rotation matrix was
calculated as a function of the Rzz angle that defines the transition from a given
orientation of the enzyme (orange arrows) to a reference orientation. When Rzz
= 1, the enzyme adopts the orientation of the reference structure. (B) Time evo-
lution of d and Rzz during one of the CG-MD simulations. The enzyme switched
from the Up to the Angled orientation during the simulation, as is reflected in the
value of Rzz. The inset images show the orientation of M37 at the corresponding
Rzz value. (C) The normalised density of each binding orientation calculated as
a function of d and Rzz derived from the ensemble of the 20 CG-MD simulations.
The lipid headgroups of the upper leaflet of the lipid bilayer correspond to the
bottom of the map (d ∼ 2nm).

The ensemble of 20 CG-MD simulations allowed calculation a 2-dimensional land-
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scape representing the normalised density of the binding orientations, as a function of

d and Rzz (Fig. 3.6C). Together with visual inspection of the simulations, this analysis

revealed three major binding configurations of the lipase on the bilayer surface, which I

have termed Up, Angled and Down (Fig. 3.7). The density map indicates that the Up

orientation is the most frequently sampled orientation within the simulation ensemble.

All trajectories (20) were pre-processed with the trjconv tool from GROMACS, in or-

der to remove the rotation of the protein in the x-y plane. Consequently, any variation

in the x-y plane of the protein relative to the phospholipid bilayer plane is reflected in

the Rzz value, which represents the orientation of the z-axis of the reference structure

after fitting to the z-axis of the protein in the trajectory frame. This can be seen

from the representative binding orientations of M37 producing the corresponding Rzz

values in Fig. 3.6B, in which the protein does not produce the same Rzz value for a

different binding orientation. For example, if M37 adopts an orientation similar to the

Angled orientation (Fig. 3.7A) but the active site flap region was oriented towards the

aqueous solvent rather than towards the bilayer during the CG simulation, this would

produce a different Rzz value than if the true Angled orientation was sampled during

the simulation (active site flap oriented toward bilayer). Therefore, only very small

variations in protein binding orientation will produce the same Rzz value, validating

the use of this metric to assess the interfacial binding orientations of M37 with anionic

phospholipid bilayers. This is validated further in future chapters.

The three identified orientations were further characterised by cluster analyses, i.e

extracting and concatenating all trajectory frames corresponding to a specific orienta-

tion from the whole simulation ensemble. This resulted in three compiled trajectories,

each representing all the frames that correspond to a particular binding mode within

the ensemble. First, the average number of contacts between the protein and the lipid

headgroups were calculated for each orientation (Fig. 3.7B and Fig. 3.8). Second,
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average radial distribution functions (RDF) were computed considering the two lipid

types (PC and PG) individually (Fig. 3.7C).

Fig. 3.7: (A) Representative structures of the three different orientations of M37, observed
in the CG-MD simulations, when bound to the anionic lipid bilayer (20% PG:
80% PC). The same colour scheme as in Fig. 3.3 is used. (B) Normalised number
of contacts made between the residues of M37 and either PC or PG lipids, as a
function of the protein residue number, calculated within a 0.8 nm cut-off. (C)
Normalised radial distribution functions of lipid density as a function of the dis-
tance of the protein to either the PC or the PG headgroups (choline and glycerol,
respectively). All frames corresponding to one binding orientation from the 20
replicate ensemble were combined to calculate the statistics for each individual
binding orientation. The analyses thus represent the entire ensemble rather than
an individual simulation.
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Fig. 3.8: Contacts between M37 residues and the phospholipids (PC vs PG lipids) calcu-
lated for the 20 replicate ensemble of CG simulations. All frames corresponding
to a particular binding orientation were combined to calculate the normalised
contacts. The residues that mediate contacts with the bilayer are shown on van
der Waals representations of M37 using a blue/white/red colour scale (red = no
contact, blue = greatest number of contacts). A cut-off radius of 0.8 nm was
used for. A reference structure showing the position of the lid and active site flap
regions of M37 with respect to the contact residue maps is shown on the left.

Contact analysis indicated that hydrophobic and basic residues mediated interac-

tions with PG lipids, while mainly hydrophobic amino acids formed contacts with PC

molecules (Fig. 3.8). The Up and Down binding orientations were mediated by a

larger number of basic residues interactions with anionic PG lipids relative to the An-

gled orientation. Additionally, the RDF calculations indicated a higher density of PG

lipids in the vicinity of the protein, relative to PC lipids, for all three of the binding

orientations (Fig. 3.7C). Overall, these data suggests that electrostatic interactions

promoted the interfacial interactions between M37 and the lipid bilayers, as has been
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suggested experimentally for other related lipases [70, 95, 187].

3.3.2 Atomistic (AT) Simulations of the Conformational Dy-

namics of Bound M37

Atomistic (AT) simulations were initiated from representative CG simulations frames

for each binding orientation, with the aim of studying the interfacial interactions and

conformational dynamics of M37 in more detail [149]. The AT simulations showed a

general agreement with the CG simulations regarding the protein-membrane interac-

tions for each of the three binding orientations (Fig 3.9).
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Fig. 3.9: Contact residue maps calculated for of AT-MD simulations of M37 with anionic
bilayer simulations. 3 repeat simulations were performed for each binding orien-
tation. The contacts between protein residues and the lipids within the bilayer
were calculated within a 0.4 nm cut-off. The interacting residues are represented
on van der Waals representations of M37 using a blue/white/red colour scale (red
= no contacts, blue=greatest number of contacts). Reference structures showing
the position of lid and flap regions with respect to the contact residue maps are
shown on the left.

The AT simulations (200 ns) allowed analysis of the conformational dynamics of

M37 in the three binding orientations, and comparison to simulations of the protein

in water. Interestingly, all binding orientations, except for the Up orientation, exhib-

ited larger structural fluctuations in the lid region compared to the active site flap

region, as reflected by RMSD calculations of these regions (Fig. 3.10B and C). In

particular, the Down orientation resulted in the largest RMSD value for the lid re-

gion, most likely related to its considerable solvent exposure, inducing fluctuations
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similar to those observed for the protein in solution. The increased interactions with

the membrane lipids for the protein in the Up, and to a lesser extent the Angled orien-

tation, resulted in comparatively smaller fluctuations, most likely suppressed through

additional interfacial interactions by the lid region.

Fig. 3.10: A) Final binding orientations of the AT-MD M37-bilayer simulations (after 200
ns) representing the Up, Angled, and Down binding orientations, as well as the
final structure of a simulation of M37 in water. The lid region of M37 is coloured
in cyan and the active site flap region in purple; the rest of the protein is coloured
in red (cartoon representations). The lipid tails are shown as sticks; PC head-
groups are shown as points coloured in blue, and PG headgroups are coloured
in purple. Below, time evolution of the RMSD of Cα atoms within the lid (B)
and (C) active site flap regions for each of the simulation shown in (A).

Overall, these results suggest that the interfacial interactions of M37 can affect the
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dynamics of the lid but not of the active site flap region. By inspecting the activation

mechanisms of related enzymes (e.g TLL or Rhizomucor miehei lipase (RML)), one

might rather expect functionally important motions to occur in the active site flap

region of M37 [166]. However, alignment of the final structures from the end of the AT

bilayer simulations with the crystal structure of M37 indicates that neither the active

site flap nor lid regions were significantly displaced as a function of these interfacial

interactions (Fig. 3.11). Thus, in order to identify functional motions of M37, I

investigated longer timescale motions of the lid and the active site flap regions.

Fig. 3.11: Structural alignment of the final structures from AT-MD simulations of M37
with anionic bilayers at 200 ns, aligned with the M37 crystal structure (PDB:
2ORY [166]). The alignment is shown for a side view (top panel) and top down
view (bottom panel). The images represent the final frame of simulations of M37
adopting one of the three different binding orientations (Up, Angled, and Down).
The proteins are shown as cartoon representations (grey), the lid is shown in blue
and the active site flap in red for the simulated structures (200 ns). The same
regions are shown in cyan and magenta, respectively, for the crystal structure.
The catalytic triad is shown as orange van der Waals spheres.
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3.3.3 Functionally Relevant Motions of M37 in Water

Steered molecular dynamics (SMD) simulations may be employed to investigate slow

and low frequency motions of biomolecules. A steered MD simulation accelerates

biomolecular motions by applying an external force along a collective variable (CV)

of interest, driving biologically relevant motions within shorter simulation times [188].

The aim was to define CVs able to model the possible long time scale motions

of the lid (residues 235-283) and the active site flap (residues 94-110) regions, which

could lead to opening of the closed form (crystal structure) of M37 in water. Since

there are no crystal structures of the open form of M37, the closed form was compared

to the open conformation of the structurally similar TLL (PDB: 1DT5) and Rhizomu-

cor miehei lipase (RML; PDB: 4TGL) [53]. Alignment and comparison of the two

structures (Fig. 3.12A) revealed that the lid region observed in M37 is not present in

TLL or RML. However, the active site flap region within M37 could be aligned to the

lid region of both TLL and RML, showing an evident potential shift in its position.

This information was used as a starting point to define suitable CVs for the SMD

simulations.

The first CV tested involved defining a pseudo-dihedral angle describing four con-

secutive Cα atoms within the active site flap front hinge region (CVfront), spanning

residues 90-93, residues 91-94, or residues 92-95 (3 different individual simulations).

These simulations were unable to drive any significant motion of the active site flap, or

lid region, of M37 (Fig. 3.12). I therefore extended the CVfront by including an addi-

tional term describing the pseudo-dihedral angle between consecutive Cα atoms within

the back of hinge region of the active site flap (CVback). The CVback spanned either

residues 106-109, or residues 107-110, resulting in two independent SMD simulations.

These simulations were unstable and thus did not complete successfully.
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Fig. 3.12: (A) Structural alignment of the closed M37 crystal structure (PDB: 2ORY;
grey [166]) with the open TLL crystal structure on the left (PDB: 1DT5; light
orange [56]), and the open RML crystal structure on the right (PDB: 4TGL;
light green [53]). The M37 lid and active site flap regions are coloured in cyan
and magenta, respectively. The lid regions of TLL and RML are shown in
red and blue respectively. (B) Superimposed cartoon structures of M37 (red)
showing the position of the lid helices and active site flap extracted from the
first (cyan and magenta respectively) and final (orange and blue respectively)
frames of the CVfront SMD simulation (10 ns). (C) COM Distance between the
lid helix (residues 264-279) and the active site flap helix, as a function of the
SMD simulation time. (D) Time-evolution of the cumulated work.

Next, a distance-based CV was investigated, defined as the distance between the

COM of the helical regions of the lid (residues 264-279) and of the active site flap

(94-110). This SMD protocol enabled a gradual extension of the distance between

lid and flap helices (Fig. 3.13). Multiple SMD simulations were performed using this

distance CV, all of which showed very similar structural motions (5 replicates). In

agreement with previous results, the active site flap did not significantly move from

its original position. Instead, the lid region showed a large displacement, maintaining

its α-helical fold during the simulation.
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Fig. 3.13: (A) Structures of M37 in water (omitted for clarity) extracted from different time
frames from a selected unrestrained SMD simulation using the lid-flap distance as
a CV (schematically represented by a dotted line). (B) Distance CV calculated
between the COM of the lid and the active site flap helices, as a function of the
simulation time. (C) Time evolution of the RMSD of the lid and flap regions.

The apparent rigidity of the active site flap region was further investigated by per-

forming additional SMD simulations. These applied the same protocol, however also

included position restraints applied to all the atoms within the protein except those

in the active site flap helix (Fc 1000 kJ mol-1). Interestingly, the position restrained

SMD simulations also resulted in negligible movement of the active flap region, even

when using spring force constants up to 2000 kJ mol-1 (Fig. 3.14).
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Fig. 3.14: SMD simulations of M37 in water using a distance CV defined between the lid
helix and the active site flap helix. Position restraints were applied to protein
atoms, except for those in the active site flap helix. Three different spring
force constant for the pulling force were tested: (A) 500 kJ mol-1, (B) 1000 kJ
mol-1 and (C) 2000 kJ mol-1. Left: Superimposed cartoon structures of M37
showing the position of the lid and active site flap regions at the start (cyan
and magenta respectively) and end (orange and blue respectively) of one of the
SMD simulation. Middle: Distance between the lid helix and the active site flap
helix, as a function of the SMD simulation time. Right: Time evolution of the
cumulated work performed during the SMD simulation.

The SMD simulations suggested that the lid region is more flexible than the active

site flap region. Initial contacts between the lid and flap regions mainly involved polar

and hydrophobic residues and these contacts break as the helices moved away from

each other (during unrestrained SMD simulations) (Fig. 3.15). The final exposure of

the hydrophobic residues to the surrounding solvent suggests that interactions with
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hydrophobic interfaces are necessary to bring about lipase activation. Overall, this

indicates that the displacement of the lid region is a likely structural determinant of

M37 activation.

Fig. 3.15: Contact matrices calculated for three of five unrestrained SMD simulations of
M37 in water using the lid-flap distance CV, probing the activation mechanism
of M37 (A-C). The matrices show contacts for the first and final frames of the
SMD simulations. A 0.4 nm cut-off was used to calculate the contacts between
residues of the lid and active site flap helices. (D) Position of the lid helix (cyan)
and active site flap (purple) region at the start (transparent) and end (opaque)
of an SMD simulation. The active site pocket is shown as an orange surface,
and the underlying catalytic residues as orange van der Waals spheres. The
hydrophobic residues within the functional helices are shown as sticks. Initial
contacts are indicated by the dotted lines.
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3.3.4 Interfacial activation of M37 with a natural substrate

Beyond the intrinsic dynamics of M37 observed both in solution and at the interface

with lipid bilayers, it is important to characterise the motions of the protein in contact

with an interface formed by its natural substrate. It has been reported that the related

TLL enzyme could maintain an open active state at a triglyceride interface [189].

Therefore, I performed atomistic simulations with an interface composed of tributyrin

molecules, a triglyceride substrate of M37 [165].

The lipase was initially positioned above the layer of tributyrin. Within the first

20 ns of the atomistic simulation, M37 associated with the tributyrin interface, which

induced a large-scale conformational change of the lipase (Fig. 3.16). The evolution

of the distance between the COM of the lid region and of the active site flap observed

was similar to that observed in the SMD simulations of M37 in water (Fig. 3.13B).

Opening of the lipase structure occurred within the first 100 ns of simulation time,

and was maintained for the duration of the simulation. This indicates that interfacial

interactions with the tributyrin layer resulted in stabilisation of M37 in an open state.

Consistent with the previously identified structural motions of the lipase, the confor-

mational change corresponded to a displacement of the lid region, while the active site

flap region remained mainly static (Fig. 3.16C). These (unbiased) simulations with a

natural substrate confirm the potential mobility of the lid region and its involvement

in the likely activation mechanism of the M37 lipase.
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Fig. 3.16: (A) Structures of M37 extracted from the first and final frames of AT M37-
tributyrin simulation. Position of the lid (cyan) and active site flap (purple)
regions are shown at 0 ns (left) and 200 ns (middle); the water and tributyrin
molecules are omitted for clarity. Right: Image of the final frame of an AT
simulation of M37 interactions with a tributyrin interface, showing the tributyrin
layer (brown sticks) and the binding orientation of M37 at 200 ns. The lipase is
coloured in red (cartoon representation), the active site flap in purple, and the
lid region in cyan. (B) Time evolution of the distance CV calculated between
the COM of the lid and the active site flap helices. (C) Time evolution of the
RMSD of Cα atoms within the lid and active site flap regions.

The binding orientation of M37 on the tributyrin surface was similar to the Angled

orientation identified from simulations with an anionic lipid bilayer (Fig. 3.7). How-

ever, the large-scale displacement of the lid region captured on the tributyrin layer was

not observed for the related orientation on the anionic bilayer (Fig. 3.11). These re-

sults show that the nature of the interface is essential for triggering functional motions

of the bound lipase.

Docking calculations were also performed to predict binding poses of tributyrin

substrate with both the closed form of M37 (crystal structure) and the open form

observed at the end of the unbiased simulations with the tributyrin layer. Whereas
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several binding modes of the substrate molecule were identified in the active site of

the open form (Fig. 3.17), the calculations failed to find any viable docking poses for

the closed form of the lipase. This indicates that the open form of M37, in which the

lid is displaced, likely corresponds to an active state of the enzyme.

Fig. 3.17: The highest ranking docking pose calculated for a single tributyrin molecule
within the opened structure of M37. Tributyrin is shown as orange (carbon),
red (oxygen) and grey (hydrogen) sticks. The protein is shown in cartoon rep-
resentation; the lid region is coloured in cyan and the active site flap region in
magenta. The catalytic triad is shown as orange van der Waals spheres. The
rest of the protein structure is coloured in grey.

3.3.5 SMD Simulations of Tributyrin Entry Into the Active

Site Region

I have identified functionally relevant motions of the lid region that enable the open-

ing of the closed conformation of M37. However, in order to determine whether the

M37 structures bound to the tributyrin layer represent a partially or fully open state,

additional SMD simulations were performed to explore possible entry pathways of the

tributyrin substrate molecule into the enzyme active site. A similar protocol has pre-

viously been applied to study activation pathways and substrate binding mechanisms

of other lipases [190, 191]. Here, M37 was defined as strictly opened if the lid region
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did not impede substrate entry into the active site.

A tributyrin molecule from the layer to which the enzyme was bound was used to

simulate substrate binding. This tributyrin molecule was initially wedged between the

active site flap and the lid region at the end of an unbiased AT simulation, and pulled

into the binding pocket during the SMD simulation, specifically towards the catalytic

Ser174 residue (Fig. 3.18). The SMD simulations showed complete entry of the

substrate into the binding pocket (Fig. 3.18B). During this process both the lid and the

active site flap regions moved only minimally (Fig. 3.18C). Consequently, the distance

between the lid and flap regions showed only small variations (Fig. 3.18D). Therefore

the M37 conformation observed at the end of the unbiased tributyrin simulations

corresponds to a fully open form, which could enable catalytic activity.
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Fig. 3.18: (A) Setup of the SMD simulations in which a tributyrin molecule (grey and
red sticks) was pulled from the tributyrin layer (light brown sticks) toward the
active site Ser174 residue of M37. The catalytic residues Ser174 (black), Asp236
(pink), and His312 (green) are shown as van der Waals spheres. The arrow rep-
resents the direction of the pulling force and a dashed line indicates the distance
between the tributyrin and Ser174 molecules. (B) Starting (transparent sticks)
and end positions (opaque sticks) of the tributyrin molecule from a selected SMD
simulation. (C) Cartoon representations of the starting (transparent) and end
positions (opaque) of the lid (cyan), the active site flap (purple), and the tribu-
tyrin molecule (sticks) from the selected SMD simulation. (D) Time evolution
of the distance CV calculated between the COM of the lid and the active site
flap.
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3.4 Discussion

Interactions of lipases with a range of different interfaces including lipid bilayers have

been investigated using many experimental and computational techniques [71, 96,

187, 192, 193]. However, the mechanisms of their association with lipid bilayer and

related interfaces remain incompletely understood, especially in the context of lipase

activation, although electrostatic interactions are generally considered important [187,

192]. This is exemplified by studies reporting that the TL lipase interacts with both

POPG and POPC lipid vesicles, but is only active in the presence of POPG vesicles

[94, 95]. This correlates nicely with the presented CG simulations, which showed

that the related M37 enzyme could extensively interact with anionic PG-containing

bilayers, but not with zwitterionic PC bilayers.

Studies of TLL using fluorescence microscopy suggested that this lipase could adopt

different orientations on the lipid vesicles, comparable to the different binding orien-

tations exhibited in the simulations of M37 with anionic lipid bilayers (i.e Up, Angled,

Down). Other computational studies have also revealed that lipases may exhibit vary-

ing orientations at different interfaces, which have different functional consequences

regarding lipase activation [91, 194]. The amino acids mediating interfacial interactions

were found to be different when comparing the interactions with PC vs PG molecules

within the anionic bilayer. Hydrophobic residues mainly showed interactions with PC

molecules, whereas basic residues mediated interactions with the PG molecules, partic-

ularly for the Angled and Up states (Fig. 3.10). Therefore, the balance of hydrophobic

and predominantly electrostatic interactions at the interface determined, for the most

part, the orientation adopted by the enzyme (Fig. 3.7). The agreement with atomistic

simulations suggests that the Martini model is able to correctly distinguish the various

types of lipid-enzyme interactions at bilayer interfaces [195, 196].

Whilst the CG simulations were able to identify interfacial binding of M37 with
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anionic bilayers, simulations of these systems at atomistic resolution revealed that M37

interfacial interactions did not result in displacement of either the lid or active site flap

region of the lipase (Fig. 3.11). The varying binding orientations exhibited by M37 are

thus non-functional regarding lipase activation, as is similar to TLL interactions with

large unilamellar vesicles (POPG) relative to small unilamellar vesicles [94]. It would

therefore be of interest to investigate the effects of membrane curvature, allowing

a more detailed characterisation of interfacial interactions of M37 with membrane

surfaces.

The atomistic simulations allowed identification of a possible activation pathway

of M37 induced by lid displacement. This could be promoted by interfacial interac-

tions with a tributyrin layer, a natural substrate for M37 (Fig. 3.16 and 3.17). The

lipase adopted a similar Angled orientation that was identified as a binding orienta-

tion in simulations with anionic lipid bilayers. This suggests a selection process in the

interfacial binding orientations for the enzyme to become activated when a natural

substrate interface is present. During activation, the lid motion is required to un-

cover the underlying catalytic site for subsequent entry of substrates (Fig. 3.18). This

conformational change is somewhat unexpected as activation of structurally similar

enzymes (e.g. TLL and RML) instead involves a motion of lid regions that align to

the active site flap of M37 [53, 56]. However, it is reasonable to suggest that M37 may

display a novel activation pathway, given that the lid region of M37 (residues 235-283)

is not found in these related enzymes. Furthermore, the active site flap also exhibited

less flexibility relative to the lid region in the lipid bilayer simulations, highlighting the

possible functionality of the lid region, and the rigidity of the active site flap region.

This was further confirmed by position restrained SMD simulations in which the active

site flap region was barely displaced relative to the lid region (Fig. 3.14).

In addition, the hydrophobic residues that mediated contacts between the lid and
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the active site flap regions in the closed form of M37 became exposed to the surround-

ing solvent during the opening motion, induced by the lid region displacement (Fig.

3.15). Consequently, hydrophobic interfaces can play a decisive role in stabilising the

active form of the lipase, thus enhancing its activity. The nature of the interface is

clearly important, given that the lid opening motion was only seen at the substrate

interface (tributyrin) and not at the lipid bilayer interface. Similarly, soluble phospho-

lipase A2 enzymes are allosterically modulated to adopt an "active" state by specific

interfacial interactions with their natural substrates [191].

Fig. 3.19: Proposed activation mechanism of M37 induced by lid displacement (cyan). The
catalytic residues are shown in orange van der Waals spheres, and the binding
pocket as an orange surface. The active site flap is coloured in purple. The
position of the lid region and active site flap region in the closed crystal structure
of M37 are transparent, while those in the "open" model are opaque.
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3.5 Conclusions

In this chapter, I have presented a multi-scale simulation approach that enabled the

characterisation of the interfacial interactions between M37 and hydrophobic surfaces.

The exposure of hydrophobic residues within the functional regions of M37 rationalises

the observation of lid displacement during interactions with a substrate interface.

An open model of M37 is proposed that reflects lid motion as a possible structural

determinant of substrate entry in the catalytic site.

The characterisation of a possible activation mechanism for this relatively under-

studied lipase serves as a basis for subsequent experimental and computational studies.

These could focus on stabilisation of the open form, perhaps through mutagenesis, to

optimise lipase activation, most likely resulting in higher catalytic efficiency in differ-

ing environments. This approach has been used for the Burkholderia cepacia lipase

(BCL), in which in silico mutations of hydrophobic to polar amino acids were observed

to stabilise the open form of BCL in solution [197]. The role of other environmental

factors, such as temperature and pH, could also be investigated in the context of li-

pase activation. As mentioned previously, M37 is a psychrophilic lipase, which exhibits

maximal activity at around 25°C for short-chain triglyceride substrates [165]. Char-

acterisation of temperature effects on M37 activation has been attempted, as will be

detailed in Chapter 7. These studies could be extended, and combined with mutational

experiments to investigate which structural features underlie this psychrophilicity.

Naturally, further investigation of the open model of M37 presented here relies

on the assumption that this is a true representation of the active state of the lipase.

Currently, the suggested model is reliant on the ability of the MD forcefield (GRO-

MOS 54A7) and methodology to accurately reproduce lipase dynamics as would be

observed in experiment. The model should therefore be validated by additional struc-

tural studies of the M37 lipase, including characterisation of the open form of the
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lipase. Furthermore, it would be of general interest to characterise the free energy

surface underlying the activation of M37 in order to produce a more rigorous mech-

anistic model for the proposed open structure. This would also probe the stability

of the open model of the lipase at a hydrophobic interface, although current AT-MD

simulations of M37-tributyrin interactions showed that the lipase was able to maintain

its opened structure for the duration of multiple 200 ns simulations (lid displacement

occurred within the first 20 ns). Additionally, analysis of the energetics of lid displace-

ment at the interface and in aqueous solution would provide enhanced insight into how

these different environments are able to stabilise/destabilise the proposed open form

of M37. Importantly, the steered MD simulations exploring possible activation mech-

anisms of M37 were performed in water, which would not be expected to naturally

produce an interfacially activated form of the lipase [42]. This is thought to be related

to unfavourable solvent exposure of the hydrophobic amino acids present in the lid

and active site flap regions, as has been observed for other lipases [55–57, 97, 197].

Indeed, unbiased AT simulations of the open M37 model in water resulted in closing of

the opened lid region, moving back to its original position as identified in the crystal

structure. Attempts have been made to investigate the free energy surface of M37

activation, revealing a complex underlying energy landscape, as detailed in Appendix

A. The proposed open structure of the M37 lipase thus provides a basis for further

investigation into M37 lipase dynamics and energetics at the interface, and possibly

other environments.
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Chapter 4

Thermomyces lanuginosus Lipase

Interactions With Triglyceride

Surfaces

This chapter discusses the affect of mutating the lid residues in Thermomyces lanugi-

nosus lipase (TLL) on the binding and activation mechanisms upon enzyme interac-

tion with triglyceride surfaces. Coarse-grained and atomistic simulations were used to

study these properties, whilst enhanced sampling methods were employed to estimate

the energetics of lid opening for different mutants. Finally, the affect of triglyceride

hydrolysis on lipase binding and enzyme dynamics was investigated. This work was

done in collaboration with colleagues at Novozymes, Copenhagen (Dr Jakob Skjold-

Jorgensen and Allan Svendsen), who provided details of experimental data to aid in

the design of the simulations.
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4.1 Introduction

Altering the amino acids present in the lid regions of lipases has been shown to affect

lipase activity, enantioselectivity, and thermostability [198]. Site-directed mutagenesis

of the lid region can generate lipase variants with advantageous properties, such as

enhanced catalytic efficiency, altered substrate specificity, and superior stability in

non-native environments, such as organic solvents [198–200]. This chapter aims to

provide insight into how mutating the lid residues of TLL affects the conformational

dynamics of the lipase, particularly of the lid region, and whether or not this affects

association of the lipase with triglyceride interfaces. Specifically, how does mutating

the lid region of a lipase to the lid region present in, for example, an esterase affect

the structure and conformational flexibility of the lipase, and what does this mean for

the interfacial activation of the lipase?

TLL is a well-characterised lipase with biotechnological applications in the deter-

gent, cosmetics, and pharmaceutical industries, making it an interesting candidate to

study the affect of mutations within the lid region [2]. Furthermore, structural studies

of the enzyme have aided in elucidating the role of the lid region in lipase activation,

with crystal structures available for both the closed (PDB: 1DT5) and open (PDB:

1DTE) forms of the enzyme (Fig. 4.1) [55, 56]. The lid region is comprised of residues

82-98 and the catalytic triad consists of S146, H258, and D201 residues [56]. Further-

more, the lipase contains a glycosylation site at position N33, distal to the lid region,

consisting of the N-high mannose sugar type, thought to play a role in lipase binding

properties to micelles [201, 202].
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Fig. 4.1: (A) Structural alignment of the crystal structures of the open (orange lid; PDB:
1DTE) and closed (blue lid; PDB: 1DT5) forms of TLL shown as cartoon repre-
sentations [55, 56]. The catalytic triad comprises S146, H258, and D201 residues
shown as red, green, and orange van der Waals spheres, respectively. The N33
glycosylation site is shown as grey van der Waals spheres. The arrow indicates
the motion of the lid region upon interfacial activation of TLL. (B) The crystal
structure of ferulic acid esterase (FAEA) shown as a light blue cartoon repre-
sentation [203]. The catalytic triad (S133, D194, H247) is shown in the same
respective colours and representations as in (A). The N79 glycosylation site is
shown as grey van der Waals spheres. (C) Structural alignment of the TLL and
FAEA structures shown in (A) and (B), using the same colour scheme. Only the
catalytic triad to TLL is shown. The N-glycosylation sites are omitted for clarity.
The helix region of FAEA (residues 70-71) is coloured in green, and aligns well to
the open position of the lid region of TLL (coloured in blue).

The interfacial activation of TLL has been characterised by previous experimental

studies [204, 205]. Recently, it was shown that mutating the residues within the lid

region of this lipase resulted in altered catalytic properties in different environments
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[57, 206]. The purpose of these investigations was to generate variants of TLL with

enhanced biocatalytic properties, such as the ability to act on water-soluble substrates.

To this end, five different lipase variants were constructed based on the lid region

present in an esterase called ferulic acid esterase (FAEA) (Fig. 4.2) [203, 206]. FAEA

possesses a remarkably similar structure to TLL (RMSD: 0.13 nm over 205 aligned

Cα atoms) but does not exhibit interfacial activation, and instead hydrolyses water-

soluble substrates [207]. Furthermore, the esterase possesses a glycosylation site at N79

consisting of the N-high mannose type, which resides within a helix region (residues

71-77) that aligns to the lid region of TLL (Fig. 4.1B). The esterase thus provides an

interesting test case for investigating the role of the lid region in TL lipase activation

and catalysis.

Fig. 4.2: Multiple amino acid sequence alignment of the lid region (residue 82-98) of the
wild-type, 1L, 2L, 3L, and 4L TLL mutants produced in [206]. The lid domain is
divided into three motifs: residues 82-85 correspond to the anterior hinge domain
(H1); residues 86-91 correspond to the α-helical domain; residues 92-98 correspond
to the posterior hinge domain (H2). Colour code: grey for Gly, green for Ser and
Thr, yellow for Pro, orange for Cys, pink for Asn and Gln, purple for Phe, Tyr,
and Trp, red for Asp and Glu, blue for Arg and Lys, and cyan for Iso, Ala, and
Leu. Asterisks denote a single fully conserved residue; colons denote regions of
conserved residues that are highly similar, and the period denotes a region of
conserved residues with a low degree of similarity. The predominant enzymatic
activity is listed for selected mutants, as observed in [206]. Image reproduced
from [206].
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This chapter will focus on three of the five lipase variants investigated in this

experimental study: the wild-type, 1L, and 3L lipase variants. The 1L protein was

generated by replacing the entire lid region of TLL by that of the FAEA enzyme

(residues 71-79; Fig 4.1B), whereas the 3L lipase was generated by only mutating

selected residues in the lid region (sequences shown in Fig. 4.2). The experimental

study showed a completely altered activity profile for the 1L mutant relative to the

wild-type, with more pronounced activity on water-soluble substrates, and very little

activity at the interface [206]. This activity profile is thought to reflect the esterase

activity conferred by the mutations within the lid region of 1L, in which the native

residues were entirely replaced by those in the helix of FAEA (Fig. 4.2). Interestingly,

the 3L variant exhibited higher interfacial activity than the wild-type lipase, as well as

a relatively high activity on water-soluble substrate, therefore exhibiting both lipase

and esterase characteristics [206].

In this chapter, both coarse-grained (CG) and atomistic (AT) MD simulations

were performed in order to provide additional molecular insight into the structural

and functional consequences of the lid mutations in the 1L and 3L lipases compared

to the wild-type TLL. The interfacial binding properties and structural dynamics of

the lipase variants were investigated in the presence of a natural triglyceride substrate

interface, and compared to simulations in water. It was found that lid flexibility was

affected by the mutations within this structural region, particularly for the 1L variant,

influencing lid conformation both in water and at the interface. These observations

were confirmed by performing steered MD simulations to investigate the lid opening

process for all variants, indicating a higher activation barrier for the 1L lipase. Fi-

nally, attempts are made to characterise how lipase-catalysed hydrolysis of triglyceride

molecules at the interface affects lipase association and structural dynamics. Accumu-

lation of hydrolysis product at the interface is thought to play a role in lipase inhibition
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[170, 208].

4.2 Methods

4.2.1 CG-MD Simulations

Crystal structures for the open (PDB: 1DTE) and closed (PDB: 1DT5) form of wild-

type TLL were downloaded from the PDB [56]. These structures were used to generate

atomic coordinates for the TLL variants by altering the lid composition of wild-type

TLL using the mutagenesis tool in PyMOL (www.pymol.org). The side chain rotamer

with the highest occupancy and least number of clashes with the surrounding protein

environment was chosen for each mutation. All structures were then energy minimised

using steepest descent for 1000 steps, and converted to CG representations using the

the same protocol as presented in Chapter 3. The EDM elastic network model was

used to maintain secondary and tertiary structure, and was parameterised for each

variant as described in Chapter 3 [134, 138, 143]. All CG simulations were performed

using the Martini 2.2 forcefield and the Martini polarisable water model [122, 148].

Triglyceride System Setup

A supported triglyceride system was constructed to mimic the systems used in the

experimental study (microtitre plate assays) [206]. The triglyceride interface was gen-

erated by performing self-assembly simulations of 501 trioleate triglyceride molecules

that were randomly inserted in a simulation box (final dimensions: 10x10x15 nm).

The systems were solvated and simulated for 500 ns, allowing self-assembly to occur.

The parameters for the CG trioleate model were kindly supplied by Vattulainen et al

[209]. The self-assembled triglyceride layer was then placed directly above a hydropho-

bic support and the system was solvated [84]. Energy minimisation was performed
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using the steepest descent algorithm for 1000 steps, followed by an equilibration sim-

ulation of 10,000 steps at constant temperature and pressure (NPT ensemble). The

equilibrated system was then simulated for 500 ns in the NPT ensemble using a time

step of 20 fs, indicating that the layer was stable on the surface. The Berendsen ther-

mostat was used to maintain temperature at 298 K with a coupling constant of 0.3

ps; the Berendsen barostat was applied to maintain pressure at 1 atm, with a cou-

pling constant of 3.0 ps, using anisotropic pressure coupling, and a compressibility of

0.5x10-5 bar-1 in x and y planes, and 3.0x10-5 bar-1 in the z plane [120]. Non-bonding

interactions were modelled using shift functions; LJ interactions were evaluated within

a 1.2 nm cut-off and shifted within a 0.9 nm cut-off distance, Coulombic interactions

were evaluated within a 1.2 nm cut-off, and shifted within a 0.0 nm cut-off distance.

These interaction parameters reflect those applied in previous simulations of molecules

with the support surface [84].

The CG lipase structures were then individually placed 3 nm above the supported

triglyceride layer and counter ions were added to neutralise the charge of the systems.

Three different starting orientations were simulated to minimise any bias occurring

from the initial orientation of the enzyme (Fig. 4.3). The systems were subsequently

energy minimised, and equilibrated for 10 ps in the NPT ensemble. Five replicate

simulations of 2 µs each were performed for each lipase variant, including the open

and closed form of the wild-type TL lipase, resulting in a fifteen replicate ensemble

for each of the lipase molecules.
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Fig. 4.3: CG setup of TL lipase-triglyceride simulations. Three different starting orienta-
tions of TLL positioned above the supported triglyceride layer were simulated (2
µs). The lipase molecules are shown as yellow and orange van der Waals repre-
sentations; the lid regions are coloured in blue. The triglycerides are shown as
green (esters), grey (carbons), and purple (glycerol) van der Waals spheres. The
support surface is shown as yellow van der Waals spheres.

4.2.2 AT-MD Simulations

All AT simulations were performed using the GROMOS 54A7 forcefield and SPC

water model [112, 177, 178]. A triglyceride layer composed of tributyrin molecules

was constructed using the same method described in Chapter 3, applying identical

simulation parameters described therein. Atomistic models of the individual lipase

variants were generated by using the pdb2gmx tool in GROMACS. The AT protein

models were then individually placed 1 nm above the pre-formed tributyrin layer, and

water molecules were added. The systems were then energy minimised and equilibrated

for 100 ps in the NPT ensemble. Production simulations consisting of three repeat

simulations for each variant were performed for 100 ns each, totalling nine simulations.
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Three repeat simulations of 100 ns were also performed for the lipase variants in water,

allowing comparison of the interfacial behaviour.

4.2.3 Steered MD simulations

Steered MD (SMD) simulations were performed using the Plumed 2.1 plugin for GRO-

MACS [159, 183]. The equilibrated, initially closed, structures of each lipase variant

in water were used as a starting point, applying the same AT simulation parameters

as above. A distance collective variable (CV) was chosen to investigate the opening

motion of the lid region of the TL lipase variants. This CV was defined as the distance

between the centre of mass (COM) of the Cα atoms of I255, positioned distal to the

lid region, and the 87th residue, present in lid region (further details in Section 4.3.5).

A harmonic bias potential was applied to the CV, moving at a constant velocity of

0.06 nm ns-1 with a spring stiffness of 1000 kJ mol-1. The limit values for the distance

CV were measured from the closed and open crystal structures of wild-type TLL.

Additional SMD simulations were also performed for the 1L lipase associated with

the tributyrin layer. These were initiated from the final frame of an unbiased AT-

MD simulation of 1L with the tributyrin interface (100 ns), applying identical SMD

simulation parameters as above. The SMD simulations were performed by either

applying position restraints to the protein atoms (Fc = 1000 kJ mol-1) except those

within the lid region (residues 82-98), or no position restraints at all.
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4.3 Results

4.3.1 Interfacial Interactions of TL Lipase Variants with Triglyc-

erides Explored via CG Simulations

The affect of lid mutations on the catalytic properties of the TL lipase has been

characterised experimentally [57, 206]. Here, CG simulations were used to investigate

the interfacial binding properties of selected TLL mutants in more detail. An interface

composed of a natural triglyceride substrate of TLL (trioleate) was used to study this.

Three lipase variants were considered: the wild-type TLL, exhibiting lipase activity,

a 1L lid variant, exhibiting esterase activity, and a 3L variant, exhibiting superior

esterase and interfacial lipase activity (Fig. 4.2) [206]. Additionally, both the open

and closed forms of the wild-type TL lipase were considered in order to capture the

binding behaviour an interfacially activated protein.

All the lipase variants exhibited association with the triglyceride layer, and did

not dissociate from the interface once bound. However, the number of simulations

in which the lipase associated with the interface differed for each variant (Table 4.1).

Interestingly, the 1L variant displayed the least number of binding events within the 15

replicate ensemble, where one binding event represents association of the lipase with

the interface in one repeat simulation. The 3L variant displayed the most binding

events, associating with the triglyceride surface in 14/15 simulations (Table 4.1).
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Simulated system Binding events

Wild-type: Open 10/15

Wild-type: Closed 13/15

1L 9/15

3L 14/15

Table 4.1: The number of binding events shown for CG-MD simulations of TLL variants
(1L, 3L, wild-type) with a triglyceride layer. One binding event represents the
association of the lipase variant with the interface within one simulation. Once
bound, the lipase did not dissociate form the interface in any of the simulations
(2 µs). 15 replicates were simulated per variant.

Representative structures for the bound lipase molecules are shown in Fig. 4.4A.

These indicate that the orientation of the lid region at the interface differed for the

bound lipase variants. The lid region of the wild-type closed lipase and the 1L lipase

were much more solvent exposed, typically pointing away from the interface, whilst the

lid region of 3L and wild-type open variants embedded within the interface, buried

from the surrounding solvent (Fig. 4.4A). The interfacial orientation can also be

evaluated from partial density profiles, calculated by averaging over the last 25% of

simulation time, where there is wider density peak for the lid region of 1L, as well as

the closed form of the wild-type lipase, within the density of the interface (Fig. 4.4B

and C).
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Fig. 4.4: (A) Images from CG-MD simulations of lipase-triglyceride systems showing rep-
resentative binding orientations of the lipase variants at the triglyceride interface.
All components are shown as van der Waals spheres; carbon tails of the triglyc-
eride molecules are coloured in grey, ester groups in green, and glycerol in purple.
The lipase molecules are coloured in yellow (backbone) and orange (side chains)
and the lid region is shown in blue. Water molecules are omitted for clarity. (B)
Partial density profiles showing the densities of triglyceride components (carbon
tails and glycerol group) and the lipase protein within the simulation box, calcu-
lated for the last 25% of simulation time, for each individual simulation shown in
(A). (C) Close up of the same density plots shown in (B), showing the difference
in the densities of the lid region within the triglyceride interface.

The interfacial interactions exhibited by the lipase variants were further charac-

terised by calculating the average number of contacts between the lipase and the

triglyceride molecules (Fig. 4.5). All simulations in which the lipase associated with

the interface were considered for each variant. The interaction data was normalised

by averaging the total number of contacts across the repeat simulations within each

ensemble.

111



Thermomyces lanuginosus Lipase Interactions With Triglyceride Surfaces

Fig. 4.5: Contacts calculated between the TLL variants and the triglyceride molecules dur-
ing CG simulations of the variants with a triglyceride interface. (A) Reference
orientations of the lipase variants for the contact residue maps shown in (B).
All structures are shown as van der Waals representations; the lid is coloured in
blue, and rest of the protein in orange (amino acid side chains) and yellow (amino
acid backbone). (B) Contact residue maps showing the interacting residues for
each lipase variant, shown in the exact same orientation as in (A). The residues
are coloured according to a blue/white/red scale (blue = greatest number of con-
tacts, red = none or very little contacts). Contacts were calculated within a 0.8
nm cut-off radius.

Both polar and hydrophobic amino acids mediated contacts with the interface for

all of the variants, representing interactions with both polar glycerol groups and non-

polar carbon tails of the triglyceride molecules. Importantly, the interfacial contacts

residues consistently mapped to the lid region and surrounding protein residues for

each of the lipase variants, emphasising the role the lid region plays in mediating

interfacial interactions. However, the overall number of contacts made by residues

within the lid region differed for each of the variants, which is consistent with the

different interfacial orientations observed for the variants (Fig 4.4A). For example, the

lid region of the 3L lipase, of both esterase and lipase character, displayed the largest

number of interactions with the interface relative to other residues in the 3L protein,
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suggesting that the lid mainly remained in contact with the interface once bound (Fig.

4.6). Interestingly, the most commonly interacting residues included the mutated lid

residues, such as G91L and E87T, but also the wild-type residues such as I86 and

N88. Conversely, the mutated residues within the lid region of the 1L variant, such as

I86D, I90Q, and N92Q, mediated relatively less contacts with the interface than other

residues within the lid region, suggesting that these negatively charged substitutions

could lead to diminished interfacial contact via the lid region of 1L.

The different interfacial orientations of the lipase variants on the triglyceride sur-

face were further analysed by evaluating the rotational and translation motions exhib-

ited by the variants during association with the interface (Fig. 4.6). This was done by

applying the same protocol as presented in Fig 3.6 in Chapter 3. Briefly, the rotational

motions of the lipase were described by a defined angle between the lipase and the

interface (Rzz). This was obtained by calculation of a rotation matrix with respect to

a reference orientation of the protein at the interface (Fig. 4.6A). The translational

motions were described by measuring the centre of mass (COM) distance (d) between

the protein and triglyceride interface over simulation time.
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Fig. 4.6: (A) Reference orientation of the TLL wild-type variant bound to the triglyceride
interface. This reference orientation was used for calculation of rotation matrices
evaluating the rotational motions of TLL variants during CG simulations with
a triglyceride interface. The same colour scheme is used as in Fig. 4.4. (B)
Time evolution of d and Rzz for representative CG-MD simulations of lipase
variants with a triglyceride surface. Rzz defines the transition of the lipase variant
relative to the reference orientation; when Rzz = 1, the lipase variant adopts
the orientation of the reference structure.The d metric is calculated as the z-
component of the distance between the lipase and the triglyceride interface.

Consistent with previous observations, the association process and interfacial ori-

entations differed for the lipase variants. Specifically, the 1L protein exhibited a con-

siderably slower association time relative to the 3L protein, reflected by substantial
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variations in Rzz and d between 0-1.5 µs (Fig. 4.6B). Furthermore, once bound, the

interfacial orientation of 1L deviated from the reference structure in which the lid

region is buried within the interface (Rzz ∼ 0.5). This is reflective of a more sol-

vent exposed orientation of the 1L lid region, in accordance with previous analyses.

Similarly, the closed wild-type structure exhibited a greater distribution of interfacial

binding orientations relative to its open counter part, resulting in similar Rzz values

as the 1L variant.

Extension of the rotation and translational analysis to the remaining replicates

in the individual ensembles resulted in very similar observations regarding interfacial

orientation. The collective data allowed calculation of a 2-dimensional density land-

scape representing the normalised density of the binding orientations exhibited by the

variants, as a function of d and Rzz (Fig. 4.7). Accordingly, the density landscapes

indicate a substantial difference in the average interfacial enzyme orientation adopted

by the 1L variant relative to the 3L variant. As noted previously, this can be seen

from variation in Rzz value for the 1L lipase and closed wild-type lipase, showing a

distribution between Rzz = 0-0.5, compared to Rzz = 0.5-1 for the wild-type open

and 3L variants (Fig. 4.7).
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Fig. 4.7: 2D density landscapes calculated for CG-MD simulation ensembles (15 repeats)
for wild-type, 1L, and 3L TLL variants simulated with a triglyceride interface, as
a function of d and Rzz. Representative data is shown in Fig. 4.6. The top of the
triglyceride layer corresponds to the bottom of the map (
textitd ∼ 5).

The overall larger distribution of binding orientations for 1L and the closed wild-

type variants suggest that both the nature of the residues within the lid region, as well

as their orientation (e.g exposed in the open wild-type variant), are important deter-

minants of overall interfacial orientation. These data suggest that an altered binding

orientation could be a factor in the diminished interfacial activity of the 1L variant

observed experimentally, relative to the wild-type and 3L variants. Furthermore, the

frequently sampled buried orientation of 3L lid region within the interface also sug-

gests that lipase activation is favoured in this variant as a function of its lid residue
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composition. Together, these results correspond well with the experimental activity

data presented in [206].

4.3.2 Conformational Dynamics of Interfacially Bound TLL

Variants

Atomistic (AT) simulations of the lipase interactions with triglycerides surfaces were

performed in order to study the structural motions of the lipase variants in more detail.

A triglyceride interface composed of tributyrin was used to investigate this, which a

natural substrate for TLL [71]. The AT simulations (3 repeats) showed a general

agreement with the CG simulations regarding lipase orientation at the interface (Fig.

4.8).

Interestingly, both the initially closed forms of the wild-type and 3L variants (Run

1 & 3) displayed partial interfacial activation during the simulations, whereas the

lid region of 1L remained firmly closed for all replicate simulations. This can be

seen from alignment of the final lipase structures with the closed and open crystal

structures of wild-type TLL (Fig. 4.8), and is reflected in calculation of the COM

distance travelled by the lid region during the simulations (Fig. 4.9A & C). The

similar structural motions exhibited by the wild-type and 3L variants suggests that

the lid mutation within 3L did not impact lid mobility or flexibility to a great extent.

Furthermore, the overall protein structure remained relatively stable for each of the

variants, although a degree of α-helicity in the lid region was lost in simulations of the

wild-type and 1L variants, as is suggested by time evolution of the RMSD of the lid

region for these variants (Fig. 4.9A & B, right panels).
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Fig. 4.8: Left: Bound orientations of initially closed wild-type (A), 1L (B) and 3L lipase
(C) variants extracted from the final frame of AT simulations with a tributyrin
interface. The lipase is shown as a yellow cartoon; the lid is coloured blue. The
catalytic residues (S172, H258, D201) are shown as van der Waals spheres coloured
in red, green, and orange respectively. Right: Top down view of the simulated
lipase structures (100 ns; lid coloured red) aligned with the closed (lid coloured
orange) and open (lid coloured blue) crystal structures of wild-type TLL.
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Fig. 4.9: Structural analysis of AT-MD simulations of initially closed the wild-type (A),
1L (B), and 3L variants (C) with a tributyrin layer. Left: Time evolution of
the distance between the Cα atoms of residue 87 (within lid region) and residue
255 (neighbouring region) measuring the closed-open lid transition. Middle: Time
evolution of the RMSD of protein Cα atoms. Right: Time evolution of the RMSD
of Cα atoms within the lid region of the protein.

The observation that the 1L variant did not exhibit any interfacial activation upon

association with the triglyceride interface correlates with the reduced activity observed

for this mutant experimentally [206]. To investigate lid flexibility as a possible factor

underlying reduced interfacial activity, in addition to altered binding orientations,

three replicate AT simulations were also performed for initially open models of the

lipase variants positioned above the tributyrin layer. These models were generated
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based on the open crystal structure of the wild-type lipase [56]. The final interfacial

binding orientations of the lipase variants are shown in Fig. 4.10.

Fig. 4.10: Left: Bound orientations of initially open wild-type (A), 1L (B) and 3L lipase
(C) variants extracted from the final frame of simulations with a tributyrin
interface. The same colour scheme as in Fig. 4.8 is used. Right: Top down view
of same simulated lipase structures (100 ns; lid coloured red) aligned with the
closed (lid coloured orange) and open (lid coloured blue) crystal structures of
wild-type TLL.

Interestingly, the lid region of 1L did not return to the closed position in any

of the simulations, correlating with previous observations of reduced lid flexibility,

although some structural deviation could be observed, particularly for the third repeat

simulation (Fig 4.10). In this simulation, the α-helical structure of the lid region

is not completely conserved, as seen in time evolution of the RMSD, resulting in
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reduced alignment with the open position of the lid region in the wild-type TLL

crystal structure (Fig. 4.11).

Conversely, the lid region of the wild-type lipase exhibited significant closure in

each repeat simulation, most likely due to initial solvent exposure of the hydrophobic

residues within this region prior to lipase binding, which is thought to drive lid closure

(Fig. 4.11A) [97]. Interestingly, this closing motion was not exhibited by simulations

of the 3L variant, where the initially open lid conformation was apparently stable even

prior to lipase association with the interface (Fig. 4.10C). This stability is also reflected

in a constant value of the distance metric used to measure the lid transition, indicating

that the 3L lid region maintained its open position at ∼2.1 nm for the duration of

the simulations (distance measured as I255-R87 Cα distance) (Fig 4.11C). The altered

structural dynamics of the 3L lid region compared to the wild-type variant are therefore

a likely determinant of the enhanced activity observed against water-soluble substrate

[206].
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Fig. 4.11: Structural analysis of AT-MD simulations of initially open wild-type (A), 1L
(B), and 3L variants (C) with a tributyrin layer. Left: Time evolution of the
distance between the Cα atoms of residue 87 (within lid region) and residue
255 (neighbouring region) measuring the closed-open transition. Middle: Time
evolution of the RMSD of the Cα atoms of the lipase variants. Right: Time
evolution of RMSD of Cα atoms within the lid region of the protein.

4.3.3 Conformational Dynamics of Lipase Variants in Water

In order to compare the structural motions observed for the lipase variants at the

tributyrin interface, additional AT simulations were performed in water. Similarly,

three repeat simulations were performed for initially open and closed models of the

variants. The simulations showed good agreement with earlier observations of the

different structural dynamics exhibited by the lid regions of the lipase variants (Fig.
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4.12). Specifically, simulation of the initially closed form of the 1L variant did not re-

sult in significant lid displacement in any of the repeat simulations, although slightly

increased lid flexibilty was observed in the aqueous environment (Fig. 4.12B). This

coincides with measurement of low activity on water-soluble substrate [206]. Similarly,

the wild-type lipase also maintained a closed conformation in this high dielectric envi-

ronment, consistent with observations that the lipase is inactive in the absence of an

interface (Fig. 4.12A) [206]. In contrast, the lid region of 3L was more mobile, even

exhibiting partial activation during one of the replicate simulations (Fig. 4.12C).

Fig. 4.12: Top down view of initially closed lipase structures extracted from the final frame
of AT-MD simulations of the TL lipase variants in water. The simulated struc-
tures of the wild-type (A), 1L (B) and 3L (C) lipase variants (100 ns; lid
coloured red) are aligned with the closed (lid coloured orange) and open (lid
coloured blue) crystal structures of wild-type TLL.
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Fig. 4.13: Structural analysis for AT-MD simulations of initially closed wild-type (A), 1L
(B), and 3L variants (C) in water. Left: Time evolution of the distance between
the Cα atoms of residue 89 (within lid region) and residue 255 (neighbouring
region) measuring the closed-open transition. Middle: Time evolution of the
RMSD of protein Cα atoms. Right: Time evolution of the Cα atoms within the
lid region of the protein.

However, more variation in lid displacement was observed when starting from an

initially open conformation, particularly for the wild-type and 1L variants (Fig. 4.14).

Here, the 1L protein remains fully open for 2/3 repeat simulations, whilst the wild-type

lipase exhibited either partial or full closure of the lid region in all repeat simulations

(Fig. 4.14A and B). It is noted that the secondary structure of the lid helix was

disrupted during simulation of these variants, as seen from the increasing RMSD of

lid region relative to its initial α-helical structure (Fig. 4.15A & B, right panel)
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for both the wild-type and 1L variants. This could affect lid flexibility and result in

greater alignment with the closed position of the lid for these variants. Conversely, the

lid region of the 3L variant tended to maintain its α-helical structure, and remained

relatively open for 2/3 replicate simulations, coinciding with previous observations of

superior stability of the open conformation of this lipase in solution (Fig. 4.14C) [206].

Fig. 4.14: Top down view of initially open structures of lipase variants after AT simulation
in water. The simulated structures of wild-type (A), 1L (B) and 3L (C) lipase
variants (100 ns; lid coloured red) are aligned with the closed (lid coloured
orange) and open (lid coloured blue) crystal structures of wild-type TLL.
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Fig. 4.15: Structural analysis of AT-MD simulations of initially open wild-type (A), 1L
(B), and 3L variants (C) in water. Left: Time evolution of the distance between
the Cα atoms of residue 87 (within lid region) and residue 255 (behind lid region)
measuring the closed-open transition. Middle: Time evolution of the RMSD of
Cα atoms within the lipase variants. Right: Time evolution of the Cα atoms
within the lid region of the lipase variants.

The observed differences in lid dynamics of the lipase variants both at the interface

and in solution highlight the importance of residue composition on overall structural

stability and lid mobility. Of particular interest is the observation that the 3L variant

is able to maintain an open conformation, even when the lid region is solvent exposed.

Contrastingly, the wild-type lid region exhibited a closing motion in solution. The

distinct distribution of hydrophobic residues within the α-helix of the 3L lid domain is

similar to that of wild-type TLL, suggesting that the hinge domains of the lid region
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play a key role in lid mobility [206]. Experimentally, the differences in activity between

the variants have been attributed to the underlying energetic barrier to lid opening,

which appears to be sufficiently low in 3L to allow catalysis of water-soluble substrate

[206]. This was explored further using steered MD simulations.

4.3.4 Steered MD Simulations of Lipase Variants in Water

Steered MD simulations (SMD) were employed to provide initial estimates of the

energetic barrier associated with the lid opening process for each of the variants. To

capture the opening motion of the lid, a distance CV was defined between the Cα

atom of residue 87 in the lid region (E87 in wild-type) and the Cα atom of a distally

located residue (I255) (Fig. 4.16). These residues were previously identified as a good

metric for lid activation in fluorescence studies of TLL in different solvents [57]. The

upper and lower limits for the distance travelled by the lid region during opening were

estimated from the open and closed crystal structures of wild-type TLL.
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Fig. 4.16: Definition of a distance CV for SMD simulations of lipase variants in water,
investigating the lid opening motions of TLL. The CV measures the COM dis-
tance between the Cα atoms of I255 and E87 (wild-type sequence). The lipase
is shown as a yellow cartoon; the lid helix is shown in blue. The catalytic triad
is shown as van der Waals spheres: S146 = red, D201 = orange, H258 = green.

15 ns SMD simulations were performed for each of the lipase variants in water

(Fig. 4.17). The resulting work profiles indicated that the largest amount of work was

performed for simulation of the 1L variant, whilst the smallest work was performed for

the 3L variant. This is in line with previous observations of reduced lid flexibility in

the 1L lipase, where structural analysis shows the 1L lid region was barely displaced

during the SMD simulation (Fig. 4.17). Evolution of the distance CV for 1L is

therefore due to the biasing force actually displacing a neighbouring loop region close

to the 87th residue within the lid, rather than displacement of the lid region itself.

This suggests that the intermolecular forces mediating lid position are stronger than

the biasing force applied during the SMD simulation. In contrast, the lid region of the

3L variant was most easily displaced in comparison with the wild-type and 1L variants,

coinciding with previous observation of increased lid mobility for 3L. Furthermore, the
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stabilisation of the open form of the 3L variant also coincides with the experimental

observations of superior esterase activity exhibited by 3L compared to the wild-type

variant [206].

Fig. 4.17: SMD simulations were performed for wild-type (Wt), 1L, and 3L lipase variants
in water using a distance CV to investigate the lid opening motion (see Fig.
4.16). (A) The work profiles (left), time evolution of the CV (middle), and
time evolution of the RMSD of the Cα atoms within the lid region (right) were
calculated for the SMD simulations. (B) The final simulated structures of the
proteins at 15 ns (lid coloured red) aligned with the closed (lid coloured orange)
and open (lid coloured blue) crystal structures of the wild-type lipase.

Analysis of the contacts between the lid region and the neighbouring protein

residues indicate that hydrophobic interactions between residues such as I90-I255 and

L93-I202 were broken as the lid was pushed away during the SMD simulations, expos-

ing these hydrophobic residues to the solvent for the wild-type and 3L variants (Fig.

4.18).
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Fig. 4.18: Contacts calculated between the lid region of TLL variants and surrounding
protein residues for SMD simulations of the variants in water. The matrices
show contacts for the first (top panel) and final (bottom panel) frames of the
SMD simulations. A 0.4 nm cut-off was used.

The altered positions of the hydrophobic residues within the lid region of the sim-

ulated structures are shown in Fig 4.19, indicating they become more solvent exposed.

Bulky residues such as W89 however do not shift very much relative to their original

position in the closed crystal structure for the wild-type and 3L lipases. This is most

likely related to the aqueous environment surrounding the lipase molecules, where un-

favourable interactions of hydrophobic lid residues with the solvent could affect their

final positions relative to their positions in the open crystal structure of TLL, which

was solved in the presence of a substrate interface [56].
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Fig. 4.19: (A) Position of amino acid side chains within the lid region of the closed (orange)
and open (blue) crystal structures of wild-type TLL [56]. Only the lid region
(cartoon representation) is shown for the aligned structures. The residues are
shown as sticks. (B) Position of amino acid side chains within the lid regions of
lipase variants after SMD simulations (15 ns) probing lid displacement in water.
The lid region and residues are coloured in red. These are aligned with the closed
(orange) and open (blue) positions of the lid region in the crystal structures of
TLL.

The resultant work profiles therefore support previous observations from unbiased

AT-MD simulations, suggesting constraints on lid dynamics for the 1L variant, com-

pared to high lid mobility for the 3L variant.
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4.3.5 Steered MD Simulations of Lipase Variants at a Triglyc-

eride Interface

In addition to simulating the lid opening process of the lipase variants in water, it is

important to characterise the motions of the lid region when the lipase is in contact

with the triglyceride interface. Additional SMD simulations were performed to inves-

tigate these motions for the 1L variant. These were initiated from the final structure

of the bound lipase molecule from unbiased AT simulations with the natural substrate

interface (Fig 4.20). The same SMD protocol was performed as detailed in the previous

section. SMD simulations of the bound forms of the wild-type and 3L variants were

not performed given that these variants displayed degrees of interfacial activation dur-

ing unbiased simulations with the triglyceride interface. The SMD simulations would

therefore not sample the full lid opening process, preventing comparisons with SMD

simulations performed in an aqueous environment, in which the lid region occupied

the initially closed state for all the variants.

SMD simulations of the 1L variant at the interface resulted in an increase in the

amount of work performed to sample lid displacement compared to SMD simulations

in water. However, the lid region was still not significantly displaced at the interface.

Similar to the SMD simulations in water, the biasing force resulted in displacement

of the neighbouring loops that contain the I255 residue, resulting in evolution of the

I255-E87T distance CV (Fig. 4.20).
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Fig. 4.20: SMD simulations were performed for the 1L lipase variant in water and at a
tributyrin interface in order to investigate lid opening motions during interfacial
activation. (A) The calculated work profiles (left), time evolution of the lid
distance CV (middle), and time evolution of the RMSD of the Cα atoms within
the lid region (right). (B) The 1L lipase structures at the end of the SMD
simulations are shown for both the water and interface simulations (lid coloured
red), aligned with the closed (lid coloured orange) and open (lid coloured blue)
crystal structures of the wild-type lipase.

In order to overcome the issue of sampling the lid opening motion within the 1L

variant, additional SMD simulations were performed in which position restraints were

applied to all the atoms in the lipase except for atoms within the lid region. This

protocol enabled greater extension of the distance CV and subsequent displacement of

lid region in the 1L variant in water and at the interface. However, position restrained

simulation of 1L at the triglyceride interface resulted in a similar work profile compared

to the unrestrained SMD simulation of 1L at the interface, whilst much more work
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was performed for position restrained SMD simulations of 1L in water (∼ 250 kJ mol-1

for one replicate).

These results indicate that the SMD simulations did not converge to provide a

complete description of the lid opening process for the different lipase variants. Con-

sequently, comparisons of lid activation between the 1L variant and the wild-type and

3L lipases were hindered regarding the energetic barrier for lid opening as a function of

the lid residue composition. More rigorous enhanced sampling methods are necessary

to provide a good estimate for the activation energy required to displace the lid re-

gions of these mutant lipases. Additionally, a comparison between the energy profiles

of the wild-type and 3L variants in water and at the interface would be necessary

to determine how lid mutations affect lid activation when the lipase is interfacially

bound.

4.3.6 Lipase Hydrolysis of Triglyceride Systems

The mechanisms of lipase inhibition have been reported in various experimental con-

texts, and include effects from interfacial tension of the surface to which the lipase is

bound [199], interactions that affect substrate access and the overall lipase conforma-

tion [205, 210], as well as interactions of charged product molecules with the lipase

binding pocket [170, 208]. Additionally, the accumulation of water molecules, as well as

fatty acid products, at the interface alters the surrounding dielectric constant detected

by the associated lipase. As shown by previous spectroscopic studies, the dielectric

constant of the environment is an important determinant of lipase activation and lid

mobility [57].

To investigate how product accumulation at the interface might affect lipase asso-

ciation, substrate binding, and lipase conformational dynamics, I set up systems that

mimic tributyrin hydrolysis. Three different systems were constructed to model three
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different hydrolysis percentage: 10%, 25%, and 50%. Here, I considered one lipase-

catalysed hydrolysis cycle as the conversion of one tributyrin molecule into three fatty

acid components. Configuration of each system was initiated from final snapshots of

the lipase variants bound to the tributyrin interface from the previous unbiased AT-

MD studies. The bound positions of the lipase variants were used a reference point

to identify all tributyrin molecules within 1 nm radius of the protein. Out of these

identified molecules, either 10%, 25%, or 50% of the tributyrin molecules were each

converted to three fatty acid molecules (Fig. 4.21). The fatty acid molecules possessed

a negative charge group on the ester moiety (O-). This was to investigate the effect

of surface charge on lipase binding and structure. 50 ns AT-MD simulations of these

hydrolysed systems were performed for each of the lipase variants, initiated from their

bound configurations from unbiased AT-MD studies.

Fig. 4.21: Configurations of hydrolysed systems reflecting 10% (A), 25% (B), and 50% (C)
hydrolysis. Hydrolysis was modelled by identifying all the tributyrin molecules
(brown sticks) within 1 nm of the bound lipase (yellow and blue cartoon repre-
sentation; blue = lid region), and converting a percentage of these into 3 fatty
acid molecules each (red sticks). The catalytic triad (S146, H258, and D201) is
shown as red, green, and orange van der Waals spheres, respectively. The images
represent the last frame of an AT simulation of the wild-type TLL variant at
100 ns.

None of the simulations resulted in dissociation of the lipase variants from the

interface within the simulated time. The final binding orientations of the wild-type
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lipase for each system (10%, 25%, or 50%) are shown in Fig. 4.22 (top panel), and in-

dicated that the fatty acid moieties initially occupying the surface of the layer quickly

dissociated over time. This is due to the high solubility of the fatty acid functional

groups in water, which includes a negatively charged oxygen atom, overcoming weak

hydrophobic interactions between the short carbon tails (4 carbon atoms) of the sur-

rounding tributyrin molecules. Consequently, there were only small structural effects

of the hydrolysis products on the conformation of the bound lipase variants for the

layers containing 10% or 25% fatty acids. However, the 50% hydrolysed system seemed

to have a greater affect on overall protein structure, as can be seen from increasing

Cα RMSD values over time, as well as the larger radius of gyration (Fig. 4.23).
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Fig. 4.22: Top panel: Final binding orientations at the end of AT-MD simulations of the
wild-type lipase bound to a tributyrin layer containing either 10%, 25%, or 50%
fatty acid molecules. Bottom panel: The final lipase structure at the end of the
simulations in (A) (50 ns; lid coloured red) aligned with the closed (lid coloured
orange) and open (lid coloured blue) crystal structures of wild-type TLL.
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Fig. 4.23: Analysis of AT-MD simulations of hydrolysed tributyrin systems with wild-type
TLL. (A) Time evolution of the E87-I255 distance measuring lid displacement,
calculated from simulations of the lipase with tributyrin layers containing either
10%, 25%, or 50% fatty acid molecules. (B) Time evolution of the RMSD
calculated for all Cα in the lipase structure. (C) Time evolution of the Cα
atoms within the lid region. (D) Time evolution of the radius of gyration of the
protein.

Similar structural effects were also observed for the 1L and 3L variants for the

50% hydrolysed systems (Fig. 4.24 and 4.26). This is most likely due to electrostatic

interactions between the charged oxygen groups of the fatty acid molecules disrupting

stabilising bonds within the protein structure. Additionally, the 50% hydrolysed sys-

tems also seemed to cause some displacement of the lid region for both the wild-type

and 1L variants (Fig. 4.22, Fig. 4.24).

138



Thermomyces lanuginosus Lipase Interactions With Triglyceride Surfaces

Fig. 4.24: Top panel: Final binding orientations at the end of AT-MD simulations of the
1L variant bound to a tributyrin layer containing either 10%, 25%, or 50% fatty
acid molecules. Bottom panel: The final lipase structure (50 ns; lid coloured
red) aligned with the closed (lid coloured orange) and open (lid coloured blue)
crystal structures of wild-type TLL.
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Fig. 4.25: Analysis of AT-MD simulations of hydrolysed tributyrin systems with the 1L
variant. (A): Time evolution of the T87-I255 distance, measuring lid displace-
ment, calculated from simulations of the lipase with tributyrin layers containing
either 10%, 25%, or 50% fatty acid molecules. (B) Time evolution of the RMSD
of all Cα atoms in the lipase structure. (C) Time evolution of the Cα atoms
within the lid region. (D) Time evolution of the radius of gyration of the bound
lipase molecule.

140



Thermomyces lanuginosus Lipase Interactions With Triglyceride Surfaces

Fig. 4.26: Top panel: Final binding orientations at the end of AT-MD simulations of the
3L variant bound to a tributyrin layer containing either 10%, 25%, or 50% fatty
acid molecules. Bottom panel: The final lipase structure (50 ns; lid coloured
red) aligned with the closed (lid coloured orange) and open (lid coloured blue)
crystal structures of wild-type TLL.
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Fig. 4.27: Analysis of AT-MD simulations of hydrolysed tributyrin systems with the 3L
variant. (A): Time evolution of the T87-I255 distance measuring lid displace-
ment, calculated from simulations of the lipase with tributyrin layers containing
either 10%, 25%, or 50% fatty acid molecules. (B) Time evolution of the RMSD
of all Cα atoms in the lipase structure. (C) Time evolution of the Cα atoms
within the lid region. (D) Time evolution of the radius of gyration of the bound
lipase.

Calculation of the normalised contacts between the fatty acid molecules and bound

lipase variants indicate that these vary throughout the simulations. There is a steady

decrease in the number of contacts between all lipase variants and the fatty acid

molecules in the 50% hydrolysed systems, most likely due to rapid dissociation of

the molecules from the interface and the subsequent random diffusion throughout

the aqueous solution. The number of contacts seem to fluctuate more randomly for

the 10% and 25% hydrolysed systems, presumably because the smaller number of

free fatty acids tended to diffuse through the solution prior to interacting with the
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associated lipase, and may encounter the surface of the lipase less frequently. Overall,

the interactions between the free fatty acid molecules and the lipase seem to be random,

given the continuous fluctuation in the number of contacts over time, indicating these

interactions may not have a functional impact on the bound lipase molecules.

Fig. 4.28: Time evolution of the number of contacts between fatty acid molecules and the
wild-type, 1L, and 3L lipase variants (0.4 nm cut-off) for AT-MD simulations of
hydrolysed tributyrin systems (10%, 20%, and 50%.

4.4 Discussion

Existing experimental data suggest that amino acid substitutions within the lid region

of the TL lipase affects interfacial activation and catalytic activity [206]. Other studies

of different lipases have demonstrated similar effects, highlighting the critical role of

the lid region in enzyme activity and substrate specificity [198, 200, 211]. Here, CG and

AT simulations were used to investigate how mutation of the lid region of TLL affects

interfacial interactions with a natural substrate, as well as conformational dynamics

at the interface and in solution.

Both the CG and AT simulations of the lipase mutants with the triglyceride in-

terface suggested a distribution of interfacial binding orientations. Specifically, the

1L protein, which exhibited esterase activity, consistently displayed an orientation in
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which the lid region pointed away from the triglyceride interface, interacting with the

surrounding solvent [206]. In contrast, the 3L variant, of lipase and esterase charac-

ter, displayed an average orientation in which the lid region was buried within the

interface, consistent with the open form of the wild-type lipase (Fig 4.4A) [206]. This

buried interfacial orientation is in line with experimental studies of wild-type TLL at

phospholipid interfaces, as well as other hydrophobic surfaces [95, 96]. Furthermore,

contact analysis indicates that the nature of the amino acid sequence within the lid

region most likely underlies the different orientations exhibited by the variants at the

interface (Fig 4.5).

The different amino acid sequences within the mutated regions also appeared to

affect the structural dynamics of the lid regions, particularly for the 1L variant. AT

simulations of both an initially closed and open form of the variants revealed that lid

displacement and flexibility was significantly diminished in the 1L variant. Similarly,

experimental studies of other lipases with mutated lid regions were seen to affect

the structural dynamics and thermostability of the mutated enzymes, implying that

amino acid substitutions can affect lid region dynamics [198, 199]. In contrast, the

lid region of the 3L variant appeared to be more mobile relative to the wild-type

and 1L proteins, and exhibited an open conformation in both interfacial and aqueous

environments. These trends correlated with steered MD simulations investigating the

lid opening motion of the variants in water. Accordingly, the largest amount of work

was evolved in simulations of the 1L lipase, whereas the smallest work was performed

in simulations of the 3L variant.

The observed superior stability of the open conformation of the 3L variant relative

to the wild-type variant most likely underlies its unique activity profile [206]. This

has been related to a reduced energetic barrier for lid displacement in the 3L protein

compared to the wild-type, and is thought to be due to the specific residues within the
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hinge-regions of the lid [206]. Additionally, the difference in lid dynamics displayed

by the 3L and wild-type variants can also be related the substitution of the wild-type

E87 residue to a threonine residue in the 3L variant. Previous computational studies

of wild-type TLL suggested that displacement of the lid region to an open position in

a high dielectric medium was unfavourable due to electrostatic repulsion between the

E87 residue and negatively charged residues on the opposite side of the protein [187].

Mutation of the E87 residue to a histidine in this study decreased the overall energy

required to displace the lid region, whilst mutation to a positively charged lysine

residue resulted in an overall increase in energy gain upon lid displacement [187]. The

electrostatic interactions between residues within the lid region and the surrounding

protein are thus important in governing the lid opening process. The E87T mutation

within the lid region of 3L could therefore result in reduced electrostatic repulsion

experienced by the lid region upon lid activation relative to the wild-type variant.

This could explain the differing behaviour exhibited by the variants in unbiased AT

simulations, particularly in simulations of initially open structures in water.

4.5 Conclusions

In this chapter, a combined simulation and experimental approach has provided insight

into the conformational dynamics and interfacial interactions of TL lipase variants at

triglyceride interfaces, and in solution. Factors such as altered interfacial binding

orientations and lid dynamics could underlie the experimentally determined activity

profiles for the wild-type, 1L and 3L variants, and are tightly related to the particular

residue composition of the different lid regions. Furthermore, attempts to characterise

the affect of substrate hydrolysis on lipase binding and structural dynamics were made.

The results from these simulations provide a basis for further investigation with dif-

ferent triglyceride interfaces, such that factors including surface charge and product
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accumulation on lipase activation can also be considered. Additionally, lid glycosyla-

tion is known to play a part in lipase binding to the lipid interfaces [201, 202]. The

lid region of the 1L lipase contains a glycosylation site at the N89 residue of the N-

high mannose type, as well as at the N33 residue of the same type [203, 206]. The

latter is also present within the wild-type and 3L variants [206]. Simulations of the

glycosylated variants will thus be important in providing a comprehensive description

of lipase binding dynamics, and for comparison with the experiments [206].

Moreover, it would be of interest to characterise the energetics of the lid activa-

tion process for each of the variants in more detail. Although attempts were made

to investigate this using SMD methods, these suffer from limitations. First, the SMD

simulations were unable to displace the lid region of the 1L variant relative to the 3L

and wild-type variants in water. Instead, the neighbouring loops were displaced such

that the lid opening process was not adequately sampled. When position restraints

were applied to all the atoms within the protein except for the lid region, the CV was

able to capture lid motion for the 1L lipase in water, resulting in a much larger work

profile. In contrast, similar work profiles were generated during both unrestrained and

position restrained SMD simulations of 1L bound to the interface. These results indi-

cate the both the distance CV and the nature of the SMD methods were insufficient

in describing the lid activation process accurately. More rigorous enhanced sampling

methods are required to firmly establish how lid mutations affect the energetic land-

scape of lid displacement for the mutated lipases, both at the interface and in solution.

Furthermore, subsequent simulations of variants with partially regenerated wild-type

amino acid sequences would provide insight into which particular residue substitution,

or indeed a combination of these, is responsible for altering the energy landscape of

lid activation. These data could then be generalised for other lipases, providing a pre-

dictive tool that could be used in the rational design of lipase variants with attractive
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properties.
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Chapter 5

Lipase Interactions With Graphene

and Graphene Oxide

The previous two chapters have focussed on lipase interactions with "soft" biologi-

cal interfaces, such lipid bilayers and triglyceride surfaces. This and the following

chapter will shift the focus to how molecules interacts with "hard" non-biological in-

terfaces. Characterisation of protein interactions with nanomaterials, such as silica

nanoparticles and carbon-based supports, has provided fundamental insight into the

mechanisms that govern interfacial protein function. The result has been the gen-

eration of systems with applications in biosensing, drug delivery, biocatalysis, and

decontamination [103, 212–215]. Furthermore, investigations of protein interactions

within multicomponent systems, such as supported phospholipid membranes, reveal

that specific protein-lipid interactions influence supported membrane spreading be-

haviour and topology [103].

This chapter and chapter 6 will present results on how lipases and lipids inter-

act with a carbon-based support called graphene. The studies aim characterise how

both lipases and lipids behave on this interface, commenting on binding, topology,

and molecular properties. Future studies could focus on the merging of these two sys-
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tems, investigating how enzymes interact with supported lipid membranes on graphene

surfaces.

5.1 Introduction

Graphene is a single layer of graphite, composed of sp2-hybridised carbon atoms, ar-

ranged in a hexagonal pattern [216, 217]. Despite its geometric simplicity, graphene

has generated huge scientific interest, particularly since its isolation is 2004 [216]. The

surface possesses a vast, modifiable surface area and unique physico-chemical proper-

ties that have resulted in applications in fields including biocatalysis, biosensing, drug

delivery, and energy storage [213–215]. Furthermore, graphene can be functionalised

by exposing it to oxidising agents, resulting decoration of the surface with hydroxyl,

epoxide, and carboxylic groups [218]. Oxidised derivatives of graphene are called

graphene oxide (Fig. 5.1).

Fig. 5.1: Licorice representations (grey) of graphene and graphene oxide.

Biomolecules, such as enzymes, can interact with graphene nanomaterials via elec-

trostatic, van der Waals, π-π stacking, and hydrophobic interactions [219, 220]. The

study of these interactions has led to the generation of biocatalytic systems with ad-

vantageous properties, such as enhanced enzyme thermostability, greater control over
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reaction conditions, ease of substrate and product isolation, and in some cases, in-

creased enzyme activity [74, 212, 221].

Recently, the interfacial interactions of different lipase and esterase enzymes were

investigated with functionalised graphene supports [212, 221]. Esterases perform the

same function of hydrolysing triglycerides as lipases, but do not exhibit interfacial

activation, rather acting on water-soluble substrate [2, 207]. These studies revealed

that interactions of the lipases with graphene oxide resulted in enhanced catalytic effi-

ciency, and in some cases a 2-fold increase in hydrolytic activity relative to the soluble

enzyme [212]. Conversely, the interaction of the esterases with the supports severely

reduced hydrolytic activity, as well as catalytic efficiency [212]. Furthermore, the ad-

dition of hydrophobic hexamethylenediamine groups to the graphene surfaces resulted

in a further increase of lipase catalytic efficiency [212]. The differences in catalytic

activity was attributed to the conformational dynamics and structural stability of the

enzymes, where the esterase were observed to denature in the presence of the graphene

surfaces [212]. This behaviour has also been observed in other enzyme-carbon support

systems, highlighting the important interplay between the physico-chemical properties

of the surface and the conformational dynamics the enzymes [222–224].

In this chapter, I used CG-MD to investigate the adsorption behaviour of the

M37 lipase from Photobacterium lipolyticum (presented in Chapter 3) on graphene

and graphene oxide surfaces. Given the overall planar, rigid nature of the graphene

support surface, as well as previous experimental studies with related lipases, this

interface provides an interesting example for comparison of lipase interactions with

"hard" non-biological vs "soft" biological surfaces [73, 212, 219]. To this end, the inter-

facial interactions of M37 with the graphene supports were compared to simulations

of M37 with phospholipid bilayer surfaces (presented in Chapter 3). Furthermore,

the influence of surface charge on the lipase binding with graphene oxide surfaces was
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studied, revealing differences in the adsorption process and interfacial orientation. Fi-

nally, I conclude with future directions, including parameterisation of an atomistic

graphene oxide model for simulation with the GROMOS 54A7 forcefield.

5.2 Methods

5.2.1 Graphene and Graphene Oxide Models

Graphene Models

Two different CG models of graphene were initially tested to determine which

would be most suitable for simulation. The first CG model applied a 1:4 mapping

scheme of CG beads to atomistic (AT) particles, employing Martini forcefield param-

eters developed for a CG fullerene model [144, 225]. This model was called the 1:4

graphene model. The atomic coordinates for a graphene layer (armchair configuration)

were generated using the Carbon Nanostructure Builder plug-in in VMD (version 1.5)

[163]. The atomistic structure was then used to build the 1:4 CG model, placing a

CG bead at the centre of every four atoms of the AT graphene model (Fig. 5.2).

The parameters for the 1:4 model were downloaded from Luca Monticelli’s website

(http://perso.ibcp.fr/luca.monticelli/MARTINI/index.html) [145, 225].

The second graphene model applied a 1:2 mapping scheme, employing the Martini

parameters developed for a CG model of graphite [84]. The coordinates and parame-

ters for this model were downloaded from the Martini forcefield website (http://www.cgmartini.nl/).

This model was called the 1:2 graphene model. Both CG graphene models are repre-

sented by van der Waals spheres in Fig. 5.2. The radius of the van der Waals spheres

was scaled such that the underlying atomistic structure of graphene was visible, and

so that the mapping scheme between the two models could be distinguished. Conse-
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quently, the CG model may appear permeable, however this is purely due to size of

the van der Waals representations. These are later adjusted to their "true" size within

the CG model (based on σ parameter used for the LJ interaction), such that the CG

graphene sheets are not permeable within the CG simulations.

Fig. 5.2: The mapping scheme applied for the 1:2 and 1:4 graphene models. The underly-
ing atomistic graphene sheet is shown in licorice and coloured in dark blue. Van
der Waals representations of the CG particles show the position of each CG bead
for the 1:2 (yellow beads) and 1:4 models (red beads). The radius of the van der
Waals spheres for the CG models was scaled such that the underlying atomistic
structure of graphene remained visible, allow the mapping scheme between the
two models to be distinguished. Consequently, the CG models may appear per-
meable, however this is purely due to size of the van der Waals representations.
This adjustment is not present during the production simulations, where the CG
graphene models are simulated using the original LJ parameters, such that the
CG graphene sheets are not permeable within the simulations [84, 225].

Each CG graphene model was individually placed in the centre of a 10x10x10

nm simulation box and solvated with standard Martini CG water [134]. In order to

maintain planarity of the graphene sheets, the models were position restrained using

a force constant of 10,000 kJ mol-1 for the 1:4 model, and 5000 kJ mol-1 for the 1:2

model. Additionally, the 1:2 graphene sheet beads were kept frozen during simulation

152



Lipase Interactions With Graphene and Graphene Oxide

(temperature of 0 K) [84]. The systems were then energy minimised, and simulated

at a constant temperature of 303 K and a constant pressure of 1 bar for 250 ns each

(NPT ensemble). Non-bonding interactions were modelled using shift functions; both

LJ and Coulombic interactions were evaluated within a 1.2 nm cut-off, and shifted

within a 0.9 nm cut-off distance for the LJ interactions, and within a 0.0 nm cut-off

distance for the Coulombic interactions [84]. Temperature was regulated using the

Berendsen thermostat and a coupling constant of 0.3 ps [120]. Anisotropic pressure

coupling was applied using the Berendsen barostat with a coupling constant of 3 ps

and a compressibility of 0.5x10-5 bar-1 in the x/y direction, and 3.0x10-5 bar-1 in the

z direction [120]. These parameters reflect those employed in initial parameterisation

studies of the 1:2 graphene model [84].

CG-MD simulations of either the 1:2 or 1:4 graphene models resulted in rapid

freezing of the standard Martini water particles, forming ordered layers that spanned

the entire simulation box (Fig. 5.3A). Although experimental and computational

studies have suggested that water can form ordered layers directly above the graphene

surface, these are thought to only extend to two-three layers hydration layers above

the surface [226–228].
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Fig. 5.3: Images of the first and final frames of CG-MD simulations of the 1:2 (A) and
1:4 (C) graphene models in water using the standard Martini water model. The
1:4 graphene model is shown as red van der Waals representations, the 1:2 model
is shown as yellow van der Waals representations. Water is shown as grey CPK
representations. (B) and (D) show partial density profiles calculated for the last
25% of simulation time for the simulations in (A) and (C). The position of the
graphene surface within the simulation box is shown by the solid black line.

The freezing effect has been observed in other CG Martini simulations with graphene

surfaces [105, 107]. The standard Martini water model is known to exhibit a freezing

temperature that is too high compared to real water; depending on the system, the

water can freeze between 280 and 300 K, particularly if a nucleation point such as a

solid surface is present [134]. "Anti-freeze" particles were introduced to address this

issue. These particles possess a larger σ Lennard-Jones (LJ) parameter (0.57 nm in-

stead of 0.47 nm), and exhibit stronger interactions with the standard water particles

than water-water self-interactions [134]. Anti-freeze particles would therefore disturb

lattice packing of the uniformly sized standard water particles, the effect of which

should be seen when randomly replacing 10% of the standard water particles with the
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anti-freeze particles [134]. This protocol was adopted for both 1:2 and 1:4 models,

however this did not alleviate the freezing effects observed. Varying other simulation

parameters such as increasing temperature or adding salt (Na+ or Cl- ions) also did

not result in liquid water behaviour.

Eventually systems were setup using the polarisable Martini water model, which

is said to address the higher freezing temperature exhibited by the standard water

model compared to real water [148]. Water freezing effects were minimised in CG

simulations with the 1:2 graphene model, but persisted with the 1:4 graphene model

(Fig. 5.4). All subsequent simulations were therefore performed with the 1:2 graphene

model, given that further parameterisation of the 1:4 model would be required to more

accurately model a liquid phase aqueous system.

Fig. 5.4: Partial density profiles calculated for the last 25% of simulation time for CG
simulations of the 1:2 (A) and 1:4 (B) graphene models with polarisable water
(250 ns). The position of the graphene surface within the simulation box is shown
by the solid black line. The profiles indicate that the 1:4 CG graphene model
induces formation of several ordered water layers (∼5), whereas the 1:2 model
induces formation of ∼2. Therefore, simulation with the 1:2 model resulted in the
least freezing of water, as was regarded as most suitable for further simulations.

As can be seen from Fig. 5.4, a small number of ordered water layers (∼2) are
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formed above and below the 1:2 CG graphene surface. Experimentally, the formation

of ordered hydration layers is thought to be due to hydrogen-bonding, electrostatic,

and dipolar interactions between the hydrogen-carbon atoms of the graphene sheet

and the hydrogen-oxygen atoms of the water molecules, forming a network that re-

sults in an ordered water structure [228, 229]. Naturally, the nature of the CG water

model, which maps 4 atomistic water particles within one CG water bead, implies

that the ordered layers seen with the CG models extend beyond the number that is

observed experimentally (2-3 hydration layers) [226–228]. A direction conversion of

one CG water bead to 4 water molecules implies that 2 CG water layers could trans-

late to 8 atomistic water layers depending on the relative orientation of the water

molecules, which again is not captured within the CG water model. Furthermore, the

CG graphene and graphene oxide models assume that the graphene surface is entirely

flat and planar, which is known to not be the case experimentally [230]. Such a planar

surface would naturally introduce order into the system, and may result in artificial

stabilisation/formation of the ordered water layers observed in the CG model, which

may not be present if the graphene surface was more kinked or contained planar de-

fects. Consequently, it remains difficult to compare the CG model to experimental

or atomistic systems, however the observation that ordered water layers are known to

form above graphene and silicon dioxide surfaces remains valid in understanding the

natural behaviour of such systems.

Graphene Oxide Models

CG graphene oxide models were built by replacing the carbon beads in the 1:2

graphene model with beads representing oxygen-containing functional groups. Hy-

droxyl and epoxy groups were modelled using the SP1 bead and negatively charged
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carboxylic acid groups (COO-) were modelled by the SQa bead [134]. Following on

from experimental and computational observations that hydroxyl groups tend to be

found on carbons atoms that neighbour already oxidised carbons atoms (e.g attached

to epoxy groups) [85, 231], the CG graphene oxide models were generated using the

following protocol: the first carbon bead to be "oxidised" was chosen, and replaced by

an SP1 (hydroxyl/epoxy) bead, the next bead to be replaced was then chosen in the

proximity of the now converted SP1 bead, and subsequently replaced. This procedure

was not random as the script used to convert the graphene model to the graphene

oxide model performed the conversion for every 5 lines within the coordinate file. A

more random approach would have consisted of randomly choosing a line within the

coordinate file, and converting the SG4 bead to a SP1 bead. This approach was im-

plemented later, generating a more randomly "oxidised" graphene oxide model. Test

simulations with this more "random" model indicated that the behaviour of the sys-

tems did not alter much compared to model generated by the less random method.

This could be a consequence of the CG nature of the model, such that the distribution

of identical polar beads (SP1) may not affect the behaviour of interacting particles due

to the short-range non-bonding interaction potentials applied. Therefore, the simula-

tions detailed within this chapter concern the graphene oxide model presented in Fig.

5.5, generated by the non-random procedure.

The stoichiometry of oxygen functional groups relative to carbon atoms can dif-

fer depending on the synthesis method [232–234], and several groups have proposed

different models for the structure of graphene oxide [218, 234, 235]. Based on models

proposed in the experimental literature, two differing percentages of oxygen content

were modelled: 20% and 23% (Fig. 5.5) [236]. The 20% oxidised model consisted only

of carbon and oxygen (SP1) beads. To investigate the affect of surface charge, the

23% model was built by randomly replacing a number of carbon beads at the edges
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of the 20% oxidised surface with SQa beads representing COO- groups, resulting in a

final oxidation percentage of 23%.

Fig. 5.5: CG graphene oxide models for simulation with lipase enzymes. Two different
oxidation percentages were modelled: 20% and 23%. Surfaces are shown as van
der Waals spheres. Carbon beads are coloured yellow, oxygen beads are coloured
red, and carboxyl (COO-) beads are coloured blue.

5.2.2 Protein Models

The same CG model of M37 and parameters as presented in the Chapter 3 were used

for the simulations with graphene and graphene oxide.

Positive control simulations for protein interactions with graphene were performed

with a small fungal protein called hydrophobin (HFBI), which is known to interact

with pristine graphene surfaces [237, 238]. The crystal structure of HFBI from Tri-

choderma reesei (PDB: 2FZ6) was downloaded from the PDB [239] and converted to

CG Martini representations employing the Martini 2.2 forcefield [134, 138, 143]. The

ElNeDyn (EDM) parameters that maintain secondary and tertiary protein structure

were calibrated for HFBI, following the same protocol as presented in Chapter 3.
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5.2.3 System Setup and Parameters

M37 or HFBI were individually placed 3 nm above the graphene or graphene oxide

surface in a simulation box (10x10x15 nm) and solvated with polarisable water (Fig.

5.5). These systems were energy minimised, and then equilibrated using the following

protocol: 1) position restraints were applied to both the protein and the surface, 2)

an initial time step of 1 fs was applied for 10,000 steps, and incrementally increased

to the final 20 fs time step by performing consecutive simulations using time steps of

2 fs, 5 fs, 10 fs, and 20 fs for 10,000 steps each, totalling 5 independent equilibration

simulations for each system. All systems were then simulated at 303 K, releasing

protein position restraints [212].

Fig. 5.6: The starting configurations of M37 (left) and HFBI (right) simulations with the
1:2 graphene model. The proteins and graphene (yellow) are represented as van
der Waals spheres. The lid region of M37 (residues 235-283) is shown in cyan
(side chain particles) and green (backbone particles), and active site flap re-
gion (residues 94-110) is shown in dark purple (backbone) and light purple (side
chains); the rest of the protein is coloured in orange (backbone) and red (side
chain). HFBI is shown in orange (backbone) and red (side chain). Water is
shown as grey lines.
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5.2.4 Diffusion Analysis

The diffusion of M37 on different surfaces was analysed using documented open-

source code (http://dx.doi.org/10.5281/zenodo.11827). The code employs an algo-

rithm which calculates the mean square displacement values of individual lipid cen-

troids over a range of time sampling windows, including: 1, 2, 5, 10, 20, 40, 100,

and 140 ns. The diffusion coefficients are then calculated by fitting the MSD vs time

data using a linear diffusion equation [240], using a least squares first degree fit of the

data. Standard deviations of the diffusion coefficients were estimated as the difference

of the slopes from the first and second halves of the MSD vs time data. This is the

approach used by the GROMACS tools function g_msd. In addition to linear fitting,

the code also allows fitting of the MSD data with an anomalous diffusion equation,

distinguishing it from the g_msd tool, which only performs linear fitting of the MSD

data. For this reason, the open source code was used rather the g_msd tool. The

anomalous approximation uses a non-linear least squares fitting to a two parameter

equation of the form:

MSD = 4Dαtα, 0 < α < 2 (5.1)

where Dα is the fractional diffusion coefficient, measured in units of length2/timeα.

The scaling exponent (α) was estimated as the slope of the log MSD vs log time data.

The standard deviations of both parameters (Dα and α) were calculated from the

square root of the diagonal of the covariance matrix from the anomalous fit. This

code has been used by previous simulation studies of lipid diffusion in virus particles

[128, 129].
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5.3 Results

The study of enzyme interactions with carbon materials has resulted in the genera-

tion of biocatalytic systems with advantageous properties, such as increased enzyme

thermostability and, in the case of lipases, enhanced enzyme activity [212, 241]. Here,

CG-MD simulations were used to investigate how the M37 lipase interacts with pristine

graphene and graphene oxide surfaces. The simulations were compared to previous

simulations of M37 interactions with biological surfaces, such as phospholipid mem-

branes (presented in Chapter 3).

5.3.1 Lipase Interactions with Graphene Surfaces

Three replicate CG-MD simulations of M37 positioned above a pristine (unfunction-

alised) graphene surface were performed for 2 µs each. None of these simulations

resulted in interfacial interactions between the lipase and the graphene surface. The

lipase was observed to randomly diffuse through the surrounding aqueous solvent, oc-

casionally approaching the surface within two-three hydration layers, however direct

interfacial contacts were not observed in any of the simulations within the simulated

time.

Additional simulations of a small protein molecule called hydrophobin (HFBI; see

Methods), known to interact with pristine graphene, were performed as a positive con-

trol [237, 238]. These simulations did result in interactions of HFBI with the graphene

surface (Fig. 5.7), mediated by mainly hydrophobic contacts with the surface (Fig.

5.8). HFBI adsorbed quickly to the surface and remained relatively static once bound,

most likely due to strong hydrophobic interfacial interactions with the hydrophobic

support. This analysis suggests that the M37 lipase does not interact with pristine

graphene within the time scales studied here, perhaps requiring polar or electrostatic

interactions to generate a bound configuration, as was seen with zwitterionic vs an-
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ionic bilayer surfaces in Chapter 3. The following results thus only refer to simulations

of M37 with graphene oxide.

Fig. 5.7: Starting and end configuration of a CG-MD simulation of HFBI with a pristine
graphene surface. The protein (orange and red) and graphene surface (yellow)
are represented as van der Waals spheres, water is shown as grey lines.

Fig. 5.8: Contact map showing the residues that mediated interactions between HFBI and
the pristine graphene surface during a CG-MD simulation. Contacts are coloured
in blue for largest number, white for middle, and red for lowest or no contacts.
Interactions were calculated within an 0.8 nm cut-off.
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5.3.2 Lipase Interactions with Graphene Oxide Surfaces:

Previous experimental studies suggest that lipase interactions with graphene oxide re-

sults in enhanced hydrolytic activity and catalytic efficiency relative to their soluble

counterparts (i.e in the absence of any nanomaterials) [73, 212, 221]. CG-MD simula-

tions of M37 individually placed above graphene oxide surfaces of differing oxidation

percentages (see Methods) were performed to investigate lipase interactions with this

functionalised surface.

20% graphene oxide

Contrasting simulations with the pristine graphene support, initial simulations

of the lipase-graphene oxide systems showed that M37 was able to adsorb to this

surface, remaining bound to the support for the duration of the simulation (4 µs).

Further replicate simulations of M37 with graphene oxide were performed, resulting

in a 10 replicate ensemble, in which the lipase exhibited binding interactions with the

interface in 8/10 simulations. Before binding to the surface, the lipase explored the

surface hydration layers known to form above graphene and graphene oxide interfaces

[226–228]. M37 interactions with the ordered water layers resulted in reduced random

diffusion through the surrounding bulk water environment. Once the lipase bound to

the surface, the protein did not dissociate within the simulated time frame in any of

the simulations except for Run 9. In this replicate, M37 made a small number of initial

contacts with the surface, followed by dissociation, and subsequent reassociation with

the surface, in which many more interfacial contacts were formed. Similar to CG-MD

simulations of M37 interactions with anionic phospholipid bilayers (512 lipids; 20%

PG:80% PC), three different binding orientations of the enzyme within this replicate

ensemble could be identified (Fig. 5.9). Table 5.1 reports which binding orientation
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was adopted by M37 for each simulation within the ensemble.

Fig. 5.9: Three different binding orientations were identified from CG-MD simulations of
M37 with graphene oxide (20% oxygen content), denoted by the numbers. The lid
region of M37 (residues 235-283) is shown in cyan (side chain particles) and green
(backbone particles), and active site flap region (residues 94-110) is shown in dark
purple (backbone) and light purple (side chains); the rest of the protein is coloured
in orange (backbone) and red (side chain). The graphene oxide surface is shown
as yellow (carbon beads) and red (oxygen beads) van der Waals representations.
Water is omitted for clarity.

Binding orientation Replicate simulation

1 1, 2, 3, 5, 6, 8

2 9

3 7

Table 5.1: Number of individual simulations (10 replicates) corresponding to a particular
binding orientation of M37 during interactions with graphene oxide. The bind-
ing modes are presented in Fig 5.8. Two simulations did not result in binding of
the M37 lipase with the graphene oxide surface. The binding orientations were
not observed to convert during the span of a single simulation. Once bound to
the surface, the protein did not dissociate in any replicate simulation, except
for simulation 9.

These three orientations were characterised by analysis of the rotational and trans-

lational motions exhibited by the enzyme as it adsorbed on the graphene oxide surface,

revealing differences in the Rzz angle value (Fig. 5.10A-B). This metric is calculated as

the angle between a given orientation of the enzyme in simulation relative to a reference

orientation (same protocol as presented in Chapter 3 and 4). Given that orientation
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1 was the most frequently sampled orientation within the 10 replicate ensemble, this

served as the reference orientation for calculation of the Rzz value (rotation matrix

analysis). The resultant analysis reflects the dissociation/association event exhibited

in Run 9 (orientation 2), as is seen from the distance metric (d) measuring the centre

of mass (COM) distance between the protein and the surface. Furthermore, the Rzz

value clearly changes as the final binding orientation is adopted throughout the CG

simulations for each of the different binding orientations. This is particularly true for

the CG simulation which M37 adopted binding orientation 3 (Fig. 5.10C), in which a

clear shift in Rzz value is observed from ∼0.7 µs to ∼1 µs, as the lipase further ad-

sorbs onto the graphene oxide surface (see inset images). The Rzz is clearly sensitive

to such small changes, indicating only small variations in lipase binding orientations

will produce the same or a similar Rzz value. Thus, the rotational matrix analysis

is able to distinguish between different binding orientations in the analysis of M37

binding behaviour.
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Fig. 5.10: Rotational and translation analysis of the M37 adsorption process on 20%
graphene oxide, calculated for 3 representative CG-MD simulations. The metric
d was calculated as the z-component of the distance between the COM of the
protein relative to the COM of the graphene oxide surface. A rotation matrix
was calculated (Rzz) that defines the transition of an enzyme orientation during
the simulation to a reference orientation (top panel). This analysis is shown for
individual simulations in which M37 adopts either binding orientation 1 (Run 1)
(A), 2 (B), and 3 (C). The graphical analysis is accompanied by images show-
ing the orientation of M37 on the graphene oxide surface during the simulation,
correspond to changes in Rzz values. The colour scheme used for the reference
orientation image is the same as in Fig. 5.9; water is omitted for clarity.

It should be noted that binding orientations 2 and 3 are only exhibited by 1 re-

spective simulation each (Table 5.1). Furthermore, binding orientation 1 and 2 are

very similar in that the lid region (residues 235-283) of M37 mediates the initial inter-

actions of the lipase with the interface. It is possible that extension of the simulation

exhibiting orientation 2 would result in further adsorption of the lipase onto the sur-

face, eventually adapting to orientation 1. The distinction between the three identified

orientations is also reliant on the number of repeat simulations performed within the

ensemble. It is possible that extension of the simulation ensemble could result in iden-
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tification of more binding orientations, or indeed increase the sampling of the already

defined orientations. The analysis of M37 interactions with graphene oxide is there-

fore limited in sampling and the three identified binding orientations of M37 should

be considered as three of possibly several other binding orientations that M37 can

adopt through interactions with the graphene oxide surface. Indeed, other methods,

such as parallel-tempering Monte Carlo simulations have been useful in identifying the

optimal binding orientations of lipases with graphene surfaces, prior to CG simulation

[173]. This could be alternative method to identify the most likely binding orientation

without limitations imposed by performing multiple CG simulations.

Overall however, the lipase appeared structurally stable on the graphene oxide

surface for all observed binding orientations, as shown by constant RMSD values cal-

culated for protein backbone particles, peaking at 0.1 nm, throughout the simulations

(Fig. 5.11). Naturally, the elastic network employed in the CG simulations restricts

further conformational changes that might occur as a function of protein-surface in-

teractions.
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Fig. 5.11: Time evolution of the RMSD of the protein, lid and and active site flap backbone
particles, calculated for CG simulations of M37 with a graphene oxide (20%)
surface.

Interestingly, binding orientation 1 is similar to the Angled orientation adopted by

M37 through interfacial interactions with anionic bilayers and triglyceride interfaces

(Fig. 5.12). However, the active site flap region (residues 94-110) does not engage the

oxide surface, resulting in an interfacial orientation that is nearly the mirror image of

the Angled orientation identified from simulations with anionic bilayers (Fig. 5.12).

Consequently, the contacts mediating the main interactions between the protein and

the graphene oxide surface differ from those identified from the M37-bilayer simulations

(Fig. 5.12).
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Fig. 5.12: (A): The Angled binding orientation identified in simulations of M37 with an
anionic bilayer (20% PG:80% PC; PG = purple headgroups, PC = dark blue
headgroups). (B): Binding orientation 1 of M37 identified in simulations with
a graphene oxide surface. All of the components are shown as van der Waals
spheres. The same colour scheme as in Fig. 5.9 is used for the M37. Water is
omitted for clarity.

The interactions between the protein and graphene oxide surface were mainly me-

diated by polar and charged amino acids, such as Ser254, Gln256, Asp216, and Glu278

(orientation 1 & 2) (Fig. 5.13B and C), whilst M37-bilayer contacts were mainly me-

diated by basic and hydrophobic amino acids (Fig. 5.13A). Binding orientation 3

showed a larger distribution of residue interactions, and also included contacts me-

diated by charged residues such as Lys157, Lys164, Glu80, and Glu156 (Fig. 5.13).

These interactions represent the larger binding surface exhibited by orientation 3, re-

sulting in a larger number of contacts relative to orientations 1 and 2. Importantly, a

significant proportion of polar and charged residues were found to mediate interfacial

contacts in all binding orientations, suggesting an important role for polar and elec-

trostatic interactions in generating bound configurations of M37. In contrast, mainly

hydrophobic interactions were identified in simulations of the HFBI protein with the

pristine graphene surface (Fig. 5.8), indicating that the absence of polar groups on the

surface could underlie the lack of binding events observed for M37 with this hydropho-

bic surface. This is in line with experimental studies of similar systems [223, 224].
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Fig. 5.13: (A) Contact residue maps calculated for CG-MD simulations of M37 with a bi-
layer surface (Angled), and a graphene oxide surface, adopting either orientation
1, 2, or 3 (denoted by numbers) (see Fig. 5.9). (B) Reference orientations of
the lipase for each of the contact residue maps. Contacts were calculated within
a 0.8 nm cut-off. Contacts are coloured in blue for largest number, white for
middle, and red for lowest or no contacts. The same colour scheme as in Fig.
5.9 is used for M37.

Unlike the M37-bilayer simulations, the lipase did not exhibit conversion between

different binding orientations once adsorbed to the surface in any of the replicate simu-

lations (within the simulated time). This is likely due to the nature and strength of the

interactions between the lipase and surface, in which initial protein-surface contacts

were fully maintained throughout the simulations, and additional interactions resulted

in further adsorption of the lipase onto the surface. This can be seen from distance

analysis between the protein and surface within the replicate ensemble, resulting in

incremental decreases in distance over simulation time throughout the adsorption pro-

cess (Fig. 5.14). This is also observed in related studies of protein interactions with

a graphene surface [242]. The dynamic nature of the lipid bilayers on the other hand,

allowed the lipase to embed within the interface, and alter its binding orientation as

a function of protein-bilayer interactions.
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Fig. 5.14: Time evolution of the z-component of the COM distance between M37 and
the 20% graphene oxide surface, shown for 8/10 CG-MD simulations in which
the lipase associated with the graphene oxide surface. The binding orientation
adopted by M37 in the simulations is shown by the numbers in the key (1, 2, or
3). The graphene oxide surface is positioned at d ∼ 1.

Furthermore, the lateral mobility of M37 once adsorbed to the surface was minimal.

This is observed by tracing the COM of the bound protein on the graphene oxide

surface as a function of simulation time (Fig. 5.15). While the lipase is able to

diffuse across the planar surface in binding orientation 1, and to a lesser extent binding

orientation 2, diffusion is extremely limited for orientation 3. The difference in protein

mobility can be related to the larger number of protein-surface interactions mediating

the binding orientation 3 in comparison to binding orientations 1 and 2, highlighting

the role of interfacial contacts in affecting surface diffusion (Fig. 5.15B). For example,

initial interactions between M37 and graphene oxide in orientation 1 (tMD = 1.5-

3 µs) resulted in ∼50 total contacts, which corresponds to the white part of the

bound trajectory time trace (Fig. 5.15A). Further lipase-surface interactions resulted

in the enzyme fully adopting binding orientation 1, such that the number of contacts

increased and protein-surface distance decreased, which corresponds to the blue part of
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the trajectory. When comparing this behaviour to M37 in binding orientation 3, the

number of protein-surface contacts is almost double, resulting in very little protein

diffusion on the graphene oxide surface (Fig. 5.15). Furthermore, extension of the

Run 1 replicate simulation (binding orientation 1) to 10 µs did not result in additional

surface diffusion of the adsorbed enzyme, indicating that once a number of contacts

have been made, M37 is relatively static on the graphene oxide support, at least within

the simulated time scales.
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Fig. 5.15: (A) Time traces showing the position of M37 during CG simulations of the lipase
with a graphene oxide surface. The lines trace the COM of M37 once adsorbed
onto the graphene oxide surface, visualised for representative CG simulations
in which M37 adopts orientation 1 (Run 1), 2, or 3 (indicated by numbers).
The time traces are coloured in a red-blue scale, where red corresponds to the
beginning of the trajectory, white to the middle, and blue to the end of the
trajectory. Image perspective is from the top of the simulation box looking down
onto the surface. The graphene oxide surface (10x10 nm) is shown as van der
Waals spheres coloured in grey. (B) Time evolution of d (left axis), measuring
the COM distance between the protein and graphene oxide, and number of
contacts between the protein and the surface (right axis) calculated for each of
the simulations shown in (A).

The limited lateral diffusion of M37 on the graphene oxide surface is further high-

lighted through comparisons with the lateral diffusion of M37 bound to anionic bilay-

ers (Fig. 5.16). Diffusion was calculated by measuring the mean square displacement

(MSD) of the protein on the surface for different time sampling points, and fitting the

resulting data with a linear diffusion equation [240] (see Methods).

In particular, the MSD data indicates almost no mobility of the protein when
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adsorbed on the graphene oxide surface within the sampled time frames, whereas the

MSD data for M37 bound to bilayer surfaces samples much higher values (Fig. 5.16).

Correspondingly, a diffusion coefficient of 0.2 ± 0.1 x10-7 cm2/s was estimated for

M37 bound to the graphene oxide support, compared to 2.1 ± 0.2 x10-7 cm2/s for

M37-bilayer simulations (unscaled diffusion coefficients).

Fig. 5.16: MSD data plotted against different time sampling windows (ns), calculated for
CG-MD simulations of M37 with graphene oxide (GO) and with an anionic
lipid bilayer (Bil) (Chapter 3). The MSD data was fitted with a linear diffusion
equation; the resultant diffusion coefficients are shown (DGO, DBil) in units:
x10-7 cm2/s. Errors bars show standard error of the mean.

Overall, the CG results suggest that M37 interacts differently with graphene oxide

surfaces relative to anionic lipid bilayers, in which polar and electrostatic interactions

are important in driving adsorption of the lipase on to the graphene oxide surface.

Conversely, hydrophobic and basic residues were important in mediating interfacial

interactions between M37 the anionic lipid bilayers (Fig. 5.13). Furthermore, the

limited diffusion of the protein on the oxide surface appears to be related to the

number of protein-surface contacts, contrasting the higher mobility of the M37 lipase

174



Lipase Interactions With Graphene and Graphene Oxide

when bound to anionic bilayers. This could be related to the strength of interactions

between the protein and the "hard" graphene oxide support compared to the "soft"

bilayer systems.

23% Graphene Oxide

Previous experimental studies of graphene oxide surfaces reveal that the edges of

the sheet are decorated with carboxyl groups [218, 243, 244]. In order to investigate

the affect of surface charge on the adsorption behaviour of the M37 lipase, CG-MD

simulations were performed with a graphene oxide model that included additional neg-

atively charged carboxyl groups randomly placed at the edges of the surface (oxygen

content = 23%). Three replicate CG-MD simulations of M37 positioned 3 nm above

the oxidised surface were performed (4 µs), all of which resulted in lipase interactions

with the graphene oxide model (Fig. 5.17). Once the lipase adsorbed to the surface,

it did not dissociate in any of the simulations. M37 mainly interacted at the edge of

the graphene oxide surface, exhibiting similar binding orientations as identified from

simulations with the 20%-oxidised graphene model (Fig. 5.17A). These orientations

were termed 1*, 2*, and 3*.

The lipase adsorption process tended to occur more rapidly with the 23% oxidised

surface, indicating that the presence of the carboxyl groups and charged interactions

influenced M37 association with the interface, particularly for binding orientations

1* and 2* (Fig. 5.17B). This can be seen from enzyme binding pathways in which

M37 exhibited initial interactions with the surface within the first 500 ns of CG-

MD simulation time for all replicate simulations (Fig. 5.17B). However, additional

simulations are necessary to confirm the potential difference observed in the enzyme-

surface binding process for this graphene model relative to the 20% graphene oxide
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model, for which 10 replicates were performed.

Fig. 5.17: (A) Three different binding orientations identified from CG-MD simulations of
M37 interactions with the 23% graphene oxide model. Binding orientations are
identified by 1*, 2*, and 3*. (B) Translation and rotational analysis performed
for each of the 3 simulations. The rotation matrices (Rzz) are calculated rela-
tive to binding orientation 1 identified from simulations of M37 with the 20%
graphene oxide model (Fig. 5.9) for comparative purposes. The same colour
scheme is used as in Fig. 5.9. The graphene oxide surface is shown as yellow
(carbon), red (epoxy/hydroxyl) and blue (carboxyl) van der Waals spheres.

The structural stability of M37 did not seem to be affected by the presence of

charged groups at the edge of the oxidised sheets, displaying very similar RMSD

profiles as calculated for M37 interactions with the uncharged graphene oxide surface

(Fig. 5.18). Only small variations in the RMSD values are seen for the lid (residues

235-283) and active site flap (94-110) regions of M37, maintaining a constant RMSD

for each of the three simulations performed.
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Fig. 5.18: Time evolution of the RMSD calculated for the backbone particles of the lid,
active site flap, and rest of the protein structure during CG-MD simulations of
M37 with a 23% graphene oxide model; M37 exhibited different three binding
orientations through interactions with the sheet denoted by 1*, 2* and 3*, as
shown in Fig. 5.17.

The different binding orientations exhibited by the M37 lipase however did differ

in the nature of interactions mediating protein-surface contacts (Fig. 5.19). The

enzyme predominantly displayed contacts with the basal plane of the graphene oxide

sheet when adopting binding orientation 3*, mediating very little interactions with the

carboxyl groups displayed on the edges (Fig 5.18C). Interestingly, in this simulation,

M37 initially made contact with the edge of the sheet, and then diffused a small

distance across the graphene oxide plane, resulting in an increased interfacial contacts

mediating protein-surface interactions with the graphene oxide plane (Fig. 5.18).
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Fig. 5.19: Normalised contacts calculated for CG-MD simulations of M37 with a graphene
oxide model displaying carboxyl groups at its edges (23%). Interactions were
calculated for bindings orientations 1* (A), 2* (B), and 3* (C), displayed in
Fig. 5.17.

Conversely, M37 exhibited the most extensive interactions with the surface edge in

through binding orientation 1*, as measured from protein residue contacts made with

the carboxyl groups, in addition to interactions with the oxygen-containing beads and

carbon beads on the surface (Fig 5.19A). The enzyme maintained its initial adsorbed
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orientation, and remained at the edge of the surface for the duration of the simulation,

and thus did not exhibit surface diffusion Fig 5.20A). Conversely, protein lateral diffu-

sion on the graphene oxide surface was most prevalent in binding orientation 2*, where

initial contacts made with the basal plane of the interface allowed the protein to dif-

fuse laterally (tMD = 0-0.5 µs), until additional protein-surface contacts were made at

the surface edge, corresponding to a reduction in enzyme lateral mobility (Fig 5.20B).

This behaviour is in line with observations of protein diffusion on the 20% graphene

oxide surface, indicating a correlation between increasing protein-surface contacts and

reduced protein diffusion on the interface.
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Fig. 5.20: (A) Time traces showing the position of M37 during CG simulations with a
charged graphene oxide surface. The lines trace the COM of M37 once adsorbed
onto the graphene oxide surface, visualised for CG simulations in which M37
adopts orientation 1*, 2*, or 3* (indicated by numbers). The time traces are
coloured in a red-blue scale; red = the beginning of the trajectory, white the
middle, and blue the end. Image perspective is from the top of the simulation box
looking down onto the surface. (B) Time evolution of d (left axis), measuring the
COM distance between the protein and graphene oxide, and number of contacts
between the protein and the surface (right axis).

5.4 Discussion

The application of useful biocatalytic systems involving biological enzymes depends

heavily on the nature of the support surface, such as its surface chemistry, as well as

the structural nature of the enzyme, particularly its conformational dynamics and sta-

bility. Previous experimental studies of lipase interactions with graphene and graphene

oxide-based supports indicate that lipases interact favourably with carbon nanomate-
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rials, characterised by increased enzyme activity and catalytic efficiency (relative to

soluble enzyme) [73, 212, 219, 221]. The molecular mechanisms that govern lipase

adsorption and activation on these surfaces, and how this is affected by variation in

the surface chemistry of graphene supports, however have only in part been charac-

terised [92, 173]. Computational studies of the adsorption process of other enzymes

(e.g lysozyme) on related surfaces suggest factors such as protein hydration and initial

binding orientation are key in the adsorption process of enzymes on surfaces [245–247].

In this chapter, I used CG-MD methods to investigate the adsorption process of

the M37 lipase on graphene and graphene oxide. Simulations were performed to study

how this lipase interacts with graphene-based surfaces, characterising the interfacial

interactions that govern lipase association. Additionally, the affect of surface charge

on binding and interfacial orientation were investigated through simulation of a CG

graphene oxide model displaying negatively charged carboxyl groups on the surface

edges. The collective simulations were compared to simulations of M37 with anionic

phospholipid bilayers, a "soft" biological surface (Chapter 3).

Preliminary results indicate that M37 preferentially interacted with graphene oxide

rather than pristine (unfunctionalised) graphene. This was substantiated by perform-

ing positive control simulations with HFBI, a small protein known to bind graphene

surfaces [237, 238]. Contrastingly, simulations of M37 with a graphene oxide surface

indicated extensive interfacial interactions, resulting in identification of three differ-

ent binding orientations (Fig. 5.9). Binding orientation 1 was similar to the Angled

orientation exhibited by M37 through interactions with bilayer and triglyceride sur-

faces. The interactions governing M37 association with the oxidised surface were

mainly mediated by polar and electrostatic interactions, contrasting the hydrophobic

interactions observed HFBI simulations with pristine, hydrophobic graphene. Indeed,

van der Waals interactions are known to be critical in protein adsorption to pristine

181



Lipase Interactions With Graphene and Graphene Oxide

graphene surfaces, as has been characterised extensively both computationally and

experimentally for other peptide/protein-graphene systems [220, 223, 242, 248, 249].

Similarly, previous investigations have also marked the importance of electrostatic and

polar interactions of protein interactions with graphene oxide surfaces, matching the

observations made for M37 [224, 248, 250].

Interestingly, two of the three binding orientations of the lipase on graphene ox-

ide involved substantial interactions between the lid region of M37 and the surface,

suggesting potential structural affects in terms of lid displacement and activation.

The most commonly adopted binding orientation (orientation 1) was similar to the

Angled orientation exhibited by M37 through interactions with phospholipid bilayer

and triglyceride interfaces. One important difference however, was that M37 did not

exhibit interactions through the active site flap region with graphene oxide, result-

ing in different protein-surface contacts compared to bilayer interactions (Fig. 5.13).

Furthermore, a similar binding orientation to binding orientation 1 was identified in

simulations with the charged graphene oxide model (1*), suggesting a common binding

motif in M37-surface interactions involving the lid region.

Interestingly, lateral diffusion of M37 once adsorbed to these surfaces was only

minimal and seemed to correlate with an increased number of protein-surface contacts,

as exhibited by binding orientation 3 in simulations with 20% graphene oxide (Fig.

5.15). This suggests that protein-surface interactions were strong, and only minimal

variation in binding orientation was observed once the lipase adsorbed onto the surface.

Similar observations were made by a computational study of Candida rugosa lipase on

a pristine graphite surface [173]. Furthermore, comparisons of the diffusive behaviour

of M37 on graphene oxide surfaces with bilayer surfaces also suggested the protein was

much more static on the surface, which again could be attributed to the nature and

strength of the interfacial interactions between M37 and graphene oxide.
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The functional consequences of M37 interactions with graphene oxide supports are

difficult to predict from CG simulations, in which structural changes are not captured.

Given that the potential activation mechanism of M37 involves displacement of the lid

region, rather than the active site flap (Chapter 3), interfacial interactions involving

the lid region with the graphene oxide supports may indeed affect the lipase activa-

tion process. If lid displacement were to occur through interfacial interactions with

graphene oxide in, for example, binding orientation 1 (20% model), the underlying

catalytic site would indeed become exposed to the surrounding solvent, potentially

allowing substrate access. Conversely, previous simulation studies of a related lipase

(Lip2) with carbon nanobtubes suggested that interactions of the protein through sites

located away from the lid region were still able to result in displacement of the the lid

region [92]. It was suggested that these interfacial interactions of the protein could

be propagated to the remote lid subdomain, inducing a structural change [92]. It is

therefore possible that any of the binding orientations observed in this study could

lead to conformational changes in the functional regions of M37. Furthermore, the

nature of substrate binding and substrate access in immobilised enzyme systems is

currently not well understood or characterised, which is related to the difficulty in ex-

perimentally characterising the orientation of the bound enzyme molecules. Substrate

access and entry into the cataltyic site would therefore be of interest to investigate for

the M37-graphene oxide systems as well.

5.5 Conclusions

The nature and strength of the interactions between M37 and graphene oxide surfaces

are clearly important in both interfacial binding orientation, and protein mobility on

the surface. Unlike the M37-bilayer simulations, M37 was not observed to alter binding

configuration once adsorbed to the surface, which may have implications for interfacial
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activation of this enzyme. In order to study the conformational changes that may

occur as a function of M37-graphene oxide interactions, a preliminary atomistic model

of graphene oxide was parameterised (Appendix B). However, further development

and validation studies are necessary before the model can be usefully simulated.

Furthermore, other, non-functional, structural affects might occur through exten-

sive interactions of M37 with the planar graphene oxide surface, such as loss of sec-

ondary structure (e.g α-helicity). This has been observed for other enzyme-graphene

systems [219, 222]. It would therefore be interesting to compare M37 interactions

with carbon nanomaterials of different curvatures, such as carbon nanotubes (CNTs),

which effectively correspond to a rolled up sheet of graphene. Indeed, previous ex-

perimental data suggests that lipase activity is affected by the topological differences

between graphene (oxide) and CNTs, in which up to 20-fold increase in lipase activity

is observed for functionalised CNTs relative to graphene oxide [219]. The difference

in enzyme activity is thought to be related to structural denaturation of the enzyme

through increased interactions with a flat graphene oxide surface, compared to the

curved CNT surface, which has also been observed for other enzymes [219, 222, 223].

Other factors such as surface hydration and the formation of ordered water layers

above planar graphene surfaces are thought to play an important role in the binding

and orientation of adsorbed molecules [229, 251]. The ability of a CG water model to

capture the dynamic processes that occur during protein adsorption that influence the

surrounding water structure are limited [250]. Furthermore, the electronic structure of

graphene is known to affect molecular adsorption, orientation, and interactions energy,

where π-π stacking interactions (aromatic amino acids) and charge accumulation are

very important [220, 251–253]. These effects are clearly not captured by the CG

models presented here, and thus might affect the interfacial orientations observed for

M37. The ability of the computational models of graphene/graphene oxide and MD
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forcefields to predict this behaviour accurately will be important in generating relevant

data, particularly in the characterisation of possible conformation changes of bound

enzyme molecules. This will also be important in order to make useful comparison to

the available experimental data.

Future studies employing atomistic MD simulations would be useful in elucidating

both the structural and functional affects of lipase-surface interactions, both in terms of

conformational stability of M37 and lipase activation. These would form a comparative

basis for the possible activation mechanism suggested for M37 in Chapter 3, and

more generally provide insight into enzyme binding and interfacial orientations at the

interface in the context of experimental literature.
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Chapter 6

Lipid Interactions With Graphene

Surfaces

The interfacial interactions of the M37 lipase with graphene support surfaces were dis-

cussed in the previous chapter. In this chapter, these systems are extended to investi-

gate how lipid molecules interact with graphene surfaces. Coarse-grained MD simula-

tions were used to model phospholipid bilayers interactions with pristine graphene and

graphene oxide surfaces. These results were compared to experimental measurements

of the same systems, provided by colleagues (Dr. Michael Hirtz and Dr. Aravind

Vijayaraghavan) at the Karlsruhe Institute of Nanotechnology and the University of

Manchester. The simulation results agree well with the experimental data, suggest-

ing that bilayer topology is significantly affected depending on both the chemical

nature of the support surface, as well as system solvation. By establishing a model

system exploring the behaviour of supported lipid membranes on these surfaces, the

groundwork is laid for future investigations with lipases. These systems are amiable

to experimental characterisation and thus constitute a basis for investigating how the

properties of the supported interface are affected by lipase interactions, with possible

further characterisation of lipase dynamics and activation mechanisms. Hence, this
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integrated study represents a basis for future simulations of supported bilayer systems

with lipases.

6.1 Introduction

Supported lipid membranes (SLMs) are generated by the deposition of lipid molecules

on a support surface to investigate molecular properties such as lipid organisation,

protein interactions, and overall membrane dynamics [101]. A recent approach to

generating SLMs is lipid dip-pen nanolithography (L-DPN). This technique involves

covering the tip of an atomic force microscope (AFM) with a phospholipid species

or mixture (the "ink"), and directly depositing the molecules onto a support surface

(the "paper") (Fig. 6.1) [254]. L-DPN has the benefit of direct and precise spatial

control during lipid deposition, with the ability to tailor the lipid ink to the desired

composition [255, 256]. The nature of the support surface, amongst other factors,

plays an important role in the observed molecular properties of SLMs [103, 257, 258].
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Fig. 6.1: Schematic of the basic molecular transport in lipid dip-pen nanolithography (L-
DPN) to generate supported lipid membranes (SLMs). The tip of an atomic force
microscope is covered with lipid "ink", represented by orange circles (headgroups)
and black lines (tails), which comes into contact with a support surface via a
water miniscus that forms between the tip and the surface, allowing molecular
transport of lipid molecules onto the surface. The AFM tip is moved across the
surface in a particular writing direction, generating lines on the surface.

Recently, L-DPN was used to investigate the molecular organisation of different

lipid inks on pristine graphene and silicon dioxide surfaces [259]. It was found that the

molecular topology of SLMs on graphene differed substantially to lipid formations on

silicon dioxide in air. Furthermore, the addition of aqueous solution to the graphene

systems resulted in significant re-organisation of the lipid structures, suggesting im-

portant roles for hydration in stabilisation of lipid membranes on the support. The

authors further demonstrate the binding of small proteins to functionalised lipids, con-

firming membrane stability, as well as biosensing capabilities of the SLM systems [259].

These results describe a modular, discretely patterned system in which molecular in-

teractions between different biological compounds, for example lipids and proteins,

can be studied.

Here, I utilised CG-MD simulations to investigate how phospholipid bilayers inter-

act with pristine graphene (unfunctionalised) and graphene oxide surfaces in vacuum
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and in water. The CG-MD results were compared to experimental measurements, in-

cluding atomic force microscopy (AFM) studies, of the same systems. These correlated

well, observing similar effects on membrane topology in function of surface polarity

and system hydration [259]. Further characterisation of the molecular properties of the

SLMs indicated substantial effects on lipid diffusion within the supported bilayers, as

well as lipid ordering, in comparison to free-standing bilayers. These simulations con-

stitute initial characterisation of lipid-graphene systems, with a view towards further

investigation of protein interactions with SLMs, focussing on lipases.

6.2 Methods

6.2.1 CG Surface Models

The CG graphene model presented in Chapter 4 was utilised in this chapter for sim-

ulations of phospholipids with pristine graphene. Briefly, the model involved a 2:1

mapping scheme of carbon atoms to CG graphene beads (SG4 bead type) (Fig. 6.2)

[84]. Original parameterisation of the graphene model was based on reproducing the

adsorption and topological behaviour of long-chain alkane molecules on graphite, sug-

gesting the model is suitable to study the behaviour of lipids on graphene surfaces

[84].

The CG graphene model was used to build the graphene oxide model. To do

this, the carbon beads (SG4) comprising the pristine graphene surface were randomly

substituted by oxygen beads (SP1), which represent either a C-O-C epoxy group

or a C-O-H group [122], eventually reproducing the oxygen content of the graphene

oxide substrates used in the experiments (2.82% C-O-C: 49.3% C-O-H based on X-ray

photoelectron spectroscopy data).
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Fig. 6.2: CG graphene and graphene oxide models used in this Chapter. The graphene
oxide model reflects the same oxidation percentage as the graphene oxide flakes
used by experimental collaborators. The surfaces are shown as van der Waals
spheres; carbon beads (SG4) graphene beads are coloured black, oxygen beads
(SP1) are coloured red.

6.2.2 Lipid Bilayers

Lipid bilayers consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) molecules

were constructed by self-assembly simulations in water using the same method pre-

sented in Chapter 3. The DOPC lipid composition reflects the main lipids employed in

the experiments and previous, related studies [259, 260]. The self-assembled bilayers

were used to build inverted bilayers that mimic structures observed in previous AFM

studies of lipid-graphene interactions [259]. The inverted bilayers were obtained by

isolating the bottom leaflet of a regular bilayer and placing this on top the the upper

leaflet, such that the lipid headgroups were oriented towards each other (Fig. 6.3).

The editconf tool from the GROMACS simulation package was used to do this.
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Fig. 6.3: Regular (left) and inverted (right) bilayers used for CG-MD simulations with
graphene and graphene oxide surfaces. Each bilayer is composed of 512 DOPC
molecules. The lipid choline, phosphate, glycerol and carbon tail groups are shown
as licorice representations coloured in green, red, yellow, and grey respectively.
The Hyperballs program was used to generate the images [261].

6.2.3 Simulation Details

The Martini 2.2 forcefield was used for all CG-MD simulations [122]. All systems

containing water were performed with the polarisable Martini water model [148]. Sim-

ulations of the graphene (oxide)-lipid systems in vacuum were conducted at constant

temperature and volume (NVT ensemble), applying the Berendsen thermostat with

coupling constant of 0.3 ps at 298 K [120]. Fully solvated simulations were performed

at constant temperature and pressure (NPT ensemble) utilising the Berendsen baro-

stat with a coupling constant of 3.0 ps, applying anisotropic pressure coupling, and a

compressibility of 0.5x10-5 bar-1 in x and y, and 3.0x10-5 bar-1 in the z-direction [120].

Non-bonding interactions were modelled using shift functions; both LJ and Coulombic

interactions were evaluated within a 1.2 nm cut-off. The LJ interactions were shifted

within a 0.9 nm cut-off distance, the Coulombic interactions were shifted from a 0.0

cut-off distance. These parameters reflect those applied in parameterisation studies of

the CG graphene model [84]. The lipids, water, and graphene were coupled to separate

external baths for all of the simulations.
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6.2.4 Lipid Order Parameter Analysis

The 2nd rank lipid order parameters were calculated for select simulated systems using

the following expression:

SCC
n = 1

2⟨3cos2(θ) − 1⟩ = ⟨P2(cos(θ))⟩ (6.1)

where θ is the angle between the bond connecting carbon beads Bn-1 and Bn and

the z-axis (normal to the bilayer). The angle brackets indicate the ensemble average.

The 2nd rank term refers to the second order Legendre polynomial used to describe

the order parameter [262]. This approximation has been used in experimental and

computational studies of bilayer systems [263–266], and can be compared to SCD

order parameters calculated from NMR deuterium experiments using the recursion

relation [267].

6.2.5 Lipid Diffusion Analysis

The diffusion of lipids within the simulated systems was analysed using documented

open-source code (http://dx.doi.org/10.5281/zenodo.11827). The code employs an

algorithm which calculates the mean square displacement values of individual lipid

centroids over a range of time sampling windows, including: 1, 2, 5, 10, 20, 50, 70, 100,

and 200 ns. The diffusion coefficients are then calculated by fitting the MSD vs time

data using a linear diffusion equation [240], or an anomalous diffusion equation [268].

As mentioned in the Methods section of Chapter 5, fitting of the MSD data using

an anomalous diffusion equation distinguishes this code from the GROMACS tools

function g_msd, which only performs linear fitting of the MSD data. For this reason,

the open source code was used rather the g_msd tool. The linear approximation uses

a least squares first degree fit of the data, whereas the anomalous approximation uses
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a non-linear least squares fitting to a two parameter equation of the form:

MSD = 4Dαtα, 0 < α < 2 (6.2)

where Dα is the fractional diffusion coefficient, measured in units of length2/timeα.

For the linear diffusion fit, standard deviations of the diffusion coefficients were

estimated as the difference between the slopes from the first and second halves of the

MSD vs time data. For the anomalous diffusion fit, the scaling exponent (α) was

estimated as the slope of the log MSD vs log time data. The standard deviations of

both parameters (Dα and α) were calculated from the square root of the diagonal of

the covariance matrix from the anomalous fit. This code has been used by previous

simulation studies of lipid diffusion in virus particles [128, 129].

6.3 Results

Previous studies have shown the formation of stable lipid structures, such as multi-

layered lipid membranes, on graphene, silicon dioxide, and other substrates can be

generated by L-DPN, and are influenced by surface morphology and experimental

conditions [103, 255, 259]. Here, CG-MD simulations were used to investigate the

molecular details of supported lipid membrane interactions with pristine graphene

and graphene oxide surfaces. The simulated systems were constructed to reproduce

the experimental conditions used during generation and analysis of the supported

membranes by L-DPN and AFM [259]. These experiments were either performed for

systems in air or systems in solution. Experiments in air were typically performed

at 20-30% relative humidity (R.H). The simulated systems were however of a much

smaller size, resulting in a negligible number of water particles (< 1) occupying the

volume of the box at 20-30% R.H, even for the largest systems (30x20x20 nm). Exper-
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iments in air were therefore approximated by simulations in vacuum. Furthermore, in

all cases, the x and y-axes of the simulation box were larger than the total width and

length of the graphene/graphene oxide surface area. This was to ensure there were

no periodic boundary effects regarding lipid interactions with the surrounding period

images.

6.3.1 Lipid Interactions with Graphene

L-DPN generated lipid membranes on pristine graphene surfaces are thought to form

"inverted" bilayer structures in air [259, 269]. I investigated the stability of these

inverted bilayer structures on a graphene surface in vacuum and in water. Two dif-

ferent graphene surface areas were modelled: a small (10x10 nm) and large (30x30

nm) surface. Pre-formed inverted bilayers consisting of 512 DOPC lipids (256 lipids

per leaflet) were placed above the individual small and large graphene surfaces and

simulated for 0.5-1 µs.

Simulations of the systems in vacuum resulted in rapid adsorption of the lipid layers

onto the surface, mediated by strong hydrophobic interactions between the graphene

beads and the lipid tails (Fig. 6.4A). The lipid structures maintained their inverted

configurations as shown by monitoring the centre of mass (COM) distance between the

lipid phosphate headgroup and the graphene surface (Fig. 6.4E). Polar interactions

between the headgroups resulted in clustering of the headgroups, stabilising the in-

verted bilayer topology. Encouragingly, CG-MD simulations of lipid monolayers with

the small graphene surface resulted in spontaneous lipid re-organisation to form an in-

verted bilayer structure in vacuum (Fig. 6.3C). Furthermore, similar partial densities

of the lipid groups can be observed for the inverted bilayer and monolayer simulations,

suggesting the different starting structures converged to similar end structures (Fig.

6.3B and 3D). The CG results corroborate AFM measurements of L-DPN deposited
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lipid layers on pristine graphene surfaces, revealing that phospholipids form a flat in-

verted bilayer of uniform thickness on the hydrophobic support in vacuum (simulation)

or in air (experiment) (Fig. 6.5A) [259]. The AFM measurements were performed by

Dr. Michael Hirtz and colleagues at the Karlsruhe Institute of Technology.
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Fig. 6.4: Images of CG-MD simulations of a pre-formed inverted bilayer (A) and lipid
monolayer (C) with a small (10x10 nm) graphene surface in vacuum. The lipid
choline, phosphate, glycerol and carbon groups are shown as licorice representa-
tions in green, red, yellow, and grey respectively. Graphene is represented as black
licorice. The partial densities of phosphate headgroups and carbon tails were
calculated for the last 25% of simulation time for the inverted bilayer (B) and
monolayer simulations (D). The dashed line represents the position of graphene
in the simulation box. Lipids are only shown from the graphene surface upwards.
However, some lipids occasionally transferred to the bottom of the graphene sur-
face. Given that these were only a few lipids, they are not included in the images.
Time evolution of the average centre of mass (COM) distance between lipid phos-
phate headgroups and graphene surface (dashed line) for the same bilayer (E) and
monolayer simulations (F).
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Fig. 6.5: Left: AFM images of L-DPN generated lipid membranes (DOPC) on pristine
graphene (A) and graphene oxide (B) surfaces in air. Right: AFM height mea-
surements of the same patches, measured between the red dots shown on the left
images. The top section profile shows a smooth single step membrane compatible
with the thickness of a single inverted bilayer on graphene (in air) [259]. The
bottom profile section reveals a bilayer membrane on top of a monolayer (wetting
layer). The wetting layer is similar to lipid layers observed on silicon dioxide,
though thinner, probably due to reduce layer density [270]. This data was col-
lected and provided by colleagues (Dr. Michael Hirtz) at the Karlsruhe Institute
of Nanotechnology.

CG-MD simulations of inverted bilayers with the large graphene surface (30x30

nm) however, were less stable regarding bilayer configuration. Here, the strong hy-

drophobic interactions between the lipid tails and graphene surface dominated lipid

organisation, and resulted in disassembly of the layer and spreading of lipids across

the available surface area, aligning with the support in a lateral fashion (Fig. 6.6A).

The same behaviour was also observed in simulations of pre-formed regular bilayers

(Fig. 6.6B). Interestingly, simulation of larger inverted bilayers (2110 lipids) exhibited
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higher stability and maintained the inverted configuration to a larger extent compared

to the smaller bilayer systems (512 lipids) (Fig. 6.6E). However, lipid tail entanglement

and lateral interactions with the surface, as well as headgroup-headgroup clustering,

resulted in deviation from the more "ideal" inverted bilayer configuration observed in

simulations of the smaller bilayers on the small graphene surface in vacuum (10x10

nm) (Fig. 6.4). Importantly, the increased stability of larger lipid layers indicates that

lipid density on the graphene surface is another determinant of supported membrane

topology.
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Fig. 6.6: Left: Images of the first and last frames of CG-MD simulations of small pre-formed
inverted (A) and regular (C) bilayers (512 lipids), and a larger inverted bilayer
(E; 2110 lipids) on large graphene in vacuum. The same colour code as images
in Fig 6.4 is used. Right: Partial densities of the phosphate and lipid tail groups
calculated for the small inverted (B), regular (D) and large inverted bilayer (F)
simulations. The x- and y-axes of the simulation box are larger than the total
width and length of the graphene surface, in order to minimise periodic effects
through lipid interactions with the period image. Lipids are also only shown from
the graphene surface upwards. However, some lipids occasionally transferred to
the bottom of the graphene surface. Given that these were only a few lipids, they
are not included in the images.

6.3.2 Lipid Interactions with Graphene Oxide

Surface polarity is known to affect the molecular properties of supported lipid bilayers,

such as overall topology, diffusion, and lipid ordering [107, 269, 271–273]. In order

to compare lipid behaviour on graphene surfaces to other surfaces, L-DPN was also

performed on graphene oxide substrates in air. AFM measurements of the deposited

lipid layers on the hydrophilic substrate indicated that the lipids organised into a "1.5"
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bilayer configuration (Fig. 6.5B), as has been suggested for lipid structures on silicon

dioxide surfaces in air [259, 270, 274]. Two distinct lipid layers could be distinguished:

a "wetting" layer composed of phospholipids with their headgroups oriented towards

the hydrophilic support surface, and a second inverted bilayer that formed on top of

this wetting layer (Fig. 6.5B).

The same lipid organisation is seen in CG-MD simulations of pre-formed regular

bilayers with graphene oxide in vacuum. The lipids rapidly interacted with the sur-

face, undergoing substantial re-organisation to form a 1.5 bilayer on top of the oxidised

surface (Fig. 6.7A). This rearrangement is thought to be driven by polar headgroup

interactions with the hydrophilic graphene oxide support, and is further stabilised

by hydrophobic interactions between the lipid tails. Encouragingly, simulation of a

pre-formed inverted bilayer configuration positioned above the oxide surface also con-

verged to a similar 1.5 bilayer structure (Fig. 6.7B). The initially inverted structure

underwent significant rearrangement to facilitate formation of the 1.5 bilayer structure,

resulting in very similar partial density profiles calculated for the initially inverted and

regular bilayer simulations (Fig. 6.7C). The measurements confirm that the differing

starting structures were able to converge to very similar end structures. These results

corroborate the interpretation of a 1.5 bilayer configuration by AFM height measure-

ments for supported lipid membranes on graphene oxide, as well as silicon dioxide

supports in air, suggesting that this arrangement is the preferred molecular state of

lipid layers on oxide surfaces in air [259, 270, 274].
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Fig. 6.7: Images of a CG-MD simulation of a pre-formed regular lipid bilayer (A) or in-
verted bilayer (B) on a small (10x10 nm) graphene oxide surface in vacuum.
Partial densities of the lipid tail and phosphate headgroups were measured for
the last 25% of the simulation time, shown for the regular (C) and inverted (D)
simulations. The dashed line represents the position of the graphene oxide surface
in the simulation box. The lipid choline, phosphate, glycerol and carbon groups
are shown as licorice representations in green, red, yellow, and grey respectively.
Graphene oxide is represented as black (carbon) and red (oxygen) licorice. Only
the lipids interacting with the top of the graphene surface are shown. Very few
lipids transferred to the bottom of the graphene oxide surface during the simula-
tions and are thus not shown.

Interestingly, the 1.5 lipid bilayer configuration was not observed in CG-MD simula-

tions of lipid-graphene oxide systems in water. Instead, pre-formed lipid structures re-

organised to form bicelle-like bilayer configurations on both small and large graphene
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oxide surfaces in water (Fig. 6.8B). Similar to previous observations, the rearrange-

ment of the pre-formed inverted bilayers was driven by lipid headgroup interactions

with the underlying support, either directly or through bridging water particles, as

well as by interactions with the surrounding solvent, resulting in very stable bicelle

structures with little overall surface diffusion.

Conversely, the addition of water to lipid-graphene systems in the CG-MD simu-

lations resulted in destabilisation of the previously formed inverted bilayer, and trig-

gered disassembly of the structure (Fig. 6.8A). Consequently, the lipids spread over

the available surface area with headgroups oriented toward the surrounding solvent

molecules, suggesting that the disassembly is most likely triggered by favourable polar

interactions between lipid headgroups and the solvent, in addition to hydrocarbon

tail interactions with the surface. Importantly, the same behaviour is observed for

lipid-covered graphene transferred to aqueous solution by AFM measurements [259].
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Fig. 6.8: Images of the first and final frames of a CG-MD simulations of inverted and
regular bilayers on large graphene (A and B) and graphene oxide (C and D)
surfaces in water. Water is represented as a light blue background. The colour
scheme for the system components is the same as in Fig. 6.7. The right panel
shows partial density profiles calculated for the last 25% of simulation time for
the same simulations shown in the left images. Only lipids remaining on top of
the graphene/graphene oxide surfaces are shown.

Two observations can be made from the collective simulation and experimental

data. First, the addition of aqueous solvent can result in altered lipid configura-

tions on the same substrate surface e.g bicelle-like formations on graphene oxide in
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an aqueous environment relative to a 1.5 bilayer configurations in air (or vacuum)

[259, 270, 274]. The different configurations in solution were stabilised by interactions

of the lipid headgroups with the surface and the surrounding solvent, suggesting a

thermodynamic component to the generation of different membrane topologies [274].

Second, the polarity difference resulting from the oxygen-containing functional groups

in graphene oxide was able to stabilise lipids layers in different configurations relative

to the hydrophobic graphene surface (e.g inverted bilayers vs 1.5 layers). This implies

that supported bilayer configurations can be tuned as a function of system solvation

as well as underlying surface polarity, resulting in relatively different end structures.

Direct observation of lipid re-organisation on graphene and silicon dioxide in liquid

by AFM was reported by a previous study [259]. These observations necessitated the

use of bovine serum albumin (BSA), which binds to the support surface, to block ex-

cessive lipid spreading and stabilise the membrane patches in aqueous solution. Here,

direct AFM measurements of the lipid layer structures on graphene oxide in liquid has

been hindered by the blocking layers of BSA needed to stabilise the small membrane

patches during scanning. Given that specific binding interactions in L-DPN generated

SLM systems usually occur through functionalisation of the lipid headgroups, it was

inferred that lipid membrane re-organisation took place on graphene oxide, exposing

the otherwise buried functional lipid headgroups to the aqueous phase [275].

6.3.3 Supported Membrane Properties

Lipid Order

So far, I have given an overview of the topological differences of supported lipid

structures as a function of interactions with surfaces of varying polarity as well as

system solvation, but how does this affect their molecular properties? Lipid tail order
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parameters may provide a metric to track lipid rearrangements on the support surface

(see Methods). Order parameters are a measure of lipid ordering within a layer,

calculated by estimating the angle between the bonds connecting the lipid particles

and the z-axis of the simulation box (taken to be the bilayer normal). Full alignment

of the lipid particles with the z-axis gives an order parameter value of 1, whereas anti-

alignment gives a value of -0.5, and 0 represents randomly orientated lipids. Order

parameters were calculated for the simulated lipid molecules (Bn-Bn+1 bonds, where B

represents a bead) for selected systems and compared to simulations of a free-standing

bilayer in water.

Systems in which substantial lipid re-organisation was observed resulted in changes

in the lipid order parameters over time, particularly for inverted bilayer simulations

with the graphene oxide surface in vacuum (Fig. 6.9). In this system, the average

order parameter values change significantly during the first 2 µs of simulation time,

particularly for the phosphate-glycerol bond, and consecutive bonds for both sn-1 and

sn-2 lipid tails up to the third bead. The changes represent altered configurations of

the lipids as the molecules re-organised to form the 1.5 bilayer structure. Specifically,

the average order parameters for particular lipid bonds decrease from around 0.3

to 0-0.1 during the first µs of the simulation time, indicating a completely random

arrangement for many lipids as these re-organised to form an inverted bilayer on top

of the monolayer (wetting layer). Towards the end of the rearrangement (∼2 µs), the

average order parameters for e.g the phosphate-glycerol bond returns to 0.3, suggesting

better alignment with the z-axis after the transition (Fig. 6.9). Other order parameter

values, such as the C2-C3 bond however, do not completely recover their initial value,

attributed to the level of bilayer distortion brought about by micelle-like lipids within

the bilayer formed on top of the wetting layer (Fig. 6.7A). This value (∼0.1) is reflected

by subsequent bonds (e.g C3-C4) in both sn-1 and sn-2 chains, reflecting the random
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arrangement of lipids tails within the 1.5 bilayer structure on graphene oxide (Fig.

6.11C).

Fig. 6.9: Lipid order parameters calculated for Bn-Bn+1 bonds, where B represents a bead,
from a CG-MD simulation of an inverted bilayer with small graphene oxide in
vacuum. Time evolution of order parameters for selected bonds are shown in the
bottom panel. The top panel shows the position of all the lipid headgroups in the
system (grey van der Waals spheres), as well as the position a single lipid in the
layer, at different time frames during the simulation. The second panel shows the
alignment of this single lipid with the z-axis of the simulation box, during lipid
reorganisation. The same colour scheme is used as in Fig 6.7.

In general, the average lipid tail order parameters for all systems suggest that

the tails were less ordered on both graphene and graphene oxide compared to a free-

standing bilayer in water (Fig. 6.10). For example, an average order parameter of 0.18

is calculated for lipids in an inverted bilayer-graphene simulation in vacuum (small
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surface area), compared to 0.36 calculated for lipids within the free-standing bilayer.

Fig. 6.10: Average lipid order parameters calculated for the simulated systems of lipid-
surface interactions, compared with a free-standing bilayer in water. S = small,
L = large, GO = graphene oxide, G = graphene, inv = inverted bilayer, reg =
regular bilayer, vac = vacuum, wat = water. The dashed blue line indicates the
average order parameter calculated for lipids within the simulated free-standing
bilayer.

However, inspection of the time evolution of the order parameters from the inverted

bilayer-graphene simulation reveal a slight gain in order within the last 0.5 µs of

simulation time, particularly for the sn-2 chain of the lipids (e.g C1B-C5B) (Fig.

6.11A). This transition indicates the increase in alignment between the lipid tails, as

the inverted bilayer configuration is stabilised on the pristine graphene surface, as a

function of the lipid density on the surface. Furthermore, a good overlap between the

order parameters for simulations of different starting structures with graphene oxide

can be observed, indicating convergence to the similar 1.5 bilayer end structure on

this surface in vacuum (Fig 6.11C and D).
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Fig. 6.11: Time evolution of average lipid order parameters calculated for CG-MD sim-
ulations of lipid interactions with small graphene (A) and graphene oxide (C
and D), and a free-standing bilayer (B). The initial simulated lipid structure is
indicated by the letter within the plots; I = inverted bilayer, R = regular bilayer.

The overall reduced lipid order on the graphene (oxide) supports could be a result

of lateral interactions between the lipid tails and the surface (partial alignment of the

lipid tails with the surface), as is observed in the pristine graphene systems (due to

strong hydrophobic forces), or headgroup interactions with the graphene oxide surface,

disrupting lipid order in the layer. Additionally, only small deviations in the average

tail order parameter are observed from the hydrated systems compared to simulations

in vacuum, suggesting that solvent has little affect on lipid order (Fig. 6.12).

208



Lipid Interactions With Graphene Surfaces

Fig. 6.12: Time evolution of average lipid order parameters calculated for CG-MD simula-
tions of lipid interactions with small (A, B) and large graphene oxide (C and D)
surfaces. The initial simulated lipid structure is indicated by the letter within
the plots; I = inverted bilayer, R = regular bilayer.

Lipid Diffusion

Characterisation of the diffusion of lipids within supported membrane systems is

fundamental to understanding the dynamic properties of cellular membranes [276–

279]. Experimental studies report both linear and anomalous diffusion regimes of

lipids depending on the systems, and increasingly highlight the importance of the

time and length scale in which the diffusion data is collected for distinction between

these regimes [272, 277, 278, 280]. In order to provide an estimate of lateral diffusion

of lipids within the simulated supported bilayer systems presented here, both linear
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and anomalous diffusion regimes were considered. Mean square displacement (MSD)

data was collected for individual systems by tracking the displacement of lipids over

different simulation time sampling windows (see Methods). The resultant MSD data

was then fitted with either a linear diffusion equation [240] or an anomalous diffusion

equation [268].

Comparison of the linear and anomalous diffusion fits revealed some interesting

differences in the lateral displacement behaviour of lipids on surfaces, particularly

relative to lipid diffusion in free-standing bilayers. For example, the measured lipid

diffusion coefficients in supported regular bilayers on graphene oxide suggests that

lipid mobility is considerably slower in the presence of the support compared to free-

standing bilayers (Fig. 6.13). The addition of aqueous solution appeared to result

in increased lipid diffusion on the surface (Fig. 6.13B), suggesting the water layers

could act as a lubricant for lipid diffusion within the layer. This has been suggested

for experimental systems of supported lipid membranes on hydrophilic surfaces [277].
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Fig. 6.13: MSD data plotted against different time sampling windows (ns), calculated for
lipids in a CG-MD simulation of a regular bilayer (512 lipids) with a small
graphene oxide surface in vacuum (A) and in water (B). MSD data was also
calculated for a simulation of a free-standing bilayer in water (Bil). MSD data
was averaged for all lipids in the simulation and sampled at window frames
ranging from 1-200 ns in simulation length. The data was fitted with either a
linear or anomalous diffusion equation; the resultant diffusion coefficient (Dlin,
Dano) are shown (units: x10-7 cm2/s). Errors bars show standard deviation.

Furthermore, fitting MSD data using the anomalous diffusion equation produced

significant α values for all simulated systems, suggesting that the lipids within the

supported membranes may exhibit different diffusion regimes in function of surface

interactions (Fig. 6.14B). In particular, sub-diffusion was measured for the majority

of supported membrane simulations, in which the diffusion of mobile lipid particles

decreased with time (α = 0.7-0.8) (Fig. 6.14B). Conversely, α values > 1 were cal-

culated for select simulations of lipid bilayers with the large graphene and graphene

oxide surfaces, in which the initial lipids structures disassembled and spread across

the available surface area. This is indicative of fast spreading of the lipids, and as

such is not reflective of lipid diffusion within stable membrane structures.
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Fig. 6.14: (A) Diffusion coefficients (D) calculated from either linear or anomalous fits of
MSD data for each of the simulated systems in this chapter. (B) α values (scaling
exponent) calculated from anomalous diffusion fits for the simulated systems
shown in A. S = small, L = large, GO = graphene oxide, G = graphene, inv =
inverted bilayer, reg = regular bilayer, vac = vacuum, wat = water, Free bil =
free-standing bilayer. Dashed lines represent the diffusion properties calculated
from the CG simulation of the free-standing bilayer.

Importantly, the displacement of lipids within the free-standing bilayer were con-

sistent with the linear diffusion model, producing a value of 3.9 x 10-7 cm2/s (± 0.5)

(α = 0.95). This value can be scaled appropriately (divide by four) to account for

the reduced degrees of freedom within CG simulations, resulting in Dlin = 0.98 x 10-7

cm2/s, which compares well to atomistic simulations of DOPC bilayers in water (1.5

x 10-7 cm2/s) [133, 264]. However, it remains difficult to compare these diffusion data

with experimental values, or even other simulation data, given that the dependence on

both the time scale at which diffusion is measured, and the length scale of the system

[272, 276, 278, 280]. MSD data and linear and anomalous diffusion fits are presented

for all systems in Fig. 6.15-6.17.
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Fig. 6.15: Average lipid MSD data points calculated for different simulation sampling times
for lipid interactions with small graphene oxide (A and B), and small graphene
(C) and a free-standing bilayer (D). The initial simulated lipid structure is in-
dicated by the letter within the plots; I = inverted bilayer, R = regular bilayer.
The MSD data points were fitted with both linear and anomalous diffusion equa-
tions. Error bars show standard deviation.
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Fig. 6.16: Average lipid MSD data points calculated for different simulation sampling times
for lipid interactions with large graphene oxide (A and B) and large graphene
surfaces (C and D). The initial simulated lipid structure is indicated by the
letter within the plots; I = inverted bilayer, R = regular bilayer. The MSD data
points were fitted with both linear and anomalous diffusion equations. Errors
bars show standard deviation.
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Fig. 6.17: Average lipid MSD data points calculated for different simulation sampling times
for lipid interactions with small (A and B) and large (C and D) graphene oxide
surfaces. The initial simulated lipid structure is indicated by the letter within
the plots; I = inverted bilayer, R = regular bilayer. The MSD data points were
fitted with both linear and anomalous diffusion equations. Errors bars show
standard deviation.

6.4 Discussion

In this chapter, lipid organisation on graphene and graphene oxide supports was in-

vestigated using both experimental and computational techniques. Similar to other

studies of supported lipid structures, the physical properties of the membrane struc-

tures were affected by surface polarity, as well as system hydration [105, 107, 281–283].

Specifically, different bilayer topologies were observed to form on pristine graphene

compared to graphene oxide surfaces. AFM measurements suggested the formation
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of inverted bilayer topology on graphene, whilst a 1.5 lipid structure was observed on

graphene oxide in air (Fig 6.5B) [259]. The same membrane organisation was observed

in CG simulations, in which spontaneous rearrangement of different initial lipid con-

figurations could be observed (e.g monolayers vs regular bilayers), converging to very

similar end structures (Fig. 6.4 and 6.7). Furthermore, the CG simulations suggested

that stability of the observed lipid structure was related to lipid density on the surface.

Whilst small inverted bilayers were observed to disassemble on large graphene surfaces

due to strong hydrophobic interactions with the surface, larger bilayers were more sta-

ble (Fig. 6.6). Importantly, initial AFM characterisation of phospholipid patches on

pristine graphene in air indicated that lipids are more mobile on this surface than on

hydrophilic surfaces such as silicon dioxide, also attributed to the strong hydrophobic

interactions between lipid hydrocarbon tails and graphene [259]. Spreading of a very

small membrane patch on a large graphene surface is thus perhaps not unexpected.

Furthermore, the number of lipids deposited on the graphene surface in the L-DPN

experiments is likely to be much higher than the number of lipids simulated in these

much smaller systems, making direct comparisons between system behaviour more

difficult, particularly when larger graphene surface areas were simulated (relative to

overall lipid surface area). Additionally, the experiments were performed in humid

conditions, which is likely to change the conditions and interactions between the lipid

molecules on the support surface, such as water cluster formation around the lipid

headgroups, which could potentially stabilise lipid structure formation. Indeed, L-

DPN functions by transfer through a water meniscus formed between the AFM tip

and the surface, and is directly influenced by the humidity of the surrounding air

[259]. The approximation of these conditions to a completely dry vacuum in the sim-

ulations are thus likely to affect the lipid behaviour on the graphene and graphene

oxide surfaces. While the comparisons made with the AFM height measurements of
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the different lipid topologies (e.g inverted bilayers) seem to correspond with the ob-

servations made from the simulations, these differences in conditions must be taken

into account, particularly when attempting to quantify molecular properties.

Interestingly, the addition of water to inverted lipid structures stabilised on pris-

tine graphene also resulted in disassembly and spreading on the surface, both exper-

imentally and computationally (Fig. 6.8A) [259]. Conversely, very stable bicelle-like

structures were observed in simulations with graphene oxide in water, correlating with

experimental AFM measurements of supported bilayers on graphene oxide and silicon

dioxide in solution [271, 284]. The CG simulations also suggested that lipids were dy-

namic on either support surface, as is evidenced from monitoring the time evolution of

lipid tail order parameters. This is particularly true for simulations of regular bilayers

with the small graphene oxide surface, which resulted in complete restructuring of the

bilayer to form the more favourable 1.5 bilayer configuration (Fig. 6.9). Exchange

between lipids from upper and bottom leaflets with respect to the surface was also

observed, emphasising the evolving nature of these lipid structures on the supporting

surface.

Furthermore, characterisation of lipid mobility within the supported membrane

structures suggested that lipid diffusion might reside within the sub-diffusion regime

for most systems, where it is expected that interactions between the lipid and the sup-

port affect longer-term MSD values that might result in anomalous diffusive behaviour.

Sub-diffusion of lipids within supported DOPC membranes on hydrophilic titanium

oxide was also suggested by Tero et al, related to the atomic topology of the support

surface [272]. Furthermore, experimental measurements of lipid diffusion in supported

membranes have reported both linear and anomalous diffusion regimes, and relate

this to lipid interactions with the support surface, surface topology of the support,

membrane composition and topology (e.g planar bilayer vs vesicles), as well as system
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hydration [272, 277, 278, 280]. The observed linear diffusion coefficients range from

∼0.4 ± 0.05 x 10-7 cm2/s for DOPC planar membranes on mica supports to 0.25 ± 0.02

- 0.64 ± 0.06 x 10-7 cm2/s for supported membranes on polymer surfaces [277, 279].

Importantly, many of the experimental measurements of lipid diffusion coefficients are

reported for supported membranes in aqueous solution. Given that system hydration

can be directly related to measured lipid mobility, as is suggested by the simulations

presented here (Fig. 6.13), this is clearly an important consideration when comparing

simulation data to experimental measurements of lipid mobility [277]. Furthermore,

the distinction of varying diffusion regimes is also directly related to both the temporal

and spatial scale at which diffusion is measured [276]. It would therefore be of interest

to extend the initial simulations presented here to bigger length scales and longer time

scales, ideally with the availability of experimental data for similar systems. Bigger

systems would also provide insight into effects of lipid-surface interactions on lipid

phasing, and elucidate how lipid density affects bilayer stability.

To conclude, the collective simulations and experimental results highlight the ef-

fects of both surface polarity and the solvent environment on supported phospholipid

membrane structures. These observations imply that the supported bilayer configura-

tion can be tuned as a function of system solvation and surface polarity, resulting in

different final structures. This has implications for discrete patterning of support sur-

faces with biological assemblies, allowing superior spatial control of membrane forma-

tions on the support. Future studies could therefore also focus on including different,

functionalised lipid molecules within the supported membranes, exploring affects on

membrane topology and molecular properties. These systems could be combined with

other molecules, such as proteins, including lipases. Characterising these interactions

would provide important insight into the applications of graphene/graphene oxide

within biotechnology, including sensor devices, drug delivery systems, and catalytic
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systems [275, 285, 286].
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Chapter 7

Conclusions and Future Directions

This thesis represents a study of how different lipases interact with surfaces of varying

structural properties. Specific questions regarding the structural mechanisms underly-

ing lipase activation are asked, and initial results suggest possible answers. In addition

to this body of work, an integrated modelling and experimental study is presented that

investigated how lipids interact with graphene and graphene oxide surfaces. The aim

of the thesis was to characterise lipase structural dynamics and to establish modu-

lar systems for exploration of this aspect. A particular outcome is the suggestion of

a possible activation mechanism for the M37 lipase, previously unidentified for this

industrially relevant lipase.

7.1 Major Conclusions

The first results chapter in this thesis (Chapter 3) begins with a study of the re-

cently identified M37 psychrophilic lipase. Initial investigations aimed to characterise

how this lipase interacts with biological interfaces, including lipid bilayers and triglyc-

eride surfaces. In particular, the chapter demonstrated the importance of electrostatic

interactions in driving lipase association with lipid bilayer interfaces. Further investi-
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gations identified functionally relevant structural motions of the enzyme, which likely

underlie the M37 lipase activation mechanism. Specifically, the lid region was ob-

served to undergo large-scale displacement using both unbiased and biased simulation

techniques. First, steered MD simulations indicated structural flexibility within the

lid region, showing that the lid could be displaced from its original closed position,

contrasting the apparently rigid active site flap region. Second, unbiased simulations

of M37 interactions with a natural substrate interface resulted in opening of the closed

lipase structure, uncovering the entry pathway of the catalytic site. The interfacial

interactions induced a conformational change within the lid region, which was very

similar to the motions identified from the steered MD simulations. Finally, substrate

binding with the opened lipase structure was simulated, suggesting that the opened

lipase conformation could allow entry of a substrate molecule into the catalytic site

without hindrance.

Continuing the investigation of lipase interactions with biological surfaces, Chap-

ter 4 focussed on how mutations in the lid of the well-characterised Thermomyces

lanuginosus lipase affected interfacial interactions with triglyceride surfaces. First,

CG simulations were used to study the binding mechanisms of the wild-type TLL and

two mutant TLL proteins, the 1L and 3L proteins. Multiple CG simulations identified

a general difference in binding orientation of the lipase with the triglyceride interface

depending on the lipase variant. Atomistic simulations confirmed this trend, indicat-

ing a tendency of the 1L variant to bind such that the lid region pointed away from

the substrate interface. Extension of the atomistic simulations of the proteins in water

displayed a general inflexibility of the 1L lid region, contrasting the 3L protein, which

displayed partial activation at both the substrate interface and in water. Enhanced

sampling methods confirmed the rigidity of the lid region of the 1L protein, relative to

the wild-type and 3L proteins. Finally, it is suggested that the particular residue sub-
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stitutions within the 1L lid region underlie its low interfacial activity profile, whereas

the mutations within the lid region of the 3L variant most likely underlie its enhanced

interfacial and soluble activation profile.

Chapter 5 marks a shift in the focus on lipase interactions with "soft" biological

interfaces, to "hard" non-biological interfaces, such as graphene and graphene oxide.

This chapter presents a study of how the M37 lipase interacts with pristine graphene

(unfunctionalised) and graphene oxide models. Initial CG simulations indicated the

protein only exhibited long-lasting interactions with the graphene oxide models and

not the pristine graphene model. The protein adsorbed to the graphene oxide sur-

face in a distribution of binding orientations. A correlation between the number of

interfacial contacts and lipase mobility/diffusion on the surface was suggested; the

larger the number of contacts, the less mobile the protein was on the surface. Further

investigation with a charged graphene oxide surface model indicated differences in the

association behaviour of M37 relative to the uncharged GO model. The same con-

tact/mobility correlation was found, with reduced mobility on the surface in function

of a higher number of protein-surface contacts. The initial simulations confirmed that

graphene oxide might be an interesting system to investigate M37 lipase dynamics

with, particularly given that the results from Chapter 3 form a comparative basis.

An extension of the graphene and graphene oxide surface systems is presented in

Chapter 6. This chapter however focussed on how lipid bilayers interact with these

planar surfaces. The CG simulations are presented in the context of experimental

information on the same systems. The simulations were shown to accurately reproduce

the experimental data, suggesting altered lipid bilayer configurations depending on

the support surface. Whilst inverted bilayers were observed to be stable on pristine

graphene, a "1.5" bilayer topology were formed on graphene oxide surfaces in vacuum.

Furthermore, addition of water to the systems resulted in substantial reorganisation
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of the pre-formed lipid systems on both surfaces. The aqueous environment also

significantly altered the calculated diffusion properties of lipids within the supported

bilayers, enhancing their mobility relative to "dry" systems. Furthermore, lipids were

less ordered on the surfaces compared to free-standing bilayers. The integrated study

represents a basis for future simulations of modular systems with lipase enzymes.

7.2 Future Directions

A major area of interest in the study of lipase enzymes is the characterisation of the

energetics underlying their activation mechanisms. This is a particular direction in

which the results presented in Chapter 3 (M37) and Chapter 4 (TLL) could be ex-

tended. Regarding Chapter 3, an initial body of simulation work has already been

performed in attempts to measure the energetics underlying the suggested mechanism

of M37 lipase activation (Appendix A). Classical and well-tempered metadynamics

simulations indicated that this free energy landscape is quite complex. In particular,

the initial simulations using either method did not result in convergence of lid sam-

pling, despite simulating many different parameter combinations. Extension of these

methods using umbrella sampling simulations confirm this complexity.

With reference to Chapter 4, the initial steered MD work suggested that the lid

region of the mutated 1L TLL variant was less flexible compared to the 3L lid region.

The increased interfacial activity profile for the 3L variant in the related experimental

study was related to a lowering of the activation energy barrier for opening of the

lipase structure. It is thus of interest to characterise the free energy landscapes for

the activation of the 1L, 3L, and wild-type variant, both in aqueous solution and at

interface. Another area of particular interest would be to perform rescue mutations

for the 1L and 3L variants, eventually restoring the wild-type amino acid sequence of

the lid region. In particular, restoration of the T87 mutation to the original glutamate
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residue in the 3L variant would provide information about the driving forces for its

increased activity in aqueous solution, and at the interface. Furthermore, both the

wild-type and 1L TLL variants contained glycosylated residues in the experiments.

Incorporation of the sugar groups in the lipase structures could be an avenue of future

research as well.

Going on to Chapter 5, the initial CG simulations of M37 with graphene and

graphene oxide should be extended to atomistic simulations. Attempts to parame-

terise an atomistic model of graphene oxide for simulation with the GROMOS 54A7

forcefield has been performed (Appendix B). This model should be refined and val-

idated regarding the its parameters. Using the atomistic graphene oxide model, the

dynamics of the M37 protein could be studied and compared to its interactions with

biological surfaces from Chapter 3. It would be of particular interest to observe if the

M37 lipase displays any similar structural transitions as were observed in Chapter 3,

possibly adding more data for the proposed activation mechanism.

Regarding the lipid bilayer simulations with graphene and graphene oxide in Chap-

ter 6, these simulations could be extended in both time and size scales. This would

allow for better comparison of molecular with experimental data for similar systems,

particularly regarding lipid diffusion. The initial and simple DOPC bilayers that were

simulated could be extended to more complex lipid mixtures, investigating how the

lipid itself affects supported membrane properties. Finally, these more complex sys-

tems could be simulated at different temperatures to monitor possible effects on phase

transitions when interacting with a support surface, compared to free-standing bilay-

ers. This is also of interest to characterise experimentally on graphene and graphene

oxide surfaces.
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Appendix A

This appendix presents supplemental data relating to Chapter 3 of this thesis. In

Chapter 3, the interfacial activation mechanism of the M37 lipase was explored. The

following details the use of enhanced sampling methodologies to assess the overall en-

ergetics associated with proposed lid movement and activation of M37.

Methods

Classical and well-tempered metadynamics simulations were performed for M37

positioned in the centre of a simulation and solvated with water (10x10x10 nm). The

same AT forcefield, water model, and simulation parameters were applied as presented

in Chapter 3.

Classical metadynamics involves adding a history-dependent bias potential in the

shape of a Gaussian function to the Hamiltonian of the system, in the space of a few

selected degrees of freedom, or the collective variable (CV) [287, 288]. The adapted

potential can thus be written as a sum of Gaussian functions deposited along the tra-

jectory of the system, in the space of the CV, discouraging the system from revisiting

previously sampled configurations. The metadynamics bias potential can be written
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as:

VG(S, t) =
∫ t

0
dt′ω exp

(
−

d∑
i=1

(Si(R) − Si(R(t′)))2

2σ2
i

)
(A.1)

where S is a function of the coordinates of the system R, ω is an "energy rate"

and σi is the width of the Gaussian for the ith CV. In classical metadynamics, the

energy rate (ω) is constant and expressed in terms of a Gaussian height (W) and the

deposition stride τG:

ω = W

τG

Well-tempered metadynamics however involves an adaptation of the classical meta-

dynamics approach in which the bias deposition rate decreases over simulation time.

This is achieved in practice by rescaling the Gaussian height W. This is termed the

biasfactor and scales the Gaussian deposition rate [289]. The parameters used are

presented in the following section.

Enhanced sampling methods for M37 activation

Metadynamics is an enhanced sampling technique that biases a system to visit

previously unvisited areas of its free energy landscape [287, 288]. A history-dependent

bias potential is added to a CV that describes a particular event, e.g a molecular

motion, thus accelerating the sampling of that particular CV and forcing the system

to escape from local energy minima. The free energy landscape is then reconstructed

in the space of the CV, providing an estimate of the free energy associated with the

occurrence of the particular event. Here, metadynamics were applied to probe the

free energy landscape of opening of the lid region of M37 in water, switching it from

a closed to open state.

The metadynamics simulation system was set up as an extension of previous SMD
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simulations of lid opening in M37 in water. Consequently, an identical distance CV

describing the COM distance between the lid and active site flap region was applied. It

is important to note that the accuracy and convergence of metadynamics simulations

relies on selecting a CV that incorporates the slowest degrees of freedom in the system

[288].

Initial classical metadynamics (continuous direct metadynamics [288]) simulations

were performed for 100 ns to test the properties of the CV and the behaviour of the

system. Table A.1 and A.2 depicts all the metadynamics simulations, and variants

thereof, performed in this study.

Simulation result Method Parameters
Over extension of lid region
and unfolding of lid and ac-
tive site flap helices – did
not complete successfully.

Classical metadynamics Hill height = 6.27
Sigma = 0.196
Pace = 1500

Unfolding and collapse of lid
and active site flap helices
– did not complete success-
fully.

Classical metadynamics Hill height = 1.25
Sigma = 0.196
Pace = 1500

Overextension and collapse
of lid helix – 10 ns.

Classical metadynamics Hill height = 0.125
Sigma = 0.196
Pace = 1500

Slight increase in CVd and
overall helix stability – 10
ns.

Classical metadynamics
with a lower wall at CVd =
0.7

Hill height = 0.125
Sigma = 0.3
Pace = 5000
Fc lower wall = 1000
kJ mol-1

Table A.1: All the classical metadynamics simulations performed for M37 in water, probing
the energy landscape for lid opening. The collect variable (CVd) used is the
COM distance between the lid helix (residues 264-278) and the active site flap
(94-110). Fc = force constant.
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Simulation result Method Parameters
Very slight increase in COM
lid and active site flap he-
lix distance (CV) and over-
all helix stability – 10 ns.

Well-tempered
metadynamics

Hill height = 0.1
Sigma = 0.3
Pace = 5000
Biasfactor = 10

Rotation and overextension
of lid helix – 20 ns.

Well-tempered
metadynamics

Hill height = 0.1
Sigma = 0.3
Pace = 5000
Biasfactor = 20

Increased COM lid and ac-
tive site flap helix distance,
however loss of lid alpha he-
licity – 40 ns.

Well-tempered
metadynamics with upper
wall at CVd = 2.0

Hill height = 0.1
Sigma = 0.3 Pace =
5000
Biasfactor = 20
Fc lower wall = 1000
kJ mol-1

One complete closed-open
transition by the lid helix,
very little sampling – 100
ns.

Well-tempered
metadynamics with upper
wall at CVd = 2.0

Hill height = 0.1
Sigma = 0.3
Pace = 5000
Biasfactor = 20
Fc lower wall = 2000
kJ mol-1

No overall increase in COM
distance between lid and ac-
tive site flap helix – 20 ns.

Well-tempered
metadynamics with upper
wall at CVd = 2.0

Hill height = 0.1
Sigma = 0.3
Pace = 3000
Biasfactor = 30
Fc lower wall = 2000
kJ mol-1

Successful opening of lid re-
gion, but no sampling of
open-closed transition – 20
ns.

Well-tempered
metadynamics with upper
wall at CVd = 2.0

Hill height = 0.1
Sigma = 0.3
Pace = 1000
Biasfactor = 20
Fc lower wall = 2000
kJ mol-1

Gradual displacement of lid
region to open position,
and very gradual return to
closed position but unfold-
ing of actie site flap helix
and lid helix instability –
250 ns.

Well-tempered
metadynamics with upper
wall at CVd = 2.0

Hill height = 0.1
Sigma = 0.3
Pace = 3000
Biasfactor = 20
Fc lower wall = 2000
kJ mol-1

Table A.2: All the well-tempered metadynamics simulations performed for M37 in water,
probing the energy landscape for lid opening. The collect variable (CVd) used
is the COM distance between the lid helix (residues 264-278) and the active
site flap (94-110). Fc = Force constant.
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The initial results suggested that the parameters used in these test runs overflooded

the minima associated with M37 lid opening. Consequently, the lid helix and active

site flap region lost their α-helical fold and collapsed onto each other within the first

nanoseconds of simulation time (Fig. A.1). Variation of the input parameters for

subsequent classical metadynamics simulations resulted in similar behaviour of the

protein.

Fig. A.1: Structures of M37 during a classical metadynamics simulation of the protein in
water. The CV defined the COM distance between the lid and active site flap
helix.

Next, the well-tempered metadynamics ensemble was employed to promote system

stability [289]. This method involves automatic scaling of the bias potential deposition

rate according to a user-defined scale factor, to avoid possible overflooding of the

energetic minima describing lid motion. Initial simulations showed that M37 was

much more stable in this ensemble, particularly with respect to lid helix stability.

Extension of these simulations up to 500 ns however, resulted in very little overall

sampling of the motions involved in lipase activation (Fig. A.2), producing only one

successful closed-open transition.
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Fig. A.2: Top panel: structures of M37 at different time points during a well-tempered
metadynamics simulation of M37 in water. Bottom left panel: Time evolution
of the COM distance between the lid and active site flap helices. The numbers
correspond to the structures shown in the top panel. Bottom middle panel: The
RMS deviation from an ideal α helix calculated for both the lid and active site
flap helices over simulation time. Bottom right panel: Time evolution of the
gaussian height with a biasfactor of 20.

I next attempted to estimate M37 activation energetics using the common umbrella

sampling technique to calculate the potential of mean force (PMF) [290]. Using a

successfully completed SMD simulation of lid opening in M37, umbrella sampling was

performed on the same trajectory, using windows spaced 0.1 nm apart, simulated for

10 ns each (Fig. A.3). These simulations were also unsuccessful, noticeable from only

small overlap in the chosen window set, particularly at larger distances of the lid region

relative to the active site flap helix. By monitoring the restrained position of the lid

helix within the windows at these larger distances, I deduced that perhaps the force

constant used for the restraints was not strong enough to allow for sufficient sampling

of the lid helix at these larger distances (Fig. A.4). Applying large force constants
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however, resulted in the same small overlap of the windows. It is also very likely that

the relatively short simulation time of the windows (10 ns) did not allow for sufficient

sampling of lid helix motion at these position, thus affecting the overlap between the

windows.

Fig. A.3: Representative structures of M37 at the end of AT-MD simulations (three repli-
cates) with a tributyrin interface, aligned with the closed (crystal structure) and
open structures of the lipase. The lid and active site flap are coloured in blue
and red respectively for the simulated structure; the same regions are coloured
in cyan and magenta for the closed form, and in light blue for the open form of
the enzyme.
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Fig. A.4: Time evolution of the COM distance between the lid and active site flap helices
for each of the windows simulated during the umbrella sampling simulation of
M37 in water.

The cumulative results from both the metadynamics and umbrella sampling simu-

lations suggest that the underlying free energy landscape describing M37 activation is

quite complex. It is possible that the relatively simple distance CV chosen here is not

adequate to probe this free energy landscape. Alternatively, the aqueous environment

will most likely affect the energetics of the opening process, and it not a true reflection

of the interfacial environment that triggers spontaneous interfacial activation of the

enzyme. Due to time constraints, I did not continue in this characterisation. It would

be of interest however to pursue alternative CV’s and enhanced sampling methods

to provide insight on the factors governing the energetics of M37 activation. Fur-

thermore, extending these investigations to an interfacially bound M37 system would
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provide interesting details about the quantitative differences in the energy required

for lid displacement in water relative to an interface.
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Appendix B

This appendix presents supplemental data relating to Chapter 5 of this thesis. An

atomistic graphene oxide model is parameterised for simulation with the GROMOS

54A7 forcefield. The parameters used for this model are listed in Tables 1-4.

The oxygen composition of the surface was based on a ratio of C10O1(OH)1(COOH)0.5,

used in many computational studies of protein interactions with the oxidised interface

[248, 291, 292]. The coordinates for the model were kindly provided by the authors of

[293] (Fig. B.1).

Fig. B.1: Atomistic graphene oxide model displaying a C:O:OH:COOH ratio of 10:1:1:0.5,
the coordinates for which were provided by [293]. The surface is displayed as
sticks; carbons are coloured in dark grey and oxygen groups in red. The unit
extends 1.84 x 1.55 nm in the x and y dimensions. The left image perspective is
looking down on the surface; the right image is a side-on view.
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An initial topology describing the bonded and non-bonded interactions for this

model was generated by parameterising the small functional unit of GO presented in

Fig. B.1, using the Automated Topology Builder website (ATB) (https://atb.uq.edu.au).

A script was used to alter the parameters of this initial topology based on existing

parameters within the GROMOS 54A7 forcefield. A similar approach has been used in

previous computational studied of graphene oxide [248, 291, 294]. The partial charges

for the oxygen functional groups were take from [293].

AT simulation of the newly parameterised graphene oxide sheet in SPC water

resulted in a slight loss in graphene planarity, which is also observed in [293] (Fig.

B.2). This affect is attributed to the electrostatic interactions between the oxygen

groups on the surface and the coordination change for the functionalised carbon atoms

from sp2 to sp3 hybridisation [293] .

Fig. B.2: 5 ns AT-MD simulation of a newly parameterised graphene oxide model in water
(omitted for clarity). The left image perspective is looking down on the surface;
the right image is a side-on view.
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Atom Atom Bond length (nm), Fc (106kJ mol-1nm-4) GROMOS building block

C CH3 0.153, 7.15 C,CHn-C,CHn

C CH2 0.139, 10.8 C,CR1-CH2,C,CR1 (6-ring)

C CH1 0.139, 10.8 C,CR1-CH2,C,CR1 (6-ring)

C O(H) 0.143, 8.18 ATB parameters

C O(C) 0.143, 6.16 ATB parameters

C H 0.109, 12.3 HC-C

O H 0.100, 15.7 H-OA

Table B.1: Bond interaction parameters for a graphene oxide unit (Fig. 5.16) based on
[112] and ATB assigned parameters

.

Atom Atom Atom Angle (°), Fc (kJ mol-1) GROMOS building block

C C C 120, 560 N,C,CR1 (6-ring, no H)

H C C 120, 505 HC-6-ring

C O(H) C 110, 530 ATB parameters

C O(H) H 109.5, 450 X-OA

C O(C) C Differ ATB parameters

H C O(C) Differ ATB parameters

Table B.2: Angle interaction parameters for a graphene oxide unit (Fig. 5.16) based on
[112] and ATB assigned parameters

.
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Atom Atom Atom Atom Angle (°), Fc (kJ mol-1), M GROMOS building block

C C C C 0, 3.77, 6 -CHn-C(ring)-

C C C O(C) 180, 1.00, 3 ATB parameters

C C O(H) H 0, 1.26, 4 -CHn-OA-

Table B.3: Torsional dihedral interaction parameters for a graphene oxide unit (Fig. 5.16)
based on [112] and ATB assigned parameters. M = multiplicity.

.

Atom Atom Atom Atom Angle (°), Fc

(kJ mol-1 degree-2)

GROMOS building block

C C C C 0.0, 0.051 planar groups

Table B.4: Improper dihedral interaction parameters for a graphene oxide unit (Fig. 5.16)
based on [112] and ATB assigned parameters

.
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